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1 Motivation

With growing incidences of cancer worldwide and a simultaneous rise of mortality efficient healing

methods for fighting cancer diseases are urgently required. Cancer is the term for diseases, where

cells divide uncontrolled and can affect surrounding tissue. Globally, cancer is the second most cause

of death and is accountable for 22% of the deaths related to non-communicable diseases in 2015.[1]

In general, cancer can be treated via various strategies, e.g. radiation therapy, surgery, chemotherapy,

immunotherapy, hormone therapy, stem cell transplant, targeted therapy and combinations of the

aforesaid. Unfortunately, a major issue considering different therapies are side effects and novel

approaches should address their avoidance regarding patients’ well being. Henceforth, for the design

of modern drugs against cancer the issue of selectivity becomes more and more important. This

means, that drugs can distinguish between healthy and malignant cells resulting in destroying merely

cancerous cells, which avoids side effects for patients. In general, the application of selective drugs

offers various possibilities for chemists to optimize. One auspicious approach out of the sector of

targeted therapies is the photodynamic therapy (PDT) where the drugs become active when irradiated

with light, otherwise remain inactive. This can, additionally to the targeting, minimize side effects as

only affected tissue will be irradiated.

Figure 1.1: Schematic display of the aim of this thesis: providing suitable linking possibilities to access potential

photosensitizer-biomolecule conjugates which enable targeted cellular uptake and PDT efficacy.
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Thus, the ideal targeted PDT drug candidate offers non-toxicity in the dark, high stability, selective

uptake within cancer cells and PDT efficiency. Especially, the introduction of selectivity mediating

units can be realized through several manners.

It is known, that Ruthenium complexes can serve as potent photosensitizers (PS) for PDT, but a

major problem is the lack of selectivity for the accumulation within targeted cells. Suitable linking

methods for the coupling with selectivity mediating units are required and, at the same time, it should

be ensured, that the substrate is not destroyed under chosen conditions.
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2 Basics

With cancer as the second most cause of death globally (Figure 2.1) regarding non-communicable

diseases, the provision of anti-cancer drugs is very important and the improvement of treatments is

required.

Figure 2.1: Left: The leading causes of non-communicable disease (NCD) deaths in 2015 were cardiovascular diseases

(17.7 million deaths, 45%), cancers (8.8 million, 22%), and respiratory diseases, including asthma and chronic obstructive

pulmonary disease (3.9 million, 10 %). Diabetes caused another 1.6 million deaths; own representation based on

reference data.[1] Right: Comparison of normal versus cancerous cells illustrating possible properties of malignant cells,

representation modified according to literature.[2]

The term cancer is defining diseases, where cells divide uncontrolled leading to malignant tissue that

affects the well-being of patients. To fight cancer diseases many approaches are already established.

Commonly, malignant cells can be destroyed via radiation therapy,[3] surgery[4] or chemotherapy.[5]

These therapies exhibit disadvantages as healthy cells are destroyed during treatment due to a lack of se-

lectivity. Regarding inoperable forms of cancer, e.g. leukemia or certain forms of brain cancer, the only

chance for patients lies in highly selective therapies like targeted chemotherapy or PDT. In general, can-

cer cells show specific properties (e.g. overexpression of receptors, high rate of metabolism) depending

on the type of cancer (Figure 2.1). This can and has to be exploited for the design of selective drug sy-

stems utilizing weak points or specific properties of malignant cells to accumulate the active compound

only within affected cells. The employment of metal based compounds for biological and medicinal

purposes covers a multiplicity of different applications. For instance, they can serve as imaging agents,

antimicrobials, or drugs against tropical or cancer diseases (chemotherapeutics, PDT agents).[6–9]
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2.1 Photodynamic Therapy (PDT)

Photodynamic therapy (PDT) can be used as a treatment for cancer diseases.[10] This therapy utilizes

drugs which only become cytotoxic when irradiated with light. In contrast, for chemotherapeutics the

whole body is affected (due to lack of selectivity against malignant cells). Especially, rapid dividing

cells are affected (e.g. hair follicles, intestinal epithelial cells) which causes severe side effects. Surgery

is an invasive therapy after which in most cases malignant cells remain within the patient’s body. For

radiotherapy it has been shown, that the irradiation can cause skin diseases and skin cancer.[11, 12] In

general, the lack of selectivity determines the degree of severe side effects. During PDT treatment, the

activation by light ensures control about the affected tissue and depicts one step forward to paving a

way for enhanced selectivity. For PDT applications the determination of IC50 values is essential.1 The

IC50 values reveal, which concentration of the potential drug has to be applied to induce toxicity in

the dark (cytotoxicity) or upon irradiation (phototoxicity). PDT agents are supposed to be non-toxic

in the dark and highly phototoxic, that possibly low amounts of the drug have to be applied and

no cytotoxicity is occurring. The dark to light ratio of the IC50 values can then be interpreted as

phototoxic index (PI) of the drug. In contrast to the IC50 value upon irradiation: the higher the

observed PI, the better. To understand the fundamental principle of PDT the mechanism will be

discussed below.

2.1.1 Interaction of Photosensitizers with Molecular Oxygen

With the observation of a lethal effect on paramecium, due to treatment with an organic dye (acridine

orange, Figure 2.2) and subsequent illumination, the “photodynamic effect” was discovered by Raab in

1900.[13] Since then, multiple PDT drugs have been examined and PDT has evolved as recognized and

applied cancer treatment therapy. The active principle is based on the activation of a highly reactive

state of a molecule by absorption of a photon. For the most common form of PDT a photosensitizer

(PS) and photons are needed (Figure 2.2).

The highly reactive excited state may interact with 3O2 (ground state) only if it converts efficiently

into the triplet state via intersystem-crossing (ISC). Alternative approaches include photochemically

activated drugs which undergo ligand exchange reactions upon irradiation and the formed cytotoxic

species follows a stoichoimetric cis-platin like mechanism.[15, 16] When a PS is irradiated with light it

can get excited from the ground state (S0) into an transition state (S1-n) by the absorbed energy.

This excited state can relax to the ground state via different mechanisms. From the first excited

singlet state the molecule can release energy via emission of photons, i.e. fluorescence, or by internal

conversion (IC). Furthermore, intersystem-crossing -a spin-forbidden process- can take place from

S1 to the first excited triplet state (T1). Relaxation to the ground state S0 the molecule can release

1IC50: half maximal inhibitory concentration, represents the drug concentration where 50% of the cells are killed, i.e. the

(photo-)toxicity of the drug.
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Figure 2.2: Jabłoński diagram for the PDT mechanism in general; the irradiated PS transfers the energy deriving from

photons to molecular oxygen within the tumor tissue; resulting singlet oxygen is a reactive oxygen species and induces cell

damage; S0: ground state energies, S1-n: singlet excited state energy, IC: internal conversion, ISC: intersystem-crossing,

T1: triplet excited state energies; scheme simplified and modified according to literature.[14]

photons from T1 which is called phosphorescence. Thereby again a spin-flip takes place. Due to the

spin-forbiddance ISC-transitions are longer-living than fluorescent transitions. Responsible for the

potency of PDT is the interaction of a PS in T1 with oxygen in the surrounding tissue. Upon energy

transfer a reactive oxygen species (ROS), singlet oxygen (1O2), is formed. The mechanism thereby

is Dexter energy transfer quenching, where the substrates have to be in spatial proximity to each

other. The energy transfer is realized by simultaneous electron transfer between the PS and oxygen

with retained total spin.[17–19] This is important to keep in mind for the design of drugs (as well as

other molecular systems for e.g. artificial photosynthesis) relying on energy transfer as the molecular

structure has to allow the spatial proximity needed for the Dexter energy quenching mechanism.

Singlet oxygen is a cytotoxic agent and cells die when the concentration of 1O2 exceeds the limit

a cell can handle due to oxidized parts of the cell. The most stable form of molecular oxygen is

the triplet state O2 (3Σ-
g) and features a di-radical character (Figure 2.3) with two electrons in the

same spin state (α). Therefore, PS can interact with molecular oxygen when they are in a triplet

state. Upon energy transfer from the PS to O2 a spin-flip occurs and the reactive O2 (1∆g) is formed.

This reactive oxygen species oxidizes components of the surrounding tissue and leads to cell death.

An additional singlet state of oxygen higher in energy presents both electrons paired in different

π*-orbitals whereas in lower energy O2 (1∆g) both electrons occupy the same π*-orbital. Commonly,

when mentioning singlet oxygen regarding oxidation reactions the O2 (1∆g) state is referred to as it
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can be obtained by electronic energy transfer from photo-excited sensitizers.[20–22]

Figure 2.3: Different forms of molecular oxygen, energy levels not related; (a) Molecular oxygen in the ground state, the

electrons in the highest occupied molecular orbitals (HOMO) have the same spin (α, α), they are unpaired and result

in a di-radical species; (b) high energy singlet excited state with paired spin (α, β) and electrons in different π
*-orbitals;

(c) singlet state oxygen with paired spins and electrons occupy one π
*-orbital; modified according to reference.[22]

2.1.1.1 Cellular Uptake and Accumulation within Cells

An interaction between singlet oxygen and cells requires the uptake of the PS by cells, and ideally,

their accumulation within the targeted organelles. There are different cell uptake mechanisms: passive

diffusion (for small, mostly lipophilic and non-charged molecules), facilitated diffusion via membrane

pumps or channels, or by endocytotic pathways. For larger molecules, endocytosis is the mechanism

to occur and different modes of endocytosis are known. Endocytosis (contraction of vesicles) can

be divided into phagocytosis - an engulfing of substrates by the cellular membrane - and pinocytosis.

The best studied mechanism out of the pinocytosis pathways is the clathrin-mediated endocytosis.

Furthermore, there can be uptake mediated via caveolin or independent vesicle contraction. For

example, during phagocytosis vesicles up to 750 nm in size are formed, whereas via clathrin-mediated

endocytosis vesicles of about 100 nm are generated. The formed vesicles are transported wihtin

the cellular environment to the nucleus and are then called late endosomes. The content of the

endosomes is recycled and can be reused to perform the next endocytosis (Figure 2.4).[23, 24] For

lipophilic specimen, passive diffusion can be realized[25] as the cellular membrane is lipophilic. However,

addressing specific receptors is advantageous, as some types of receptors are overexpressed for

cancerous cells and the addressing would result in a selectivity for the cancerous cells compared

to healthy cells. Furthermore, the transport via endosomes into the cellular environment may help

preserving the drug from degradation processes.
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Figure 2.4: Cellular uptake mechanisms which take place when substrates are entering the cellular environment; depiction

modified according to reference.[23]

2.1.1.2 Outcome for the Tissue after Treatment

When PDT drugs reach the targeted cells, the interaction with light induces cellular damage. The

energy transfer from a PS to tissue oxygen depicts the Type II reaction of photodynamic reactions

(PDR). There is also the possibility of electron or proton (H+) transfer (Fenton reaction, Type I,

Figure 2.2) between the excited PS to cellular components, e.g. membrane building blocks or

oxygen, resulting in the formation of radical species which then induce cell damage. However, oxygen

dependent Type II PDR is a sine qua non for PDT.[26]

The formation of reactive oxygen species results in cellular damage followed by cell death. Thereby

different mechanisms for cell death are possible: apoptosis, necrosis, paraptosis, necroptosis and

autophagy (Figure 2.5). Apoptosis is a desired cell death mechanism, as it is naturally taking place

in eukaryotic cells when they are damaged. It is one type of programmed cell death leading to

controlled degradation of the tissue, the cells are split in apoptotic bodies which are engulfed by

phagocytes. Necrosis (non-programmed cell death mechanism) is induced by external factors like

trauma, inflammation of the tissue takes place which hinders healing. Therefore, necrosis can be

triggered, when the light dose during PDT treatment is too high. Autophagy can lead to survival

of cells after a cell death stimulus, damaged parts of the cell are encapsulated and degradated.

This is part of the normal cell repair mechanism, therefore on one hand, it protects against cancer

but can also help cells growing uncontrolled.[27, 28] Paraptosis is one of the latest discovered form

of programmed cell death, combining characteristics of apoptosis and necrosis exhibiting unique

morphologic features.[29] Necroptosis is the programmed form of necrosis.

Depending on the PS in combination with conditions for PDT treatment all pathways can occur.

Therefore, it is essential to know where the PS accumulates as this can induce the corresponding cell
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death mechanism.[30–33] For instance, the damage of mitochondria, the power houses of the cells,

leads to apoptosis and this organelle serves an attractive intracellular target (see Sections 3.2.5 and

5.3.1).[34] It has been shown, that e.g. Ruthenium(II)polypyridine complexes can induce mitochondrial

fragmentation after 24h of incubation (osteosarcoma cells).[35]

Figure 2.5: Schematic depiction of selected types of cell death mechanisms and their characteristics: apoptosis, necrosis,

autophagy and paraptosis; modified according to reference.[36]

It can be summarized, that suitable drugs should guarantee an efficient triplet state population to be

able to interact with tissue oxygen to trigger the Type II PDR, i.e. the formation of 1O2. Furthermore,

the targeted uptake and accumulation of PDT drugs within cancerous cells is essential to establish

selectivity. Different cell death mechanisms lead to diverse consequences for the treated tissue and

programmed cell death mechanisms are preferred. Hence, with careful design of PDT drugs desired

properties can be provided.

In the following, a brief historic overview is given and it will be shown, that additional requirements

are made for modern PDT drugs and PDT treatment (e.g. absorbance optimization, light penetration).
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2.1.2 Suitable Drugs for PDT

2.1.2.1 Brief History

Since the discovery of the photodynamic effect by Raab around 1900 various PDT drugs have been

developed. Rapidly, this issue was explored to fight cancer, since photodynamic therapy provides

local control of the affected tissue area due to specific focus of the light source. Physician Meyer-

Betz intravenously administered himself hematoporphyrin (Figure 2.6) in order to demonstrate

the photodynamic effect on his body, which occurred as reddening and swelling of his skin upon

exposure to sun light. The resulting photosensitivity lasted for several weeks.[37] With the discovery

of the photodynamic effect and first experiments on humans, the investigation of PS for PDT

application commenced. The first clinical approved photodynamic therapeutic is PHOTOFRIN R©,

an oligoporphyrin derivative against solid tumors which was approved in 1990.[38] The PS in clinical

use can be categorized either by: generation or their chemical structure. First generation PS exhibit

porphyrin scaffolds (like PHOTOFRIN R©), developed in the 70s and 80s. The second generation

PS represent porphyrin derivatives, like chlorines and bacteriochlorins, developed in the 80s. PS

of the third generation are modified with biological groups, such as antibodies or liposomes for

targeted applications. Categorization by their chemical structure can be realized as follows: Porphyrin

based agents (e.g. PHOTOFRIN R©, LEVULAN R©, METVIX R©), Chlorophyll-based agents (FOSCAN R©,

VISUDYNE R©, etc.) and dyes (e.g. PHOTOSENS R©) (see Section 3.2).[10, 39, 40] The compound

5-ALA (LEVULAN R©) thereby is administered to exploit the heme bio-synthetic pathway as it is the

first essential building block for hemes in mammals and chlorophyll in plants.[41]

Figure 2.6: Compounds which opened the way for today’s PDT drugs; Left: hematoporphyrin investigated by Meyer-

Betz, middle: the first PDT drug which was approved for clinical use, PHOTOFRIN R©, right: clinical approved 5-ALA

(δ-aminolevulinic acid, sold as LEVULAN R©) which is utilized for e.g. the treatment of actinic keratosis.

2.1.2.2 Challenges and Requirements for modern PDT Agents

It has to be discussed that PDT treatment comes with challenges on its own. PDT drugs in clinical

use are often limited in water solubility, which results in higher drug doses needed for treatment, the
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side effects are still extensive and challenging to minimize.[42]

In general, for the application in PDT a component has to provide many convenient properties.

Light has to penetrate tissue to activate the drug. Therefore, light within the phototherapeutic

window (PTW, 650-850 nm, see Figure 2.7) is suitable to penetrate as deep as possible into the

affected tissue. The region of the therapeutic window originates from the absorption of e.g. dyes,

amino acids and water within the human body and depicts the wavelength region where the tissue is

most transparent. This means for correspondent drugs that a provision of absorption with sufficient

extinction coefficients within the therapeutic window is essential for the treatment of solid tumors.

However, the application of blue light for the treatment of the skin disease actinic keratosis has proven

convenient due to the enhanced amount of photons penetrating deeper into the affected area.[43, 44]

Therefore, the utilized wavelength can be matched to the examined disease and is not restricted to

the PTW, whereas usually it is the most suitable wavelength area.

One major drawback of PDT is the lack of penetration depth within the tissue, because most light

is lost within the first 5 mm. This hinders the treatment of larger and internal tumors. However, there

are strategies to avoid these problems, e.g. multiple irradiation of bigger tumors from different spots

and the use of optical fibers.[45, 46]

Figure 2.7: Absorption spectra of compounds within the human body; the area between 650 and 850 nm shows minimal

absorption, i.e. transparancy, and therefore lends itself for photodynamic applications; Figure modified according to

reference.[10]

Furthermore, PDT drugs should be non-toxic in the dark, that only the irradiated area of tissue gets

affected by the phototoxicity. Applied light doses have to be compatible with the tissue and the agent

has to be stable and should not show photobleaching as it is usually correlated with the formation of

toxic products of decomposition. Ideally, the drug shows significant selective accumulation within

cancer cells resulting in sparing healthy cells. The lack of selectivity nowadays leads to skin-sensitivity

which lasts for days to months, dependant on the used PS.[47, 48]

Furthermore, PDT patients suffer from pain during treatment, mostly they are anaesthetized. The
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pain is assumed to be originating from PDT drug attaching to nerve fibers. Many patients stop

treatment because of too much pain.[49] A neat variation is daylight PDT (DL-PDT), where the PS is

applied to the skin and the patient is seated outside for two hours. This works from april to october

even on cloudy days.[50]

It is known, that PDT can cause metastases, but if tumors get a pretreatment, the development of

metastases can be suppressed. In vitro2 experiments can not be transferred to in vivo experiments

per se. The tissue of a tumor shows different types of cells and depending on the size e.g. an own

vascular system is developed. Those vascular systems can be directly attacked, disseizing the tumor

of nutrition supply. For this strategy, the time of irradiation is very important, as the drug has to be

in the blood vessel.[51, 52] Erratic distribution of stroma (intracellular space, often connective tissue)

within tumor tissue can hinder the delivery of drugs. Additionally, tumors can discharge drugs via

pump mechanisms. It has been reported for pancreatic cancer, that flooding the tumor tissue with

vitamin D circumvents the pumping-out of PDT drugs.[53]

Generally, due to the lymphatic system selectivity of drugs can be enhanced, because the drug is

not washed out from the tumor and therefore is accumulated specifically.[54]

Especially PDT drugs have to be very selective as it often is applied additionally after chemo- and

radiotherapy. Performance of multiple treatments can result in the selection of the most resistant,

most aggressive cells if the first treatment fails to eliminate all malignant cells. This is a factor

contributing to recurrence of tumors/metastases. Often selectivity shall be accomplished via the

so-called EPR (enhanced permeability and retention) effect for the accumulation of drugs within

tumor tissue. But this passive-targeted strategy is currently under debate, as the EPR effect is a

significant parameter in rodents but less pronounced for human tumors.[55]

2.1.2.3 Leukemia

PDT also might be used for the treatment of leukemia. Acute myeloid leukemia (AML) is the most

common form of leukemia in adults with remote long-term recovery.[56] It is a non-solid form of

cancer, i.e. single malignant cells are spreaded throughout the body and are not localized. At first

glance, this rules out PDT for leukemia. Current treatment of leukemia includes chemotherapy and

following allogeneic stem cell transplantation (from stem cell donation). Stem cell transplants can

lead to graft-vs-host disease (rejection of the applied stem cell transplant) for patients and can only

be applied if the patient is stable enough. The re-injection of autologous (the patients own) stem

cells can be advantageous. However, for this approach the stem cell solution extracted from the

patient has to be purified eliminating remaining malignant cells. This approach is called autologous

stem cell purging. This requires highly selective agents that are able to address the malignant cells

2In vitro (latin: ’in the glass’) defines experiments which are performed with e.g. cells or microorganisms outside their

biological context; in vivo (latin: ’in the living’) experiments are performed in a whole, living organism or cell within the

biological context.
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specifically, which have survived e.g. chemotherapy (i.e. the most aggressive malignant cells), sparing

healthy cells. Stem cell purging experiments with the organic dye merocyanine 540 are limited by

cytotoxicity and the amount of healthy cells surviving is limited (see Section 3.2.4). The problems

of solid or internal tumors are irrelevant for this form of treatment as it takes place ex vivo and the

patient’s own purged bone marrow is re-injected.[57, 58] Graphically, this may be realized via incuba-

tion of the PS with the stem cell solution and following irradiation (while flowing) within a tube system.

Every type of tumor exhibits different properties, so the above-mentioned facts may be applied only

to one type of cancer, respectively. As mentioned, the key point for all strategies is the assurance of

selectivity which can be mediated by different approaches. Especially, when PDT is applied as second

or third option after other treatments, the most aggressive cells have remained within the patient.

Therefore, selectivity for cancerous cells is extremely important to eliminate all malignant cells, as

they can induce metastases when missed by treatments. The introduction of selectivity mediating

units to PS and appropriate strategies for the coupling are presented below.

2.2 Appropriate Linking Strategies for Biomolecules

To provide a drug with selectivity, it can be designed to address specific substrates within the cellular

environment. For example, it is possible to initiate cellular uptake mechanisms which induce the

accumulation of drugs at specific locations within the targeted cell. During the design of drug

conjugates chemists resort to suitable linking strategies to couple the active drug molecule with

selectivity mediating units. In the following, convenient strategies for coupling reactions are presented

which were utilized for this work. Thereby suitability of the coupling method for sensitive substrates

(biomolecules) is a key point, e.g. performance of the linking under biological conditions.

2.2.1 Click Chemistry

The term click chemistry refers to reactions which are “most effective in adapting to a wide range of

processes and demands” and they “should be simple, efficient, regioselective, stereoselective where

applicable, yield a single product, and be amendable to occurring at ambient temperature and

atmospheric conditions, and in benign solvents or neat” .[59]

2.2.1.1 CuAAC, SPAAC and Maleimide-Thiol Coupling

An example for a click reaction is the cycloaddition of azides with alkynes (Figure 2.8), which can

occur via copper(I)-calatysis[60] (copper(I)-catalyzed azide-alkyne cycloaddition, CuAAC) or utilizing

an octyne (strain-promoted azide-alkyne cycloaddition, SPAAC). Octynes exhibit a ring strain that no

catalyst is needed for the reaction with an azide.[61–65] The SPAAC reaction is embraced by the term
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"bioorthogonal" chemistry as it occurrs under biological conditions and the utilized functionalities are

not abundant in the human body, they are foreign to the body.[66–68] Another possibility for a click

reaction is the reaction of a maleimide and a thiol group (Figure 2.8).[59, 69] This elegant strategy

resorts to naturally abundant thiol groups deriving from cysteines. Cysteine (Cys) is the only amino

acid providing a thiol (SH) functionality and the addressing of Cys can give control about the number

of couplings occurring on the surface of large biomolecules like proteins. For these reactions the

resulting product features links (triazole or pyrrolidine-dione units) which are foreign to the body and

which are not disintegrated by specialized enzymes, which can enhance the remaining of a drug within

a cell. For the decomposition of abundant links (ester, ether) many automatized cellular mechanisms

are available.

Figure 2.8: Exemplary representation of click reactions. Left: azide-alkyne cycloaddition with (CuAAC) and without

(SPAAC) copper catalysis; resulting reaction products are 1,2,3-triazoles. Right: maleimide-thiol coupling which

addresses the thiol functionality of cysteine. The depicted reactions are suitable for the linking of sensitive substrates

(R, R’) with each other.

Nowadays, click chemistry can be utilized for highly sophisticated chemical and biological strategies.

For example, preclinical evaluation of epigenetic3 targeted therapies to explore the functions of distinct

genes can be realized with click chemistry. This could result in personalized drugs, which are tailored

for one specific patient.[70]

2.2.2 Precursor Functionalities for Click Reactions

In order to make use of click chemistry the introduction of required functionalities is essential.

Regarding azide-alkyne cycloadditions the introduction of azides and alkynes is key prerequisite. In

general, organic azides can be introduced through the conversion of an amine group. Corresponding

amine groups can be obtained via reduction of a nitro group, e.g. via Zinin reaction or with Pd/C.

Using the Zinin reaction is elegant, as no metal catalyst is needed for the reduction. To get the organic

3Epigentics: the change of genes which are not caused by mutations (changes in the DNA sequence) and are postulated

to result from external or environmental influences.
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azide functionality the first step is a diazotation of the amine with following elimination of elemental

nitrogen and substitution with N3
- (Figure 2.9). Furthermore, the provision of bromo functionalities

is important for the introduction of alkyne groups and efficient access to bromo precursors is desirable.

This aspect will be illustrated in detail within Section 5.1.

Figure 2.9: Possible synthesis pathways to establish amine and azide functionalities for the following click reactions.

Utilizing the coupling methods presented above, artificial functionalities are introduced to one or both

of the substrates which are linked with each other.

2.2.3 Naturally Abundant Functionalities

It is elegant to use functionalities which are already provided within the human body. Desired functional

groups do not have to be introduced as they are provided intrinsically (e.g protein functionalization can

be expensive and time-consuming). Therefore, functionalization via establishment of e.g. ester/ether

bonds and disulfide bridges serves useful as they are abundant in most proteins. Individual functionalities

of specific amino acids can be addressed, e.g. the amino acid tyrosine offers a phenol unit within

the molecular structure. Phenols can be linked to amino groups via the Betti reaction, a special case

of the Mannich reaction, to yield α-aminobenzyl-phenols (Figure 2.10). Phenols presented on the

surface of proteins can be subjected to the Betti reaction.

Figure 2.10: Betti reaction for phenols with aromatic amines; this reaction can be used to functionalize tyrosine within

biomolecules; the substrate (e.g. a dye) offers an amino functionality.
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2.3 Ruthenium: Fundamentals

For the design of PDT drugs the presented coupling methods con be exploited. Those strategies

enable the design of sophisticated PDT drug-biomolecule conjugates which offer distinct properties.

Regarding this work the objective is to build up dye-protein conjugates which are appropriate for PDT

applications. In particular, the dyes utilized are Ruthenium(II) polypyridine complexes and in the

following a brief introduction into Ruthenium chemistry and the unique photophysics of Ruthenium(II)

polypyridine complexes is given.

2.3.1 Photochemistry and Photophysics

Ruthenium is a transition metal with the atomic number 44 and the electron configuration [Kr]4d75s1.

Naturally, there are seven isotopes abundant with 102Ru as the most common. Native Ruthenium

is a silvery, brittle metal and twenty tons are mined annually. In native form it is obstructed in

electrical contacts and resistors. Current research is highly interested in the application of Ruthenium-

based catalysts and drugs. Many of the examined compounds are Ru(II) complexes. Particularly in

Ru(II)polypyridine complexes the Ru(II) ion acts as central atom and is surrounded by N,N-chelating

ligands. Geometrically, an octahedron is formed, with the Ru(II) ion in the centre (Figure 2.11).

When ligands approach the metal ion repulsive forces increase the energy of the five degenerated

d-orbitals. Within the octahedral ligand environment a splitting of the d-orbitals takes place, deriving

from differing interactions with the ligands. Thereby orbitals in direction of the axes (dz2 and dx2-y2)

are increased in energy and orbitals situated between the axes (dxy, dxz and dyz) are lowered in energy.

Due to electrostatic attraction ( between metal ion and ligands) all d-orbitals are lowered in energy

upon complex formation (Figure 2.11).

In the case of Ru(II) dxy, dxz and dyz are filled to become the molecular orbital πM (t2g). Regarding

the molecular orbitals formed (Figure 2.12), different electronic transitions can occur when e.g. light

is absorbed. Electrons can be transferred to different orbitals. In detail, four types of transitions are

possible for most octahedral transition metal complexes: metal-centered transitions (MC, πM (t2g)

to σ*
M (eg)), ligand-to-metal charge transfers (LMCT, from ligand-based to metal-based orbitals),

metal-to-ligand charge transfers (MLCT, from metal-based to ligand-based orbitals) and ligand-

centered transitions (LC). For larger ligands with different energetic levels also an intra-ligand charge

transfer (ILCT) is possible. For Ru(II) polypyridine complexes the π*
L-orbitals are lowered due to the

π-accepting nature of the ligands. The energy level is lower than the energy of the σ*
M (eg)-orbitals

and therefore the 1MLCT transition is favoured. These transitions occur in the region of 400-600 nm.

These excited singlet states can populate excited triplet states (3MLCT) via intersystem-crossing

(Figure 2.2). Ru(II) poylpyridine complexes thereby show very efficient triplet state population (up to

unity) due to the heavy atom effect of the Ruthenium centre. This is essential for the application as

PDT drug; the excited triplet state transfers energy to molecular oxygen to form singlet oxygen.[71, 72]
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Figure 2.11: Simplified energy diagram for the d-orbitals of the metal ion upon the formation of an octahedral transition

metal complex; the former degenerated d-orbitals are split into two sets of orbitals with different energy levels; complex

formation results in an energetic gain for the system; inset: octahedral geometry of an exemplary transition metal

complex.

Figure 2.12: Comparison of the molecular orbital (MO) diagrams of octahedral transition metal complexes and Ru(II)

polypyridine complexes explaining the favoured 1MLCT transition: a lowering of the ligand-based π
*
L-orbitals facilitates

the transition energetically; Scheme generated according to knowledge from references.[71–73]
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2.3.2 Structural Details Influencing Design Concepts

The application of enantiopure compounds can be extremely important when working in cellular

environment as the majority of natural compounds shows chirality. This includes for example sugars,

amino acids, membrane builging blocks or DNA.

The (slightly distorted) octahedral geometry of Ruthenium(II) polypyridine complexes can lead to

the existence of stereoisomers (exactly: enantiomers ∆ and Λ, Figure 2.13), if bidentate ligands are

exploited.[74, 75] It is known, that due to the structure metal complex enantiomers interact differently

with DNA which exhibits chirality per se. This can be utilized to differ between different types of DNA,

a targeted intercalation into DNA.[75–81] For the resolution of the ∆/Λ-isomers one option is fractional

crystallization of a salt with a chiral anion (e.g. tartrate related anions). The isomers can also be

separated by high performance liquid chromatography (HPLC) utilizing a chiral stationary phase

(modified β-cyclodextrine).[80, 82–85] As mentioned above, when metal centres are interacting with

bidentate ligands, resulting in the generation of octahedral complexes, the formation stereoisomers

is possible. C2-symmetry e.g. in 2,2’-bipyridines (bpy) leads to the formation of enantiomers for

corresponding D3 symmetrical tris-bidentate metal complexes (e.g. [Ru(bpy)3]Cl2). Bis-bidentate

metal complexes possess a geometric isomerism: cis and trans form (e.g. [Ru(bpy)2Cl2]) and the

cis-form exhibits stereoisomerism (∆ and Λ). The introduction of non-symmetrical ligands leads to the

occurrence of extra-geometrical isomerism. Therefore, the choice of ligands determines the number

of possible isomers that can appear and the use of symmetrical ligands avoids the appearance of

additional geometrical isomers. Mono-functionalized substrates are interesting for coupling reactions

as quantity and structure can be controlled exactly. Steric hindrance is another important aspect

regarding the conversion with big substrates, where multiple functionalities have to be in great distance

to each other (on the PS) to enable multiple linkages.

Figure 2.13: Octahedral geometry leads to the existence of enantiomers; the enantiomers differ in the rotation of the

corresponding helical geometry, the ∆-isomer shows clockwise helical rotation and the Λ-isomer anti-clockwise helical

rotation.
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The common mono-functionalization of 2,2-bipyridines to obtain 4-R-2,2’-bipyridines demands exten-

sive syntheses and yields geometrical isomers due to asymmetry of the 4-R-2,2’-bipyridines. Additionally,

in the case of an introduced alkyne functionality (which can not be built up on the chromophore core)

side reactions are observed that can be resorted to the ligand structure.[86–88]

Therefore, synthetically easy accessible, preferably symmetrical (4,4’-R,R-bpy and imidazophenanthro-

line-based (ip) scaffolds) ligands were selected. Especially, the ip system can be mono-functionalized

efficiently and should result in a reduced number of possible isomers. 4,4’-R,R-bpy type ligands

are highly symmetrical, they reduce the symmetry of the resulting [(bpy)2Ru(4,4’-R,R-bpy)]-type

complexes (C3 for e.g. [Ru(bpy)3] to C2). Regarding the ip ligand sphere, there are tautomers for

the imidazole moiety in protic solvents and the scaffold (carbon and nitrogen atoms), neglecting the

proton, is symmetrical due to aromaticity of the imidazole unit (Figure 2.14). Therefore, the ip

scaffold can be described as idealized C2-symmetrical.

Figure 2.14: Top: Introduction of symmetrical ligand scaffolds resulting in [(bpy)2Ru(Lbidental)]-type complexes leads

to reduced symmetry (C3→C2); bottom: display of the aromaticity of the imidazole subunit and tautomerism in protic

solvents.

The two-fold alkylation (e.g. methylation, benzylation) of both imidazole (iz) nitrogens has been

shown for related systems to build up N-heterocyclic carbenes.[89, 90] and would generate derivatives

exhibiting higher symmetry. For the ip-phenyl moiety Niz,Niz-alkylated specimen are not known, the

two-fold substitution would annihilate the aromaticity. Ru(II) complexes offering mono-Niz-substituted
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ip-phenyl systems are well known and examined for various applications such as two-photon sensitizers,

as component for near infra-red light emitting electrochemical cells, proton-coupled electron transfer

reactions are observed and their applicability in two-photon PDT is evaluated.[91–95]

An alternate approach to enhance symmetry could be deprotonation/protonation in solution. This is

interesting regarding varying pH-values within different cell types as well as cell organelles and has to be

kept in mind. Various evaluations of the ip periphery have been performed and the acid-base properties

of ip-based systems can be used for e.g. ion sensing applications or proton-coupled electron transfer

reactions[92, 96–101] and could be exploited for pH-dependent DNA binding and damage.[102, 103] Zheng

et al. investigated the pH-dependent luminescence switching of a Ru-Re dinuclear complex bridged by

an ip-phenyl derivative.[97] Thereby an increase in luminescence intensity from pH=0-5, accompanied

by a hypsochromic shift and enhanced average life times, was observed which was followed by a

decrease in intensity for pH=5-10, which was accompanied by a bathochromic shift and reduced

average life times. The determined pka values are in the physiological range whereas the pka values

of parental mononuclear Ru-ip compounds are not within the physiological range (pH=5.3-8).[96, 104]

Depending on the ligand scaffold, an increase in luminescence can be triggered under acidic

conditions and the characteristics of the absorption bands can give insight to the protonation state.

For the pyrenyl-substituted ip-scaffold investigated by Sherri McFarland and co-workers a low-lying 3IL

state was observed upon deprotonation of the imidazole unit. The acid-base properties were similar

to the ip-scaffold lacking the pyrene moiety. This extremely interesting for PDT approaches as 3IL

states are suggested to be potent mediators of photodynamic effects.[101]

The acid-base conditions vary significantly depending on the structure of ip-based ligands and a

general specification of values seems difficult, but specific properties can be trigged via neat ligand

design. Especially the substitution of N-C-N-periphery is essential for the obtained properties.

In the following, PDT drugs and particularly Ru(II) polypyridine complexes will be classified according

to the state of the art, regarding applicability as PDT drug as well as required strategies for the linking

with sensitive substrates.
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3 State of the Art

Figure 3.1: A therapeutic has to fulfil a variety of requirements; some of them can be designed, others have to be

evaluated by different experiments.

This chapter summarizes up-to-date literature concerning click chemistry and metal complex-biomolecule

conjugates for targeted PDT applications. Utilizing bio-orthogonal coupling techniques, drugs can be

designed to fulfil certain purposes, but the evaluation in vitro and in vivo eventually reveals if a drug

could serve for therapeutic application. Figure 3.1 illustrates some of the required properties for

drugs and what is left for chemists out of the accessible "chemical pool" to serve as therapeutic agent,

potentially. Thus, before generating novel drug systems targeted design concepts are extremely impor-

tant for respective applications. Generally, the provision of efficient linkages utilizing click chemistry

can help to efficiently screen suitable conjugates as well as with the examination of cellular processes,

e.g. cellular metabolism reactions, to identify possible causes for diseases.[105, 106] For instance,

click chemistry can be utilized for preclinical evaluation of targeted epigenetic therapies. Thereby,

copper(I)-catalyzed click reactions as well as copper-free alternatives have been investigated.[70]
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3.1 Click Chemistry as Linking Tool for Luminescent Ruthenium

Complexes

The linking strategies presented in Section 2.2.1.1 can be exploited for the coupling of luminescent

metal complexes to substrates. Following, CuAAC, SPAAC and maleimide-thiol coupling reactions

will be discussed compiling state-of-the-art literature.

3.1.1 Copper(I)-catalyzed Azide-Alkyne Cycloaddition [AS1]

Below, a broad overview for the possibilities to utilize CuAAC for the linking of Ru complexes is given.

This section was written by Natalia Zabarska, Anne Stumper and Sven Rau (corresponding author).

It was published as a review article in Dalton Transactions with the title "CuAAC click reactions for

the design of multifunctional luminescent ruthenium complexes" ([AS1]).

Publication Date: 23.12.2015 (first publication)

Copy Rights: Natalia Zabarska, Anne Stumper and Sven Rau*, “CuAAC Click Reactions for the

Design of Multifunctional Luminescent Ruthenium Complexes”, Dalton Trans. 2016, 45, 2338,

DOI: 10.1039/C5DT04599A - reproduced by permission of The Royal Society of Chemistry.

Contributions:

• Natalia Zabarska: literature research, creation of figures and writing of the manuscript

• Anne Stumper: literature research, creation of figures and revision of the manuscript

• Sven Rau*: discussion and revision of the manuscript

Within this review article a compilation of the broad applicability of CuAAC reactions for the design of

luminescent Ruthenium complexes for a variety of applications (energy conversion, DSSC’s, artificial

photosynthesis, therapeutics) is presented. Thereby, different approaches can be made: "click to

chelate", "click then chelate" and "chelate then click". The difference lies in the fact of the order

of the synthesis steps, at which point the CuAAC is performed. Concluding remarks discuss the

importance for copper-free linking strategies.
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CuAAC click reactions for the design of
multifunctional luminescent ruthenium complexes

Natalia Zabarska, Anne Stumper and Sven Rau*

CuAAC (Cu(I) catalyzed azide–alkyne cycloaddition) click chemistry has emerged as a versatile tool in the

development of photoactive ruthenium complexes with multilateral potential applicability. In this contri-

bution we discuss possible synthetic approaches towards CuAAC reactions with ruthenium(II) polypyridine

complexes and their differences with respect to possible applications. We focus on two main application

possibilities of the click-coupled ruthenium assemblies. New results within the development of ruthenium

based photosensitizers for the field of renewable energy supply, i.e. DSSCs (dye-sensitized solar cells) and

artificial photocatalysis for the production of hydrogen, or for anticancer photodynamic therapeutic appli-

cations are reviewed.

1. Introduction

In the last few decades special interest has emerged for the
development of photoactive hybrids that can be applied in dye
sensitized solar cells (DSSCs), catalysis and designing mole-
cules for biological applications. Among them, ruthenium
complexes with chelating ligands are very attractive photo-
active hybrids, due to their opulent and diversely tunable
photochemistry.1 Within the context of building multifunc-
tional metal complexes, the concept of “click chemistry” is of
great interest. It has been established by K. B. Sharpless in
2001.2 Out of versatile examples for click reactions, our work
focuses on particularly the copper(I) catalyzed azide–alkyne
cycloaddition (CuAAC).3 In this reaction, substances with
different properties A (functionalized with an alkyne-group)
and B (functionalized with an azide-group) are combined for
the formation of C with 1,2,3-triazole as the connecting link
(see Fig. 1). Remarkably, only the 1,4-substituted triazole is
formed. If working under copper-free conditions (azide–alkyne
Huisgen cycloaddition), both the 1,4- and the 1,5-substitution
would occur. Noteworthily, ruthenium(II) polypyridine com-
plexes [Ru(bpy)3]

2+ are perfectly suitable for CuAAC click reac-
tions, since pyridines were shown to enhance the CuAAC
reaction kinetics.4 However, it should be taken into account
that changing the ligand sphere of [Ru(bpy)3]

2+ complexes
within the context of CuAAC click reactions might change the
photophysical properties.

1.1. Photophysical activity of ruthenium complexes

Ruthenium complexes, in particular [Ru(bpy)3]
2+ complexes,

have outstanding photophysical properties, such as absorption
of visible light, relatively intensive and long-lived lumine-
scence, long lifetime of the excited state and distinguished
excited-state reactivity.5,6 Their photoactivity is depicted in the
Jablonski diagram (see Fig. 2).

The most important feature is the absorbance (A) of visible
light, leading to an electronic metal-to-ligand-charge-transfer
(MLCT) with typical ε values of 10 000 M−1 cm−1.1 The MLCT
excitation occurs at around 450 nm generating the 1MLCT*
state. Thereafter, a fast conversion into the triplet state
3MLCT* occurs via efficient inter-system-crossing (ISC), due to
the heavy atom effect of ruthenium. Then, the 3MLCT* is
usually deactivated by phosphorescence with a typical emis-
sion lifetime of τ ≈ 0.7 µs and emission quantum yield ΦEM of

Fig. 1 At the top: general scheme of the CuAAC click reaction. A func-
tionalized alkyne (A) reacts with a functionalized azide (B) forming a 1,4-
substituted triazole (C). At the bottom: structure of [Ru(bpy)3]

2+ com-
plexes with bpy as a derivative of 2,2’-bipyridine.
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around 0.06 under deaerated conditions. Respectively, these
values are lower in an oxygen saturated solvent with τ ≈
0.16 µs and ΦEM ≈ 0.02.1,7,8 The lower phosphorescence inten-
sity, due to the presence of oxygen results from the conversion
of oxygen in its ground state into the reactive singlet oxygen
1O2 with typical singlet oxygen quantum yields ΦΔ of around
90% in methanol and 40% in water respectively.9 Employment
of good σ-donor ligands or electron-withdrawing groups
decreases the energy gap between the orbitals πM and πL*.
Thus, excitation of the ruthenium complexes would be poss-
ible with longer wavelengths, which is aspired to, e.g. in thera-
peutic applications.

As long as 3MLCT is the lowest excited state, phosphor-
escence occurs. If 3MC lies below 3MLCT, radiationless de-
activation to the ground state or ligand dissociation takes
place. In the presence of acceptor molecules, electron or
energy transfer can occur from the 3MLCT or the 3MC state,
which is a key point for possible applications, such as photo-
catalysis, dye sensitized solar cells (DSSCs) and photodynamic
therapy (PDT).

1.2. CuAAC click reactions with Ru(II) polypyridine complexes

Regarding ruthenium complexes, the CuAAC click reaction
can be carried out via the “click to chelate”,10 “click then
chelate”11 or “chelate then click”11 approach. In “click to
chelate”, first a click reaction is performed with a substance
with the desired properties, forming a triazole containing
chelating ligand. Then this ligand is coordinated to a metal
center with triazole as one of the chelating units (see
Fig. 3).10,12–19 Upon “click then chelate” first a chelating
ligand is clicked with a substance with the desired pro-
perties. Afterwards the ligand is coordinated to the metal
center. Here, the triazole unit does not take part in the
coordination (see Fig. 3).11,20

In the “chelate then click” approach, first a ligand with
either an azide or alkyne functionality is coordinated to the
metal center. Thereafter the CuAAC click reaction is performed
with the substance with the desired properties (see Fig. 3).11

All approaches yield the required multifunctional assembly.

1.3. Synthetic examples for CuAAC click reaction approaches
with ruthenium complexes

Which CuAAC approach is chosen, depends on the substances
that are applied. In case the transition metal is expensive, the
“click to chelate” or “click then chelate” approach is prefer-
able, since the metal complex is utilized only in the last step.
However, if sensitive substances, e.g. biological groups, are
being applied, it is advisable to attach them via the “chelate
then click” approach, since they may not withstand the rather
harsh conditions upon a typical coordination reaction.21

Hence sensitive groups are attached only during gentle CuAAC
click conditions.

1.3.1. “Click to chelate”. Schubert et al. used the “click to
chelate” approach for the formation of a ruthenium based
metallopolymer 1 with large extinction coefficients and a high
luminescence quantum yield of ΦEM = 0.97 (see Fig. 4).13 First
the ligand was synthesized via CuAAC and afterwards co-
ordinated to the ruthenium center.

Nevertheless, it has to be considered that metal complexes
generated within “click to chelate” may lose their luminescence,

Fig. 2 Jablonski diagram for the photophysical properties of ruthenium complexes.

Fig. 3 CuAAC click reaction approaches with ruthenium complexes.
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due to low σ-donor properties of the triazole as a chelating
ligand.22 This fact may be utilized to affect the luminescence
intensity of the ruthenium complex by substitution of the
chelating ligand, as depicted in Fig. 5.23 Here substitution of
the pyridine unit at position 5 leads to enhanced or reduced
emission intensity depending on whether an electron with-
drawing or electron donating group is introduced respectively.

