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Abstract 

 

The research carried out during this Ph.D. project and reported in this Thesis is focused on the design, 

preparation and characterization of different supramolecular porphyrin systems, both metallacyclic 

and polymeric.   

Chapter 1 contains a general introduction on the key role of porphyrins as functional and structural 

building units for the assembly of artificial discrete supramolecular structures, together with the main 

designing concepts of the metal-mediated assembly. 

Chapter 2 is focused on the investigation of the reactivity of the two stereoisomers [cis,cis,cis-

RuCl2(CO)2(dmso-O)(dmso-S)] and [cis,cis,trans-RuCl2(CO)2(dmso-S)2] towards 4′cisDPyP. The 

complexes were first tested toward the model ligand 4′MPyP and then 4′cisDPyP obtaining, besides 

the already known 2+2 metallacycle of porphyrins [trans,cis,cis-RuCl2(CO)2(4′cisDPyP)]2, the chiral 

stereoisomeric metallacycles [{trans,cis,cis-RuCl2(CO)2}(4′cisDPyP)2{cis,cis,cis-RuCl2(CO)2}] and 

[cis,cis,cis-RuCl2(CO)2(4′cisDPyP)]2, in which the chiral {cis,cis,cis-RuCl2(CO)2} fragment has 

either a C or A handedness. 

In Chapter 3 a synthetic strategy for the expansion of porphyrin metallacycles is described. This 

strategy afforded triporphyrin arrays that, after metalation, might lead to more stable supramolecular 

assemblies. Furthermore, we also synthesized heteroleptic metallacycles containing different 

porphyrins (i.e. 3′ and 4′-pyridylporphyrins) that have unprecedented geometries (i.e. vase, ladder, 

zig-zag). 

During my three years of Ph.D. I have also been involved in other projects involving Ru(II)-dmso 

complexes, in particular: 

In Chapter 4 we demonstrate that ruthenation of a porphyrin can be performed under relatively mild 

conditions using the Ru(II) monocarbonyl complex [Ru(CO)(dmso)5][PF6]2 that – besides CO – 

features exclusively labile dmso ligands. Even though this finding might seem trivial, it is only the 

second example that uses a Ru(II) carbonyl for porphyrin ruthenation, the first one having been 

reported almost 50 years ago and then neglected. From a practical point of view, we show the 

spectacular effect of propionic acid as solvent for performing the ruthenation of neutral and anionic 

model porphyrins with Ru3(CO)12. 

The Ru(CO)-porphyrins were then exploited, in Chapter 5 to prepare Ru/Zn porphyrin polymeric 

networks. In particular we demonstrate that PTA (1,3,5-triaza-7-phosphaadamantane) behaves as an 

orthogonal ligand between Ru(II) and Zn(II), since it selectively binds through the P atom to 

ruthenium and through one or more of the N atoms to zinc. This property of PTA was exploited for 

preparing the two monomeric porphyrin adducts with axially bound PTA, [Ru(TPP)(PTA-P)2] and  
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[Zn(TPP)(PTA-N)]. Next,  we  prepared  a  number  of  heterobimetallic  Ru/Zn  porphyrin  polymeric 

networks — and two discrete molecular systems — mediated by P,N-bridging PTA in which either

both metals reside inside a porphyrin core, or one metal belongs to a porphyrin, either Ru(TPP) or 

Zn(TPP), and the other to a complex or salt of the complementary metal.

Chapter  6 reports  a  new  two-step  strategy  for  the  synthesis  of  bis-heteroleptic  Ru(II)  polypyridyl 

compounds of general formula [Ru(chel)2(chel′)]2+, where chel is a chelating dimmine ligand, starting

from cis-locked Ru(II) precursors. These were synthesized by replacing either the two chlorides, or a 

chloride and a dmso, from the [cis-RuCl2(dmso)4] complex with an inert chelating anion (O–O) (i.e.

malonate, oxalate, acetylacetonate). This allowed us to have more control in the coordination of the 

first ligand (chel), decreasing the formation of stereoisomeric mixtures. The acid-sensitive nature of

the  chelating  anion  allows  its  acid-assisted  substitution  with  the  second  ligand chel′  even  at  room 

temperature. 
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Riassunto 

 

La ricerca svolta durante questo dottorato di ricerca. e riportata in questa Tesi è incentrata sulla 

progettazione, preparazione e caratterizzazione di diversi sistemi porfirinici supramolecolari, sia 

metallaciclici che polimerici. 

Il Capitolo 1 contiene un'introduzione generale sul ruolo chiave delle porfirine come building block 

funzionali e strutturali per l'assemblaggio di strutture supramolecolari discrete, insieme ai principali 

concetti del metal-mediated assembly. 

Il Capitolo 2 è incentrato sullo studio della reattività dei due stereoisomeri [cis,cis,cis-

RuCl2(CO)2(dmso-O)(dmso-S)] e [cis,cis,trans-RuCl2(CO)2(dmso-S)2] verso la 4′cisDPyP. I 

complessi sono stati prima testati sul legante modello 4′MPyP e successivamente utilizzando la 

4′cisDPyP ottenendo, oltre al già noto metallaciclo porfirinico 2+2 [trans,cis,cis-

RuCl2(CO)2(4′cisDPyP)]2, anche i due relativi stereoisomeri chirali [{trans,cis,cis-

RuCl2(CO)2}(4′cisDPyP)2{cis,cis,cis-RuCl2(CO)2}] e [cis,cis,cis-RuCl2(CO)2(4′cisDPyP)], in cui il 

frammento {cis,cis,cis-RuCl2(CO)2} può avere chiralità C o A. 

Nel Capitolo 3 viene descritta una strategia sintetica che permette di ottenere metallacicli porfirinici 

più estesi. Questa strategia ha permesso di ottenere sistemi triporfirinici, che, dopo metallazione, 

potrebbero portare a formare assemblati supramolecolari più stabili. Inoltre, sono anche stati 

sintetizzati metallacicli eterolettici contenenti porfirine diverse (i.e. 3 ′ e 4′-piridilporfirine) e aventi 

diversi tipi di geometrie (vaso, scala, zig-zag). 

Durante i miei tre anni di dottorato di ricerca sono stato anche coinvolto in altri progetti che 

coinvolgono complessi Ru (II)-dmso, in particolare: 

Nel Capitolo 4 è stato dimostrato che la rutenazione di una porfirina può essere eseguita in condizioni 

relativamente blande utilizzando il complesso monocarbonilico di Ru(II) [Ru(CO)(dmso)5][PF6]2 che 

- oltre al CO - presenta esclusivamente leganti labili. Questo è solo il secondo esempio di utilizzo di 

un complesso carbonilico di Ru(II) per la rutenazione di una porfirina, dopo il primo riportato quasi 

50 anni fa e poi dimenticato. Da un punto di vista pratico, si mostra il sorprendente effetto dell'acido 

propionico come solvente per eseguire la rutenazione di porfirine modello neutre e anioniche 

utilizzano il cluster Ru3 (CO)12. 

Le Ru(CO)-porfirine sono state poi sfruttate, nel Capitolo 5, per preparare network polimerici di 

Ru/Zn porfirine. In particolare, è stato dimostrato che il PTA (1,3,5-triaza-7-fosfadamamantano) si 

comporta come un legante ortogonale tra Ru (II) e Zn (II), poiché si lega selettivamente attraverso 

l'atomo di P al rutenio e attraverso uno o più degli atomi di N allo zinco. Questa proprietà del PTA è 

stata sfruttata per preparare due addotti porfirinici monomerici aventi un PTA legato assialmente, 
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Ru(TPP)(PTA-P)2] e [Zn(TPP)(PTA-N)]. Successivamente, sono stati preparati una serie di 

network polimerici di Ru /Zn porfirine eterobimetallici - e due sistemi molecolari discreti - mediati 

da PTA in cui entrambi i metalli risiedono all'interno di uno dei centri porfirinici, o un metallo 

appartiene a una porfirina, o Ru (TPP) o Zn (TPP), e l'altro a un complesso o sale dell’altro metallo. 

Il Capitolo 6 riporta una nuova strategia a stadi, per la sintesi di composti polipiridilici bis-eterolettici 

di Ru (II) di formula generale [Ru (chel)2(chel′))]2+, dove chel è un legante chelante dimminico, a 

partire da precursori di Ru(II) cis bloccati. Questi sono stati sintetizzati sostituendo i due cloruri, o 

un cloruro e un dmso, dal complesso [cis-RuCl2(dmso)4] con un anione chelante inerte (O – O) 

(malonato, ossalato, acetilacetonato). Questo permette di avere un maggior controllo nella 

coordinazione del primo legante (chel), diminuendo la formazione di miscele stereoisomeriche. La 

sensibilità all’ambiente acido dell’anione chelante ne permette la sostituzione con un secondo legante 

anche a temperatura ambiente. 
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1. Introduction 

 

1.1  Metal-mediated self-assembly 

 

Self-assembly is an equilibrium between two or more molecular components to create a more complex 

entity with a structure that depends only on the intrinsic information contained within the starting 

materials, termed building blocks. Among the different approaches that can be exploited to guide the 

self-assembling process, the metal-mediated directional-bonding has emerged over the years as a 

general, high yielding synthetic strategy that gives access to a variety of 2D (rhomboids, squares, 

rectangles, triangles, etc.) and 3D (trigonal pyramids and prisms, cubes, cuboctahedra, double 

squares, adamantanoids, dodecahedra, and a variety of other cages) supramolecular ensembles. One 

of the most attractive characteristics of this approach is that the design of supramolecular structures 

can be guided by geometrical considerations relying on the highly directional and predictable nature 

of the metal coordination sphere and the geometry of the donor sites of the rigid organic fragments. 

Transition metals, with their preferred coordination geometries, have served as Lewis-acid acceptor 

units, both as naked ions or as metal fragments (i.e. bearing some inert ancillary ligands in their 

coordination sphere), with various rigid or flexible Lewis-base donors to self-assemble into larger 

and predictable architectures, based on the geometrical codifications of the acceptor and donor units 

(Figure 1.1).  

 

Figure 1.1. Combination of various complementary metal acceptor/ donor building blocks 

 

1.2  Porphyrins as building blocks  

 

Porphyrins are a group of ubiquitous tetrapyrrole compounds; they accomplish different purposes in 

nature, including light-harvesting, oxygen transport, and catalytic transformations.1–4 
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They have a large planar aromatic surface with a small difference in energy between the HOMO and 

the LUMO orbitals resulting in an intense absorption band in the visible region between 400-450 nm 

called Soret band (ε ∼105 M-1cm-1) accompanied by others of lower intensity at higher wavelengths 

(Q bands), whose number depends on the symmetry of the porphyrin. 

Furthermore, they also have rather long fluorescence decay times and interesting redox properties, 

features that can be fine-tuned by functionalization with appropriate moieties the porphyrin skeleton 

both on the β and meso positions. 

 

 

Figure 1.2. Left: general structure of a porphyrin with indicated the α (black), β (blue) and meso (red) 

positions. Right: general structure of a metalloporphyrin, with M that can be a variety of metal cations, 

e.g. Zn(II) 

 
The functionalization can also vary the solubility; the introduction of alkyl chains increases the 

solubility in organic solvents (i.e. halogenated solvents), while the introduction of charged or polar 

groups favors, as expected, the solubility in more polar solvents (i.e. CH3OH, H2O) and the 

introduction of bulky groups can prevent stacking in solution. 

Nucleophilic groups (i.e. pyridyl, aminic groups) allow their coordination to metals; on the contrary, 

the possibility to introduce a metal inside the porphyrin ring allows the porphyrin to act as a Lewis 

Acceptor.  

A plethora of different metals can be introduced, ranging from soft metals such as Zn(II) to hard 

metals such as  Fe(II) or Sn(IV), affecting both the redox potentials and the catalytic features of the 

porphyrin. 

According to the number of free coordination sites still available on the metal and its hard/soft nature, 

a series of different ligands can be coordinated. In particular soft metals in low oxidation states such 

as Zn(II) prefer P or N-ligands leading, usually, to five-coordinate square pyramidal complexes, while 

hard metals such as Co, and Fe prefer oxygen ligands such as carboxylic groups. 

For all these reasons, they are unique and versatile building blocks for metal-mediated assemblies 

since they can perform at the same time a structural (acting as donor, acceptor, or both) and a 

functional role.  

One particular class of porphyrin exploited for self-assembly purposes is that of the meso-

pyridyl/phenyl porphyrins (PyPs); they carry a number (n = 1–4) of pyridyl substituents at the meso 
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positions, with the remaining 4-n positions occupied by aryl groups, the nitrogen atom usually is 

either in 3′ or in the 4′ position. 

In the 4′PyPs, the coordination bonds are established in the porphyrin plane along the meso C–C bond 

axes; on the other hand, the pyridyl rings in the 3′PyPs lay ca. perpendicular to the macrocycle plane 

and the coordination bonds are directed above or below the plane of the porphyrin. 

 

Figure 1.3. Coordination bonds established by 4′PyPs (left) and 3′PyPs (right). 

 

By suitably combining meso-pyridylphenylporphyrins and/or their metal derivatives with naked ions 

or suitable metal fragments, various 2D and 3D discrete or polymeric supramolecular structures have 

been obtained with even very complex architectures.5–14 These systems have been the object of study, 

especially their chemical, electronic, photophysical and photocatalytic properties.  

The design of molecular 3D systems including porphyrins as host structural units are indeed very 

attractive: porphyrin, as a large structural element, will delineate the molecular cavity and usually 

produce a considerably hydrophobic inner environment; the large π-delocalized surface may establish 

constructive interactions with other π-conjugated guest molecules or with protons of aliphatic chains 

of guests. Furthermore, metalloporphyrin structural units may use the inner metals as guest binders 

and as catalyst for the transformation of bound substrates. 

 

1.3 Modular self-assembling approach for the synthesis of multiporphyrin 

structures  
 

The construction of assemblies requires that porphyrins featuring peripheral binding sites are treated 

with appropriate metal precursors with two or more labile ligands. The large majority of examples 

concern homoleptic systems of the type Mx(porp)y, i.e., composed by a single porphyrin (porp) and a 

single metal connector (M). Among the 2D structures, several examples of 2+2 and 4+4 metallacycles 

(i.e., molecular squares) have been reported, in which linear or 90°-angular porphyrins are connected 

by metal centers, typically either square-planar Pd(II) or Pt(II) fragments with cis or trans geometry, 

or octahedral cis-protected Ru(II), Re(I) or Rh(II) moieties.5  
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Conversely, two main types of homoleptic 3D porphyrin capsules have been reported: (i) trigonal and 

hexagonal prisms obtained from the self-assembly of either 3′TPyP (5,10,15,20-tetra(3′-

pyridyl)porphyrin) or 4′TPyP (5,10,15,20-tetra(4′-pyridyl)porphyrin), respectively, with cis-

protected square planar Pd(II) or Pt(II) connectors;15–17 (ii) tetrahedral M4(porp)6, cubic M8(porp)6, 

and cuboctahedral M12(porp)6 cages obtained by the self-assembly of porphyrins functionalized with 

two or four peripheral chelating units with naked octahedral metal ions (e.g., Fe(II), Co(II), Zn(II)).18–

20 

The group in which the current project was developed introduced a modular strategy to obtain 

multiporphyrin 3D discrete systems.21–24 

In particular, it has widely used the Ru(II) complex [trans,cis,cis-RuCl2(CO)2(dmso-κO)2] (1), which 

has a good affinity towards N-donor ligands such as pyridines, it has an octahedral geometry and is 

able to selectively replace the two particularly labile dmso-κO ligands at room temperature without 

undergoing geometry variations. Therefore 1 can be considered as the precursor of the 90° cis-

protected neutral metal fragment {trans,cis,cis-RuCl2(CO)2}. 

When treated with a stoichiometric amount of 4′-cisdipyridylporphyrin (4′cisDPyP) it affords in good 

yield, after column separation, the corresponding neutral 2+2 metallacycle (or molecular square) 

[trans,cis,cis-RuCl2(CO)2(4′cisDPyP)]2 (2), in which two adjacent porphyrins are connected through 

two {trans,cis,cis-RuCl2(CO)2} fragments The metallacycle, is perfectly symmetrical, rigid, 

kinetically inert, and thermodynamically stable, allowing for subsequent tailoring to construct higher-

order porphyrin assemblies. 
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Scheme 1.1. Synthesis of [trans,cis,cis-RuCl2(CO)2(4′cisDPyP)]2 (2) and [trans,cis,cis-

RuCl2(CO)2(4′cisDPyP)]3 from 4′cisDPyP and 1 in a 1:1 ratio. 

 
Despite the geometrical directional constraints provided by the high convergence of the building 

blocks acceptor and donor sites, the reaction leads to the concomitant formations of other metalacyclic 

species. The second most abundant cyclic product is the metallacycle [trans,cis,cis-

RuCl2(CO)2(4′cisDPyP)]3, in which three 4′cisDPyP are held together in a not coplanar mutual and 

strained disposition by three {trans,cis,cis-RuCl2(CO)2} fragments.  

Similarly, the same complex 1 can be treated with one equivalent of 3′cisDPyP, obtaining the 

equivalent 2+2 metallacycle [trans,cis,cis-RuCl2(CO)2(3′cisDPyP)]2. 
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Scheme 1.2. Synthesis of the [trans,cis,cis-RuCl2(CO)2(3′cisDPyP)]2 (3) from 3'cisDPyP and 1 in a 

1:1 ratio. 

 

Both metallacycles 2 and 3 can be treated with an excess of zinc acetate in CHCl3/MeOH, to isolate 

in good yield the corresponding zincated species of formula [trans,cis,cis-RuCl2(CO)2(Znּּ 

4′cisDPyP)]2, (2Zn) (Scheme 1.3) and [trans,cis,cis-RuCl2(CO)2 (Zn ּּ 3′cisDPyP)]2 (3Zn) 

respectively. 

 

 

Scheme 1.3. Synthesis of the zincated metallacycle [trans,cis,cis-RuCl2(CO)2(Zn·ּּ4′cisDPyP)]2 

(2Zn). 

 

It is known from X-ray structures that the geometry of the 2Zn metallacycle is perfectly flat and the 

distances Ru···Ru and Zn···Zn are respectively 14.01 Å and 14.03 Å (Figure 1.4). 
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Figure 1.4. X-ray structure of the of 2Zn, the apical EtOH molecules derive from the crystallization 

process. Color code: Ru (light blue), Cl (green), O (red), N (blue). 
 

Contrary to 2Zn, 3Zn has a staggered geometry with the two chromophores rigidly held in a slipped-

cofacial arrangement (interplanar distance 4.18 Å) by the Ru(II) fragment.11 This geometry derives 

from the sin orientation of both 3′pyridyl rings in each porphyrin and the NMR spectra indicate that 

this is also maintained in solution. 

 

 

 

Figure 1.5. X-ray structure of 3Zn seen along the Ru–CO bond. 
 

Therefore, the metallacycles 2Zn and 3Zn can be conveniently described as a flat and a staggered 

panel, respectively, with two embedded metal connectors (the two zinc atoms). Combining platform 

2Zn, but also 3Zn, with appropriate different polytopic nitrogen-ligands allows to very efficiently 

and quantitatively produce a wide variety of multiporphyrin 3D discrete structures, consisting of two 

up to four porphyrin metallacycles connected face-to-face through the bridging ligands, axially bound 

to the zinc centers. 

As unambiguously evidenced by NMR spectroscopy, treatment of  both 2Zn and 3Zn in CDCl3 

solution with one equivalent of a linear ditopic N-ligand (L) leads rapidly to the quantitative 

assembling of sandwich-like 2:2 supramolecular adducts of formula [2Zn/3Zn·L]2 (L = 4,4′-

bipyridine; L = 5,15-(4′-pyridyl)-10,20-phenylporphyrin (4′transDPyP)), formed by two parallel 

metallacycles connected by two bridging ligands which are axially bound to the zinc-porphyrins.25 

This type of modular assembling is made possible by virtue of Ru–pyridyl bonds’ thermodynamic 

and kinetic stability (as noted above), which allows for the further ligation of other N ligands to the 

zinc atoms, while the metallacycle 2Zn/3Zn remains intact.  
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Figure 1.6. Single crystal X-ray structures of [(2Zn)2·(4′transDPyP)2] and [(3Zn)2·(4′transDPyP)2]. 

 

Other types of structures such as cages, prisms and sandwiches compounds have been developed by 

changing the nature of the bridging ligand; Figure 1.7 shows some examples of 3D structures 

obtained. 

 

Figure 1.7. Examples of 3D architectures obtained using the 2Zn panel in combination with other N-

donor polytopic ligands (specifically, pyridylporphyrins). 

 

However, the single Zn–N axial bond is neither particularly strong nor inert. For instance, the 

interaction between the Zn·TPP model porphyrin (TPP = meso-tetraphenylporphyrin) and pyridine 

(py) leads to the formation of the [Zn(TPP)(py)] adduct. This is in equilibrium with its components 

through a constant of the order of 103 M-1 and, at room temperature, the equilibrium is fast on the 

NMR time scale, therefore in the 1H NMR spectrum of a titration of ZnTPP with py only a single set 

of enlarged signals is visible.26 However, using the 2Zn or 3Zn molecular panels the cooperativity 

between the axial bonds formed by the Zn atoms allows to obtain more stable and inert 3D 
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supramolecular structures. For example, in chloroform solution, molecular sandwiches like the one 

in Figure 1.7 with four axial Zn–N bonds, are stable up to dilutions of the order of 10–5 M and the 

association/dissociation equilibrium of the panels becomes slow on the NMR time scale around 20°C, 

and for other ligands already at room temperature. 

These systems still tend to disassemble at lower concentrations and this aspect is particularly critical 

for photophysical measurements that typically require concentrations below 10–5 M.  

One of the possible ways to increase the stability of these supramolecular adducts is to increase the 

inertness of the bond between the metal and the ligand by changing the nature of the metal (e.g. Ru). 

But the inertness could prevent the system from being in equilibrium with its components and obtain 

the most stable assemblies. In addition, replacement of Zn with the heavier atom Ru would deeply 

affect the photophysical properties of the compound.  

Another approach is to increase the cooperative effect by increasing the panel’s size, adding other 

porphyrins in the metallacycle and, therefore, the number of axial connections Zn–L that they can 

form.  

 

1.4. Heteroleptic metallacycles of porphyrins  

 

As stated before, there are numerous reports of homoleptic 2+2 and 4+4 metallacycles, but the reports 

of heterometallic or heteroleptic metallacycles are far less. 

In the past, the treatment of the “corner” compound [trans,cis,cis-RuCl2(CO)2(4′cisDPyP)2] with the 

cis-protected [Pd(dppp)(CF3SO3)2] complex (dppp = diphenylphosphinopropane) allowed to prepare 

[{trans,cis,cis-RuCl2(CO)2}(4′cisDPyP)2{Pd(dppp)}](CF3SO3)2, the first (and only) example of an 

heterobimetallic 2+2 metallacycle of porphyrins, featuring an octahedral Ru(II) and a square planar 

Pd(II) corner.10  

 

Figure 1.8. Schematic structure of the 2+2 porphyrin metallacycle [{trans,cis,cis-

RuCl2(CO)2}(4′cisDPyP)2{Pd(dppp)}](CF3SO3)2. 
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We reasoned that instead of changing the metal nature in the metallacycle, we could also change the 

Ru connectors' geometry connecting the porphyrins or the number and type of porphyrins. 

Indeed two other stereoisomers of 1 are known, namely [cis,cis,trans-RuCl2(CO)2(dmso-S)2] (4) and 

[cis,cis,cis-RuCl2(CO)2(dmso)2] (5) (Figure 1.9). These can be considered as a 180° connector and a 

90° connector respectively, leading – in principle – to new stereoisomeric 2+2 or 4+4 metallacycles. 

27–29. 

The exploitation of both 4 and 5 for the construction of porphyrin metallacycles is treated in the 

second chapter of this thesis. 

 

Figure 1.9. The three stereoisomeric Ru(II) precursors  (1), [cis,cis,trans-RuCl2(CO)2(dmso-S)2] (4) 

and [cis,cis,cis-RuCl2(CO)2(dmso)2] (5). 

 

The third chapter focuses on increasing the nuclearity of the porphyrin metallacycles, by adding 

another porphyrin in the metallacycle leading to a three-porphyrin array that after metalation could 

form more stable supramolecular assembles. 

Furthermore, we also synthesized metallacycles containing different porphyrins (i.e. 3′ and 4′-

pyridylporphyrins) that have new types of geometries (i.e. Greek-frame, ladder, zig-zag). 
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2. Chiral Metallacycles Of Porphyrins 

 

2.1 Introduction 

 

 More than twenty years ago, the group where I did my PhD thesis, reported that complex cis,cis,trans-

RuCl2(CO)2(dmso-S)2 (4) reacts with pyridine (py) at room temperature in methanol or chloroform 

replacing one dmso-S and affording a mixture of two mono-substituted isomers: cis,cis,cis-

RuCl2(CO)2(dmso-S)(py) (6), minor) and cis,cis,trans-RuCl2(CO)2(dmso-S)(py) (7, major). 

Conversely, when the reaction is performed in refluxing methanol both dmso ligands are replaced by 

pyridine affording trans,cis,cis-RuCl2(CO)2(py)2 (8), i.e. the same stereoisomer that is obtained from 

1 at room temperature (Scheme 2.1). In other words, the substitution process is accompanied by 

isomerization.1 

 

Scheme 2.1. The reactivity of the stereoisomers trans,cis,cis-RuCl2(CO)2(dmso-O)2(1) and 

cis,cis,trans-RuCl2(CO)2(dmso-S)2 (4) towards pyridine. 

 

We now reasoned that – if the reactivity with py is extended to pyridylporphyrins – treatment of 4 

with 4′cisDPyP is likely to produce also metallacycles of porphyrins, however with a different 

mechanism compared to 1, through a process that – as in the reaction with py – might involve the 

stereochemical rearrangement of the Ru fragment. Therefore, Ru connectors of different geometry 

might be trapped/obtained, such as {cis,cis,cis-RuCl2(CO)2} and {cis,cis,trans-RuCl2(CO)2}, leading 

to new 2+2 or 4+4 metallacycles. We also reasoned that the same considerations might apply to the 

all-cis isomer 5, even though its reactivity towards the model ligand pyridine has not been explored 

yet.  

Therefore, we performed a careful investigation of the reactivity of both isomers 4 and 5, first with 

the model ligand 4′-monopyridylporphyrin (4′MPyP) and then with 4′cisDPyP. We describe here the 
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isolation and characterization of two new 2+2 metallacycles of porphyrins that are stereoisomers of 

2, namely [{trans,cis,cis-RuCl2(CO)2}(4′cisDPyP)2{cis,cis,cis-RuCl2(CO)2}] (13) and [cis,cis,cis-

RuCl2(CO)2(4′cisDPyP)]2 (14, that exists as a mixture of two stereoisomers defined as alternate and 

pairwise), in which the chiral {cis,cis,cis-RuCl2(CO)2} fragment has either a C or A configuration 

(Chart 2.1).2  

 

Chart 2.1. Example of how the chirality symbols C (Clockwise) and A (Anti-Clockwise) are assigned 

to the enantiomers of the model complex cis,cis,cis- RuCl2(CO)2(py)2, the CIP priority number of 

each ligand is in italics.3 

 

In metallosupramolecular assemblies, chirality can arise from the presence of a stable stereogenic 

element (either enantiopure or racemic) in the organic bridging ligand or in an auxiliary ligand 

attached to the metal center.4 For example, Stang and co-workers described chiral 2+2 and 4+4 

metallacycles of porphyrins in which 4′cisDPyP or 4′transDPyP units (4′transDPyP = 5,15-bis(4′-

pyridyl)-10,20-diphenylporphyrin) are connected by Pd(II) corners bearing R(+)- or S(−)-BINAP as 

a chiral ancillary ligand.5 With a similar approach, Shinkai et al. described a chiral [Pd4(porp)2]
8+ 

square prism in which two porphyrins bearing four pyridyl groups are connected by four cis-protected 

chiral {Pd[(R)- (+)-BINAP]}2+ fragments.6 

As an alternative, chirality of metallosupramolecular assemblies may derive from the presence of 

chiral metal connectors. There are many examples, some of which concerning also 3D multiporphyrin 

assemblies,7,8 in which chirality is generated by the spatial arrangements of achiral chelating ligands 

around the connecting octahedral metal centers (Λ or Δ handedness).9,10 Typically, in the solid state, 

all the chiral metal centers within each assembly adopt the same Λ or Δ configuration, in particular 

when the bridging ligands are rigid, since the chirality established at one metal vertex is transmitted 

to the other centers through strong mechanical coupling.4 In some cases enantiopure Λ or Δ metallo-

ligands were also prepared and then connected through achiral metal centers to afford enantiopure 

cages.10 There are also a few examples of 2D or 3D assemblies (not concerning porphyrins) with 

tetrahedral half-sandwich chiral metal connectors with R or S configuration.11-13 Nevertheless, both 

13 and 14, are to the best of our knowledge, unprecedented examples of 2D metallosupramolecular 

assemblies with octahedral chiral-at-metal centers (with C or A handedness),3 and 13 is the first 
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example of a 2+2 molecular square with stereoisomeric Ru(II) corners. Indeed, stereogenic octahedral 

metal connectors with monodentate ligands, which may lead to this type of chirality in 

metallosupramolecular assemblies, are rare. Aside from the Ru(II) connectors, the other most 

commonly used octahedral fragment is the achiral {fac-Re(CO)3X} (X = Cl, Br).14,15 

 

2.2 Result and Discussion 

 

2.2.1 Reactions with 4′MPyP 

First, we briefly investigated the reactivity of the two RuCl2(CO)2(dmso)2 isomers – 4 and 5 – towards 

4′MPyP. The reactions were monitored through TLC analysis and 1H NMR spectroscopy. 

Coordination of 4′MPyP to the Ru(II) fragment induces typical downfield shifts for the resonances 

of the pyridyl ring protons (H2,6 and H3,5), whereas the other porphyrin resonances are scarcely 

affected. As a reference we had a sample of trans,cis,cis-RuCl2(CO)2(4′MPyP)2 (9), previously 

prepared by us from 1.16 

Both isomers 4 and 5, when treated with one equiv of 4′MPyP in CDCl3 at room temperature, slowly 

replace one dmso yielding a largely prevailing compound that, according to its 1H NMR spectrum, 

was identified as cis,cis,trans-RuCl2(CO)2(dmso-S)(4′MPyP) (10) (Scheme 2.2), i.e. the analog of 

the py product 7. When the reaction between 5 and 4′MPyP was performed in CDCl3 and monitored 

by NMR spectroscopy we noticed that the formation of 10 – which implies a geometrical 

rearrangement – is accompanied by a progressive isomerization of the remaining complex into its 

stereoisomer 4 that was complete after ca. 24h. Thus it is possible that formation of 10 from 5 is 

subsequent to the isomerization.  

 

Scheme 2.2. The reactivity of cis,cis,trans-RuCl2(CO)2(dmso-S)2 (4) and cis,cis,cis-

RuCl2(CO)2(dmso)2 (5) towards 4′MPyP in chloroform at room temperature. 
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Compound 10 was also the main product when either 4 or 5 were treated with a slight excess of 

4′MPyP in chloroform at higher temperature (either at reflux for 15h or for 3h at 70°C under MW 

assisted conditions). The compound could be obtained in almost pure form and its spectroscopic 

features are fully consistent with the proposed geometry: two CO stretching bands at 2068 and 1980 

cm–1 – but a single resonance at 188.68 ppm in the 13C{1H} NMR spectrum – for the adjacent and 

equivalent carbonyls, a singlet at 3.65 ppm for the equivalent methyl groups of the dmso-S in the 1H 

NMR spectrum (Appendix). 

Substitution of the second dmso ligand from 4 and 5 required, besides higher temperatures and 

prolonged reaction times, the presence of methanol in the reaction mixture. When different 

CHCl3:MeOH mixtures were tested, we found that the TLC spots attributable to disubstituted 

products – that typically have greater TLC mobility compared to 4′MPyP and 10 – increased upon 

increasing the relative amount of methanol and the temperature. All the reactions described below 

were eventually performed in a 4:5 CHCl3:MeOH mixture (i.e. the highest content of methanol in 

which both 4′MPyP and 4′cisDPyP are still fully soluble) in a microwave reactor, unless differently 

specified.  

When the MW-assisted reaction between either 4 or 5 and 4′MPyP (2 equiv) was performed at 100°C, 

the main product was the already known trans,cis,cis-RuCl2(CO)2(4′MPyP)2 (9),16 suggesting that it 

is the thermodynamically favored species. Crystals of 9 suitable for X-ray analysis were obtained by 

slow diffusion of diethyl ether into a CHCl3 solution. The solid state molecular structure (Figure 2.1) 

fully confirms the nature of 9 as already established spectroscopically in solution.16  

 

 

 

 

 

 

 

 

 

 

Figure 2.1. ORTEP representation (50% probability ellipsoids) of the solid state molecular structure 

of trans,cis,cis-RuCl2(CO)2(4′MPyP)2·0.5C6H14 (9). For clarity, an hexane crystallization molecule 

has been omitted; for the same reason, only major populations (0.88, 0.85) of two disordered phenyl 

groups of the N31 porphyrin ligand have been included. 
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More importantly, besides a minor amount of residual 10, the spots of two new disubstituted products 

with Rf = 0.24 and 0.18, respectively, were observed in the TLC analysis (CHCl3; under these 

conditions the Rf of 9 is 0.88). Column chromatography performed on the raw product afforded three 

main bands. The first band contained pure 9. The spectral features of the product in the second band, 

i.e. a single set of resonances for coordinated 4′MPyP and no resonance for dmso in the 1H NMR 

spectrum (Appendix), and two CO stretching bands in the IR spectrum at 2063 and 1995 cm-1, were 

consistent with the stereoisomer cis,cis,trans-RuCl2(CO)2(4′MPyP)2 (11). We notice that both 

carbonyl stretching bands in 11 fall at lower frequencies compared to those in 9 (2073 and 2015 cm-

1), as expected for CO being trans to the good -donor Cl rather than to a pyridyl ring.17 The geometry 

of 11 was confirmed by single crystal X-ray analysis (Figure 2.4). The pyridyl ring of each 4′MPyP 

in both 9 and 11 is – as expected – almost orthogonal to the coordination plane and to the porphyrin 

ring (dihedral angles in the range 56.6 – 79.9°). As a consequence, in the solid state the two porphyrin 

macrocycles form a dihedral angle of ca. 78° in 9 and ca. 12° in 11.  

 

 

 

 

 

 

 

 

Figure 2.2. ORTEP representation (50% probability ellipsoids) of the solid state molecular structure 

of trans,cis,cis-RuCl2(CO)2(4′MPyP)2·1.3CHCl3·C4H10O (11·0.5 C6H14For clarity, an hexane 

crystallization molecule has been omitted; for the same reason, only major populations (0.88, 0.85) 

of two disordered phenyl groups of the N31 porphyrin ligand have been included. 

 

The third band, whose mobility on silica gel is very close to that of unreacted 4′MPyP (Rf=0.15) 

(note: some unreacted 4′MPyP was found in the mixture even after more prolonged reaction times.), 

contained a product whose spectral features are fully consistent with the cis,cis,cis-

RuCl2(CO)2(4′MPyP)2 (12) stereoisomer. In fact, the 1H NMR spectrum (Figure 2.3) shows two 

equally intense and well resolved sets of resonances for the H2,6 and H3,5 protons, pairwise 

connected in the 1H-1H COSY spectrum, for the two inequivalent 4′MPyP ligands, whose other 

resonances are partially or completely overlapping, including the singlets of the internal NH protons. 

By comparison with the spectra of 2 and 9 (all pyridyl rings trans to CO), we tentatively assign the 

most upfield pair of H2,6 and H3,5 resonances (red dots in Figure 2.3) to the pyridyl ring trans to Cl. 

To be noted that the phenyl resonances are split into two sets in 2:1 intensity ratio. This feature, that 
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is observed also in the spectrum of 9 (but is absent in that of 11), is typical for two mutually cis 

pyridylporphyrins in free rotation about the Ru–Npyridyl bond.16,18 The IR spectrum shows two CO 

stretching bands for the adjacent carbonyls at 2072 and 2001 cm–1. No attempts were made to separate 

the racemic mixture of the C and A enantiomers. 

 

 

Figure 2.3. 1H NMR spectrum of cis,cis,cis-RuCl2(CO)2(4′MPyP)2 (12) in CDCl3. Dots of the same 

color indicate protons belonging to the same pyridyl ring. 

 

In summary, the main results obtained with the model mono-pyridylporphyrin showed that: i) the two 

stereoisomers 4 and 5 react with 4′MPyP affording the same products, ii) in chloroform/methanol 

mixtures the disubstituted compound 9 is the thermodynamically preferred product, followed by 

lower amounts of its stereoisomers 11 and 12.37 In principle, in analogy to 9, the geometry of the Ru 

fragment in 12, with two adjacent porphyrins, is suitable for the formation of 2+2 metallacycles when 

using 4′cisDPyP. Thus, both 9 and 12 are model corner compounds. Conversely, the geometry of the 

metal fragment in 11, with two trans porphyrins, might lead to the formation of a statistically less 

favorable 4+4 metallacycle [cis,cis,trans-RuCl2(CO)2(4′cisDPyP)]4, in which the porphyrins occupy 

the corners of the square and the Ru fragments define the sides .1 It is worth noting that the orientation 

of the two porphyrins in 11 is very close to that expected to be found in such hypothetical 4+4 

metallacycle, making it a good model. 
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2.2.3 Reactions of 4 and 5 with 4′cisDPyP 

Reactions between either 4 or 5 and an equivalent amount of 4′cisDPyP were best performed in a 

microwave reactor at 100°C in 4:5 CHCl3: MeOH solution, affording a purple precipitate. A 

preliminary screening showed that the highest conversion was obtained after 2h.  

Careful TLC analysis of the precipitate dissolved in chloroform showed that the raw product 

contained mainly 2 (Rf =0.95). However, the spots of two other compounds of decreasing intensity 

(13 and 14, respectively) were clearly identified.20 According to their mobility on silica gel (Rf = 0.38 

for 13, and Rf = 0.21 for 14) both compounds were identified as metallacycles (typically, open 

oligomeric species are not eluted, and the Rf of the free 4′cisDPyP is < 0.1 under these conditions).  

Pure samples of 13 and 14 (this latter in a very small amount) were best obtained by preparative TLC. 

Both species are well soluble in chloroform, again in agreement with being discrete – rather than 

oligomeric – species. Compound 13 was fully characterized by IR, 1D and 2D NMR spectroscopy. 

Taken together, the spectroscopic features are fully consistent with the hypothesis that 13 is a 

stereoisomer of 9, i.e. the 2+2 metallacycle [{trans,cis,cis-RuCl2(CO)2}(4′cisDPyP)2{cis,cis,cis-

RuCl2(CO)2}] featuring two stereoisomeric Ru(II) corners, one of which is a stereogenic center with 

C or A configuration. Consistent with a metallacyclic (closed) structure, the NMR resonances of the 

pyridyl protons of 13 occur at higher frequency than in the free 4′cisDPyP. In the CDCl3 spectrum at 

room temperature such resonances are rather broad. Upon lowering the temperature to ca. –5°C, they 

become increasingly sharper, whereas those of the other protons start to broaden (Appendix). For 

lower temperatures (between –5 and –25°C) all resonances become increasingly broader. This 

behavior suggests that the rotation about the Cmeso–Cring for the pyridyl rings (that are also bound to 

Ru) is already slow on the NMR time scale at ca. 0°C, whereas other motions – most likely the rotation 

of the phenyl rings – are relatively fast at 25°C and start to slow down at lower temperatures. Even 

at temperatures as low as –80°C, obtained in CD2Cl2 (Appendix), the resonances are still broad. 

Figure 2.4 shows the spectrum at 5°C in CDCl3, where eight doublets (1H each) are observed both 

for the H2,6 protons between 9.92 and 9.18 ppm (three partially overlapping at ca. 9.75 ppm) and for 

the H3,5 protons between 8.75 and 8.48 ppm (two overlapping at 8.63 ppm and four at 8.60 ppm). 

The assignment was confirmed by the HSQC spectrum (Appendix). The number of pyridyl proton 

resonances and their spread is consistent with the fact that 13, in which one of the Ru corners is chiral, 

has no symmetry elements (and therefore is a racemic mixture). As a consequence, each pyridyl 

proton resonates at a different frequency (with some accidental overlapping). The low-T 1H ROESY 

spectrum (Appendix) clearly shows that the two H2,6 resonances that fall at lowest frequencies are 

pairwise connected with the two at highest frequencies by exchange cross peaks, qualifying them as 

belonging to two distinct pyridyl rings. Similar cross peaks are found for the H3,5 resonances, even 
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though their spread is smaller. These findings, together with the COSY connectivity, allowed us to 

define unambiguously two sets of four resonances (colored dots in Figure 2.4). We tentatively assign 

them to the two pyridyl rings bound to the asymmetric Ru fragment, since these protons are expected 

to experience chemical and magnetic environments much more diverse compared to those on the 

pyridyl rings bound to the symmetrical {trans,cis,cis-RuCl2(CO)2} corner. The resonances of the 

other types of protons are not resolved. For example, the four NH protons resonate as a relatively 

broad singlet at –2.8 ppm. 

In further agreement with our hypothesis, 1H DOSY spectra of compounds 2 and 14 performed under 

the same conditions (CDCl3, −5 °C) afforded almost identical diffusion coefficients. 

 

 

Figure 2.4. 1H NMR spectrum of [{trans,cis,cis-RuCl2(CO)2}(4′cisDPyP)2{cis,cis,cis-RuCl2(CO)2}] 

(13) in CDCl3 at 5°C. Dots of the same color indicate protons belonging to the same pyridine ring. 

 

The IR spectrum of 13 in chloroform solution shows three bands in ca. 2:1:1 intensity ratio in the CO 

stretching region (Figure 2.5). The one at highest frequency is almost coincident with the average 

high-frequency band in the spectra of the model 4′MPyP compounds 9 and 12 (that differ only by ca. 

10 cm–1). Similarly, each one the two partially resolved bands in the lower frequency region is almost 

coincident with the low frequency band of 9 and 12, respectively (that differ by ca. 20 cm–1). This 

finding is thus consistent with the presence in 13 of one {trans,cis,cis-RuCl2(CO)2(4′cisDPyP)2} 

corner similar to 9, and of one {cis,cis,cis-RuCl2(CO)2(4′cisDPyP)2} corner similar to 12. By 
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comparison, the IR spectrum of 2 shows only two CO stretching bands at 2075 and 2015 cm–1, i.e. 

very similar to those of the corresponding model complex 9. 

Regretfully, repeated attempts to grow single crystals of 13 suitable for X-ray analysis were 

unsuccessful. 

 

Figure 2.5. CO stretching region in the IR spectra of trans,cis,cis-RuCl2(CO)2(4′MPyP)2 (9), 

cis,cis,cis-RuCl2(CO)2(4′MPyP)2 (12) and [{trans,cis,cis-RuCl2(CO)2}(4′cisDPyP)2{cis,cis,cis-

RuCl2(CO)2}] (13) in CHCl3 solution. 

 

The NMR spectral features of the least abundant compound 14, obtained from the third band of the 

preparative TLC, are similar to those of 13, but more complicated (Appendix). Even though we could 

not obtain a sufficient amount of pure compound for performing a detailed spectroscopic analysis, 

we are confident that it is the third stereoisomeric metallacycle [cis,cis,cis-RuCl2(CO)2(4′cisDPyP)]2 

(14). Consistent with this hypothesis, the IR spectrum of 13 in chloroform (Figure 2.6) shows only 

two CO stretching bands at 2074 and 2001cm-1 , i.e. very similar to those found in the model corner 

compound 12 (2072 and 2001 cm-1).  
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Figure 2.6. CO stretching region in the IR spectra of cis,cis,cis-RuCl2(CO)2(4′MPyP)2 (12) and 

[cis,cis,cis-RuCl2(CO)2(4′cisDPyP)]2 (14) in CHCl3 solution. 

