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Abstract 
 

The scope of the present PhD work is the synthesis and characterization of new compounds that 

may exhibit electronic properties for their investigations in nanoscience. Towards the development of 

new electronically active molecules, we designed and synthesized different classes of compounds 

according to the desired properties. This thesis is divided into six chapters and contains the results of 

three years of PhD work at Institute of Nanotechnology KIT, Germany. 

 

» Chapter 1 contains the introduction with a brief overview about molecular electronics and 

molecular self-assembly as an important process for fabrication of future nanodevices. Furthermore, 

several types of metal-complexes on surfaces for electron transport measurements are outlined to explain 

the motivation of the present work. 

 

» Chapter 2 focuses on the synthesis and characterization of organic tripodal scaffolds adapted 

for metal coordination and their subsequent attachment on a metallic surface. Three classes of 

coordination compounds are involved. The first two structures are based on Schiff-base ligands (trensal 

and trenpy) with O- or N-donor functionality, while the third structure contains the bipyridine motif. The 

structures are functionalized with sulphur-containing end groups (thiomethyl and thioacetyl groups) or 

pyridine units as anchoring groups. The variation of the organic structure, anchoring groups, metal ions 

and counter ions, focused on the targets, is expected to offer comparative properties in the electron 

transport behaviour. Preliminary studies by STM measurements on Au(111) of two of the series of metal 

complexes, have been addressed by deposition in “sub-monolayer” concentrations and present the first 

results of these types of complexes at single molecule level. 

 
 

» Chapter 3 reports about homobimetallic helical complexes considered as molecular metal 

wires, functionalized with sulphur-containing anchoring groups. The structures investigated so far can be 

envisioned as a connection of two tripodal structures with anchoring groups on both ends. Metal ion 

coordination transforms the ligands under application of supramolecular self assembly principles into 

triple-stranded helical bimetallic coordination compounds. The use of different metal ions offers a 

 ix 



variation of magnetic behaviours which allows for a comparison of properties in the electron transport 

behaviour.  

 
 

» Chapter 4 describes a new series of chiral ligands and their Zn(II)-complexes based on the 

optically active binaphthyl motif as potential chiral materials for optoelectronic devices. Moreover, the 

novel systems combine the stereochemically defined 1,1’-binaphthyl backbone and a Schiff base 

coordination environment. The synthetic introduction of different substituents in different positions on the 

Schiff base phenoxy moiety is designed in order to tune their properties and applications such as 

electropolymerization and surface attachment for electron transport studies. 

           n
 

» Chapter 5 concentrates on the synthesis of molecules containing charged moieties which are 

equipped with thioketal functional groups. The structural variation of the charged molecules and the 

synthesis of the corresponding neutral analogues allow for a comparative study on a metallic surface. The 

thioketal functionality is expected to offer a more stable anchoring facility to the surface by the two 

sulphur atoms. Thus it is proposed as new anchoring group for gold surface attachment in SAMs for 

electronic transport investigation. 

 
 

» Chapter 6 incorporates the experimental part including the description of the applied materials and 

instruments required for the present work. In particular, all synthetic pathways and workup procedures are 

specified together with all the characterization results obtained from the available methods. Special 

emphasis is put on results received from single crystal X-ray analyses for almost all final compounds.     
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Chapter 1.  

Introduction 
 

The work in this thesis is located in the field of organic and coordination chemistry. A special 

focus is set on synthesis and characterization of functional molecules purposely designed for studies on 

metal surfaces. The scope of the present work is the combination of certain chemical and structural 

functionalities in order to generate both, specific properties as well as increased stability of electronically 

active molecules. As one of the key functions of the molecules is allocated to their possible use in 

molecular electronics, some general aspects of this topic are introduced. This first chapter compiles an 

introductory review of the basic concepts and methods which have been reported in the literature. Some 

exemplary molecular devices, molecular junctions and some methods of analysis are described; in 

particular scanning tunnelling microscopy is outlined. Furthermore, several types of metal complexes 

which have been reported to attach on surfaces for electron transport measurements are classified.  

 

1.1. Molecular electronics - general aspects 
 

The miniaturization of electronic devices is a key driving factor in modern computer technology 

since the formulation of Moore’s “law”. It relates that the number of transistors that can be fabricated on a 

silicon integrated circuit is doubling every 18 to 24 months.1 However, the size of electronic circuits 

based on conventional silicon semiconductor technology is bound to be reached in time by technological 

and physical limits. One proposed way of solving this dilemma is the implication of molecular electronics 

based on organic and organometallic chemistry.  

Molecular electronics propose to build electronic devices, i.e. nanometre scaled objects or 

assemblies based on single or small networks of molecules, incorporating distinct electronic functions. By 

this an unlimited number of possibilities can introduce a high structural flexibility and tailored purpose 

determined properties into the new devices production. The electronic response of such arrangements to 

an exterior trigger is closely related to the molecular structure. One way to analyze the electronic 

behaviour of a single molecule or a small network of molecules is the determination of its electronic 

transport properties on metal surfaces.2 -5 

The main challenge in molecular electronics by using molecules is to realize devices equivalent to 

transistors, diodes, MOFET (metal–oxide–semiconductor field-effect transistor), or CMOS 

(complementary metal–oxide–semiconductor) etc., in order to amplify, switch or rectify signals, 
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interconnect (wires as passive function) or to allow for more complex functions, such as a logic gating or 

even a full arithmetic and logic unit.5 -7  In all these devices electron transport via tunneling or real 

charging (electrochemistry) through a specific part or even the entire unit plays a pivotal role, where on 

molecular basis a lot of theoretical input has been given.8, 9 

Starting with the works of Kuhn in 1971, and Aviram and Ratner in 1974, in which the first 

molecular electronic devices have been suggested, a huge development on the frontier of both fields of 

science, chemistry and physics, paved the way to many functional examples.10, 11  The first molecular 

rectifier based on a π–donor and a π–acceptor system, separated by an σ–bonded tunneling bridge which 

blocks the conjugation has been proposed to simulate the p-n transitions in semiconductors (figure 1a).11  

From this point several molecular diodes have been designed, the first rectification example based on 

Langmuir–Blodgett (LB) films of amphiphilic molecules (figure 1b) 12 and recently a prototype of single 

molecule diode have been reported. Single-molecule conductance measurements of a molecular rod 

(figure 1c) consisting of electron poor and rich subunits being immobilized between two electrodes by 

sulphur-gold contacts resulted in weak asymmetric diode-like shape of the current-voltage 

characteristics.5, 13.    

a)          b)               D+ 
 

                π          A-   
  

                        σ          D (n) 

                              A (p)                     
                c) 
 

 

Figure 1. a) First hypothetic molecular rectifier;11 b) Zwitterionic molecule presenting rectification assembled as 
Langmuir–Blodgett monolayer between two electrodes;12  c) Prototype single molecule rectifier.13 

  

Performing and understanding the charge transport or more specifically, electron transport 

through a single molecule is considered the key step in the design of devices as it permits the 

comprehension of processes occurring in many chemical and biological systems.14, 15  As a read out tool 

commonly the current-voltage characteristics (I-V curves) are used, that is the measurement of the current 

as a function of increased positive or negative voltage. The first derivative of the measured parameters 

dI/dV allows for exact determination of transport processes, which is a direct method to gain information 

of chemical and electronic properties of the single molecule.15  Hence, as a future prospect, chemical and 

biosensor applications can be derived from the electrical detection of individual binding events. 16 

It is well known that the electrical properties of conductors, semiconductors and insulators are 

described by their conductivity, defined as: σ = (I/V) x L/A, where I is the electric current, V is the 

applied bias voltage, L is the length and A the cross sectional area of the material. For a single molecule 

the length and area is difficult to take into consideration, thus in molecular electronics the electronic 

properties are directly related to conductance G, characterized by Ohm’s law with G = I/V. For the 
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measurement of single-molecule conductance, the molecule should be connected in a molecular junction 

to at least two electrodes through a stable, strong and reproducible contact. However, the conductance 

depends not only on the properties of the molecule, but also on the electrode material, the molecule-

electrode contact and the local environment of the molecule. The measured conductance may be sensitive 

to temperature, vibration modes of the molecule or surrounding solvent molecules, etc. This makes the 

production of a single molecule junction a very difficult task, firstly by controlling the measurement 

details, followed by the evaluation of the real contribution of these effects.15 

In molecular electronics the investigation of the conductance started with “simple” molecules 

based on thiol compounds to achieve a good understanding of the electrical conductance of molecular 

junctions. 4, 17  Later, more complex molecules, focused in principal on conjugated molecules, which due 

to their extended electron systems exhibit small gaps between their HOMO and LUMO levels, started to 

be investigated. Additionally, they can become good conductors upon oxidation and reduction.18 For 

example, different conjugated oligomers, such as oligo(phenylenevinylene) (OPV) and oligo(phenylene 

ethynylene) (OPE) were measured and compared.19, 20 

In the subchapter 1.2., more recent reports about metal complexes proposed for electron transport 

studies will be outlined in more detail. 

Currently, scientists try to extend the conceptional two terminal molecular electronic devices such 

as rectifiers, wires and memory elements to build higher elaborate three terminal devices, e.g. transistors. 

In this way switching and real logic operations are feasible for quantum computing applications.  

 

1.1.1. Scanning probe microscopy techniques 

 

The most widespread methods for measurement and characterization of molecules contacted by 

leads are classified as: break junctions (BJ),21- 23 scanning tunneling microscopy (STM),24 atomic force 

microscopy (AFM),25, 26 crossed-wire junctions,19, 20, 27 self-assembled monolayers (SAMs) 28 and Hg-

drop electrodes (Ninni’s junction).29, 30  

Two specific break junction setups which are frequently used to measure single molecular 

conductance are mechanically controlled break junction (MCBJ) and electromigration technique.22, 23, 31  

However, in BJs the nature of the contact of the molecule to the electrodes is not known. As a 

consequence, theory is lacking important information to model the contact geometry and thus 

understanding molecular conductance measurements is a difficult task.15  It is therefore desirable to fully 

characterize molecular wires which are binding stable to the electrodes. All of the above mentioned 

methods have their advantages and disadvantages alike. However, single molecule contacts can be 

characterized and imaged until now only by STM methods, which can perform a sufficiently resolved 

scan over the molecular and atomic landscape in the scope of measurement domain. 

The development of the STM technique for which invention G. Binnig and H. Rohrer 24  received 

the Nobel Prize in 1981 has facilitated manipulation of single-molecule electronics which can achieve 
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nanoscale molecular junctions.32 STM allows for the characterization of the position and surrounding of 

single molecules with submolecular resolution.33 This analytical method is not only capable of imaging 

structures at surfaces with atomic resolution but can also provide information on the electronic properties 

of the molecule-contact. This is realized by measuring I-V characteristics in the so called scanning 

tunneling spectroscopy (STS). It can be also useful for understanding binding sites and reaction 

processes. 34  In addition, the tip can be used to manipulate atoms and molecules on surfaces and to 

induce chemical modifications on the surfaces on atomic scale.35 

A schematic picture of the experimental setup of an STM is shown in figure 2. There, a 

predefined and almost ideally smooth crystal phase of a single crystalline metal provides a conducting 

surface, whereupon the molecule of interest is placed in ultrahigh vacuum. A metallic tip consisting of a 

close to pyramidal shape defines the counter electrode to the substrate surface. As the tip approaches the 

surface with a remaining separation of about one nanometre a current (pA to nA) can be detected when a 

small bias (mV to V) is applied between tip and substrate. This small current occurs on basis of the 

quantum mechanical tunneling effect and depends exponentially on the tip-sample distance. As a tool to 

establish height profiles and images the occurring tunneling voltage and the determination of the z-

position of the piezoscanner can be used.34 

Ideally the bias voltage results in direct imaging of the shape of individual molecular orbitals.36 

When a sample is biased positively, electrons flow from tip to the surface (figure 2), while negative bias 

has the revers effect. Depending on the direction of the flow either the highest occupied molecular orbital 

(HOMO) or the lowest unoccupied molecular orbital (LUMO) of the molecule can be involved in the 

tunneling.  

 
Figure 2. Schematic experimental setup STM tip based molecular junctions and the energy profile for an STM 
junction after applying a positive bias voltage to the sample; Φ – work functions of the electrode, IP – ionization 
potential, ES, ET – Fermi levels of surface and tip respectively and gap voltage in eV.  
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1.1.2. Integration of molecules for electronic transport measurements - from 

self-assembled monolayers to single molecules 

 

Several deposition methods, such as sublimation in ultra-high vacuum (UHV), self assembly in 

solution, pulse injection deposition etc, are used to deposit single molecules on electrodes or on a surface 

serving as an electrode. The self-assembled monolayers (SAMs) grown from vapours or solutions, 

Langmuir and Langmuir-Blodgett (LB) films are the most frequently used techniques to modify a solid 

surface with a functional molecular film. Such an ultrathin film is formed on a solid surface by 

immobilizing molecules through anchoring groups or amphiphilic units.37 

Molecular self-assembly and molecular recognition are considered being important aspects of 

“bottom-up approach” in nanotechnology, which starts from molecules and builds up nanostructures. 

Using molecular self-assembly the desired structure is programmed by the shape and functional groups of 

the molecules. A broad spectrum of processes has been called self-assembly derived from observations 

made in nature. Depending on the field of science, the concept of self-assembly has received different 

definitions in biology, chemistry and physics.  

In general sense, self-assembly can be defined as a phenomenon in which atoms, molecules, or 

groups of molecules arrange themselves spontaneously into well-defined ordered structures 

(supramolecular species) by intermolecular interactions, without external intervention. Self-assembly is 

based on molecular recognition, pre-organization and complementarity concepts favoured by 

thermodynamic and kinetic control. J.M. Lehn wrote: “Self-assembly is the broader term. It can be taken 

to designate the evolution of few/ many components, resulting in the formation of discrete/ extended 

entities at either the molecular, covalent or the supramolecular, non-covalent level. […] The formation of 

supermolecules results from the recognition-directed spontaneous association of a well-defined and 

limited number of molecular components under the intermolecular control of the non-covalent 

interactions that hold them together”.38 “Self-organization offers to molecular nanotechnology a 

powerful alternative to both top-down miniaturization and bottom-up nanofabrication approaches. […] 

Self-organization offers the full range of self processes that determine the internal build up, the functional 

integration, and the operation of the entity (such as self-selection or self-wiring), as well as its external 

connection to the environment (self-connection for addressing and sensing). The most complex object we 

know, the brain, builds up by self-organization and is self-wired and self-integrated, as well as self-

connected through our senses”.39 

Self-assembly of molecules on surfaces from SAMs to layer-by layer (LbL) growth of 

multilayers, became a technologically promising process to construct two-dimensional and three-

dimensional systems on surfaces with emphasis on development of sensors, catalysts and molecular 

electronics., 40, 41  

SAMs are ordered molecular assemblies that are formed spontaneously by the adsorption 

interactions of a specific headgroup to a substrate. Figure 3 shows a schematic representation, including 

the constituents of the organized molecules in SAM (headgroup, chain or backbone, endgroup).37 
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Figure 3. Schematic representation of SAM; the chemisorbing head groups and end groups (circles) can be chosen 
from a variety of chemical functionalities. 37  

 

Self-assembly processes at surfaces, after the physicists’ classification, are based on 

chemisorption or physisorption interactions. Physisorption is characterized by a weak interaction between 

the adsorbing molecules and the substrate. Contributions to the interaction forces in physisorption are the 

van der Waals forces. Chemisorption is characterized by the formation of a chemical, usually covalent 

bond between the adsorbate and the surface. Organosilicon on SiO2 and Al2O3, alkanethiols, sulfides and 

disulfides on Au, thiol-functionalized molecules on Au, Ag, Cu or Pt-substrates, alcohols and amines on 

Pt, carboxylic acids on Al2O3 and Ag are some example of this type of self-assembly.40, 42  

A widely used method to obtain SAMs is the attachment of molecules terminated with thiol 

groups to electroactive surfaces such as gold electrodes.40  The self-assembling mechanism for simple 

alkanethiol molecules has been proposed (figure 4.). At low surface coverage the molecules are lying flat 

on the surface and have high mobility. At higher coverage, the molecule assemble ordered in a flat-laying 

way on the surface, while only in high saturated density the molecules self-assemble in a highly ordered 

monolayer which stands upright, forming an approximate angle of 30° to the surface.43  

 
Figure 4. Schematic representation of the self-assembly mechanism for alkanethiols on Au(111); A) highly mobile 
phase at low coverage; B) and C) laying stripes of molecules at increased coverage; D) stripes of laying molecules 
and upright standing of organized molecules E) highly ordered monolayer.43  

 

The electronic properties of alkane-thiol monolayers on gold surfaces, which are acting as 

molecular insulators, have been studied in various experiments. In a homologue series, charge is 

transported by tunneling and current is decreasing exponentially with chain length according to:  

I = I0 exp(-βN N), where N is the number of methylene groups in the chain and βN is found to be 1 per 

methylene group. However, there are disagreements between molecular conductivities measured by 

different experiments.44, 45  To measure the conductance through a single molecule in SAM, one way to 

reduce the problems associated with not a well defined tip-molecule contact, is to insert the molecule of 

interest into a matrix (SAM) formed by another molecule which is less conducting (figure 5).15, 46  Yet, 
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the matrix interacts with the probe molecule and recently has been considered that the influence of 

surrounding molecules in dense SAMs cannot be singled out.45, 47  On the other side, introduction of 

additional functional units can disturb the interactions responsible for high ordering of molecules in 

SAMs.41  In high dilution, similar to alkanethiol molecules, most of the molecular "wires" lie down on the 

surface. 48 

 
Figure 5. Inserted molecular wire in alkanethiol SAM addressed by STM tip.46 

 

1.1.3. Multipod structures for surface attachment 

 

In order to control molecular spacing, molecules with multiple attachment points are considered 

desirable to keep the molecular orientation rigid on the surface. In this purpose a precursor SAM 

molecule containing a dendron with multiple anchor sites has been proposed.41  Examples of rigid tripodal 

molecules containing –COOH, –PO3H or –SH binding groups, showed in figure 6, are regarded to 

provide a stable, three-point attachment to the solid surface.49 -54  

  
Figure 6. Partial structures of multipod anchoring groups for surface attachment.41 

 

Four or more anchoring groups have also been reported.55 Photoelectrochemical systems with 

multipod anchoring groups consisting of a sensitizer unit have been reported.50, 56 -58 It has been suggested 

that the molecular arrangement at the surface and the sensitizer distance to the metal oxide surface play an 

important role in the interfacial electron transfer reaction. An example is given in fig. 7.56  
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Figure 7. Structure of tetrapod for surface attachment 56 

 

Trinuclear Ru complexes containing six phosphonate anchor groups for immobilization on an 

indium-tin oxide (ITO) electrode have been recently reported (figure 8).59 The “canopied” structure was 

proved by AFM measurements as molecular dots with almost the same average height of 1.2 nm all over 

the surface. Further, a rotaxane with a tripodal phosphonate anchoring group on a TiO2 nanoparticle 

surface has been reported.51,  In this rotaxane system, the shuttle movement of a crown ether was 

controlled by the oxidation state of a viologen-based axle moiety. A proposed electric field-driven 

molecular motor with tripod base sulphur containing for surface binding has been also synthesized. 

However, this motor has not been reported to be functional.

52

60   

         
Figure 8. Structure of multipod trinuclear Ru complex with six phosphonate units for surface attachment.59 

 

These types of molecules with multiple anchoring ligands were supposed to bind stronger to the 

solid substrate than molecules with one anchoring group. In general the anchoring structures have been 

analyzed by electrochemical characterization. However, to our knowledge, STM measurements which 

exactly image the position of multipod molecules standing and binding to the surface have not been 

reported so far. 
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1.2. Electron transport through metal complexes 
 

In the last years the particular use of metal-complexes in electronic transport studies has attracted 

a special interest because of their exceeding electronic properties in comparison to purely organic 

materials. Thus the reduction-oxidation window offered by such metal complexes combined with their 

possibility for immobilization on metallic surfaces promises to yield purpose-tuned properties and unique 

functions for functional nanodevices like e.g. data storage. 

In the numerous reports about metal complexes which were designed for surface studies only few 

examples specify electron transport on a single molecule level. The following section introduces 

representative examples of several classes of metal complexes which were studied by STM either in 

SAMs or as single molecules. 

 

1.2.1. Ferrocene complexes 

 

Ferrocene exhibits fast and reversible one-electron transfer on solid electrodes, whose redox 

reactions are often used as potential calibration standard in electrochemical measurements. It is therefore 

considered being a good model for studying electron transport phenomena.61  

Experiments have shown that ferrocene compounds self-assembled in monolayers exhibit 

negatively differential resistance (NDR) effect, which further demonstrates rich and interesting electronic 

properties of the molecule.62 -65  The phenomenon of NDR is characterized by decreasing current through 

a junction at increasing voltage (figure 9). NDR is the driving factor in several electronic components, for 

example resonant tunneling diodes (RTDs) in a two-terminal device. 
 

              I (nA)      

 

 

 

 

 

         V(mV) 
  

Figure 9. I-V curve exhibiting the NDR behaviour in a Ferrocene tunnel junction system measured by STM 65 
 

The conductances of wired ferrocene molecules (figure 10) with two thiol linkers between gold 

electrodes have been determined by using electrochemical STM-based break junction technique. The 

conductance histograms of many individual molecular junctions show broad peaks which reflect large 

fluctuations in the conductance of the molecules. By measuring the current through a molecular junction 

while sweeping the potential, a switching effect of the molecules from the low-conductance reduced state 

to the high-conductance oxidized state has been proposed.61 
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Figure 10. Ferrocene sulphur functionalized molecules wired in electrochemical STM-based break junction 61 

 

1.2.2. Porphyrin complexes 

 

Electron tunneling studies have been addressed to the insertion influence of metallic ions into the 

porphyrin scaffold, which consequently changed the redox properties in various metal-porphyrins.66 -68
 

A series of porphyrins in which each porphyrin bears S-acetylthiol-derivatized linkers were used 

for SAM formation on Au electrodes after which electrochemical STM measurements were carried out.53, 

69 -71 

The SAM of metal-free porphyrins functionalized with thioacetyl groups deposited on gold 

substrate blocked the electron transport from the gold electrode to solution. On the contrary, the deposited 

metal-porphyrin complexes have increased the electron transport ability in comparison to the 

uncomplexated porphyrins.72 

Studies for potential memory-devices have been carried out based on In2O3 nanowires coated 

with SAMs of porphyrins and investigated by SEM technique (figure 11a).  

a)         b) 

     
 
Figure 11. a) Device formed from monolayer of porphyrin molecules on In2O3 nanowire transistor SEM image of 
the porphyrin device; b) I-V curves for one state “1” and one state “0” of the Co(II)-porphyrin device and the 
recorded current repeatedly written into states “1” and “0”.73 
 

Devices with redox-active Co(II)-porphyrin complexes exhibited efficient memory operation 

while analogous uncomplexed porphyrin devices exhibited no memory effects. The Co(II)-porphyrin 

device with typical n-type field effect transistor behaviour exhibited reliable on/off operations where the 
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charge stored in the molecules represented the bit and the nanowire conductance was used as the readout 

(figure 11b). A mostly metal-centered oxidation offered by the Co2+/3+ redox couple has been considered 

being the key factor for achieving the memory effect. The writing operation was performed by applying a 

negative voltage pulse which led to positive charges injected into the self-assembled molecules, bringing 

them into oxidized state. Applying a positive bias to the gate returned the porphyrin to its reduced form 

and brings the nanowire device to a low-conductance state. Information was stored via removing 

electrons from the porphyrin units by applying a bias voltage between the electrodes above the molecular 

oxidation potential. It was shown that multiple oxidation states (i.e. neutral, monocation, and dication) of 

the porphyrins can be reversibly obtained.69, 73
   

 

1.2.3. Schiff-base complexes 

 

Several SAMs of Schiff-base complexes on graphite, quartz, gold or in Langmuir-Brodgett (LB) 

films based on Zn(II)-, Ni(II)-, Co(II)-, Cu(II)-bis(salicyliden)-derivate complexes have been reported.74 -

76  STM characterization applied for this type of deposited complexes showed highly 2D ordered lamellar 

arrays (figure 12) and the nature of interactions implied in their organization has been discussed. 

However, the complexes appear to be suitable for nanopatterning of surfaces, to our knowledge electron 

transport characterization has not been reported. In some cases electron-transfer reactions of these salen-

complexes have been addressed electrochemically.77 

     
Figure 12. Example of Schiff-base complex structure on HOPG and its STM image of high 2D ordered SAM.76 

 

1.2.4. Polypyridine based metal-complexes 

 

Directed electrochemical charge transport at the single-molecule and monolayer levels have been 

addressed to different redox active metal complexes in solution on electrodes by STM and MCBJ 

techniques.78 -81. 

A couple of bis(2,2’-bipyridyl) osmium(II)-complexes has been attached via 4,4’-bipyridyl 

linkers on single crystal Au(111) or Pt(111) surfaces in an electrochemical STM experiment setup (figure 

13). In this way single molecule transistor behaviour was suggested, including the gate electrode acting as 
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the third terminus. High amplification of on-off ratios have been realized by adjusting the gate voltage in 

such a way that the electrochemical transition of the Os(II)/Os(III) redox couple is set in between the 

Fermi levels of the electrodes. Thus, sequential interfacial electron transport implying the population and 

depopulation of redox levels has been described. The mechanism of the ET has been proposed to occur 

coherent for a significant number of electrons by thermal activated hopping according to results obtained 

from two-dimensional electrochemical STM and STS. In order to support the results theoretically, results 

from monolayer experiments were used to connect single-molecule conductance with electrochemical 

kinetics. As a conclusion strong electronic coupling is responsible for strong distance dependence of the 

tunnelling current.78, 79 

    
Figure 13. Bis(2,2’-biypyridyl) osmium(II) complexes on surfaces and mechanism of electron transport through 
individual complexes.78, 79 

 

In another electrochemical STM setup experiment, SAMs of terpyridine based complexes of 

Ru(II) and Os(II) were studied and compared with their electrochemical behaviour. Due to higher 

repulsive interaction energies of the terpy complexes in comparison to bpy based analogues the surface 

coverage was found to be lower for the former. Additionally, the formation of hexagonal arrays in the 

case of terpy complexes was described. From potential sweep scans the peak current dependence from the 

scan rate was used to determine interaction energies within the monolayer.80 

Single molecule transistors have been constructed by applying thiol functionalized Co(II)-

bis(terpyridine) complexes (figure 14) in a junction setup created by electromigration technique. 

Depending on the length between the linking sulphur groups normal Coulomb blockade behaviour at low 

bias voltages (long linker) or Kondo effect features at cryogenic temperatures in presence of a magnetic 

field (short linker) has been described. The Kondo effect occurs only for the shorter molecule and is 

observed as a peak in the differential conductance at 0 V. At very low temperatures the unpaired electron 

of the Co(II) ion is considered to be located on an spatial island which couples strongly to the conduction 

electrons of the gold electrodes and thus creates two non-degenerate states if an external magnetic field is 

applied.82  
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Figure 14. Co(II)-bis(terpyridine) complexes proposed as single molecule transistors in a junction setup created by 

electromigration technique.82 

 

Single-molecule charge transport through a Ru(II)-bis(terpyridyl) complex (figure 15) with p-

acetyl-mercapto phenylacetylene units for anchoring to Au electrodes, has been investigated in MCBJ in 

UHV conditions at various temperatures and compared with DFT calculations.  

 
 

 

 

 
 

 

 
Figure 15. Structure of Ru(II)-bis(terpyridyl)-complex studied in MCBJ and the I-V electronic transport properties 
at different temperatures of the Cardan-joint-type molecule.81 

  

As a result of the opening and closing movement of the break junction electrodes, the I-V 

characteristics changed considerably in magnitude which was attributed to a cardan-like buckling and 

straightening of the molecule around the central Ru-coordination subunit (figure 15). Resonant transport 

through the LUMO was suggested by ab initio calculations.81 

 

1.2.5. Grid-type supramolecular transition metal assemblies 

 

Grid-type supramolecular metal complexes (figure 16) obtained by self-assembly of transition 

metal ions and designed ligands are arranged in rigid and highly symmetric structures, exhibiting 

interesting magnetic83 and electrochemical properties.84, 85  STM studies of densely packed monolayers of 
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[CoII
4L4]8+ grid complexes on graphite (figure 16)86 -88 and transport properties by scanning tunneling 

spectroscopy (STS) have been reported. Different molecular arrangements of complex molecules were 

observed after scanning: 1D ordered lines (figure 16a), 2D ordered arrays (figure 16b), and isolated, free 

standing units (figure 16c) 89 and proposed as a three-terminal device.90 The observation of high-spin 

states of MnII
12 grid-type complex and FeIII

12 supramolecular assembly with single-molecule magnet 

behaviour have been also employed in current transport experiments.91 

   
Figure 16. Representation of the [CoII

4L4]8+ complex and STM images grid complex deposited onto a HOPG 
surface; a) at low concentrations the molecules are aligned along graphite steps into 1D chains; (b) 2D crystal of 
molecules along a graphite c) an isolated molecule with submolecular resolution.89 

 

1.2.6. Metalo-Dendrimers 

 

By varying different parts of the dendrimers their sequential build-up offers the possibility to tune 

several important properties such as the overall charge state as well as catalytic, redox and photoactive 

behaviour. Exchangeable parts can be the core structure, terminal functional groups, the ligating structure 

or different metal ions.92, 93  As a consequence of their multinuclear structure, the redox-active dendritic 

molecules started to be investigated as candidates for molecular charge storage.92 Protonation or 

coordination of a metal ion to certain ligand units contained in dendrimers can allow switching of the 

conformation on the surface due to loss of conformational freedom.93 Dendritic ruthenium-complexes 

have been reported to possess a stronger, additive MLCT band in the visible light which plays an 

important role in antenna functions for light harvesting.92 

Poor possibilities for structural characterization and lack of X-ray crystallographic data of 

dendrimers makes it a challenging task to image such species with scanning probe techniques.94  Several 

STM studies to image the dendrimers concentrated on the self-assembly process on surfaces or other 

interfaces. In that way even single molecule dendrimers have been determined.93, 95 -97  

An example with 2,2‘-bipyridine Fréchet-type dendrimers organized in SAM on graphite surface 

under ambient conditions is given in figure 17. 96 

The nonconductive nature of most of the dendrimers especially in high generations makes STM 

imaging difficult due to a small tunneling probability. Caused by the spherical geometry of these 

macromolecules consisting of poorly conducting structures high energy barriers for the tunneling are 

built-up. Considerable effort has been allocated to the inclusion of more conductive functionalities into 

the structure of the dendrimers (e.g. porphyrins, phenyl rings).97  
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Figure 17. STM image of 2,2‘-bipyridine Fréchet-type dendrimers in SAM on graphite.96 

 

More recently the introduction of metal ions into the dendritic scaffold lead to significant 

enhancement of the electron transport efficiency, thus visualization of intramolecular hyperfine features 

consistent with the location of dendrimer termini (figure 18A) was enabled. Four (G4) or eight (G8) 

generation of poly(amido-amine) PAMAM-NH3 dendrimers have been employed in STM and STS 

studies on Au(111) surface.97  

        
Figure 18. A) STM image which reveal the hyperfine features (indicated by small circles) of the G4 dendrimer 
treated with Pt(II); B) Pt(0) nanoparticle encapsulated in dendrimer formed by tunneling electron reduction of Pt(II) 
ions under UHV; C) Pt(II) ions remain coordinated in dendrimer under ambient conditions.97 

 

As a result of the coordination of metal ions (Pt2+ or Cu2+) by the organic dendrimer, Coulomb 

blockade (CB) behaviour was observed by STS in UHV, while in ambient conditions Coulomb staircase 

(CS) behaviour lead to the overall increased tunneling efficiency. The two behaviours are explained 

schematically in figure 18B and C: under UHV, Pt(0) nanoparticle encapsulated in dendrimer is formed 

by tunneling electron reduction of Pt(II) ions and under ambient conditions Pt(II) ions remain coordinated 

in dendrimer. 

 

Other not further classified types of metal complexes on surfaces investigated in SAM or at single 

molecule level by STM imaging or even STS techniques for transport properties, have been reported and 

can be found in more specific works. Some selected examples are a) a trans Pt(II)-complex as a single 

insulating molecule,98 b) ferric wheels with direct location addressability of the individual metal ions by 

STS,99 c) localization of spin centers with STM by magnetic interactions of Co-complexes at metallic 

surfaces using the Kondo effect. 100      
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Chapter 2.  

Tripodal metal complexes 

 
This chapter is focused on the synthesis of functionalized molecules to stand on their own on a 

metallic surface for electron transport investigation at single molecule level without the influence or 

support of surrounding molecules.  

The possibility to lock a principally flexible organic structure by metal coordination into a rigid 

three-dimensional tripod complex is a primary motivation to us. Additionally, the potential properties of 

these complexes can be fine tuned by varying the metal ions. 

Up to now the majority of surface studies were carried out on planar molecules, e.g. 

phthalocyanines and porphyrins known to lay flat on surfaces. The motivation for employing tripodal 

molecules to enforce a vertical orientation of the redox-active molecules at a fixed distance from the 

surface is proposed in order to provide a more robust anchor to surface but also to control electron-

transfer and charge-dissipation characteristics.53, 54, 101  In this respect an organic tripodal scaffold adapted 

for metal coordination and subsequent attachment on a metallic support was designed (figure 19). The 

organic scaffold with three terminal anchoring groups should allow for superior stability characteristics 

and better control of molecular orientation than the structures with a single site of attachment. The 

variation of the backbone structure, anchoring groups, metal ions and counter ions is expected to offer 

comparative properties in the electron transport behaviour.  

 

 

 

 
 

Figure 19. Schematic representation of the designed tripod 
 

Three classes of coordination compounds have been proposed for synthesis of the tripodal 

scaffold depicted schematically in figure 20. 

 
Figure 20. Tripodal functionalized metal complexes for surface decoration based on: Schiff bases ligands (trensal 
and trenpy) and bpy ligand. 
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The first two structures are based on Schiff-base ligands trensal and trenpy with [N3O3]- or [N6]-

donor sets and were used for complexation of different metal ions. The third structure contains the 

bipyridine ligand motif which was applied for coordination of Ru(II) cation. The M(III)-trensal 

complexes provide a neutral charged structure while the M(II)-trenpy and Ru(II)-trisbpy complexes form 

cations with a charge of 2+. The choice of Schiff-base and bipyridine complexes arose from the well-

developed and understood coordination chemistry of these types of ligands with a multitude of metal ions. 

The three types of coordination environment offer the tailored formation of stable metal-complexes 

combined with an interesting structural variation. As a consequence the magnetic behaviour and 

dependence of spin state on donor set in systems are influenced by the ligand structure.  

For the attachment on the metallic surface three types of anchoring groups are introduced in the 

tripodal structures in order to establish a different surface dependent behaviour. The structures are 

terminally functionalized with sulphur-containing end groups (thiomethyl and thioacetyl end groups) or 

are functionalized with pyridine subunits. The strong interaction of the tripod via sulphur-containing end 

groups or pyridine nitrogen is expected to provide sufficient stability through self-standing-attachment on 

the surface.  

 

2.1. Tripodal trensal and trenpy Schiff base complexes 

2.1.1. Introduction 

 

Imines, �C=N-R, and their derivatives, constitute a group of compounds known as Schiff bases. 

Complexes of transitional metal ions with Schiff bases provide a very large and well studied class of 

compounds of stereochemical and magnetochemical interest. One particular example is represented by the 

class of tren-capped podants such as the trensal and trenpy ligands and their respective metal complexes. 

The tripodal ligand structures are obtained by the condensation of tris-(2-aminoethyl)-amine (tren) with 

three equivalents of salicylaldehyde (trensal) or with 2-pyridine carboxaldehyde (trenpy). Subsequent 

conversion with metal salts serves as a convenient pathway to afford tripodal metal complexes which 

have been described for numerous metal ions. The polydentate trensal and trenpy ligands enclose the 

metal ion resulting in stable complexes with diamagnetic or paramagnetic properties.  

The coordination chemistry of trensal compounds includes a large variety of metal ions such as: 

Cr(III), Mn(III), Fe(III), Co(III), Sc(III), Tc(IV), Rh(III), Cd(III), some metal ions of group 13, Ga(III), 

In(III), Tl(III) and the lanthanide series.102 -108  The trenpy Schiff base has been used for coordination of: 

Mn(II), Fe(II), Co(II), Ni(II), Zn(II), Cu(II).109 -114 

As the various tripodal ligands are equipped with differing donor sets and each type of metal ion 

is defined by a huge diversity of electronic and spatial parameters, each complex appears different in 

shape. Thus, geometric control of redox state stability has been applied via tuning both the nature and 

geometric disposition of the donor set of the ligand.115  In the particular case of Fe(III)-coordination by 
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trensal the metal ion appears in high spin (HS), S=5/2 spin state.102  Moreover, trenpy metal complexes 

offer a coordination environment which can stabilize both high spin and low spin configuration. Thus the 

magnetic behaviour of the complexes can be tuned. The Fe(II)-trenpy complexes are characteristically 

described as low spin (LS). If the ligand structure is substituted by methyl-groups in the vicinal position 

to the coordination site the resulting Fe(II)-complex has been found to exhibit spin cross-over 

behaviour.113  Perspectively, the study of spin state control via geometry promises access to important 

applications e.g. optical information technology.116 

 

2.1.2. Results 

2.1.2.1. M(III)-trensal complexes 

 

This section describes the synthesis and characterization of trensal tripodal metal complexes 

functionalized with thiomethyl or pyridine end groups. A series of coordination compounds was 

synthesized by varying the metal ion, ranging from: Ga(III) and Mn(III) to Fe(III). The neutral complexes 

present diamagnetic behaviour in case of Ga(III)-complexes, while Fe(III)- and Mn(III)-complexes are 

paramagnetic. In addition, their molecular structures have been determined by single crystal X-ray 

diffraction. 

 

Synthesis of M(III)-trensal complexes 

 

The trensal ligands and their metal-complexes with thiomethyl or pyridine end-groups have been 

synthesized in three steps shown in schemes 1 and 2. Since the two ligands and their complexes are very 

similar they will be discussed in parallel. First, the designed legs were prepared through a Suzuki-type 

cross-coupling reaction between 4-bromo-salicylaldehyde and the appropriate phenyl-boronic acid 

derivative which gave the corresponding functionalized aldehydes 1 and 6. An imine-condensation of 

three equivalents of the functionalized aldehyde with tris-(2-aminoethyl)-amine in ethanol afforded the 

desired tripodal ligands 2 and 7. The reactions were performed following reported procedures for similar 

compounds 102

3

 and afforded the pure ligands. The synthesis of the tripodal Ga(III)-complexes 3 and 8 has 

been slightly adapted from a method presented in the literature for analogous compounds. Initially, the 

phenolic groups of the ligand were deprotonated by treatment with a methanolic solution of NaOH (3 eq.) 

followed by addition of the Ga(NO3)3 salt.10   The Mn(III)-complex was prepared following a literature 

method by reacting the ligand with a Mn(AcO)3 in presence of NaOH.117  The tripodal Fe(III)-complex 

was synthesized similarly in presence of NaOH and using FeCl3. Alternatively, the Fe(III)-complex has 

been obtained by reacting the ligand with FeSO4 and in situ oxidation by air. A similarly reported reaction 

pathway of in situ oxidization used Fe(ClO4)2 instead.117  
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Scheme 1. Synthetic route of trensal M(III)-complexes with thiomethyl end groups. Reagents and conditions: (i) 
Pd(PPh3)4, Na2CO3 aq, toluene/MeOH, N2, 80°C, 49%; (ii) EtOH, rt, 95%; (iii) (3): Ga(NO3)3, NaOH, MeOH, 
reflux, 82%; (4): FeSO4, MeOH, CH2Cl2, rt, 61%, or FeCl3, NaOH, MeOH, CH2Cl2, rt, 77%; (5): Mn(AcO)3, NaOH, 
MeOH, CH2Cl2, rt, 71%. 
 

 
Scheme 2. Synthetic route of trensal Ga(III)-complex with pyridine end groups. Reagents and conditions: (i) 
Pd(PPh3)4, Na2CO3 aq, toluene/MeOH, N2, 80°C, 64%; (ii) EtOH, rt, 84%; (iii) Ga(NO3)3, NaOH, MeOH, reflux, 
85%. 

 20 



Characterization of M(III)-trensal complexes  

 

NMR Spectroscopic Data 

 

The 1H NMR spectra of the trensal ligands 2, 7 and their Ga(III)-complexes 3, 8 are consistent 

with their structures. Since the two trensal ligands with thiomethyl or pyridine end groups and their 

Ga(III)-complexes are structurally analogous, they will be treated in parallel. The spectra are shown in 

figures 21 and 22. The signal shifts were assigned after reported values for similar compounds combined 

with the analysis of the coupling constants (table 1).  

 
Table 1. 1H NMR chemical shift (CD2Cl2) of the ligands 2, 7 and their Ga(III)-complexes 3, 8. 

 
Proton signals  
δ (ppm) 

Ligand, 2 Ga-complex, 3 Ligand, 7 Ga-complex, 8 

SCH3   2.51    2.47      -     - 
CH2   2.85 

  3.58 
  2.85 
  3.07 
  3.32 
  3.80 

  2.88 
  3.72 

  2.87 
  3.11 
  3.34 
  3.81 

PhA        H-3 
              H-5 
              H-6 

  7.10 
  6.72 
  6.43 

  6.69 
  6.83 
  7.16 

  7.17 
  6.78 
  6.58 

  6.96 
  6.88 
  7.24 

PhB    7.28 
  7.47 

  7.24 
  7.56 

    -     - 

Py     -     -   7.41 
  8.60 

  7.50 
  8.56 

CH=N   7.98    8.14   8.06    8.19 
OH 13.74      - 13.81      - 

 
Table 2. 13C NMR chemical shift (CD2Cl2) of the ligands 2, 7 and their Ga(III)-complexes 3, 8. 
 

Signals 
δ (ppm) 

Ligand, 2 Ga-complex, 3 Ligand, 7 Ga-complex, 8 

SCH3 15.4 15.4 -  
CH2 55.6, 57.9 57.0, 61.8 55.5, 57.9 57.0, 61.9 
Ph / Py 114.6, 116.9, 117.8, 

126.6, 127.4, 132.1, 
136.8, 138.9, 143.9 

113.1, 116.6, 119.78, 
126.4, 127.4, 135.3,  
137.0, 138.7, 146.5 

115.2, 116.9, 119.1 (q), 
121.5, 132.2, 141.5 (q), 
147.2 (q), 150.5 

113.1, 117.8, 120.6, 
121.6, 135.7, 144.3, 
147.6, 150.3 

C-OH 161.6 169.0 161.7 168.9 
CH=N  165.8 170.0 165.6 170.2 
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Figure 21. 1H NMR spectra (CD2Cl2) of: a) ligand 2; b) Ga(III)-complex 3 with thiomethyl end groups 
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Figure 22. 1H NMR spectra (CD2Cl2) of: a) ligand 7; b) Ga(III)-complex 8 with pyridine end groups; * residual 
EtOH 
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Figure 23. 1H NMR spectra zoom showing the AA’XX’ spin system of the ligand 2 and AA’BB’ spin system of the 
Ga(III)-complex 3  

 



The 1H NMR spectral features of the ligands 2, 7 include the phenolic proton resonances at about 

13.8 ppm (s). This value is higher than the expected chemical shift for phenols, e.g. the hydroxy proton 

resonance in the starting salicylaldehyde derivates 1 and 6, is situated at about 11.1 ppm. This significant 

downfield shift has be explained as a combination of three factors: the formation of hydrogen-bond, the 

O-H···N group lying coplanar with the aromatic ring, thus deshielded by the induced aromatic ring current 

and the additional deshielding given by the hydrogen-bonding of the phenolic OH with an unsaturated 

azomethine.118 The presence of the imine function is indicated by the proton resonances at about 8 ppm 

(s). Furthermore, the two methylene groups give an AA'XX' splitting pattern (figure 23) at about 2.85 

ppm (t) and 3.6 ppm (t), consistent with similar reported compounds.103, 118, 119  While for the ligand 

terminated with pyridine units 7 the characteristic signals for pyridine function are evidenced at 8.6 and 

7.4 ppm, the ligand with thiomethyl end groups 2 additionally contains the signal for the thiomethyl 

groups at 2.5 ppm. 