1.3.2. “Click then chelate”. The “click then chelate” strat-
egy was shown, for example, by Aukauloo et al.20 A chelating
bpy ligand was coupled to organic electron accepting or
-donating groups via CuAAC (CuSO4/sodium ascorbate) under
standard conditions. Notably, coupling of NDI required
heating at 130 °C for 2 days. Afterwards, the ligand was co-
ordinated to a ruthenium(II) polypyridine forming complexes
3a–c. An efficient electron transfer through the triazole linker
could be verified.

Regularly, investigations are carried out, using both the
“click then chelate” and the “chelate then click” approaches
for the generation of the same target molecule. P. Elliott, for
instance, developed the synthesis of triazole substituted Ru-
bpy compounds (4a–c), as shown in Fig. 7.24 Herewith, a conju-

gation with luminescent pyrene or redox active ferrocene was
possible. Both synthesis routes were performed within similar
yields between 47 and 80%. Conditions of the click reactions
are listed in Table 1.

Recently, an alkyne functionalized bipyridine could be con-
nected with phosphonic acid anchoring groups via CuAAC (see
Table 1). With these results essential distance control between
the coordination sphere and semiconducting metal oxide
surface is feasible by the insertion of a defined number of
phenylene linkers (see 5a–b in Fig. 8). Hence, 5a–b are suitable
for the “click then chelate” approach.25

1.3.3. “Chelate then click”. In the “chelate then click”
approach, first the ruthenium complex has to be functiona-
lized whether with an azide or an alkyne group as shown in
Fig. 7, where a sandwich type ruthenium complex was first
substituted with an azide functionality leading to complex 4.
But, so far, in the case of octahedral [Ru(bpy)3]

2+ type com-
plexes, there are only a few examples in the literature with
efficient azide functionalization and subsequent successful
performance of a click reaction. This might be explained by
the instability of this functional group which can be sensitive
to water, heat and shock, depending on the molecular linkage.
One possibility for the stabilization of the azide group is the
incorporation of an intermediary methylene spacer at the
Ru(II) bipyridine core (see complex 6). Thereafter, a successful
CuAAC click reaction with standard conditions (CuSO4/NaAsc)
could be performed as well (see Table 1).26

More examples are found for alkyne substituted complexes.
Alkyne functionalized [Ru(bpy)3]

2+ complexes 7a–c can be
obtained via typical coordination reactions (EtOH/H2O, Δ)
between an alkyne functionalized bipyridine bpy(CCH)m and
the ruthenium precursor Ru(R-bpy)2Cl2 with R = H or tert-butyl
(Fig. 10).27

However, the above shown synthesis procedure of 7a–c is
accompanied by wasteful side reactions (see Fig. 11).27

Thereby, the Ru(II) center reacts with the alkyne group, result-
ing in a degradation of the alkyne group. This leads to a sig-
nificant drop in yield down to 20% of the actually desired
alkyne functionalized ruthenium complexes 7a–c.

Sophisticated synthesis methods have been applied in
order to avoid the above mentioned side reactions. Analogical
ruthenium complexes were synthesized by Aukauloo, using
Ag+ ions for the promotion of the coordination reaction and
simultaneous suppression of the side reactions.28 After the for-
mation of an alkyne functionalized [Ru(bpy)3]

2+ complex with

Fig. 4 Synthesis of complex 1.

Fig. 5 Different emission intensities with respect to the electronic pro-
perties of the ligand.

Fig. 6 Complexes 3.
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Fig. 7 Synthesis of 4a–c via “click then chelate” or “chelate then click”.

Table 1 Summary of discussed CuAAC click reaction

Figure/complex Conditions Ref.

Fig. 4/1 (ligand) 10 mol% CuSO4·5H2O, 100 mol% sodium ascorbate, EtOH/H2O 2 : 1, 24 h, r.t., yield: 86% 13
Fig. 6/3a–c (ligand) 5 mol% CuSO4·5H2O, 10 mol% sodium ascorbate, CH2Cl2/H2O (1 : 1), 20 h, r.t. (3c: 2 d, 130 °C), yield: 96–98% 20
Fig. 7/4a-c CuSO4·5H2O, sodium ascorbate, THF/H2O (1 : 1), 12 h, r.t., yield: 47–80% 24
Fig. 8/5a-b (ligand) 0.36 eq. CuSO4·5H2O, 0.89 eq. sodium ascorbate, CH2Cl2/H2O 1 : 1, 12 h, yield: 30–53% 25
Fig. 9/6 0.15 eq. CuSO4·5H2O, 0.45 eq. sodium ascorbate, CH2Cl2/H2O 1 : 1, r.t. 4 d, yield: 55% 26
Fig. 12/8a–c 15 mol% CuSO4·5H2O, 45 mol% sodium ascorbate, CH2Cl2/H2O 1 : 1, 20 h, r.t, yield: 58–81% 28
Fig. 14/11a-b 1 eq. CuBr, 1 eq. PMDETA, DMF, Ar, r.t., 44 h, 36–50% 32
Fig. 17/13a–b (ligand) 0.2 eq. CuSO4·5H2O/ 0.6 eq. sodium ascorbate, (iPr)2EtN, H2O, H2O/t-BuOH/MeOH 1 : 2 : 1, N2, r.t., 18 h, yield: 47% 37
Fig. 18/(CuAAC with 14) 3 eq. CuSO4·5H2O, 30 eq. sodium ascorbate, DMF/H2O 9 : 1, Ar, 50 °C, 36 h, yield: highly efficient 38
Fig. 19/15 2 eq. CuSO4·5H2O, 8 eq. sodium ascorbate, EtOH/H2O 1 : 1, 12 h, r.t., yield: n.s. 39
Fig. 20/16 (ligand) 4 mol% CuSO4·5H2O, 32 mol% sodium ascorbate, EtOH/H2O 2 : 1, 2 h, 50 °C, yield: 85% 14
Fig. 21/17 (ligand) Cu(CH3CN)4PF6, Cu

0, DIPEA, CH2Cl2/MeOH 4 : 1, 3 d, r.t., yield: 89% 12
Fig. 23/18 15 mol% CuSO4·5H2O, 45 mol% sodium ascorbate, CH2Cl2/H2O 1 : 1, 20 h and r.t, yield: 90% 41
Fig. 24/(CuAAC with 9) eq. Cu(TBTA)SO4, eq. sodium ascorbate, DMSO/H2O 3 : 1, sonication, 5 h, yield: n.s. 29
Fig. 25/19 (ligand) 1 eq. CuSO4·5H2O, 10 eq. sodium ascorbate, MeCN/H2O 1 : 1, 18 h and 40 °C, yield: 63% 42
Fig. 26/20 CH2Cl2/H2O 1 : 1, 0.15 eq. CuSO4·5H2O, 0.45 eq. sodium ascorbate, Ar, r.t. overnight, yield: 81% 43
Fig. 27/21 CuBr, DMF, PMDETA, 100 °C, stirring overnight, yield: 81% 44
Fig. 28/22 (ligand) 87 mol% CuSO4·5H2O, 315 mol% granular copper, MeOH/H2O 2 : 1, 1.5 h, yield: 93% 48
Fig. 28/23 (ligand) 0.4 eq. CuSO4, 1.3 eq. sodium ascorbate, t-BuOH/water 1 : 1, 24 h, r.t., inert atm., yield 78% 50
Fig. 34/24 5.2 eq. CuSO4·5H2O, 10 eq. sodium ascorbate, 10 eq. TBTA, 5.2 eq. DIPEA, DMSO, 25 °C, stirring overnight,

yield: complete conversion
33

Fig. 35/25 20 eq. CuSO4·5H2O, 10 eq. sodium ascorbate, DMF, N2, r.t. 3 d, yield: 93% 64
Fig. 36/26 2 eq. CuSO4·5H2O, 4 eq. sodium ascorbate, H2O, 24 h, r.t., yield: 61%, complete conversion 65

Fig. 8 Introduction of phosphonic acid anchoring groups to a chelating
bipyridine ligand via CuAAC with varying distances.

Fig. 9 Complex 6.

Fig. 10 Complexes 7a–c.

Fig. 11 Degradation of the alkyne group in the complexation reaction
between an alkyne-bipyridine and (R-bpy)2RuCl2. All charges and ions
are omitted for clarity.
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a yield of 91%, no further purification steps were needed
besides washing with water and diethylether. Afterwards,
different azides were clicked via CuAAC (see Fig. 12 and
Table 1) forming 8a–c. Interestingly, the only structural differ-
ence between complex 8 and 3 (shown in Fig. 6) consists in the
connectivity through the N- or C-atom. However, the photo-
physical properties partly differ. Whereas both complexes
absorb at λMLCT ≈ 460 nm, their luminescence varies. The
C-substituted complexes 8a–c emit light at around 620 nm
with varying luminescence quantum yields ΦEM = 0.089 (8a),
0.039 (8b) and 0.049 (8c). Upon substitution via the N1 atom
(3a–c), the emission is bathochromically shifted around
10 nm. In the case of 3a and 3c, ΦEM increases up to 0.097 and
0.140 respectively. In contrast, ΦEM of 3b drops down to 0.009,
due to the generation of a nonemissive charge-transfer state
3ILCT.20,28

Another interesting option was shown by Stahl et al. with
the usage of protecting groups (PGs).29 An alkyne functiona-
lized ruthenium(II) polypyridine complex 9 was synthesized
within a stepwise process starting from a bromo-substituted
ruthenium complex. A triisopropylsilyl (TIPS) protected alkyne
functionality was introduced via the Sonogashira reaction.
Surprisingly, TIPS could not be removed using typical de-
protecting agents such as TBAF. Removal was only reached
using AgF.

However, the above shown approaches employing Ag+ ions
cannot be applied for medical applications, since Ag+ ions are
known to be toxic.30,31 Notably, Schanze et al. prepared a phe-
nanthroline-alkyne (phen-alkyne) substituted [Ru(bpy)3]

2+

complex by analogous complexation reaction shown above in
Fig. 10 without using Ag+. In spite of the fact that purification
by column chromatography was needed after the synthesis, 10
was obtained within a yield of 90%, which is considerably
higher compared to 7a–c. Obviously, generation of side

products is substantially lower, tentatively due to reduction of
the reactivity between the Ru(II) center and the alkyne group
upon intermediary integration of a phenyl group between the
alkyne and the chelating pyridine unit. Subsequently, a poly-
meric chromophore chain (11a–b) was generated by coupling
with a polymeric azide chain via CuAAC (see Fig. 14 and
Table 1).32 11a–b serve as an efficient light harvesting array,
with a molar extinction coefficient of 350 000 M−1 cm−1.

Another good method for the introduction of an alkyne
group without side products was shown with the synthesis of
complex 12 with a yield of 85%. It was prepared by amidation
of propargyl amine to a carboxyl functionalized Ru(II) complex
(see Fig. 15).33

In the following, we discuss selected CuAAC click reactions
that were used to build photoactive ruthenium complexes with
interesting applications whether in the field of clean energy
supply (i.e. DSSCs and catalysis) or photodynamic therapeutic
applications.

1.4. Photosensitizers generated by CuAAC for the
development of energy conversion schemes

In order to ensure the world’s increasing demand for energy,
renewable resources like solar energy need to be harvested. In
this context, devices like solar cells are intensively investigated.
There, efficient photon harvesting from sunlight is a sovereign
aim. The concept of click chemistry can be used to build-up
extensive molecular structures, which can collect photons and
subsequently generate a photoinduced electron transfer. The
so obtained electron transfer can be applied whether for the
development of dye sensitized solar cells (DSSCs) or catalysis
of energy storage products, such as hydrogen (obtained from

Fig. 12 Complexes 8a–c.

Fig. 13 Stepwise build-up of an alkyne functionalized ruthenium
complex starting from a bromo-terpyridine substituted ruthenium(II)
complex.

Fig. 14 CuAAC click between an azide functionalized polymeric chain
and alike functionalized ruthenium(II) complexes.

Fig. 15 Introduction of an alkyne functionality to a carboxyl-substi-
tuted ruthenium(II) polypyridine complex.
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water reduction and oxidation). Additionally, photocatalysis
can be employed by conversion of the greenhouse gas CO2 to
useful carbon sources, such as CO. The important electronic
processes for ruthenium complexes are summarized in the
Jablonski diagram (see Fig. 2).34

1.4.1. Applications in dye sensitized solar cells (DSSCs).
Dye sensitized solar cells (DSSCs), which are also called
“Grätzel cells” absorb visible sunlight and convert it into elec-
trical energy. A schematic representation of the working prin-
ciple is shown in Fig. 16.35 Initially, the dye molecule is
electronically excited by visible light. Afterwards one excited
electron is transferred from the dye to the conduction band of
mesoporous semiconducting TiO2, which is adsorbed on the
anode. Thus an external electron flux is generated towards the
cathode, which is coated with platinum particles. From there
the electron is handed to the electrolyte, which is usually an
I3
−/I− system. Finally, the dye is recovered by the electrolyte

closing the electron flux cycle. Since the first report about a
high efficiency (7–8%) DSSC by Grätzel in 1991, the advance-
ment of DSSCs is being extensively enabled by varying the dye,
electrolyte or the mesoporous metal oxide films. Regarding the
electrolyte system, a cobalt polypyridine derivative was recently
found to be more efficient compared to the standard I3

−/I−.36

The dye has to fulfill numerous functions, i.e. chemically
strong linkage to the TiO2 surface, high molar absorption
coefficients, directional photoinduced electron transfer to
TiO2, high stability in the one electron oxidized state and ease
of reduction by the electrolyte component. Hereafter, we show
the development of ruthenium based dyes using CuAAC click
reactions.

A number of CuAAC click reactions have been used to gene-
rate ruthenium based dyes for DSSC applications. The “click
then chelate” approach, for example, was used by Galoppini
et al. for the generation of “star” shaped ruthenium complexes
13a–b (see Fig. 17).37 They could be bound to semiconducting
TiO2, which is an important issue regarding DSSCs, as dis-
cussed above. The methyl ester groups, functioning as poten-
tial anchor groups for the attachment to semiconductor
surfaces, were coupled via standard CuAAC click (see Table 1)

reactions on a bipyridine ligand (bpy), which was then
coordinated to the ruthenium(II) center. While 13a has a C-con-
nectivity of the anchor group to the Ru(bpy)3 fragment, 13b
has an N-connectivity. Interestingly, the alternative “chelate
then click” pathway starting from an azide or alkyne functiona-
lized ruthenium(II) polypyridine complex could not be pursued
successfully.

Photoactive graphene sheets, which are of high interest for
nanoelectronics and photovoltaic systems, were prepared by
the “chelate then click” coupling between a ruthenium(II) poly-
pyridine-azide (complex 14) and an alkyne functionalized
graphene.38 The azide group was stabilized by the introduction
of an intermediary ip system. The corresponding click reaction
reported by Zhang et al. is shown in Fig. 18 (see Table 1).

The generation of a TiO2-attached ruthenium based elec-
tron transfer system using the “chelate then click” approach
was introduced by Papanikolas (see Fig. 19, complex 15).39 The
energy/electron transfer assembly consists of two ruthenium(II)
polypyridine cores connected by an oligoproline chain via
typical CuAAC (see Table 1). One ruthenium core (Ru-I) is
coupled to TiO2 by phosphonate anchor groups. The other
ruthenium core acts as the photosensitizer (Ru-II). After light
induced electronic excitation of Ru-II, an energy transfer takes

Fig. 16 General functional principle of a DSSC.

Fig. 17 Complexes 13a and 13b, obtained via the “click then chelate”
approach.

Fig. 18 Generation of a photoactive ruthenium–graphene conjugate
via CuAAC click reaction.
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place from Ru-II to Ru-I. After electronic excitation of Ru-I, an
electron transfer is induced from Ru-I to the TiO2 surface.

Schubert et al. introduced alkyl chains to the ruthenium(II)
polypyridine complex 16 (Fig. 20), using “click to chelate”
chemistry (see Table 1), which was tested as a dye for DSSC
applications.14 The maximum overall power conversion
efficiency (PCE) was 4.0%, which is comparable to standard
dyes, such as the ruthenium based black dye (5.2%). The
hydrophobic alkyl chains enhanced the thermal and long
term stability by inhibiting water induced photosensitizer
desorption.

A PCE of 7.8% could be reached by Bäuerle et al. with the
photosensitizer 17, that was synthesized using the “click to
chelate” approach.12 The CuAAC click reaction was performed
using the catalytic system Cu(CH3CN)4PF6, Cu0 and DIPEA
(Diisopropylethylamine, see Table 1). Complex 17 has a broad
absorption up to 650 nm with λMLCT = 493 nm (ε = 7600 l
mol−1 cm−1, which is in a typical range for [Ru(bpy)3]

2+ com-
plexes). Emission occurs at 738 nm, which is red shifted com-
pared to [Ru(bpy)3]

2+(Fig. 21).
1.4.2. Artificial photosynthetic catalysts. While DSSCs

transform radiation energy from the sun into electrical energy

immediately, increasing demand for the storage of solar
energy emerges. This issue is being investigated with respect
to nature as a role model. Herein, plants split water into
oxygen and NADPH2

+ during photosynthesis. Since hydrogen
is an essential component of fuel cells, an imitation of photo-
synthesis for the production of hydrogen is highly relevant.
Thus, artificial photosynthesis has been of great interest in the
last few decades. Whereas natural photosynthesis consists of a
highly complicated biomolecular system, artificial photo-
synthesis is attempted to be performed with a limited amount of
key components. A schematic representation of the water split-
ting artificial photocatalysis, performed by an intramolecular
system, is depicted in Fig. 22.40 Here, a photosensitizer (PS) is
electronically excited by solar light and transfers its electron
via a bridging ligand to a reduction catalyst. Thus, protons can
be reduced to hydrogen at the reduced catalytic site. At the
same time, water is oxidized into oxygen by an oxidation cata-
lyst, that passes the newly formed electrons to the oxidized
photosensitizer (PS+) via another bridging ligand regenerating
the PS. Afterwards the electron transfer mechanism has to be
repeated multiple times. However, the just described mech-
anism is not trivial, since, among others, two electrons are
needed for proton reduction, but four electrons are generated
during the water oxidation into oxygen. Therefore, these two
half reactions are separated for investigation as a consequence.
In the following, we address photocatalytic frameworks that
were achieved using CuAAC click reactions.

Fig. 19 Mode of action of assembly 15, which is attached to TiO2 via
phosphonate anchor groups.

Fig. 20 Complex 16 functioning as the dye in DSSC applications with
PCE = 4.0%.

Fig. 21 Complex 17 as a dye for DSSC with PCE = 7.8%.

Fig. 22 Working principle of the artificial photocatalytic splitting of
water.
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Natural photosynthesis is based on electron transport
systems in protein matrices. Therefore, Leibl et al. investigated
the electron transfer between a ruthenium based chromophore
and the amino acid tryptophan, connected via the “chelate
then click” method (complex 18).41 The CuAAC click reaction
was performed under standard conditions and with a high
yield of 90% (see Table 1). In the presence of an electron
acceptor, i.e. methyl viologen, an electron is transferred from
the ruthenium(II) moiety towards the electron acceptor A
forming A− and Ru(III). Afterwards an electron transfer from
tryptophan to the ruthenium(III) center could be proven,
forming Ru(II) and a tryptophan radical after deprotonation of
the tryptophan moiety with water as the proton acceptor
(Fig. 23).

In order to accomplish a photocatalytic water oxidation,
Stahl et al. performed the coupling between the alkyne-func-
tionalized ruthenium(II) terpyridine complex 9 and an azide
terminated diamond electrode within the “chelate then click”
approach as well (see Fig. 24 and Table 1).29 Complex 9 has
been already introduced in section 1.3.3 in Fig. 13 for the
build-up of alkyne substituted ruthenium complexes. Unfortu-
nately the ruthenium-electrode entity was not stable enough at
potentials needed for electrocatalytic water oxidation.

The synthesis of a promising photosensitizer for photo-
catalytic oxidation of water was described by Benniston et al.
using the “click then chelate” method.42 Herein, complex 19
was obtained by attachment of a Ru(bpy)3

2+ moiety to fluoro-
bora-indacene via CuAAC (see Table 1). After addition of the
known water oxidation catalyst Ru-CAT, an electron transfer

from 19 to an electron acceptor upon photoexcitation and thus
water oxidation by Ru-Cat could be shown (see Fig. 25).

Modulation of a photocatalytic H+ reducing system using
“chelate then click” chemistry was developed by Aukauloo
et al. (see Fig. 26).43 Herein, a photosensitive ruthenium(II)
polypyridine complex was coupled to the catalytically active
nickel cyclam via CuAAC reaction forming 20 (see Table 1).
After light irradiation and intramolecular electron transfer
from the ruthenium center to the nickel catalyst, a conversion
of protons into hydrogen with a TON of 2 respectively was
observed. Remarkably, reduction of CO2 into CO with a TON of
5 succeeded with the same catalytic system as well.

A polymeric intramolecular water photooxidation catalyst
with ruthenium(II) chromophores and a ruthenium(II) catalyst
was recently developed by T. J. Meyer.44 First, azide functiona-
lized polypropylacrylate was formed by reversible addition–
fragmentation chain transfer (RAFT) polymerization. Then
photoactive alkyne functionalized ruthenium(II) cores were
attached to the polymer via “chelate then click” (CuAAC con-
ditions are listed in Table 1). In the final step, a ruthenium(II)
polypyridine based water oxidation catalyst Ru(II)–OH2 was
attached as an end group forming compound 21 (Fig. 27).

Upon photoexcitation of the Ru(II) chromophore, excited
energy transfer proceeds along the polymer chain forming
Ru(II)*. Upon addition of the electron acceptor methylviologen
(MV2+), an electron transfer from the excited ruthenium(II)
photosensitizer Ru(II)* to MV2+ takes place, forming Ru(III) and
MV+. Thereafter electron transfer hopping occurs oxidizing the
ruthenium(II) chromophores along the chain to Ru(III) until

Fig. 23 Photocatalytic electron transfer of a ruthenium(II)–tryptophan
conjugate.

Fig. 24 CuAAC reaction between 9 and an azide functionalized
diamond electrode.

Fig. 25 Theoretical functional principle of photocatalytic water
oxidation with complex 19 as PS.

Fig. 26 Photocatalytic reduction of CO2/H
+ with a ruthenium(II)–nickel(II)

cyclam assembly connected by a triazole linker.
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the terminal catalyst is oxidized from Ru(II)–OH2 to Ru(III)–
OH2. Additionally, the polymeric assembly was attached to
nanoparticles such as ZrO2, TiO2 and ITO, in order to investi-
gate their applicability for dye sensitized photoelectrosynthesis
cells (DSPEC). Thereby electron transfer- and excited state pro-
perties are maintained. Nevertheless, the envisaged actual
water oxidation is still under investigation.

With the achievements described above, promising steps
have been taken towards the usage of solar energy. Neverthe-
less improvements towards higher efficiencies still need to be
developed. One possible approach is to enhance the absor-
bance window of the PS. This may be realized by coupling
diversely absorbing PSs into one antenna-like system. Thereby
the CuAAC click approach has been already used to synthesize
a polymer bearing a photoactive osmium(II) polypyridine and
different fluorescent organic moieties. Upon irradiation, an
energy transfer from the organic entities to the osmium
complex could be observed.45 Exploitation of [Ru(bpy)3]

2+

based CuAAC click reactions would contribute to the efficiency
enhancement of such systems.

1.5. Photosensitizers generated by CuAAC for therapeutic
applications

With the introduction of cisplatin as an anti-cancer chemo-
therapeutic agent, transition metal complexes have under-
gone vast development in drug research.46 On the generation
of a ruthenium based complex, that is capable of undergoing
hydrolysis and thus cisplatin-like destruction of DNA, the
“click to chelate” concept was used to attach a DNA-interacting
ligand to the ruthenium center forming 22. The ligand was
synthesized via CuAAC (see Table 1) and complex 22 generated
by coordination.47,48

Nowadays special interest is being shown to photoactive
transition metal complexes that serve as photosensitizers (PSs)
in photodynamic therapy (PDT) against cancer. Upon tra-
ditional PDT the initially nontoxic PS generates cell toxic reac-

tive oxygen species (ROS) after activation by light. Thus,
spatiotemporal control over tissue destruction is provided
representing a great advantage over classical chemotherapy.49

Herein, ruthenium(II) complexes are great candidates as PSs,
due to their capability of electronic activation induced by
visible light, leading to reactive species for the formation of
singlet oxygen 1O2 or reduced O2 equivalents. Complex 23 is
one example where the “click to chelate” concept was used for
the generation of possible PSs, as shown in Fig. 28.50 The con-
ditions of the CuAAC reaction are listed in Table 1.

Still, both chemotherapy and PDT lack specific cancer cell
targeting, leading to potentially severe side effects due to
additional destruction of healthy cells. Therefore, targeted
PDT is very attractive. Herein, it is known that some cancer cell
types bind predominantly to certain biological groups due to
their overexpression of specific receptors. Hence, a cancer cell
specific biological group can be attached to a potent PS via
CuAAC click reactions. Thus the PS–Bio conjugate is explicitly
taken up by the corresponding cancer cell type. The mode of
action for a targeted PDT is shown in Fig. 29.

Upon the coupling of sensitive biological groups on metal
complexes the above shown “click to chelate” concept may fail
due to the harsh coordinating conditions i.e. heating under

Fig. 27 Photosensitized electron transfer hopping of the polymeric assembly 21.

Fig. 28 Complex 22 for cisplatin-like destruction of cancer cells and
complex 23 for PDT.
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reflux. Thus it is more advantageous to use the “chelate then
click” approach. Therefore, biological groups should be
clicked to metal complexes that are functionalized whether
with azide- or alkyne groups. Under the conditions that non-
toxic solvents and catalysts are chosen for the coupling reac-
tion, requirements for a true ‘bioorthogonal’ process would be
provided.51 In general, bioorthogonal reactions are defined as
transformations between two abiotic substances that can be
performed in physiological systems. Herein, they should
proceed without the assistance of, or interference with the
living organism.52 For click reactions, a copper free version
would have to be used, which however poses some severe limit-
ations of the applicable substitution patterns.

1.5.1. Functionalization of biological groups
1.5.1.1. Generation of bio-alkynes. Various reports about

the alkynation of biological groups have been shown in the lit-
erature. Here we are restricted to a few selected examples. The
introduction of alkynes in amino acids is discussed in a review
by S. Pedersen. Herein, one feasible method is the direct
reduction of the carboxyl group to an aldehyde and sub-
sequent performance of the Colvin–Gilbert–Seyferth reaction
(see Fig. 30).53

The insertion of the alkyne functionality can be performed
at the amino group as well. Here an alkyne coupled NHS (N-

hydroxy-succinimide) ester reacts directly with the amino
group, as shown in the literature in the case of peptides (see
Fig. 30).54

If the amino acid tyrosine is used, a straightforward alkyna-
tion method via diazonium coupling can be applied. Within
this method Yi et al. achieved a one pot alkynation and sub-
sequent CuAAC coupling to a fluorescent agent of the whole
protein bovine serum albumin (BSA) and even the tobacco
mosaic virus (TMV) that are both known to contain tyrosine.55

1.5.1.2. Formation of bio-azides. Multiple examples also
exist for the generation of bio-azides. Here we report only a few
selected ones. The preparation of sugar-azides out of an acetyl
protected glucopyranose is typically carried out by a simple
reaction with sodium azide.56

The azidation of an α-amino-acid is usually performed via a
diazotransfer reaction at the amino group under basic con-
ditions (see Fig. 31). The type of diazotransfer reagent, solvent
and base depends on the solubility of the amino acids. The
most employed diazotransfer reagents (DTRs) are listed in
Fig. 31.53 So far, all DTRs have been considered as explosive.
DTR1 is most widely employed for the preparation of optically
active azide-derived α-amino acids. However, DTR1 is most
explosive. Regarding ‘handling, safety and cost’, DTR4 and
DTR5 seem to be more advantageous according to the litera-
ture.53 In the case of DTR2, DTR3 and DTR5, not enough data
have been published for a thorough comperative evaluation. So
far, DTR4 and DTR5 seem to perform the same azidation reac-
tion as DTR1 with comparable reaction times and optical
purity, but with higher reaction yields and easier handling.

1.5.2. Substitution of functional hormones with azides or
alkynes. Hormones are widely employed in clinical chemistry,
due to their interaction with specific cell receptors and thus
cell signaling pathways.57 In this instance we show functionali-
zation methods of two important classes of hormones, i.e. the
steroid bile acid and somatostatin. Both can bind to specific
receptors of cancer cells and even transport their substituents
inside a cell.58–60 Azidation of bile acid is generally performed
whether using the carboxylic group (position a) or the hydroxyl
functionality (position b), as shown in Fig. 32.61

Alkynation of the bile acid is carried out by amidation or
esterification of the carboxylic acid with propargyl amide or
propargyl amine respectively within a one-step synthesis (see
Fig. 32).62

Effective functionalization of somatostatin under retention
of its bioactivity has been shown by Weil.59,63 After the reduc-
tive disulfide bond cleavage of somatostatin, the resulting
thiol groups bind to an azide- or alkyne functionalized ‘inter-
calator’ SI-Alkyne or SI-N3 via two successive Michael
additions, referred to as ‘intercalation’, as shown in Fig. 33.
Herein, the biologically active group remains intact. Further-
more, the stability of the resulting bis-sulfide is even superior
compared to the disulfide bond of the native somatostatin.59

1.5.3. Attachment of biological groups to Ru(II)-complexes.
To the best of our knowledge, so far, only alkyne functiona-
lized [Ru(bpy)3]

2+ complexes have been applied for the CuAAC
coupling with biological groups. Complex 12 (shown above in

Fig. 29 Mode of action for a targeted PDT.

Fig. 30 Introduction of an alkyne functionality to amino acids. At the
top: general conversion of a carboxyl group to an alkyne. At the bottom:
insertion of an alkyne group to any peptide with an NHS ester.
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Fig. 15, section 1.3.3.) was successfully employed for the
attachment of peptides by the CuAAC click reaction (depicted
in Table 1) forming the conjugate 24 (Fig. 34).33

Coupling of two sugar xylopyranose moieties to a di-alkyne
functionalized ruthenium complex was shown by Constable
et al.64 Here, the ruthenium-alkyne moiety was generated by
alkylation with propargyl-bromide of a hydroxo substituted
ruthenium(II) polypyridine complex. Thereafter, xylopyranose
was clicked via CuAAC (see Table 1) generating complex 25
(see Fig. 35).

Recently complex 7c (see Fig. 10) was taken as the reagent
for the CuAAC coupling (see Table 1) with a somatostatin-
azide forming complex 26 (see Fig. 36).65 Approaching
bioorthogonal click chemistry, the reaction was performed
with only water as the solvent. The peptide hormone somato-
statin is known to be overly taken up by various cancer cell
types due to their overexpression of the receptors SSTR1-5.66

Azide-functionalization of somatostatin is shown above in
Fig. 33. Remarkably, 26 was the first M(II)–Bio conjugate that
was both selectively taken up by the cancer cells A549 only
due to the somatostatin attachment and could express great
phototoxicity.

Fig. 32 Introduction of an azide- or alkyne functionality to the estro-
gen hormone bile acid via position (a) or (b).

Fig. 31 Azidation of an α-amino acid at the carboxylic group.

Fig. 33 Intercalation of SI-N3 or SI-Alkyne generating alkyne- or azide
functionalized somatostatin SOMA-N3/SOMA-Alkyne.

Fig. 34 Complex 24.
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With respect to biological applications, Cu-ion free reaction
conditions are highly interesting, due to the toxic nature
of high copper concentrations. The first bioorthogonal
strain promoted azide–alkyne cycloaddition (SPAAC) with a
ruthenium(II) polypyridine complex under copper free con-
ditions was reported by Lo et al.67 Here, an octyne functional-
ity was introduced by amidation (see Fig. 37, complex 27).
Additionally, efficient coupling and photoinduced destruction
of cancer cells, that were pretreated with acetyl protected
mannose-azide, were performed.

In future ruthenium(II)–Bio conjugates must be optimized
towards absorption in the therapeutic window. This can be

achieved by either changing the metal center to osmium, or
complexation of the appropriate ligands, such as phenylpyri-
dine or thiophene-substituted imidazole-phenanthroline.

2. Conclusions

We have discussed three methods, used in the literature for
performing CuAAC click reactions with ruthenium(II) com-
plexes, which are “click to chelate”, “click then chelate” and
“chelate then click”.

The first two are mostly employed for the generation of
photosensitizers (PSs) for DSSCs or photocatalysts. This way
the expensive ruthenium compound is spared by its introduc-
tion in the last step via chelation. The “chelate then click”
approach is predominantly applied for the formation of PSs
for photodynamic applications, in order to avoid destruction
of the sensitive biologically active compounds.

Generally if working with the “click to chelate” method,
possible luminescence quenching has to be taken into
account. Upon chelation with azide bearing ligands, destruc-
tion of the azide group may occur. Therefore spacers such as
methylene or imidazole-phenanthroline (ip) can be success-
fully applied. In the chelation of alkyne bearing ligands,
several side products containing Ru–CO occur, if standard che-
lation conditions are used. The side reactions can be avoided
by either using Ag+ ions and protection of the alkyne group, or
introduction of the alkyne group to a ruthenium complex
lacking labile ligands.

With the employment of click reactions, a DSSC with PCE =
7.8%, photocatalysts for the formation of H2 or conversion of
CO2 and a cancer cell selective PS for PDT treatment could be
generated.
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Since the compilation of literature for this review article, additional interesting works have been

published and are presented below. Recently, following the "chelate-then-click"-approach, oligonucle-

otides were coupled to Ru(II) polypyridine complexes ([(bpy)2Ru(4,4’-R,R-bpy)]-type) which were

functionalized with azide functionalities and the corresponding alkyne functionality was provided by

the DNA fragment (14 or 24 nucleotides1). It was possible to build up spheric chromophores via

CuAAC reactions with up to six DNA fragments bound covalently to the chromophore core.[107]

Others observed a solvent dependent light switch effect which could be related to the number of

triazole moieties attached to the coordinating bpy ligand sphere of the Ru(II) polypyridine com-

plex which was built up via the "click-then-chelate"-approach. The increasing number of triazole

moieties per chromophore lead to pronounced emission quenching. This behaviour was accounted

to the formation of an additional triplet state located on the triazole containing ligand periphery

and interacting with solvent water molecules undergoing proton transfer. This has to be taken into

account for future design concepts of the ligands for Ru(II) complexes regarding the luminescence

properties.[108] The "click-to-chelate"-approach was utilized to generate stable Ru(II) complexes with

2-pyridyl-1,2,3-triazole ligands which serve as anti-microbial agents.[109] Porphyrin-Ru(II) polypyridine

complex conjugates were obtained employing the "click-to-chelate"-approach, and the properties were

examined. Interestingly, the "inverse" triazole moiety (deriving from structural switch of the azide

and alkyne functionalities between substrates) is not as stable as the "regular" triazole and undergoes

ligand exchange faster.[110]

3.1.2 Strain-promoted Azide-Alkyne Cycloaddition

Given that for CuAAC reactions cyctotoxic copper ions are needed, the strain-promoted azide-alkyne

cycloaddition (SPAAC) represents a bio-orthogonal alternative for coupling reactions with biomolecules

(Section 2.2.1.1). It has been shown, that copper ions can coordinate to e.g. amino acids, especially

within (large) biomolecules, which leads to irreversible contamination. This has to be kept in mind for

CuAAC reactions for protein functionalization.[61, 64, 111–113] Regarding the performance of SPAAC

reactions directly on Ruthenium chromophore cores, only few examples are known. The groups of

Lo and Tang presented luminescent metal (Ru, Ir) polypyridine chromophores bearing cyclooctyne

moieties (1 in Figure 3.2). These compounds can be utilized as bio-orthogonal phosphorescent probe

for azide-functionalized biomolecules[114] and phototoxicity studies were evaluated.[65] The group

around Meggers performed SPAAC reactions with a Ruthenium complex coordinating an azide (N3
-)

ligand resulting in stable complexes (2 in Figure 3.2). This might be used for the modification of

cyclooctyne-functionalized surfaces.[115]

It has been shown, that the introduction of organic azide functionalities to Ruthenium polypyridine

chromophores can be hindered due to instability of the azide (3 in Figure 3.2).[116] The likewise

1Nucleotides are DNA building blocks consisting of a DNA base, a pentose and a phosphate moiety.
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provision of alkynes and azides on metal complexes available for coupling reactions can facilitate the

efficient build-up of sophisticated conjugates. Therefore, the development of strategies generating

stable organic azide functions on luminescent Ru(II) complexes with regard to biological applications

is highly attractive.

Figure 3.2: Examples for SPAAC reactions which are performed with metal complexes; the provision of alkynes as well

as stable azide functionalities is demanded.

3.1.3 Maleimide-Thiol Coupling

Maleimide-thiol coupling (see Section 2.2.1.1) can be applied to address thiol groups selectively.[117]

This is particularly interesting as cysteine (Cys) is not as abundant as other amino acids in the

human body. This means, that distinct numbers are presented on the surface of large biomolecules

which can be addressed. Maleimide functionalities were introduced to Ru(II)-arene complexes and

the cytotoxicity was examined.[69, 118] Ru(II) and Ir(III) terpyridine (tpy) complexes[119] have been

coupled to cytochrome c2 and a Ru(II) polypyridine complex has been coupled to different proteins

(Figure 3.3).[120]

Figure 3.3: Introduction of maleimide groups to metal complexes for the generation of chemotherapeutics (1) or the

linking with biomolecules (2, 3).

2Cytochrome c is an essential electron carrier protein, which is released into the cytosol of cells when mitochondria are

damaged. The cytochrome c release induces the programmed cell death.
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3.2 Drugs for Targeted PDT

The ability to target specific cancer cells with tailored drugs raises the bar for approaches like

photodynamic therapy. In the following, an overview of the current state of the art, concerning

conjugates consisting of a chromophore and specificity mediating unit regarding potential applicability

in PDT, is presented. As mentioned in Section 2.1.2.2, favoured PS for PDT should exhibit

high extinction coefficients as well as an efficient population of excited triplet states. Besides, the

photosensitizers should be able to target specific cancer cells. Efficient access to this selectivity can

be generated by addressing the different receptors which vary intensely in expression depending on the

type of cancer versus normal cells. Furthermore, non-toxicity in the dark state and the usage of light

within the phototherapeutic window (650-850 nm) are preferred.

3.2.1 Porphyrine-Based Conjugates

Covalent attachment of porphyrins to peptides and proteins can generate selective PDT drugs that

allow concentration of the oxidative damage potential to the targeted area. Minimization of side

effects can be triggered via enhanced cellular uptake, favourable sub-cellular distribution, and ability

to target receptors or enzymes overexpressed by a given tissue or cell.[121–124]

There is a broad number of synthetic strategies (e.g. bio-orthogonal ligations or thiol-targeting

reactions) to generate porphyrin-peptide conjugates.[122]

Hence, there are sophisticated porphyrin (and derivative) conjugates which contain for example

RGD sequences and sugar moieties (RGD = Arg-Gly-Asp, 1 in Figure 3.4)[125], oligo-arginines[126]

(2 in Figure 3.4), a mitochondrial targeting peptide[127] (3), a NLS (nuclear localization signal,

which enables import into the cell nucleus, (3) and a cell signalling sequence,[128] an α-helical peptide

(4)[129], penta- and heptapeptides[130] and a bombesin analogue (5)[131]. To be able to address deep

seated tumors, Starkey et al. designed a two photon absorbing PS (6) with a porphyrin scaffold and

two octreotate cyclopeptides (a somatostatin analogue) which is able to induce regression of different

cancer types in mice.[132] Selected structures are represented in Figure 3.4. Furthermore, repeat

protein scaffolds have been built up, utilizing a repeating unit of a protein resulting in a helix-turn-helix

structure.[133]

Additional to peptides, other biomolecules can be linked to porphyrins. Conjugates of porphyrins

and saccharides,[134] bile-acids (steroid acids)[135] and glycosylates[136] were presented. Furthermore, a

cyclooctyne-substituted porphyrin (Figure 3.5) was conjugated with an azide-modified hexasaccharide

via a SPAAC reaction.[137]
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Figure 3.4: Porphyrin-peptide conjugates; various targeting units have been exploited for the design of suitable PDT

drugs.
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Figure 3.5: Exemplary non-peptide porpyhrin conjugates; sugar moieties (1) and steroid acids (2) can be introduced;

the utilization of SPAAC reactions for the build up of conjugates is feasible via introduction of a cyclooctyne (3).
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3.2.2 Chlorophyll-based Agents

Chlorins are porphyrin-like structures, exhibiting one hydrogenated pyrrole ring (see Figure 3.6). They

are essential scaffolds which are used by nature to generate chlorophyll molecules for photosynthesis.

The marginal change in structure compared to porphyrins leads to higher molar extinction coefficients

and a bathochromically shifted absorbance compared to porphyrins.[38, 138]

Figure 3.6: Structures of the porphyrin-based scaffolds resulting in different photophysical properties; bathochromic

shift in absorbance from porphyrins to bacteriochlorins; phthalocyanines are synthetically easier accessible compared to

porphyrins.

A twenty fold improvement of the absorbance efficiency compared to PHOTOFRIN R© and thus

lower light dose of only 10-20 J/cm2, was realized with the chlorin meso-tetra-hydroxy-phenyl-chlorin

(mTHPC), sold as FOSCAN R© and known as Temoporfin. Furthermore it causes a relatively short skin

sensitivity of 2-4 weeks after treatment and provides red-shifted absorbance around 652 nm, ensuring a

deeper penetration of light. It was approved in 2001 for the palliative treatment of advanced head- and

neck cancer. However, due to strong photoactivity of FOSCAN R©, an extraordinary photosensitivity

of the patient after treatment lasts for at least one week.[139, 140] Another prominent Chlorin-based

PS is Verteporfin (VISUDYNE R©). It is a benzoporphyrin derivative with an extraordinary long

absorbance wavelength at 690 nm. Verteporfin is clinically applied against different diseases, i.a.

age related blindness, choroidal melanoma and cutaneous lesions. The tumor cell specificity and

uptake of Verteporfin was enhanced by the formation of a supramolecular assembly consisting of the

benzoporphyrin derivative with a low-density lipoprotein (LDL).[141] Due to predominant uptake by

the LDL receptors of tumorous endothelial cells, the third generation PS was clinically approved as a

targeted PS against age-related macular degeneration in 2002.[142] So far, clinical approval of cancer

targeted applications with LDL formulated Verteporfin has not been reported.[143] Renno et al. were

able to generate a targeting Verteporfin conjugate via linkage to a modified polyvinyl alcohol (PVA)

polymer followed by coupling to a hepta peptide (sequence: ATWLPPR) known to bind the receptor

for the vascular endothelial growth factor3[53], VEGFR2[144] (see Figure 3.7).
3Vascular endothelial growth factor (VEGF): abundant signal protein, corresponding receptors are often found to be

overexpressed in tumor tissue.
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Introduction of RGD peptides to a tetraphenylchlorin was also described.[145] Additionally to peptide

conjugates e.g. biotin[146] and maltotriose[147, 148] conjugates have been presented. One drawback

of structures like porphyrins or chlorins is low water solubility and extensive synthesis. Additionally,

the quantum yield for triplet formation for the average porphyrin species is moderate (ΦT≥0.5)[149]

compared to Ruthenium(II) polypyridine complexes (ΦT=unity).[72, 150–153] Therefore non-coordinative

compounds or saturated metal complexes can be more advantageous to avoid binding of metal ions

naturally abundant in the human body.

Figure 3.7: Top: Verteporfin (VISUDYNE R©) peptide conjugate. Bottom: structure of a tetraphenylchlorin coupled to

a RGD sequence.
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3.2.3 Phthalocyanines

The hydrophilic phthalocyanines are related to porphyrine macrocycles but not naturally occurring

dyes (see Figure 3.6). In order to be exploited as a PS for PDT applications, coordination to a metal

center is required to enhance population of the triplet state.[38] In 2001, aluminium phthalocyanine

tetrasulfonate (AlPcS4) got clinically approved and is sold as PHOTOSENS R©. This second generation

PS is used against stomach-, skin-, lips-, oral cavity-, tongue- and breast cancer. Nevertheless, it has

prolonged skin sensitivity for several weeks.[139] In the case of phthalocyanines, targeted attempts

are being exploited as well. For instance, the hydrophobic phthalocyanine photosensitizer Pc4 was

loaded within biocompatible block-co-polymer micelles which bear epidermal growth factor receptor

(EGFR)–targeting GE11 peptides on their surface to ensure a targeted uptake into epidermoid

carcinoma cells[154] (top in Figure 3.8). Others coupled AlPcS4 to bombesin (a peptide hormone)

for targeting the gastrin-releasing peptide receptor.[155]

Figure 3.8: Phthalocyanines Pc4 and AlPcS4 which were equipped with specific peptides for targeted approaches in

PDT.

3.2.4 Other Organic Dyes

With porphyrins exhibiting many side effects, organic dyes are explored as potent agents for PDT.

Various compounds, most of them depicting natural abundant dyes, have reached clinical trials

(Figure 3.9).[38] The insufficient photostability of organic dyes in presence of 1O2 is one challenge

which has to be met by scientists. Otherwise the amounts of PS which have to be applied for PDT

are extensive trigger side effects which affect the patients’ well-being.
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Figure 3.9: Structures of organic dyes which have reached clinical trials for PDT treatment.