 

It is not surprising that the proton NMR spectrum of 14 is complicated: this metallacycle actually 

exists as a mixture (presumably statistical) of two stereoisomers, one in which both porphyrins are 

trans to a Cl and a CO (14alt, from alternate), and the other in which one porphyrin is trans to two 

chlorides and the other to two carbonyls (14pw, from pairwise). In addition, since both {cis,cis,cis-

RuCl2(CO)2} corners are chiral (A or C), each stereoisomer will exist as a statistical mixture of meso 

(AC) and racemic (AA and CC) diastereomers. The meso and racemic forms of 14alt (14altmeso and 

14altrac) are shown in Figure 2.7 (those of 14pw are shown in the Appendix). Whereas it is reasonable 

that the four diastereomers have very similar mobility on silica gel and indistinguishable CO 

stretching bands, they will have potentially different NMR resonances, in particular for the H2,6 

protons that are the closest to the Ru centers. Indeed, in the high frequency region of the NMR 

spectrum of 14 at –5°C (ESI), where the H2,6 resonances are sharper, it is possible to count several 

partially resolved major resonances for these protons. 
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Figure 2.7. The meso and racemic forms of metallacycle [cis,cis-RuCl2(CO)2}(4′cisDPyP)]2 (14alt) 

with the A and C chirality symbols on each corner.[note] 

 

Finally, The UV-vis spectra of the three strereoisomeric metallacycles 9, 13 and 14 are very similar 

to one another and to that of free 4′cisDPyP (Appendix). As noted already,21 the insertion of the 

porphyrin into the metallacycle induces only minor shifts in the absorption maxima of the Soret and 

Q bands. 

Thus, even though a full NMR characterization of 14 was not possible, due to its very low amount 

and complexity (see above), the TLC mobility, partial NMR characterization and – above all – the IR 

and UV-vis spectra are fully consistent with the proposed structure. 

 

2.3 Conclusions 

 

We reported three new stereoisomers of the already known 2+2 metallacycle of porphyrins 

[trans,cis,cis-RuCl2(CO)2(4′cisDPyP)]2 (2) that have either one or two chiral {cis,cis,cis-

RuCl2(CO)2} corners (C or A handedness). They were obtained, together with 2 (major product), by 

treatment of cis,cis,trans-RuCl2(CO)2(dmso-S)2 (4) or cis,cis,cis-RuCl2(CO)2(dmso)2 (5) with an 

equivalent amount of  4′cisDPyP. 

The metallacycle [{trans,cis,cis-RuCl2(CO)2}(4′cisDPyP)2{cis,cis,cis-RuCl2(CO)2}] (13) features 

two stereoisomeric ruthenium centers as connecting units. We notice that 13 escapes prior 

classifications, since it can be defined as homoleptic in terms of raw formulas but heteroleptic if the 

stereochemistry of the metal connectors is considered. We suggest that it might be defined as a stereo-

homoleptic metallacycle. The least abundant metallacycle [cis,cis,cis-RuCl2(CO)2(4′cisDPyP)]2 (14) 
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exists as a mixture of two stereoisomers defined as alternate (14alt, both porphyrins are trans to a Cl 

and a CO) and pairwise (14pw, one porphyrin is trans to two chlorides and the other to two carbonyls), 

each one as a statistical mixture of meso (AC) and racemic (AA and CC) diastereomers. 

Our findings are also consistent with the results obtained with 4′MPyP, showing that the Ru(II) 

precursors 4 and 5 in solution isomerize to generate mainly the {trans,cis,cis-RuCl2(CO)2} fragment 

(a), whereas the {cis,cis,cis-RuCl2(CO)2} and {cis,cis,trans-RuCl2(CO)2} fragments (b and c, 

respectively) are much less abundant. Thus, the combination of two units of 4′cisDPyP with two equal 

(a) fragments, leading to 2 as main product, is much more likely compared to the a+b combination 

(leading to 13) and – obviously – to  b+b combination leading to 14. The combination of a+c (i.e. a 

90°-angular and a linear connector through a 90°-angular porphyrin) is likely to lead to oligomeric 

species. Finally, we had no evidence of the formation of the 4+4 metallacycle [cis,cis-

RuCl2(CO)2(4′cisDPyP)]4 (15, Figure 2.8), that requires the combination of four c fragments. It is 

possible that at the concentrations used in the preparations only open oligomeric species (most likely 

insoluble) with the c fragment are formed and a higher dilution is necessary for obtaining 15 in 

detectable amounts. It is also possible that the larger 15 might have a negligible mobility of the TLC 

plate, and thus escaped detection. 

 

Figure 2.8. The hypothetical 4+4 metallacycle of porphyrins [cis,cis-RuCl2(CO)2(4′cisDPyP)]4 (15). 
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In conclusion, this work establishes some proofs-of-concept:First, we demonstrate that, by using the 

appropriate ruthenium precursor (4 or 5) in combination with 4′cisDPyP, it is possible to obtain new 

2 + 2 molecular squares that are not observed when the more stereochemically rigid precursor 1 is 

used. This feature can be seen as an advantage or as a complication, depending on the objective. 

Second, and from a more general point of view, it shows that, even for the smallest 2 + 2 metallacycle 

and using a symmetric organic linker, several stereoisomers can be generated when octahedral metal 

connectors of the type {MA2B2} that are not stereochemically rigid are employed.22 The number of 

stereoisomers will rapidly increase for larger 2D, or for 3D assemblies. Finally, this work also opens 

the way to new, even though challenging, opportunities: unprecedented and yet unexplored chiral 

metallosupramolecular assemblies can be obtained and eventually exploited (e.g., for supramolecular 

catalysis) by using stereogenic octahedral metal connectors amenable to becoming chiral centers. 

 

2.4 Experimental Section 

 

Materials  

All chemicals, including TLC silica gel plates, were purchased from Sigma-Aldrich and used as 

received. Solvents were of reagent grade. The ruthenium precursors trans,cis,cis -RuCl2(CO)2(dmso-

O)2 (1), cis,cis,trans-RuCl2(CO)P(dmso-S)2 (4), and cis,cis,cis-RuCl2(CO)2(dmso)2 (5), the meso-

pyridylporphyrins 4′MPyP and 4′cisDPyP, and pure samples of trans,cis,cis-RuCl2(CO)2(4′MPyP)2 

(9) and of the metallacycle [trans,cis,cis-RuCl2(CO)2(4′cisDPyP)]2 (2) (obtained from 1) were 

synthesized and purified as previously reported by us.10,13,3 

 

Instrumental Methods  

Mono- and bidimensional (1H−1H COSY, 1H−13C HSQC) NMR spectra were recorded at room 

temperature unless stated otherwise on a Varian 400 or 500 spectrometer (1H, 400 or 500 MHz; 

13C{1H}, 100.5 or 125.7 MHz). 1H DOSY experiments were recorded on the Varian 500 

spectrometer at −5 °C (CDCl3), using the bipolar pulse pair stimulated echo with convection 

compensation sequence implemented into the VnmrJ software. 1H and 13C{1H} chemical shifts were 

referenced to the peak of residual nondeuterated solvent (δ = 7.26 and 77.16 for CDCl3; 5.32 and 

54.00 for CD2Cl2). Selected carbon resonances, except for carbonyls, were assigned through the 

HSQC spectra. ESI mass spectra were collected in the positive mode on a PerkinElmer APII 

spectrometer at 5600 eV. However, as is typical for such neutral systems,1 the ESI-MS spectra of the 

model complexes and metallacycles of porphyrins only showed peaks deriving from the 

fragmentation. The UV−vis spectra were obtained on an Agilent Cary 60 spectrophotometer, using 
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1.0 cm path-length quartz cuvettes (3.0 mL). Infrared spectra of chloroform solutions in the CO 

stretching region were recorded between CaF2 windows (0.5 mm spacer) on a PerkinElmer Fourier-

transform IR/Raman 2000 instrument in the transmission mode. A CEM Discover microwave reactor 

was used for the microwave-assisted reactions performed in 10 mL vessels. Elemental analyses were 

performed on a Thermo Flash 2000 CHNS/O analyzer in the Department of Chemistry of the 

University of Bologna, Italy. Analysis was not performed on the metallacycles obtained by 

preparative TLC because of the low amounts. In addition, elemental analysis, unless is performed on 

the crystal samples (such as those used for X-ray determinations), is poorly significant for these 

systems due to the typical presence of crystallization molecules whose nature and number vary from 

batch to batch. X-ray Diffraction. Data collections were performed at the X-ray diffraction beamline 

(XRD1) of the Elettra Synchrotron of Trieste (Italy) equipped with a Pilatus 2 M image plate detector. 

Collection temperature was 100 K (nitrogen stream suppliedthrough an Oxford Cryostream 700); the 

wavelength of the monochromatic X-ray beam was 0.700 Å, and the diffractograms were obtained 

with the rotating crystal method. The crystals were dipped in N-paratone and mounted on the 

goniometer head with a nylon loop. The diffraction data were indexed, integrated and scaled using 

the XDS code.32 The structures were solved by the dual space algorithm implemented in the 

SHELXT code.33 Fourier analysis and refinement were performed by the full-matrix least-squares 

methods 

Synthesis of the complexes 

As written in the Result and Discussion, very similar results were obtained by treatment of either 4 

or 5 with the pyridylporphyrins under the same reaction conditions. Thus, only one procedure is 

reported in each case. 

cis,cis,trans-RuCl2(CO)2(dmso-S)(4′MPyP) (10). A 10.9 mg amount (0.028 mmol) of colorless 

cis,cis,trans-RuCl2(CO)2(dmso-S)2 (5) was dissolved in 7 mL of chloroform. After addition of 25.8 

mg of 4′MPyP (0.042 mmol, 1:1.5 ratio) the purple solution was heated in a microwave reactor at 

70°C for 2 h. The solvent was then removed by rotary evaporation and the violet powder was partially 

dissolved in 5 mL of acetone, where the unreacted porphyrin is insoluble. The undissolved 4′MPyP 

was removed by filtration, the solution was rotary evaporated to dryness and the solid (pure 10 

according to the 1H NMR spectrum) was dried in vacuo. (Yield 19.3 mg, 75%). Elemental analysis 

calc for [C47H35Cl2N5O3SRu] (Mw: 921.1): C 61.24; H 3.83; N 7.60. Found: C 61.33; H 3.94; N 7.68.  

1H NMR (CDCl3), δ (ppm): 9.30 (d, 2H: H2,6), 8.87 (m, 8H: Hβ), 8.35 (d, 2H: H3,5), 8.22 (d, 6H: o-

H), 7.78 (m, 9H: m+p-H), 3.65 (s, 6H: dmso-S), –2.79 (s, 2H: NH). 13C NMR (CDCl3), δ (ppm): 

188.68 (CO), 153.11 (C2,6), 141.76 (Cβ), 134.54 (o-C), 131.42 (C3,5), 126.76 (m+p-C), 46.96 
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(dmso-S). Selected IR absorption (nujol mull, cm-1): 2068 (νCO), 1980 (νCO). UV-vis (CHCl3) λmax, 

nm (relative intensity, %): 420 (100), 519 (8.7), 554 (4.4), 591 (3.16),646 (2.32). 

trans,cis,cis-RuCl2(CO)2(4′MPyP)2 (9), cis,cis,trans-RuCl2(CO)2(4′MPyP)2 (11), and 

cis,cis,cis-RuCl2(CO)2(4′MPyP)2 (12). 

A 15.0 mg amount (0.039 mmol) of cis,cis,trans-RuCl2(CO)2(dmso-S)2 (5) was dissolved in 7 mL of 

a 4:5 CHCl3:MeOH mixture. After addition of 52.9 mg of 4′MPyP (0.086 mmol, 4′MPyP/Ru = 2.2) 

the purple solution was heated in a microwave reactor at 100°C for 4 h. The solvent was removed 

under vacuum and the mixture was subjected to column chromatography on silica gel eluted with 

CHCl3 for the first two fractions, that contained trans,cis,cis-RuCl2(CO)2(4′MPyP)2 (10) and 

cis,cis,trans-RuCl2(CO)2(4′MPyP)2 (12), respectively, and then with CHCl3/EtOH 98/2 v/v for the 

third fraction that contained cis,cis,cis-RuCl2(CO)2(4′MPyP)2 (12). Each product was then obtained 

as a purple solid by rotary evaporation of the eluent. Yields and Rf’s (TLC on silica plates using 

chloroform as eluent): 9 12%, 0.88; 11 7%, 0.24; 12 3%, 0.18. X-ray quality crystals of 9 and 11 were 

obtained by slow diffusion of n-hexane (9) or diethyl ether (11) into a chloroform solution of each 

complex. 

trans,cis,cis-RuCl2(CO)2(4′MPyP)2 (9). Elemental analysis calcd for 

[C88H58Cl2N10O2Ru]·0.5(C6H14) (Mw: 1502.4): C 72.69; H 4.42; N 9.32. Found: C 72.78; H 4.49; N 

9.41. 1H MR (CDCl3), δ (ppm): 9.59 (d, 4H, H2,6), 8.86 (m, 16H, Hβ), 8.45 (d, 4H, H3,5), 8.20 (d, 

4H, o-H phenyl ring in position 10), 8.15 (d, 8H, o-H phenyl rings in positions 5 and 15), 7.77 (m, 

6H, m+pH phenyl ring in position 10), 7.69 (m, 12H, m+pH phenyl rings in positions 5 and 15), –

2.80 (s, 4H, NH). Selected 13C NMR signals (from the HSQC spectrum) in CDCl3, δ (ppm): 154.8 

(C2,6), 134.3 (o-C), 131.2 (C3,5), 127.8 (m+p-C). Selected IR absorption (chloroform solution, cm–

1): 2073 (νCO), 2015 (νCO). UV-vis (CHCl3) λmax, nm (relative intensity, %): 420 (100), 517 (4.8), 552 

(2.5), 591 (2.2), 644 (0.6). 

cis,cis,trans-RuCl2(CO)2(4′MPyP)2 (11). Elemental analysis calcd for 

[C88H58Cl2N10O2Ru]·CHCl3·C4H10O (Mw: 1652.3): C 67.58; H 4.21; N 8.47. Found: C 67.65; H 4.24; 

N 8.52. 1H NMR (CDCl3), δ (ppm): 9.58 (d, 4H, H2,6), 8.98 (d, 4H, Hβ), 8.93 (d, 4H, Hβ), 8.88 (s, 

8H, Hβ), 8.34 (d, 4H, H3,5), 8.23 (m, 12H, o-H), 7.81 (m, 18H, m+pH), –2.77 (s, 4H, NH). Selected 

13C NMR signals (from the HSQC spectrum) in CDCl3, δ (ppm): 154.4 (C2,6), 134.5 (o-C), 131.1 

(C3,5), 127.4 (m+p-C).  Selected IR absorption (chloroform solution, cm–1): 2063 (νCO), 1995 (νCO). 

UV-vis (CHCl3) λmax, nm (relative intensity, %): 423 (100), 452 (9.2), 517 (6.0), 550 (3.4), 588 (2.6), 

648 (0.9). 

cis,cis,cis-RuCl2(CO)2(4′MPyP)2 (12). Elemental analysis calcd for [C88H58Cl2N10O2Ru]·CHCl3 

(Mw: 1578.8): C 67.71; H 3.77; N 8.87. Found: C 67.63; H 3.72; N 8.78.  1H NMR (CDCl3), δ (ppm): 
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9.54 (d, 2H, H2,6), 9.33 (d, 2H, H2,6), 8.86 (m, 16H, Hβ), 8.49 (d, 2H, H3,5), 8.38 (d, 2H, H3,5), 

8.21 (m, 4H, o-H phenyl ring in position 10), 8.17 (m, 8H, o-H phenyl rings in positions 5 and 15), 

7.78 (m, 6H, m + p H phenyl ring in position 10), 7.71 (m, 12H, m +p H phenyl rings in positions 5 

and 15), –2.79 (s, 4H, NH). Selected 13C NMR signals (from the HSQC spectrum) in CDCl3, δ (ppm): 

154.5 (C2,6), 134.6 (o-C), 131.1 (C3,5), 127.0 (m+p-C). Selected IR absorption (chloroform solution, 

cm–1): 2072 (νCO), 2001 (νCO). UV-vis (CHCl3) λmax, nm (relative intensity, %): 422 (100), 452 (30), 

517 (5.1), 555 (3.0), 592 (2.3), 650 (3.8). 

[trans,cis,cis-RuCl2(CO)2(4′cisDPyP)]2 (2),[{trans,cis,cis-RuCl2(CO)2}(4′cisDPyP)2{cis,cis,cis-

RuCl2(CO)2}] (13), [cis,cis,cis-RuCl2(CO)2(4′cisDPyP)]2 (14) 

A 20.0 mg amount of 4′-cisDPyP (0.032 mmol), was dissolved in a CH3OH:HCl3 5:4 mixture (2.6 

mL of CHCl3 and 3.2 mL of MeOH). After addition of 11.2 mg of 5 (0.029 mmol, 4′cisDPyP/Ru = 

1.1) the purple solution was heated in a microwave reactor at 100°C for 2 h. 

The purple precipitate formed was filtered, washed with methanol and subjected to preparative TLC 

on silica plates using chloroform as eluent. According to TLC analysis, the mother liquor contained 

smaller amounts of the three metallacycles plus unreacted 4′cisDPyP and other unidentified minor 

species with Rf <0.2 , i.e. most likely intermediates in the formation of the 2+2 molecular squares. 

Three main products were separated, in the order: [trans,cis,cis-RuCl2(CO)2(4′cisDPyP)]2 (2), 

[{trans,cis,cis-RuCl2(CO)2}(4′cisDPyP)2{cis,cis,cis-RuCl2(CO)2}] (13), and [cis,cis,cis-

RuCl2(CO)2}(4′cisDPyP)]2 (14). 

Yields and Rf’s on TLC silica plates eluted with CHCl3:EtOH 99.5:0.5: [trans,cis,cis-

RuCl2(CO)2(4′cisDPyP)]2 (2) 24%, 0.95; [{trans,cis,cis-RuCl2(CO)2(4′cisDPyP)2{cis,cis,cis-

RuCl2(CO)2}] (13) 14%, 0.38; [cis,cis,cis-RuCl2(CO)2(4′cisDPyP)]2 (14) 0.7 %, 0.21.  

[{trans,cis,cis-RuCl2(CO)2}(4′cisDPyP)2{cis,cis,cis-RuCl2(CO)2}] (13). 1H NMR (CDCl3, –5 °C), δ 

(ppm) 9.92 (d, 1H, H2,6), 9.85 (d, 1H, H2,6), 9.81 (d, 1H, H2,6), 9.75(m, 3H, H2,6), 9.43 (d, 1H, 

H2,6),  9.18 (d, 1H, H2,6), ), 9.07 (m, 12H, Hβ), 8.91 (m, 4H, Hβ), 8.71 (dd, 1H, H3,5), 8.61 (m, 6H, 

H3,5), 8.50 (dd, 1H, H3,5), 8.27 (m, 8H, o-H phenyl rings), 7.86 (m, 12H, m+p-H phenyl rings), –

2.72 (s, 4H, NH). Selected 13C NMR signals (from the HSQC spectrum) in CDCl3, δ (ppm): 154.1, 

154.0, 152.1, 151.4, 150.8, and 150.7 (C2,6); 132.9, 132.6, 132.5, 132.1, and 131.8 (C3,5); 134.5 

(oC-phenyl rings); 128.3 and 127,0. (m+pC-phenyl rings). Selected IR absorption (chloroform 

solution, cm–1): 2075 (νCO), 2015 (νCO), 2002(νCO). UV-vis (CHCl3) λmax, nm (relative intensity, %): 

429.5 (100), 521.0 (7.7), 557 (4.4), 594 (3.3),650 (2.3). 

[cis,cis,cis-RuCl2(CO)2(4′cisDPyP)]2 (14). Selected IR absorption (chloroform solution, cm–1): 2074 

and 2001 cm-1. UV-vis (CHCl3) λmax, nm (relative intensity, %): 430.0 (100), 522.0 (6.9), 559 (4.3), 

595 (3.4), 651 (3.0.). 
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Figure A2.1. 1H NMR spectrum of cis,cis,trans-RuCl2(CO)2(dmso-S)(4′MPyP) (10) in CDCl3 with 

numbering scheme Some peaks of a minor unidentified species are labeled with *. 

 

 

Figure A2.2. 13C NMR spectrum of cis,cis,trans-RuCl2(CO)2(dmso-S)(4′MPyP) (10) in CDCl3. 
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Figure A2.3. UV-vis spectrum of cis,cis,trans-RuCl2(CO)2(dmso-S)(4′MPyP) (10) ca. 10–6 M in 

CHCl3. 

 

 

Figure A2.4. 1H NMR spectrum of cis,cis,trans-RuCl2(CO)2(4′MPyP)2 (11) in CDCl3 with 

numbering scheme.  
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Figure A2.5. Aromatic region of 1H-1H COSY spectrum of cis,cis,cis-RuCl2(CO)2(4′MPyP)2 (12) in 

CDCl3. Dots of the same color indicate protons belonging to the same pyridyl ring. 
 

Table A2.1. Crystallographic data and refinement details for compounds trans,cis,cis-

RuCl2(CO)2(4′MPyP)2·0.5C6H14 (9) and cis,cis,trans-RuCl2(CO)2(4′MPyP)2·1.3CHCl3·C4H10O (11). 

 

 9 11 

Empirical Formula  C88H58Cl2N10O2Ru·0.5C6H14 C88H58Cl2N10O2Ru·1.3CHCl3

·C4H10O 

Formula weight (Da)  1502.50 1688.71 

Temperature (K) 100(2) 100(2) 

Wavelength (Å) 0.700 0.700 

Crystal system  triclinic monoclinic 

Space Group  P -1 P 21/c 

a (Å)  13.781(5) 17.733(4) 

b (Å)  16.085(2) 13.271(3) 

c (Å)  16.928(2) 34.343(7) 

α (°) 89.931(2) 90 

β (°) 97.25(1) 93.35(3) 

γ (°) 94.45(1) 90 

V (Å3)  3711(2) 8068(3) 

Z  2 4 

2,6 3,5
β o

m + p
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ρ (g·cm–3)  1.345 1.390 

F(000)  1550 3470 

µ (mm–1)  0.324 0.425 

θ min, max (°)  1.472, 28.227 1.133, 25.266 

Resolution (Å) 0.74 0.78 

Total refl. collctd  118885 28038 

Independent refl.  19134 15146 

Obs. Refl. [Fo>4σ(Fo)]  18234 9905 

I/σ(I) (all data)  53.72 2.2 

I/σ(I) (max res)  36.73 1.4 

Completeness (all data)  0.995 0.991 

Rmerge (all data)  2.1% 0.060 

Rmerge (max res)  3.0% 0.540 

Multiplicity (all data)  6.2 3.1 

Multiplicity (max res)  6.0 2.9 

Data/restraint/parameters  19134/2/934 15146/59/1056 

GooF 1.050 1.030 

R[I>2.0σ(I)],a wR2 [I>2.0σ(I)]a 0.0435, 0.1139 0.0748, 0.2071 

R (all data),a wR2 (all data)a 0.0451, 0.1153 0.1136, 0.2367 

aR1 =  |Fo|–|Fc|| / |Fo|, wR2 = [ w (Fo2 – Fc2 )2 / w (Fo2 )2]½  

Table A2.2. Selected coordination distances (Å) and angles (°) for trans,cis,cis-

RuCl2(CO)2(4′MPyP)2·0.5C6H14 (9). 

 

Bond distances (Å) 

Ru1–C1 1.880(2) Ru1–Cl2 2.3818(6) 

Ru1–C2 1.873(2) Ru1–N31 2.154(2) 

Ru1–Cl1 2.3921(7) Ru1–N41 2.157(2) 

Bond angles (°) 

C1–Ru1–Cl1 91.86(7) C2–Ru1–N41 179.34(7) 

C1–Ru1–Cl2 90.05(7) Cl2–Ru1–Cl1 176.20(2) 

C1–Ru1–N31 177.84(7) N31–Ru1–Cl1 89.07(4) 

C1–Ru1–N41 91.52(8) N31–Ru1–Cl2 88.92(4) 

C2–Ru1–C1 89.10(9) N31–Ru1–N41 86.53(6) 

C2–Ru1–Cl1 90.21(7) N41–Ru1–Cl1 89.54(4) 
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C2–Ru1–Cl2 93.10(7) N41–Ru1–Cl2 87.13(4) 

C2–Ru1–N31 92.85(7)   

 

Table A2.3. Dihedral angles (°) for trans,cis,cis-RuCl2(CO)2(4′MPyP)2·0.5C6H14 (9).* See Figure S6 

for labeling scheme. 

 

Dihedral angles (°) 

[Por3]···[R31] 56.63(5) [Por4]···[R42] 60.65(6) 

[Por3]···[R32] 70.88(8) [Por4]···[R43] 60.31(5) 

[Por3]···[R33]   68.36(5) [Por4]···[R44]    68.63(6) 

[Por3]···[R34]    81.40(7) [Por3]···[Por4]   77.22(3) 

[Por4]···[R41]    79.73(6)   

 

* For phenyl rings [R32] and [R34] only the major population (0.85 and 0.88, respectively) has been 

considered 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A2.6. ORTEP representation (50% probability ellipsoids) of the solid state molecular 

structure of trans,cis,cis-RuCl2(CO)2(4′MPyP)2·0.5C6H14 (9) with labeling scheme for the dihedral 

angles reported in Table A2.3. For clarity, an hexane crystallization molecule has been omitted. 
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Table A2.4. Selected coordination distances (Å) and angles (°) for cis,cis,trans-

RuCl2(CO)2(4′MPyP)2·1.3CHCl3·C4H10O (11). 

 

Bond distances (Å) 

Ru1–C1 1.922(7) Ru1–Cl2 2.403(2) 

Ru1–C2 1.997(6) Ru1–N11 2.114(4) 

Ru1–Cl1 2.369(2) Ru1–N21 2.116(4) 

Bond angles (°) 

C1–Ru1–Cl1 88.8(2) C2–Ru1–N21 91.4(2) 

C1–Ru1–Cl2 178.1(1) Cl2–Ru1–Cl1 89.56(6) 

C1–Ru1–N11 91.1(2) N11–Ru1–Cl1 90.0(1) 

C1–Ru1–N21 92.1(2) N11–Ru1–Cl2 87.9(1) 

C2–Ru1–C1 91.6(2) N11–Ru1–N21 176.3(2) 

C2–Ru1–Cl1 179.5(1) N21–Ru1–Cl1 88.3(1) 

C2–Ru1–Cl2 90.1(2) N21–Ru1–Cl2 88.9(1) 

C2–Ru1–N11 90.3(2)   

 

Table A2.5. Dihedral angles (°) for cis,cis,trans-RuCl2(CO)2(4′MPyP)2·1.3CHCl3·C4H10O (11). See 

Figure A2.7 for labeling scheme. 

 

 

Dihedral angles (°) 

[Por1]···[R11] 79.9(1) [Por2]···[R22] 65.3(1) 

[Por1]···[R12] 83.9(2) [Por2]···[R23] 89.7(2) 

[Por1]···[R13] 57.0(2) [Por2]···[R24] 60.5(2) 

[Por1]···[R14] 83.3(2) [Por1]···[Por2] 11.96(8) 

[Por2]···[R21] 78.6(1)   
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Figure A2.7. ORTEP representation (50% probability ellipsoids) of the solid state molecular 

structure of cis,cis,trans-RuCl2(CO)2(4′MPyP)2·1.3CHCl3·C4H10O (11) with labeling scheme for the 

dihedral angles reported in Table S5. For clarity, the chloroform and hexane crystallization molecules 

have been omitted. 
 

 
Figure A2.8. 1H NMR spectrum at room temperature of [trans,cis,cis-RuCl2(CO)2(4′cisDPyP)]2 (2) 

in CDCl3 with numbering scheme. 
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Figure A2.9. 1H NMR spectrum of [{trans,cis,cis-RuCl2(CO)2}(4′cisDPyP)2{cis,cis,cis-

RuCl2(CO)2}] (13) in CDCl3 at different temperatures from -25 to 25°C. 

 

 

Figure A2.10. ROESY spectrum of [{trans,cis,cis-RuCl2(CO)2}(4′cisDPyP)2{cis,cis,cis-

RuCl2(CO)2}] (13) in CDCl3 at –10°C. Exchange cross-peaks are in blue, whereas COSY cross-peaks 

are in red. 
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Figure A2.11. 1H-13C HSQC spectrum of [{trans,cis,cis-RuCl2(CO)2}(4′cisDPyP)2{cis,cis,cis-

RuCl2(CO)2}] (13) in CDCl3 at –10°C. 

 

 
Figure A2.12. 1H NMR spectrum of [{trans,cis,cis-RuCl2(CO)2}(4′cisDPyP)2{cis,cis,cis-

RuCl2(CO)2}] (13) in CD2Cl2 at different temperatures from 25 to –80°C. 
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Figure A2.13. 1H NMR spectrum of [cis,cis,cis-RuCl2(CO)2(4′cisDPyP)]2 (14) in CD2Cl2 at different 

temperatures from 25 to –10°C. 

 

 
Figure A2.14. 1H-1H COSY spectrum of [cis,cis,cis-RuCl2(CO)2(4′cisDPyP)]2 (14) in CDCl3 at –5°C. 
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Figure A2.15. Overlapped 1H DOSY spectra of [trans,cis,cis-RuCl2(CO)2(4′-cisDPyP)]2(2) (red 

dots), [{trans,cis,cis-RuCl2(CO)2}(4′-cisDPyP)2{cis,cis,cis-RuCl2(CO)2}] (13) (green dots), and 

[cis,cis,cis-RuCl2(CO)2(4′-cisDPyP)]2 (14) (blue dots) in CDCl3 at –5°C. In the case of 15, only the 

decay of the most intense resonances in the spectrum were fitted. Only the 1H NMR spectrum of 13 

is reported on the abscissa for simplicity 
 

 

 
 

Figure A2.16. CO stretching region in the IR spectra of the three diastrereoisomeric 2+2 

metallacycles [trans,cis,cis-RuCl2(CO)2(4′cisDPyP)]2 (2), [{trans,cis,cis-

RuCl2(CO)2}(4′cisDPyP)2{cis,cis,cis-RuCl2(CO)2}] (13), and [cis,cis,cis-RuCl2(CO)2}(4′cisDPyP)]2 

(14) in CHCl3 solution. 
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Figure A2.17. UV-vis spectra of the three strereoisomeric 2+2 metallacycles [trans,cis,cis-

RuCl2(CO)2(4′cisDPyP)]2 (2), [{trans,cis,cis-RuCl2(CO)2}(4′cisDPyP)2{cis,cis,cis-RuCl2(CO)2}] 

(13), and [cis,cis,cis-RuCl2(CO)2}(4′cisDPyP)]2 (14alt+14pw), and, for comparison, of 4′cisDPyP ca. 

10–6 M in CHCl3. 

 

Figure A2.18. The meso and racemic forms of metallacycle [cis,cis,cis-RuCl2(CO)2}(4′cisDPyP)]2 

(14pw) with the A and C chirality symbols on each corner. 
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3 Expanded Porphyrin Metallacycles 

 

3.1 Introduction 

 

One way to increase the stability of the supramolecular adducts is to increase the cooperative effect 

by increasing the size of the molecular panels and therefore the number of axial Zn–N connections 

they can form.  

Using the metal-mediated self-assembly approach, it is possible – in principle – to extend the 

porphyrin metallacycles exploiting the same metal connector used for the molecular squares 2 and 3. 

An example is the molecular panel of formula [{trans,cis,cis-RuCl2(CO)2}4(4′cisDPyP)2(4′TPyP)] 

(19) that contains three 4′pyridylporphyrins – two of one type and one of another – connected via 

four identical Ru(II) fragments. Reasonably, this metallacycle, which can be thought of as deriving 

from 2 by insertion of a 4′TPyP in the center, should have a substantially planar geometry and, after 

zincation, three axial coordination sites available. 

 

 

 

Figure 3.1. Predicted structure for the triporphyrin metallacycle [{trans,cis,cis- 

RuCl2(CO)2}4(4′cisDPyP)2(4′TPyP)] (19).  

 

In principle, two synthetic approaches are possible for metallacycles of this type: one is statistical 

(one-pot), in which the three components are mixed in a stoichiometric ratio; the second is a two-step 

synthesis, in which the two different porphyrins are coordinated to the ruthenium fragments in two 

stages (Scheme 3.1). 

Previously, Drain et al. used a one-pot approach to obtain a discrete nona-porphyrin system mediated 

by Pd(II).1 In that case, four equivalents of 4′cisDPyP, four equivalents of 4′trisPyP and one 

equivalent of 4′TPyP were added to twelve equivalents of [trans-PdCl2(NCPh)2]. The reaction occurs 

under thermodynamic control; therefore, the formation of the Pd–N(py) bond is reversible and thus 

the most stable product is obtained. Thirty minutes after adding the Pd(II) complex to the mixture of 
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4′PyPs in CHCl3 at room temperature, the desired product was obtained with a 90% yield (Figure 

3.2). 

 

Figure 3.2. Reaction scheme for the synthesis of the nona-porphyrin system described by Drain et al. 

 

In general, considering that the reactions involving Ru(II) and N-donor ligands occur substantially 

under kinetic control, it can be expected that a one-pot approach would lead to mixtures of species, 

both cyclic and oligomers, which have to be separated by column chromatography. 

On the other hand, the stepwise strategy requires that the two labile ligands in the metal connectors, 

specifically the two dmso-O are replaced in different stages. The treatment of one of the two 

porphyrins with an excess of 1 should afford the replacement of only one of the labile dmso-O ligands, 

generating an intermediate in which all the pyridyl rings of the porphyrin are coordinated to a 

ruthenium complex that still has reactive site, i.e. a dmso-O, in the cis position. 
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Scheme 3.1. Reaction scheme of the possible stepwise synthetic strategies for the synthesis of the 

metallacycle 19. 

 

Using similar synthetic strategies, it is also possible to link together two porphyrins that differ in the 

position of the nitrogen atom. The simplest adduct is a heteroleptic 2+2 metallacycle of formula 

[{trans,cis,cis-RuCl2(CO)2}2(4′cisDPyP)(3′cisDPyP)] (18), resulting from the union of two different 

cis-dipyridylporphyrins, 4′cisDPyP and 3′cisDPyP, via the same metallic Ru(II) connector used 

before. 

In the hypothesis that the two porphyrins maintain a coordination geometry similar to the one they 

have in the homoleptic squares 2 and 3, we would expect to obtain a folded molecular square, in 

which the planes of the two porphyrins should form an angle of ca. 90° (Figure 3.3). 

 

Figure 3.3. Predicted structure for the heteroleptic 2+2 molecular square [{trans,cis,cis-

RuCl2(CO)2}2(4′cisDPyP)(3′cisDPyP)] (18). 
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Similarly, it should be possible to synthesize even more complicated systems, such as heteroleptic 

triporphyrinic metallacycles whose predicted geometries are appealing in the context of 

supramolecular chemistry (Figure 3.4). 

 

Figure 3.4: Examples of heteroleptic triporphyrinic metallacycles obtainable combing 3′ and 

4′pyridylporphyrins, [{trans,cis,cis-RuCl2(CO)2}4(3′cisDPyMP)2(4′TPyP)] (left) and [{trans,cis,cis-

RuCl2(CO)2}4(4′cisDPyMP)2(3′TPyP)] (right). 

 

3.2 Results and discussion 

 

3.2.1 Synthesis of [{trans,cis,cis-RuCl2(CO)2}2(4′cisDPyP)(3′cisDPyP)] (18) 

The first part of this chapter is focused on the synthesis and characterization of the heteroleptic 2+2 

metallacycle 18. 

The synthetic two-step strategy adopted for obtaining 18 is described first. The first step consists in 

the preparation of a reactive precursor, already containing one of the two porphyrins, of formula 

[{trans,cis,cis-RuCl2(CO)2(dmso-O)}2(4′cisDPyP)] (16) or [{trans,cis,cis-RuCl2(CO)2(dmso-

O)}2(3′cisDPyP)] (17). Each one of these intermediates, that can be thought of as a ditopic acceptor 

fragment, allows – upon replacement of the dmso-O ligands – the coordination of the two Ru(II) 

complexes to the complementary porphyrin, respectively 3′cisDPyP or 4′cisDPyP, leading to 18. One 

of the two possible synthetic pathways is reported in the following reaction scheme (Scheme 3.2): 
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Scheme 3.2. Preparation of the heteroleptic porphyrin metallacycle [{trans,cis,cis-

RuCl2(CO)2}2(4′cisDPyP) (3′cisDPyP)] (18) starting from the reactive precursor 16. 

 

The intermediate 16 was obtained by treating 4′cisDPyP with an excess (at least 4 equivalents) of 1 

in chloroform at room temperature. Under these conditions, only one of the labile ligands (dmso-O) 

of the complex was replaced (Scheme 3.3). 

 

Scheme 3.3. Reaction scheme for the synthesis of the reactive precursor [{trans,cis,cis-

RuCl2(CO)2(dmso-O)}2(4′cisDPyP)] (16). 

The reaction was monitored by TLC (CHCl3:EtOH 98:2); after 50 minutes there was no trace of 

unreacted 4′cisDPyP (Rf = 0.35), sign of the complete conversion. The solvent was removed under 

reduced pressure and the solid was washed with H2O to remove the unreacted ruthenium complex 

and the released DMSO (the product is soluble in all the other solvents tested), then it was redissolved 

in CHCl3 and anhydrified on Na2SO4. 

The washings with H2O gave rise – in part – to an aqua species of the product of formula 

[{trans,cis,cis-RuCl2(CO)2(H2O)}2(4′cisDPyP)] (16H2O), in which the dmso-Os were replaced by 

water molecules.a 

The 1H NMR spectrum of 16H2O in DMSO-d6 (Figure 3.5), after the washing with H2O, presents 

only one main set of resonances in agreement with a species in which 4′cisDPyP is symmetrically 

coordinated to two equal complexes of Ru(II); conversely, the spectrum recorded in CDCl3 (Figure 

3.6) shows the presence of two sets of partially resolved signals, one attributed to the aqua species 

16H2O and the other to 16. 

 
a In theory two aqua species are possible, depending if one or both residual dmso-O ligands are replaced by water 

molecules 
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Figure 3.5. 1H NMR spectrum of [{trans,cis,cis-RuCl2(CO)2(dmso-O)}2(4′cisDPyP)] (16) in DMSO-

d6. 

 

The addition of DMSO-d6 causes a progressive decrease of the minor set of signals, attributed to the 

aqua species (16H2O), untill its complete disappearance. Simultaneously, the resonances become 

sharper, particularly that of NH, confirming that in case of an excess of DMSO, the equilibrium 

between 16 and 16H2O is shifted towards 16. The small shifts of all signals after every addition of 

DMSO-d6 derive from the co-presence of the two solvents. 

 

Figure 3.6. The 1H NMR spectrum of 16+16H2O in CDCl3 (top); the spectra below are recorded 

after subsequent additions of 10 L aliquots of DMSO-d6.  
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The synthesis of 18 was carried out treating 3′cisDPyP with a slight excess of 16+16H2O (16/3′-

cisDPyP 1.5:1 ) at 40°C in dried CH2Cl2 in the presence of DMSO (to restore species 16 and minimize 

the possible formation of OH bridged by-products). The reaction was monitored by TLC (silica gel, 

CHCl3), following the vanishing of the spot of the 3′cisDPyP. The crude was purified by flash 

chromatography and a single fraction was collected (Rf = 0.31). The 1H NMR spectrum of 18 is 

reported in Figure 3.7 (yield 26%). Assignments were made according to 2D spectra and by 

comparison with the symmetrical metallacycles 2 and 3. 

Figure 3.7. 1H-NMR spectrum (CDCl3) of [{trans,cis,cis-RuCl2(CO)2}2(4′cisDPyP)(3′cisDPyP)] 

(18) after column chromatography. 

In the high frequency region, the 1H NMR spectrum displays the usual signals of 4′cisDPyP and 

3′cisDPyP coordinated in a symmetrical fashion to two {trans,cis,cis-RuCl2(CO)2} fragments.  

There is no evidence of coordinated dmso, in agreement with the complete substitution of the two 

labile dmso-O’s of 16. The two doublets at 9.70 and 9.38 ppm were assigned to H2 and H6 of the 

4′cisDPyP; in all these systems, the two pyridyl rings coordinated to the ruthenium are ca. 

perpendicular to the porphyrin ring and in slow rotation on the Ru–N bond and, since the plane of 

each macrocycle is not a plane of symmetry of the metallacycle, they appear as two distinct signals. 

This hypothesis was also confirmed by the 1H-1H ROESY spectrum (Figure 3.8) where an exchange 

cross peak between H2 and H6 is visible. 
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Figure 3.8. 1H-1H ROESY spectrum (CDCl3) of 18 and enlargement showing the exchange cross 

peaks (red) between H2 and H6. 

 

The doublet at lower frequencies was attributed to the proton above the average plane of 4′cisDPyP, 

that partially falls in the shielding cone of the adjacent 3′cisDPyP porphyrins. H3 and H5 are more 

distant from the other porphyrin and so their signals fall closer to each other, together with other 

signals, in a multiplet at 8.13 ppm and are distinguishable in the 1H-1H COSY spectrum. The 

resonances of H2′ and H6′ of 3′cisDPyP, a singlet and a doublet respectively, are partially overlapped 

at ca. 10 ppm and account for 4H. In analogy with what was observed for the homoleptic step-like 

metallacycle 3, the singlet at 7.47 ppm of intensity 2H was assigned to the two Hβ protons  of the 

4′cisDPyP in positions 7 and 8 (red label). These are the two equivalent protons between the pyridyl 

rings pointing towards 3′cisDPyP, which partially fall in its shielding cone. Finally, at lower 

frequencies, we find the signals of the pyrrole protons of both porphyrins. They appear as two very 

well resolved singlets, respectively at –2.91 and –3.18 ppm, which correspond to 2H each. The NH 

at lower frequencies (–3.18 ppm) was assigned to 4′cisDPyP, because in the COSY spectrum (Figure 

3.9) it has a cross peak with the Hβ singlet at 7.47 ppm; accordingly,  the singlet at lower frequencies 

(–2.91 ppm) was assigned to 3′cisDPyP. 
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Figure 3.9. 1H-1H COSY spectrum of 18, aromatic region and enlargement showing the cross peaks 

between βH and NH signals. 

 

A test was done switching the order of coordination of the porphyrins, using as reactive precursor 

[{trans,cis,cis-RuCl2(CO)2(dmso-O)}2(3′cisDPyP)] (17) and reacting it with an excess 4′cisDPyP.  

Complex 17 was synthesized using the same strategy used for precursor 16 and in Figure 3.10 is 

reported its 1H NMR spectrum in CDCl3+DMSO-d6. 

 

Figure 3.10. 1H-NMR spectrum of [{trans,cis,cis-RuCl2(CO)2(dmso-κO)}2(3′cisDPyP)] (17) in 

CHCl3+DMSO-d6. 
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In the 1H-NMR spectrum it is visible the typical pattern of the 3′cisDPyP coordinated symmetrically 

to two fragments of {trans,cis,cis-RuCl2(CO)2(dmso-O)}. At higher frequencies are visible two 

broadened singlets and a sharp doublet assigned respectively to H2 and H6, and integrating for 2H 

each. The reason why only the resonance of H2 is split into two distinct singlets is unclear; the 

splitting may be caused by the presence of two different conformers anti and syn, in slow equilibrium 

on the NMR time scale and of similar concentrations, or by the presence of a ca. 50:50 mixture of 17 

and 17H2O. In the 1H-13C HSQC (Figure A.3.5) spectrum the two singlets correlate with the same 

carbon atom.  

17 was then treated with a slight defect of 4′cisDPyP, on a small scale in an NMR tube, in a 

CDCl3+DMSO-d6 mixture at 40°C.  

 

Figure 3.11. Comparison of the 1H NMR spectra of 18 (top) and the reaction crude between 17 and 

4′cisDPyP after 72h (bottom). 

 

The 1H NMR spectrum recorded after 72 h shows a pattern attributable to 18 (Figure 3.11), the shift 

of all resonances to slightly higher fields is due to the aforementioned effect of the DMSO-d6. The 

presence of some additional signals, evident in the area of NH′ and NH resonances, could be caused 

by unreacted precursor 17 or to by the formation of other oligomeric byproducts. This experiment 

confirms that the metallacycle 18 can be obtained from both synthetic pathways. 

Using the same strategy, we also synthesized the equivalent metallacycle containing 4′cisDPyMP, 

i.e. the analog of 4′cisDPyP methylated in para position of the phenyl rings. This choice has two 
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reasons: 1) it facilitates the interpretation of the 1H NMR spectrum; in fact, it reduces the number and 

multiplicity of signals in the already very crowded aromatic region and adds the methyl singlet in a 

free zone of the spectrum, and 2) increases the solubility of all derivatives in chlorinated solvents. 

