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Chapter 1 

Introduction 

Abstract 

Chapter 1 contains an exhaustive analysis of the self-assembly synthetic 
strategy for the construction of supramolecular assemblies, with particular regard to 
the metal-mediated self assembly, in which the formation of coordinative bonds 
between polytopic donar building blocks and metal centers is exploited The attention is 
then focused on the importance of using porphyrins and metalloporphyrins as building 
blocks for the construction of supramolecular systems. Such architectures are 
investigated both as models for the photosynthetic reaction centers and for the light-
harvesting antenna systems found in plants and photoactive bacteria, and for the 
production of light-induced charge andlor energy transfer devices. Selected examples 
of supramolecular assemblies of porphyrins, prepared by covalent coupling of 
functional ized reactions, by hydrogen-bond formati on, and by formati on of 
coordinative bonds with metal centers are reported. In particular, the literature 
examples concerning the use of pyridylporphyrins are thoroughly reviewed. 
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Introduction 

Metal-mediated self-assembly of supramolecules. 

Centrai to supramolecular chemistry1 is the concept that assemblies of molecular 
components ( supramolecular structures) can be designed to perfonn relatively elaborate 
and useful tasks. The concept is currently being applied to the design of supramolecular 
systems capable of mimicking, at the molecular level, functions nonnally performed by 
natural systems or by artificial macroscopic devices (e.g. molecular-level machines).2

' 
3 

Thus, supramolecular chemistry can be viewed as the basis fora "bottom-up" approach to 
the challenging fields of molecular electronics and nanotechnology.4 Moreover, the 
formation of supramolecular entities represents an abiological analogue of numerous 
biologica! processes mediated by collective interactions and recognition events between 
large molecules. Present day synthetic supramolecular chemistry is pursued in hundreds of 
laboratories all over the world and has essentially two aspects: one based upon the 
construction of complex organic structures by classic synthetic chemistry, and one in 
which the structural complexity is achieved by self-assembly and self-organization of 
predetermined fragments through non-covalent bonds; in this modular approach the 
synthetic effort concems the preparation of relatively small and simple munits (building 
blocks ). Recent years have witnessed a growing number of supramolecular systems that 
incorporate metal ions as assembling and organizing centers. 5 

Self-assembly is a highly convergent synthetic approach and it has been employed 
to design a variety of discrete supramolecular arrays, making use of molecular recognition 
through hydrogen bonds, electrostatic and 7t-1t stacking interactions, and coordination 
bonds to transition metal ions. 1

' 
5 Metal-ligand coordinative bonding offers a series of 

advantages over the other non-covalent interactions. 5 These include the following: 1) 
thermodynamic features: metal-ligand bonding interactions are much stronger (bond 
energies of 40-120 kJ/mol per interaction) and have a greater directionality compared to 
electrostatic and 7t-1t stacking interactions or even hydrogen bonding; 2) kinetic features: 
the relative inertness (or lability) of coordinative bonds can be fine-tuned according to the 
nature and oxidation state of the metal centers. Kinetically inert metal centers provide 
access to those assemblies which form most rapidly, while kinetically labile metal centers 
allow for the generation of well-defined supramolecular architectures at thermodynamic 
equilibrium. Since self-assembled discrete supramolecules are normally favoured 
thermodynamically over oligomeric or polymeric systems, both by enthalpic and entropie 
effects, the equilibrium between the constituent building blocks and the final product 
yields, in principle, relatively defect-free, self-healing assemblies; 3) great versatility: the 
large and diverse number of possible transition-metal coordination geometries can be 
exploited in the construction of elaborate assemblies; 4) precise control over the 
architecture ( shape and size) as well as of the charge and polarity ( and thus solubility) of 
the assemblies; 5) good product yields inherent in the convergent self-assembly process; 6) 
ease of introduction of functionalities into the supramolecular assembly through the metal 
centers ( e.g. redox, photophysical, magnetic) and/or through the ancillary ligands ( e.g. 
chirality).3' 5 

Within this modular approach, the structural units of the supramolecular assembli es 
can be reduced to simple geometrie figures with their ends acting as linkage points. In 
addition to their shape, the building blocks can be usefully classified in terms of their 
electron donor/acceptor properties. In fact, most of the metal-mediated assemblies reported 
to date have been obtained by treatment of metal complexes (acceptor building blocks) 

1 



Chapter 1 Introduction 

with bi- or polydentate organic ligands with suitable donor atoms (mainly nitrogen) in a 
desired spatial orientati on ( donor building blocks ). Thus, the final shape, dimension, and 
topology of the self-assembled architecture will be defined by the coordination nwnbers 
and geometries of the metal centers as well as by the shape and geometry of the bridging 
ligands, including the nwnber and relative orientations of the peripheral basic sites 
(Schemel). 
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Scheme 1. Molecular polygons and polyhedra created via systematic combination of polytopic 
building blocks with predetermined angles (acceptor bui/ding b/ocks are depicted in red while donor building 
blocks are depicted in blue). 

Tue metal centers utilized can be either naked ions (in which case the coordination 
number and the geometry are embedded in the nature of the ion) or coordination 
compounds in which the number and geometry of the coordination sites available for the 
construction of the macromolecule are controlled by the other non-participating ligands. 

Big attention has been drawn on the construction of supramolecular cyclic 
structures. Many examples of both two-dimensional and three-dimensional macrocycles 
bave been obtained through a modular metal-mediated synthetic approach. Tue generai 
self-assembly principle in fact can also allow the design of three-dimensional architectures 
such as molecular cages and cage-type receptors of controllable size and shape. Fujita and 
Biradha coined the term "molecular paneling'! to describe the construction of three-
dimensional structures by linking two-dimensional, multidentate, planar organic 
components through metal coordinati on complexes. 6 

Relatively small changes in the nature of the bridging ligands may lead to final 
assemblies with very different architectures; for example, Fujita and coworkers described 
two compounds formed by self-assembly of the acceptor building block M = Pd( en) ( en = 
ethylenediamine), with two very similar tridentate triazine-based ligands (LI = 2,4,6-tris(3-
pyridyl)-l ,3,5-triazine and L2 = 2,4,6-tris(4-pyridyl)-1,3,5-triazine) which differ only in 
the position of the peripheral N atoms. Tue resulting assemblies share the same ~4 
stoichiometry but have quite different structures: [{Pd(en)}6(Ll)4](N03]12 is a nanometer-
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Chapter 1 Introduction 

sized macrotricycle, while [{Pd(en)}6(L2)4][N03] 12 is an adamantoid nanocage.4
' 
7 

It may happen that, owing to the severa! different routes available for the assembly 
process, a single metal/ligand combination leads to a range of products. This phenomenon 
has been described as resulting in a «combinatoria! library». S-l l When these products are at 
equilibrium, the system is described to form a «dinamic library». 12 Often single products 
can be isolated from a dynamic library by means of specific host-guest interactions. 

There are also examples of metal-containing donor building blocks, i.e. complexed 
bridging ligands, in which the unbound termini of polydentate ligands are available for 
further coordination to other metal centers, thus leading to multi-metal assemblies. 13

-
20 

The effectiveness and versatility of the metal-mediated self-assembly approach 
toward the synthesis of elaborate architectures is astonishing. In slightly more than a 
decade from the first report of a metal-mediated molecular square as described by Fujita 
and coworkers,21 exciting tridimensional nanoscale assemblies, such as cuboctahedra and 
dodecahedra, 22

' 
23 hexahedral capsules and nanotubes, 6b, 

24
' 

25 nanometer-sized cubes, 26 and 
multicompartmental cylindrical nanocages27have been described. 

Metal-mediated self-assemblies of porphyrins. 

The interaction between light and natural supramolecular systems is of paramount 
importance for life on earth, principally because plants and bacteria, by means of 
sophisticated supramolecular arrays, can convert solar energy into chemical energy. These 
supramolecular systems are based on sets of severa! porphyrins or related chromophores 
arranged in a well-controlled geometry and displaying precisely defined electronic 
properties. These tetrapyrrolic assemblies are found both in the photosynthetic reaction 
centers (RC) and in the various light harvesting complexes of plants and photosynthetic 
bacteria (Figure 1).28

• 
29 Consequently the interaction of light with relatively simple 

molecules, such as the biologically ubiquitous porphyrins, has long been a topic of intense 
interest. The last two decades have seen remarkable developments in this field. The study 
of individuai molecules that can absorb light to give long-lived excited states30 has been 
followed by the study of more complicated polynuclear systems. 31 Thus, within this 
generai frame, there is substantial interest in the construction of multiporphyrin assemblies 
which can either mimic naturally occurring multichromophore aggregates, such as the · 
photosynthetic reaction center and the light harvesting complex of purple bacteria, or 
which can be used as electron- and/or energy-transfer molecular devices for advanced 
technological tasks. 32

-
39 Indeed, over the last few years, various molecular devices based on 

oligoporphyrins have been designed and prepared; these include photoinduced molecular 
switches, optoelectronic gates, fluorescence quenching sensors, photonic wires, and 
molecular elements for information storage essential for the miniaturization of electronic 
componentry and technology.40 The geometry, distance, orientation, and overlap between 
adjacent chromophores within rigid multiporphyrin architectures have a large influence 
over the properties of the entire assembly. 

Moreover, three-dimensional macrocyclic oligomers of metalloporphyrins are also 
being actively investigated as host molecules for homogeneous catalysis and selective 
molecular recognition that can result from the specific geometry of cavities surrounded by 
porphyrin planes.4146 Interestingly, some oligomeric porphyrins have been tested for 
photodynamic therapy of tumors and DNA cleavage. 47 

Design strategies to develop solid-state multichromophore arrays of defined 
rigidity, dimensionality, porosity, and selectivity are al so matter of active research. 48 

In generai the use of a synthetic methodology with a building block approach is 
very useful whenever a specific arrangement of porphyrin/metalloporphyrin moieties in 
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space is crociai for an efficient operation. Conventional linear synthetic strategies to 
porphyrin arrays have generally proved quite limiting; they frequently involve very many 
sequential steps, separation of statistical mixtures and extensive chromatographic 
purification, always resulting in low product yield. Several authors have developed 
building block strategies for array formation that involve condensation and/or coupling 
reactions of appropriately functionalized porphyrins. Therefore, any covalent synthetic 
strategy of multiporphyrin arrays must take into account both the porphyrins 
functionalization and linkage implementation.49

• 
50 

p 
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Figure 1. Left. X-ray structure of the cofactors associated with the RC (reaction center) of purple 
bacterium Rhodopseudomonas Viridis. The RC is a self-contained electron-transport chain with the redox 
components arranged in a roughly linear fashion. Four heme groups (CHI, CH2 and Cu, Cu) belonging to a 
cytochrome point to the so-called special pair (P), a closely associated dimer of bacteriochlorophyll 
molecules. There are two symmetrically relateci branches of pigments in the structure (L and M), extending 
from P to the two bacteriopheophytins (HL and HM) via two bacteriochlorophylls (Br. and BM). QA and Qs are 
quinones; in addition a non-heme iron sits between the quinones. Both electrons and holes move apart in the 
forward reactions with the ultimate charge separation distance being about 70 A. Right. X-ray structure ofthe 
light-harvesting complex from Rhodopseudomonas acidophy/a. It reveals two sets of very symmetrically 
arranged bacteriophylls. A first disk-shaped group of densely packed chromophores perpendicular to the 
membrane and a second outer circle of bacteriophyll molecules parallel to the membrane (see top-right 
picture ). Tue complete active center consists of transmembrane helices of a-apoproteins packed side by side 
to form a cylinder with a hollow part of radius 18 A and helices of J3-apoproteins arranged radially to form an 
outer cylinder of radius - 34 A (from refs. 53a, 29). 

Natural systems widely use hydrogen boilds and weak interactions to make highly 
organized structures. By means of these weak-type interactions some examples of 
multiporphyrin self-assembled edifices have been built. 51 Since the energy of a hydrogen 
bond lies in the range or I O to 56 kJ/mol for neutra! molecules and rises to 40 to 190 
kJ/mol between ionie components, multiple hydrogen bonds, which ensure higher binding 
constants for self-assembled systems, are preferable. 

The metal-mediated self-assembly approach, which exploits the formation of 
coordination bonds between peripheral basic site( s) on the porphyrins and metal centers, 
has recently allowed the design and preparation in reasonable yield of increasingly 
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sophisticated supramolecular architectures whose comglexity and function begin to 
approach the properties of naturally occurring systems. ' 53 Depending on whether the 
metal centers of the acceptor building blocks lie in another porphyrin or in a coordination 
compound, very different discrete ordered architectures can be constructed (Scheme 2). 

M 

Scheme 2. Discrete assemblies of porphyrins and metalloporphyrins with by different structural 
motifs; M, M', M" are metal centers; thick lines represent organic bridging ligands. 

Metalloporphyrins can be acceptor building blocks provided that the metal inside . 
the porphyrin core is at least 5-coordinated. Oligomers and polymers of porphyrin and 
metalloporphyrin building blocks can be rationally designed through selection of the 
coordination geometry of metals and the structure of the polydentate ligands involved in 
the supramolecular synthesis. Metal-ligand bonds cover a range of energies depending on 
the nature of the metal and the ligand. Many metalloporphyrin assemblies are based on 
Zn(II)-amine (pyridine, imidazole) interaction, the corresponding association constant 
being given by Ka of ca. 103 M-1. The other main class of multiporphyrin assemblies uses 
pyridine-metal bonds with second- and third-row transition metals like Re(I), Ru(II), 
Os(II), Pd(II) or Pt(II). They normally form thermodynamically very stable and kinetically 
inert coordination complexes with nitrogen-containing ligands. However, aggregates based 
on first-row transition metals like Fe(III) and Mn(III) or Mn(IV) and oxygen-containing 
ligands have also been prepared. Tue overall features of porphyrins and metalloporphyrins, 
including the electronic structure ( acidity of the metal center ), geometry and an access to 
the porphyrin core, can be designed by means of well-planned peripheral substitutions 
either at 13-pyrrole or meso-position(s). 

Within this framework, meso-pyridyl/phenyl porphyrins (PyPs ), t or strictly related 
chromophores proved to be particularly versatile building blocks: PyPs can provide 
geometrically well-defined connections to as many as four metal centers by coordination of 
the pyridyl groups. Moreover, the peripheral N atom can be either in the 4' (4'PyPs), or in 
the 3' (3'PyPs) position.t Considering the number and relative geometry of the peripheral 
N(py) groups, 4'PyPs can be classified as terminal, 90° angular, linear, T-shaped and 
cruciform donor building blocks (Figure 2). 

t Abbreviations: 5-( 4'pyridyl)- l O, 15,20-triphenylporphyrin ( 4 ~yP); 5, 1O-bis(4'pyridyl)-l 5,20-
diphenylporphyrin ( 4'-cisDPyP); 5, 15-bis( 4'pyridyl)-10,20-diphenylporphyrin ( 4'-transDPyP); %, 1O,15-
tri( 4'pyridyl)-20-monophenylporphyrin (TPyM.PP); 5, 1O,15,20-tetra( 4'pyridyl)porphyrin ( 4'TPyP); 
tetraphenylporphyrin (TPP); octaethylporphyrin (OEP); 5, 15-bis( 4'-pyridyl)-2,8, 12, 18-tetranormalpropyl-
3, 7, 13, 17-tetramethylporphyrin (4'-transDPyP-npm). 

! When the N atom is in the 2' position, coordination to metal centers is sterically disfavored; however, 
Zn2'MPyP and related systems self-assemble in solution with relatively large association constants to give 
the corresponding stacked dimers. See: a) Stibrany, R. T.; Vasudevan, J.; Knapp, S.; Potenza, J. A.; Emge, 
T.; Schugar, H. J. J. Am. Chem. Soc. 1996, 118, 3980; b) Gerasimchuk, N. N.; Mokhir, A. A.; Rodgers, K. 
R.;lnorg. Chem. 1998, 37, 5641. 
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Chapter 1 Introduction 

Figure 2. meso-4'pyridylporphyrins (4'PyPs) together with their schematic building block 
representations. 

For the sake of comparison some selected examples of multiporphyrin arrays built 
by covalent or hydrogen bonding are presented. A combination of the synthetic strategies 
discussed above has sometime been employed. The following classifications might not 
always appear correct, some examples being kind of hybrids. In particular, examples 
where covalently linked metalloporphyrin oligomers have been further developed by 
means of coordination of a multidentate ligand to the metal ions inside the porphyrin cores 
will be illustrated where more appropriate. 

Selected examples of multiporphyrin systems linked by covalent bonds. 

A number of arrays has been made in which the porphyrins are directly connected 
by a single carbon-carbon bond, generally tbrough meso positions. Tue Osuka group 
reported a one-pot synthesis of ortogonally arranged wind-mill like porphyrin arrays, 
containing up to 9 cbromophores, isolated in 50% yield (Figure 3).54 

Figure 3. Windmill-like porphyrin array (from ref 50). 

6 
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A number of research groups have COJ).Structed porphyrin arrays with alkyne bonds 
between porphyrins. Anderson and co-workers developed the use of Glaser-Hay coupling 
to produce a number of butadiyne-linked linear porphyrin oligomers (Figure 4).55 These 
arrays were observed to form bimolecular aggregates in dichloromethane at concentrations 
as low as 10-6 M; they are of interest because of their potential highly conjugated and 
extended n-systems. In order to introduce rigidity into these flexible systems and increase 
interporphyrins conjugation, Anderson constructed ladder-like supramolecular assemblies 
by axial ligation of two zincated linear arrays through bridging ligands (Figure 4 ). 55

a, 
56 

Figure 4. Schematic representation of a linear butadiyne-linked porphyrin array (top), and its 
aggregation due to 7t-7t stacking (middle) orto ladder complex formation (bottom) (from ref 55a). 

The group of Sanders created an extensive family of alkyne-aryl-bridged porphyrin 
assemblies for molecular recognition studies. Cyclic diporphyrins, triporphyrins and 
tetraporphyrins have been made using specific pyridyl based templates to direct the 
outcome of the coupling reactions through coordination of the zinc porphyrin starting 
material. When dialkyne zinc porphyrins were subjected to the Glaser-type coupling 
reaction in the presence of tripyridyltriazine a covalent trimer was formed quantitatively 
(Figure 5). 57 Cyclic trimers of this kind have been used to catalyze acyl transfer reactions 
and accelerate bimolecular Diels-Alder reactions. 58 

Figure 5. Cyclic triporphyrin array obtained through Glaser-Hay coupling in the presence of a 
template (from ref 53a). 

Mongin and Gossauer reported a unique cyclic hexaporphyrin system with 
phenylethynyl linkers. This is the first example of a large cyclic porphyrin array prepared 
in the absence of a template. In solution such cyclic hexamer, in which at least three 
alternate porphyrin rings are zincated, forms a supramolecular assembly with a star-shaped 
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polyporphyrin that is held in the interior of the macrocycle through coordination of the 
apical pyridine rings with the Zn(II) ions (Figure 6). 59 

Figure 6. Supramolecular assembly between a macrocyclic porphyrin hexamer and a star-shaped 
porphyrin array (from ref 59). 

A large number of porphyrin arrays have been made in which the porphyrin 
components are linked by aromatic rings of various type. Sakata and co-workers 
synthesized an aryl-linked henicosamer porphyrin array in which four porphyrin pentamers 
are attached to a centrai porphyrin, each porphyrin being connected at the meso-position 
through a para-phenylene spacer. The resulting array is a large square-shaped sheet 
molecule of approximate side-size of 65 A that has been termed "Mandala-patterened 
Bandanna" (Figure 7).60 

Figure 7. A Mandala-pattemed Bandanna-shaped porphyrin oligomer (from ref 50). 

Different methodologies have been developed to prepare benzo-fused porphyrin 
assemblies. Regardless of the approach employed, the resulting products are rigid with 
coplanar porphyrins. By virtue of rigid coplanarity and bridges conjugation, these systems 
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present a large 7t delocalization. Vicente et al. reported on the synthesis of a fused fully 
conjugated cruciform pentamer (Figure 8).61 

Ar 

Ar 

Figure 8. Benzo-fused porphyrin pentamer (from ref. 50). 