Merocyanine 540 has been employed as a photosensitizer in multiple biological studies demonstrating its

phototoxicity on rectal and colon cancer, melanoma, nasal-pharyngeal cancer and leukemia cells. Recent

result hypothesize that merocyanine 540 could be used to purge stem cells (see Section 2.1.2.3) and

to work against graft-vs-host disease which often occurs during allogenic bone marrow transplantations.

Especially, for non-solid types of cancer the purging of the allogenic stem cells is of great importance to

avoid mentioned rejection reactions. This type of treatment is in particular of great importance for the

therapy of leukemia. One disadvantage of most merocyanines is their photobleaching which leads to

the necessity of higher concentrations for PDT applications. Beside that, merocyanine 540 is cytotoxic

towards normal bone marrow cells and therefore agents which offer selectivity are demanded. Aggregate

formation of merocyanine 540 in aqueous solution (due to low solubility) can be disintegrated via

addition of human serum albumin (HSA). This association triggers dye monomerization which is

accompanied by changing the photophysical properties with a significant increase in luminescence and

triplet lifetimes.[156–166]

3.2.5 Ruthenium Complexes for PDT Applications

Opposed to organic dyes, transition metal complexes, in particular Ruthenium(II) polypyridine com-

plexes and derivatives, offer an auspicious option in the development of PDT drugs. Due to facile

tuning of coordination chemistry, photophysics and particularly high singlet oxygen quantum yields

(see Section 2.3.1), Ruthenium(II) polypyridine complexes have achieved fast improvements since

their exploration for PDT applications.[15, 167–174] Though typical [Ru(bpy)3]2
+
derivatives do not

absorb in the therapeutic window, their photophysical properties can be tuned by proper selection
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of the ligands. It could be shown, that substitution of bpy ligands with extended π-systems shifts

the absorption towards higher wavelengths.[15, 167–169] In addition, two photon absorption technique

enables the excitation of [Ru(bpy)3]2
+
complexes in the near-IR region as well.[172]

Recently, the group of McFarland and co-workers showed, that the [Ru(bpy)3]2
+
-derivative TLD1433

(Figure 3.10) shows red-shifted absorption at 530 nm by substitution of one bpy ligand to a ip-based

ligand which is coupled to thiophene units (Figure 3.10). Due to its potential of producing 1O2 with

almost unity quantum yield upon excitation with light of 530 nm it was proposed to be used for the

efficient destruction of cancer cells at simultaneously negligible dark toxicity. TLD1433 has entered

phase I clinical trials as the first Ruthenium based PS. It is used for the treatment of bladder cancer:

the patients’ bladder is flushed and incubated with the dye solution and irradiated with optical fibers.

The malignant tissue inside the bladder is destroyed and the bladder does not have to be removed.

Theralase’s TLD1433 combined with transferrin4 has now been branded and trademarked by the

company as RutherrinTM.[170–173] TLD1433 does not show any selectivity for malignant cells which

is negligible for this specific approach. However, for other types of tumors it is highly important to

trigger selective uptake and accumulation only within the cancerous cells.

Figure 3.10: TLD1433, the first Ru(II) polypyridyl complex which entered clinical trials combined with transferrin to

build up RutherrinTM, the chromophore-protein conjugate, which is utilized for the treatment of bladder cancer.

In general, the cellular uptake and accumulation of Ru(II) polypyridyl complexes has been studied by

many scientists and can be triggered via different mechanisms.[25, 81, 174, 176–181]

Thereby the primary uptake mechanism to take place is passive diffusion depending on the lipophili-

city and charge of the drug system (left and middle in Figure 3.11).[25, 81, 182] For arginine bearing

systems the mechanism is supposed to be endocytosis (right in Figure 3.11).[183] Depending on

their substitution pattern they accumulate in different cell compartments like the nucleus[179, 181, 183]

and mitochondria.[184, 185] The groups of Gasser and Chao presented dppz based Ru(II) polypyridine

analogs only varying in a minor substitution. Nevertheless, this results in different localization of the

4Transferrin is a transport glyco-protein for iron ions (Fe2+) within the human body.[175]
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dye within the cell (Figure 3.12).[186] This was accounted to different solubility of the derivatives.

Figure 3.11: Examples for Ru(II) polypyridine complexes which show different uptake mechanisms; left and middle:

systems investigated by the group of Barton[81, 183]; right: dinuclear species showing primary passive diffusion as well as

an energy-dependant uptake mechanism.[182]

The choice of linking biomolecules with chromophores via stable covalent bonds allows the controlled

design of novel PDT drugs. As shown in Sections 3.2.1 and 3.2.2 the introduction of sugar moieties

can be utilized to substitute PDT agents. This can be transferred to the periphery of metal centers.[187]

Therefore Re, 99mTc[188] and Ru[189] complexes have been synthesized for different purposes. But up

to now no sugar substitution pattern is found which is selective for one transporter expressed only in

the intended tissue.[187]

Another promising approach to design desired drugs can be the introduction of peptides analogous

to porphyrin-peptide conjugates. Several metal complex (Fe(II), Mn(II)) peptide conjugates have

been realized over time.[190–192] Conjugates which consist of a Ruthenium metal center and amino

acids or peptides are known and probed for their behavior and properties in literature. For example,

an electron transfer occurs from a Ru-metallooligopeptide to the hemeprotein cytochrome c[193] (1

in Figure 3.13) Others investigated the interactions of Ru-oligopeptides (3) with a oligonucleotide

duplex,[194] efficiently cross-linked a collection of Ru-peptide conjugates (2) and free peptides to

DNA,[195] compared a Ru-D-octaarginines conjugates with Ru-tetrapeptides or the Os(II) analogue for

targeting the nuclei of cells (4),[183, 196] synthesized monomeric PNA (peptide nucleic acid) derivatives

(5)[197] and studied the photodissociation of a Ru(II)-arene complex which sustains receptor-binding

peptides, such as a dicarba analogue of octreotide and the RGD sequence (6).[198] The presented

Ru-peptides have in common, that for the linkage the formation of amide bonds was exploited which

is suitable for small peptides where the utilization of protecting groups is feasible.

To be able to ensure selective uptake into cancer cells Wang et al. recently presented a Ru(II)-

polypyridine peptide conjugate (Figure 3.14) which enters cells via receptor mediated endocytosis,
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Figure 3.12: Top: nuclear accumulating dinuclear Ru(II) polypyridine compounds[179, 181]; bottom: species accumulating

within mitochondria[184], membrane, cytoplasm and nucleus[186].
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Figure 3.13: Exemplary structures of literature known Ruthenium peptide conjugates.[183, 193–195, 197, 198]
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is negligibly toxic in the dark, photostable and works efficiently as PDT drug against lung cancer

cells (A549) in vitro.[174] Receptors for somatostatin5 are overexpressed in some cancer cell lines and

therefore can be addressed realizing this selective approach. To retain the tertiary structure of the

peptide, the required intercalator (the anchor for functionalization) had to be designed specifically

to ensure unhindered interaction with the corresponding receptor after functionalization with the

PS. A di-sulfide brigde was utilized to insert an intercalator which was equipped with the "clickable"

azide group. This S-S bridge is arranged in spatial distance to the receptor-interacting sequence.

To couple the sensitive peptide hormone to the chromophore unit click chemistry (CuAAC) was

employed. Thereby, the synthesis of the required alkyne-substituted Ru(II) chromophore is highly

extensive. To obtain the precursor (4-Br-bpy) four partly inefficient synthesis steps have to be

performed. Additionally, the complexation of the latter 4-ethynyl-2,2’-bpy results in the formation of

various side products.[87] Therefore, alternate ligand structures which are easily accessible and afford

the corresponding complexes in high yields are required. Additionally, the PS have to exhibit the

desired photophysical characteristics.

Figure 3.14: Receptor-targeting Ruthenium somatostatin conjugate which was designed via click chemistry by

Wang et al..[174]

In general, there are multiple possibilities to tune photophysical properties of the presented systems.

Exchange of the metal centre from Ru(II) to Os(II) yields a bathochromic shift of absorption, towards

the therapeutic window.[196, 199–201] Furthermore, Ru(II) chromophores deriving from a variety of

π-expansive ligands, e.g. thiophenes, are surprisingly effective with red light activation despite minimal

absorption in this wavelength region. The striking potencies responsible for these phenomena has

5 Somatostatin is a cyclic peptide hormone consisting of 28 amino acids. It is essential for human metabolism and is

involved in signal transduction during apoptosis.
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eliminated the one advantage the porphyrin-based PS’s held: activation in the PDT window.[202]

Thereby, the exploitation of phenylpyridine ligands[203–206] or the deprotonation of bibenzimidazoles to

bibenzimidazolates[207] or 4H-imidazoles to 4H-imidazolates[208–210] results in a red shift of absorption

wavelengths. Additionally, the application of two-photon absorption techniques can enable working

within the PTW.[94, 132, 211]

Figure 3.15: Different strategies are employed for the optimization of absorption characteristics: exchange of the metal

ion (1)[196], utilization of alternate ligands (2)[206] or the optimization of two-photon absorption properties (3, 4).[94, 211]

High resolution optical imaging of chemical and biological processes within (living) cells can provide

unprecedented insight into essential cellular mechanisms. Stimulated emission depletion (STED)

fluorescence microscopy has become a method of choice to address the challenge of high resolution

imaging. Typically, STED microscopy employs organic dyes. However, recently, the group of Tia Keyes

achieved a breakthrough and showed that Ruthenium metal complexes are superior to conventional

probes for STED because of the unique photophysical properties of such luminophores.[212, 213]

The combination of the applicability as imaging agent as well as their PDT activity represents

outstanding possibilities for the application of Ruthenium conjugates in theranostics.

57





4 Scope of the Thesis: Incentive and Aims

This work aims for the equipment of Ru(II) polypyridine complexes with distinct functionalities for the

build-up of potent, selective PDT drugs. Utilizing various possibilities to couple substrates with each

other is essential for the design of selective agents.

In particular, the use of bio-orthogonal reactions as well as reactions, that are performed under

biological conditions, are appealing. One functionality, which is not abundant in Ru(II) polypyridine

complexes so far are organic azide groups which can be used for bio-orthogonal azide-alkyne cyclo-

additions. The introduction of maleimide functions seems useful, as selectively thiol groups can be

attached. Furthermore, the utilization of natural abundant moieties can be used to link substrates

with each other. Upon introduction of different functional groups the essential PDT properties should

be retained. To enable linking of chromophores to biomolecules suitable functional groups and their

precursors (e.g. Br, alkyne, NH2, N3) have to be easily accessible. Three projects within this thesis

cover synthetic strategies for the appropriation of suitable Ru(II)polypyridine complexes that can be

exploited for coupling reactions with biological targets.

In detail, the following aspects will be covered:

• Introduction of bromo functionalities into oligopyridine scaffolds as precursor groups

• Build-up of amino, azido and maleimide functionalized chromophores

• Exploration of different ligand scaffolds (bpy, tertbpy, phen, ip)

• Evaluation of the applicability of click chemistry reactions (CuAAC, SPAAC, maleimide-thiol

coupling)

The investigation of introduced functionalities could subsequently be exploited with regard to bio-

logical applications. One step further, the design of chromophore-biomolecule conjugates and their

characteristics could enable the desired selective uptake into malignant cells. Hence, the coupling

to biomolecules could benefit in triggering the cellular uptake of chromophores with subsequent

accumulation within distinct cellular organelles. In particular, accumulation within mitochondria1 is

one option favoured, as mitochondrial damage leads to programmed cell death.

1Mitochondria are the power houses of cells, providing ATP (adenosin triphosphate), a source of chemical energy.
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Figure 4.1: Schematic depiction of the aim of this work; functionalities for coupling reactions of sensitive substrates

should be introduced to suitable PDT Ru(II) chromophores; introduced biomolecules should enable selective accumulation

within cellular organelles.

Therefore, within a further project following issues will be examined in cooperation with the groups of

Tanja Weil, Michaela Feuring-Buske, Benjamin Dietzek and Christian Buske:

• Design and build-up of a Ru(II)poylpyridine-protein conjugate which offers selectivity mediating

units (mito-targeting)

• Analysis of fundamental chemical and biological properties (photophysical properties, cytotoxicity,

solubility)

• Determination of accumulation within cells

• Detailed evaluation of PDT efficacy (1O2 quantum yield, IC50 values) of the conjugate within

different adherent cell lines (HeLa, CHO, MCF7, A549)

• Analysis of PDT applicability for non-adherent cells (OC1-AML-3)
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5 Results and Discussion: From Precursor

Compounds to PDT Application

To be able to use concepts like click chemistry the respective functional groups are required. Frequently,

chemists reach limits as different constitutions afford diverse synthetic strategies. Therefore, the

efficient access to desired functionalities is highly important for drug design.

In this chapter results of this thesis are presented. Thereby four publications [AS2-AS5] will be

summarized and discussed with regard to their contribution to scientific challenges. In general, this

work focusses on the provision of linking possibilities for chromophore-biomolecule conjugates and

their applicability in targeted PDT.

5.1 Part I: Provision of Precursor Functionalities

The establishment of bromo groups is essential for the direct introduction of alkyne groups, which can

be converted in CuAAC and SPACC reactions. Regarding the extensive synthesis of bpy-alkyne-based

chromophores,[87] the provision of alternate alkynes is required. Therefore, one project ([AS2][214])

during this thesis was to fathom the access to 1,10-phenanthroline-based bromo functionalized ligands

and their corresponding Ruthenium(II)polypyridine complexes.1

5.1.1 Introduction of multiple Bromo Functionalities [AS2]

Searching for alternatives to 2,2’-bipyridine (bpy) one quickly thinks of 1,10-phenanthroline (phen). If

the sequences for synthesis are compared, it affords four steps to get to the bromo functionalized

bpy scaffold and just one step to yield 5-bromo-phen (1, Figure 5.1). This results in reduced yields

for the desired 4-Br-bpy (overall yield 5-34%[87]). Sonogashira cross-coupling for the introduction of

alkyne functionalities is either not feasible on the chromophore core (TMS as protecting group) or the

elimination of the protecting group is not working (TIPS as protecting group).[217] Complexation of

the 4-ethynyl-bpy results in the formation of side products (carbonyl complexes, methylated species)

as a consequence of the reaction of the alkyne with the Ruthenium centre (see (c) in Figure 5.1).[87]

1This publication[214] is based on results combined from PhD theses of the Rau group.[215, 216]
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Therefore, alternate ligand systems with efficient access to bromo functionalities are required that can

be converted in cross-coupling reactions directly on the chromophore core to avoid the formation of

side products.

However, the synthesis of phen analogues is realized in pressure vessels at elevated temperatures.

Within this project, optimized synthesis protocols for bromo-substituted phenanthrolines were developed,

avoiding pressure tubes and reactions at ambient temperatures (RT to 60◦C) with good to excellent

yields. Bromo-substituted phenanthrolines were introduced in varying numbers to the chromophore

core. Conversion of three equivalents of 2 yielded the corresponding tris-homoleptic complex (10).

This is pleasant as the conversion of the derivative 3,5,6,9-bromo-phen did not yield the desired

tris-homoleptic species.[218] With this approach up to six bromo functionalities can be introduced

to the chromophore core and the design of spheric chromophore conjugates may come available.

Analyses of single crystals suitable for X-ray diffractometry enabled detailed insight into the actual

structures of the ligands and metal complexes in solid form.

The investigation of photophysical (UV/vis absorption, emission, emission life time experiments) and

electrochemical properties of this series of Ru complexes lead to conclusions about structure-property

relations. It could be determined, that the emissive excited state corresponds to the 3MLCT located on

5,6-bromo-phenanthroline and is independent of other ligands surrounding the metal ion (Figure 5.3).

Interestingly, the reactivity in Suzuki cross-coupling reactions can be influenced by coordination to

the metal centre. Ligands did not show any conversion in Suzuki cross-coupling, but corresponding

Ru complexes successfully performed Suzuki cross-coupling reactions and different aromatic building

blocks could be introduced to the chromophore.

The presented ligands and metal complexes depict essential building blocks for the design of

sophisticated molecular systems. They could be deployed for the build-up of chromophore-substrate

conjugates, either with regard to energy conversion concepts or for biological applications.
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Figure 5.1: (a) comparison of the required synthesis steps for bpy (top) and phen (bottom) analogues; (b) overview of

the examined compounds; modified and reprinted with permission from John Wiley and Sons; (c) formation of side

products upon complexation of the alkyne ligand, Sonogashira cross-coupling is not feasible on the chromophore core

to yield the desired alkyne.[87, 217]
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Figure 5.2: ORTEP representations of the molecular structures of 1, 2, 3 (top from left to right), 4, 9, 8 (bottom from

left to right); coordination to chloroform via hydrogen bonds for 1 and 2; ellipsoids were drawn at 50% probability level;

modified and reprinted with permission from John Wiley and Sons.
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Figure 5.3: (a) UV/vis absorption and emission data of references, the series [(tbbpy)3-nRu(phenBr2)n]2
+
(n=0,1,2,3),

[(tbbpy)2Ru(phenBrm)]2
+
(m=0,1,2,4) and Suzuki cross coupling products 5,6 and 7; (b) Selected redox potentials

E1/2 [V] of presented Ruthenium complexes and reference compounds; referenced vs. Fc/Fc+ in a 0.1 M solution of

Bu4NPF6 in dry acetonitrile under argon atmosphere; (LL)x: ligand centred reduction.(c) Compilation of the 3MLCT

excited state redox potentials that can be tapped (oxidative quenching mechanism, E(A+/A*)), the ground state redox

potentials for the oxidation (E(A+/A)) and the emission energies (E0-0) of the series [(tbbpy)3-nRu(2)n]2
+
(n=0, 1,

2, 3); (d) Compilation of the 3MLCT excited state redox potentials of the that can be tapped (oxidative quenching

mechanism, E(A+/A*)), the ground state redox potentials for the oxidation (E(A+/A)) and the emission energies

(E0-0) of the series [(tbbpy)2Ru(phenBrm)]2
+
(m=1, 2, 4,) and [(tbbpy)2Ruphen]2

+
; reprinted with permission from

John Wiley and Sons.
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Figure 5.4: Conversion of bromo-substituted precursor metal complexes in Suzuki cross-coupling reactions to insert

different aromatic building blocks, modified and reprinted with permission from John Wiley and Sons.
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5.2 Part II: Employing Click Chemistry as Versatile Tool for

Conjugation of Chromophores to Substrates

The concept of click chemistry (see Section 2.2.1.1) is versatile and multiple reactions can be added

in. With the above described introduction of bromo precursor groups alkyne functionalities may

become more easily accessible. In general, for azide-alkyne cycloadditions, the availability of alkyne

functionalities on chromophores is higher than the availability of an appropriate, stable azide group.

Azides tend to be, dependant on the nature of the azide group, unstable under chosen reaction

conditions.[116]

Therefore, the second project of this thesis deals with the introduction of azide groups to chromophores,

which undergo subsequent cycloadditions resulting in publications [AS3][219] and [AS4][220]. An

additional "clickable" functional group, the maleimide, is build-up on the chromophore core [AS4][220].

Maleimides do react specifically with thiols, which can be applied adressing the amino acid cysteine.

Generally, easy access to the desired functionalities is desired and therefore the choice of ligand scaffold

is crucial.

5.2.1 Introducing Stable Azide Functionalities to Chromophores [AS3]

A multiplicity of alkyne groups on chromophore cores are available for click reactions but the instability

of certain organic azides on chromophore cores has lead to a shortfall for this functionality available

for coupling strategies.2

Within this project it could be shown, that a methylene spacer enhanced stability of the azide

and CuAAC reactions become feasible (Figure 5.5). Via on-the-complex introduction of the azide

group it was possible to obtain C1. This compound was converted in a CuAAC reaction with model

substrate phenylacetylene. This opened access to the formerly inaccessible substrate spectrum of

alkynyl-functionalized coupling substrates. The desired spectroscopic properties did not change after

the CuAAC reaction, which is important for the applicability of C1 as a multi-purpose substrate to

predict properties of resulting conjugates.

On the one hand, the introduced methylene spacer enhanced stability of the azide group and on the

other hand ensured independence of the chromophore periphery from the click chemistry environment

to preserve the mentioned properties. Characterization via 1H-NMR spectroscopy was facilitated due

to the symmetry of the substances and the success of the CuAAC can be easily determined by the

appearance of a characteristic singlet in the aromatic region of the spectrum. Detailed structural

information of the solid state of ligand L1 could be obtained by the analysis of X-ray diffractometry

data where the azide groups show a "zig-zag" pattern within the unit cell (Figure 5.6).
2 Results from the master thesis were supplemented and published during this thesis (see Section 7 for detailed

information).
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Figure 5.5: Left: depiction of the target system for this project explaining sub-units; right: synthesis strategies for

ligands and chromophores, conditions for CuAAC reactions; modified and reprinted from publication [219] with permission

from John Wiley and Sons.

Figure 5.6: ORTEP depictions of 4,4’-di(azidomethylene)-2,2’-bipyridine (ellipsoids at 50% probability); left: single

molecule; right: short contact arrangement of the azide functionalities within the solid structure; modified and reprinted
[219] with permission from John Wiley and Sons.
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Additional characterization via mass spectrometry yielded expected fragmentation patterns (loss of

N2 and further decomposition). The IR spectra the typical N3-valence bands for organic azides were

observed.

This project yielded highly symmetric, stable azide containing compounds which were converted in

CuAAC reactions and therewith expanded the accessible spectrum for azide-alkyne cycloadditions.

5.2.2 Provision of a Library of Different Functionalities for Click Chemistry
Approaches: Copper Ion Avoidance Included [AS4]

For aspired systems often just one functionality to establish linkages is demanded. The provision of a

substrate library which offers different functional groups is desirable. For this purpose e.g. alternate

ligand scaffolds can be exploited. In the following the choice of the ip (imidazophenanthroline) scaffold,

and further structural details which can be modified, will be exemplified.

Regarding the elaborate synthesis pathways for bpy introducing clickable functionalities and resulting

side products,[87] obviously a change in ligand structure seems plausible. Preferably, regarding

characterization and produced isomers, the choice of a symmetrical ligand scaffold seems likely (see

Section 2.3.2). Therefore, the ip-phenyl scaffold (Figure 5.7) was chosen, as it offers the mentioned

properties.

Figure 5.7: Overview of compounds examined in this project; the introduction of azide groups opened access to CuAAC

and SPAAC reactions; a maleimide could be coupled to a thiol; the essential properties did not change upon substitution,

which is important for the establishment of a substrate library with predictable characteristics. Copyright Wiley-VCH

Verlag GmbH & Co. KGaA. Reproduced with permission from original publication.[220]
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The synthesis of ip related compounds is efficient and the electronic structure allows easy substitution.

The project afforded a substance library of ip-phenyl based ligands and corresponding Ru(II)polypyridine

complexes which allow conversion in CuAAC, SPAAC and maleimide thiol reactions (Figure 5.7).

The generated compounds were characterized in detail and the desired properties to serve as potential

PDT chromophore were retained. Solubility characteristics were controlled via the choice of the

two unfunctionalized bpy ligands via equipment with, or without, tert-butyl groups. All presented

compounds resort to the easily accessible amino-substituted derivatives 3a and 3b. The corresponding

ligand 2 is accessible in excellent yields in two steps from commercially available starting materials.

The avoidance of cytotoxic free metal ions, e.g. copper ions, is highly important for biological

applications. For the presented CuAAC reactions in some batches uncontrollable copper ion conta-

mination was determined. It was assumed, that copper ions may coordinate to vacant binding sites

deriving from the ip-phenyl-triazole moiety. This assumption was based on fragments observed via

high resolution mass spectrometry and additional bands in UV/Vis absorption spectra. This lead to

the conclusion, that CuAAC reactions can lead to a contamination with copper ions that can not

be removed with conventional work-up procedures and copper-free click chemistry should be expedited.

The first example for a SPAAC reaction (strain-promoted azide-alkyne cycloaddition) of a Ru(II)-

polypyridine complex, where the organic azide is provided by the metal complex, is presented within

this manuscript. The synthesis for the presented maleimide species 8 can be realized via a two-step

reaction which works more reliably than the one-pot synthesis. Ring-opening and ring-closing reactions

between 7 and 8 can be controlled precisely.

Analysis of single crystals suitable for X-ray diffraction yielded detailed structural information about

the literature unkown metal complexes 3b, 5b, 7.

Different click chemistry approaches are realizable with the generated library, including bioorthogonal

reactions, which can be performed under biological conditions as well as in organic solvents. This

may help to build up specially designed chromophore-biomolecule conjugates which serve different

applications. Furthermore, a variety in functionalities may be employed for screening the accessibility

of potential conjugates.
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Figure 5.8: Left: Schematic depiction of the structures of 3b, 5b and 7; right: Mercury ball and stick representations

of the molecular structure of 3b, 5b and 7; hydrogen bonds between the NH functionalities and the chloride and

methanolate counter ions/acetonitrile solvent molecules are depicted in red (3b) or black (5b, 7), supporting short

contacts to CH moieties are depicted in black (3b), hydrogen atoms were omitted for clarity; ellipsoids were drawn at

50% level. Copyright Wiley-VCH Verlag GmbH & Co. KGaA. Parts of this figure (solid state structures) were used

from the publication and used for this figure; reproduced with permission from original publication.[220]
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5.3 Part III: Application of Targeted PDT

Provision of selective drugs, up to the design of personalized drugs becomes more and more important

as each malignant cell type can show unique properties. Therefore, targeted approaches emerge and

are subject to manifold projects.

The following subsection ([AS5][224]) summarizes results and experiments regarding a conjugate

consisting of a Ru(II)polypyridine complex and a blood plasma protein (human serum albumin, HSA3).

Especially the potency as PDT drug was evaluated.4

5.3.1 A Mitochondria-Targeting Ruthenium-HSA Conjugate [AS5]

Mitochondria are the power houses of cells (ATP production) and are therefore an apparent target for

drugs in general. When damaged, mitochondria induce the programmed cell death (e.g. apoptosis),

a favoured cell death pathway. To address mitochondria selectively, the drug has to be able to

cross the double membrane mitochondria exhibit. Due to this fact, highly charged compounds

achieve accumulation within mitochondria. Additionally, they have to be water soluble and to

serve as PDT drug they need certain properties (see Section 2.1.2.2). To address this challenge,

HSA was functionalized with mito-targeting groups (triphenyl-phosphonium, TPP+), equipped with

water solubility enhancing polyethylene oxide (PEO) groups and the chromophore (amino-substituted

compound 3a in [AS4]) was bound covalently to the protein backbone utilizing tyrosines (Figure 5.9).

Thereby, about 10 chromophores are bound to the protein backbone which was determined via mass

spectrometry.

Subsequently, the conjugates’ properties were examined. The desired photophysical properties were

preserved and a localization in mitochondria was observed (Figure 5.10). For the application in

PDT the determination of IC50 values is essential (see Section 2.1). The values determined for the

presented Ru protein conjugate are the lowest IC50 values (nanomolar range) /highest PI’s reported for

Ru complexes so far. Additionally, the oxygen quantum yield was improved, an enhanced two-photon

cross-section for the conjugate was observed and emission life time increased upon conjugation,

respectively. Interestingly, enhanced photostability was observed for the conjugate when compared

with the bare Ru complex. This may be attributed to an interaction of the Ru complex with the

lipophilic protein backbone due to spatial proximity. The investigation of phototoxicity for the relevant

cell line OCI-AML3 (acute myeloid leukemia, AML), which is represented in a majority of AML

cases,[225, 226] revealed the great potential of the conjugate (Figure 5.11). Performance of colony

forming cell (CFC) assays and proliferation assays revealed a reduction of colony numbers and colony

3HSA is one of the most abundant proteins within the human body. It is a transport-protein for e.g. fatty acids and can

transport a broad range of drugs.[221–223]
4These results were obtained in cooperation with the groups of Weil, Feuring-Buske, Dietzek and Buske (see Section 7

for detailed information).
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Figure 5.9: Schematic detail display of the chromophore-protein conjugate; mito-targeting units (TPP+): green; water

solubility enhancing groups (PEO): blue; Ru-chromophore: red; own depiction.

size as well as a decrease in proliferative capacity. A comparison of a murine AML cell line and normal

murine bone marrow cells displayed a selectivity for the AML cells as a reduction of 88 % for the

colony forming capacity was observed, whereas only 28 % reduction was observed for the normal bone

marrow cells.

These findings suggest, that the presented conjugate may be applied for the purging of stem cells

after chemo-/radio therapy of AML patients. Autologous bone marrow transplantation is a technique,

where stem cells are extracted from the patient and the purged plasma is reinjected.[160, 227] Thus, this

ex vivo technique could be performed with the presented conjugate as e.g. the irradiation wavelength

does not have to be within the PTW, essentially.
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Figure 5.10: a)-d): Confocal microscopy images of a HeLa cell; bright field image (a), incubated with Ru-HSA (b)

and MitoTrackerr Green (c), overlay of a)-c) (d) shows efficient colocalization within mitochondria, e): absorbance

of the mixture of Ru-HSA and ABDA before and after irradiation with 470 nm for 5 min indicates sufficient singlet

oxygen evolution, f): photostability experiments of the ruthenium complex (Ru) and the Ru-HSA conjugate (Ru-HSA)

which shows enhanced photostability for the conjugate; Copyright 2017, modified and reprinted with permission from

American Chemical Society; see original publication; further permissions related to the material excerpted should be

directed to the ACS.[224]
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Figure 5.11: Left: Colony forming cell (CFC) assay of the OCI-AML3 (OA3) AML cell line showed reduction of colonies

after 2 and 5 min exposure to light (470 nm) compared to the treated and non-exposed cells (dark); morphology of the

colonies in the control arm and 5 min exposure arm (4 × magnification). Right: proliferation assay of the OA3 cell line

incubated with two different concentrations of the conjugate (75 nM) and (37.5 nM) and exposed to light for 2 and

5 min or treated but not exposed to light, Copyright 2017, modified and reprinted with permission from American

Chemical Society;see original publication; further permissions related to the material excerpted should be directed to

the ACS.[224]
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6 Summary and Outlook

Within this thesis different functional groups are introduced to Ru(II)polypyridine complexes for the

build-up of conjugates, consisting of metal complexes and biomolecules. In particular, CuAAC, SPAAC

and maleimide-thiol coupling, with provision of the corresponding precursor compounds, was exploited.

The introduced groups proved to be potential suitable for the linking of sensitive substrates as the

required mild conditions (RT, aqueous or buffer solutions) were employed successfully.

Figure 6.1: This work presents the introduction of "clickable" functionalities (and the required precursor groups) to

Ru(II) polypyridine chromophores with regard to biological applications, e.g. for the design of selective PDT agents.

The higher aim of this work was the establishment of potential PDT drug conjugates which offer

selectivity, as this is a major issue for the avoidance of side effects and therefore for the well-being of

patients. An conjugate of a Ru(II)polypyridine complex and human serum albumin was generated and

the properties were examined. The metal complex of choice offered an amino group and was bound

covalently to tyrosine units of the protein backbone via Betti reaction. The protein was equipped with

mitochondria targeting groups and water solubility enhancing PEO chains.

The resulting conjugate (Figure 6.2) was selectively accumulated within mitochondria and showed

convenient (superior to the bare metal complex) PDT properties for different malignant cell lines, e.g.

IC50 values in the nanomolar range.
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Figure 6.2: This work presents the introduction of (precursor) functionalities which are appropriate to couple sensitive

substrates to chromophores with regard to biological applications.

Furthermore, the conjugate showed selectivity towards a leukemic cell line compared to normal

bone marrow cells. This could be used for autologous stem cell purging approaches. Stem cell

purging is an ex vivo technique which is applied normally after chemo-/radio therapy. To provide

selective PDT drugs which could be applied in vivo different requirements are made. The irradiation

of tissue/solid tumors is most effective within the PTW (650-850 nm), but the irradiation wavelength

of the presented Ru(II)polypyridine conjugate does not work within the PTW. An approach could be

the exchange of the metal center, as e.g. Osmium analogues of the presented compounds show NIR

absorbance due to direct 3MLCT excitation. Additionally, it has been shown, that Os analogues are

superior to Ru complexes regarding stability.[196] On the other hand, two-photon absorption could

be exploited utilizing Ru complexes as therefore applied wavelengths are situated within the PTW.

However, the small spot of TPA lasers may be challenging for the treatment of bigger tumors.

This work contributes to the fundamental exploration of suitable PDT drug candidates and the

results could be employed to link a multiplicity of biomolecules to the metal complex. Thereby, peptides

and proteins may be utilized which ensure a selective celluar uptake, e.g. via receptors uniquely

expressed by malignant cells. Furthermore alternate biomolecules triggering selective accumulation

within specific cell organelles may be used for conjugate generation. Multiple functionalities on the

chromophore core may be needed for the build-up of cross-linked or spherical conjugates, the presented

synthesis pathways could depict a starting point for the design of tris-homoleptic Ru complexes.

Additionally, the spectrum of linkages could be broadened. Alternate bioorthogonal reactions as

nitrone-, norbornene-, or tetrazine- based click reactions can be considered for the generation of

sophisticated conjugates.[228–230]

78



7 Publications

In the following the described projects are attached as original publications ([AS2-AS5]) including

the electronic supporting information, respectively. Introductory for each publication, the title, journal,

author list (* indicating the corresponding author(s)), permission by the publisher, and the individual

contribution of authors is depicted.

7.1 "Efficient Access to 5- and 5,6- Dibromophenanthroline

Ligands" [AS2]

Publication Date: 25.08.2017

Copy Rights: Anne Stumper, Thomas David Pilz, Markus Schaub, Helmar Görls, Dieter Sorsche,

Katrin Peuntinger, Dirk Guldi, and Sven Rau*, "Efficient Access to 5- and 5,6- Dibromophenanthroline

Ligands", Eur. J. Inorg. Chem. 2017, 3799–3810; DOI: 10.1002/ejic.201700548, published article;

reprinted with permission from John Wiley and Sons.

Contributions:

• Anne Stumper: Literature research, creation of figures, spectroscopic measurements, discussion

and revision of the manuscript

• Thomas David Pilz: Synthesis and characterization of bromo-functionalized ligand and metal

complex precursors, electrochemical experiments

• Markus Alfred Schaub: Synthesis and characterization of Suzuki cross-coupling reaction

products

• Helmar Görls: X-ray diffractometry experiments and evaluation

• Dieter Sorsche: X-ray diffractometry experiments and evaluation, discussion of the manuscript

• Katrin Peuntinger: Performance and evaluation of life time experiments

• Dirk Guldi: Discussion and revision of the manuscript

• Sven Rau*: Management of the project, discussion and revision of the manuscript

79

http://onlinelibrary.wiley.com/doi/10.1002/ejic.201700548/full
http://onlinelibrary.wiley.com/doi/10.1002/ejic.201700548/full


DOI: 10.1002/ejic.201700548 Full Paper

Brominated Ligands

Efficient Access to 5-Bromo- and 5,6-Dibromophenanthroline
Ligands
Anne Stumper,[a] Thomas David Pilz,[b] Markus Schaub,[a] Helmar Görls,[b] Dieter Sorsche,[a]

Katrin Peuntinger,[c] Dirk Guldi,[c] and Sven Rau*[a]

Abstract: Bromo-functionalized precursor molecules are essen-
tial for generating desired target compounds through cross-
coupling reactions. Herein we show an improved synthetic
route, feasible at low temperatures and affording high yields, to
the ligands 5-bromo-1,10-phenanthroline (1) and 5,6-dibromo-
1,10-phenanthroline (2). The corresponding ruthenium com-
plexes, containing various equivalents of ligand 2, are easily
accessible in high yields, including the analogue of tris-homo-
leptic [Ru(bpy)3]2+ (bpy = 2,2′-bipyridine), [Ru(2)3]2+. X-ray dif-

Introduction

To generate novel molecular systems, chemists are dependent
on suitable methods for linking different substrates to one an-
other. This is of great importance in a variety of research fields,
for example, energy conversion or biomedical applications.
Compounds bearing bromo functionalities offer many suitable
reaction pathways, such as substitution reactions, cross-cou-
pling[1] (Sonogashira,[2] Suzuki[3–5]), and elimination reactions,
to obtain sophisticated molecules.

Therefore it would be desirable to have access to suitably
derivatized bromo-substituted building blocks. For example, a
peptide hormone RuII–polypyridyl conjugate functioning as a
selective photodynamic therapeutic was generated by using a
synthetic pathway involving the bromo intermediate 4-bromo-
2,2′-bipyridine.[6] To obtain the bromo intermediate, however,
one has to carry out a multiplicity (partly inefficient) of synthe-
ses. We hence investigated the possibility of using 1,10-phen-
anthroline-based building blocks to improve the overall time
and substance efficiency of synthetic pathways towards func-
tional ligands and their RuII complexes. Already in 1978, Dénes
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fraction analyses have provided detailed information on the
structures of the ligands and their corresponding metal com-
plexes. An investigation of the electrochemical properties has
provided detailed information on the 3MLCT state localized on
2. We show the conversion of heteroleptic ruthenium com-
plexes of these ligands in Suzuki cross-coupling reactions
whereas the ligands did not undergo reaction under the same
conditions.

and Chira presented a synthetic strategy for the preparation of
multiple bromo-substituted 1,10-phenanthrolines.[7] Since
then many groups have made use of those compounds and
their properties, albeit modifying the conditions for their syn-
thesis.[8–10] For example, Tor and co-workers used 3-bromo- or
3,8-dibromo-substituted 1,10-phenanthrolines, their corre-
sponding alkyne-substituted ligands, and RuII and OsII com-
pounds[11] for the design of heteronuclear metal complexes
through coupling reactions. 5,6-Dibromophenanthroline has
been used to construct a variety of compounds bearing thio-
ether functionalities or S,S-coordination sites[12–15] or for the de-
sign of water oxidation catalysts,[16] whereas others have used
alkyne-substituted phenanthroline–ruthenium(II) complexes for
biological applications. Thereby, coupling was performed on
the ligand scaffold with subsequent complexation.[17] In 2008
Fujii and co-workers described Suzuki coupling on the chromo-
phoric core of 5-bromophenanthroline–RuII complexes.[18] They
used common precursors like [(2,2′-bipyridine)2RuCl2] as well
as [(4,4′-dimethyl-2,2′-bipyridine)2RuCl2] and introduced ligands
such as 5-bromophenanthroline (Figure 1).

The yields for coupling reactions dropped significantly when
the precursor complexes bore substituted bipyridine ligands
[yields: 53–54 % (2,2′-bipyridine), 14–16 % (4,4′-dimethyl-2,2′-
bipyridine), 20 % (4,4′-di-tert-butyl-2,2′-bipyridine)].[18] Compar-
ing the literature, the known synthetic pathways towards 4-
bromo-2,2′-bipyridine[7] and 5-bromo-1,10-phenanthroline[7,8,18]

both expose disadvantages. As the syntheses of 5-bromo- (1)
and 5,6-dibromo-1,10-phenanthroline (2) are single-step reac-
tions, this ligand system offers significant time and resource
profits compared with the bpy scaffold. However, very harsh
conditions have to be applied for their synthesis; the reactions
are carried out in pressure tubes at elevated temperatures
(>120 °C) in oleum. Therefore, an optimization of reaction
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Figure 1. Complexes presented by the research groups of Tor[11] (top left), Thummel and McFarland[17] (top right), and Fujii[18] (bottom).

protocols with milder conditions and high yields would be de-
sirable. We optimized the ligand syntheses to maximize the
yield and investigated the synthetic accessibility of the RuII

complexes bearing varying numbers of either 5-bromo- or 5,6-
dibromophenanthroline. A study of the corresponding solid-
state structures as well as the photophysical and electrochemi-

Figure 2. Schematic overview of the investigated compounds and their
Suzuki cross-coupling reactions.

Eur. J. Inorg. Chem. 2017, 3799–3810 www.eurjic.org © 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim3800

cal properties yielded crucial information on the effect of
bromine substitution. Furthermore, we analyzed the feasibility
of Suzuki cross-coupling reactions of these bromo functionali-
ties. An overview of the investigated compounds and their reac-
tions is depicted in Figure 2.

Results and Discussion

Bromination of 1,10-Phenanthroline

We were able to develop an improved procedure for the syn-
thesis of 5-bromo-1,10-phenanthroline (1) and 5,6-dibromo-
1,10-phenanthroline (2). The literature-known syntheses are car-
ried out in pressure tubes at elevated temperatures in oleum
(>120 °C) and give mostly low yields following time-consuming
work-up procedures.[7,8,18] Eisenberg and co-workers obtained
the best yield (90 %) with 15 % oleum in a pressure tube for
23 h at 135 °C.[19] We have established a new synthetic protocol
using 65 % oleum at room temperature and normal pressure
for 16 h (1) and at 60 °C for 2 h (2; Figure 2). Thus, the required
equivalents of elemental bromine were added to a solution of
1,10-phenanthroline (phen) in oleum. After completion of the
reaction, extraction with chloroform and recrystallization af-
forded the pure compounds in good yields of 70 % for 1 and
93 % for 2. Unreacted phenanthroline could be easily removed
by stirring in diethyl ether for 12 h. The success of the reactions
could be determined by the disappearance of signals of the
protons at the 5- and 5,6-positions in the 1H NMR spectra. Crys-
tal structures of 1 and 2 (monoclinic, space group P21/n) were
obtained by slow evaporation of chloroform solutions (Fig-
ure 3). The crystal lattices exhibit alternating orientation of the
phen scaffolds and aromatic π stacking can be observed. (“π–
π” in Table S1 in the Supporting Information, example depicted
in Figure S1). The bromination had no significant effect on the
bond lengths and angles of the phen scaffold (Table S1).
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Figure 3. ORTEP representation of the molecular structures of 1 (left) and 2 (right) showing coordination to chloroform through hydrogen bonds. Ellipsoids
are drawn at the 50 % probability level.

Synthesis of Ruthenium Chromophores

To understand the effects arising from the bromination of the
phen ligands, the corresponding RuII–polypyridyl complexes
were synthesized bearing either 1 or 2 in their periphery. Addi-
tionally, a series of RuII–polypyridyl complexes with varying
numbers of 2 with the formula [(tbbpy)3–nRu(2)m]2+ (tbbpy =
4,4′-tert-butyl-2,2′-bipyridine, n = 0, 1, 2, m = 1, 2, 3) were pre-
pared to verify the coordination of multiple halogenated phen
ligands to yield RuII chromophoric cores. It is known that
unequally halogenated tpphz (tetrapyrido[3,2-a:2′,3′-c:3′′,2′′-
h:2′′′,3′′′-j]phenazine) derivatives tend to show low coordination
affinity mediated by the electron-withdrawing effect of these
functional groups.[20,21] Heteroleptic ruthenium–polypyr-
idine complexes of the type [(tbbpy)2Ru(1/2)]2+ were synthe-
sized using literature-known conditions[10] and yielded
[(tbbpy)2Ru(1)]2+ (3) and [(tbbpy)2Ru(2)]2+ (4) in high yields
(>90 %) and purity. Structural characterization was carried out
with various NMR spectroscopic methods as well as by mass
spectrometry. Recrystallization in acetone/water or MeCN/water
solutions yielded single crystals suitable for X-ray diffraction
(Figure 4).

The synthesis of complexes 8 and 10 comprising more than
one brominated ligand required the preparation of the
[(2)2RuCl2] precursor derivative (9; Figure 2). Reaction of the
starting material [Ru(cod)Cl2]n

[22] with 2 (2 equiv.) in DMF at
reflux under inert conditions and microwave irradiation yielded

Figure 4. Solid-state structures of 3 (left) and 4 (right). Counter ions and hydrogen atoms have been omitted for clarity. Ellipsoids are drawn at the 60 % level
in this ORTEP representation.

Eur. J. Inorg. Chem. 2017, 3799–3810 www.eurjic.org © 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim3801

a blue, highly insoluble solid (9). After work-up, characterization
of the product by 1H NMR spectroscopy in CD2Cl2 revealed two
sets of three signals. The low solubility of the product in various
solvents made it inaccessible for 13C NMR or MS analysis. How-
ever, very careful recrystallization from CH2Cl2 yielded black
single crystals suitable for X-ray diffraction (see Figure 5). Subse-
quent preparation of [(tbbpy)Ru(2)2]2+ (8) succeeded by the
microwave reaction of tbbpy and 9 utilizing literature condi-
tions.[23] NMR, MS, and X-ray diffraction experiments were per-
formed to characterize the product. To obtain the tris-homolep-

Figure 5. ORTEP representations of the molecular structures of precursor 9
(left) and resulting homologue 8 (right). Counter ions and hydrogen atoms
have been omitted for clarity. Ellipsoids are drawn at the 50 % level.
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tic derivative [Ru(2)3]2+ (10), 3 equivalents of 2 in moist DMF
were converted in a microwave reaction chamber and after
work-up the red product was characterized by NMR and MS
techniques. This was pleasing as previous attempts to convert
the tetrabromo derivative 3,5,6,8-Br-phen into a tris-homoleptic
chromophore did not succeed.[9]

A comparison of the bond lengths and angles of the investi-
gated RuII complexes revealed high structural similarity (see
Table S2 in the Supporting Information). Free phen and phen
ligands in the metal complexes do not show significant differ-
ences in bond lengths and angles and as a result typical Ru–
N1/N2 bond lengths (phen scaffold) and Ru–N3/N4/N5/N6
bond lengths (bpy backbone) are observed that exactly match
the known bond lengths of related compounds.[8,20,24] In con-
trast, cisoidal chloro complex 9 exhibits slightly shortened Ru–
N3 bond lengths, which is in agreement with the literature con-
cerning reference compound cis-[(tbbpy)2RuCl2].[23]

5-Bromo- and -5,6-dibromo-1,10-phenanthroline can clearly
be utilized as conventional N,N′-chelating ligands for the prepa-
ration of all kinds of [(tbbpy)nRu(2)m]2+ (n = 0, 1, 2; m = 1, 2,
3) complexes. This result indicates that conventional electronic
properties may be expected for 2, in contrast to 3,5,6,8-Br-phen,
which did not undergo similar reactions.