The 1H NMR spectra of the Ga(III)-complexes 3, 8 present only one set of signals which supports 

that the three chelating legs of the ligand remain chemically equivalent after coordination. This 

equivalence demonstrates the C3 symmetry of their structures in solution. An evident difference between 

the Ga-complexes and the free ligand is the absence of the phenolic resonance. The complex formation is 

supported by the small shifts of the imine protons involved in coordination and the shift of the phenyl 

protons close to the coordination center (downfield of H-5, H-6, upfield of H-3), all in respect to the free 

ligands. Another significant difference in the spectra of the Ga(III)-complexes (figure 23) compared to the 

ligands is observed in the signals of the ethylene protons. In the free ligand, the two protons of each 

methylene group are magnetically equivalent as a result of free rotation. These protons become non-

equivalent as a result of the chelation by Ga(III) ion and form an AA'BB' spin system already described 

for similar systems including more detailed investigation, coupling constants and NMR spectra 

simulation have been reported previously for similar compounds.103, 104  This spin system consists of 

distinct resonances corresponding to each of the four hydrogen atoms. Two protons H1A and H2A appear 

as two doublets at 3.07 and 3.33 ppm while the two protons H1B and H2B appear as two triplets at 2.85 

and 3.79 ppm, respectively. This feature indicates a rigid structure of the metal complexes in solution 

which is consistent with the conformation found in the single crystal X-ray structure analysis as shown by 

axial/equatorial Newman representation (figure 24). In the crystallographic studies the close proximity of 

the H2B ethylene hydrogen atoms and imine groups of the neighbour leg is observed. They strongly 

interact with the π electron density of the imine bond causing a deshielding of their signal.  

The 13C NMR spectra additionally confirm the structures of the ligands and their Ga-complexes 

and are listed in table 2. Each spectrum for the ligand 2 and Ga(III)-complexes 3 consists of 14 signals, 

while the ligand 7 and Ga(III)-complex 8 contains 12 signals as expected. The resonance at 15.5 ppm is 

assigned to the thiomethyl group. The two resonances in the region of 55.5 and 61.9 ppm are assigned to 

the ethylene carbons. The signals attributed to the imine carbon atoms are slightly shifted upon 

coordination to 170 ppm in respect to the free ligands (table 2). 
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Figure 24. Single crystal X-ray structure trensal Ga(III)-complex 3 showing the ethylenic hydrogen atoms of one 
leg and the Newman projection of the ethylenic hydrogen atoms  
 

Single crystal X-ray structures of M(III)-trensal complexes 

 

The single crystal X-ray structures of the trensal complexes 3 and 8 with Ga(III), 4 with Fe(III) 

and 5 with Mn(III) ions are shown in figure 25. The crystallographic data and selected bond lengths and 

angles can be found in the Annex. 
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Figure 25. Single crystal X-ray single structures of: A) trensal Ga(III)-complex 3; B) trensal Ga(III)-complex 8; C) 
trensal Fe(III)-complex 4; D) trensal Mn(III)-complex 5. The hydrogen atoms and solvate molecules were omitted 
for clarity (ellipsoid plot drawn at 50% probability level).  
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All four M(III)-complexes present isostructural neutral complexes with triple salicyl-imine 

functions of the ligand completely encapsulating the M(III) ion. The apical nitrogen N1 is not involved in 

coordination and has a long distance to the metal in the range 3.31-3.42 Å. The ligand acts as a 

hexadentate ligand with three N- and three O-atoms which form for all trensal complexes a distorted fac-

octahedral coordination geometry presented already in literature for similar complexes.102, 103, 117, 120 -123 

The M(III) ions lie on a three-fold axis (figure 26). The Ga-complex with thiomethyl groups 3 is highly 

symmetric with a C3 space group, while the other M(III)-trensal complexes are pseudo-C3 symmetric. 

However, the Ga-complex with pyridine-end units 8, present a high symmetry in solution as showed by 
1H NMR. The deviation from symmetry of their crystal structures is probably caused by intermolecular 

packing in the crystal. 

 

Trensal Ga(III)-complexes with thiomethyl end groups 3 

The tripodal Ga(III)-complex with thiomethyl end groups 3, illustrated in figure 25A and 26, 

crystallizes in a trigonal R-3 space group which implies total equality of the ligand legs. As the molecule 

has C3 symmetry, the structure is defined by one third of the molecule. The three legs of the ligand form 

between N3 and O3 equilateral triangles with the ideal angle of 60°. Bond angles between coordinating 

atoms and the metal are deviated from 90° due to the chelate geometry: N2-Ga-N2'= 93.85°, N2-Ga-

O=90.16°, N2-Ga-O'=85.54°, N2-Ga-O''=175.98°, and O-Ga-O'=90.48°. The differences between the Ga-

N(2) and Ga-O distances, 2.10 Å respective 1.93Å and the deviation of the perpendiculars formed by N2-

Ga-O1 sustain the octahedral distortion of the complex along the C3 axis. The chelate rings formed by 

coordinating N and O atoms and the salicylidene-imine moieties are nearly coplanar with a dihedral angle 

between the chelating plane and the salicylidene-imine ring of 9°. The height of the entire molecule, 

between the apical N1 and the plane formed by the sulphur atoms is 8.24 Å. The distance N1-S has an 

average of 12.9 Å and the distances between gallium ion and sulphur atoms have an average of 11.0 Å. 

The distances between the three sulphur atoms of the ligand legs are identical with 17.2 Å.  

N1
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Figure 26. View along C3 axis of trensal Ga(III)-complex 3; the hydrogen atoms and the CH2Cl2 solvate molecule 
were omitted for clarity (ellipsoid plot drawn at 50% probability level). 
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The unit cell contains six molecules of Ga(III)-complex with each molecule having a CH2Cl2 

solvate molecule close to one leg. The crystal packing exhibits two dimensional layers arrangement 

(figure 27). Each layer is separated by a distinct layer of solvate molecules. The phenolic units of each 

complex molecule is in weak intermolecular edge-to-face C-H···π interaction (3.35 Å, CH-centroid) with 

the phenyl rings of neighbouring molecules. 
 

a) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
b) 

 
 
 
 
 

Figure 27. Molecular packing mode of the tripodal trensal Ga(III)-complex 3 obtained from single crystal X-ray 
diffraction; a) view along C3 axis one of layer packing; the connecting lines between phenyl and phenolic units show 
the weak edge-to-face C-H···π intermolecular interactions of 3.35 Å. b) view perpendicular to the C3 axis. The 
hydrogen atoms were omitted for clarity (sticks drawn).  

 

Trensal Ga(III)-complex with pyridine end groups, 8 

Relatively to the highly symmetric Ga-complex 3 presented before, the complex with pyridine 

end groups 8 comprises a monoclinic space group P21/n. The unit cell contains four molecules of the Ga-

complex. For each complex molecule one CH2Cl2 solvate molecule is filled inside the cavity formed by 

the three legs and has a close position to the phenolic groups (figure 28). The hydrogen atoms of CH2Cl2 

can be considered to be in very weak interaction with the phenolic oxygen atoms (2.37Å). The crystal 

packing presents the complex molecules paired up as shown in figure 28. Intermolecular π···π stacking 

interactions between the phenolic groups of the neighbouring molecules are evidenced (3.74 Å, centroid-

centroid). 
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Figure 28. Molecular packing of the tripodal trensal Ga(III)-complex 8 obtained by single crystal X-ray structure, 
showing one of the π···π intermolecular stacking interactions (3.74 Å). The hydrogen atoms were omitted for clarity 
(sticks drawn).  
 

Trensal Fe(III)-complex with thiomethyl end groups, 4 

The molecular structure of trensal Fe(III)-complex presents a similar structure as found for the 

Ga(III)-complexes. A more distorted octahedral geometry than the Ga(III)-complexes is evidenced with 

the angles significantly deviated from 90°, ranging between 84.3 – 96.7° (Annex). The bond lengths are 

close to Ga(III)-complex values and present the same nearly coplanar chelate rings to salicylidene units.  

From both methods of synthesis were obtained similar results of single crystal X-ray analysis 

although a completely different solubility of two compounds was observed. The two crystal structures 

data of the same trensal Fe(III)-complex differ only by the crystal space group and slight differences of 

lengths and bond angles (Annex). For both structures some of the phenylene thiomethyl end units are 

found refined in two positions and contribute to the slight deviation from C3 symmetry. The difference in 

solubility obtained from the two synthetic methods is probably the effect of small differences in the 

crystal packing of the two structures. Intermolecular edge to face and π···π stacking interactions have been 

observed for both cases between the phenolic units of neighbour molecules shown in figure 29 (first 

synthetic method: 3.61 Å, centroid-centroid and 2.6 Å, CH-centroid; the second method: 3.74 Å, 

centroid-centroid and 2.5 Å, CH-centroid).  

 
Figure 29. Molecular packing of the tripodal trensal Fe(III)-complex 4 showing the intermolecular stacking 
interactions π···π of 3.72 Å and edge to face of CH···π of 3.72 Å (red lines). The hydrogen atoms were omitted for 
clarity (sticks drawn).  
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Trensal Mn(III)-complex with thiomethyl end groups, 5 

The Mn(III)-complex crystallizes in monoclinic crystal system with P21 space group with four 

complex molecules per unit cell. Within the unit cell two different Mn(III)-complexes can be found which 

differ slightly in bond angles and bond lengths. 

In contrast to the other trensal Schiff base complexes the molecular structure of the Mn(III)-

complex is distinctly distorted from a regular coordination polyhedron. Results obtained by single crystal 

X-ray diffraction reveal that the cisoid angles within the hexadentate coordination sphere deviate 

significantly from the ideal value of 90° which would appear in an ideal octahedron (Annex).  

Like in the other complexes the Mn(III) ion is coordinated by three imino-nitrogen atoms and 

three salicylen-oxygen atoms. These six donor atoms comprise three pairs of one imino group and one 

salicylate each originating from one of the legs. Within the leg moiety the N,O donor set form a chelate 

for the Mn(III) ion. Two chelate rings formed by coordinating N and O atoms are nearly coplanar to the 

salicylidene-imine plane while for the third leg the chelate ring features a dihedral distortion of 18° 

between the chelating plane and the salicylidene-imine plane. As a consequence of this dihedral 

distortion, the Mn(III)-complex molecule is considerably deviated from C3 symmetry in contrast to the 

Ga(III)- and the Fe(III)-complexes (figure 30).  
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Figure 30. Single crystal X-ray structure of trensal Mn(III)-complex 5 showing the deviation from C3 symmetry. 
The hydrogen atoms and the CH2Cl2 solvate molecule were omitted for clarity (ellipsoid plot drawn at 50% 
probability level). 
 

As another measure how strong the ligand structure is distorted the bite angles of each of the legs 

can be taken into account, where O2-Mn-N3 = 85.08°, N2-Mn-O1 = 86.69° and O3-Mn-N4 = 90.09°. 

From these values can also be derived that two legs are similar to each other while the third leg obviously 

adapts a different coordination mode. A reason for this unsymmetrical spatial arrangement of the three 

legs has been allocated probably to a Jahn-Teller distortion of the high spin Mn(III) centre.120, 124  As a 

result, strong elongation of bond distances between the metal ion and the donor atoms along a single axis 

is observed. The elongated bonds are situated in “trans” position to each other in respect to the metal. 

Thus, the distances of the atoms along the “elongated axis” are Mn-N3 = 2.333 Å and Mn-O1 = 2.085 Å 
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which is about 10% longer than their analogues along the other octahedron axes (Mn-N2 = 2,071 Å, Mn-

N4 = 2.071 Å, Mn-O2 = 1.912 Å, Mn-O3 = 1.886 Å).  

From the bond lengths of the Mn(III) ion to the donor atoms of the ligand we conclude that the 

metal ion is in a high spin d4 (S=2) state, as has been reported for other trensal Schiff base complexes of 

Mn(III).120 

 

Elemental analysis vs. purity. The presence of water of crystallization. 

A significant effort was allocated to obtain analytical pure complexes. The elemental analysis of 

the all trensal M(III)-complexes in first instance results values pointing at the presence of water 

molecules in the solid state structure. The preference for similar Schiff base complexes to contain water 

of crystallization has been reported based on X-ray data. Moreover, the water of crystallization can form a 

hydrogen-bonded network with the oxygen of the phenolic units.102, 117 

For Ga(III)-complex 3 the elemental analysis corresponding to the analytically pure structure was 

obtained only after high vacuum drying (100°C and 10-3 mbar, one week). A comparative 1H NMR study 

of both, the pure solvent and the complex, for determination of water quantity in complex supports the 

elemental analysis with one water molecule per complex. This study was repeated after drying 

corroborating the removing of the water.  

The elemental analysis for Ga(III)-complex 8 corresponds to the content of nearly three water 

molecules per complex in the solid state structure, which has also been confirmed by 1H NMR. 

Thermogravimetric analysis supports the content of water by losing a total mass of 6%. The water content 

was reduced to 0.5 per complex molecule after drying under the same conditions as confirmed by 1H 

NMR and elemental analysis. The representative NMR spectra are shown in the Annex. 

While for the Ga(III)-complex 3 a good elemental analysis was obtained after repeated 

recrystallization and special condition of drying, the attempts to isolate solvent free Fe(III)- and Mn(III)- 

complexes failed. Again the elemental analysis supports the presence of one water molecule per complex 

molecule after drying. The presence of solvent or water cannot be evidenced by 1H NMR for the 

paramagnetic Fe(III)- and Mn(III)-complexes. 

 

Mass spectrometry, IR and UV vis characterization 

The MALDI TOF mass spectra of the trensal ligands 2 and 7, show for each compound a base 

peak of the corresponding mass [M+H]+. The fragmentation of one leg (A) from the central nitrogen atom 

(fragment A in figure 31) is evidenced for both ligands as [M-A]+. This leg fragmentation is consistent 

with literature reports.118 The Ga(III)-complex 3 shows only the base peak of the corresponding mass at 

890.4 [GaL+H]+. The Ga(III)-complex 8 additionally to the base peak exhibits the fragmentation of one 

leg as [GaL-B]+ presented in figure 32. The Fe(III)-complex 4 presents as expected the base peak at 877.7 

of the mass [FeL+H]+. Additionally, low intensity peaks of [FeL+Na]+ or [FeL+K]+ masses are present. 

Both methods of synthesis present similar results. The Mn(III)-complex 5 contains the base peak of 

[MnL+H]+ and the combination with one MeOH molecule and Na+ ion as [MnL+MeOH+Na]+. The ESI 
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TOF mass spectrum confirms these results. Additionally, different aggregations or fragmentation in 

[MnL-A]+, [MnL+x]+, [(MnL)2+x]1+ (where x is H, Na or K) are evidenced in small intensities.  

 
Figure 31. Mass spectrometric fragmentation of the trensal ligands 2,7. 

 

 
Figure 32. Mass spectrometric fragmentation of the Ga(III)- trensal complex 8 

 

The UV-vis spectra of the compounds 1-8 have (table 3) been measured in CH2Cl2 solutions. The 

spectra exhibit the modular composition of the respective chromophores. The spectra of the ligands and 

their metal complexes are dominated by the n→π* and π→π* transitions of the leg moieties whose 

appearance is approximately three fold in intensity in comparison to the free legs (226-340 nm). For the 

ligand 2 a partially allowed transition in low intensity at 416 nm in the blue end of the visible spectrum is 

responsible for the yellow colour to the trensal ligand and is assigned to the imine π→π* transition.118

8

  In 

case of the Ga(III)-complexes, the ligand centered (LC) transitions are slightly red shifted upon 

coordination to the metal ion. The bands at 386 and 390 nm can probably be assigned to LC or ligand-to-

metal-charge-transfer (LMCT) and no other low energy band can be observed. This is different for 

Fe(III)- and Mn(III)-complexes, where additional bands are observed as low energy shoulders. For the 

Mn(III)-complex the absorption at 595 nm is of very low intensity and can be assigned to spin-allowed 

crystal field transitions of the d4 ion 5E → 5T2 (octahedral notation in lower symmetry group).120  In case 

of the Fe(III)-complex the band at 521 nm can also be assigned to partially allowed crystal field 

transitions. 

The IR spectra of the trensal ligands and their complexes, all contain the characteristic strong 

band in the region 1599-1640 cm-1 attributed to the C=N stretching vibration of the imine group. The 

complexation is confirmed by a slight shift (from 13 to 27 cm-1) to lower energy of the imine band. These 

results are in agreement with literature findings.11   

 
Table 3. Absorption values of the trensal ligands 2 and 7 and their M(III)-complexes recorded in CH2Cl2; 
 

Compound Absorption λ [nm] (ε x 10-3 [M-1cm-1]) 
Leg 1 226 (24.1) 337 (17.6) - - 
Ligand 2 226 (74.1) 310 (78.0) 416 (0.625) - 
Ga(III)-complex 3 240 (73.7) 323 (78.3) 386 (35.3) - 
Fe(III)-complex 4 235 (76.1) 315 (85.6) 370 sh (38.9) 521 (7.6) 
Mn(III)-complex 5 236 (64.5) 321 (65.8) 407 sh (16.3) 595 (0.750) 
Leg 6 226 (20.1) 279 (31.2) 340 (6.5) - 
Ligand 7 227 (49.2) 276 (59.5) 331 (18.5) - 
Ga(III)-complex 8 250 (64.3) 290 (65.7) 390 (21.2 ) - 
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2.1.2.2. M(II)-trenpy complexes 

 

This section describes the synthesis and characterization of trenpy tripodal metal complexes 

functionalized with thiomethyl or pyridine end groups. A series of coordination compounds was 

synthesized by varying the metal ion, ranging from: Fe(II) and Mn(II) to Zn(II). The complexes are 

charged 2+ and present diamagnetic behaviour in case of Fe(II)- and Zn(II)-complexes, while the Mn(II)-

complexes are paramagnetic. 

 

Synthesis of M(II)-trenpy complexes 

 

The synthetic pathway of Fe(II)-, Mn(II)- and Zn(II)-complexes 11-13 with three thiomethyl 

anchoring groups is illustrated in Scheme 3. The Fe(II)-, Mn(II)- and Zn(II)-complexes 16-18 with 

pyridine end groups, are presented in Scheme 4. Since the two ligands and their complexes are very 

similar they will be discussed in parallel. A Suzuki-type cross-coupling reaction between 5-bromo-

pyridine-2-carboxaldehyde and the respective boronic acid derivate yielded the corresponding 

functionalized aldehydes 9 and 14. The following imine condensation between three equivalents of the 

latter with tris-(aminoethyl)-amine in EtOH afforded the functionalized tripodal trenpy ligands 10 and 15.  
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Scheme 3. Synthetic route of trenpy M(II)-complexes with thiomethyl end groups. Reagents and conditions: (i) 
Pd(PPh3)4, Na2CO3 aq., toluene/MeOH, N2, 80°C, 62%; (ii) EtOH, rt, 86%; (iii) (11) FeCl2•4H2O; 5eq. KPF6, 
MeOH, rt, 70%; (12) MnCl2•4H2O; 5eq. KPF6, MeOH, rt, 77%; (13) Zn(NO3)2•6H2O; 5eq. KPF6, MeOH, rt, 75%. 

 31 



 
Scheme 4. Synthetic route of trenpy M(II)-complexes with pyridine end groups. Reagents and conditions: (i) 
Pd(PPh3)4, DME/H2O, Na2CO3, N2, 80°C, 72%; (ii) EtOH, rt, 56%; (iii) (16) FeCl2•4H2O; 5eq. KPF6, MeOH, rt, 
71%; (17) MnCl2•4H2O; 5eq. KPF6, MeOH, rt, 60%; (18) Zn(NO3)2•6H2O; 5eq. KPF6, MeOH, rt, 72%. 
 

The Fe(II)-complexes have been synthesized after a reported method 125 by mixing a suspension 

of the corresponding ligand in MeOH with a solution of FeCl2·4H2O. Addition of an excess of KPF6, 

induced the precipitation of the desired complex which was isolated by filtration. Recrystallization in 

acetone/MeOH gave the thiomethyl or pyridine functionalized trenpy Fe(II)-complexes. The Mn(II)- and 

Zn(II)-complexes have been obtained in the same way by mixing the ligand with the corresponding metal 

salt MnCl2·4H2O or Zn(NO3)2·6H2O in MeOH, followed by addition of an excess of KPF6.  

 

Characterization of M(II)-trenpy complexes  

 

The new trenpy ligands, and their M(II)-complexes have been completely characterized by 1H 

and 13C NMR, IR, UV-vis spectroscopy, ESI mass spectrometry and elemental analysis. All the 

characterizations confirm their molecular structure and the purity of the compounds. Additionally, the 

structures of the Fe(II)-, Zn(II)- and Mn(II)-complexes were determined by single crystal X-ray 

diffraction. In all metal complexes 11-13 and 16-18 the cations are charged 2+ which is compensated by 

two PF6
- anions in each case. The NMR, magnetic measurements and single crystal X-Ray diffraction 

analysis of the trenpy Fe(II)-complexes demonstrate diamagnetic complexes with a low-spin state. While 

the Fe(II)- and Zn(II)-complexes present diamagnetic behaviour, the Mn(II)-complexes are paramagnetic. 

Structural data analysis of the later indicates a high spin compound in agreement with published 

structures.109, 126  All the complexes are stable in air as well as in solutions. The Fe(II)-complex with 

 32 



pyridine end groups is highly hygroscopic. Its elemental analysis corresponds to the content of two water 

molecules per molecule in the solid state structure, which has also been confirmed by 1H NMR. The 

elemental analyses of all the other complexes prove the absence of water. 

 

NMR Spectroscopic Data 

 

Since the two trenpy ligands with thiomethyl or pyridine end groups and their M(II)-complexes 

are structurally analogous, they will be discussed in parallel. The signal shifts were assigned after 

reported values for similar compounds combined with the analysis of the coupling constants (table 4).  

The 1H NMR spectra of the ligands 10 and 15 shown in figure 33, are consistent with their 

structural formulae. The signal at 8.32 ppm (s) is assigned to the imine function. The ethylene groups 

exhibit an AA'XX' splitting pattern at 2.99 (t) and 3.79 (t) ppm as already presented for similar 

systems.103, 104  The signal for the thiomethyl groups is found at 2.51 ppm (s) as expected. The ligand 

structure is also confirmed by 13C NMR. A partial assignment was realized using DEPT135 NMR. The 
13C NMR spectrum for trenpy ligand with thiomethyl groups 10 consists of 13 signals and the trenpy 

ligand with pyridine end groups 15 of 11 signals. The ethylene carbon atoms are assigned by the two 

resonances at 55.2 and 59.9 ppm. The imine carbon signals are at δ 162.4 ppm and the thiomethyl groups 

at 15.3 ppm.  

 

 a) 

 

 

 

 b) 
 
 
 
 
 
 

 
Figure 33. 1H NMR spectra in CD2Cl2 of: a) trenpy ligand with thiomethyl end groups 10; b) trenpy ligand with 
pyridine end groups 15. 

 

The 1H NMR spectra of the Fe(II)-complexes 11, 16 and Zn(II)-complexes 13, 18 are shown in 

figure 34. After complexation the same AA'BB' spin system is observed, which is formed by the non-

equivalent ethylene hydrogen atoms as has been presented before for tren capped containing complexes. 

The signals assigned to the imine protons involved in coordination are significantly shifted to low fields, 

 33 



in particular for Fe-complexes (Δδ = 1.26). While the complexes with pyridine end groups contain the 

characteristic signals for the pyridine function (figure 34c,d), the complexes with thiomethyl groups 

present the characteristic signal at 2.47 ppm (figure 34a,b). Additionally, an AX pattern of the phenylic 

protons has been observed which keeps the chemical shift upon coordination almost constant. While the 

Zn(II)-complexes show clearly resolved the signals of the ethylenic AA'BB' spin system, for the Fe(II)-

complexes the signals are closely assembled and the signals of pyridine protons are overlapped. 

 
 
 
 
 
 

a) 
 
 
 
 
 
 
 
 
 
 
 

b) 
 
 
 
 
 

 
 
 

c) 
 
 
 
 
 
 
 
 
 
 
 

d) 
 
 
 
 
 
 
 
 
Figure 34. 1H NMR spectra in CD3COCD3 (*H2O, DHO) of the M(II)-complexes: a) Fe(II)-complex with 
thiomethyl end groups 11; b) Zn(II)-complex with thiomethyl end groups 13; c) Fe(II)-complex with pyridine end 
groups 16; d) Zn(II)-complex with pyridine end groups 18. 
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Table 4. 1H NMR chemical shift of the ligands 10, 15 (CD2Cl2) and their Fe(II)- and Zn(II)-complexes 11, 13, 16, 
18  (CD3COCD3). 

 
Proton 
signals  
δ (ppm) 

Ligand, 10 Fe(II)-
complex, 11 

Zn(II)-
complex, 13 

Ligand, 15 Fe(II)-
complex, 16 

Zn(II)-
complex, 18 

SCH3   2.51    2.46    2.47      -     -      -  
CH2   2.99 

  3.78 
  3.34 
  3.51 
  3.63 
  3.89 

  3.17 
  3.38 
  3.78 
  4.08 

  2.99 
  3.79 

  3.37 
  3.57 
  3.72 
  3.99 

  3.18 
  3.39 
  3.79 
  4.09 

PyA         7.80 
  7.93 
  8.73 

     

7.61 

  8.58   

  7.76 
  8.29 
  8.64   

  7.92 
  8.04 
  8.80 

     

7.78 

8.78-8.64 

  7.95 
  8.39 
  8.78 

Ph    7.27-7.31 
  7.45-7.48 

  7.24 
  7.37 

  7.24 
  7.36 

    -     -    - 

PyB     -     -     -   7.47 
  8.64 

  7.40 
  8.56 

  7.40 
  8.56 

CH=N   8.32   9.58   9.04   8.35    9.35   9.08 

 

Single crystal X-ray structures of M(II)-trenpy complexes 

 

In general the coordination polyhedra of trenpy M(II)-complexes are described as trigonal 

antiprism (TAP) which itself can be regarded as a very distorted form of a trigonal prism (TP).  

The polyhedron model illustrated in figure 35, allows for the structural description and the 

distortions of coordination geometries found in six-coordinate complexes. The first model presents an 

octahedral or trigonal antiprismatic geometry and the second a trigonal prism. In case of trenpy M(II)-

complexes the imine (Nim) and pyridine (Npy) nitrogen atoms are located at the vertices of the two 

equilateral triangles showed in the TAP coordination model (figure 35). The metal ion lies between the 

two triangles. The ratio a/c of the triangles lengths is a measure of size difference between the two 

triangles. The twist angle Φ is a projected angle between the two triangles (figure 36). The trigonal 

antiprismatic conformation has Φ = 60° and trigonal prismatic Φ = 0°. The regular octahedron has Φ = 

60° and a = b = c, where b is defined as the “bite” chelate angle. The height-to-bite ratio h/b in case of an 

ideal octahedral is 0.816, while it is 1.0 for a trigonal prism.109  

A summary of the mean values that describe the coordination polyhedron of the trenpy M(II)-

complexes is given in table 5. There are different kinds of distortions from the D3 symmetry of an ideal 

TAP: a) the trigonal distortion toward a TP coordination sphere given by the twist angle Φ; b) different 

sizes of the two triangles defined by the ratio a/c; c) the displacement of the metal ion from one triangle 

towards the other and d) the deviation of the triangles from equilateral arrangement. The Fe(II)-

complexes have the most octahedral coordination sphere. The Mn(II)-complexes are the most distorted 

from an octahedron coordination polyhedron, followed closely by the Zn(II)-complex (figure 37).10  9
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Figure 35. Coordination polyhedron model of TAP and TP. The two triangles have side lengths a and c. The metal 
ion lies between the two triangles. The distance between the centres of triangles is the height h. The non-bonding 
distance between chelating imine Nim and pyridine Npy atoms in the same chelating ring is the bite distance b. 109  
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Figure 36. Trigonal antiprism geometry of the Fe(II)- and distorted trigonal antiprism geometry of Zn(II)- and 
Mn(II)-complexes. 
 
Table 5. Crystallographic summary of the coordination polyhedron values for Fe(II)-, Mn(II)- and Zn(II)-
complexes; a distances are given in Å, angles are given in degrees; where is the case the parameters are given in 
mean values; 
 

Parameter a Fe(II)-
complex, 11 

Fe(II)-
complex, 16 

Zn(II)-
complex, 13 

Mn(II)-
complex, 12 

Mn(II)-
complex, 17 

Φ, twist angle 53.23 54.63 46.64 41.09 41.58 
M - Nap

 3.47 3.50 2.87 2.54 2.69 
M - Nim 1.95 1.95 2.11 2.22 2.22 
M - Npy 1.97 1.98 2.28 2.41 2.38 
a 2.91 2.88 3.35 3.64 3.58 
c 2.87 2.92 3.11 3.15 3.19 
a/c 1.015 0.987 1.077 1.156 1.122 
h (height polyhedron) 2.06 2.04 2.25 2.29 2.302 
b (“bite distance”) 2.55 2.55 2.69 2.68 2.699 
h/b 0.810 0.798 0.834 0.853 0.854 
Nap - S plane 11.1 - 11.3 11.7 - 
Nap - Py end group plane - 9.2 - - 9.9 
M - S plane 7.7 - 8.4 9.2 - 
M - Py end group plane - 5.7 - - 7.3 
between S end-groups 9.4 - 10.6 - 8.9 - 9.8 6.2 - 7.1 - 
between Py end-groups - 9.4 - 10.2 -  7.0 - 7.6 
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Figure 37. Single crystal X-ray structures of the tripodal M(II)-complexes: A, B) trenpy Fe(II)-complexes 11 and 
16; C, D) trenpy Mn(II)-complexes 12 and 17; E) trenpy Zn(II)-complex 13. The hydrogen atoms, PF6

− counter ions 
and solvate molecules were omitted for clarity (ellipsoid plot drawn at 50% probability level).  
 

Trenpy Fe(II)-complexes 11, 16 

The molecular structures of the complex cations 11 and 16 (figure 37A, B) obtained by single 

crystal X-ray diffraction present a “pseudo” octahedral geometry, characterized by sixfold coordination of 



the metal ion. The charge is compensated by two PF6
 anions, in perfect agreement with the mass 

spectrometric finding of a double charged cation. The potentially heptadentate trenpy ligand coordinates 

to the metal centre through the three pyridine and three imino nitrogen atoms, each set of atoms forming 

two parallel ideal equilateral triangles. The Fe(II) ion is situated between these two almost coplanar 

planes. 

The two parallel triangles are rotated by 58° (figure 36), thus the geometry is close to the ideal 

trigonal antiprism. The average values for Fe-Npy and Fe-Nim bond lengths are 1.94 and 1.97 Å 

respectively which confirms low spin electronic configuration. Bond angles between coordinating atoms 

and metal are deviated from 90° (between 80.3 and 97.4°) due to the chelate geometry. The apical 

nitrogen atom N1 has a long distance of 3.5 Å to the Fe centre for both complexes. This distance is too 

long to consider any interaction between the atoms and hence it is regarded not to be involved in 

coordination. The height of the entire molecule, between the apical N1 and the plane defined by the three 

sulphur atoms is 11.1 Å. The distance between Fe(II) and plane defined by the sulphur atoms is 7.7 Å. 

The distance N1-S has an average of 12.6 Å and the distances between Fe(II) and sulphur atoms have an 

average of 9.6 Å. The distances between the three sulphur atoms of the ligand legs range between 9.4 and 

10.6 Å. 

 

Trenpy Mn(II)-complexes 12, 17 

The molecular structures of Mn(II)-complexes 12, 17 (figure 37C, D) differ severely from the 

Fe(II)-complexes. The most apparent difference is that the Mn(II) ion is coordinated by seven nitrogen 

donor atoms of the trenpy ligand contrary to the [N6] coordination of the Fe(II) complex. The apical 

nitrogen atom N1 has a distance of about 2.6 Å to the manganese centre, which is much shorter than in 

Fe(II)-complex (3.47 Å). Thus, a considerable participation to the coordination takes place. The average 

values for Mn-Npy and Mn-Nim bonds range between 2.38 and 2.22 Å respectively, which are longer than 

in Fe(II)-complex (Annex). The Mn(II) atom is located in between two parallel and equilateral triangles 

which are formed by the three pyridine and three imino N atoms respectively. The planes formed by the 

two triangles are almost coplanar and their vertices are twisted by an angle of 41°, thus the geometry is 

distorted from a trigonal prism (figure 36). Similar compounds are reported in literature as a seven-

coordinate monocapped distorted trigonal antiprism.109, 126  

The height of the entire Mn(II)-complex with thiomethyl groups, between the apical N1 and the 

plane formed by the sulphur atoms is 11.7 Å and the distance between Mn(II) and the sulphur atoms plane 

is 9.18 Å. The distance N1-S has an average of 12.32 Å and the distances between Mn(II) and sulphur 

atoms have an average of 9.93 Å. The distances between the three sulphur atoms of the ligand legs are 

between 6.19 and 7.12 Å. 

 

Trenpy Zn(II)-complex with thiomethyl end groups, 13 

The molecular structure of trenpy Zn(II)-complex (figure 37E) presents a similar structure as 

found for the Fe(II)-complexes where the apical nitrogen is not involved in the coordination. A more 
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distorted “pseudo” octahedral geometry than the Fe(II)-complexes is evidenced by the cisoid N-Zn-N 

angles which are significantly deviated from 90°, ranging between 74.8 - 106.5° (Annex). The complex 

contains the same six fold coordination number of the metal ion defined by three imine and three pyridine 

groups and is charge compensated by two PF6
 anions. The M(II)-N bond lengths assume intermediate 

values for the Zn(II) complex, laying between Fe(II)- and Mn(II)-complexes. The two triangles consisting 

of the three imino nitrogen atoms and the three pyridyl nitrogen atoms are twisted with an angle of 46.6° 

relative to a trigonal prism. This distortion is similar to the Mn(II)-complexes, yet again it has to be 

emphasized that Zn(II)-complex is only sixfold-coordinated. 

 

Mass spectrometry, IR and UV vis characterization 

 

The ESI mass spectra of the Fe(II)-, Mn(II)-, and Zn(II)-complexes show base peaks for [ML]2+ 

and [LM(PF6)]1+ which confirm their structures. For the Fe(II)- and Mn(II)-complexes the fragmentation 

or aggregation with PF6 have been observed in very low intensity as [LM(F)]1+, [(LM)3(PF6)4]2+, 

[(LM)4(PF6)6]2+. In negative ionization mode only the (PF6)- counter ion can be found as expected. 

The UV-vis spectral data of the trenpy complexes recorded in CH3CN solutions are presented in 

table 6. The spectra exhibit a modular composition of the respective chromophores. The spectra are 

dominated by the n→π* and π→π* transitions of the leg moieties at 246 - 332 nm. However, the peaks 

appear with threefold intensity in comparison to the free leg 9. In case of Zn(II)- and Mn(II)-complexes 

with thiomethyl end groups 12 and 13 the ligand based transitions are slightly red-shifted (349, 351 nm 

for 12 and 263, 265 nm for 13), with an absence of further low energy bands. The ligand based bands can 

be assigned to both ligand centered (LC) and ligand to-metal charge-transfer (LMCT) contributions. This 

is different for Fe(II)-complex 11 where a strong metal-to-ligand charge-transfer (MLCT) band appears at 

576 nm with a blue sided shoulder at 528 nm.127  Additionally, the band at 364 nm can probably be 

assigned to a mixture of the LC and LMCT contributions. The M(II)-complexes with pyridine end groups 

11-13 exhibit in principal the same transitions as described above for their analogues with thiomethyl end 

groups 16-18  (table 6).  

 
Table 6. Absorption values and extinction coefficients of the trensal ligands 10 and 15, and their M(II)-complexes 
in the UV-vis region recorded in CH3CN 
 

Compound Absorption λ [nm] (ε x 10-3 [M-1cm-1]) 
Leg 9 246 (13.1) 332 (22.1)   
Ligand 10 247 (32.4) 323 (62.2) - - 
Fe(II)-complex 11 240 (58.1) 364 (55.6) 528 (8.75) 576 (13.4) 
Mn(II)-complex 12 265 (63.2) 349 (61.9) - - 
Zn(II)-complex 13 263 (49.5) 351 (50.1) - - 
Ligand 15 265 (61.0) 283 sh (55.3) - - 
Fe(II)-complex 16 293 (53.9) 386 (78.3) 530 (8.75) 579 (10.85) 
Mn(II)-complex 17 260 (38.0) 298 (47.5) - - 
Zn(II)-complex 18 260 (42.1) 298 (51.5) 344 (1.9) - 
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The IR spectra of Mn(II)-complexes and Zn(II)-complexes present the characteristic imine C=N 

stretch at about 1660 cm-1 slightly shifted to higher energy compared to the ligand (figure 38). The two 

lower energy bands at about 1590 cm-1 and 1570 cm-1 are assigned to pyridine vibration modes.109  All the 

complexes show a very strong band at approx. 840 cm-1, assigned to the stretching vibration of P-F bonds 

in the PF6
- anion groups (figure 38a).  
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Figure 38. a) IR spectra of the trenpy M(II)-complex with thiomethyl end groups 11, 12 and 13; b) Raman spectrum 
of the Fe(II)-complex 11. 

 

In the case of Fe(II)-complex with thiomethyl end groups 11 the imine C=N stretching vibration 

mode is not observed. This special behaviour has previously been reported for low-spin analogues and 

was explained by low energy MLCT transitions that lead only to the resonance Raman enhancement 

when the exciting frequency approaches that of the MLCT.109, 128  Raman spectroscopy is a sensitive 

technique for accurate determination of imine stretching frequencies in low-spin Fe(II)-complexes. The 

Raman spectrum (figure 38b) reveals the symmetric vibrations at 1605 (medium) assigned to (C=N) and 

the two pyridine vibrations at 1592 (strong) and 1558 cm-1. The C=N vibration occurs at a smaller value 

than for other M(II)-complexes, as already described.109, 128  In the IR and Raman spectra of the Fe(II)-

complex with pyridine end groups 16 additionally to the pyridine vibration at 1564 cm-1 an intense band at 

1603 cm-1 is observed, which probably covers contributions from both, imine and pyridine. 

 

Magnetic susceptibility measurement 

 

The magnetic measurement realized for trenpy Fe(II)-complex 11 shows that the complex 

remains low spin up to 350 K as shown in figure 39. 

The temperature dependence of the magnetic susceptibility has a value of maximum 0.02 cm3K 

mol-1 with μeff ≈ 0.43 BM. The value of effective magnetic moment (μeff) in Bohr magnetons has been 

calculated using the following equation: 

 μeff (BM) = 2.83[ χM T]1/2, 

where χM is the molar susceptibility (cm3 mol-1) and T the absolute temperature (K).129 



The diamagnetic, low spin character of 11 has been already proved by NMR spectroscopy and X-

ray data. Several magnetic studies for this type of compounds are reported.109  A similar behaviour is 

assumed for its analogue with pyridine end groups 16 as shown by NMR spectroscopy and X-ray 

crystallographic study. 
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Figure 39. Temperature dependence of the magnetic susceptibility of trenpy Fe(II)-complex 11, exhibiting low spin 
behaviour from 5-350 K. 
 

Cyclic voltammetry 

 

Cyclic voltammograms for Fe(II)-complex 11 in MeCN anh. electrolyte solution with Bu4NPF6 

using an non-aqueous reference electrode have been measured. The potential values are calibrated against 

the ferrocene redox couple as internal standard (Fc+/Fc at 0.380 V vs. SCE).130, 131 

The data are consistent with reversible one electron oxidation of Fe(II)/Fe(III) as shown in fig. 40. 

The Fe(II) Fe(III) half-wave oxidation potential is found at +0.927 V,  which is close to the reported 

oxidation values of similar compounds.132  The ligand-centered reduction was observed at the potential of 

-1.117 V in the window (-1.5, 1.5V). As can be seen in figure 40 at higher window potential of (-2, 2.5 V) 

a total of three reversible reductions at negative potentials are observed. This can be possible attributed to 

three subsequent single electron reductions at the three different ligand legs. 
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Figure 40. Cyclic voltammograms of Fe(II)-complex 11; left, in presence of the ferrocene as internal standard 
(Fc+/Fc of  0.380 V vs. SCE); right, oxidation at +0.927 V and the three reduction potentials.  
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In summary, we have synthesized and characterized new tripodal Schiff base complexes 

functionalized with thiomethyl or pyridine end groups for surface investigation. The trensal and trenpy 

type of complexes with different metal ions offer structural and electronic variation as well as a 

dependence of the spin state on the implied donor set in the coordination sphere.  

The results of single crystal X-ray diffraction for the tripodal Schiff base complexes clearly show 

how the free ligands wrap tightly their legs around the metal ions, rendering the α-triimine moiety 

relatively rigid and co-planar in respect to the three pyridyl or salicyl legs.109 The coordination of the 

ligand forces the three legs with thiomethyl or pyridine end groups into a prismatic form rendering the 

thiomethyl or pyridine end groups into a predestined direction. Thus the metal complexes with thiomethyl 

end groups could be attached on a suitable flat support such as the Au(111) crystal edge. In case of an 

ideal tripodal anchoring of the thiomethyl functions, the M(III) or M(II) metal ions take an elevated 

position toward the surface. As each of those metal ions has a different electronic impact on the 

coordinated ligand, different tunnelling current characteristics can be expected. Preliminary STM 

measurements through self-sustained complex molecules have been investigated by deposition in “sub 

monolayer” on Au(111) from CH2Cl2 solutions.  
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2.2. Facial and meridional Ru(II)-bipyridine complex 

 

2.2.2. Introduction 

 

In photochemistry, the class of Ru(II)-polypyridine complexes represents important building 

blocks which have been extensively studied due to their cumulated charge-transfer characteristics, 

chemical stability, excited state reactivity and lifetime, photophysical and redox properties.133, 134 These 

complexes have found extensive application as catalysts in photoinduced electron-transfer processes,135, 

136 photosensitizers for solar energy conversion in artificial photosynthesis 137, 138 and dye-sensitized solar 

cells.139, 140  Since the invention of first dye-sensitized solar cell in 1991 by M. Grätzel based on a Ru(II)-

tris(2,2’-bpy) complex derivate, the synthesis of a large variety of Ru(II)-complexes received a great 

interest. Photoactive systems based on polynuclear ruthenium complexes have been developed to enhance 

photochemical and photophysical properties by antenna-light-harvesting effect.141, 142  More recently 

researchers focused not only to increase the efficiency of dye-sensitized solar cells but also to replace the 

rare ruthenium with other more abundant metal-complexes.143, 144  Moreover, all these properties and 

applications attracted the incorporation of this type of metal-complexes in nanotechnology as potential 

photon-induced switches 145 -147 and into molecular machines and devices.148, 149 

 Besides the intensely studied photochemistry, the topology of tris-bidentate complexes of the 

octahedrally coordinated Ru(II) ion plays an important role. In particular, in case of unsymmetrically 

functionalized 2,2’-bipyridine ligands, the homoleptic tris-chelate [RuL3]2+ complex adopts two 

geometrical forms: the facial (fac) and meridional (mer) stereoisomers. Additionally, these types of metal 

complexes can adopt two optical isomers Δ and Λ (figure 41). Together these four stereoisomers consist 

of the same chemical formula but possess different structures which can effect different physical and 

chemical properties.150  

 
Figure 41. The four stereoisomers (two enantiomeric pairs) of unsymmetrical Ru(II)-trisbpy complex 

 

The distinction between the two fac and mer isomeric species of [Ru(bpy)3]2+ complexes have 

been realized by 1H NMR spectroscopy 150, 151 and the full assignment was performed by use of 2D NMR 

techniques.151, 152  Evaluations based on NMR spectroscopy of the changes in electron density within 

ligands occurring upon chelating the Ru(II) ion, were explained in details for the parent [Ru(bpy)3]2+ and 

compared to theoretical methods. The NMR coordination-induced shifts were described to be affected by 
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different effects as: σ- and π-electron polarization in coordinated heterocycles, magnetic anisotropy of 

neighbouring ligands and metal-ligand bonds, van der Waals interactions, and solvent effects.153  

Here we present the successful synthesis, separation and characterization of a new pair of fac and 

mer tripodal Ru(II)-complex for electronic transport studies on metallic surfaces at the single molecule 

level. 