Ether linkages appear in a wide variety of porphyrin arrays. By utilizing a short 
carbon chain ether strap between meso-phenyl substituents a number of cofacial di- and 
triporphyrins bave been prepared. The group of Aida designed a face-to-face cyclic dimer 
of zinc porphyrins with flexible ether-bridged hexyl spacers that fonns highly stable 1:1 
inclusion complex with C6o (Kassoc of 6.7x 105 M-1

). The host-guest interaction results in the 
fonnation of a doubly layered n-electronic supramolecule, whose thermodynamic stability 
and dynamic in guest exchange can be tuned by the selection of the metal ions at the outer 
porphyrin layer (Figure 9).62 

. Figure 9. A face-to-face cyclic dimer of zinc porphyrins with flexible ether-bridged hexyl spacers 
(left) and X-ray structure ofits inclusion complex with C60 (right) (from ref 62). 

Linkers containing an amide moiety have been also used extensively. With the aim 
of synthesizing a multiporphyrin array with a specific cavity size and symmetry, the group 
of Shinkai recently reported on the construction of a C3-symmetrical capsular molecule in 
which three porphyrin-based building blocks are capped by two ionophoric calixarens 
(Figure 1O).63 

Figure 10. A homooxacalix[3]arene c11mer tnpty lmkec1 by Zn-porphyrin moieties (from ref. 63). 

9 
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Selected examples of multiporphyrin systems linked by weak interactions. 

An appropriate combinati on of monomeri e hydrogen-bonding chromophores allows 
the self-assembly of both discrete and polymeric porphyrin arrays with various structures 
in high yield. 

In a remarkable example of multicomponent self-assembly, Drain et al. ~repared a 
supramolecular hexameric array through multiple hydrogen bonding (Figure 11 ). Od 

Figure 11. Supramolecular hexameric porphyrin array held together by multiple hydrogen bonds 
(from ref 50). 

More recently the group of Ikeda reported an example of a self-assembled 
porphyrin trimer exploiting both hydrogen and coordination bonds with an association 
constant estimated to be ca. 6x1013 M-2 (Figure 12).64 

Figure 12. Cyclic trimer of Zn(II) pyrazolylporphyrins held by the cooperative action of three 
hydrogen and three coordination bonds (from ref 64). 

Hydroxy- and carboxy-substituted porphyrins have been employed as building 
blocks for the synthesis of hydrogen bonded crystalline solids wherein the three-
dimensional structure is determined by the hydrogen bond pattern. 65 

Multiporphyrin systems linked via coordination bonds. 

The construction of self-assembled metalloporphyrin arrays can be viewed as a true 
oligomerization process. Ligands appended to the periphery ( usually at the meso positions) 
of the metalloporphyrins can suitably coordinate to the metal ion of another unit of the 
same porphyrin (self-coordination) orto other metalloporphyrins, behaving thus as built-in 
extemal coordination functionalities. Most of the examples reported in the literature take 
advantage of hydroxy or N-donor (imidazole, pyrazole, amine, pyridine) substituted 
metalloporphyrins for the construction of such assemblies. 

10 
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Self-coordination of metalloporphyrins. 

The group of Hunter reported a series of macrocyclic assemblies obtained by self-
coordination of zinc porphyrins with an appended pyridyl ligand at the end of a meso-
substituent. The nature and properties of the cyclic oligomers depend critically on the 
covalent structure of the monomer units which can be selected to give stable dimeric, 
trimeric or tetrameric macrocycles (Figure 13).66 The dimer is stable in solution. The 1H 
NMR and UV-vis spectra of the trimer and of the tetramer are strongly concentration 
dependent indicating the .f,resence of an equilibrium. Recently the X-ray structure of the 
dimer has been reported. 6 In the same work it is shown how the kinetic lability of the zinc-
pyridine interaction can be exploited for the construction of a [2]-rotaxane. The 
macrocycle, by means of hydrogen bonds, is in fact capable of self-assembling around a 
complementary guest, an axle diporphyrin structure in which two porphyrins are linked 
through a linear diamide chain. In the [2]-rotaxane architecture the two porphyrins act as 
bulky stoppers whereas the diamide chain provides a multiple-point hydrogen bonding 
with the macrocycle (Figure 14 ). Even if the dimer has proved to be stable across a wide 
range of concentrations, the lability of the coordination bond allows for the macrocycle 
opening and entering of the guest. 

·--o-r--

1 t i-z-

Figure 13. Self-coordination of zinc porphyrins through appended pyridyl groups. Depending on the 
orientation ofthe pendant pyridyl arms different macrocycles have been obtained (from ref 53c). 

Hunter then reported on the formation of self-assembled metalloporphyrin 
polymers by changing the metal inside the porphyrin core from Zn(II) to Co(II) and 
appending a second pyridine arm trans to the first one (Figure 15).68 This self-assembly 
approach generated soluble metalloporphyrin polymers up to 100 units long; the degree of 
polymerization N was determined by size-exclusion chromatography. 

11 
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Figure 14. Three-dimensional model structure of a non-covalent porphyrin based [2)-rotaxane 
determined from NMR data (from ref. 67). 

Figure 15. Self-assembly of a cobalt porphyrin polymer via coordination of two covalently attached 
pyridyl ligands (from ref. 68). 

In the special pair of the photosynthetic center the chromophores exist in a slipped 
cofacial orientation. This simple, naturally occurring aggregate inspired the design and 
preparation of many metalloporphyrin dimers. For example, Kobuke and Miyaji prepared 
zinc porphyrins bearing methylimidazole substituents at the 5- and 15-meso positions,_ 
which self-coordinate to form extremely stable dimers. When the biomimetic metal Mg2+ 
is used instead of Zn2+, the formation of a significant amount of trimer species was 
observed; higher order oligomers were not found. The trimerization was explained by the 
higher preference ofMg2+ for six-coordination (Figure 16).69 

Figure 16. Self-assembly of trans-bismethylimidazole metalloporphyrins (from ref. 53b ). 

Furthermore these authors extended their methodology of self-coordination 
reporting giant multiporphyrin arrays formed by the accumulation of dimeric imidazolyl-
substituted Zn porphyrins (Figure 17).70 The range of masses, determined by gel-
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permeati on chromatography, corresponds to the linking of between 80 and 400 
bisporphyrin units. 

R 

...... ~ 
R 

A=~1s 

Figure 17. Fonnation of a giant supramolecular porphyrin array by self-coordination of dimeric 
imidazolyl-substituted Zn porphyrins (from ref. 70). 

In most of the examples described above Zn(II) was the metal ion inserted inside 
the porphyrin cores. However, Zn(II) is a relatively labile metal ion for substitutions, and 
the resulting metalloporphyrin oligomers are often in equilibrium with the corresponding 
monomers in solution. Therefore, less labile metal ions, such as Ru(II), bave been used to 
obtain kinetically stable assemblies of porphyrins by self-coordination. In particular, there 
has been an intense interest in the assembling of ruthenium pyridylporphyrins, since the 
essentially irreversible bond formed allows for a myriad of geometries. Imamura et al. 
reported on the synthesis and characterization of cyclic ruthenium porphyrin tetramers 
(Figure 18).71 Tue observation that the CO ligands directed to the outside of the tetramer 
core could be substituted by pyridine upon photoirradiation with preservation of the 
tetrameric framework, led to the construction of a porphyrin octamer. The octamer was 
prepared by photosubstitution of monopyridylporphyrins for the axial CO lìgands in the 
tetramer core (Figure 18). 72 

Figure 18. Cyclic ruthenium porphyrin tetramer (left) and its extension to a porphyrin octamer 
(right) (from refs. 71, 72.) 

Heterometallic multiporphyrin arrays 

The group of Sanders showed how self-assembled architectures of 
metalloporphyrin can be constructed using selective metal-ligand binding and preorganized 
geometries. Zn porphyrins prefer nitrogen ligands, adopt 5-coordinate square pyramidal 
geometry, and are kinetically relatively labile, while Ru(CO) porphyrins form stable and 
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inert complexes with nitrogen donor ligands and adopt 6-coordinate geometry. Sn(IV) 
porphyrins, on the other band, prefer oxygen donor ligands, adopt 6-coordinate octahedral 
geometry, and exchange carboxilate ligands rather slowly. To exploit these different 
coordination behaviors, Sanders et al. introduced complementary binding functions in 
appropriately designed Zn(IIJ, Ru(II), and Sn(IV) porphyrins to assemble heterometallic 
oligoporphyrins (Figure 19). 3a. b With the same kind of strategy they also prepared large 
heterometallic oligomers of porphyrins connecting Rh(III) porphyrins to Sn(IV) porphyrins 
through self-assembly with a porphyrin trimer dendron functionalized at the periphery both 
with carboxylic and pyridyl groups (Figure 19).73c 

Figure 19. Left. Self-assembly of a heterometallic two component porphyrin system. Right. Large 
heterometallic porphyrin array: a centrai Sn(IV) porphyrin coordinates two carboxilic acid functionalized 
porphyrins; Rh(III) porphyrins are coordinated at the periphery to pyridyl groups ofthese entities; M = 2H or 
Ni (from refs. 50, 73c). 

Side-to-face assemblies of porphyrins. 

The axial coordination of PyPs to metalloporphyrins yields side-to-face assembli es 
which are architecturally quite different from the side-by-side systems obtained through 
the formation of covalent links between porphyrin rings (Scheme 3). -s- -~ 

I 
9 -,-- r- 1-oJ o I I 

Scheme 3. Schematic representation of the mode of binding of 4'PyPs to metalloporphyrins leading 
to side-to-face a.dducts. 

Depending whether the peripheral N atom is in the 4' or in the 3' position, the 
corresponding assembly will be respectively perpendicular or canted (Scheme 4). As 
already observed above for self-assembled metalloporphyrin architectures, the key to the 
stability of side-to-face arrays of porphyrins is the strength of the coordinative bond 
between the side porphyrin and the metal ion of the face porphyrin(s). For example, 
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ligation of N(pl) rin~s of PyPs to zinc porphyrins is intrinsically weak (association 
constant, ca. 10 M 1)5 a and relatively labile~ thus, in solution, coordination oligomers are 
generally in equilibrium with the monomers. The presence of monomers is of particular 
importance at the low concentrations used for photophysical measurements (ca. 10-6 M). 
More stable assemblies of well-defined stoichiometry are obtained only when cooperative 
coordination is spatially enforced, e.g. the peripheral zinc porphyrins are linked together, 
most often by covalent bonds thus involving low-yield methods. 42

• 
44 In contrast, 

ruthenium- or osmium-based assemblies are expected to be intrinsically more stable and 
inert compared to zinc-based systems. 538 

' ' 1, 
,'==N\. 30° •• •• 
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Scheme 4. Schematic representation of a metalloporphyrin binding to a generic 4'PyP (top) and 
3'PyP (bottom). Side-viewed porphyrins are represented with a thick line. 

The group of Imamura reported a thorough characterization of a variety of Ru(II) 
and Os(Il) porphyrin oligomers linked by coordination to PyPs (Figure 20).74 

Figure 20. Examples of side-to-face assemblies obtained by coordination of Ru(Il) and Os(Il) 
porphyrins to PyPs (from ref 74). 

Other examples of side-to-face porphyrin systems developed in our laboratories 
will be presented in the next chapter. 

Assemb/ies of porphyrins linked through coordination compounds. 

Such a methodology provides access to one-, two-, and three-dimensional 
architectures that are based on porphyrins and/or metalloporphyrins held together by 
coordination compounds. A rapidly increasing number of discrete supramolecular 
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assemblies of pyridylporph~rins linked tJlrough coordination compounds has been 
described in the literature. 5 By a modular combination of PyPs and square planar 
complexes of Pt(IQ and Pd(II), porphyrin dimers and tetramers with different geometries 
were synthesized. 5 Recently Reed and Boyd reported on the use of one such dimer, 
obtained by coordination of two phenyl substituted 3'MPyP to trans-PdCh( dmso )1, as a 
jaw-like including host for fullerene (Figure 21).76 This palladium bisporphyrin, once the 
two porphyrins were metallated with Pd, showed to have a binding constant of 5 .2x I 03 M 1 

for C6o. 

Figure 21. X-ray crystal structure of an inclusion complex of C60 in a bisporphyrin palladium 
complex (from ref 76). 

Both the groups of Drain and Stang reported examples of molecular squares of 
porphyrins, obtained by treatment of meso-bis(4'pyridyl)porphyrins (e. g. 4'-cisDPyP and 
4'-transDPyP) with trans-PdCh(dmso)2, cis-PtCh(dmso)2 and Pt or Pd(dppp)(OTf)2 (dppp 
= 1,3-bis( diphenylphosphino )propane, OTf = triflate) (Figure 22 ). 77 Porphyrins can lay on 
the comers or on the sides of the squares. 

+
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Figure 22. Examples of molecular squares of porphyrins obtained by treatment of meso-
di( 4'pyridyl)porphyrins with suitable cis and trans square planar Pt(II} and Pd(II) complexes (from ref 62). 

Drain reported also more complicated architectures, such as tapes and tessellated 
arrays (Figure 23). 78 With an analogous strategy Slone and Hupp obtained a molecular 
square of zinc porphyrins, this time featuring octahedral Re(I) comers. They found that 
such a structure reveals the appropriate dimensions and multiple bonding sites for stron~ 
host-guest interactions with a meso-bis(4'pyridyl)porphyrin and 4'TPyP (Figure 24). 5

f, 

Moreover, the inclusi on adducts and the parent molecular square, featuring different cavity 
openings, were used to make films of diff erent porosity then tested as molecular sieves by 
means of scanning electrochemical microscopy (SECM). 80 
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• = Pd 0= 2 H•. z.n2+ 

Figure 23. Three different PyPs assembled with twelve trans-PdCh units to form a porphyrin 
tessellated nonamer (from ref 78). 

Figure 24. Porphyrin inclusion adducts of a molecular square based on/ac-Re(C0)3Cl comers and 
zinc pyridylporphyrin edges; M = Zn, M' =Re, R = CH3, R' = -(CH2) 3CH3 (from ref 53b ). 

In a very elegant example of molecular paneling, Fujita and coworkers reported the 
quantitative self-assembly of a porphyrin prism from three 3'TPyP and six Pd(en)(N03)2 
building blocks (Figure 25). 81 The spatially fixed porphyrin cores surround a large 
hydrophobic cavity which should be capable of accommodating neutral organic molecules 
in aqueous solution. The X-ray crystal structure was also determined, showing the six 
palladium atoms at the apical positions of the prism with the shortest Pd··· Pd distance of 
approximately 9 A. 

In order to achieve long-range charge separation, the group of Sauvage prepared a 
series of multicomponent systems consisting of two differently metallated porphyrins and a 
centrai Ru(II) or Ir(III) ion. A Au(III) and a Zn(II) porphyrin with an appended ( 4-
phenyl )terpyridyl group at a meso-position chelate the central metal ion forming a triad 
system. The zinc core act as photoactive group (antenna) and as primary electron donor 
while the metal terpyridyl unit and the iold porphyrin behave as the primary and the 
secondary electron acceptors, respectively. 2 
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Figure 25. Metal-mediated, self-assembled porphyrin prism (from ref 81 ). 

Moreover Sauvage and coworkers used Cu(I) as a template for the synthesis of 
bisporphyrin [2]-catenanes and [2]-rotaxanes. [2]-rotaxanes were made with a Au(III) 
porphyrin-containing macrocycle threaded onto a Zn(II) porphyrin-stoppered dumbbell, 
whereas [2]-catenanes were made from macrocycles with pendent Zn and Au porphyrins or 
from macrocycles incorporating the Zn and Au porphyrins (Figure 26). 83 Even though 
these last examples take advantage of a modular approach where a transition metal ion 
gathers together porphyrin units in the desired fashion, a remarkable effort is required to 
produce the organic building blocks. : 

(C) (d) 

. Figure 26. Left. Schematic representation of metal complexed [2]-rotaxanes and [2]-catenanes; The 
thick lines represent chelating fragments (phenantroline moieties ), the open diamonds are Zn(II) porphyrins, 
and the hatched diamonds are Au(ill) porphyrins. Right. An example of metal-mediated [2]-catenane 
incorporating two differently metallated porphyrins (from ref 83e). 

Branda and coworkers reported recently a nice example of self-assembly of three-
dimensional porphyrin assemblies directed by a metal donor building block. They ligated a 
Ru(II) octahedral complex bearing three chelating tetrapyridyl ligands to six ruthenium 
porphyrins. Each ligand in fact bears two peripheral nitrogens that axially coordinate to the 
metalloporphyrins (Figure 27). 84 The rate of the self-assembly process depends on whether 
the ruthenium porphyrins bear more or less bulky substituents at the tetrapyrrolic core. In 
the case of more steric demanding substituents, the simple mixing of the ruthenium 
complex with the metalloporphyrins leads to a statistical mixture of fully assembled 
product and lower generation arrays, that upon gentle heating converges to the product. 
Moreover, it is also shown how the same kind of assemblies can be obtained by simply 
mixing in the right stoichiometric ratio a Fe(II) salt, the tetrapyridyl ligand and the 
ruthenium porphyrin. Iron in this case is used as a naked ion and its inherent coordination 
geometry, together with the binding informations stored in the ligands, are directing the 
self-assembly ofthe six-porphyrin supramolecule. 
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Figure 27. Supramolecular porphyrin array obtained by assembling six ruthenium carbonyl 
porphyrins through an external metal complex. M can be either Ru(II) or Fe(II) (from ref. 84). 

As a result of exploring ways to construct three-dimensional channeled solids with 
different chemical architectures and potentially diverse catalytic activity, severa! infinite 
structures of metal-coordinated metalloporphyrins have been reported. Examples are one-
dimensional polymers and two-dimensional polymeric structures obtained by coordinatfon 
of 4 'TPyP to tetrahedral Hg(II) centers or to octahedral Cd(II) or Pb(II) centers, 
respectively (Figure 28).48

b· 85 

Figure 28. Complexation of 4'TpyP with metal halides to form either ID (M =Hg) or 2D (M =Cd 
or Pb) polymeric networks ( from ref. 48c ). 

Several examples of porphyrin assemblies linked through coordination compounds 
have been developed in our laboratories over the past five years, the more recent ones 
being matter of this PhD thesis. They will therefore be presented and discussed in the next 
chapters. 
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Chapter 2 

State of the Art 

Abstract 

Chapter 2 is a specifìc introduction to the experimental results described in the 
following Chapters. The state of the art of the supramolecular adducts containing 
pyridylporphyrins and metal centers prepared in the Ph. D. laboratory in previous 
years is reviewed in detail. Both "side-to-face" assemblies, obtained by a:xial 
coordination of pyridylporphyrins to metalloporphyrins (both orthogonal and canted), 
and adducts of various nuclearities in which the pyridylporphyrins are linked through 
coordination compounds (in particular neutra! octahedral Ru(ll) complexes) are 
described 
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State of the Art 

Side-to-face assemblies of porphyrins. 

At the bennining of our investigation in this field, we prepared a series of oligomers 
of perpendicularly linked porphyrins by axial coordination of the 4'pyridyl groups of 
4'PyPs to [Ru(TPP)(CO)(EtOH)], namely the dimer, [Ru(TPP)(CO)( 4'MPyP)], two trimers 
with different geometries, ( 4'-cisDPyP)[Ru(TPP)(CO)h and ( 4'-
transDPyP)[Ru(TPP)(CO)h and the pentamer, ( 4'TPyP)[Ru(TPP)(C0)]4 (Figure 29). 86 

o e 
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Figure 29. Molecular structure of pentamer (4'TPyP)[Ru(TPP)(C0)]4 together with its schematic 

representation. Side-viewed porphyrins are represented with a thick line; all phenyl rings bave been omitted 
for clarity. 