Photophysical Characterization of Metal Complexes

At first glance, the absorption and emission properties of the
two series of complexes [(tbbpy)3–nRu(2)n]2+ (n = 0, 1, 2, 3) and
[(tbbpy)2Ru(phenBrm)]2+ (m = 0, 1, 2, 4) (the precursor 9 was
excluded) are typical for [Ru(bpy)3]2+ complexes. All substances
exhibit the characteristic singlet metal-to-ligand charge-transfer
(1MLCT) absorption band ranging from 400 to 500 nm as well
as intense luminescence between 600 and 800 nm (Figure 6,
Table 1). A closer look revealed an increase in molar extinction

Table 1. UV/Vis absorption and emission data for reference complexes, the series [(tbbpy)3–nRu(phenBr2)n]2+ (n = 0,1,2,3) and [(tbbpy)2Ru(phenBrm)]2+ (m =
0,1,2,4), and the Suzuki cross-coupling products 5–7.

Compound Solvent λmax,abs [nm] ελmax [L mol–1 cm–1] λmax,em [nm]

[Ru(tbbpy)3]2+ DCM 464 16000 607
MeCN 458 17 900 614

[(tbbpy)2Ru(phen)]2+[8,20] DCM 455 19000 602
MeCN 454 16000 610

[(tbbpy)2Ru(3,8-Br-phen)]2+[20] DCM 440 18000 638
[(tbbpy)2Ru(3,5,6,8-Br-phen)]2+[10,20] DCM 440 19000 657

MeCN 441 15000 672
[Ru(phen)3]2+[10] DCM 448 17000 578

MeCN 450 18200 593
[Ru(3,8-Br-phen)3]2+[26] MeCN 424 8700 599
3 DCM 451 13500 621

MeCN 449 17800 630
4 DCM 452 17500 621

MeCN 449 14300 631
5 MeCN 454 617
6 MeCN 455 619
7 MeCN 457 610
8 DCM 433 20500 611

MeCN 434 22200 621
10 DCM 451 19000 587

MeCN 450 18200 600
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coefficient as a function of the number n of 2 with values ran-
ging from ε(n = 0) ≈ 16000 L mol–1 cm–1 in model compound
[Ru(tbbpy)3]2+ to ε(n = 3) ≈ 19000 L mol–1 cm–1 in 10. In aceto-
nitrile and dichloromethane, the 1MLCT is hypsochromically
shifted with increasing number of 2. This is presumably due to
the contribution of the bromo-substituted phen-centered
1MLCT absorption. A similar trend evolves when inspecting the
emission of the [(tbbpy)3–nRu(2)n]2+ series in acetonitrile. In par-
ticular, a hypsochromically shifted and more intense emission
band is detected with increasing number of phen ligands. Inter-
estingly, the homoleptic model compound [Ru(tbbpy)3]2+

shows an emission maximum at 614 nm with an emission inten-
sity that is in between those of 4, 8, and 10. Again, on going
from n = 1 to 3, a successive hypsochromic shift of the emission
maximum is discernible. In dichloromethane rather than aceto-
nitrile, the emission doubles in intensity and shifts hypsochro-

Figure 6. Exemplary UV/Vis and emission spectra of the reference complex
[Ru(tbbpy)3]2+, 3, and 4 measured in MeCN with same optical density at the
1MLCT transition.
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mically by 10 nm. For a better analysis of the characteristic ab-
sorptions and emissions of 3 and 4, the data for reference com-
plexes [(tbbpy)2Ru(phen)]2+ and [(tbbpy)2Ru(3,5,6,8-Br-phen)]2+

are also presented in Table 1.[8,10,25] Thus, all the complexes in
this series exhibit absorption maxima at around 450 nm, with
the exception of [(tbbpy)2Ru(3,5,6,8-Br-phen)]2+. The latter
shows a hypsochromically shifted absorption maximum at
441 nm. In contrast, the emission behavior is only slightly
changed upon increasing the number of bromo functionalities.
Comparing 3 and 4, the emissions of these compounds are
hypsochromically shifted relative to that of the reference
[(tbbpy)2Ru(3,5,6,8-Br-phen)]2+ and bathochromically shifted
when compared with [(tbbpy)2Ru(phen)]2+.

Emission Decay Dynamics

The emission dynamics of the 3MLCT states of the complexes,
as determined in acetonitrile and dichloromethane by means of
time-correlated single photon counting experiments (TCSPC),
corroborated the steady-state emission data (Table 2). Gener-
ally, the lifetimes of 3 and 4 in aerated solutions of dichloro-
methane (450 ns) are enhanced compared with those in aer-
ated acetonitrile solutions (140 ns). A different quencher con-
centration and/or a different viscosity in the more polar solvent
might contribute to the differences. Nevertheless, in aerated
solvents the lifetimes changed slightly depending on the num-

Table 2. Lifetimes (τ) of ruthenium complexes in DCM and MeCN.

Compound Solvent τaerated [ns] τdeaerated [ns]

[Ru(tbbpy)3]2+ DCM 248[28] 609[28]

MeCN 107[28] 730[28]

[Ru(phen)3]2+[10] DCM 460
MeCN 150

[(tbbpy)2Ru(phen)]2+[9,27] DCM 272
MeCN 211 1423

3 DCM 452
MeCN 139

4 DCM 438
MeCN 140 1347

[(tbbpy)2Ru(3,5,6,8-Br-phen)]2+[10,27] DCM 591
MeCN 100 1336

8 DCM 573
MeCN 196 2190

10 DCM 353
MeCN 247 1380

Table 3. Selected redox potentials E1/2 (vs. Fc/Fc+) for the investigated ruthenium complexes and reference compounds in a 0.1 M solution of Bu4NPF6 in dry
acetonitrile under argon.[a]

Compound E1/2(LL)3 [V] E1/2(LL)2 [V] E1/2(LL)1 [V] E1/2(Ru2+/3+) [V]

[Ru(tbbpy)3]2+[28] –2.28 –2.02 –1.82 0.73
[(tbbpy)2Ru-(phen)]2+[8,10] –2.23 –1.99 –1.80 0.78
[(tbbpy)2Ru(3,5,6,8-Br-phen)]2+ [10] – – – 0.92
3 –2.23 –1.98 –1.78 0.83

(–1.65, ir)
4 –2.32 –2.00 –1.79 0.85

(–1.68/–1.58, ir)
8 –2.27 –1.99 –1.89 0.90

(–1.67, ir)
10 –2.18, ir –1.79, ir –1.54, ir 0.95

[a] (LL)x = ligand-centered reduction.
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ber of bromo substituents on the phen scaffold. Complexes 3
and 4 have a 40 ns longer lifetime than [(tbbpy)2Ru(3,5,6,8-Br-
phen)]2+ (100 ns) and a 50 ns shorter lifetime than
[(tbbpy)2Ru(phen)]2+ (211 ns) in acetonitrile. From these results
it can be concluded that substitution of the phen backbone
with bromo substituents (–I/+M effect) exerts a remark-
able influence on the 3MLCT excited-state lifetime of the corre-
sponding RuII complexes. Based on the emission data of
[(tbbpy)3–nRu(2)n]2+ (n = 1, 2, 3), substitution of the 5,6–posi-
tions only unperceptively influences the excited-state energy,
whereas the effect of substitution at the 3,8-positions is striking.
The ordering of the lifetimes within this series is similar to the
ordering of the relative luminescence intensities in dichloro-
methane. A direct correlation between lifetime and intensity
points to the lack of other deactivating processes. Most notable
here is the excited-state quenching by oxygen.

Electrochemical Characterization

The interpretation of the luminescence data led to the assump-
tion that functionalization at the 5,6-positions has less influence
on the excited-state energy than substitution at the
3,8-positions. Thus, the electrochemical properties of the
[(tbbpy)3–nRu(2)n]2+ complexes (n = 0, 1, 2, 3), [Ru(tbbpy)3]2+,
3, 4, and [(tbbpy)2Ru(3,5,6,8-Br-phen)]2+ were determined and
compared with literature data[8,10] (Table 3).
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Interestingly, the series [(tbbpy)3–nRu(2)n]2+ (n = 0, 1, 2, 3;
compounds [Ru(tbbpy)3]2+, 4, 8, 10) exhibited a shift of the
metal-centered oxidation potential [E1/2(Ru2+/3+)]. Thus, increas-
ing numbers of 2 afforded higher potentials. Additionally, the
complexes of this set (besides n = 3) show three quasi-reversi-
ble reduction potentials, which can be assigned to three ligand-
centered reductions [(LL)x]. With increasing number of bromo
substituents the number of irreversible reductions also rose,
which likely can be attributed to the reduction of bromine
atoms under subsequent dehalogenation. The other series,
[Ru(tbbpy)3]2+, 3, 4, and [(tbbpy)2Ru(3,5,6,8-Br-phen)]2+, exhib-
ited an analogous shift of the metal-centered oxidation poten-
tial [E1/2(Ru2+/3+)]. Based on the available data sets, the ground-
state redox properties of a general compound A and its emis-
sion properties (one-electron potential according to the zero–
zero excited-state energy, E0–0) permits a rough determination
of the redox potentials of excited-state couples according to
Equations (1) and (2).[29]

E(A+/A*) ≈ E(A+/A) – E0–0 (1)

E(A*/A–) ≈ E(A/A–) + E0–0 (2)

Applying these to the series of ruthenium complexes
[(tbbpy)3–nRu(2)n]2+ (n = 0, 1, 2, 3) yielded a relative energy
scheme (Figure 7). The excited-state redox potential centered
on ligand 2 does not change and values of about –1.1 V were
obtained. For n = 0, 1, 2, and 3, the ground-state metal-centered
redox potential shifts from 0.73 to 0.95 V with increasing num-
ber of 2. This effect is very interesting and has been applied by
Thummel and co-workers for tuning water oxidation catalysis.
The highest activity was observed when utilizing 2 (instead of
phen or bpy) as ligand for the photosensitizer unit.[16] This is in
agreement with our findings regarding the redox potentials of
2 compared with those of tbbpy or phen.

Figure 7. Compilation of the 3MLCT excited-state redox potentials that can be
tapped [oxidative quenching mechanism, E(A+/A*)], the ground-state redox
potentials for oxidation [E(A+/A)], and the emission energies (E0–0) of the se-
ries [(tbbpy)3–nRu(2)n]2+ (n = 0, 1, 2, 3).

Additionally, all the compounds in this set (besides n = 3)
exhibit three quasi-reversible reduction potentials that can be
assigned to three ligand-centered reductions. Furthermore, a
higher reduction potential (ca. –0.16 V) for the excited state is
observed for n = 0. In conclusion, this implies that the energy
of the 3MLCT state centered on ligand 2 is independent of po-
tential influences that could result from other ligands coordinat-
ing the metal ion. Thus, the 3MLCT states located on 2 account
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for the emitting excited states (Kasha's rule) in compounds with
n = 1, 2, and 3 as they exhibit reduction potentials about
0.16 eV lower in energy than the tbbpy-centered 3MLCT states.
This is in agreement with the previous discussion of the photo-
physical phenomena in terms of hypsochromically shifted ab-
sorption and bathochromically shifted emission.

The analogous correlation for the set [(tbbpy)2Ru-
(phenBrm)]2+ (m = 0, 1, 2, 4) is shown in Figure 8, in which the
influence of the number of bromine atoms on the phen back-
bone on the redox potential is considered.

Figure 8. Compilation of the 3MLCT excited-state redox potentials that can be
tapped [oxidative quenching mechanism, E(A+/A*)], the ground-state redox
potentials for oxidation [E(A+/A)], and the emission energies (E0–0) of the se-
ries [(tbbpy)2Ru(phenBrm)]2+ (m = 1, 2, 4) and [(tbbpy)2Ruphen]2+.

Here, higher ground-state metal-centered oxidation poten-
tials and a change in the excited-state oxidation potentials are
observed with increasing number of bromo substituents on the
phen scaffold. Multiple bromination of the phenanthroline li-
gand evidently reduces the excited-state reduction potential.
This results in a decreased energy for the phenBrm-centered
3MLCT leading to emission when relapsing from the excited to
the ground state. Realizing this, the photochemical significance
of the 5,6-position becomes clearly evident for the redox and
luminescence properties of the corresponding ruthenium
chromophores.

Suzuki Cross-Coupling of Brominated Complexes

In preliminary studies we investigated the suitability of the 5,6-
dibromophenanthroline scaffold to function as a substrate for
organometallic cross-coupling reactions. The free ligands did
not undergo Suzuki coupling reactions. We evaluated the react-
ivity of [(tbbpy)2Ru(1)]2+ (3) and [(tbbpy)2Ru(2)]2+ (4) in Suzuki
cross-coupling reactions yielding compounds 5–7 (Figure 9).
For the conversion of 3 with (4-acetylphenyl)boronic acid a very
good yield of 97 % was achieved. Product 5 was characterized
by mass spectrometry, NMR spectroscopy, and elemental analy-
sis. Subsequently, we investigated whether two Suzuki reac-
tions are possible on the chromophoric core by utilizing 4 as
the starting material. Reactions were carried out with (4-acetyl-
phenyl)- and (4-hydroxyphenyl)boronic acid to yield 6 (68 %)
and 7 (45 %), respectively. The yields achieved for one and two
Suzuki cross-coupling reactions are higher than those reported
in the literature; drastically lower yields (14–20 %) were ob-
tained when utilizing precursors bearing substituted (Me,



Full Paper

Figure 9. Suzuki coupling reactions of bromo-substituted complexes with boronic acids. Reagents and conditions: acetonitrile/water, 2 M aqueous Na2CO3

solution, [Pd(PPh3)2Cl2].

Figure 10. ORTEP representations of the molecular structures of 6 (left) and 7 (right). Counter ions and hydrogen atoms have been omitted for clarity. Ellipsoids
were drawn at the 50 % probability level.

tbbpy) ligands.[18] Product characterization was performed by
NMR spectroscopy, mass spectrometry, and X-ray diffraction
(Figure 10).

A comparison of the structures of complexes 6 and 7 with
precursor complex 4 revealed a high similarity in the measured
bond lengths and angles (selected bond lengths and angles are
compiled in Table S3 in the Supporting Information). The tor-
sion of the phenyl ring of 6 leads to an almost orthogonal
arrangement with the phen plane. A similar arrangement is
found for 7, in which both phenyl rings are distorted by 78.3(4)
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and 76.1(4)° out of the phen plane. For 7, two complexes are
bridged by two water molecules (Figure 11). Typical hydrogen
bond lengths of 1.936(3) Å are observed between the hydrogen
of the phenol moiety and the oxygen atom of the water
molecule. Also, O–O distances of 2.829(4) Å are common for
similar RuII–polypyridyl complexes bearing ligands such as
oxalamidines[30] or bibenzimidazoles.[31]

1H NMR spectra are informative for checking whether the
coupling reactions were successful. The exemplary shift of the
protons at the 4,4′-positions and appearance of phenyl protons
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Figure 11. Depiction of hydrogen bonds between OH groups in the solid state. Counter ions, coordinated solvent, and hydrogen atoms have been omitted
for clarity. Ellipsoids are drawn at the 50 % probability level.

in the aromatic region of the spectrum are easy to follow. As
examples, the 1H NMR spectra of 4 and 6 are presented in Fig-
ure 12.

Figure 12. Aromatic region of the 1H NMR spectra of starting material 4 (top)
and Suzuki product 6 (bottom) in [D3]MeCN showing the shift for protons
in the 4,4′-positions (see the Supporting Information for description) and
appearance of phenyl protons.

The Suzuki coupling products show absorption and lumines-
cence properties comparable to those of [Ru(tbbpy)3]2+. No
bathochromic shift was observed, which can be explained by
the twisting of the substituted phenyl moieties possibly result-
ing in reduced π–π delocalization (see the Supporting Informa-
tion).

Conclusions
Improved strategies for the synthesis of 5-bromo- and 5,6-di-
bromophenanthroline using low temperatures (room tempera-
ture, 60 °C), normal pressure, and short reaction times (2–16 h)
in very good yields (70–93 %) have been presented. The proto-
cols provide access to a brominated ligand system that may
undergo a variety of conversions. Subsequently, we prepared a
series of bromo-substituted RuII complexes that can be used to
generate a group of related complexes to enable structure–
property relationships to be established. All the complexes are
easily accessible in high yields. It was possible to create a D3-
symmetric homoleptic RuII complex that is terminated by six
bromo functionalities. A detailed characterization of the com-
plexes by X-ray diffraction provided important structural infor-
mation. The photophysical and electrochemical properties of
these coordination compounds have been compared and it was
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found that the energy of the 3MLCT state centered on ligand 2
is independent of possible influences from other ligands
around the ruthenium ion. Thus, the 3MLCT states localized on
2 represent the emitting excited states. We have shown that the
reactivity of the bromo functionalities on the phenanthroline
scaffold in Suzuki cross-coupling reactions can be influenced by
coordination of the ligand to a metal center. Most interestingly,
the free ligands showed no reactivity in Suzuki coupling reac-
tions, whereas ruthenium-bound 5-bromo- and 5,6-dibromo-
phenanthrolines were readily substituted by different aromatic
building blocks.

Experimental Section
General: Unless noted otherwise, all chemicals were commercially
available and used without further purification. The following
chemicals were prepared according to literature procedures:
[Ru(tbbpy)2Cl2],[8] [Ru(tbbpy)3][PF6]2,[8] 4,4′-di-tert-butyl-2,2′-bipyr-
idine,[32,33] and [Ru(cod)Cl2]n.[22] The NMR spectra were recorded
with Bruker AVANCE 400 MHz, Jeol EX-270 DELTA, and Jeol EX-400
DELTA spectrometers (270/400 MHz), respectively. The chemical
shifts δ are given in parts per million relative to tetramethylsilane
(TMS, δ = 0 ppm) referenced internally to the chemical shift of
the residual proton in the deuteriated solvent. Mass spectra were
recorded with a Finnigan MAT SSQ 710 spectrometer. Electrospray
ionization spectra were recorded with a Thermoquest-Finnigan MAT
95 XL spectrometer. Steady-state absorption spectra were obtained
by using either a Perkin–Elmer Lambda2 UV/Vis two-beam spectro-
photometer or a Jasco V-670 UV/Vis Spectrophotometer with a
width of 2 nm and a scan rate of 480 nm/min. All spectra were
recorded in quartz glass cuvettes of 10 × 10 mm. Steady-state emis-
sion spectra were recorded using a Jasco FP-6200 or Jasco FP-8500
spectrofluorimeter and a Horiba–Jobin–Yvon FluoroMax-3 spec-
trometer with a slit width of 2 nm for excitation and emission and
an integration time of 0.5 s. The studies were performed in
10 × 10 mm quartz glass cuvettes. Electrochemical data were ob-
tained by cyclic voltammetry using a conventional single-compart-
ment three-electrode cell arrangement in combination with an
“AUTOLAB®, eco chemie” potentiostat. Two Pt wires were used as
auxiliary and reference electrodes and a glassy carbon electrode
as the working electrode. The measurements were carried out in
anhydrous and argon-saturated acetonitrile. Tetrabutylammonium
hexafluorophosphate (0.1 M) was used as the supporting electrolyte
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at ambient temperature (20 ± 5 °C]. All potentials are referenced to
ferrocene/ferrocenium [E(Fc/Fc+) = 0.00 V]. Emission lifetimes were
determined by time-correlated single photon counting (TCSPC)
with a Horiba–Jobin–Yvon FlouroLog-3 emission spectrometer with
a Hamamatsu MCP photomultiplier (R3809U-58). For excitation a
laser diode (NanoLED-405L, 403 nm, pulse width = 200 ps, maxi-
mum repetition rate 100 kHz) was used. All measurements were
performed in 10 × 10 mm quartz glass cuvettes. Elemental analysis
was performed with a Euro Vector Euro EA instrument. Crystal struc-
ture intensity data were collected with a Nonius–Kappa CCD diffrac-
tometer using graphite-monochromated Mo-Kα radiation. Data are
corrected for Lorentzian and polarization effects; absorption was
taken into account on a semi-empirical basis using multiple
scans.[34–36] The structures were solved by direct methods
(SHELXS[37]) and refined by full-matrix least-squares techniques
against Fo

2 (SHELXL-97[37]). All hydrogen atoms were included at
calculated positions with fixed thermal parameters. All non-
hydrogen, non-disordered atoms were refined anisotropically.[37]

Crystallographic data as well as structure solution and refinement
details are summarized in Table S4 in the Supporting Information.
MERCURY was used for structure representations.[38]

CCDC 1451528 (for 1), 1451529 (for 2), 1451530 (for 3), 1451531 (for
4), 1451532 (for 8), and 1451533 (for 9) contain the supplementary
crystallographic data for this paper. These data can be obtained
free of charge from The Cambridge Crystallographic Data Centre.

Ligand Syntheses

5-Bromo-1,10-phenanthroline (1): Fuming sulfuric acid (65 %,
30ml) was added with cooling to 1,10-phenanthroline hydrate
(4.0 g, 20.2 mmol). After the 1,10-phenanthroline had dissolved, a
slight excess of bromine (0.6 ml, 11.75 mmol) was added to the
solution in one portion. Upon stirring for 3 h at room temperature
the reaction mixture turned colorless due to the complete con-
sumption of bromine. The reaction was not stopped until 16 h later
by pouring the solution on 250 mL of ice and neutralization (pH 5)
with ammonia. Extraction with small amounts of chloroform and
drying of the combined organic phases with Na2SO4 yielded the
crude product after removal of the solvent. Impurities were re-
moved by redissolving in boiling toluene and hot filtration. A crude
mixture of 1 and 2 with small traces of the starting material phen-
anthroline was obtained. Purification by column chromatography
did not succeed. The starting material phenanthroline was removed
by stirring in diethyl ether for 12 h and subsequent collection of
the solids. Slow recrystallization from chloroform yielded pure
1·CHCl3 as colorless crystals in good yield (70 %). 1H NMR (CDCl3,
400 MHz): δ = 9.1 (m, 2 H, 2,9-H), 8.526 (dd, 3J = 8.4, 4J = 1.6 Hz, 1
H, 4-H), 8.034 (dd, 3J = 8.1, 4J = 1.6 Hz, 1 H, 7-H), 7.979 (s, 1 H, 6-
H), 7.624 (dd, 3J = 8.3, 3J = 4.4 Hz, 1 H, 3-H), 7.520 (dd, 3J = 8.1, 3J =
4.3 Hz, 1 H, 8-H) ppm. 13C NMR (CDCl3, 100 MHz): δ = 150.89, 150.68,
146.65, 145.67, 135.89, 135.06, 145.09, 129.64, 128.80, 124.00,
123.64, 120.78 ppm.

Crystals suitable for X-ray diffraction were obtained from chloro-
form. Crystal data: C12H7N2Br·CHCl3, Mr = 378.47 g/mol, colorless
crystal, size 0.065 × 0.065 × 0.05 mm3, monoclinic, space group
P21/n (No. 14), a = 6.9802(2), b = 20.3654(6), c = 9.8052(3) Å, α =
90.000, � = 92.768(2), γ = 90.000°, V = 1392.23(7) Å3, T = –90(2)°C,
Z = 4, ρcalcd. = 1.806 g/cm3, μ(Mo-Kα) = 35.13 cm–1, F(000) = 744,
9838 reflections in h(–9/9), k(–25/26), l(–12/10) measured in the
range 2.00° ≤ θ ≤ 27.48°, completeness Φmax = 99.8 %, 3182 inde-
pendent reflections, Rint = 0.0449, 2576 reflections with Fo > 4σ(Fo),
204 parameters, 0 restraints, Robs. = 0.0433, wR2obs. = 0.1016, Rall =
0.0583, wR2all = 0.1080, GOOF = 1.052, largest difference peak and
hole: 0.914/–0.486 e/Å3.

Eur. J. Inorg. Chem. 2017, 3799–3810 www.eurjic.org © 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim3807

5,6-Dibromo-1,10-phenanthroline (2): Fuming sulfuric acid (65 %,
30ml) was added with cooling to 1,10-phenanthroline hydrate
(4.0 g, 20.2 mmol). After the phenanthroline had completely dis-
solved (2 h) an excess of bromine (1.7 mL, 33.3 mmol) was added
to the solution. This mixture was heated at 60 °C for 2 h and then
poured onto 200 mL of ice. Upon neutralization (pH 7) a precipitate
formed, which was extracted with chloroform. The combined or-
ganic layers were dried with Na2SO4 and the solvent removed under
vacuum. Then the crude product was dissolved in hot toluene, the
insoluble dark impurities were filtered, and the solvent was re-
moved under vacuum. Purification was achieved by recrystallization
from chloroform. After drying under high vacuum the pure com-
pound was obtained as a white powder (93 %). 1H NMR (CDCl3,
400 MHz): δ = 9.232 (dd, 3J = 4.4, 4J = 1.6 Hz, 2 H, 2,9-H), 8.778 (dd,
3J = 8.6, 4J = 1.6 Hz, 2 H, 4,7-H), 7.739 (dd, 3J = 8.6, 3J = 4.4 Hz, 2
H, 3,8-H) ppm. 13C NMR (CDCl3, 100 MHz): δ = 150.92 (C-2,9), 145.09
(C-10a,10b), 137.56 (C-4a,6a), 128.74 (C-4,7), 125.27 (C-5,6), 124.60
(C-3,8) ppm. MS: m/z (%) = 338 (100) [M]+. C12H6N2·CHCl3 (2071.08):
calcd. C 42.64, H 1.79, N 8.29, Br 47.28; found C 37.95, H 2.71, N
8.22, Br 46.17.

Crystals suitable for X-ray diffraction were obtained from chloro-
form. Crystal data: C12H6N2·CHCl3, Mr = 2071.08 g/mol, colorless
cuboid, size 0.05 × 0.05 × 0.04 mm3, monoclinic, space group P21/
n (No. 14), a = 11.7492(4), b = 11.7577(4), c = 12.3256(4) Å, α =
90.000, � = 118.106(2), γ = 90.000°, V = 1501.92 Å3, T = –90(2)°C,
Z = 4, ρcalcd. = 2.023 g/cm3, μ(Mo-Kα) = 5.920 cm–1, F(000) = 880,
10426 reflections in h(–15/15), k(–14/15), l(–16/15) measured in the
range 2.55° ≤ θ ≤ 27.505°, completeness Φmax = 99.6 %, 3429 inde-
pendent reflections, Rint = 0.0311, 3429 reflections with Fo > 4σ(Fo),
181 parameters, 0 restraints, Robs. = 0.0311, wR2obs. = 0.0702, Rall =
0.0532, wR2all = 0.0786, GOOF = 0.959, largest difference peak and
hole: 0.572/–0.487 e/Å3.

Metal Complex Syntheses

Synthesis of [Ru(L)2(L′)]2+-Type Complexes (Method C1): cis-
[Ru(tbbpy)2Cl2] (ca. 50–300 mg, 1 equiv.) and the desired ligand
(1 equiv.) were dissolved in ethanol/water (4:1, v/v, 100 mL). This
mixture was heated at reflux in a microwave for 60–300 min at a
power of 150 W. Ethanol was removed after cooling to precipitate
impurities from the remaining aqueous solution. After filtration,
NH4PF6 (9 equiv.) was added. The precipitate formed was collected
after stirring for 30 min and washed with water several times. Purifi-
cation was either achieved by recrystallization from mixtures of
acetone, acetonitrile, or water, or by column chromatography with
mixtures of acetonitrile/sat. KNO3/water. To remove water from the
product, it was dissolved in dichloromethane, dried with Na2SO4,
and filtered. After removal of the solvent under vacuum the pure
product [Ru(L)2(L′)][PF6]2 was obtained. Yields: (70–95 %).

[(tbbpy)2Ru(5-bromo-1,10-phenanthroline)][PF6]2 (3): According
to method C1, [Ru(tbbpy)2Cl2] (664 mg, 936 μmol) and 1 (355 mg,
936 μmol) were allowed to react in the microwave for 90 min in
ethanol/water (125 mL). After cooling, ethanol was removed and
precipitated impurities were filtered off. Then NH4PF6 (916 mg,
5.62 mmol) was added and the precipitate formed was filtered and
washed with water. Purification was achieved by recrystallization
from acetone/water by slow evaporation. This also yielded crystals
suitable for X-ray diffraction. After removal of water pure 3 was
obtained as a red powder. Yield: 1.07 g (898 μmol, 96 %). 1H NMR
(CD3CN, 400 MHz): δ = 8.79 (dd, 3J = 8.2, 4J = 1.2 Hz, 1 H, 4-H), 8.61
(s, 1 H, 6-H), 8.51 (dd, 3J = 8.2, 4J = 1.2 Hz, 1 H, 7-H), 8.50 (m, 2 H,
3-Hbpy), 8.46 (m, 2 H, 3′-Hbpy), 8.11 (dd, 3J = 4.8, 4J = 0.8 Hz, 1 H, 2-
H), 8.07 (dd, 3J = 4.6, 4J = 1.2 Hz, 1 H, 9-H), 7.83 (dd, 3J = 8.4, 3J =
5.2 Hz, 1 H, 3-H), 7.75 (dd, 3J = 8.3, 3J = 5.3 Hz, 1 H, 8-H), 7.67 (dd,
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3J = 6.0, 3J = 3.0 Hz, 2 H, 6-Hbpy), 7.45 (ddd, 4J = 1.6, 4J = 1.8, 3J =
5.8 Hz, 2 H, 5-Hbpy), 7.38 (dd, 3J = 5.8, 3J = 4.2 Hz, 2 H, 6′-Hbpy), 7.21
(m, 2 H, 5′-Hbpy), 1.43 [d, 3J = 1.0 Hz, 18 H, 4′-C(CH3)3], 1.35 [s, 18
H, 4-C(CH3)3] ppm. 13C NMR (CD3CN, 100 MHz): δ = 163.73 (C-4bpy),
163.59 (C-4′bpy), 158.05 (C-2bpy), 157.76 (C-2′bpy), 154.00 (C-2), 153.67
(C-9), 152.28 (C-6′bpy), 152.06 (C-6bpy), 149.73 (C-10), 148.45 (C-1),
137.05 (C-4), 136.52 (C-7), 132.08 (C-6), 131.89 (C-5), 131.44 (C-4′),
127.67 (C-3), 127.61 (C-8), 125.64 (C-5bpy), 125.45 (C-5′bpy), 122.72
(C-5), 122.53 (C-3bpy), 122.44 (C-3′bpy), 36.36 [4′-C(CH3)3], 36.27 [4-
C(CH3)3], 30.52 [4′-C(CH3)3], 30.44 [4-C(CH3)3] ppm.

Crystals suitable for X-ray diffraction were obtained from aceto-
nitrile/water. Crystal data: [C48H55N6BrRu]2+[PF6]–

2·2CH3CN, Mr =
1269.01 g/mol, red-brown cuboid, size 0.06 × 0.06 × 0.05 mm3, tri-
clinic, space group P1̄ (No. 2), a = 12.5680(3), b = 13.9694(4), c =
16.9912(4) Å, α = 70.946(1), � = 75.702(1), γ = 89.332(2)°, V =
2724.56(12) Å3, T = –90 °C, Z = 2, ρcalcd. = 1.547 g/cm3, μ(Mo-Kα) =
11.65 cm–1, F(000) = 1292, 19983 reflections in h(–16/15), k(–18/16),
l(–22/21) measured in the range 2.37° ≤ θ ≤ 27.49°, completeness
Φmax = 99.1 %, 12387 independent reflections, Rint = 0.0376, 8826
reflections with Fo > 4σ(Fo), 699 parameters, 0 restraints, Robs. =
0.0605, wR2obs. = 0.1585, Rall = 0.0951, wR2all = 0.1786, GOOF =
1.024, largest difference peak and hole: 2.767/–1.715 e/Å3.

[(tbbpy)2Ru(5,6-dibromo-1,10-phenanthroline)][PF6]2 (4):
[Ru(tbbpy)2Cl2] (300 mg, 423 μmol) and 2 (143 mg, 423 μmol) were
allowed to react in the microwave according to method C1 in eth-
anol/water (60 mL) for 90 min. After cooling and removal of ethanol
the impurities were filtered off. Then NH4PF6 (415 mg, 2.54 mmol)
was added to precipitate the desired product. Purification was
achieved by recrystallization from acetone/water by slow evapora-
tion. This also yielded crystals suitable for X-ray diffraction. Water
was removed by dissolving the crude product in dichloromethane,
drying with Na2SO4, and removal of the precipitate and solvent.
Pure 4 was obtained as a red powder in a yield of 466 mg
(398 μmol, 90 %). 1H NMR (CD3CN, 400 MHz): δ = 8.87 (dd, 3J = 8.6,
4J = 1.2 Hz, 2 H, 4,4′-H), 8.50 (d, 4J = 1.8 Hz, 2 H, 3-Hbpy), 8.45 (d,
4J = 1.8 Hz, 2 H, 3′-Hbpy), 8.12 (dd, 3J = 5.3, 4J = 1.2 Hz, 2 H, 2,2′-H),
7.81 (dd, 3J = 8.6, 3J = 5.2 Hz, 2 H, 3,3′-H), 7.67 (d, 3J = 6.2 Hz, 2 H,
6-Hbpy), 7.45 (dd, 3J = 6.1, 4J = 2.0 Hz, 2 H, 5-Hbpy), 7.32 (d, 3J =
6.0 Hz, 2 H, 6′-Hbpy), 7.30 (dd, 3J = 6.1, 4J = 2.0 Hz, 2 H, 5′-Hbpy),
1.43 [s, 18 H, 4′-C(CH3)3], 1.35 [s, 18 H, 4-C(CH3)3] ppm. 13C NMR
(CD3CN, 100 MHz): δ = 163.82 (C-4bpy), 163.67 (C-4′bpy), 157.95 (C-
2bpy), 157.69 (C-2′bpy), 154.14 (C-2,9), 152.36 (C-6′bpy), 152.02 (C-
6bpy), 148.68 [C-10′/10′′), 138.08 (C-4,7), 131.96 (C-4′,6′), 128.31 (C-
3,8), 127.22 (C-5,6), 125.67 (C-5bpy), 125.44 (C-5′bpy), 122.57 (C-3bpy),
122.47 (C-3′bpy), 36.36 [4′-C(CH3)3], 36.27 [4-C(CH3)3], 30.50 [4′-
C(CH3)3], 30.43 [4-C(CH3)3] ppm. MS: m/z (%) = 1120.9 (100) [M –
PF6]+, 1120.9 (10) [M – PF6 – Br]+.

Crystals suitable for X-ray diffraction were obtained from acetone/
water. Crystal data: [C48H54N6Br2Ru]2+[PF6]–

2·2CH3COCH3, Mr =
1381.96 g/mol, red-orange crystal, size 0.04 × 0.04 × 0.04 mm3, tri-
clinic, space group P1̄ (No. 2), a = 10.5859(2), b = 11.7274(3), c =
24.0080(7) Å, α = 90.444(1), � = 94.113(2), γ = 92.976(2)°, V =
2968.59(13) Å3, T = –90 °C, Z = 2, ρcalcd. = 1.546 g/cm3, μ(Mo-Kα) =
17.46 cm–1, F(000) = 1400, 20454 reflections in h(–13/13), k(–15/14),
l(–31/28) measured in the range 2.05° ≤ θ ≤ 27.47°, completeness
Φmax = 98.1 %, 13329 independent reflections, Rint = 0.0362, 10002
reflections with Fo > 4σ(Fo), 728 parameters, 0 restraints, Robs. =
0.0507, wR2obs. = 0.1164, Rall = 0.0797, wR2all = 0.1317, GOOF =
1.011, largest difference peak and hole: 1.029/–0.718 e/Å3.

[(tbbpy)2Ru(1-{4-(1,10-phenanthrolin-5-yl)phenyl}ethan-1-
one][PF6]2 (5): Under Ar, 3 (100 mg, 0.08 mmol), 4-acetylphenyl-
boronic acid (60 mg, 0.37 mmol), and [Pd(PPh3)2Cl2] (10 mg,
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0.014 mmol) were dissolved in degassed MeCN (50 mL) and a de-
gassed 2 M Na2CO3 solution (25 mL). The solution was heated at
reflux for 4 d and after cooling to room temperature filtered. The
solvents were removed under reduced pressure and the solid was
dissolved in EtOH. The target compound was precipitated with
aqueous NH4PF6 solution, filtered, and washed thoroughly with wa-
ter and Et2O. Pure complex 5 was obtained by recrystallization by
slow evaporation from acetone/water. Yield: 100 mg (82 μmol,
97 %). 1H NMR (CD3CN, 400 MHz): δ = 8.60 (dd, J = 8.3, 1.1 Hz, 1
H), 8.52 (d, J = 1.9 Hz, 2 H), 8.48 (d, J = 1.9 Hz, 2 H), 8.43 (dd, J =
8.6, 1.1 Hz, 1 H), 8.23 (s, 1 H), 8.21 (d, J = 8.4 Hz, 2 H), 8.08 (m, 2 H),
7.80–7.66 (m, 6 H), 7.50–7.41 (m, 4 H), 7.23 (ddd, J = 7.9, 6.1, 2.0 Hz,
2 H), 2.68 (s, 3 H), 1.45 (s, 18 H), 1.37 (s, 18 H) ppm. MS (FD; ethanol):
m/z = 1082 [M – PF6]+, 468 [M – 2PF6]2+. C56H62F12N6OP2Ru
(1226.14): calcd. C 54.86, H 5.10, N 6.85; found C 54.69, H 5.02, N
6.55.

[(tbbpy)2Ru{4,4′-(1,10-phenanthroline-5,6-diyl)bis(1-phenyl-
ethan-1-one}][PF6]2 (6): Under Ar, 4 (300 mg, 0.24 mmol), 4-acetyl-
phenylboronic acid (77.87 mg, 0.48 mmol), and [Pd(PPh3)2Cl2]
(30 mg, 0.042 mmol) were dissolved in degassed MeCN (50 mL) and
a degassed 2 M Na2CO3 solution (25 mL). The solution was heated
at reflux for 10 d and after cooling to room temperature filtered.
The solvents were removed under reduced pressure and the solid
was dissolved in EtOH. The target compound was precipitated with
aqueous NH4PF6 solution, filtered, and washed thoroughly with wa-
ter and Et2O. Pure complex 6 was obtained by recrystallization by
slow evaporation from acetone/water. Yield: 220 mg (16 μmol,
68 %). 1H NMR (CD3CN, 500 MHz): δ = 8.53 (d, J = 1.8 Hz, 2 H), 8.49
(d, J = 1.8 Hz, 2 H), 8.10 (dd, J = 5.2, 1.2 Hz, 2 H), 7.99 (dd, J = 8.5,
1.2 Hz, 2 H), 7.94 (dd, J = 8.0, 1.5 Hz, 2 H), 7.93 (dd, J = 8.0, 1.5 Hz,
2 H), 7.71 (d, J = 6.0 Hz, 2 H), 7.65 (dd, J = 8.5, 5.2 Hz, 2 H), 7.52 (d,
J = 6.0 Hz, 2 H), 7.47 (dd, J = 6.1, 2.1 Hz, 2 H), 7.44 (dd, J = 8.0,
1.4 Hz, 2 H), 7.38 (dd, J = 8.0, 1.4 Hz, 2 H), 7.30 (dd, J = 6.0, 2.0 Hz,
2 H), 2.56 (s, 6 H), 1.45 (s, 18 H), 1.40 (s, 18 H) ppm. 13C NMR (CD3CN,
101 MHz): δ = 198.59 (2 C), 163.52 (2 C), 163.42 (2 C), 157.92 (2 C),
157.75 (2 C), 153.02 (2 C), 152.17 (2 C), 151.92 (2 C), 148.44 (2 C),
141.49 (2 C), 138.73 (2 C), 137.53 (2 C), 136.04 (2 C), 132.00 (2 C),
131.96 (2 C), 131.58 (2 C), 129.01 (2 C), 129.00 (2 C), 127.03 (2 C),
125.51 (2 C), 125.33 (2 C), 122.45 (2 C), 122.39 (2 C), 36.24 (2 C),
36.19 (2 C), 30.39 (6 C), 30.35 (6 C), 26.97 (2 C) ppm. MS (HRM-
ESI; acetonitr i le) : m/z = 1199 [M – PF6]+, 528 [M – 2PF6]2 +.
C64H68F12N6O2P2Ru·1.25H2O: calcd. C 56.24, H 5.20, N 6.15; found C
56.27, H 5.17, N 5.89.

Crystal data: C66H71F12N7O2P2Ru, Mr = 1385.30 g/mol, red fragment,
crystal size 0.1558 × 0.1054 × 0.0746 mm3, triclinic, space group P1̄,
a = 12.2062(3), b = 15.1931(3), c = 20.6095(5) Å, α = 102.6314(2),
� = 99.352(2), γ = 103.924(2)°, V = 3525.33(15) Å3, T = 180(2) K, Z =
2, ρcalcd. = 1.305 Mg/m3, μ(Cu-Kα) = 2.895 mm–1, F(000) = 1428,
altogether 32893 reflection in h(–15/15), k(–18/13), l(–25/24) meas-
ured in the range of 7.412° ≤ θ ≤ 73.757°, completeness θmax =
99.7 %, 13812 independent reflections, Rint = 0.0320, 13257 reflec-
tions with Fo > 4σ(Fo), 812 parameters, 2 restraints, R1obs = 0.0481,
wR2obs = 0.1351, R1all = 0.0550, wR2all = 0.1390, GOOF = 1.057, larg-
est difference peak and hole: 1.047/–0.848 e/Å3. Residual electron
densities could not be fitted to a reasonable structure. The Platon
SQUEEZE routine was therefore applied. The respective residual
electron count (81 e–) and corresponding void shape clearly indi-
cate the presence of two molecules of heavily distorted acetonitrile.

[(tbbpy)2Ru{4,4′-(1,10-phenanthroline-5,6-yl)diphenol}[PF6]2

(7): Under Ar, complex 4 (150 mg, 0.12 mmol), 4-hydroxyphenyl-
boronic acid (50 mg, 0.36 mmol), and [Pd(PPh3)2Cl2] (20 mg,
0.028 mmol) were dissolved in degassed MeCN (50 mL) and a de-
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gassed 2 M Na2CO3 solution (25 mL). The solution was stirred for
7 d at room temperature. The solution was then filtered, solvents
were removed under reduced pressure, and the solid was dissolved
in a small amount of EtOH. The target compound was precipitated
with aqueous NH4PF6 solution, filtered, and washed thoroughly
with water and Et2O. Pure complex 7 was obtained by recrystalliza-
tion by slow evaporation from acetone/water. Yield: 0.07 g
(0.054 mmol, 45 %). 1H NMR (CD3CN, 400 MHz): δ = 8.52 (d, J =
1.7 Hz, 2 H), 8.49 (d, J = 2.0 Hz, 2 H), 8.12 (dd, J = 8.5, 1.1 Hz, 2 H),
8.03 (dd, J = 5.1, 1.1 Hz, 2 H), 7.71 (d, J = 5.9 Hz, 2 H), 7.62 (dd, J =
8.5, 5.2 Hz, 2 H), 7.53–7.41 (m, 4 H), 7.27 (dd, J = 6.0, 2.0 Hz, 2 H),
7.17–6.97 (m, 4 H), 6.86–6.75 (m, 4 H), 1.45 (s, 18 H), 1.3 (s, 18
H) ppm. MS (HRM-ESI; MeCN): m/z = 1147.3802 [M – PF6]+, 501.2070
[M 2PF6]2+. C64H68F12N6O2P2Ru·0.25C3H6O: calcd. C 55.84, H 5.05, N
6.43; found C 55.77, H 4.99, N 6.50.

Crystal data: C64H76F12N6O4P2Ru, Mr = 1384.31 g/mol, red hexago-
nal prism, crystal size 0.2158 × 0.1447 × 0.1353 mm3, triclinic, space
group P1̄, a = 11.8547(3), b = 14.0372(4), c = 20.8266(4) Å, α =
91.470(2), � = 91.017(2), γ = 107.516(2)°, V = 3302.73(15) Å3, T =
180(2) K, Z = 2, ρcalcd. = 1.392 Mg/m3, μ(Mo-Kα) = 0.370 mm–1,
F(000) = 1432, altogether 39770 reflections up to h(–14/14),
k(–17/17), l(–25/26) measured in the range of 3.405° ≤ θ ≤ 26.372°,
completeness θmax = 99.7 %, 13472 independent reflections,
Rint = 0.0482, 10349 reflections with Fo > 4σ(Fo), 904 parameters, 7
restraints, R 1 o b s = 0.0633, wR 2 o b s = 0.1664, R 1 a l l = 0.0858,
wR2all = 0.1837, GOOF = 1.051, largest difference peak and hole:
1.132/–0.678 e/Å3. The OH distances in the single water molecule
as well as C–C and C–O distances in diethyl ether were fixed by
using the DFIX and DANG commands. Short intermolecular distan-
ces reported in the checkcif report correspond to the distortion of
the terminal methyl groups of diethyl ether.