First the intermediate [{trans,cis,cis-RuCl2(CO)2(dmso-κO)}2(4′cisDPyMP)] (16Me) was prepared, 

under the same reaction conditions used for 16. Next, in a procedure similar to that leading to 18, 

3′cisDPyP was treated with a slight excess of 16Me and the reaction was monitored by TLC (silica 

gel, CHCl3). After 48h the crude was purified by flash chromatography obtaining two fractions, the 

first containing the 2+2 homoleptic metallacycle 2Me, and the second containing the desired product 

18Me (Figure 3.12). 

 

Figure 3.12. 1H-NMR spectrum (CDCl3) of the heteroleptic 2+2 metallacycle [{trans,cis,cis-

RuCl2(CO)2}2(4′cisDPyMP) (3′cisDPyP)] (18Me) 

The 1H NMR of 18Me is similar to that of 18, with the addition of the singlet for the methyl groups 

at 2.65 ppm and a better resolution of the signals in the crowded aromatic region. 

18Me was then treated with 5 equivalents of Zn(OAc)2‧2H2O in a CHCl3:MeOH mixture obtaining 

the zincated metallacycle 18MeZn (Scheme 3.4). 
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Scheme 3.4: Reaction scheme for the synthesis of the zincated metallacycle 18MeZn.  

 

The reaction was monitored by TLC and UV-vis spectroscopy, following the decrease of the number 

of Q bands from four to two, caused by the enhanced symmetry of the molecule, and the slight shift 

of the Soret band from 432nm to 427nm (Figure 3.13). 

 

Figure 3.13. Comparison between the normalized UV-Vis absorption spectra in CHCl3 of 18Me (red) 

and of the corresponding zincated metallacycle 18MeZn (blue), with enlargement of the Q bands 

region. 
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Figure 3.14. 1H-NMR spectrum (CDCl3) of metallacycle [{trans,cis,cis-

RuCl2(CO)2}2(Zn∙4′cisDPyMP) (Zn∙3′cisDPyP)] (18MeZn). 

 

The 1H NMR spectrum of 18MeZn shows the same pattern of the free base metallacycle 18Me, some 

signals are better resolved and low-field shifted, and the absence of the NH signals confirms the 

complete zincation of both porphyrins.  

A DOSY spectrum was recorded to obtain more information on the size of 18MeZn, in particular, 

the measure of the diffusion coefficient (Dt) allowed us to determine the hydrodynamic radius (rH) of 

the molecule. 

The correlation between the diffusion coefficient and the hydrodynamic radius follows the Stokes-

Einstein equation for linear diffusion and spherical approximation: 

𝐷𝑡 =
𝑘𝐵𝑇

6𝜋𝜂𝑟𝐻
 

where kB is the Boltzmann constant, T is the temperature in Kelvin, and η is the fluid viscosity, which 

also depends on the solvent and the temperature. 

The measured Dt for 18MeZn is 6.06 ± 0.10×10–6 cm2 s–1, which corresponds to an rH of 6.7 Å. This 

data compare well with the Dt and the rH of the homoleptic metallacycle 2+2 (2Zn), measured under 

the same conditions, that are equal to 5.55 ± 0.01×10–6 cm2 s–1 and 7.3 Å, respectively. 

Considering the uncertainties inherent in these measurements, the diffusion coefficients of the two 

metallacycles are quite comparable. 
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In Figure 3.15 the two-dimensional representation of the DOSY spectrum of 18MeZn is reported, 

where the 1H NMR spectrum appears in the horizontal dimension and the diffusion coefficient in the 

other. The signals are all aligned along the same horizontal line, indicating that they belong to a single 

species. 

 

Figure 3.15. Bidimensional 1H NMR DOSY spectrum of 18MeZn. 

 

We then compared the stepwise synthetic strategy, effective but rather laborious, with the one-pot 

approach which, as already mentioned, consists in treating the Ru(II) precursor 1 with stoichiometric 

amounts of the two porphyrins 4′cisDPyMP and 3′cisDPyP in a ca. 2:1:1 ratio. In this case, it can be 

expected that the reaction will produce the three possible 2+2 metallacycles (in addition to oligomeric 

species) 18Me, 2Me and 3 in almost equal quantities.  

The one-pot reaction was performed on a small scale in an NMR tube and monitored by 1H NMR 

spectroscopy. In Figure 3.16 are reported the 1H NMR spectra, in the diagnostic NH region, of the 

reaction crude compared with the two homoleptic metallacycles 2Me and 3. 
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Figure 3.16. NH region of the 1H NMR spectra of 2Me (top), 18Me (middle) and of the reaction 

crude (bottom); the NH signal of 3 is labeled in green. 

 

From the comparison, and the spectral data already known in literature for 3, the three metallacycles 

are indeed present ca. in a 1:1:1 ratio. It is also visible a set of unresolved resonances around 2.80 

ppm, presumably attributable to uncharacterized oligomeric species. 

When the reaction was repeated on a larger scale, we found that this statistical mixture of products is 

not easily separable by column chromatography, which afforded lower yields of pure 18Me compared 

with the stepwise strategy. In conclusion, even for this relatively simple metallacycle the one-pot  

turned out to be less suitable than the stepwise approach..  

We performed an NMR titration of 18MeZn with 4′cisDPyMP, since the 90° geometry of the donor 

groups of this latter might allow its axial coordination to the two zinc atoms, forming a tris-porphyrin 

metallacycle where plane of 4′cisDPyMP is perpendicular to those of the other two porphyrins (Figure 

3.17). 
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Figure 3.17. Hypothetical structure for the [18MeZn∙4′cisDPyMP] assembly. 

 

This system might resemble the metallacycle [ZnP2∙4′cisDPyP] described some years ago by Iengo 

et al. (Figure 3.18), obtained by treating ZnP2, a system formed by two zinc-porphyrins connected 

via a 2,9-diphenylphenatroline (which acts as a linker) with 4′cisDPyP, which coordinates axially to 

the two zinc atoms.2 

 

Figure 3.18. Schematic structure of the [ZnP2∙4′cisDPyP] ∙assembly. 

 

The metallacycle 18MeZn was dissolved in CDCl3 (ca. 2 mM) and subsequent additions of small 

aliquots of 4′cisDPyMP were made. The 1H NMR spectra recorded after every addition of 

4′cisDPyMP are reported below until a 18MeZn:4′cisDPyMP ratio ca. 1:1 was reached (Figure 3.19). 

The integration of the signals of the methyl groups, that fall in an uncrowded area of the spectrum, 

allows to determine the exact ratio between the two species. 
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Figure 3.19. 1H NMR spectra (CDCl3) of the titration of 18MeZn (top) with increasing amounts of 

4′cisDPyMP (middle and bottom). 

 

Overall, the 1H NMR spectra in CDCl3 at room temperature of the 18MeZn titration does not suggest 

the formation of a discrete supramolecular structure. The ligand additions caused a generalized 

broadening of the signals of 18MeZn and the appearance of two very broad signals, one at ca. 6.0 

ppm and the second at –3.7 ppm (this latter assigned to the NH of the 4′cisDPyMP). On the other 

hand, the growing signal of the methyl groups of 4′cisDPyMP appears as a sharp singlet. This suggests 

that the 4′cisDPyMP resonances are very broadened and upfield shifted due to fast coordination 

equilibria with Zn, incompatible with the formation of a metallacycle like the one predicted in Figure 

3.18. The NH singlet resonates at lower frequencies than free 4′cisDPyMP (–2.83 ppm), in agreement 

with an axial interaction with zinc. In the metallacycle [ZnP2∙4′cisDPyP], the coordination of the 

4′cisDPyP to the two zinc-porphyrins led to a stable metallacycle (association constant 6×108 M–1) 

and sufficiently inert, characterized by an NMR spectrum very diagnostic. For instance, the protons 

H2,6 and H3,5 of the pyridyl rings coordinated to the zinc atoms gave broad but well distinguishable 

resonances already at room temperature, respectively at 2.98 and 6.26 ppm. 

It is possible that the formation of the predicted triporphyrin metallacycle, although possible from the 

geometric point of view, is prevented by steric interactions, for instance, by the chlorides pointing 

towards the 4'cisDPyP. 
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3.2.2 Synthesis of the triporphyrin metallacycle [{trans,cis,cis-

RuCl2(CO)2}4(4′cisDPyP)2(4′TPyP)] (19) 

The second part of this chapter concerns the synthesis and characterization of the triporphyrin 

metallacycle [{trans,cis,cis-RuCl2(CO)2}4(4′cisDPyP)2(4′TPyP)] (19) and its peripherally 

methylated analog, [{trans,cis,cis-RuCl2CO)2}4(4′cisDPyMP)2(4′TPyP)] (19Me). Similarly to 18, we 

tried to synthesize the metallacycle 19 using the stepwise synthetic strategy described in the following 

reaction scheme (Scheme 3.5). The 4′TPyP was reacted in CH2Cl2:DMSO 24:1 mixture at room 

temperature for 48 h with a slight excess of the reactive precursor [{trans,cis,cis-RuCl2(CO)2(dmso-

O)}2(4′cisDPyP)] (16). 

  

  

Scheme 3.5. Preparation of the triporphyrin metallacycle [{trans,cis,cis- 

RuCl2(CO)2}4(4′cisDPyP)2(4′TPyP)] (19). 

 

At the end of the reaction, the solvent was removed and the crude was washed with acetone to remove 

the DMSO. After column chromatography (silica gel, CHCl3), it was possible to recover a fraction 

containing 19 sufficiently pure, although with very a low yield (9%). The 1H NMR spectrum of the 

product is shown in Figure 3.20. 
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Figure 3.20. 1H-NMR spectrum (CDCl3) of 19; the dots of the same color indicate the protons 

belonging to the same pyridyl ring according to the 1H-1H COSY spectrum 

 

In the 1H NMR spectrum is visible only one pattern of signals, attributable to the highly symmetrical 

species 19. In the low field region, at 9.93 and 9.85 ppm, there are two doublets with equal intensity 

(8H) attributable to H2,6 and H2′,6′ of the pyridyl rings present in the molecule, four belonging to 

the central 4′TPyP (H2′,6′) and four to the two peripheral 4′cisDPyP units (H2,6), all coordinated to 

{trans,cis,cis-RuCl2(CO)2} fragments. They are pairwise correlated in the 1H-1H COSY spectrum to 

the two doublets belonging to the H3,5 and H3′,5′, which fall at 8.63 and 8.59 ppm, respectively, and 

integrate for 8H each. The resonances labeled with the same color in Figure 3.20 belong to the same 

type of pyridyl ring, but it was not possible to distinguish which signals belong to the 4′TPyP and 

which to the two equivalent 4′cisDPyPs. 

At higher fields (−2.70 ppm), there is a single enlarged singlet integrating for 6H, attributed to the 

overlapping of the NH singlets of the three porphyrins. 

The UV-spectrum is very similar to the spectra of the free porphyrins (Figure A.3.10). 

When we tried to switch the order of insertion of the porphyrins, reacting the 4′TPyP with an excess 

of 1, the reaction was very slow due to the low solubility of the 4′TPyP in halogenated solvents. 

Furthermore, the isomerization of 1 occurred to a large extent leading to a mixture of the two 

stereoisomers [cis,cis,trans-RuCl2(CO)2(dmso-S)2] (4) and [cis,cis,cis-RuCl2(CO)2(dmso)2] (5). 

Accordingly, this synthetic pathway was discarded. 

The work already carried out, while indicating that with the synthetic strategy followed it is possible 

to obtain the triporphyrin metallacycle 19, it also highlighted a series of difficulties (in addition to the 
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low yield): 1) 4′TPyP is poorly soluble in halogenated solvents. This can lead to incomplete or very 

slow reactivity, which can favor parallel reactions of the species in solution. 2) In the reaction mixture 

there is always a very thin suspension, which can derive from not completely dissolved 4′TPyP or 

from the formation of poorly soluble species, possibly polymeric in nature. 3) Even after 

chromatographic purification, the recovered product, despite being all in solution once leaving the 

column, is no longer entirely soluble in CDCl3. Furthermore, even if the dark and very thin  solid that 

remains undissolved is removed by filtration, a very thin suspension soon re-forms, presumably due 

to phenomena of aggregation and/or degradation/hydrolysis of the product.  

We also synthesized the analog metallacycle containing 4′cisDPyMP, [{trans,cis,cis-

RuCl2(CO)2}4(4′cisDPyMP)2(4′TPyP)] (19Me), with the aim to increase the solubility of the product. 

The 4′TPyP was treated with 2.5eq of 16Me in a 24:1 CH2Cl2:DMSO mixture and the crude was 

purified by column chromatography collecting two fractions, the first containing the desired product 

19Me. 

The solvent was removed and partially dissolved in CDCl3, the thin suspension was removed through 

an HPLC filter, and the 1H NMR of the clear solution is reported in Figure 3.21. 

 

Figure 3.21. 1H NMR spectrum (CDCl3) of [{trans,cis,cis-RuCl2CO)2}4(4′cisDPyMP)2(4′TPyP)] 

19Me; the dots of the same color indicate the protons belonging to the same type of pyridyl ring 

according to the 1H-1H COSY spectrum. 

 

Even in this case, a thin suspension reforms a few hours after the preparation of the NMR sample 

(originally a clear solution). 
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We also tried to enhance the solubility of the 4′TPyP; consistent with literature reports, it was found 

to be well soluble in CHCl3:TFE mixtures, even when contain very small percentages of the 

fluorinated solvent (i.e. 200:1 CHCl3:TFE).3 

The reaction was performed in 6.1 mL of a 66:1 CHCl3:TFE mixture, in which a 4.5 mg amount of 

4′TPyP was completely dissolved; a slight excess of 16, dissolved in 50µL of DMSO, was then added 

to the solution, and heated at 40°C. After 24h and the crude was purified by flash chromatography 

(silica gel, CHCl3:n-hexane 98:2). 

Regretfully, as evidenced by the NMR spectrum, the fraction containing the metallacycle 19Me 

contained other species, with very similar retention factors, that were not separable by column 

chromatography (Figure 3.22). 

 

 

Figure 3.22. 1H NMR spectrum of the fraction containing 19Me.  

These minor signals are not attributable to known species but are very similar to those of the 

stereoisomeric 2+2 metallacycles [{trans,cis,cis-RuCl2(CO)2}(4′cisDPyP)2{cis,cis,cis-RuCl2(CO)2}] 

(13) and [{cis,cis,cis-RuCl2(CO)2}(4′cisDPyP)2] (14). In particular, the signals around 9.8, 9.4 and 

9.2 ppm could be attributable to homo- or heteroleptic stereoisomeric metallacycles, in which one or 

more ruthenium connectors are isomerized, assuming {cis,cis,cis-RuCl2(CO)2} rather than 

{trans,cis,cis-RuCl2(CO)2} geometry. In fact, as observed for the molecular square 13, and discussed 

in the Chapter 1, the loss of the symmetry plane of the metallacycle, following the isomerization of a 

metal connector, leads to the presence of resonances of protons H2 and H6 (no longer equivalent) in 

those regions of the spectrum. 

The presence of this species only when TFE was used, made us suspect that that the solvent was 

somehow involved. Indeed, we found that when the [trans,cis,cis-RuCl2(CO)2(dmso-O)2] (1) 

complex was dissolved in a CHCl3:TFE 200:1 mixtures, it isomerized faster to its stereoisomers (and 
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linkage isomer) [cis,cis,cis-RuCl2(CO)2(dmso-O)(dmso-S)] (4) and  [cis,cis,trans-RuCl2(CO)2(dmso-

S)2] (5) compared to pure chloroform (Figure 3.23).  

 

 

Figure 3.23. 1H NMR spectra of complex 1 after 24h in CHCl3 (top) and in CHCl3:TFE 200:1 mixture 

(bottom), the signals of 1, 4 and 5  are labeled respectively in red, green, and blue. 

 

This reaction was also tested in the one-pot conditions, reacting the two porphyrins and the complex 

1 in a 1:2:4 stoichiometric ratio in CHCl3:TFE 65:1. Regretfully, the major products in this case were 

the 2+2 homoleptic metallacycle 2Me and the 3+3 [trans,cis,cis-RuCl2(CO)2(4′cisDPyMP)]3, 

whereas only a minor amount of the desired product 19Me was present, not even enough for being 

isolated by column chromatography. Thus, the one pot approach turned out to be unfeasible for the 

preparation of the extended metallacycles. 
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3.2.3 Synthesis and characterization of the homoleptic metallacycle [{trans,cis,cis-

RuCl2(CO)2}4(3′cisDPyMP)2(3′TPyP)] (20Me) 

Contrary to 4′TPyP, 3′TPyP has the advantage of being more soluble in chlorinated solvents and thus 

more reactive, minimizing potential side reactions (e.g. isomerization of the reactive precursor). 

On the other hand, the pyridyl rings in the 3′PyPs can be directed above or below the plane of the 

porphyrin (syn or anti), leading to different possible conformers. 

Initially, we tested its reactivity in combination with the reactive precursor [{trans,cis,cis-

RuCl2(CO)2(dmso-O)}2(3′cisDPyMP)}] (17Me), obtained as 17 from the 3′cisDPyMP.  

In principle, the reaction between two equivalents of 17Me and one equivalent of 3′TPyP could lead 

to two different conformers of the homoleptic triporphyrin metallacycle [{trans,cis,cis-

RuCl2(CO)2}4(3′cisDPyP)2(3′TPyP)] (20Me)b. One conformer where all the four pyridyl rings of the 

3′TPyP have a syn orientation and one where they are in pairs in anti conformation. The conformer 

20Mel should have a ladder geometry (i.e. an extended version of 3), where the two 3′cisDPyMP are 

on opposite sides of the 3′TPyP plane, while conformer 20Meg  should have a Greek frame geometry 

where the two 3′cisDPyMP are on the same side. 

 

Scheme 3.6. Reaction scheme for the synthesis of the homoleptic metallacycle 20Me. 

 

The reaction was conducted in CHCl3, a 20.0 mg (2.2 eq) amount of 17Me was added to a solution 

of 4.9 mg of 3′TPyP at room temperature. The reaction was monitored by TLC (silica gel, 

CHCl3:EtOH 98:2) and by 1H NMR, following the disappearance of the 3′TPyP. After 6h the solvent 

 
b 

Note The number without subscripts indicates the mixture of conformers  
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was removed, and the purple solid was purified by flash chromatography (silica gel CHCl3:n-hexane 

97:3), affording a single band. 

 

Figure 3.24. 1H NMR spectrum of [{trans,cis,cis-RuCl2(CO)2}4(3′cisDPyMP)2(3′TPyP)] (20Me) in 

CDCl3, the two sets of signals – corresponding to the two conformers – are labeled in black and blue. 

 

Even if the product was pure according to TLC analysis, in the 1H-NMR spectrum in CDCl3 (Figure 

3.24) are visible two sets of signals (black and blue labels), indicating the presence of two different 

species in solution in a ratio of ca. 1:0.66. The two sets of signals were distinguished based upon the 

intensities (where resolved) and through 2D NMR spectra. The integrations of the NH resonances 

allowed us to say that in each species the 3′cisDPyMP:3′TPyP ratio is 2:1. 

When the same sample was redissolved in CD2Cl2, the two sets of signals were almost in a 1:1 ratio, 

consistent with the hypothesis that the two species are two conformers in slow exchange on the NMR 

time scale and the equilibrium between them shifts according to the solvent. Furthermore, in the 

ROESY spectrum, is visible a cross peak between the H2′ of the major species and the H2′ of the 

minor species at lower frequencies, confirming that they are in exchange (Figure 3.25) 
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Figure 3.25. 1H NMR spectrum of [{trans,cis,cis-RuCl2(CO)2}4(3′cisDPyMP)2(3′TPyP)] (20Me) in 

CD2Cl2. 

 
Figure 3.26. Enlargement of the 1H-1H ROESY (CDCl3) spectrum showing the exchange cross 

peak between the H2′ of the two conformers  

 

We were also able to distinguish, at least for the major species, the signals of 3′cisDPyMP from those 

of the 3′TPyP. Apart from the signals of H2 and H6 of both species, the other signals are mostly 

overlapped and were assigned using the information from the 1H-1H COSY, 1H-13C HSQC, 1H-1H 

ROESY spectra. The DOSY spectrum clearly shows that the two species have the same diffusion 

coefficient 3.74±0.02 cm2s-1, with a hydrodynamic radius of ca. 10.9 Å, which is in good agreement 
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with the expected radius for a triporphyrin metallacycle. In Figure 3.27 is reported the bidimensional 

DOSY spectrum of 20Me compared with 18MZne. 

All these findings allowed us to say the two species are indeed the two conformers 20Meg and 20Mel 

but regretfully it was not possible to distinguish which is which; repetitive attempts to grow single 

crystals were – thus far – not successful. 

 

 

Figure 3.27. Bidimensional DOSY spectrum of 20Me (green) in CDCl3 compared with the spectrum 

of 18MeZn (red). 

 

In the UV-vis spectrum of 20Me, as found for metallacycle 3, is visible an exciton splitting in the 

Soret band. This splitting is even larger compared to that found in 3, 659 cm-1 vs 500 cm-1. This 

splitting was not visible in the metallacyle 18 (Figure 3.13), probably because of the perpendicular 

disposition of the chromophores which allows only minor interactions between the porphyrins 

resulting in a smaller splitting, probably covered by the natural bandwidth of the Soret band.4–6 
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Figure 3.28. Normalized UV-vis spectrum (CHCl3) of 20Me. 

 

20Me was then treated with 5 equivalents of Zn(OAc)2‧2H2O in a CHCl3:MeOH mixture obtaining 

the zincated metallacycle [{trans,cis,cis-RuCl2(CO)2}4(Zn·3′cisDPyMP)2(Zn·3′TPyP)] (20ZnMe), 

whose NMR spectrum is reported in Figure 3.29. 

 

 

Figure 3.29. 1H NMR spectrum (CDCl3) of the zincated metallacycle 20MeZn. 
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In the 1H NMR spectrum of the zincated metallacycle 20MeZn the two conformers are present in a 

1:1 ratio also in CDCl3 complicating also the assignments of the signals.  

We also performed an NMR titration of 20MeZn with 4,4’-bpy, but even in this case it didn’t afford 

a discrete assembly. After every addition of 4,4’-bpy the signal of 20MeZn became very broad and 

also were not visible signals of coordinated bipyridine probably broadened beyond detection. 

 

3.2.4 Synthesis and characterization of the heteroleptic triporphyrin metallacycles 

[{trans,cis,cis-RuCl2(CO)2}4(4′cisDPyMP)2(3′TPyP)] (21Me) and [{trans,cis,cis-

RuCl2(CO)2}4(3′cisDPyMP)2(4′TPyP)] (22Me) 

 

The above described synthetic strategy was also exploited for the synthesis of the heteroleptic 

triporphyrin systems [{trans,cis,cis-RuCl2(CO)2}4(4′cisDPyMP)2(3′TPyP)](21Me) and 

[{trans,cis,cis-RuCl2(CO)2}4(3′cisDPyMP)2(4′TPyP)](22Me). These metallacycles are similar to 19 

and 20, but they both contain one porphyrin of one type and two of the other. In 21Me the 3′-

pyridylporphyrin is in the middle and the two 4′-pyridylporphyrins occupy the sides, whereas the 

opposite distribution occurs in 22Me. In both cases two conformers are possible. 

In 21Me the two possible conformers have a zig-zag 21Mez or a taco shape 21Met. 

Scheme 3.7. Reaction scheme for the synthesis of the heteroleptic triporphyrin metallacycle 

[{trans,cis,cis-RuCl2(CO)2}4(4′cisDPyMP)2(3′TPyP)] (21Me).The zig-zag and the taco conformers 

are shown. 

 

21Met is very appealing for supramolecular purposes because it defines a cavity (it could be thought 

of as three faces of a cube). The reaction was performed in the same reaction condition that led to 

20Me. A 64 mg amount of 16Me was dissolved in 12 mL of CHCl3 and 16 mg (0.5 eq) of 3′TPyP 
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were added to the solution. The reaction was monitored by TLC following the progressive decrease 

of the 3′TPyP spot. After 24h the reaction was stopped and the crude purified by flash 

chromatography (silica gel, CHCl3:n-hexane 97:3). Two fractions were collected, the second 

containing the desired product 21Me (Yield 20%), whose NMR spectrum is reported in Figure 3.30. 

Figure 3.30. 1H NMR spectrum (CDCl3) of the metallacycle [{trans,cis,cis-

RuCl2(CO)2}4(4′cisDPyMP)2(3′TPyP)] (21Me). Black and blue labels distinguish the two 

conformers. 

 

Similarly of what was observed for the 20Me, also in this case, despite observing a single spot in the 

TLC, in the 1H NMR spectrum are visible two sets of sharp signals in a ca. 1:0.23 ratio (black and 

blue labels). 

The two species have very similar patterns of signals, with some overlapping. When the spectrum 

was recorded in CD2Cl2 the ratio between the two sets changed suggesting that, also in this case, they 

belong to two conformers that are in slow exchange on the NMR time scale. 

The two sets of signals show features similar to those of the corresponding 2+2 heteroleptic 

metallacycle 18Me: in the high frequencies region are visible the resonances of H2′ and H6′ of the 

3′TPyP of both species while those of the H2 and H6 of the two equivalents 4′cisDPyMPs fall at 

lower frequencies. In the ROESY spectrum are visible the intramolecular exchange cross peaks 

between the H2 and H6 caused by the rotation of the pyridyl ring but no intermolecular exchange 
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cross peaks between the two conformers are visible. This may be explained by assuming, that contrary 

to the rotation of the pyridyl ring, the exchange between the two species is too slow compared to the 

time scale of the NMR experiment. 

Figure 3.31. On the left ROESY spectrum of 21Me, on the right enlargement showing the exchange 

cross peaks between H2 and H6 of both species. 

 

It is also visible a rather large shift of the diagnostic singlet of the 7,8 Hβ protons of the 4′cisDPyMP 

between the two species (indicated with two arrows in Figure 3.30). While the resonance in the minor 

conformer falls at ca. 7.4 ppm, similarly to 18Me and 3, in the major species the signal falls at lower 

frequencies (7.2 ppm) and the same effect is visible for the NH singlet of the 4′cisDPyMP that are 

more upfield shifted in the major species. 

This upfield shift can be tentatively explained by considering the reciprocal shielding effects of the 

two peripheral porphyrins in the two conformers. In this hypothesis the major species should be the 

taco conformer where the two 4′cisDPyMP are on the same side of the 3′TPyP’s plane, facing each 

other and thus reinforcing their mutual shielding.  

The diffusion coefficient calculated from the DOSY spectrum is 3.84±0.03 cm2·s-1 very similar to 

that found for the metallacycle 20Me. 

 

H2 H6H2 H6
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Figure 3.32. Bidimensional DOSY spectrum (CDCl3) of 21Me (blue) in CDCl3 compared with the 

spectrum of 18MeZn (red).  

 

Slow diffusion of n-hexane in a solution of 21Me in CH2Cl2 afforded crystals of X-ray quality 

allowing to determine the X-ray structure that was found to belong to the zig-zag conformer (Figure 

3.33). To our knowledge this is the first X-ray structure of a triporphyrin metallacycle. 

 

Figure 3.33. X-Ray structure of the metallacycle 21Mez, on the left side view, on the right frontal 

view. 
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The two 4′cisDPyMPs are positioned in a slipped cofacial disposition with an interplanar distance of 

10.1 Å and almost perpendicular (84°) to the plane of the central 3′TPyP. This affects the UV-vis 

spectrum (Figure A3.17) where is not visible an exciton splitting, indeed, despite the parallel 

disposition of the 4′cisDPyMPs their distance is too large to allow a strong interaction. Furthermore, 

this structure is in excellent agreement with the predicted structure of 18Me which can be described 

as 21Me less one of the peripherical 4′cisDPyMP. 

We also synthesized the other heteroleptic triporphyrin metallacycle, [{trans,cis,cis-

RuCl2(CO)2}4(3′cisDPyMP)2(4′TPyP)] (22Me), where 4′TPyP is in the middle of the array and two 

3′cisDPyMPs are on the sides. The predicted geometries of the two possible conformers, 22Met and 

22Mez, are similar to those of 21Met and 21Mez. 

The synthesis was performed in the same reaction conditions used for the metallacycle 21Me, and its 

NMR spectrum after column chromatography is reported in Figure 3.34 

 

 

Figure 3.34. 1H NMR spectrum (CDCl3) of 22Me in CDCl3, the black and blue labels indicate the 

major and the minor species respectively. 

 

Also, in this case we observe two sets of signals in a ca.1:0.23 ratio, in agreement with the presence 

of two conformers in solution in slow exchange on the NMR time scale. Also in this case are visible, 

in the 1H-1H ROESY spectrum, the intramolecular exchange cross peaks between H2 and H6 of both 

species but not the intermolecular ones. 

Hβ2′+ Hβ2′+

Hβ3′+ Hβ3′

β′

β4′

H3+H3

H6H2

Hβ

H6

CH3

NH

NH′

NH

CH3

H2

NH′

H2′

H6′+H6′

H2′

Hβ2

H5′+H5′

Hβ

Hβ′

H4′+H4′

H5

Hm

H5+Ho +Ho′Hβ′

Hβ4′

Hm

2 3

5
6

2′

6′
5′

4′

m
o

β

β2

β2′
β3′

Hβ2



Chapter 3: Expanded Porphyrin Metallacycles  

79 

 

Figure 3.35. 1H-1H ROESY spectrum (CDCl3) of [{trans,cis,cis-

RuCl2(CO)2}4(3′cisDPyMP)2(4′TPyP)] (22Me). 

 

The calculated Diffusion coefficient of 3.75±0.06 cm2s-1, as expected, is almost identical to those 

found for 21Me and 20Me.  

 

3.3 Conclusions 

 

In this work we reported a new strategy for the synthesis of 2+2 heteroleptic metallacycles of 

porphyrins and for homoleptic and heteroleptic triporphyrin metallacycles. 

The stepwise strategy was found to be more effective compared to the one-pot reaction, in which the 

complicate mixture of products is difficult to separate and also leads to lower yields.  

In particular the heteroleptic 2+2 metallacycle 18 [{trans,cis,cis-

RuCl2(CO)2}2(4′cisDPyP)(3′cisDPyP)] and the corresponding species containing 4′cisDPyMP, 

18Me, were synthesized and characterized. This strategy also allowed us to obtain the homoleptic 

triporphyrin metallacycle [{trans,cis,cis-RuCl2(CO)2}4(4′cisDPyP)2(4′TPyP)] (19) and its analog 

19Me, but the low solubility, probably caused by aggregation processes, strongly limit their study. 
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On the other hand, the analog  homoleptic triporphyrin metallacycle containing 3′-pyiridylporphyrins 

[{trans,cis,cis-RuCl2(CO)2}4(3′cisDPyP)2(3′TPyP)] (20Me) was fully characterized and exist as a 

mixture of two conformers 20Meg and 20Mel  having a Greek-frame and  ladder geometry 

respectively. The two conformers, at room temperature, are in slow exchange on the NMR time scale. 

The heteroleptic triporphyrin metallacycles 21Me and 22Me were also synthesized and also these 

exist as a mixture of the two conformers, the Greek-frame and the ladder conformer. The X-ray 

structure of one of the conformers of 21Me allowed us to confirm the zig-zag shape of the 

metallacycle. 

The unprecedented geometries of these metallacycles, in particular the taco conformers, are very 

appealing in supramolecular chemistry. In particular, the methyl groups in this conformer point 

outside the metallacycle, and if they are substituted with other reactive groups (e.g. –OH, COOH, 

terminal olefins) these can act as anchor points for a linker, allowing the connections of two 

triporphyrin metallacycles, affording a capsule. 

 

 

Figure 3.36. Possible structure deriving from the linking of two 21Mev units.  

 

In addition, two taco conformers might self-assemble (e.g.  upon treatment of the zincated derivatives 

with a suitable templating agent) to afford a cubic-like capsule. 
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3.4 Experimental Section 

 

Materials  

All chemicals, including TLC silica gel plates, were purchased from Sigma-Aldrich and used as 

received. Solvents were of reagent grade. The ruthenium precursors trans,cis,cis -RuCl2(CO)2(dmso-

O)2 (1), and the meso-pyridylporphyrins were synthesized and purified as previously reported by us.7,8 

Instrumental Methods  

Mono- and bidimensional (1H−1H COSY, 1H−13C HSQC) NMR spectra were recorded at room 

temperature unless stated otherwise on a Varian 400 or 500 spectrometer (1H, 400 or 500 MHz; 

13C{1H}, 100.5 or 125.7 MHz). 1H DOSY experiments were recorded on the Varian 500 spectrometer 

at 25°C (CDCl3), using the bipolar pulse pair stimulated echo with convection compensation sequence 

implemented into the VnmrJ software. 1H and 13C{1H} chemical shifts were referenced to the peak 

of residual nondeuterated solvent (δ = 7.26 and 77.16 for CDCl3 and 2.50 and 39.52 for DMSO-

d6).Selected carbon resonances, except for carbonyls, were assigned through the HSQC spectra. The 

UV−vis spectra were obtained on an Agilent Cary 60 spectrophotometer, using 1.0 cm path-length 

quartz cuvettes (3.0 mL). Infrared spectra of chloroform solutions in the CO stretching region were 

recorded between CaF2 windows (0.5 mm spacer) on a PerkinElmer Fourier-transform IR/Raman 

2000 instrument in the transmission mode. A CEM Discover microwave reactor was used for the 

microwave-assisted reactions performed in 10 mL vessels. Elemental analysis, unless is performed 

on the crystal samples (such as those used for X-ray determinations), is poorly significant for these 

systems due to the typical presence of crystallization molecules whose nature and number vary from 

batch to batch. X-ray Diffraction. Data collections were performed at the X-ray diffraction beamline 

(XRD1) of the Elettra Synchrotron of Trieste (Italy) equipped with a Pilatus 2 M image plate detector. 

Collection temperature was 100 K (nitrogen stream supplied through an Oxford Cryostream 700); the 

wavelength of the monochromatic X-ray beam was 0.700 Å, and the diffractograms were obtained 

with the rotating crystal method. The crystals were dipped in N-paratone and mounted on the 

goniometer head with a nylon loop. The diffraction data were indexed, integrated and scaled using 

the XDS code.32 The structures were solved by the dual space algorithm implemented in the 

SHELXT code.33 Fourier analysis and refinement were performed by the full-matrix least-squares 

methods 

Synthesis of the complexes 

[{trans,cis,cis-RuCl2(CO)2(dmso-O)}2(4′cisDPyP)] (16). A 87.0 mg (0.486 mmol) amount of 

trans,cis,cis-RuCl2(CO)2(dmso-O)2 (1) was dissolved in 20 mL of CHCl3. 50.0 mg (0.081 mmol) of 

4'cisDPyP (ratio 1/4'cisDPyP 6:1) were added to the yellow solution. The violet solution was stirred 
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at room temperature for 50 minutes and afterwards the solvent was removed under reduced pressure. 

The recovered violet solid was washed with H2O to remove the unreacted complex and the free 

DMSO and dried under vacuum. The solid was redissolved in chloroform and anhydrified on Na2SO4. 

The solution was recovered, the solvent was removed by evaporation at reduced pressure and dried 

under vacuum. Yield: 89.6 mg, 98%. 1H NMR (CDCl3 with addition of  DMSO-d6 ) δ: ppm 9.41 (d, 

4H, H2,6), 8.88 (d, 2H, Hβ), 8.82 (s, 2H, Hβ), 8.80 (s, 2H, Hβ), 8.77 (d, 2H, Hβ), 8.28 (d, 4H, H3,5), 

8.12 (d, 4H, Ho), 7.72 (m, 6H, Hm+p ), −2.92 (s, 2H, NH). UV-vis λmax, nm, CHCl3 (relative 

intensity%): 424 (100), 526 (5.97), 560 (2.96), 600 (2.39), 650 (1.94). IR (bands selected in CHCl3, 

cm-1): 2072 (νCO), 2002 (νCO). 

[{trans,cis,cis-RuCl2(CO)2(dmso-O)}2(4′cisDPyMP)](16Me) The procedure is similar to 16. A 

178.8 mg (0.465 mmol) amount of 1 was dissolved in 20 mL of CHCl3. 50.0 mg (0.078 mmol) of 

4'cisDPyMP (ratio 1 / 4'cisDPyMP 6: 1) were added to the yellow solution and stirred for 50 minutes 

at room temperature. The solvent was removed under reduced pressure and the solid washed with 

water and dried under vacuum. The solid was redissolved in chloroform, and anhydrified of Na2SO4. 

Yield: 71.2 mg, 81%. 1H NMR in DMSO-d6, δ (ppm): 9.37 (d, 4H, H2,6), 8.92 (m, 8H, Hβ), 8.62 (d, 

4H, H3, H5), 8.12 (d, 4H, Ho ), 7.66 (d, 4H, Hm), 2.68 (s, 6H, Me), − 2.95 (s, 2H, NH). UV-vis λmax, 

nm, CHCl3 (relative intensity%): 424 (100), 526 (5.97), 560 (2.96), 600 (2.39), 650 (1.94). IR (bands 

selected in CHCl3, cm-1): 2072 (νCO), 2002 (νCO). 

[{trans,cis,cis-RuCl2(CO)2(dmso-O)}2(3′cisDPyP)](17). A186.9 mg (0.486 mmol) amount of 

trans,cis,cis-RuCl2 (CO)2(dmso-κO)2 (1) was dissolved in 50 mL of CHCl3. 50.0 mg (0.081 mmol) 

of 3'cisDPyP (ratio 1:3'cisDPyP 6:1) were added to the yellow solution The violet solution was stirred 

at room temperature for 50 minutes and afterwards the solvent was removed under reduced pressure. 

The recovered violet solid was washed with H2O to remove the unreacted complex and the free 

DMSO and was dried under vacuum. The solid was redissolved in chloroform and anhydrified on 

Na2SO4. The solution was recovered, the solvent was removed by evaporation at reduced pressure 

and dried under vacuum.  Yield: 84.7 mg, 94%. 1H NMR (CDCl3+DMSO-d6), δ (ppm): 9.67, 9.62 

(2s, 2H, H2), 9.24 (d, 2H, H6), 8.68 (m, 8H, Hβ), 8.55 (m, 2H, H4), 7.97 (m, 4H, Ho), 7.78 (t, 2H, 

H5), 7.56 (m, 6H, Hm+p), −3.08 (s, 2H, NH). IR (bands selected in CHCl3, cm-1): 2073 (νCO), 2003 

(νCO). 

[{trans,cis,cis-RuCl2(CO)2}2(4'cisDPyP)(3'cisDPyP)](18). A 15.0 mg (0.014 mmol) amount of 16 

was dissolved in 4 mL of anhydrous CH2Cl2. 5.6 mg (9.0x10-3 mmol) of 3'cisDPyP were added to the 

purple solution (ratio 16/3'cisDPyP 1.5: 1) and 50μL of DMSO. The solution was stirred at 40°C for 

50 minutes. The solvent was removed under reduced pressure and the violet solid was washed first 

with H2O then with MeOH and finally with diethyl ether. The solid was dried under vacuum and 
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purified by pipette column chromatography (SiO2, CHCl3). A single fraction, containing the desired 

product was collected. Yield: 4 mg, 26%. 1H NMR (CDCl3), δ (ppm): 9.99 (m, 2H, H2'+H6'), 9.70 

(d, 2H, H2), 9.38 (d, 2H, H6), 9.17 (d, 2H, Hβ), 9.08 (s+d, 4H, Hβ), 8.83 (m, 4H, Hβ'+H4'), 8.74 (m, 

6H, Hβ')8.13 (m,8H, H5+Ho+Ho'), 8.04 (m, 2H, H3), 7.74 (m, 12H, Hm+Hp+ Hm'+Hp'), 7.48 (s, 

2H, Hβ '), –2.91 (s, 2H, NH')), –3.18 ( s, 2H, NH). UV-vis λmax, nm, CHCl3 (relative intensity%): 422 

(100),520 (6.83), 555 (3.37), 592 (2.61), 648 (1.76). IR (bands selected in CHCl3, cm-1): 2074 (νCO), 

2014 (νCO). Rf (CHCl3) = 0.31 

[{trans,cis,cis-RuCl2(CO)2}2(4'cisDPyMP)(3'cisDPyP)](18Me). A 50.0 mg amount of 16Me 

(0.044 mmol) was dissolved in 13 mL of CHCl3. 21.0 mg (0.034 mmol) of 3'cisDPyP (ratio 

16Me:3'cisDPyP 1.3:1) and 0.17 mL of DMSO were added to the solution and stirred at 40°C for 50 

minutes. Afterwards the solvent was removed under reduced pressure, and the crude obtained and 

washed first with distilled H2O, then with MeOH and finally with diethyl ether. The crude was 

purified by column chromatography (silica gel CHCl3:n-hexane 94:6), collecting a fraction containing 

three species with Rf equal to 0.23, 0.15, 0.09, the first two assigned to 2Me and 18Me , the last 

belonging to an unknown species. This fraction was purified through another column (silica gel, 

CHCl:n-hexane 80:20) collecting two fractions, the first containing 2Me and the second 18Me. Yield: 

12 mg, 20%. 1H NMR (CDCl3), δ (ppm): 9.99 (s, 2H, H2'+ H6'), 9.69 (d, 2H, H2), 9.36 (d, 2H, H6), 

9.17 (d , 2H, Hβ′), 9.08 (d, 2H, Hβ′), 9.07 (s, 2H, Hβ′), 8.86 (d, 2H, Hβ), 8.83 (dt, 2H, H4'), 8.77 (s, 

2H, Hβ), 8.72 (m, 4H, Hβ'+Hβ), 8.13 (m, 8H, H5'+H5+Ho'), 8.04 (dd, 2H, H3), 7.97(m ,4H, Ho), 

7.74 (m, 6H, Hm'+Hp'), 7.51 (m, 4H, Hm), 7.47 (s, 2H, Hβ), 2.67 (s, 6H, Me), −2.92 (s, 2H, NH′), 

−3.19 (s, 2H, NH). UV-vis λmax, nm, CHCl3 (relative intensity%): 423 (100), 520 (6.45), 555 (2.97), 

591 (2.22), 647 (1.32). 

[{trans,cis,cis-RuCl2(CO)2}2(Zn∙4′cisDPyMP)(Zn∙3′cisDPyP)](18ZnMe).  A 12.0 mg (0.0096 

mmol) amount of 18Me was dissolved in 20 mL of CHCl3. 6.5 mg (0.030 mmol) of Zn (AcO)2‧2H2O 

were dissolved in 1 mL of MeOH (ratio CHCl3:MeOH 20:1, ratio 16Me:Zn(AcO)2‧2H2O 1:4) and 

added to the solution. The solution was stirred at room temperature in the dark for 48 h. The solvent 

was removed under reduced pressure, washed with H2O and. dried under vacuum. Yield: 6.4 mg, 

50%. 1H NMR (CDCl3), δ (ppm): 10.2 (s, 2H, H2'), 9.98 (m, 2H, H6'), 9.69 (d, 2H, H6), 9.37 (d, 2H 

, H2), 9.24 (s, 2H, Hβ), 9.24 (d, 2H, Hβ), 6.19 (d, 2H, Hβ), 8.97 (d, 2H, Hβ'), 8.89 (s, 2H, Hβ), 8.89 

(s, 2H, Hβ'), 8.83 (d, 2H, Hβ'), 8.83 (m, 2H, H4'), 8.12 (m, 8H, H5+H5'+Ho'), 8.04 (m, 2H ,H3), 7.97 

(m, 4H,Ho), 7.74 (m, 6H, Hm'+Hp'), 7.61 (s, 2H, Hβ), 7.52 (m, 4H, Hm), 2.68 (s, 6H , Me). UV-vis 

λmax, nm, CHCl3 (relative intensity%): 427 (100) (Soret), 559 (6.97), 600 (2.39) 

[{trans,cis,cis-RuCl2(CO)2}4(4′cisDPyP)2(4′TPyP)] (19). A 11.1 mg of (0.018 mmol) of 4′TPyP 

was partially solubilized in a microwave test tube in CH2Cl2 at 90° for 20 minutes to promote its 
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solubilization. 250 μL of DMSO and 50 mg (0.045 mmol) of 16 (16 :4′TPyP 2.5:1) were added to the 

the violet solution and stirred at room temperature. The reaction was followed by TLC (SiO2, 

CHCl3:EtOH ratio 97.5:2.5) After 48 hours, the solvent was removed under reduced pressure and the 

solid was suspended in acetone, centrifuged (5 min, 5500 rpm × 5) and the supernatant was  removed. 

The solid was purified by chromatography, using a Pasteur pipette as a column (silica gel, CHCl3). 