Later, by using meso 3'pyridylporphyrins (3'PyPs) as building blocks, instead of 
4 'PyPs, we synthesized the canted analogs of selected perpendicular arrays. 87

• 
88 In-

particular, we described the solution and solid state structure of the canted dimeric adduct, 
[Ru(TPP)(C0)(3'MPyP)],87 and a thorough NMR characterization of the corresponding 
pentameric assembly, (3'TPyP)[Ru(TPP)(C0)]4, together with a well-defined X-ray 
structure of the corresponding zinc derivative, (Zn3'TPyP)[Ru(TPP)(C0)]4 (Figure 30).88 A 
comparative investigation of canted and perpendicular assemblies of side-to-face 
porphyrins was deemed valuable for understanding how relevant physico-chemical 
properties, such as photoinduced long-range electron or energy transfer processes, might 
depend on the mutuai orientation of the chromophores in the three-dimensional 
architecture while the number of macrocycles and their posi ti on (or separati on) in the 
supramolecular array are maintained substantially unaltered. 

The visible spectrum of each oligomer matches very closely the sum of the spectra 
of the monomeric components, indicating weak mutuai perturbation of the chromophoric 
units. This additive behavior indicates that these arrays are true supramolecular systems, 
i.e. weakly interacting multicomponent systems in which the energy levels of each 
molecular component are substantially unperturbed by intercomponent interactions. 31 

The solution structure of oligomers was assessed by 1H NMR spectroscopy; signal 
assignment was supported by 2D H-H COSY and NOESY experiments. A common feature 
in the NMR spectra of axially ligated porphyrin aggregates is the dramatic upfield shift of 
the resonances of the centrai porphyrin induced by the (cumulative) anisotropie ring-
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current shielding effect of the peripheral porphyrin( s ). 86 

In the solid state the canted pentameric adduct (Zn3'TPyP)[Ru(TPP)(C0)]4 has a 
very compact and symmetrical structure; the rutheniurn porphyrin rings lie alternatively 
above and below the mean piane of the centrai Zn3'TpyP (Figure 30). The particularly 
simple 1H NMR spectrurn of the pentamer indicated that a symmetrical arrangement of the 
four Ru(TPP)(CO) units around 3'TPyP, very likely similar to that found in the solid state 
and resulting from rapidly (on the NMR time scale) equilibrating conformers, is preserved 
al so in soluti on. 88 

Figure 30. Schematic top view (left) and side view (right) of(Zn3'TPyP)[Ru(TPP)(C0)]4. In the top 
view the Ru(TPP)(CO) units lying above the mean piane of Zn3'TPyP are darker; in the side view the front 
and back Ru(TPP)(CO) units .bave been omitted for clarity. 

In contrast to the compact geometry of the canted pentamer, the orthogonal 
pentamer, ( 4'TPyP)[Ru(TPP)(C0)]4, has a predicted shape best described as two attached 
open-ended square boxes sharing a common bottom (4'TPyP) and with four Ru(TPP)(CO) 
units as walls (Figure 29). Assurning normai bond distances and angles, we estimate a 
cavity width of ca. 20 A at the base. This relatively open architecture allows it to bind 
coordination compounds when Zn is inserted into the centra! TPyP core. We observed that 
(Zn4'TPyP)[Ru(TPP)(C0)]4, but not ( 4'TPyP)[Ru(TPP)(C0)]4, selectively recognizes S-
bonded dm.so (dmso-S) complexes through an interaction between the Zn ion inside the 
cavity and the oxygen atom of dmso-S, also when the oxygen of coordinated dmso-S is in 
a crowded environment. 86 

Assemblies of porphyrins linked through coordination compounds. 

When we started working in this field, the coordinati on chemistry of PyPs in simple 
complexes had been investigated to a limited extent; initial characterizations had been 
reported only for 4'MPyP complexes with square planar metal ions.75 In our opinion, for 
characterizing and understanding the nature of large molecular assemblies, isolated 
complexes of PyPs with well-defined spectroscopic and structural features are needed. 

We focused on neutral octahedral Ru(II)-dmso complexes, and their carbonyl 
derivatives, shown to bave a high affinity for N-donor ligands such as PyPs.89

-
95 Since the 

nurnber and the fixed stereochemical relationship of the coordination sites of these Ru 
compounds were predictable, these compounds were used as precursors to synthesize 
adducts with Ru:4'PyP ratios of 1: 1, and 1:2, 2: 1, and 4: 1.96 In particular, we used two 
kinds of rutheniurn compounds, which can be classified as terminal and 90° angular 
acceptor building blocks, resrectively. Treatment of 4'PyPs with the Ru(II) complex 
cis,fac-RuCli( dmso )3(CO) (1 )9 leads to selective coordination of [ cis, cis,cis-RuCli( dm.so-
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S)2(CO)] fragments ([Ru]), which are both stable and inert, to the peripheral basic sites of 
the pyridylporphyrins; thus this complex behaves as a neutra! terminal building block 
(Scheme 5). Instead, the Ru(II)-dmso complexes, trans-RuCh(dmso-S)4 (2),89 trans,cis,cis-
RuCh(dmso-0)2(C0)2 (3),91and trans,cis,cis-RuCh(dmso)3(CO) (4),91 easily exchange two 
cis dmso ligands, affording the trans,cis-RuCh(X)(Y) moiety (tRu, X, Y = dmso-S, CO), 
and are thus suitable precursors for neutral 90° angular building blocks (Scheme 5). 

chBo-·~ ~ 
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Scheme 5. Neutra! octahedral Ru(II)-dmso complexes as terminal and 90° angular acceptor building blocks; 
X = Y = dmso-S, CO. 

For example reaction of mono-pyridylporphyrin 4'MPyP with trans-RuCh( dmso-
S)4 or trans,cis,cis-RuCh(C0)2(dmso-0)2 (2:1 ratio) gave the 1:2 complexes trans,cis,cis-
RuCh(dmso-S)2(4'MPyP)2 (5) and trans,cis,cis-RuCh(C0)2(4'MPyP)2 (6), respectively. 
Synthesis of the dimers, ( 4'-cisDPyP)[Ruh (7) and ( 4'-transDPyP)[Ruh (8), was 
accomplished by reaction of the bis-pyridylporphyrins, 4'-cisDPyP and 4'-transDPyP, 
respectively, with an excess of 1. Treatment of Ru-PyP adducts with an excess of zinc 
acetate produced the corresponding zinc compounds in good yield. Most of the Ru-4'PyPs 
and Ru- Zn4 'PyPs adducts are quite soluble in organic solvents like CHCh and very robust 
in solution. 

Some of the new complexes are indeed good models for the basic components of 
larger supramolecular assemblies, such as molecular squares. The cis-disubstituted 4'MPyP 
species 5 and 6 can be viewed as the comers of 4+4 or 2+ 2 molecular squares. The trans-
dinuclear species ( 4'-transDPyP)[Ruh (8) is a model for the side of a 4+4 square. On the 
other hand, the cis-adduct, ( 4'cisDPyP)[Ru)2 (7), is a good model for the other corner of 
2+ 2 molecular squares (Figure 31 ). 

1H NMR spectroscopy proved particularly useful for characterizing the Ru-4'PyP 
complexes described above. 96 Coordinati on to Ru affected mainly the resonances of the 
pyridyl ring(s) of 4'PyPs, causing downfield shifts (AB H2,6 from 0.3 to 0.9 ppm, AB H3,5 
from 0.03 to 0.18 ppm). The resonances of the pyrrole protons were particularly 
informative about the geometry of the porphyrin, while the dmso-S signals, when present, 
gave information about the coordination environment. Spectroscopic data (IR, 13C NMR) 
involving the chloride and carbonyl ligands provided further evidence for the unambiguous 
assignment of the product geometry. In generai, all the adducts show UV/vis spectra 
similar to those ofthe corresponding 4'PyPs; small changes in the position ofthe Soret and 
Q-bands (bathochromic shift of ca. 10 nm and from 2 to 6 nm, respectively) and in their 
relative absorption intensities are consistent with the removal of electron density from the 
porphWn 7t system upon ruthenium-pyridine bond formation, as reported in similar 
cases. 9

' ?7b, 
75 On the other hand, in compounds 5 - 8 the presence of peripheral ruthenium 

units alters the photophysics of the porphyrin chromophore, resulting in substantial 

22 



Chapter 2 State of the Art 

quenching of the fluorescence in the adducts compared to the corresponding 4'PyPs. The 
effect increases linearly with the number of Ru centers attached to each porphyrin ring and 
depends on the coordinati on environment of Ru. 97 

[Ru]--() 
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Figure 31. trans,cis,cis-RuCh(X)2(4'11PyP)2 (X, Y = dmso-S 5, CO 6), (4'-cisDPyP)[Ruh (7) and 
( 4'-transDPyP)[Ru h (8) as models for comers or side of molecular squares of porphyrins. 

In the 1H NMR spectrum of the cis-disubstituted 4'MPyP species, such as 
trans,cis,cis-RuCh(dmso-S)2(4'MPyP)2 (5), we identified a pattern that is quite 
characteristic of two mutually cis pyridylporphyrins in free rotation about the metal-
pyridyl axis: there are two sets of multiplets (1 :2 ratio) for the phenyl protons (i.e. oH and 
m+pH) ofthe two cis porphyrins (Figure 32). 
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Figure 32. Downfield region of the 1H NMR spectrum (CDC13, 400 :MHz) of trans,cis,cis-
RuCh(dmso-Sh(4'MPyPh (5). Resonances ofprotons on phenyl rings at positions 10 and 20 are marked with 
an asterisk. 
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The signals of the major set, shifted upfield by about 0.2 ppm compared to those of the 
minor set, were assigned to the two phenyl rings cis to the pyridyl ring (positions 1 O and 
20). Such an upfield shift is caused by the rotation of the porphyrin about the Ru-pyridyl 
axis, which brings the phenyl rings at the 1 O and 20 positions into the shielding eone of the 
adjacent porphyrin ring. The relatively small upfield shift suggests that the two porphyrins 
rotate freely and that the average time spent in the orientations inducing mutuai shielding is 
rather short. 96 

We also found combined UV-vis and NMR evidence that the Ru-Zn4'PyP 
complexes bearing residuai dmso-S units, such as trans,cis,cis-RuCh(dmso-
S)2(Zn4'MPyP)2 (5Zn), self-assemble spontaneously in chloroform solution above 10-6 M. 
The observations are consistent with a self-assembly mode process occurring between the 
oxy~en atom of a dmso-S ligand of one molecule and the zinc of another molecule (Figure 
33). 

Figure 33. Schemati~ representation of the self-assembling process in dmso-S-Ru-ZnPyP adducts. 

Unsymmetrical assemblies of porphyrins and coordination compounds. 

We noticed that in all the PyP adducts described by us and by others, the PyP units 
were symmetrically substituted, i.e. ali the peripheral pyridyl nitrogen atoms were linked to 
metal centers with the same coordination environment. The importance of establishing a 
synthetic approach towards unsymmetrical adducts of porphyrins and coordination 
compounds is readily understood: for example, an appropriate choice of the metal 
components bound to the central pyridylporphyrin might favor electron and/or charge 
transfer from one site to another within the unsymmetrical supramolecular adduct. 

Thus, we focused on this synthetic challenge and demonstrated that unsymmetrical 
architectures containing porphyrins and coordination comfounds may be assembled by 
stepwise coordination of 4'PyP's to different metal centers.9 In such a synthetic approach, 
the metal-4N(py) bond(s) formed in the first step must be both stable and inert so that 
purification of the desired adduct can be performed, and scrambling processes in the 
following step(s) are minimized. For these reasons, in the first step we chose to treat some 
4'PyPs with a less than stoichiometric amount of the Ru(II) complex cis,fac-
RuCh(dmso)3(CO) (1). This procedure led to the selective coordination of [cis,cis,cis-
RuCh(dmso-S)2(CO)] fragments ([Ru]) to some of the peripheral 4N(py) sites of the 
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4'PyPs. Column separation afforded four partially ruthenated 4'PyPs in pure form: 4'-
cisDPyP[Ru] (9), 4'-transDPyP[Ru] (10), (4'TPyP)[Ru] (11), and (4'TPyP)[Ruh (12) 
(Scheme 6). These were fully characterized by 1H NMR spectroscopy; in particular, the 
H2,6 and H3,5 resonances ofthe 4'(N)py groups coordinated to [Ru) units were downfield-
shifted, while those of the unbound pyridyl ring( s) were almost unaffected. 

9 

11 

(Ru] 

[Ru]À [Ru] y 

Scheme 6. Schematic representation of the four partially ruthenated building blocks 9 - 12; (Ru] = 
[ cis,cis,cis-RuCh( dmso-Sh(CO)]. 
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Figure 34. trans-PdCl2(4'TPyP[Ruhh (16), an unsymmetrical hetero-bimetallic assembly of 
porphyrins containing seven metal atoms. 

These compounds, having either one (9, 10, 12) or three (11) residuai unbound 
4 '(N)py ring( s ), are examples of complexed bridging ligands and may still be considered to 
be donor building blocks. In the second step of our synthetic strategy the set of four 
partially ruthenated pyridylporphyrins, 9-12, was treated with different metal centers, 
belonging either to metalloporphyrins orto coordination compounds, leading to the final 
unsymmetrical products in which the pyridylporphyrins are linkers bridging different 
coordination compounds and/or metalloporphyrins. For example building blocks 9, 10, and 
12 were treated with a series of coordination compounds capable of binding two 
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pyridylporphyrins, either cis to each other (2 and 3) or trans to each other (trans-
PdCh( CJisCN)2). Homo- (Ru) and hetero-bimetallic (Ru - Pd) adducts with as many as 
seven metal atoms ( 6 Ru and 1 Pd) and two 4 'PyPs were obtained: trans, cis, cis-
RuCh( dmso-S)2( 4'-cisDPyP[Ru])2 (13), trans,cis,cis-RuCh( dmso-S)2( 4'-transDPyP[Ru])2 
(14), trans,cis,cis-RuCh(C0)2(4'cisDPyP[Ru])2 (15), and trans-PdCh(4'TPyP[Ru]3)2 (16) 
(Figure 34). 

In generai, we observed that coordination of one (or more) [Ru] unit(s) to 4'PyPs 
did not affect significantly the further reactivity of the uncoordinated 4'(N)py ring( s ). 
Therefore, this work established the principle that ali pyridyl units react independently of 
the presence or absence of a substituent on the other py rings. Thus, the synthetic strategy 
should be a generai method for linking diverse metal centers through pyridylporphyrins. 
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Porphyrin Metallacycles 

Abstract 

Chapter 3 concerns the synthesis and characterization of nove/ 2+ 2 molecular 
squares formed by two 4 '-cisDPyP units connected through two octahedral Ru(IJ) 
complexes. The neutra/ squares of porphyrins of formula [trans,cis,cis-RuCl2(X)(Y)(4'-
cisDPyP)]2 (X= Y = dmso-S, 17; X= Y = CO, 18, and X= dmso-S, Y = CO, 19, 
trans,cis-RuC/2(X)(Y) = tRu) are obtained by reatment of 4'-cisDPyP with a 
stoichiometric amount of the Ru(ll) precursors (chloroform, ambient T). Their detailed 
spectroscopic charaèterization is described. In the case of 19, in which the X and Y 
ligands on each tRu unit are different from one another (dmso-S and CO), two 
geometrica/ isomers 19a and 19b are formed in equimolar amounts. In the case of 18, 
beside the molecular square [trans,cis,cis-RuC/2(C0)2(4'-cisDPyP)]2, it has been 
possible to isolate and purify, by column chromatography, a second cyclic and highly 
symmetrical product, 20. According to F AB MS spectrometry 20 can be formulated as 
the trinuclear species [trans,cis,cis-RuC/2(C0)2(4'-cisDPyP)]3. A computer generated 
model, in accordance with spectroscopic NMR and JR data, indicates that in 20 the two 
porphyrins coordinated to each tRu, rather than coplanar, lay in planes forming a ca. 
90° dihedral angle to one another. Thus macrocycle 20 is not planar but most likely 
has a bowl-shaped geometry; by formally connecting the ruthenium atoms and the 
porphyrin centers a six-membered ring is obtained with a chair-like conformation. A 
third symmetrical cyclic product, 20bis, is obtained in this same preparation but it has 
not been isolated in pure form so far. Macrocycles 18, 20, and 20bis represent an 
example of a combinatoria/ library. 
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Porphyrin Metallacycles 

Design and synthesis of homometallic molecular squares of porphyrins.99 

As a logica! extension of the synthetic results described in the previuos chapter we 
have investigated the reaction of the cis coordinating ruthenium precursors 2-4 with 
equimolar amounts of 4'-cisDPyP to yield molecular squares of porphyrins. 

Treatment of 4'-cisDPyP with a stoichiometric amount of 2-4 ( chloroform, ambient 
T) led to the formati on of the corresponding 2+ 2 homonuclear neutra! squares of 
porphyrins of formula [trans,cis,cis-RuCh(X)(Y)(4'-cisDPyP)]2 (X= Y = dmso-S, 17; X= 
Y = CO, 18, and X = dmso-S, Y = CO, 19, trans,cis-RuCh(X)(Y) = tRu) (Scheme 7). 
These products were purified by column chromatography and fully characterized by means 
ofNMR spectroscopy and FAB mass spectrometry. The case of [trans,cis,cis-RuCh(dmso-
S)2( 4'-cisDPyP)h (17) will be discussed in more details. 

17-19. 

4'-cisDPyP 

Cl 
dmsoJ, I \\X 

'Ru' 
dmso-' I"""' 

Cl 

(2-4) 

X, Y = dmso-S, CO 

(17-19) 

Scheme 7. I: I reaction of 4'-cisDPyP with Ru(II) compounds 2-4 leading to 2+2 molecular squares 

The reaction between 4'-cisDPyP and trans-RuCh(dmso-S)4 (2) was monitored by 
TLC analysis. Consumption of 4'-cisDPyP (Rf = 0.22) was accompanied by the built-up of 
a main product, characterized by a relatively large Rr (O. 72); some minor products, with 
similar and much lower Rr' s, were also found. In generai, the mobility of pyridylporphyrin 
adducts on silica gel is inversely related to the number of free 4 'N(py) sites. Thus, the most 
abundant and mobile product of the above reaction was attributed to a metallacyclic 
species and the minor spots to open-chain species with unbound 4'N(py) sites. The 1H 
NMR spectrum of the crude reaction product showed sharp resonances, attributed to the 
molecular square 17, together with broad signals associated to the presence of oligomeric 
side ~roducts. Compound 17 was easily obtained in pure form by column chromatography. 
The H NMR spectrum of 17 unambiguously established its metallacyclic nature and high 
symmetry (D2h) (Figure 35): i) no signals for unbound pyridyl rings are present; the H2,6 
and the H3,5 resonances of the 4'N(py) rings are downfield shifted as expected for 
coordination to the tRu moieties (~8 = 1.01 and 0.25, respectively) compared to unbound 
4'-cisDPyP;96 ii) only one set of signals for the porphyrin protons,t and one singlet for S-
bonded dmso (8 = 3.65) are observed, indicating the equivalence ofthe chromophores and 
of the sulfoxide molecules; iii) according to integration there are two dmso-S molecules for 
each porphyrin unit; iv) the resonances of the pyrrole protons (f3H), two singlets and two 

+ Contrary to what found in trans,cis,cis-RuC}i(dmso-Sh(4'MPyP)2 (5), and trans,cis,cis-
RuC}i(C0)2(4'1\1PyP)2 (6) (see ref 96 and chapter 2) the oH and the m+pH phenyl resonances of 17-19 are 
not split into two multiplets each, confirming that the chromophores are not free to rotate about the Ru-N 
bonds. 

27 



Chapter 3 Porphyrin Metallacycles 

doublets of equal intensity (partially overlapped), are consistent with a cis geometry for 
each porphyrin ring. A F AB mass spectrum confirmed the 2+ 2 nuclearity of the adduct 
(mlz = 1892.1, calculated 1890). 