The design, synthesis and isolation of a tripodal metal complex containing three conjugated legs 

with thioacetyl end groups which geometrically face to one side (fac isomer) - suitable for multi-

attachment on gold electrodes - turned into our focus. Its analogue, the mer isomer is prearranged to 

connect two legs on one side to metallic surface with the third leg facing free upward for the attachment 

of a tip e.g. by AFM contact. In this regard we adopted a strategy based on 2,2’-bipyridine motif, capable 

to contain a conjugated structure with thioacetyl protective end-groups. One major demand on the ligand 

design is the compatibility with the conditions for complexation and purification.  

From previously published works describing the synthesis of unsymmetrical 2,2’-bipyridine 

Ru(II)-complexes which can adopt the two geometrical configurations fac and mer, the main problem to 

synthesize such structures derives from the difficulties in separation of the two isomers. In a statistical 

approach, in the reaction mixture three parts of mer-isomer will be formed to one of the fac-isomer, but it 

can be modified by several parameters. Recent works reported a variety of reaction conditions, solvents 

and temperatures for improving the formation of one isomer.150, 154  Strategies for blocking the ligand in a 

tripodal structure to obtain only the fac isomers have been implemented.155 -157  Another method applies 

steric effects by using bulky or electron-withdrawing side groups to preferentially favour one of the 

isomer.150, 151, 158  Laborious, expensive and sometimes unsuccessful separation methods are reported, 

starting with very long 2-3 m cation-exchange chromatography on sephadex columns,151 preparative silica 

thick layer chromatography plates150, 154, 159 or only partial resolution on neutral alumina.152

9

  Under such 

difficult conditions very small quantities of isomers can be isolated. Thus only few reports characterize 

and compare the two geometrical isomers with each other, an important aspect as far as the fabrication of 

new materials is concerned.15   Taking all these considerations into account, our strategy required the 

synthesis of a ligand containing a conjugated longer side which after coordination can be exploited for an 

easier column chromatography separation. The unsymmetrical mer isomer having a longer structure and a 

smaller diameter compared to the fac isomer provides a difference in polarity between the two isomers.  

The isolation of each of the two constitutional isomers is of primary importance for the 

attachment and the geometrical control on the metallic surfaces. However, to our knowledge, single 

isomer fac or mer 2,2’-bipyridine based M(II)-complexes have not been reported for metal surfaces 

studies so far. 
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2.2.2. Results 

 

Synthesis of fac and mer Ru(II)-trisbpy complexes with thioacetyl end groups 

 

The preparation of the Ru(II)-trisbpy complex is depicted in Scheme 5. The ligand synthesis was 

achieved by Sonogashira coupling reaction of 5-ethynyl-2,2'-bipyridine 19ii, 160 with 4-(thioacetyl)-

iodobenzene.161 The 5-ethynyl-2,2'-bipyridine was synthesized by Sonogashira reaction with TMSA 

followed by deprotection of trimethylsilyl group after a slightly modified procedure.160 The 1H and 13C 

NMR spectra of these two intermediates are in agreement with the literature.160  

The complexation reaction was realized by coordination of three eq. of ligand with 

Ru(DMSO)4Cl2,162, 163 in refluxing EtOH under Ar after a modified reported method.150  The synthesis 

resulted in both fac and mer isomers. The mer isomer exhibited higher Rf values than the fac isomer in the 

TLC conditions (MeCN/H2O/KNO3) performed during the reaction and was applied for flash column 

chromatography on silica gel. The preparative thick layer chromatography silica plates in the same 

conditions lead in our case only to a partial separation of the two isomers. Column chromatography offers 

an easier separation of fac and mer isomers based on a pronounced difference between the polarity and 

the isomer geometry. The column chromatography separation was realized under Ar gas flow to prevent a 

possible hydrolysis of the thioacetyl-end groups. After separation, anion metathesis was carried out by 

application of excess of KPF6 aq. in MeCN at rt. As an indication of purity of the two isomers after 

metathesis the TLC (in before mentioned conditions) demonstrated two very distinct spots. The 

separation of the two isomers is confirmed by 1H NMR and single crystal X-ray diffraction of the fac 

isomer.  

 
Scheme 5. Synthetic route of the fac and mer Ru(II)-complex. Reaction conditions: (i) TMSA, PdCl2(PPh3)2, CuI, 
THF/TEA anh., N2, rt, 91%; (ii) K2CO3, CH2Cl2/MeOH, rt, 93%; (iii) PdCl2(PPh3)2, CuI, THF anh./ DIEA anh., N2, 
rt, 50%; (iv) a) Ru(DMSO)4Cl2, EtOH, Ar, reflux; b) KPF6 aq., MeCN, rt, 26% fac, 10% mer. 
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Characterization of fac and mer Ru(II)-trisbpy complexes with thioacetyl end groups 

 

The ligand 20 and its fac and mer complexes have been fully characterized by NMR, ESI mass 

spectrometry, IR, UV-vis spectroscopy, elemental analysis, and confirm their structure and purity. All the 

characterizations for the Ru(II) fac and mer complexes are consistent with the formation and separation of 

both isomers. 

 

NMR Spectroscopic Data 

 

Both, fac and mer complexes were characterized by NMR spectroscopy. Extensive 1D and 2D 

NMR spectroscopic techniques - 1H,1H correlation spectroscopy (1H,1H COSY90) and 1H,13C HMQC - 

were employed to achieve full assignment of the signals (Annex). From two-dimensional COSY spectrum 

was determined which protons are spin-spin coupled. Long range coupling can be observed in COSY90 

spectra and are characteristically low in energy (Annex). Finally, the two-dimensional 1H,13C HMQC 

spectrum, allowed for the determination of carbon to hydrogen direct connectivity (Annex).  

The separation of the two isomers is demonstrated by 1H NMR (figure 42). The fac complex 

exhibits in solution a C3-symmetry, thus has a clearly resolved NMR spectrum with all three legs 

chemically equivalent. The mer isomer is not symmetric and exhibits a more complex spectrum, where 

the bipyridine protons appear as multiplets. This makes the interpretation more difficult, nevertheless the 

integration of these signals is consistent with the structure and keeps the same assignment as in the fac 

isomer.  

The first observation which confirms the difference in symmetry of the two isomers is given by 

the thioacetyl proton signals. The fac isomer presents one singlet at 2.39 ppm, while in mer isomer are 

observed two superimposed signals in approximately 2:1 intensity. Compared to the ligand spectrum, the 

fac and mer isomers exhibit a significant upfield shift (≈ -1 ppm) of the 6 and 6’ protons (α position to the 

coordinating nitrogen atoms). This strong upfield shift is induced by the interaction of the 6 and 6’ 

hydrogen atoms with the ring current of the pyridine rings of the neighbouring legs. This interaction is 

caused by the coordination of the ligands and changes the anisotropy of the respective protons. The 

structural vicinity of these atoms is shown by crystallographic analysis.152, 153  For the fac isomer, these 

protons appear as two distinct tight doublets keeping the same coupling constants as in the ligand. In the 

mer isomer these protons appear as multiplet, a result of their proximity to different heterocyclic rings. 

The 3 and 3’ protons keep almost the same chemical shift, while 4 and 4’ protons present a downfield 

shift (0.23 ppm) in comparison to the ligand. All these signals are clearly resolved in fac isomer, while the 

mer presents multiplets. The phenyl protons are unambiguously identified by keeping the same chemical 

shift/ coupling constant as in ligand. The 5’ proton observed in literature 150, 151 to give a distinct set of 

signals for the two isomers, is overlapped in our case for the both isomers by the phenyl signal. Our 1H 

NMR shielding findings given by changes in electron densities after chelation of the ligands, are closely 

related with the described values.152, 153 
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Figure 42. 1H NMR spectra of (a) Ligand 20 in CDCl3 (b) fac [RuL3](PF6)2 and (c) mer [RuL3](PF6)2 in CD2Cl2; the 
assignment of the protons are depicted in the structural formula. 

 

The presence of two isomers was also confirmed by the difference of 13C NMR spectra related to 

the symmetry of the species. 13C NMR characterization can demonstrate the separation of fac and mer 

isomers.153  The fac isomer presents 18 signals which support its structure (Annex). An interesting 

observation of the unsymmetrical mer isomer spectra is the presence of three (two in some cases) very 

close sets of signals (C-6/6’, C-3/3’) but keeping the same chemical shift/ assignment for all the carbon 

signals as in the fac isomer.  

 

Mass spectrometry, IR and elemental analysis 

 

ESI TOF measurements were applied to the fac and mer [RuL3]2+(PF6)2 salts. Both isomers show 

the corresponding peak of the [RuL3]2+ molecular ion at m/z = 546.1 and in very small intensity an 

aggregation as [(RuL3)2(PF6)2]2+ at 1237.2. The counter ion (PF6)- is observed at m/z = 144.9 in negative 

acceleration mode.  

The purity of each fac and mer isomers was confirmed by elemental analysis. The complexes 

were observed to retain water despite drying in vacuum, as presented in literature for similar Ru-

complexes which are supposedly hygroscopic.154 

The IR spectra of the two fac and mer [RuL3]2+(PF6)2 isomers are essentially the same. 

Characteristic weak stretching vibration bands (-C≡C-) assigned to acetylene bonds in both isomers are 
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identified at 2223 cm-1 with a shoulder around 2180 cm-1. In the free ligand this vibration appears as a 

very weak band at 2217 cm-1. For the free ligand the stretching vibration (C=O) corresponding to the 

thioacetyl functionality is observed at 1696 cm-1, 164 while a slightly shifted frequency is observed for fac 

and mer complexes to 1702 and 1705 cm-1 respectively. The ring frequencies of the free 2,2’-bipyridine 

ligand are assigned to 1457 and 1584 cm-1 bands. Upon coordination these values are shifted to 1465 and 

1598 cm-1.165, 166  The presence of PF6 counter ions in each isomer is evidenced by a very intense band at 

842 cm-1 which refers to the P-F stretching mode.  

 

Absorption and Emission Spectroscopy 

 

In the UV-vis spectrum in MeCN, the ligand exhibits a broad absorption peak at 320 nm (ε = 

45870 M-1cm-1) with a red-sided shoulder at 336 nm (ε = 35640 M-1cm-1). Such transitions are typically n-

π* or π-π* in character. Excitation into these wavelengths yielded a strong fluorescence signal at 376 nm. 

The recorded emission-excitation spectrum represents the absorption spectra well and confirms the 

fluorescence character of the emission. 

 
Table 7. Absorption and emission properties recorded in aerated MeCN at rt; a reported values; b excited at 471 nm; 
the emission spectra are uncorrected; 
 

Compound Absorption λ [nm] (ε x 10-3 [M-1cm-1]) Emission 
λ (±1)  [nm] 

LC 1MLCT 3MLCT 
Ligand 336 (35.64) 320sh (45.87) - - 

a[Ru(bpy)3]2+(PF6)2 286 (102.30) - 452 (16.1) 610 
fac-[RuL3]2+(PF6)2 325 (102.00) 274sh (48.90) 471 (11.65) 635b 

mer-RuL3]2+(PF6)2 336 ( 97.05) 274sh (44.32) 471 (11.00) 635b 
 

Electronic spectroscopy was carried out on both fac and mer Ru(II)-complexes. The UV-vis 

absorption spectra in MeCN of both isomers are very similar (figure 43). There, transitions of the ligand-

centered (1LC) and metal-to-ligand-charge-transfer (1MLCT) character dominate the spectrum. The ligand 

based transitions features are found at 325-335 nm (broad) which is very close to the absorption of the 

free ligand. The 1MLCT based peak at 471 nm is bathochromic shifted in comparison to the reported 

values of the [Ru(bpy)3]2+(PF6)2 (452 nm 1MLCT, 286 nm 1LC).167, 168 This can be explained by the 

extended conjugated π-electron system on the ligand and has been described for other Ru(II)-trisbpy 

complexes.157, 169. 

The emission properties of both complexes have been determined and are very similar. Both 

resulted in a 3MLCT emission maximum band at 635 (±1) nm after excitation into the 1MLCT absorption 

band at 471 nm. Emission-excitation of the 635 nm emission signal results in a pronounced peak 

appearance at 471 nm which confirms the 1MLCT band character of the respective absorption band. The 

large Stokes shift between the excitation wavelength (471 nm) and the emission wavelength (635 nm) is 

 48 



typical for [Ru(bpy)3]2+(PF6)2 complexes and can be explained by the loss of photonic energy due to 

internal conversion. 
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Figure 43. Electronic spectra of fac and mer [RuL3](PF6)2 recorded in aerated CH3CN at rt under normal 
atmosphere; (a) absorption spectra (b) emission spectra by excitation at 471 nm; (c) emission-excitation spectra of 
the 635 nm emission signal. 
 

Single crystal X-ray characterization of fac Ru(II)-trisbpy complex with thioacetyl end groups 

 

Crystals of fac-isomer were grown from slow diffusion of Et2O in MeCN solution of complex, 

appearing as red needles. The crystals for mer-isomer similarly obtained, appeared as branched feathers 

which proved not being suitable for X-ray diffraction. Details of the crystallographic studies of the 

structure determination, selected bond lengths and angles are given in Annex. 

The X-ray data present for each [RuL3]2+ cation two disordered PF6 counter ions and contains 1.5 

disordered MeCN solvate molecules per complex molecule. Figure 44 illustrates the cation, with the 

metal coordinated by six nitrogen atoms of the three bidentate bipyridine ligands, in a distorted octahedral 

arrangement. The three bipyridine ligands are positioned pseudo-symmetric around the central metal 

(figure 44). One of the terminal thioacetyl groups and two sulphur groups are disordered and thus refined 

in two positions. The cis-arrangement of each of the three conjugated ligand legs terminated with 

thioacetyl groups confirms the 1H NMR studies described before. The mean values of Ru-N bond lengths, 

of 2.063 Å and N-Ru-N angles of 78.7° and 89.2°, are similar as found in comparable [Ru(bpy)3]2+ 

structures.151, 156, 159  The fac-complex crystallizes in the triclinic space group P1, as a racemate. The unit 
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cell contains the two symmetry related diastereoisomers, one Δ and the other Λ, positioned head to head 

(figures 45 and 46). The phenyl substituted legs are slightly deviated from planarity to the plane of their 

bpy groups (between 15 and 26°). The height of the entire molecule from the sulphur plane and 5’-bpy 

carbon atoms is about 12.64 Å. The three bpy functionalities form together with the sulphur atoms, in 

respect to the Ru ion, the faces of a triangular prism close to 60°. The distance from Ru ion and the plane 

formed by the three sulphur atoms is 9.5 Å, while de distances between the sulphur atoms are in average 

13 Å.  
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Figure 44. Single crystal X-ray structure of the tripodal fac-Ru(II)-complex 21f. The hydrogen atoms, the two PF6

− 
counter ions and the CH3CN solvate molecules were omitted for clarity (ellipsoid plot drawn at 50% probability 
level). Left, view perpendicular to the three fold axis; right view along the three fold axis 

 
Figure 45. Single X-ray crystal unit cell of the fac-Ru(II)-complex 21f with the two optical isomers Δ and Λ. The 
hydrogen atoms, PF6

− counter ions and CH3CN solvate molecules were omitted for clarity (sticks drawn).  

N4

N2 N6

Ru

N1

N5N3

N4

N6 N2

Ru

1N

N3N5

f ac- f ac-  
Figure 46. Drawing along the three fold axis of the two optical isomers Δ and Λ present in unit cell. 
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The crystal packing presents intermolecular π···π stacking interactions (3.86 Å centroid - centroid) 

between the pyridine and phenyl rings of two very closely positioned neighbour molecules (figure 47). 

Each cation of Ru(II)-complex is compensated by two PF6
- counter ions and is accompanied by 1.5 

MeCN solvate molecules. One PF6
- ion is positioned inside the cavity formed by the three legs.  

 
Figure 47. Crystal packing along z axis of the fac-Ru(II)-complex 21f showing the intermolecular π···π stacking 
interactions (grey line) between two neighbour molecules (pyridine and phenyl rings, 3.86 Å centroid - centroid) and 
the position of PF6 counter ions. The hydrogen atoms and MeCN solvate molecules were omitted from clarity (sticks 
drawn). 
 

In conclusion the synthetic strategy to functionalize a tripodal metal complex with thiol-protected 

groups for multi-attachment on metallic surfaces was achieved. We have demonstrated that the separation 

of the two already functionalized fac and mer isomers is accessible by an easy and reproducible method. 

This allows for isolation of reasonable quantities of both isomers required for complete characterization 

and study on metallic surfaces. The photophysical investigation of both isomers indicates no significant 

difference between two structural forms as reported for similar structures.150  The fully conjugated ligands 

form the two fac and mer well defined three-dimensional rigid structures which can be viewed as 

molecular wires which encapsulate the Ru ion. The fac isomer is prearranged to connect all three legs on 

the surface, while the mer isomer is in prospect to connect two legs on the surface which leaves the 

remaining leg pointing upward. This difference in geometry of the two isomers will be exploited for a 

comparative study at single molecule level by STM. As the complex conformation is stable, the tripodal 

structure of fac isomer will remain after deposition on metallic surfaces. In particular, the thioacetyl 

groups are known to deprotect easily in situ on gold surface under formation of covalent sulphur-gold 

bonds. All these considerations present the two isomers of Ru(II)-trisbpy complex as possible candidates 

for electron transport studies on metallic surfaces. 
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2.3. STM measurements of tripodal complexes 
 

Experimental set up 

The STM experiments were performed by Dr. Maya Lukas and PhD student Kerrin Doessel. The 

measurements were carried out with a modified Omicron system under UHV conditions with a base 

pressure of 1·10-10 mbar. The Au(111) crystal was cleaned by several cycles of sputtering and annealing. 

The crystal was then transferred to the fast-lock of the UHV chamber; the chamber was flooded with 

nitrogen and opened. A solution of metal-complex (≈ 7µl CH2Cl2 anh.) was dropped on the crystal under 

nitrogen flow to avoid the surface contamination. The chamber was pumped and the crystal was annealed 

in UHV for 10 minutes at ≈ 40°C to remove the solvent from the surface. Finally the crystal was 

transferred to the STM and cooled down to temperatures of 30 K. At this temperature the mobility of the 

molecules on the surface was retained and measurements at single molecule level were possible. 

 

2.3.1. Ga(III)-trensal complex with thiomethyl end groups 3 on Au (111) 

 

Single molecules of Ga(III)-trensal complex can be imaged with STM after deposition in sub-

monolayer from high diluted solution (≈ 10-7 M). Most of the molecules (≈ 60%) stand tilted on two legs 

on the Au(111) surface (figure 48 and 49). A gap voltage of 2V was used and the feedback current was 

set to 30 pA. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 48. STM images presenting the Ga(III)-complex 3 standing on two legs on Au(111) and its molecular 
structure obtained by single crystal X-ray diffraction  

 52 



 

 

 

 

 

 

 

 

 

 
10nm 

20nm 

Figure 49. STM images presenting immobilized on Au(111) the Ga(III)-complex 3 in sub-monolayer 
 

Scanning tunnelling spectroscopy could be performed on different sites of the molecule: each of 

the three legs and the head unit. Preliminary I = f(V) measurements show distinct differences between the 

gold surface and the molecules. 

The measurements were compared to density functional theory calculations of a single free 

molecule where the surface is not taken into account and the results are in agreement.  

At higher concentration the molecules do not tend to cluster on the surface (figure 50). 

 

20nm 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 50. Higher concentration of deposited molecules of Ga(III)-complex 3 on Au(111). 
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2.3.2. Fe(II)-trenpy complex with thiomethyl end groups 11, on Au (111) 

 

The Fe(II)-trenpy complex with thiomethyl end groups 11, deposited similarly as the Ga-complex 

forms on Au(111) small clusters of molecules (figure 51). The structural difference, charged two cation 

closely surrounded by two PF6 counter ions per each molecule, can explain this behaviour. The tendency 

to form aggregates with PF6 counter ions, but in insignificant low intensity is shown before by the ESI 

mass study. 

Study of single molecules lie in the same way on the surface as the Ga(III)-complexes (figure 51). 

Data from STS or DFT calculations were not yet available at the moment of writing this thesis. 
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Figure 51. Single crystal X-ray structure of Fe(II)-complex 11 and STM images presenting immobilized the Fe(II)-

complex 11 on Au(111). 
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Chapter 3.  

Homodinuclear helicate complexes 

 

3.1. Introduction 
 

This chapter reports about the synthesis and characterization of new bimetallic helicate 

complexes. The structures are functionalized with anchoring groups on two opposite ends for possible 

connection between two electrodes as a molecular wire unit. Self-assembly of three organic ligands 

around two Fe(II)-, Zn(II)- or Ni(II)-cations formed homobinuclear triple stranded architectures. The 

variation of metal ions leading to diamagnetic or paramagnetic compounds is expected to tune the 

electronic transport properties. All the metal complexes and their intermediates have been completely 

characterized by 1H NMR (in case of diamagnetic compounds), ESI, IR, UV-vis techniques and elemental 

analysis. Additionally, the molecular structures of the Fe(II)- and Ni(II)-helicates have been confirmed by 

single-crystal X-ray diffraction. The 1H NMR spectra of the Fe(II)-complex exhibit in solution a 

coalescence effect supported by X-ray crystal structure. In order to discuss this effect some basic 

theoretical aspects of coalescence phenomena will be introduced. 

 

Aspects of triple-stranded helicates 

 

On molecular level the discovery of helical superstructures in biologically relevant 

macromolecules, e.g. DNA and RNA, inspired the chemists to synthesize conceptionally derived 

supramolecular assemblies.  

Starting with the pioneering paper of J.-M. Lehn et al on doublestranded helicates containing 

dinuclear and trinuclear Cu(I)-complexes based on the oligopyridine motif 170 there has been an increased 

interest in helical architectures. From that point a multitude of double and single stranded helicates up to 

four-stranded helicates were synthesized.171  The development of self-assembled helical structures and 

their properties have been extensively reviewed over recent years.171, 38, 172 -176 

One way to obtain such synthetic helical systems is to combine basic principles of coordination 

chemistry with structural models defined by supramolecular chemistry. There, several requirements have 

to be fulfilled: a) the design of the ligand is adapted to the metal ion which is coordinated; b) 

complexation of the metal ion results in a stable coordination environment; c) the ligand structure design 
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consists of separated coordination sites by a bridging or inter-connecting part which allows the helical 

twist for encapsulation according to the stereochemical demands of the metal ion.171, 172  

A helix is characterized by a central axis - helical axis - enfolded by a single or multiple strands. 

The strand distance which forms a complete turn around the axis is called pitch. The arrangement of the 

strands in a helical high ordered structure can be controlled by different supramolecular interactions, e.g. 

hydrogen bonds, π-stacking or metal ion coordination.171  The class of compounds formed by metal-

directed self-assembly processes from two or more metal centers and one or more ligand strands, was 

named helicates.38 Four important concepts in supramolecular chemistry were introduced for 

understanding the formation of helical architecture: molecular recognition, self-assembly, self-

organization and supramolecular programming.38, 176 

The helicate complexes introduced a new type of chirality, helicity. The new class of chiral 

molecules may possess new optical and electronic properties.177  Every metal center in a helical structure 

is a center of chirality which will adopt a rotational sense, the right-handed form being P with Δ 

coordinated metal centers and the left-handed one being M with Λ coordinated metal centers. Generally, 

there have been described three possible cases to induce chirality between metal centers implying C2-

symmetrical ligands. The particular case of triple helicates is exemplified in figure 52.176, 178 

a) All centers in a polynuclear system are homochiral. The chirality propagates through the entire 

molecule where one coordination center induces for the neighbouring coordination center the same 

chirality. In this case for symmetrical helicates incorporating non-chiral ligand strands, normally a 

racemic mixture results. 

b) One coordination center induces the opposite chirality to the neighbour metal centers. A 

polynuclear structure with even number of metal centers results in an achiral molecule, a meso structure. 

With odd number of metal centers a chiral structure is obtained. 

c) When no preference for helicity in respect to a neighbour center is present a disordered 

structure will form. 

Different other arrangements may be possible in case that other conformation of metal center than 

M or P absolute configurations or the bridging domain are displayed, leading to non-helical domains.176 

 
a)       chiral, helical 
               D3 

 
 

 

b)                      achiral,                        chiral, side-by-side 
           mesocate               D3 
     C3h 

 c)        chiral, irregular 
C3   

 
Figure 52. Possible arrangements in triple helical complexes with C2 symmetrical ligand strands: a) homochiral; b) 
antichiral, c) disordered. Regular helicates are homotopic while the irregular are heterotopic.176 
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The control of molecular architectures has been demonstrated for several types of ligands. In case 

of triple helicates based on oligo-bidentate strands, building blocks with octahedral geometries are 

required.  

Williams et al 179, 180 described the first structurally characterized example of triple helicate 

formed by a Co(II)-complex based on the relatively rigid bis(bisdentate) ligand L1 (figures 53 and 54).  

 
Figure 53. Examples of ligands which form triple-stranded helicates 

 

Metal triple helicates of type M2L3 are based on three bis-bidentate ligands interacting with two 

metal ions which are coordinated in an octahedral ligand field. If a relatively rigid linker between the two 

coordinating units of the ligand is used which allows a twist between them, then a chiral triple helicate is 

the most likely structure. In case of less rigid linkers, mesocates and other topologies are possible.181  

Double stranded helicates can be formed by the bis-bidentated ligand L1 if tetrahedrally 

coordinating metal ions are applied. Contrary, triple-stranded helicates are obtained if metal ions which 

prefer octahedral coordination are used (figure 54).38, 176  In another work the assembly of ligand L2 

(figure 53) to double-helicates has been reported with Cu(I) ions which prefer tetrahedral coordination in 

a [Cu3L2]3+ arrangement. On the other hand, the utilization of Ni(II) or Fe(II) ions result in the formation 

of triple-helicates due to octahedral ligand field preference of these ions.182, 183 

 

 
 

                  Co(II) 

L1 

       Cu(I) 

 
 
 
Figure 54. Double and triple stranded helicates formed from L1 according to tetrahedral Cu(I) or octahedral Co(II) 
ions 

 

It has been found that ligands based on diphenylmethane bridging motif, L3 and L4 or their 

derivates (figure 53), can form different types of supramolecular structures. If the ligands are coordinated 

to tetrahedral Cu(I) and Ag(I) the following motifs can be obtained: dinuclear double-stranded 

helicates,184, 185 mixtures of double stranded helicates and meso-forms,186 -188 or only molecular boxes as 
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mesocates.189, 190  If these types of ligands are coordinated to metals with preferences for octahedral 

geometries, e.g. Co(II), Fe(II), Zn(II), Ni(II), Ru(II) they exclusively form triple-stranded helicates.191 -197 

The helical motif offers another approach to design new spin crossover molecules. The possibility 

to switch the properties of compounds in a controlled way, e.g. switching configurations between high- 

and low-spin, has attracted the interest for development of new electronic devices.198 As examples, 

dinuclear Fe(II)-helical complexes [L3Fe2]4+ of type L3 exhibit a diamagnetic behaviour, while L4 has 

been described to form spin crossover compounds (figure 53). For the first type of complexes, Fe(II)- ions 

bind to pyridine units while in L4 are coordinated to imidazoline units.198 

Recently has been described how bimetallic triple helicates and double stranded DNA can 

structurally recognize and bind to each other, forming a three-way junction (figure 55 A, B). This junction 

is established by the complementarity between the supramolecular structure, with high positively charged 

cations and the negative charged DNA backbone, combined with the shape of the metal helicate.199, 200  

The nature of the interactions and the type of bindings between the DNA matrix and the helical 

tetracations has been investigated in a multitude of works.192, 199, 201, 202  The molecular recognition 

between DNA and the metal triple helicate has been considered being a new pathway for the development 

of DNA-interacting therapeutic agents based on metal complexes.203 -205 

  
Figure 55. Schematic modelling of Fe2 triple helicate; A) Top and B) side view of DNA three-way junction 
containing inside helicate. Gray C, blue N, orange Fe and the bases of the three DNA strands in colour: blue, red, or 
yellow. 205 

 

Although, much development for understanding of the helicate formation has been advanced, the 

mechanism is not completely elucidated. In this direction, the first kinetic studies important for 

elaborating the self-assembly mechanism and the recognition process implied in formation of helical 

architecture have been reported.176, 206, 207 

Polymetallic helical structures have recently attracted attention due to the structural features for 

contacting two ends to metal electrodes. This makes them good candidates for the fundamental 

understanding of the effect of metal-metal interactions on electron transfer with potential applications as 

nanoscale devices. A first step in this direction has been established by producing wire-like metal 

complexes (figure 56) formed from a helical arrangement of the ligands around the metal ions. 

Chemisorption of these wire-complexes on Au(111) surfaces has been observed by STM studies. 

Additionally, pronounced differences in electron transfer were detected upon variation of the metal ions 

within the helical structures.208 
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Figure 56. Helical metal string complexes studied on metallic surface.208  

 

In another report a series of dinuclear Ru(II)-complexes of type {Ru(bpy)2]2(L)}4+ (figure 57) has 

been considered to approach a molecular wire behaviour. There, the two metal centers were connected by 

ligands analogous of L2. The binuclear complexes exhibited strong metal–metal interactions through the 

interconnecting ligand L. These interactions can participate in efficient electron-transfer reactions along a 

sequential redox chain.209 

 
Figure 57. Structure of the ligand L contained in helical {Ru(bpy)2]2(L)}4+, complex.209 

 

The possibility to tune the electronic transport properties by varying the ligand structure and 

metal ions motivated us for further studies of the helical array viewed as molecular metal wires. Whereas 

the metallic helical motif is one of the most investigated supramolecular architectures 191, 196 and the 

synthesis of triple-stranded helicates with a multitude of transition metal is well established 174-176, 191 to 

our knowledge, triple helicates functionalized with anchoring groups for their immobilization on metal 

surfaces have not been reported so far. One particular point of motivation is the use of an anchoring group 

which allows for reliable and reproducible surface contact to establish the molecular wire behaviour. The 

metal-helicates based on the 4,4’-methylene dianiline bridging motif offer an inexpensive and easy 

synthetic pathway combined with the formation control of triple-helical architecture.191, 194  In addition, 

various metals have already been complexed with derivatives of this molecule, and recently an 

enantiomeric resolution has even been reported with analogous compounds.210 

Toward the development of new electronically active molecular scaffolds, new bimetallic helical 

complexes based on a Schiff base ligand formed from the condensation of the 4,4’-methylene dianiline 

bridging motif and the aldehyde functionalized with thiomethyl anchoring group, were designed and 

synthesized. This structure can be envisioned as a combination of two tripodal structures which are 

arranged in a helical architecture with the possibility of contacting both ends to metal electrodes.  

 

Restricted rotation of diaryl systems and aspects of the coalescence phenomena 

 

Diaryl systems with two aryl rings attached to a central unit Z, e.g. CH2, -CHR, O, CHOH, PCH3 

etc., are the simplest representatives of polyaryl compounds which can display restricted rotation of the 

aryl groups (figure 58).211  Such systems have been the subject of several studies which concluded that 

these molecules can undergo correlated rotation of one ring thus causing rotation of the other. These types 

of molecules may assume one of two stable conformations according to the so-called "cogwheel 
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mechanism". There either both aryl groups are arranged in helical conformation or the rings can adopt the 

perpendicular conformation (figure 58).211  In this case the rotation of the phenyl groups is fast on the 

NMR time scale but the rotation speed is considerably reduced if sterically demanding substituents are 

involved.212 

 
Figure 58. Perpendicular and helical conformations of diaryl systems 211 

 

The rotational mechanism has been studied by Dynamic NMR spectroscopy (DNMR) after 

introduction of additional chirality elements which give rise to diastereoisomers. Complexation of 

diarylmethanes or ortho-substitution of the rings may result in the formation of several different isomers. 

This leads to a slow rotation of the phenyl rings due to the restricted configuration which makes the 

hydrogen atoms on phenyl rings inequivalent.213, 214  

Dynamic processes with an energy barrier between 20 and 100 KJ/mol are usually studied by 

analysis of temperature-dependent NMR spectra of interconverting species. The interconversion of 

stereoisomers exhibiting diastereotopic nuclei can be monitored by DNMR when the conversion is slow 

on the NMR scale. This analysis is based on the fact that the shape of signals of two groups in exchange 

is temperature-dependent.215  Several methods can be used in DNMR which use: bandwidths, peak 

separation, approximate methods for evaluation of rate constants or the complete line shape analysis, 

etc.216  

In the simplest case of an exchange process a ↔ b between two “equally populated sites”, for an 

uncoupled dynamic process, the line shapes represented in figure 59 are observed in variable-temperature 

NMR spectra. The NMR spectrum is a function of the rate of exchange k and of the difference in their 

resonance frequencies: Δν = νa - νb. 216  

At low temperature, the exchange is slow, k ‹‹ Δν, and the spectrum consists of two sharp signals, 

while at high temperature, at fast exchange, k ›› Δν, a single peak is observed. At the coalescence 

temperature the appearance of the spectrum changes from two separate peaks to a single, flat topped 

signal. 216  

At the temperature Tc where the two peaks coalesce, the rate constant kc of the exchange is given 

by eq. (1), where Δν is the separation in Hz between the two signals in the absence of exchange: 216 -218 

kc = (2-0.5) π Δν         (1) 

For an exchange process between two nuclei a and b with a coupling Jab, the coupling constant is 

introduced in equation (1) resulting equation (2). The rate constant kc at the coalescence temperature is 

estimated by: 217  

kc = (2-0.5) π (Δν2 +6Jab
2) 0.5       (2) 

From the rate constant, the free energy of activation ΔG‡ at the coalescence temperature Tc can be 

determined by the Eyring equation: 
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k = (kB·T)/h exp(-ΔG‡/RT)       (3) 

where k is the rate constant in s-1, kB is the Boltzmann’s constant, 1.3805·10-23 J/K, h is the Planck’s 

constant, 6.6256·10-34 J·s, R is the gas constant, 1.9872 cal/(mol·K), and T is the temperature in Kelvin.217 

ΔH‡ and ΔS‡ can be determined from:  ΔG‡ = ΔH‡ – TΔS‡.     (4) 
             T (K) 

                             νm = (νa +  νb)/2 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
           νb    νa 

 
 
 
 

Figure 59. Example of variable-temperature dependent NMR spectra of an uncoupled dynamic system  
 

The simple method to calculate the coalescence is not applicable for processes with complicated 

NMR spectra, multiple coupling patterns or species with different thermodynamic stability. The 

coalescence methods and the approximate methods provide less accurate results than the complete line 

shape analysis, nevertheless are often sufficient quick estimates. In case of more complicated systems, the 

errors are high and computer programs to simulate the NMR line shapes are required.217  Typical sources 

of errors by applying the above described coalescence-method are: the accuracy of determining TC and 

determination of Δν (Hz), the maximum peak separation in the slow-exchange, etc.217  
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3.2. Results 

Synthesis of binuclear helicate complexes 

 

Triple helicates are synthesized by the self-assembly of three organic ligands Lf around two 

iron(II), zinc(II) or nickel(II) cations (Scheme 6). 

 
Scheme 6. Synthesis of the functionalized ligand Lf, and the homobinuclear helicate metal complexes 

 

The ligand Lf has been synthesized from thiomethyl-functionalized aldehyde 9 described in 

Chapter 2. Twofold imine-condensation of the aldehyde 9 with 4,4’-methylene dianiline in EtOH afforded 

the desired ligand. The complexes have been prepared by mixing a diluted CH2Cl2/MeOH (5/1) solution 

of the ligand Lf with a MeOH solution of the corresponding metal salt. While the perchlorate salt of the 

L3Zn2 complex precipitated in the course of the reaction, the hexafluorophosphate salts of L3Fe2 and 

L3Ni2 were precipitated by addition of a methanolic NH4PF6 solution.191  

 

Characterization of binuclear helicate complexes 

 

All resulted metal complexes have been fully characterized and the formation of homobinuclear 

helicates has been confirmed. The diamagnetic homobinuclear Fe(II)- and Zn(II)-complexes have been 

completely characterized by 1H NMR, ESI, IR, UV-vis techniques and elemental analysis. Additionally, 

the Fe(II)- helical structure has been confirmed by single crystal X-ray diffraction. The paramagnetic 

Ni(II)-complex exhibits a typical 1H NMR spectrum of a paramagnetic compound with signals strongly 

shifted towards low magnetic field (60 ppm). Its identity has been proved by ESI, IR, UV-vis 

spectroscopy, elemental analysis and single crystal X-ray diffraction.  
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1H NMR characterization and coalescence estimation 

 

The helical Fe(II)- and Zn(II)-complexes present simple 1H NMR spectra (figure 60) with one set 

of signals which demonstrate that their triple helicate structures are maintained in solution.  

Single crystal X-ray diffraction refines the results obtained by NMR, especially the exclusive 

appearance of chiral ΛΛ and ΔΔ isomers. The configuration of the chiral helicates can be clearly 

supported by the pattern observed for the CH2 protons in the 1H NMR spectra. Both Fe(II) and Zn(II) 

complexes (figure 60) display a singlet at 4.0 ppm for the equivalent central methylene groups (non-

diastereotopic) compatible with the highly symmetrical D3 point group. For an achiral meso-form ΛΔ, the 

diastereotopic CH2 would form two doublets, which is not the case here.176 

The signals of thiomethyl group resonate at 2.52 ppm for both complexes. The PhB phenyl groups 

keep the same chemical shift and pattern as found in the aldehyde 9 and ligand Lf respectively (Annex). A 

difference between the two complexes consists of the chemical shift of the imine group found at 8.61 ppm 

in case of Zn(II)-, while for Fe(II)-complex it is sifted to a lower magnetic field at 9.07 ppm. Differences 

were also evidenced for the pyridine unit pattern positioned in vicinity to the coordination site (figure 60, 

61). A contrary behaviour was observed for the central phenyl groups PhA, where strong differences in 

comparison to the free ligand have been observed. While the Zn(II)-helix shows a clearly resolved 1H 

NMR spectrum with two doublets at 6.32 and 7.02 ppm, the Fe(II)-helix shows two broad bands at 5.68 

and 7.00 ppm. This behaviour, attributed to the hindered phenyl ring rotation between the two metals, has 

already been observed in a similar Fe(II) triple helix.188, 191  One pair of the phenylene (PhA) rings signal is 

shifted to lower chemical shift even more evident for the Fe(II)-complex. This shift and the signal 

broadening of the phenylene protons which indicates slow rotation, are consistent with the presence of 

CH···π interaction between the central phenylene rings 188 observed also in the single crystal X-ray 

structure analysis. The assignments were based on similar published compounds 188, 203 as well as from the 

spectra of precursor complexes. 

A study of the Fe(II)-complex coalescence effect, realized by variable – temperature dependent 

NMR measurements over the temperature range of -20°C to 40 C supports this conclusion (figure 61). 

Two doublets at 40°C of the phenyl PhA protons, with Ha at 5.72 and Ha’ at 7.07 ppm, indicate that the 

phenyl rings freely rotate within the NMR time scale. At low temperature (-20°C) the two broad bands of 

the phenyl protons split into four resonances (figure 61). The signal of the Ha protons split into two 

doublets at 5.12 and 5.76 ppm, while the other Ha’ signal split into one doublet at 6.42 ppm and a second 

signal overlapped by the aromatic protons of the PhB rings. As the temperature is decreased the rate of 

rotation decreases and phenyl protons become chemically inequivalent due to the hindered rotation of the 

twisted phenyl rings. 
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Figure 60. 1H NMR spectra (CD3CN, 25°C) of: a) the Zn2(II)-helix; b) the Fe2(II)-helix 
                                                                                                                                                                                                  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 

Figure 61. Variable – temperature 1H NMR spectra (CD3CN) of the Fe2(II)-helix 
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The coalescence temperature (TC) was found at 10°C for both Ha and Ha’ phenyl protons. The rate 

constant (kC) was estimated to 426 s-1 for the Ha protons. A simple calculation has been carried out 

considering a first-order kinetic process and neglecting the coupling of the phenyl protons which does not 

have a significant contribution. The free energy of activation at the coalescence temperature TC = 283 K, 

estimated from the Eyring equation (3) is ΔG‡
283 ≈ 13 kcal/mol. Simplified simulated spectra (figure 62) 

for Ha and Ha’ phenylic protons, coalescing with the same rate constant, were realized using WINDNMR-

Pro program together with calculated approximate methods for evaluation of rate constants.216  It is 

mentionable that the analysis of errors has not been executed, thus the quality of the estimated rate 

constant and ΔG‡
283 was not determined. The complete line-shape analysis, which gives the most 

accurate results, would be possible by using advanced computing programs due to the overlapped signal 

in frozen-out configuration and the phenyl proton couplings. The simplified method used in determination 

of parameters and lack of reports about coalescence effect in similar helical metal complexes with 

diphenylmethane linkers makes the comparison of rotational barrier energy with other reported 

diphenylmethane derivates not possible here. However, this preliminary result serves as a reasonable 

basis of discussion. 

 

        A)          B)   

 

 

 

 

 

 

 

 

 

 
 
Figure 62. 1H NMR spectra of the Fe2(II)-helix showing the Ha and Ha’ protons involved in the coalescence process; 
A) simulated dynamic spectra; B) experimental spectra (CD3CN). 

 

Mass spectrometry, IR and elemental analysis characterization 

 

ESI mass spectra of the all three M(II)-dinuclear complexes are consistent with their proposed 

structure showing the base peak of [L3M2]4+. While for Zn(II)-perchlorate salt only the base peak is 

observed, the hexafluorophosphate salts additionally display peaks in low intensity which can be 

attributed to the aggregation of several helical complexes with the counter ion of forms: [L3M2(PF6)]3+, 

[L3M2(PF6)2]2+, [L3M2(PF6)3]+, etc. The cation/ligand ratio is always in agreement with a triple helical 

bimetallic structure, supporting its selective formation.  

Ha’ Ha Ha Ha’ 
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The elemental analyses of the complexes resulted initially that the molecular structure contains 

two water molecules. Elemental analyses data of similar complexes containing water have been reported 

in literature.188 210,   For the Fe(II)-complex, elemental analysis correspond to the analytically pure 

structure which was achieved after drying at high temperature under reduced pressure (10-3 mbar, 100°C, 

one week). For the Ni(II) complex the removal of only one water molecule was possible after by applying 

similar conditions.  

 

Single-crystal X-ray diffraction 

 

The single crystal structural analysis obtained for Ni(II)- and Fe(II)-complexes (figure 63) 

confirm the formation of homodinuclear triple helical structures. Both complexes crystallize in the 

monoclinic crystal system. In case of the Ni(II)-complex both enantiomers ΛΛ (M) and ΔΔ (P) are 

present in the helical structure, while for Fe(II)-complex only one isomer is observed in the single crystal 

(figures 65 and 66). The Ni(II)-complex has been crystallized in the C2/c space group, where the presence 

of an inversion center and mirror planes allow for the arrangement of a racemate within the crystal 

packing. The Ni(II)- helical structure of one isomer from the two cation enantiomer, is shown in figure 

65. In case of Fe-complex the C2 space group has no symmetry elements showing the presence of only 

one type of isomer. The FLACK parameter of 0.44(4) indicates that the measured crystal was a racemic 

twin. 
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Figure 63. Single crystal X-ray structures of binuclear Ni(II)- and Fe(II)-complexes showing the triple-helical 
conformation (ellipsoid plot drawn at 50% probability level). A single ΔΔ enantiomer is shown although for Ni(II)-
complex both enantiomers are present in the single crystal packing. The hydrogen atoms, solvate molecules and 
hexafluorophosphate anions are omitted for clarity.  
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The complexes are isostructural and each consists of two M(II) six-coordinated cations bridged 

by three ligand moieties. Each M(II) center is coordinated by three pyridine-imine chelating groups which 

realizes a distorted fac-octahedral geometry. Bond lengths and angles are in common range with 

published values.188  Details of the crystallographic studies, structures determination, selected bond 

lengths and angles are given in Annex. For each complex the two metal centers are crystallographically 

equivalent. In case of the Fe(II) complex the Fe-N bond lengths range between 1.93 - 2.01 Å, indicating 

that the equivalent metal centers are low spin as already shown by the diamagnetic behaviour in 1H NMR 

spectra. For Ni(II)-complex the bond lengths Ni-N have been found between 2.09 and 2.13 Å.  