Two fractions were collected, the first containing the desired product. The product, despite being all 

in solution once leaving the column, when the solvent is removed is no longer entirely soluble in 

CDCl3. [{trans,cis,cis-RuCl2(CO)2}4(4′cisDPyP)2(4′TPyP)] (19). Yield 4.5 mg (9%). 1H NMR 

(CDCl3), δ (ppm): 9.93 (d, 8H, H2,6 + H2',6'), 9.85 (d, 8H, H2,6 + H2',6'), 9.09 (m, 24H, Hβ), 8.63 

(d, 8H, H3,5 + H3',5'), 8.59 (d, 8H, H3,5 + H3',5'), 8.27 (d, 8H, Ho), 7.86 (m, 12H, Hm+p), –2.70 (s, 

6H, NH). IR (selected bands in CHCl3, cm-1): 2075 (νCO), 2016 (νCO). UV−vis (CHCl3) max, nm 

(relative intensity, %): 426 (100), 517 (7.7), 553 (4.23), 590 (3.01), 645 (1.92).  

Rf (CHCl3) = 0.24 

[{trans,cis,cis-RuCl2(CO)2}4(3′cisDPyMP)2(3′TPyP)] (20Me). A 199.0 mg amount of 

[{trans,cis,cis-RuCl2(CO)2(dmso-O)}2(3′cisDPyMP)] (17Me) (0.796 mmol) was dissolved in 40 mL 

of CHCl3. After addition of 2.2 eq of 3′TPyP (49.5 mg) the purple solution was stirred at room 

temperature for 17h and monitored by TLC (SiO2, CHCl3:EtOH 98:2). The solvent was removed 

under reduced pressure and the crude purified by column chromatography (silica gel, CHCl3:n-hexane 

97:3). One main fraction was collected. Yields 50.6mg (23%) 1H NMR (CDCl3), δ (ppm) δ10.10 (s, 

4H, H2′), 9.92, 9.87 (s+s, 8H, H2+H2′), 9.81 (s, 4H, H2), 9.74, 9.69 (d+d, 8H, H6+H6′), 9.62, 9.56 

d+d, 8H, H6+H6′) , 9.27 – 8.83 (m, 7H), 8.25 – 8.16 (m, 24H+24H, Hβ′+ Hβ+ Hβ+ Hβ′), 8.28-7.96 

(m, 16H+16H, H4+H4′+H4+ H4′+Ho+Ho), 8.03 (d, 2H), 7.74 – 7.50 (m, 16+H, H5+H5′+H5 + 

H5′+Hm+Hm), 2.75 (s, 12H, CH3), 2.73 (s, 12H, CH3), -2.99 (s, 4H, NH ), -3.03 (s, 4H, NH), -3.26 (s, 

2H, NH′), -3.36 (s, 2H, NH′).IR (bands selected in CHCl3, cm-1): 2074 (νCO), 2014 (νCO). UV-vis 

λmax, nm, CHCl3 (relative intensity%): CHCl3 (ε x 104 (cm-1 M-1)): 420.5(50.4), 433 (54.8), 520.5 

(4.93), 555 (1.79), 591.5 (1.58), 647 (0.93). Rf (CHCl3) = 0.12 

[{trans,cis,cis-RuCl2(CO)2}4(Zn∙3′cisDPyMP)2(Zn∙3′TPyP)] (20MeZn). A 40.0 mg (0.0145 

mmol) amount of [{trans,cis,cis-RuCl2(CO)2(dmso-O)}2(4′cisDPyMP)] 20Me was dissolved in 45 

mL of CHCl3. 12.8 mg (4 eq) of Zn (AcO)2‧2H2O were dissolved in 1 mL of MeOH (ratio 

CHCl3:MeOH 20: 1, ratio 20Me:Zn(AcO)2‧2H2O 1:4) and added to the solution. The solution was 

stirred at room temperature in the dark for 22 h. The solution was washed with water, the organic 

phase was anhydrified on Na2SO4 Yield 29.3 (30%). 1H NMR (CDCl3), δ (ppm) 10.10-9.82 (m, 

8H+8H, H2′+H2′+H2+H2′), 9.72-9.48 (m, 8H+8H, H6′+H6′+H6+H6′), 9.34-8.81(m, 8.25 – 8.16 (m, 

m, 24H+24H, Hβ′+ Hβ+ Hβ+ Hβ′), 8.34-7.77 ( m, 16H+16H, H4+H4′+H4+ H4′+Ho+Ho), 8.03 7.57 (m, 
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16H+16H, H5+H5′+H5 + H5′+Hm+Hm ), 2.74 (s, 12H, CH3), 2.74 (s, 12H, CH3). IR (bands selected in 

CHCl3, cm-1): 2074 (νCO), 2014 (νCO) UV-vis λmax,nm, CHCl3 (ε x 104 (cm-1 M-1)):  426(58.4), 

438.5 (42.6), 560.5 (4.53), 600(1.55)  

[{trans,cis,cis-RuCl2(CO)2}4(4′cisDPyMP)2(3′TPyP)] (21Me) A 64.3 mg amount of [{trans,cis,cis-

RuCl2(CO)2(dmso-κO)}2(4′cisDPyMP)] (16Me) (0.796 mmol) was dissolved in 40 mL of CHCl3. 

After addition of 2.2 eq of 3′TPyP (15.9 mg) the purple solution was stirred at room temperature for 

23h monitored by TLC (SiO2, CHCl3:EtOH 98:2). The solvent was removed under reduced pressure 

and the crude purified by column chromatography (silica gel, CHCl3:n-hexane 97:3). Yield 10.7mg 

(15%) 

1H NMR (CDCl3), blue and black label indicate minor and major conformer respectively, δ (ppm): 

10.09 (s, 4H, H2′), 10.05 (s, 4H, H2′),10.03 (d, 4H, H6′), 10.01(d, 4H, H6′), 9.66 (d, 4H, H2) 9.65 (d, 

4H, H2), 9.57 (s, 2H, Hβ′), 9.36 (d, H6), 9.35 (s, 2H, Hβ2′) 9.18 (d, 4H, H6), 9.02 (s, 2H, Hβ2′), 8.95 

(s, 2H, Hβ′), 8.89 (d, 4H, Hβ3), 8.85 (d, 4H, H4), 8.78 (s, 4H, Hβ2), 8.76 (d,4H, Hβ2), 8.63 (d, 4H, 

Hβ3 ), 8.52 – 8.43 (m, 8H Hβ4+Hβ2), 8.16 (dd, 4H, H5′),8.11 (d, 4H, H5), 8.08 (d, 4H, H5′) 8.04 (br 

t, 4H, H3), 7.98 (s, 8H, Ho+o′), 7.86 (d, 4H, H3′), 7.78 (d, 4H, Ho′), 7.65 – 7.57 (m, 8H, H5′+Ho), 

7.54 (m, 12H, Hβ+ Hm+m′) 7.40 (m, 8H, Hm+m′), 7.06 (s, 4H, Hβ) 2.68 (s, 12H, CH3), 2.62 (s, 12H, 

CH3), -3.12 (s, 2H+2H, NH′+NH′), -3.14 (s, 4H, NH), -3.72 (s, 4H, NH). IR (bands selected in CHCl3, 

cm-1): 2069 (νCO), 2005 (νCO). UV-vis λmax, nm, CHCl3 (ε x 104 (cm-1 M-1): 423 (57.9) ,519 (4.2), 

555 (1.96), 592 (1.95), 648 (0.83). Rf (CHCl3):0.10 

[{trans,cis,cis-RuCl2(CO)2}4(3′cisDPyMP)2(4′TPyP)] (22Me) A 47.6 mg amount of 4′TPyP 

(0.0763 mmol) was partially dissolved in 40 mL of CHCl3. The purple suspension was heated to 

reflux to promote the solubilization of the 4′TPy. 2.2 eq of [{trans,cis,cis-RuCl2(CO)2(dmso-

κO)}2(3′cisDPyMP)] (17Me) (190.5 mg) were added at room temperature to the purple suspension. 

The reaction was monitored by TLC (SiO2, CHCl3:EtOH 98:2) and stopped after 17h. The solvent 

was removed under reduced pressure and the crude purified by column chromatography (silica gel, 

CHCl3:n-hexane 95:5). One main fraction was collected containing the desired product. Yield 7.8 mg 

(3%)1H NMR (CDCl3) blue and black label indicate minor and major conformer respectively, δ 

(ppm): δ 9.98 (s, 4H, H2′ ), 9.92 (m, 4H+4H, H6′+H6′), 9.87 (d, 4H, H2′), 9.73 (d, 4H, H2′), 9.67 (d, 

4H, H2), 9.42 (d, 4H, H6), 9.35 (d, 4H, H6), 9.13-9,02 (m,, 8H+4H, ), 8.98 (s, 4H, Hβ′), 8.96 (s, 4H, 

Hβ′), 8.83 (s, 2H, Hβ2), 8.80 (m, 4H+4H, H6′+H6′), 8.73 (s, 4H, Hβ2), 8.68 (s, 4H, Hβ4′), 8.11 (m, 

4H+4H, H5′+H5′), 8.00 (d, 4H, H5), 7.98 – 7.86 (m, 16H +12H, H5+Ho +H3 +Ho+H3), 7.57 – 7.43 

(m, 4H+4H, Hm+Hm) 7.44 (d, 4H, Hβ), 2.68 (s, 12H, NH ), 2.64 (s, 12H, CH3), -2.93 (s, 4H, NH′), 

-2.99 (s, 4H, NH′), -3.64 (s, 2H, NH), -3.67 (s, 2H, NH). IR (bands selected in CHCl3, cm-1): 2067 
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(νCO), 20052 (νCO). UV-vis λmax, nm, CHCl3 (ε x 104 (cm-1 M-1): 424 (71.6) ,521 (4.93), 557 (2.57, 

593.5 (1.83), 649.5 (1.29) 
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Appendix of Chapter 3 

 

Figure A3.1.1H-13C HSQC spectrum (DMSO-d6) of [{trans,cis,cis-RuCl2(CO)2}2(3′cisDPyP) 

(dmso-O)] (16) 

 

Figure A3.2. IR spectrum of [{trans,cis,cis-RuCl2(CO)2}2(4′cisDPyP) (dmso-O)] (16) in the CO 

stretching region 
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Figure A3.3.: 1H NMR spectrum (DMSO-d6) of [{trans,cis,cis-RuCl2(CO)2}2(3′cisDPyP)(dmso-O)] 

(17) 

 

 

Figure A3.4.:1H-1H COSY spectrum (CDCl3) of [{trans,cis,cis-RuCl2(CO)2}2(3′cisDPyP) (dmso-

O)] (16) 
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Figure A3.5.: 1H-13C HSQC spectrum (CDCl3) of [{trans,cis,cis-RuCl2(CO)2}2(3′cisDPyP) (dmso-

O)] (17) 

 

 

Figure A3.5. 1H-13C HSQC (CDCl3) of [{trans,cis,cis-RuCl2(CO)2}2(4′cisDPyP) (3′cisDPyP)] (18)  
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Figure A3.7. IR spectrum of [{trans,cis,cis-RuCl2(CO)2}2(4′cisDPyP) (3′cisDPyP)] (18) in the CO 

stretching region 

 

 

Figure A3.8. UV-vis absorption spectrum in CHCl3 of [{trans,cis,cis-RuCl2(CO)2}2(4′cisDPyP) 

(3′cisDPyP)] (18) 
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Figure A3.9. IR spectrum of [{trans,cis,cis-RuCl2(CO)2}4(4′cisDPyP)2(4′TPyP)] (19) in the CO 

stretching region 

 

 

Figure A.3.10. Normalized UV-vis spectrum in CHCl3 of 19 
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Figure A3.11. 1H-1H COSY spectrum (CDCl3) of [{trans,cis,cis-

RuCl2(CO)2}4(3′cisDPyMP)2(3′TPyP)] (20) 

 

Figure A3.12. 1H-13C HSQC (CDCl3) of [{trans,cis,cis-RuCl2(CO)2}4(3′cisDPyMP)2(3′TPyP)] (20) 
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Figure A.3.13. Normalized UV-vis spectrum in CHCl3 of 20MeZn 

 

Figure A3.14. 1H NMR spectrum (CD2Cl2) of [{trans,cis,cis-RuCl2(CO)2}4(4′cisDPyMP)2(3′TPyP)] 

(21Me) 
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Figure A3.15. 1H-1H COSY NMR spectrum of [{trans,cis,cis-RuCl2(CO)2}4(4′cisDPyP)2(3′TPyP)] 

(21) on the left aromatic region, on the right NH region 

 

 

Figure A3.16. 1H-13C HSQC NMR spectrum of [{trans,cis,cis-RuCl2(CO)2}4(4′cisDPyP)2(3′TPyP)] 

(21Me)  
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Figure A3.17 1H-1H COSY NMR spectrum of [{trans,cis,cis-RuCl2(CO)2}4(4′cisDPyP)2(3′TPyP)] 

(21) on the left aromatic region, on the right NH region 

 

 

Figure A3.17 Normalized UV-vis spectrum in CHCl3 of 21Me 
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Figure A3.18. 1H-13C HSQC NMR spectrum of [{trans,cis,cis-RuCl2(CO)2}4(3′cisDPyP)2(4′TPyP)] 

(22Me)  

 

 

Figure A3.19 Normalized UV-vis spectrum in CHCl3 of 22Me 
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Figure A3.20. IR spectrum of the triporphyrin metallacycles 19, 20Me, 21Me and 22Me 
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4. Ruthenation Of Porphyrins Revisited 

 

4.1 Introduction 

 

Metalation of porphyrins (Por) is typically accomplished by the reaction of the free-base analogue 

with a metal salt (or complex) in an organic solvent, such as chloroform, toluene, or DMF. The 

metalation is in general a slow process, with a high activation barrier attributed mainly to the 

distortion that the relatively rigid porphyrin ring must undergo to allow the formation of the first bond 

of an internal pyrrolenine nitrogen to the metal, which seems to be rate-limiting.1 The insertion of 

ruthenium is no exception. Initially ruthenium porphyrins were prepared as low-spin air-stable 

biomimetic models of Fe(II) porphyrins: adducts and intermediates (e.g. with oxygen) are expected 

to be more stable and more inert for the ruthenium than for the iron compounds.2-4 Later on they were 

also investigated as catalysts,5 in particular for oxidation reactions,6 and sensors.7  

For simple free-base neutral porphyrins (e.g. meso-tertaphenylporphyrin (TPP), octaethylporphyrin 

(OEP), and similar) the conditions for ruthenium insertion are much more demanding compared to 

iron, typically requiring high temperatures and long reaction times.8 In addition, contrary to iron but 

similarly to osmium,9  ruthenium is inserted into porphyrins exclusively as the Ru(II)–CO fragment, 

yielding neutral products of the type Ru(CO)(Por). No examples of the direct insertion either of 

“naked” Ru(II)/Ru(III) ions or other RuL or RuL2 fragments are known. It might be argued that the 

presence of a strong -acceptor ligand such as CO is necessary for removing from the relatively soft 

metal ion (RuII or OsII) part of the charge density provided by the Por2- macrocycle. Indeed, consistent 

with a strong -back donation contribution, the CO stretching mode in Ru(CO)(TPP) occurs at rather 

low frequencies, e.g. ca. 1930-1945 cm-1, depending on the report.10-12 

The axial coordination position trans to CO is typically occupied by a weak and labile solvent 

molecule deriving from the workup (e.g. ethanol),11 which can be easily replaced by a stronger  

and/or -donor ligand (e.g. pyridine, imidazole).13-15 The Ru–N(pyridyl) bond is relatively strong and 

inert.16 For this reason, ruthenium porphyrins and pyridyl ligands have been largely exploited as 

building blocks in the construction of supramolecular assemblies by us and by others.17-19 The 

coordinated CO can be removed by prolonged photolysis in weakly coordinating solvents (S), 

affording Ru(Por)(S)2 adducts.20 Similarly, Ru(OEP)(CO)(py) in degassed pyridine solution is 

photochemically converted to Ru(OEP)(py)2.
21 Conversely, strong -donor and -acceptor ligands 

such as phosphines (P) readily displace the CO ligand from the parent Ru(CO)(Por) under mild 

conditions affording Ru(Por)(P)2 derivatives.22,23 
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As users of ruthenium porphyrins, we have been surprised by the lack of a reliable, high yielding and 

widely adopted synthetic procedure for ruthenium insertion in the literature. More specifically, the 

ruthenation of free-base porphyrins uses one of the following precursors (Scheme 4.1): i) The Ru(0) 

carbonyl cluster Ru3(CO)12 (23). This is the most widely adopted procedure, even though no two 

equal preparations can be found in the literature. The reaction is typically performed by refluxing the 

porphyrin and an excess of cluster (Ru/Por in the range 3-10) under an inert atmosphere for several 

hours (often days or even weeks). Hydrocarbon solvents (i.e. benzene (b.p. 80.1 °C),10 toluene (b.p. 

110.6 °C),11,24-26 1,2,4-trichlorobenzene (b.p. ca. 214°C),27 or decalin (b.p. 190°C)28,29) are used for 

neutral porphyrins,30 whereas DMF is preferred for water-soluble charged porphyrins.31,32 In a single 

report acetic or propionic acid were used as solvent (see below).33 To be noted that – regardless of 

the solvent – the reaction requires that ruthenium, besides breaking several Ru–Ru and Ru–CO bonds, 

is oxidized to Ru(II). ii) A Ru(III) species. The most common procedures involve the universal Ru(III) 

precursor RuCl3·3H2O and are typically performed  in two steps. In the first step hydrated RuCl3 is 

treated at high temperature (e.g. in refluxing ethylene glycol or 2-(2- methoxyethoxy)ethanol) with a 

source of CO, either a stream of CO or formaldehyde, that decomposes thermally and yields 

CO.23,26,34 This procedure generates a yellow-orange solution containing an undefined “ruthenium 

carbonyl”, later found to be an equilibrium mixture of the Ru(II) dimer [fac-RuCl(CO)3(-Cl)]2 (24) 

and of the poorly characterized Ru(II) polymer [RuCl2(CO)2]n in which each unit is believed to feature 

two adjacent carbonyls and four bridging chlorides.35 It is instead unlikely that this solution contains 

the Ru(0) cluster 23, whose preparation under these conditions requires the addition of a base.35 In 

the second step, the free-base porphyrin is added and the reaction mixture further heated at high 

temperature for hours. In some cases a one-pot procedure was also reported.36 More recently James 

and co-workers have described a one-pot reaction in which the Ru(III) precursor 

[Ru(DMF)6](SO3CF3)3 is treated with the free-base porphyrin in refluxing DMF (that partially 

decomposes generating CO).8 However, the generally good yields need to accomodate the preparation 

of the Ru(III) precursor from hydrated RuCl3 that also requires the use of three equivalents of silver 

triflate.37 In all these procedures, carbon monoxide has the double role of reductant and ligand. iii) A 

Ru(II) precursor (not prepared in situ). To the best of our knowledge, the one and only example of 

this type dates back to 1971, when Chow and Cohen reported the ruthenation of TPP with [fac-

RuCl(CO)3(-Cl)]2 (24) in refluxing propionic or acetic acid (24h).33  
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Scheme 4.1. Ruthenation procedures exemplified for the free-base meso-tetraphenylporphyrin (TPP); 

S is a molecule of solvent, typically EtOH or MeOH, from the workup procedure. 

 

In all cases, the ruthenation reaction is followed by one or more purification steps, typically column 

chromatography and/or recrystallization. Yields (when reported) range from low (30-40%) to 

excellent (96%), depending on the porphyrin and the procedure, but it is often unclear if they concern 

the whole procedure or the purification step only.  

The detailed literature survey leads to a quite obvious general conclusion: Regardless of the adopted 

procedure, the ruthenation of porphyrins is a very complex reaction. Mechanistic studies are missing 

and in no case the exact stoichiometry is known. Except when 23 is used as precursor, it is typically 

assumed that the two inner H atoms are removed as protons. In addition, the reactions require that all 

the supporting ligands (except one CO in 23 and 24) are replaced and – with a single exception – that 

ruthenium also changes its original oxidation state.  

In this general picture that spans the last 50 years (the first Ru-porphyrin was reported in 1969, even 

though its formulation was incorrect),38 we found particularly surprising that only in one case – quite 

old and apparently never repeated – the ruthenation of a porphyrin had been performed with a Ru(II) 

precursor, i.e. in the same oxidation state as in the final compound (Scheme 4.1).33  

In the past we have described a number of neutral Ru(II)-dmso carbonyls of the general formula 

RuCl2(CO)n(dmso)4-n (n = 1-3).39,40 More recently, cationic mono- and di-carbonyl Ru(II)-dmso 

compounds were obtained from the neutral ones by silver-assisted replacement of chlorides with 

dmso.41,42 We reasoned that these carbonyls, that feature relatively labile Cl– and/or dmso supporting 

ligands, might be good precursors for the ruthenation of porphyrins. Two neutral compounds, the 

monocarbonyl cis,fac-RuCl2(dmso)3(CO) (25) and the triscarbonyl fac-RuCl2(CO)3(dmso-O) (26) 

(that can be considered as the activated form of the dinuclear species 24),43 and the chloride-free 

[Ru(CO)(dmso)5][PF6]2 (27) (Figure 4.1) were selected for testing.  



   Chapter 4: Ruthenation Of Porphyrins Revisited 

102 

 

Figure 4.1. The three Ru(II) carbonyls selected for being tested in the ruthenation of porphyrins. 

 

For comparison, we also reinvestigated the ruthenation procedures described in the literature for 

Ru3(CO)12, using TPP as model porphyrin. Given the unexpected findings when propionic acid was 

used as solvent, this investigation was extended to other neutral and charged porphyrins. Trans-

metalation reactions, with Zn·TPP and Ag·TPP as starting materials, were also investigated. The 

results of this systematic investigation are reported in this manuscript.  

 

4.2. Results and Discussion 

 

4.2.1. Ru(II)-dmso carbonyls as precursors 

After an extensive – and unsuccessful – investigation, in which treatment of TPP with the Ru(II) 

carbonyls 25 and 26 was systematically tested under different conditions, we eventually observed the 

formation of Ru(CO)(TPP) when the reaction was performed in a microwave reactor at 100°C in a 

2:1 chloroform/methanol mixture (in which TPP is fully soluble), in the presence of a slight amount 

of KOH (presumably to either deprotonate the TPP or remove any H+ that might be formed in the 

ruthenation process). However, the insertion of Ru(CO) into TPP occurred only when an excess of a 

soluble silver salt (e.g. AgPF6) was added to remove the chlorides from the Ru precursor. However, 

the addition of Ag+ also led to the contemporary formation of Ag·TPP (evidenced by TLC analysis 

by comparison with a sample of pure Ag·TPP). Thus, we focused on the chloride-free precursor 

[Ru(CO)(dmso)5][PF6]2 (27) and systematically investigated several parameters (Ru/TPP, KOH/TPP, 

temperature and reaction time) for optimizing the yield. It is noteworthy that, contrary to TPP, 27 is 

not fully soluble in the reaction medium, thus the initial system is an heterogeneous mixture. We 

found that best results were obtained at Ru/TPP = 4 and KOH/TPP = 2. Under these conditions, a 

moderate 21% yield of Ru(CO)(TPP) (established by 1H NMR spectroscopy, see Experimental) was 

obtained after 1h reaction at 100°C in a MW reactor (Scheme 2). However, the final reaction mixture 

had a brown-green color, indicating that – despite the addition of the base – at least partial protonation 

of residual TPP, with formation of the deep-green TPPH2
2+, had occurred.44,45 The presence of 

TPPH2
2+ was confirmed by the UV-vis and 1H NMR spectra. We believe that during the reaction 

KOH, besides contributing to the removal of the inner TPP protons, is mainly consumed by reacting 
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with the Ru(II) precursor, leading to its (partial) decomposition (e.g. through the formation of 

polymeric hydroxo- or oxo-bridged species).46 In other words, the added base is insufficient for 

neutralizing the two equiv of protons that may be liberated per each equiv of inserted Ru.47 The initial 

addition of larger amounts of KOH prevented the protonation of residual TPP (i.e. afforded purple 

final solutions), but lowered the conversion, presumably due to increased decomposition of 27. We 

found that, if the “green” mixture obtained after 1h reaction (i.e. a mixture of Ru(CO)TPP, TPP, and 

TPPH2
2+) was further heated in the MW reactor at 100°C, no increase – or even a moderate decrease 

– in the relative amount of Ru(CO)(TPP) vs TPP was observed. Consistent with this result, we 

investigated shorter reaction times and found that after 30 min the ruthenation of TPP is only slightly 

lower than after 1h. Eventually, improved conversion was obtained by performing the reaction in a 

stepwise manner. After each 30 min step, the purple color of the mixture was restored – if necessary 

– with the addition of small amounts of a methanol solution of KOH. For example, we obtained 33% 

of Ru(CO)(TPP) when the ruthenation of TPP was performed in two subsequent steps of 30 min, 

compared to ca. 21% in a single step of 1h. A ca. 50% conversion was achieved in two additional 

steps. 

No formation of Ru(CO)(TPP) was observed when, under these reaction conditions, either Zn·TPP 

or Ag·TPP where used as substrate. 

Since we are well aware that this ruthenation procedure – even though quite well reproducible –  is 

impractical (in particular in view of the results reported below), the achievement of higher 

conversions was not further pursued.  

 

Scheme 4.2. Ruthenation of TPP with the chloride-free Ru(II) carbonyl precursor 

[Ru(CO)(dmso)5][PF6]2 (27). See text for reaction time and yields.  

 

4.2.2. Ru3(CO)12 as precursor 

When the ruthenation of TPP with 23 (Ru/TPP = 6) was performed in refluxing toluene or decalin, 

according to literature procedures, the best results were obtained – not surprisingly – in the solvent 

with the highest boiling point. Nevertheless, even after 36h of reflux in decalin (under an argon 

atmosphere), less than 50% conversion was estimated by TLC and UV-vis analysis, and the final 

isolated yield of Ru(CO)(TPP) after purification by column chromatography was even lower. Trans-

metallation reactions using Zn·TPP and Ag·TPP were also investigated. We reasoned that the 

replacement of Zn(II) by Ru(II) should be thermodynamically favored (the X-ray structures show that 
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both ions have an excellent size match with the of the inner cavity of TPP, and Ru is expected to form 

stronger bonds with the macrocycle). The redox-induced trans-metalation of Ag(II) porphyrins is an 

established strategy:48 Reduction of Ag(II) to Ag(I) involves a significant increase of the ionic radius 

that facilitates demetalation and subsequent replacement.49 However, in neither case formation of 

Ru(CO)(TPP) was observed. 

Ruthenation of TPP was not observed when the reaction in refluxing decalin was performed using 

the Ru(II) carbonyls 25-27. In these cases, however, the initially purple mixture turned gradually 

brown-green, suggesting the partial formation of TPPH2
2+, and a dark precipitate formed most likely 

due to the decomposition of the Ru complex. It should be noted that neither the porphyrins nor the 

Ru precursors are particularly soluble in decalin and each system remains heterogeneous throughout 

the procedure. No reactivity was observed also when the reaction between TPP and 27 was performed 

in refluxing DMF and DMSO, where the complex (but not TPP) is soluble. 

Finally, the reaction between 23 and TPP was carried out in refluxing propionic acid, as in the work 

by Chow and Cohen.33 We were rather skeptical about this procedure. In general, in metalation 

procedures, either the solvent is a good proton-acceptor or – when a metal salt is used – the anion is 

a mild base. For example, insertion of zinc is best performed at room temperature with zinc acetate.4 

Conversely, demetalation of metal-porphyrins is typically performed in acidic medium.50
 Thus, the 

choice of propionic acid for the ruthenation of TPP is counter-intuitive. In the original procedure 

described in 1971, TPP and either Ru3(CO)12 (23) or [fac-RuCl(CO)3(-Cl)]2 (24) (Ru/TPP = 1.1) 

were refluxed under nitrogen in propionic acid (141°C) for 24h .33 Thus, we were quite surprised to 

see that after refluxing 23 and TPP (Ru/TPP = 6) under Ar for barely 30min a clear red-orange 

solution was obtained from the original purple/brown mixture (the initial color suggests that partial 

protonation of TPP occurs) and no residual TPP (that is partially soluble in propionic acid at room 

temperature) remained according to TLC and UV-vis analysis.  

Given these results, we analyzed in detail the ruthenation reaction in propionic acid and investigated 

how the yield of Ru(CO)(TPP) is affected by the nature of the precursors, the Ru/porphyrin ratio, 

time and temperature. The use of a microwave reactor was also investigated. Overall, the best 

performance in the ruthenation of TPP in propionic acid was obtained with 23, that afforded 100% 

conversion after 30 min of reflux (or in MW reactor at 140 °C)  at a Ru/TPP ratio = 1.5 (Figure 4.2). 
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Figure 4.2. UV-vis spectra (propionic acid solutions diluted ca. 50× in CHCl3) of TPP (purple) and 

after 30 min of reflux with 23 (Ru/TPP = 1.5). The initial spectrum corresponds to a mixture of TPP 

(major species) and TPPH2
2+; the final spectrum (orange) corresponds to Ru(CO)(TPP). 

 

When this reaction was performed on a larger scale, followed by chromatographic purification, a 92% 

isolated yield of Ru(CO)(TPP) was obtained (see Experimental). Systematic studies were carried out 

on the Ru/TPP ratio, and the properties of the acids used (both in terms of their pKa and boiling 

points). We found that, at constant Ru/TPP ratio, the concentration of TPP plays a relevant role: when 

the TPP concentration was lower than 0.6 mg/mL, the initial solution is deep-green, suggesting 

consistent formation of TPPH2
2+, and no ruthenation occurred even after hours at refluxing conditions 

with 23. Conversely, when the concentration of TPP was higher than 2.6 mg/mL, 100% conversion 

was obtained (see above) and within a few hours after the end of the reaction some Ru(CO)(TPP) 

precipitated spontaneously from the mother liquor kept at room temperature. A lower reactivity was 

found when 23 and TPP were refluxed in acetic acid (b.p. = 117.9 °C), whereas no reaction occurred, 

even after several hours, in refluxing trifluoroacetic acid (TFA, b.p. = 72.4 °C). The ruthenation of 

TPP with 23 in propionic acid was found to occur also at lower temperatures, obviously with lower 

rates (for example, at 100°C ca. 50% conversion according to TLC analysis was obtained after 1h, at 

Ru/TPP = 5.5). Performing a MW-assisted reaction at the same temperature brought no significant 

improvement in the yield of the product. 

The Ru(II) triscarbonyl complex fac-RuCl2(CO)3(dmso-O) (26) was slightly less active than 23 in 

propionic acid at reflux (90% conversion after 30min, and 100% after 1h), whereas the monocarbonyl 

cis,fac-RuCl2(dmso)3(CO) (25) was considerably less active (e.g. ca. 50% conversion in 1h at Ru/TPP 

= 6). This result is counterintuitive since, in principle, compound 25 has more labile ligands than 26 

(two dmso’s vs two CO’s).51 Conversely, the chloride-free carbonyl 27 in this case turned out 
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inactive: When refluxed with TPP in propionic acid, the initially insoluble complex afforded a deep-

green solution from which a dark precipitate gradually formed, most likely a Ru decomposition 

product.52 Under the best conditions, ruthenation (trans-metalation) of Zn·TPP and Ag·TPP also 

occurred with both 23 and 26, with the following order of activity: TPP > Ag·TPP » Zn·TPP. 

Very similar results were obtained also with octaethylporphyrin (OEP, Figure 4.3), another 

commonly used neutral porphyrin: similarly to TPP, when OEP was treated with 23 in refluxing 

propionic acid (Ru/OEP = 1.5) 100% conversion to Ru(CO)(OEP)  was obtained in 30 min according 

to UV-vis analysis (Figure 4.4).  

 

Figure 4.3. Additional neutral and charged model porphyrins investigated in this work besides TPP. 

 

 

 

Figure 4.4. UV-vis spectra (propionic acid solutions diluted ca. 50× in CHCl3) of OEP (green) and 

after 30 min of reflux with 23 (Ru/OEP = 1.5). The initial spectrum corresponds to a mixture of OEP 

(major species) and OEPH2
2+; the final spectrum (purple) corresponds to Ru(CO)(OEP). 
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4.2.3. Charged model porphyrins 

Given the above reported results, the investigation was extended to model cationic and anionic 

porphyrins: meso-tetrakis(4′-N-methylpyridiniumyl)porphyrin (4′TMPyP, iodide salt) and meso-

tetrakis(4′-sulfonatophenyl)porphyrin (4′TPPS, sodium salt), respectively (Figure 4.3). In the 

literature, ruthenation of the charged porphyrins 4′TMPyP and 4′TPPS was performed with 23 in 

refluxing DMF (Ru/por = 15), in the presence of 2,4,6-trimethylpyridine (presumably as a non-

coordinating proton acceptor).31 Interestingly, ruthenium insertion into the tetra-cationic 4′TMPyP 

was reported to occur in a much shorter time and with higher yield than into the tetra-anionic 4′TPPS 

(2h at 110°C vs 24h at 140°C; yield 57 vs 36%). Apparently, in the absence of 2,4,6-

trimethylpyridine, the ruthenation of 4′TPPS (unknown Ru/porphyrin ratio) in refluxing DMF 

required much longer times, from 1 to 3 weeks.32 When the Ru(III) complex [Ru(DMF)6](SO3CF3)3 

was used as precursor, ruthenation of 4′TMPyP in refluxing DMF was found to depend strongly on 

the nature of the counter-ion: metalation of the tosilate salt occurred in 17h, whereas the chloride salt 

was totally unreactive.8 

In our hands, MW-assisted ruthenation of 4′TPPS with 23 was best performed in 1:3 water/propionic 

acid mixtures, where a good compromise of the solubility of the two reactants was found.53  Working 

at Ru/4′TPPS = 6, 100% conversion to Ru(CO)(4′TPPS) was obtained in 1.5h at 140°C, as assessed 

by UV-vis spectroscopy (Figure 4.5). A very similar result was obtained using the tricarbonyl 

complex 26 as ruthenium source, however at lower temperatures 26 proved again to be less reactive 

than 23 (for example at 100°C 26 – unlike 23 – was basically unreactive). No reaction was found 

with 27. Remarkably, no ruthenation was observed under the same conditions when the reaction 

between 4′TPPS and 23 was performed in DMF (where both reactants are soluble), thus stressing the 

role of propionic acid.  
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Figure 4.5. UV-vis spectra (1:3 water/propionic acid mixture diluted ca. 50× in water) of 4′TPPS 

(green), fully protonated to 4′TPPSH2
2+ in the reaction conditions, and after treatment with 23 

(Ru/4′TPPS = 6, 2h at 140°C in a MW reactor of reflux). The final spectrum (blue) corresponds to 

Ru(CO)(4′TPPS).  

 

Conversely, ruthenation of 4′TMPyP with 23 under similar conditions used for 4′TPPS proved 

unsuccessful. It is noteworthy that the tetra-cationic porphyrin , even though fully soluble in the 1:3 

water/propionic acid mixture, according to the UV-vis spectrum, undergoes no protonation . 

Consistent with previous reports,31.32 full conversion to Ru(CO)(4′TMPyP) was obtained in 1h when 

4′TMPyP was treated with 23 in DMF at 140°C in a MW reactor (Ru/4′TMPyP = 6, Figure 4.6). 

 

Figure 4.6. UV-vis spectra (DMF diluted ca. 50× in water) of 4′TMPyP (green), and after treatment 

with 23 (DMF, Ru/4′TMPyP = 6, 1h at 140°C in a MW reactor). The final spectrum (blue) 

corresponds to Ru(CO)( 4′TMPyP). 
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4.3. Conclusions 

 

The results obtained for the ruthenation of TPP with the Ru(II) carbonyl complex 

[Ru(CO)(dmso)5][PF6]2 (27) are of moderate practical impact. Nevertheless, we believe that they 

establish a proof of concept: for the first time, almost 50 years after the single experimental report by 

Chow and Cohen,33 we demonstrated that the Ru(II)–CO fragment can be inserted into a porphyrin 

under relatively moderate conditions using a well-defined Ru(II) monocarbonyl precursor that – 

besides CO – features exclusively labile dmso ligands (Scheme 4.2). We believe that this or similar 

complexes might turn out useful for performing a mechanistic investigation, both from the 

experimental and computational point of view.  

On the other hand, from a practical point of view, the use of propionic acid as solvent for the 

ruthenation of neutral and anionic model porphyrins with Ru3(CO)12 (23) – suprisingly – turned out 

be extremely efficient and advantageous in terms of both reaction rates and yields compared to the 

procedures described in the literature. The Ru(0) cluster is commercially available or easily prepared 

from hydrated RuCl3,
35, 54 the ruthenation reaction is fast at 140°C but can be performed also at lower 

temperatures and does not require an inert atmosphere, its workup is very simple and the yield of 

isolated pure product is excellent.  

Table 1 summarizes the best results for the insertion of Ru(CO) into the model neutral (TPP, OEP), 

tetra-anionic (4′TPPS), and tetra-cationic (4′TMPyP) porphyrins with different Ru precursors.  

 

Table 4.1. Best reaction conditions for the 100% ruthenation (based on spectroscopic analysis) of 

model porphyrins. 

Porphyrin (porp) Ru precursor Ru/porp T (°C) Time (h) 

TPPa 23 1.5 141d 0.5 

TPPa 26 1.5 141d 1 

OEPa 23 1.5 141d 0.5 

4′TPPSb 23 6 140e 1.5 

4′TPPSb 26 6 140e 1.5 

4′TMPyPc 23 6 140e 1 

a in propionic acid; b in 1:3 water/propionic acid mixture; c in DMF; d either at reflux or in MW reactor 

at 140°C; e in MW reactor.  
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From a mechanistic point of view, since both the Ru(0) cluster 23 and the (less practical) Ru(II) 

tricarbonyl precursor fac-RuCl2(CO)3(dmso-O) (26) gave similar ruthenation performances, the 

needed change in oxidation state from Ru(0) to Ru(II) in the case of 23 does not seem to play a very 

relevant role. Nevertheless, the combination of high yield and fast rate of metalation in an acidic 

medium is rather surprising. Indeed in the first part of this work we observed that the ruthenation of 

TPP with 27 required the addition of a base and did not occur at all in acidic conditions. 

Relatively recent papers – through both experimental and computational approaches – postulated 

(with simpler metal ions such as Zn2+, Mg2+ and Fe2+), that the processes of protonation and 

metalation of a porphyrin share common mechanistic intermediates.1,55 In the presence of an acid, 

protonation of the pyrrolenine nitrogen atoms induces a distortion in the macrocycle (tilting of the 

diagonally opposing core N-rings) that, with the assistance of the acid-conjugate anion, favors metal 

coordination. The process is completed by the expulsion of the core protons with concomitant return 

to planarity of the metalated porphyrin and release of the strain. Our experimental results indicate 

that, in the moderately acidic environment provided by propionic acid, the large enthalpic driving 

force for the ruthenation of TPP is not particularly affected by the competition with the double 

protonation leading to TPPH2
2+ . It is likely that for neutral and anionic porphyrins propionic acid 

provides a good combination of solubilizing properties, moderate acidity (pKa 4.87), boiling point 

and that – at least in the case of 23 and 26 – the kinetic effect (acid-induced acceleration) largely 

prevails over equilibrium considerations (i.e. ruthenation vs double protonation). It is arguable that 

acetic acid, with a comparable pKa value, is less effective because of its lower boiling point (i.e. 

slower kinetics at reflux temperature), whereas TFA is much more acidic (pKa = –0.25, i.e. stronger 

competition for protonation) and also has a lower boiling point. As noticed above, in propionic acid 

also the concentration of TPP is relevant for the performance of the reaction, since protonation occurs 

to a larger extent. With other Ru precursors such as 25 and 27 other factors must prevail and the 

ruthenation process is either much slower (25) or does not occur at all (27). Among such factors, 

solubility of the Ru compound and its stability in that environment are likely to be particularly 

relevant. Finally, propionic acid is unable to protonate the tetra-cationic porphyrin 4′TMPyP and its 

ruthenation with 23 is best performed in DMF.  

 

4.4. Experimental Section 

Materials 

All chemicals were purchased from Sigma-Aldrich and used as received. Solvents were of reagent 

grade. The Ru precursors cis-RuCl2(dmso)4,
56 Ru3(CO)12 (23),35 cis,fac-RuCl2(dmso)3(CO) (25),39 

fac-RuCl2(CO)3(dmso-O) (26),41 Zn·TPP,4 Ag·TPP,57 and [Na]4[4′TPPS]58 were synthesized as 
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described in the literature. [4′TMPyP][I]4 was a gift from Dr. Rita De Zorzi, Department of Chemical 

and Pharmaceutical Sciences, University of Trieste. 

Instrumental methods.  

1H NMR spectra were recorded at room temperature on a Varian 400 or 500 spectrometer (1H: 400 

or 500 MHz). 1H chemical shifts were referenced to the peak of residual non-deuterated solvent (δ = 

7.26 for CDCl3). The UV-vis spectra were obtained on an Agilent Cary 60 spectrophotometer, using 

1.0 cm path-length quartz cuvettes (3.0 mL). ESI mass spectra were collected in the positive mode 

on a Perkin-Elmer APII spectrometer at 5600 eV. A thermostatted Berghof stainless steel vessel 

(autoclave), equipped with a 100 mL Teflon liner, was used for the reactions with CO under pressure. 

A CEM Discover microwave reactor was used for the microwave-assisted reactions performed in 10 

mL vessels. Elemental analyses were performed on a Thermo Flash 2000 CHNS/O analyzer in the 

Department of Chemistry of the University of Bologna (Italy). 

Synthesis 

Ru3(CO)12 (23).  

In the course of this work, we developed two alternative synthetic procedures for 23. In both cases 

the spectroscopic and analytical features of the isolated compound were coincident with those 

previously reported.35,54 

1) as a proof of concept, we demonstrated that fac-RuCl2(CO)3(dmso-O) (25) affords 23 in moderate 

yield when treated with a stream of CO in refluxing ethanol in the presence of a base. This procedure 

confirms what reported by Lavigne and coworkers,35 i.e. that the dinuclear species [fac-RuCl(CO)3(-

Cl)]2 (of which 25 is the activated form)43 is an intermediate in the two-step preparation of 23 from 

hydrated RuCl3. Even though 25 is certainly a less practical precursor compared to RuCl3·3H2O,35 

the following procedure occurs in a single step and uses the easily available ethanol instead of 2-

ethoxyethanol. A 401.0 mg amount of 25 (1.20 mmol) was partially dissolved in 20 mL of ethanol in 

a two-necked flask connected to a condenser. The system was deaerated (first connected to a vacuum 

line and then to a reservoir of CO for 3 times), and then warmed to 80°C under a stream of CO. 

Addition of 2 equiv of KOH (conc. aqueous solution) induced the deep-yellow solution to turn 

progressively darker and an orange-brown precipitate of 23 formed. After 45 min at 80°C, the mixture 

was allowed to cool under the CO stream. The precipitate was removed by filtration, washed with 

water and cold methanol and vacuum dried at room temperature (Yield: 100 mg, 39%). The raw solid 

was recrystallized from n-hexane (22 mL). 

2) Reductive carbonylation of the chloride-free Ru(II)-dmso precursor [Ru(dmso)6][CF3SO3]2. The 

Ru(0) cluster 23 was obtained as the result of an unsuccessful attempt to perform the ruthenation of 

TPP by treating the porphyrin with [Ru(dmso)6][CF3SO3]2 under a CO pressure. Thus we developed 
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the following procedure: A 100.0 mg amount of [Ru(dmso)6][CF3SO3]2 (0.115 mmol) was partially 

dissolved in 20 mL of methanol and treated with CO (30 atm, 60°C) in an autoclave for 24h. The 

resulting yellow solution was rotary evaporated to an oil. Addition of water (5 mL) induced the 

formation of an orange solid that was removed by filtration and redissolved in dichloromethane. The 

DCM solution was treated with anhydrous Na2SO4 and then evaporated to dryness, affording pure 23 

(according to the IR spectrum) as an orange solid that was vacuum dried (Yield: 15.0 mg, 61%). 

[Ru(CO)(dmso)5][PF6]2 (27). 