H2,6 dmso-S J3H H3,5 m+pH 

oH 

3.8 PPM 3.6 

IO.O 9.5 9.0 PPM 8.5 8.0 7.5 

Figure 35. Schematic drawing of [trans,cis,cis-RuCh(dmso-S)2(4'-cisDPyP)h (17) with labeling 
scheme and its 1H NMR spectrum (with the exception ofthe NH resonance) in CDCh (ppm). 

The 1H NMR spectrum of the crude reaction mixture between trans,cis,cis-
RuCb( dmso-0)2(C0)2 (3) and an equimolar amount of 4'-cisDPyP clearly indicated the 
presence of three major products with sharp and resolved resonances pertaining to cyclic 
symmetrical species, beside smaller amounts of open-chain oligomers with broad signals. 
Correspondingly, in the TLC analysis three spots with large and similar Rr's were detected. 
The product with the largest Rr (0.72), which is also the most abundant, was separated and 
purified by column chromatography and characterized as the molecular square 
[trans,cis,cis-RuCb(C0)2(4'-cisDPyP)h (18). Apart from the absence of the dm.so signal, 
the 1H NMR spectrum of 18 is substantially similar to that of 17 and consistent with a 
metallacyclic geometry of D2h symmetry. The high symmetry of 18 is apparent also from . 
its 13C { 1H} NMR spectrum, in which a single carbon resonance for the equivalent CO 
groups is observed at ù = 194.5. In the IR spectrum in chloroform solution two carbonyl 
stretching bands are detected at 2073 and 2013 cm-1

, as expected fora cis geometry of the 
two CO molecules on each tRu unit. The FAB MS of 18 confirmed the nuclearity ofthe 
adduct (m/z = 1691.2, calculated 1690). Purification and characterization of the other 
metallacyclic products are in progress and will be discussed in the next section. 

Finally, treatment of trans,cis,cis-RuCh( dmso )3(CO) ( 4) with equimolar amounts 
of 4'-cisDPyP led, after column purification, to the isolation of [trans,cis,cis-RuCh(dmso-
S)(C0)(4'-cisDPyP)h (19) as an equimolar mixture of the isomerie molecular squares 19a 
and 19b (Figure 36). Indeed, when the X and Y ligands on the tRu unit are different from 
one another, two geometrica! isomers are possible: in one case (19a) the 4'-N(py) moieties 
of each porphyrin are trans to one CO and one dmso-S ligand, respectively, and the 
resulting metallacycle has a C2v symmetry; in the other case (19b), the two 4'-N(py) 
ligands of one 4'-cisDPyP are trans to CO, while those ofthe other are trans to dmso-S and 
the resulting molecular square has a C2h symmetry. The two isomers could not be separated 
by column chromatography. In the aromatic regi on of the NMR spectrum of the mixture of 
19a and 19b four equally intense multiplets attributed to pyridyl protons are found (Figure 
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36).: By comparison with the spectra of 17 anq 18 the multiplets at ù = 10.08 and ù = 8.58, 
correlated in the H-H COSY spectrum, were assigned to the H2,6 and H3,5, respectively, 
of the pyridyl rings trans to dmso-S; similarly, the multiplets at ù = 9.65 and ù = 8.47 were 
assigned to the H2,6 and H3,5, respectively, of the pyridyl rings trans to CO. Indeed, each 
of these resonances consists of two close multiplets of equal intensity, one belonging to 
19a and the other belonging to 19b (Figure 36); assignrnent of these resonances to the two 
isomers was not possible. All the other 1H N1v1R resonances of 19a and 19b overlap. Also 
the 13C{1H} NMR signals of 19a and 19b for the CO groups (8 = 200.6) and the dmso 
methyl groups (8 = 47.5) overlap. In the IR spectrum in chloroform solution one broad 
band relative to C=O stretching was detected at 1990 cm -1. The F AB mass spectrum 
confirmed the nuclearity of 19 (mlz = 1790.5, calculated 1790). 

m+pH 

o e 
o Ci) 

Q,Q 
~ 

'9 ~ 
o~ o 

o Q 

Figure 36. Schematic drawing of the two geometrical isomers of [trans,cis,cis-RuCli(dmso-
S)(C0)(4'-cisDPyP)h (19), 19a and 19b, and 2D H-H COSY spectrum oftheir equimolar mixture. See figure 
I for labeling scheme; O= trans to dmso-S, e= trans to CO. 

: Despite the different simmetry of 19a and 19b, the same N1\1R pattern is expected for the pyridyl protons of 
the two metallacycles. 
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The electronic absorption spectra of 17-19 are very similar to that of 4'-cisDPyP, 
apart from a small bathochromic shift for the Soret band (ca. 8 nm); the molar extinction 
coefficient per porphyrin in each square (E/por for the Soret band) is substantially the same 
as that found for 4'-cisDPyP (E = 29x 104 cm-1M-1). A detailed investigation of the 
photophysical properties of molecular squares 17 and 18 in comparison with some 
reference compounds, namely (4'MPyP)[Ru] (a), 4'-cisDPyP[Ruh (7), (4'TPyMPP)[Ru]J 
(b), (4'TpyP)[Ru]4 (e), trans,cis,cis-RuCb(dmso-S)2(4'MPyP)2 (5), and trans,cis,cis-
RuCh(C0)2(4'MPyP)2 (6) ([Ru] = cis,cis,cis-RuCh(dmso-S)2(CO), Figure 37), has been 
carried out by the group of prof. F. Scandola in Ferrara. 97 In all the adducts investigated the 
emitting singlet excited state is shorter-lived than in the parent pyridylporphyrin molecule 
( the Ru(II) fragments are non-absorbing in the visible, so that selective excitation of the 
pyridylporphyrin is easy ). Keeping constant the nature of the Ru fragment peripherally 
bound to the pyridylporphyrin, anice correlation between the lifetime shortening and the 
number of metal centers attached to each chromophore was found (Figure 38); 
furthermore, the magnitude of the eff ect seems to depend markedly on the nature of the Ru 
fragment (trans,cis-RuCh(dmso-S)2 > cis-RuC}z(dmso-S)2(CO) > trans,cis-RuCh(C0)2) 
(Figure 38). 

X=dmso-S (5) 
X=C0(6) 

X=dmso-S (17) 
X=CO (18) 

Figure 37. Schematic structure of adducts (4'MPyP)[Ru] (a), 4'-cisDPyP[Ruh (7), 
(4'TPy:MPP)[Ruh (b), (4'TpyP)[Ru)4 (e), trans,cis,cis-RuCh(dmso-S)2(4'MPyP)2 (5), and trans,cis,cis-
RuCli(C0)2(4'MPyP)2 (6). 

The classical quenching mechanisms ( singlet energy transfer, photoinduced 
electron transfer) are prohibited on energetic grounds (the lowest Ru-centered singlet states 
are always much higher in energy than the porphyrin singlet; conversion to an electron 
transf er state would be uphill in some cases and slightly downhill in others ). A likely 
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explanation for the pyridylporphyrin singlet quenching in the adducts can be identified in 
the "heavy-atom effect" of the metal. In generai, heavy-atom substituents introduce spin-
orbit coupling into a molecule, thereby relaxing selection rules; the lowest excited singlet 
state is thus quenced by enhancing S1 ~T1 intersystem crossing. 

't0 (Fb) I 't ( adduct) 
4.0 • 5, 17 

3. 5 • a, 7, b, e 

3·0 • 6, 18 
2.5 

2.0 

1.5 

LO 
0.5 

............. ·············~········ 

___ ...... -···· 
.. -········-······--

o 1 2 3 4 
number of Ru centers 

Figure 38. Singlet quenching as a function of the number of ruthenium centers attached to each 
pyridylporphyrin (1, lifetime ofthe adduct; t 0

, lifetime of the parent pyridylporphyrin Fb). 

In our systems, beside intersystem crossing within the pyridylporphyrin 
chromophore (k1sc), an additional spin-forbidden channel is available for deactivation of 
the pyridylporphyrin singlet. i.e., singlet-triplet energy transfer to the attached unit (ksTEn) 
(Figure 39). In principle, the two types of heavy-atom effects can be experimentally 
discriminated, as they have opposite effects on the population of the poyridylporphyrin 
triplet PyP(T1): increase in the case of enhanced krsc, decrease in the case of ksrEn (the 
very short lifetime ofthe Ru(T1) states precludes any possibility of re-formation of PyP(T1) 
by triplet energy transfer (TTEn in Figure 39). 

-----So 
PyP Ru 

Figure 39. Available deactivation pathways for the porphyrin singlet in Ru(II)-PyPs adducts 5-7, a-
c and 17, 18. 

According to transient spectroscopic experiments, both mechanisms seem to be 
operative in the adducts studi ed, the preferred pathway being dependent on the type of Ru 
center: enhanced intersystem crossing with fragment of the type cis-RuCb( dmso-S)2(CO) 
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and trans,cis-RuCh(C0)2, singlet-triplet energy transfer with fragments of the type 
trans,cis-RuCh(dmso-S)2. The most likely explanation forthis switch in mechanism lies in 
the dependence of the energy of the Ru(T 1) state on the coordinati on environment at the 
ruthenium center: it is likely that the singlet-triplet energy transfer channel is energetically 
available for adducts with ligands, such as dmso-S, of relatively low ligand field strength 
(e.g. trans,cis-RuCh(dmso-S)2 ), but not for adducts with strong field CO ligands (e.g. cis-
RuCh(dmso-S)2(CO) and trans,cis-RuCh(C0)2). 

Combinatorial library of porphyirin metallacycles. 

As described in the previous section, treatment of 4'-cisDPyP with a stoichiometric 
amount of 3 leads to · the formati on of at least three metallacyclic porphyrin species. Up to 
now, beside the molecular square [trans,cis,cis-RuCh(CO)i( 4'-cisDPyP)h (18), it has been 
possible to isolate and purify, by column chromatography, a second product, namely 20, 
which has an Rrvery similar to that of 18 (0.67 versus 0.72for18). The 1H NMR spectrum 
of 20 has a pattern similar to that of 18, thus establishing unambiguosly its metallacyclic 
nature and high symmetry, i. e. no signals pertaining to unbound 4'N(py), only one set of 
resonances for the porphyrin protons and a set of signals for the pyrrole protons consistent 
with a cis geometry for the porphyrin units (Figure 40). It must be noted though that the 
overall spectrum is remarkedly upfield shifted as compared to that of 18 (A8 = -0.49 and 
A8 = -0.29 for the H2,6 and H3,5 protons, respectively; A8 from -0.35 to -018 for the '3H; 
A8 = -0.11 and A8 = -0.10 for the oH and the m+pH, respectively, and A8 = -0.20 for the -
NH) (Figure 40Ì:. A single carbon resonance for the equivalent CO groups is observed at 8 
= 194.5 in the 3C{1H} NMR spectrum. In the IR spectrum of 20 in chloroform solution 
two carbonyl stretching bands are detected at 2073 and 2013 cm-1, same values obtained 
for the molecular square 18, indicating a cis geometry for the CO molecules on each tRu 
unit. Is then reasonable to assume that the ruthenium complex 3 does not undergo any 
isomerization or modification during reaction. 

H2,6 H3,5 

(18) 
m+pH 

~H 
oH 

-NH 

____A__ 

H2,6 ~H 
H3,5 

oH m+pH (20) 
-NH 

______A__ 
IO.O 9.5 9.0 PPM 8.5 -2.5 PPM -3.0 

Figure 40. 1H NMR spectrum of 20 as compeared to the 1H NMR spectrum of [trans,cis,cis-
RuC12(C0)2(4'-cisDPyP)h (18). 

In conclusion 20 is a metallacycle of porphyrins in which the chromophores and the 
tRu units are magnetically equivalent. According to F AB MS spectrometry 20 can be 
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formulated as the trinuclear species [RuCh(C0)2(4'-cisDPyP)h (exp. mlz = 2534.8, 
calculated 2534). A triangular geometry in which three cis-coordinate~ 4'-cisDPyP units 
and .three trans,cis,cis-Ru(C0)2 moieties are coplanar would result in a very strained 
structure; more likely the two porphyrins coordinated to the same tRu rather than coplanar 
lay in perpendicular planes forming a ca. 90° dihedral angle to one another. A computer 
model was calculated for 20 with the molecular modelling package HYPERCHEM100 

using the Amber force field101 for the organic moieties, while Ru(II) parameters were 
obtained as described in the literature for similar Ru(II) moieties.102 The result of the total 
energy minimization is a three-dimensional bowl-shaped architecture with a C3v symmetry 
(Figure 41 ), in good agreement with the 1H NMR data. In particular in this model structure 
the porphyrin units are mutually arranged so that each one lies partially in the shielding 
eone of the others, which may explain the upfield shifts observed for the porphyrin 
resonaces in the 1H NMR spectrum of 20 as compared to that of 18. Taking into account 
only the ruthenium atoms and the porphyrin centers a six-membered ring is formed with a 
chair-like conformation defmed by average torsion angles of87 (10)0 (Figure 41). 

Figure 41. Computer model of [trans,cis,cis-RuC}i(CO)i(4'-cisDPyP)]3 (20) (le:ft, and its chair-like 
confonnation taking into account only the ruthenium atoms and the porphyrin centers (right). 

Tue third product ofreaction 20bis has not been isolated in pure form so far, having 
a mobility on silica very close to that of 20 (Rr = 0.65). From the 1H NMR spectra of 
partially purified samples it is clear that it is a metallacycle, its pyridyl protons having 
chemical shifts in between those of 18 and 20. 20bis could be either a conformational 
isomer of 20 or a porphyrin metallacycle with higher nuclearity 8no mass spectrometry 
data are available yet for 20bis). No equilibration between these three products has been 
observed; once isolated and redissolved they do not undergo an interconversion process. 
Tue stoichiometric reaction between 3 and 4'-cisDPyP represents therefore an example of 
combinatoria! library (Scheme 8). Most probably 18, 20, and 2lbis are kinetic products of 
the reaction. By 1H NMR spectroscopy at different total concentrations ofreagents, a slight 
dependance of the metallacyclic product ratio on this parameter was observed. Tue species 
with higher nuclearities seem to become more abundant relative to the molecular square 18 
in dilute conditions. 
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4'-cisDPyP 

Cl 
dmso/, I , ùCO 

Ru 
dmso.,, I """""co 

Cl 

(3) 

Porphyrin Metallacycles 

Cl~CI 
OC/ '~u·''~''·~u·"co 
OC~l~l~O 
Cl~CI 

(18) 

(20) 
tRu = trans,cis-RuCl2(C0)2 

Scheme 8. 1:1 reaction of 4'-cisDPyP with trans,cis,cis-RuC}i(dmso-0)2(CO)i leading to a 
combinatorial library of porphyrin metallacycles. 

Conclusions and future perspectives. 

In this chapter we described some new neutral 2+ 2 metallacycles made of 
porphyrins and octahedral ruthenium coordination compounds of formula: [trans,cis,cis-
RuCh( dmso-S)2( 4'-cisDPyP)]2 (17), [trans,cis,cis-RuCh(C0)2( 4'-cisDPyP)h (18), and 
[trans,cis,cis-RuCh(dmso-S)(C0)(4'-cisDPyP)h (19); this latter exists as an equimolar 
mixture of geometrica! isomers 19a and 19b. 

Compared to most previous examples of molecular squares of porphyrins, which 
used square planar charged Pt(II) and Pd(II) complexes as structural units·, 77 the 
metallacyclic species 17-19 are neutra!, thus providing greater solubility in organic 
solvents. Moreover, the two additional coordinated "spectator" ligands in the octahedral 
complexes at each corner, beside being, in principle, useful extra spectroscopic handles for 
the characterization, might prove advantageous for a better fine-tuning of the properties of 
the metal and for further functionalization of the assemblies as well . 

. A combinatorial library of three porphyrin metallacycles, namely [trans,cis,cis-
RuCh(C0)2( 4'-cisDPyP)]i (18), [trans,cis,cis-RuCh(C0)2( 4'-cisDPyP)h (20), and a third 
not yet characterized species 21bis, is formed starting from precursor 3. The fact that more 
than one cyclic geometry become accessible in this case is likely due to the precence of 
small ancillary ligands in the tRu moieties (X = Y = CO) which allows for the rotation of 
the cis-coordinated 4'-cisDPyP units around the Cmeso-Cring bond. This might not be the 
case for precursors 2 and 4, in which rotation of the chromophores might be sterically 
disfavored by the bulkier dmso-S ligands. Purificati on and characterization of the third less 
abundant product is in progress; on the basis of the computer model proposed for 
[RuCh(C0)2(4'-cisDPyP)]3 20 guest-templated reactions might be envisaged for 
incresasing the relative concentrations of the higher members of this library. 
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Higher Order Architectures 

Abstract 

Chapter 4 shows how the porphyrin molecular square [trans,cis,cis-
RuCl2(C0)2(4'-cisDPyP)]2 (18), after metallation ofthe porphyrins, becomes a suitable 
building blocks /or the construction of more elaborate supramolecular a"ays by axial 
coordination of bridging ligands. In particular, zinc-porphyrins prefer nitrogen donor 
ligands, adopt five-coordinate square pyramidal geometry andare kinetically relatively 
labile. Thus 18Zn is a rigid bidimensional building block with two acceptor sites 
perpendicular to the piane of the square. Treatment of 18Zn with one equivalent of 
trans ditopic N-donor ligands L (L = 4,4'-bipy, 4'-transDPyP-npm or 4'-transDPyP), 
leads selectively to the quantitative assemblying of sandwich-like supramolecular 
adducts of stacked metallacycles of porphyrins of formula [(l8Zn)2(µ-L)2] (21-23) 
axially connected through the bridging ligands. Solution structures of 21-23 were 
determined by a thoruogh NMR investigation. Single crystal X-ray investigations 
showed that, depending on the nature of the bridging ligand, in the so/id state the 
sandwich structures can be either maintained or originate polymeric chains, 
[(18Zn)(µ-L)}oo- When L = 4'-transDPyP, both solution and so/id state data indicate 
that [(18Zn)2(µ-4'-transDPyP)2] (23) can be regarded as a molecular box featuring 
two coplanar bridging porphyrins at a distance of about 11.4 A. When L = 4,4'-bipy, 
the co"esponding adduct 21 assumes a stair-like polymeric wire structure [(18Zn)(µ-
4,4'-bipy)}oo in the so/id state. The polymer [(18Zn)(µ-4,4'-bipy)]00 is made by 18Zn 
squares bridged by 4,4'-bipy ligands which are axially coordinated alternatively on the 
two apposite sides of each square. 
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Higher Order Architectures 

Self-assemblying of molecular squares of porphyrins by axial ligation.99 

Treatment of [trans,cis,cis-RuCh(C0)2(4'-cisDPyP)h (18). with excess zinc acetate 
in chloroform/methanol mixtures led to the isolation of the corresponding zinc adduct 
[trans,cis,cis-RuCh(C0)2(Zn·4'-cisDPyP)h (18Zn). The same reaction was not pursued on 
17 and 19 since, as previously reported by us for other Zn·PyP-Ru-dmso-S complexes, a 
self-assembling process is expected to occur between the oxigen atom of the dmso-S 
ligand of one molecule and the zinc center of another molecule (see chapter 2).96 Such 
relatively weak interaction induces nevertheless a broadening of some NMR resonances 
thus resulting in a more complicate generai spectral pattern. The 1H NMR spectrum of 
18Zn is very similar to that of 18 except fora slight downfield shift of the pyrrole proton 
resonances and, of course, for the absence of the -NH signal. The resonances of 18Zn are 
always sharp and the spectrum is concentration independent in the range 0.1 + 10 mM (as 
was the case for 17-20), indicating that no aggregation occurs in chloroform solution. 