Coordination to the metal center forces the twist of bridging phenylene rings and a twist between 

phenyl units and chelate rings of each ligand, considered responsible for the formation of triple-helical 

structure.191  The twist in the center between the phenylene rings planes is almost 78° for Ni(II)-complex 

and 88° for Fe(II)-complex. This twist arranges the two phenylene rings in intramolecular edge-to-face 

stacking interactions as already reported,188, 198 between 2.7 and 3.3 Å for both complexes (figure 64). The 

CH···π interactions are retained in solutions as evidenced in the NMR spectra by the upfield shield shift of 

two phenylene protons.188

194

  For the Fe(II)-complex the intramolecular phenylene stacking interactions are 

probably stronger than in Zn(II)-complex and leads to broadening of the signals indicating slow rotation. 

The Zn(II)-complex is expected to have longer distances from the metal ion to the coordination sites,193, 

 thus a slightly modified structure results.  

 
Figure 64. Zoom into the diphenylmethane part of the Fe(II)-complex showing intramolecular edge to face 
interactions CH···π (C-H, centroid) between central helical strands. 

 

The quality of the Fe complex crystals was poor with diffuse diffraction and the MeCN solvent 

molecules were difficult to localise because of disorder phenomena. Some phenyl rings and the [PF6]- 

counterions could only be refined as disordered subunits. 

Both helical complexes present intermolecular π···π stacking interactions between the phenyl end-

groups of 3.9Å (centroid-centroid) showed in figures 65 and 66. The spaces between the layers of 

molecules are occupied by PF6 and solvents molecules. The crystal packing of Ni(II)-complex arranges 

the helical molecules in alternating chains as ΔΔ and ΛΛ enantiomers (figure 65). 

As expected, the six sulphur atoms are located on both sides of the helical structures. The 

intermetallic distances in both complexes are very similar with 1.187 nm for Ni(II) complex and 1.144 

nm for Fe(II) complex. The length of the entire molecule is about 2.6 nm. The two planes (figure 67) 

containing the three exterior sulphur atoms respectively comprise nearly coplanar (9°) arrangement 

rendering them being almost ideal candidates for the contact between metal electrodes. 
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Figure 65. Crystal packing in chains of Ni(II)-complex showing the intermolecular π···π stacking interactions 
between the phenyl groups of 3.9Å (centroid-centroid) and chains of ΔΔ (up) and ΛΛ (down)  helical molecules. 

 
Figure 66. Crystal packing containing single helical isomer of Fe(II)-complex showing the intermolecular π···π 
stacking interactions between the phenyl end-groups of 3.9Å (centroid-centroid). 
 
        1.14 nm 

 

 

 

 

 

 

 

 
 

        2.58 nm 

 
Figure 67. Single crystal X-ray structure of binuclear Fe(II)-complex (sticks drawing). The three ligand strands 
showing the triple-helical conformation are coloured in green, grey and black. The hydrogen atoms, solvate 
molecules and hexafluorophosphate anions have been omitted for clarity.  
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In conclusion, a series of designed dinuclear triple helicates functionalized with thiomethyl 

anchoring groups for metal surface studies have been synthesized and characterized. The variation of the 

metal ions by Fe(II), Ni(II) and Zn(II), which introduces different magnetic behaviour is expected to offer 

a comparative study for electronic transport on the surface. The spectroscopic and crystallographic data 

support the exclusive formation of chiral helical structures. The [M2L3]4+ complexes organize the six 

sulphur atoms located on both sides of the helical structure to offer the possibility for contacting them 

between electrodes. 

 



 

 



Chapter 4.  

Chiral (S)- and (R)-binaphthyl ligands and their 

Zn(II)-complexes 

 

4.1. Introduction 
 

In this chapter new chiral ligands and their Zn(II)-complexes based on the optically active 

binaphthyl motif have been synthesized and characterized. We describe new systems that combine the 

stereochemically defined 1,1’-binaphthyl backbone and a Schiff base coordination environment. The 

reaction of enantiomerically pure 1,1’-binaphthyl-diamine with salicylaldehyde derivates can offer a 

variety of functionalized chiral binaphthyl Schiff base ligands. Upon coordination with Zn(II) salt, the 

chiral information of (S)- or (R)-binaphthyl is maintained, leading to the formation of chiral 

complexes.219 The structure has been functionalized by introduction of different substituents as bromo 

and thiophene units or by placing the thiophene in different positions. The structure variation is designed 

in order to tune their properties and applications. The peripheral thiophene substituent is prone to be used 

in electropolymerization reactions and surface attachment for electron transport studies. Thus the chirality 

combined with optical properties makes them possible candidates for the development of new chiro-

optical materials. 

The (S)- and (R)-ligands and their complexes have been characterized by 1H and 13C NMR, IR, 

UV-vis, MALDI-TOF techniques. The molecular structure and absolute configuration of the Zn(II)-

binaphthyl complexes have been determined by single-crystal X-ray diffraction. 

 

Chiral surfaces with the property to exist in two mirror forms that cannot be superimposed started 

to attract the interest for technological applications in non-linear optical materials, heterogeneous 

enantioselective catalysis and sensor devices.220, 221  The surface chirality has been introduced in two 

ways: by absorbing chiral molecules on surface or utilizing prochiral compounds where chirality is 

spontaneously created as a direct result of adsorption. In the last case the chiral organization arises from 

adsorption-induced asymmetrization.220  Chiral structures obtained by the adsorption of chiral molecules 

on the surfaces, maintaining the arrangement and properties of the adsorbed chiral molecules have been 

less studied.220  Examples of using the transfer of chirality range from reports of chiral discrimination in 

Langmuir and LB films of chiral amphiphilic molecules based on binaphthyl derivates 222 to chiral 
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sensing electrodes by stereoselective binding of binaphthol units.223  Chiral recognition at single molecule 

level by STM on di-D and L-phenylalanine on Cu(110) has been addressed recently.224 

The electrical properties of the first optical active molecular wire containing conjugated 

molecules based on (S)- or (R)-binaphthyl unit (figure 68) incorporated in a nanowell device by self-

assembly on gold have been communicated.225 For both pure enantiomers similar I-V curves were 

observed, while for mixtures of isomers the currents are significantly smaller. A possible reason has been 

attributed to different packing structures between homochiral and heterochiral molecules which 

emphasizes the investigation of chirality influence on the electrical transport properties. 

 
Figure 68. Chiral molecular wire in the nanowell 225 

 

Starting with Noyori, Knowles and Sharpless 219, 226, 227 which invented techniques for catalytic 

asymmetric synthesis using chiral binaphthyl ligands such as BINAP and binaphthol, there has been an 

increasing interest to use chiral catalysts for the production of single-enantiomer compounds. Basis for 

the behaviour to transcribe the asymmetric information upon the activated substrate is the conformation 

stability of the axially dissymmetric atropisomers. The atropisomers are stereoisomers characterized by 

axial chirality resulting from hindered rotation about single bonds where the steric strain barrier to 

rotation is high enough to allow for the isolation of the conformers. The binaphthyl motif is an example 

of atropisomery given by the restricted rotation around the single bond between the two naphthalene 

rings. The chiral information can be maintained if the binaphthyl moiety is implied in metal complexes.219  

Thus, the binaphthyl motif was intensively studied to improve the activity and enantioselectivity in 

catalytic asymmetric synthesis. Derived from 1,1'-binaphthyl-2,2'-diamine their chiral Schiff base 

complexes can catalyze a multitude of reactions to form chiral products of high enantiometric purity like: 

asymmetric epoxidation of alkenes, aldol addition reactions, asymmetric hydrogenation of functionalized 

olefins, etc.219, 226 -230 

Moreover, the coordination chemistry of synthesized Schiff base metal complexes containing the 

chiral binaphthyl motif cover a diversity of metal ions: Cr(III), Mn(II), Mn(III), Fe(II), Fe(III), Ru(II), 

Co(II), Co(III), Ni(II), Pd(II), Cu(II), Al(III), Y(III), Zr(IV).230  In particular, the number of Zn(II)-metal 

complexes is limited to few compounds presented in figure 69. 231 -233  X-ray crystal diffraction for this 

type of Zn-complexes was realized until now only for the structure IV (figure 69). This is probably due to 

the synthetic difficulty which requires very dry reaction conditions such as glove box apparatus.231, 233 

However, one striking argument to use zinc complexes of Schiff bases is that they have become attractive 

for their special photo and electroluminescence properties with possible application in optoelectronic 

devices.234 

 72 



 
Figure 69. Chiral Zn(II)- binaphthyl Schiff base complexes reported in literature 

 

In the field of enantioselective heterogeneous catalysis another approach for the introduction of 

chirality in achiral precursor molecules is achieved by using immobilized chiral catalysts. One particular 

method of immobilization is the polymerization of the modified ligand which in our case is targeted by 

the distinct use of thiophene in the periphery of the complex structure. One generally interesting feature 

of polythiophene is its use as a conducting polymer which can be fine tuned by the position of the metal 

complex moiety in respect to the polymer backbone (figure 70).235  From the first synthesis as electrically 

conductive polymers, polythiophene derivatives have been proposed for potential applications in 

molecular electronics, in organic field effect transistors and optical devices.236 -239  The use of n-type 

thiophene has been described in semiconducting films in the construction and operation of organic light-

emitting diodes (OLED), in thin film transistors (TFT), field effect transistors (FET) and related 

devices.236,  240 

 
Figure 70. Chiral thiophene salen ligands proposed for metal containing conducting polymers.235 

 

In the course of development of new materials we have developed new chiral ligands and their 

metal complexes based on the optically active binaphthyl motif. The structures are designed to study the 

behaviour of chiral molecules adsorbed on surfaces and electrochemical polymerization (figure 71). 

 
Figure 71. Chiral target molecules proposed for surface studies or electrochemical polymerization 
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4.2. Results 

Synthesis of chiral (S)- and (R)-binaphthyl ligands and their Zn(II)-complexes 

 

In the Schemes 7 and 8, the synthetic pathways and reaction conditions for the formation of three 

different pairs of (S)- and (R)-Zn(II)- complexes are depicted. Since all (S)- and (R)- binaphthyl ligands 

and their complexes are very similar they will be discussed in parallel. 

First, the designed thiophenyl-aldehydes were prepared through a Suzuki-type cross-coupling 

reaction between 4- or 5-bromo-salicylaldehyde and the 2-thiophene-boronic acid which gave the 

corresponding functionalized aldehydes 28 and 31 (scheme 7).  

 
Scheme 7. Synthesis of thiophene functionalized aldehydes 28, 31. Reagents and conditions: (i) Pd(PPh3)4, Na2CO3 

aq., toluene/MeOH, or DME, 80°C, N2;  
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Scheme 8. Synthetic route of Zn(II)-binaphthyl complexes. Reagents and conditions: (ii) EtOH, Lg: reflux, Lh, Li: 
50°C; (iii) MeONa, Zn(OAc)2 anh., MeOH/THF anh., Ar, ZnLg: 65°C, ZnLh, ZnLi: 50°C; *compounds not isolated 
pure (indicated by the elemental analysis for 32(S) and 1H NMR spectra for 33(S)) 

 

(S)- and (R)-binaphthyl ligands (Scheme 8) were synthesized in good yields using a standard 

method.230, 232, 233  A condensation reaction of the enantiopure (S)-(−)-2,2’-diamino-1,1’-binaphthyl with 
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two equivalents of 3-bromo salicylaldehyde or thiophene functionalized aldehyde 28 and 31 by heating in 

EtOH gave the pure (S)-ligands. The (R)-isomers were obtained in the same way starting with (R)-(+)-

2,2’-diamino-1,1’-binaphthyl. In the next step the ligands were metalated with anhydrous Zn(OAc)2 after 

an adapted literature method.231-233  

The complexation required in addition MeONa as a base to deprotonate the phenolic hydrogens. 

A THF/EtOH anh. solvent mixture was used to dissolve both the ligand and its sodium salt, formed in 

situ. The resulting yellow fluorescent solutions were heated under Ar to prevent a possible 

decomposition. The thiophene functionalized Zn(II)-complexes are highly sensitive to wet solvents or air 

moisture. After removing the solvent to dryness, the yellow precipitate was dissolved in CH2Cl2 anh. and 

the AcONa formed during the complexation reaction was removed by filtration. It is crucial to work in 

dry conditions. The complexes were recrystallized from CH2Cl2/EtOH or MeOH anh. in order to remove 

the remaining AcONa identified as impurity in 1H NMR. 

 

Characterization of chiral (S)- and (R)-binaphthyl ligands and their Zn(II)-complexes 

 

The (S)- and (R)-ligands and their complexes have been characterized by 1H NMR and 13C NMR, 

IR, UV-vis, MALDI-TOF spectrometry. The (S)- and (R)-isomers exhibit identical spectral properties. 

Additionally, the structures of the Zn(II)-complexes 27(S), 27(R) and 30(S) have been established by single 

crystal X-ray diffraction. 

The 1H and 13C NMR spectra of the ligands and the complexes corroborate their structures. In 

each case, the spectra are consistent with a single C2 symmetric compound in solution.233  As expected the 

two (S)- and (R)-isomers exhibit identical spectra. Therefore, only the 1H NMR of the (S) isomers of the 

ligands and their Zn(II)-complexes are shown. 

The 1H NMR spectral features of the bromo substituted binaphthyl ligands 26(S), 26(R) (figure 72a) 

include the imine proton resonances at 8.66 ppm (s) and the phenolic proton resonances at 12.95 ppm (s). 

This phenolic value is higher than a usual chemical shift for phenols due to the intramolecular hydrogen 

bond between the O-H···N atoms.233  The functionalized (S)- and (R)-thiophene ligands 29(S), 29(R), 32(R), 

32(R) contain the same characteristics with the imine resonances assigned at 8.7 ppm and the phenolic 

proton signals at about 12.3 ppm (figure 73a and Annex). Additionally, the 13C NMR spectra confirm the 

structures of the ligands. The 26(S), 26(R) ligands consist of a set of 17 signals each and the thiophene 

functionalized ligands in 21 signals as expected. The imine carbon resonances are situated at about 162 

ppm and C-O (C2) between 157.9 - 161.2 ppm.  

In the well resolved 1H NMR spectra of the chiral Zn(II)-complexes a notable difference 

compared to the free ligands is the absence of the phenolic resonances (figures 72b and 73b). When the 

ligand is metalated by Zn(II) ion the signals of the protons close to the coordination site are shifted to 

higher magnetic field.231   In case of 27(S), 27(R) complexes, the imine signal shift is Δδ = -0.29 and of H-5 

protons Δδ = -0.33 ppm. For the thiophene 4 and 5-functionalized complexes the imine signal shift is Δδ= 
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-0.31 and -0.38 ppm respectively. The carbon atoms which are most affected upon zinc coordination are 

the imine carbons, shifted with Δδ between 8.5 - 10.4 ppm, and the C-O (C-2) with the shift about Δδ = 9 

ppm. All these features support the complexation of Zn(II)-cation by the imino nitrogen and phenolate 

oxygen atoms and are consistent with similar reported compounds.231, 232   

The high density of signals in the aromatic region makes additional assignments of the aromatic 

protons and carbon atoms difficult. For a complete assignment long term measurements and highly 

elaborated NMR techniques such NOE, 2D long range couplings, etc., would be required. However, the 

limited stability due to hydrolyzation of the Zn-complexes samples does not allow for such detailed NMR 

investigations. Nevertheless, the structures were elucidated by single crystal X-ray diffraction. 

 

 

 

a) 

 

 

 

 

b) 

 

 

 
 

Figure 72. 1H NMR spectra in CD2Cl2 of: (a) ligand 26(S), (b) Zn(II)-complex 27(S). 
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Figure 73. 1H NMR spectra in CD2Cl2 of: (a) ligand 30(S), (b) Zn(II)-complex 30(S). 



The purity of the functionalized aldehydes as well as the resulting (S)- and (R)-ligands was 

confirmed by elemental analysis. The Zn(II)-complexes were observed to retain solvents despite drying in 

vacuum. The elemental analyses of the Zn(II)-complexes together with 1H NMR spectra studies confirm 

the content of solvents and additional water molecules. The complex 27(S) contains 1.25 CH2Cl2 and 0.25 

MeOH molecules as solvents of crystallization (Annex) while the complex 27(R) has 1.30 CH2Cl2 and 

0.15 MeOH molecules in the range of experimental error (Annex). The complex 30(S) contains 0.25 

CH2Cl2, 0.71 MeOH and 1.65 H2O while the complex 30(R) has 0.25 MeOH, 1.63 H2O in the range of 

experimental error. The elemental analyses are in agreement with the 1H NMR spectra findings. 

The (S)- and (R)-complexes 27(S), 27(R) are more stable both as solids and in solution than the 

complexes functionalized with thiophene, as revealed by 1H NMR spectrometry. The Zn(II)-complexes 

functionalized with thiophene units are highly sensitive to water and air moisture as reported for similar 

binaphthyl derivates.233  The complexes hydrolyzed fast to the corresponding ligands in wet solvents and 

with the water contained in deuterated solvents, as observed by 1H NMR spectroscopy. Thus, the reaction 

conditions and the workup required dry solvents which prior to use were further dried over activated 

molecular sieves. Yet, a complete removal of water from solvents is not possible. We were not able to 

isolate the 4-thiophene functionalized Zn(II)-complex 33(S) as pure compound in spite of several attempts 

to purify by recrystallization. The 1H NMR characterization showed that the complex contains 8% of 

uncoordinated ligand.  

The MALDI-TOF spectra of the (S)- and (R)- ligands 26(S), 26(R) show an intense peak 

corresponding to the ligand isotopic pattern with molecular mass [M+H]+=650.8 (Annex). The 

fragmentation of the one branch [M-A]+ as shown in figure 74, is observed as weak signal only when the 

intensity of the laser is increased. 

 
Figure 74. Mass spectrometric fragmentation of the (S)- and (R)-ligands 26(S), 26(R) 

 

In the chiral Zn(II)-complexes 27(S), 27(R) the mass spectra present an intense peak corresponding 

to the molecular mass [M+H]+ at 714.8. The isotopic patterns clearly show the ligand combination with 

two bromine atoms and a zinc cation (Annex). Additional peaks in low intensity appear as [M+Na]+ at 

734.8 and [M-Zn]+ at 650.7. The loss of the Zn atom is probably due to the fragmentation or 

decomposition with the matrix.  

The MALDI-TOF spectra of the (S)- and (R)-thiophene functionalized ligands 29(S), 29(R), 32(R), 

32(R) show only the intense peak corresponding to the ligand isotopic pattern with molecular mass 

[M+H]+ at 657.0 (Annex). Their Zn(II)-complexes present an intense peak corresponding to their 

molecular masses [M+H]+ at 718.8. For these complexes the loss of the Zn atom with the peak [M-Zn]+ at 

650.7 is evidenced in significant intensity. 
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The IR spectra of (R)- and (S)-ligands and their Zn complexes exhibit peaks corresponding to 

aromatic stretches in addition to the characteristic imine stretches ν(C=N) around 1600 cm-1. 

The UV-vis spectra of the (S)- and (R)-26(S) and 26(R) ligands exhibit characteristic absorption 

bands from two major chromophores: the salicylaldimine and the binaphthyl backbone. The strong signal 

at 231 nm can be assigned to a π→π* transition of the binaphthyl backbone. The broad bands found at 

lower energy at 324 and 354-369 nm with a shoulder at about 390 nm, are assigned to the imine π→π* 

transitions.233  The metalation reaction leads to a strong decrease in the ε value of the 329 nm absorption 

band and the disappearance of the broad 354-369 nm band. Upon complexation with the metal, the band 

at 390 nm in low energy assigned to the imine π→π* transitions is significantly enhanced.  

The UV-vis spectra of the thiophene functionalized (S)- and (R)- ligands 29(S), 29(R), exhibit the 

same bands with the 227 nm signal traced to binaphthyl moiety and the broad band at 371 nm with lower 

energy assigned to the imine π→π* transitions. After metalation the 230 and 282 nm bands keep the 

positions and intensities from the free ligand. A strong red-shift of the imine π→π* transition band to 419 

nm with a lower energy was observed which supports the complexation of the metal ion.231, 23  3

0 3

 

Single crystal X-ray structures of (S)- and (R)-ZnLg 

 

Single crystal X-ray diffraction studies were realized for both (S)- and (R)- ZnLg isomers 27(S), 

27(R). The absolute configurations of both complexes were found as expected to be (S)- or (R)- as shown 

in figure 75. The crystallographic data, selected bond lengths and bond angles are given in Annex are 

summarized. Both (S)- and (R)-isomers crystallize in the trigonal crystal system R3. There are nine 

identical molecules per unit cell. Each molecule of the (S)-complex has in vicinity one CH2Cl2 solvate 

molecule, while each molecule of the (R)-isomer is surrounded by 2.33 MeOH solvate molecules. The 

coordination environment of the Zn(II) cations for both isomers is identical as expected. The binaphthyl 

Schiff base acts as a tetradentate ligand, with two nitrogen atoms and two oxygen atoms of the 

deprotonated phenolic groups, all coordinate to the metal center to form a neutral metal complex. The Zn-

N bonds are longer that the Zn-O bonds. The two Zn-N bonds are identical with 2.01 Å for (S)-isomer 

and 2.02 Å for (R)-isomer. The lengths of the two Zn-O(1) and Zn-O(2) bonds are 1.91 respective 1.93 Å. 

The rigidity of binaphthyl unit in the ligand structure determines the shape of the complex. Thus two legs 

of salicylaldimine substructure fold around the metal ion. The legs are very similar to each other which 

can be seen in comparing O(1)-Zn(1)-N(1), O(2)-Zn(1)-N(2) angles of 95° and 94° respectively. Driven 

by the structure of the ligand the O(1)-Zn(1)-O(2) angle of 108° is wider than the N(1)-Zn(1)-N(2) angle 

with 97° respectively. Due to these angles the tetrahedral coordination sphere around the Zn(II)-cation is 

distorted. The asymmetric binaphthyl group forms an angle between the two planes of the naphthylene 

rings of 73.8° for the (S)-isomer and 75.5° for the (R)-isomer respectively. Bond lengths and angles to the 

metal center as well as the dihedral angles between the naphthylene rings are within the range of reported 

values.23 , 23  
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Figure 75. Single crystal X-ray structures of binaphthyl Schiff-base complexes 27(S), 27(R), (S)-ZnLg (left) and (R)-
ZnLg (right). The hydrogen atoms, CH2Cl2 or MeOH solvate molecules were omitted for clarity (drawing with 
ellipsoid plot at 50% probability level). The (R)- or (S)- absolute configuration is evidenced by grey colour of the 
projected binaphthyl carbon atoms. 

 

The chelating moieties formed by the imine and phenoxy functionalities are nearly coplanar to the 

bromo-phenyl units of the side legs. The dihedral angle between the planes formed by the two chelating 

moieties N2O2 has an angle of 65.32° for (S)- and 63.7° for (R)-isomer respectively. The preference of 

such complexes for a non planar N2O2 arrangement given by the binaphthyl unit has already been 

reported and compared to the planar N2O2 coordination of salen type complexes.230  The small differences 

in bond lengths and angles between both isomers (Annex) are probably due to the crystal packing with 

different solvate molecules. The crystal packing of both (S)- and (R)-isomers (Annex) present edge to 

face CH···π stacking interactions between binaphthyl and the phenolate units with 3.40 Å, H-centroid for 

(S)- and 3.17 Å, H-centroid for (R)-isomer. 

In case of (S)-complex crystal packing one CH2Cl2 solvate molecule has a weak contact to one 

phenolate oxygen (H···O, 2.65 Å). Attempts to remove the solvent entirely failed at a vacuum of 10-3 

mbar. 

 

Single crystal X-ray structure of (S)-ZnLh 

 

The absolute configuration of the (S)- ZnLh complex 30(S) is confirmed by single crystal X-ray 

structure (figure 76). The crystallographic data, selected bond lengths and angles are given in Annex. The 

complex crystallizes in the trigonal crystal system P 3(1). One of the terminal thiophene groups is 

disordered and thus refined in two positions.  

The coordination geometry of (S)-thiophene complex 30(S) is completely different than the above 

presented complexes 27(S), 27(R). Additionally to the N2O2 chelating moieties, the Zn(II)-ion coordinates 

the oxygen atom of a MeOH molecule with the distance metal - oxygen of almost 2.2 Å. This produces a 

five coordinate metal center with distorted trigonal bipyramidal geometry. The Zn atom shares a plane 

with O1, N2 and O7 forming slightly deviated 120° angles to each other. The N1 and O2 are situated 
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above and below the plane as shown in figure 77 with an angle N1-Zn1-O2 of 170°. There are small 

differences in the Zn-O and Zn-N distances with 1.95 and 2.18 Å respectively (Annex). 
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N1
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Figure 76. Single crystal X-ray structures of (S)-thiophene binaphthyl complex 30(S). The hydrogen atoms, CH2Cl2 
and MeOH solvate molecules were omitted for clarity (drawing with ellipsoid plot drawn at 50% probability level).  

 

    
Figure 77. Trigonal bipyramidal geometry of (S)-thiophene binaphthyl complex 30(S). 

 

The unit cell contains nine molecules of (S)-Zn(II)-complex. There are three distinct molecules of 

(S)-complex in the asymmetric unit cell (Zn1, Zn2 and Zn3) differing by small conformational changes 

probably due to the crystal packing (figure 78). Each of these three molecules presents the same distorted 

bipyramidal geometry with one MeOH molecule coordinated to the metal center. However, the bond 

lengths and angles of the three molecules are slightly different (Annex). In addition, a change of the 

dihedral angles between the binaphthyl units of three molecules with Zn1: 66.5°, Zn2: 70.1°, Zn3: 70.2°) 

are observed. These angles are smaller than for the corresponding analogues 27(S), 27(R), but still in the 

range where the steric repulsions given by binaphthyl moiety are relatively low.233  The molecules are 

organized in the crystal by diverse intermolecular π stacking interactions and hydrogen bonding. The 

hydrogen bond is realized between the hydrogen atom of the coordinated MeOH to the Zn1 molecule and 

the phenolate oxygen atom of the neighbour Zn2 complex molecule (O-H···O, 2.75 Å, H···O, 1.9 Å, red 

line). The π···π interaction between the phenolate units (centroid-centroid, 3.6 Å, grey line) of Zn2 and 

Zn1 molecules and edge-to-face C-H···π interaction between thiophene ring of Zn2 molecule and one ring 

of the binaphthyl unit from Zn3 molecule (H-centroid, 3.1 Å) are observed. For the three complex 

molecules, two CH2Cl2 solvate molecules are included in the crystal structure. One CH2Cl2 molecule has 

a weak contact to one phenolate oxygen atom (H···O, 2.1 Å). Thus, the failure of all attempts to 

completely remove the solvent molecules in vacuum is not surprising. 
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Figure 78. Crystal packing of thiophene binaphthyl complex (S)-ZnLh, 30(S) showing the three distinct complex 
molecules in the asymmetric unit (different grey nuances). The hydrogen atoms and CH2Cl2 solvate molecules were 
omitted for clarity (sticks drawing). The H-bonding (red line) and π stacking interaction are evidenced (grey line). 

 

In conclusion new optically active zinc complexes based on a salicylidenaldimine Schiff base and 

decorated with a chiral binaphthyl unit were synthesized and characterized. The Schiff base component 

was structurally built up from the enantiopure 1,1’-binaphthyl-diamine and salicylaldehyde derivates and 

was used for metal coordination. Upon complexation with Zn(II) salt, the chiral information of (S)- or 

(R)-binaphthyl was maintained. Single crystal X-ray diffraction confirmed the Zn(II)-complex structures 

and their absolute configuration. Differently substituted salicylaldehydes were used in the synthesis to 

tune diverse properties and applications. Thus the Zn(II)-complexes are proposed for surface studies and 

electrochemical polymerization. Photopysical properties such as light emission as well as circular 

dichroism of the chiral Zn(II)-complexes are  currently under investigation. 
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Chapter 5.  

Functionalized thioketal compounds 

for SAMs study 
 

5.1. Introduction 
 

In this chapter the thioketal functionality as new anchoring group for electronic transport 

investigations on gold surface is proposed. In order to study the influence of the molecular topology upon 

the conductivity, functionalized dithioketal compounds received our attention. After developing a 

compatible synthetic route to introduce the desired functionalities, we obtained a series of different 

substituted thioketal molecules. The resulted structures comprise a pyridyl unit, its corresponding 

methylpyridinium iodide or hexafluorophosphate salt as well as the uncharged 4-tolyl analogue. 

An introductory overview outlines reported reaction conditions for the synthesis of the target 

molecules.  

 

The fundamental understanding of charge transport through single molecules is a key issue in 

molecular electronics.15, 45 However, chemical functionality and structural requirements have to be 

adapted to the applied method. In particular, the complexity of the studied system often states a limit. The 

emphasis of reducing the complexity of molecular structures to a lower level is driven by the necessity of 

better understanding of the molecule-surface interaction. The field of SAMs on surfaces has been 

introduced by the use of thiol containing organic compounds such as: alkyl thiols on gold, silver, and 

copper as well as dialkyl sulfides or disulfides on gold.241  Higher elaborate systems are to be developed 

if certain properties, for example special magnetic, electronic and electro-chemical properties shall be 

gained by the molecules of interest.  

Numerous examples in literature report on double quaternized salts of bipyridine known as 

viologens, with the well understood electrochemistry of redox-active bipyridine center.242  Electronic 

properties of alkyl-thiol linkers connected to a 4,4-bipyridinium unit (figure 79a) have been addressed 

experimentally from macroscale self-assembled monolayers, low coverage phase on gold surface to 

single-molecular junctions.243 -245  A theoretical model for the electron transport mechanism of such 

systems has also been established.8  The electrical property of a dipyridinium dithioacetate derivate 
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(figure 79b) immobilized on Au(111) surface in SAMs was investigated by STM and the NDR properties 

were observed by STS method.246 
 

a)     b) 

 

 

 
                      

Figure 79. Examples of viologen structures investigated in SAMs on gold surface 

 

This project is focused on the synthesis of molecules containing functionalized thioketal 

compounds for anchoring on metal surface by self assembly method. In this purpose new thioketal 

compounds (figure 80) were chosen as target molecules and a plausible synthetic approach was designed. 

These structures comprise: a) a pyridinium salt, c) a pyridine unit and b, d) their correspondents without 

charge. The targeted structural analogous charged molecules - one containing phenyl substituent and the 

second a methyl group connected to the thioketal carbon and their analogues without charge - allow for a 

differentiated study on the surface. However, to our knowledge, simple pyridinium functionalized 

molecules containing thioketal groups for metal surface assembly have not been reported so far. 

a)         b)          c)     d) 

 
 

Figure 80. Target thioketal molecules for surface investigation 

 

Organic molecules carrying one or more electrostatically charged groups are called amphiphilic 

and are used as detergents, surfactants, etc. There especially the formation of charge-separated states and 

the localization of the charge are of major importance. Charge carrying groups are quarternated amines, 

imines (positively charged), or deprotonated acidic groups such as sulfonates, phosphonates or 

carboxylates (negatively charged).247  Pyridinium salts possess antibacterial properties, ionic liquid 

behaviour and in particular a high capacity to be absorbed on negatively charged surfaces. 248  

The electron attraction and repulsion forces can be analyzed by measuring the redox properties on 

the metallic surfaces. Upon reduction the pyridinium unit is transformed into radical state as: Py+ → Py•, 

thus this radical would also enable the system to be analyzed regarding magnetic properties. 

The role of dithioacetals/dithioketals in organic synthesis is well known as protective groups.249 

The study of varied thio-functionalized protective groups is of great importance for surface attachment. 

The two thio-alkyl groups constitute anchoring points to the gold surface. The dithioketal acts as 

bidentate surface coordination unit thus a more stable anchoring group to the surface can be expected. 

Hereby, the two fields of science of amphiphilics and of thiol coordination are combined. 

The lack of reports concerning the synthesis of structurally related pyridinium thioketal 

compounds requires a very careful synthetic approach and documentation of thioketalization conditions. 
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In general thioacetals and thioketals are prepared by protic or Lewis acid catalyzed condensation 

of carbonyl compounds with thiols or dithiols. In literature several reported methods for the preparation 

of thioacetals and thioketals from carbonyl compounds are described 249

4 267

 employing catalysts as: HCl,250, 

251 BF3·Et2O,252, 253 TMSSMe,254 TMSCl,255, 256 Bu3P,257 p-TsOH,258, 259 (COOH)2,260 TiCl4, 261, 262  

AlCl3,263 CuBr, 264 NaHSO4 - SiO2,265 MoCl5 or MoO2Cl2,266 SOCl2 - SiO2,267 etc. The thioacetalization/ 

thioketalization reaction has been studied intensively as a very useful reaction of protecting the carbonyl 

functionality. Even though a large number of methods have been developed, general methods cannot be 

applicable for all the carbonyl compounds. As a drawback, some of these methods require strong acidic 

conditions or expensive reagents, long reaction times or give low yields of the products. The reaction is 

reversible and thus an excess of thiol together with continuous removal of water are required. The 

reactions of aromatic ketones are known to occur considerably more slowly compared with aldehydes and 

do not lead to completion.267 Applied on ketones, some of the published methods fail completely.265, 264 

Heterocyclic aromatic aldehydes are also thioacetalized with difficulty.26 ,  The majority types of 

catalysts are not compatible with the pyridine function. Catalyst such as HCl, BF3-Et2O, AlCl3, p-TsOH, 

fail to produce heterocyclic thioacetals.266 Although few thioacetalization reactions of aldehyde with 

pyridine containing units in presence of acids, p-TsOH or BF3·Et2O have been reported before,264, 267 -271  

it is likely that the presence of the pyridine functionality leads to the formation of other products due to 

protonation, the formation of  pyridinium p-toluenesulfonate compounds,272 or adducts of pyridine-boron 

trifluoride complexes.273, 274  

To investigate the reactivity of different ketone structures with several reported procedures 

applicable for thioacetalization/ thioketalization is a difficult task. Apparently, there is still a need to 

develop efficient pathways for the synthesis of thioketals containing higher substituted structures. 

Alternative methods reported in literature to introduce pyridine units in thioacetals or thioketals are the 

reaction between dithiane lithium salts and pyridine,275 or treatment of 2-picoline with NDA or KDA 

(mixtures of tBuONa or tBuOK, n BuLi, DiPrA),276 but these methods cannot be applied to synthesize 

structures as the target compounds. A more accessible synthetic route is first to introduce the thioketal 

group in simple ketone structures (scheme 9) and then other functionalities which in the first instance are 

not compatible with the thioacetalization reaction conditions. For example the pyridine group can be 

introduced in good yield by standard cross coupling reactions. The thioacetal/ thioketal groups turned out 

to be compatible with Suzuki and Sonogashira cross coupling conditions 277 and with Menschutkin 

quaternization in mild conditions, giving good yields. However, the metal salts and MeI are reagents to 

cleave the dithio acetal and ketal groups in other reaction conditions.249 
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5.2. Results 

Synthesis of functionalized thioketal molecules 

 

In the Scheme 9 the synthetic pathway for the formation of functionalized thioketal compounds is 

depicted. Since they are structural analogues they will be discussed in parallel in a general reaction 

scheme. 

 
Scheme 9. Synthetic route of pyridinium salts with thioketal groups. Reagents and conditions: (i) C6H13SH, TMSCl, 
CHCl3, molecular sieves, 60°C, (ii)(iii) Pd(PPh3)3, DME, Na2CO3 aq., N2, 80°C; (iv) MeI, MeCN, rt, (v) KPF6, 
acetone/H2O, rt. 

 

In the first step the dithioacetal group was introduced and resulted in formation of compounds 

34a, 34b. The reaction was performed after a published method to convert the carbonyl compound 

efficiently into thioketal, with excess of thiol in presence of trimethylchlorosilane which activates the 

ketone function.255 7 Then, Suzuki cross-coupling reactions 27  introduced the pyridyl or tolyl units to form 

the compounds 35a, 35b, 38a, 38b. The next step, a Menschutkin quaternization by N-alkylation with 

excess of methyl iodide in MeCN at rt, formed the methyl pyridinium iodide 36a. The pyridinium 

hexafluorophosphate salt 37a was prepared by anion metathesis in acetone/ water and was purified by 

column chromatography to remove possibly unreacted pyridinium iodide salt.  

 

Characterization of functionalized thioketal molecules 

 

The identity and purity of all new compounds 34a,b - 38a,b was proved by the complete 

characterization with the 1H and 13C NMR, IR spectroscopy, ESI-TOF, MALDI-TOF, UV-vis methods 

and elemental analyses. 

The 1H NMR spectral data for all compounds are given in table 8 and the spectra of the thioketal 

compounds 34a-37a are shown in figure 81. 
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Since the compounds are structural analogues they will be discussed in parallel. The significant 

resonances for the thioketal compounds are the proton signal corresponding to the alkyl chains of the 

thioketal group which retain almost the same chemical shift, coupling constant and peak patterns for all 

isolated compounds. The introduction of the pyridine or tolyl functionality by Suzuki reaction was 

confirmed by the presence of the characteristic signal pattern of pyridine respectively of tolyl units 

(compounds 35a,b and 38a,b). Additionally, a small shift of the aromatic protons after introduction of 

pyridine functionality appeared in the case of compounds 35a,b. After Menschutkin quaternization 

(compound 36a), as a result of N-alkylation, the signals for the pyridinium iodide protons were 

significantly shifted about 0.47-0.69 ppm to lower magnetic field and the characteristic signal for N-

methyl group appeared at 4.58 ppm. In the 1H NMR spectra of the two pyridinium salts 36a and 37a, the 

chemical shifts of the protons are anion dependent,278 which is indicated by the differences in the proton 

chemical shift of the methyl and pyridinium groups close to the counterion, as listed in table 8.  
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Figure 81. 1H NMR spectra in CD2Cl2 of: (a) thioketal 34a, (b) pyridine thioketal 35a, (c) pyridinium iodide 36a, 

(d) pyridinium hexafluorophosphate salt 37a. 

 

Additionally, the 13C NMR spectra of all the compounds confirm their structures. Each compound 

contains the characteristic signals of the alkyl chains in the region between 13.8-31.6 ppm for CH3, and 

CH2 groups. The quaternary carbon atom of the thioketal group exhibits the specific signal in the region 

of 59.9-68.9 ppm, present for all compounds. The spectra of both pyridinium salts 36a, 37a are identical 

with no significant differences in the chemical shift. 
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Table 8. 1H NMR chemical shifts of the thioketal compounds and their pyridinium salts in CD2Cl2 

 
Compound 

δ (ppm) 
CH3 

thioketal 
CH2 thioketal CH3 CH3 

tolyl 
SCH2 N+CH3 Ph Py 

Thioketal 34a 0.83 (6H) 1.11-1.29 (12H)  
1.32-1.42 (4H) 

- - 2.30 
(4H) 

- 7.18-7.30 (3H) 
7.37-7.44 (4H) 
7.48-7.51 (2H) 

- 

Thioketal 34b 0.87 (6H) 1.19-1.37 (12H)  
1.44-1.56 (4H) 

1.96 
(3H) 

- 2.48 
(4H) 

- 7.43 (2H) 
7.58 (2H) 

- 

Pyridine 
thioketal 35a 

0.85 (6H) 1.16-1.33 (12H)  
1.37-1.48 (4H) 

- - 2.39 
(4H) 

- 7.28-7.34 (3H) 
7.57-7.61 (4H) 
7.67-7.70 (2H) 

7.51 (2H)  
8.62 (2H) 

Pyridine 
thioketal 35b 

0.84 (6H) 1.16-1.37 (12H)  
1.44-1.54 (4H) 

2.02 
(3H) 

- 2.51 
(4H) 

- 7.60-7.65 (2H)   
7.79-7.84 (2H) 

7.51 (2H)  
8.61 (2H)    

Pyridinium 
iodide 

thioketal 36a 

0.82 (6H) 1.13-1.31 (12H)  
1.35-1.43 (4H) 

  2.32 
(4H) 

4.58 
(3H) 

7.24-7.33 (3H)  
7.52-7.55 (2H)  
7.73-7.80 (4H) 

8.20 (2H)  
9.09 (2H) 

Pyridinium 
PF6 thioketal 

37a 

0.82 (6H) 1.13-1.31 (12H)  
1.36-1.45 (4H) 

  2.35 
(4H) 

4.37 
(3H) 

7.26-7.33 (3H)  
7.51-7.56 (2H)  
7.72-7.79 (4H) 

8.15 (2H)  
8.58 (2H) 

Tolyl thioketal 
38a 

0.91 (6H) 1.18-1.54 (16H)  2.42-2.49 (7H) - 7.26-7.38 (5H)   
7.55-7.60 (4H) 
7.67-7.70 (4H) 

- 

Tolyl thioketal 
38b 

0.86 (6H) 1.19-1.38 (12H) 
1.45-1.33 (4H) 

2.02 
(3H) 

2.37 
(3H) 

2.52 
(4H) 

- 7.24 (2H)       
7.48-7.57 (4H) 
7.73-7.77 (2H)   

 

 

The presence of PF6 counter ion in the pyridinium salt 37a was confirmed by 31P NMR spectrum 

which exhibits a septet consistent with six equivalent 19F nuclei (J=1/2) attached to the central 31P. The 

large JPF of 712 Hz is typical for 31P-19F coupling constant. 279 

After recording NMR the decomposition of the pyridinium salts was observed (three days in 

solution, CD2Cl2 at rt). While for pyridinium iodide salt 36a the decomposition in 1H NMR spectrum 

appeared in relatively 4%, for the pyridinium PF6 salt 37a the complete removing of the thioketal unit 

occurred. 

The IR spectra of all thioketal compounds contain characteristic multiple bands in the region 

2956-2852 cm-1 attributed to the stretching vibration ν(C-H) of the CH2 and CH3 thioalkyl groups and 

ν(S)-CH2 vibrations. The bands between 1491-1439 and 1394 cm-1 are assigned to the deformation 

vibrations δ(CH2) and δ(CH3).280  The pyridine functionality is evidenced by its characteristic pattern with 

a strong stretching vibration at 1594 cm-1. This band is shifted to 1638 cm-1 in the pyridinium salt as an 

effect of increasing the number of vibrational modes by quaternization.281  The anion metathesis is proved 

by very sharp and broad band at 865-830 cm-1 of PF6 counter ion. All these considerations are in 

agreement with similar thioketals,282 pyridine or protonated pyridinium compounds respectively.281 The 

MALDI-TOF spectra for the pyridine thioketal compounds 35a, 35b present the expected base peaks of 

their corresponding masses [M+H]+ and the fragmentation in low intensity of one S-alkyl group of the 

thioketal group as [M-SC6H13]+. In case of the other thioketal compounds 34a, 34b, 38a, 38b, no product 

mass signal could be detected due to the fragmentation of thioketal groups in [M-SC6H13]+.277  

The pyridinium salts were characterized by ESI mass spectra in MeCN solutions (6,3·10-5M of 

37a and 6,5·10-5M of 36a). The mass spectra of both pyridinium salts show in positive mode the expected 
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molecular peak of the cation at 492.3 and the fragmentation in low intensity of one branch of the thioketal 

group at 373.3. The pyridinium hexafluorophosphate salt 37a shows in negative mode only the base peak 

of the PF6
- anion at 144.9 as expected. The pyridinium iodide salt 36a presents only the peak of I- anion at 

126.9. To confirm the elemental analysis of the pyridinium hexafluorophosphate salt ESI mass spectra 

were performed on a mixture of pyridinium hexafluorophosphate salt 37a and pyridinium iodide salt 36a 

(9:1 v/v in MeCN).  