The synthetic protocol previously reported by us for the preparation of 27,41 turned out to be scarcely 

reproducible. Thus, a modified procedure was developed for the efficient preparation of 27, that used 

pure DMSO instead of the original acetone/DMSO solvent mixture. A 191.3 mg amount of cis,fac-

RuCl2(dmso)3(CO) (25) (0.44 mmol) was dissolved in 1 mL of DMSO. To the colorless solution a 

slight excess of AgPF6 (257.1 mg, 1.0 mmol) was added and the solution warmed to 80°C for 1h, 

during which time a greyish precipitate of AgCl formed. After cooling, the precipitate was removed 

by filtration on a celite pad that was then thoroughly washed with acetone. The solvent mixture 

(DMSO + acetone) was completely evaporated under vacuum, yielding a yellow solid, that was 

dissolved in 3 mL of acetone. Additional undissolved AgCl was removed by filtration as above. The 

yellow acetone solution was concentrated to ca. 2 mL. Dropwise addition of diethyl ether until 

cloudiness induced the slow precipitation of the product as pale-yellow crystals, that were recovered 

by filtration, washed with diethyl ether and vacuum dried at room temperature. Yield: 227 mg (64%). 

The spectroscopic features of the complex were coincident with those previously reported.41 

Elemental analysis calcd for [C11H30F12O6P2RuS5] (Mw: 809.64): C 16.32; H 3.73. Found: C 16.5; H 

3.89.  

Methods for qualitative and quantitative assessment of the ruthenation of the model 

porphyrins. 

The formation of the ruthenated porphyrins was qualitatively monitored by UV-vis spectroscopy. 

TLC analysis was also used for the neutral porphyrins Ru(CO)(TPP) or Ru(CO)(OEP). The 1H NMR, 

IR (νCO), ESI-MS, and UV-vis data for Ru(CO)(TPP), Ru(CO)(OEP),25 Ru(CO)(4′TPPS),31,32 and 

Ru(CO)(4′TMPyP)31 – obtained from solutions where, according to the UV-vis spectra, the full 

conversion of the free-base porphyrin was achieved – were consistent with those previously reported 

in the literature for those compounds. 

In the case of the most deeply investigated TPP, the UV-vis spectra (a drop of original solution was 

diluted in ca. 2 mL of chloroform into the cuvette) were useful for quantitatively assessing 

conversions >90%, but less practical and informative for lower conversion rates, due to the partial 
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overlap of the Q bands of the product with those of the corresponding free base (Figure 4.2). Thus, 

in particular for the reactions performed in the MW reactor with 27 as Ru precursor, quantitative 

analysis was performed by 1H NMR spectroscopy. The following procedure was adopted to treat the 

sample: 1/3 of the solution was removed from the MW vial and rotary-evaporated to dryness. The 

purple-greenish solid (depending on the reaction conditions) was washed with a small amount of 

water, thoroughly dryed under vacuum, and then dissolved in CDCl3. The percentage of ruthenation 

was obtained through the integration of the well-resolved H singlets of TPP (8.84 ppm), TPPH2
2+ 

(if present) (8.75 ppm), and Ru(CO)(TPP) (8.69 ppm).45  

Procedures for the ruthenation of TPP. 

The protocols that afforded the best results, both using compound 27 in CHCl3/methanol mixtures 

and 23 in propionic acid, are reported. 

Synthesis of Ru(CO)(TPP) from [Ru(CO)(dmso)5][PF6]2 (27) in the MW reactor.  

In a MW vial, a 5.0 mg amount of TPP (0.0074 mmol) was completely dissolved in 3.0 mL of a 2:1 

chloroform/methanol mixture. Four equiv of 27 (24.0 mg, 0.030 mmol, only partially soluble) and 

two equiv of KOH (21 L of a 0.7 M methanol solution) were added to the purple solution and the 

mixture was heated at 100°C for the desired time (typically 30 or 60 min) in the MW reactor, yielding 

a dark green solution with a grayish precipitate (undissolved and/or decomposed complex). At this 

stage, either the amount of Ru(CO)(TPP) was quantitatively assessed by NMR spectroscopy (and the 

reaction was terminated), or it was qualitatively assessed by TLC analysis and then, after addition of 

2-3 equiv of KOH until the solution turned purple, the mixture was further reacted as above. With 

this stepwise protocol, a 33% of Ru(CO)(TPP) was obtained in two 30 min steps, whereas a 50% in 

four 60 min steps. 

Preparative synthesis of Ru(CO)(TPP) from Ru3(CO)12 (23) in refluxing propionic acid or in 

MW reactor. 

In a 10 mL MW vial, a 20.0 mg amount of TPP (0.0326 mmol) was partially dissolved in 4 mL of 

propionic acid. Half equivalent of 23 (8.25 mg) was added to the mixture and heated in a microwave 

reactor at 140°C for 1h. Conversion was quantitative according to the UV-vis spectrum. The solvent 

was then removed in vacuo and the Ru(CO)(TPP) was purified, in order to remove traces of propionic 

acid and Ru compounds, by passage through a small column of silica gel eluted with CHCl3. A single 

red-orange band was collected. To this solution 10 mL of EtOH were added and then the solvent was 

removed and the solid residue of Ru(CO)(TPP) was vacuum dried. (Isolated yield: 23.7 mg, 92%). 
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5. The Orthogonal Coordination Of PTA 

5.1 Introduction 

The cage-like 1,3,5-triaza-7-phosphaadamantane (PTA, Chart 1), is an amphiphilic, air-stable, neutral 

ligand of low steric demand (cone angle 103°) characterized by a high solubility in water (ca. 235 

g/L). For this reason, PTA and related species – whose coordination chemistry has been thoroughly 

reviewed by Peruzzini and co-workers – have been largely investigated as supporting ligands for 

applications in homogeneous aqueous biphasic catalysis and medicinal inorganic chemistry.1-3 

PTA typically binds strongly to most transition metal ions through the soft P atom in a monodentate 

fashion (PTA-P). However, having also three hard N donor atoms, it is actually a hetero-polytopic 

PN3 ligand and might also potentially bridge two or more metal ions with different HSAB preferences 

(Chart 1).1  

 

Chart 5.1. The schematic structure of PTA and its possible coordination modes as a bridging ligand 

through P (red arrow) and through N atoms (blue arrow). Left: (P,N); center: (P,2N); right: 

(P,3N). 

 

The bridging P,N coordination mode of PTA was found to be rather common, even though its first 

example, the hetero-bimetallic coordination polymer [{RuCp(dmso-S)(PTA-P,N)2}{AgCl2}]∞, 

was described by Romerosa, Peruzzini and co-workers only in 2005.4, 5 Subsequently, Romerosa and 

co-workers described a series of water-soluble 1D ruthenium-metal coordination polymers featuring 

a Ru–CN–Ru–M backbone (M = Au, Ni, Cd, Co).6 They are formed by inert [{RuCp(PTA)2}(-

CN){RuCp(PTA)2}]+ moieties connected at both ends through bridging PTA-P,N ligands to metal 

anions (i.e. [Au(CN)4]
–, [NiCl3]

–, [CdCl3]
–, [CoCl3]

–). In addition, besides two discrete molecular 

entities featuring a {Re(III)(PTA-P,N)M(II)} moiety (M = Cu, Zn),7 many other examples of PTA-

driven polymeric networks with Ag(I),8,9 and Cu(I)10 – often with different ancillary ligands – were 

reported, mainly by Kirillov, Pombeiro and co-workers. In these structures PTA assumes double 

(P,N), triple (P,2N) and even quadruple (P,3N) bridging coordination modes. An example of 
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homometallic mixed-valence Cu(I/II) polymeric network, in which PTA binds to Cu(I) with the soft 

P atom and to Cu(II) with the hard N atom was also described.11 Taken together, the results with 

Ag(I) and Cu(I) suggest that these metal ions are rather promiscuous towards PTA, without a marked 

preference for N- or P-bonding.  

There are instead relatively few examples of complexes containing exclusively N-bonded PTA (PTA-

N). They concern hard metal ions such as Mn(II) and Co(II),12,13 or the d10 metal ion Zn(II). After 

the first Zn-PTA complex – the distorted tetrahedral [ZnCl2(PTA-N)2] – was described in 2009 by 

Pombeiro and co-workers,14 Reek, Kleij et al. investigated the reactivity of PTA with a number of 

square-planar Zn(salphen) complexes (salphen = N,N′-bis(salicylidene)imine-1,2-phenylenediamine) 

in the context of supramolecular catalysis. It was found that PTA binds to zinc exclusively through 

the N atoms and can act as a bridge between two or even three Zn(salphen) units, giving 

[{Zn(salphen)}2(PTA-2N)] and [{Zn(salphen)}3(PTA-3N)] adducts in which the zinc ions have a 

distorted square planar geometry.15 

In the past we and others have explored the coordination chemistry of PTA towards Ru-compounds 

(where it binds through P exclusively).16,17 We have also largely exploited the axial coordination of 

Ru and Zn porphyrins towards polydentate pyridyl ligands for the construction of numerous 

supramolecular assemblies.18,19 Considering that, according to the literature, PTA binds always 

through P to ruthenium and through N to zinc, we reasoned that it might be exploited as an orthogonal 

bridging ligand for the preparation of hetero-bimetallic supramolecular assemblies and/or polymeric 

networks containing Ru- and Zn-porphyrins. In addition, the presence of PTA might improve their 

solubility in water or at least in protic solvents.  

Phosphine ligands have high association constants with Ru-porphyrins, in the range of 106 to 108 M–

1,20 whereas N ligands, in particular hard tertiary amines, have lower constants. For example, it has 

been reported that Ph2P(CH2)2NEt2 binds to ruthenium porphyrins exclusively through P and the NEt2 

group remains dangling.21 Zn-porphyrins make less robust axial bonds with N-ligands (compared to 

Ru), that depend also on N hybridization. For example, the association constant of pyridine with 

Zn(TPP) (TPP = meso-tetraphenylporphyrin) was found to be 7.7 × 103 M–1 (CH2Cl2, 25°C), whereas 

under the same – or very similar – conditions amines (including tertiary amines) have ca. ten-fold 

larger association constants.22,23 By comparison, hexamethylenetetramine (HTMA) – the all-nitrogen 

analogue of PTA – was found to make stronger axial bonds with Zn-porphyrins compared to pyridyl 

functions (probably also because of its low steric demand),24 and binding constants in the range 105 

to 106 M-1 were measured for the axial N-binding of PTA to square planar Zn(salphen) complexes in 

toluene.15 
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The interactions of PTA with Ru- and Zn-porphyrins have not been investigated before. Thus, in this 

work we first established the coordination mode of this ligand towards the neutral model metallo-

porphyrins [Ru(TPP)(CO)] and Zn(TPP), obtaining the monomeric adducts [Ru(TPP)(PTA-P)2] 

(28) and  [Zn(TPP)(PTA-N)] (30), in which PTA is axially bound to the metal inside the porphyrin. 

Then, we prepared and structurally characterized a number of hetero-bimetallic Ru/Zn porphyrin 

polymeric networks mediated by P,N-bridging PTA  (PTA-P,N) and, in one case, (PTA-P,2N). 

In such assemblies either both metal centers reside inside a porphyrin core or one of the two belongs 

to a coordination compound. Our findings demonstrate that indeed PTA behaves as a selective 

orthogonal ligand, binding to Ru exclusively through the P atom  and to Zn exclusively through the 

N atoms.  

 

5.2 Results and Discussion 

5.2.1 Reactivity of [Ru(TPP)(CO)] towards PTA 

It is well known from the literature that whereas pyridine or azole ligands (N) replace the labile 

solvent molecule trans to CO in [Ru(por)(CO)(S)] compounds (e.g. por = TPP; S = MeOH or EtOH, 

typically not indicated in the formula), affording derivatives of the general formula 

[Ru(por)(CO)(N)],25-28 most phosphine and phosphite ligands (P) under mild conditions replace easily 

also the carbonyl ligand yielding di-substituted compounds of formula [Ru(por)(P)2].
20,29-35 Mono-

substituted [Ru(por)(CO)(P)] intermediates with tertiary phosphines have been occasionally 

isolated,31 whereas in most other cases, due to the weakening of the carbonyl ligand by the phosphine 

trans effect, they could not be isolated but were characterized spectroscopically in solution.20a To our 

knowledge, with the exception of a private communication from Sanders and co-workers,36 no X-ray 

structure of such an intermediate has been reported yet.  

We found that PTA reacts with [Ru(TPP)(CO)] as most other phosphines. When treated with a slight 

excess of PTA in chloroform solution at room temperature, [Ru(TPP)(CO)] rapidly affords 

[Ru(TPP)(PTA-P)2] (28) in high yield. Axial coordination of two trans PTA moieties, bound 

through the P atom, was clearly evident from NMR spectroscopy (Figure 5.1). The 31P resonance, 

that is not significantly influenced by the porphyrin shielding cone, occurs as a singlet at –50.6 ppm, 

i.e. in the typical region for mutually trans PTAs coordinated to Ru(II).16c The 1H resonances of the 

PTA methylene protons, and that of the PCH2N protons in particular, are shifted to lower frequencies 

compared to free PTA because the protons fall in the shielding cone of the porphyrin. Thus, the 

NCH2N protons resonate as two well resolved doublets (6H each) at 3.21 e 2.55 ppm,37 whereas the  

PCH2N protons, closer to the macrocycle, give a singlet (12H) at –0.26 ppm. The assignments were 



      Chapter 5: The Orthogonal Coordination Of PTA 

125 

confirmed by the HSQC spectrum (Appendix), since the corresponding carbon atoms have 

characteristic and well-resolved resonances that are only marginally affected by coordination.1 The 

H singlet of TPP is shifted to lower frequencies by ca. 0.35 ppm by the replacement of CO with two 

PTAs. Even though the chemical shifts of the phenyl signals are not particularly affected, by virtue 

of the increased symmetry the oH resonance – that was split into two well resolved doublets in the 

spectrum of [Ru(TPP)(CO)]  – is a sharp doublet in that of [Ru(TPP)(PTA-P)2] (Figure 5.1 and 

Appendix). Consistent with what found with similar [Ru(por)(P)2] adducts ,20,29-35  the Soret band in 

the electronic absorption spectrum of 28 is considerably red-shifted compared to [Ru(TPP)(CO)] (431 

vs 408 nm). 

Figure 5.1 1H NMR spectra (CDCl3) of PTA (top) and [Ru(TPP)(PTA-κP)2] (28) (bottom). 

The geometry of 28 was confirmed by single crystal X-ray analysis (Figure 5.2). The Ru–P distance 

in 28 compares well with those in similar [Ru(por)(P)2] compounds as well as with Ru(II) 

coordination compounds that feature the {trans-Ru(PTA-P)2} fragment (Table 5.1).16,20,31  

Table 5.1. Ru–(PTA P) bond lengths in the X-ray structurally characterized compounds. 

Compound Ru–P distance (Å) Ref. 

[Ru(TPP)(PTA-P)2] (1) 2.3253(7) t.w. 

[Ru(TPP)(dpm)2] (dpm = diphenylphosphinomethane) 2.398(3) 31a 

[Ru(OEP)(PPh3)2] (OEP = octaethylporphyrin) 2.428 (average) 31c 

[Ru(OEP)(dpap)2] (dpap =  diphenyl phenylacetylene 

phosphine) 

2.3777(5) 20c 

[Ru(DPP)(dpap)2] (DPP = 5,15-bis(3′,5′-di-tert-

butyl)phenyl-2,8,12,18-tetraethyl-3,7,13,17-

tetramethylporphyrin) 

2.340(5) ‒ 2.3623(10) 20a 

[Ru(TPP)(dpap)2] 2.3597(10) ‒ 2.3784(10) 20c 

Ru(II) compounds with {trans-Ru(PTA-P)2} fragment 2.290 – 2.400 16c 

NCH2P

NCH2N
o

β

m+p
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t.w. = this work. 

Figure 5.2. ORTEP representation (50% probability ellipsoids) of the solid state molecular structure 

of [Ru(TPP)(PTA-P)2]·2CHCl3 (28·2CHCl3). Primed atoms are symmetry mates via (1-x,1-y,1-z). 

Only one of the two symmetry related CHCl3 crystallization molecules is shown. The H atoms of the 

complex are omitted for clarity. The Ph1 and Ph2 labels allow to visualize on the figure the dihedral 

angles reported in Table A5.2 (Appendix). 

Finally, compound 28 was rapidly obtained at room temperature also upon addition of two equiv of 

PTA to a CDCl3 solution of [Ru(TPP)(CO)(py)] (py = pyridine), thus demonstrating that, besides 

ethanol, PTA readily replaces also axially-bound pyridine. 

Regretfully, compound 28 was found to be completely insoluble is water, even at acidic pH where 

protonation of PTA would be expected to improve solubility. For instance, the Ru(0) cluster 

Ru3(CO)9(PTA)3 can be extracted from a chloroform solution into acidic water (pH < 4).38 

An NMR titration of PTA into a CDCl3 solution of [Ru(TPP)(CO)] allowed us to detect the 

resonances of the elusive intermediate species [Ru(TPP)(CO)(PTA-P)] (29). The PTA singlet of 29 

in the 31P{1H}NMR spectrum (Appendix, Figure A.5.4) is remarkably shifted compared to 28 and 

falls at –60.5 ppm (Appendix), i.e. in the typical spectral region of PTA trans to CO in Ru(II) 

compounds.16 The 1H NMR features of 29 (Appendix, Figure A5.5) are rather similar to those of 28 

in terms of chemical shifts, the most noticeable difference being the split resonance of the oH and 

mH protons due to the absence of the macrocycle mirror plane (as in the precursor) that makes the - 

and -side of the porphyrin inequivalent. The solution CO stretching frequency in 29 falls at 1989 

cm–1.39   
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5.2.2 Interaction of PTA with Zn(TPP) 

The interaction of PTA with the model zinc-porphyrin Zn(TPP) was investigated in chloroform 

solution. The occurrence of the axial binding of PTA to Zn(TPP) was evident from an NMR titration, 

in which the PTA/Zn(TPP) ratio ranged from 0.5 to 5. For each PTA/Ru ratio the 31P{1H} resonance 

of PTA occurred as a singlet at ca. –102.1 ppm (i.e. the same chemical shift of free PTA).Whereas 

the 1H resonances of Zn(TPP) were only slightly affected, those of PTA were broadened and shifted 

to lower frequencies compared to the free ligand (Appendix, Figure A5.6). At PTA/Zn(TPP) = 0.5 

the PTA protons gave two equally intense broad resonances, a singlet at ca. 0.9 ppm and a doublet 

centered at ca. 0.1 ppm. Upon increasing the PTA/Zn ratio the upfield shift of the PTA resonances 

progressively decreased.  

The NMR findings are consistent with the occurrence of relatively weak and reversible axial 

interactions between PTA and Zn(TPP), in an equilibrium that is fast on the NMR time scale: the 

chemical shifts of the PTA resonances are a weighed average between those of PTA axially bound to 

Zn(TPP), and thus upfield shifted, and those of the free ligand. Actually, assuming that such 

interaction involves the N atoms of PTA, multiple equilibria can occur as in the case of Zn(salphen)–

(PTA-N) adducts, where PTA can bind axially up to three Zn(salphen) units.15 In addition, even 

though zinc-porphyrins are expected to bind preferentially one axial N ligand making square 

pyramidal adducts, the formation of octahedral products with two axial ligands is not uncommon and 

cannot be excluded.24,40-45 Thus, the NMR spectrum is expected to depend also on the concentration 

and temperature, in addition to the PTA/Zn ratio. To be noted that, consistent with N-coordination of 

PTA to Zn(TPP) (and contrary to what observed for 28), in the 1H NMR spectrum at high 

Zn(TPP)/PTA ratio the resonance of the NCH2N protons is shifted more upfield than the NCH2P 

resonance (Appendix,  Figures A5.6 and A5.7). 

Slow diffusion of diethyl ether onto the chloroform solution of the PTA/Zn(TPP) = 0.5 mixture 

afforded crystals of the discrete [Zn(TPP)(PTA-N)] adduct (30), whose X-ray structure is shown in 

Figure 5.3. As clear also from the lattice representation (Appendix, Figure A5.13), zinc is five-

coordinate (i.e. binds to a single PTA molecule), and each PTA is bound to a single Zn(TPP) unit.  
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Figure 5.3. ORTEP representation (50% probability ellipsoids) of the crystal structure of 

complex [Zn(TPP)(PTA-N)]·H2O·CHCl3 (30·H2O·CHCl3); for the sake of clarity, H atoms, one 

disordered water, and one CHCl3 crystallization molecule are omitted. The Ph1 – Ph4 labels allow to 

visualize on the figure the dihedral angles reported in Table A5.3 (Appendix).  

 

As already observed for N-coordination of PTA, as well as for protonation and alkylation, the N21–

C bond distances are slightly elongated – compared to the other N–C distances – upon coordination 

to Zn. The axial Zn–N(PTA) bond length is longer than in the distorted tetrahedral complex 

[ZnCl2(PTA-N)2]
14 (and in similar complexes with O=PTA and S=PTA),46 but compares rather well 

with those found in the square-pyramidal  Zn(salphen)–(PTA-N) adducts where PTA occupies the 

axial position (Table 5.2).15 

 

Table 5.2. Zn–(PTA-N) and Zn–(HTMA-N) bond lengths in the X-ray structurally characterized 

compounds. 

Compound Axial Zn–N distance (Å) Ref. 

[Zn(TPP)(PTA-N)] (30) 2.186(2) t.w. 

[ZnCl2(PTA-N)2] 2.055(3) – 2.101(3) 14 

[ZnCl2(O=PTA-N)(OH2)] 2.0931(10) 46 

[{Zn(salphen)}2(PTA-2N)]  2.103(6), 2.172(7) 15 

[{Zn(salphen)}3(PTA-3N)] 2.194(4), 2.201(4), 2.200(3) 15 

[Zn(TOHPP)(HTMA)2] (TOHPP = tetra(4-

hydroxyphenyl)porphyrin,  

2.520(2) 24 

[Zn(TCPP)(HTMA)2] (TCPP = tetra(4-

carboxyphenyl)porphyrin) 

2.510(2) 24 

[Zn(TPyP)(HTMA)] (TPyP = tetra(4′-

pyridyl)porphyrin) 

2.189(3) 24 

t.w. = this work 
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5.2.3 PTA-bridged hetero-bimetallic Ru/Zn compounds  

The above results indicate that the axial binding of PTA towards Ru- and Zn-porphyrins is truly 

orthogonal and might be exploited to create hetero-dinuclear supramolecular porphyrin assemblies 

connected by bridging PTA moieties. 

Thus, we investigated the interaction between [Ru(TPP)(PTA-P)2] (28) and Zn(TPP). An NMR 

titration of Zn(TPP) into a CDCl3 solution of 28, in which the Zn(TPP)/28 ratio ranged from 1 to 4 

(Appendix, Figure A5.8) showed that the PTA resonances were broadened and gradually shifted to 

lower frequencies upon increasing the number of Zn(TPP) equivalents. Conversely, the resonances 

of the two porphyrins, as well as the 31P{1H} resonance of PTA, were only marginally affected. These 

findings are consistent with the establishment of an axial Zn–(PTA-N) labile interaction between 

the stable and inert Ru–(PTA-P) moieties and Zn(TPP). In further agreement with this hypothesis 

the final spectrum of this series was substantially coincident with that obtained by adding two equiv 

of PTA to a 1:4 mixture of [Ru(TPP)(CO)] and Zn(TPP) (Appendix, Figures A5.9 and A5.10), 

indicating that PTA discriminates between Ru and Zn even when is not preventively bound to Ru and 

in the presence of a stoichiometric excess of Zn. 

X-ray quality single crystals of the 1D polymeric compound [{Ru(TPP)(PTA-P,N)2}{Zn(TPP)}]∞ 

(31) were obtained by slow diffusion of n-hexane onto a chloroform solution of a mixture containing 

two equiv of Zn(TPP) per mole of 28. The crystal structure of compound 31 consists of parallel zig-

zag polymeric chains, oriented along the crystallographic c axis, each formed by a sequence of 

alternating Ru(TPP) and Zn(TPP) units (Figure 5.4).  

 

 

 

 

 

 

 

 

 

Figure 5.4 ORTEP representation (50% probability ellipsoids) of the "monomeric" unit of the 

polymeric zig-zag chains which constitute the crystal structure of compound [{Ru(TPP)(PTA-

P,N)2}{Zn(TPP)}]∞ (31) (hydrogen atoms and minor population of one disordered phenyl group 

omitted for clarity).47 The connections of the monomeric unit with the infinite polymeric 1D chain 

are also evidenced. The Ph1 and Ph2 labels allow to visualize on the figure the dihedral angles 

reported in Table A5.4 (Appendix). 
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Adjacent Ru/Zn units are connected by a PTA bridging ligand which coordinates to Ru through the 

phosphorus atom and to Zn through one of the nitrogen atoms (Appendix, Figures A5.14-A5.16). 

Thus, both Ru and Zn are six-coordinate and feature two equal axial ligands. Each {trans-Ru(PTA)2} 

unit binds two zinc atoms with anti geometry, thus generating the zig-zag motif. Since the equatorial 

environment of Ru and Zn is identical and the P/N bonding modes of the PTA ligand are nearly 

geometrically equivalent, the symmetry of the observed diffraction pattern (space group C2/c) does 

not distinguish the two metal ions and the corresponding PTA binding modes. This leads to a 

crystallographically independent fragment in which a single metal site (M) is equally partitioned 

between Ru and Zn and, correspondingly, two symmetry related binding sites (L) of the PTA are 

partitioned at 50% between P and N (Appendix). Consistently, the M–L bond distance of 2.3800(7) 

Å is intermediate between that of the Ru–(PTA-P) bond in [Ru(TPP)(PTA-P)2] (28, 2.3253(7) Å, 

see above) and that of the Zn–(PTA-N) bond in the six-coordinate {Zn(TPP)(PTA-2PN)2} 

fragment (2.534(2) Å, see below compound 33). To be noted that the Zn–(PTA-N) bond length is 

remarkably shorter for five-coordinate [Zn(TPP)(PTA-N)] (30, Table 5.2). For comparison, the Zn–

N bond lengths in similar six-coordinate zinc-porphyrin compounds with HTMA, 

[Zn(TOHPP)(HTMA)2] and [Zn(TCPP)(HTMA)2] (TOHPP = tetra(4-hydroxyphenyl)porphyrin, 

TCPP = tetra(4-carboxyphenyl)porphyrin), are remarkably larger than in the five-coordinate 

[Zn(TPyP)(HTMA)] (TPyP = tetra(4′-pyridyl)porphyrin) (Table 5.2).24 When dissolved in 

chloroform, compound 31 disassembles into the components, as indicated by the NMR spectra (e.g. 

the 31P NMR spectrum in CDCl3 is coincident with that of 28, see Experimentals). 

Next, we addressed the preparation of PTA-bridged Ru/Zn species containing a single metallo-

porphyrin, either Ru(TPP) or Zn(TPP), and a complex of the complementary metal, i.e. Zn(II) or 

Ru(II), respectively. As a first example we choose the symmetrical and coordinatively saturated Ru–

PTA complex cis,cis,trans-[RuCl2(CO)2(PTA-P)2] (32)16c that features the same {trans-Ru(PTA-

P)2} fragment as 28. The results of an NMR titration of Zn(TPP) (from 2 to 4 equiv) into a CDCl3 

solution of 32 were similar to those described above with 28, i.e. upfield shift and broadening of the 

PTA proton resonances (Appendix, Figure A5.11). Also in this case, the 31P resonance was not 

particularly affected by the addition of Zn(TPP) and occurred as a singlet at –48.9 ppm (to be 

compared with –51.0 ppm in the free complex), indicating that the Ru complex remains intact.  

X-ray quality single crystals of the 1D polymeric compound cis,cis,trans-[{Ru(CO)2Cl2(PTA-

P,N)2}{Zn(TPP)}]∞ (33) were obtained upon diffusion of diethyl ether onto a chloroform solution 

of a 2:1 mixture of Zn(TPP) and 32. The crystal structure of compound 33 (Figure 5.5) is similar to 

that of 31 and consists of parallel polymeric chains in which the Zn atom of each Zn(TPP) is six-

coordinate and binds axially two PTA ligands belonging to different Ru complexes. However, since 
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each Ru complex bridges two Zn(TPP) units with syn geometry, the resulting chain has “Greek 

frame” shape (rather than zig-zag as in 31) (Appendix, Figure A5.17). The two polymeric chains of 

31 and 33 are compared in Figure 5.6. 

Figure 5.5 ORTEP representation (50% probability ellipsoids) of the "monomeric" unit of the 

polymeric Ru-Zn chains which constitute the crystal structure of compound cis,cis,trans-

[{Ru(CO)2Cl2(PTA-P,N)2}{Zn(TPP)}·9.2(H2O)]∞  (33·9.2(H2O)). The connections of the 

monomeric unit with the infinite polymeric 1D chain are also evidenced. Disordered cocrystallized 

water molecules (that do not interact with the chains) and hydrogen atoms are omitted for clarity. 

Only half of the Ru and Zn units are crystallographically independent. In the Ru complex, the trans 

C2 carbonyl and Cl2 ligands exchange their positions around a 2-fold axis due to disorder: only one 

of the two identical populations is represented.48 Labels Ph1 and Ph2 allow to visualize on the figure 

the dihedral angles reported in Table A5.5 (Appendix).  

Figure 5.6. The zig-zag and “Greek frame” polymeric chains of [{Ru(TPP)(PTA-

P,N)2}{Zn(TPP)}]∞ (31, top) and cis,cis,trans-[{Ru(CO)2Cl2(PTA-

P,N)2}{Zn(TPP)}·9.2(H2O)]∞ (33·9.2(H2O), bottom), respectively, with the {trans-Ru(PTA)2} 

fragments iso-oriented (crystallization molecules omitted). Color code: Ru = light purple, Zn = green, 

P = yellow, N = blue, O = red, Cl = orange.  
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Conversely, the crystallization of Zn(TPP) with another symmetrical Ru–PTA complex, trans-

[RuCl2(PTA-P)4] (34),16, 17 afforded different results, depending on the Zn/PTA ratio adopted. Using 

a stoichiometric or a slight excess of Zn(TPP) (i.e. Zn/PTA = 1 or 1.5) the discrete molecular species 

trans-[{RuCl2(PTA-P,N)4}{Zn(TPP)}4] (35, Figure 5.7 and Appendix), in which each one of the 

four coplanar PTA ligands of 34 is axially bound through an N atom to a five-coordinate Zn(TPP), 

was obtained.  

 

 

 

 

 

 

 

 

Figure 5.7 ORTEP representation (50% probability ellipsoids) of the molecule of compound trans-

[{RuCl2(-PTA-P,N)4}{Zn(TPP)}4]·8/3CHCl3·2n-hexane (35·8/3CHCl3·2n-hexane) in the crystal 

structure. The phenyl rings, hydrogen atoms, CHCl3 and n-hexane solvent molecules are omitted for 

clarity. The bonds of the two porphyrins that lay below the equatorial plane of the Ru complex and 

of the two PTA moieties that are partially overlapped by the two upward porphyrins are in grey. 

The four porphyrins in 35 lay alternatively above and below the equatorial plane of the Ru complex, 

generating a very compact arrangement (Appendix, Figure A5.21) that closely resembles that of the 

porphyrin pentamer [Zn(3′TPyP){Ru(TPP)(CO)}4] (3′TPyP = 5,10,15,20-tetra(3′-pyridyl)porphyrin) 

described by us twenty years ago.49 Similarly to what found for 33, when redissolved in CDCl3 the 

crystals of 35 give a singlet in the 31P{1H} NMR spectrum at –51.1 ppm (cfr –50.6 ppm in 34).  

Conversely, when a defect of Zn(TPP) was used (Zn/PTA = 0.5) crystals of the polymeric network 

trans-[{RuCl2(PTA-P,N)4}{Zn(TPP)}2]∞ (36) were obtained. In 36, each Ru center is surrounded 

by four Zn(TPP) units with a geometry very similar to that found in 35. However, in this case the Zn 

atoms are six-coordinate thus originating a 3D polymeric network (Figure 5.8), a texture of 

orthogonal 1D threads that intersect each other at every Ru center (Figure 5.9). Each 1D thread of the 

network, originated by a {trans-Ru(PTA-P,N)2} fragment, has the “Greek frame” shape found in 

33. 
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Figure 5.8 Crystal structure of compound trans-[{RuCl2(PTA-P,N)4}{Zn(TPP)}2] (36): View 

along the b cell axis of six 1D chains (parallel to b and normal to the page), evidencing the parallel 

and interconnected planes formed by the Ru atoms. The interchain connections are built by PTA–

ZnTPP–PTA bridges. When viewed along this direction, the plane of each porphyrin is normal to the 

page. The Ru atoms along the 1D chains are alternatively connected also to pairs of Ru atoms in 

adjacent threads that lay in the plane above and below, respectively. Color code: Ru (light purple), 

Zn (green), P (yellow), N (blue).  

Figure 5.9 Schematic crystal structure of compound trans-[{RuCl2(PTA-P,N)4}{Zn(TPP)}2] (36): 

Perspective view (porphyrins omitted) of two orthogonal {Ru(PTA-P,N)Zn}∞ 1D chains (red and 

blue) crossing at a Ru center in the crystal structure of complex 36. The Zn atom is located half-way 

between the pairs of PTA ligands of any two neighboring Ru moieties.  

Consistent with what observed above (Table 5.2), the axial Zn–N bond length in six-coordinate 36 

(2.4869(2) Å) is similar to that found in 33 (2.534(2) Å), and remarkably longer than in five-

coordinate 35 (2.242(6) Å).  

The crystallization of [Ru(TPP)(PTA-P)2] (28) with a ca. 8:1 excess of Zn(CH3COO)2 afforded 

crystals of [{Ru(TPP)(PTA-P,2N)2}{Zn9(CH3COO)16(CH3OH)2(OH)2}·3CHCl3]∞ (37·3CHCl3). 

The crystal structure of compound 37 (Figure 5.10) can be described as a stack of 2D polymeric 

layers, almost perfectly parallel to the plane defined by the b axis and the diagonal of the ac face of 

the unit cell. Each polymeric layer contains the Ru porphyrin and an intricate neutral Zn-acetate 

cluster in 1:1 ratio (for the description of the Zn9 cluster see the Appendix). The Ru and the central 

Zn atom (Zn4) sit on inversion points, so that only half of the Ru porphyrin and Zn cluster are 

crystallographically independent. Four Zn atoms of each cluster are N-bound to four PTA ligands of 

different Ru(TPP) units and, correspondingly, each Ru porphyrin connects with four Zn clusters, two 
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for each axial PTA ligand (Figure 5.11). Thus, in this case PTA has a triple-bridging P,2N binding 

mode. 

Figure 5.10 Stick representation of a portion of one of the 2D parallel polymeric layers that constitute 

the crystal structure of compound [{Ru(TPP)(PTA-

P,2N)2}{Zn9(CH3COO)16(CH3OH)2(OH)2}·3CHCl3]∞ (37·3CHCl3). Color code: Ru (light purple), 

Zn (green), P (yellow), N (blue), O (red). 

Due to the layered structure, the unit cell contains a cavity whose volume amounts to 16% of the total 

(see Experimental).  

 

 

 

 

 

 

Figure 5.11 ORTEP representation of a fragment of the structure of compound [{Ru(TPP)(PTA-

P,2N)2}{Zn9(CH3COO)16(CH3OH)2(OH)2}·3CHCl3]∞ (37·3CHCl3) showing one {Ru(TPP)(PTA-

P,2N)2} unit with two polynuclear Zn moieties, each one connected to two N atoms of one of the 

PTA axial ligands. The two N–Zn bonds connecting the second (lower) PTA ligand to corresponding 

Zn clusters are also shown, together with the four connections of each Zn cluster with the N atoms of 

PTA ligands belonging to four distinct [{Ru(TPP)(PTA-P,2N)2} units. Labels Ph1 and Ph2 allow 

to visualize on the figure the dihedral angles reported in Table A5.8. Color code: Ru (light purple), 

Zn (green), P (yellow), N (blue), O (red). 
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By changing the nature of the zinc salt a remarkably different compound was obtained. In fact, 

diffusion of n-hexane into a chloroform/ethanol solution of a 1:2 mixture of 28 with ZnCl2 afforded 

crystals of the dinuclear compound [{Ru(TPP)(PTA-P)(PTA-P,N)}{ZnCl2(OH2)}] (38) in which 

one of the two trans PTA-P ligands of 28 binds through an N atom to a {ZnCl2(OH2)} fragment 

(Figure 5.12). The distorted tetrahedral coordination environment of the Zn atom is similar to that 

found in [ZnCl2(OH2)(PTA=O)].46 The crystal structure consists of an arrangement of parallel 1D 

sequences of molecules of complex 38, oriented along the [101] direction, with a shape that closely 

resembles the “Greek frame” found in 33 and 36 (Appendix, Figure A5.25). Regretfully, due to the 

low quality of the X-ray data (see also the Experimentals for details) the expected slight elongation 

of the PTA C–N11(Zn) bond distances could not be detected.50 

 

 

 

 

 

 

Figure 5.12 ORTEP representation (50% probability ellipsoids) of compound [{Ru(TPP)(PTA-P) 

(PTA-P,N)}{ZnCl2(OH2)}·0.6CHCl3] (38·0.6CHCl3). Only the major population (SOF = 0.3) of 

the disordered {ZnCl2(OH2)} group has been represented. Primed labels indicate symmetry mates. 

Hydrogen atoms and a disordered CHCl3 crystallization molecule are omitted for clarity. Labels Ph1 

and Ph2 allow to visualize on the figure the dihedral angles reported in Table A5.9. Color code: Ru 

(light purple), Zn (green), P (yellow), N (blue), Cl (orange). 

 

5.3 Conclusions 

 

We demonstrated that PTA (1,3,5-triaza-7-phosphaadamantane) behaves as an orthogonal ligand 

between Ru(II) and Zn(II), since it selectively binds through the P atom to ruthenium and through 

one or more of the N atoms to zinc. This property of PTA was first exploited by us for preparing the 

two monomeric porphyrin adducts [Ru(TPP)(PTA-P)2] (28) and  [Zn(TPP)(PTA-N)] adduct (30), 

in which PTA is axially bound to the inner metal. Then, we prepared a number of hetero-bimetallic 

Ru/Zn porphyrin polymeric networks – and two discrete species – mediated by P,N-bridging PTA in 
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which either both metals reside inside a porphyrin core, or one metal belongs to a porphyrin, either 

Ru(TPP) or Zn(TPP), and the other to a complex or salt of the complementary metal (i.e. cis,cis,trans-

[RuCl2(CO)2(PTA-P)2] (32),  trans-[RuCl2(PTA-P)4] (34), Zn(CH3COO)2, and ZnCl2). Both the 

molecular compounds 28, 30, trans-[RuCl2(PTA-P,N)4}{Zn(TPP)}4] (35), and [{Ru(TPP)(PTA-

P)(PTA-P,N)}{ZnCl2(OH2)}] (38), and the polymeric species [{Ru(TPP)(PTA-

P,N)2}{Zn(TPP)}]∞ (31), cis,cis,trans-[{Ru(CO)2Cl2(PTA-P,N)2{Zn(TPP)}]∞ (33), trans-

[{RuCl2(PTA-P,N)4}{Zn(TPP)}2]∞ (36), and [{Ru(TPP)(PTA-

P,2N)2}{Zn9(CH3COO)16(CH3OH)2(OH)2}]∞ (37) have been structurally characterized by single 

crystal X-ray diffraction. The number of compounds with the relatively rare six-coordinate Zn(TPP) 

(three, the polymeric networks of 31, 33 and 36, out of five) is largely above-average (see ref. 45), 

strongly suggesting that the stereo-electronic features of PTA are particularly well-suited for this type 

of coordination. In 31, 33, 35, 36, and 38 the bridging PTA has the P,N binding mode, whereas in 

the 2D polymeric layers of 37 it has the triple-bridging mode P,2N. In one case we demonstrated 

that, by tuning the PTA/Zn(TPP) ratio, it is possible to control the number of axial Zn–N coordination 

bonds and thus to switch from a molecular species (35, five-coordinate Zn) to a 2D polymeric network 

(36, six-coordinate Zn). Similarly, we are confident that also in the case of 38 by operating at higher 

Ru/ZnCl2 ratios a second PTA ligand (from a different 28) is likely to replace the residual water 

molecule on the Zn fragment, thus affording a polymeric network upon crystallization. Interestingly, 

we also found that when Zn(TPP) is sandwiched between two {trans-Ru(PTA-P,N)2} fragments, 

similar 1D polymeric chains with two different shapes – zig-zag in 31 vs “Greek frame” in 33 and 36 

– are obtained depending on whether the connecting bonds of each Ru fragment have an anti (31) or 

syn geometry (33 and 36).  

Due to the rather weak and labile nature of the Zn–N(PTA) bond, and consistent with literature data 

about Zn-PTA adducts,14,15,46 the compounds are not stable in solution and disassemble into the 

mononuclear fragments in concentration-dependent equilibria. Thus, their main interest resides in 

solid-state features. Porphyrin MOFs51 – of which compounds 31, 33, 36, and 37 are the first 

examples mediated by PTA – are extensively investigated in several fields, such as light-harvesting, 

guest inclusion, photodynamic therapy, and (photo)catalysis.52  

We believe that the examples reported here represent robust proofs-of-concept that firmly establish 

the binding preferences of PTA towards Ru(II) and Zn(II), and are confident that a variety of discrete 

species and networks can be produced by changing the nature of the Ru and Zn partners and their 

ratio. In particular, there are several inert Ru(II) compounds (in addition to 32 and 34) that feature 

two or more P-bonded PTA ligands that might be exploited as linkers of well-defined geometry for 

the rational design of solid state networks with Zn-porphyrins (or other Zn compounds). The 
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remaining ancillary ligands on the Ru center would allow to fine-tune the properties of the network, 

e.g. by providing interactions for the selective binding of host molecules. Finally, the uncoordinated 

N atoms of PTA in the networks might undergo protonation, thus introducing positive charges and 

the possibility of making additional electrostatic and H-bonding interactions. 

5.4 Experimental section 

 

Materials  

All chemicals, including TLC silica gel plates, were purchased from Sigma-Aldrich and used as 

received. Solvents were of reagent grade. The ruthenium precursor cis,cis,trans-[RuCl2(CO)2(PTA-

P)2] (32),16c trans-[RuCl2(PTA-P)4] (34),16a,17 and the porphyrins TPP,53 [Ru(TPP)(CO)],54 and 

Zn(TPP) were synthesized and purified as previously reported by us or by others.55  

Instrumental methods 

Mono- and bi-dimensional (1H-1H COSY, 1H-13C HSQC) NMR spectra were recorded at room 

temperature on a Varian 400 or 500 spectrometer (1H: 400 or 500 MHz, 31P{1H}: 161 or 202 MHz). 

1H chemical shifts in CDCl3 were referenced to the peak of residual non-deuterated solvent (δ = 7.26). 

31P{1H} chemical shifts were measured relative to external 85% H3PO4 at 0.00 ppm. ESI mass spectra 

were collected in the positive mode on a Perkin-Elmer APII spectrometer at 5600 eV. The UV-vis 

spectra were obtained on an Agilent Cary 60 spectrophotometer, using 1.0 cm path-length quartz 

cuvettes (3.0 mL). Chloroform spectra in the CO stretching region were recorded between CaF2 

windows (0.5 mm spacer) on a Perkin-Elmer Fourier-transform IR/Raman 2000 instrument in the 

transmission mode. Elemental analyses were performed on a Thermo Flash 2000 CHNS/O analyzer 

in the Department of Chemistry of the University of Bologna (Italy). 

X-ray diffraction  

Data collections were performed at the X-ray diffraction beamline (XRD1) of the Elettra Synchrotron 

of Trieste (Italy) equipped with a Pilatus 2M image plate detector. 

Collection temperature was 100K (nitrogen stream supplied through an Oxford Cryostream 700); the 

wavelength of the monochromatic X-ray beam was 0.700 Å and the diffractograms were obtained 

with the rotating crystal method. The crystals were dipped in N-paratone and mounted on the 

goniometer head with a nylon loop. The diffraction data were indexed, integrated and scaled using 

the XDS code.56 The structures were solved by the dual space algorithm implemented in the SHELXT 

code.57 Fourier analysis and refinement were performed by the full-matrix least-squares methods 

based on F2 implemented in SHELXL.58 The Coot program was used for modeling.59 Anisotropic 
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thermal motion was allowed for all non-hydrogen atoms. Hydrogen atoms were placed at calculated 

positions with isotropic factors U = 1.2×Ueq, where Ueq is the equivalent isotropic thermal factor of 

the bonded non hydrogen atom. Crystal data and details of refinements are in the Appendix.  