[(tbbpy)Ru(5,6-dibromo-1,10-phenanthroline)2][PF6]2 (8): Fol-
lowing method C1, 9 (105 mg, 124 μmol) and tbbpy (33.2 mg,
124 μmol) were allowed to react in the microwave for 180 min in
ethanol/water (3:1, v/v; 100 mL). After cooling, ethanol was re-
moved and dark precipitated impurities were filtered off. Then
NH4PF6 (121 mg, 720 μmol) was added and the precipitate formed
was collected and washed with water. Purification was achieved by
column chromatography using acetonitrile/water and subsequent
recrystallization from acetonitrile/water. Careful washing of the ob-
tained crystals with very small amounts of dichloromethane yielded
the pure product. This also yielded crystals suitable for X-ray diffrac-
tion. After removal of water, pure 8 was obtained as a red powder.
Yield: 17 mg (12.5 μmol, 10 %). 1H NMR (CD3CN, 400 MHz): δ = 8.93
(dd, 3J = 8.8, 4J = 0.8 Hz, 2 H, 4,4′-H), 8.83 (dd, 3J = 7.6, 4J = 0.8 Hz,
2 H, 4,4′-H), 8.49 (d, 4J = 1.8 Hz, 2 H, 3-Hbpy), 8.21 (dd, 3J = 5.3, 4J =
0.8 Hz, 2 H, 2,2′-H), 7.93 (dd, 3J = 5.2, 4J = 0.8 Hz, 2 H, 2,2′-H), 7.87
(dd, 3J = 8.8, 3J = 5.3 Hz, 2 H, 3,3′-H), 7.62 (dd, 3J = 7.6, 3J = 5.2 Hz,
2 H, 3,3′-H), 7.48 (d, 3J = 6.0 Hz, 2 H, 6-Hbpy), 7.23 (dd, 3J = 6.1, 4J =
2.0 Hz, 2 H, 5-Hbpy), 1.37 [s, 18 H, C(CH3)3] ppm. 13C NMR (CD3CN,
100 MHz): δ = 164.14 (C-4bpy), 157.82 (C-2bpy), 154.81 (C-2,9), 154.53
(C-2,9), 152.68 (C-6′bpy), 148.72 (C-10′,10′′), 148.49 (C-10′,10′′),
138.58 (C-4,7), 138.45 (C-4,7), 132.05 (C-4′,6′), 132.00 (C-4′,6′), 128.36
(C-3,8), 128.18 (C-3,8), 127.30 (C-5,6), 127.21 (C-5,6), 125.51 (C-5bpy),
122.65 (C-3bpy), 36.35 [C(CH3)3], 30.47 [C(CH3)3] ppm. MS (ESI): m/z =
1190.5 (100) [M – PF6]+, 522.8 (60) [M – 2PF6]2+.

Crystals suitable for X-ray diffraction were obtained from aceto-
nitrile/water. Crystal data for 8: [C42H36N6Ru]2+[PF6]–

2·CH3CN, Mr =
1376.47 g/mol, red-brown crystal, size 0.05 × 0.05 × 0.04 mm3, tri-
clinic, space group P1̄ (No. 2), a = 12.0674(4), b = 13.6818(4), c =
16.1755(4) Å, α = 97.260(2), � = 93.727(2), γ = 98.202(2)°,
V = 2612.73(13) Å3, T = –90(2) °C, Z = 2, ρcalcd. = 1.750 g/cm3,
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μ(Mo-Kα) = 35.02 cm–1, F(000) = 1348, 19732 reflections in h(–15/
15), k(–17/17), l(–20/20) measured in the range 2.60° ≤ θ ≤ 27.45°,
completeness Φmax = 99.3 %, 11863 independent reflections,
Rint = 0.0364, 8038 reflections with Fo > 4σ(Fo), 659 parameters,
0 restraints, Robs. = 0.0545, wR2obs. = 0.1422, Rall = 0.0935, wR2all =
0.1618, GO OF = 1 .0 32 , l arge st di f feren ce pe ak an d h ol e :
1.730/–0.919 e/Å3.

[Cl2Ru(5,6-dibromo-1,10-phenanthroline)2] (9): [Ru(COD)Cl2]n

(280 mg, 1.00 mmol) and 2 (676 mg, 2.00 mmol) were suspended
in dry DMF (50 mL) and heated for 2 h at 150 W in a microwave.
After cooling, the solvent was removed. The remaining solid was
dissolved in a small amount of chloroform and heated at reflux for
2 h. Addition of ethanol and recrystallization in the cold yielded a
black precipitate. Removal of the side-product 10 was achieved by
extraction of the dichloromethane solution with water and column
chromatography with acetone/DMF. After removal of the solvent a
black and almost insoluble powder were obtained. Yield: 400 mg,
(470 μmol, 47 %). 1H NMR (CD2Cl2, 400 MHz): δ = 10.550 (d, 3J =
4.2 Hz, 2 H, 2,9-H), 9.696 (d, 3J = 5.2 Hz, 2 H, 2,9-H), 8.837 (d, 3J =
8.4 Hz, 4 H, 4/7-H), 8.124 (dd, 3J = 4.2, 3J = 8.4 Hz, 2 H, 2/9-H), 7.887
(dd, 3J = 5.2, 3J = 8.4 Hz, 2 H, 2/9-H) ppm.

Crystals suitable for X-ray diffraction were obtained from dichloro-
methane. Crystal data: C24H12N4Cl2Br4Ru·3CH2Cl2, Mr = 1101.76 g/
mol, black crystal, size 0.06 × 0.06 × 0.03 mm3, monoclinic,
space group C2/c (No. 15), a = 18.1042(8), b = 16.7210(13), c =
14.0302(9) Å, α = 90.000, � = 125.740(3) , γ = 90.000° , V =
3447.4(4) Å3, T = –90 °C, Z = 4, ρcalcd. = 2.123 g/cm3, μ(Mo-Kα) =
57.39 cm–1, F(000) = 2108, 11467 reflections in h(–23/22), k(–21/21),
l(–14/18) measured in the range 1.93° ≤ θ ≤ 27.46°, completeness
Φmax = 99.5 %, 3929 independent reflections, Rint = 0.0634, 2688
reflections with Fo > 4σ(Fo), 200 parameters, 0 restraints, Robs. =
0.0468, wR2obs. = 0.1075, Rall = 0.0834, wR2all = 0.1232, GOOF =
1.040, largest difference peak and hole: 0.981/–0.738 e/Å3.

[Ru(5,6-dibromo-1,10-phenanthroline)3][PF6]2 (10): [Ru(cod)Cl2]n

(131 mg, 468 μmol) and 2 (474 mg, 1.40 mmol) were heated in a
mixture of ethanol/water (3:1, v/v) at reflux overnight and after-
wards for 2 h in the microwave (150 W). After removal of the solvent
and the water-insoluble side-products, NH4PF6 was added. Purifica-
tion was achieved by column chromatography in acetonitrile/water.
Recrystallization from acetonitrile gave the desired product in high
purity. Yield: 109 mg (31.2 μmol, 17 %). 1H NMR (CDCl3, 400 MHz):
δ = 8.876 (dd, 3J = 8.2, 4J = 1.2 Hz, 6 H, 4,7-H), 8.526 (dd, 3J = 5.6,
4J = 1.2 Hz, 6 H, 2,9-H), 8.034 (dd, 3J = 8.8, 3J = 5.2 Hz, 6 H, 3,8-
H) ppm. 13C NMR (CDCl3, 100 MHz): δ = 155.14 (C-4,7), 148.49 (C-
10′,10′′), 138.80 (C-2,9), 131.99 (C-4′,6′), 128.21 (C-3,7), 127.21 (C-
5,6) ppm. MS (ESI): m/z = 1206.2 (100) [M – PF6]+.
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Structure Determinations.  

The intensity data for the compounds were collected on a  Nonius KappaCCD diffractometer   
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Table 4: Crystal data and refinement details for the X-ray structure determinations of the compounds 1 - 4. 

Compound 1 2 3 4 

formula C13H8BrCl3N2 C13H7Br2Cl3N2 C52H61BrF12N8P2Ru C54H66Br2F12N6O2P2Ru 
fw (g∙mol-1) 378.47 457.38 1269.01 1381.96 
°C -90(2) -90(2) -90(2) -90(2) 
crystal system monoclinic monoclinic triclinic triclinic 
space group P 21/n P 21/n P ī P ī 
a/ Å 6.9802(2) 11.7492(4) 12.5680(3) 10.5859(2) 
b/ Å 20.3654(6) 11.7577(4) 13.9694(4) 11.7274(3) 
c/ Å 9.8052(3) 12.3256(4) 16.9912(4) 24.0080(7) 
α/° 90 90 70.946(1) 90.444(1) 
β/° 92.768(2) 118.106(2) 75.702(1) 94.113(2) 
γ/° 90 90 89.332(2) 92.976(2) 
V/Å3 

1392.23(7) 1501.91(9) 2724.56(12) 2968.59(13) 
Z 4 4 2 2 
ρ (g∙cm-3) 1.806 2.023 1.547 1.546 
µ (cm-1)  35.13  59.2  11.65  17.46 
measured data 9838 10426 19983 20454 
data with I > 2σ(I) 2576 2579 8826 10002 
unique data (Rint) 3182/0.0449 3429/0.0473 12387/0.0376 13329/0.0362 

wR2 (all data, on F2)
a)

 0.1080 0.0786 0.1786 0.1317 

R1 (I > 2σ(I)) 
a)

 0.0433 0.0311 0.0605 0.0507 

S 
b)

 1.052 0.959 1.024 1.011 
Res. dens./e∙Å-3 

0.914/-0.486 0.572/-0.487 2.676/-1.715 1.029/-0.718 

absorpt method multi-scan multi-scan multi-scan multi-scan 

absorpt corr Tmin/max 0.5485/0.7456 0.6047/0.7456 0.6358/0.7456 0.5777/0.7456 
CCDC No. 1451528 1451529 1451530 1451531 

 

 

 



cont. Table 4: Crystal data and refinement details for the X-ray structure determinations of the compounds 8, 9. 

Compound 8 9 

formula C44H39Br4F12N7P2Ru C27H18Br4Cl8N4Ru 
fw (g∙mol-1) 1376.47 1102.76 
°C -90(2) -90(2) 
crystal system triclinic monoclinic 
space group P ī C 2/c 
a/ Å 12.0674(4) 18.1042(8) 
b/ Å 13.6818(4) 16.7210(13) 
c/ Å 16.1755(4) 14.0302(9) 
α/° 97.260(2) 90 
β/° 93.727(2) 125.740(3) 
γ/° 98.202(2) 90 
V/Å3 

2612.73(13) 3447.4(4) 
Z 2 4 
ρ (g∙cm-3) 1.750 2.123 
µ (cm-1)  35.02  57.39 
measured data 19732 11467 
data with I > 2σ(I) 8038 2688 
unique data (Rint) 11863/0.0364 3929/0.0634 

wR2 (all data, on F2)
a)

 0.1662 0.1213 

R1 (I > 2σ(I)) 
a)

 0.0558 0.0475 

S 
b)

 1.033 1.048 
Res. dens./e∙Å-3 

1.727/-0.916 0.986/-0.719 

absorpt method multi-scan multi-scan 

absorpt corr Tmin/max 0.6872/0.7456 0.6226/0.7456 
CCDC No. 1451532 1451533 

a)
 Definition of the R indices: R1 = (Fo-Fc)/Fo; 

wR2 = {[w(Fo
2
-Fc

2
)

2
]/[w(Fo

2
)

2
]}

1/2
 with w

-1
 = 

2
(Fo

2
) + (aP)

2
+bP; P = [2Fc

2
 + Max(FO

2
]/3; 

b)
 s = {[w(Fo

2
-Fc

2
)
2
]/(No-Np)}

1/2
. 



Additional discussion of solid state properties: 

 
 

5-Bromo-1,10-phenanthroline (1) and 5,6-Dibromo-1,10-phenanthroline (2): 

 
Figure S1. --stacking of 2. 

 

 

Comparison of the phenBr-type structures to each other revealed strong structural similarities 

in terms of bond lengths and angles. The phenanthroline systems remain almost unchanged 

upon bromination in the 5- and 6-position as a result of this. Therefore, N1-C1/N2-C10 bond 

lengths (1.311(5)-1.327(4) Å) as well as the N1-C12/N2-C11 bond lengths (1.352(4)–

1.361(4) Å) differ negligibly. The C5-C6 bond lengths (1.342(5) – 1.354(5) Å) remain 

completely unchanged and the Br-C bond lengths (1.886(3)–1.899(3) Å) are in the range of 

typical values for this bond type. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Table S1. Selected bond lengths [Å] and angles [°] of the brominated phen derivatives. 

bond length [Å] / angle [°] 1 2 

Br1 - C5 1.899(3) 1.886(3) 

Br2 - C6 - 1.891(3) 

N1 - C1 1.311(5) 1.327(4) 

N2 - C10 1.317(5) 1.324(4) 

N1 - C12 1.361(4) 1.358(4) 

N2 - C11 1.352(4) 1.352(4) 

C1 - C2 1.389(5) 1.400(5) 

C2 - C3 1.376(5) 1.364(5) 

C4 - C5 1.441(5) 1.439(5) 

C5 - C6 1.342(5) 1.354(5) 

C6 - C7 1.432(5) 1.441(5) 

C11 - C12 1.453(4) 1.464(4) 

π - π 3.408(4) 3.312(4) 

H1Cl - N1 2.429(5) 2.312(4) 

H1Cl - N2 2.493(4) 2.376(4) 

Cl2a - H13a/H1 - 3.236(4) 

C1 - C2 - C3 118.1(3) 119.1(3) 

C4 - C5 - C6 122.4(3) 121.0(3) 

C5 - C6 - C7 120.6(3) 121.3(3) 

C10 - N2 - C11 117.8(3) 117.4(3) 

N2 - C11 - C12 119.1(3) 117.3(3) 

C11 - C12 - N1 117.8(3) 117.5(3) 

C12 - N1 - C1 118.0(3) 117.6(3) 

 

 

[Cl2Ru(5,6-dibromo-1,10-phenanthroline)2] (9): 

 

The phenanthroline systems remain almost unchanged upon coordination if compared to the 

free ligands. Interestingly, complexation of the ligands to the Ruthenium fragment did not 

influence the C-N bond angles at the coordination sites. Therefore, N1-C1/N2-C10 bond 

lengths (complexes: dN1-C1/N2-C10 = [1.328(10)-1.349(10)] Å) as well as the N1-C12/N2-C11 

bond lengths (complexes: dN1-C12/N2-C11=[1.360(5)-1.370(6)] Å) are slightly elongated in the 

Ruthenium complexes, when compared to the ligands (ligands: dN1-C1/N2-C10=[1.311(5)-

1.330(4)] Å and dN1-C12/N2-C11=[1.352(5)-1.368(4)] Å). The C5-C6 bond lengths (complexes: 

dC5-C6=[1.346(8)-1.368(8)] Å) and the Br-C bond lengths complexes: dC-Br=[1.881(6)-

1.906(6)] Å) remain completely unchanged, fluctuations can be assigned to packing effects.  

 

 

 

 

 



Table S2. Comparison of selected bond lengths and angles of the brominated species. 

bond length [Å] / 

angle [°] 

3 4 8 9 

Ru - N1  2.068(4) 2.073(3) 2.066(4) 2.059(4) 

Ru - N2  2.081(4) 2.070(3) 2.062(4) 2.027(4) 

Ru - N3 (Cl1)  2.055(3) 2.049(3) 2.060(4) 2.4405(12

) 

Ru - N4  2.042(4) 2.061(3) 2.063(4) - 

Ru - N5  2.045(4) 2.051(3) 2.061(4) - 

Ru - N6  2.062(3) 2.065(3) 2.062(4) - 

Br1 - C5 (C2)  1.906(5) 1.895(4) 1.881(6) 1.882(6) 

Br2 - C6 (C9)  - 1.885(4) 1.887(3) 1.893(6) 

C5 - C6  1.346(8) 1.357(6) 1.368(8) 1.348(8) 

N1 - C1  1.332(6) 1.333(5) 1.338(6) 1.315(7) 

N2 - C10  1.332(6) 1.333(5) 1.329(6) 1.341(7) 

N1 - C12  1.370(6) 1.364(5) 1.365(6) 1.371(7) 

N2 - C11  1.363(6) 1.360(5) 1.370(6) 1.375(7) 

C11 - C12  1.431(7) 1.433(5) 1.437(7) 1.427(7) 

N1 - Ru - N2  79.80(1

5) 

79.24(12

) 

79.60(15

) 

79.99(17) 

N3(Cl1) - Ru - N4 

(Cl1i)  

78.18(1

4) 

78.30(12

) 

79.18(16

) 

92.99(6) 

N5 - Ru - N6  78.13(1

4) 

78.17(11

) 

78.37(16

) 

- 

Br1 - C5 - C6  119.1(4) 120.8(3) 121.6(4) 121.5(4) 

Br2 - C6 - C5  - 120.9(2) 121.0(3) 121.0(4) 

C4 - C5 - C6  122.9(5) 122.5(4) 121.0(5) 121.7(5) 

C5 - C6 - C7  120.3(5) 120.5(4) 121.5(4) 121.8(5) 

C10 - N2 - C11  118.2(4) 118.3(3) 117.7(4) 117.1(5) 

C12 - N1 - C1  117.6(4) 117.9(3) 117.8(4) 118.3(5) 

N2 - C11 - C12  116.6(4) 116.7(3) 116.3(4) 115.8(5) 

C11 - C12 - N1  116.9(4) 116.9(3) 116.0(4) 116.0(5) 

 

 

 

[Ru(tbbpy)2-(4,4‘-(1,10-phenanthroline-5,6-yl)-bis(phenylen-ethan-1-one)][PF6]2 (6): 
 

Table 1.  Crystal data and structure refinement for [(tbbpy)2Ru(phen-5,6-(ph-4-C(O)Me)2)](PF6)2. 

 

Empirical formula  C66 H71 F12 N7 O2 P2 Ru 

Formula weight  1385.30 

Temperature  180(2) K 

Wavelength  1.54178 Å 

Crystal system  Triclinic 

Space group  P -1 

Unit cell dimensions a = 12.2062(3) Å a= 102.631(2)°. 

 b = 15.1931(3) Å b= 99.352(2)°. 

 c = 20.6095(5) Å g = 103.924(2)°. 

Volume 3525.33(15) Å3 

Z 2 



Density (calculated) 1.305 Mg/m3 

Absorption coefficient 2.895 mm-1 

F(000) 1428 

Crystal size 0.1558 x 0.1054 x 0.0746 mm3 

Theta range for data collection 7.412 to 73.757°. 

Index ranges -15<=h<=15, -18<=k<=13, -25<=l<=24 

Reflections collected 32893 

Independent reflections 13812 [R(int) = 0.0320] 

Completeness to theta = 67.679° 99.7 %  

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 13812 / 0 / 812 

Goodness-of-fit on F2 1.057 

Final R indices [I>2sigma(I)] R1 = 0.0481, wR2 = 0.1351 

R indices (all data) R1 = 0.0550, wR2 = 0.1390 

Largest diff. peak and hole 1.047 and -0.848 e∙Å-3 

 

 

 
Crystal data for [(tbbpy)2Ru(phen-5,6-(ph-4-C(O)Me)2)](PF6)2 (6): C66 H71 F12 N7 O2 P2 Ru, Mr = 

1385.30 g mol
-1

, red fragment, crystal size 0.1558 x 0.1054 x 0.0746 mm
3
, triclinic, space 



group P -1, a = 12.2062(3) Å, b = 15.1931(3) Å, c = 20.6095(5) Å, a = 102.6314(2)°, b= 

99.352(2)°, g = 103.924(2)°, V = 3525.33(15) Å
3
, T = 180(2) K, Z = 2, ρcalcd. = 1.305 Mg/m

3
, 

μ (Cu-Kα) = 2.895 mm
-1

, F(000) = 1428, altogether 32893 reflexes up to h(-15/15), k(-18/13), 

l(-25/24) measured in the range of 7.412° ≤ Θ ≤ 73.757° , completeness Θmax = 99.7 %, 13812 

independent reflections, Rint = 0.0320, 13257 reflections with Fo > 4 σ(Fo), 812 parameters, 2 

restraints, R1obs = 0.0481, wR2obs = 0.1351, R1all = 0.0550, wR2all = 0.1390, GOOF = 1.057, 

largest difference peak and hole: 1.047/-0.848 e∙Å
-3

. Residual electron densities could not be 

fitted to a reasonable structure. The Platon SQUEEZE routine was therefore applied. 

According to the respective residual electron count (81 e
-
) and the corresponding void shape 

clearly indicates the presence of two molecules of heavily distorted acetonitrile. 

CCDC 1518486 contains the supplementary crystallographic data for this paper. These data 

can be obtained free of charge from The Cambridge Crystallographic Data Centre via 

www.ccdc.cam.ac.uk/data_request/cif. 

 

 

[Ru(tbbpy)2-(4,4‘-(1,10-phenanthroline-5,6-yl)-bis(phenol)][PF6]2 (7): 
 

Table 1.  Crystal data and structure refinement for [(tbbpy)2Ru(phen-5,6-di-p-anisyl)](PF6)2. 

 

Empirical formula  C64 H76 F12 N6 O4 P2 Ru 

Formula weight  1384.31 

Temperature  180(2) K 

Wavelength  0.71073 Å 

Crystal system  Triclinic 

Space group  P -1 

Unit cell dimensions a = 11.8547(3) Å a= 91.470(2)°. 

 b = 14.0372(4) Å b= 91.017(2)°. 

 c = 20.8266(4) Å g = 107.516(2)°. 

Volume 3302.73(15) Å3 

Z 2 

Density (calculated) 1.392 Mg/m3 

Absorption coefficient 0.370 mm-1 

F(000) 1432 

Crystal size 0.2158 x 0.1447 x 0.1353 mm3 

Theta range for data collection 3.405 to 26.372°. 

Index ranges -14<=h<=14, -17<=k<=17, -25<=l<=26 

Reflections collected 39770 

Independent reflections 13472 [R(int) = 0.0482] 



Completeness to theta = 25.242° 99.7 %  

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 13472 / 7 / 904 

Goodness-of-fit on F2 1.051 

Final R indices [I>2sigma(I)] R1 = 0.0633, wR2 = 0.1664 

R indices (all data) R1 = 0.0858, wR2 = 0.1837 

Largest diff. peak and hole 1.132 and -0.678 e∙Å-3 

 

 
Crystal data for [(tbbpy)2Ru(phen-5,6-di-phenol)](PF6)2 (7): C64 H76 F12 N6 O4 P2 Ru, Mr = 

1384.31 g mol
-1

, red hexagonal prism, crystal size 0.2158 x 0.1447 x 0.1353 mm
3
, triclinic, 

space group P -1, a = 11.8547(3) Å, b = 14.0372(4) Å, c = 20.8266(4) Å, a = 91.470(2)°, b= 

91.017(2)°, g = 107.516(2)°, V = 3302.73(15) Å
3
, T = 180(2) K, Z = 2, ρcalcd. = 1.392 Mg/m

3
, 

μ (Mo-Kα) = 0.370 mm
-1

, F(000) = 1432, altogether 39770 reflexes up to h(-14/14), k(-

17/17), l(-25/26) measured in the range of 3.405° ≤ Θ ≤ 26.372° , completeness Θmax = 99.7 

%, 13472 independent reflections, Rint = 0.0482, 10349 reflections with Fo > 4 σ(Fo), 904 

parameters, 7 restraints, R1obs = 0.0633, wR2obs = 0.1664, R1all = 0.0858, wR2all = 0.1837, 

GOOF = 1.051, largest difference peak and hole: 1.132/-0.678 e∙Å
-3

. OH distances in the 

single water molecule as well as C-C and C-O distances of diethyl ether were fixed using the 



DFIX and DANG commands. Short intermolecular distances reported in the checkcif report 

correspond to the distortion of terminal methyl groups of diethyl ether. CCDC 1518485 

contains the supplementary crystallographic data for this paper. These data can be obtained 

free of charge from The Cambridge Crystallographic Data Centre via 

www.ccdc.cam.ac.uk/data_request/cif. 

 

Comparison of 6 and 7: 

For Ru-N bond lengths of Ruthenium with nitrogen atoms of the tbby ligands values are 

found between 2.055(3) Å und 2.068(4) Å. For Ru-N bonds between Ruthenium and nitrogen 

atoms of the phenanthroline ligand sphere values are between 2.061(2) Å and 2.079(5) Å. No 

significant changes for bond lengths and angles are found for the substituted phenanthroline 

ligand. 

 

Table S3. Selected bond lengths and angles for the symmetrical Suzuki products 6 and 7 as well as their 

precursor complex 4. 

bond length [Å] / angle [°] 4 6 7 

Ru-N1 2.073(3) 2.079(5) 2.064(3) 

Ru-N2 2.070(3) 2.068(4) 2.061(2) 

Ru-N3 2.049(3) 2.064(3) 2.061(3) 

Ru-N4 2.061(3) 2.060(4) 2.060(2) 

Ru-N5 2.051(3) 2.059(5) 2.055(3) 

Ru-N6 2.065(3) 2.059(3) 2.055(3) 

C5-C6 1.357(6) 1.374(6) 1.379(5) 

N1-Ru-N2 79.24(12) 79.7(2) 79.9(1) 

N5-Ru-N6 78.17(11) 78.3(2) 78.7(1) 

N3-Ru-N4 78.30(12) 78.3(2) 78.6(1) 

C10-N2-C11 118.3(3) 117.2(4) 117.5(3) 

C12-N1-C1 117.9(3) 118.6(4) 117.3(3) 

N2-C11-C12 116.7(3) 116.2(4) 116.6(3) 

C11-C12-N1 116.9(3) 117.0(4) 116.1(3) 

 

 

 

 

 

 

 

 

 

 

 

 



Photophysical characterization of Ru complexes 
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A new ligand and its luminescent polypyridyl–RuII complex
were synthesized and characterized. Both provide two azide
functionalities in their periphery, which are electronically
separated from the π-system of the 2,2�-bipyridine ligands
by a methylene group. This azide-functionalized ruthenium
complex provides access to the formerly inaccessible sub-
strate spectrum of alkynyl-functionalized coupling substrates
by using the copper(I)-catalyzed azide–alkyne cycloaddition

Introduction

Coupling of luminescent molecules to biological targets
such as proteins is of increasing importance for detailed
analysis of biological processes.[1] An efficient method
towards this aim is the copper(I)-catalyzed azide–alkyne cy-
cloaddition (CuAAC), which was invented in 2002 by
Sharpless and Medal; it is probably one of the most well-
known reactions in the wide field of coupling chemistry
based on Claisen–Huisgen cycloadditions.[2,3] Products of
this click reaction possess a 1,4-disubstituted-1,2,3-triazole
bridge that is selectively formed under copper(I) catalysis.
Polypyridyl–ruthenium complexes are very interesting chro-
mophores owing to their highly relevant photophysical
properties such as large Stokes shift, long lifetimes of the
luminescent excited state, and their interesting electrochemi-
cal properties.[4,5] Furthermore, they may possess thera-
peutic potential based on their photochemistry.[6] Very re-
cently, it was shown that polypyridyl–RuII complexes them-
selves could be used as substrates in click reactions.[7–9]

However, only alkynyl-substituted luminescent ruthenium
complexes have been utilized so far because of the instabil-
ity of the azide-substituted complexes.[7] Interestingly, the
newly formed triazole moiety, the product of the CuAAC,
may be used as a complexation site itself. This was recently
exploited for the formation of various polypyridyl–metal
complexes.[10–14] To develop the applicability of CuAAC
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Albert-Einstein-Allee 11, 89081 Ulm, Germany
E-mail: sven.rau@uni-ulm.de
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(CuAAC). Test CuAAC reactions were performed on the li-
gand and directly on the RuII complex by using phenylacetyl-
ene as a model substrate, and relatively high yields of the
products were obtained under mild conditions. Transforma-
tion of the azide into the triazole had only minor influences
on the photophysical properties of the polypyridyl–ruth-
enium core.

further it is necessary to design azide-containing polypyri-
dyl ligands that form stable luminescent polypyridyl–ruth-
enium complexes and to establish their suitability as click
substrates. To the best of our knowledge, only one report
exists in which a ruthenium azide complex, non-lumines-
cent [Ru(p-cymene)(4-azido-2,2�-bipyridine)Cl]+, was suc-
cessfully linked through CuAAC.[9] Recently published az-
ide-functionalized IrIII complexes were converted success-
fully in click reactions. The very low extinction coefficients
of these compounds below 400 nm limit their applicability
as sensors in biological systems.[15] Furthermore, it would
be desirable if the photophysical properties of the lumines-
cent ruthenium complex would not change significantly af-
ter the CuAAC reaction. The results of Baron et al. for click
reactions on their alkyne-functionalized complex show that
there is a very small difference in the emission maxima for
the precursor alkyne complex in comparison to that of the
clicked products (up to 13 nm).[7,16] Importantly, one of the
“clicked” systems of Chitre et al., in which aromatic azide
functionalities were bound to the bipyridine ligand precur-
sor, showed no luminescence at all.[8] To the best of our
knowledge, there are difficulties in performing click reac-
tions on polypyridyl–RuII complexes that bear azide func-
tionalities because of the instability of aromatic azides on
2,2�-bipyridine ligands.[7] Accordingly, all alkynyl-function-
alized substrates known to date are not accessible for the
introduction of luminescent metal cores with CuAAC. An
approach towards solving this problem could be to separate
the azide electronically from the π-system of the 2,2�-bipyr-
idine ligands by methylene groups in the sterically opti-
mized 4,4�-positions. Recent results on the successful click
chemistry with the corresponding 5,5� isomer at copper
complexes support the assumption that the 4,4� isomer
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Figure 1. Schematic display of the target system.

could serve as a substrate.[17] This could additionally ensure
that the electronic properties of the chromophore unit are
independent on the presence of the azide or triazole moiety
formed during the CuAAC reaction in the periphery (Fig-
ure 1).

Herein, we present a concept to generate stable azide–
polypyridyl–ruthenium complexes that can be linked by
CuAAC to model alkynyl substrates. We furthermore show
that the photochemical properties of these ruthenium com-
plexes are mostly retained upon transformation of the azide
into the triazole moiety.

Figure 2. Crystal structure of L1 (top), synthesis scheme for L2 (middle), and structures of the parent complexes and synthesis pathway
from C1 to C2 (bottom).
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Results and Discussion

The synthesis of the azide-substituted 2,2�-bipyridine was
performed by using slightly modified literature procedures
developed for the synthesis of the biphenyl analogue.[18]

New ligand L1 was characterized by 1H NMR, 13C NMR,
and IR spectroscopy and MS. The IR spectrum showed a
very prominent band at ν̃ = 2106 cm–1 corresponding to the
azide moiety. Additionally, it was possible to obtain crystals
in the form of colorless flakes from acetonitrile and water
that could be analyzed by X-ray diffraction (Figure 2).
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Bond lengths and angles are within the expected range; four
molecules can be found in one orthorhombic unit cell, and
the aromatic rings of the 2,2�-bipyridine are not twisted
against each other (see the Supporting Information).[19] The
molecule adopts the s-trans conformation owing to steric
hindrance. An interesting arrangement of the molecules in
the crystal lattice was revealed that corresponds to the 1,3-
dipolar appearance of the azide (Figure S1, Supporting In-
formation). Alternate alignment in the direct neighborhood
(short contact) of positively charged N3 subunits of one
molecule and negatively charged N2 units of the adjacent
molecule result in the form of a zigzag pattern. The inter-
molecular distance between the nitrogen atoms is 3.090 Å.
To the best of our knowledge, such a short contact arrange-
ment of azide functionalities has not been observed so far.
To verify the ability of L1 to act as a substrate in CuAAC
it was converted with phenylacetylene as the model alkyne
under standard conditions[7] in a very good yield of 96%.

To obtain aspired complex C1, two synthetic pathways
were investigated. The direct coordination of L1 to the pre-
cursor was not possible, as decomposition of the azide func-
tionalities was observed. Therefore, an alternative pathway
was developed in which the ligand scaffold was synthesized
in the ruthenium-coordinated status. The azide functionali-
ties were introduced over the stable bipyridine-diol, as used
for the synthesis of L1. This led to corresponding “diol”
complex PC1. The hydroxy groups were then substituted
with bromide analogous to the ligand synthesis to form
complex PC2.[20] Substitution reaction with NaN3 analo-
gous to the ligand synthesis delivered target complex C1.
The structural characterization of all complexes was per-
formed by 1H NMR spectroscopy. The chemical shift of the
CH2 moiety in the 4,4�-positions proved insensitive to the
OH, Br, and N3 substituents with a chemical shift of δ =
(4.73 �0.05) ppm. The successful introduction of the azide
moiety to yield C1 was proven by IR spectroscopy, which
showed a strong azide band at 2106 cm–1.

Complex C1 was also successfully converted in a CuAAC
reaction with phenylacetylene as the model alkyne under
literature conditions[7] to obtain C2. Surprisingly, the trans-
formation of the azide into the triazole resulted in a shift
of the signal for the above-discussed CH2 moiety from δ =
1 ppm to δ = 5.77 ppm. 1H NMR spectroscopy is therefore
a valuable tool to identify a successful CuAAC reaction.
The photophysical data obtained is compiled in Table 1.
The most relevant metal-to-ligand charge-transfer (MLCT)
absorption and the corresponding emission wavelengths
of PC1, PC2, C1, and C2 are in the range expected for
polypyridyl–ruthenium complexes. The MLCT band max-
ima of parent complexes PC1 and PC2 as well as that of
target compound C1 are centered around 456–458 nm. Ac-
cordingly, the peripheral substitution pattern of the OH, Br,
and N3 functionalities do not influence the MLCT transi-
tion significantly. Complex C2 exhibits a hypsochromic
shift of the absorption maximum to 441 nm. However, as
these absorption bands are typically very broad, a signifi-
cant absorbance at 456 nm is still visible for C2. A slight
influence of the peripheral substitution, OH, Br vs. N3, tri-
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azole, can be observed upon comparing the luminescence
data. Parent complexes PC1 and PC2 show luminescence
maxima at 624 and 619 nm, respectively.

Table 1. Photophysical properties of PC1, PC2, C1, and C2 in
acetonitrile.

Compound λabs [nm] λem [nm]

PC1 457 624
PC2 458 619
C1 456 641
C2 441 648

Introduction of the azide functionality shifted the emis-
sion maximum bathochromically to 641 nm for C1. The
emission maximum of the click product C2 was shifted
slightly more by 7 nm to 648 nm (Table 1).

Conclusions

We presented the synthesis of a new azide-functionalized
2,2�-bipyridine ligand and the corresponding bis(2,2�-bipyr-
idine)ruthenium(II) complex. It was furthermore possible
to convert both azides in a CuAAC reaction with a model
alkynyl substrate to generate the corresponding triazole
products. With respect to recent results of CuAAC coupling
reactions with alkynyl-substituted ruthenium complexes,[7]

these results provide a matching counterpart. Photophysical
characterization of the Ru complexes showed that the click
reaction with the methylene-bonded azides in the periphery
of the complex had no significant influence on the proper-
ties of the tris(2,2�-bipyridine)ruthenium(II) chromophore.
This is an essential prerequisite for potential applications
of these ruthenium complexes with alkynyl-functionalized
biological substrates.

Experimental Section
4,4�-Bis(azidomethyl)-2,2�-bipyridine (L1): Ligand L1 was prepared
by using a modified literature procedure for the preparation of the
biphenyl analogue.[18] In a 25 mL flask, 4,4�-bis(bromomethyl)-
2,2�-bipyridine (98 mg, 0.29 mmol) was dissolved in a mixture of
MeCN (10 mL) and DMSO (0.1 mL). NaN3 (188 mg, 2.90 mmol)
was added, and the solution was stirred at 20 °C for 5 d. H2O
(10 mL) was added to precipitate the ligand as thin, colorless flakes,
which were filtered, washed repeatedly with water, and dried. To
improve the yield, the solution was cooled in a refrigerator for 1 d
or stirred continuously at 20 °C, filtered, and dried. Yield: 92 mg
(94%). 1H NMR (400.13 MHz, [D3]MeCN, 300 K): δ = 8.67 (d, 3J

= 4 Hz, 2 H), 8.40 (s, 2 H), 7.38 (dd, 4J = 1.6 Hz, 3J = 4 Hz, 2 H),
4.59 (s, 4 H) ppm. 13C{1H} NMR (100.61 MHz, [D6]DMSO,
300 K): δ = 155.31, 149.47, 146.24, 123.24, 119.37, 52.29 ppm. IR
(KBr): ν̃ = 2106 [N3 (s)] cm–1. MS (CI): m/z = 267 [M]+, 211
[M – 2 N2]+, 224 [M – N3]+, 184 [M – 2 N3]+. C12H10N8 (266):
calcd. C 54.13, H 3.79, N 42.08; found C 54.05, H 3.88, N 41.98.
Crystals for X-ray diffraction were obtained from a solution of
acetonitrile/water, molecular formula: C12H10N8, molecular weight:
266.26 gmol–1, a = 6.4780(2) Å, b = 12.3418(4) Å, c =
15.2986(6) Å, α = 90°, β = 90°, γ = 90°, V = 1223.13 Å3, Z = 4, Z� =
0, T = 293(2) K, crystal system: orthorhombic, space group: Pcba,
crystal color: colorless, R1

obs = 0.0459, wR2
obs = 0.1037.
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4,4�-Bis[(4-phenyl-1H-1,2,3-triazol-1-yl)methyl]-2,2�-bipyridine
(L2): Ligand L2 was prepared by using a variation of the corre-
sponding literature procedure for the click reaction on ruthenium
complexes.[7] Phenylacetylene (0.08 mL, 0.77 mmol) was added to
a solution of L1 (100 mg, 0.38 mmol) in CH2Cl2 (15 mL), which
was followed by the addition of an aqueous mixture of CuSO4

(31 mg, 0.12 mmol) and (+)-sodium l-ascorbate (NaAsc; 71 mg,
0.36 mmol). Upon the addition of the orange aqueous suspension
to the colorless organic phase a black precipitate was formed in-
stantly. The mixture was stirred for 12 h and then filtered, and the
black solid was suspended in saturated aqueous ethylenediamine-
tetraacetic acid (EDTA) solution and stirred for 14 h to remove
Cu2+. The resulting white precipitate in a blue solution was filtered,
washed with water, and dried to afford the product as a white solid.
Yield: 170 mg (96%). 1H NMR (400.13 MHz, [D6]DMSO, 300 K):
δ = 8.60 (d, 3J = 5 Hz, 2 H), 8.53 (s, 2 H), 8.24 (s, 2 H), 7.82–7.80
(m, 4 H), 7.40–7.37 (m, 4 H), 7.30–7.26 (m, 4 H), 5.75 (s, 4 H)
ppm. 13C{1H} NMR (100.61 MHz, [D6]DMSO, 300 K): δ =
155.63, 149.94, 147.14, 146.26, 130.73, 128.99, 128.11, 125.39,
123.00, 122.05, 119.28, 52.17 ppm. MS (MALDI/TOF): m/z =
471.5 [M + H]+, 493.5 [M + Na]+.

[4,4�-Bis(hydroxymethyl)-2,2�-bipyridine]bis(4,4�-di-tert-butyl-2,2�-
bipyridine)ruthenium(II)[PF6]2 (PC1): Bis(4,4�-di-tert-butyl-2,2�-bi-
pyridine)RuCl2 (500 mg, 0.705 mmol) and 4,4�-bis(hydroxymethyl)-
2,2�-bipyridine (158 mg, 0.730 mmol) were suspended in ethanol/
water (2:1, 250 mL) and heated to 97 °C.[21] The solution was
heated at reflux for 12 h, which resulted in a red solution. After
cooling to room temperature, the solvent was evaporated under
reduced pressure. The residue was dissolved in water and filtered,
and ammonium hexafluorophosphate in water was added to form
a precipitate, which was collected and washed with water and di-
ethyl ether to give the pure product. Yield: 621 mg (77 %). 1H NMR
(400.13 MHz, [D3]MeCN, 300 K): δ = 8.80 (s, 2 H), 8.52 (s, 2 H),
8.51 (s, 2 H), 7.64 (d, 3J = 6 Hz, 2 H, 04 Hz), 7.58–7.55 (m, 4 H),
7.43 (d, 3J = 5.84 Hz, 2 H), 7.40–7.37 (m, 4 H), 4.76 (s, 4 H), 1.41
(s, 18 H), 1.39 (s, 18 H) ppm. 13C{1H} NMR (100.61 MHz, [D3]-
MeCN, 300 K): δ = 161.88, 161.64, 156.62, 156.52, 156.45, 154.56,
150.64, 150.43, 150.14, 124.53, 124.26, 124.14, 121.59, 121.15,
61.13, 34.95, 29.16 ppm. MS (ESI): m/z = 427 [M – 2 PF6]2+.

[4,4�-Bis(bromomethyl)-2,2�-bipyridine]bis(4,4�-di-tert-butyl-2,2�-bi-
pyridine)ruthenium(II)[PF6]2 (PC2): Bis(4,4�-di-tert-butyl-2,2�-bi-
pyridine)RuCl2 (500 mg, 0.705 mmol) and 4,4�-bis(bromomethyl)-
2,2�-bipyridine (250 mg, 0.730 mmol) were suspended in ethanol/
water (2:1, 250 mL) and heated to 97 °C.[21] The solution was
heated at reflux for 10 h, which resulted in a red solution. After
cooling to room temperature, the solvent was evaporated under
reduced pressure. The residue was dissolved in water and filtered,
and ammonium hexafluorophosphate in water was added to form
a precipitate, which was collected and washed with water and di-
ethyl ether to give the pure product. Yield: 563 mg (63 %). 1H NMR
(400.13 MHz, [D4]MeOH, 300 K): δ = 8.61 (s, 4 H), 8.53 (d, 3J =
8.2 Hz, 2 H), 7.62–7.55 (m, 6 H), 7.44–7.38 (m, 6 H), 4.74 (s, 4 H),
1.34 (s, 18 H), 1.33 (s, 18 H) ppm. 13C{1H} NMR (100.61 MHz,
[D4]MeOH, 300 K): δ = 164.17, 158.39, 155.41, 152.41, 152.10,
152.01, 151.97, 151.90, 126.21, 126.31, 122.77, 71.08, 67.95, 62.93,
36.64, 30.63, 15.44 ppm. MS (ESI): m/z = 334 [M – 2 PF6 +
Na]3+.

(4,4�-Bis(azidomethyl)-2,2�-bipyridine)bis(4,4�-di-tert-butyl-2,2�-bi-
pyridine)ruthenium(II)[PF6]2 (C1): The synthesis was performed
slightly modified but analogous to the synthesis of L1.[18] NaN3

(27 mg, 0.420 mmol) was added to a solution of [4,4�-bis(bromo-
methyl)-2,2�-bipyridine]bis(4,4�-di-tert-butyl-2,2�-bipyridine)ruth-
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enium(II)[PF6]2 (50 mg, 0.042 mmol) in MeCN (15 mL), and the
solution was stirred at 20 °C for 5 d. The mixture was filtered to
remove precipitated NaBr and concentrated to 1/3 of its volume.
The product was precipitated by the addition of a saturated aque-
ous solution of NH4PF6, and the precipitate was washed thor-
oughly with water and dried. The product was obtained as a bright
red solid. Yield: 43 mg (86%). 1H NMR (400.13 MHz, [D3]MeCN,
300 K): δ = 8.59 (d, 2 H), 8.49 (s, 4 H), 7.66 (d, 3J = 4 Hz, 2 H),
7.58–7.54 (m, 4 H), 7.41–7.37 (m, 6 H), 7.30–7.26 (m, 4 H), 4.73
(s, 4 H), 1.41 (s, 36 H) ppm. 13C{1H} NMR (100.61 MHz, [D3]-
MeCN, 300 K): δ = 163.46, 158.08, 157.68, 152.34, 151.86, 151.70,
148.43, 127.05, 125.52, 125.47, 123.96, 122.47, 122.45, 53.11, 36.24,
30.39 ppm. 19F NMR (376 MHz, [D3]MeCN, 300 K): δ = –72.88
(d, 1J = 706.88 Hz) ppm. 31P NMR = (162 MHz, [D3]MeCN,
300 K): δ = –144.64 (sept, 1J = 706.32 Hz) ppm. MS (ESI): m/z =
995 [M – 2 N2 – PF6]+, 425 [M – 2 N2 – 2 PF6]+.

Bis(4,4�-di-tert-butyl-2,2�-bipyridine)[4,4�-bis(4-phenyl-1-H-1,2,3-tri-
azolylmethyl)-2,2�-bipyridine]ruthenium(II)[PF6]2 (C2)

Route A: The synthesis was performed by transferring a literature
procedure for click reactions to ruthenium complexes.[7] Phenyl-
acetylene (9.41 mg, 0.10 mmol) was added to a solution of C1
(55 mg, 0.05 mmol) in CH2Cl2 (15 mL), which was followed by the
addition of an aqueous solution of NaAsc (4.10 mg, 0.02 mmol,
0.45 equiv.) and CuSO4 (1.7 mg, 0.007 mmol, 0.15 equiv.) The two-
phase system was strongly stirred at 20 °C for 4 d to obtain an
emulsion. The organic phase was washed thoroughly with water,
dried with MgSO4, filtered, and concentrated to afford the crude
product, which was recrystallized from MeCN to give the product
as a red solid. Yield: 35 mg (55%).