While in the test mixture both peaks, one of the PF6
- anion at 144.9 and the peak of I- anion at 

126.9 were present, the experiment for pure pyridinium hexafluorophosphate salt 37a showed no trace of 

the I- anion. Hence the purity oft he hexafluorophosphate can be confirmed (figure 82). 
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Figure 82. Zoom of ESI mass spectra (10% from 100%), in negative mode, showing the purity test of the 
pyridinium salt. The left graph presents the pyridinium hexafluorophosphate salt 37a spectra and the right presents 
the mixture of pyridinium hexafluorophosphate salt 37a/ pyridinium iodide salt 36a (9:1 v/v). 
 

In conclusion a compatible synthetic route of new pyridinium functionalized thioketal target 

molecules has been realized. The characterization of all new compounds 34a,b-38a,b support their 

structures and purity. The purification of the final product, pyridinium hexafluorophosphate salt 37a, was 

achieved by using column chromatography and demonstrated by complete characterization.  
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Chapter 6.  

Experimental Section 

 

6.1. Materials and Instruments 

 

The chemicals for synthesis were purchased from Aldrich, ABCR, and Alfa Aesar, with the 

highest available grade. All the chemicals were used without further purification. All solvents were 

reagent grade and unless it is specified in the experimental protocol were used without further drying. 

Trimethylchlorosilane, CHCl3, CH2Cl2, THF, TEA, DIEA, were dried by standard literature 

procedures and freshly distilled under nitrogen prior to use. THF was dried over Na/ benzophenone and 

all the other solvents were dried over CaH2.283, 284  MeOH, EtOH and CH2Cl2 were further dried over 

activated molecular sieves (3 or 4Å). CD2Cl2 and CD3CN used for the NMR measurements of the 

compounds from Chapter 5, were dried over activated molecular sieves (4Å). 

Ru(DMSO)4Cl2 has been prepared following standard reported procedure.162  

5-bromo-2,2’-bipyridine 285 was received from Dr. Frank Schramm (INT) and was further 

purified by column chromatography. 4-(thioacetyl)-iodobenzene,161 5-bromo-pyridine-2-

carboxaldehyde,286 and 5-bromo-salicyl aldehyde 287 were received from my colleague Mr. Matthias 

Fischer. These compounds have been prepared by my colleagues following standard reported procedures.  

 

Characterizations were performed with the following instruments.  

NMR spectra were recorded with a Bruker Ultra Shield DPX300 (1H at 300 MHz and 13C NMR 

at 75 MHz). The assignment of 1H and 13C signals was accomplished with the help of DEPT 135 

experiments or, when needed by two-dimensional correlation experiments (COSY, HMQC). The 

chemical shifts, δ are given in ppm. 1H and 13C NMR spectra are calibrated to the signals of the 

deuterated solvents reported in literature. 288  

Melting points were measured with a Büchi Melting Point B-540 apparatus and are uncorrected.  

Thin Layer Chromatography (TLC) was carried out on Merck silica gel 60 F254 plates or 

aluminium oxide F254. Column chromatography was realized using Merck silica gel 60 (0.040–0.063 mm) 

or Merck aluminium oxide 90 active neutral (0.063-0.200 mm). 

Elemental analyses were performed by Mr. Matthias Fischer, using the Vario Micro Cube CHNS 

Analyzer. The data are indicated in mass percent. 

Mass spectra were obtained with a MALDI-TOF-MS of PerSeptive Biosystems Voyager–DE 

PRO (matrix-assisted laser desorption time-of-flight) mass spectrometer. Electrospray ionization (ESI) 
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spectra were measured on a Bruker microTOF-Mass spectrometer QII from solutions with 10-5-10-6 M 

concentrations. The signals are given in mass-to-charge ratios (m/z). The relative intensities are given in 

brackets. 

Raman spectra were measured by Dr. Frank Hennrich from INT. The spectra were recorded at 

785 nm excitation obtained with a Kaiser Optical Holospec spectrograph which comprises a fiber optic 

probe head incorporating both excitation laser aperture and collection optics. Spectra were processed via 

the Kaiser Holoreact program package for Matlab (The Mathworks, Inc.). The sample was run as powder 

in capillary tube. 

Infrared spectra were recorded on Perkin Elmer FT-IR spectrophotometer. The spectra were 

measured as potassium bromide discs. The absorption bands are given in wave numbers ν~  (cm-1). 

UV-vis spectra were recorded on VARIAN UV-VIS-NIR spectrophotometer. Emission spectra 

were measured on a Varian Fluorescencespectrometer Cary Eclipse apparatus using a (1 cm x 1 cm) 

quartz cell in aerated solutions. 

Single crystal X-ray diffractometry was performed by Dr. Olaf Fuhr at INT. The data were 

collected on a STOE IPDS II diffractometer with graphite monochromated Mo-Kα radiation (l = 0.71073 

Å). The structures were solved by direct methods and refined by full-matrix least-squares analysis. The 

summaries of crystallographic data are presented in supplementary material. 

Temperature dependent static susceptibilities of the Fe(II)-trenpy complex 11, were recorded by 

Dr. Ajay Kumar Mishra, INT. Two continuous cooling and heating cycles (5 K/min) using a MPMS-XL 

(Quantum Design) SQUID magnetometer over a temperature range of 5↔350 K were applied. The 

sample was cooled first at zero field with the cooling rate from 300 K to 150 K at 10 K/min, kept 10 min 

at 150 K than cooling to 5 K with 5 K/min. The system was maintained for equilibrium 5 min then an 

external field of 1000 Oe was applied. Gelatine capsules were used as sample containers for 

measurement. The very small diamagnetic contribution of the gelatine capsule had a negligible 

contribution to the overall magnetization, which was dominated by the sample.  

Electrochemistry was performed with help from PhD student Maxim Smetanin. An analytical 

potentiostat and a conventional single compartment three-electrode cell (5 mL) were used. The working 

electrode was a Pt wire (1 mm), the counter electrode was a micro Pt electrode and the reference electrode 

a nonaqueous quasi-reference Ag/Ag+ wire electrode. Bu4NPF6 was previously recrystallized from EtOH 

and dried under vacuum. The supporting electrolyte Bu4NPF6 (0.1 M) in MeCN anh. was degassed with 

Ar before each measurement. The reference potential was standardized with ferrocene, considering the 

redox potential of Fc+/Fc at 380 mV vs. SCE.130  The scan rates were between 20 and 100 mV/s. 

 

 92 



6.2. Tripodal metal complexes 

6.2.1. Tripodal trensal and trenpy Schiff base complexes 

6.2.1.1. M(III)-trensal complexes 

 

M(III)-trensal complexes with thiomethyl end groups 

Compound 1. Synthesis of 4-(4’-methylthio)-phenyl-salicylaldehyde  

 
A solution of 4-bromo-salicylaldehyde (513 mg, 2.55 mmol) and 4-(methylthio)-phenyl-boronic 

acid (643 mg, 3.83 mmol) in toluene/MeOH (40 mL, 3/1) was degassed with N2 for 30 min. Pd(PPh3)4 

(147 mg, 0.127 mmol) and degassed Na2CO3 aq., 2M (811 mg, 7.65 mmol) were added and the mixture 

was stirred at 70°C under N2 for 2 days. After evaporation of the solvent, the reaction mixture was diluted 

with CH2Cl2 (200 mL), poured into H2O (100 mL) and extracted with CH2Cl2 (3x150 mL). The combined 

organic layers were dried over MgSO4 and evaporated under vacuum. The residue was purified by 

column chromatography (SiO2, hexane/CH2Cl2, 2/1 to 1/1). Recrystallization in CH2Cl2/hexane gave the 

pure compound 1 (308 mg, 49%). 

The single crystal X-ray structure of the functionalized aldehyde 1 confirmed in the first instance 

the correct structure of the tailored scaffold. The structure was determined on single crystal obtained by 

slow evaporation of hexane/CH2Cl2 (figure 83). 

O2

O1

S1

 
Figure 83. X-ray crystal structure of the compound 1 (ellipsoid plot drawing at 50% probability level). 

 

Rf (SiO2, CH2Cl2/hexane, 1/1): 0.185; M.p. 134.5-134.9°C; 

Anal.calc. for C14H12O2S (Mr = 244.31): C, 68.83; H, 4.95; S, 13.13; Found: C, 68.58; H, 5.11; S, 13.09; 

1H NMR (CD2Cl2): δ (ppm) 2.51 (s, 3H, SCH3), 7.18 (d, J = 1.7 Hz, 1H, PhA), 7.25 (dd, J = 8.1, 1.7 Hz, 

1H, PhA), 7.35-7.28 (m, 2H, PhB), 7.64-7.54 (m, 3H, PhA, PhB), 9.89 (s, 1H, CHO), 11.08 (s, 1H, OH); 

13C NMR (CD2Cl2): δ (ppm) 15.2 (SCH3), 115.1, 118.5, 119.6, 126.4, 127.7, 134.3, 135.6, 140.41, 149.0, 

162.0, 196.2 (CHO); 

MALDI-TOF (1,8,9-anthracenetriol), m/z (%): 244.8 (100) [M+H]+;  

Selected IR (KBr pellet): ν~ (cm-1) 3209, 2860, 1667, 1625, 1594, 1567, 1541, 1483, 1430, 1304, 1232, 
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1187, 1090, 920, 807, 788, 744;  

UV-vis (CH2Cl2) λ, nm (ε, M-1cm-1): 337 (24100), 226 (17600);  

 

Compound 2. Synthesis of trensal ligand with thiomethyl end groups, La 

 

A solution of tris-(2-aminoethyl)-amine (152.4 mg, 1.042 mmol) in EtOH (3 mL) was added to a 

solution of aldehyde 1 (763.8 mg, 3.126 mmol) in EtOH (70 mL). The solution turned to yellow and a 

yellow precipitate appeared rapidly. The reaction mixture was stirred at rt overnight. The precipitate was 

filtered and washed with cold EtOH (2x3mL) and Et2O (3mL). Recrystallization in EtOH/ CH2Cl2 gave 

the pure ligand 2 (815 mg, 95%).  

M.p. 171.5-171.9°C; 

Anal.calc. for C48H48N4O3S3 (Mr = 825.12): C, 69.87; H, 5.86; N, 6.79; S, 11.66; Found: C, 69.70; H, 

5.97; N, 6.88; S, 11.60. 
1H NMR (CD2Cl2): δ (ppm) 2.51 (s, 9H, SCH3), 2.85 (t, 3J = 5.1 Hz, 6H, CH2), 3.58 (t, 3J = 5.1 Hz, 6H, 

CH2), 6.43 (d, 3J = 8.0 Hz, 3H, PhA, H-6), 6.72 (dd, 3J = 8.2, 4J = 1.7 Hz, 3H, PhA, H-5), 7.10 (d, 4J = 1.6 

Hz, 3H, PhA, H-3), 7.28 (d, 3J = 8.3 Hz, 6H, PhB), 7.47 (d, 3J = 8.2 Hz, 6H, PhB), 7.98 (s, 3H, CH=N), 

13.74 (s, 3H, OH);  
13C NMR (CD2Cl2): δ (ppm) 15.4 (SCH3), 55.6 (CH2), 57.9 (CH2), 114.6, 116.9, 117.8, 126.6, 127.4, 

132.1, 136.8, 138.9, 143.9, 161.6 (C-OH), 165.8 (CH=N);  

MALDI-TOF (1,8,9-anthracenetriol), m/z (%): 825.1 (100) [M+H]+, 568.0 (77) [M-A]+ (figure 84);  

Selected IR (KBr pellet): ν~ (cm-1) 3433, 2906, 2815, 1626, 1487, 1377, 1094, 921, 800;  

UV-vis (CH2Cl2) λ, nm (ε, M-1cm-1): 416 (625), 310 (78000), 226 (74100);  

 
Figure 84. Mass spectrometric fragmentation of the trensal ligand 2 

 

Compound 3. Synthesis of trensal Ga(III)-complex with thiomethyl end groups 

 94 

 



To a suspension of ligand 2 (155.5 mg, 0.182 mmol) in MeOH (35 mL) was added a solution of 

NaOH (22.6 mg, 0.565 mmol) in MeOH (4 mL). After stirring for 5 min a solution of Ga(NO3)3 (76 mg, 

0.182 mmol) in MeOH (10 mL) was added. The reaction mixture was stirred for 3 h to reflux. The 

resulted yellow powder was filtered and washed with MeOH (2x2 mL). Recrystallization from 

CH2Cl2/hexane gave the Ga(III)-complex 3 (132 mg, 82%).  

Crystals suitable for single crystal X-ray diffraction were obtained by slow evaporation of 

CH2Cl2/hexane. 

M.p.>300 °C;  

Anal.calc. for C48H45GaN4O3S3•H2O: C, 63.36; H, 5.21; N, 6.16; S, 10.57; Found: C, 63.61; H, 5.39; N, 

6.09; S, 10.62; 1H NMR support the elemental analysis with 1 H2O molecule; 

Anal.calc. for C48H45GaN4O3S3 (Mr = 891.81): (dried 100°C, 1 week, 10-3 mbar) C, 64.65; H, 5.09; N, 

6.28; S, 10.79; Found: C, 64.58; H, 5.24; N, 6.37; S, 10.71; 

1H NMR (CD2Cl2): δ (ppm) 2.47 (s, 9H, SCH3), 2.85 (td, J = 12.1, 3.3 Hz, 3H, CH2), 3.07 (dd, J = 12.2, 

2.8 Hz, 3H, CH2), 3.32 (dd, J = 14.3, 2.7 Hz, 3H, CH2), 3.80 (td, J = 12.0, 2.7 Hz, 3H, CH2), 6.83 (dd, 3J 

= 8.1, 4J = 1.7 Hz, 3H, PhA, H-5), 6.89 (d, 4J = 1.7 Hz, 3H, PhA, H-3), 7.16 (d, 3J = 8.2 Hz, 3H, PhA, H-6), 

7.26-7.22 (m, 6H, PhB), 7.58-7.53 (m, 6H, PhB), 8.14 (s, 3H, CH=N);  

13C NMR (CD2Cl2): δ (ppm) 15.4 (SCH3), 57.0 (CH2), 61.8 (CH2), 113.1, 116.6, 119.78, 126.4, 127.4, 

135.3, 137.0, 138.7, 146.5, 169.0, (CH=N);  

MALDI-TOF (1,8,9-anthracenetriol), m/z (%): 890.4 (100) [M+H]+;  

Selected IR (KBr pellet): ν~ (cm-1) 3424, 2919, 2863, 2832, 1613, 1557, 1520, 1501, 1475, 1432, 1392, 

1218, 1096, 942, 794;  

UV-vis (CH2Cl2) λ, nm (ε, M-1cm-1): 386 (35300), 323 (78300), 240 (73700);  

 

Compound 4. Synthesis of trensal Fe(III)-complex with thiomethyl end groups 

 

1st method: 

To a solution of the ligand 2 (82 mg, 99 µmol) in MeOH/CH2Cl2, (40 mL, 1:1) was added a 

solution of FeSO4·7H2O (28 mg, 99 µmol) in MeOH (7 mL). The dark brown solution was stirred for 2.5 
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h at rt under air. During this time a precipitate was formed which was filtered and washed with MeOH 

(2x2 mL). Recrystallization from DMF/Et2O gave the Fe(III)-complex (53 mg, 61%).  

X-ray crystal structure was determined on single crystal obtained by slow evaporation of DMF/ 

Et2O. 

Observation: soluble only in warm DMF 

Anal.calc. for C48H45FeN4O3S3 (Mr = 877.94): C, 65.67; H, 5.17; N, 6.38; S, 10.96;  

Anal.calc. for C48H45FeN4O3S3•H2O: C, 64.35; H, 5.29; N, 6.25; S, 10.74; Found: C, 64.66; H, 5.21; N, 

6.48; S, 10.54 (from single crystals recrystallized in DMF/Et2O and dried vacuum, 10-3 mbar); 

MALDI-TOF (1,8,9-anthracenetriol), m/z (%): 877.7 (100) [FeL+H]+; 

Selected IR (KBr pellet): ν~ (cm-1) 3428, 1609, 1598sh, 1502, 1426, 1389, 1111, 1097; 

 

2nd method: 

To a solution of the ligand 2 (158.5 mg, 192 µmol) in MeOH/CH2Cl2, (80 mL, 1:1) were added a 

solution of NaOH (23 mg, 565 µmol) in MeOH (2 mL) and FeCl3·6H2O (52 mg, 192 µmol, 10 mL 

MeOH). The dark brown solution was stirred for 3 h at rt under air. During this time a precipitate was 

formed which was filtered and washed with MeOH (2x20 mL). Recrystallization from CH2Cl2/MeOH 

gave the Fe(III)-complex (130 mg, 77%).  

X-ray crystal structure was determined on single crystals obtained by slow evaporation of 

CH2Cl2/MeOH. 

Observation: soluble in CH2Cl2 

Anal.calc. for C48H45FeN4O3S3 (Mr = 877.94): C, 65.67; H, 5.17; N, 6.38; S, 10.96;  

Anal.calc. for C48H45FeN4O3S3•H2O: C, 64.35; H, 5.29; N, 6.25; S, 10.74; Found: C, 64.65; H, 5.50; N, 

6.29; S, 10.44 (powder, recrystallized in CH2Cl2/MeOH and dried in vacuum 110°C, 10-3, 1 week) 

MALDI-TOF (1,8,9-anthracenetriol), m/z (%): 878.1 (50) [FeL+H]+, 900.1 (100) [FeL+Na]+; 

ESI mass spectrum (CHCl3/MeOH), m/z (%) positive: 878.2 (100) [FeL+H]1+, 900.2 (2) [FeL+Na]1+, 

916.2 (2) [FeL+K]1+; 

Selected IR (KBr pellet): ν~ (cm-1) 3428, 1610, 1598sh, 1502, 1424, 1386, 1096; 

UV-vis (CH2Cl2) λ, nm (ε, M-1cm-1): 235 (76050), 315 (85600), 370 sh (38900), 521 (7600); 
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Compound 5. Synthesis of trensal Mn(III)-complex with thiomethyl end groups 

 
To a solution of the ligand 2 (126.5 mg, 153 µmol) in MeOH/CH2Cl2, (80 mL, 1:1) were added a 

solution of NaOH (18.4 mg, 460 µmol) in MeOH (2 mL) and Mn(COOCH3)3 (41.1 mg, 153 µmol) in 

MeOH (5 mL). The dark brown solution was stirred for 3 h at rt under air. During this time a precipitate 

was formed which was filtered and washed with MeOH (2x10 mL). Recrystallization from 

CH2Cl2/MeOH gave the Fe(III)-complex (95 mg, 71%).  

Crystals suitable for single crystal X-ray diffraction were obtained by slow evaporation of 

CH2Cl2/hexane. 

Anal.calc. for C48H45MnN4O3S3 (Mr = 877.03): C, 65.73; H, 5.17; Mn, 6.26; N, 6.39; O, 5.47; S, 10.97  

Anal.calc. for C48H45MnN4O3S3•H2O: C, 64.41; H, 5.29; N, 6.26; S, 10.75; Found: C, 64.44, H, 5.14; N, 

6.27; S, 10.63 (single crystals, recrystallized in CH2Cl2/MeOH and dried in vacuum 110°C, 10-3, 2 days); 

MALDI-TOF (1,8,9-anthracenetriol), m/z (%): 878.2 (100) [MnL+H]+, 931.2 (40) [MnL+CH3OH+Na]+; 

ESI mass spectrum (CH2Cl2/MeCN), m/z (%) positive: 877.3 (100) [MnL]1+, 651.2 (11) [MnL-A]1+, 899.2 

(27) [MnL+Na]1+, 915.2 (6) [MnL+K]1+, 1753.5 (7) [(MnL)2+H]1+, 1775.5 (13) [(MnL)2+Na]1+, 1791.5 

(4) [(MnL)2+K]1+, 1807.5 (6) [(MnL)2+MeOH+Na]1+; 

Selected IR (KBr pellet): ν~ (cm-1) 3422, 1599, 1555, 1516, 1501, 1473, 1445, 1423, 1382, 1308, 1214, 

1188, 1096, 940, 796; 

UV-vis (CH2Cl2) λ, nm (ε, M-1cm-1): 236 (64470), 321 (65840), 407 sh (16300), 595 (750); 

 

M(III)-trensal complex with pyridine end groups 

 

Compound 6. Synthesis of 4-(4’-pyridyl)-salicylaldehyde 

 
A solution of 4-bromo-salicylaldehyde (472 mg, 2.35 mmol) and 4-pyridine-boronic acid (433 

mg, 3.52 mmol) in toluene/MeOH (60 mL, 5/1) was degassed with N2 for 30 min. Pd(PPh3)4 (136 mg, 

0.117 mmol) and degassed Na2CO3 aq., 2M (747 mg, 7.04 mmol) were added and the mixture was stirred 

at 80°C under N2 overnight. After evaporation of the solvent, the reaction mixture was diluted with 

CH2Cl2 (200 mL), poured into H2O (200 mL) and extracted with CH2Cl2 (3x200 mL). The combined 
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organic layers were dried over MgSO4 and evaporated under vacuum. The residue was purified by 

column chromatography (SiO2, TEA 5%, CH2Cl2/ MeOH 1%). Recrystallization in CH2Cl2/MeCN gave 

the pure compound 6 (300 mg, 64%).  

Rf (SiO2, TEA 5%, CH2Cl2/MeOH: 95/5): 0.435; M.p. 167.7°C; 

Anal.calc. for C12H9NO2 (Mr = 199.21): C, 72.35; H, 4.55; N, 7.03; Found: C, 72.08; H, 4.56; N, 6.99; 

1H NMR (CD3CN): δ (ppm) 7.32 (d, 4J = 1.7 Hz, 1H, Ph, H-3), 7.40 (dd, 3J = 8.0, 4J = 1.7 Hz, 1H, Ph, H-

5), 7.64 (dd, 3J = 6.2, 4J = 1.7 Hz, 2H, Py), 7.82 (d, 3J = 8.0 Hz, 1H, Ph, H-6), 8.68 (d, 3J = 6.1 Hz, 2H, 

Py), 10.00 (s, 1H, CHO), 11.03 (s, 1H, OH); 

13C NMR (CD3CN): δ (ppm) 116.6, 119.7, 121.8, 122.7, 135.7, 147.1, 147.1, 151.4, 162.4 (C-2), 198.2 

(CHO) 

1H NMR (CD2Cl2) δ (ppm) 7.25 (d, J = 1.7 Hz, 1H, Ph, H-3), 7.30 (dd, J = 8.0, 1.7 Hz, 1H, Ph, H-5), 7.52 

(dd, J = 4.5, 1.7 Hz, 2H, Py), 7.70 (d, J = 8.0 Hz, 1H, Ph, H-6), 8.67 (d, J = 4.6 Hz, 2H, Py), 9.95 (d, J = 

0.5 Hz, 1H, CHO), 11.09 (s, 1H, OH); 

13C NMR (CD2Cl2): δ (ppm) 116.0, 118.7, 120.7, 121.7, 134.5, 146.5, 146.5, 150.5, 161.9 (C-2), 196.4 

(CHO);  

MALDI-TOF (1,8,9-anthracenetriol), m/z (%): 199.7 (100) [M+H]+; 

Selected IR (KBr pellet): ν~ (cm-1) 2854, 2555, 1678, 1604, 1546, 1422, 1403, 1320, 1277, 1260, 1217, 

1008, 820, 797, 721;  

UV-vis (CH2Cl2) λ, nm (ε, M-1cm-1): 340 (6520), 279 (31180), 226 (20130);  

 

Compound 7. Synthesis of trensal ligand with pyridine end groups, Lb 

 
A solution of tris-(2-aminoethyl)-amine (133.3 mg, 0.912 mmol) in EtOH (2 mL) was added to a 

solution of aldehyde 6 (544.8 mg, 2.735 mmol) in EtOH (30 mL). The reaction mixture was stirred at rt 

for 12 h. The precipitate formed during the reaction was filtered and washed with cold EtOH (2x3mL). 

Recrystallization in EtOH/CH2Cl2 gave the ligand 2 (530 mg, 84%) as a yellow solid.  

M.p. 194.5°C; 

Anal.calc. for C42H39N7O3 (Mr = 689.80): C, 73.13; H, 5.70; N, 14.21; 

Anal.calc. for C42H39N7O3•0,45EtOH: C, 72.52; H, 5.92; N, 13.80; Found: C, 72.38; H, 6.07; N, 13.81; 1H 

NMR shows 0,45 EtOH molecules; 

1H NMR (CD2Cl2) δ (ppm) 1.17 (t, J = 7.0 Hz, 0.45EtOH), 2.88 (t, J = 6.0 Hz, 6H, CH2), 3.73 – 3.52 (m, 

6H, CH2, 0.45EtOH), 6.58 (d, 3J = 8.0 Hz, 3H, Ph, H-6), 6.78 (dd, 3J = 8.0, 4J = 1.8 Hz, 3H, Ph, H-5), 
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7.17 (d, 4J = 1.8 Hz, 3H, Ph, H-3), 7.41 (dd, 3J = 4.5, 4J = 1.7 Hz, 6H, Py), 8.06 (s, 3H, CH=N), 8.60 (dd, 
3J = 4.5, 4J = 1.7 Hz, 6H, Py), 13.81 (s, 3H, OH); 

13C NMR (CD2Cl2): δ (ppm) 55.5 (CH2), 57.9 (CH2), 115.2, 116.9, 119.1 (q), 121.5, 132.2, 141.5 (q), 

147.2 (q), 150.5, 161.7 (q, Ph, C-2), 165.6 (CH=N); 

13C-DEPT 135 NMR (CD2Cl2): δ (ppm) 55.4 (CH2), 57.8 (CH2), 115.1, 116.8, 121.4, 132.1, 150.4, 165.5 

(CH=N); 

MALDI-TOF (1,8,9-anthracenetriol), m/z (%): 690.2 (100) [M+H]+, 478.1 (40) [M-A]+; 

Selected IR (KBr pellet): ν~ (cm-1) 2892, 2936, 2838, 1640, 1622, 1596, 1574, 1542, 1488, 1435, 1416, 

1391, 1364, 1333, 1293, 1222, 1069, 1032, 931, 920, 885, 870, 834, 804, 734, 541; 

UV-vis (CH2Cl2) λ, nm (ε, M-1cm-1): 331 (18470), 276 (59500), 227 (49160); 

 
Figure 3. Mass spectrometric fragmentation of the trensal ligand 7 

 

Compound 8. Synthesis of trensal Ga(III)-complex with pyridine end groups 

 
To a suspension of ligand 7 (125 mg, 0.181 mmol) in MeOH (25 mL) was added a solution of 

NaOH (21.8 mg, 0.544 mmol) in MeOH (4 mL). After stirring for 5 min a solution of Ga(NO3)3 (73 mg, 

0.181 mmol) in MeOH (10 mL) was added. The resulted yellow solution started to precipitate after 30 

min stirring to reflux. The reaction mixture was stirred for 3 h to complete the reaction. The resulted 

yellow powder was filtered and washed with MeOH (2x3 mL). Recrystallization from CH2Cl2/MeOH 

gave the Ga(III)-complex 8 (117 mg, 85%).  

Crystals for single crystal X-ray diffraction were obtained by slow evaporation of hexane/CH2Cl2.  

M.p. 270 °C dec.;  

Anal.calc. for C42H36GaN7O3 (Mr = 756.50): C, 66.68; H, 4.80; N, 12.96; 

Anal.calc. for C42H36GaN7O3•3.5H2O: C, 61.55; H, 5.29; N, 11.96; Found: C, 61.32; H, 5.22; N, 11.92; 
1H NMR shows 3.3 H2O molecules; 

TGA 6% weight loss, 2.68 H2O molecules; 

Anal.calc. for C42H36GaN7O3•0.5H2O: C, 65.90; H, 4.87; N, 12.81; Found (dried under vacuum at 100°C, 
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2 weeks, 10-3 mbar): C, 65.82; H, 4.87; N, 12.87; 1H NMR shows 0.4 H2O molecules; 

1H NMR (CD2Cl2): δ (ppm) 2.87 (td, J = 14.6, 3.5 Hz, 3H, 1B), 3.11 (dd, J = 12.1, 3.1 Hz, 3H, 2A), 3.34 

(dd, J = 14.6, 3.3 Hz, 3H, 1A), 3.81 (td, J = 12.5, 3.3 Hz, 3H, 2B), 6.88 (dd, 3J = 8.1, 4J = 1.8 Hz, 3H, Ph, 

H-5), 6.96 (d, 4J = 1.8 Hz, 3H, Ph, H-3), 7.24 (d, 3J = 8.1 Hz, 3H, Ph, H-6), 7.50 (dd, 3J = 4.5, 4J = 1.7 

Hz, 6H, Py), 8.19 (s, 3H, CH=N), 8.56 (dd, 3J = 4.5, 4J = 1.7 Hz, 6H, Py); 

13C NMR (CD2Cl2): δ (ppm) 57.02 (CH2), 61.9 (CH2), 113.1, 117.8, 120.6, 121.6, 135.7, 144.3, 147.6, 

150.3, 168.9, 170.2 (CH=N); 

MALDI-TOF (1,8,9-anthracenetriol), m/z (%): 756.2 (100) [GaL+H]+, 531.0 (20) [GaL-B]+;  

ESI mass spectrum (C2H2Cl4), m/z (%) positive: 756.2 (100) [GaL+H]+, 532.1 (4) [GaL-B]+, 778.2 (2) 

[GaL+Na]+, 1513.5 (5) [(GaL)2+H]+, 2271.0 (2) [(GaL)3+H]+; 

Selected IR (KBr pellet): ν~ (cm-1) 3410 m br, 1618, 1593, 1554, 1523, 1477, 1434, 1400, 1331, 1204, 

798, 729; 

UV-vis (CH2Cl2) λ, nm (ε, M-1cm-1): 390 (21150), 290 (65670), 250 (64270);  

 
Figure 4. Mass spectrometric fragmentation of the Ga(III)- trensal complex 8 

 

6.2.2.2. M(II)-trenpy complexes 

M(II) trenpy complex with thiomethyl end groups 

 

Compound 9. Synthesis of 5-(4’-methylthio-phenyl)-pyridine-2-carboxaldehyde 

 
To a solution of 5-bromo-pyridine-2-carboxaldehyde (1.045 g, 6.076 mmol) and 4-(methylthio)-

phenyl-boronic acid (1.225 g, 7.290 mmol) in toluene/MeOH (120 mL, 3/1) was added under N2 

atmosphere, Pd(PPh3)4 (351 mg, 0.304 mmol) and a degassed aqueous solution of Na2CO3, 2M (2.576 g, 

24.300 mmol). The mixture was stirred under N2 atmosphere at 80°C for 24 h. The reaction mixture was 

diluted with toluene (200 mL) and washed with H2O (100 mL). The aqueous layer was extracted with 

toluene (3x150 mL). The combined organic layers were dried over MgSO4 and evaporated. The residue 

was purified twice by column chromatography (SiO2, CH2Cl2/MeOH 1% followed by SiO2/Et3N, 

hexane/CH2Cl2, 1/1 to 0/1) to yield the pure compound 9, as a yellow solid (860 mg, 62%). 

Rf (SiO2, CH2Cl2): 0.21; M.p. 98°C; 

Anal.calc. for C13H11NOS (Mr = 229.30): C, 68.09; H, 4.84; N, 6.11; S, 13.98; found: C, 67.96; H, 4.93; 
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N, 6.15; S, 13.78. 

1H NMR (CDCl3): δ (ppm) 2.54 (s, 3H, SCH3), 7.35-7.39 (m, 2H, Ph), 7.55-7.60 (m, 2H, Ph), 8.02 (d, 4J 

= 1.5 Hz, 2H, Py), 8.99 (t, 4J = 1.5 Hz, 1H, Py), 10.11 (s, 1H, CHO);  

13C NMR (CDCl3): δ (ppm) 15.7 (SCH3), 122.2, 127.1, 128.0, 133.2, 135.0, 140.4, 141.0, 148.6, 151.7, 

193.4 (CHO); 

MALDI-TOF (no matrix), m/z (%): 229.8 (100) [M+H]+; 

Selected IR (KBr pellet):ν~ (cm-1) 2828 and 2814 comb.(C-H) aldehyde, 1700 ν(C=O), 1593, 1578 comb. 

Py, 1503, 1469, 1432, 1411, 1365, 1322, 1292, 1277, 1263, 1213, 1195, 1099, 998, 850, 816, 755, 682, 

623, 553;  

UV-vis (CH2Cl2) λ, nm (ε, M-1cm-1): 332 (22050), 246 (13050); 

 

Compound 10. Synthesis of trenpy ligand with thiomethyl end groups, Lc 

 
A solution of tris-(2-aminoethyl)-amine (156 mg, 1.07 mmol) in EtOH (5 mL) was added to a 

solution of aldehyde 9 (734 mg, 3.20 mmol) in EtOH (35 mL). A yellowish precipitate appeared rapidly. 

The reaction mixture was stirred at rt for 5 h. The precipitate was filtered and washed with cold EtOH 

(2x3mL). Recrystallization in EtOH/CH2Cl2 gave the pure ligand Lc (717 mg, 86%), as a yellowish solid. 

M.p. 146°C dec.; 

Anal.calc. for C45H45N7S3 (Mr = 780.08): C, 69.29; H, 5.81; N, 12.57; S, 12.33; Found: C, 69.10; H, 5.62; 

N, 12.52; S, 12.47; 

1H NMR (CD2Cl2): δ (ppm) 2.51 (s, 9H, SCH3), 2.99 (t, 3J = 6.4 Hz, 6H, CH2), 3.78 (t, 3J = 6.3 Hz, 6H, 

CH2), 7.27-7.31 (m, 6H, Ph), 7.45-7.48 (m, 6H, Ph), 7.80 (dd, 3J = 8.2 Hz, 4J = 2.3 Hz, 3H, Py), 7.93 (dd, 
3J = 8.2 Hz, 5J = 0.8 Hz, 3H, Py), 8.32 (s, 3H, CH=N), 8.73 (dd, 3J = 2.3, 4J = 0.8 Hz, 3H, Py); 

13C NMR (CD2Cl2): δ (ppm) 15.3 (SCH3), 55.2 (CH2), 59.9 (CH2), 120.8, 126.7, 127.3, 133.8, 134.1, 

136.4, 139.5, 147.3, 153.6, 162.4 (CH=N); 

13C-DEPT 135 NMR (CD2Cl2): δ (ppm) 15.2 (SCH3), 55.2 (CH2), 59.8 (CH2), 120.7, 126.6, 127.2, 134.0, 

147.2, 162.4 (CH=N); 

MALDI-TOF (1,8,9-anthracenetriol), m/z (%): 802.0 (100) [M+Na]+; 

Selected IR (KBr pellet): ν~ (cm-1) 2966, 2845, 2805, 1645, 1588, 1567, 1473, 1539, 1371, 1321, 1296, 

1097, 1076, 1040, 1016, 999, 909, 814, 501; 

UV-vis (CH2Cl2) λ, nm (ε, M-1cm-1): 323 (62230), 247 (32420); 
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Compound 11. Synthesis of trenpy Fe(II)-complex with thiomethyl end groups 

 
To a suspension of the ligand, 10 (108.5 mg, 0.139 mmol) in MeOH (10 mL) was added a 

solution of FeCl2·4H2O (27.7 mg, 0.139 mmol) in MeOH (5 mL). After stirring at rt for 1,5 h, under air, 

the resulting solution was filtered. Addition of KPF6 (128 mg, 0.695 mmol) in MeOH (10 mL) gave a 

dark violet precipitate. After stirring at rt for 1 h, the solid was collected and washed with MeOH (4 mL). 

Recrystallization in acetone/MeOH gave the trenpy Fe(II) complex, 11 (109 mg, 70%) as a violet powder.  

Crystals suitable for single crystal X-ray diffraction were obtained by slow evaporation of 

acetone/MeOH; 

M.p. 265 °C dec.; 

Anal.calc. for C45H45F12FeN7P2S3 (Mr=1125.85): C, 48.01; H, 4.03; N, 8.71; S, 8.54; Found: C, 47.82; H, 

4.20; N, 8.73; S, 8.80; 

1H NMR (CD3COCD3): δ (ppm) 2.46 (s, 9H, SCH3), 3.34 (t, J = 11.7 Hz, 3H, CH2), 3.51 (t, J = 11.7 Hz, 

3H, CH2), 3.63 (d, J = 14.1 Hz, 3H, CH2), 3.89 (d, J = 9.8 Hz, 3H, CH2), 7.24 (d, 3J = 8.5 Hz, 6H, Ph), 

7.37 (d, 3J = 8.5 Hz, 6H, Ph), 7.61 (s, 3H, Py), 8.58 (s, 6H, Py), 9.58 (s, 3H, CH=N); 

ESI mass spectrum (CH3CN), m/z (%), positive: 417.6 (100) [LFe]2+, 854.3 (2) [LFe(F)]1+, 980.2 (1) 

[LFe(PF6)]1+ ; high positive: 980.2 (100) [LFe(PF6)]1+, 1543.4 (4) [(LFe)3(PF6)4]2+, 2107.1 (5) 

[(LFe)4(PF6)6]2+ ; negative: 144.7 (100) [PF6]1– ; 

Selected IR (KBr pellet):ν~ (cm-1) 1591m, 1561 w, 1542 w, 1473 m, 1099 m, 840s, 557 s; Raman (cm-1): 

1605 medium, 1592 strong, 1558 m; 1543 weak, 1472 weak. 

UV-vis (CH3CN) λ, nm (ε, M-1cm-1): 576 (13400), 528sh (8750), 364 (55650), 269 (58050); 

 

Compound 12. Synthesis of trenpy Mn(II)-complex with thiomethyl end groups 
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To a suspension of the ligand, 10 (103 mg, 0.132 mmol) in MeOH (10 mL) was added a solution 

of MnCl2·4H2O (26.0 mg, 0.132 mmol) in MeOH (10 mL). After stirring at rt for 2 h, under air, the 

resulting yellow solution was filtered. Addition of KPF6 (123 mg, 0.662 mmol) in MeOH (10 mL) gave a 

yellow precipitate. After stirring at rt for 1 h, the solid was collected and washed with MeOH (5 mL). 

Recrystallization in acetone/MeOH gave the pure Mn(II) complex, 12 (106 mg, 77%) as a yellow powder.  

Crystals suitable for single crystal X-ray diffraction were obtained by slow evaporation of 

acetone/MeOH; 

M.p. 240 °C dec.; 

Anal.calc. for C45H45F12MnN7P2S3 (Mr=1124.95): C, 48.05; H, 4.03; N, 8.72; S, 8.55; Found: C, 48.00; H, 

3.82; N, 8.76; S, 8.22;  

ESI mass spectrum (CH3CN), m/z (%), positive: 417.1 (100) [LMn]2+, 979.3 (18) [LMn(PF6)]1+; high 

positive: 979.2 (100) [LMn(PF6)]1+; 1542.4 (3) [(LMn)3(PF6)4]2+, 2105.0 (6) [(LMn)4(PF6)6]2+; negative: 

144.7 (100) [PF6]1– ; 

Selected IR (KBr pellet): ν~ (cm-1) 1654, 1591, 1440, 1370, 1099, 842, 557; 

UV-vis (CH3CN) λ, nm (ε, M-1cm-1): 349 (61900), 265 (63200); 

 

Compound 13. Synthesis of trenpy Zn(II)-complex with thiomethyl end groups 

 
To a suspension of the ligand, 10 (102 mg, 0.131 mmol) in MeOH (10 mL) was added a solution 

of Zn(NO3)2·6H2O (39.0 mg, 0.131 mmol) in MeOH (10 mL). After stirring at rt for 2 h, the resulting 

yellow solution was filtered. Addition of KPF6 (120 mg, 0.654 mmol) in MeOH (10 mL) gave a yellow 

precipitate. After stirring at rt for 1 h, the solid was collected and washed with MeOH (5 mL). 

Recrystallization in acetone/MeOH gave the pure Zn(II) complex, 13 (112 mg, 75%) as a yellow powder. 

Crystals for single crystal X-ray diffraction were obtained by slow evaporation of acetone/MeOH.  

M.p. 210 °C dec.; 

Anal.calc. for C45H45F12ZnN7P2S3 (Mr=1135.42): C, 47.60; H, 3.99; N, 8.64; S, 8.47; Found: C, 47.65; H, 

4.02; N, 8.67; S, 8.79; 

1H NMR (CD3COCD3): δ (ppm) 2.47 (s, 9H, SCH3), 3.17 (t, J = 13.4 Hz, 3H, CH2), 3.38 (d, J = 13.8 Hz, 

3H, CH2), 3.78 (d, J = 11.7 Hz, 3H, CH2), 4.08 (t, J = 11.5 Hz, 3H, CH2), 7.24 (d, 3J = 8.7 Hz, 6H, Ph), 
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7.36 (d, 3J = 8.7 Hz, 6H, Ph), 7.76 (d, 3H, 4J = 2.1 Hz, Py), 8.29 (d, 3H, 3J = 8.1 Hz, Py), 8.64, dd (d, 3H, 
3J = 8.1, 4J = 2.4 Hz, Py), 9.04 (d, 3H, J = 1.2 Hz, CH=N); 

13C NMR (CD3COCD3): δ (ppm) 14.8 (SCH3), 55.7 (CH2), 57.2 (CH2), 127.1, 128.2, 129.6, 132.1, 138.9, 

141.6, 142.5, 146.8, 147.5, 164.2 (CH=N); 

ESI mass spectrum (CH3CN), m/z (%), positive: 421.6 (100) [LZn]2+, 988.2 (3) [LZn(PF6)]1+; negative: 

144.7 (100) [PF6]1– ; 

Selected IR (KBr pellet): ν~ (cm-1) 1657, 1590, 1572, 1372, 1099, 838, 557; 

UV-vis (CH3CN) λ, nm (ε, M-1cm-1): 351 (50050), 263 (49450); 

 

M(II) trenpy complex with pyridine end groups 

 

Compound 14. Synthesis of 3,4'-bipyridine-6-carbaldehyde 

 
To a solution of 5-bromo-pyridine-2-carboxaldehyde (1.218 g, 6.548 mmol) and pyridine-boronic 

acid (885 mg, 7.20 mmol) in DME/H2O (68 mL, 3/1) was added under N2 atmosphere, Pd(PPh3)4 (377 

mg, 0.327 mmol) and Na2CO3 (4.165 g, 39.29 mmol). The mixture was stirred under N2 atmosphere at 

70°C for 24 h. The reaction mixture was diluted with CH2Cl2 (300 mL) and washed with H2O (100 mL). 

The aqueous layer was extracted with CH2Cl2 (3x150 mL). The combined organic layers were dried over 

MgSO4 and evaporated. The residue was purified twice by column chromatography (SiO2, CH2Cl2/MeOH 

1%). The compound 14 (870 mg, 72%), yellow solid was used in the next step without further 

purification.  

Rf (SiO2, CH2Cl2/MeOH= 95:5): 0.52 

Anal.calc. for C11H8N2O (Mr = 184.19): C, 71.73; H, 4.38; N, 15.21;  

Anal.calc. for C11H8N2O•0,05H2O: C, 71.38; H, 4.41; N, 15.13; Found: C, 71.20; H, 4.24; N, 15.03; 

Commercial bipyridine compounds are also known as hydrates with different quantities of H2O. 

1H NMR (CD2Cl2): δ (ppm) 7.56 (dd, 3J = 4.4, 4J = 1.7 Hz, 2H, PyB), 8.04 (dd, J = 8.1, 0.9 Hz, 1H, PyA), 

8.12 (ddd, J = 8.1, 2.1, 0.7 Hz, 1H, PyA), 8.72 (dd, 3J = 4.5, 3J = 1.7 Hz, 2H, PyB), 9.04 (dd, J = 2.2, 0.7 

Hz, 1H, PyA, H-2), 10.09 (d, 5J = 0.7 Hz, 1H, CHO reference 289).  