In the case of compound 33 an initial refinement of the structure afforded an R value of 12.78% and 

two Fourier peaks at unreasonable positions; a first intense peak was found at about 0.90 Å from the 

Ru atom, while a second less intense peak was located between the N atoms of two PTA ligands of 

adjacent chains, making completely unreasonable bonding angles. This made us suspect the presence 

of a lattice translocation defect (LTD).60 This suspicion was reinforced by the inspection of the 

diffractograms, where alternating rows of well-defined and streaky spots were apparent. A 

translocation vector (0,1/2,1/2) could be found by assuming that the intense peak near the Ru site was 

due to another Ru atom of the translocated lattice and by matching the distance of the LTD peak from 

the Ru site (at (1/2,0.79,1/2)). The measured reflection intensities were then corrected according to 

eq. 3 in reference 60. An optimal value of 0.094 for the translocated cell fraction could be found by 

trial and error until the intensities of the two peaks due to the LTD were reduced to negligible values.  

For compound 36 no Fourier peaks of appreciable intensity could be located inside the mentioned 

cavity, which was then assumed to contain heavily disordered methanol solvent molecules and 

modeled with the Squeeze procedure of the PLATON code.61 The "squeezed" electronic charge was 

148 (in electron charge units), corresponding to about eight methanol solvent molecules. 

In the asymmetric unit of the crystal structure of complex 38, the {ZnCl2(OH2)} group is very close 

to a 2-fold axis, thus ruling out the possibility that it is present on both PTA ligands of the same Ru 

complex: in this case, two {ZnCl2(OH2)} groups of adjacent Ru complexes would overlap (Appendix, 

Figure 5.25). For this reason we refined a model in which the {ZnCl2(OH2)} has a total occupation 

factor of 0.5, which ensures a Ru:Zn ratio of 1:1 (also the Ru atom sits on a special position with 

occupation factor 0.5). An additional complication is that the {ZnCl2(OH2)} group is disordered over 

two positions, which led to a further partition of the 0.5 occupation factor into two populations with 

occupations of 0.3 and 0.2, respectively (Appendix, Figure 5.26). 

Synthesis of the complexes 

[Ru(TPP)(PTA-P)2] (28). A 20 mg amount of [Ru(TPP)(CO)] (0.027 mmol) was dissolved in 8 

mL of chloroform, obtaining a clear red-purple solution. Upon addition of 2.4 equiv of PTA (10 mg) 

the solution became immediately darker. The solution was concentrated to ca. 2 mL. Slow 

evaporation of the solvent afforded within a few hours X-ray quality purple crystals of 

[Ru(TPP)(PTA-P)2]· 2CHCl3 that were filtered after 24h, washed with diethyl ether and dried in 

vacuo. (Yield 25.0 mg, 90%). Elemental analysis calcd for [C56H52N10P2Ru]·2(CHCl3) (Mw: 1266.9): 

C 54.99; H 4.30; N 11.06. Found: C 54.90; H 4.36; N 11.12. 1H NMR (CDCl3), δ (ppm): 8.34 (s, 8H, 
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β), 8.06 (m, 8H, o), 7.67 (m, 12H, m+p), 3.20 (d, J = 12.9 Hz, 6H NCH2N), 2.55 (d, J = 12.9 Hz, 6H 

NCH2N), –0.26 (br s, 12H NCH2P). Selected 13C NMR signals (from the HSQC spectrum) in CDCl3, 

δ (ppm): 133.8 (o), 131.9 (β), 126.8 (m+p), 71.3 (NCH2N), 45.0 (NCH2P). 
31P{1H} NMR (CDCl3), δ 

(ppm): –50.6 (s, 2P, mutually trans PTAs). ESI mass spectrum (m/z): 1020.1 ([M+H]+), 874.1 ([M–

PTA+H]+), 718.1 ([M–2PTA+H]+). UV-vis (CHCl3): λmax (ε, L mol–1 cm–1) = 431 (125400), 523 

(8300), 554 (5400) nm. 

[Ru(TPP)(CO)(PTA-P)] (28). As said in the text, this elusive intermediate was observed during 

the titration of [Ru(TPP)(CO)] with PTA but could not be isolated. 1H NMR (CDCl3), δ (ppm): 8.62 

(s, 8H, β), 8.24, 8.02 (m, 8H, o+o′), 7.68 (m, 12H, m+m′+p), 3.11 (d, J = 13.0 Hz, 3H NCH2N), 2.39 

(d, J = 13.0 Hz, 3H NCH2N), –0.71 (br s, 6H NCH2P). 31P{1H} NMR (CDCl3), δ (ppm): –60.5 (s, 1P, 

PTA trans CO). Selected IR absorption (chloroform solution, cm-1): 1989 (νCO). 

The following preparations were performed on a small scale (max 5-6 mg of the limiting reagent) 

with the specific aim of obtaining X-ray quality single crystals by slow diffusion of a precipitating 

solvent into ca. millimolar solutions of the reagents in the indicated molar ratios. Yields were not 

measured. The 1H NMR spectra of the adducts are not reported, since – due to the labile nature of the 

Zn–N bonds – they depend on the concentration. In the NMR titrations the metallo-porphyrin 

concentration was ca. 5 mM.  

[Zn(TPP)(PTA-N)]·H2O·CHCl3 (30·H2O·CHCl3). Crystals of 30·H2O·CHCl3 were obtained by 

slow diffusion of diethyl ether into a ca. 5 mM chloroform solution of a 2:1 Zn(TPP)/PTA mixture. 

31P{1H} NMR (CDCl3) δ (ppm): –102.1 (s). 

[{Ru(TPP)(PTA-P,N)2}{Zn(TPP)}]∞ (31). X-ray quality crystals of 31 were obtained upon 

diffusion of n-hexane into a chloroform solution of a ca. 3 mM 2:1 mixture of Zn(TPP) and 28. 

31P{1H} NMR (CDCl3) δ (ppm): –50.1 (s). 

cis,cis,trans-[{Ru(CO)2Cl2(PTA-P,N)2}{Zn(TPP)}·9.2(H2O)]∞ (33·9.2(H2O)). X-ray quality 

crystals of 33·9.2(H2O) were obtained upon diffusion of diethyl ether into a chloroform solution of a 

1:2 mixture of cis,cis,trans-[RuCl2(CO)2(PTA-P)2] (32, 6.1 mg, 0.011 mmol) and Zn(TPP) (2.5 mg, 

2 equiv). 31P{1H} NMR (CDCl3) δ (ppm): –49.0 (s). 

trans-[{RuCl2(PTA-P,N)4}{Zn(TPP)}4]·8/3CHCl3·2n-hexane (35·8/3CHCl3·2n-hexane). X-ray 

quality crystals of 35·8/3CHCl3·2C6H14 were obtained upon diffusion of n-hexane into 5 mL of a 1:4 

chloroform solution of trans-[RuCl2(PTA-P)4] (34, 5.3 mg, 0.0062 mmol) and Zn(TPP) (17.9 mg, 

4 equiv). 31P{1H} NMR (CDCl3) δ (ppm): –51.1 (s). 

trans-[{RuCl2(PTA-P,N)4}{Zn(TPP)}2·4CHCl3]∞  (36·4CHCl3). X-ray quality crystals of 

36·4CHCl3·were obtained upon diffusion of hexane into 4 mL of a 1:2 chloroform solution of trans-
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[RuCl2(PTA-P)4] (34, 5.0 mg, 0.0062 mmol) and Zn(TPP) (8.4 mg, 2 equiv). 31P{1H} NMR (CDCl3) 

δ (ppm): –50.7 (s). 

[{Ru(TPP)(PTA-P,2N)2}{Zn9(CH3COO)16(CH3OH)2(OH)2}·3CHCl3]∞  (37·3CHCl3).  X-ray 

quality crystals of 37·3(CHCl3) were obtained by slow diffusion of n-hexane into 3 mL of a 5:1 

chloroform/methanol solution of a ca. 8:1 mixture of Zn(CH3COO)2 and  [Ru(TPP)(PTA-P)2] (28, 

3 mg, 0.0023 mmol).  

[{Ru(TPP)(PTA-P) (PTA-P,N) }{ZnCl2(OH2)}·0.6CHCl3] (38·0.6CHCl3). X-ray quality 

crystals of 38·0.6CHCl3 were obtained by slow diffusion of n-hexane onto 2.4 mL of a 5:1 

chloroform/ethanol solution of a 1:2 mixture of [Ru(TPP)(PTA-P)2] (28, 3 mg, 0.0023 mmol) and 

ZnCl2.  
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Figure A5.1: 1H NMR spectra of free PTA (top), [Ru(TPP)(PTA-P)2] (28) (middle) and 

[Ru(TPP)(CO)] (bottom) in CDCl3. 

 

 

Figure A5.2.: 1H-1H COSY NMR spectrum of [Ru(TPP)(PTA-P)2] (28) in CDCl3. 
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Figure A5.3: 1H-13C HSQC NMR spectrum of [Ru(TPP)(PTA-P)2] (28) in CDCl3. 

 

 

 

Figure A5.4. 31P{1H} NMR spectrum of a mixture of [Ru(TPP)(PTA-P)2] (28) and 

[Ru(TPP)(CO)(PTA-P)] (29) CDCl3 obtained after the addition of ca. 1 equiv of PTA into a CDCl3 

solution of [Ru(TPP)(CO)]. 
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Figure A5.5: 1H NMR spectrum (CDCl3) of a ca. 3:1 mixture of [Ru(TPP)(PTA-P)2] (28, black 

labels) and [Ru(TPP)(CO)(PTA-P)] (29, blue labels) obtained during a titration of a 

[Ru(TPP)(CO)] solution with PTA. 

 

Figure A5.6. 1H NMR titration of Zn(TPP) with 0.5 (a), 1 (b), 2 (c), 3 (d) and 5 (e) equiv of PTA in 

CDCl3. The resonance of the NCH2N protons is labeled with blue dots, and that of the NCH2P protons 

with black dots. In the more magnified spectra (a) and (b) the peak of residual water is labeled with 

*. The porphyrin resonances are not shown. 
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Figure A5.7. PTA region of the 1H-13C HSQC NMR spectrum of the 1:5 mixture of Zn(TPP) and 

PTA in CDCl3 (i.e. of spectrum (e) in Figure A5.6). 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A5.8.. Region of the PTA resonances (red and green dots) in 1H NMR titration of 

[Ru(TPP)(PTA-P)2] (28) with Zn(TPP) (from 1 to 4 equiv) in CDCl3. The additional resonances in 

the upfield region, that do not shift in the titration but become broader, belong to grease, H2O and 

EtOH. This latter increases since it derives also from Zn(TPP), that should be formulated as 

[Zn(TPP)(EtOH)]. 
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Figure A.5.9. 1H NMR spectrum (aromatic and PTA regions) of a 1:4:2 mixture of [Ru(TPP)(CO)] 

(black labels), Zn(TPP) (blue labels), and PTA. The downfield and upfield regions are not in scale: 

The PTA region has been amplified in order to better show the broad PTA resonances. 

Figure A5.10: 1H-13C HSQC NMR spectrum of the 1:4:2 mixture of [Ru(TPP)(CO)] (black labels), 

Zn(TPP) (blue labels), and PTA. The PTA region is in the insert. 
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Figure A5.11.1H NMR titration of cis,cis,trans-[RuCl2(CO)2(PTA-P)2] (32) (top) with 2 (a), 3 (b) 

and 4 (c) equiv of Zn(TPP) in CDCl3. The porphyrin resonances are not shown. The triplet at ca. 1.2 

ppm belongs to the EtOH originally bound to Zn(TPP). 

 

Figure A5.12. 1H NMR spectrum of the crystals of cis,cis,trans-[{Ru(CO)2Cl2(PTA-

P,N)2}{ZnTPP}]∞ (33) dissolved in CDCl3. 
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Figure A5.13. View along the b axis of a portion of the crystal structure of complex [Zn(TPP)(PTA-

N)]·H2O·CHCl3 (30·H2O·CHCl3) evidencing the packing of the molecules and the N coordination 

of the PTA ligand to the Zn metal. Color code: C = grey, N = purple, P = orange. Crystallization 

molecules omitted. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A5.14. Stick representation of a portion of the zig-zag Ru(TPP)/Zn(TPP) chain present in the 

crystal structure of compound [{Ru(TPP)(PTA-P,N)2}{Zn(TPP)}]∞ (31). Color code: Ru = light 

purple, Zn = green, P = yellow, N = blue. 
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Figure A5.15. View along the c cell axis of five Ru(TPP)/Zn(TPP) chains in the crystal structure of 

compound [{Ru(TPP)(PTA-P,N)2}{Zn(TPP)}]∞ (31). 

 

 

 

 

 

 

 

 

 

Figure A5.16. ORTEP representation (at 50% probability) of the asymmetric unit of the crystal 

structure of compound [{Ru(TPP)(PTA-P,N)2}{Zn(TPP)}]∞ (31) (hydrogen atoms and minor 

population of a disordered phenyl group omitted for clarity). M and L indicate the crystallographic 

sites shared at 50% by Ru and Zn cations and P and N atoms, respectively; Por, Ph1 and Ph2 allow 

to visualize on the figure the dihedral angles reported in Table A5.4. 
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Figure A5.17: Stick representation of a portion of the linear “Greek frame” shaped Ru-Zn chain 

present in the crystal structure of compound cis,cis,trans-[{Ru(CO)2Cl2(PTA-

P,N)2}{Zn(TPP)}·9.2(H2O)]∞ (33·9.2(H2O)). Color code: Ru = light purple, Zn = green, P = 

yellow, N = blue, O = red, Cl = orange. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A5.18. View along the c cell axis of four Ru-Zn chains in the crystal structure of compound 

cis,cis,trans-[{Ru(CO)2Cl2(PTA-P,N)2}{Zn(TPP)}·9.2(H2O)]∞ (33·9.2(H2O)). The disordered 

water molecules – not shown – are located along the c axis, between the polymeric chains, and make 

hydrogen bonds among themselves but not with the chains. Color code: Ru = light purple, Zn = green, 

P = yellow, N = blue, O = red, Cl = orange. 
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Figure A5.19: ORTEP representation (50% probability ellipsoids) of the asymmetric unit of the 

crystal structure of compound trans-[{RuCl2(PTA-P,N)4}{Zn(TPP)}4]·8/3CHCl3·2n-hexane 

(36·8/3CHCl3·2n-hexane). Hydrogen atoms, two CHCl3 and one n-hexane solvent molecules have 

been omitted for clarity. Labels PhX (X = 1 - 4) allow to visualize on the figure the dihedral angles 

quoted in Table A5.6. Color code: Ru = light purple, Zn = green, P = yellow, N = blue, O = red, Cl = 

orange. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A5.20: Stick representation of the molecule of complex trans-[{RuCl2(PTA-

P,N)4}{Zn(TPP)}4] (36) in the crystal structure viewed along the Cl–Ru–Cl axis. The ZnTPP units 

above and below the Ru equatorial plane have been evidenced with black and light gray colors, 

respectively.  

 

 



  Appendix of Chapter 5 

159 

 

 

 

 

 

 

 

 

Figure A5.21: The space-fill representation of the molecule of complex trans-[{RuCl2(PTA-

P,N)4}{Zn(TPP)}4] (36) in the crystal structure evidences its very compact nature. 

 

 

 

 

 

 

 

 

 

Figure A5.22: ORTEP representation (50% probability ellipsoids) of the asymmetric unit of the 

crystal structure of complex trans-[{RuCl2(PTA-P,N)4}{Zn(TPP)}2·4CHCl3]∞ (36·4CHCl3). A 

disordered CHCl3 solvent molecule has been omitted for clarity. For the same reason, only major 

populations of disordered phenyls and pyrrolic moieties of the TPP ligand have been included. Ph1 

and Ph2 allow to visualize on the figure the dihedral angles reported in Table A5.7. 
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Figure A5.23: ORTEP representation (50% probability ellipsoids) of a "RuZn4" fragment of the 

polymeric 3D net present in the crystal structure of complex trans-[{RuCl2(PTA-

P,N)4}{Zn(TPP)}2·4CHCl3]∞ (36·4CHCl3). Hydrogen atoms and a disordered CHCl3 solvent 

molecule have been omitted for clarity. For the same reason, only major populations of disordered 

phenyls and pyrrolic moieties of the porphyrins have been included. 

 

The zinc-acetate cluster of compound [{Ru(TPP)(PTA-

P,2N)2}{Zn9(CH3COO)16(CH3OH)2(OH)2}·9.2(H2O)]∞ (37·3CHCl3). 

The atomic arrangement of a single Zn9 cluster of compound 37 is represented in Figure A5.24. There 

are nine Zn(II) cations, one of which, Zn4, occupies an inversion center. The remaining eight Zn 

cations are partitioned in two groups, related by the inversion center and therefore the description of 

the bonding environment is restrict to a single group of four Zn cations (Zn1, Zn2, Zn3, Zn5) plus 

Zn4 sitting on the inversion center. Overall, the Zn cations are connected to each other by bridging 

acetate anions, with some notable exceptions, as detailed below. 

Zn4 has an octahedral environment in which an equatorial plane is formed by four O atoms (O311, 

O313, O311', O313') belonging to four distinct acetate anions, which provide bridging connections 

via their second O atom to Zn3, Zn5, Zn3' and Zn5', respectively. The axial positions of Zn4 are 

occupied by two (symmetry related) OH– ions (O316 and O316'), that also cap in a μ3 fashion Zn3 

and Zn5 (O316), and Zn3' and Zn5' (O316').  
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Zn3 has a trigonal bipyramidal coordination with three O atoms (O35, O310, O314) from distinct 

bridging acetate anions in the equatorial plane, and axial positions occupied by the μ3-hydroxo ligand 

mentioned above (O316) and an N atom (N22) of a PTA ligand P-bound to a Ru(TPP).  

The coordination around Zn5 is less well defined. Zn5 is substantially five-coordinate by O atoms 

(equatorial: O37, O312, O316; apical: O39, O313), however the apical O313 is at a rather long 

distance of 2.473(4) Å (O313 also binds Zn4 at 2.126(4) Å). Moreover, a fourth weak interaction 

(bond length 2.570(4) Å) with an acetate O atom (O38) is also present in the equatorial plane.  

Zn2 is connected via acetate bridges to both Zn3 and Zn5. Its octahedral coordination environment is 

provided by five O atoms of distinct bridging acetate ions (O31, O33, O36, O38, and O318) and a 

methanol ligand (O315). As mentioned above, O38 is also involved in an additional weak interaction 

with Zn5. Zn1 has a tetrahedral coordination, which is provided by the O atoms (O32, O33, and O317) 

of three distinct bridging acetate ions that connect Zn1 to Zn2, and by an N atom (N21) of a PTA 

ligand P-bound to a Ru(TPP). 

 

 

 

 

 

 

 

 

 

 

Figure A5.24. Stick representation of the Zn9 cluster in the crystal structure of compound 

[{Ru(TPP)(PTA-P,2N)2}{Zn9(CH3COO)16(CH3OH)2(OH)2}·3CHCl3]∞ (37·3CHCl3) (hydrogen 

atoms omitted for clarity). The nitrogen atoms of the four PTA ligands to which the Zn cluster binds 

are also shown. Primed atoms are symmetry images of corresponding non primed atoms via the 

inversion center at Zn4. Color code: Zn = green, N = blue, O = red. 
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Figure A5.25. Stick representation of a portion of the 1D sequence present in the crystal structure of 

compound [{Ru(TPP)(PTA-P)(PTA-P,N)}{ZnCl2(OH2)}] (38). Color code: Ru = purple, Zn = 

green, P = yellow, N = blue, Cl = orange, O = red. 

 

 

 

 

 

 

 

 

Figure A5.26: Stick representation of the disordered ZnCl2(H2O) group in the crystal structure of 

compound [{Ru(TPP)(PTA-P)(PTA-P,N)}{ZnCl2(OH2)}] (38). The two populations are 

evidenced in blue (SOF=0.3) and red (SOF=0.2). The symmetry mates generated by a 2-fold axis 

close to the Zn atoms (see text) have been omitted for clarity.   

Additional comments on the X-ray structure of [{Ru(TPP)(PTA-P)(PTA-

P,N)}{ZnCl2(OH2)}] (38) 

As said in the main text, due to the low quality of the X-ray data and to the large disorder found 

around the Zn atom (Figure A5.26), the observed Fourier map for compound 38 could be refined also 

with a model consisting of the zwitterionic molecule [{Ru(TPP)(PTAH-P)(PTA-P,N)}+{ZnCl3}
–

]. We believe that chloroform, which is known to generate small amounts of HCl in the presence of 

oxygen and light,A1 could be a plausible source of the adventitious protons for the generation of 

PTAH+. In this hypothesis, adjacent zwitterions would be connected by the electrostatic interaction 

of the ZnCl3
– group of one with the PTAH+ ligand of the other, forming a 1D ionic polymer.  No 

similar structures can be found in the literature. However, crystallization of hexamethylenetetramine 

(HTMA) with ZnCl2 in aqueous ammonia afforded (NH4) [ZnCl3(HTMA)]·1.5H2O,A2 whereas 

crystals of [Zn(OH2)6][ZnCl3(HTMA)]2·0.5H2O were obtained from an aqueous solution containing 

equimolar amounts of Zn2+, Cl– and HTMA.A3  
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Even though the X-ray data are not conclusive about the nature of compound 38, we prefer the 

“neutral” formulation [{Ru(TPP)(PTA-P)(PTA-P,N)}{ZnCl2(OH2)}] over the zwitterionic one 

for the following reasons: 1) it is more chemically reasonable, since it does not require protonation 

of PTA in the absence of added acid; 2) the R factor of the X-ray structure is lightly better (8.4 vs 

9.4); 3) the Zn–ligand bond lengths are more consistent with literature data. In fact, in the ZnCl3
– 

hypothesis, one of the three Zn–Cl bond lengths is particularly short (2.199(7) Å vs 2.239(4) and 

2.25(1) Å for the other two)  

Finally, we note that as far as the binding behavior of PTA is concerned, the two structural solutions 

are very similar. 
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Table A5.1. Crystallographic data and refinement details for compounds [Ru(TPP)(PTA-

P)2]·2CHCl3 (28·2CHCl3) and [Zn(TPP)(PTA-N)]·H2O·CHCl3 (30·H2O·CHCl3). 

 28·2CHCl3 30·H2O·CHCl3 

Empirical Formula  C56H52N10P2Ru·2CHCl3 C50H40N7PZn·H2O·CHCl3 

Formula weight (Da)  1266.82 1945.31 

Temperature (K) 173(2) 100(2) 

Wavelength (Å) 0.700 0.700 

Crystal system  monoclinic triclinic 

Space Group  P 21/c P –1 

a (Å)  13.770(5) 8.752(2) 

b (Å)  18.932(4) 14.364(3) 

c (Å)  10.952(2) 19.295(4) 

α (°) 90 109.39(3) 

β (°) 98.71(2) 100.96(3) 

γ (°) 90 97.50(3) 

V (Å3)  2822(1) 2196.6(9) 

Z  2 2 

ρ (g·cm–3)  1.491 1.470 

F(000)  1296 1004 

µ (mm–1)  0.632 0.790 

θ min, max (°)  1.815, 29.084 1.514, 28.227 

Resolution (Å) 0.72 0.74 

Total refl. collctd  49719 20757 

Independent refl.  7811 10915 

Obs. Refl. [Fo>4σ(Fo)]  7522 10630 

I/σ(I) (all data)  18.75 52.26 

I/σ(I) (max res)  15.92 36.70 

Completeness (all data)  0.981 0.962 

Rmerge (all data)  7.3% 3.1% 

Rmerge (max res)  7.8% 3.3% 

Multiplicity (all data)  6.3 19.2 

Multiplicity (max res)  6.0 6.2 

Data/restraint/parameters  7811/0/350 10915/98/678 

GooF 1.050 1.063 

R[I>2.0σ(I)],a wR2 [I>2.0σ(I)]a 0.0453, 0.1255 0.0511, 0.1309 

R (all data),a wR2 (all data)a 0.0460, 0.1263 0.0522, 0.1319 

aR1 =  |Fo|–|Fc|| / |Fo|, wR2 = [ w (Fo2 – Fc2 )2 / w (Fo2 )2]½  
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Table A5.1cont. Crystallographic data and refinement details for compounds [{Ru(TPP)(PTA-

P,N)2}{Zn(TPP)}]∞ (31 and cis,cis,trans-[{Ru(CO)2Cl2(PTA-P,N)2}{Zn(TPP)}·9.2(H2O)]∞ 

(33·9.2(H2O)). 

 31 33·9.2(H2O) 

Empirical Formula  C100H80N14P2RuZn C58H52N10Cl2O2P2RuZn· 

9.2(H2O) 

Formula weight (Da)  1706.16 2606.49 

Temperature (K) 100(2) 100(2) 

Wavelength (Å) 0.700 0.700 

Crystal system  monoclinic monoclinic 

Space Group  C 2/c P 2/c 

a (Å)  23.524(3) 13.067(1) 

b (Å)  11.925(4) 10.149(3) 

c (Å)  14.409(3) 24.8580(9) 

α (°) 90 90 

β (°) 98.200(4) 91.568(5) 

γ (°) 90 90 

V (Å3)  4001(2) 3295(1) 

Z  4 1 

ρ (g·cm–3)  1.416 1.313 

F(000)  1764 1340 

µ (mm–1)  0.563 0.740 

θ min, max (°)  2.281, 28.225 2.552, 29.084 

Resolution (Å) 0.74 0.72 

Total refl. collctd  62648 57176 

Independent refl.  5127 9173 

Obs. Refl. [Fo>4σ(Fo)]  4650 8477 

I/σ(I) (all data)  31.39 16.62 

I/σ(I) (max res)  20.55 11.92 

Completeness (all data)  0.986 0.991 

Rmerge (all data)  6.3% 7.4% 

Rmerge (max res)  17.2% 10.7% 

Multiplicity (all data)  12.0 6.1 

Multiplicity (max res)  11.4 5.8 

Data/restraint/parameters  5127/0/256 9173/23/343 

GooF 1.062 1.046 

R[I>2.0σ(I)],a wR2 [I>2.0σ(I)]a 0.0341,0.0895 0.0684, 0.1910 

R (all data),a wR2 (all data)a 0.0374,0.0914 0.0715,0.1950 

aR1 =  |Fo|–|Fc|| / |Fo|, wR2 = [ w (Fo2 – Fc2 )2 / w (Fo2 )2]½  
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Table A5.1cont. Crystallographic data and refinement details for compounds trans-[RuCl2(PTA-

P,N)4{Zn(TPP)}4]·8/3CHCl3·2n-hexane (35·8/3CHCl3·2n-hexane) and trans-[{RuCl2(PTA-

P,N)4}{Zn(TPP)}2·4CHCl3]∞ (36·4CHCl3).  

 35·8/3CHCl3·2n-hexane 36·4CHCl3 

Empirical Formula  C200H160N28Cl2P4RuZn4·8/

3CHCl3·2C6H14 

RuZn2Cl2P4C112H104N20·4CHCl3 

Formula weight (Da)  4003.54 2634.21 

Temperature (K) 100(2) 100(2) 

Wavelength (Å) 0.700 0.700 

Crystal system  cubic tetragonal 

Space Group  I –4 3 d I 41/a 

a (Å)  38.537(7) 27.014(5) 

b (Å)  38.537(7) 27.014(5) 

c (Å)  38.537(7) 15.507(2) 

α (°) 90 90 

β (°) 90 90 

γ (°) 90 90 

V (Å3)  57231(29) 11316(4) 

Z  12 4 

ρ (g·cm–3)  1.394 1.546 

F(000)  24824 5384 

µ (mm–1)  0.773 0.951 

θ min, max (°)  1.275, 26.656 1.485, 29.080 

Resolution (Å) 0.78 0.72 

Total refl. collctd  389280 101816 

Independent refl.  10529 7932 

Obs. Refl. [Fo>4σ(Fo)]  10195 7695 

I/σ(I) (all data)  77.13 67.79 

I/σ(I) (max res)  23.75 45.42 

Completeness (all data)  1.000 1.000 

Rmerge (all data)  4.7% 2.7% 

Rmerge (max res)  27.2% 3.7% 

Multiplicity (all data)  68.7 12.8 

Multiplicity (max res)  69.4 12.3 

Data/restraint/parameters  10529/49/498 7932/19/348 

GooF 1.031 1.033 

R[I>2.0σ(I)],a wR2 [I>2.0σ(I)]a 0.0785, 0.2284 0.0478, 0.1390 

R (all data),a wR2 (all data)a 0.0798, 0.2317 0.0485,0.1397 

aR1 =  |Fo|–|Fc|| / |Fo|, wR2 = [ w (Fo2 – Fc2 )2 / w (Fo2 )2]½  
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Table A5.1cont. Crystallographic data and refinement details for compounds [{Ru(TPP)(PTA-

P,2N)2}{Zn9(CH3COO)16(CH3OH)2(OH)2}·3CHCl3]∞ (37·3CHCl3) and [{Ru(TPP)(PTA-

P)(PTA-P,N)}{ZnCl2(OH2)}·0.6CHCl3] (38·0.6CHCl3). 

 37·3CHCl3 38·0.6CHCl3 

Empirical Formula  C56H52N10P2Ru + 

C34H58O36Zn9·3CHCl3 

C56H54N10Cl2OP2RuZn·0.6CHCl3  

Formula weight (Da)  1508.66 1253.99 

Temperature (K) 100(2) 100(2) 

Wavelength (Å) 0.700 0.700 

Crystal system  triclinic monoclinic 

Space Group  P –1 C 2/c 

a (Å)  14.04(1) 17.404(4) 

b (Å)  15.457(5) 19.878(5) 

c (Å)  17.954(6) 17.524(2) 

α (°) 110.15(1) 90 

β (°) 109.19(2) 91.143(8) 

γ (°) 94.31(2) 90 

V (Å3)  3375(4) 6061(2) 

Z  1 4 

ρ (g·cm–3)  1.484 1.347 

F(000)  1526 2563 

µ (mm–1)  1.866 0.868 

θ min, max (°)  1.414, 28.227 1.899, 28.227 

Resolution (Å) 0.74 0.74 

Total refl. collctd  111508 89921 

Independent refl.  17166 7375 

Obs. Refl. [Fo>4σ(Fo)]  10951 6547 

I/σ(I) (all data)  8.96 19.02 

I/σ(I) (max res)  1.79 8.40 

Completeness (all data)  0.982 0.922 

Rmerge (all data)  13.5% 8.5% 

Rmerge (max res)  136.0% 24.7% 

Multiplicity (all data)  6.5 11.9 

Multiplicity (max res)  6.2 11.8 

Data/restraint/parameters  17166/0/746 7375/96/469 

GooF 1.028 1.002 

R[I>2.0σ(I)],a wR2 [I>2.0σ(I)]a 0.0658, 0.1697 0.0840, 0.2396 

R (all data),a wR2 (all data)a 0.1075, 0.1952 0.0893, 0.2481 

aR1 =  |Fo|–|Fc|| / |Fo|, wR2 = [ w (Fo2 – Fc2 )2 / w (Fo2 )2]½  
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Table A5.2. Selected coordination distances (Å) and angles (°) for [Ru(TPP)(PTA-P)2]·2CHCl3 

(28·2CHCl3). 

Bond distances (Å) 

Ru1–N1 2.064(1) Ru1–P1 2.3253(7) 

Ru1–N2 2.056(2)   

Bond angles (°) 

N1–Ru1–P1 88.04(4) N2–Ru1–P1 88.82(5) 

N1–Ru1–N2 90.09(6)   

Dihedral angles (°) 

Ru(TPP)··· Ph1 
 

68.60(4) Ru(TPP)··· Ph2 
 

63.45(5) 

The Ru atom sits on an inversion center, therefore some distances/angles are fixed (e.g. angle N1–

Ru–N1' = 180°) and are not reported in the Table. 
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Table A.5.3. Selected coordination distances (Å) and angles (°) for [Zn(TPP)(PTA-

N)]·H2O·CHCl3 (30·H2O·CHCl3). 

Bond distances (Å) 

Zn1–N1 2.079(2) Zn1–N3 2.068(2) 

Zn1–N2 2.070(2) Zn1–N4 2.067(2) 

Zn1–N21 2.186(2)   

Bond angles (°) 

N1–Zn1–N21 97.74(7) N3–Zn1–N21 100.14(7) 

N2–Zn1–N1 88.13(6) N4–Zn1–N1 88.16(6) 

N2–Zn1–N21 99.11(7) N4–Zn1–N2 159.47(6) 

N3–Zn1–N1 162.10(6) N4–Zn1–N3 89.10(6) 

N3–Zn1–N2 88.25(6) N4–Zn1–N21 101.40(7) 

Dihedral angles (°) 

Zn(TPP)··· Ph1 
 

46.41(4) 

 
Zn(TPP)··· Ph2 

 

50.95(4) 

 

Zn(TPP)··· Ph3 
 

62.28(5) 

 
Zn(TPP)··· Ph4 

 

43.19(4) 
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Table A.5.3bis. Selected bond distances (Å) for the PTA ligand in [Zn(TPP)(PTA-

N)]·H2O·CHCl3 (30·H2O·CHCl3). 

Bond distances (Å) 

N21–C21 1.487(3) N23–C23 1.463(4) 

N21  C24   1.496(3) N23–C25 1.447(4) 

N21  C26 1.493(3) N23–C26 1.451(3) 

N22–C22 1.468(3) P21–C21 1.860(2) 

N22–C24 1.458(3) P21–C22 1.854(3) 

N22–C25 1.471(3) P21–C23 1.855(3) 

 

  Table A5.4. Selected coordination distances (Å) and angles (°) for [{Ru(TPP)(PTA-

P,N)2}{Zn(TPP)}]∞ (4). 

Bond distances (Å) 

M–N21 2.049(1) M–L 2.3800(7) 

M–N22 2.062(1)   

Bond angles (°) 

N21–M–N22 89.92(5) N22–M–L 89.00(4) 

N21–M–L 88.46(4)   

Dihedral angles (°) 

M(TPP)··· Ph1 
 

62.97(5) M(TPP)··· Ph2 
 

76.80(8) 

 

Since in 4 the equatorial environment of Ru and Zn is identical and the P/N bonding modes of the 

PTA ligand are nearly geometrically equivalent, the symmetry of the observed diffraction pattern 

(space group C2/c) does not distinguish the two metal ions and the corresponding PTA binding 

modes leading to a crystallographically independent fragment in which a single metal site (M) is 

equally partitioned between Ru and Zn and, correspondingly, two symmetry related binding sites 

(L) of the PTA are partitioned at 50% between P and N. See also Figure A5.14 and A5.16. 
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Table A5.5. Selected coordination distances (Å) and angles (°) for cis,cis,trans-

[{Ru(CO)2Cl2(PTA-P,N)2}{Zn(TPP)}·9.2(H2O)]∞ (6·9.2(H2O)). 

Bond distances (Å) 

Ru1–C1 1.907(5) Ru1–P1 2.3480(7) 

Ru1–C2 1.960(1) Zn1–N1 2.059(2) 

Ru1–Cl1 2.414(1) Zn1–N2 2.058(2) 

Ru1–Cl2 2.285(2) Zn1–N11 2.532(2) 

Bond angles (°) 

C1–Ru1–C2 89.6(3) Cl2–Ru1–P1 87.74(7) 

C1–Ru1–Cl2 90.29(7) P1–Ru1–Cl1 85.41(2) 

C1–Ru1–P1 94.59(2) N1–Zn–N2 90.70(9) 

C2–Ru1–Cl1 90.4(3) N1–Zn–N2′ 89.30(9) 

C2–Ru1–P1 89.9(4) N1–Zn–N11 87.77(8) 

Cl2–Ru1–Cl1 89.71(7) N2–Zn–N11 89.53(9) 

Dihedral angles (°) 

Zn(TPP)··· Ph1 
 

77.5(1) Zn(TPP)··· Ph2 
 

65.1(1) 

 

  



  Appendix of Chapter 5 

172 

Table A5.6. Selected coordination distances (Å) and angles (°) for trans-[RuCl2(PTA-

P,N)4{Zn(TPP)}4]·8/3CHCl3·2n-hexane (8·8/3CHCl3·2n-hexane). 

Bond distances (Å) 

Ru1–P1 2.324(2) Zn1–N22 2.066(6)  

Ru1–Cl1 2.412(2)  Zn1–N21 2.069(8)  

Zn1–N11 2.242(6)  Zn1–N24 2.078(7)  

Zn1–N23 2.044(8)    

Bond angles (°) 

P1–Ru1–Cl1 80.10(4)   

Dihedral angles (°) 

Zn(TPP)··· Ph1 
 

78.1(2) Zn(TPP)··· Ph3 
 

63.2(3) 

Zn(TPP)··· Ph2 
 

68.2(2) Zn(TPP)··· Ph4 
 

55.5(4) 

 

Table A5.7. Selected coordination distances (Å) and angles (°) for trans-[{RuCl2(PTA-

P,N)4}{Zn(TPP)}2·4CHCl3]∞ (9·4CHCl3). 

Bond distances (Å) 

Ru1–P1 2.3359(7) Zn1–N21 2.063(2) 

Ru1–Cl1 2.4246(8) Zn1–N22 2.055(2) 

Zn1–N13 2.4869(2)    

Bond angles (°) 

P1–Ru1–Cl1 100.60(1) N22–Zn1–N13 89.78(7) 

N21–Zn1–N13 87.83(7) N21–Zn1–N22 89.74(7)  

Dihedral angles (°) 

Zn(TPP)··· Ph1 
 

60.20(8) Zn(TPP)··· Ph2 
 

73.90(8)  
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Table A5.8. Selected coordination distances (Å) and angles (°) for the {Ru(TPP)} part of 

[{Ru(TPP)(PTA-P,2N)2}{Zn9(CH3COO)16(CH3OH)2(OH)2}·3CHCl3]∞  (37·3CHCl3). 

Bond distances (Å) 

Ru1–N11 2.058(4) Zn1–N21 2.063(4) 

Ru1–N12 2.060(4) Zn3–N22 2.363(4) 

Ru1–P21 2.322(2)   

Bond angles (°) 

N11–Ru1–N12 90.2(2)  O33–Zn1–N21 133.4(2) 

N11–Ru1–P21 92.6(1) O310–Zn3–N22 80.6(2) 

N12–Ru1–P21 89.9(1) O35–Zn3–N22 81.6(1) 

O317–Zn1–N21 98.3(2) O314–Zn3–N22 82.19(2) 

O32–Zn1–N21 99.6(2) O316–Zn3–N22 175.1(1) 

Dihedral angles (°) 

Ru(TPP)··· Ph1 
 

63.3(2) Ru(TPP)··· Ph2 
 

65.6(2) 

 

Table A5.8bis. Selected coordination distances (Å) and angles (°) for the zinc-acetate cluster part 

of [{Ru(TPP)(PTA-P,2N)2}{Zn9(CH3COO)16(CH3OH)2(OH)2}·3CHCl3]∞  (37·3CHCl3). 

Bond distances (Å) 

Zn1–O317 1.962(4) Zn3–O316 2.039(3) 

Zn1–O32 1.936(6) Zn3–O35 2.009(4) 

Zn1–O33 1.960(4) Zn4–O311 2.170(4) 

Zn2–O31 2.073(4) Zn4–O313 2.126(4) 

Zn2–O315 2.077(4) Zn4–O316 2.015(3) 

Zn2–O318 2.074(4) Zn5–O312 1.983(4) 
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Zn2–O33 2.121(5) Zn5–O313 2.473(4) 

Zn2–O36 2.087(4) Zn5–O316 1.958(4) 

Zn2–O38 2.081(4) Zn5–O37 1.990(4) 

Zn3–O310 1.984(4) Zn5–O38 2.570(4) 

Zn3–O314 1.971(3) Zn5–O39 2.040(4) 

Bond angles (°) 

O32–Zn1–O33 100.9(2) O314–Zn3–O35 116.8(2) 

O32–Zn1–O317 113.0(2) O310–Zn3–O35 117.5(2) 

O33–Zn1–O317 111.1(2) O314–Zn3–O310 119.1(2) 

O38–Zn2–O36 83.0(2) O313–Zn4–O311 90.7(2) 

O315–Zn2–O36 84.8(2) O316–Zn4–O311 90.2(1) 

O318–Zn2–O315 85.4(2) O316–Zn4–O313 97.5(1) 

O315–Zn2–O38 89.4(2) O312–Zn5–O313 84.5(2) 

O31–Zn2–O33 89.4(2) O312–Zn5–O37 104.7(2) 

O38–Zn2–O33 90.0(2) O312–Zn5–O39 97.4(2) 

O31–Zn2–O318 90.3(2) O316–Zn5–O312 111.3(2) 

O31–Zn2–O315 91.1(2) O316–Zn5–O313 75.1(1) 

O318–Zn2–O38 93.1(2) O316–Zn5–O37 140.1(2) 

O31–Zn2–O36 93.7(2) O316–Zn5–O39 101.1(1) 

O36–Zn2–O33 94.1(2) O37–Zn5–O313 92.2(1) 

O318–Zn2–O33 95.7(2) O37–Zn5–O39 90.5(2) 

O318–Zn2–O36 169.5(1) O38–Zn5–O312 156.2(2) 
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O31–Zn2–O38 176.7(2) O38–Zn5–O313 83.5(1) 

O315–Zn2–O33 178.8(2) O38–Zn5–O316 85.3(1) 

O35–Zn3–O316 94.5(1) O38–Zn5–O37 55.4(2) 

O310–Zn3–O316 98.8(2) O38–Zn5–O39 95.9(2) 

O314–Zn3–O316 102.3(2) O39–Zn5–O313 176.2(1) 

 

Table A5.9. Selected coordination distances (Å) and angles (°) for [{Ru(TPP)(PTA-P)(PTA-

P,N)}{ZnCl2(OH2)}·0.6CHCl3] (38·0.6CHCl3). 

 

Bond distances (Å) 

Ru1–N21 2.049(3) Zn1–O1a 2.10(1) 

Ru1–N22 2.052(3) Zn1–Cl1a 2.23(1) 

Ru1–P1 2.310(1) Zn1–Cl3a 2.367(2) 

Zn1–N11a 2.192(7)   

Bond angles (°) 

N21–Ru1–P1 88.96(9) O1–Zn1–Cl1a 120.6(7) 

N22–Ru1–P1 90.2(1) O1–Zn1–Cl3a 101.2(7) 

N21–Ru1–N22 90.3(1) O1–Zn1–N11a 113.7(4) 

Cl1–Zn1–Cl3a 115.0(7) Cl3–Zn1–N11a 99.7(5) 

Cl1–Zn1–N11a 104.5(5)   

Dihedral angles (°) 

Ru(TPP)··· Ph1 
 

73.5(2) Ru(TPP)··· Ph2 
 

72.1(1) 

 
a values averaged over the two populations of the {ZnCl2(OH2)} group 
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6 New Route To Ru(II)-Polypyridyl Compounds  
 

6.1 Introduction 

 

Ruthenium(II) polypyridyl-type complexes are well known to the inorganic chemistry community, 

mainly because of their appealing photophysical and photochemical properties (strong absorption and 

emission bands in the visibleto-NIR region, long-lived triplet excites states).1 Most importantly, by 

varying the nature and the numbers of the polypyridyl ligands around Ru(II) such properties can be 

accurately fine-tuned.2 The numerous applications of Ru(II) polypyridyl-type complexes span widely 

different fields, from light-into electrical energy conversion (e.g. in dye-sensitized solar cells)3 and 

photo-redox catalysis.4,5 to biomedicine.2,6,7 In this latter field, by virtue of their multiple excited state 

relaxation pathways, Ru(II) polypyridyl complexes can be exploited either for sensing and imaging 

applications or as photosensitizers in photodynamic therapy (PDT) and photochemotherapy (PCT).2,6-

16 Remarkably, the first metal-based sensitizer for photodynamic therapy to be investigated in the 

clinic is a Ru(II)-polypyridyl complex (named TDL143).17 In addition, Ru(II) polypyridyl complexes 

are being actively investigated for their light-independent anticancer properties.18-20 

Notwithstanding the widespread interest in this class of compounds, we found that the synthetic 

aspects leading to their preparation are still amenable to be improved. 