In generai, the insertion of metal ions into the porphyrin cores, in addition to 
changing the redox and photophysical parameters of the metallacycle, introduces new 
acceptor centers for further reactions. The number of coordination axial sites ( one or two) 
that can be exploited, their lability as well as the affinity toward different donor atoms can 
be fine-tuned by changin~ the nature and the oxidation state of the metal centers inserted 
into the porphyrin cores. 3

a In particular, zinc-porphyrins prefer nitrogen donor ligands, 
adopt five-coordinate square pyramidal geometry and are kinetically relatively labile. Thus 
18Zn is a building block with two acceptor sites that can be treated with appropriate 
multidentate donor ligands for the construction of more elaborate supramolecular adducts. 

Although oligomers103 and polymers (molecular wires)40
a of metalloporphyrins 

axially connected through bridging ligands have been described, there are few examples 
conceming multi-porphyrin systems. Anderson and Sanders described the induced-fit 
binding of bis-amine ligands inside a series of flexible polymacrocyclic zinc-porphyrin 
hosts; coordination of the bridging ligand induced conformational changes leading to a 
cofacial disposition of the metallo-porphyrins involved. 104 With the aim of increasing the 
interporphyrin conjugation, Anderson and coworkers also extensively investigated the 
assembly of two flexible oligomers of covalently connected zinc-porphyrins throufah axial 
ligation ofbridging N-donor ligands, thus obtaining 2D molecular ladder systems.5 

a, 
56

b, 
105 

To date, however, the stacking of 2D porphyrin macrocycles through axial ligation to yield 
3D assemblies has been scarcely investigated; examples concerning the use of molecular 
squares of metallo-porphyrins 77

a and closely related systems, such as molecular grids, 78 

have been alluded to only briefly andare not well documented. 
The reactivity of 18Zn towards a series of ditopic N-donor ligands (L) with a trans 

geometry, namely 4,4'-bipy, 4'-transDPyP-npm, and 4'-transDPyP,t was monitored by 1H 
NMR spectroscopy. Addition of less than stoichiometric amounts of L to a CDCh solution 
of 18Zn induces the appearance of some relatively broad signals, which sharpen upon 
lowering the temperature. Below -20 °C two sets of resonances are detected, one relative 
to 18Zn and the other assigned to the 2:2 supramolecular adduct of generai formula 
[(l8Zn)2(µ-L)2] (21 - 23), consisting of two molecular squares connected face-to-face by 

t 5, 15-bis(4'pyridyl)-10,20-diphenylporphyrin (4'-transDPyP), 5,15-bis(4'-pyridyl)-2,8, 12, 18-
tetranormalpropyl-3, 7, 13, 17-tetramethylporphyrin ( 4'-transDPyP-npm). 
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two bridging ligands which are axially bound to the metallo-porphyrins (Scheme 9). No 
signals relative to uncoordinated L or to reaction intermediates are obseryed. 

18Zn 

Scheme 9. 1:1 reaction of [trans,cis,cis-RuC12(COh(Zn·4'-cisDPyP)]2 (18Zn) with ditopic N-donor 
ligands (L) leading to the formation of sandwiches of molecular squares of porphyrins; for further additon of 
L a fast exchange between the sandwich species and an open species, which bears monocoordinated L, is 
established. 

When the stoichiometric ratio between 18Zn and L is reached, only one set of 
resonances is observed, corresponding to the complete formation of [(l8Zn)2(µ-L)2]. 
These resonances are still relatively broad at room temperature, but become sharp and 
well-resolved on lowering the temperature below -20 °C. Complete assignment was made 
possible by 2D H-H COSY and EXSY experiments. The case of [(l8Zn)2(µ-4,4'-bipy)2] 
(21) will be discussed in greater details. 

The main features of the NMR spectrum of 21 (Figure 42), which unambiguously 
establish the geometry of the adduct, are listed below: i) relative integration of 4,4'-bipy 
and of porphyrin signals indicates that there is one molecule of bridging ligand every two 
porphyrin units; ii) the two bridging 4,4'-bipy ligands give rise to two equally intense 
resonances only, implying that they are equivalent to each other and symmetrically 
coordinated; iii) axial coordination of bipy is unequivocally indicated by the large upfield 
shift ofH2,6 and H3,5 resonances (Ao = -6.76 and-2.35, respectively; T = -40 °C) due to 
the combined ring currents of both porphyrins; iv) all porphyrins are equivalent and give 
only one set of signals which are slightly upfield shifted as compared to 18Zn. This is 
consistent with a cofacial disposition of the two molecular squares which induces a mutuai 
shielding of the porphyrin cores. 55a. 56b· 105 

Bach resonance ofthe meso aromatic rings of 4'-cisDPyP in 21, relatively broad at 
room temperature, splits into two sharp signals of equal intensity on lowering the 
temperature below -20 °C (Figure 42). These splittings can be well explained considering 
the sandwich structure proposed for 21. In fact, since the meso pyridyl and phenyl rings 
like to stay normai to the porphyrin piane due to steric interactions with the pyrrole 
protons, their protons ( with the exception of the phenyl para protons) experience two 
different magnetic environments depending whether they are oriented towards the inside 
(endo) or the outside ( exo) of the assembly. At room temperature the rotation around the 
Cmeso-Cring bond is relatively fast on the NMR time scale and the corresponding signals 
are averaged. Below -20 °C the rotation is slow on the NMR time scale and endo and exo 
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protons bave resolved resonances. Tue endo protons are more shielded by the cofacial 
porphyrin and therefore resonate more upfield than the correspondi~g exo protons. In 
agreement with this hypothesis, in the 2D EXSY spectrum of 21 at -20 °C each pair of 
resonances of endo and exo aromatic protons is connected by an exchange cross-peak 
(Figure 43). 

H3,5 T= 25 °c H2 6 

H2,6 
J3H 

H3,5 H2,6 

X T=-40oC 

10 9 6 PPM S 

Figure 42. Schematic drawing of[(l8Zn)2(µ-4,4'-bipy)2] (21) with labeling scheme and its 1H NMR 
spectrum at 25 °C (top) and-40 °C (bottom); resonances ofbridging 4,4'-bipy ligands are labeled in blue; an 
impurity is marked with X. 
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Figure 43. Downfield region of the 1H NMR spectrum of [(18Zn)2(µ-4,4'-bipy)2] (21) at -20 °C 
with labeling scheme and corresponding EXSY spectrum; exchange cross-peaks are marked with an asterisk 
(the others are nOe cross-peaks). Peaks labeled with the same symbol are related by cross-peaks in the H-H 
COSY spectrum. 
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Similarly to what observed for 21, 1H NMR spectroscopy established that addition 
of a stoichiometric amount of 4'-transDPyP-npm or 4'-transDPyP to a CDCh solution of 
18Z11 leads to the quantitative formation of the corresponding Sandwich adducts 
[(18Zn)2(µ-4'-transDPyP-npm)2] (22) or [(18Zn)2(µ-4'-transDPyP)2] (23), respectively. 
Compounds 22 and 23 are discrete supramolecular assemblies of molecular squares of 
metallo-porphyrins axially connected through other porphyrins. During the titrations no 
other derivatives are observed apart from the molecular sandwiches 22 or 23 and residuai 
18Zn. The model trimeric compounds [(ZnTPP}2(µ-4'-transDPyP-npm)] (24) and 
[(ZnTPP)2(µ-4'-transDPyP)] (25) were also investigated for comparative purposes. 

Assignments of the resonances of the two stacked molecular squares in 22 and 23 
are very similar to those described above for compound 21. As was the case for 18, the 
resonances ofthe pyridyl and phenyl protons ofthe 4'-cisDPyP units in 22 and 23, slightly 
broad at room temperature, split into sharp signals below -20 °C. The dramatic upfield 
shift of the resonances of 4'-transDPyP-npm and 4'-transDPyP in 22 and 23, respectively, 
indicate that they are axially bound to 18Zn in a symmetric environment. The combined 
shielding effect decreases gradually as the proton distance from the zinc porphyrins 
increases. This is a common feature in the 1H NMR spectra of axially ligated units in side-
to-face arrays of porphyrins. 86 Thus, in the 1H NMR spectrum of 22 (-20 °C) the multiplets 
at 8 = 2.62 and 8 = 6.06, correlated in the H-H COSY spectrum, were assigned respectively 
to H2,6 and H3,5 of coordinated 4'-transDPyP-npm (Figure 44). Very similar shifts for the 
pyridyl protons were observed in the NMR spectrum of 23. 

T=-20°C 

-3 PPM 

Hmeso 

m-fpH H3,5 

10 8 6 PPM 4 2 

Figure 44. Schematic drawing of [(18Znh(µ-4'-transDPyP-npm)2] (22) and its 1H NMR. spectrum 
at -20 °C (CDCh); the bridging transDPyP-npm ligands and their resonances are labeled in blue. 

lnterestingly, the internal -NH protons in 22 (8 = -3.62) and in 23 (8 = -4.10) 
resonate more than 0.2 ppm further upfield compared to the same protons in the 
corresponding model compounds 24 (8 = -3.35) and 25 (8 = -3.89). The extra shielding 
that affects the bridging porphyrins in 22 and 23 compared to the reference compounds 
may be attributed to a mutuai ring current effect of the two macrocycles assuming that, as 
an average, in solution they maintain the cofacial orientation found in the solid state ( see 
below~ Calculations based on the double-dipole model developed by Abraham et al. for 
TPP, 1 and on geometrical parameter5 derived from the molecular structure of 23 ( see 
below) are in very good agreement with this hypothesis (calculated upfield shift of -NH 
resonance of ca. 0.25 ppm). These calculations show also that the shielding effects on each 
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bridging porphyrin caused by the two laterally displaced chromophores belonging to the 
18Zn squares are negligible. 

Overall, the above NMR features indicate that, at ambient T, the equilibrium 
between 18Zn and L to yield [(18Zn)2(µ-L)2] has an intermediate-to-slow rate on the 
NMR time scale (relatively broad signals for L) and is totally shifted towards the 2:2 
product (all-or-nothing process), suggesting that there must be considerable cooperativity 
between the addition of the first and of the second bridging ligand. The sandwich 
compounds 21 - 23 can be directly COII?-faared with the simplest ladder structures 
investigated by Anderson and coworkers, =>a, 56b, 

105 formed by two conjugated zinc-
porphyrin dimers connected by two bridging ligands (L = DABCO, 4,4'-bipy), and for 
which a formation constant of ca. 1018 M 2 was estimated in chloroform. 105 However, in 
that case the zinc-porphyrin dimers are flexible and undergo conformational 
rearrangements when forming the ladder; in our case the 18Zn squares are rigid, thus 
entropy considerations (no global conformational changes required) should further favor 
the assembly of sandwich structures and formation constants higher than 1018 are to be 
expected (assuming that the electron donor/acceptor properties of L and 18Zn, 
respectively, are comparable to those of the ligands and zinc-porphyrins ·used by 
Anderson). In other words, the chelate effect of a rigid dimer such as 18Zn, after binding 
the first bidentate ligand, is anticipated to be larger than that of a flexible dimer. 
Accordingly, the NMR spectra ofCDCh solutions ofboth 21and23, diluted to the limit of 
detection (ca 3x10-5 M), showed the resonances of the intact sandwich structure 
exclusively. For comparison, we obtained binding constants of about 106 M 2 for trimers 24 
and 25 by NMR titration in CDCh, in good agreement with those found in the literature for 
similar systems. 55a, 56b, 104, 105 

By using 0.1 mm pathlength quartz cuvettes we could monitor the variations in the 
visible absorption spectrum during the formation of 21 from 18Zn and 4,4'-bipy at the 
concentration used for NMR purposes (ca. 104 M); in the experiment, titration of 4,4'-bipy 
into a CDCh solution of 18Zn was monitored by 1H NMR spectroscopy and the solution 
was sampled by visible spectroscopy after each addition of the ligand. Unlike the systems 
investigated by Anderson and coworkers, 55a, 56b, 

105 for · which the remarkable 
conformational changes experienced by the flexible porphyrin strands upon ladder 
formation induced substantial modifications in the absorption spectra, in our case the 
spectrum of each sandwich assembly is essentially the sum of those of the constituents. 
When, according to NMR spectra, formation of 21 was completed, a bathochromic shift of 
ca. 7 nm was observed for the Soret band; this spectral change is typical for axial 
coordination ofN ligands to zinc-porphyrins. 107 Similar shifts were observed in the case of 
22 and 23, even though the final spectra are somehow more complicated because the 
absorption bands of the axial porphyrins overlap partially with those of the cofacial 
molecular squares. The photophysical investigation of 22 and 23 is currently in progress. 

Finally, in ali cases graduai addition of excess bridging ligand to solutions of 
[(l8Zn)2(µ-L)2] induces a progressive broadening of the NMR signals of L which 
eventually become undetectable, even at the lowest T in CDCh. This observation is in 
good agreement with what already found by Anderson and coworkers upon addition of 
excess bridging ligand to the molecular Iadders of zinc-porphyrin strands and can be 
explained with the establishment of a fast exchange between [(18Zn)2(µ-L)2], the open 
species [(l8Zn)(L)2] which bears monocoordinated L, and uncoordinated L (Scheme 
9). 55a, 56b, 105 

X-ray structure of [(18Zn)2(µ-4'-transDPyP)2] (23). Single crystals of 23 suitable for X-
ray investigation were obtained by layering n-hexane on top of a CDCh solution of the 
compound. The structural determination of compound 23 indicates that the molecular 
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sandwich architecture observed in solution, containing two 18Zn macrocycles axially 
connected face-to-face by two 4'-transDPyP ligands, is maintained also in the solid state 
(Figure 45). The pairs of 18Zn units and 4'-transDPyP connecting ligands, referred by a 
center of symmetry, are sligbtly bowed outward and inward, respectively, as evidenced by 
the angle between the porphyrin least square planes inside the 18Zn macrocycle (17.4(2)0

), 

and by the angle Znl-(4'-transDPyP core)-Zn2' (167°). Thus the Znl ···Zn2' distance of 
19.463(7) A is only an approximate indication of the span ofthe 4'-transDPyP ligand. The 
two bridging porphyrins are cofacial, at a distance of 11.448 A; this finding is consistent 
with the NMR data that indicated a similar arrangement for the two porphyrins also in 
solution. Two molecules of n-hexane are incapsulated in the cavity defined by this box-like 
architecture. 

Figure 45. (Left) Perspective ORTEP drawing (40 % probability for thermal ellipsoids) of the 
molecular sandwich [(18Znh(µ-4'-transDPyP)i] (23) with coordination bonds in solid. Selected distances 
(À): Zn(l)"-·Ru(l) 9.940(4), Zn(l)···Ru(2) 9.837(4), Zn(2)-··Ru(l) 9.917(4), Zn(2)···Ru(2) 9.957(4); 
diagonals: Zn(I)-··Zn(2) 13.532(4), Ru(l)···Ru(2) 14.454(5); 4'-transDPyP linkage: Zn(I)···Zn(2') 19.463(7). 
The distance between the 4'-transDPyP porphyrin cores is 11.448 A. Two molecules ofn-hexane (not shown) 
are located inside the cavity. (Right) Side view of the of the the molecular sandwich [(18Znh(µ-4'-
transDPyP)i] (23), evidencing the bowing ofthe porphyrin rings. 

The Zn ions have a square pyramidal coordination geometry. An analysis of the 
bond lengths, although at low accuracy, reveals that two Zn- N(porphyrin) bond distances 
trans to one another (range 2.01(2)-2.06(2) À), are slightly shorter than the others (2.10(2) 
- 2.14(2) À). The apical Zn- N(py) bond lengths are longer (2.15(2), 2.20(2) À), with the 
metals displaced by 0.22 and 0.31 A, respectively, toward the N donor. The 4N(py) rings 
(E and F in Figure 45) bound to the Zn ions at apical positions are approximately 
perpendicular to the ZnN4 basai plane (86.2(4) and 86.7(5)0

) . The coordination bond 
distances about Ru ions do not present unusual values and are comparable with those found 
in other six coordinate Ru(II) complexes.17

• 91 

X-ray structure of ((18Zn)(µ-4,4'-bipy)]00 (21). Crystals of 21 were obtained with the 
same technique as for 23. However, the X-ray analysis of compound 21 showed that the 
solid state architecture of this compound is different from that found in solution and 
consists of an infinite wire of 18Zn squares bridged by 4,4'-bipy ligands which are axially 
coordinated alternatively on the two opposite sides of each square, [(18Zn)(µ-4,4'-bipy)]oo 
(Figure 46). Two crystallographically different 18Zn macrocycles, A and B, alternate along 
the chain, forming a stair-like infinite structure featuring the (ABA)"(ABA) motive, with 
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inversion centers located between two consec:utive ABA triplets and in the center of units 
B. The least squares plane calculated for unit Bis slanted by about 37° with respect to the 
adjacent macrocycle A, whi1e two consecutive units A are parallel at a distance of ca. 25 A. 
The stair-like wires are packed in a herringbone pattern (Figure 47). 

Figure 46. ORTEP drawing (40 % probability for thermal ellipsoids) of the one-dimensional 
polymeric structure of compound [(18ZoXµ-4,4'-bipy)]co (21) viewed down the crystallograpfic e axis. Side 
metal-metal distances (À): Zn(l)···Ru(l) 9.868(3), Zn(l)···Ru(2) 9.917(3), Zn(2)--·Ru{l) 9.904(3), 
Zn(2)···Ru{2) 9.918(3), Zn(3)···Ru(3) 9.895(3), Zn(3)-··Ru(3') 9.903(3); 4,4'-bipy linkages: Zn(l)···Zn(3) 
11.360(4), Zn(2)···Zn(2') 11.369(4); diagonals: Zn(l)···Zn(2) 13.753 (4), Ru(l)···Ru(2) 14.249(4), 
Zn(3)···Zn(3') 13.696(5), Ru(3)···Ru(3') 14.296(4). 

Figure 47. Crystal packing of the stair-like wires of [(18Zn)(µ-4,4'-bipy)]00 (21), evidentiating the 
herringbone pattern. Ali meso aromatic rings have been omitted for clarity purposes. 
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Tbe Zn( l )--·Zn(3) and Zn(2)-··Zn(2') distances, which represent the 4,4'-bipy 
linkage spans, are similar (11.360(4), and 11.369(4) A, respectively). The best-fit planes 
through the porphyrins (max deviations of atoms ±0.08 and ±0.12 À) in the 18Zn unit A 
make a dihedral angle of 13.90(8)0

, indicating a sligbt tilt between them. This value is 
considerably smaller with respect to that observed in the cation [trans,cis,cis-
RuCh(C0)2(4'-c isDPyP)zPd(dppp)]2+ (41 .7(1)0

).
17 On the other band, in the unit B the two 

porphyrins result almost coplanar, although with significant displacements of atoms from 
their mean piane (±0.38 À). 

The Zn and Ru ions display a square pyramidal and octahedral coordination sphere, 
respectively, both with severe distortions from the ideality. The Zn- N bond distances in 
the basa] piane, in the range 2.051(11) + 2.097(10) A, are slightly longer, as expected, \VÌth 
respect to those involving the bipy nitrogen at the apex of the pyramid (from 2.123(11) to 
2.179(10) À), the Zn ions being displaced by about 0.3 À towards the N atom. A view 
down the Ru···Ru vector for the macrocycles A and B evidences a twist of about 20° 
between the bipy rings g and h, and a noticeable bending of pyridyl rings with respect to 
the basal ZnN4 planes, with dihedral angles of 72.1(4), 88.1(5), and 80.8(3)0 for Znl , Zn2, 
and Zn3, respectively (Figure 48). This unsymmetrical coordination of the bipy rings 
accounts for the canting of the units A and B described above. 

Figure 48. View ofthe two crystallographic 18Zn macrocycles in compound [(18Zn)(µ-4,4'-bipy)]co 
(21), along the Ru(2)-··Ru(I) (top) and Ru(3)-··Ru(3') (bottom) directions, showing the distortions of the 
coordinated bipy ligands. · 

The different sti:uctures found for 21 in solution (discrete, [(l8Zn)2(µ-4,4'-bipy)2]) 
and in the solid state (polymeric, [(18Zn)(µ-4,4'-bipy)Jn) require the presence of an 
equilibrium between the two forms: very likely solubility reasons drive the equilibrium 
towards the polymeric arrangement upon crystallization. In solution the discrete sandwich 
structure [(l8Zn)2(µ-4,4'-bipy)2] of 21 is very stable in the concentration range 
investigated and there is no spectroscopic evidence of detectable amounts of polymeric or 
oligomeric material. Crystals of 21 redissolved in CDCh yield the typical 1H NMR 
spectrum of the sandwich structure. 