1H NMR (CDCl3): δ (ppm) 7.62 (dd, 3J = 4.5, 4J = 1.7 Hz, 2H, PyB), 8.22 – 8.01 (m, 2H, PyA), 8.80 (dd, 
3J = 4.6, 4J = 1.7 Hz, 2H, PyB), 9.06 (dd, J = 2.0, 1.1 Hz, 1H, PyA), 10.15 (d, 5J = 0.6 Hz, 1H, CHO); 

13C NMR (CD2Cl2): δ (ppm) 121.7, 121.7, 135.5, 137.8, 144.0, 148.7, 150.8, 152.9, 192.9 (CHO); 
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Compound 15. Synthesis of trenpy ligand with pyridine end groups, Ld 

 
A solution of tris-(2-aminoethyl)-amine (138 mg, 0.945 mmol) in EtOH (5 mL) was added to a 

suspension of aldehyde 14 (522 mg, 2.834 mmol) in EtOH (45 mL). The resulted intense yellow solution 

was stirred at rt for 3.5 h. After removing half of the solvent under vacuum, the reaction mixture started to 

precipitate. After overnight stirring at rt the precipitate was filtered and washed with cold EtOH (2x3mL). 

Recrystallization in EtOH/CH2Cl2 gave the pure ligand 15 (340 mg, 56%), as a slightly yellowish solid. 

M.p. 138°C dec.; 

Anal.calc. for C39H36N10 (Mr = 644.77): C, 72.65; H, 5.63; N, 21.72; Found: C, 72.33; H, 5.68; N, 21.71;  

1H NMR (CD2Cl2): δ (ppm) 2.99 (t, 3J = 6.4 Hz, 6H, CH2), 3.79 (t, 3J = 6.1 Hz, 6H, CH2), 7.47 (dd, 3J = 

4.5, 4J = 1.7 Hz, 6H, PyB), 7.92 (dd, 3J = 8.2, 4J = 2.3 Hz, 3H, PyA, H-4), 8.04 (d, 3J = 8.2 Hz, 3H, PyA, H-

5), 8.35 (s, 3H, CH=N), 8.64 (dd, 3J = 4.5, 4J = 1.7 Hz, 6H, PyB), 8.80 (dd, 4J = 2.2, J = 0.7 Hz, 3H, PyA, 

H-2); 

13C NMR (CD2Cl2) δ (ppm) 55.2 (CH2), 60.0 (CH2), 120.9, 121.4, 134.3, 134.8, 144.6, 147.6, 150.6, 

155.2, 162.2 (CH=N); 

13C-DEPT135 NMR (CD2Cl2): δ (ppm) 55.2 (CH2), 59.9 (CH2), 120.9, 121.3, 134.7, 147.5, 150.6, 162.1 

(CH=N); 

MALDI-TOF (1,8,9-anthracenetriol), m/z (%): 645.0 (100) [M+H]+, 667.0 (18) [M+Na]+, 479.0 (95) [M-

A+H]+, 447.9 (95) [M-B]+; 871.1 (8) [M+matrix]+, additionally various not interpreted fragments; 

decomposition with matrix; 

Selected IR (KBr pellet): ν~ (cm-1) 2967, 2851, 2795, 1648, 1598, 1569, 1478, 1458, 1440, 1417, 1378, 

1228, 1046, 1012, 816, 746, 737, 512;  

UV-vis (CH2Cl2) λ, nm (ε, M-1cm-1): 265 (60960), 283 sh (55340); 

 

Compound 16. Synthesis of trenpy Fe(II)-complex with pyridine end groups 

 
To a solution of the ligand 15 (145 mg, 0.225 mmol) in MeOH (10 mL) was added a solution of 

FeCl2·4H2O (45.0 mg, 0.225 mmol) in MeOH (12 mL). After stirring at rt for 1 h, under air, the resulting 

violet solution was filtered. Addition of a filtered solution of KPF6 (207 mg, 1.124 mmol) in MeOH (10 
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mL) gave a dark violet precipitate. After stirring at rt for 1 h, the solid was collected and washed with 

MeOH (2x3 mL). Recrystallization in acetone/MeOH gave the Fe(II) complex, 16 (158 mg, 71%) as a 

violet powder.  

Crystals suitable for single crystal X-ray diffraction were obtained by slow evaporation of 

acetone/MeOH solution of complex. 

M.p. 230 °C dec.; 

Anal.calc. for C39H36F12FeN10P2 (Mr=990.54): C, 47.29; H, 3.66; F, 23.02; Fe, 5.64; N, 14.14; 

Anal.calc. for C39H36F12FeN10P2•2H2O: C, 45.63; H, 3.93; N, 13.64; Found: C, 45.85; H, 3.85; N, 13.65;  

Observation: the repeated elemental analysis of Fe(II)-complex fits with two water of crystallization 

molecules evidenced also by 1H NMR; however TGA up to 200°C did not present a significant weight 

loss, the Fe(II)-complex is hygroscopic; a test of a sample let in air on a balance over night showed 

increasing of the mass with more than 1% (calculated 0.57 H2O);  

1H NMR (CD3CN): δ (ppm) 3.30 – 3.16 (m, 6H, CH2), 3.66 (d, J = 13.2 Hz, 3H, CH2), 3.81 (d, J = 9.6 

Hz, 3H, CH2), 7.55 – 7.22 (m, 9H, PyB , PyA H-2), 8.49 (m, 6H, PyA), 8.62 (dd, J = 4.5, 1.7 Hz, 6H, PyB), 

9.35 (s, 3H, CH=N). 

1H NMR (CD3COCD3): δ (ppm) 3.37 (td, J = 14.9, 3.4 Hz, 3H, CH2), 3.57 (td, J = 11.7, 3.0 Hz, 3H, 

CH2), 3.72 (d, J = 13.5 Hz, 3H, CH2), 3.99 (d, J = 10.0 Hz, 3H, CH2), 7.40 (dd, J = 4.5, 1.6 Hz, 6H, PyB), 

7.78 (s, 3H, PyA H-2), 8.56 (dd, J = 4.6, 1.5 Hz, 6H, PyB), 8.78 – 8.64 (m, 6H, PyA), 9.72 (s, 3H, CH=N); 

13C NMR (CD3CN): δ (ppm) 54.6 (CH2), 60.3 (CH2), 122.4, 129.6, 138.1, 139.3, 143.3, 151. 7, 154.1, 

157.8, 172.3 (CH=N); 

13C DEPT135 NMR (CD3CN): δ (ppm) 54.5 (CH2), 60.1 (CH2), 122.2, 129.5, 138.0, 151.5, 154.0, 172.2 

(CH=N); 

ESI mass spectrum (CH3CN), m/z (%), positive: 350.1 (100) [LFe]2+, 845.2 (10) [LFe(F)]1+, 1835.9 (1) 

[L4Fe4(PF6)6]2+; negative: 144.9 (100) [PF6]1–; 

Selected IR (KBr pellet): ν~ (cm-1) 1603, 1564 w, 1544 w, 1475, 838 s, 816 sh, 557 s; 

Raman (cm-1): 1602 s, 1562 m, 1544 w; 1475 m; 

UV-vis (CH3CN) λ, nm (ε, M-1cm-1): 579 (10850), 530 sh (8750), 386 (6540), 293 (53920); 
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Compound 17. Synthesis of trenpy Mn(II)-complex with pyridine end groups 

 
To a suspension of the ligand 15 (118.5 mg, 0.184 mmol) in MeOH (10 mL) was added a solution 

of MnCl2·4H2O (36.5 mg, 0.184 mmol) in MeOH (10 mL). After stirring at rt for 1,5 h, under air, the 

resulting yellow solution was filtered. Addition of KPF6 (169 mg, 0.919 mmol) in MeOH (10 mL) gave a 

yellow precipitate. After stirring at rt for 2 h, the solid was collected and washed with MeOH (5 mL). 

Recrystallization in acetone/MeOH gave the Mn(II)-complex, 17 (110 mg, 60%) as a yellow powder.  

Single crystal X-ray structure was determined on single crystal obtained by slow evaporation of 

acetone/MeOH solution of complex. 

M.p. 290 °C dec.; 

Anal.calc. for C39H36F12MnN10P2 (Mr=989.64): C, 47.33; H, 3.67; N, 14.15; Found: C, 47.17; H, 3.57; N, 

14.11;  

ESI mass spectrum (CH3CN), m/z (%), positive: 349.6 (100) [LMn]2+, 844.2 (7) [LMn(PF6)]1+; wide 

positive: 349.6 (100) [LMn]2+, 718.3 (16) [LMn(F)]1+, 844.2 (40) [LMn(PF6)]1+; negative: 144.9 (100) 

[PF6]1– ; 

Selected IR (KBr pellet): ν~ (cm-1) 1662, 1599, 1576, 1546 w, 840, 762, 558; 

UV-vis (CH3CN) λ, nm (ε, M-1cm-1): 298 (47450), 260 (38000); 

 

Compound 18. Synthesis of trenpy Zn(II)-complex with pyridine end groups 

 
To a suspension of the ligand 15 (81.0 mg, 0.126 mmol) in MeOH (10 mL) was added a solution 

of Zn(NO3)2·6H2O (37.0 mg, 0.126 mmol) in MeOH (10 mL). After stirring at rt for 1 h under air, the 

resulting yellow solution was filtered. Addition of KPF6 (117 mg, 0.628 mmol) in MeOH (10 mL) gave a 

yellow precipitate. After stirring at rt for 1 h, the solid was collected and washed with MeOH (5 mL). 

Recrystallization in acetone/MeOH gave the Zn(II) complex, 18 (91 mg, 72%) as a yellow powder. 

 107 



M.p. 285 °C dec.; 

Anal.calc. for C39H36F12ZnN10P2 (Mr=1000.11): C, 46.84; H, 3.63; N, 14.01; Found: C, 46.81; H, 3.72; N, 

14.01; 

1H NMR (CD3COCD3): δ (ppm) 3.18 (td, J = 13.4, 3.7 Hz, 3H, CH2), 3.39 (dd, J = 13.8, 3.8 Hz, 3H, 

CH2), 3.79 (dd, J = 11.7, 3.4 Hz, 3H, CH2), 4.09 (br. t, J = 11.2 Hz, 3H, CH2), 7.40 (dd, J = 4.4, 1.7 Hz, 

6H, PyB), 7.95 (d, 4J = 2.2 Hz, 3H, PyA, H-2), 8.39 (d, 3J = 8.0 Hz, 3H, PyA, H-5), 8.56 (dd, J = 4.5, 1.7 

Hz, 6H, PyB), 8.78 (dd, 3J = 8.0, 4J = 2.2 Hz, 3H, PyA, H-4), 9.08 (d, J = 1.4 Hz, 3H, CH=N); 

13C NMR (CD3COCD3): δ (ppm) 55.8 (CH2), 57.3 (CH2), 122.1, 129.8, 139.5, 140.4 (q), 143.3 (q), 148.1, 

148.4 (q), 151.6, 164.4 (CH=N); 

13C-DEPT135 NMR (CD3COCD3): δ (ppm) 54.9 (CH2), 56.4 (CH2), 121.3, 128.9, 139.5, 147.2, 150.7, 

163.5 (CH=N); 

ESI mass spectrum (CH3CN), m/z (%), positive: 354.1 (100) [LZn]2+, 853.2 (5) [LZn(PF6)]1+; negative: 

144.9 (100) [PF6]1– ; 

Selected IR (KBr pellet): ν~ (cm-1) 1662, 1600, 1576, 1546 w, 1373, 840, 558; 

UV-vis (CH3CN) λ, nm (ε, M-1cm-1): 344 (1920), 298 (51500), 260 (42050);  

 

6.2.2. Facial and meridional Ru(II)-trisbpy complex 

 

Compounds 19i, 19ii. Synthesis of the 5-ethynyl-2,2’-bipyridine 160 

 
i) A solution of 5-bromo-2,2’-bipyridine (1.093 g, 4.65 mmol) in THF/DIEA anh. (40 mL, 1/1) 

was degassed 1h under N2. [PdCl2(PPh3)2] (163 mg, 0.233 mmol), CuI (44.0 mg, 0.233 mmol) and 

(trimethylsilyl)-acetylene (1.827 g, 18.6 mmol) were added. After stirring overnight at rt, the reaction 

mixture was diluted with CH2Cl2 (400 mL) then washed with H2O (200 mL). The aqueous layer was 

extracted with CH2Cl2 (3x200 mL). The combined organic layers were dried over MgSO4 and the solvent 

was removed in vacuum. Purification by column chromatography (SiO2, hexane/EtOAc, 10/0 to 9/1) 

afforded the 5-((trimethylsilyl)-ethynyl)-2,2'-bipyridine (1.09 mg, 93%) as a yellowish oil. The spectra 

agree well with the literature.16  0

Rf (SiO2, hexane/EtOAc, 8/2): 0.37;  

Observation: the 5-((trimethylsilyl)-ethynyl)-2,2'-bipyridine has the same Rf like the starting material 5-

bromo-2,2’-bipyridine, but different colour exposed in UV light.  

1H NMR (CDCl3): δ (ppm)  0.28 (s, 9H, TMS), 7.32 (ddd, 3J = 7.5 Hz, 3J = 4.8, 4J = 1.2 Hz, 1H, H-5’), 

 108 



7.85 (ddd, 3J = 9.4, 3J = 8.0, 4J = 2.0 Hz, 2H, H-4,4’), 8.45 – 8.33 (m, 2H, H-3,3’), 8.70 – 8.61 (m, 1H, H-

6’), 8.73 (d, 4J = 2.1 Hz, 1H, H-6) 

13C NMR (CDCl3): δ (ppm) 0.0 (TMS), 99.4 (C≡), 101.9 (C≡), 120.37 (q), 120.4, 121.7, 124.1, 137.3, 

140.0, 149.2, 152.2, 154.8 (q), 155.8 (q); 

13C DEPT 135 NMR (CDCl3): δ (ppm) 0.2 (TMS), 120.3, 121.6, 124.0, 137.2, 139.9, 149.0, 152.0; 

MALDI-TOF (1,8,9-anthracenetriol), m/z (%): 252.9 (100) [M+H]+; 

 
ii) To a N2 degassed solution of trimethylsilyl-protected compound 19i (1.093 g, 4.33 mmol) in 

CH3OH/CH2Cl2 (80 mL, 1/1), K2CO3 (2.992 g, 21.65 mmol) was added as a solid. After stirring for 1h at 

rt, the solution was concentrated by rotary evaporation. Purification by flash chromatography (SiO2, 

hexane/EtOAc, 10/0 to 8/2) afforded the 5-ethynyl-2,2'-bipyridine 19ii (708 mg, 91%) as a white solid. 

The spectra agree well with the literature. 160 

Rf (SiO2, hexane/EtOAc, 8/2): 0.30;  

1H NMR (CDCl3): δ (ppm) 3.29 (s, 1H, ≡CH), 7.29 (ddd, 3J = 7.5, 3J = 4.8, 4J = 1.1 Hz, 1H, H-5’), 7.80 

(td, 3J = 7.7, 4J = 1.8 Hz, 1H, H-4’), 7.88 (dd, 3J = 8.2, 4J = 2.1 Hz, 1H, H-4), 8.38 (dd, 3J = 8.1, 4J = 3.5 

Hz, 2H, H-3/3’), 8.66 (d, 3J = 4.7 Hz, 1H, H-6’), 8.75 (d, 4J = 1.8 Hz, 1H, H-6); 

13C NMR (CDCl3): δ (ppm) 80.8 (C≡), 81.5 (C≡), 119.2, 120.4, 121.5, 124.2, 137.1, 140.1, 149.3, 152.3, 

155.35, 155.4; 

 

Compound 20. Synthesis of the ligand Le 

 
5-ethynyl-2,2'-bipyridine 19ii , 160 1 (708 mg, 3.93 mmol), and 4-(thioacetyl)-iodobenzene 16  (1.201 

g, 4.322 mmol) were dissolved in THF/DIEA anh. (35 mL, 2.5/1) and degassed 1h under N2. 

Pd(PPh3)2Cl2 (138 mg, 0.196 mmol) and CuI (37 mg, 0.196 mmol) were added. After stirring overnight at 

rt, the reaction mixture was diluted with CH2Cl2 (300 mL) then washed with H2O (200 mL). The aqueous 

layer was extracted with CH2Cl2 (3x200 mL). The combined organic layers were dried over MgSO4 and 

the solvent was removed in vacuum. Twofold purification by column chromatography (SiO2, 

hexane/EtOAc, 1/0 to 1/1) afforded the pure ligand (650 mg, 50%) as a white-yellowish solid. 

Rf (SiO2, hexane/EtOAc, 8/2): 0.23; M.p. 136°C. 

Anal.calc. for C20H14N2OS (Mr = 330.40): C, 72.70; H, 4.27; N, 8.48; S, 9.70; Found: C, 72.66; H, 4.33; 

N, 8.42; S, 9.64;  

1H NMR (CDCl3): δ (ppm)  2.44 (s, 3H, CH3), 7.35 (ddd, 3J = 7.5, 3J = 4.9, 4J = 1.0 Hz, 1H, H-5’), 7.43 
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(d, 3J = 8.5 Hz, 2H, Ph), 7.59 (d, 3J = 8.5 Hz, 2H, Ph,), 7.86 (td, 3J = 7.9, 4J = 1.8 Hz, 1H, H-4’), 7.95 (dd, 
3J = 8.3, 4J = 2.1 Hz, 1H, H-4), 8.45 (dd, 3J = 8.5, 4J = 3.3 Hz, 2H, H-3/3’), 8.71 (d, 3J = 4.3 Hz, 1H, H-

6’), 8.82 (d, 4J = 1.6 Hz, 1H, H-6); 

13C NMR (CDCl3): δ (ppm) 30.5 (CH3), 88.0 (C≡), 93.0 (C≡), 120.3 (q), 120.7 (C-3/3’), 121.7 (C-3/3’), 

123.9 (C-5’), 124.2 (q), 128.9 (q), 132.4 (Ph), 134.4 (Ph), 137.5 (C-4’), 139.7 (C-4), 149.1 (C-6’), 151.8 

(C-6), 154.7 (q C-2/2’), 155.3 (q C-2/2’), 193.4 (C=O); 

13C DEPT135 NMR (CDCl3): δ (ppm) 30.3 (CH3), 120.5 (C-3/3’), 121.5 (C-3/3’), 124.1 (C-5’), 132.3 

(Ph), 134.3 (Ph), 137.3 (C-4’), 139.5 (C-4), 149.1 (C-6’), 151.7 (C-6); 

Selected IR (KBr pellet): ν~ (cm-1) 2217w, 1696, 1584, 1570, 1539, 1497, 1457, 1432, 1398, 1368, 1352, 

1120, 1092, 1017, 955, 828, 796, 747, 629, 621, 613, 545;  

MALDI-TOF (no matrix), m/z (%): 330.8 (100) [M+H]+; 

UV-vis (CH3CN), λ, nm (ε, M-1cm-1): 336 sh (35640), 320 (45870); 

 

Compound 21. Synthesis of the facial and meridional Ruthenium complex 

 
Ru(DMSO)4Cl2 162 (195 mg, 0.40 mmol) was added to a solution of the ligand 20 (412 mg, 1.25 

mmol) in EtOH (60 mL). After stirring for 48 h at reflux under Ar, the solvent was removed under 

vacuum. The crude brown solid was separated by column chromatography under Ar (SiO2, 50 cm, 

MeCN/H2O/KNO3 (0.4M), 1/0/0 to 95/5/2). The first red-orange fraction contains the meridional isomer 

followed by a second fraction containing the facial isomer. The solvent was evaporated to dryness, the 

solid dissolved in MeCN and filtered to remove the insoluble KNO3. The fractions were dissolved in 

MeCN/H2O (50 mL, 4/1) and were treated separately with KPF6 aq. (500 mg, 2.717 mmol, 10 mL). They 

were allowed to stir for 2 h at rt under Ar. The MeCN was evaporated under vacuum. The precipitates 

were centrifuged, filtered off and washed with H2O (4x150 mL). Anion exchange metathesis was carried 

out twice to assure the complete removing of nitrate salts. Recrystallization in CH2Cl2/hexane gave the 

fac (141 mg, 26%) and mer (52 mg, 10%) Ru(II)-complex as orange-red powder. 
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Compound 21f. Facial Ruthenium complex 

 

Crystals suitable for single crystal X-ray diffraction were grown from a MeCN solution of 

complex by slow diffusion of Et2O. 

Rf (SiO2, MeCN/H2O/KNO3, 98/2/2%) = 0.05 as PF6 complex salt; 

Anal.calc.for [C60H42N6O3S3Ru](PF6)2 (Mr = 1382,21): C, 52.14; H, 3.06; N, 6.08; S, 6.96;  

Anal.calc.for [C60H42N6O3S3Ru](PF6)2•0.5H2O: C, 51.80; H, 3.12; N, 6.04; S, 6.91. Found: C, 51.73; H, 

3.30; N, 6.10; S, 6.66; 

1H NMR (CD2Cl2) δ (ppm)  2.39 (s, 2H, CH3), 7.38 (d, 3J = 8.4 Hz, 6H, Ph), 7.53 – 7.46 (m, 9H, Ph, H-

5’), 7.62 (d, 3J = 4.8 Hz, 3H, H-6’), 7.86 (d, 4J = 1.6 Hz, 3H, H-6), 8.10 (td, 3J = 8.0, 4J = 1.4 Hz, 3H, H-

4’), 8.16 (d, 3J = 8.3 Hz, 3H, H-4), 8.49 (d, 3J = 8.5 Hz, 6H, H-3,3’); 

13C NMR (CD2Cl2): δ (ppm) 30.3 (CH3), 84.9 (C≡), 97.2 (C≡), 122.0 (q = quaternary), 124.2 (C-3/3’), 

124.7 (q), 125.2 (C-3/3’), 128.7 (C-5’), 130.8 (q), 132.4 (Ph), 134.5 (Ph), 138.7 (C-4), 140.7 (C-4’), 151.5 

(C-6’), 152.7 (C-6), 155.7 (q C-2/2’), 156.0 (q C-2/2’), 192.9 (C=O); 

13C DEPT135 NMR (CD2Cl2): δ (ppm) 30.2 (CH3), 124.1 (C-3/3’), 125.1 (C-3/3’), 128.6 (C-5’), 132.3 

(Ph), 134.4 (Ph), 138.6 (C-4), 140.6 (C-4’), 151.4 (C-6’), 152.6 (C-6); 

1H NMR (CD3CN): δ (ppm) 2.43 (s, 9H, CH3), 7.48 – 7.34 (m, 9H, Ph, H-5’), 7.53 (d, 3J = 8.4 Hz, 6H, 

Ph), 7.63 (d, 3J = 4.9 Hz, 3H, H-6’), 8.13 – 7.96 (m, 6H), 8.23 (dd, 3J = 8.5, 4J = 1.7 Hz, 3H, H-4), 8.44 

(d, 3J = 8.1 Hz, 3H), 8.54 (d, 3J = 8.5 Hz, 3H); 

ESI mass spectrum (CH3CN), m/z (%), positive: 546.1 (100) [RuL3]2+, 1237.2 (2) [(RuL3)2(PF6)2]2+; 

negative: 144.9 [PF6]1- (100); 

Selected IR (KBr pellet):ν~ (cm-1) 3446, 2223m, 2185w,  1702, 1598, 1495, 1465, 1437, 1121, 842, 786, 

558;  

UV-vis (CH3CN, aerated), λ, nm (ε, M-1cm-1): 471 (11650, 1MLCT), 325 (102 000), 274 sh (48900); 

 

Compound 21m. Meridional  Ruthenium complex 

 

Rf (SiO2, MeCN/H2O/KNO3, 98/2/2%) = 0.11 as PF6 complex salt; 

Anal.calc.for [C60H42N6O3S3Ru](PF6)2 (Mr = 1382,21): C, 52.14; H, 3.06; N, 6.08; S, 6.96;  

Anal.calc.for [C60H42N6O3S3Ru](PF6)2•H2O: C, 51.47; H, 3.17; N, 6.00; S, 6.87. Found: C, 51.22; H, 3.40; 

N, 6.12; S, 6.49;  

1H NMR (CD2Cl2) δ (ppm)  2.39 and  2.40 (2s partially overlapped, 9H, 2CH3, CH3), 7.40 (dd, J = 8.3, 1.9 
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Hz, 6H, Ph), 7.47-7.52 (m, 9H, Ph, H-5’), 7.68–7.79 (m, 6H, H-6,6’), 8.06 – 8.19 (m, 6H, H-4,4’), 8.46 – 

8.54 (m, 6H, H-3,3’); 

13C NMR (CD2Cl2): δ (ppm) 30.3 (CH3), 84.8 (C≡), (97.1, 97.2, 97.3) (C≡), (121.9, 122.0) (q), (124.3, 

124.4) (C-3/3’), (124.7, 124.8, 124.9) (C-3/3’), 125.2 (q), (128.5, 128.7) (C-5’), (130.8, 130.9) (q), 132.4 

(Ph), 134.5 (Ph), 138.7 (C-4), (140.7, 140.7, 140.8) (C-4’),, (151.3, 151.5, 151.7) (C-6), (152.5, 152.6, 

152.8) (C-6’), (155.6, 155.6, 155.7), (q), (156.1, 156.25) (q), 192.9 (C=O);  

1H NMR (CD3CN): δ (ppm) 2.43 (3s partially overlapped, 9H, 3CH3), 7.41 – 7.49 (m, 9H, Ph, H-5’), 

7.54-7.58 (m, 6H, Ph), 7.74 (d, J = 4.9 Hz, 1H), 7.90 – 7.77 (m, 4H), 7.97 (d, J = 1.6 Hz, 1H), 8.11- (m, 

3H), 8.25 – 8.16 (m, 3H), 8.62 – 8.48 (m, 6H); 

13C NMR (CD3CN) δ (ppm) 30.7 (CH3), (86.4, 86.5, 86.6) (C≡), (96.4, 96.4, 96.5) (C≡), (123.3, 123.4, 

123.4) (q), 124.7 (q), (125.0, 125.2, 125.3) (C-3/3’), (125.9, 126.0, 126.1) (C-3/3’), (128.9, 129.0) (C-5’), 

131.5 (q), 133.2 (Ph), 135.72 (Ph), 139.2 (C-4), 141.1 (C-4’), (153.1, 153.2, 153.4) (C-6’), (154.4, 154.6, 

154.7) (C-6), (157.1, 157.2, 157.2) (q), (157.4, 157.5) (q), 194.1 (C=O); 

13C DEPT135 NMR (CD3CN) δ (ppm) 30.5 (CH3), (124.8, 124.9, 125.0) (C-3/3’), (125.6, 125.8, 125.9) 

(C-3/3’), (128.7, 128.8) (C-5’), 133.0 (Ph), 135.5 (Ph), 139.0, 140.9, (152.8, 152.9, 153.1) (C-6’), (154.2, 

154.4, 154.5) (C-6); 

ESI mass spectrum (CH3CN aerated), m/z (%), positive: 546.1 (100) [RuL3]2+, 1237.2 (4) 

[(RuL3)2(PF6)2]2+; negative: 144.9 [PF6]1- (100); 

Selected IR (KBr pellet):ν~ (cm-1) 3433, 2223m, 2185w, 1705, 1598, 1494, 1465, 1437, 1122, 842, 787, 

558;  

UV-vis (CH3CN), λ, nm (ε, M-1cm-1): 471 (11000, 1MLCT), 336 (97 050), 274 sh (44320); 
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6.3. Homobinuclear helicate complexes 

 

Compound 22. Synthesis of ligand Lf  

 
4,4’-Diaminodiphenylmethane (244.4 mg, 1.233 mmol) and pyridine-2-carbaldehyde derivate 9 

(570.6 mg, 2.467 mmol) were mixed in EtOH (40 mL) and stirred at rt for 3 h. The obtained yellow 

precipitate was filtered, washed with EtOH (2x2 mL) and recrystallized from EtOH/CH2Cl2 to give the 

ligand as a yellowish solid (694 mg, 91%). 

M.p. 265°C dec.; 

Anal.calc. for C39H32N4S2 (Mr = 620.83): C, 75.45; H, 5.20; N, 9.02; S, 10.33; Found: C, 75.25; H, 5.17; 

N, 9.07; S, 10.34;  

1H NMR (C2D2Cl2, over Al2O3 basic): δ (ppm) 2.46 (s, 6H, SCH3), 3.98 (s, 2H, CH2), 7.21 (s, 8H, PhA), 

7.29 (d, 3J = 8.3 Hz, 4H, PhB), 7.51 (d, 3J = 8.3 Hz, 4H, PhB), 7.92 (dd, J = 8.3, 2.2 Hz, 2H, Py, H-4), 8.19 

(d, J = 8.2 Hz, 2H, Py, H-5), 8.59 (s, 2H, CH=N), 8.83 (d, J = 2.2 Hz, 2H, Py, H-2); 

Observation: during the NMR measurement the ligand is hydrolyzed to 10% starting materials in 

presence of traces of acid present in the deuterated solvent; the ligand is less soluble in C2D2Cl2 and 

CD2Cl2 for measuring 13C NMR. 

MALDI-TOF (no matrix), m/z (%): 621.0 (100) [M+H]+; 

IR selected (KBr pellet): ν~ (cm-1), 1625 ν(C=N), 1594 and 1582 comb. Py, 1500, 1472, 1097, 998, 817, 

529; 

UV-vis (MeCN) λ, nm (ε, M-1cm-1): 346 (100800), 232 (54400);  

 

Compound 23. Synthesis of  [(Lf)3Fe2](PF6)4 

 

To a solution of ligand 22 (226.3 µmol) in CH2Cl2/MeOH, 5/1 (90 mL) FeCl2·4H2O (150.9 µmol) 

in MeOH (20 mL) was added. After stirring at rt for 3 h, the resulting solution was filtered. Addition of 

NH4PF6 (1.503 mmol) in MeOH (30 mL) gave a dark violet precipitate. After overnight stirring, the solid 

was collected and washed with MeOH. Recrystallization from MeCN gave the Fe2-helical complex in 

67% yield.  

Crystals suitable for single crystal X-ray diffraction were grown from a MeCN solution of 

complex by slow diffusion of Et2O. 
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M.p. 270°C dec.; 

Anal.calc. for [C117H96N12S6Fe2](PF6)4•2H2O C, 54.26, H, 3.89, N, 6.49, S, 7.43; Found: C, 54.23, H, 

3.97, N, 6.47. Repeated the synthesis, found: C, 54.61, H, 4.12, N, 6.39, S, 7.06; 

Anal.calc. for [C117H96N12S6Fe2](PF6)4 (Mr = 2554.03): C, 55.02, H, 3.79, N, 6.58; S, 7.53; Found (dried at 

110°C, 10-3 mbar for 2 weeks): C, 54.85, H, 3.96, N, 6.60, S, 7.68.  

1H NMR (CD3CN, 25°C): δ (ppm) 2.52 (s, 18H, SCH3), 4.08 (s, 6H, CH2), 5.68 (s, br, 12H, PhA), 7.00 (s, 

br, 12H, PhA), 7.33 (d, 3J = 8.7 Hz, 12H, PhB), 7.44 (d, 3J = 8.7 Hz, 12H, PhB), 7.61 (s, 6H, Py), 8.6-8.67 

(dd, 12H, Py), 9.07 (s, 6H, CH=N). 

ESI (MeCN): m/z (%) positive ion 493.4 (100) [Fe2L3]4+, 664.2 (20) [Fe2L3(F)]3+, high 1005.7 (5) 

[Fe2L3(F2)]2+, 1068.7 (1) [Fe2L3(PF7)]2+, 1132.0 (2) [Fe2L3(P2F12)]2+, 1557.7 (3) [Fe4L6(P5F30)]3+, 2409 

(0.5) [Fe2L3(PF6)3]1+; negative ion: m/z = 144.7 (100) [PF6]1– ; at high dilution is not observed a significant 

aggregation. 

IR selected (KBr pellet): ν~ (cm-1) 3439, 1589, 1558, 1541, 1499, 1473, 1199, 1097, 842, 556;  

Raman (cm-1): 1586 s, 1557 m, 1537 m; 1503 w, 1471 w. 

UV-vis (MeCN) λ, nm (ε, M-1cm-1): 589 (16800), 372 (119800), 272 (119900); 

 

Compound 24. Synthesis of [(Lf)3Ni2](PF6)4 

 

To a solution of ligand 22 (78.9 µmol) in CH2Cl2/MeOH, 5/1 (60 mL) a solution of NiCl2 anh. 

(52.6 µmol) in MeOH (10 mL) was added. After stirring at rt for 3 h, the resulting solution was filtered. 

Addition of NH4PF6 (0.53 mmol) in MeOH (10 mL) gave an orange precipitate. After overnight stirring, 

the solid was collected and washed with MeOH. Recrystallization from MeCN/Et2O gave the Ni2-helical 

complex in 77% yield.  

Crystals suitable for single crystal X-ray diffraction were grown by slow diffusion of Et2O in a 

MeCN solution of complex. 

M.p. 285°C, dec..  

Anal.calc. for [C117H96N12S6Ni2](PF6)4 (Mr = 2559.73): C, 54.90; H, 3.78; N, 6.57; S, 7.52; 

Anal.calc. for [C117H96N12S6Ni2](PF6)4•2H2O: C, 54.14; H, 3.88; N, 6.48; S, 7.41; Found  C, 54,31; H, 

3.99; N, 6.58; S, 7.44. Anal.calc. for [C117H96N12S6Ni2](PF6)4•1H2O: C, 54.51; H, 3.83; N, 6.52; S, 7.46; 

Found (recrystallized and dried 100°C, 10-2 mbar): C, 54.44; H, 3.92; N, 6.58; S, 7.50. 

Observation: repeated recrystallization and drying in special condition (100°C, 10-2 mbar) did not remove 

all the water of crystallization.  

1H NMR (CD3CN): paramagnetic;  
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ESI (MeCN): m/z (%) positive ion 494.6 (100) [Ni2L3]4+, 707.8 (19) [Ni2L3(PF6)]3+, high 1071.28 (80) 

[Ni2L3(PF7)]2+, 1134.2 (40) [Ni2L3(PF6)2]2+, 1561.3 (20) [(Ni2L3)2(PF6)5]3+; negative 144.7 (100) [PF6]1– ; 

IR selected (KBr pellet): ν~ (cm-1) 1629, 1593, 1567, 1547, 1499, 1476, 1199, 1097, 1007, 843, 557; 

UV-vis (MeCN) λ, nm (ε, M-1cm-1): 383 (122600), 270 (102000);  

 

Compound 25. Synthesis of  [(Lf)3Zn2](ClO4)4 

 

Zn(ClO4)2·6H2O (59.8 µmol) in MeOH (5 mL) to a solution of the ligand 22  (89.8 µmol) in 

CH2Cl2/MeOH 5/1 (30 mL) was added. After stirring overnight, the precipitate was filtered and washed 

with MeOH. Recrystallization in MeCN/Et2O gave the Zn2-helical complex in 70% yield. 

Anal.calc.for [C117H96N12S6Zn2](ClO4)4 (Mr = 2391.11): C, 58.77; H, 4.05; N, 7.03; S, 8.05; 

Anal.calc.for [C117H96N12S6Zn2](ClO4)4•2H2O: C:57.90, H:4.15, N:6.93; Found C:57.96, H:4.30, N:6.95. 

1H NMR (CD3CN): δ (ppm) 2.52 (s, 18H, SCH3), 4.07 (s, 6H, CH2), 6.32 (d, 3J = 8.4 Hz, 12H, PhA), 7.02 

(d, 3J = 8.3 Hz, 12H, PhA), 7.36 (d, 3J = 8.6 Hz, 12H, PhB), 7.54 (d, 3J = 8.6 Hz, 12H, PhB), 8.11 (d, J = 

2.1 Hz, 6H, Py), 8.30 (d, J = 8.1 Hz, 6H, Py), 8.61 (s, 6H, CH=N), 8.68 (dd, 3J = 8.2, 4J = 2.2 Hz, 6H, Py, 

H-2). 

Caution: perchlorate salts are potentially explosive and should be handled carefully, in low quantities, 

used as hydrated salts, and never dehydrated under vacuum before used. 

Observation: the poor solubility of the Zn complex does not allow 13C NMR characterization. 

ESI (MeCN): m/z (%) positive ion 498.1 (100) [Zn2L3]4+; negative ion: 98.8 (100) [ClO4]1–; 

IR selected (KBr pellet,): ν~ (cm-1) 1629, 1593, 1567, 1501, 1479, 1197, 1098, 1003, 818, 623; 

UV-vis (MeCN) λ, nm (ε, M-1cm-1): 379 (138500), 272 (104300). 
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6.4. Chiral (R)- and (S)-binaphthyl Zn(II)-complexes 

6.4.1. (S)- and (R)-bromo binaphthyl complexes 

 

Compound 26(S). Synthesis of (S)-binaphthyl ligand Lg  

N N

OH HO

Br Br  
A mixture of (S)-(-)-l,l'-binaphthyl-2,2'-diamine, (207.7 mg, 0.73 mmol) and 3-bromo 

salicylaldehyde (293.7 mg, 1.46 mmol) in EtOH (10 mL) was stirred at reflux for 4.5 h under Ar. During 

this time an orange precipitate was formed. The resulted precipitate was collected by filtration and 

washed with EtOH (2x2 mL) to give the pure (S)-Lg (370 mg, 78%).  

M.p. 249°C; 

Anal.calc. for C34H22Br2N2O2 (Mr = 650.36): C, 62.79; H, 3.41; N, 4.31; Found: C, 62.99; H, 3.58; N, 

4.40. 

1H NMR (CD2Cl2): δ (ppm) 6.70 (t, 3J = 8.5 Hz, 2H, H-5), 7.16-7.23 (m, 4H), 7.27-7.32 (m, 2H), 7.43-

7.52 (m, 4H), 7.69 (d, J = 9.0 Hz, 2H), 8.02 (d, J = 9.0 Hz, 2H), 8.16 (d, J = 9.0 Hz, 2H), 8.66 (s, 2H, 

CH=N), 12.94 (s, 2H, OH); 

13C NMR (CD2Cl2): δ (ppm) 110.5, 117.2, 119.7, 120.3, 126.3, 126.4, 127.3, 128.4, 129.5, 130.3, 131.7, 

132.9, 133.3, 136.2, 143.5, 157.6 (C-OH), 161.9 (CH=N); 

MALDI-TOF (1,8,9-anthracenetriol), m/z (%): 650.8 (100) 79Br, 652.8 (60) 81Br [M+H]+;  

Selected IR (KBr pellet): ν~ (cm-1), 3424, 3054, 3019, 2927, 2861, 1606, 1587, 1556, 1495, 1441, 1403, 

1133, 825, 735. 

UV-vis (CH2Cl2) λ, nm (ε, M-1cm-1): 231 (86300), 279 (48800), 288 sh (46100), 324 (30400) to 369 

(25500) br, 388 sh (17300); 
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Compound 26(R). Synthesis of (R)-binaphthyl ligand Lg 

 

The (R)-Lg isomer (303, 94%) was obtained by the same method as for its (S)-analogue from (R)-

(+)-l,l'-binaphthyl-2,2'-diamine (142.2 mg, 0.50 mmol) and 3-bromo salicylaldehyde (201.0 mg, 1.00 

mmol).  

M.p. 248.2°C; 

Anal.calc. for C34H22Br2N2O2 (Mr = 650.36): C, 62.79; H, 3.41; N, 4.31; Found: C, 62.91; H, 3.41; N, 

4.23. 

1H NMR (CD2Cl2): δ (ppm) 6.70 (t, J = 8.5 Hz, 2H, H-5), 7.16-7.23 (m, 4H), 7.27-7.32 (m, 2H), 7.43-

7.52 (m, 4H), 7.69 (d, J = 9.0 Hz, 2H), 8.01 (d, J = 9.0 Hz, 2H), 8.16 (d, J = 9.0 Hz, 2H), 8.66 (s, 2H, 

CH=N), 12.95 (s, 2H, OH); 

13C NMR (CD2Cl2): δ (ppm) 110.4, 117.1, 119.6, 120.2, 126.3, 126.4, 127.2, 128.4, 129.5, 130.3, 131.7, 

132.8, 133.2, 136.1, 143.4, 157.5 (C-OH), 161.9 (CH=N); 

MALDI-TOF (1,8,9-anthracenetriol), m/z (%): 650.8 (100) 79Br, 652.8 (70) 81Br [M+H]+;  

Selected IR (KBr pellet): ν~ (cm-1) 3418, 3058, 2924, 2858, 1602, 1588, 1556, 1490, 1437, 1131, 825, 

745, 734. 

UV-vis (CH2Cl2) λ, nm (ε, M-1cm-1): 231 (85900), 279 (48900), 287 sh (46300), 324 (30500) to 369 br 

(25700), 391 sh (16600); 

 

Compound 27(S). Synthesis of (S)-Zn(II)-bromo-binaphthyl complex 

 
To solution of (S)-binaphthyl ligand Lg (92.0 mg, 0.142 mmol) in THF anh./EtOH p.a. (20mL, 

1:1) under Ar, MeONa (38.0 mg, 0.707 mmol) was added. After stirring for 5 min, Zn(OAc)2 anh. (54.0 

mg, 0.294 mmol) was added sequential during 6 h. The solution colour changed from orange to yellow. 

The resulting solution was stirred at 65°C for 18 h. The reaction mixture was concentrated to a solid that 

was dissolved into CH2Cl2 and removed the CH3COONa salt. Recrystallization in CH2Cl2/MeOH gave a 

yellow precipitate of (S)-ZnLg (72 mg, 71%). 
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Crystals suitable for single crystal X-ray diffraction were grown by slow diffusion of 

hexane/CH2Cl2 solution of complex.  

Anal.calcd. for C34H20Br2N2O2Zn (Mr = 713.75): C, 57.21; H, 2.82; N, 3.92; 

Anal.calcd. for C34H20Br2N2O2Zn•1.25 CH2Cl2/0.25 MeOH: C, 51.50; H, 2.86; N, 3.38. Found: C, 51.11; 

H, 3.16; N, 3.36; 1H NMR shows 1.23 CH2Cl2/0.25 MeOH; 

1H NMR (CD2Cl2) δ (ppm) 6.44 (t, J = 7.7 Hz, 2H), 6.87 (d, J = 8.5 Hz, 2H), 7.07 (dd, J = 7.9 Hz, 2H), 

7.20 (t, J = 7.7 Hz, 2H), 7.40 - 7.44 (m, 4H), 7.63 (dd, J = 7.6 Hz, 1.7 Hz, 2H), 7.91 (d, J = 8.1, 2H), 8.06 

(d, J = 8.7 Hz, 2H), 8.37 (s, 2H, CH=N); 

13C NMR (CD2Cl2): δ (ppm) 115.7, 117.8, 119.1, 121.0, 125.8, 126.0, 126.5, 127.3, 128.5, 131.3, 132.4, 

133.8, 136.0, 138.8, 144.4, 166.0 (C-2), 171.0 (CH=N); 

1H NMR (C2D2Cl4) δ (ppm) 6.42 (t, J = 7.7 Hz, 2H), 6.80 (d, J = 8.7 Hz, 2H), 7.01 (d, J = 8.0 Hz, 2H), 

7.15 (t, J = 7.8 Hz, 2H), 7.26 (d, J = 8.4 Hz, 2H), 7.37 (t, J = 7.5 Hz, 2H), 7.60 (dd, J = 7.6, 1.7 Hz, 2H), 

7.85 (d, J = 8.4 Hz, 2H), 7.99 (d, J = 8.7 Hz, 2H), 8.24 (s, 2H, CH=N); 

MALDI-TOF (1,8,9-anthracenetriol), m/z (%): 712.7 (100) 79Br, 714.7 (90) 81Br [ZnL+H]+, 734.6 (19) 

[ZnL+Na]+, 650.8 (18) [Lg+H]+; 

Selected IR (KBr pellet): ν~ (cm-1) 3432, 3051, 1603, 1588, 1521, 1425, 1391, 1176, 1132, 745. 