The synthetic procedures leading to polypyridyl Ru(II) complexes bearing three equal or different 

diimine chelating ligands (chel) have been thoroughly reviewed by Spiccia and co-workers in 2004.21 

Quite obviously, upon going from homoleptic [Ru(chel)3]
2+ to tris-heterlopetic 

[Ru(chel)(chel′)(chel″)]2+ compounds the synthetic procedures become more challenging. Optical 

resolution of the chiral-at-metal Δ and Λ enantiomers adds an additional level of complexity.22 The 

reader interested to this specific topic is referred to the relatively recent review by Meggers and co-

workers.23 

Bis-heteroleptic [Ru(chel)2(chel′)]2+ compounds are typically obtained from the neutral intermediate 

cis-[RuCl2(chel)2],
24 which is synthesized predominantly by the procedure described by Meyer and 

co-workers in 1978.25 It requires treatment of hydrated RuCl3 with chel in hot DMF in the presence 

of an excess of LiCl and, in some preparations, of a reducing agent.26 In some cases the dichloride 

intermediate was not isolated but further reacted in situ with chel′.22 Even though apparently 

straightforward, this procedure – that works well for simple diimines such as bpy and for large-scale 

preparations – has a number of drawbacks (unknown mechanism, poor control of the stoichiometry 

due to the uncertain nature of the ruthenium precursor, formation of carbonyl byproducts due the non-

innocent and thermally unstable solvent,27 very high concentration unpractical for small-scale 
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preparations, removal of excess LiCl, that led to the investigation of alternative procedures. Stepwise 

synthetic methods, that might allow also the preparation of the more demanding tris-heteroleptic 

compounds, are particularly interesting. Synthetic procedures starting from a Ru(II) precursor would 

seem particularly logical. There are essentially three such routes, two that utilize an organometallic 

precursor,28 either the oligomeric carbonyl [RuCl2(CO)2]n (that involves either a photo-assisted or a 

chemically-assisted decarbonylation route)29-33 or the dinuclear half-sandwich compound [Ru(η6-

C6H6)Cl2]2 (that requires the photo-assisted release of the aromatic ring)34,35 or the coordination 

complex [cis-RuCl2(dmso)4] (39). Compound 39 has a number of advantages over the others, beside 

its low cost and commercial availability: i) unlike [RuCl2(CO)2]n and RuCl3·3H2O it is a well-defined 

species and allows precise control of the stoichiometry of the reactants; ii) it is obtained in a single 

step preparation from the universal ruthenium precursor RuCl3·3H2O in high-yield and excellent 

purity;36 iii) it is non-toxic, perfectly stable and soluble in a wide range of solvents, from water to 

chloroform;37 iv) it does not require the use of a photoreactor. The route from complex 39 is treated 

in more detail below. 

 

6.1.1 [cis-RuCl2(dmso)4] as precursor for the preparation of Ru(II) polypyridyl complexes 

When [cis-RuCl2(dmso)4] is treated with neutral ligands, the dmso ligands are expected to be replaced 

preferentially, and in a stepwise manner, to yield neutral products.37,38 In particular, consistent with 

the reactivity observed by us with neutral monodentate pyridyl and azole ligands,38,39 a neutral 

diimine ligand (chel) should replace quite easily the dmso-O (i.e. the weakest ligand) and an adjacent 

dmso-S, whereas the two remaining dmso-S’s are expected to require relatively harsher conditions to 

be substituted, thus allowing – in principle – for the stepwise introduction of different diimines.40 

However, contrasting reports are present in the literature and the results seem to depend not only on 

the nature of the solvent (and therefore on the temperature) and chel/Ru ratio but also on the nature 

of chel.23,37 For example, Keyes and Burke reported that treatment of 39 with one equiv of chel (chel 

= dipyrido[3,2-a:2′,3′-c]phenazine, dppz) in refluxing EtOH affords [cis,cis-RuCl2(chel)(dmso-S)2] 

selectively and with high yield,41 whereas for Grätzel and co-workers this reaction (chel = 4,4′-

dimethyl-bpy) must be run at lower temperatures (refluxing CHCl3) for being selective40  In fact, 

according to these authors, protic solvents (e.g. EtOH) or high boiling aprotic solvents afforded 

mixtures of mono- and bis-substituted complexes. On the other hand, Bowman and co-workers 

reported that reaction of 39 with one equiv. of phen in refluxing CHCl3 gave only a low conversion, 

whereas in refluxing toluene [cis,cis-RuCl2(dmso-S)2(phen)] precipitated with excellent yield.42 

Similarly, according to Toyama, Nagao and co-workers [cis,cis-RuCl2(dmso-S)2(bpy)] is selectively 

obtained by refluxing 39 with one equiv. of bpy in a 9:1 EtOH:DMSO mixture.43 Finally, we and 
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others found that the substitution of two dmso ligands in 39 with chelating diimines can be 

accompanied by isomerization of the remaining ligands, affording stereoisomers.43,44  

According to literature reports, treatment of 39 with two equiv. of chel (or one equiv. of chel and one 

of chel′) in refluxing organic solvents (ranging from chloroform to ethylene glycol) leads usually to 

the replacement of all four dmso ligands affording [RuCl2(chel)2] species. The reaction can be 

accompanied by isomerization of the two chlorides from cis to trans geometry.45,46 However, there 

are examples in which the neutral diimines replace three dmso ligands and a chloride, yielding 

cationic complexes of the type [cis-RuCl(chel)2(dmso-S)]Cl.47,48  

Stimulated by these often contradicting literature reports, we investigated the reactions of 39 with 

selected diimine chelating ligands (e.g. chel = bpy, phen, and dppz) in different conditions, and found 

that it typically yields mixtures of substitutional isomers, often as stereoisomers (see below). To be 

noted that the formation of stereoisomers with trans geometry of the remaining monodentate ligands 

(e.g. [trans,cis-RuCl2(chel)(dmso-S)2], [cis,trans-RuCl2(chel)(dmso-S)2], and [trans-RuCl2(chel)2]) 

and/or substitutional isomers (e.g. [RuCl(chel)2(dmso-S)]Cl) creates practical problems (isolation and 

characterization of mixtures of intermediates), but it is not necessarily detrimental for the obtainment 

of the final [Ru(chel)2(chel′)]2+ product (even though it cannot be excluded that the required trans-to-

cis stereochemical rearrangement might induce significant kinetic barriers in the process).  

Both Meggers and co-workers and, more recently, Burke and Keyes proposed synthetic strategies for 

the preparation of bis- and tris-heteroleptic polypyridyl Ru complexes from 39 that avoid the 

formation of stereoisomers:41,49 either in the first or second step of the synthetic procedure an auxiliary 

bidentate ligand of switchable binding strength (aux) is introduced in the coordination sphere of 

Ru(II), obtaining intermediates of the type [Ru(chel)2(aux)]n+ or [Ru(chel)(chel′)(aux)]n+ (aux = 

oxalate, n = 0; or a chiral salicyloxazoline, n = 1). The coordination of the last diimine ligand is 

preceded by the acid-assisted removal of the aux ligand.  

Building on this approach and on our own experience on Ru-dmso compounds,37,38 we thought of 

developing new cis-locked Ru(II)-dmso precursors by replacing either the two chlorides, or a chloride 

and a dmso, in 39 with an inert chelating anion (O–O, Figure 6.1), and to investigate them for the 

two-step preparation of bis-heteroleptic products [Ru(chel)2(chel′)]2+, as detailed in Scheme 6.1. 
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Figure 6.1. Schematic representation of a cis-locked Ru(II)-dmso precursor with a chelating 

oxygenated anion (O–O) developed in this work. X = dmso or Cl. The charge (n = –1/0/+1) depends 

on the nature and charge of X and O–O. When present, Y = K+ or PF6
–. 

 

 

Scheme 6.1. Schematic representation of the two-step preparation of bis-heteroleptic products 

[Ru(chel)2(chel′)]2+ (exemplified for chel = bpy) from a cis-locked Ru(II)-dmso precursor. The charge 

of the starting compound (n) and of the intermediate (m) depend on the nature and charge of X and 

O–O. Counter-ion omitted. 

 

Such precursors are expected to have, in principle, a number of advantages over compound 39: i) the 

presence of a chelate that locks the geometry should avoid the formation of stereoisomers. 

Replacement of the four relatively labile dmso/Cl ligands by chelating diimines (chel) will thus be 

stereo-controlled; ii) since the chelating O–O ligand is supposed to be more strongly bound to 

ruthenium compared to the chlorides in 39, the possibility of obtaining substitutional by-products 

(e.g. [Ru(chel)3]
2+) should be lower compared to 39; iii) in the second step, the proton-sensitive nature 

of O–O is expected to allow its replacement under relatively mild acidic conditions. Thus, contrary 

to what often found in the literature, this step might be performed at relatively low temperature. This 

feature might become particularly relevant if the auxiliary ligand has a chiral center and is 

enantiomerically pure: in this case an excess of one diastereoisomer of the bischelate adduct is 

obtained, and low temperature should limit potential racemization in the last step; iv) in principle, 

provided that the monodentate ligands can be pairwise replaced in two steps with sufficient 

selectivity, this approach might be suitable also for the preparation of tris-heteroleptic polypyridyl 

products.  

In order to avoid formation of stereoisomers the symmetrical chelating anions (O–O) oxalate (ox), 

malonate (mal), and acetylacetonate (acac) were selected. Even though ox might form stronger 

chelate rings compared to mal and acac, it has some drawbacks: it is proton-NMR silent and has 

additional binding modes available (besides the η2-ox) in which it bridges two metal ions using all 
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four oxygen atoms (η4,μ-ox) or, occasionally, only three of them (η3,μ-ox). The dimethyl-malonate 

ligand (dmmal), that would be excellent for the purpose of NMR detection, was discarded because it 

preferentially forms the dinuclear species [fac-Ru(dmso-S)3(OH2)(η-dmmal)2] when reacted with 

39.50 

 

6.2 Results and Discussion 

 

Building on our experience in the chemistry of [cis-RuCl2(dmso)4] (39), we reinvestigated some of 

its reactions with the model diimine ligand phen. As detailed in the Appendix, we found that: i) 

contrary to what reported in the literature, the reaction of 39 with one equiv of phen in refluxing 

chloroform for 1 h (i.e. the conditions of refs. 21 and 40), besides being largely incomplete, affords a 

ca. 1:1 mixture of the two stereoisomers [cis,cis-RuCl2(dmso-S)2(phen)] (a) and [trans,cis-

RuCl2(dmso-S)2(phen)] (b); ii) the same reaction performed in refluxing ethanol for 2 h (i.e. the 

conditions used in ref. 41 for the selective preparation of [cis,cis-RuCl2(dmso-S)2(dppz)]) was 

complete and afforded a ca. 5:1 mixture of a and [cis,trans-RuCl2(dmso-S)2(phen)] (c) and a minor 

amount of the di-substituted cationic product [cis-RuCl(dmso-S)(phen)2]Cl (d);51 iii) Similar results, 

but with a larger amount of compound d were obtained also when 39 was treated with two (rather 

than one) equiv. of phen in refluxing ethanol (up to 8 h). In contrast with literature reports the expected 

di-substituted neutral species [cis-RuCl2(phen)2] was not detected among the products. On the 

positive side, the dead-end tri-substituted species [Ru(phen)3]
2+ was not found among the products 

either. This finding was somehow surprising because, even though some preparations of [Ru(chel)3]
2+ 

compounds from 39 are typically performed at higher temperature, it was nevertheless reported that 

– for example – treatment of 39 with three equiv. of dppz in refluxing ethanol produced [Ru(dppz)3]
2+ 

exclusively.52 The results of this investigation suggested that – in general – compound 39 is not 

particularly reactive and well-behaved for this type of reactions and that what reported in the literature 

for a particular diimine ligand is not automatically extensible even to similar ligands.  

 

6.2.1 Preparation of cis-locked precursors 

In the past we have already developed, for different reasons, the cis-locked dicarboxylate complexes 

K[fac-RuCl(dmso-S)3(η
2-mal)] (40), [fac-Ru(dmso-O)(dmso-S)3(η

2-mal)] (41), K[fac-RuCl(dmso-

S)3(η
2-ox)] (42), and [fac-Ru(dmso-O)(dmso-S)3 (η

2-ox)] (43) (Figure 6.2).50 We report here, besides 

improved preparations for 42 and 43, also the synthesis and characterization of two additional 

complexes of this series with the monoanionic acetylacetonate (acac) ligand: the neutral  [fac-
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RuCl(dmso-S)3(η
2-acac)] (44), and the cationic [fac-Ru(dmso-O)(dmso-S)3(η

2-acac)][PF6] (45) 

(Figure 6.2).  

 

 

Figure 6.2. The cis-locked Ru(II)-dmso precursors K[fac-RuCl(dmso-S)3(η
2-mal)] (40), [fac-

Ru(dmso-O)(dmso-S)3(η
2-mal)] (41), K[fac-RuCl(dmso-S)3(η

2-ox)] (42), [fac-Ru(dmso-O)(dmso-

S)3(η
2-ox)] (43), [fac-RuCl(dmso-S)3(η

2-acac)] (44), and [fac-Ru(dmso-O)(dmso-S)3(η
2-acac)][PF6] 

(45). 

 

In summary, both mono- and di-anionic O–O chelates react with 39 replacing the dmso-O and an 

adjacent chloride, yielding 40, 42, and 44. We had no evidence of products derived from the 

spontaneous substitution of both chlorides of 39, even when the reaction was performed in aqueous 

DMSO. Chloride-free complexes 41, 43, and 45 were prepared by silver-assisted chloride abstraction 

either in a stepwise manner from the corresponding mono-chloride intermediates or from the chloride-

free precursor [fac-Ru(dmso-O)3(dmso-S)3](X)2 (which is obtained in one step from 39, X = CF3SO3, 

NO3, PF6)
37,38 or, more conveniently, directly from 39 in a one-pot reaction (Scheme 6.2). The first 

route requires only one equiv. of silver, but the isolation of an intermediate (and thus lower final 

yields). 
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Scheme 6.2 General procedures for the preparations of complexes 41, 43, and 45 (X = CF3SO3, NO3, 

PF6) exemplified in the case of 43 (O–O = oxalate). The grey part shows the preparation of the 

chloride-free precursor [fac-Ru(dmso-O)3(dmso-S)3](X)2.  

 

All compounds 40–45 were fully characterized by IR and NMR spectroscopy and ESI MS 

spectrometry (including isotope distribution). The 1H NMR spectra are consistent with the CS 

symmetry of the complexes (i.e. the O–O ligand is symmetrically bound trans to two dmso-S ligands). 

They show a pattern of three singlets (6H each) in the region for S-bonded dmso, which is typical for 

the {fac-Ru(dmsoS)3} fragment. The dmso-O in 41, 43, and 45 resonates as a singlet at about 2.8 

ppm. The diastereotopic protons of the mal ligand in 40 and 41 give two doublets (1H each), whereas 

the acac ligand in 44 and 45 gives two singlets (1H and 6H, respectively). The X-ray structures of the 

new compounds 44 and 45 are shown in Figure 6.3. At room temperature all complexes are soluble 

in water (with the exception of 45), methanol, and DMSO. The neutral complexes 41 and 44 (but not 

the ox compound 43) are soluble also in chloroform and the cationic PF6 complex 45 is soluble in 

acetone.  
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Figure 6.3. X-ray molecular structure (50% probability ellipsoids) of complex [fac-RuCl(dmso-

S)3(η
2-acac)] (44, left) and of the cation of [fac-Ru(dmso-O)(dmso-S)3(η

2-acac)][PF6] (45, right).  

 

Having in hand this homogeneous set of six cis-protected complexes, we investigated their reactivity 

towards the diimine chelating ligand bpy and, in some cases, phen and 4,7-diphenyphenanthroline 

(dpphen).  

We have previously evidenced how, in water, the release of the chloride from the anionic complexes 

[fac-RuCl(dmso-S)3(O–O)]– (O–O = ox, mal)  is much slower compared to the release of dmso-O 

from the corresponding [fac-Ru(dmso-O)(dmso-S)3(O–O)] species, despite the charge difference. 

Overall, these findings suggest that the dmso-O complexes 41, 43, and 45 are expected to be more 

reactive than the corresponding chloride compounds 40, 42, and 44. In addition, when treated with 

chel the formers do not generate inorganic salts (e.g. KCl) as co-products; however, the synthetic 

effort for their preparation from 39 is higher.  

 

6.2.2 Reactivity of 40 – 45 with bpy 

The model reaction with bpy was carried out with all six precursors, and a number of parameters, 

such as solvent, temperature, concentration, reaction time, and bpy/Ru ratio were systematically 

investigated. Reactions were carried out in absolute ethanol, that turned out to be the most appropriate 

solvent among those screened (that include acetone, chloroform, DMSO, toluene, and acetonitrile). 

The rather slow reaction rates observed under reflux conditions improved substantially by performing 

the reactions in a MW reactor. NMR and TLC analyses indicated that, at the end of the reaction,53 the 

solution typically contains a mixture of two products identified as [Ru(bpy)2(O–O)]n+ (n = 0, 1 

depending on O–O) and the unwanted (and unexpected) [Ru(bpy)3]
2+. We choose 1H NMR 

spectroscopy in DMSO-d6 as the most appropriate analytical method for a rapid, reliable and 

quantitative assessment of the reaction outcome. In fact, since the charge of the products can range 

from 0 to 2+, we found that only DMSO is capable of dissolving the mixture completely, regardless 
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of the nature of chel and O–O. Other solvents, such as CDCl3 or D2O, led to underestimate (or 

overestimate) one of the components. The reaction schemes are reported in Scheme 6.3 for 

compounds 40 – 43, and in Scheme 4 for 44 and 45.  

 
Scheme 6.3. General reactivity of the cis-locked dicarboxylate precursors 40–43 towards bpy. The 

case of malonate is exemplified. 

 

 

Scheme 6.4. General reactivity of the cis-locked acac precursors 44 and 45 towards bpy. 

 

The following reactivity order, based on the amount of residual bpy (after 1h at 120°C) was found: 

42 < 43 < 40 < 41, thus confirming that chloride-free precursors are more reactive. However, the ox 

compound 43 yielded mainly [Ru(bpy)3]
2+. The acac complex 44 was less selective, affording also – 

besides [Ru(bpy)2(η
2-acac)]+, [Ru(bpy)3]

3+ and unreacted bpy – at least two other minor Ru-bpy 

species. In the case of 45 a dark precipitate was obtained at the end of the reaction that was identified, 

according to the NMR spectrum, as a mixture of [Ru(bpy)2(η
2-acac)][PF6] (46) and 
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[Ru(bpy)3][PF6]2.
54 Compound 46 was isolated in pure form by extracting the mixture with 

chloroform.55  

The selectivity towards the desired bis-bpy product was found to increase upon increasing the 

temperature and decreasing the concentration (Appendix), even though low concentrations are 

unpractical for preparative purposes and afford lower conversions. In the case of 40, an increase of 

the bpy/Ru ratio from two to four led to no appreciable improvement in selectivity and conversion. 

A good compromise between conversion and selectivity was obtained with the malonate precursors 

40 and 41 that in 10 min at 150°C afforded almost full bpy conversion with % selectivity in 

[Ru(bpy)2(η
2-mal)] (according to NMR integration). Under similar conditions, the “unlocked” 

precursor 39 was much less selective, affording a mixture of at least five species, bearing from one 

to three bpy ligands, identified as [cis,cis-RuCl2(bpy)(dmso-S)2], [cis,trans-RuCl2(bpy)(dmso-S)2], 

[cis-RuCl2(bpy)2], [cis-RuCl(bpy)2(dmso-S)]+, and [Ru(bpy)3]
2+, whose relative amount was found 

to depend on temperature, concentration, and reaction time (Appendix). 

No systematic attempts were made to obtain the neutral complexes [Ru(bpy)2(O–O)] in pure form, 

however, since the main detected by-product has a +2 charge, separation by chromatography or by 

extraction/washing with an appropriate solvent is easily feasible. As an example, [Ru(bpy)2(η
2-mal)] 

(47) was obtained in pure form from the reaction mixture by column chromatography on silica gel 

(see also below). The pure compounds 46 and 47 were fully characterized by 1H NMR spectroscopy 

(Figure 6.4 and Appendix). For both complexes the two equivalent bpy ligands give eight equally 

intense resonances, that were assigned through COSY and HSQC spectra and considering the mutual-

shielding effects.34,56 The UV-vis spectra of 46 and 47 are very similar (and similar to that of 

[RuCl2(bpy)2]) and characterized by two absorption bands in the visible region (at ca. 370 and 530 

nm, Appendix). 
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Figure 6.4. 1H NMR spectrum (CDCl3) of [Ru(bpy)2(η
2-mal)] (47). See the insert for labeling 

scheme. 

 

6.2.3 Reactions of selected cis-locked Ru(II) precursors with phen and dpphen on a larger scale 

We tested our synthetic approach on a slightly larger preparative scale, with the aim of obtaining 100 

– 200 mg each of the complexes [Ru(chel)2(O–O)] and [Ru(chel)2(η
2-acac)]Cl (chel = phen and 

dpphen,  O–O = mal and ox), using the chloride compounds 40, 42, and 44 as precursors. The 

reactions were performed at 150°C in 10 or 30 mL MW vials. The concentration of each Ru precursor 

was in the range 120 – 200 mM. We found that, using an appropriately high concentration of the 

precursor, the neutral products [Ru(chel)2(O–O)] precipitated spontaneously from the mother liquor 

at the end of the reaction; conversely, no precipitation was observed with bpy. Thus, the complexes 

[Ru(phen)2(η
2-mal)] (48), [Ru(dpphen)2(η

2-mal)] (49), [Ru(phen)2(η
2-ox)] (50), and  

[Ru(dpphen)2(η
2-ox)] (51) were easily recovered by filtration. According to 1H NMR spectroscopy 

they were obtained in pure form; co-precipitated KCl was easily removed by recrystallization from 

chloroform (except for 50, see experimental section). The less soluble oxalato complexes were 

obtained in 70 – 80% yields, whereas those with malonate in quite lower yields. In the case of 48, 

however, we found that an increase of the phen/40 ratio from two to three improved the yield 

significantly (from 36 to 51%).  According to TLC and NMR analysis the mother liquor contained a 

mixture of [Ru(chel)2(O–O)] and [Ru(chel)3]
2+.  Column chromatography performed on the mother 

liquor of the reaction between 40 and phen afforded, as first fraction, a small amount of  [cis-

RuCl2(phen)2], indicating that at least part of the Cl– released from 40 upon formation of 48 is capable 

to replace the malonate. This chloride-rebound mechanism, already encountered by us on similar 
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complexes,57 confirms the high affinity of Cl– for Ru(II) and – consistent with the ubiquitous 

formation of [Ru(chel)3]
2+ species – the insufficient strength of the O–O chelate (see below). 

In contrast, the acac complexes [Ru(phen)2(η
2-acac)]Cl (52) and  [Ru(dpphen)2(η

2-acac)]Cl (53) did 

not precipitate spontaneously and were obtained in pure form by column chromatography in moderate 

yields.58 

The X-ray structure of the [Ru(phen)2(η
2-mal)] (48) is shown in Figure 6.5. 

 

 

 

 

 

 

 

 

Figure 6.5. X-ray molecular structures (50% probability ellipsoids) of complexes [Ru(phen)2(η
2-

mal)] (48). 

 

Compounds 48 – 53 are all well soluble in DMSO, and have similar UV-vis spectra, characterized by 

a broad and intense MLCT absorption band in the range 510 – 560 nm, with shoulders both at lower 

(453-492 nm) and higher (566-660 nm) wavelengths (Figure 6.6 and Appendix). The absorption 

maxima of the neutral complexes 48 – 51 are red-shifted by ca. 35 nm compared to the corresponding 

cationic species 52 and 53, and those of the dpphen compounds 49, 51, and 53 are red-shifted of ca. 

15 nm compared to the corresponding phen compounds 48, 50, and 52 (Table 6.1). 
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Table 6.1. Absorption maxima in the UV-vis spectra (CHCl3) of complexes 48 – 53. 

Compound λmax (nm) 

[Ru(phen)2(η
2-mal)] (48)  544 

[Ru(dpphen)2(η
2-mal)] (49) 561 

[Ru(phen)2(η
2-ox)] (50) 544 

[Ru(dpphen)2(η
2-ox)] (51) 560 

[Ru(phen)2(η
2-acac)]Cl (52)    509 

[Ru(dpphen)2(η
2-acac)]Cl (53) 524 

 

 

 Figure 6.6. UV-vis spectrum in chloroform of [Ru(dpphen)2(η
2-mal)] (49). 

The 1H NMR spectra of compounds 48 – 53 are reported in the Appendix with peak assignments. It 

is to be noted that in the HSQC spectrum the resonances of C2 and C9, i.e. the carbons adjacent to 

the N atoms, are well distinguished from the others, thus affording unambiguous assignments of all 

resonances.  
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6.2.4 Acid-assisted preparation of bis-heteroleptic complexes 

The acid-assisted replacement of the O–O chelate with chel′ was investigated on selected 

[Ru(chel)2(O–O)]n+ compounds (n = 0, 1 depending on O–O). First, we established that the 

substitution does not occur readily in the absence of added acid. For example treatment of 

[Ru(phen)2(η
2-mal)] (48) with one equiv. of bpy in refluxing ethanol for 6h showed no significant 

color change (from deep purple to bright orange-red) typical of the formation of [Ru(phen)2(bpy)]2+. 

No reaction either was observed when the mixture was heated for 1h at 120 °C in the microwave 

reactor (Scheme 6.5). Conversely, upon addition of ten equiv. of trifluoroacetic acid (TFA) 100% 

substitution was accomplished within 1h at reflux conditions according to UV-vis spectroscopy 

(Appendix) (Scheme 6.5). Addition of an excess of NH4PF6 to the final solution afforded 

[Ru(phen)2(bpy)][PF6]2 (54) as an orange precipitate that was recovered in 93% yield. The reaction 

occurs also at room temperature in ca. 3 days. Similarly, using [Ru(bpy)2(η
2-mal)] (47) as precursor, 

the complex [Ru(bpy)2(phen)][PF6]2 (55) was obtained under the same reaction conditions.  

 

Scheme 6.5. Acid-assisted facile and selective replacement of malonate by bpy. TFA = trifluoracetic 

acid. 

 

With the precursor [Ru(bpy)2(η
2-acac)][PF6] (46) we found that the replacement of acac by phen was 

best accomplished in the presence of HPF6 rather than TFA. The addition of 4 equiv. of HPF6 afforded 

quantitative formation of [Ru(bpy)2(phen)][PF6]2 (55) from 46 in 2.5 h in refluxing ethanol. The bis-

heteroleptic compounds 54 and 55 were characterized by UV-vis and 1H NMR spectroscopy 

(Appendix). 

 

6.3 Conclusions 

 

The efficient preparation from [cis-RuCl2(dmso)4] (39) of  a series of six neutral, anionic and cationic 

cis-locked Ru(II) precursors (40 – 45) of the general formula (Y)[fac-RuX(dmso-S)3(O–O)]n (where 

O–O = mal, ox, acac; X = dmso-O or Cl; n = –1/0/+1 depending on the nature and charge of X and 
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O–O; when present, Y = K+ or PF6
–) was established. When treated with diimine chelating ligands 

(chel = bpy, phen, dpphen), the dicarboxylate compounds 40 – 43 afforded mixtures of  [Ru(chel)2(O–

O)] and [Ru(chel)3]
2+ species, whereas the acac precursors 44 and 45 were less selective and yielded 

also other minor species besides [Ru(chel)2(acac)]+ and [Ru(chel)3]
2+. The formation of 

[Ru(chel)3]
2+can be minimized by carefully adjusting the reaction conditions: in particular, high 

selectivity towards [Ru(chel)2(O–O)]n+ and almost complete conversion of the precursor was obtained 

within minutes when the reactions were performed at 150 °C in a microwave reactor. We found that, 

depending on the nature of chel, O–O, and concentration, the neutral products [Ru(chel)2(O–O)] 

precipitate spontaneously form the final mixture, in pure form and acceptable-to-good yields. When 

spontaneous precipitation of the disubstituted product does not occur, purification from [Ru(chel)3]
2+ 

can be rather easily accomplished by column chromatography or solvent extraction. By comparison, 

under the same conditions compound 1 is much less selective, thus demonstrating that the choice of 

locking the geometry of the precursor through the introduction of O–O in the coordination sphere of 

Ru is a valid strategic approach. Regretfully, the formation ubiquitous of [Ru(chel)3]
2+ (as well as 

that of [cis-RuCl2(chel)2] when the mono-chloride precursors 40, 42 and 44 are treated with chel) 

indicates the O–O chelates are not sufficiently strong.  

The counterintuitive finding that the [Ru(chel)3]
2+/[Ru(chel)2(O–O)]n+ ratio increases upon lowering 

the temperature  (i.e. the reaction is less selective),59 suggests that the formation of [Ru(chel)3]
2+ from 

the cis-locked precursors occurs in a parallel reaction, rather than in a consecutive step from 

[Ru(chel)2(O–O)]n+, Consistent with this hypothesis, we found that bpy is unable to replace malonate 

readily from [Ru(phen)2(η
2-mal)] (48) even at 120 °C in a MW. In addition, the finding that the 

selectivity increases upon lowering the concentration, suggests that the formation of [Ru(chel)3]
2+ 

does not depend (dramatically) on the presence of adventitious water in the EtOH solvent (that might 

favor the dissociation of O–O): in this hypothesis, since at lower concentrations the H2O/Ru ratio 

becomes larger, the opposite trend would have been expected. Consistently, we found that running 

the reaction in absolute EtOH treated with activated molecular sieves led to no significant 

improvement in the selectivity.  

In conclusion, we hypothesize that the formation of [Ru(chel)3]
2+ involves as a first, relatively slow 

step, the replacement of O–O in [fac-RuX(dmso-S)3(O–O)]n by chel, with formation of an unlocked 

intermediate such as [fac-RuCl(dmso-S)3(chel)]+ (Scheme 6.6). The subsequent replacement of the 

remaining monodentate ligands by two additional chel molecules must be rather fast. The 

experimental findings show that at relatively low temperature (i.e. 80°C) this parasite reaction (branch 

a) is faster than the parallel reaction leading to [Ru(chel)2(O–O)]n (branch b); however, the rate of 

this latter, and thus the selectivity of the reaction, increases more rapidly with the temperature. 



      Chapter 6: New Route To Ru(II)-Polypyridyl Compounds 

192 

 
Scheme 6.6. Hypothesis of the two parallel routes leading to the mixture of [Ru(chel)2(O–O)]n+ and 

[Ru(chel)3]
2+ exemplified for case chel = bpy and O–O = mal. 

 

6.4 Experimental Section 

Materials  

All chemicals were purchased from Sigma-Aldrich and used as received. Solvents were of reagent 

grade. The Ru(II) precursor [cis-RuCl2(dmso)4] (39) was prepared as described in ref. 36. 

Instrumental methods 

Mono- and bi-dimensional (1H-1H COSY, 1H-13C HSQC) NMR spectra were recorded at room 

temperature on a Varian 400 or 500 spectrometer (1H: 400 or 500 MHz, 31P{1H}: 202 MHz, 19F: 376 

MHz). 1H chemical shifts were referenced to the peak of residual non-deuterated solvent (δ = 7.26 

for CDCl3, and 2.50 for DMSO-d6) or were measured relative to the internal standard DSS (δ = 0.00) 

for D2O. Carbon resonances were assigned through the HSQC spectra. ESI mass spectra were 

collected in the positive and negative mode on a Perkin-Elmer APII spectrometer at 5600 eV. The 

UV-vis spectra were obtained on an Agilent Cary 60 spectrophotometer, using 1.0 cm path-length 

quartz cuvettes (3.0 mL). A Anton Paar 400 microwave reactor (with video-camera) was used for the 
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microwave-assisted reactions performed in 10 or 30 mL vessels. Elemental analyses were performed 

in the Department of Chemistry of the University of Bologna (Italy).  

X-ray diffraction  

Data collections were performed at the X-ray diffraction beamline (XRD1) of the Elettra Synchrotron 

of Trieste (Italy) equipped with a Pilatus 2M image plate detector. Collection temperature was 100K 

(nitrogen stream supplied through an Oxford Cryostream 700); the wavelength of the monochromatic 

X-ray beam was 0.700 Å and the diffractograms were obtained with the rotating crystal method. The 

crystals were dipped in N-paratone and mounted on the goniometer head with a nylon loop. The 

diffraction data were indexed, integrated and scaled using the XDS code. The structures were solved 

by the dual space algorithm implemented in the SHELXT code.Fourier analysis and refinement were 

performed by the full-matrix least-squares methods based on F2 implemented in SHELXL. The Coot 

and SHELXLE programs were used for modeling. Anisotropic thermal motion was allowed for all 

non-hydrogen atoms. Hydrogen atoms were placed at calculated positions with isotropic factors U = 

1.2×Ueq, Ueq being the equivalent isotropic thermal factor of the bonded non hydrogen atom. Crystal 

data and details of refinements are in the ESI. 

Preparation of the complexes. 

K[fac-RuCl(dmso-S)3(η2-mal)] (40). A procedure similar to that described in ref. 50 was followed: 

a 1.0 g amount of [cis-RuCl2(dmso)4] (39) (2.06 mmol) was partially dissolved in 100 mL of 

methanol. After addition of one equiv. of K2mal (373.1 mg), the mixture was heated to reflux 

affording a pale yellow solution. After 90 min it was evaporated to an oil and washed with acetone 

to remove DMSO, affording a pale-yellow solid. The product (a mixture of compound 40 and KCl) 

was recrystallized from warm ethanol (100 mL); the poorly soluble KCl was removed by filtration of 

the warm solution over fine paper. The yellow filtrate was evaporated to dryness and the solid washed 

with acetone, diethyl ether and dried under vacuum. Yield 857.3 mg (82%). Anal. Calcd. For 

C9H20ClO7RuS3K, MW = 512.06: C, 21.11; H, 3.94. Found C, 20.92; H, 3.85. 1H NMR (D2O) δ, 

ppm: 4.01 (d, 1H, mal), 3.42 (s, 6H, dmso-S), 3.39 (s, 6H, dmso-S), 3.21 (s, 6H, dmso-S), 3.15 (d, 

1H, mal). The resonances are coincident with those previously reported by us for this complex.50 

Selected IR absorptions (nujol, cm–1): 1589 νsymm(COO), 1410 νsymm(COO), 1111 νS=O(dmso-S). ESI mass 

spectrum (m/z): 472.8 [M–K]– (calcd. for C9H20ClO7RuS3 472.91). 

[fac-Ru(dmso-O)(dmso-S)3(η2-mal)] (41). A 500.7 mg amount of [cis-RuCl2(dmso)4] (39) (1.03 

mmol) was dissolved in 4.0 mL of DMSO at ca. 100 °C. Addition of 1.1 equiv. of Ag2mal (360.2 mg) 

afforded immediately a greyish precipitate of AgCl. After 30 min the mixture was cooled and the 

precipitate removed by filtration over a Celite pad and extensively washed with MeOH (where 41 is 

soluble). The product precipitated spontaneously as a pale-yellow solid from DMSO upon 
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evaporation of the methanol, and its amount was increased by addition of acetone (10 mL). The 

product was recrystallized from methanol (50 mL): residual AgCl was removed by filtration and 

washed with additional MeOH. The filtrate was evaporated to dryness and the solid washed with 

acetone, diethyl ether and dried under vacuum. Yield 375.1 mg (70.6%).  Anal. Calcd. for 

C11H26O8RuS4, MW = 515.63: C, 25.62; H, 5.08. Found  C, 25.91; H, 4.87. 1H NMR (D2O) δ, ppm: 

3.85 (d, 1H, mal), 3.42 (d, 1H, mal), 3.35 (s, 12H, dmso-S), 3.34 (s, 6H, dmso-S), 2.84 (s, 6H, dmso-

O). Consistent with the literature, in aqueous solution the complex is in equilibrium with the aquated 

species [fac-Ru(dmso-S)3(OH2)(η
2-mal)] (41aq): 1H NMR (D2O) δ, ppm: 3.59 (d, 1H, mal), 3.42 (s, 

6H, dmso-S), 3.37 (s, 6H, dmso-S), 3.23 (s, 6H, dmso-S), 3.29 (d, 1H, mal). The resonances of 41 

and 41aq are coincident with those previously reported by us for these species.50 Selected IR 

absorptions (nujol, cm–1): 1604 νasymm(COO), 1376 νsymm(COO), 1117 νS=O(dmso-S), 933 νS=O(dmso-O). ESI 

mass spectrum (m/z): 516.9 [M+H]+ (calcd. for C12H26O8RuS4 516.96). 

K[fac-RuCl(dmso-S)3(η2-ox)] (42). The procedure was improved compared to that reported in ref. 

A 502.6 mg amount of [cis-RuCl2(dmso)4] (39) (1.03 mmol) was partially dissolved in 3.0 mL of 

DMSO in a 10 mL MW vial. After addition of 2 equiv. of K2(ox) (344.2 mg, 2.03 mmol), the sealed 

system was heated at 125 °C for 1h in a MW reactor.60 The final suspension is filtered warm to remove 

an abundant white precipitate (KCl + residual K2(ox)), which is washed with MeOH (where 42 is 

soluble). Removal of methanol from the filtrate by rotary evaporation, followed by addition of EtOH 

(ca.10 mL) induced the precipitation of the product as a pale-yellow solid, that was removed by 

filtration and washed with EtOH and diethyl ether and dried under vacuum. The product was pure 42 

according to the 1H NMR spectrum. Yield 352 mg (70%).  Anal. Calcd. for C8H18ClKO7RuS3, MW 

= 498.02: C, 19.29; H, 3.64. Found C, 19.48; H, 3.77.  1H NMR (D2O) δ, ppm: 3.45 (s, 6H, dmso-S), 

3.43 (s, 6H, dmso-S), 3.22 (s, 6H, dmso-S). The resonances of 42 are coincident with those previously 

reported by us for this species.50 Selected IR absorptions (nujol, cm–1): 1667 νasymm(COO), 1388 

νsymm(COO), 1109 νS=O(dmso-S). ESI mass spectrum (m/z): 458.8 [M–K]– (calcd. for C8H18ClO7RuS3 

458.89). 

[fac-Ru(dmso-O)(dmso-S)3(η2-ox)] (43). The procedure was improved compared to that reported in 

ref. 50. A 500.1 mg amount of [cis-RuCl2(dmso)4] (39) (1.03 mmol) was partially dissolved in 3.0 

mL of DMSO. After addition of 2.1 equiv. of AgNO3 (372.1 mg, 2.19 mmol), the system was heated 

to 60°C for 30 min. The whitish precipitate of AgCl was removed by filtration and thoroughly washed 

with MeOH. A 417.3 mg amount of Na2(ox) (3 equiv. 3.11 mmol) was added to the filtrate after 

removal of the MeOH by rotary evaporation and the mixture was heated to 60 °C for 24h. The 

progressive formation of a white precipitate was observed. After cooling the mixture, the precipitate 

was removed by filtration, washed with acetone, diethyl ether and  dried under vacuum. It was 
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recrystallized from ethanol (50 mL) at room temperature: residual AgCl was removed by filtration 

and washed with additional ethanol. The filtrate was evaporated to dryness and the solid washed with 

acetone, diethyl ether and dried under vacuum. Yield 358.2 mg (69.3%).  Anal. Calcd. for 

C10H24O8RuS4, MW = 501.60: C, 23.95; H, 4.82. Found  C, 23.61; H, 4.67. 1H NMR (D2O) δ, ppm: 

3.41 (s, 6H, dmso-S), 3.37 (s, 6H, dmso-S), 3.21 (s, 6H, dmso-S), 2.80 (s, 6H, dmso-O). The 

resonances of 43 are coincident with those previously reported by us for this species.50 Selected IR 

absorptions (nujol, cm–1): 1661 νasymm(COO), 1377 νsymm(COO), 1106 νS=O(dmso-S), 933 νS=O(dmso-O). ESI 

mass spectrum (m/z): 306.8 [M+K–3dmso]+ (calcd for C4H6O5RuSK 306.86). 

[fac-RuCl(dmso-S)3(η2-acac)] (44). A 500.0 mg amount of [cis-RuCl2(dmso)4] (39) (1.03 mmol) 

was partially dissolved in 25 mL of methanol. After addition of 1 equiv. of Na(acac) (122.5 mg), the 

mixture was heated to reflux affording a pale yellow solution. After 2 h the obtained yellow solution 

was filtered over fine paper for removing a white suspension of NaCl formed during the reaction. The 

yellow solution was evaporated to dryness and the initially sticking solid was repeatedly crushed in 

a sonicator with portions of diethyl ether until a yellow powder was obtained. It was removed by 

filtration, washed with diethyl ether and dried under vacuum. The product was recrystallized from 

chloroform: residual NaCl was removed by filtration, the filtrate was evaporated to dryness and the 

solid washed with diethyl ether and dried under vacuum. Yield 358.2 mg (69.3%).  Yield 400.7 mg 

(82%). Crystals of 44 suitable for X-ray analysis were obtained upon layering diethyl ether on top of 

a chloroform solution of the complex. Anal. Calcd. for C11H25ClO5RuS3, MW= 470.02: C, 28.11; H, 

5.36. Found: C, 27.86; H, 5.21. 1H NMR (CDCl3) δ, ppm: 5.53 (s, 1H, acac), 3.40 (s, 6H, dmso-S), 

3.36, (s, 6H, dmso-S), 3.18 (s, 6H, dmso-S), 2.09 (s, 6H, CH3 acac). Selected IR absorptions (nujol, 

cm–1): 1578 νasymm(CO), 1521 ν symm(CO), 1122, 1099 ν S=O(dmso-S). ESI-MS (m/z) 491.9 [M+Na]+ (calcd. 

for C11H25ClO5RuS3Na 492.0).  

[fac-Ru(dmso-O)(dmso-S)3(η2-acac)][PF6] (45). A 700.4 mg amount of [fac-RuCl(dmso-S)3(η
2-

acac)] (44) (1.43 mmol) was partially dissolved in a mixture of DMSO (0.3 mL) and acetone (20 

mL). After addition of 1.1 equiv. of AgPF6 (381 .0 mg, 1.57 mmol) the system was stirred at 30 °C 

for 2.5h. The whitish precipitate of AgCl was removed by filtration over a Celite pad and thoroughly 

washed with acetone. Removal of acetone from the filtrate at reduced pressure afforded a dark-yellow 

oil; dropwise addition of chloroform induced the formation of a white precipitate that was filtered 

and abundantly washed with chloroform. The product was recrystallized from ethanol (50 mL) at 

room temperature: residual AgCl was removed by filtration and washed with additional ethanol. The 

filtrate was evaporated to dryness and the solid washed with chloroform, diethyl ether and dried under 

vacuum. Yield 598.8 mg (63.6%). Crystals of 45 suitable for X-ray analysis were obtained upon 

layering n-hexane on top of an acetone solution of the complex. Anal. Calcd. for C13H31O6RuPS4F6, 
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MW= 657.66: C, 23.74; H, 4.75. Found: C, 23.89; H, 4.51. 1H NMR (acetone-d6) , ppm: 5δ 5.92 

(s,1H, acac), 3.37 (s, 6H, dmso-S), 3.33 (s, 6H, dmso-S), 3.06 (s, 6H,dmso-S), 2.73 (s, 6H, dmso-O), 

2.23 (s, 6H, CH3 acac).31P NMR(acetone-d6) , ppm:-144.5 (septet) Selected IR absorptions (nujol, 

cm–1): 1566 asym(COO); 1522sym(COO); 1123, 1093 S=O (dmso-S); 933 S=O (dmso-O). ESI-MS (m/z) 356.9 

[M–2dmso]+ (calcd. for C9H19O4RuPS2F6 356.97). 

Synthesis of [Ru(chel)2(O–O)]n+ compounds 

Some representative examples of the many MW-assisted reactions performed between precursors 40 

– 45 and a chel ligand (chel = bpy, phen, dpphen) are described below. The reactions with bpy were 

performed on a relatively small scale for optimizing the conversion and selectivity. The reaction 

products were analyzed as follows: when no precipitate was found at the end of the run, after TLC 

analysis (CHCl3: MeOH 7:3)  the solvent was removed by rotary evaporation, and the residual oil 

dissolved in DMSO-d6 for NMR investigation. For the more concentrated solutions ([Ru] > 6.1 mM), 

the final ink-dark solution was first diluted with 50 mL of EtOH to make sure that no fine precipitate 

was present,53 and the above described analysis was performed on a sample taken from the diluted 

solution. In the case of precursor 45, the NMR analysis was performed on the mother liquor after 

removal of the precipitate of [Ru(bpy)2(η
2-acac)][PF6] (46) and [Ru(bpy)3][PF6]2 (see text) and thus 

the conversion % was not established. 