The polymeric chain structure found for 21 in the solid state is an unprecedented 
example of a molecular wire made of porphyrin metallacycles bridged by organic ligands. 
Fujita and coworkers described recently the X-ray structure of an infinite stair-like polymer 
made of [Pt(en)(4,4'-bipy)]4

8+ molecular squares linked at two adjacent comers by 
[PtBr2(en)2]2+ complexes through Pt(II)-··Br- Pt(IV) bridges.108 To our knowledge Fuijta' s 
work is the only previous example of structural characterization of a system in which 
molecular squares were purposefully used as building blocks for the construction of higher 
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dimensionai structures. t Other examples of solid state arrays that might remind the above 
systems, in that they define square-shaped ripetitive patterns ( e.g. extended polymeric 
networks of ladders 109 or square grids 110

• 
48c) belong more properly to the field of crystal 

engineering. They were prepared by a completely diff erent synthetic approach that does 
not involve preformed molecular squares but simply requires the mixing of a bridging 
ligand ( either a porphyrin or not) and an appropriate metal ion capable of providing the 
required number of 90° connections. 

Conclusions and future perspectives 

We showed how the porphyrin molecular square [trans,cis,cis-RuCh(C0)2( 4'-
cisDPyP)h (18), after metallation of the porphyrins, is a suitable building blocks for the 
construction of more elaborate supramolecular arrays by axial coordination of bridging 
ligands. This is made possible by the inertness of the Ru-pyridyl bond which provides 
kinetic stability to the molecular square 18. In particular, introduction of zinc centers inside 
the porphyrin cores of the molecolar square, followed by treatment with one equivalent of 
trans ditopic N-donor ligands L (L = 4,4'-bipy, 4'-transDPyP-npm or 4'-transDPyP), leads 
selectively to the quantitative assemblying of sandwich-like supramolecular adducts of 
stacked metallacycles of porphyrins of formula [(18Zn)2(µ-L)2]. Single crystal X-ray 
investigations showed that, depending on the nature of the bridging ligand, in the solid 
state these sandwich structures can be either maintained or originate polymeric chains, 
[(18Zn )(µ-L )]oo. 

When L = 4'-transDPyP, both solution and solid state data indicate that [(l8Zn)2(µ-
4'-transDPyP)2] (23) can be regarded as a molecular box featuring two coplanar bridging 
porphyrins at a distance of about 11. 4 A. Even though cofacial bis~orphyrins connected to 
one another by flexible or rigid organic bridges are well known, 104

• 
11 systems in which the 

two porphyrins are not covalently linked are rather uncommon. A very recent example of a 
porphyrin-based capsule constructed through Pd(II)-pyridine bonds was reported by the 
group of Shinkai. 11 We are currently investigating the capability of 9 to behave as an host 
for the inclusion of guest molecules of appropriate shape and size through n-n interactions 
with the cofacial porphyrins. 

· When L = 4,4'-bipy, the corresponding adduct 21 has the anticipated sandwich-like 
discrete architecture [(l8Zn)2(µ-4,4'-bipy)2] in solution, but it assumes a stair-like 
polymeric wire structure [(18Zn)(µ-4,4'-bipy)]oo in the solid state. The polymer [(18Zn)(µ-
4,4'-bipy)]oo is made by 18Zn squares bridged by 4,4'-bipy ligands which are axially 
coordinated alternatively on the two opposite sides of each square. 

Compared to the previous work by Anderson and coworkers, in which axial 
coordination was used to introduce rigidity into flexible zinc-porphyrin oligomers and 
increase conjugation,55

a, 
56

b, 
105 our work has a different aim, i.e. the construction of discrete 

3D supramolecular assemblies of porphyrins delimiting cavities of well defined shape and 
size; for this purpose we introduced the use of zinc-porphyrin metallacycles as rigid 2D 
building blocks. Apart from the generai aim, our approach presents some distinctive 
features: 1) the structural metal centers of our building blocks might introduce useful 
photophysical and redox properties into the supramolecular assemblies and be exploited 
for their further functionalization~ 2) the rigid frame of the zinc-porphyrin metallacycles 
involves a lower entropie tribute in the assembly process, therefore leading to higher 

* The assemblying principle used by Fuijta is actually different from ours, in that the structural metal comers 
of the squares are involved in the bridges. . 
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thermodynamic stability of the adducts. Moreover, the rigid frame of the molecular squares 
ensures that the bridging ligands are arranged at a fixed distance and with a well defined 
mutuai orientation; 3) the shape ofthe 3D porphyrin assemblies obtained by this approach 
depends on the nature of the metal ions inserted in the molecular squares. In principle, 
while five-coordinate metal ions such as Zn lead to the formation of discrete sandwich-like 
molecular boxes as shown in this work, six-coordinate metal ions ( e.g. such as Mg, Co, Sn) 
should allow the stacking of multiple layers of metallacycles, thus leading to polymeric 
nanotubes that define a cavity of the inner size of the squares (Scheme 10). Work in this 
direction is currently in progress in our laboratory. 

18Zn L 

Cl 

tRu = ''··-~u···co 
,,,. b1'co 

Scheme 10. Expected formation ofnanotubes with six-coordinate metal ions (M). 
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Heterometallic Molecular Squares of Porphyrins 

Abstract 

In Chapter 5 it is reported a flexible stepwise approach that, through the design, 
and synthesis of nove! chelating bis-porphyrin ruthenium intermediates, trans,cis,cis-
RuCl2(X)(Y)(4'-cisDPyP)2 (l 7a-19a; X, Y = dmso-S, CO) leads efficiently to 
unprecedented heterobimetallic molecular sqùares of porphyrins featuring different 
diagonally opposed metal ions. In fact, compounds 17a-19a, in which the two cis-
coordinated 4'-cisDPyP units have one residuai unbound 4'-N(py) ring each, are 
preprogrammed basic building blocks capable of chelating suitable 90° acidic 
modules. As an example, their reactivity towards the bistriflate of dpppPd(ll), a widely 
used precursor for square-planar angular acceptor building block, was investigated In 
particular, 2+ 2 molecular squares of formula {Pd(dppp)[trans,cis,cis-RuC/2(X)(Y)(4'-
cisDPyP hl }(OTf}i (26-28) are described in which two 4 '-cisDPyP units are linked 
through an octahedra/, neutra/ Ru(ll) center and a square planar, charged Pd(JI) 
center. The X-ray structure of {Pd(dppp)[trans,cis,cis-RuC/2(C0)2(4'-
cisDPyP)i]}(OTf)i (27) is a/so described 



Chapter 5 Heterometallic Molecular Squares of Porphyrins 

Heterometallic Molecular Squares of Porphyrins 

Novel Ruthenium Building Blocks for the Efficient Modular Construction of 
Heterobimetallic Molecular Squares of Porphyrins. 17 

In this section we report a flexible stepwise approach that, through the design and 
synthesis of novel chelating bis-porphyrin ruthenium intermediates, leads efficiently to 
unprecedented heterobimetallic molecular squares of porphyrins featuring diff erent 
diagonally opposed metal ions. In particular, 2+2 molecular squares are described in which 
two 4'-cisDPyP units are linked through an octahedral, neutra! Ru(II) center and a square 
planar, charged Pd(II) center (Scheme 11 ). The X-ray structure of one such molecular 
square will be also described. 

4'-cisDPyP 

1:1/ 

Cl / 

Cl~CI 
x,,, I ·''~''· I ,\\X 

Ru~Ru...._,,,,,__ 
~ I I ~ 

Cl Cl 

(17-19) 
dmso/1 I ,\X 
dmso'Rt~ ~ Cl ~ 

Cl ~ x,,. I·''~'''•-
4:1 yfl"'Rt~ 

(2-4) Cl~ 

X, Y = dmso-S, CO (17a-19a) 

(26-28) 

Scheme 11. Reaction pathways of 4'-cisDPyP with Ru(II) compounds 2-4 leading either to 2+2 
molecular squares 17-19 orto the bisporphyrin adducts 17a-19a. Treatment of 17a-19a with an appropriate 
square planar Pd(II) complex yields the corresponding 2+2 heterobimetallic molecular squares 26-28. 

Treatment of trans-RuCh( dmso-S)4 (2), trans-RuCh( dmso-0)2(C0)2 (3), and 
trans-RuCh(dmso)3(CO) (4) with excess 4'-cisDPyP under mild conditions led to the 
isolation of trans,cis,cis-RuCh(X)(Y)(4'-cisDPyP)2 compounds 17a-19a in pure form 
(Scheme 11 ). The experimental observation that two different classes of products, namely 
molecular squares 17-19 and compounds 17a-19a (X, Y = dmso-S, CO), are formed 
depending on whether a stoichiometric amount or an excess of 4'-cisDPyP is used, implies 
that the formation of such products is under kinetic contro!. This result might have been 
anticipated considering the inert nature of the Ru(II) metal center. It has been reported that 
in self-assembling molecular squares that make use of more labile metal centers as 
structural units, and are thus under thermodynamic contro!, the most stable cyclometallated 
species is the main reaction product regardless of the ratio of reagents being employed. 
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Namely, when an excess of one of the two reagents is used, only the complete molecular 
square (plus the unreacted building block) is obtained at the end ofthe reaction. 5

h 

The nature and geometry of the products was established by 1H and 13C NMR 
spectroscopy, as described in chapter 2 for trans,cis,cis-RuCh(X)(Y)(4'MPyP)2 (X= Y = 
dmso-S 5, and X = Y = CO 6); the 1H NMR chemical shifts of compounds 17a-19a are 
reported in Table 1. Signal integration (in 17a and 19a) revealed adduct stoichiometry, 
while H-H COSY spectra allowed unambiguous signal assignments. As already stated 
before, coordination of 4'-cisDPyP to the centrai trans,cis-RuCh(X)(Y) moiety (tRu) 
induces downfield shifts for the H2,6 and H3,5 resonances of the 4'-N(py) ring involved in 
the new bond (position 5). Conversely, the resonances of the six-membered rings at 
positions 10 and 20 experience an upfield shift of ca. 0.2 ppm with respect to 4'-cisDPyP, 
which is characteristic of two mutually cis pyridylporphyrins in free rotation about the 
metal-pyridyl axis (Figure 49). t 

Table 1. 1H Chemical shifts for compounds 17a-19a in CDCh (ppm), shifts for internal -NH are omitted. 

H2,6tRu H2,6 H~ H3,5tRu H3,5 oH m+pH· dmso-S 

17a 9.84 8.79 (4,m)b,p 8.88-8.64 8.30 (4,mt 7.95 (4,m)" 8.19 (4,mr 7.78 (6,mt,r 3.66 

(4,m)3 (16,m) 8.03 (4,m)d.s 7.52 (6,m)d.s (12,s) 

18a 9.61 8.98 (4,m)b 8.90-8.75 8.46 (4,mt 8.11 (4,m)" s.20 (4,mr 7.78 (6,mt,r -
(4,mt (16,m) 8.15 (4,m)d.s 7.71 (6,m)d.s 

19a 9.87 ca. 8.95-8.75 8.42 (2,mt ca. 8.19 (4,m)<1,r 7.78 (6,m)<1,r 3.71 

(2,mt 8.9 ( 4,m)c,p (16,m) 8.31 (2,m)b 8.1 (4,mt·q 8.1 o ( 4,mt's 7.65 (6,mt·s (6,s) 

9.42 

(2,m)b 

a-ePeaks related to each other in the H-H COSY spectrum. 
P Overlapped with pyrrole resonances. q Overlapped with o-H resonances. r Position 15. s Position 20. 

Compounds 17a and 18a have C2v symmetry, and thus the two porphyrins are· 
equivalent; a sharp singlet at ù = 3.66 for the four equivalent dmso-S methyls is detected in 
the 1H NMR spectrum of 17a and a singlet at ù = 195.0 for the two equivalent CO's in the 
13C NMR spectrum of 18a (CDCh). In 19a the two 4'-cisDPyP units are inequivalent; the 
resonances of the two tRu-4 'N(py) rings are well resolved, whereas the other signals 
overlap (Table 1). 

Compounds 17a-19a, in which the two cis-coordinated 4'-cisDPyP units bave one 
residuai unbound 4'-N(py) ring each, are preprogrammed basic building blocks capable of 
chelating suitable 90° acidic modules (Scheme 11 ). As an example, we investigated their 
reactivity towards the bistriflate of dpppPd(II) ( d), a widely used precursor for square-
planar angular acceptor building block ( see refs. 77b, e and chapter I). 

1H NMR spectroscopy established that titration of d into chloroform solutions of 
compounds 17a-19a led readily to the quantitative formation of the corresponding 
heterobimetallic 2+ 2 molecular squares of formula {Pd( dppp )[trans, cis, cis-RuCh(X)(Y)( 4'-
cisDPyP)2]} (0Tf)2 (26-28) (X, Y = dmso-s or CO) (Scheme 11 ). Chelation of the Pd-
bisphosphane fragment by 17a-19a induces characteristic shifts both in the 1H NMR 
spectrum, which concem mainly the resonances of the previously unbound 4'-N(py) ring at 

t Similarly to what found in 5 and 6 (see ref 96 and chapter 2). 
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position 1 O (Figure 49 and Table 2), and in the proton-decoupled 31P N:MR spectrum 
(upfield shift of ca 10 ppm compared to d, as in [Pd(dppp)(4'-cisDPyP)]2(0Tf)4 (e)).77

c The 
macrocycles were not affected by accidental excess of d and no evidence of homometallic 
molecular squares was found. 

12+ 

M =2H,Zn 

oH m+pH 
H3,5tRu I 

H2,6tRu J3H H3,5Pd dppp ,/ 
J3H• dppp 

H2,6Pd 
27 \i o o o 

~o o 
H2,6tRu H2,6 o* o 

o o 
• ~ o o • o Q1) 

10.0 o 9.5 9.0 8.5 8.0 7.5 o o 
~ a\ 

Figure 49. Left bottom: downfield region of the CDCh 1H NMR spectrum of 18a ( position 15, s 

position 20). Left top: same spectral region after addition of one equivalent of e leading to the quantitative 
formation of molecular square 27 (pyrrole f3H resonances labeled with *and + are coupled to each other in 
the H-H COSY spectrum reported on the right). 

In solution squares {Pd( dppp )[trans,cis,cis-RuCli( dmso-S)2( 4'-cisDPyP)2]}(0Tf)2 
(26) and {Pd(dppp)[trans,cis,cis-RuCh(C0)2(4'-cisDPyP)i]}(OTf)2 (27) maintain the C2v 
symmetry of the corresponding Ru precursor,t and the two porphyrins at opposite comers 
are equivalent. The resonances ofthe Pd-4'N(py) rings are well resolved from those of the 
tRu-4'N(py) rings. The most downfield H2,6 and the most upfield H3,5 signals (correlated 
in the H-H COSY spectrum) are unaffected by the nature of X and Y and were thus 
attributed to the Pd-4'N(py) rings (Figure 49). Two of the eight inequivalent pyrrole 
protons of both 26 and 27 have remarkably upfield shifted resonances (one overlaps with 

! For 26: singlet at 8 = 3.64 for the four equivalent dmso-S methyls in the 1H NMR spectrum, and singlet at 8 
= 5.8 in the 31P{1H} NMR spectrum (CDCh, H3P04); for 27: singlet at 8 = 194.9 forthe two equivalent CO's 
in the 13C NMR spectrum, and singlet at 8 = 5.7 in the 31P{1H} NMR spectrum. 
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oH resonances), not correlated to each other in the H-H COSY spectrum (Figure 49). We 
attributed those resonaces to J3H8 and J3Hl2, i.e. the pyrrole protons closest to Pd. 
Interestingly, in 26-28 the H2,6 resonances of tRu-4'N(py) and of Pd-4'N(py) are almost 
equally downfield shifted compared to 4'-cisDPyP (~o= 1.08--0.78); on the contrary, while 
the H3,5 resonance of tRu-4'N(py) is shifted downfield (~o = 0.36-0.19), that of Pd-
4'N(py) is virtually unaffected by coordination. Thus the resonances of H3,5-Pd and of the 
pyrrole protons closest to Pd are anomalously upfield; a similar situation is found in the 
corresponding homometallic Pd square [Pd( dppp )( 4'-cisDPyP]i[OTf]2 (e )77

c but not in the 
Ru squares 17-19 ( see chapter 3) and seems therefore attributable to the dppp ligand rather 
than to the metal. Examination of the solid state structure of 27 (see below) suggests that 
these protons might fall into the shielding eone of the phenyl rings of dppp, whose 
conformati on is not frozen in soluti on. These assignments are also in good agreement with 
those reported by Stang for e.77

c 

Table 2. 1H Chemical shifts for ssquares 26-28 and 27Zn in CDCh (ppm); shifts for internal -NH are 
omitted. · 

H2,6tRu H2,6Pd HB H3,5tRu H3,5Pd oH m+pH dmso-S 
26 IO.Il 9.86 8.92-8.84 (12,mt'd 8.35 8.17 8.23 7.83 3.64 

(4,mt (4,br)b 8.62 (2,dt (4,mt (4,m)b (4,mt (12,mt·f (12,s) 
8.25 (2,d)d,x 8.20 

(4,m)r 
27 9.85 9.88 9.02 (2,dt 8.51 8.18 8.24 7.83 -

(4,mt (4,br)b 8.98 (2,dt (4,mt (4,m)b (8,m)f (12,m/ 
8.93 (2,d)d 
8.91 (2,dt 
8.89 (4,s)Y 
8.66 (2,dl 
8.25 (2)d,x 

28 10.12 9.87 9.05-8.84 (12,m)d,e,t 8.52 8.16 8.23 7.82 3.69 
(2,mt (4,brt 8.68 (1,d)d (2,mt (4,mt (8,m)g (12,m)g (6,s) 
9.63 8.63 (I,dl 8.36 

(2,m)b 8.23 (2) X (2,m)b 
27Zn 9.80 9.81 9.10 (2,dt 8.49 8.17 8.23 7.82 -

(4,mt (4,br)b 9.06 (2,dt (4,mt (4,mt (8,ml (12,mi 
9.00 (4,m)d,e 
8.97 (4,mt 
8.74 (2,d)d 
8.27 (2.dY 

a-gPeaks related to each other in the H-H COSY spectrum. 
x Overlapped with o-H resonances. Y Most likely a narrow AB multiplet. z AB multiplet 

Table 2 (cont.). 1H Chemical shifts for squares 26-28 and 27Zn in CDCh (ppm). 

PhP o-H PhPm-H PhP v-H PhP-CH1 PhP-CH2CH2 
26 8.05 (8,m) 7.65 (8,m) 7.53 (4,m) 3.40 (4,m) 2.49 (2,m) 

27 8.05 (8,m) 7.64 (8,m) 7.52 (4,m) 3.38 (4,m) 2.49 (2,m) 

28 8.05 (8,m) 7.66 (8,m) 7.53 (4,m) 3.38 (4,m) 2.49 (2,m) 

27Zn 8.03 (8,m) 7.65 (8,m) 7.54 (4,m) 3.35 (4,m) 2.48 (2,m) 

a-gPeaks related to each other in the H-H COSY spectrum. 
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Macrocycle {Pd(dppp)[trans,cis,cis-RuCh(dmso-S)(C0)(4'-cisDPyP)2]}(0Tf)2 
(28) lacks the orthogonal mirror plane containing the two metal atoms; hence the two 
porphyrin units are inequivalent. In the NMR spectrum of 28 the resonances of the two 
tRu-4'N(py) rings are well resolved, while those of the Pd-4'N(py) rings overlap.§ Also the 
31P { 1H} resonances for the two inequivalent phosphorous atoms of dppp overlap. 