Route B: This synthesis procedure was transferred to this reaction
from similar reactions known to our research group.[21] Ru(bpy*)
2Cl2 (75 mg, 0.11 mmol) and L2 (50 mg, 0.11 mmol) were dissolved
in a mixture of EtOH/H2O (3:1, 60 mL) and heated at reflux for
6 h. During the course of the reaction the color of the solution
changed from dark violet to orange. EtOH was removed, and the
product was precipitated from the aqueous phase with a saturated
aqueous solution of NH4PF6. The precipitate was filtered, washed
thoroughly with water, and dried. The product was obtained as a
bright red solid. Yield: 87 mg (59%). 1H NMR (400.13 MHz, [D3]-
MeCN, 300 K): δ = 8.44 (s, 4 H), 8.40 (s, 2 H), 8.21 (s, 2 H), 7.85–
7.83 (m, 4 H), 7.64–7.62 (m, 2 H), 7.55–7.44 (m, 8 H), 7.39–7.34
(m, 6 H), 7.21–7.20 (m, 2 H), 5.77 (s, 4 H), 1.38 (s, 36 H) ppm.
13C{1H} NMR (100.61 MHz, [D3]MeCN, 300 K): δ = 163.51,
158.11, 157.58, 152.68, 151.86, 151.61, 148.51, 147.24, 131.53,
129.89, 129.16, 127.17, 126.34, 125.50, 124.12, 122.60, 122.40,
52.66, 36.19, 30.34 ppm. 19F NMR (376 MHz, [D3]MeCN, 300 K):
δ = –72.90 (d, 1J = 703.12 Hz) ppm. MS (ESI): m/z = 1253
[M – PF6]+, 554 [M – 2 PF6]2+, 488 [M – C8H6N2]2+, 482
[M – C8H6N3]2+, 425 [M – 2 C8H6N2]2+.

Supporting Information (see footnote on the first page of this arti-
cle): Characterization as crystallographic data as well as NMR (in-
cluding partial assignment of hydrogen and carbon atoms), IR,
mass, emission, and absorption spectra.
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I. 4,4'-bis(azidomethyl)-2,2'-bipyridine (L1): 

 
 

 
Table S1. . Crystal data for 4,4’-(diazidomethylene)-2,2’-bipyridine. 

bond  length [Å]  angle [°] 

C4-C6 1.512(3)  
C6-N2  1.472(2)  

N2-N3  1.228(2)  
N3-N4  1.131(2)  
C4-C6-N2   112.6(1) 
C6-N2-N3  116.3(1) 
N2-N3-N4  172.5(2) 

 

Structure refinement for 4,4’-(diazidomethylene)-2,2’-bipyridine 

 

Empirical formula  C12 H10 N8 

Formula weight  266.28 

Temperature  180(2) K 

Wavelength  1.54178 Å 

Crystal system  Orthorhombic 

Space group  P b c a 

Unit cell dimensions a = 6.4780(2) Å a= 90°. 

 b = 12.3418(4) Å b= 90°. 

 c = 15.2986(6) Å g = 90°. 

Volume 1223.13(7) Å3 

Z 4 

Density (calculated) 1.446 Mg/m3 

Absorption coefficient 0.808 mm-1 

F(000) 552 

Crystal size 0.1231 x 0.0464 x 0.0405 mm3 

Theta range for data collection 7.741 to 73.746° 

Index ranges -6<=h<=8, -8<=k<=14, -18<=l<=18 

Reflections collected 3123 

Independent reflections 1191 [R(int) = 0.0214] 

Completeness to theta = 67.679° 99.5 %  



Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 1191 / 0 / 91 

Goodness-of-fit on F2 1.178 

Final R indices [I>2sigma(I)] R1 = 0.0432, wR2 = 0.1126 

R indices (all data) R1 = 0.0539, wR2 = 0.1201 

Largest diff. peak and hole 0.223 and -0.177 e.Å-3 

 
Crystals suitable for X-ray analysis were mounted using a MicroLoop and Fomblin oil. X-ray diffraction intensity 

data were measured at 180 K on a SuperNova (Dual Source) diffractometer, equipped with an ATLAS detector, 

from Agilent Technologies. The structures were solved by direct methods (SHELXS) and refined by full-matrix 

least squares techniques against Fo2 (SHELXL 2013).
1
 The hydrogen atoms were included at calculated positions 

with fixed thermal parameters. All non-hydrogen atoms were refined anisotropically. 

Crystal data for 4,4’-(diazidomethylene)-2,2’-bipyridine, Mr = 266.28 g mol
-1

, colourless block, crystal size 

0.1231 x 0.0464 x 0.0405 mm3, orthorhombic, space group P b c a, a = 6.4780(2) Å, b = 12.3418(4) Å, c = 

15.2986(6) Å, V = 1223.13(7) Å3, T = 180(2) K, Z = 4, ρcalcd. = 1.446 Mg/m3, μ (Mo-Kα) = 0.808 mm-1, F(000) = 

552, altogether 3123 reflexes up to h(-6/8), k(-8/14), l(-18/18) measured in the range of 7.741° ≤ Θ ≤ 73.746° , 

completeness Θmax = 99.5 %, 1191 independent reflections, Rint = 0.0214, 987 reflections with Fo > 4 σ(Fo), 91 

parameters, 0 restraints, R1obs = 0.0432, wR2obs = 0.1126, R1all = 0.0539, wR2all = 0.1201, GOOF = 1.178, largest 

difference peak and hole: 0.223/-0.177 e/Å
-3

. CCDC 993638 contains the supplementary crystallographic data 

for this paper. These data can be obtained free of charge from The Cambridge Crystallographic Data Centre via 

www.ccdc.cam.ac.uk/data_request/cif. 

 



 

Figure S1. Top: ORTEP depiction of 4,4’-di(azidomethylene)-2,2’-bipyridine (ellipsoids at 50% probability); middle: short contact 

arrangement of the azide functionalities; bottom: orthorhombic unit cell of the crystal in ellipsoidal presentation. 

 
 
 



 
 
Figure S2. Mass spectrum (ESI) of 4,4’-di(azidomethylene)-2,2’-bipyridine. 

 

 

Figure S3. IR spectrum (KBr) of 4,4’-di(azidomethylene)-2,2’-bipyridine. 

 



 

Figure S4. 1H-NMR spectrum of 4,4’-di(azidomethylene)-2,2’-bipyridine in MeCN-d3. 

 

Figure S5. 13C-NMR spectrum of 4,4’-di(azidomethylene)-2,2’-bipyridine in DMSO-d6. 



 

Figure S6. HSQC-NMR spectrum of 4,4’-di(azidomethylene)-2,2’-bipyridine in MeCN-d3. 

 

Figure S7. HMBC-NMR spectrum of 4,4’-di(azidomethylene)-2,2’-bipyridine in MeCN-d3. 

 

 



II. 4,4'-bis((4-phenyl-1H-1,2,3-triazol-1-yl)methyl)-2,2'-bipyridine (L2): 
 

 
 

 
Figure S8. Mass spectrum (MALDI/TOF) of 4,4'-bis((4-phenyl-1H-1,2,3-triazol-1-yl)methyl)-2,2'-bipyridine. 



 
Figure S9. 1H-NMR spectrum of 4,4'-bis((4-phenyl-1H-1,2,3-triazol-1-yl)methyl)-2,2'-bipyridine in DMSO-d6. 

 
Figure S10. 13C-NMR spectrum of 4,4'-bis((4-phenyl-1H-1,2,3-triazol-1-yl)methyl)-2,2'-bipyridine in DMSO-d6. 



 
Figure S11. HSQC-NMR spectrum of 4,4'-bis((4-phenyl-1H-1,2,3-triazol-1-yl)methyl)-2,2'-bipyridine in DMSO-d6. 

 
Figure S12. HMBC-NMR spectrum of 4,4'-bis((4-phenyl-1H-1,2,3-triazol-1-yl)methyl)-2,2'-bipyridine in DMSO-d6. 

 



 
Figure S13. APT-NMR spectrum of 4,4'-bis((4-phenyl-1H-1,2,3-triazol-1-yl)methyl)-2,2'-bipyridine in DMSO-d6. 

 
III.  Bis(4,4’-di-

tert
butyl-2,2’-bipyridine)-4,4’bis(azidomethyl)-2,2’-bipyridine-Ruthenium(II)[PF6]2 

(C1): 

 
 

 
Figure S14: Mass spectrum (MALDI/TOF) of C1. 



 
Figure S15: IR spectrum (KBr) of C1. 

 
Figure S16: 1 H-NMR spectrum of C1 in MeCN-d3. 



 
Figure S17. 13 C-NMR spectrum of C1 in MeCN-d3. 

 

 
Figure S18. HSQC-NMR spectrum of C1 in MeCN-d3. 



 
Figure S19. HMBC-NMR spectrum of C1 in MeCN-d3. 

 
 

 
Figure S20. H,H-COSY-NMR spectrum of C1 in MeCN-d3. 



 
Figure S21. APT-NMR spectrum of C1 in MeCN-d3. 

 
 
 

 
Figure S22. Excitation spectra of C1 in DCM and MeCN from 410 to 550 nm; respectively at concentrations of  1.0·10-5 mol/L in DCM and 
1.3·10-5 mol/L in MeCN. 
 



 
Figure S23. left: absorption spectra of C1 in different solvents, normalised to the LC at 288 nm, MLCT at 456 nm; right: emission spectra of 
C1 in different solvents, same normalization; emission maxima at 637 nm (DCM) and 641 nm (MeCN); concentrations: 1.0·10-5 mol/L in 
DCM and 1.3·10-5 mol/L in MeCN. 
 
 
 
 
 
 
 
 
 
 
 

 

 
 
Figure S24. 19F-NMR spectrum of C1 in MeCN-d3. 

 
 
 



 
 
 
 
 
 

 
 
Figure S25. 31P-NMR spectrum of C1 in MeCN-d3. 

 
 
 
 
 
 
 

IV.  Bis(4,4’-di-
tert

butyl-2,2’-bipyridine)-4,4’bis(4-phenyl-1-H-1,2,3-triazol-yl-methyl)-2,2’-bipyridine-
Ruthenium(II)[PF6]2 (C2): 

 

 
 
 
 



 
Figure S26. Mass spectrum (MALDI/TOF) of C2. 

 
Figure S27. 1H-NMR spectrum of C2 in MeCN-d3. 

 
 
 



 
Figure S28. 13C-NMR spectrum of C2 in MeCN-d3. 

 
Figure S29. left: absorption spectra of C2 in different solvents, normalised to the LC at 288 nm, MLCT at 458 nm (DCM) and 441 nm 

(MeCN); right: emission spectra of C2 in different solvents, same normalization; emission maxima at 637 nm (DCM) and 648 nm (MeCN); 

concentrations: 1.0·10-5 mol/L in DCM and 1.3·10-5 mol/L in MeCN. 

 
 



 
 
Figure S30. 19F-NMR spectrum of C2 in MeCN-d3. 

 
 

 
Figure S31: Excitation spectra of C2 in DCM (left) and MeCN (right) from 410 to 550 nm; respectively at concentrations of  1.0·10-5 mol/L in 
DCM and 1.3·10-5 mol/L in MeCN. 

 

 

V.  
Bis(4,4’-di-tertbutyl-2,2’-bipyridine)-4,4’bis(hydroxymethyl)-2,2’-bipyridine-Ruthenium(II)[PF6]2 

(PC1): 
 



 
 
 

 
Figure S32.1H-NMR spectrum of PC1. 

 

 
Figure S33.13C-NMR spectrum of PC1. 

 
VI. Bis(4,4’-di-tertbutyl-2,2’-bipyridine)-4,4’bis(bromomethyl)-2,2’-bipyridine-

Ruthenium(II)[PF6]2 (PC2):  



 

 

 

Figure S34.1H-NMR spectrum of PC2. 

 

 

Figure S35.13C-NMR spectrum of PC2. 

 

                                                           
1
 Sheldrick, G.M. (2008). Acta Cryst., A64, 112-122. 
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One Scaffold, Many Possibilities: CuAAC, SPAAC and Maleimide-

Thiol Coupling of Ruthenium(II) Polypyridyl Complexes  

Anne Stumper, Martin Lämmle, Alexander K. Mengele, Dieter Sorsche  and Sven Rau* 

 

Abstract: The applicability of Ru(II) polypyridyl complexes with 

appropriate functionalities as substrates for biorthogonal coupling 

reactions is investigated. In detail, copper(I)-catalyzed azide-alkyne 

cyclo-additions (CuAAC), strain-promoted azide-alkyne 

cycloadditions (SPAAC), and maleimide-thiol coupling of ruthenium 

complexes are examined. The first examples of SPAAC where the 

organic azide is provided by the metal complex are presented. All 

chromophores belong to one easy-to-synthesize scaffold, which has 

proven to be convenient for applications of metal chromophores. The 

fundamental photophysical properties of the examined compounds do 

not change with substitution, which is important for the design of 

chromophore conjugates. Furthermore, limitations of CuAAC 

reactions will be discussed with regard to copper impurities in the 

products formed.  

Introduction 

Providing possibilities to link functional molecular units is 

essential for the generation of sophisticated supramolecular 

architectures. Biological applications in particular are limited by 

the choice of linkage given that bioorthogonal conditions have to 

be applied. Click chemistry approaches such as the copper(I)-

catalyzed azide-alkyne cycloaddition (CuAAC)[1], strain promoted 

azide-alkyne cycloaddition (SPAAC)[2] or maleimide-thiol 

coupling[3] represent advantageous strategies for linkage of 

sensitive (bio)molecules with functional units, e.g. 

photosensitizers or other imaging agents,[4–6] and control of the 

coupling is dependent on the corresponding functionalities. For 

photodynamic therapy (PDT), one feasible approach is to couple 

selectivity mediating biomolecules to photosensitizers like Ru(II) 

polypyridyl complexes.[7] Moreover, the choice of azide-alkyne 

cycloadditions provides the advantage that the reacting groups 

are not abundant in the body and therefore guarantees high 

selectivity and control. CuAAC has proven useful for the 

development of novel drug systems as well as many other 

applications.[1,8] Even though CuAAC is a chemically very 

selective coupling method, the employment of cell toxic copper 

ions for CuAAC reactions requires extensive purification and 

limits the exploitation of the CuAAC for live cell studies and for 

reactions where possible copper ion coordination has to be 

avoided. The use of the strain-activated cyclo-octyne motif has 

been shown to promote “click” chemistry without the need for a 

catalyst, and hence, SPAAC depicts a valuable bioorthogonal 

alternative. Commercially available cyclooctyne derivatives can 

be employed for the functionalization of biomolecules[9–12]. We 

hence focused our efforts on the development of ruthenium 

photosensitizers with stable pending azide groups to undergo 

SPAAC, which also provide the photophysical properties for a 

potential PDT application. The reaction of cyclooctynes with 

azides was observed already in 1967 and originates from the ring 

strain within cyclooctyne.[13,14] To this end, however, the number 

of Ru(II) chromophores with stable azide functionalities has been 

limited.[15] In order to prevent the formation of stereochemically 

complex structures with respect to the chiral nature of 

tris(bipyridine) ruthenium(II) complexes, we were further aiming 

for a substitution pattern that would preserve the C2 symmetry of 

the parent complexes. (Figure 1). The introduction of 

dibenzocyclooctyne (DIBO) to Ru(II) and Ir(III) polypyridyl 

complexes[16,17] as well as SPAAC of an azide ligand on a Ru(II) 

core has recently been described in literature.[18] To the best of 

our knowledge, no SPAAC of a Ru(II) polypyridyl complex offering 

an azide group has been reported to date.  

Additionally, our synthetic approach has proven convenient for 

the facile introduction of a maleimide functionality suitable for 

maleimide thiole “click” coupling. Among the amino acids, only 

cysteine provides a thiol (-SH) functionality. Although they are 

comparably less abundant in the body with respect to the other 

amino acids, proteins often present distinct cysteines on their 

accessible surface. Hence, maleimide-thiol coupling reactions[3] 

can be used to link Ru(II) chromophores to proteins. The 

cytotoxicity of several Ru(II)–arene complexes has been 

Figure 1. Importance of the design: structural details resulting in sets of 
possible isomers. 
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previously examined.[19,20] Ru(II) and Ir(III) terpyridine complexes 

were coupled to cytochrome c[21] and a Ru(II) polypyridine 

chromophore was linked to different proteins via maleimide-thiol 

coupling.[22] Hence, providing a scaffold which is easily accessible 

and undergoes a variety of reactions which can be employed for 

linking biomolecules to chromophores is desirable. As a result of 

our ongoing efforts to provide versatile new ligand frameworks for 

the straightforward linkage of photoredox-active ruthenium 

chromophores with functional biomolecules, we herein report the 

development of functionalized imidazophenanthroline (ip) 

scaffolds (Error! Reference source not found.), all resorting to the 

easily accessible and versatile amine derivatives 3a,b. We show 

CuAAC, SPAAC and maleimide-thiol reactions under biological 

conditions as well as in organic solvents. Desirable photophysical 

properties of the “click” precursors are shown to be retained upon 

functionalization which is essential for the establishment of a 

library of “clickable” chromophores. 

Results and Discussion 

In order to ensure subsequent applicability, it is necessary to 

devise strategies where the linking step, i.e. formation of the 

triazole, does not alter the photochemical properties significantly. 

The choice of the ip-phenyl ligand sphere preserves desired 

properties as already described in literature covering the creation 

of highly potent drug candidates and imaging agents.[4,7,23] 

Intrinsic symmetry of the ip-phenyl ligand limits the number of 

possible isomers to Δ/Λ-forms, whereas ligands showing lower 

symmetry (e.g. 4-R-bpy type ligands) would yield additional regio-

isomers (Figure 1).  

Synthesis of amine and azide precursor chromophores  

Amine functionalized complex 3a, the corresponding azide 4a and 

the performance of the CuAAC to yield 5a have previously been 

reported.[24] However, we modified the syntheses and present 

Figure 3. ATR-IR spectra of the azide species 4a and 4b with the typical N3 -
valence doublet. 

Figure 2. Overview of the examined compounds; conversion of the nitro functionality to the amine on the chromophore core was not possible; reaction of 3a to yield 

8 in a one-pot-synthesis was successful in 50% of the batches; the conversion from 7 to 8 and vice versa can be controlled easily. 
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here the lipophilic analogues 3b, 4b and 5b which feature 

additional tert-butyl groups on the peripheral bipyridines. First, 

ligand 2 is needed to generate the corresponding metal 

complexes. In order to avoid possible metal contamination, we 

abstained from using Pd/C for the reduction of the nitro group (1, 

crystal data in ESI) to the amine and used Na2S as a mild, fast 

and cheap reduction agent with improved yield. We also tested 

the direct reduction of the nitro functionality on the chromophore 

implementing the same conditions but no conversion was 

observable. Presumably, Na2S is not strong enough in redox 

potential to reduce the electron withdrawing nitro species on the 

cationic chromophore core. Complexation reactions to obtain 3a 

(92%) and 3b (89%) were carried out in microwave reactions 

following previously presented instructions using the 

corresponding Ru(II) precursor ([Ru(4,4’-R-bpy)2Cl2], 

R=H or tbu).[7] Azides 4a (97%) and 4b (84%) were obtained in 

excellent yields via diazotisation with NaNO2 and following 

addition of NaN3. Both azides show the typical doublet N3-valence 

vibration band for phenyl azides[25] at 2095-2123 cm-1 in the IR 

spectra (Figure 3). All compounds were fully characterized via 

NMR spectroscopic techniques (1H, 13C (UDEFT), HMBC) as well 

as HRMS. The fundamental photophysical properties were 

determined via UV/Vis and emission spectroscopy. 3a is very well 

soluble in water (153 mg/mL) but under addition of n-octanol to 

the aqueous solution and shaking at 25°C over night to determine 

partition coefficients, for some samples there was a decoloring of 

the aqueous phase and a thin solid film on the glass wall of the 

vessel was observed. Henceforth, no determination of partition 

coefficients was possible. The solid-state structure of 3b shows 

the two-fold positively charged complex as chloride salt. All 

distances and angles regarding the coordination chemistry of the 

tris-(bipyridine) ruthenium(II) fragment are in the expected range. 

The anions both appear to establish hydrogen bonds with the ip 

ligand (red in Figure 4Error! Reference source not found.). The 

hydrogen bond between the imidazole amine function and one of 

the chloride ions is rather short with d(N∙∙∙Cl)= 3.127(3) Å, and is 

supported by additional short contact interactions with the 

neighboring C-H groups of the phenanthroline and phenyl 

moieties (black in Figure 4, d(phen-C-H∙∙∙Cl) = 3.707 Å, d(ph-C-

H∙∙∙Cl) = 3.634 Å). The ip ligand hence also appears completely 

planar, showing no gauche-type repulsion between the ip and 

phenyl moieties. This observation points to a surprisingly 

dominant H-bond interaction as related ruthenium complexes 

show torsion angles between 14° and 38.5°.[26] Additional 

hydrogen bond interactions are established between the terminal 

amine function and the second counter ion, with a somewhat 

longer N∙∙∙Cl distance of 3.181(4) Å. This observation in the solid 

state suggests that the multiple H-bond sites available in this 

particular complex allow the formation of a neutral ion pair with 

increased lipophilicity. This results in an overall charge of 0 for the 

supramolecular assembly. Lipophilicity experiments were 

performed with 3a and 3b (respectively Cl-salts). Thereby no 

partition coefficients could be obtained under commonly applied 

experimental prodceedings.[27] For 3a no partition could be 

obtained, as the compound remained completely within the 

aqueous phase or did show the before-mentioned formation of a 

solid. In contrast, 3b was completely migrating into the organic 

phase, so that a highly significant effect of the tert-butyl 

substitution can be ascertained. This effect is highly relevant for 

the prospective design of molecular systems within a biological 

environment as the solubility properties determine the latter 

cellular uptake and accumulation characteristics.[28] 

 

 

Figure 5. Solid-state structure of the Ru complex 5b (ellipsoids are drawn at 
50% probability level, hydrogen atoms and counter ions were omitted for clarity); 
top: complex 5b in a hydrogen bonding network with two water molecules, 
bottom: complex 5b interacting with two acetonitrile and one water molecule. 

Figure 4. Mercury ball and stick representation of the molecular structure of 
3b, hydrogen bonds between the NH functionalities and the chloride counter 
ions are depicted in red, supporting short contacts to CH moieties are depicted 
in black, most hydrogen atoms were omitted for clarity. 
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Copper (I) Catalyzed Azide Alkyne Cycloaddition (CuAAC) 

and lipophilicity experiments 

The CuAAC protocol is a powerful method to link different 

moieties with each other to generate sophisticated molecular 

systems. Conversion in CuAAC reactions with model compound 

phenylacetylene to obtain 5a and 5b was performed with CuSO4 5 

H2O and sodium ascorbate. Formation of the product is readily 

observed via 1H-NMR spectroscopy due to formation of a typical 

singlet for the triazole proton (see Figure S3 and S4 in ESI). All 

compounds were further characterized via HRMS (ESI/MALDI). 

Crystals of 1 (see supporting information) and 5b (PF6 salt) 

suitable for XRD were obtained by slow evaporation of the 

solutions in DMSO and MeCN, respectively. The solid-state 

structures in Figure 5 show the two-fold positively charged Ru 

complex 5b exhibiting the 1,4-regioisomeric triazole group. Within 

the asymmetric unit two different hydrogen bond motifs are found. 

As depicted in Figure 5 (top), a hydrogen bonding pattern 

between the N-H moiety of the ip sphere and two mutually linked 

water molecules is established. This interaction leads to a 

planarization of the ip framework with the phenyl moieties as 

reflected by the torsion angle of 1.78° (N7-C52-C53-C58). The 

triazole ring, as well as the terminal phenyl group, share one 

common plane as the respective torsion angle (C59-C60-C61-

C66) is as small as 1.56°. Interestingly, the above described two 

planarized spheres of the extended ligand are distorted to each 

other as the torsion angle C55-C56-N9-N10 exhibits a value of 

34.81°. The second hydrogen bonding network found in the 

asymmetric unit Figure 5, bottom) consists of one acetonitrile 

molecule bound via the N-H group of the ip ligand and one water 

molecule, acting as a bridge between N22 of the triazole ring and 

a second acetonitrile molecule. Contrary to the structure 

discussed above, a larger torsion angle of 18.92° (N18-C115-

C116-C117) was found between the ip sphere and the central 

phenyl ring, which is clearly caused by the different hydrogen 

bond framework. This is further corroborated by the fact that the 

ip sphere as well as the triazole and the terminal phenyl ring are 

virtually planar (torsion angle for N18-C115-N20-C122 is 5.41° 

and 1.34° for C122-C123-C124-C125) whereas only the central 

phenyl ring tilts out of this plane. Slow evaporation of a MeOH 

solution of 3b yielded suitable crystals for XRD. Only one H-bond 

interaction with a group of two water molecules at the N-H moiety 

of the ip ligand was observed, which points to strong contribution 

of hydrogen bonding patterns with regard to the formation of 

different rotamers within one crystal structure. For both species 

(3b, 5b) the triazole and terminal phenyl ring are coplanar, which 

might point to a relatively strong conjugative coupling between 

these moieties, overcompensating the repulsive gauche-type 

interactions of the relevant H atoms.  

For multiple reproductions of the CuAAC reactions a 

contamination with copper ions for different batches was 

observed via HRMS (see Figure S9 in ESI). With regard to the 

known cytotoxicity of copper ions this limits a potential application 

of CuAAC derivatives of 4a,b for biological applications.[29] In 

general, the yields for the CuAAC reaction are higher, when 

utilizing stoichiometric equivalents of copper (2-4 eq), but copper 

species were also detected when the amount of copper was 

reduced (0.15 eq) with a loss in yield revealing unreacted educt 

species. Some batches were still found to be contaminated with 

copper ions after extensive purification. Pure batches were used 

for further reactions and characterization. For batches showing 

copper-containing fragments regarding mass spectrometry an 

interesting, intensive absorbance band around 360 nm was 

observed utilizing UV/Vis spectroscopy (see Figure S8 in ESI). 

Figure 6. (a) Synthesis 
scheme for the SPAAC 
reactions of 4a and 4b 
with BCN-amine; (b) 1H-
NMR spectrum of 6a (Cl-
salt) in MeOH-d4, 
aromatic region on the 
top and signals of 
aliphatic protons on the 
bottom, solvent signal 
was cut out for clarity 
(see Figure S10 for full 
spectrum); (c) HRMS 
(MALDI-FT-ICR) signal 
for 6a (PF6-salt) with 
calculated isotopic 
pattern matching for the 
molecular ion [M+H+]+.     
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For these batches the common use of extraction with Na-ETDA 

solution did not succeed. In future, precipitation with CN--ions 

could be exploited. The corresponding 1H-NMR spectra were 

interpretable which leads to the assumption that copper(I) ions are 

the contaminant as Cu(II) would lead to a significant broadening 

for the 1H-NMR signals due to its paramagnetism. Regarding the 

contamination with metal ions, the choice of CuAAC should be 

deliberated on. We assume the formation of a Ruthenium(II)-

Copper(I)-multinuclear species, where the copper ion might 

coordinate triazole or imidazo-units. It is known that copper(I) 

species similar in structure to our assumed species absorb within 

the relevant wavelength region with significant absorption 

coefficients.[30,31] These observations have to be examined in 

more detail and are subject of ongoing studies. 

Strain-promoted Azide Alkyne Cycloaddition (SPAAC) 

Based on these observations we investigated alternative, metal-

free coupling concepts, and we present herein the first examples 

for SPAAC reactions with Ru(II) polypyridyl complexes where the 

azide functionality is provided by the chromophore. In order to 

avoid the necessity of a metal-based catalyst, we utilized the 

commercially available, strained cyclooctyne BCN-amine. A 

further advantage of BCN is that its Cs symmetry prevents the 

formation of complex regioisomers when linked to the chiral 

chromophore precursors.[32] Additionally, BCN-amine depicts low 

lipophilicity compared to other cyclooctyne derivatives. As the 

application of SPAAC reactions is of interest for the generation of 

molecular systems in general we employed two different Ru(II) 

polypyridine complexes providing different solubility 

characteristics. The SPAAC reaction to yield 6a was carried out 

stirring 4a and BCN-amine in water for 18 h. For 6b a mixture of 

MeCN and water was employed with respect to its increased 

lipophilicity (Figure 6). Both SPAAC products were purified via 

size exclusion chromatography and characterized via NMR 

spectroscopy and HRMS. High resolution mass spectrometry 

revealed expected signals for [M+H+]+  and [M–2Cl-–H+]+ species 

showing the typical isotopic pattern for ruthenium (Figure S14, 

ESI). Screening of the reactions via NMR suggested quantitative 

formation, however only moderate yields of the pure products 

were obtained (27-40%) after size exclusion chromatography due 

to the small scale these reactions have been carried out in. 

However, to the best of our knowledge, no yields have been 

provided for other SPAAC reactions carried out with Ru(II) 

chromophores in the literature[16]. A related Ir(III) based system 

was reported via recrystallization[17]. 

Maleimide-Thiol Coupling 

Displaying another metal-free click alternative we envisaged the 

maleimide sulfide coupling reaction, since the respective 

chromophore precursor 8 is readily accessible from 3a. The 

amine functionality was converted to the open maleimide 7 using 

maleic anhydride in a room temperature condensation reaction 

providing quantitative yields. Successful reaction conditions were 

modified according to literature which dealt with organic 

maleimides.[33] Surprisingly, when screening different reaction 

conditions it was observed that reactions in a one-pot microwave 

set up[34] yield the desired closed maleimide either in excellent 

yields or not at all. Therefore, the two-step way was preferred 

later-on as it works reliably. The ring-closing reaction to obtain 8 

was screened with modified literature conditions[33] (e.g. 

elongated reaction time for complete conversion) of 7 to 8. It was 

determined, that the ring-closing reaction is completed after three 

hours and the most efficient way of work up is the direct 

precipitation from the reaction mixture as PF6 salt. More elongated 

reaction times will lead to ring-opening due to the released water. 

Compounds 7 and 8 were characterized in detail via NMR and IR 

spectroscopic techniques, and HRMS. The 1H-NMR spectrum 

provides direct information about the nature of the substitution, as 

it reveals either two doublets or a singlet for the open and closed 

form, respectively. The IR spectrum of 8 depicts a typical strong 

C=O vibration band at 1716 cm-1. It is known, that maleimide 

functionalities are reactive in protic environments, leading to ring-

opening reactions. We observed decomposition of about 40% 

within a day in methanol solution, which precluded 

chromatographic purification for 8 in protic solvents. The ring-

closing reaction can be repeated when decomposition is 

observed and 8 is stable (weeks) in non-protic, dry solvents (e.g. 

acetonitrile). Therefore, recrystallization protocols were 

developed to yield 8 in sufficient purity for the next reaction.  

Figure 8. 1H-NMR spectra of open (a, 7) and closed (b, 8) form of the maleimide 
in MeCN-d3; signals at the double bond ease characterization of the ring-closing 
reaction via NMR spectroscopy. 

Figure 7. Structural motif of 7 (ball-and-stick representation; most hydrogen 
atoms were omitted for clarity). 
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Single crystals of 7 suitable for X-ray diffractometry were obtained 

via slow evaporation out of a MeOH solution of 8 as chloride salt. 

The structural motif depicted in Figure 7 shows the complex 7 

with a hydrolytic cleavage of the maleimide functionality forming 

a ring-opened, hydrogen bonding stabilized carboxylic acid 

moiety. All distances and angles regarding the coordination 

chemistry of the pseudo-octahedral Ru-moiety are within the 

expected range. The torsion angle between the ip motif and the 

bridging phenyl moiety exhibits a very small value of 6.7° 

indicating only minor gauche type interactions. Moreover, the 

torsion angles in the ring-opened maleimide part cover rather 

small values between 1.2° and 7.5° pointing to a fully conjugated 

system, which is further supported by the short C-C distance 

between C41 and C42 (1.276 Å) indicative of a substantial double 

bond character. It is apparent from Figure 7 that H-bonding 

interactions between the solvent and the N-H functionality of the 

ip-ligand occur, whereas one of the two chloride counter ions 

interacts with the hydrolytically generated amide N-H group of the 

former maleimide moiety.  

To verify the potential of this functionality to serve as agent for the 

functionalization of proteins, we converted 8 with 2-mercapto-

ethanol as model thiol (Figure 9). Educt 8 was reprecipitated as 

chloride salt for the reaction. The reaction was carried out at room 

temperature in aqueous PBS buffer (pH=7.4). Upon addition of 

the thiol to the PBS solution of 8 a darkening of the red solution 

was observable and the reaction was completed after one hour, 

indicated by the naked eye with a slight brightening of the red 

color and as confirmed via NMR spectroscopy. The product was 

purified via size exclusion chromatography and the conversion 

was confirmed via NMR spectroscopy and HRMS. The reaction 

can also be carried out in a PBS/acetonitrile mixture (1:1) utilizing 

the PF6 salt of 8. 

Photophysical Characterization 

For the straightforward introduction of chromophores into clicked 

systems it is generally of paramount importance that such click-

motifs retain the photophysical properties of the former. Steady 

state absorption and emission properties in aqueous solution 

were determined for the ruthenium complexes and are 

summarized in Table 1. As can be concluded with respect to the 

virtually identical absorption and emission profiles, the ip scaffold 

is indeed capable of preserving the photophysical properties of its 

precursor chromophores upon click-substitution using either 

CuAAC, SPAAC, or maleimide sulfide coupling, as no significant 

shifts of LC and 1MLCT transitions can be observed. The 

preliminary data show that the UV/Vis and emission 

spectroscopic properties of the [(bpy)2Ru(ip-phenyl)]-type 

complexes are not influenced by the substitution of the peripheral 

phenyl moiety.  

 

Table 1. Absorption and emission maxima in aqueous solution at 
concentrations of about c=10-5 mol/L. 

 
compounds 

LC 

max,abs [nm] 

1MLCT 

max,abs [nm] 

 

max,em [nm] 

3a 287 460 603.5 
4a 285.5 458.5 603 
5a 286 459.5 603.5 
6a 285 458 604 
3b 287.5 465.5 621 
4b 285.5 461 622 
5b 287 467.5 616.5 
6b 285 463 624 
7 
8 
9 

286 
286 
285 

460 
462 
460 

605 
604 
604 

Conclusions  

We present a series of Ru(II)polypyridyl complexes which can 

undergo a variety of click reactions such as CuAAC, SPACC and 

maleimide-thiol coupling. The utilized precursor compounds all 

resort to the easy-to-synthesize compounds 3a and 3b. We here 

present the first examples for SPAAC reactions where the organic 

azide is provided by the metal chromophore. All compounds have 

been characterized in detail and their fundamental photophysical 

properties were determined. The introduced stable azide 

functionalities can be converted in cycloaddition reactions under 

biorthogonal (CuAAC, SPAAC) or highly selective conditions 

(maleimide-thiol coupling). Therefore, these complexes may be 

employed for the functionalization of biomolecules enabling 

various applications. Additionally, the reactions can also be 

carried out in organic solvents which is important for the 

establishment of molecular systems for other applications beyond 

a biological background. We want to point out, that this scaffold 

offers a variety of possible functionalizations without change in 

Figure 9. Exemplary absorbance of the series of Ru complexes 3a, 4a, 5a and 

6a in MilliQ water. 

Figure 10. Reaction of 8 with 2-mercapto-ethanol to yield the coupling product 

9; the reaction can be carried out in pure PBS or in PBS acetonitrile mixtures. 
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essential photophysical properties which can be exploited for the 

prediction of characteristics of established conjugates. The carry-

off of copper ions is obviously a problem for the use of CuAAC 

reactions with regard to biological applications, especially as the 

contamination was varying from batch to batch. Therefore it is 

highly interesting to provide efficient linking strategies for metal 

complex conjugates avoiding contaminants like copper ions. 

Experimental Section 

2-(4-nitrophenyl)-1H-imidazo[4,5-f][1,10]-phenanthroline (1) was pre-

pared according to literature.[35] Other compounds were synthesized 

utilizing optimized or alternate protocols presented below.  

Ligand Synthesis 

2-(4-nitrophenyl)-1H-imidazo[4,5-f][1,10]-phenanthroline (1): 4-Nitro-

benzaldehyde (1.25 g, 8.27 mmol) and phenanthroline-5,6-dione (1.68 g, 

8.00 mmol) were suspended in acetic acid (100%, 50 mL). Ammonium 

acetate (12 g) was added and the suspension was heated to 85°C to yield 

a yellow solution. Upon heating to 120°C a thick yellow suspension was 

observed which was refluxed for 2 h. The precipitate was filtered and 

washed with water to yield 1 (95%, 2.59 g, 7.6 mmol) as a bright yellow 

solid. 1H NMR (400.13 MHz, DMSO-d6): δ= 9.53 (dd, J = 4.3, 1.8 Hz, 2H), 

9.43 (dd, J = 8.1, 1.7 Hz, 2H), 9.05 (d, J = 9.1 Hz, 2H), 8.97–8.94 (d, 2H), 

8.31 (dd, J = 8.1, 4.3 Hz, 2H) ppm. Crystal data for 1: C21 H17 Cl N5 O3 S, 

Mr = 419.47 g mol-1, white block, monoclinic, space group P21/n, a = 

7.9969(2) Å, b = 16.9498(4) Å, c = 14.3417(4) Å, α = 90°, β= 90.503(2)°, γ 

= 90°, V = 1917.28(9) Å3, T = 150 K, Z = 4, ρcalcd. = 1.453 Mg/m3, μ (Cu-Kα) 

= 1.804 mm-1, F(000) = 872.0, altogether 9268 reflexes up to h(-9/9), k(-

11/21), l(-17/16) measured in the range of 15.346° ≤ Θ ≤ 148.978°, 

completeness Θmax = 99.7 %, 3884 independent reflections, Rint = 0.0220, 

273 parameters, 0 restraints, R1obs = 0.0429, wR2obs = 0.1183, R1all = 

0.0458, wR2all = 0.1218, GOOF = 1.059, largest difference peak and hole: 

0.79/-0.46 e∙Å-3. CCDC 1573110 contains the supplementary 

crystallographic data for this paper. These data can be obtained free of 

charge from The Cambridge Crystallographic Data Centre via 

www.ccdc.cam.ac.uk/data_request/cif. 

4-(1H-imidazo[4,5-f][1,10]phenanthroline-2-yl)-phenyl-1-aniline (2): 2-

(4-nitrophenyl)-1H-imidazo-[4,5-f]-[1,10]-phenanthroline (3.2 g, 

9.38 mmol) was suspended in 1,4-dioxane (76 mL) and heated to 80°C. 

Na2S was dissolved in water and heated to 80 °C. The warm Na2S solution 

was combined with the warm yellow suspension and heated to 80 °C for 4 

h. The color changed instantaneously from orange to red and the solid was 

dissolved completely. The dioxane was evaporated under precipitation of 

the product. The solid was filtered off and washed respectively with water 

and Et2O. After drying the product was received as ochre colored solid in 

a yield of 78% (2.3 g, 7.29 mmol). 1H NMR (400.13 MHz, RT, DMSO-d6): 

δ = 8.90 (dd, 2 H), 8.87 (d, 2H), 8.01 (d, 2 H), 7.73 (dd, 2 H), 6.68 (d, 2H), 

5.42 (s, 2 H) ppm.  

Ruthenium Complexes without tert-butyl groups 

[Bis(2,2'-bipyridine)-(4-(1H-imidazo[4,5-f][1,10]phenanthroline-2-yl)-

phenyl-1-aniline)-Ruthenium-(II)]Cl2 (3a): 300 mg (620 μmol) 

[(bpy)2RuCl2] and 232 mg (746 mmol) of 2 were dissolved in EtOH (15 mL), 

H2O (5 mL) and 3 drops of an aqueous KOH solution (1 plate dissolved in 

15 mL H2O) were added. The solution was reacted in the microwave for 

2h at 180 W and changed the color from dark violet to red. The solvents 

were rotary evaporated, the residue was dissolved in EtOH, Et2O was 

added and red crystals precipitated. The red crystals were filtered off. Via 

size exclusion chromatography (Sephadex©) in MeOH the desired 

complex was isolated as a bright orange band. After the solvent was 

removed via rotary evaporation the product was isolated as red crystals 

(92%, 414.5 mg, 571 μmol). 1H NMR (400.13 MHz, RT, MeOD-d4): δ = 

9.12 (d, J = 7.6 Hz, 2H), 8.71 (dd, J = 16.5, 7.9 Hz, 4H), 8.25 – 8.12 (m, 

2H), 8.11 – 8.00 (m, 6H), 7.94 (ddd, J = 5.6, 1.4, 0.7 Hz, 2H), 7.85 (dd, J 

= 8.4, 5.3 Hz, 2H), 7.69–7.63 (m, 2H), 7.54 (ddd, J = 7.6, 5 .6, 1.3 Hz, 2H), 

7.31 (ddd, J = 7.6, 5.7, 1.3 Hz, 2H), 6.90 – 6.81 (m, 2H) ppm. 13C-NMR 

(101 MHz, RT, MeOD-d4): δ = 157.55, 157.38, 152.01, 150.66, 146.14, 

138.15, 138.02, 134.87, 130.68, 127.85, 127.73, 127.42, 127.21, 126.37, 

124.55, 124.46 ppm. HRMS (MALDI-FT-ICR): 724.15194 [M-H+-2Cl-]+ 

(calculated: 724.15057).  

[Bis(2,2-bipyridine)-(4-(1H-imidazo[4,5-f][1,10]phenanthroline-2-yl)-

phenyl-1-azido)-Ruthenium(II)] Cl2 (4a): 3a (200 mg, 275μmol) was 

dissolved in 10 mL H2O, 10mL MeCN and 0.45 mL 3 M HCl. NaNO2 (23 mg, 

330μmol) dissolved in 0.45 mL H2O was added and stirred for 10 min at 

RT, then the reaction mixture was cooled to 0°C with an ice bath and NaN3 

(36 mg, 550μmol) in 0.45 mL H2O was added and stirred for further 10 min 

at 0°C. Then it was allowed to come to RT and stirred for 3h. The reaction 

mixture was neutralized with NH3 (25% in water) and the solvents were 

removed under reduced pressure. The residue was dissolved in EtOH and 

the precipitated white salts were filtered off over a PTFE filter. Then the 

product was precipitated with Et2O and n-hexane. The precipitate was 

filtered via a glass frit (POR5). Via size exclusion chromatography 

(Sephadex©) in MeOH the desired complex was isolated as a bright red 

band. After the solvent was removed via rotary evaporation the product 

was received as dark red-brown crystals in a yield of 97% (202 mg, 269 

μmol). 1H NMR (400.13 MHz, RT, MeOD-d4): δ=9.10 (d, J = 8.4 Hz, 2H), 

8.77 (dd, J = 14.2, 8.2 Hz, 4H), 8.28 – 8.15 (m, 4H), 8.15 – 8.05 (m, 4H), 

7.97 (d, J = 5.7 Hz, 2H), 7.86 (dd, J = 8.3, 5.3 Hz, 2H), 7.76 (d, J = 5.5 Hz, 

2H), 7.64 – 7.50 (m, 2H), 7.45 – 7.28 (m, 2H), 7.06 (d, J = 8.6 Hz, 2H) ppm. 
13C-NMR (101 MHz, RT, MeOD-d4): δ = 158.80, 158.60, 152.85, 152.80, 

151.24, 143.98, 139.33, 139.19, 132.05, 129.71, 128.96, 128.88, 127.32, 

127.21, 125.69, 125.62, 120.86 ppm. HRMS (MALDI-FT-ICR): 750.14197 

[M-H+-2Cl-]+ (calculated: 750.14208). IR: ν =2095-2123 (s, doublet N3-

stretching) cm-1. 

[Bis(2,2-bipyridine)-(4-(1H-imidazo-4,5-f-1,10-phenanthroline-2-yl)-

phenyl-1-(1-H-1,2,3-triazolyl-4-phenyl)-Ruthenium(II)]Cl2 (5a): 57 mg 

(0.07mmol) of 4a and 10.5 mg (11 μl, 0.1mmol) of phenylacetylene were 

dissolved in water. NaAsc (4 eq, 55 mg) and CuSO4·5 H2O (2 eq, 34 mg) 

were dissolved in 2 mL water respectively, added to the reaction mixture 

and stirred overnight at rt. The product was precipitated as PF6 salt out of 

the aqueous solution and filtered off over a glass frit (POR4). 