The larger scale MW-assisted reactions with phen and dpphen were performed on precursors 40, 42, 

and 44 at 150°C for 1h; the concentration of Ru precursor was in the range 12 – 20 mM.  The  workup 

depended on the presence (or absence) of a precipitate at the end of the run. Precursors 40 and 42 

afforded a dark purple precipitate, that was removed by filtration, washed with ethanol and diethyl 

ether and dried under vacuum. For increasing the amount of precipitate in some cases (e.g. with the 

more soluble dpphen) the mother liquor was concentrated to ca. half-volume and stored at 4°C for 

24h prior to filtration. According to 1H NMR analysis the raw precipitate was, in each case, the pure 

[Ru(chel)2(O–O)] compound (48 – 52, chel = phen or dpphen, O–O = ox or mal). Recrystallization 

from chloroform at room temperature was sufficient to remove the co-precipitated KCl (except in the 

case of 50, see below). The presence of the [Ru(chel)3]
2+ species in the filtrate was ascertained by 

TLC analysis. Using 44 as precursor, no product precipitated spontaneously from the solution, and 

both TLC and NMR spectroscopy indicated that it contained a mixture of  di and tri-substituted Ru 

compounds. In this case the [Ru(chel)2(η
2-acac)][Cl] species, (52, chel = phen; 53 chel = dpphen) 

were obtained in pure form by column chromatography on silica gel. Essential details of each 

preparation are given below (see Appendix for proton labeling schemes). 

[Ru(bpy)2(η2-acac)][PF6] (46). Starting materials: 60.0 mg of [fac-RuCl(dmso-S)3(η
2-acac)] (44) 

(0.128 mmol) and 41.9 mg (2.1 equiv.) of bpy in 5.0 mL of EtOH. At the end of the run the solventwas 
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removed by evaporation affording an ink-dark purple mixture, that was dissolved in ca. 4 mL of 

water. Addition of an excess of NH4PF6 (400.0 mg, ca. 20 equiv.) afforded the immediate 

precipitation of a dark-brown precipitate. The mixture was centrifuged and the precipitate, after 

removal of the supernatant, was washed with water (×3). The solid mixture was extracted with 50 mL 

of chloroform, and the residual dark-red solid removed by filtration: it is pure [Ru(bpy)3][PF6]2 

according to the 1H NMR spectrum in DMSO-d6 show (Appendix). Removal of the solvent from the 

deep-purple filtrate afforded 46 as a dark solid that was suspended in diethyl ether and recovered by 

filtration and dried under vacuum. Yield 55.3 mg (65.0%). 1H NMR (DMSO-d6) δ, ppm: 8.75 (d, 

2H,H6′), 8.63 (m, 4H, H3+ H3’), 8.17 (m, 2H, H5′), 7.85 (t, 2H, H4), 7.74 (t, 2H,  H4’) 7.69 (d, 2H, 

H6), 7.22 (t, 2H, H5), 5.35 (s, 1H, acac), 1.78 (s, 6H, acac). UV−vis (EtOH): 370 nm, 514 nm. ESI-

MS (m/z): 513.1 [M–PF6] (calcd. for C25H23N4O2Ru 513.6). 

[Ru(bpy)2(η2-mal)] (47). Starting materials: 50.0 mg of [K]fac-[RuCl(dmso-S)3(η
2-mal)] (40) (0.098 

mmol) and 30.6 mg (2 equiv.) of bpy in 5.0 mL of EtOH. At the end of the run the solvent was 

removed by evaporation affording a dark purple mixture. Column chromatography on silica gel 

(eluent CHCl3:MeOH 7:3) afforded pure 47 in the first band. 1H NMR (CDCl3) δ, ppm: 3.39 (s, 2H, 

mal), 6.95 (t, 2H, H5′), 7.56 (t, 2H, H4′), 7.59 (d, 2H, H6′), 7.63 (t, 2H, H4), 7.94 (t, 2H, H5), 8.06 

(d, 2H, H3′), 8.22 (d, 2H, H3), 9.46 (d, 2H, H6). 

[Ru(phen)2(η2-mal)] (48). Starting materials: 50.0 mg of [K]fac-[RuCl(dmso-S)3(η
2-mal)] (40) 

(0.098 mmol) and 35.1 mg (2 equiv.) in 5.0 mL of EtOH. Yield: 18.6 mg (34%).  1H NMR (DMSO-

d6) δ, ppm: 2.94 (s, 2H, mal), 7.44 (dd, 2H, H3), 7.89 (d, 2H, H2), 8.21 (d, 2H, H5), 8.27 (dd, 2H, 

H8), 8.32-8.37 (m, 4H, H6+H4), 8.78 (d, 2H, H7), 9.57 (d, 2H, H9). UV−vis (CHCl3): λmax (ε, L mol−1 

cm−1) = 544 (3.4×103) nm. ESI-MS (m/z): 565.0 [M+H]+ (calcd. for C27H19N4O4Ru 564.54). 

[Ru(dpphen)2(η2-mal)] (49). Starting materials: 200.0 mg of [K]fac-[RuCl(dmso-S)3(η
2-mal)] (40) 

(0.390 mmol) and 260.0 mg (2 equiv.) of dpphen in 22.0 mL of EtOH. Yield of 49: 122.7 mg (36%). 

1H NMR (DMSO-d6) δ, ppm: 3.02 (s, 2H, CH2-mal), 7.50 (d, 2H, H3), 7.52-7.62 (m, 10H, Ho,m,p), 

7.66 (t, 2H, Hp′), 7.73 (t, 4H, Hm′), 7.87 (d, 4H, Ho′), 8.11 (d, 2H, H5), 8.17 (d, 2H, H2), 8.25 (d, 

2H, H6), 8.30 (d, 2H, H8), 9.70 (d, 2H, H9). UV−vis (CHCl3): λmax (ε, L mol−1 cm−1) = 561 (1.9×104) 

nm. ESI-MS (m/z): 869.1 [M+H]+ (calcd. for C51H35N4O4Ru 868.9), 891.1 [M+Na]+ (calcd  for 

C51H34N4O4RuNa 890.9). 

[Ru(phen)2(η2-ox)] (50). Starting materials: 62.24 mg (0.13 mmol) of K[fac-RuCl(dmso-S)3(η
2-ox)] 

(42) and 45.05 mg (2 equiv) of phen in 8.0 mL of EtOH. Since 12 is sparingly soluble in chloroform, 

the raw product was washed with water to remove KCl and then thoroughly dried under vacuum. 

Yield: 47.6 mg (69%).1H NMR (DMSO-d6) δ, ppm: 7.44 (dd, 2H, H3), 7.91 (d, 2H, H2), 8.21-8.28 

(m, 4H, H8+H5), 8.32-8.40 (m, 4H, H6+H4), 8.79 (d, 2H, H7), 9.32 (d, 2H, H9). UV−vis (CHCl3): 
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λmax (ε, L mol−1 cm−1) = 544 (2.4×103) nm. ESI-MS (m/z): 551.0 [M+H]+ (calcd for C26H17N4O4Ru 

550.51), 589.0  [M+K]+ (calcd. for C26H17N4O4RuK 588.61).  

[Ru(dpphen)2(η2-ox)] (51). Starting materials: 200.0 mg (0.40 mmol) of K[fac-RuCl(dmso-S)3(η
2-

ox)] (42) and 267.0 mg (2 equiv) of dpphen in 22.0 mL of EtOH. Yield: 274.4 mg (80%).1H NMR 

(DMSO-d6) δ, ppm: 7.49 (d, 2H, H3), 7.52-7.62 (m, 10H, Ho,m,p), 7.65 (t, 2H, Hp′), 7.73 (t, 4H, 

Hm′), 7.82 (d, 4H, Ho′), 8.14 (d, 2H, H5), 8.20 (d, 2H, H2), 8.26 (d, 2H, H6), 8.29 (d, 2H, H8), 9.44 

(d, 2H, H9). UV−vis (CHCl3): λmax (ε, L mol−1 cm−1) = 560 (2.0×104) nm. ESI-MS (m/z): 855.1 

[M+H]+ (calcd for C50H33N4O4Ru  854.9), 877.1 [M+Na]+ (calcd. for C50H32N4O4RuNa  876.9). 

[Ru(phen)2(η2-acac)][Cl] (52). Starting materials: 188.8 mg (0.40 mmol) of [fac-RuCl(dmso-S)3(η
2-

acac)] (44) and 144.2 mg (2 equiv.) of phen in 22 mL of EtOH. At the end of the run the solvent was 

removed by evaporation affording a dark purple mixture. Column chromatography on silica gel 

(eluent CHCl3:MeOH 9:1) afforded pure 52 in the first band. Yield: 110.5 mg (46%). For comparative 

purposes, the [Ru(phen)3][Cl]2 compound was then eluted by increasing the eluent polarity to 8.5:1.5. 

1H NMR (DMSO-d6) δ, ppm: 9.13 (d, 2H, H9), 8.83 (d, 2H, H7), 8.42 (d, 2H, H4), 8.36 (d, 2H, H6), 

8.24 (d, 2H, H5), 8.18 (dd, 2H, H8), 7.96 (d, 2H, H2), 7.47 (dd, 2H, H3), 5.42 (s, 1H, acac), 1.78 (s, 

6H, acac). UV−vis (CHCl3): λmax (ε, L mol−1 cm−1) = 509 (1.1×104)  nm. ESI-MS (m/z): 561.1 [M–

Cl]+ (calcd for C29H23N4O2Ru 560.6), 381.0 [M–Cl–phen]+ (calcd. for  C17H15N2O2Ru 380.39). 

[Ru(dpphen)2(η2-acac)][Cl] (53). Starting materials: 200.0 mg (0.42 mmol) of [fac-RuCl(dmso-

S)3(η
2-acac)] (44) and 281.7 mg (2 equiv.) of dpphen il 22.0 mL of EtOH. At the end of the run the 

solvent was removed by evaporation affording a dark purple mixture. Column chromatography on 

silica gel (eluent acetone:EtOH 91:9) afforded pure 53 in the first band. Yield: 160.7 mg (42%). 1H 

NMR (DMSO-d6) δ, ppm: 9.25 (d, 2H, H9), 8.26 (d, 2H, H6), 8.20 (2d, 4H, H2, H8), 8.14 (d, 2H, 

H5), 7.85 (d, 4H, Ho′), 7.74 (t, 4H, Hm′), 7.67 (t, 2H, Hp′), 7.54-7.63 (m, 10H, Ho,m,p), 7.51 (d, 2H, 

H3), 5.51 (s, 1H, acac), 1.88 (s, 6H, acac). UV−vis (CHCl3): λmax (ε, L mol−1 cm−1) = 524 (1.8×104) 

nm. ESI-MS (m/z): 865.2 [M–Cl]+(calcd. for C53H39N4O2Ru 864.99). 

Synthesis of [Ru(chel)2(chel′)][PF6]2 compounds 

 [Ru(phen)2(bpy)][PF6]2 (54). A 10 mg amount of [Ru(phen)2(η
2-mal)] (48) (0.018 mmol) and 2.8 

mg of bpy (1 equiv.) were dissolved in 5 mL of EtOH at reflux and 10 equiv. of TFA (15μL) were 

added. The solution gradually turned from purple to bright red-orange. After 1h the solvent is 

removed by evaporation and ca. 10 equiv. of NH4PF6 dissolved in 2 mL of water were added, 

affording an orange-red precipitate that was filtered, washed with water, diethyl ether and dried under 

vacuum. Yield 10.2 mg (93%). 1H NMR (CD3CN) δ, ppm: (p = phen, b = bpy): 8.65 (d, 2H, H4p), 

8.55 (d, 2H, H7p), 8.52 (d, 2H, H3,3′b), 8.24 (m, 4H, H5+H6p), 8.20 (dd, 2H, H2p), 8.03 (t, 2H, H4,4′b), 

7.88 (dd, 2H, H9p), 7.79 (dd, 2H, H3p), 7.67 (d, 2H, H6,6′b), 7.56 (dd, 2H, H8p), 7.27 (t, 2H, H5,5′b). 
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UV−vis (CH3CN): λmax (ε, L mol−1 cm−1) = 265 (4.5×104) nm, 287 (4.3×104) nm, 450 (1.0 ×104) nm. 

ESI-MS (m/z) = 763.2 [M-PF6]
+  (calcd for C34H24F6N6PRu 763.1). 

[Ru(bpy)2(phen)][PF6]2 (55). The same reaction condition as reported above for complex 54 were 

used. Starting materials: A 10 mg amount of [Ru(bpy)2(η
2-mal)] (47) (0.02 mmol) and 3.5  mg of 

phen (1 equiv.) Yield 15.6 (94%). 1H NMR (CD3CN) δ, ppm: (p = phen, b = bpy): 8.61 (dd, 2H, 

H2,9p), 8.52 (dd, 2H, H3′b), 8.48 (dd, 2H, H3b), 8.24 (s, 2H, H5,6p), 8.09 (m, 4H, H4′b+H4,7p), 7.98 

(t, 2H, H4b), 7.84 (dd, 2H, H6′b), 7.73 (dd, 2H, H3,8p), 7.52 (dd, 2H, H6b), 7.45 (t, 2H, H5′b), 7.21 (t, 

2H, H5b). 
31P{1H} NMR (CD3CN) δ, ppm: –144.63 (septet). 19F NMR (CD3CN) δ, ppm: –72.91 (d). 

UV−vis (CHCl3) ): λmax = 449 nm. ESI-MS (m/z): 739.0 [M–PF6]
+ (calcd for C32H24F6N6PRu 739.6). 

Alternatively, compound 55 was also prepared on a smaller scale [Ru(bpy)2(η
2-acac)][PF6] (46): a 

20.0 mg amount of 46 (0.030 mmol) and 1.1 equiv. of phen (5.4 mg) were refluxed in 5 mL of EtOH 

after the addition of 22 μL of a 55% aqueous solution of HPF6 (4 equiv.). The color change from 

purple to red-orange occurred within 2.5h. Dropwise addition of diethyl ether to the final solution 

(concentrated to ca. 2 mL) to near cloudiness afforded the slow precipitation of a red.orange 

microcrystals that, according to NMR and UV-vis spectroscopy, were pure [Ru(bpy)2(phen)][PF6]2 

(55). In this case the yield was not measured. 
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study of transition metal complexes of dipyrido[3,2-a:2′,3′-c]phenazine J. Chem. Soc., Dalton 

Trans. 1999, 2595-2600. 

53. Due to the strong absorption bands of the [Ru(chel)2(O–O)]n+ and [Ru(chel)3]
2+ complexes – 

purple and orange-red, respectively – the solutions are ink-dark even at NMR concentrations (ca. 

5 mM), to such an extent that it is hard to detect the presence of a fine precipitate. 

54. Besides these two complexes, the mother liquor contains also unreacted bpy. 

55. When 44 was used as precursor, the corresponding chloride salts of the two Ru-bpy products 

remain in solution. Addition of an excess of NH4PF6 induced a Cl–/PF6
– metathesis and 

precipitated the [Ru(bpy)2(η
2-acac)][PF6] and [Ru(bpy)3][PF6]2 mixture. 

56. Orellana, G.; Carlos Alvarez Ibarra, C. A.; Santoro, J. 1H and 13C NMR Coordination-Induced 

Shifts in a Series of Tris(α-diimine)ruthenium(II) Complexes Containing Pyridine, Pyrazine, and 

Thiazole Moieties Inorg. Chem. 1988, 27, 1025-1030. 

57. Balducci, G.; Iengo, E.; Demitri, N.; Alessio, E. New Insight into a Deceptively Simple Reaction: 

The Coordination of bpy to RuII–Carbonyl Precursors – The Central Role of the fac-

[Ru(bpy)Cl(CO)3]
+ Intermediate and the Chloride Rebound Mechanism Eur. J. Inorg. Chem. 

2015, 4296-4311. 

58. The separation of [Ru(phen)2(η
2-mal)] (48) from [Ru(phen)3](Cl)2 can be performed also by 

washing the raw product with water, where [Ru(phen)3](Cl)2 is soluble and 48 is not. 

http://pubs.rsc.org/en/results?searchtext=Author%3AJ%C3%B6rg%20Fees
http://pubs.rsc.org/en/results?searchtext=Author%3AMichael%20Ketterle
http://pubs.rsc.org/en/results?searchtext=Author%3AAxel%20Klein
http://pubs.rsc.org/en/results?searchtext=Author%3AJan%20Fiedler
http://pubs.rsc.org/en/results?searchtext=Author%3AWolfgang%20Kaim
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59. Quite surprisingly, when the reaction between 2 and phen was performed at 80°C (1h), the only 

detectable product was [Ru(phen)3]
2+. 

60. If an excess of oxalate is not used, the known dinuclear species [{fac-RuCl(dmso-S)3}2(
4,-

ox)] (see ref. 50) is obtained as by product together with 42. 
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Appendix of Chapter 6 
 

The reactions of [cis-RuCl2(dmso)4] (1) with the model diimine chelating ligands 

phen and dppz 

a) Reactions performed in refluxing chloroform. 

Complex 1 was treated with one equiv. of phen in refluxing chloroform for 1h,  i.e. in the conditions 

that, according to Grätzel and co-workers,1S and Spiccia and co-workers,2S are expected to afford 

selectively the mono-substituted complex  [cis,cis-RuCl2(dmso-S)2(phen)] in good yield. 

Conversely, according to 1H NMR analysis (Figure 1S), we obtained a ca. 1:1 mixture of the 

stereoisomers [cis,cis-RuCl2(dmso-S)2(phen)] (a) and [trans,cis-RuCl2(dmso-S)2(phen)] (b), 

together with a good amount of unreacted precursor 1 (Scheme A6.1).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A6.1. Aromatic region of the 1H NMR spectrum (CDCl3) of: (top) complex [trans,cis-

RuCl2(dmso-S)2(phen)] (b); (bottom) the reaction mixture obtained by treatment of 1 with one equiv. 

of phen in refluxing CHCl3 for 1h. 
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Scheme A6.1. The reactivity of [cis-RuCl2(dmso)4] (1) with 1 equiv. of phen in refluxing CHCl3 

The NMR spectrum of the more symmetrical isomer b (four aromatic resonances, 2H each, and a 

singlet for two dmso-S ligands) is compatible also with the third stereoisomer [cis,trans-RuCl2(dmso-

S)2(phen)] (c) (Figure A6.2).  

For comparative purposes, the stereoisomer b was selectively prepared by treatment of [trans-

RuCl2(dmso-S)4] (1t), the stereo and linkage isomer of  1, with phen at room temperature (its NMR 

spectrum is shown in Figure 1S). Complex 1t, in fact, is known to replace selectively two adjacent 

dmso-S ligands leaving unchanged the geometry of the Ru(II) fragment (Scheme 2S). We also found 

that, consistent with what previously observed for the corresponding bpy complex,3S compound b is 

not stable in chloroform solution at room temperature and within 24 hours isomerizes to a mixture of 

a and of the other symmetrical isomer c. From this solution we managed to get crystals of c suitable 

for X-ray analysis that afforded the molecular structure of the complex (Figure A6.3).  

 

Figure A6.2. The three stereoisomers [cis,cis-RuCl2(dmso-S)2(phen)] (a), [trans,cis-RuCl2(dmso-

S)2(phen)] (b), and [cis,trans-RuCl2(dmso-S)2(phen)] (c). 

 

 
Scheme A6.2. Preparation of [trans,cis-RuCl2(dmso-S)2(phen)] (b) from [trans-RuCl2(dmso-S)4] 

(1t) in MeOH at room temperature. 
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Figure A6.3. The X-ray molecular structure of stereoisomer cis,trans-[RuCl2(dmso-S)2(phen)] (c). 

 

b) Reactions performed in refluxing ethanol. 

Complex 1 was treated with one equiv. of phen in refluxing ethanol for 2h,  i.e. in the conditions that 

– with the similar ligand dppz – according to Burke and Keyes  afforded selectively the mono-

substituted complex  [cis,cis-RuCl2(dmso-S)2(dppz)] in good yield. The orange product that 

precipitated spontaneously from the cooled solution turned out to be, according to NMR analysis, a 

ca. 5:1 mixture of [cis,cis-RuCl2(dmso-S)2(phen)] (a) and [cis,trans-RuCl2(dmso-S)2(phen)] (c) (see 

below Figure 4S). The mother liquor, beside a and c, contained the disubstituted charged complex 

[cis-RuCl(dmso-S)(phen)2]Cl (d). The proton NMR spectrum of this species is characterized by two 

singlets (3H each) for the residual dmso-S and sixteen resolved aromatic resonances for the two 

inequivalent phen ligands (see below Figure 4S). No resonances attributable to unreacted 1 were 

detected.  

Thus, the reactivity of 1 with phen in refluxing ethanol can be summarized as reported in Scheme 

A6.3. 
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Scheme A6.3. The reactivity of [cis-RuCl2(dmso)4] (39) with 1 equiv. of phen in refluxing ethanol. 

 

Very similar results were obtained, under the same conditions, using one equiv. of dppz in the place 

of phen. 

The reaction of 39 with two equiv. of phen in refluxing ethanol (8h) afforded the same three main 

products a, c, and d as above, even though in different relative ratios. The first fraction was formed 

by a mixture of a and c (Figure 4S) , whereas the second fraction, obtained from the concentrated 

mother liquor, was almost pure d (Figure 4S). To be noted that one methyl resonance of the dmso-S 

in d is shifted at very low frequencies. This singlet is attributed to the methyl that falls in the shielding 

cone of the adjacent phenanthrolines.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A6.4. 1H NMR spectra (CDCl3) of the two fractions obtained from the reaction of 1 with 

two equiv. of phen in refluxing ethanol for 8h. Top: 1st fraction, which is a mixture of a and c; 

bottom: 2nd fraction, that consists of almost pure [cis-RuCl(dmso-S)(phen)2]Cl (d). 
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Experimental section 

cis-RuCl2(dmso)4 (1) + 1 equiv of phen in refluxing chloroform. 

A 50.0 mg amount of cis-RuCl2(dmso)4 (39) (0.10 mmol) was dissolved in 10 mL of chloroform 

together with one equiv. of phen (18.7 mg). The pale yellow solution was heated to reflux for 1h. The 

final deep-orange solution was evaporated to an oil that, upon addition of acetone (5 mL), afforded a 

yellow solid that was removed by filtration, washed with acetone and diethyl ether, and dried under 

vacuum. According to its 1H NMR spectrum this precipitate is a ca. 1:1 mixture of the stereoisomers 

a and b plus unreacted 1. Upon dropwise addition of diethyl ether to the concentrated mother liquor 

(ca. 2 mL) a pale yellow – creamy precipitate was obtained that, according to the 1H NMR spectrum 

in CDCl3, was mainly composed by unreacted 1. The estimated yield in the a + b mixture was lower 

than 50%. 

trans-RuCl2(dmso)4 (1t) + phen in methanol. 

A 50.0 mg amount of trans-RuCl2(dmso)4 (39t) (0.10 mmol) was dissolved in 5 mL of methanol 

together with one equiv. of phen (18.7 mg). The orange solution became progressively red and 

afforded a deep-orange precipitate formed. This was removed by filtration, washed with diethyl ether 

and dried under vacuum. According to its 1H NMR spectrum this precipitate was pure cis,trans-

RuCl2(dmso-S)2(phen) (b). Upon dropwise addition of diethyl ether to the concentrated mother liquor 

(ca. 2 mL) a second fraction of the same product was obtained. Total yield of b: 41.9 mg (80%). 

cis,cis-RuCl2(dmso-S)2(phen) (a) (C16H20Cl2N2O2RuS2, MW = 507.94). 1H NMR (CDCl3) δ, ppm: 

2.52, 3.17, 3.60, 3.63 (s, 3H, dmso-S), 7.79 (dd, 1H, H8), 7.98 (m, 3H, H3+H5+H6), 8.39 (dd, 1H, 

H4), 8.51 (dd, 1H, H7), 9.99 (dd, 1H, H2), 10.14 (dd, 1H, H9).  
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trans,cis-RuCl2(dmso-S)2(phen) (b) (C16H20Cl2N2O2RuS2, MW = 507.94). 1H NMR (CDCl3) δ, 

ppm: 3.66 (s, 12H, dmso-S), 7.86 (m, 2H, H3,8), 7.99 (s, 2H, H5,6), 8.44 (dd, 2H, H4,7), 10.07 (dd, 

2H, H2,9). 

cis,trans-[RuCl2(dmso-S)2(phen)] (c) (C16H20Cl2N2O2RuS2, MW = 507.94). 1H NMR (CDCl3) δ, 

ppm: 3.04 (s, 12H, dmso-S), 7.84 (dd, 2H, H3,8), 8.01(s, 2H, H5,6), 8.37 (dd, 2H, H4,7), 9.89 (dd, 

2H, H2,9). 

cis-RuCl2(dmso)4 (1) + 1 equiv of phen in refluxing ethanol. 

A 50.0 mg amount of cis-RuCl2(dmso)4 (39) (0.10 mmol) was dissolved in 10 mL of ethanol together 

with one equiv. of phen (18.7 mg) and heated to reflux for 2h. The final red-orange solution slowly 

afforded (72 h) at room temperature an orange precipitate, that was removed by filtration, washed 

with cold ethanol and diethyl ether, and dried under vacuum. According to its 1H NMR spectrum this 

precipitate is a ca. 6:1 mixture of the stereoisomers a and c. Yield 25.3 mg (48%). Upon dropwise 

addition of diethyl ether to the concentrated mother liquor (ca. 4 mL) a second orange  precipitate 

was obtained that, according to the 1H NMR spectrum in CDCl3, contained comparable amounts of 

a, c, and  cis-[RuCl(dmso-S)(phen)2]Cl (d). 

cis-RuCl2(dmso)4 (1) + 2 equiv of phen in refluxing ethanol. 

A 101.6 mg amount of cis-RuCl2(dmso)4 (39) (0.21 mmol) was dissolved in 15 mL of ethanol together 

with two equiv. of phen (74.8 mg) and heated to reflux for 8h. The final deep-red solution was 

concentrated to ca. half volume. Dropwise addition of diethyl ether until cloudiness afforded  an 

orange precipitate, that was removed by filtration, washed with cold ethanol and diethyl ether, and 

dried under vacuum. According to its 1H NMR spectrum this precipitate was a ca. 5:1 mixture of the 

stereoisomers a and c. Yield 62.45 mg (59%). A small amount of a second fraction precipitated 

spontaneously from the mother liquor (containing also the diethyl ether from the washing). According 

to its 1H NMR spectrum it was almost pure cis-[RuCl(dmso-S)(phen)2]Cl (d).  

cis-[RuCl(dmso-S)(phen)2][Cl] (d) (C26H22Cl2N4ORuS, MW = 610.47). 1H NMR (CDCl3) δ, ppm: 

1.96 (s, 3H), 3.45 (s, 3H), 7.33 (dd, 1H), 7.56 (dd, 1H), 7.63 (dd, 1H), 8.02 (dd, 1H), 8.05 (dd, 1H), 

8.09 (dd, 1H), 8.14 (dd, 1H), 8.25 (dd, 1H), 8.35 (dd, 1H), 8.41 (dd, 1H), 8.53 (dd, 1H), 8.62 (dd, 

1H), 8.68 (dd, 1H), 9.17 (dd, 1H), 10.05 (dd, 1H), 10.56 (dd, 1H). 
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Spectral characterization of the new cis-locked precursors 44 and 45. 
 

 
Figure A6.5. 1H NMR spectrum (CDCl3) of [fac-RuCl(dmso-S)3(η

2-acac)] (44). 

 

Figure A6.6. 1H NMR spectrum (CD3NO2) of [fac-Ru(dmso-O)(dmso-S)3(η
2-acac)] (45). 

A

B
C+D

E

HA

HB

HE

HC+HD

HAHF

HE

HC+D

H2O

HB

A

BC+D

E

F



      Appendix of Chapter 6 

213 

Reactions of the cis-locked precursors with bpy 

 

Figure A6.7. 1H NMR spectra (aromatic region) in DMSO-d6 of the raw product mixtures from the 

reactions between the cis-locked precursors 40 – 43 and bpy performed in a MW reactor. Color code: 

black = unreacted bpy, blue = the bis-bpy product, red = [Ru(bpy)3]
2+. Reaction conditions: [Ru] = 

390 mM, absolute ethanol, bpy/Ru = 2, MW, 120°C, 1h. 

 

Table A6.1. Molar percentages determined by NMR integration in the raw product mixtures from the 

reactions between the cis-locked precursors 40 – 45 and bpy performed in a MW reactor. Reaction 

conditions: [Ru] = 390 mM, absolute ethanol, bpy/Ru = 2, 120°C, 1h. 

Complex Free bpy  [Ru(bpy)2(O–O)]n+ [Ru(bpy)3]2+ 

K[fac-RuCl(dmso-S)3(η
2-mal)] (40) 34 18 48 

[fac-Ru(dmso-O)(dmso-S)3(η
2-mal)] (41) 10 64 26 

K[fac-RuCl(dmso-S)3(η
2-ox)] (42) 97 2 1 

[fac-Ru(dmso-O)(dmso-S)3(η
2-ox)] (43) 24 14 62 

[fac-RuCl(dmso-S)3(η
2-acac)] (44) 46 38 15 

[fac-Ru(dmso-O)(dmso-S)3(η
2-acac)][PF6] (45) n.d.* 73 27 

* In this case a precipitate is found in the vial at the end of the run, a mixture of [Ru(bpy)2(η
2-

acac)][PF6] (8) and [Ru(bpy)3][PF6]2. 
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Figure A6.8. The 1H NMR spectra (aromatic region) in DMSO-d6 show the effect of the 

concentration on the selectivity towards [Ru(bpy)2(η
2-mal)] in the reaction between K[fac-

RuCl(dmso-S)3(η
2-mal)] (40) and bpy performed in a MW reactor. Color code: black = unreacted 

bpy, blue = [Ru(bpy)2(η
2-mal)], red-orange = [Ru(bpy)3]

2+.  Reaction conditions: absolute ethanol, 

bpy/Ru = 2, 120°C, 1h.  

 

Table A6.2. The effect of the concentration on the selectivity towards [Ru(bpy)2(η
2-mal)] in the 

reaction between K[fac-RuCl(dmso-S)3(η
2-mal)] (40) and bpy performed in a MW reactor. The % 

values are obtained by integrating the NMR spectra of Figure S8. Reaction conditions: absolute 

ethanol, bpy/Ru = 2, 120°C, 1h.  

[Ru] mM Free bpy [Ru(bpy)2(η
2-mal)] [Ru(bpy)3]

2+ 

390  34 18 48 

97.5 32 38 30 

6.1 43 51 6 

1.5 59 51 3 

 

  

 

390 mM 

97.5 mM 

6.1 mM 
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Figure A6.9. The 1H NMR spectra (aromatic region) in DMSO-d6 show the effect of the 

concentration on the selectivity towards [Ru(bpy)2(η
2-ox)] in the reaction between [fac-Ru(dmso-O) 

(dmso-S)3(η
2-ox)] (43) and bpy performed in a MW reactor. Color code: black = unreacted bpy, blue 

= [Ru(bpy)2(η
2-ox)], red-orange = [Ru(bpy)3]

2+.  Reaction conditions: absolute ethanol, bpy/Ru = 2, 

120°C, 1h.  

 

Table A6.3. The effect of the concentration on the selectivity towards [Ru(bpy)2(η
2-ox)] in the 

reaction between [fac-Ru(dmso-O)(dmso-S)3(η
2-ox)] (5) and bpy performed in a MW reactor. The % 

values are obtained by integrating the NMR spectra of Figure A6.9. Reaction conditions: absolute 

ethanol, bpy/Ru = 2, 120°C, 1h.  

[Ru] mM Free bpy [Ru(bpy)2(η
2-ox)] [Ru(bpy)3]

2+ 

390  26 13 62 

97.5 22 41 37 

24.3 36 42 22 

6.1 43 44 13 

 

 

  

 

390 mM 

24.3 mM 

6.1 mM 

97.5 mM 
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Figure A6.10. The 1H NMR spectra (aromatic region) in DMSO-d6 show the effect of the temperature 

on the selectivity towards [Ru(bpy)2(η
2-mal)] in the reaction between K[fac-RuCl(dmso-S)3(η

2-mal)] 

(2) and bpy performed in a MW reactor. Color code: black = unreacted bpy, blue = [Ru(bpy)2(η
2-

mal)], red-orange = [Ru(bpy)3]
2+.  Reaction conditions: absolute ethanol, [Ru] = 6.1 mM, bpy/Ru = 

2, 1h.  

 

Table A6.4. The effect of the temperature on the selectivity towards [Ru(bpy)2(η
2-mal)] in the 

reaction between K[fac-RuCl(dmso-S)3(η
2-mal)] (40) and bpy performed in a MW reactor. The % 

values are obtained by integrating the NMR spectra of Figure A6.10. Reaction conditions: absolute 

ethanol, [Ru] = 6.1 mM, bpy/Ru = 2, 1h.  

T (°C) Free bpy [Ru(bpy)2(η
2-mal)] [Ru(bpy)3]

2+ 

100 26 13 62 

120 43 51 6 

150 16 77 7 
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Figure A6.11. The 1H NMR spectra (aromatic region) in DMSO-d6 show the effect of the temperature 

on the selectivity towards [Ru(bpy)2(η
2-mal)] in the reaction between [fac-Ru(dmso-O)(dmso-S)3(η

2-

mal)] (41) and bpy performed in a MW reactor. Color code: black = unreacted bpy, blue = 

[Ru(bpy)2(η
2-mal)], red-orange = [Ru(bpy)3]

2+.  Reaction conditions: absolute ethanol, [Ru] = 6.1 

mM, bpy/Ru = 2, 1h.  

 

Table A6.5. The effect of the temperature on the selectivity towards [Ru(bpy)2(η
2-mal)] in the 

reaction between [fac-Ru(dmso-O)(dmso-S)3(η
2-mal)] (41) and bpy performed in a MW reactor. The 

% values are obtained by integrating the NMR spectra of Figure A6.11. Reaction conditions: absolute 

ethanol, [Ru] = 6.1 mM, bpy/Ru = 2, 1h.  

 

T (°C) Free bpy [Ru(bpy)2(η
2-mal)] [Ru(bpy)3]

2+ 

120 27 46 26 

150 11 89 <1% 
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Figure A6.12. The 1H NMR spectra (aromatic region) in DMSO-d6 show the effect of the 

concentration, temperature, and reaction time on the outcome of the reaction between [cis-

RuCl2(dmso)4] (39) and bpy performed in a MW reactor. See Figure S13 for peak assignments.  

Reaction conditions: absolute ethanol, bpy/Ru = 2, 1h.  

 

 

 

 

 

 

 

 

 

Figure A6.13. Peak assignments in the 1H NMR spectrum (aromatic region) in DMSO-d6 of the raw 

reaction mixture from the reaction between [cis-RuCl2(dmso)4] (39) and bpy performed in a MW 

reactor. Reaction conditions: absolute ethanol, [Ru] = 6.1 mM, T = 120°C, bpy/Ru = 2, 1h.    
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Spectral characterization of compounds 47– 53. 

 

 

 

 

 

 

 

 

Figure A6.14. UV-vis spectrum in chloroform of [Ru(bpy)2(η
2-mal)] (47). 

 

 

 

 

 

 

 

Figure A6.15. UV-vis spectrum in chloroform of [Ru(bpy)2(η
2-acac)][PF6] (46). 
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Figure 6.16. UV-vis spectrum in chloroform of [Ru(phen)2(η
2-mal)] (48), [Ru(phen)2(η

2-ox)] (50). 

[Ru(phen)2(η
2-acac)][Cl] (53).

 

Figure A6.17 UV-vis spectrum in chloroform of [Ru(dpphen)2(η
2-mal)] (49), [Ru(dpphen)2(η

2-

acac)][Cl] (53)  and in [Ru(dpphen)2(η
2-ox)] 51. 
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Figure A6.18. 1H NMR spectrum (DMSO-d6) of [Ru(bpy)2(η
2-acac)][PF6] (46 with labeling scheme. 

Figure A6.19. 1H NMR spectrum (DMSO-d6) of [Ru(bpy)2(η
2-mal)] (47) with labeling scheme.  
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Figure A6.20. Downfield region of the H-H COSY spectrum (CDCl3) of [Ru(bpy)2(η
2-mal)] (47). 

See Figure A6.19 for labeling scheme. 

 

 

 

 

Figure A6.21. 1H NMR spectrum (DMSO-d6) of [Ru(phen)2(η
2-mal)] (48) with labeling scheme. In 

the insert the resonance of malonate.  
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Figure A6.22. Downfield region of the H-H COSY spectrum (DMSO-d6) of [Ru(phen)2(η
2-mal)] 

(48); see Figure A6.21 for labeling scheme. 

 

 

 

 

Figure A6.23. Downfield region of the HSQC spectrum (DMSO-d6) of [Ru(phen)2(η
2-mal)] (48); see 

Figure A6.21 for labeling scheme. 
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Figure A6.24. 1H NMR spectrum (DMSO-d6) of [Ru(dpphen)2(η
2-mal)] (49) with labeling scheme. 

In the insert the resonance of malonate. The peak of residual chloroform is marked with an *. 

 

Figure A6.25. Downfield region of the H-H COSY spectrum (DMSO-d6) of [Ru(dpphen)2(η
2-mal)] 

(49) see Figure A6.24 for labeling scheme. 
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Figure A6.26. Downfield region of the HSQC spectrum (DMSO-d6) of [Ru(dpphen)2(η
2-mal)] (49) 

see Figure A6.24 for labeling scheme. 

 

Figure A6.27. 1H NMR spectrum (DMSO-d6) of [Ru(phen)2(η
2-ox)] (50) with labeling scheme. 
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Figure A6.28. H-H COSY spectrum (DMSO-d6) of [Ru(phen)2(η
2-ox)] (50); see Figure A6.27 for 

labeling scheme. 

 

 

 

Figure A6.29. HSQC spectrum (DMSO-d6) of [Ru(phen)2(η
2-ox)] (50); see Figure A6.27 for labeling 

scheme. 
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Figure A6.30. 1H NMR spectrum (DMSO-d6) of [Ru(dpphen)2(η
2-ox)] (51) with labeling scheme.  

 

Figure A6.31. H-H COSY spectrum (DMSO-d6) of [Ru(dpphen)2(η
2-ox)] (51) see Figure A6.30 for 

labeling scheme. 
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Figure A6.32. HSQC spectrum (DMSO-d6) of [Ru(dpphen)2(η
2-ox)] (51) see Figure A6.30 for 

labeling scheme. 

 

Figure A6.33. 1H NMR spectrum (DMSO-d6) of [Ru(phen)2(η
2-acac)]Cl (52) with labeling scheme. 
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Figure A6.34. H-H COSY spectrum (DMSO-d6) of [Ru(phen)2(η
2-acac)]Cl (53); see Figure A6.33 

for labeling scheme. 

 

Figure A6.35. HSQC spectrum (DMSO-d6) of [Ru(phen)2(η
2-acac)]Cl (53); see Figure A6.33 for 

labeling scheme. 
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Figure A6.36. 1H NMR spectrum (DMSO-d6) of [Ru(dpphen)2(η
2-acac)]Cl (53) with labeling 

scheme. 

 

Figure A6.37. H-H COSY spectrum (DMSO-d6) of [Ru(dpphen)2(η
2-acac)]Cl (53); see Figure A6.36 

for labeling scheme. 
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Figure A6.38. HSQC spectrum (DMSO-d6) of [Ru(dpphen)2(η
2-acac)]Cl (53); see Figure A6.38 for 

labeling scheme. 

 

Spectral characterization of the bis-heteroleptic complexes 

[Ru(phen)2(bpy)][PF6]2 (54) and [Ru(bpy)2(phen)][PF6]2 (55). 

 

 

 

 

 

 

 

 

 

 

Figure A6.39. Spectral changes in the UV-vis spectrum during the reaction of [Ru(phen)2(η
2-mal)] 

(48) (purple line) with one equiv. of bpy in refluxing EtOH + 10 equiv. of TFA to afford 

[Ru(phen)2(bpy)]2+ quantitatively in ca. 1h (orange line). 
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Figure A6.40. 1H NMR spectrum (CD3CN) of [Ru(phen)2(bpy)][PF6]2 (54) with labelling scheme 

(blue for phen, red for bpy). 

 
Figure A6.41. H-H COSY spectrum of (CD3CN) of [Ru(phen)2(bpy)][PF6]2 (54); see Figure A6.40 

for labelling scheme. 
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Figure A6.42. Spectral changes in the UV-vis spectrum during the reaction of [Ru(bpy)2(η
2-mal)] 

(47) (purple line) with one equiv. of phen in refluxing EtOH + 10 equiv. of TFA to afford 

[Ru(bpy)2(phen)]2+ quantitatively in ca. 1h (orange line). 
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Figure A6.43. 1H NMR spectrum (CD3CN) of [Ru(bpy)2(phen)][PF6]2 (55) with labelling scheme (p 

stands for phen, b for bpy). 

 

 

Figure A6.44. H-H COSY spectrum of (CD3CN) of [Ru(bpy)2(phen)][PF6]2 (55); see Figure A6.43 

for labelling scheme. 
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Table A6.6. Crystallographic data and refinement details for compounds fac-[RuCl(dmso-S)3(η
2-

acac)] (44), fac-[Ru(dmso-O)(dmso-S)3(η
2-acac)][PF6] (45), and cis,trans-[RuCl2(dmso-S)2(phen)] 

(c). [Ru(phen)2(η
2-mal)]. 

 

 44 45 c 

Empirical Formula  C11H25ClO5RuS3 C13H31F6O6PRuS4 C16H20Cl2N2O2RuS2 

Formula weight (Da)  470.01 657.66 508.43 

Temperature (K) 100(2) 100(2) 100(2) 

Wavelength (Å) 0.700 0.700 0.700 

Crystal system  monoclinic monoclinic monoclinic 

Space Group  P 21/n P 21/c P 21/c 

a (Å)  8.356(2) 12.435(3) 16.164(7) 

b (Å)  14.6850(7) 11.338(1) 19.153(9) 

c (Å)  14.9920(6) 17.750(1) 13.189(3) 

α ( ) 90 90 90 

β ( ) 95.60(1) 91.79(2) 107.54(2) 

γ ( ) 90 90 90 

V (Å3)  1830.9(3) 2501.3(8) 3893(3) 

Z  4 4 8 

ρ (g·cm–3)  1.705 1.746 1.735 

F(000)  960 1336 2048 

µ (mm–1)  1.285 1.036 1.237 

θ m n, max ( )  1.916, 28.227 1.614, 29.998 1.301, 28.227 

Resolution (Å) 0.74 0.70 0.74 

Total refl. collctd  29469 89392 61622 

Independent refl.  4676 7573 9911 

Obs. Refl. [Fo>4σ(Fo)]  4673 7517 9898 

I/σ(I) (all data)  63.33 45.80 62.71 

I/σ(I) (max res)  49.75 34.68 53.01 

Completeness (all data)  0.985 0.988 0.982 

Rmerge (all data)  2.0% 4.0% 2.4% 

Rmerge (max res)  2.0% 3.5% 2.7% 

Multiplicity (all data)  6.2 11.5 6.1 

Multiplicity (max res)  6.1 9.7 5.8 

Data/restraint/parameters  4676/0/191 7573/0/291 9911/0/452 

GooF 1.136 1.069 1.166 

R[I>2.0σ(I)],a wR2 [I>2.0σ(I)]a 0.0230, 0.0561 0.0306, 0.0816 0.0216, 0.0554 

R (all data),a wR2 (all data)a 0.0230, 0.0561 0.0308, 0.0818 0.0217, 0.0554 
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Table A6.6 contd. Crystallographic data and refinement details for [Ru(phen)2(η
2-mal)]·5H2O 

(48·5H2O) 

 

 10·5H2O 

Empirical Formula  C27H18N4O4Ru·5H2O 

Formula weight (Da)  1307.20 

Temperature (K) 100(2) 

Wavelength (Å) 0.700 

Crystal system  triclinic 

Space Group  P –1 

a (Å)  10.322(3) 

b (Å)  10.569(2) 

c (Å)  13.064(3) 

α ( ) 84.832(6) 

β ( ) 76.176(8) 

γ ( ) 72.432(5) 

V (Å3)  1319.1(5) 

Z  1 

ρ (g·cm–3)  1.646 

F(000)  668 

µ (mm–1)  0.624 

θ m n, max ( )  1.581, 28.227 

Resolution (Å) 0.74 

Total refl. collctd  6720 

Independent refl.  6720 

Obs. Refl. [Fo>4σ(Fo)]  6575 

I/σ(I) (all data)  46.09 

I/σ(I) (max res)  37.72 

Completeness (all data)  0.989 

Rmerge (all data)  3.2% 

Rmerge (max res)  4.1% 

Multiplicity (all data)  6.0 

Multiplicity (max res)  5.6 

Data/restraint/parameters  6720/17/327 

GooF 1.072 

R[I>2.0σ(I)],a wR2 [I>2.0σ(I)]a 0.0459, 0.1531 

R (all data),a wR2 (all data)a 0.0464, 0.1536 

 