Some resonances in the NMR spectra of 26-28, narnely H2,6 of Pd-4'N(py) rings 
and oH and CH/ s of the dppp ligand, are broadened; this is very likely due to 
conforrnational motions of the bishosphane bridge occurring at an intermediate rate on the 
NMR time scale at arnbient temperature. 

Treatment of 18a with excess zinc acetate led to the insertion of zinc into both 
porphyrin rings (18aZn); the CDCh 1H NMR spectrum of 18aZn is affected by the 
extensive interrnolecular coordination of the pyridyl groups (not bound to Ru) to the Zn 
atoms (see next chapter). Titration of d into a CDCh solution of 18aZn quantitatively 
yielded the corresponding molecular square 27Zn, which represents the first example of an 
beterotrimetallic rnolecular square of porphyrins (Figure 49). The 1H NMR spectrum of 
27Zn is very similar to that of27 (Table 2). 

The structure of molecular square 27, with two 4'-cisDPyP' s alternate with the 
Pd(II) and Ru(II) angular units, was established by X-ray single crystal analysis (Figure 
50). At the time we published this result it was the first case in which data on the solid-
state structure of a rnolecular square of porphyrins became available. During publication of 
this work \see ref 11) a paper containing the X-ray structure of mplecular square e 
appeared.11 In 27 the metal-to-porphyrin center distances are about 9.83 A long; the 
diagonal Pd-··Ru distance of 14.015(3) A is close to the value of 15 A achieved by 
molecular modeling for sirnilar Pd(II) square shaped adducts and to that found in the solid-

f 77c 113 In . gl th J xhib" . h l"d state structure o e. ' terestm y, e macrocyc e e 1ts m t e so 1 state an 
arrangement with porphyrins least-squares planes that forma dihedral angle of 41.7(1)0

, 

approxirnating a Cs symmetry (Figure 50). The meso pyridyl and phenyl rings are tilted 
from being normai to the respective porphyrin piane with angles varying from 64.2(4) to 
79.2(6)0 and from 43.4(6) to 60.6(4)0

, respectively. The coordination bond lengths and 
angles are well in the range of values found in Ru(II) and Pd(II) compounds. An interesting 
feature is represented by the conformation ofthe bisphosphane ligand, in which two phenyl 
rings display stacking interactions with the adjacent coordinating pyridines; the shortest 
distance between the ipso e atom and the N py atom is ca. 3.1 A. 

Figure 50. Molecular structure of the cation of molecular square 27. Selected coordination bond 
lengths [À] and angles [0

]: Pd-N(4) 2.117(12); Pd-N(3) 2.164(14); Pd-P(2) 2.255(6); Pd-P(l) 2.268(5); Ru-
C(2) 1.85(2); Ru-C(l ) l.85(3); Ru-N(2) 2. 132(13); Ru-N(l) 2. 167(14); Ru-Cl( l ) 2.379(7); Ru-Cl(2) 
2.389(8); N(3)-Pd-P(2) 178.2(5); N(4)-Pd-P( l) 177.1(5); C(2)-Ru-N(2) 179.5(9); C(l )-Ru-N(l ) 177.8(13); 
Cl(l)-Ru-Cl(2) 177.43(19). 

§ The other porphyrin resonances, with the exception ofthose of the internal NH's and of the pyrrole protons 
closest to Pd (upfield shifted signals), are not resolved. 
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Conclusions and future perspectives. 

In future, treatment of precursors 17a-19a with other angu/ar acceptor metal-based 
units might be an efficient pathway to the construction of nove I homo and heterobimetallic 
2+2 molecular squares of porphyrins featuring metal ions of defined geometry and/or 
charge at opposite comers; specific reactions might be envisaged to derivatize these 
species selectively at either metal corner. 

Treatment of 2-4 with an excess 4'-transDPyP might lead to the corresponding 90° 
angular donor building blocks which, reacted with angular or linear acceptor metal units, 
should yield larger porphyrin molecular squares containing 2+2 or 4+4 metal ions, 
respectively. This methodology might also be applied to the preparation of building blocks 
with new features, for example the octahedral Ru center might be inherently chiral or bring 
chiral ancillary ligands; thus, chelation of appropriate metal ions might ultimately lead to 
enantiomeric or diastereomeric macrocycles. Moreover, treatment of precursors 17a-19a 
with acceptor metal-based units with different coordination numbers and geometries (for 
instance chelation of planar, tetrahedral or even octahedral naked ions) might lead to the 
formation ofmultiporphyrin metal-based assemblies in which the chromophores are locked 
with mutuai orientations other than coplanar. 

Molecular squares of porphyrins rimmed with coordination compounds.114 

In addition to the mono- and tris-ruthenated adducts (4'TPyP)[Ru] (11) and 
( 4'TPyP)[Ruh (12) described in chapter 2, treatment of 4'TPyP with cis,fac-
RuCli( dmso )3(CO) (1) yields also the two bis-ruthenated isomerie products, cis-
4'TPyP(Ru]2 (29) and trans-4'TPyP(Ru]2 (30). Compounds 29 and 30, having two residuai 
unbound 4 '(N)py rings either at 90° or 180°, are thus described as 90° angular and linear 
donor building blocks, respectively, and are suitable precursors for the construction of 
molecular squares, as illustrated before. 

Titration of 29 in CDCh with [Pd(dppp)(OTf)2] (d) (monitored by 1H NMR 
spectroscopy) establishes that 29 readily and quantitatively forms [Pd(dppp)(cis-
4'TPyP[Ruh)h(OTf)4 (31) (Figure 51). Compound 31 is the first example of a new class of 
hetero-bimetallic 2+ 2 molecular squares of porphyrins comprising two types of metal 
centers: one metal center (Pd(II)) has a structural role ( corners of the square ), while the 
other metal center (Ru(II)) rims the periphery of the chromophores. Integration of the 1H 
NMR resonances confirmed the 2: 1: 1 ratio between [Ru], 4'TPyP, and dppp expected for 
31. ES MS analysis of 31 gave a M - 30Tf peak of mlz = 1240.0 ( calculated 1240.3) 
resulting from a loss of three triflate anions from a total of four ( and also a seri es of 
fragmentation peaks corresponding to the loss of (Ru] units and of neutral ligands). 
Coordination of the Pd-bisphosphane fragment to 2 induced characteristic shifts of NMR 
signals; these included mainly the 1H NMR resonances of the previously unbound 4'-N(py) 
rings (Figure 51) and the proton-decoupled 31P NMR signal (upfield shift of ca. 10 ppm 
compared to d, as is the case of the heterobimetallic squares described in the previous 
section). In 31 the resonances of the 4'(N)py-Pd rings are well resolved from those of the 
4 '(N)py-[Ru] rings, which were almost unshifted by formati on of the square (Figure 51 ). 
The most downfield H2,6 and the most upfield H3,5 signals (correlated in the H-H COSY 
spectrum) were thus attributed to the 4'(N)py-Pd rings. ** It should be noted that formation 
of [Pd(dppp){cis-4'TPyP([Ru])2} ]2(0Tf)4 (31) involves a slight upfield shift of the H3,5 
resonance of the previously unbound 4'(N)py rings in 29. Moreover, in 31 one singlet and, 

•• These assignments also agree well with those reported by Stang and coworkers for molecular square e77
c 

and with those ofthe heterobimetallic molecular squares described above. 
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in particular, one doublet of the J3H resonances on each porhyrin are remarkably upfield 
shifted also~ these signals are correlated by clear NOE cross-peaks to the H3,5 4'(N)py-Pd 
signal in the NOESY spectrum. These anomalously upfield resonances were attributed by 
us to the shielding eone of the phenyl rings of dppp ligand rather than to the Pd(II) center. •• 
This hypothesis is confirmed here by the 1H NMR spectrum of the [2+2] square of rimmed 
porphyrins [Pd(PEt3) 2 { cis-4'TPyP([Ru])2} h(OTf)4 (32), closely related to 31 and prepared 
by treatment of 29 with one equivalent of [ cis-Pd(PEt3)2(0Tf)2]. In 32, which lacks the 
shielding phenyl rings on the phosphines, the resonances of the pyrrole protons closest to 
Pd and those of the 4'(N)py-Pd rings are remarkably more downfield shifted compared to 
31 (e.g. 8 H3,5 = 8.62 in 32 vs 8.16 in 31). 

H3,5~u) 

l3H 
H3,5 

H2,6 

H2,6~u) 

H3,5~ 7 
l3H 

29 31 

9.4 9.0 &'PPM 8.6 8.2 10.0 9.0 &PPM 8.0 

Figure 51. (Top) Schematic synthesis of [Pd(dppp){cis-4'TPyP([Ru])2}h(OTf)4 (31) with labeling 
scheme; (bottom) downfield region of the 1H NMR spectrum of cis-4'TPyP([Ru])2 (29)tt U and 
[Pd( dppp ){ cis-4'-TPyP([Ru ])2} h(OTf)4 (31 ). 

Conclusions and future perspectives. 

An appropriate choice of the extemal and of the structural metal centers ( comers of 
the square) might favor electron and/or charge transfer from one site to another within the 
assembly. Moreover, the extemal metal centers might be exploited for incorporating 

tt Since the [Ru] moiety is chiral 29 and 30 must exist as mixtures of stereoisomers ( with C or A [Ru) 
units), with potentially different NMR signals. However, at the field used, the 1H NMR signals were not 
distinct for the diastereoisomers. 

tt As it is often the case with pyridylporphyrins, the broadening of the H2,6 and H3,5 resonances in the 1H 
NMR spectrum of compound 29 is due to the presence in solution of small amounts of Lewis acids, in this 
case very likely sili ca from the chromatogaphic purification of 29. The weak and labile interaction between 
the uncoordinated pyridyl rings of compound 29 and the Lewis acid induces a broadening (and a very small 
shift) ofthe proton resonances of such rings. 
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special properties (e.g., chirality, luminescence, etc.) into the multiporphyrin cyclic 
assembly and for its further functionalization. 
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Chapter 6 

Two-point Self-coordination of a Dizinc(II) Bis-
pyridylporphyrin Ruthenium Complex 

Abstract 

Chapter 6 describes the characteristic self-coordination reaction of the bis-
porphyrin zincated adduct trans,cis,cis-RuCli(CO)i(Zn-4'-cisDPyP)i (18aZn). !ndeed 
18aZn is a peculiar building block, since it contains two donor sites (the unbound N 
atoms of the two porphyrins) and two acceptor sites (the two Zn atoms, each one with 
an axial coordination position available) in a well defined geometrica! disposition. 
NMR studies have unambiguously shown that in ch/oroform solution 18aZn self-
coordinates, i.e. the donor sites of one 18aZn unit bind to the acceptor sites of another 
uni!, to yield selectively an highly symmetrica/ and coordinatively saturated species, 
(18aZn)n, in which al! porphyrins (and the metallic centers as well) are equivalent to 
one another. NMR data show that each porphyrin in the assembly (l 8aZn)n is 
coordinated to one Ru complex and (axially) to the Zn center sitting inside a porphyrin 
belonging to another 1 BaZn unit. Determination of the · solid state structure of 
(18aZn)n by X-ray diffraction showed that the assembly is composed by two 1 BaZn 
units and can be therefore formulated as (1BaZn) 2. The two 18aZn units selectively 
recognize each other through four Zn-4 'N (py) interactions. The detailed examination 
of the geometrica/ parameters of (l 8aZn) 2 indicates that neither the zinc porphyrins 
nor the ruthenium centers in the overall structure show any severe geometrica! 
distortion. Rather, numerous subtle deformations, such as the displacement of zinc 
from the porphyrin basa! piane and the not perfect orthogonality of side-to-face 
porphyrins, make it possible that saturation of al! binding sites is accomplished by the 
selfcoordination of only two 1 BaZn units. 
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Two-point Self-coordination of a Dizinc(II) Bis-pyridylporphyrin 
Ruthenium Complex. 

A particularly fascinating field of investigation within the generai topic of self-
assembly concems the design and construction of ordered structures formed by a single 
component interacting with itself (self-coordination). Most of the examples reported to 
date concem the one-point self-coordination of metallo-porphyrins bearing one peripheral 
N-donor site, usually a pyridyl or imidazolyl moiety; with few exceptions,68

' 
6

9b the metal 
inside the porphyrin has only one axial coordination site available (e.g. Zn(II) or 
Ru(II)(CO)). The nature of the resulting architectures, either discrete polycyclic structures 
or linear oligomers/polymers, depends mainly on the relative geometry of the porphyrin 
piane (acceptor site) and of the donor site. When the peripheral N-atom is oriented at ca. 
90° to the piane of the porph.r!n self-coordination leads to the formation of very stable 
dimers (Scheme 12).66

a, 
69

a, 
11 Cyclic tetramers71 or linear, stair-like oligomers/polymers 

are obtained when the N-atom is oriented at ca. 180° to the piane of the porphyrin (Scheme 
13). 116 Also the concentration plays a crucial role in determining the nature ofthe resulting 
species; in some cases a polymeric structure was found in the solid state, 103

a, 
117 while 

spectroscopic evidence suggests that closed cyclic structures (macrocyclic oligomers) are 
prevailing in soluti on, at least at NMR concentrations. 66c 

N 
2·-Zn__J 

r-zn-
N t i N 

-Zn__J 

Scheme 12. Self-coordination of zinc porphyrins bearing an appended peripheral N-atom oriented at 
ca. 90° to the piane of the porphyrin leading to the formation of dimers. Side-viewed porphyrins are 
represented with a thick line. 
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Scheme 13. Self-coordination of zinc porphyrins bearing an appended peripheral N-atom oriented at 
ca. 180° to the piane of the porphyrin leading to the formati on either of cyclic tetramers (top) or of polymers 
(bottom). Side-viewed porphyrins are represented with a thick line. 
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As reported in the introduction, very ~ecently the group of Kobuke described the 
two-point self-coordination of a dizinc(II) bisimidazolylporphyrin dimer leading to a 
mixture of linear oligomers. 70 

In the previous chapter we reported that treatment of the octahedral Ru(II)-
dimethylsulfoxide complex trans-RuCh( dmso-0)2(C0)2 (3) with excess 4'-cisDPyP yields 
the bisporphyrin ruthenium adduct trans,cis,cis-RuCh(C0)2(4'-cisDPyP)i (18a). 
Compound 18a has one residuai unbound 4'-N(py) ring on each of the two cis coordinated 
4'-cisDPyP units and is thus a building block suited for two-point coordination. 

Insertion of Zn(II) into the two porphyrins of 18a yielded trans,cis,cis-
RuCb(C0)2(Zn4'-cisDPyP)2 (18aZn) (Scheme 14), which is an unprecedented example of 
metal-containing building block featuring two donor and two acceptor sites, whose relative 
orientati on depends on the torsi on angles about the Ru-N bonds (Scheme 14 ). 

2zn2+ 

~ 

Scheme 14. Schematic drawing of trans,cis,cis-RuCl2(C0)2(4'-cisDPyP)2 (18a) and of the zincated 
derivative trans,cis,cis-RuCh(C0)2(Zn4'-cisDPyP)2 (18aZo) (top view along the Cl-Ru-Cl bond system, Cl 
atoms omitted) evidentiating the donor (blue) and acceptor (red) binding sites. Curved arrows symbolize 
rotati on. 

Jn 

' OC-Ru-N , I ' I• 

CO 

l anti l 
" '~t-co oc-t-N' " - I I -

CO CO 

Figure 52. Schematic drawing of two conformers of 18aZn (top view along the Cl-Ru-Cl bond 
system, Cl atoms omitted) evidentiating the syn or anti orientation of the two non coplanar zinc porphyrins 
(perpendicular in the drawing). Each conformer is represented as a pair of enantiomers with helical chirality. 
Side-viewed porphyrins are represented with a thick line. 

54 



Chapter 6 Two-point Self-coordination of a Dizinc(II) Bis-pyridylporphyrin Ruthenium Complex 

1H NMR spectroscopic evidence indicated that 18aZn exists in solution (CDCh) 
exclusively as a self-assembled discrete species (18aZn)n through 4'-N(py}-Zn 
interactions, in which all donor and all acceptor sites of 18aZn are mutually saturated; 
accordingly, (18aZn)n runs as a single spot on TLC plates and is significantly less polar 
than 18a. Models show that the two cis coordinated Zn4'-cisDPyP units on each tRu can 
not be coplanar, otherwise coordination ofboth to different Zn atoms would be impossible. 
When the torsion angle cp between the two porphyrins on each tRu is 0°::; cp::; 90° or 270° 
::; cp ::; 360° the two 4'-N(py) sites have a convergent mutuai orientation (syn); otherwise 
their are divergent (anti) andare more likely to generate open-chain polymeric species by 
self-coordination. In any case, for orientations of the two porphyrins other than coplanar, 
18aZn acquires helical chirality (Al L1); thus combination of 18aZn units with either the 
same or opposite chirality can occur, generating different adducts (Figure 52). 

H3,5tRu 
solvent 

20 °C 

H2,6tRu 

I\ H3,5Zn 

-40 °C 

H3,5Zn 

I\ 
10 9 8 7 PPM 6 5 3 

Figure 53. Selected region of the CDCh 1H NMR of (l8aZn)0 at ambient T (top) and at -40 °C 
(bottom). See Figure 54 for labelings. The most upfield H2,6Zn resonance overlaps with the peak of water 
and is not shown in this figure. 

The CDCh NMR spectrum of (18aZn)n shows sharp resonances in the downfield 
region and four relatively broad resonances at higher fields, which become sharp on 
lowering the temperature to -40 °C (Figure 53). Attributions were performed by means of 
2D H-H COSY and NOESY-EXSY spectra. Overall, the following observations and 
conclusions can be drawn from the NMR spectra: i) there are no resonances for 
uncoordinated pyridyl rings; all 4'-N(py) rings are bound either to tRu orto the Zn atom 
inside another porphyrin (Figure 54 ). Axial coordinati on to a Zn-porphyrin induces typical 
upfield shifts due to the anisotropie shielding eone of the porphyrin ring, in particular for 
the protons of the 4'-N(py) ring bound to Zn and for their neighbouring J3H protons; ii) 
there is only one set of porphyrin resonances, i.e. all the porphyrins in (18aZn)n are 
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equivalent to each other, indicating a highly symmetrical geometry. As anticipated by the 
different coordination ofthe two 4'-N(py) rings on each 4'-cisDPyP unit (one bound to Ru 
and the other to Zn), each single porphyrin is in an asymmetric environinent. Accordingly, 
eight resolved resonances connected by cross peaks in the H-H COSY spectrum are found 
for the eight pyrrole protons (Figure 55); iii) with the exception of the meta and para 
phenyl protons, each aromatic proton has its own well resolved resonance: 8H2tRu = 9.82 
and 8H6tRu = 9.13, 8H3tRu = 8.35 and 8H5tRu = 8.14, 8H2Zn = 1.85 and 8H6Zn = 1.56, 
8H3Zn = 6.51 and 8H5Zn = 5.78; similarly, there are four equally intense resonances for 
the ortho aromatic protons (the two phenyl rings are not equivalent to each other); these 
twelve resonances are pairwise connected by strong exchange cross peaks in the NOESY-
EXSY spectrum (Figure 55); iv) the 1H NMR spectrum of a CDCh solution of (lSaZn)n 
diluted to the limit of detection (ca 3x10·5 M), showed the resonances of the intact adduct 
exclusively, indicating that the self-assembled structure is very stable. 

Figure 54. Schematic drawing of a zinc porphyrin in (18aZn)u with labeling scheme for the pyridyl 
protons. The two zinc porphyrins bound to the same tRu unit are represented perpendicular to one another. 
Side-viewed porphyrins are represented with a thick line; acceptor sites are in red, while peripheral N atoms 
(not bound to Ru) are in blue; tRu = trans,cis-RuC!i(CO)i. 