Reprecipitation to the Cl salt with TBACl in acetone and purification via 

size exclusion chromatography (Sephadex©) in MeOH yielded the product 

as a bright red-orange band. After removal of the solvent, the product was 

isolated as red crystals in 95% yield (61 mg, 0.067 mmol). 1H-NMR 

(MeCN-d3, 400.13 MHz): δ=9.05 (d, J=8.5 Hz, 2H), 8.70 (s, 1H), 8.63 (d, 

J=8.4 Hz, 2H), 8.54 – 8.43 (m, 4H), 8.07 (s, 2H), 7.96 (d, J=9.9 Hz, 6H), 

7.87 (s, 2H), 7.76 (s, 2H), 7.63 (s, 4H), 7.51 (s, 2H), 7.42 (d, J=6.6 Hz, 4H), 
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7.20 (s, 2H) ppm. 13C-NMR (101 MHz, MeCN-d3)=158.29, 158.00, 152.67, 

148.82, 148.08, 145.44, 138.40, 138.23, 131.16, 129.92, 129.27, 128.66, 

128.28, 127.62, 126.48, 125.64, 124.99, 124.89, 121.33, 119.96 ppm. 

HRMS (MALDI-FT-ICR): 852.18794 [M-H+-2Cl-]+ (calculated: 852.18802). 

[Bis(2,2-bipyridine)-(4-(1H-imidazo-4,5-f-1,10-phenanthroline-2-yl)-

phenyl-1-(1H-1,2,3-triazolyl-4,5- ((1R,8S,Z)-bicyclo[6.1.0]non-4-en-9-

yl)methyl (2-(2-(2-aminoethoxy)-ethoxy)-ethyl)-carbamate)-Rutheni-

um(II)]Cl2 (6a): 20.58mg (25.05μmol) of 4a were dissolved in a small 

amount of H2O. 8.1 mg (24.968μmol) N- [(1R, 8S, 9S) - Bicyclo[6.1.0]-non-

4-yn-9-yl-methyl-oxy-carbonyl]-1,8-diamino-3,6-dioxa-octane (BCN-

amine) was dissolved in an ethanol/water mixture and added subsequently. 

A slight warming of the resulting solution was observed and it was stirred 

for 18 h at rt. 60.2 mg (369.33μmol) NH4PF6 dissolved in water were added 

to precipitate the product. The solid was filtered via a syringe filter (nylon), 

washed with water and dried (crude product yield: 85%). The product was 

dissolved from the filter with MeCN and the solvent was evaporated. 

Reprecipitation with TBACl yielded the Cl-salt of 6a which was purified via 

size exclusion chromatography to remove the educt surplus. 6a was 

isolated as red solid in a moderate yield (7.6 mg, 6.631 μmol, 26.6%).1H-

NMR (MeOD-d4, 500.13 MHz): δ=9.21 (d, J= 8.3 Hz, 2H), 8.76 (dd, J=15.9, 

8.3 Hz, 4H), 8.60 (d, J= 8.5 Hz, 2H), 8.14 (ddd, J= 32.6, 15.9, 8.0 Hz, 6H), 

7.96 (d, J= 5.5 Hz, 2H), 7.90 (dd, J= 8.3, 5.3 Hz, 2H), 7.73 (dd, J= 11.4, 

7.2 Hz, 4H), 7.61–7.52 (m, 2H), 7.40–7.29 (m, 2H), 4.27–4.08 (m, 2H), 

3.70 (dd, J= 13.3, 8.2 Hz, 6H), 3.55 (t, J= 5.4 Hz, 2H), 3.26–3.16 (m, 1H), 

3.16–3.05 (m, 3H), 3.03–2.92 (m, 1H), 2.89–2.77 (m, 1H), 2.36–2.18 (m, 

2H), 1.81–1.63 (m, 2H), 1.39–1.23 (m, 1H), 1.14 (s, 2H) ppm.13C-NMR 

(101 MHz, MeOD-d4): δ=158.80, 158.61, 153.71, 153.28, 152.86, 152.79, 

151.90, 151.42, 147.23, 146.62, 146.45, 139.34, 139.21, 136.74, 132.15, 

129.25, 128.97, 128.88, 127.89, 127.41, 125.69, 125.62, 71.38, 71.31, 

71.10, 67.88, 63.62, 63.39, 41.54, 40.71, 26.46, 24.54, 23.77, 23.38, 

21.16, 20.72, 19.16 ppm. HRMS (MALDI-FT-ICR): 1366.28849 [M+H+]+ 

(calcd. 1366.28998), 1220.31673 [M–PF6
-]+(calcd. 1220.31798). 

[Bis(2,2-bipyridine)-(4-(1H-imidazo[4,5-f][1,10]phenanthroline-2-yl)-

phenyl-1-((Z)-4-(λ2-azanyl)-4-oxobut-2-enoic acid))-Ruthenium(II)] 

(PF6)2 (open maleimide 7): 84 mg (0.08mmol) of 3a (PF6 salt) were 

dissolved in MeCN (5 mL) and maleic anhydride. 8 mg (10 eq, 0.80mmol) 

were added. The resulting solution was stirred at RT for 12 h. Product 7 

was precipitated with diethylether from the reaction mixture, filtered off via 

a POR3 glass frit and washed intensively with diethylether. The reaction 

yielded 7 as a red solid (98%, 88 mg, 0.08 mmol). 1H NMR (400.13 MHz, 

MeCN-d3): δ=12.36 (s, 1H, NHip), 9.62 (s, 1H, NHamide), 8.98 (d, J = 48.4 

Hz, 2H), 8.52 (dd, J = 16.2, 8.2 Hz, 4H), 8.31 (d, J = 8.6 Hz, 2H), 8.10 (t, J 

= 7.9 Hz, 2H), 8.04 – 7.94 (m, 4H), 7.91 (d, J = 8.6 Hz, 2H), 7.85 (d, J = 

5.4 Hz, 2H), 7.76 (ddd, J = 10.7, 8.3, 5.3 Hz, 4H), 7.59 (d, J = 5.1 Hz, 2H), 

7.45 (t, J = 6.1 Hz, 2H), 7.21 (t, J = 6.5 Hz, 2H), 6.59 (d, J = 12.7 Hz, 

1HopenMI), 6.40 (d, J = 12.7 Hz, 1HopenMI) ppm. HRMS (MALDI-FT-ICR): 

3193.29621 [3M-PF6]+ (calcd. 3193.29054), 2081.21209 [2M–PF6]+(calcd. 

2081.21066), 968.12270 [M–PF6]+(calcd. 968.12297), 822.15048 [M–

2PF6-H+]+(calcd. 822.15096). Crystal data for 7: C44 H35 Cl1.78 N9 O4 Ru, 

Mr = 918.16 g mol-1, red block, orthorhombic, space group Pbcn, a = 

28.3662(10) Å, b = 15.9805(4) Å, c = 20.9099(6) Å, α = 90°, = 90.° γ = 

90°, V = 9478.6(5) Å3, T = 149.95(10) K, Z = 8, ρcalcd. = 1.287 Mg/m3, μ 

(Cu-Kα) = 4.000 mm-1, F(000) = 3747.0, altogether 37069 reflexes up to 

h(-31/34), k(-12/19), l(-23/25) measured in the range of 15.096° ≤ Θ ≤ 

148.782°, completeness Θmax = 97 %, 9375 independent reflections, Rint = 

0.0398, 561 parameters, 3 restraints, R1obs = 0.1358, wR2obs = 0.3927, 

R1all = 0.1690, wR2all = 0.4224, GOOF = 1.540, largest difference peak 

and hole: 1.66/-0.74 e∙Å-3. 

[Bis(2,2-bipyridine)-(4-(1H-imidazo[4,5-f][1,10]phenanthroline-2-yl)-

phenyl-1-(1-λ2-pyrrole-2,5-dione)-Ruthenium(II)] Cl2 (closed 

maleimide 8):  

a) One pot synthesis from 3a (working 50% of batches): 70 mg 

(0.07mmol) of 3a (PF6 salt) were dissolved in MeCN (1.5 mL) and 2 mL 

acetic anhydride. 8 mg (0.09mmol) of NaAc were added and the obtained 

solution was refluxed (MW, 450 W) for 30 min. 8 was isolated via 

precipitation from the reaction mixture with ether. 

b) Ring-closing reaction from 7 (works reliably): 60 mg (0.05mmol) of 

7 (PF6 salt) were dissolved in MeCN (5 mL) and 6 mg (0.07mmol) of NaAc 

were added. The resulting solution was refluxed for 3 h and the product 

was precipitated with diethylether from the reaction mixture. To avoid 

decomposition the product was reprecipitated as Cl-salt and again 

reprecipitated to yield the PF6 salt, purification via chromatography would 

have to be performed in non protic solvents to avoid a massive loss of yield 

due to ring-opening. As the product is sensitive towards protic solvents it 

should be dried intensively and should not be kept in protic solution for 

long time. The product was obtained as red solid (45 mg, 76%, 0.04 mmol). 
1H NMR (400.13 MHz, MeOD-d4): δ=9.00 (d, J = 8.3 Hz, 2H), 8.64 (dd, J 

= 15.2, 8.2 Hz, 4H), 8.33 (d, J = 8.3 Hz, 2H), 8.17 (t, J = 7.9 Hz, 2H), 8.11 

(d, J = 5.1 Hz, 2H), 8.06 (t, J = 7.9 Hz, 2H), 7.93 (d, J = 5.4 Hz, 2H), 7.83 

(dd, J = 8.2, 5.1 Hz, 2H), 7.67 (dd, J = 15.4, 6.9 Hz, 4H), 7.56 – 7.50 (m, 

2H), 7.36 – 7.25 (m, 2H), 7.05 (s, 2HMI) ppm. 13C NMR (101 MHz, MeOD-

d4): δ= 170.10, 157.55, 157.38, 152.53, 152.01, 150.66, 146.14, 138.15, 

138.02, 134.87, 134.26, 130.68, 127.85, 127.73, 127.42, 127.21, 126.37, 

124.55, 124.46, 123.94 ppm. IR(KBr): 1716 (C=O-valence) cm-1. HRMS 

(MALDI-FT-ICR): 2045.2001 [2M-PF6]+ (calculated: 2045.18953), 

950.11248 [M-PF6]+ (calculated: 950.11355), 804.14309 [M-2PF6-H]+ 

(calculated: 804.14040). 

Bis(2,2-bipyridine)-(4-(1H-imidazo[4,5-f][1,10]phenanthroline-2-yl)-

phenyl-1-(3-((2-hydroxyethyl)thio)-1-λ2-pyrrolidine-2,5-dione))-

Ruthenium (II)] Cl2 (9): 8 (30 mg, 0.03mmol) was dissolved in PBS 

(1.5 mL) and 2-mercapto-ethanol (3 μL, 0.04mmol) was added whereupon 

dark red streaks appeared in the solution. The mixture was stirred at RT 

for 1 h during which the red streaks vanished. The product was precipitated 

with NH4PF6, filtered via a glass frit (POR5) and washed with diethylether. 

It was reprecipitated to the Cl-salt with TBACl and the product was purified 

twice by size exclusion chromatography (Sephadex©, MeOH) to yield 9 as 

red solid (74%, 0.02mmol, 21 mg). 1H NMR (400.13 MHz, MeCN-d3): 

δ=12.48 (s, 1H), 8.97 (s, 2H), 8.52 (dd, J = 16.2, 8.2 Hz, 4H), 8.37 (dd, J 

= 8.3, 5.6 Hz, 1H), 8.21 (dd, J = 8.9, 2.1 Hz, 1H), 8.10 (t, J = 7.9 Hz, 2H), 

8.05 – 7.96 (m, 4H), 7.92 (s, 1H), 7.89 – 7.73 (m, 5H), 7.59 (t, J = 5.0 Hz, 

2H), 7.52 (d, J = 8.5 Hz, 1H), 7.45 (dd, J = 7.4, 6.1 Hz, 2H), 7.25 – 7.16 

(m, 2H), 2.89 (m, 3H), 2.77 (m, 2H), 1.32 (m, 2H). HRMS (MALDI-FT-ICR): 

1028.12559 [M-PF6]+ (calculated: 1028.12747). This reaction can also be 

carried out with the PF6 salt of 8 in a MeCN/PBS (1:1) mixture. 

Ruthenium Complexes bearing tert-butyl groups 

[Bis(4,4’-di-tert-butyl-2,2'-bipyridine)-4-(1H-imidazo[4,5-f]-[1,10]-

phenanthroline-2-yl)aniline-Ruthenium(II)]Cl2 (3b): 454 mg (640 μmol) 

[(bpy*)2RuCl2] and 283 mg (833 μmol) of 2 were dissolved in EtOH/H2O 

(20 mL, 3:1) and 3 drops of an aqueous KOH solution (1 plate dissolved in 

15 mL H2O) were added. The solution was reacted in the microwave for 
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2h at 180 W and changed the color from dark violet to red. The solvents 

were rotary evaporated, the residue was dissolved in EtOH, Et2O was 

added and red crystals precipitated. The red crystals were filtered off. Via 

size exclusion chromatography (Sephadex©) in MeOH the desired 

complex was isolated as a bright orange band. After the solvent was 

removed via rotary evaporation the product was isolated as red crystals 

(89%, 590.7 mg, 570 μmol). 1H NMR (400.13 MHz, RT, MeCN-d3): δ = 

9.03 (d, J = 8.2 Hz, 2H), 8.51 (m,6), 8.30 (d, J = 8.8 Hz, 2H), 7.92-7.82 (m, 

6H), 7.71 (d, J = 6.0 Hz, 2H), 7.64 (dd, J = 8.2, 5.2 Hz, 2H), 7.56 (d, J = 

6.1 Hz, 2H), 7.45 (dd, J = 6.0, 2.0 Hz, 2H), 7.26 (dd, J = 6.1, 1.9 Hz, 2H), 

1.42 (s, 18H), 1.31 (s, 18H). 13C-NMR (101 MHz, RT, MeOD-d4): δ [ppm] 

= 164.48, 164.31, 158.54, 158.39, 154.02, 152.28, 152.15, 151.80, 147.44, 

131.93, 130.30, 127.52, 126.27, 126.12, 124.10, 122.83, 122.75, 119.65, 

36.69, 36.58, 30.65, 30.55. HRMS: (MALDI-FT-ICR): 948.40126 [M–2PF6
-

–H+]+ (calcd. 948.4010). MS (ESI): 474 [M-2Cl-]2+. Crystal data for 3b: C61 

H37 Cl2 N12 Ru, Mr = 1140.23 g mol-1, red prism, monoclinic, space group 

P 21/n, a = 14.43810(10) Å, b = 25.6586(2) Å, c = 15.6446(2) Å, α= 

91.2930(10)°, V = 5794.25(10) Å3, T = 150(2) K, Z = 4, ρcalcd. = 1.307 Mg/m3, 

μ (Cu-Kα) = 3.423 mm-1, F(000) = 2380, altogether 41016 reflexes up to 

h(-18/15), k(-32/30), l(-17/19) measured in the range of 7.463° ≤ Θ ≤ 

74.479°, completeness Θmax = 99.7 %, 11819 independent reflections, Rint 

= 0.0342, 10349 reflections with F0 > 2 σ(F0), 648 parameters, 13 restraints, 

R1obs = 0.0480, wR2obs = 0.01316, R1all = 0.0556, wR2all = 0.1373, GOOF 

= 1.097, largest difference peak and hole: 1.404/-1.221 e∙Å-3. The position 

of the amine function in the imidazole ring has been assigned with respect 

to the hydrogen bond towards the chloride anion. Due to the considerable 

disorder of solvent molecules, restraints were applied in order to fix their 

respective geometry, i.e. in particular the DFIX for C-C distances (1.400 

Å) and C≡N distances (1.050 Å), and DANG C-N (2.450 Å) in acetonitrile. 

The solvent molecules were left isotropic. Protons at the amine function 

were added using standard N-H distances (0.91 Å). CCDC 1520547 

contains the supplementary crystallographic data for this paper. These 

data can be obtained free of charge from The Cambridge Crystallographic 

Data Centre via www.ccdc.cam.ac.uk/data_request/cif. 

[Bis(4,4’-di-tert-butyl-2,2-bipyridine)-(4-(1H-imidazo-4,5-f-1,10-

phenanthroline-2-yl)azido)-Ruthenium(II)]Cl2 (4b): 3b (0.455 g, 

0.45 mmol) was dissolved in a solution of H2O (7 ml), MeCN (7 ml) and 

3 M HCl (0.3 ml) and stirred for 20 min. NaNO2 (15.8 mg, 0.229 mmol, 1.2 

eq) dissolved in H2O (0.3 ml) was added. The red solution was stirred for 

10 min. The solution was cooled to 0° C and NaN3 (25.0 mg, 0.385 mmol, 

2.0 eq.) dissolved in H2O (0.3 ml) was added. The red solution was stirred 

at 0° C for 10 min and 2.5 h at room temperature (RT). The solution was 

neutralized with ammonia solution (25 % in water. To the remaining red 

solution aqueous NH4PF6 was added. The precipitate was filtered off, 

reprecipitated as Cl salt with TBACl and purified via size exclusion 

chromatography (Sephadex©, MeOH) to receive the product as a red solid 

(84%, 0.398 g, 0.38 mmol). 1H NMR (400.13 MHz, RT, MeCN-d3): δ = 

12.13 (s, 1H), 9.06 (d, J = 8.2 Hz, 1H), 8.85 (d, J = 7.9 Hz, 1H), 8.50 (dd, 

J = 18.9, 1.6 Hz, 4H), 8.29 (d, J = 8.8 Hz, 2H), 7.99 (d, J = 5.2 Hz, 2H), 

7.79 (dd, J = 8.3, 5.3 Hz, 2H), 7.69 (d, J = 6.0 Hz, 2H), 7.46 (dd, J = 6.0, 

2.0 Hz, 4H), 7.33 (d, J = 8.8 Hz, 2H), 7.19 (d, J = 4.8 Hz, 2H), 1.45 (s, 18H), 

1.35 (s, 18H). 13C NMR (101 MHz, MeCN-d3): δ= 163.47, 163.34, 157.90, 

157.76, 152.70, 152.09, 151.93, 150.85, 146.71, 142.84, 130.85, 128.79, 

126.79, 126.45, 125.57, 125.43, 122.41, 122.31, 120.42, 118.26, 36.26, 

36.16, 30.42, 30.32 ppm. HRMS (MALDI-FT-ICR): 1120.36379, [M-PF6
-]+ 

(calcd. 1120.36347), 2385.69779 [2 M-PF6
-]+ (calcd. 2385.69167), MS 

(ESI): 488 [M-2Cl-]2+, 506 [M-Cl-+H+]2+, 1011 [M-Cl-]+. IR: ν=2095-2123 (s, 

doublet, N3-stretching) cm-1. 

[Bis(4,4’-di-tert-butyl-2,2-bipyridine)-(4-(1H-imidazo-4,5-f-1,10-

phenanthroline-2-yl)-1-H-1,2,3-triazolyl-4-phenyl)-Ruthenium(II)]Cl2 

(5b): 52 mg (0.04 mmol) of 4b (PF6 salt) and 6 mg (6.5 μl, 0.06 mmol, 1.5 

eq) of phenylacetylene were dissolved in MeCN. NaAsc (8 eq, 62 mg) and 

CuSO4·5 H2O (4 eq, 39 mg) were dissolved in 2 mL water respectively, 

added to the reaction mixture and the emulsion was stirred rapidly 

overnight at RT. The product was extracted with dichloromethane (DCM), 

dried over Na2SO4. Reprecipitation as Cl salt with TBACl and purification 

via size exclusion chromatography (Sephadex©) in MeOH yielded the 

product as a bright orange band. After removal of the solvent, the product 

was isolated as red crystals in good yield (77%, 42 mg, 0.03 mmol). 1H 

NMR (400.13 MHz, MeCN-d3): δ= 8.97 (d, J = 8.3 Hz, 2H), 8.74 (s, 1H), 

8.51 (d, J = 18.5 Hz, 4H), 8.44 (d, J = 8.3 Hz, 2H), 8.08 (d, J = 7.8 Hz, 2H), 

7.99 (d, J = 4.9 Hz, 2H), 7.94 (d, J = 7.4 Hz, 2H), 7.76 (dd, J = 18.4, 13.0 

Hz, 2H), 7.71 (d, J = 5.9 Hz, 2H), 7.55 – 7.35 (m, 7H), 7.22 (d, J = 4.6 Hz, 

2H), 1.46 (s, 18H), 1.35 (s, 18H). 13C-NMR (101 MHz, MeCN-d3): δ [ppm] 

= 163.11, 162.88, 158.19, 157.87, 151.99, 151.91, 148.70, 147.17, 145.30, 

139.03, 136.66, 133.37, 131.74, 130.73, 130.64, 129.98, 129.72, 129.23, 

128.35, 128.02, 126.52, 125.39, 125.28, 122.25, 122.15, 121.23, 119.84, 

36.28, 36.17, 30.51, 30.42. HRMS (MALDI -FT-ICR):1076.43889 [M–2 

PF6–H]+ (calcd. 1076.43842), 2297.84968 [2 M–3 PF6
—2 H+]+ ( calcd. 

2297.84156). Crystal data for 5b: C134 H148 F24 N26 O3 P4 Ru2, Mr = 2952.79 

g mol-1, red block, triclinic, space group P-1, a = 16.1146(5) Å, b = 

19.6835(6) Å, c = 23.6612(8) Å, α = 80.3508(15)°, β= 87.6796(16)°, γ = 

69.9649(15)°, V = 6950.0(4) Å3, T = 150.0 K, Z = 2, ρcalcd. = 1.411 Mg/m3, 

μ (Mo-Kα) = 0.357 mm-1, F(000) = 3044.0, altogether 120459 reflexes up 

to h(-18/18), k(-23/23), l(-27/27) measured in the range of 4.234° ≤ 2Θ ≤ 

49.436°, completeness Θmax = 100 %, 23619 independent reflections, Rint 

= 0.0628, 1850 parameters, 525 restraints, R1obs = 0.0773, wR2obs = 

0.2014, R1all = 0.1119, wR2all = 0.2397, GOOF = 1.054, largest difference 

peak and hole: 1.65/-0.81 e∙Å-3. DFIX and ISOR restraints were used to fix 

the geometry of disordered solvent molecules. CCDC 1573111 contains 

the supplementary crystallographic data for this paper. These data can be 

obtained free of charge from The Cambridge Crystallographic Data Centre 

via www.ccdc.cam.ac.uk/data_request/cif. 

[Bis(4,4’-di-tert-butyl-2,2-bipyridine)-(4-(1H-imidazo-4,5-f-1,10-

phenanthroline-2-yl)-phenyl-1-(1H-1,2,3-triazolyl-4,5- ((1R,8S,Z)-

bicyclo[6.1.0]non-4-en-9-yl) methyl (2-(2-(2-aminoethoxy)ethoxy)-

ethyl)carbamate)-Ruthenium(II)]Cl2 (6b): 41.0 mg (32.41μmol) of 4b 

(PF6 salt) were dissolved in a small amount of MeCN. 8.2 mg (25.276μmol) 

N- [(1R, 8S, 9S)-bicyclo[6.1.0]-non-4-yn-9-yl-methyl-oxy-carbonyl]-1,8-

diamino-3,6-dioxa-octane (BCN-amine) was dissolved in an ethanol and 

added subsequently. A slight warming of the resulting solution was 

observed and it was stirred for 16 h at rt. The solvent was removed and 

the product was reprecipitated as Cl-salt (crude yield: 80%). The solid was 

filtered via a syringe filter (PTFE), washed with diethylether and dried. The 

product was dissolved from the filter with MeOH and purified via size 

exclusion chromatography (Sephadex©). 6b was isolated as red solid in a 

moderate yield (13.80 mg (10.069μmol), 40%).1H-NMR (MeOD-d4, 500.13 

MHz): δ = 9.18 (d, J= 8.3 Hz, 2H), 8.77 (dd, J= 21.0, 1.8 Hz, 4H), 8.53 (dd, 

J= 8.7, 2.3 Hz, 2H), 8.11 (dd, J= 5.3, 1.1 Hz, 2H), 7.93 –7.79 (m, 4H), 7.66 

–7.56 (m, 6H), 7.39 (dd, J= 6.1, 1.6 Hz, 2H), 4.18 (d, J= 8.1 Hz, 2H), 3.78 

–3.63 (m, 6H), 3.55 (t, J= 5.6 Hz, 2H), 3.35 (s, 2H), 3.26 –3.16 (m, 1H), 
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3.16 –3.03 (m, 3H), 3.03 –2.91 (m, 1H), 2.89 –2.74 (m, 1H), 2.37 –2.18 (m, 

2H), 1.82 –1.63 (m, 2H), 1.50 (s, 18H), 1.39 (s, 18H), 1.32 (d, J= 17.2 Hz, 

2H), 1.15 (s, 2H) ppm. 13C NMR (101 MHz, MeOD-d4): δ = 164.42, 164.25, 

158.59, 158.46, 153.48, 152.19, 152.13, 151.24, 147.37, 146.42, 139.16, 

136.68, 131.94, 131.80, 129.16, 127.73, 127.68, 127.34, 126.24, 126.11, 

122.82, 122.74, 71.37, 71.31, 71.09, 67.87, 63.61, 61.74, 49.00, 41.54, 

40.71, 36.70, 36.58, 30.65, 30.55, 26.52, 26.43, 24.56, 24.50, 23.81, 23.43, 

23.35, 21.16, 20.79, 20.63, 19.13 ppm. HRMS (MALDI-FT-ICR): 

1298.59747 [M–2Cl-–H+]+ (calcd. 1298.59637). 
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SUPPORTING INFORMATION for 

One Scaffold, Many Possibilities: CuAAC, SPAAC and Maleimide-Thiol 

Coupling of Ruthenium(II) Polypyridyl Complexes  

Anne Stumper, Martin Lämmle, Alexander K. Mengele, Dieter Sorsche  and Sven Rau 

Analytical methods and instrumentation 

UV-Vis spectroscopy was performed on a JASCO V-670 UV-VIS-NIR Spectrophotometer with gas-tight quartz glass cuvettes 

(d= 10.0 mm, Hellma). Emission spectroscopy was performed on a JASCO FP-8500 Fluorescence Spectrometer with gas-tight 

quartz glass cuvettes (d = 10.0 mm, Hellma). The NMR spectra were recorded on a Bruker AVANCE 400 and Bruker AVANCE 

500 at ambient temperature. All spectra were referenced to deuterated solvent (MeOD-d4 or CD3CN) as an internal standard. 

Chemical shift values (δ) are given in parts per million (ppm) using residual solvent protons as the internal standard. High-

resolution mass spectrometry (HRMS) was performed at Ulm University using a Fourier Transform Ion Cyclotron Resonance (FT-

ICR) mass spectrometer solariX (Bruker Daltonik) equipped with a 7.0 T superconducting magnet and interfaced to an Apollo II 

Dual ESI/MALDI source. Infrared spectroscopy was performed on either a Bruker IFS-113v (KBr pellets) or on a Bruker Tensor 

27 TGA-IR (ATR) machine. Crystals suitable for X-ray crystallography were mounted using a MicroLoop and 

Perfluoropolyalkylether (viscosity 1800 cSt). X-ray diffraction intensity data were measured at 150 K with either a Bruker D8 Quest 

diffractometer equipped with a graphite monochromator using Mo-Kα irradiation or with a SuperNova (Dual Source) diffractometer, 

equipped with an ATLAS detector from Agilent Technologies, using either graphite-monochromated Cu-Kα or Mo-Kα irradiation. 

The structures were solved by direct methods (SHELXS) and refined by full-matrix least-squares techniques against Fo
2 (SHELXL 

2013).[1,2] Absorption was taken into account on a semiempirical basis using multiple-scans. The hydrogen atoms were included 

at calculated positions with fixed thermal parameters. All non-hydrogen atoms were refined anisotropically. MERCURY was used 

for structural representations.[3] 

[1] G. M. Sheldrick, Acta Cryst. 2008, A64, 112-122. 

[2] G. M. Sheldrick Acta Cryst. 2015, C71, 3-8. 

[3] C. F. Macrae, P. R. Edgington, P. McCabe, E. Pidcock, G. P. Shields, R. Taylor, M. Towler, J. van de Streek, J. Appl. Cryst. 

2006, 39, 453-457 

Crystal data for 1: 

 

Figure S1. Solid state structure of 1;ellipsoids are drawn at 50% probability level; hydrogen atoms were omitted for clarity. 
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Figure S2. ORTEP representation of the crystal structure of 1; ellipsoids are drawn at 50% probability level. 

Table S1. Crystal data and structure refinement for 1. 

Empirical formula C21H17N5O3S 

Formula weight 419.46 

Temperature/K 150 

Crystal system monoclinic 

Space group P21/n 

a/Å 7.9969(2) 

b/Å 16.9498(4) 

c/Å 14.3417(4) 

α/° 90 

β/° 99.503(2) 

γ/° 90 

Volume/Å3 1917.28(9) 

Z 4 

ρcalcg/cm3 1.453 

μ/mm-1 1.804 

F(000) 872.0 

Crystal size/mm3 0.2625 × 0.2625 × 0.1835 

Radiation CuKα (λ = 1.54178) 

2Θ range for data collection/° 15.346 to 148.978 

Index ranges -9 ≤ h ≤ 9, -11 ≤ k ≤ 21, -17 ≤ l ≤ 16 

Reflections collected 9268 

Independent reflections 3884 [Rint = 0.0220, Rsigma = 0.0252] 

Data/restraints/parameters 3884/0/273 

Goodness-of-fit on F2 1.059 

Final R indexes [I>=2σ (I)] R1 = 0.0429, wR2 = 0.1183 

Final R indexes [all data] R1 = 0.0458, wR2 = 0.1218 

Largest diff. peak/hole / e Å-3 0.79/-0.46 
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Figure S3. 1H-NMR spectra of 3a, 4a and 5a in MeOD-d4, 400.13 MHz. 

 

Figure S4. 1H-NMR spectra (aromatic region) of 3b, 4b and 5b in MeCN-d3, 400.13 MHz. 
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Crystal data for 3b 

Table S2. Crystal data and structure refinement for 3b. 

Empirical formula C61 H67 Cl2 N12 Ru 

Formula weight 1140.23 

Temperature/K 150(2) K 

Crystal system monoclinic 

Space group P21/n 

a/Å 14.43810(10) Å 

b/Å 25.6586(2) Å 

c/Å 15.6446(2) Å 

α/° 90 

β/° 91.2930(10) 

γ/° 90 

Volume/Å3 5794.25(10) 

Z 4 

ρcalcg/cm3 1.307 

μ/mm-1 3.423 

F(000) 2380 

Crystal size/mm3 0.1355 x 0.0799 x 0.0503 

Radiation CuKα (λ = 1.54178) 

2Θ range for data collection/° 7.463 to 74.479 

Index ranges -18<=h<=15, -32<=k<=30, -17<=l<=19 

Reflections collected 41016 

Independent reflections 11819 [R(int) = 0.0342] 

Data/restraints/parameters 11819 / 13 / 648 

Goodness-of-fit on F2 1.097 

Final R indexes [I>=2σ (I)] R1 = 0.0480, wR2 = 0.1316 

Final R indexes [all data] R1 = 0.0556, wR2 = 0.1373 

Largest diff. peak/hole / e Å-3 1.404 /-1.221 
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Figure S5. ORTEP representation of the crystal structure of 3b; ellipsoids are drawn at 50% probability level. 

 

 

Crystal data for 5b: 

 
Figure S6. Mercury ball and stick representation of the second Ru(II) complex within the asymmetric unit of the solid structure of 
5b hydrogen bonds between the NH functionalities and the solvent molecules are depicted in black, hydrogen atoms were omitted 
for clarity; ellipsoids were drawn at 50% level. 

 
Table S3. Crystal data and structure refinement for 5b. 

Empirical formula  C134H148F24N26O3P4Ru2  

Formula weight  2952.79  

Temperature/K  150.0  

Crystal system  triclinic  

Space group  P-1  

a/Å  16.1146(5)  

b/Å  19.6835(6)  
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c/Å  23.6612(8)  

α/°  80.3508(15)  

β/°  87.6796(16)  

γ/°  69.9649(15)  

Volume/Å3  6950.0(4)  

Z  2  

ρcalcg/cm3  1.411  

μ/mm-1  0.357  

F(000)  3044.0  

Crystal size/mm3  0.3 × 0.2 × 0.1  

Radiation  MoKα (λ = 0.71073)  

2Θ range for data collection/°  4.234 to 49.436  

Index ranges  -18 ≤ h ≤ 18, -23 ≤ k ≤ 23, -27 ≤ l ≤ 27  

Reflections collected  120459  

Independent reflections  23619 [Rint = 0.0628, Rsigma = 0.0424]  

Data/restraints/parameters  23619/525/1850  

Goodness-of-fit on F2  1.054  

Final R indexes [I>=2σ (I)]  R1 = 0.0773, wR2 = 0.2014  

Final R indexes [all data]  R1 = 0.1119, wR2 = 0.2397  

Largest diff. peak/hole / e Å-3  1.65/-0.81  

 

 

Figure S7. ORTEP representation of the crystal structure of 5b; ellipsoids are drawn at 50% probability level. 
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Figure S8. UV/Vis absorbance comparison of an assumingly copper-containing (red) and copper-free batch of 5a, around 360 
nm a band is observed which may be attributed to a Cu centered transition. 

 

 

 
Figure S9. Copper-containing fragment in HR-ESI-MS for one batch of 5b. 

[2 M – 4 Cl + OH + Cu]3+ 
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Figure S10. 1H-NMR spectrum of 6a in MeOD-d4, 500.13 MHz. 

 

Figure S11. 13C-NMR spectrum of 6a in MeOD-d4, 100.61 MHz. 
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Figure S12. 1H-NMR spectrum of 6b in MeOD-d4, 500.13 MHz. 

 

Figure S13. 13C-NMR spectrum of 6b in MeOD-d4, 100.61 MHz 
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Figure S14. HRMS (MALDI-FT-ICR) molecular ion [M+H+]+ for 6a. 

 

 

 

 

 

Figure S15. 1H-NMR spectrum (aromatic region) of 7 and 8, in MeCN-d3, 400.13 MHz.  

6a 
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Figure S16. 1H-NMR spectrum of 9, in MeCN-d3, 400.13 MHz.. 
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Figure S17. HRMS (MALDI-FT-ICR) molecular ion [M–PF6]
+ for 7, the open maleimide. 
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Crystal data for 7 

 

 

Figure S18. Structural motif of 7 (ball-and-stick representation; most hydrogen atoms were omitted for clarity). 

 

Figure S19. ORTEP depiction of the structural motif of 7, ellipsoids at 50% probability level. 
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Table S4. Crystal data and structure refinement for 7. 

Empirical formula  C44H35Cl2N9O4Ru  

Formula weight  925.78  

Temperature/K  149.95(10)  

Crystal system  orthorhombic  

Space group  Pbcn  

a/Å  28.3662(10)  

b/Å  15.9805(4)  

c/Å  20.9099(6)  

α/°  90  

β/°  90  

γ/°  90  

Volume/Å3  9478.6(5)  

Z  8  

ρcalcg/cm3  1.297  

μ/mm-1  4.113  

F(000)  3776.0  

Crystal size/mm3  0.3036 × 0.2404 × 0.1872  

Radiation  CuKα (λ = 1.54178)  

2Θ range for data collection/°  15.096 to 148.782  

Index ranges  -31 ≤ h ≤ 34, -12 ≤ k ≤ 19, -23 ≤ l ≤ 25  

Reflections collected  37069  

Independent reflections  9375 [Rint = 0.0398, Rsigma = 0.0290]  

Data/restraints/parameters  9375/3/559  

Goodness-of-fit on F2  1.542  

Final R indexes [I>=2σ (I)]  R1 = 0.1361, wR2 = 0.3933  

Final R indexes [all data]  R1 = 0.1694, wR2 = 0.4231  

Largest diff. peak/hole / e Å-3  1.65/-0.72 
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Figure S20. HRMS (MALDI-FT-ICR) molecular ion [M–PF6]
+ for 8, the closed maleimide. 
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Figure S21. HRMS (MALDI-FT-ICR) molecular ion [M–PF6]
+ for 9, the reaction product of the maleimide-thiol coupling. 
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ABSTRACT: Organelle-targeted photosensitization repre-
sents a promising approach in photodynamic therapy where
the design of the active photosensitizer (PS) is very crucial. In
this work, we developed a macromolecular PS with multiple
copies of mitochondria-targeting groups and ruthenium
complexes that displays highest phototoxicity toward several
cancerous cell lines. In particular, enhanced anticancer activity
was demonstrated in acute myeloid leukemia cell lines, where
significant impairment of proliferation and clonogenicity
occurs. Finally, attractive two-photon absorbing properties
further underlined the great significance of this PS for
mitochondria targeted PDT applications in deep tissue cancer
therapy.

■ INTRODUCTION

Singlet oxygen (1O2), the lowest-lying electronic excited states
of molecular oxygen, has been envisioned as promising and
highly effective cytotoxic agent in photochemical and photo-
biological research.1,2 Photodynamic therapy (PDT) emerges
as a promising tool in organelle-directed, photoactivated and
less-invasive medical technique3 for bacterial inactivation and
regenerative medicine,4 where the production of reactive 1O2
induces cytotoxicity in the targeted region, leaving the
surrounding biological environment undamaged. 1O2 is
produced when energy transfer occurs between the triplet
excited state of the photosensitizers (PS) and the ground state
of molecular oxygen.5 However, the application of most
synthesized PS molecules in biological media is limited by
their low water-solubility resulting in extensive aggregate
formation and consequently reduced quantum yields.6 In
addition, poor selectivity in terms of target tissue and low
extinction coefficients have reduced the efficiency of PDT in
clinical trials.7 Thus, the preparation of efficient and water-
soluble PS molecules that damage biological functions solely
under irradiation but remain biocompatible in the dark state
would be highly desirable.
Recently, ruthenium (Ru) complexes have attracted consid-

erable recognition as PDT agents due to their unique

photophysical and photochemical features as well as their
DNA intercalation capacity and protein binding motifs.3,8,9 In
particular, organo-ruthenium complexes coordinated by poly-
pyridyl ligands exhibited promising anticancer activity when
irradiated with light.10 Their high population of the triplet
metal-to-ligand charge-transfer state (3MLCT), due to the
heavy atom effect, produces large 1O2 yields, while the solubility
of these complexes can be modified by adjusting the
counterions. For example, the [Ru(bpy)3]

2+ derivative
TLD1433 recently entered phase I clinical trials as the first
Ru-based PS, due to its potential in effectively producing 1O2.

11

In combination with a targeting peptide providing high binding
affinity for membrane proteins, a Ru-PS has been achieved with
high selectivity for certain cancer cells.12 However, in order to
further advance PDT for therapy, several limitations of the PS
still need to be solved such as their low cellular uptake
efficiency, low extinction coefficients, and only moderate
cellular toxicity. Herein, we present a macromolecular approach
to improve phototoxicity and efficacy of the PS by synergistic
combination of Ru-complexes on a protein carrier scaffold
decorated with subcellular mitochondria targeting groups.
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Mitochondria, as indispensable organelles responsible for cell
respiration, emerge as promising pharmacological target in
clinical applications for the detection, inhibition and treatment
of various diseases such as cancer or neurodegenerative
diseases, due to their crucial role in mediating cell
apoptosis.13,14 Until now, only little is known of the balance
of reactive oxygen species in cancer cells and their survival
mechanisms that effect mitochondria function. There have been
many attempts to target cancer cells via signaling pathways.15

However, drug strategies targeting the mitochondrial metabo-
lism are scarce and though present, treatment approaches were
not achieved at low drug concentrations. The conjugation of PS
with mitochondria targeting groups is considered an emerging
strategy to enhance cellular toxicity by localizing the PS at the
relevant site.16

Herein, we investigate efficient growth inhibition in an acute
myeloid leukemia (AML) cell line by a macromolecular PS
targeting mitochondria, which are known as “power house of
the cell” and that are central organelles for tumor growth.17

AML is an aggressive disease which still leads to death in up to
8 of 10 patients outside of clinical trials. It is characterized by
aberrant high proliferation and increase in immature blasts and
progenitors due to blockade in cell differentiation. Leukemic
cells initially respond to chemotherapy. However, relapse is

common and in most cases fatal. Thus, there is an urgent need
to develop innovative therapeutic concepts, which target
leukemic cells, but spare normal hematopoietic stem and
progenitor cells.
We propose a bioinspired strategy that converts the blood

plasma protein serum albumin (HSA) into an efficient
nanotransporter for phototoxic drug molecules,18−21 providing
synergistic features due to the molecular design. The resultant
nanotransporter denoted cHSA-PEO-TPP-Ru exhibited signifi-
cantly improved photophysical properties and enhanced 1O2
quantum yields as compared to the bare Ru complex as well as
excellent mitochondria-specific colocalization. Efficient photo-
toxicity of cHSA-PEO-TPP-Ru already at nanomolar concen-
trations were achieved, which was attributed to synergistic
effects from the high number of Ru-complexes as well as
organelle-targeting features of the biopolymer. To the best of
our knowledge, cHSA-PEO-TPP-Ru reported herein displays
the lowest IC50 value for cancerous cell lines and therefore
highest cytotoxicity of a Ru-containing molecule reported to
date in cellular studies. Efficient inhibition of growth in an AML
cell line was observed, with preferential killing of leukemic cells
compared to normal bone marrow cells, suggesting a
therapeutic window for this compound in AML. Furthermore,
Two-photon absorption features of cHSA-PEO-TPP-Ru under-

Scheme 1a

a(a) Synthetic scheme of the cHSA-PEO-TPP-Ru transporter based on HSA. Subsequent functionalities were conjugated at different reactive sites of
the HSA backbone. (b) Schematic illustration of a part of the HSA polypeptide sequence exemplary with the PEO, TPP groups attached to, e.g.,
lysine and Ru conjugated to tyrosine residues.
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line its great potential as two-photon activated photosensitizer
for in vivo PDT.