UV-vis (CH2Cl2) λ, nm (ε, M-1cm-1): 229 (91300), 290 (54000), 328 sh (12800), 390 (18600); 

 

Compound 27(R). Synthesis of (R)- Zn(II)-bromo-binaphthyl complex 

 
The (R)-ZnLg complex (93 mg, 69%) was similarly prepared as its (S)-ZnLg analogue, from (R)-

Lg ligand (124.5 mg, 0.191 mmol), MeONa (52.0 mg, 0.957 mmol) and sequential addition of Zn(OAc)2 

anh. (68.5 mg, 0.373 mmol). 

Crystals suitable for single crystal X-ray diffraction were grown by slow diffusion of 

MeOH/CH2Cl2 solution of complex.  

Anal.calcd. for C34H20Br2N2O2Zn•1.30 CH2Cl2/0.15 MeOH: C, 51.36; H, 2.82; N, 3.38. Found: C, 51.15; 

H, 2.96; N, 3.38; 1H NMR shows 1.30 CH2Cl2/0.15 MeOH. 

1H NMR (CD2Cl2) δ (ppm) 6.44 (t, J = 7.7 Hz, 2H), 6.87 (d, J = 8.5 Hz, 2H), 7.07 (dd, J = 7.9 Hz, 2H), 

7.20 (t, J = 7.7 Hz, 2H), 7.39 - 7.45 (m, 4H), 7.63 (dd, J = 7.6 Hz, 1.7 Hz, 2H), 7.91 (d, J = 8.1, 2H), 8.06 

(d, J = 8.7 Hz, 2H), 8.37 (s, 2H, CH=N); 
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13C NMR (CD2Cl2): δ (ppm) 115.7, 117.9, 119.2, 121.1, 125.8, 126.0, 126.5, 127.3, 128.5, 131.3, 132.4, 

133.8, 136.0, 139.0, 144.4, 166.0 (C-2), 171.0 (CH=N); 

1H NMR (C2D2Cl4) δ (ppm) 3.36 (0.15 MeOH), 5.24 (1.30 CH2Cl2), 6.42 (t, J = 7.7 Hz, 2H), 6.80 (d, J = 

8.5 Hz, 2H), 7.01 (dd, J = 8.0, 1.7 Hz, 2H), 7.14 (t, J = 7.2 Hz, 2H), 7.26 (d, J = 8.6 Hz, 2H), 7.37 (t, J = 

7.1 Hz, 2H), 7.60 (dd, J = 7.6, 1.7 Hz, 2H), 7.84 (d, J = 8.1 Hz, 2H), 7.98 (d, J = 8.6 Hz, 2H), 8.24 (s, 

2H); 

MALDI-TOF (1,8,9-anthracenetriol), m/z (%): 712.7 (90) 79Br, 714.7 (100) 81Br [ZnL+H]+, 734.6 (20) 

[ZnL+Na]+, 650.8 (18) [Lg+H]+; 

Selected IR (KBr pellet): ν~ (cm-1) 3423, 3051, 1603, 1588, 1521, 1426, 1391, 1176, 1132, 745. 

UV-vis (CH2Cl2) λ, nm (ε, M-1cm-1): 228 (89500), 290 (53700), 329 sh (12800), 390 (18600); 

 

6.4.2. (S)- and (R)-binaphthyl complexes thiophene functionalized 

6.4.2.1. Zn(II)-(5)-thiophene binaphthyl complexes  

 

Compound 28. Synthesis of 5-(thiophen-2-yl)-salicylaldehyde 

 
A solution of 5-bromo-salicylaldehyde (1.041 g, 5.179 mmol) and 2-thiophene-boronic acid (876 

mg, 6.85 mmol) in toluene/MeOH (150 mL, 1/1) was degassed with N2 for 30 min. Pd(PPh3)4 (304 mg, 

0.288 mmol) and degassed Na2CO3 aq., 2M (2.745 g, 25.89 mmol) were added and the mixture was 

stirred at 75°C overnight. After evaporation of the solvent, the reaction mixture was diluted with CH2Cl2 

(200 mL), poured into H2O (100 mL) and extracted with CH2Cl2 (3x150 mL). The combined organic 

layers were dried over MgSO4 and evaporated under vacuum. The residue was purified by column 

chromatography (SiO2, hexane/EtOAc, 10/0 to 9/1) to give the pure aldehyde 28 (651 mg, 62%).  

Rf (SiO2, hexane /EtOAc, 9/1): 0.34; M.p. 108 °C; 

Anal.calc. for C11H8O2S (Mr = 204.25): C, 64.69; H, 3.95; S, 15.70; Found: C, 64.86; H, 4.03; S, 15.72; 

1H NMR (CD2Cl2): δ (ppm) 6.98 – 7.01 (m, 1H), 7.06 – 7.09 (m, 1H), 7.25 – 7.29 (m, 2H), 7.77 (dd, J = 

8.2, 1.9 Hz, 2H), 9.93 (s 1H, CHO), 10.98 (s, 1H, OH),  

13C NMR (CD2Cl2): δ (ppm) 118.2, 120.8, 123.0, 124.7, 126.9, 128.3, 130.7, 134.5, 142.6, 161.0 (C-2), 

196.8 (CHO); 

Selected IR (KBr pellet): ν~ (cm-1) 1667, 1649, 1619, 1589, 1526, 1479, 1425, 1377, 1284, 1255, 1223, 

1204, 1172, 887, 849, 825, 769, 738, 718, 699 
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UV-vis (CH2Cl2) λ, nm (ε, M-1cm-1): 366 (2620), 292 (12945), 254 (22500);  

 

Compound 29(S). Synthesis of (S)-(5) thiophene binaphthyl ligand Lh  

 
A mixture of (S)-(-)-l,l'-binaphthyl-2,2'-diamine, (316.5 mg, 1.113 mmol) and aldehyde 28 (455.0 

mg, 2.226 mmol) in EtOH (20 mL) was stirred at 50°C for 3.5 h under Ar. During this time an orange 

precipitate was formed. The resulted precipitate was collected by filtration and washed with EtOH (2x2 

mL). Recrystallization in CH2Cl2/EtOH gave the pure (S)-Lh (670 mg, 92%).  

M.p. 156°C dec.; 

Anal.calc. for C42H28N2O2S2 (Mr = 656.81): C, 76.80; H, 4.30; N, 4.27; S, 9.76; Found: C, 76.88; H, 4.51; 

N, 4.43; S, 9.55;  

1H NMR (CD2Cl2): δ (ppm) 6.66 (d, J = 8.6 Hz, 2H), 6.99 (dd, J = 5.1, 3.6 Hz, 2H), 7.11 (dd, J = 3.6, 1.2 

Hz, 2H), 7.17 (dd, J = 5.1, 1.2 Hz, 2H), 7.22 – 7.33 (m, 4H), 7.41 – 7.51 (m, 6H), 7.72 (d, J = 8.9 Hz, 

2H), 8.01 (d, J = 8.2 Hz, 2H), 8.16 (d, J = 8.8 Hz, 2H), 8.75 (s, 2H, CH=N), 12.23 (s, 2H, OH); 

13C NMR (CD2Cl2): δ (ppm) 116.7, 117.5, 119.4 (q), 122.2, 124.0, 125.7 (q), 126.2, 126.4, 127.2, 128.1, 

128.4, 129.4, 130.0 (q), 130.1, 130.6, 132.8 (q), 133.3 (q), 143.5 (q), 143.5 (q), 160.4 (q, C-2), 161.6 

(CH=N); 

13C DEPT135 NMR (CD2Cl2): δ (ppm) 116.7, 117.4, 122.2, 123.9, 126.2, 126.3, 127.1, 128.0, 128.3, 

129.3, 130.1, 130.5, 161.5 (CH=N); 

MALDI-TOF (1,8,9-anthracenetriol), m/z (%): 657.0 (100) [M+H]+; 

Selected IR (KBr pellet): ν~ (cm-1) 1626, 1612, 1579, 1506, 1484, 1288, 1260, 1169, 818, 801, 749, 697; 

UV-vis (CH2Cl2) λ, nm (ε, M-1cm-1): 227 (5870), 280 (63790), 315 sh (43520), 371 (20250); 

 

Compound 29(R). Synthesis of (R)-(5) thiophene binaphthyl ligand Lh  

 
The (R)-Lh isomer (303, 94%) was obtained by the same method as for its (S)-analogue, from 

(R)-(+)-l,l'-binaphthyl-2,2'-diamine (121.5 mg, 0.427 mmol) and aldehyde 28 (174.5 mg, 0.855 mmol).  
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M.p. 156°C dec.; 

Anal.calc. for C42H28N2O2S2 (Mr = 656.81): C, 76.80; H, 4.30; N, 4.27; S, 9.76; Found: C, 76.67; H, 4.31; 

N, 4.34; S, 10.04;  

1H NMR (CD2Cl2): δ (ppm) 6.66 (d, J = 8.6 Hz, 2H), 6.99 (dd, J = 5.1, 3.6 Hz, 2H), 7.11 (dd, J = 3.6, 1.2 

Hz, 2H), 7.17 (dd, J = 5.1, 1.1 Hz, 2H), 7.22 – 7.33 (m, 4H), 7.41 – 7.51 (m, 6H), 7.72 (d, J = 8.9 Hz, 

2H), 8.01 (d, J = 8.1 Hz, 2H), 8.16 (d, J = 8.8 Hz, 2H), 8.75 (s, 2H, CH=N), 12.23 (s, 2H, OH);  

13C NMR (CD2Cl2): δ (ppm) 116.7, 117.5, 119.4 (q), 122.2, 124.0, 125.7 (q), 126.2, 126.4, 127.2, 128.0, 

128.3, 129.3, 130.0 (q), 130.1, 130.6, 132.8 (q), 133.2 (q), 143.4 (q), 143.5 (q), 160.4 (q, C-2), 161.6 

(CH=N); 

13C DEPT135 NMR (CD2Cl2): δ (ppm) 116.6, 117.4, 122.1, 123.9, 126.2, 126.3, 127.1, 128.0, 128.3, 

129.3, 130.1, 130.5, 161.5 (CH=N); 

MALDI-TOF (1,8,9-anthracenetriol), m/z (%): 657.0 (100) [M+H]+; 

Selected IR (KBr pellet): ν~ (cm-1) 1623, 1603, 1587, 1548, 1503, 1428, 1378, 1356, 1341, 1199, 1136, 

809, 748, 698;  

 

Compound 30(S). Synthesis of (S)-Zn binaphthyl complex, ZnLh 

 
To a THF/MeOH anh. (20mL, 1:1) solution of (S)-binaphthyl ligand Lh (297 mg, 0.452 mmol) 

under Ar MeONa (122 mg, 2.26 mmol) was added. Zn(OAc)2 anh. (166 mg, 0.904 mmol) was added 

sequential in two portions. The resulting solution was stirred at 50°C under Ar. The solution colour 

changed from orange to yellow. The second portion of Zn(OAc)2 anh. was added after 3 h and stirred 

additionally for 3 h. The reaction mixture was concentrated to a solid that was dissolved into CH2Cl2 anh. 

and removed the CH3COONa salt. Recrystallization in CH2Cl2/MeOH anh. gave a yellow precipitate of 

(S)-ZnLh (265 mg, 81%). 

Crystals suitable for single crystal X-ray diffraction were grown by slow diffusion of 

MeOH/CH2Cl2 solution of complex.  

Anal.calcd. for C42H26N2O2S2Zn (Mr = 720.21): C, 70.04; H, 3.64; N, 3.89; S, 8.90;  

Anal.calcd. for C42H26N2O2S2Zn•0.25 CH2Cl2/0.71 MeOH/1.65 H2O: C, 64.99; H, 4.14; N, 3.53; S, 8.08; 

Found: C, 65.26; H, 4.16; N, 3.65; S, 7.90; 1H NMR shows 0.25 CH2Cl2/0.71 MeOH/1.65 H2O; 

1H NMR (CD2Cl2 anh.) δ (ppm) 6.78 (d, J = 8.9 Hz, 2H), 6.88 (dd, J = 8.5, 0.7 Hz, 2H), 6.97 (dd, J = 5.1, 

3.6 Hz, 2H), 7.06 (dd, J = 3.6, 1.2 Hz, 2H), 7.12 (dd, J = 5.1, 1.2 Hz, 2H), 7.17 – 7.23 (m, 2H), 7.31 (d, J 
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= 2.5 Hz, 2H), 7.37 – 7.46 (m, 4H), 7.52 (dd, J = 8.9, 2.6 Hz, 2H), 7.91 (d, J = 8.1 Hz, 2H), 8.07 (d, J = 

8.5 Hz, 2H), 8.44 (s, 2H, CH=N); 

1H NMR (CD3CN anh.) δ (ppm) 2.15 (H2O), 3.30 (MeOH), 5.47 (CH2Cl2), 6.75 (d, J = 8.9 Hz, 2H), 6.90 

(d, J = 8.5 Hz, 2H), 7.01 (dd, J = 5.1, 3.6 Hz, 2H), 7.13 (dd, J = 3.6, 1.1 Hz, 2H), 7.22 (dd, J = 5.1, 1.1 

Hz, 2H), 7.32 – 7.24 (m, 2H), 7.60 – 7.41 (m, 8H), 7.99 (d, J = 8.2 Hz, 2H), 8.13 (d, J = 8.6 Hz, 2H), 8.53 

(s, 2H, CH=N); 

13C NMR (CD2Cl2 anh.): 118.1, 121.1, 121.4, 121.8, 123.2, 124.1, 125.9, 125.9, 126.5, 127.2, 128.0, 

128.5, 131.1, 132.4, 132.8, 133.8, 133.9, 143.9, 144.6, 170. 8, 171.0; 

Observation: the complex is fast decomposed to ligand in presence of traces of water;  

MALDI-TOF (1,8,9-anthracenetriol), m/z (%): 718.8 (100) [ZnL+H]+, 657.0 (90) [Li+H]+; 

MALDI-TOF (no matrix), m/z (%): 718.8 (100) [ZnL+H]+, 740.9 (70) [ZnL+Na]+, 657.0 (15) [Li+H]+; 

UV-vis (CH2Cl2 anh.) λ, nm (ε, M-1cm-1): 230 (75230), 282 (78570), 312 sh (50230), 419 (13220); 

 

Compound 30(R). Synthesis of (R)-Zn binaphthyl complex, ZnLh 

 
The (R)-ZnLh complex (140 mg, 80%) was similarly prepared as its (S)-ZnLh analogue, from 

(R)-Lh ligand (160 mg, 0.244 mmol), MeONa (66.0 mg, 1.218 mmol) and sequential addition of 

Zn(OAc)2 anh. (77 mg, 0.42 mmol). 

Anal.calcd. for C42H26N2O2S2Zn (Mr = 720.21): C, 70.04; H, 3.64; N, 3.89; S, 8.90; Anal.calcd. for 

C42H26N2O2S2Zn•0.25 MeOH/1.63 H2O: C, 66.98; H, 4.03; N, 3.70; S, 8.47; Found: C, 66.66; H, 3.97; N, 

3.78; S, 8.70; 1H NMR shows 0.25 MeOH/1.63 H2O; 

1H NMR (CD2Cl2 anh.) δ (ppm) 1.52 (1.63 H2O), (0.25 MeOH), 6.78 (d, J = 8.9 Hz, 2H), 6.88 (d, J = 8.5 

Hz, 2H), 6.97 (dd, J = 5.1, 3.6 Hz, 2H), 7.07 (dd, J = 3.6, 1.1 Hz, 2H), 7.12 (dd, J = 5.1, 1.1 Hz, 2H), 7.17 

– 7.23 (m, 2H), 7.32 (d, J = 2.5 Hz, 2H), 7.39 – 7.46 (m, 4H), 7.53 (dd, J = 8.9, 2.6 Hz, 2H), 7.92 (d, J = 

8.1 Hz, 2H), 8.07 (d, J = 8.6 Hz, 2H), 8.45 (s, 2H, CH=N); 

1H NMR (CD3CN anh.) δ (ppm) 6.75 (d, J = 8.9 Hz, 2H), 6.90 (d, J = 8.5 Hz, 2H), 7.00 (dd, J = 5.1, 3.6 

Hz, 2H), 7.12 (dd, J = 3.5, 1.1 Hz, 2H), 7.21 (dd, J = 5.1, 0.9 Hz, 2H), 7.27 (t, J = 7.7 Hz, 2H), 7.43 - 7.49 

(m, 6H), 7.55 (dd, J = 8.9, 2.6 Hz, 2H), 7.98 (d, J = 8.2 Hz, 2H), 8.12 (d, J = 8.7 Hz, 2H), 8.52 (s, 2H, 

CH=N); 

13C NMR (CD2Cl2 anh.): 118.2 (q), 121.2, 121.3, 121.8 (q), 123.1, 124.0, 125.8, 125.9 (q), 126.5, 127.2, 

127.9, 128.5, 131.0, 132.3 (q), 132.8, 133.7, 133.8 (q), 143.9 (q), 144.7 (q), 170.7 (q), 170.8; 
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13C DEPT135 NMR (CD2Cl2 anh.): δ (ppm) 121.1, 121.2, 123.0, 123.9, 125.8, 126.4, 127.1, 127.9, 128.4, 

131.0, 132.7, 133.6, 170.7; 

MALDI-TOF (1,8,9-anthracenetriol), m/z (%): 718.9 (100) [ZnL+H]+, 657.0 (55) [Li+H]+; 

UV-vis (CH2Cl2 anh.) λ, nm (ε, M-1cm-1): 228 (84350), 282 (82250), 312 sh (52080), 419 (14060); 

 

6.4.2.2. Zn(II)-(4)-thiophene binaphthyl complexes 

 

Compound 31. Synthesis of 4-(thiophen-2-yl)-salicylaldehyde 

 
A solution of 4-bromo-salicylaldehyde (666 mg, 3.313 mmol) and 2-thiophene-boronic acid (509 

mg, 3.97 mmol) in DME/H20 (40 mL, 3/1) was degassed with N2 for 30 min. Pd(PPh3)4 (191 mg, 0.166 

mmol) and Na2CO3 (1.756 g, 16.56 mmol) were added and the mixture was stirred at 80°C overnight. The 

reaction mixture was diluted with CH2Cl2 (200 mL), poured into H2O (100 mL) and extracted with 

CH2Cl2 (3x150 mL). The combined organic layers were dried over MgSO4 and evaporated under vacuum. 

The residue was purified by column chromatography (SiO2, hexane/EtOAc, 10/0 to 9/1) to give the pure 

aldehyde 31 (517 mg, 76%).  

Rf (SiO2, hexane /EtOAc, 98/2): 0.56; M.p. 96.5°C; 

Anal.calc. for C11H8O2S (Mr = 204.25): C, 64.69; H, 3.95; Found: C, 64.49; H, 3.91; 

1H NMR (CD2Cl2): 7.13 (dd, 3J = 5.1, 3J = 3.7 Hz, 1H, H-4’), 7.21 (d, 4J = 1.6 Hz, 1H, H-3), 7.29 (dd, 3J 

= 8.1, 4J = 1.7 Hz, 1H, H-5), 7.43 (dd, 3J = 5.1, 4J = 1.1 Hz, 1H, H-3’/5’), 7.49 (dd, 3J = 3.7, 4J = 1.1 Hz, 

1H, H-3’/5’), 7.57 (d, 3J = 8.1 Hz, 1H, H-6), 9.84 (d, J = 0.4 Hz, 1H, CHO), 11.12 (s, 1H, OH);  

13C NMR (CD2Cl2): δ (ppm) 113.6, 117.4, 119.7 (q), 125.8, 127.6, 128.6, 134.5, 142.3 (q), 142.4 (q), 

162.1(q, C-2), 195.8 (CHO);  

13C DEPT135 NMR (CD2Cl2): δ (ppm) 113. 6, 117.3, 125.8, 127.5, 128.5, 134.4, 195.8;  

Selected IR (KBr pellet): ν~ (cm-1) 1649, 1627, 1559, 1531, 1495, 1434, 1376, 1311, 1235, 1206, 1187, 

998, 801, 695; 

UV-vis (CH2Cl2) λ, nm (ε, M-1cm-1): 225 (12040), 256 br (4600), 254 (23050);  
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*Compound 32(S). Synthesis of (S)-(4)-thiophene binaphthyl ligand Li (*compound not isolated 

pure) 

 
The (S)-Li ligand (220 mg, 91%) was similarly prepared as its (S)-Lh analogue, from (S)-(-)-l,l'-

binaphthyl-2,2'-diamine (105 mg, 0.37 mmol) and aldehyde 31 (151 mg, 0.74 mmol).  

*Anal.calc. for C42H28N2O2S2 (Mr = 656.81): C, 76.80; H, 4.30; N, 4.27; S, 9.76; Found: C, 76.22; H, 

4.32; N, 4.24; S, 9.56;  

1H NMR (CD2Cl2): δ (ppm) 6.91 (d, J = 1.8 Hz, 2H), 7.02 – 7.08 (m, 4H), 7.21 – 7.32 (m, 10H), 7.45 – 

7.51 (m, 2H), 7.73 (d, J = 8.9 Hz, 2H), 8.01 (d, J = 8.2 Hz, 2H), 8.15 (d, J = 8.7 Hz, 2H), 8.72 (s, 2H, 

CH=N), 12.31 (s, 2H, OH); 

13C NMR (CD2Cl2): δ (ppm) 113.4, 116.4, 116.6, 118.6 (q), 124.5, 126.1, 126.3, 126.4, 127.1, 128.2, 

128.3, 130.0, 130.1 (q), 132.7 (q), 132.8, 133.3 (q), 138.5 (q), 143.2 (q), 143.6 (q), 161.0 (CH=N), 161.2 

(q); 

13C DEPT135 NMR (CD2Cl2): δ (ppm) 113.3, 116.3, 116.6, 124.5, 126.0, 126.2, 126.3, 127.0, 128.2, 

128.22, 129.9, 132.8, 160.9 (CH=N); 

MALDI-TOF (1,8,9-anthracenetriol), m/z (%): 657.0 (100) [M+H]+; 

 

Compound 32(R). Synthesis of (R)-(4)- thiophene binaphthyl ligand Li  

 
The (R)-Li ligand (134 mg, 81%) was similarly prepared as its (S)-Lh analogue, from (R)-(+)-l,l'-

binaphthyl-2,2'-diamine (71.7 mg, 0.252 mmol) and aldehyde 31 (103 mg, 0.504 mmol).  

Anal.calc. for C42H28N2O2S2 (Mr = 656.81): C, 76.80; H, 4.30; N, 4.27; Found: C, 76.46; H, 4.39; N, 4.24;  

1H NMR (CD2Cl2): δ (ppm) 6.91 (d, J = 1.8 Hz, 2H), 7.02 – 7.08 (m, 4H), 7.21 – 7.32 (m, 10H), 7.45 – 

7.51 (m, 2H), 7.73 (d, J = 8.9 Hz, 2H), 8.01 (d, J = 8.2 Hz, 2H), 8.15 (d, J = 8.7 Hz, 2H), 8.72 (s, 2H, 

CH=N), 12.31 (s, 2H, OH); 
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13C NMR (CD2Cl2): δ 113.4, 116.4, 116.6, 118.6 (q), 124.5, 126.1, 126.3, 126.4, 127.1, 128.2, 128.3, 

130.0, 130.1 (q), 132.7 (q), 132.8, 133.3 (q), 138.5 (q), 143.2 (q), 143.6 (q), 160.9 (CH=N), 161.2 (q) 

13C DEPT135 NMR (CD2Cl2): δ (ppm) 113.3, 116.3, 116.5, 124.5, 126.0, 126.2, 126.3, 127.0, 128.2, 

128.22, 129.9, 132.8, 160.9 (CH=N); 

MALDI-TOF (1,8,9-anthracenetriol), m/z (%): 657.0 (100) [M+H]+. 

 

*Compound 33(S). Synthesis of (S)-Zn binaphthyl complex, ZnLi  (*compound not isolated pure) 

 
The (S)-ZnLi complex was similarly prepared as its (S)-ZnLh analogue, from (R)-Li ligand (139 

mg, 0.212 mmol), MeONa (57.0 mg, 1.06 mmol) and sequential addition of Zn(OAc)2 anh. (78 mg, 0.42 

mmol).  

*Observation: in the NMR spectrum is observed 8% decomposition to ligand for one molecule of 

complex; the decomposition takes place in presence of traces of water even in deuterated solvent, as 

proved for the other isomers;  

1H NMR (CD2Cl2 dried) δ (ppm) 6.81 (dd, J = 8.2, 1.8 Hz, 2H). 6.72 (d, J = 8.5 Hz, 2H), 7.02 – 7.08 (m, 

6H), 7.16 -7.21 (m, 2H), 7.30 – 7.43 (m, 8H), 7.89 (d, J = 8.1 Hz, 2H), 8.02 (d, J = 8.6 Hz, 2H), 8.34 (s, 

2H); 

13C NMR (CD2Cl2 dried) δ (ppm) 113.0, 118.0 (q), 119.4, 121.4, 124.8, 125.7, 126.0 (q), 126.3, 126.5, 

127.0, 128.2, 128.5, 130.8, 132.2 (q), 133.8 (q), 136.7, 140.9 (q), 143.5 (q), 145.0 (q), 169.8 (CH=N), 

171.0 (q); 

13C DEPT135 NMR (CD2Cl2 dried): δ (ppm) 113.0, 119.3, 121.3, 124.7, 125.6, 126.2, 126.5, 126.9, 

128.1, 128.4, 130.7, 136.6, 169.7; 

 

Compound 33(R). Synthesis of (R)-Zn binaphthyl complex, ZnLi 
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The (R)-ZnLi complex (56 mg, 67%) was similarly prepared as its (S)-ZnLh analogue, from (R)-

Li ligand (76.0 mg, 0.116 mmol), MeONa (31.3 mg, 0.579 mmol) and sequential addition of Zn(OAc)2 

anh. (42.4 mg, 0.231 mmol). 

Anal.calcd. for C42H26N2O2S2Zn (Mr = 720.21): C, 70.04; H, 3.64; N, 3.89; S, 8.90; Anal.calcd. for 

C42H26N2O2S2Zn•1 H2O: C, 68.33; H, 3.82; N, 3.79; S, 8.69; Found: C, 68.41; H, 3.99; N, 3.83; S, 8.31; 

1H NMR (CD2Cl2 anh.) δ (ppm) 6.78 (dd, J = 8.2, 1.8 Hz, 2H). 6.89 (d, J = 8.4 Hz, 2H), 7.00 – 7.03 (m, 

6H), 7.16 -7.22 (m, 2H), 7.29 (d, J = 4.4 Hz, 4H), 7.36 – 7.43 (m, 4H), 7.87 (d, J = 8.1 Hz, 2H), 7.97 (d, J 

= 8.6 Hz, 2H), 8.30 (s, 2H), 

1H NMR (CD3CN anh.) δ (ppm) 6.96 – 6.81 (m, 4H), 7.01 (d, J = 1.7 Hz, 2H), 7.18 – 7.08 (m, 4H), 7.25 -

7.31 (m, 2H), 7.58 – 7.39 (m, 8H), 7.98 (d, J = 7.9 Hz, 2H), 8.11 (d, J = 8.6 Hz, 2H), 8.45 (s, 2H, CH=N); 

13C NMR (CD2Cl2 anh.): 113.0, 118.0 (q), 119.4, 121.4, 124.8, 125.7, 126.0 (q), 126.3, 126.5, 127.0, 

128.2, 128.5, 130.8, 132.2 (q), 133.8 (q), 136.7, 141.0 (q), 143.5 (q), 145.0 (q), 169.8, 171.0 (q); 

13C DEPT135 NMR (CD2Cl2): δ (ppm) 112.9, 119.3, 121.3, 124.7, 125.6, 126.3, 126.4, 127.0, 128.1, 

128.4, 130.7, 136.6, 169.7; 

MALDI-TOF (1,8,9-anthracenetriol), m/z (%): 718.8 (80) [ZnL+H]+, 657.0 (100) [Li+H]+; 
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6.5. Functionalized thioketal compounds for SAM study 

 

Compound 34a. Introduction of thioketal group  

SC6H13C6H13S

Br

 
To a solution of 4-bromo-benzophenone (1.200 g, 4.595 mmol) in CHCl3 anh. (40 mL), with 

activated molecular sieves, (4Å) 1-hexanthiol (4.348 g, 36.78 mmol) and trimethylchlorosilane anh. 

(0.990 g, 9.19 mmol) were added. The reaction mixture was stirred at 60°C under Ar for 48 h. The 

molecular sieves were removed by filtration, the reaction mixture was diluted with CHCl3 (300 mL) and 

washed with NaHCO3 aq. 5% (100 mL). The aqueous layer was extracted with CHCl3 (2x200 mL). The 

combined organic layers were dried over MgSO4 and evaporated under vacuum. Purification by column 

chromatography (SiO2, hexane) afforded the compound 34a as colourless oil (1.60 g, 73%). 

Rf (SiO2, CH2Cl2/hexane 1/1): 0.89 

Anal.calcd. for C25H35BrS2, (Mr = 479.58): C, 62.61; H, 7.36; S, 13.37; Found: C, 62.93; H, 7.14; S, 

13.38. 

1H NMR (CD2Cl2): δ (ppm) 0.83 (t, 3J = 6.9 Hz, 6H, CH3), 1.11-1.29 (m, 12H, CH2), 1.32-1.42 (m, 4H, 

CH2), 2.30 (t, 3J = 8.5 Hz, 4H, CH2), 7.18-7.30 (m, 3H), 7.37-7.44 (m, 4H), 7.48-7.51 (m, 2H);  

13C NMR (CD2Cl2): δ (ppm) 13.9 (CH3), 22.6 (CH2), 28.3 (CH2), 28.9 (CH2), 31.0 (CH2), 31.5 (CH2), 

68.9 (C-thioketal), 120.9, 127.2, 127.9, 128.4, 130.4, 130.8, 144.0, 144.1. 

MALDI-TOF (1,8,9-anthracenetriol), m/z (%):360.77 (95) Br79, 362.77 (100) Br81 [M-SC6H13]+ ; 

Selected IR (KBr pellet):ν~ (cm-1) 3435, 2956, 2927, 2871, 2856, 1664w, 1587w, 1486, 1466, 1445, 1393, 

1076, 1009, 790, 746, 696; 

UV-vis (CH2Cl2) λ, nm (ε, M-1cm-1): 226 (17500), 258 (6650), 318 (960); 

 

Compound 34b. 

 
The compound 34b was synthesized as described for its analogue 34a using 4-bromo-

acetophenone (2.809 g, 14.12 mmol), 1-hexanthiol (6.676 mg, 56.46 mmol) and trimethylchlorosilane  

anh. (3.067 g, 28.23 mmol) in CHCl3 anh. (80 mL). Purification by column chromatography (SiO2, 

hexane) afforded the compound 34b as colourless oil (2.661 g, 45%). 

Rf (SiO2, CH2Cl2/hexane 1/1): 0.83 
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Anal.calcd. for C20H33BrS2, (Mr = 417.51): C, 57.53; H, 7.97; S, 15.36; Found: C, 57.85; H, 7.73; S, 

15.43. 

1H NMR (CD2Cl2): δ (ppm) 0.87 (t, 3J = 6.9 Hz, 6H, CH3), 1.19-1.37 (m, 12H, CH2), 1.44-1.56 (m, 4H, 

CH2), 1.96 (s, 3H, CH3), 2.48 (t, J = 7.4 Hz, 4H, CH2), 7.43 (td, 3J = 9.0, 4J = 2.4 Hz, 2H, Ph), 7.58 (td, 3J 

= 8.7, 4J = 2.4 Hz, 2H, Ph); 

13C NMR (CD2Cl2): δ (ppm) 14.0 (CH3), 22.7 (CH2), 29.0 (2CH2), 30.1 (CH3), 30.9 (CH2), 31.6 (CH2), 

59.9 (C-thioketal), 121.1 (q, Ph), 129.1, 131.2, 143.7 (q, Ph); 

13C-DEPT135 NMR (CD2Cl2): δ (ppm) 13.9 (CH3), 22.6 (CH2), 28.9 (2CH2), 30.0 (CH3), 30.8 (CH2), 

31.5 (CH2), 129.0 (Ph), 131.1 (Ph); 

MALDI-TOF (1,8,9-anthracenetriol), m/z (%): 298.82 (75) Br79, 300.83 (100) Br81, [M-SC6H13]+; 

Selected IR (KBr pellet):ν~ (cm-1) 3434, 2957, 2927, 2856, 1682, 1636, 1587, 1486, 1463, 1394, 1375, 

1262, 1078, 1008, 827, 804, 730; 

UV-vis (CH2Cl2) λ, nm (ε, M-1cm-1): 227 (5260), 256 (12500); 

 

Compound 35a. 

 
A solution of compound 34a (460 mg, 0.959 mmol) and 4-pyridine-boronic acid (177 mg, 1.44 

mmol) in DME/ H2O (40 mL, 3:1) was degassed with Ar for 30 min. Pd(PPh3)4 (55.0 mg, 0.048 mmol) 

and Na2CO3 (610 mg, 5.76 mmol) were added and the mixture was stirred at 80°C for 6 h. The reaction 

mixture was diluted with CH2Cl2 (200 mL), poured into H2O (100 mL) and separated. The aqueous layer 

was extracted with CH2Cl2 (3x100 mL). The combined organic layers were dried over MgSO4 and the 

solvent was evaporated under vacuum. The product was purified by column chromatography (SiO2, TEA, 

hexane/CH2Cl2, 4/1 to 1/1) to yield the pure compound 35a as yellow oil (275 mg, 60%). 

Rf (SiO2, TEA, CH2Cl2/hexane 1/1): 0.39; 

Anal.calcd. for C30H39NS2 (Mr = 477.77): C, 75.42; H, 8.23; N, 2.93; S, 13.42; Found: C, 75.49; H, 8.00; 

N, 3.00; S, 13.37. 

1H NMR (CD2Cl2): δ (ppm) 0.85 (t, 3J = 6.9 Hz, 6H, CH3), 1.16-1.33 (m, 12H, CH2), 1.37-1.48 (m, 4H, 

CH2), 2.39 (t, 3J = 7.2 Hz, 4H, CH2), 7.28-7.34 (m, 3H, Ph), 7.51 (dd, 3J = 4.5; 4J = 1.5 Hz, 2H, Py), 7.57-

7.61 (m, 4H, Ph), 7.67-7.70 (m, 2H, Ph), 8.62 (dd, 3J = 4.5; 4J = 1.5 Hz, 2H, Py);  

13C NMR (CD2Cl2): δ (ppm) 13.9 (CH3), 22.6 (CH2), 28.3 (CH2), 28.9 (CH2), 31.0 (CH2), 31.5 (CH2), 

69.2 (C-thioketal), 121.4, 126.4, 127.2, 127.9, 128.5, 129.2, 136.6, 144.3, 145.8, 147.4, 150.4; 

MALDI-TOF (1,8,9-anthracenetriol), m/z (%): 478.0 (100) [M+H]+, 359.9 (97) [M-SC6H13]+; 
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Selected IR (KBr pellet):ν~ = 2955, 2927, 2856, 1594, 1488, 1466, 1444, 794, 734, 696; 

UV-vis (CH2Cl2) λ, nm (ε, M-1cm-1): 225 (18520), 261 (23160); 

 

Compound 35b. 

 
The compound 35b was synthesized as described previously for 35a from 4-pyridine-boronic acid 

(249 mg, 2.023 mmol), compound 34b (563 mg, 1.348 mmol), Pd(PPh3)4 (124 mg, 0.107 mmol), Na2CO3 

(715 mg, 6.742 mmol) in DME/ H2O (3/1, 40 mL). Purification by column chromatography (SiO2, TEA, 

hexane/CH2Cl2, 4/1 to 1/1) yielded the pure compound 35b as yellow oil (413 mg, 74%). 

Rf (SiO2, CH2Cl2/hexane 1/1): 0.38; 

Anal.calcd. for C25H37NS2 (Mr = 417.70): C, 72.23; H, 8.97; N, 3.37; S, 15.43; Found: C, 72.15; H, 8.68; 

N, 3.35; S, 15.23; 

1H NMR (CD2Cl2): δ (ppm) 0.84 (t, 3J = 6.8 Hz, 6H, CH3), 1.16-1.37 (m, 12H, CH2), 1.44-1.54 (m, 4H, 

CH2), 2.02 (s, 3H, CH3), 2.51 (t, J = 7.4 Hz, 4H, CH2), 7.51 (dd, 3J = 4.5; 4J = 1.8 Hz, 2H, Py), 7.60-7.65 

(m, 2H, Ph), 7.79-7.84 (m, 2H, Ph), 8.61 (dd, 3J = 4.5; 4J = 1.8 Hz, 2H, Py); 

13C NMR (CD2Cl2): δ (ppm) 13.9 (CH3), 22.6 (CH2), 28.9 (CH2), 28.94 (CH2), 30.0 (CH3), 30.9 (CH2), 

31.5 (CH2), 60.0 (C-thioketal), 121.4, 126.7, 127.9, 136.7 (q), 145.5 (q), 147.5 (q), 150.3. 

13C-DEPT135 NMR (CD2Cl2): δ (ppm) 13.8 (CH3), 22.5 (CH2), 28.8 (CH2), 28.9 (CH2), 29.9 (CH3), 30.8 

(CH2), 31.4 (CH2), 121.4, 126.6, 127.8, 150.2;  

MALDI-TOF (1,8,9-anthracenetriol), m/z (%): 416.1 (100) [M+H]+, 299.0 (48) [M-SC6H13]+; 

Selected IR (KBr pellet):ν~  (cm-1) 3429, 2956, 2927, 2856, 1596, 1461, 1439, 1067, 814; 

UV-vis (CH2Cl2) λ, nm (ε, M-1cm-1): 226 (7330), 257 (9840); 

 

Compound 36a. 

 
The compound 35a (230 mg, 0.4814 mmol) was dissolved in MeCN (40 mL). An excess of MeI 

(342 mg, 2.207 mmol) was added and the reaction was stirred for 24 hours at rt. The solvent was removed 

by evaporation and the pyridinium salt was precipitated in hexane at low temperature. The yellow 

precipitate was filtered, washed with cold hexane and dried to give the pure methyl-pyridinium iodide salt 

36a (229 mg, 77%). 
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Anal.calcd. for C31H42INS2 (Mr = 619.71): C, 60.08; H, 6.83; N, 2.26; S, 10.35; Found: C, 59.86; H, 6.46; 

N, 2.39; S, 10.16; 

1H NMR (CD2Cl2): δ (ppm) 0.82 (t, 3J = 6.9 Hz, 6H, CH3), 1.13-1.31 (m, 12H, CH2), 1.35-1.43 (m, 4H, 

CH2), 2.32 (t, 3J = 6.9 Hz, 4H, CH2), 4.58 (s, 3H, N+-CH3), 7.24-7.33 (m, 3H), 7.52-7.55 (m, 2H),  7.73-

7.80 (m, 4H), 8.20 (d, 3J = 6.9 Hz, 2H, Py+), 9.09 (d, 3J = 6.9 Hz, 2H, Py+); 

13C NMR (CD2Cl2): δ (ppm) 13.8 (CH3), 22.5 (CH2), 28.2 (CH2), 28.8 (CH2), 30.9 (CH2), 31.4 (CH2), 

48.6 (N+-CH3), 68.9 (C-thioketal), 124.7, 127.3, 127.4, 128.0, 128.4, 129.9, 131.9, 143.5, 145.4, 149.8, 

155.8. 

MALDI-TOF (1,8,9-anthracenetriol), m/z (%): 492.0 (60) [M-I]+, 374.9 (100) [M-I-SC6H13]+; 

ESI mass spectrum , m/z (%): 492.3 (100) [C31H42NS2 ]1+, 376.3 (20) [C25H29NS]1+; negative: 126.9 (100) 

[I]1- ; 

Selected IR (KBr pellet):ν~ (cm-1) 3460, 3013, 2956, 2925, 2872, 2852, 1637, 1601, 1491, 1482, 1467, 

1440, 1187, 809, 760, 719, 519; 

UV-vis (CH2Cl2) λ, nm (ε, M-1cm-1): 225 (26200), 240 sh (21500), 313 (19800); 

 

Compound 37a.  

PF6
SC6H13C6H13S

N

 
To a solution of methyl-pyridinium iodide salt 36a (130 mg, 0.21 mmol) in acetone (40 mL) was 

added a solution of KPF6 aq. (200 mg, 1.09 mmol, 10 mL H2O) and stirred 1 h at rt. The acetone was 

evaporated under vacuum and the reaction mixture was extracted with CH2Cl2 (300 mL). The organic 

layer was washed with H2O (2x100 mL) and evaporated the solvent. The colourless oil obtained was 

purified by chromatography (neutral Al2O3, CH2Cl2/acetone, 4:1). The methyl-pyridinium 

hexafluorophosphate salt 37a was obtained as a white solid after drying under vacuum (10-2 mbar) for 

several days (49.5 mg, 37%). 

Anal.calcd. for C31H42F6NPS2 (Mr = 637.77): C, 58.38; H, 6.64; N, 2.20; S, 10.06; Found: C, 58.34; H, 

6.62; N, 2.39; S, 9.86 

1H NMR (CD2Cl2): δ (ppm) 0.82 (t, 3J = 6.9 Hz, 6H, CH3), 1.13-1.31 (m, 12H, CH2), 1.36-1.45 (m, 4H, 

CH2), 2.35 (t, 3J = 6.9 Hz, 4H, CH3), 4.37 (s, 3H, N+-CH3), 7.26-7.33 (m, 3H), 7.51-7.56 (m, 2H), 7.72-

7.79 (m, 4H), 8.15 (d, 3J = 6.9 Hz, 2H, Py+), 8.58 (d, 3J = 6.9 Hz, 2H, Py+); 

13C NMR (CD2Cl2): δ (ppm) 13.8 (CH3), 22.5 (CH2), 28.2 (CH2), 28.8 (CH2), 31.0 (CH2), 31.4 (CH2), 

48.0 (N+-CH3), 68.9 (C-thioketal), 125.0, 127.4, 127.5, 128.1, 128.4, 130.0, 131.8, 143.5, 144.8, 150.1, 

156.3. 
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31P-NMR (CDCl3): δ (ppm) -144.43 (JP-F = 712 Hz), binomial septet with six equivalent 19F (1/2) attached 

to the central 31P. 

MALDI-TOF (1,8,9-anthracenetriol), m/z (%): 492.0 (50) [M-PF6]+, 374.9 (100%) [M-PF6 -SC6H13]+; 

ESI mass spectrum, m/z (%): 492.3 (100) [C31H42NS2]1+, 376.3 (10) [C25H29NS]1+, 144.9 (100) [PF6]1-; 

Selected IR (KBr pellet):ν~  (cm-1) 2957, 2926, 2872, 2854, 1643, 1604, 1494, 1190, 865, 830, 759, 720, 

556  

UV-vis (CH2Cl2) λ, nm (ε, M-1cm-1): 225 (15300), 317 (16550); 

 

Compound 38a. 

 
The compound 38a was synthesized as described previously for its analogue 35a, from compound 

34a (350 mg, 0.730 mmol), p-tolyl-boronic acid (149 mg, 1.1 mmol), DME/ H2O (28 mL, 3:1), Pd(PPh3)4 

(42.0 mg, 0.037 mmol) and Na2CO3 (464 mg, 4.38 mmol). The product was purified by column 

chromatography (SiO2 hexane/ CH2Cl2, 1/0 to 3/1) to yield the pure compound 38a as colourless oil (227 

mg, 63%). 

Rf (SiO2, CH2Cl2/hexane 2/1): 0.7; 

Anal.calcd. for C32H42S2 (Mr = 490.81): C, 78.31; H, 8.63; S, 13.07; Found: C, 78.46; H, 8.48; S, 12.68. 

1H NMR (CD2Cl2): δ (ppm) 0.91 (t, 3J = 7.0 Hz, 6H, CH3), 1.18-1.54 (m, 16H, CH2), 2.42-2.49 (m, 7H, 

CH2, CH3), 7.25-7.38 (m, 5H), 7.55-7.60 (m, 4H), 7.67-7.70 (m, 4H) 

13C NMR (CD2Cl2): δ (ppm) 14.0 (CH3), 21.1 (CH2), 22.7 (CH2), 28.5 (CH2), 29.0 (CH2), 31.1 (CH2), 

31.6 (CH3), 69.5 (C-thioketal), 126.2, 126.7, 127.1, 127.9, 128.6, 129.0, 129.7, 137.4, 137.6, 139.7, 

143.5, 144.7 

MALDI-TOF (1,8,9-anthracenetriol), m/z (%): 372.9 (100) [M-SC6H13]+;  

Selected IR (KBr pellet):ν~  (cm-1) 3430, 2956, 2927, 2856, 1618, 1494, 1444, 795, 750, 704; 

UV-vis (CH2Cl2) λ, nm (M-1cm-1): 225 (17800), 264 (24350); 

 

Compound 38b. 

 

 131 



The compound 38b was synthesized as described previously for its analogue 35a, from 

compound 34b (350 mg, 0.838 mmol), p-tolyl-boronic acid (137 mg, 1.01 mmol), Pd(PPh3)4 (48.0 mg, 

0.042 mmol) and Na2CO3 (533 mg, 5.03 mmol) in DME/ H2O (28 mL, 3:1). Purification by column 

chromatography (SiO2, hexane/CH2Cl2, 1/0 to 8/2) afforded compound 38b as colourless oil (313 mg, 

89%). 

Rf (SiO2, CH2Cl2/hexane 2/1): 0.6; 

Anal.calcd. for C27H40S2 (Mr = 428.74): C, 75.64; H, 9.40; S, 14.96; Found: C, 75.91; H, 9.03; S, 14.74; 

1H NMR (CD2Cl2): δ (ppm) = 0.86 (t, 3J = 6.8 Hz, 6H, CH3), 1.19-1.38 (m, 12H, CH2), 1.45-1.33 (m, 4H, 

CH2), 2.02 (s, 3H, CH3), 2.37 (s, 3H, CH3), 2.52 (t, 3J = 7.4 Hz, 4H, CH2) 7.24 (d, 3J = 8.1 Hz, 2H), 7.48-

7.57 (m, 4H), 7.73-7.77 (m, 2H); 

13C NMR (CD2Cl2): δ (ppm) = 14.0 (CH3), 21.0 (CH3), 22.7 (CH2), 29.0 (CH2), 29.1 (CH2), 30.1 (CH3), 

31.0 (CH2), 31.6 (CH2), 60.2 (C-thioketal), 126.5, 126.8, 127.6, 129.6, 137.4 (q), 137.6 (q), 139.8 (q), 

143.1 (q). 

13C-DEPT135-NMR (CD2Cl2): 13.9 (CH3), 20.9 (CH3), 22.6 (CH2), 28.9 (CH2), 29.0 (CH2), 30.0 (CH3), 

30.9 (CH2), 31.5 (CH2), 126.4, 126.7, 127.5, 129.5; 

MALDI-TOF (1,8,9-anthracenetriol), m/z (%): 310.9 (100) [M-SC6H13]+; 

Selected IR (KBr pellet):ν~  (cm-1) 3436, 2956, 2927, 2856, 1494, 1458, 1067, 812; 

UV-vis (CH2Cl2) λ, nm (M-1cm-1): 225 (12530), 265 (26160); 
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2. Tripodal metal complexes 
2.1 Tripodal trensal and trenpy Schiff base complexes 

 
2.1.2.1. M(III)-trensal complexes 
 

M(III)-trensal complexes with thiomethyl end units 
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Figure A. 1. 1H-NMR spectrum in CD2Cl2 of the compound 1 
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Figure A. 2. 1H-NMR spectrum in CD2Cl2  of the compound 2 
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Figure A. 3. 1H-NMR spectrum in CD2Cl2  of the Ga(III)-trensal complex 3 

 

 

M(III)-trensal complexes with pyridine end units 
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Figure A. 4. 1H-NMR spectrum in CD2Cl2  of the compound 6 
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Figure A. 5. 1H-NMR spectrum in CD2Cl2 of the compound 7 

 

 

 
Figure A. 6. 1H-NMR spectrum in CD2Cl2 of the Ga(III)-trensal complex 8 

 

 

 147 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A. 7. 1H-NMR spectrum in CD2Cl2 of the Ga(III)-trensal complex 8 compared to the 1H-NMR spectrum 
of pure CD2Cl2 before measuring the Ga(III)-trensal complex shows almost 3.3 water molecules per complex 
molecule 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A. 8. 1H-NMR spectrum in CD2Cl2 of the Ga(III)-trensal complex 8 after high vacuum drying (100°C) 
compared to the 1H-NMR spectrum of pure CD2Cl2 before measuring the Ga(III)-trensal complex shows almost 0.4 
water molecules per complex molecule 
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2.1.2.2. M(II)-trenpy complexes 

 

M(II)-trenpy complexes with thiomethyl end units 

Figure A. 9. 1H-NMR spectrum in CDCl3 of the compound 9 
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Figure A. 10. 1H-NMR spectrum in CD2Cl2 of the compound 10 
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M(II)-trenpy complexes with pyridine end units 
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Figure A. 11. 1H-NMR spectrum in CD2Cl2  of the compound 14 

 

 

 
Figure A. 12. 1H-NMR spectrum in CD2Cl2 of the compound 15 
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Figure A. 13. 1H-NMR spectrum in CD3CD of the Fe(II)-complex 16  

A comparative 1H-NMR study shows almost two water molecules per complex molecule 
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Figure A. 14. 1H-NMR spectrum of CD3CD before measuring the Fe(II)-complex 16 
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2.2. Fac and mer Ru(II)-bipyridine complex 

 
Figure A. 15. 1H-NMR spectrum in CDCl3 of the ligand Le, 20 

 

 
Figure A. 16. Zoom of the 1H-NMR spectrum in CDCl3 of the ligand Le, 20  
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Figure A. 17. 13C NMR spectrum in CDCl3 of the ligand Le, 20 
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Figure A. 18. 1H 13C NMR spectrum in CDCl3 of the ligand Le, 20 
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Figure A. 19. 1H-NMR spectrum in CD2Cl2 of the fac Ru(II)-complex 21f 
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Figure A. 20. Zoom of the  1H-NMR spectrum in CD2Cl2 of the fac Ru(II)-complex 21f 
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Figure A. 21. 13C NMR spectrum in CD2Cl2 of the fac Ru(II)-complex 21f 
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Figure A. 22. 1H 13C NMR spectrum in CD2Cl2 of the fac Ru(II)-complex, 21f 
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Figure A. 23. 1H 1H COSY90 NMR spectrum in CD2Cl2 of the fac Ru(II)-complex, 21f 
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Figure A. 24. 1H-NMR spectrum in CD2Cl2 of the mer Ru(II)-complex, 21m 
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Figure A. 25. Zoom of the 1H-NMR spectrum in CD2Cl2 of the mer Ru(II)-complex 21m 
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Figure A. 26. 13C NMR spectrum in CD2Cl2 of the mer Ru(II)-complex, 21m  
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Figure A. 27. 13C NMR spectra comparison in CD2Cl2 of the fac (up) and mer (down) Ru(II)-complex, 21f, m 
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Figure A. 28. Zoom of the 13C NMR spectra in CD2Cl2 of the fac (up) and mer (down) Ru(II)-complex, 21f, m 
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Figure A. 29. Electronic spectra of the ligand 20 recorded in aerated CH3CN at rt under normal atmosphere; (a) 
absorbtion spectrum (b) emission spectra by excitation at 320 and 336 nm; 
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3. Homodinuclear helicate complexes 

 
 

 

2.53.03.54.04.55.05.56.06.57.07.58.08.59.09.5
ppm

 
 
 40°C 

PhA PhA

PhB 

CH2 

SCH3 CH=N 

 
 
 
 
 25°C 
 
 
 
 
 20°C 
 
 
 
 
 10°C 
 
 
 
 
 0°C 
 
 
 
 
 -10°C 
 
 
 
 -20°C 
 
 
 
 

 
Figure A. 30. Zoom of the dynamic 1H-NMR spectra of dinuclear Fe(II)-helix, 23  

 

 160 



  
Figure A. 31. 1H-NMR spectrum in C2D2Cl4 of the ligand Lf, 9  
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Figure A. 32. 1H-NMR spectrum in CD3CN at 25°C of the dinuclear Zn(II)-helix 25 
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Figure A. 33. 1H-NMR spectrum in CD3CN at 25°C of the dinuclear Fe(II)-helix, 23 
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4. Chiral (S)- and (R)-binaphthyl ligands and their Zn(II)-complexes 
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Figure A. 34. 1H-NMR spectrum of the (S)-ZnLg complex, 27(S), in C2D2Cl4 showing the quantity of solvents per 
molecule of complex: * 0.25 MeOH, ** 1.23 CH2Cl2. 
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Figure A. 35. 1H-NMR spectrum of the (R)-ZnLg complex, 27(R), in C2D2Cl4 showing the quantity of solvents 
per molecule of complex: * 0.15 MeOH, ** 1.30 CH2Cl2 
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Figure A. 36. 1H-NMR spectrum in CD2Cl2 of the compound 28 

 

 
Figure A. 37. 1H-NMR spectrum in CD3CN of the (S)-ZnLh complex 30(S) compared to the 1H-NMR spectrum of 

pure CD3CN before measuring the complex showing the quantity of solvents per molecule of complex. 
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Figure A. 38. 1H-NMR spectrum in CD2Cl2 of the compound 31 
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Figure A. 39. 1H-NMR spectra in CD2Cl2 of the (R)-Li ligand 32(R), and (R)-ZnLi complex 33(R) 
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5. Functionalized thioketal compounds for SAM study  
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Figure A. 40. 1H-NMR spectrum in CD2Cl2 of the compound 34b 
 

 
Figure A. 41. 1H-NMR spectrum in CD2Cl2 of the compound 35b 
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Figure A. 42. 1H-NMR spectrum in CD2Cl2 of the compound 38a 
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Figure A. 43. 1H-NMR spectrum in CD2Cl2 of the compound 38b 
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Annex 2. 

Crystallographic data 

 

 

 

 



 

 

 

 



Table A1. Summary of crystallographic data for trensal M(III)-complexes 3, 4, 5 and 8; standard deviations are given in parentheses. 
 

Identification code       Ga(III)-complex, 3 Fe(III)-complex, 4 
1st method 

Fe(III)-complex, 4 
2nd method 

Mn(III)-complex, 5 Ga(III)-complex, 8 

Formula  C49 H47 Cl2 Ga N4 O3 S3 C48 H45 Fe N4 O3 S3  C48 H45 Fe N4 O3 S3 C49.5 H48 Cl3 Mn N4 O3 S3  C43 H38 Cl2 Ga N7 O3 

Solvates 1 (CH2Cl2) - - 1.5 (CH2Cl2) 1 (CH2Cl2) 

Formula weight 
(g/Mol) 

976.71 877.91  877.91  1004.39 841.42 

Temperature (K) 180 (2)  180 (2)  180 (2)  180 (2) 180 (2) 

Crystal system, 
space group  

Trigonal, R3     Monoclinic, C2/c Monoclinic, P21/n Monoclinic, P21 
 

Monoclinic, P21/n 

Unit cell 
dimensions 

a (Å) 
b (Å) 
c (Å) 
α (°) 
β (°) 
γ (°) 

13.3377 (19) 
13.3377 (19)  
43.063 (9)  
90 
90 
120 

18.352(4) 
21.329(4) 
22.576(5) 
90 
104.43(3) 
90  

18.244(4) 
21.227(4) 
22.611(5)  
90 
104.51(3)  
90 

11.036(2)  
21.306(4) 
20.494(4) 
90 
98.81(3) 
90 

11.152(2) 
18.552(4) 
18.319(4) 
90 
95.91(3) 
90 

Crystal size (mm)  0.45 x 0.30 x 0.09  0.35 x 0.09 x 0.04 0.32 x 0.31 x 0.13 0.34 x 0.33 x 0.28 0.34 x 0.32 x 0.29 

Volume  (Å 3) 6634.3 (19) 8558(3) 8477(3) 4761.8(17) 3769.8(13) 

Z; Calculated density 
(g/cm3) 

6; 1.467  8; 1.363 8; 1.376 4; 1.401 4; 1.483 

Absolute structure 
parameter 

- - - 0.129(12) - 

 

 



Table A2. Main bond distances [Å] and angles [°] for trensal M(III)-complexes 3, 4, 5 and 8; standard deviations are given in parentheses. 
trensal Ga(III)-complex 3         a Fe(III)-trensal 4 (1st method) Fe(III)-trensal 4 (2st method) trensal Mn(III)-complex 5 trensal Ga(III)-complex 8  

Bond atoms Distance [Å] Bond atoms Distance [Å] Bond atoms Distance [Å] Bond atoms Distance [Å] Bond atoms Distance [Å] 
Ga(1)-O(1)  
Ga(1)-O(1)#1 
Ga(1)-O(1)#2 
Ga(1)-N(2) 
Ga(1)-N(2)#1  
Ga(1)-N(2)#2  

1.9356 (19) 
1.9360 (2) 
1.9356 (19) 
2.1070 (2) 
2.1070 (2) 
2.1070 (2) 

Fe(1)-O(1) 
Fe(1)-O(2) 
Fe(1)-O(3) 
Fe(1)-N(2) 
Fe(1)-N(3) 
Fe(1)-N(4) 
 

1.927(4)  
1.936(4) 
1.937(4) 
2.178(5) 
2.186(5) 
2.189(4) 
 

Fe(1)-O(1) 
Fe(1)-O(2) 
Fe(1)-O(3) 
Fe(1)-N(2) 
Fe(1)-N(3) 
Fe(1)-N(4) 
Fe(2)-O(4) 
Fe(2)-O(5) 
Fe(2)-O(6) 
Fe(2)-N(8) 
Fe(2)-N(6) 
Fe(2)-N(7) 

1.940(3) 
1.934(3) 
1.941(3) 
2.174(4) 
2.189(4) 
2.173(4) 
1.932(3) 
1.937(3) 
1.941(3) 
2.182(3) 
2.186(4) 
2.190(3) 

Mn(1)-O(1) 
Mn(1)-O(2) 
Mn(1)-O(3) 
Mn(1)-N(2) 
Mn(1)-N(3) 
Mn(1)-N(4) 
Mn(2)-O(4) 
Mn(2)-O(5) 
Mn(2)-O(6) 
Mn(2)-N(6) 
Mn(2)-N(7) 
Mn(2)-N(8) 

2.85(3) 
1.12(2) 
1.86(2) 
2.71(3) 
2.33(3) 
2.71(3) 
1.12(2) 
2.68(3) 
1.91(2) 
2.41(3) 
2.57(3) 
2.89(3) 

Ga(1)-O(3)  
Ga(1)-O(2)  
Ga(1)-O(1)  
Ga(1)-N(6)  
Ga(1)-N(2)  
Ga(1)-N(4)  
 

1.9243(13) 
1.9368(12) 
1.9402(12) 
2.0964(15) 
2.1070(14) 
2.1254(15) 
 

Angle atoms Bond Angles (°) Angle atoms Bond Angles (°) Angle atoms Bond Angles (°) Angle atoms Bond Angles (°) Angle atoms Bond Angles (°) 
O(1)-Ga(1)-N(2) 
O(1)#1-Ga(1)-N(2)#1 
O(1)#1-Ga(1)-N(2)#2 
N(2)-Ga(1)-N(2)#1 
N(2)#2-Ga(1)-N(2)#1 
N(2)-Ga(1)-N(2)#2  
O(1)-Ga(1)-N(2)#1  
O(1)#1-Ga(1)-N(2)#2 
O(1)#2-Ga(1)-N(2)  
O(1)#1-Ga(1)-N(2)  
O(1)-Ga(1)-N(2)#2 
O(1)#2-Ga(1)-N(2)#1  
O(1)-Ga(1)-O(1)#1 
O(1)-Ga(1)-O(1)#2 
O(1)#1-Ga(1)-O(1)#2 

90.16 (9) 
90.16 (9) 
90.16 (9) 
93.85 (9) 
93.85 (9) 
93.85 (9) 
175.98 (9) 
175.98 (9) 
175.98 (9) 
85.54 (9) 
85.54 (9) 
85.54 (9) 
90.48 (8) 
90.48 (8) 
90.48 (8) 

O(1)-Fe(1)-O(2) 
O(1)-Fe(1)-O(3) 
O(2)-Fe(1)-O(3) 
O(1)-Fe(1)-N(2) 
O(2)-Fe(1)-N(2) 
O(3)-Fe(1)-N(2) 
O(1)-Fe(1)-N(3) 
O(2)-Fe(1)-N(3) 
O(3)-Fe(1)-N(3) 
N(2)-Fe(1)-N(3) 
O(1)-Fe(1)-N(4) 
O(2)-Fe(1)-N(4) 
O(3)-Fe(1)-N(4) 
N(2)-Fe(1)-N(4) 
N(3)-Fe(1)-N(4) 

89.96(15)  
95.78(18) 
93.57(17)  
86.25(15)  
175.46(18)  
84.34(18)  
86.80(19) 
86.86(17)  
177.38(15)  
95.41(19)  
176.20(18) 
87.16(16) 
86.88(16)  
96.74(16)  
90.56(18) 
 

O(1)-Fe(1)-O(2) 
O(1)-Fe(1)-O(3) 
O(2)-Fe(1)-O(3) 
O(1)-Fe(1)-N(2) 
O(2)-Fe(1)-N(2) 
O(3)-Fe(1)-N(2) 
O(1)-Fe(1)-N(3) 
O(2)-Fe(1)-N(3) 
O(3)-Fe(1)-N(3) 
N(2)-Fe(1)-N(3) 
O(1)-Fe(1)-N(4) 
O(2)-Fe(1)-N(4) 
O(3)-Fe(1)-N(4) 
N(2)-Fe(1)-N(4) 
N(3)-Fe(1)-N(4) 
O(4)-Fe(2)-O(5) 
O(4)-Fe(2)-O(6) 
O(5)-Fe(2)-O(6) 
O(4)-Fe(2)-N(8) 
O(5)-Fe(2)-N(8) 
O(6)-Fe(2)-N(8) 
O(4)-Fe(2)-N(6) 
O(5)-Fe(2)-N(6) 
O(6)-Fe(2)-N(6) 
N(8)-Fe(2)-N(6) 
O(4)-Fe(2)-N(7) 
O(5)-Fe(2)-N(7) 
O(6)-Fe(2)-N(7) 
N(8)-Fe(2)-N(7) 
N(6)-Fe(2)-N(7) 

91.26(13) 
94.27(13) 
95.23(12) 
87.49(13) 
85.78(13) 
177.95(14) 
176.05(13) 
86.06(13) 
83.10(14) 
95.19(14) 
85.82(13) 
176.51(13) 
86.90(13) 
92.18(14) 
96.96(13) 
96.21(12) 
90.18(12) 
94.24(12) 
87.10(13) 
176.68(12) 
85.87(13) 
85.82(12) 
85.43(13) 
175.93(13) 
94.70(13) 
176.95(13) 
86.16(12) 
87.73(13) 
90.53(13) 
96.29(13) 

O(3)-Mn(1)-O(2)  
O(3)-Mn(1)-N(2)  
O(2)-Mn(1)-N(2)  
O(3)-Mn(1)-N(4)  
O(2)-Mn(1)-N(4)  
N(2)-Mn(1)-N(4)  
O(3)-Mn(1)-O(1)  
O(2)-Mn(1)-O(1)  
N(2)-Mn(1)-O(1)  
N(4)-Mn(1)-O(1)  
O(3)-Mn(1)-N(3)  
O(2)-Mn(1)-N(3)  
N(2)-Mn(1)-N(3)  
N(4)-Mn(1)-N(3)  
O(1)-Mn(1)-N(3)  
O(6)-Mn(2)-O(4)  
O(6)-Mn(2)-N(7)  
O(4)-Mn(2)-N(7)  
O(6)-Mn(2)-O(5)  
O(4)-Mn(2)-O(5)  
N(7)-Mn(2)-O(5)  
O(6)-Mn(2)-N(8)  
O(4)-Mn(2)-N(8)  
N(7)-Mn(2)-N(8)  
O(5)-Mn(2)-N(8)  
O(6)-Mn(2)-N(6)  
O(4)-Mn(2)-N(6)  
N(7)-Mn(2)-N(6)  
O(5)-Mn(2)-N(6)  
N(8)-Mn(2)-N(6)  

87.48(10) 
171.93(11) 
85.82(11) 
90.09(11) 
175.74(11) 
96.87(12) 
89.43(10) 
95.08(11) 
86.69(11) 
88.40(11) 
84.17(11) 
85.08(11) 
99.72(11) 
91.19(11) 
173.59(10) 
89.56(10) 
169.04(10) 
83.37(10) 
86.72(10) 
100.68(11) 
86.37(10) 
89.72(11) 
172.57(11) 
98.36(11) 
86.66(11) 
82.23(10) 
83.40(10) 
105.16(11) 
168.21(10) 
89.17(11) 

O(3)-Ga(1)-O(2)  
O(3)-Ga(1)-O(1)  
O(2)-Ga(1)-O(1)  
O(3)-Ga(1)-N(6)  
O(2)-Ga(1)-N(6)  
O(1)-Ga(1)-N(6)  
O(3)-Ga(1)-N(2)  
O(2)-Ga(1)-N(2)  
O(1)-Ga(1)-N(2)  
N(6)-Ga(1)-N(2)  
O(3)-Ga(1)-N(4)  
O(2)-Ga(1)-N(4)  
O(1)-Ga(1)-N(4)  
N(6)-Ga(1)-N(4)  
N(2)-Ga(1)-N(4)  

92.02(5) 
85.77(5) 
90.93(5) 
89.62(5) 
84.69(5) 
173.53(5) 
86.80(6) 
177.43(5) 
91.26(5) 
93.01(6) 
173.37(5) 
89.40(5) 
87.73(5) 
96.96(5) 
92.04(6) 

a) Symmetry transformations used to generate equivalent atoms: #1 (-y+1,x-y,z) and #2 (-x+y+1,-x+1,z). 

 



 

Table A3. Summary of crystallographic data for trenpy M(II)-complexes 11, 12, 13, 16, 17; standard deviations are given in parentheses. 
 

Identification code  trenpy Fe(II)-complex, 11 trenpy Mn(II)-complex, 12 trenpy Fe(II)-complex, 16 trenpy Mn(II)-complex, 17 trenpy Zn(II)-complex, 13 

Formula  C45 H45 F12 Fe N7 P2 S3 C45 H44 F12 Mn N7 P2 S3 C43.50 H54 F12 Fe N10 
O4.50 P2 

C39 H36 F12 Mn N10 P2 C45 H45 F12 N7 P2 S3 Zn 

Solvates - - 3.5 (CH3OH) - - 

Formula weight 
(g/Mol) 

1125.85 1123.93 1134.76 989.66 1135.37 

Temperature (K) 190(2) 100(2) 200(2) 180(2) 180(2) 

Crystal system, 
space group  

Orthorhombic, P212121 Monoclinic, P21/c Monoclinic, P21/n Orthorhombic, P212121 Monoclinic, P21/n 

Unit cell 
dimensions 

a (Å) 
b (Å) 
c (Å) 
α (°) 
β (°) 
γ (°) 

11.648(3) 
13.494(4) 
31.410(10) 
90 
90 
90 

12.975(3) 
14.586(3) 
25.430(5) 
90 
97.28(3) 
90 

20.275(4) 
12.877(3) 
21.456(4) 
90 
104.78(3) 
90 

11.945(2) 
17.101(3) 
21.210(4) 
90 
90 
90 

12.417(3) 
20.849(4) 
20.486(4) 
90 
104.36(3) 
90 

Crystal size (mm)  0.37 x 0.19 x 0.08 0.12 x 0.07 x 0.05 0.39 x 0.14 x 0.08 0.35 x 0.09 x 0.04 0.46 x 0.16 x 0.11 

Volume  (Å3) 4937(3) 4774.2(17) 5416.4(19) 4332.8(15) 5138.0(18) 

Z; Calculated 
density (g/cm3) 

4; 1.515 4; 1.564 4; 1.392 4; 1.517 4; 1.468 

Absolute structure 
parameter 

0.48(4) - - 0.009(17) - 

 



Table A4. Main bond distances [Å] and angles [°] for trenpy M(II)-complexes 11, 12, 13, 16, 17; standard deviations are given in parentheses. 
trenpy Fe(II)-complex, 11 trenpy Fe(II)-complex, 16 trenpy Mn(II)-complex, 12 trenpy Mn(II)-complex, 17 trenpy Zn(II)-complex, 13 

Bond atoms Distance [Å] Bond atoms Distance [Å] Bond atoms Distance [Å] Bond atoms Distance [Å] Bond atoms Distance [Å] 
Fe(1)-N(4) 
Fe(1)-N(6) 
Fe(1)-N(2) 
Fe(1)-N(7) 
Fe(1)-N(5) 
Fe(1)-N(3) 

1.938(8) 
1.947(7) 
1.961(8) 
1.964(8) 
1.967(7) 
1.989(8) 

Fe(1)-N(5) 
Fe(1)-N(2) 
Fe(1)-N(8) 
Fe(1)-N(3) 
Fe(1)-N(9) 
Fe(1)-N(6) 

1.933(4) 
1.946(4) 
1.955(4) 
1.957(4) 
1.989(4) 
1.992(4) 

Mn(1)-N(6) 
Mn(1)-N(4) 
Mn(1)-N(2) 
Mn(1)-N(3) 
Mn(1)-N(5) 
Mn(1)-N(7) 
Mn(1)-N(1) 

2.207(2) 
2.221(2) 
2.222(2) 
2.401(2) 
2.409(2) 
2.414(2) 
2.539(2) 

Mn(1)-N(5) 
Mn(1)-N(8) 
Mn(1)-N(2) 
Mn(1)-N(6) 
Mn(1)-N(9) 
Mn(1)-N(3) 
 

2.211(3) 
2.216(3) 
2.219(3) 
2.361(3) 
2.374(3) 
2.395(3) 
 
 

Zn(1)-N(2) 
Zn(1)-N(6) 
Zn(1)-N(4) 
Zn(1)-N(7) 
Zn(1)-N(5) 
Zn(1)-N(3) 

2.105(3) 
2.108(3) 
2.117(3) 
2.230(3) 
2.305(3) 
2.315(3) 
 
 

Angle atoms Bond Angles (°) Angle atoms Bond Angles (°) Angle atoms Bond Angles (°) Angle atoms Bond Angles (°) Angle atoms Bond Angles (°) 
N(4)-Fe(1)-N(6)   
N(4)-Fe(1)-N(2)   
N(6)-Fe(1)-N(2)   
N(4)-Fe(1)-N(7)   
N(6)-Fe(1)-N(7)   
N(2)-Fe(1)-N(7)  
N(4)-Fe(1)-N(5)   
N(6)-Fe(1)-N(5)  
N(2)-Fe(1)-N(5)   
N(7)-Fe(1)-N(5)   
N(4)-Fe(1)-N(3)  
N(6)-Fe(1)-N(3)   
N(2)-Fe(1)-N(3)   
N(7)-Fe(1)-N(3)   
N(5)-Fe(1)-N(3)   
 

97.4(3) 
97.2(4) 
95.1(3) 
90.2(4) 
81.3(3) 
172.2(4) 
80.3(4) 
174.7(4) 
90.0(3) 
93.8(3) 
174.2(4) 
88.3(3) 
81.4(4) 
91.6(3) 
94.1(3) 
 

N(5)-Fe(1)-N(2) 
N(5)-Fe(1)-N(8) 
N(2)-Fe(1)-N(8) 
N(5)-Fe(1)-N(3) 
N(2)-Fe(1)-N(3) 
N(8)-Fe(1)-N(3) 
N(5)-Fe(1)-N(9) 
N(2)-Fe(1)-N(9) 
N(8)-Fe(1)-N(9) 
N(3)-Fe(1)-N(9) 
N(5)-Fe(1)-N(6) 
N(2)-Fe(1)-N(6) 
N(8)-Fe(1)-N(6) 
N(3)-Fe(1)-N(6) 
N(9)-Fe(1)-N(6) 

95.89(19) 
96.58(19) 
94.61(19) 
174.43(18) 
81.54(19) 
88.58(18) 
87.55(18) 
174.79(18) 
81.08(18) 
95.35(18) 
81.02(18) 
87.98(17) 
176.65(18) 
93.91(17) 
96.43(17) 

N(6)-Mn(1)-N(4)  
N(6)-Mn(1)-N(2)  
N(4)-Mn(1)-N(2)  
N(6)-Mn(1)-N(3)  
N(4)-Mn(1)-N(3)  
N(2)-Mn(1)-N(3)  
N(6)-Mn(1)-N(5)  
N(4)-Mn(1)-N(5)  
N(2)-Mn(1)-N(5)  
N(3)-Mn(1)-N(5)  
N(6)-Mn(1)-N(7)  
N(4)-Mn(1)-N(7)  
N(2)-Mn(1)-N(7)  
N(3)-Mn(1)-N(7)  
N(5)-Mn(1)-N(7)  
N(6)-Mn(1)-N(1)  
N(4)-Mn(1)-N(1)  
N(2)-Mn(1)-N(1)  
N(3)-Mn(1)-N(1)  
N(5)-Mn(1)-N(1)  
N(7)-Mn(1)-N(1) 

110.22(9) 
108.93(9) 
111.79(9) 
151.63(8) 
95.35(9) 
70.57(9) 
94.56(8) 
70.78(9) 
152.69(9) 
82.13(8) 
70.92(9) 
152.74(9) 
92.48(8) 
80.73(8) 
81.96(8) 
71.73(8) 
71.41(8) 
71.03(8) 
130.41(8) 
131.66(8) 
130.94(8) 

N(5)-Mn(1)-N(8) 
N(5)-Mn(1)-N(2) 
N(8)-Mn(1)-N(2) 
N(5)-Mn(1)-N(6) 
N(8)-Mn(1)-N(6) 
N(2)-Mn(1)-N(6) 
N(5)-Mn(1)-N(9) 
N(8)-Mn(1)-N(9) 
N(2)-Mn(1)-N(9) 
N(6)-Mn(1)-N(9) 
N(5)-Mn(1)-N(3) 
N(8)-Mn(1)-N(3) 
N(2)-Mn(1)-N(3) 
N(6)-Mn(1)-N(3) 
N(9)-Mn(1)-N(3) 

109.26(10) 
109.75(10) 
104.18(11) 
72.18(9) 
98.91(10) 
154.31(10) 
157.57(10) 
72.09(10) 
91.02(10) 
85.43(9) 
94.47(10) 
155.72(10) 
71.16(10) 
83.16(9) 
84.04(9) 

N(2)-Zn(1)-N(6) 
N(2)-Zn(1)-N(4) 
N(6)-Zn(1)-N(4) 
N(2)-Zn(1)-N(7) 
N(6)-Zn(1)-N(7) 
N(4)-Zn(1)-N(7) 
N(2)-Zn(1)-N(5) 
N(6)-Zn(1)-N(5) 
N(4)-Zn(1)-N(5) 
N(7)-Zn(1)-N(5) 
N(2)-Zn(1)-N(3) 
N(6)-Zn(1)-N(3) 
N(4)-Zn(1)-N(3) 
N(7)-Zn(1)-N(3) 
N(5)-Zn(1)-N(3) 

104.06(12) 
105.22(12) 
106.51(11) 
159.97(10) 
76.12(11) 
93.68(11) 
92.02(11) 
162.64(11) 
74.80(11) 
86.53(10) 
75.45(11) 
90.90(10) 
161.58(11) 
84.53(10) 
86.79(10) 

 

 

 



Table A5. Summary of crystallographic data for facial Ru(II)-trisbpy complex, 21f; standard deviations are given in 
parentheses. 
 

Identification code  Ru(II)-complex, 21f 
Formula C63 H46.50 F12 N7.50 O3 P2 Ru S3 
Solvates and counter ions 1,5 (CH3CN), 2(PF6) 
Formula weight  1443.77 
Temperature (K) 143 (2)  
Crystal system, space group  Triclinic, P1 
Unit cell 
dimensions  

a (Å) 
b (Å) 
c (Å) 
α (°) 
β (°) 
γ (°) 

13.081 (5)  
15.083 (6)  
18.470 (8)  
95.06 (3) 
108.12 (3)  
104.55 (3) 

Crystal size (mm)  0.52 x 0.05 x 0.04 
Volume (Å3)  3297 (2) 
Z, Calculated density (g/cm3) 2; 1.454 
Absolute structure parameter - 

 
Table A6. Main Bond lengths [Å] and angles [°] for facial Ru(II)-trisbpy, 21f; standard deviations are given in 
parentheses. 
 

Ru(II)-complex, 21f 
Bond atoms Distance [Å] 
Ru(1)-N(6) 
Ru(1)-N(5) 
Ru(1)-N(2) 
Ru(1)-N(1) 
Ru(1)-N(3) 
Ru(1)-N(4) 

2.058(6)  
2.058(6) 
2.065(6) 
2.065(6) 
2.065(6) 
2.066(5) 

Angle atoms Bond Angles (°) 
N(6)-Ru(1)-N(5) 
N(6)-Ru(1)-N(2) 
N(5)-Ru(1)-N(2) 
N(6)-Ru(1)-N(1) 
N(5)-Ru(1)-N(1) 
N(2)-Ru(1)-N(1) 
N(6)-Ru(1)-N(3) 
N(5)-Ru(1)-N(3) 
N(2)-Ru(1)-N(3) 
N(1)-Ru(1)-N(3) 
N(6)-Ru(1)-N(4) 
N(5)-Ru(1)-N(4) 
N(2)-Ru(1)-N(4) 
N(1)-Ru(1)-N(4) 
N(3)-Ru(1)-N(4) 

78.6(2) 
99.0(2) 
174.4(2) 
89.9(2) 
96.3(2) 
78.6(2) 
171.0(2) 
93.6(2) 
89.2(2) 
95.4(2) 
96.3(2) 
88.2(2) 
97.1(2) 
172.9(2) 
78.8(2) 

 



Table A7. Summary of crystallographic data for homodinuclear helicate complexes [(Lf)3Fe2]4+(PF6)4, 23 and 
[(Lf)3Ni2]4+(PF6)4, 24; standard deviations are given in parentheses. 
 

Identification code  [(Lf)3Ni2]4+(PF6)4  [(Lf)3Fe2]4+(PF6)4  

Reported Formula C129 H122 F24 N14 Ni2 O2 P4 S6 C133 H115 F24 Fe2 N20 P4 S6 

Solvates 2(C4H10O), 2(CH3CN) 7.x (CH3CN) 

Formula weight  (g/Mol)  2790.07 2877.39 

Temperature (K) 180(2) 180(2) 

Crystal system,  space group  Monoclinic,  C2/c Monoclinic,  C2 

Unit cell 
dimensions 

a (Å) 
b (Å) 
c (Å) 
α (°) 
β (°) 
γ (°) 

51.640(10) 
10.309(2) 
25.917(5) 
90 
113.55(3) 
90 

30.542(6) 
20.286(4) 
11.599(2) 
90 
94.39(3) 
90 

Crystal size (mm)  0.44 x 0.13 x 0.05 0.45 x 0.10 x 0.08 

Volume  (Å3) 12649(4) 7165(2) 

Z; Calculated density (g/cm3) 4; 1.465 2; 1.334 

Absolute structure parameter - 0.44(4) 
 
Table A8. Main Bond lengths [Å] and angles [°] for homodinuclear helicate complexes [(Lf)3Fe2]4+(PF6)4, 23 and 
[(Lf)3Ni2]4+(PF6)4, 24; standard deviations are given in parentheses. 
 

[(Lf)3Ni2]4+(PF6)4 [(Lf)3Fe2]4+(PF6)4 
Bond atoms Distance [Å] Bond atoms Distance [Å] 
Ni(1)-N(2)  
Ni(1)-N(6)#1  
Ni(1)-N(4)  
Ni(1)-N(3)  
Ni(1)-N(1)  
Ni(1)-N(5)#1 

2.091(4) 
2.109(4) 
2.113(4) 
2.116(4) 
2.125(4) 
2.134(4) 

Fe(1)-N(4) 
Fe(1)-N(5)#1 
Fe(1)-N(2) 
Fe(1)-N(3) 
Fe(1)-N(6)#1 
Fe(1)-N(1) 

1.935(11) 
1.944(9) 
1.961(9) 
1.969(10) 
1.976(9) 
2.011(11) 

Angle atoms Bond Angles (°) Angle atoms Bond Angles (°) 
N(2)-Ni(1)-N(6)#1 
N(2)-Ni(1)-N(4) 
N(6)#1-Ni(1)-N(4) 
N(2)-Ni(1)-N(3) 
N(6)#1-Ni(1)-N(3) 
N(4)-Ni(1)-N(3) 
N(2)-Ni(1)-N(1) 
N(6)#1-Ni(1)-N(1) 
N(4)-Ni(1)-N(1) 
N(3)-Ni(1)-N(1) 
N(2)-Ni(1)-N(5)#1 
N(6)#1-Ni(1)-N(5)#1 
N(4)-Ni(1)-N(5)#1 
N(3)-Ni(1)-N(5)#1 
N(1)-Ni(1)-N(5)#1 

93.92(15) 
98.49(15) 
163.21(13) 
173.19(13) 
90.09(14) 
78.73(15) 
79.09(14) 
98.68(14) 
94.75(14) 
94.87(14) 
97.60(14) 
78.46(14) 
88.69(14) 
88.60(13) 
175.53(14) 

N(4)-Fe(1)-N(5)#1 
N(4)-Fe(1)-N(2) 
N(5)#1-Fe(1)-N(2) 
N(4)-Fe(1)-N(3) 
N(5)#1-Fe(1)-N(3) 
N(2)-Fe(1)-N(3) 
N(4)-Fe(1)-N(6)#1 
N(5)#1-Fe(1)-N(6)#1 
N(2)-Fe(1)-N(6)#1 
N(3)-Fe(1)-N(6)#1 
N(4)-Fe(1)-N(1) 
N(5)#1-Fe(1)-N(1) 
N(2)-Fe(1)-N(1) 
N(3)-Fe(1)-N(1) 
N(6)#1-Fe(1)-N(1) 

98.2(4) 
96.7(4) 
95.3(4) 
80.0(4) 
174.2(4) 
90.4(4) 
89.2(4) 
81.3(4) 
173.6(4) 
93.1(4) 
174.6(4) 
87.1(4) 
82.0(4) 
94.8(4) 
92.3(4) 

 
a) Symmetry transformations used to generate equivalent atoms: #1 -x,y,1/2-z+1 
b) Symmetry transformations used to generate equivalent atoms: #1 -x+2,y,-z    #2 -x+3,y,-z+1      

 



 

Table A9. Summary of crystallographic data for (S)- and (R)-Zn(II)-binaphthyl complexes; standard deviations are 
given in parentheses.    
 

Identification code              (S)-ZnLg , 27(S) (R)-ZnLg , 27(R) (S)-ZnLh , 30(S) 

Reported Formula C35 H22 Br2 Cl2 N2 O2 
Zn 

C36.33333 H29.33333 
Br2 N2 O4.33333 Zn 

C43.6667 H31.3333 
Cl1.3333 N2 O3 S2 Zn 

Solvates 1 (CH2Cl2) 2.3333 (CH3OH) 0.6667 (CH2Cl2) 

Formula weight   (g/Mol) 798.64 788.47 808.80 

Temperature (K) 180(2) 190(2) 180(2) 

Crystal system, 
space group  

Trigonal,  R3 Trigonal,  R3 Trigonal,  P3(1) 

Unit cell 
dimensions 

a (Å) 
b (Å) 
c (Å) 
α (°) 
β (°) 
γ (°) 

23.434(3)  
23.434(3)  
15.672(3)  
90 
90 
120 

23.223(3) 
23.223(3) 
16.105(3) 
90 
90 
120 

25.710(4) 
25.710(4) 
14.770(3) 
90 
90 
120 

Crystal size (mm)  0.42 x 0.31 x 0.29  0.41 x 0.38 x 0.19 0.28 x 0.25 x 0.19 

Volume  (Å 3) 7453(2) 7522(2) 8455(2) 

Z; Calculated density 
(g/cm3) 

9;  1.601 9; 1.567 9; 1.430 

Absolute structure 
parameter 

0.06(2) -0.003(11) 0.017(13) 

 
 
 
 



Table A10. Main Bond lengths [Å] and angles [°] for (S)- and (R)-Zn(II)-binaphthyl complexes; standard deviations 
are given in parentheses. 
 

(S)-ZnLg , 27(S) (R)-ZnLg , 27(R) (S)-ZnLh , 30(S) 
Bond atoms Distance [Å] Bond atoms Distance [Å] Bond atoms Distance [Å] 
Zn(1)-O(1) 
Zn(1)-O(2) 
Zn(1)-N(1) 
Zn(1)-N(2)  

1.905(8) 
1.926(6) 
2.002(8) 
2.003(7) 

 1.905(4) 
1.930(4) 
2.025(4) 
2.029(4) 
 

Zn(1)-O(1) 
Zn(1)-O(2) 
Zn(1)-N(1) 
Zn(1)-N(2) 
Zn(1)-O(7) 
Zn(2)-O(3) 
Zn(2)-O(4) 
Zn(2)-N(3) 
Zn(2)-N(4) 
Zn(2)-O(8) 
Zn(3)-O(6) 
Zn(3)-O(5) 
Zn(3)-N(6) 
Zn(3)-N(5) 
Zn(3)-O(9) 

1.951(5) 
1.954(6) 
2.093(6) 
2.114(6) 
2.183(6) 
1.957(5) 
2.000(5) 
2.089(6) 
2.097(6) 
2.118(5) 
1.926(6) 
2.005(5) 
2.101(6) 
2.114(6) 
2.152(6) 

Angle atoms Bond Angles (°) Angle atoms Bond Angles (°) Angle atoms Bond Angles (°) 
O(1)-Zn(1)-O(2) 
O(1)-Zn(1)-N(1) 
O(2)-Zn(1)-N(1) 
O(1)-Zn(1)-N(2) 
O(2)-Zn(1)-N(2) 
N(1)-Zn(1)-N(2) 

107.8(3) 
95.5(3) 
134.2(4) 
134.8(3) 
93.9(3) 
96.8(3) 

 108.93(16) 
94.10(16) 
134.69(16) 
134.52(16) 
93.29(15) 
97.45(16) 
 

O(1)-Zn(1)-O(2) 
O(1)-Zn(1)-N(1) 
O(2)-Zn(1)-N(1) 
O(1)-Zn(1)-N(2) 
O(2)-Zn(1)-N(2) 
N(1)-Zn(1)-N(2) 
O(1)-Zn(1)-O(7) 
O(2)-Zn(1)-O(7) 
N(1)-Zn(1)-O(7) 
N(2)-Zn(1)-O(7) 
O(3)-Zn(2)-O(4) 
O(3)-Zn(2)-N(3) 
O(4)-Zn(2)-N(3) 
O(3)-Zn(2)-N(4) 
O(4)-Zn(2)-N(4) 
N(3)-Zn(2)-N(4) 
O(3)-Zn(2)-O(8) 
O(4)-Zn(2)-O(8) 
N(3)-Zn(2)-O(8) 
N(4)-Zn(2)-O(8) 
O(6)-Zn(3)-O(5) 
O(6)-Zn(3)-N(6) 
O(5)-Zn(3)-N(6) 
O(6)-Zn(3)-N(5) 
O(5)-Zn(3)-N(5) 
N(6)-Zn(3)-N(5) 
O(6)-Zn(3)-O(9) 
O(5)-Zn(3)-O(9) 
N(6)-Zn(3)-O(9) 
N(5)-Zn(3)-O(9) 

96.5(2) 
90.6(2) 
170.3(3) 
130.8(2) 
89.5(2) 
90.9(2) 
102.9(2) 
85.8(3) 
86.2(2) 
126.2(2) 
98.4(2) 
90.4(2) 
169.4(2) 
127.9(2) 
89.6(2) 
89.7(2) 
106.2(2) 
85.5(2) 
86.3(2) 
125.8(2) 
106.4(2) 
91.5(2) 
161.2(3) 
123.9(3) 
86.8(2) 
88.1(2) 
98.1(2) 
83.3(2) 
88.3(2) 
137.9(3) 
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