■ RESULTS AND DISCUSSION

Synthesis and Characterization of cHSA-PEO-TPP-Ru.
The synthesis of the cHSA-PEO-TPP-Ru is depicted in Scheme
1. HSA serves as biocompatible and biodegradable backbone
providing many reactive carboxylic acid, amino and hydroxyl
groups originating from the respective amino acid side chains of
HSA that can be further chemically functionalized. First, all
accessible carboxylic acid groups were transformed into primary
amino groups by applying ethylenediamine and 1-ethyl-3-(3-
(dimethylamino)propyl) carbodiimide (EDC) to increase the
total number of reactive amino groups for further conjugations
and enhance interactions of the biopolymer with negatively
charged cellular membranes as published previously.22 After
purification through dialysis, globular, polycationic cHSA was
obtained, which facilitates cellular uptake by Clathrin-mediated

endocytosis.23 To impart water solubility and reduce non-
specific interactions, poly(ethylene oxide) (PEO-2000) side
chains were introduced by reacting α-methoxy-ω-carboxylic
acid succinimidyl ester polyethylene(oxide) (NHS-PEO) with
cHSA and subsequent washing five times by ultrafiltration with
vivaspin 20 (MWCO 30K) centrifuge tubes. According to
Maldi-ToF, about 20 PEO chains were attached to cHSA.24 To
achieve mitochondria targeting, multiple units of TPP were
reacted to the free amino groups of cHSA-PEO. Briefly, we
mixed EDC-NHS activated (3-carboxypropyl) triphenylphos-
phonium bromide (TPP) ester with cHSA-PEO to yield cHSA-
PEO-TPP hybrid with approximately 34 TPP units attached.
Finally, the resulting product was washed five times through
vivaspin 20 (MWCO 30K) centrifugal concentrator for further
usage.
Mannich reactions have been reported to modify phenol

groups of tyrosine side chains of proteins with high selectivity.25

Therefore, the aniline-modified Ru-complex denoted “Ru1” was

Figure 1. (a) Zeta potential of different bioconjugates. (b) Typical absorbance and emission spectra of cHSA-PEO-TPP-Ru, where characteristic
peaks of the Ru complexes are preserved in cHSA-PEO-TPP-Ru. (c) Comparison of the photostability of the Ru1 and cHSA-PEO-TPP-Ru based on
the absorbance decay under continuous irradiation over extended time periods. (d) 1O2 production yield of cHSA-PEO-TPP-Ru and bare Ru
complex (Ru1), as obtained from the photobleaching of the characteristic absorption peak @380 nm of ABDA (100 μM) during irradiation with 470
nm LED light (∼20 mW/cm2, 5 min) in PBS (1×, pH 7.4) based on the same optical density in their first absorption peak. (e) Steady state emission
spectra (λex = 460 nm) of Ru1 complex in water (red), Ru1 complex in simulated body fluid (orange), cHSA-PEO-TPP-Ru in water (blue), cHSA-
PEO-TPP-Ru in simulated body fluid (green), and Ru(bpy)3 (black) as reference at same optical density. (f) Emission lifetime experiments upon
excitation at 460 nm. For the compounds, the same color code is used and an artifact region between 1.2 and 1.35 μs has been removed.
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selected as it allows bioconjugation of these sterically
demanding Ru-complexes following a Mannich-type reaction
in aqueous solution. Compared to many known Ru-complexes,
Ru1 reveals exceptional water solubility of 153 mg/mL making
it well-suitable for protein modifications under mild conditions.
HSA provides 18 tyrosine groups and half are located exposed
to the surface according to computer simulations. A three-
component Mannich-type coupling reaction was carried out
applying a mixture of cHSA-PEO-TPP, formaldehyde
(HCHO) and the Ru-complex (Ru1, SI) yielding the desired
cHSA-PEO-TPP-Ru as yellowish-brown solution in 70%
isolated yield. Excessive amounts of the reactants (e.g.,
unreacted Ru complex and HCHO) were removed by
ultrafiltration with vivaspin 20 (MWCO 30K) centrifugation
tubes until no free Ru-complex was detected in the elution
media anymore. A control experiment was performed without
formaldehyde and no Ru attachment was observed (Figure SI-
1), indicating low tendency of Ru-complexes for unspecific
adsorption into the hydrophobic pockets of HSA.
MALDI-ToF characterization of the chemically modified

globular proteins was accomplished for each reaction step. The
respective MALDI-ToF mass spectra are depicted in Figure SI-
2, indicating that about 10 Ru-complexes were loaded to cHSA-
PEO-TPP. The resulting cHSA-PEO-TPP-Ru shows solubility
of >65 mg/mL as well as high stability at 4 °C for more than
eight months (long-term storage studies are still ongoing). In
order to evaluate the hydrodynamic radius of cHSA-PEO-TPP-
Ru in solution and cell culture medium, DLS studies were
accomplished. An average hydrodynamic radius of about 40 nm
was obtained (Figure SI-3). Polymer sizes in this range are
considered favorable for accumulation in tumor tissues via the
EPR effect,26 although this effect is currently under debate.27

Zeta-potential of cHSA-PEO-TPP-Ru (Figure 1a) reveals a
positive surface charge facilitating interactions with negatively
charged cellular membranes to induce endocytosis.
Photostability and 1O2 Yield of cHSA-PEO-TPP-Ru.

cHSA-PEO-TPP-Ru exhibited characteristic absorption and
emission maxima at around 460 and 617 nm, respectively
(Figure 1b), similar to the starting complex Ru1, cHSA-PEO-
TPP-Ru revealed no alteration of the metal-to-ligand charge
transfer band (MLCT) during the reaction. Furthermore, the
emission spectrum of cHSA-PEO-TPP-Ru was insensitive to
the composition of the solvent, i.e., the emissive excited state
did not respond to environmental changes such as variations of
the solvent composition. To evaluate the photostability of
cHSA-PEO-TPP-Ru, photobleaching experiments were con-
ducted in water.
Previous publications have reported that the photoinstability

of Ru(II) polypyridyl complexes including [Ru(bpy)3]
2+ limits

their PDT applications28−30 and functionalized nanoparticles
revealed higher photostability compared to the amine
containing Ru(II) polypyridyl complexes.31 Figure 1c shows
the greatly improved photostability of cHSA-PEO-TPP-Ru
compared to the Ru1, which was recorded under the same
conditions. Even over greatly extended irradiation times (65 h),
cHSA-PEO-TPP-Ru remained remarkably stable (with only
36% decrease) in comparison to Ru1. For the latter,
significantly decreased absorbance of about 76% was detected
after 18 h already (Figure SI-4). The luminescence of both
compounds was observed over time and loss of emission
intensity of about 68% and 89% occurred after 300 min for
cHSA-PEO-TPP-Ru and Ru1, respectively. Obviously, photo-

chemical stability of the Ru-complex in the biopolymer has
significantly increased compared to Ru1.
PDT relies on efficient production of singlet oxygen in

cellular environments. In order to monitor the generation of
1O2 in a quantitative fashion, we performed 1O2 production
efficiency tests at four different LED sources, e.g., 770 nm, 625
nm, 525 nm and 470 nm as reported by us previously.12 The
singlet oxygen sensor 9,10-anthracenediyl-bi(methylene)-
dimalonic acid (ABDA) was applied, which forms an
endoperoxide of ABDA in the presence of 1O2, thus decreasing
ABDA absorption and providing a valuable means of direct
monitoring 1O2 production (Figure SI-5). According to these
measurements, 470 nm proved to be most efficient excitation
source (Figure SI-6). cHSA-PEO-TPP-Ru and cHSA-PEO-TPP
as control were mixed separately with 100 μM of ABDA in PBS
buffer and then irradiated with a 470 nm LED array (P = 20 ±
2 mW/cm2) for 5 min. As described in Figure SI-9a, cHSA-
PEO-TPP-Ru produced 1O2 very efficiently, whereas cHSA-
PEO-TPP remained inactive.
Equimolar concentrations of Ru in cHSA-PEO-TPP-Ru and

Ru1 were used for all further experiments to compare the
photophysical and biological features of Ru in the cHSA-PEO-
TPP-Ru bioconjugate versus Ru1. As depicted in Figure 1d, the
1O2 production for Ru1 and cHSA-PEO-TPP-Ru was measured
at the same optical density at 460 nm, e.g., at similar Ru
concentrations. About ∼8-fold improved reduction of the
ABDA absorption peak @380 nm has been achieved for a
single Ru molecule attached to the biopolymer compared to a
single Ru1 complex (details included in the Supporting
Information). Again, molar concentrations have been used for
comparison. We believe that the synergistic interaction between
closely spaced multiple Ru1 in the lipophilic protein backbone
might be the reason for this finding.

Photophysical Properties of cHSA-PEO-TPP-Ru. The
photophysical properties of the model Ru1-complex and cHSA-
PEO-TPP-Ru were investigated by steady state emission
spectroscopy following a literature reported procedure.32,33

The photochemistry of Ru-complexes is highly sensitive to their
respective environments. Emission spectra of both compounds
were identical in water and simulated body fluid solutions
(Figure 1e). A slightly higher emission quantum yield of cHSA-
PEO-TPP-Ru (using Ru(bpy)3 as standard) was observed upon
increasing the ionic strength of the solution, i.e., by comparing
the simulated body fluid (ΦcHSA‑PEO‑TPP‑Ru, body fluid = 6.7%) to
water (ΦcHSA‑PEO‑TPP‑Ru, water = 6.1%). On the contrary, this
trend was not observed for the Ru1 (ΦRu, water = 4.8/ΦRu, body fluid
= 4.5%)). The generally higher fluoresecence quantum yields of
cHSA-PEO-TPP-Ru and Ru1 indicate that nonradiative
deactivation paths were suppressed in the cHSA-PEO-TPP-
Ru biopolymer. This might be attributed to a sterically hindered
rotation of the imidazole-phenyl bond due to conjugation to
the bulky HSA protein. In line with this assignment of blocking
nonradiative decay paths, we observed the prolongation of the
triplet excited state lifetime in cHSA-PEO-TPP-Ru compared
to Ru1 (Figure 1f). Assuming a monoexponential decay to
analyze the respective luminescence kinetics, the lifetime was
increased from 300 ns for both solutions of Ru1 to 625/735 ns
for cHSA-PEO-TPP-Ru in water/simulated body fluid.

Intracellular Optical Microscopy Imaging. We exam-
ined the intracellular localization of cHSA-PEO-TPP-Ru into a
human cervical cancer cell line, HeLa cells, as model system, by
laser scanning confocal microscopy. Typically, these cells were
incubated with low concentrations of cHSA-PEO-TPP-Ru (500
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nM) for about 4 h before images were recorded. To observe
MLCT absorbance from the metal complex inside living cells,
laser excitation at 458 nm was applied. The emission window
was adjusted in the range of 530−710 nm. After staining with
various subcellular organelle dyes (Figure 2) with selectivity for

membranes (Cell Mask Deep Red Plasma Membrane Stain),
the nucleus (Hoechst 33342 Solution), mitochondria (Mito
Lite Blue FX490, Figure SI-7c), and lysosomes (Lyso Tracker
Green DND-26), we found a clear colocalization of cHSA-
PEO-TPP-Ru in mitochondria (Pearson’s coefficient 0.88),
where they were mostly situated in the cytosol outside the
nuclear region (Pearson’s coefficient 0.07). cHSA-PEO-TPP-
Ru was transported rapidly across the membrane and
accumulated in the cytosol and no localization in membranes
(Pearson’s coefficient 0.2) or in lysosomes (Pearson’s
coefficient 0.3) was observed.
Light induced cellular toxicity evaluation. To evaluate

the cellular uptake efficiency of cHSA-PEO-TPP-Ru in vitro, we
incubated HeLa cells with the biopolymer over different time
intervals ranging from 1−240 min. Flow cytometry measure-
ments revealed that the fluorescence intensity of treated HeLa
cells reached a saturation level after 200 min of biopolymer
incubation (Figure SI-7). Thus, 240 min was selected as the
appropriate incubation time to ascertain maximum cellular
uptake. To identify the optimum concentration of cHSA-PEO-
TPP-Ru, HeLa cells were incubated with 0−2 μM cHSA-PEO-
TPP-Ru for 240 min after 5 min irradiation with 470 nm LED
light (∼20 mW/cm2). Here, the applied light dose was
comparable to the reported dosage of established photo-
sensitizing drugs reported.34 Also, we used commercially

available TOX-8 dye (Sigma-Aldrich), to obtain the number
of viable cells quantitatively by means of spectrophotometric
measurement in all cases of cell viability experiments, according
to the manufacturer’s instructions.35 A concentration depend-
ent cytotoxicity was observed in the photo irradiated sample,
whereas cells incubated with of cHSA-PEO-TPP-Ru in the dark
revealed almost no cellular toxicity (Figure 3a,b) over the entire

concentration range. A very low IC50 value of 34.9 ± 2 nM was
obtained for cHSA-PEO-TPP-Ru under light irradiation. In
comparison, Ru1 had an IC50 value of only 7.7 ± 1.3 μM
(Figure SI-8) indicating greatly enhanced cellular toxicity of
cHSA-PEO-TPP-Ru by about 220-fold with minimal dark
toxicity. Thus, attaching multiple Ru1 to one protein
nanocarrier yielded a nanocarrier with surprisingly high
cytotoxicity with an IC50 well below the value one would
expect considering an just additive effect. Considering that 10
Ru chromophores were attached to cHSA-PEO-TPP-Ru, a
calculated IC50 value of 0.349 μM could be estimated for each

Figure 2. Confocal microscopy images of HeLa cells incubated with
cHSA-PEO-TPP-Ru and treated with commercial organelle trackers.
Overlay images and colocalization analysis of cells stained with
mitochondria (0.88), nucleus (0.07), membrane (0.2), and lysosome
(0.3) markers indicated that cHSA-PEO-TPP-Ru localized in
mitochondria. (a) cHSA-PEO-TPP-Ru emission, (b) emission from
the organelle trackers, (c) corresponding bright field images, and (d)
overlay of all three images.

Figure 3. (a,b) Logarithmic fitting curve for cell viability of cHSA-
PEO-TPP-Ru and bare Ru complex, over a broad concentration range
with and without light. (c) Logarithmic fitting curve for cell viability of
cHSA-PEO-Ru complex with light, where mitochondria targeting TPP
group were absent. For all of the above experiments, HeLa cells were
exposed to a 470 nm LED lamp (∼20 mW/cm2) for 5 min for light
irradiation. cHSA-PEO-TPP-Ru reveals low dark toxicity (IC50 = 9 ± 2
μM) but very high phototoxicity (IC50 = 34.9 ± 2 nM) compared to
Ru1 (dark IC50 = 203 ± 3 μM; photoirradiated IC50 = 7.7 ± 1.3 μM).
In the absence of a TPP group, the phototoxic effect of the drug was
reduced by ∼8 times (IC50 = 265 ± 1.2 nM).
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Ru-chromophore, which is considerably lower compared to
Ru1 (IC50 value 7.7 μM) alone. Next, we studied the impact of
mitochondria targeting TPP groups on carrier toxicity.
Analogous phototlooxicity experiments were accomplished
with cHSA-PEO-Ru without TPP groups and about 8-fold
lower drug toxicity was obtained (Figure 3c).
The phototoxic index (PI) of all compounds was calculated,

which denotes the ratio of the dark and light-exposed IC50
values. The protein hybrid cHSA-PEO-TPP without Ru1 was
light inactive (Figure SI-9a), whereas Ru1 only revealed a PI of
27. The PI of cHSA-PEO-Ru without TPP groups increased to
75 and cHSA-PEO-TPP-Ru had a significantly higher PI of 250.
We believe this higher value was based on our molecular
design, where the multiple molecular components contribute
synergistically to the observed elevated cellular toxicity.
Furthermore, we examined the phototoxicity of cHSA-PEO-

TPP-Ru toward various other cancerous cell lines such as
CHO, MCF7 and A549. All tumor cells tested were proficiently
damaged with low IC50 values in the nanomolar range, for
instance, 135.2 ± 1 nM for CHO, 114.3 ± 1 nM for MCF7,
and 119.1 ± 1 nM for the A549 cell line (Figures SI-10−12). As
additional features, the HSA polypeptide backbone is fully
biodegradable even after chemical modification, which should
allow efficient elimination and reduced accumulation.
Colony Forming Cell (CFC) and Proliferation Assays.

In order to test the efficacy of cHSA-PEO-TPP-Ru in a relevant
primary cell assay, we treated an acute myeloid leukemia
(AML) cell line, OCI-AML3, which reflects the biology of
primary NPM1 mut - AML, comprising around 35% of all
human AML cases36 and 60% of AML with normal
karyotype.37 Irradiation of 2 and 5 min induced a significant
(p < 0.005) reduction of 44% and 84.4% of colony growth,
respectively, in comparison to the treated but nonirradiated
control arm (dark) as assessed by colony number in the colony
forming cell (CFC) assay (p < 0.005). In addition to the
reduction in colony number, remaining colonies were smaller in
size after exposure to cHSA-PEO-TPP-Ru (Figure 4b).
Furthermore, we tested cHSA-PEO-TPP-Ru for its effect on
proliferation with two different concentrations (75 and 37.5
nM). A significant decrease of the proliferative capacity was
observed over a period of up to 72 h after exposure to light for
2 and 5 min, respectively, compared to the dark control (Figure
4c,d).
To determine the differential effect of cHSA-PEO-TPP-Ru

on normal versus leukemic primary bone marrow (BM) cells,
we performed CFC assays on healthy murine BM cells as well
as on a murine AML cell line derived from BM of a mouse
transplanted with a truncated version of the leukemia-specific
AML1-ETO fusion gene (AML1-ETO 9a (AE9a)).38 We could
document a decrease in the colony forming capacity of the
leukemic AE9a cell line by 37% and 88% reduction after 2 and
5 min exposure to light, respectively, compared to the
nonirradiated control cells (Figure SI-13). In contrast, there
was only a 10% and 28% reduction of colony growth,
respectively, when normal BM cells were treated accordingly
(Figure SI-14), indicating that cHSA-PEO-TPP-Ru significantly
inhibits the proliferative and clonogenic potential of primary
murine AML while sparing normal bone marrow stem and
progenitor cells. Previously, Sieber and co-workers have
successfully demonstrated photodynamic treatment of bone
marrow/leukemic cell (L1210) mixtures with visible light of
410−500 nm.39 Even though significant reduction of the
leukemic cell number was shown in vitro, subsequent in vivo

studies in a mouse transplant were less successful. It was
speculated that photoactive protoporphyrin IX (PpIX) had to
be biosynthesized within the leukemic cells and leukemic cells
within the resting phase did not perform this biosynthesis and
therefore escaped this treatment. In our approach, cHSA-PEO-
TPP-Ru conjugate exhibits very similar PDT effects, but due to
the biopolymer design no biosynthesis of the photosensitizer is
required for bioactivity.

Two-Photon Active Probe. For in vivo PDT, deep-tissue
penetration would be relevant to reach also tumor cells located
in deeper tissue. TP microscopy has evolved as an efficient
tissue imaging and therapeutic platform due to its longer
wavelength excitation laser light, which offers deep tissue
penetration, reduced photodamage and 3D and high contrast

Figure 4. (a) Colony forming cell (CFC) assay of the OCI-AML3
(OA3) AML cell line (n = 2 in duplicates) showed reduction of
colonies after 2 and 5 min exposure to light (470 nm) compared to the
treated and nonexposed cells (dark). Bars indicate mean ± SEM.
Significance calculated by Mann−Whitney test (*<0.05). (b)
Morphology of the colonies in the control arm and 5 min exposure
arm (4× magnification). (c,d) Proliferation assay of the OA3 cell line
(n = 3) incubated with two different concentrations of cHSA-PEO-
TPP-Ru (75 nM) and (37.5 nM) and exposed to light for 2 and 5 min
or treated but not exposed to light. Significance calculated by two-way
ANOVA multiple test comparisons test (*<0.05; ***<0.0001).

Journal of the American Chemical Society Article

DOI: 10.1021/jacs.6b13399
J. Am. Chem. Soc. 2017, 139, 2512−2519

2517



imaging.10 We have measured the two-photon (TP) properties
of cHSA-PEO-TPP-Ru to assess its suitability as TP probe.
cHSA-PEO-TPP-Ru revealed almost five times higher TP
action cross section compared to the Ru complex (Figure 5a).

Improved TP features are of great relevance to trigger localized
photochemical reactions beneath the skin with minimum off-
target photodamage. The 5-times increased value clearly
indicates that the design concept of combining multiple Ru
complexes within one nanosized protein transporter allows
achieving enhanced TP directed PDT applications. According
to previous studies, the TPA cross section of 50 GM obtained
for cHSA-PEO-TPP-Ru should be sufficient for its application
as 2PA PDT drug candidate.40,41 Recent Ru-complexes
providing high TP cross sections are based on sophisticated
ligand designs or highly charged ligand substituents42,43 that
influence cell uptake mechanisms and sub cellular distribution
patterns as shown by Barton and Puckett.44 In case of cHSA-
PEO-TPP-Ru, a clear three-dimensional (3D) distribution in
the cytosol (red) was demonstrated in Figure 5b, where the
location of the nucleus was stained with Hoechst dye (3D
video, Video SI-V).

■ CONCLUSION
We have converted the plasma protein HSA into a highly
phototoxic, biodegradable macromolecular PS by controlling its
solubility, subcellular targeting pathways, and toxicity. The
mitochondria targeted macromolecular PS reported herein
revealed significantly enhanced photophysical and chemical
properties as well as greatly improved 1O2 quantum yields. To
the best of our knowledge, the observed phototoxicity was the

highest (indicated by the lowest IC50 value) ever reported for
Ru-complexes. We believe that high Ru-loading capacity,
enhanced cellular uptake efficiency, and localization in
mitochondria combined with high photostability and 1O2
generation ability contributed to the greatly enhanced
cytotoxicity of cHSA-PEO-TPP-Ru. Moreover, effectively
blocked cell proliferation and clonogenic potential of the
myeloid leukemic cell line OCI-AML3 further underlines the
strong antileukemic activity. Intriguingly, preliminary experi-
ments demonstrated less toxicity to normal BM cells, possibly
indicating that this biopolymer preferentially targets leukemic
cells. These results open the attractive opportunity of treating
AML with cHSA-PEO-TPP-Ru-like conjugates using a photo-
dynamic purging step in autologous treatment concepts such as
autologous hematopoietic stem cell grafts.45,46 The observed
TP features of the cHSA-PEO-TPP-Ru biopolymer further
provide important prospects for PDT in vivo. The presented
strategy to merge a multifunctional protein scaffold and diverse
synthetic entities into a versatile nanotransporter platform with
tailor-made and potentially synergistic molecular properties
could be of great relevance for the preparation of more efficient
diagnostic and therapeutic tools in biomedicine.
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Experimental Section: 

Materials and general information 

cHSA and cHSA-PEO have been synthesized following the procedure reported previously by our group.1 O-(2-

Maleimidoethyl)-O’-methyl-polyethylene glycol 5000 >90% (PEO-5000-MI), N-(2-aminoethyl) maleimide trifluoroacetate 

salt >95% HPLC, N-hydroxy-succinimide (NHS), Formaldehyde, (3-Carboxypropyl)triphenylphosphonium bromide (TPP) 

98%, 9,10-anthracenediyl-bi(methylene)dimalonic acid (ABDA, 99%) were received from Sigma-Aldrich. Na2HPO4, 

NaH2PO4, NaCl and NaHCO3 ACS reagent grade were obtained from Goodrich Chemical Enterprise. Vivaspin ultrafiltration 

tubes were purchased from GE healthcare. Ultra-pure milli-Q water was applied for all experiments involving water. Emission 

and absorption were recorded using TECAN infinite M1000 microplate reader for small quantity sample volumes. We used 

JASCO V-670 UV/Vis/NIR spectrophotometer and JASCO FP-8500 fluorescence spectrometer with samples in standard 

quartz glass cuvettes (d=10.0 mm, Hellma) for larger quantity sample. Fluorescence quantum yields were measured in Greiner 

Germany 1534 well μ clear transparent micro plates. ÄKTA Explore FPLC and Superose TM 6 10/30 gel filtration columns 

were used for cHSA-PEO hybrid purification. Zeta-potential and DLS measurements were performed using a Malvern 

Zetasizer ZEN3600 (Mal-vern Ltd, Malvern, UK) at 20°C. NMR spectra were recorded on a Bruker AVANCE 400 

spectrometer at ambient temperature. All spectra were referenced to the deuterated solvent as an internal standard. Chemical 

shifts (δ) are listed in parts per million (ppm) using the residual solvent signals (δH=2.50 ppm for DMSO-d6, δH=3.31 ppm 

and δC= 49.00 ppm for MeOD-d4). The molar absorption coefficient for the Ru complex was determined from dilution 

experiments in triplicates (three exact standard solutions of the Ru chromophore in MilliQ water). The slope of the decrease 

of the absorbance yielded the average ε according to the law of Lambert-Beer. For cHSA-PEO-TPP-Ru, the determination was 

per-formed from exact concentrations. The molar absorption coefficient was determined for Ru (1.08·104 L·mol−1·cm−1) and 

cHSA-PEO-TPP-Ru (0.98·105 L·mol−1·cm−1) at 470 nm. 

Synthesis: 

Synthesis of 4-(1H-imidazo[4,5-f][1,10]phenanthroline-2-yl)-aniline  

 

2-(4-nitrophenyl)-1H-imidazo[4,5-f][1,10]-phenanthroline (3.2 g, 9.38 mmol) was suspended in 1,4-dioxane (76 mL) and 

heated to 80°C. Na2S was dissolved in water and heated to 80 °C. The warm Na2S solution was combined with the warm 

yellow suspension and heated to 80 °C for 4 h. The color changed instantaneously from orange to red and the solid was 

dissolved completely. The dioxane was evaporated under precipitation of the product. The solid was filtered off and washed 

respectively with water and Et2O. After drying the product was received as ochre colored solid in a yield of 78% (2.3 g, 7.29 

mmol). 1H NMR (400 MHz, RT, DMSO-d6): δ = 8.90 (dd, 2 H), 8.87 (d, 2H), 8.01 (d, 2 H), 7.73 (dd, 2 H), 6.68 (d, 2H), 5.42 

(s, 2 H,) ppm. 

 Synthesis of Ru1{[Bis(2,2'-bipyridine)-4-(1H-imidazo[4,5-f][1,10]phenanthroline-2-yl)aniline-ruthenium(II)]Cl2}2 
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300 mg (620 μmol) (bpy)2RuCl2 and 232 mg (744 μmol) 4-(1H-imidazo[4,5- f][1,10]phenanthroline-2-yl)aniline were 

dissolved in EtOH (15 mL), H2O (5 mL) and 3 drops of an aqueous KOH solution (1 plate dissolved in 15 mL H2O) were 

added. The solution was reacted in the microwave for 2h at 180 W and changed the color from dark violet to red. The solvents 

were rotary evaporated, the residue was dissolved in EtOH, Et2O was added and red crystals precipitated. The red crystals 

were filtered off. Via size exclusion chromatography (Sephadex) in MeOH the desired complex was isolated as a bright orange 

band. After the solvent was removed via rotary evaporation the product was isolated as red crystals (92%, 414.5 mg, 571 

μmol). 1H NMR (400 MHz, RT, MeOD-d4): δ = 9.12 (t, 2H), 8.75 (d, 2H), 8.71 (d, 2H), 8.16 (td, 2H), 8.03 (dd, 4 H), 7.97 

(ddd, 4 H), 7.76 (dd, 2H), 7.67 (dd, 2H), 7.59 – 7.44 (m, 1H), 7.31 (ddd, 2H), 6.81 (d, 2H) ppm. 13C NMR (100 MHz, RT, 

MeOD-d4): δ = 157.55, 157.38, 152.01, 150.66, 146.14, 138.15, 138.02, 134.87, 130.68, 127.85, 127.73, 127.42, 127.21, 

126.37, 124.55, 124.46 ppm. HRMS (MALDI-FT-ICR): 724.15194 [M-H+-2Cl-]+ (calculated: 724.15057).  

Synthesis of cHSA-PEO-TPP 

This reaction was preceded through EDC coupling pathway. First, TPP (8 mg), NHS (3 mg) and EDC.HCl (4 mg) was 

dissolved and degassed in 0.5 mL of DMF solution. This mixture was stirred at room temperature under argon atmosphere for 

overnight. Next day, cHSA-PEO (2 mg) dissolved in 2 mL milli-Q water was added and again reacted at room temperature 

for overnight. Finally, the product was washed through vivaspin 20 (MWCO 30K) ultracentrifuge tube to separate unreacted 

reactants. Finally, it was kept at 4 °C for future use. 

Synthesis of cHSA-PEO-TPP-Ru 

 

This reaction proceeded based on a slightly modified literature reported procedure.3 To a 1.5 mL micro-centrifuge tube HCHO 

(5 µL), cHSA-PEO-TPP (1 mg) and Ru1 (1 mg) were mixed in 1 mL pH 5 (PBS buffer) solution. The mixture was vortexed 

briefly to mix the reaction components, then allowed to shake gently at 37 °C for 72 h. The final solution yielded cHSA-PEO-

TPP-Ru in 70% isolated yield and washed several times with water through vivaspin 20 (MWCO 30K) ultracentrifuge to 

remove excess of Ru1 peptide and storage at 4 °C. 

Calculation on reduction of the ABDA absorption peak @380 nm for cHSA-PEO-TPP-Ru and Ru1 

We have performed additional head-to-head experiments to show the increased activity of cHSA-PEO-TPP-Ru against Ru1 

in reduction of ABDA absorption peak. Firstly, we matched the optical density of Ru of both cHSA-PEO-TPP-Ru and the Ru1 

complex. Then, separately both the solution was mixed with ABDA and irradiated with 470 nm LED light source (~20 

mW/cm2, 5 min). We observed a significant decrease in relative absorption of ABDA to 5.05% for cHSA-PEO-TPP-Ru 

whereas Ru1 showed the decreased to 39.9%. These values collectively indicated ~8-fold increased activity of cHSA-PEO-

TPP-Ru and we speculated that this is due to the close proximity of the Ru complexes in the hydrophobic pockets of the protein 

backbone. 
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Methods: 

Photostability measurements 

Samples were dissolved in MilliQ water and irradiated with a 470 nm LED light source for depicted time frames. During 

irradiation, the samples were stirred and it was ensured that the temperature (rt) was kept constant. The solutions were not 

degassed to ensure comparability with in vitro studies and with literature.4 

Two-Photon Absorption Cross Sections measurement 

TP action cross section was measured with Rhodamine B in methanol as a reference. The femtosecond (fs) Ti:Sapphire laser 

(Spectra-Physics Mai Tai® Ti:Sapphire oscillator) was used. TP fluorescence measurements were performed in 10 mm 

fluorometric quartz cuvettes with 5 μM cHSA-PEO-TPP-Ru in water, 40 μM Ru1 in water and 200 nM Rhodamine B as a 

reference in Methanol.5 The experimental fluorescence excitation and detection conditions were kept constant during the 

measurement of samples and reference in entire scanning wavelengths (700 nm to 920 nm). The TP absorption cross section 

of the probes was calculated at each wavelength according to eq. 

  

Where I is the integrated fluorescence intensity, C is the concentration, η is the refractive index, Φ is the quantum yield, and 

P is the incident power on the sample, subscript “ref” stands for reference samples, “sample” stands for samples. The 

uncertainty in the measured cross sections was about ±10%. 

Cell Culture 

HeLa cells (human adenocarcinoma cervical epithelial cell line) were cultured in DMEM medium with high glucose 

supplemented and with 10% fatal bovine serum (FBS), 1% 100 U/mL Penicillin, 1% 0.1 mg/mL Streptomycin, 1% 0.1 mM 

non-essential amino acids at 37°C in a humidified 5% CO2 incubator.  

The human AML cell line OCI-AML3 was purchased from DSMZ (The Leibniz Institute DSMZ - German Collection of 

microorganisms and Cell Cultures GmbH, Braunschweig, Germany) and cultured in RPMI 1640 medium with 20% FBS and 

1% Penicillin-Streptomycin. The murine AML1-ETO 9a positive AML cell line was established from the bone marrow of a 

leukemic mouse transduced with a AE9a retroviral construct and cultured in RPMI 1640 medium +20% FBS+1% Penicillin-

Streptomycin and IL3. Healthy murine BM cells were isolated from C57BL/6J mice injected with 5-Fluorouracil (150mg/kg, 

Medac, Germany) to enrich for stem and progenitor cells. Cells were cultured in DMEM medium containing mIL3 (6 ng/mL), 

mIL6 (10 ng/mL) and mSCF (100 ng/mL). 

Cell uptake study  

HeLa cells were seeded in densities of 5×104 cells per well (if not otherwise stated) in a total volume of 1.5 mL complete 

culture medium in 24 well-plate. Plates were kept in high glucose DMEM medium at 37 °C for 24 h prior to cHSA-PEO-TPP-

Ru addition to ensure that the cells were adherent during the uptake experiment. 

After the incubation time (as stated in the experiment) the media from the well were removed and washed three times with 0.5 

mL of Dulbecco’s PBS to remove non-specific binding, followed by trypsinization with 0.5 mL Trypsin-EDTA per well. The 

cell number in an aliquot of the resulting suspension was determined in a hemocytometer, and the absolute cell number per 
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well was calculated. The cell suspension was transferred to tubes for flow-cytometry study. BD Flow Cytometer was used for 

the measurement of cell uptake using PE channel: Excitation 488 nm & Emission 585/45 nm. 

Cellular Uptake Monitored by Laser Scanning Confocal Microscopy 

HeLa cells were seeded at a density of 30,000 cells per well in a µ-Slide 8-well chambered coverslip (ibidi, Martinsried, 

Germany) in 300 µl DMEM medium. The cells were cultured overnight to allow adhesion at 37°C, 5% CO2. Subsequently, 

the medium was removed and 500 µM of cHSA-PEO-TPP-Ru was added. The cells were then further incubated for 4 h in the 

incubator at 37°C, 5% CO2. Before imaging, cells were washed with DMEM medium for 3 times. The live cell imaging was 

performed using a LSM 710 laser scanning confocal microscope system (Zeiss, Germany) coupled to an XL-LSM 710 S 

incubator and equipped with a 63x oil immersion objective. The emission of the cHSA-PEO-TPP-Ru was recorded using a 

530-710 nm filter and a 458 nm Argon laser for excitation. The acquired images were processed with ZEN 2011 software. 

Phototoxicity 

HeLa cells were pre-cultured in high glucose DMEM medium with 10% fatal bovine serum, 1% penicillin/streptomycin 

without phenol-red and seeded at 6,500 cells/well in a white 96-well (half-area) plate. The cells were left to adhere overnight 

at 37°C, 5% CO2. The media was removed and different concentrations of cHSA-PEO-TPP-Ru (dissolved in 50 μl DMEM) 

were added into each well. The treated cells were subsequently incubated for 4 h at 37°C, 5% CO2. After incubation, the cells 

were washed and irradiated by a 470 nm LED array (P ~ 20 ± 3 mW/cm2 for 5 min, 6.9 ± 0.9 J/cm2). The cells were further 

incubated for 4 h in the dark. As for the dark control assays, the plate was kept in the dark during the whole process. After 

washing, the cells were treated with Tox-8 reagent. After 2 h incubation, the emission intensity was measured by a Tecan 

Infinite M1000 microplate reader (λex = 570 nm, λem = 590 nm). The wells without cells but with Tox-8 reagent were used as 

controls. Each experiment was performed in triplicates. The cell viability rate (VR) was calculated according to the following 

equation: 

VR = [(A-C)/(B-C)]×100% 

Where A is the average emission of experimental groups with the treatment of the compound, B is the average emission of the 

experimental groups without the treatment of the compound, and C is the average emission of the culture medium background. 

IC50 values for cytotoxicity were calculated by Graph Pad Prism 5. 

Culture of AML and normal bone marrow cells 

BM cells from healthy mice as well as the AE9a cell line were rapidly thawed, washed twice in RPMI with 20% FCS and 

incubated with cHSA-PEO-TPP-Ru in tissue culture dishes at a concentration of 6900 cells/mL. After 4h incubation, cells 

were removed and washed twice in RPMI with 20% FCS. Equal fractions of the cells recovered from cultures with cHSA-

PEO-TPP-Ru were exposed to blue light (470nm) for 2min and 5 min, respectively or not exposed to light (dark control). 

Subsequently, remaining cells were plated into the hematopoietic colony forming cell (CFC) assay. The CFC assay was 

performed using methylcellulose supplemented with murine cytokines (MethoCult GF M3434, Stem Cell Technologies, 

Cologne, Germany) as previously described.6 7 days after setting up the CFC, number of colonies and morphology of the 

colonies were assessed. 1000 cells per dish were plated.  

Cells from the OCI-AML3 cell line were treated accordingly. Hematopoietic colony forming cell (CFC) assays of human cells 

were performed using methylcellulose (MethoCult GF H4330, Stem Cell Technologies, Cologne, Germany) as previously 

described6  14 days after setting up the CFC, number of colonies and morphology of the colonies were assessed. 

Images of the colonies were acquired using a Nikon eclipse Ti-s inverted microscope and processed using Infini-ty analyze 

5.0.3 software (Lumenera corp. Ontario, Cana-da). For proliferation assays 50,000 cells were incubated with the compound 

for 4 hours, washed and plated. Later on, these cells were either activated for 2 min and 5 min light or left in the dark as a 
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control. Cell counts were deter-mined using trypan blue exclusion 24 h, 48 h and 72 h after exposure to the drug to assess the 

effect of the com-pound on the cells. Experiments were performed in biological triplicates (n=3). 

Statistical analysis  

Data were evaluated using the t test for independent samples. Differences with p values less than 0.05 were considered to be 

statistically significant. Values mentioned are Mean ± SEM. PRISM GraphPad PRISM® software, Prism 6 for Windows, 

Version 6.01 (La Jolla, California, USA) was used for the analysis and figures. 
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Figure SI-1: a) Ru1 was stirred with cHSA-PEO-TPP bio-hybrid in PBS buffer pH 5 for overnight, without formaldehyde 

(HCHO). (b) Similar reaction was performed in the presence of formaldehyde (HCHO). (c) After purification with dialysis 

the reaction products 1 and 2 was compared. Without formaldehyde addition, no loading of Ru1 to the cHSA-PEO-TPP bio-

hybrid was observed. 

 

Figure SI-2: (b) MALDI-ToF spectra (matrix: sinapinic acid) indicate successful functionalization from the progressive 

increase in molecular weight from HSA (calculated 66.4 kDa, measured 66.1 kDa), cHSA (calcu-lated 72.2 kDa, measured 

71.9 kDa), cHSA-PEO (calculated 109.8 kDa, measured 110.1 kDa), cHSA-PEO-TPP (calculated 125.5 kDa, measured 125.4 

kDa) and cHSA-PEO-TPP-Ru (calculated 133.1 kDa, measured 133 kDa). Approximately 10 Ru-units were attached. 
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Figure SI-3: Dynamic light scattering values of cHSA-PEO-TPP-Ru conjugates in water and cell culture media. Similar values 

~ 40 nm in both cases suggest no larger aggregate formation in cell media. 

 

 

Figure SI-4: Absorbance and luminescence decay under continuous illumination with 470 nm LED light over time, (a-b) Ru1 

and (c.d) cHSA-PEO-TPP-Ru in MilliQ water. 

 

 

 

 

a) b)

c) d)

H
y

d
r
o

d
y

n
a

m
ic

 s
iz

e
 (

n
m

)

W a te r  C e ll c u ltu r e  m e d ia

0

2 0

4 0

6 0

c H S A -P E O -T P P -R u



S9 
 

 

Figure SI-5: a) Scheme showing change in ABDA in the presence of 1O2. b) Absorbance curve of ABDA, Ru1 mixture before 

and after photo-irradiation using 470 nm LED lamp (~20 mW/cm2) for 5 min. The reduction in absorbance maxima of ABDA 

@ 380 nm reflects the singlet oxygen production of Ru1.  

 

 

 

 

Figure SI-6: Singlet Oxygen production efficiency of cHSA-PEO-TPP-Ru bio-hybrid was measured using the ABDA after 5 

min irradiation of each LED light of 470 nm, 525 nm, 625 nm and 770 nm. The bar diagram shows that, among the four LED 

lights tested the 470 nm light has maximum singlet oxygen production followed by 525 nm LED. Whereas the 625 nm and 

770 nm LED lights have negligible singlet oxygen production. Sample without light irradiation was considered control (100% 

ABDA absorbance).  
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Figure SI-7: a) Cell uptake of Protein-Ru Hybrid (500 nM) into HeLa cells in a time-dependent fashion until saturation is 

reached. HeLa cells were incubated with 500 nM Protein-Ru Hybrid for various time intervals ranging from 1 min to 240 min 

(4 h) and analysed by BD Flow-cytometry. b) Confocal imaging of HeLa cells incubated with 500 nM Protein-Ru Hybrid for 

4 h at 37 °C. Scale bare 10 µm. (c)  Confocal microscopy images of HeLa cells incubated with cHSA-PEO-TPP-Ru and treated 

with commercial mitochondria trackers. Overlay images and colocalization analysis of cells proved efficient mitochondria 

colocalization. 

 

 

Figure SI-8: (a) Cell viability study of Ru1 tested within a broad concentration range from 1.2 µM to 315 µM, where HeLa 

cells were incubated with Ru1 and thereafter exposed to 470 nm LED lamp (~20 mW/cm2) for 5 min before cell viability 

assay. (b) The logarithmic fitting curve for cell viability of Ru1. IC50 value of Ru1 is 7.7± 1.3 µM. 

a) b)



S11 
 

 

 

Figure SI-9: (a) 1O2 production yield of cHSA-PEO-TPP-Ru and cHSA-PEO-TPP, as obtained from the photobleaching of 

characteristics @380 nm absorption peak of ABDA (100 μM) during irradiation with 470 nm LED light (~20 mW/cm2, 5 

min) in PBS (1x, pH 7.4). (b) Cell viability study of cHSA-PEO-TPP in a broad concentration range from 0 nM to 2 µM with 

and without light, where HeLa cells were incubated with cHSA-PEO-TPP and thereafter exposed to 470 nm LED lamp (~20 

mW/cm2) for 5 min before cell viability assay. cHSA-PEO-TPP shows no significant photo-toxicity. (c) HeLa cells were 

exposed to 470 nm LED lamp (~20 mW/cm2) for 5 min before cell viability was measured. Cells that were not exposed to 

light were used as control. The application of light alone had no effect on cell viability under these experimental conditions.  

 

 

Figure SI-10: Cell viability study of cHSA-PEO-TPP-Ru using CHO cells.  (a) CHO cells incubated with cHSA-PEO-TPP-

Ru in broad concentration range (0 nM to 1000 nM), and were exposed to 470 nm LED lamp (~20 mW/cm2) for 5 min before 

cell viability assay. Cells without light exposure were also measured for their dark toxicity.  (b) The logarithmic fitting curve 

for cell viability using CHO cells. IC50 value of of cHSA-PEO-TPP-Ru for CHO cells is 135.2 ± 1 nM.  

 

 

Figure SI-11: Cell viability study of cHSA-PEO-TPP-Ru using MCF7 cells.  (a) MCF7 cells incubated with cHSA-PEO-

TPP-Ru in broad concentration range (0 nM to 1000 nM), and were exposed to 470 nm LED lamp (~20 mW/cm2) for 5 min 

before cell viability assay. Cells without light exposure also measured for dark toxicity.  (b) The logarithmic fitting curve for 

cell viability using MCF7 cells. IC50 value of of cHSA-PEO-TPP-Ru for MCF7 cells is 114.3 ± 1 nM.  
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Figure SI-12: Cell viability study of cHSA-PEO-TPP-Ru using A549 cells.  (a) A549 cells incubated with cHSA-PEO-TPP-

Ru in broad concentration range (0 nM to 1000 nM), and were exposed to 470 nm LED lamp (~20 mW/cm2) for 5 min before 

cell viability assay. Cells without light exposure also measured for dark toxicity.  (b) The logarithmic fitting curve for cell 

viability using A549 cells. IC50 value of of cHSA-PEO-TPP-Ru for A549 cells is 119.1 ± 1 nM.  

 

 

 

Figure SI-13: Colony forming cell (CFC) assay of AML1-ETO9a cell lines treated with cHSA-PEO-TPP-Ru showed a 

decrease in colony numbers after irradiating cells for 2 min and 5 min compared to the cells treated but not irradiated (dark) 

(n=1; duplicates).  
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Figure SI-14:  Colony forming cell (CFC) assay of normal bone marrow (nBM) treated with cHSA-PEO-TPP-Ru did not 

show a significant decrease in colony number after irradiating cells for 2 min or even 5 min; compared to the cells treated but 

not irradiated (dark) (n=3; duplicates). Bars show Mean±SEM. 

 

 

 

NMR Data: 
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Composition simulated body fluid: 

SBF – Updated Simulated Body Fluid pH = 7,4  

Substance Mass (gm)  Charge 

CaCl2 * 2 H2O 0,387    430155401 

KCl 0,225   29087021 

KH2PO4  0,138   140155750 

MgCl2   0,146   035223846 

NaCl 8,035    K41420604037 

NaHCO3 0,355   81128 

NaSO4  0,072   TA273837 

TRIS 6,118   280159067 

1 M HCl 39 mL                             08J030508 (37 %) 

 

 

 

 

 

 

 



S15 
 

Reference 

(1)  Palesch, D.; Boldt, F.; Mülller, J. A.; Eisele, K.; Stülrzel, C. M.; Wu, Y.; Mülnch, J.; Weil, T. ChemBioChem 2016, 

1504–1508. 

(2)  Rau, S.; Schäfer, B.; Grüßing, A.; Schebesta, S.; Lamm, K.; Vieth, J.; Görls, H.; Walther, D.; Rudolph, M.; Grummt, 
U. W.; Birkner, E. Inorganica Chim. Acta 2004, 357, 4496–4503. 

(3)  Joshi, N. S.; Whitaker, L. R.; Francis, M. B. J. Am. Chem. Soc. 2004, 126, 15942–15943. 

(4) Arenas, Y.; Monro, S.; Shi, G.; Mandel, A.; McFarland, S.; Lilge, L. Photodiagnosis Photodyn. Ther. 2013, 10, 615–
625. 

 (5)         Kauert, M.; Stoller, P. C.; Frenz, M.; Ricka, J. Opt. express 2006, 14, 8434. 

(6) Deshpande, A. J.; Cusan, M.; Rawat, V. P. S.; Reuter, H.; Krause, A.; Pott, C.; Quintanilla-Martinez, L.; Kakadia, P.; 

Kuchenbauer, F.; Ahmed, F.; Delabesse, E.; Hahn, M.; Lichter, P.; Kneba, M.; Hiddemann, W.; Macintyre, E.; 

Mecucci, C.; Ludwig, W. D.; Humphries, R. K.; Bohlander, S. K.; Feuring-Buske, M.; Buske, C. Cancer Cell 2006, 

10, 363–374. 

 

 



194



List of Abbreviations

Å Ångström

AML acute myeloid leukemia

Ar argon

bpy 2,2’-bipyridine
◦C Grad Celsius

CI chemical ionisation

COSY correlated spectroscopy

CuAAC copper(I)-catalyzed azide-alkyne cycloaddition

CuSO4 copper sulfate pentahydrate (CuSO4· 5 H2O)

Cys cysteine(s)

d doublet

day

DC thin layer chromatography

DCM dichloromethane

dd doublet of a doublet

δ chemical shift [ppm]

∆T heat input

DFT density functional theory

DMSO dimethylsulfoxide

EDTA ethylenediaminetetraacetic acid

eq equivalents

EtOAc ethylacetate

EtOH ethanol

h hour

HMBC heteronuclear multiple bond correlation

HPLC high performance liquid chromatography

HSA human serum albumin

HSQC heteronuclear single quantum coherence

IC internal conversion

IC50 half maximal inhibitory concentration

ip imidazophenanthroline

IR infra red

ISC inter-system crossing

J scalar coupling constant [Hz]
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KBr potassium bromide

LC ligand centred transition

LMCT ligand to metal charge transfer

m multiplet

medium (intensity in IR-spectra)

M molecular mass [ g
mol ]

MC metal centred transition

MeCN acetonitrile

MeOH methanol

MLCT metal to ligand charge transfer

MO molecular orbital

m/z mass to charge ratio

NaAsc (+)-sodium-L-ascorbate

nm nanometer

NMR nuclear magnetic resonance

ν̃ wavenumber [cm-1]

PDT photodynamic therapy

PEO polyethylene oxide

phen 1,10-phenanthroline

PI phototoxic index

ppm parts per million

PTW phototherapeutic window

RGD amino acid sequence: Arg-Gly-Asp

ROS reactive oxygen species

RT room temperature

s singlet

strong (intensity in IR-spectra)

SPAAC strain-promoted azide-alkyne cycloaddition
tertbpy 4,4’-di-tertbutyl-2,2’-bipyridine

TIPS triisopropylsilyl group

TMS trimethylsilyl group

TPP triphenyl-phosphonium

tpy terpyridine, 2,6-bis(2-pyridyl)-pyridine

UV/Vis ultraviolet/visible

w weak (intensity in IR-spectra)
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