The high symmetry of (18aZn)n is apparent also from the 13C{ 1H} NMR spectrum 
of a 13CO enriched sample, in which a single carbon resonance for the equivalent CO 
groups is observed at 8 = 195.0. In the IR spectrum in chloroform solution (of the same 
sample) two carbonyl stretching bands are detected at 2024. 5 and 1967.5 cm·1, as expected 
fora cis geometry of the two CO molecules on each tRu unit. 
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the NOESY-EXSY spectrurn are correlated by exchange cross peaks (marked with the same labels). 
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Tue single crystal X-ray analysis of (18aZn)n established that the compound is 
actually a dinuclear species, in which the four 4'-N(py) sites and the four Zn sites of the 
two ,18aZn units are mutually saturated. Tue four porphyrins have a propeller-like 
arrangement, with a global S4 symmetry (the improper rotation axis passes through the 
ruthenium ions) (Figure 56). The adduct is then a meso form derived from the combination 
of two 18aZn units with opposite helical chirality. Tue dihedral angles between the two 
porphyrins belonging to the same 18aZn fragment fall in the range 42-45° while the angle 
between each Zn-coordinated pyridyl ring and the corresponding Zn porphyrin mean piane 
is between 75.5 and 89.2°. Since the calculated angles for each Zn-N(py)·· ·C(meso) unit 
fall in the range 169-178° (i. e. close to 180°), also the dihedral angles between axially 
connected porphyrins fall in the range 76-89°. Tue Ru ions, that display a distorted 
octahedral geometry, are 19.6 A far apart; the four Zn ions, which have a square pyramidal 
enviroment, occupy the vertices of a distorted tetrahedron in which the Zn···Zn distance in 
each 18aZn unit averages to 12.463(4) A, while the Zn···Zn distance between the two 
18aZn units is shorter (mean value of 9.830(4) A) (Figure 57). Although the low accuracy 
of crystallographic data does not allow a detailed analysis of coordination bond lengths, it 
is worthwhile to observe that all the zinc ions are displaced by about 0.3 A from the mean 
porphyrin nitrogens piane towards the pyridine N donor. 

Figure 56. Top: two perspective views of the solid state molecular structure of (18aZn)2; the top 
right view is along the 84 axis. For clarity the two 18aZn units bave different colors. Bottom: a space-filling 
representaion (CPK) ofthe top-left view. 
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Tue distances between the carbonyl oxygens of the two Ru ions (ca. 24.0 A), are 
comparable with those between the more outmost phenyl carbons and give a rough idea of 
the molecular size of (18aZn)2. Tue small internal cavity of the assembly is partially 
occupied by 2 chloroform molecules. 

z,~,, 
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·. : 
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Ru2 

Figure 57. Perspective view of the solid state molecular structure of (18aZn)i in which all the non-
metal atoms bave been removed. Tue distorted tetrahedral arrangement ofthe four Zn ions is evidenced. Zinc 
ions belonging to porphyrins of the same 18aZn unit are connected to the corresponding Ru center by dashed 
lines. 

The detailed examination of the geometrica} parameters of (l8aZn)2 indicates that 
neither the zinc porphyrins nor the ruthenium centers in the overall structure show any 
severe geometrical distortion. Rather, numerous subtle deformations, such as the 
displacement of zinc from the porphyrin basai plane and the not perfect orthogonality of 
side-to-face porphyrins, make it possible that saturation of ali binding sites is accomplished 
by the self-coordination of only two 18aZn units. Therefore 18aZn is a two-point self-
complementary building that recognizes itself throught four Zn-4'N(py) interactions. This 
features account for the good selectivity found for the formation of the discrete species 
(l8aZn)2 over polymeric products. 

Tue NMR spectrum of (18aZn)2 in solution is well explained by this geometry: the 
C2 and S4 symmetry axes going through the two Ru atoms make all porphyrins equivalent 
(and the two Ru complexes as well). Each porphyrin has one side oriented towards the 
inside (endo) and the other towards the outside ( exo) of the assembly; thus the endo 
protons (and those of the inner pyridyl rings in particular) are more shielded by the 
combined effects of the three porphyrins and therefore resonate more upfield than the 
corresponding exo protons. Tue two sides of each mesa aromatic ring are exchanged by 
rotation around the Cmeso-Cring bonds. Tue tight geometry of (18aZn)2 makes these 
rotations to be slow on the NMR time scale at room temperature already. 
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Assembly of a Multiporphyrin Cycle 

Abstract 

Chapter 7 concerns preliminary results of an investigation performed in 
collaboration with the group of Professor J.-P. Sauvage of the University of 
Strasbourg. The synthesis, spectroscopic and structural characterization of a 
macrocycle of porphyrins, 32, obtained by axial coordination of 4'-cisDPyP inside the 
cavity formed by two - zincporphyrins connected through a phenantroline linker (in 
shorthand notation ZnP2), are thoroughly described Formation of the cyclic adduct 
[ZnP2·4'-cisDPyP] (32), is quantitative according to NMR. data; complete assignment 
of the resonances was performed through 2D H-H COSY and NOESY-EXSY NMR. 
spectra. Variable temperature NMR. experiments evidenced that the tautomerie 
equi/ ibrium of the internal NH protons becomes slow on the NMR. time scale for T 
lower than -40. 0 C. Single crystal X-ray determinati on of the molecular structure of 32 
confirmed that, a/so in the so/id state, 4'-cisDPyP is symmetrically coordina/ed 
between the two zincporphyrins of ZnP 2; these are almost perpendicular both to the 
piane of the phen connector and to that of bridging 4 '-cisDPyP. 



Chapter 7 Assembly of a Multiporphyrin Cycle 

Assembly of a Multiporphyrin Cycle 

As already highlighted in the introduction, there has been substatial interest in the 
construction of synthetic models for the photosynthetic raction center of plants and 
bacteria. Over the last decade, the group of Sauvage at the University of Strasbourg bave 
been investiganting severa} type of such models ( see also chapter 1 ), in particular 
asymmetric oblique bismetalloporphyrin structures having both porphyrin subunits 
attached to a single phenantroline ligand. The photochemistry of such systems depends 
upon the choiche of the metals inserted inside the porphyrin cores. Zn(II) and Au(III) ha ve 
been selected because of their highly favourable spectroscopic and electrochemical 
properties which allow for photoinduced electron transfer processes to occur. 118 Moreover 
a templated strategy, which combines the tetrahedral coordination environment of Cu(I) 
and the chelating capability of the phenantroline spacer towards metal ions has been 
employed to further devolop these oblique systems into more elaborate multiporphyrin 
conjugates such as rotaxanes. 83

a-c, 
119 The X-ray crystal structure of the parent oblique 

system, bearing two phenantroline-connected zincporphyrins (in shorthand notati on ZnP2) 
has been also reported (Figure 58). 120 

Figure 58. X-ray crystal structure for the oblique bisporphyrin system ZnP2. 
120 

Whithin the frame of a collaboration with the group of Sauvage, we decided that we 
might combine the experience achieved in our laboratories on metal-mediated assemblies 
of 4'PyPs and on their subsequent characterization with that of Sauvage's group to prepare 
a cyclic mutliporphyrin assembly in which the two zinc porphyrins of ZnP2 coordinate a 
4'bispyridylporphyrin by N(pyridyl)-zinc bond formation. Molecular modeling revealed 
that a self-assembled host-guest assembly between the oblique bisporphyrin ZnP2 and 4'-
cisDPyP should be feasible, based on the following dimensions: a Zn···Zn distance in ZnP2 
of ca. 13.8A;120 pyridyl N···N distance in 4'-cisDPyP of ca. 10.7 A, and an average axial 
Zn-N(py) bond distance of 2.2 A.41 Moreover the presence oftwo Zn-pyridyl binding sites 
is expected to guarantee some cooperativity in the adduct formation and give good stability 
to the assembly. 

1H N11R spectroscopy established that titration of 4'-cisDPyP into CDCh solutions 
of ZnP2 leads readily to the quantitative formation of [ZnP2·4'-cisDPyP] (32), a 1: 1 cyclic 
adduct in which 4'-cisDPyP bridges the two oblique zinc porphyrins of ZnP2 by axial 
ligation of the pyridyl rings (Scheme 15). Addition of less than stoichiometric amounts of 
4'-cisDPyP induces the appearance of sharp signals for coordinated 4'-cisDPyP in the 1: 1 
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complex 32. The intensity of such resonances progressively increase till the stoichiometric 
ratio between ZnP2 and 4'-cisDPyP is reached; the resonaces of ZnP2 are only slighlty 
affec.ted by progressive addition of 4'-cisDPyP, the symmetry of free ZnP2 is mantained 
(see below). When the stoichiometric ratio is reached the H2,6 and H3,5 resonances of the 
4'-cisDPyP pyridyl rings bound to zinc broaden, but they sharpen again upon lowering the 
temperature below O °C. This might indicate that 4'-cisDPyP in the 1: 1 adduct undergoes a 
relatively fast dissociation equilibrium (very shifted towards the 1:1 adduct), which 
becomes apparent in the absence of excess ZnP2. 

4'-cisDPyP 

mH'fmdo 

Figure 59. Schematic drawing of [ZnP2·4'-cisDPyP] (32) with labeling scheme; nOe and exchange 
connections observed in the 20 NOESY-EXSY spectrum at -40 °are indicated with with full and dotted 
arrows respectively. (For numbering sceme of nOe connections and symbols of exchange connections see 
Figure 62). 
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When the temperature is lowered below O °C the resonances of the 4'-cisDPyP 
pyrrole protons ((3H) and of the internal -NH protons toghether with some of the 
resonances of ZnP2 broaden and eventually split below -40 °C, respectively, indicating the 
precence of some dynamic processes within 32. It must be noted that the dowfield region 
of the 1H NMR spectrum of 32 is quite crowded, therefore a combination of 20 H-H 
COSY and NOESY-EXSY experiments at different temperatures was needed for a 
complete assignment (see Figure 59 for labeling scheme, Figure 60). 
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Figure 60. 1H NMR CDCh spectrum of 32 at ambient T (top), at -15 °C (middle) and at -50 °C 
(bottom); upfield region with tBux, tBUy and -NH resonances is omitted. See Figure 60 for labeling scheme 
and Figure 61 for H-H COSY cross peaks. 
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Figure 61. Selected regions ofthe CDCh H-H COSY spectrum spectrum of 32 at ambient T (top 
7.3-9.3 ppm plus 7.0-2.0 ppm regions) and T = -40 ° (bottom 7.3- 9.7 ppm region). See Figure 58 for labeling 
scheme. 
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the macrocycle; thus the endo protons are more shielded by the anisotropie eone of 4' -
cisDPyP than the corresponding exo protons and therefore resonate mor~ upfield. At room 
temJl.erature the rotation around the Cmeso-Cring bond is relatively fast on the NMR time 
scale and the corresponding signals are averaged. Upon lowering the temperature the 
rotation becomes slow on the NMR time scale and endo and exo protons have resolved 
resonances (below -20 °C for oH' and mH'; below -40 °C for oHx) (Figures 59, 61). In 
agreement with this hypothesis, in the 2D EXSY-NOESY spectrum of 32 at -40 °C each 
pair of resonances of endo and exo aromatic protons is connected by an exchange cross-
peak (Figure 62). 
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Figure 63. Schematic drowing of -NH tautomerie equilibrium in 32 (top); VT 1H NMR spectra of -
NH (left), and dowfield region of the H-H COSY of 32 at - 50 °C (bottom right) showing the splitting of 
both internal and pyrrole protons (pH) of 4'-cisDPyP due to the slowing down of this tautomerie equilibrium. 
PH with same symbol are connected by COSY cross peaks .. 

Moreover, since the two oblique zinc porphyrins in 32 induce a large shift on the 
resonances ofthe axial bridging 4'-cisDPyP, in principle three resonances for the internal -
NH protons can be anticipated if the rate of the tautomerie equilibrium exchanging 
positions I, lii with Il, IV is sufficiently slow on the NMR time scale (Figure 63). Upon 
lowering the temperature to -50 °C the ~NH protons of 4'-cisDPyP in 32 showed at first a 
large broadening and then a splitting into three resonances at B = -3.67, -3.89, -4.05 with 
1:2:1 relative intensity. The centrai resonance with double intensity has been assigned to 
the protons in the equivalent positions I and III, while the upfield resonance has been 

65 



Chapter 7 Assembly of a Multiporphyrin Cycle 

attributed to the proton in position Il, elosest to the shielding eone of the two zine 
porphyrins (Figure 63). Moreover the redueed rate of the tautomerie ~quilibrium affeets 
also.the resonanees ofthe pyrrole protons (~H): at ca. -50 °Ceaeh ofthem also splits at the 
temperature of -50 °Ct into two equally intense signals, as expeeted. However owing to the 
presence of several resonances in this region of the spectrum, only some of them do not 
overlap with other signals (Figure 63). This phenomenon has already been described by 
Imamura for a trimer made of two Os(OEP)(CO) units axially coordinated to 4'-
cisDPyP.74b 

Single crystal X-Ray analysis of 32 confinns the struetural features determined in 
solution. 4'-cisDPyP has an almost perfect size-match with ZnP2, which is reflected by the 
very small conformational changes induced on the zine bisporphyrin moiety by 
coordination of 4'-cisDPyP. ZnP2 in 32 mantains its oblique arrangement with an 
intermetallie Zn···Zn distance of 14.046(6) A eomparable to the values detected in the 
structure of free ZnP2; 120 the metal centers are displaced by about 0.3 A from the basai 
piane towards the apical position (Figure 64). Tue angle calculated between the zinc 
porphyrin planes is 65.8(1)0

, and those formed by them with the 4'-cisDPyP piane are 
88.7(1) and 89.1(1)0

• Tue dihedral angles made by the phenanthroline moiety with the best 
fit planes through the adiacent zinc porphyrins are 80.7(2) and 84.9(2)0

• Therefore 4'-
cisDPyP and the phenanthroline unit bave an almost coplanar disposition (Figure 63). lt is 
interesting to observe that the phenyl rings connecting the zinc porphyrins to the 
phenanthroline bridge are only slightly tilted with respeet to the phen piane ( dihedral 
angles of 19.1(9) and 25.5(7)0

), this close to coplanar arrangement could ensure a 
delocalization over the phenyl-phen-phenyl system. 

Crystals of 32 dissolved in CDCh gave the same 1H NMR speetrum described 
before. 

The electronic absorption spectrum of 32 is substantially the sum of the spectra of 
free ZnP2 (Soret band at 420 nm) and that of 4'-cisDPyP (Soret band at 429 nm 
batochromically shifted of ca. 1 O nm by coordination to the zinc centers ).107 

Figure 64. two perspective view of the solid state molecular structure of 32 with space-filling (CPK) 
representation. 

t The broadening of the pyrrole protons upon lowering the temperature below O °C is so large that they 
become almost undetectable in a 5 °C interval of temperature around -40 °C (see also the H-H COSY of 32 
in Figure 61). 
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Conclusions. 

Other groups have been using geometrically similar oblique zinc bisporphyrin 
1 1 d. . . . h . 12la,b d systems to encapsu ate e ectron acceptor itop1c m01eties sue as qumones, an 

aliphatic diamino ligands121c via two-point zinc coordination of the nitrogen atoms. Hunter 
et al. reported on the encapsulation by multiple hydrogen bonding of a free-base porphyrin 
in a spherical array made of two facing oblique bispoiphyrin systems. This arrangement 
should funnel energy absorbed by the outer chromophores into the center of the 
complex. 122 

To our knowledge there is only one example in which a porphyrin bridge acceptor 
is axially coordinated inside the bite of the two zinc porphyrins of an oblique system 
related to ZnP2• Johnston and coworkers reported on the formation of a 1 : 1 multiporphyrin 
adduct obtained by assembling a 4'-transDPyP-npm unit inside a zinc bisporphyrin system 
connected by a norbomyl rigid spacer, having a zn .. ·Zn bite of 22 A. Moreover, the same 
oblique adduct treated with 4'TPyP yielded a 2: 1 adduct in which the two pairs of trans 
nitrogens of 4'TPyP join an oblique unit each.123 Nevertheless the solution NMR 
characterization of these two species is not very exaustive. 

Moreover, in most of the examples reported the organic moiety linking the two 
oblique porphyrins acts essentially as a spacer and adds no additional functional features to 
the adduct. Our system might not only posses photoelectronically useful features as a 
donor-acceptor multiporphyrin conjugate, but also, due to the unique presence of the 
phenantroline spacer, it could be employed as a a building block for the construction of 
metal-assembled catenane or rotaxane multiporphyrin architectures (Scheme 16). The 
relatively labile nature of the Zn-4'N(py) interaction might allow for the macrocycle 
unlocking and thus facilitate its incorporation into higher order architechtures. 

Scheme 16. [ZnP2·4'-cisDPyP] (32) organized in a catenane or a rotaxane structure by a templating 
metal ion (grey circule) which coordinates the phenantroline moiety. 

Finally, it has to be highlighted that this is the first case in which the solide-state of 
such a coordinative assembled macrocycle has been determined. 
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Experimental Section 

Generai Methods. Hydrated RuCh was a loan from Johnson Matthey. trans-
RuCh( dmso-S)4 (2), trans-RuCh( dmso-0)2(C0)2 (3), trans-RuCh( dmso )3(CO) ( 4), 
trans,cis,cis-RuCh( dmso-S)2( 4'MPyP)2 (5), trans,cis,cis-RuCh(C0)2( 4'MPyP)2 (6), 4'-
cisDPyP[Ru]i (7), (4'MPyP)[Ru] (a), (4'TPyMPP)[Ruh (b), and (4'TpyP)[Ru)4 (e) ([Ru] 
= cis,cis,cis-RuCh(dmso-S)2(CO), were prepared according to procedures described by 
us.89· 91· 96 The palladium complexes [Pd(dppp)(OTf)2] and [Pd(PEt3)2(0Tf)2] were 
prepared as described in the literature.77

c 4'-cisDP6:P and 4'-transDPyP were prepared and 
separated as described by Fleischer and Shacter. 1 38 4'-transDPyP-npm was prepared and 
purified according to literature procedures. 124 All reagents were analytical grade. Thin-
layer chromatography was performed on silica plates (MERCK) eluted with 
chlorofonn/ethanol mixtures. Column cromatography was performed on 40-63 µm mesh 
silica gel (BDH). UV-vis spectra were obtained on a Jasco V-550 spectrometer in quartz 
cells (path length 0.1, 1 or 10 mm), using CH2Ch freshly distilled oved dry CaCh as 
solvent. 1H, 13C{1H}, and 31P{1H} NMR spectra were recorded at 400, 100.5, and 161.9 
:MH.z, respectively, on a JEOL Eclipse 400 FT instrument. All spectra were run at room 
temperature in CDCb (Aldrich), unless differently stated. Proton peak positions were 
referenced to the peak of residuai non-deuteriated chloroform set at 7.26 ppm. Carbon peak 
positions were referenced to the centrai peak of chloroform set at 77.0 ppm. Phosphorous 
peak position was referenced to external H3P04 set at O ppm. Assignments were made with 
the aid of 2D correlation spectroscopy (H-H COSY) and of 2D nuclear Overhouser and 
exchange spectroscopy (NOESY-EXSY) experiments as detailed in the text; a mixing time 
of 500 ms was used for NOESY-EXSY experiments. Solution (CHCl3) infrared spectra 
were recorded in 0.1 mm cells with NaCl windows on a Perkin-Elmer 983G spectrometer. 
FAB-MS measurements were done on a JEOL JMS-SX102/SX102A/E at Emory 
University (Atlanta, USA). The ES mass spectra of 29 and 30 (by addition 2 % 
trifluoroacetic acid to the chloroform solutions of the complexes) were obtained at the 
Mass Spectrometry Facility of the University of Trieste. X-Ray Crystallography: data 
collections were performed at the X-ray diffraction beamline of Elettra Synchrotron 
(Trieste, Italy) on a 30 cm MAR2000 image plate. Temperature was kept at 100 K by 
using a nitrogen stream cryo-cooler. The data reduction and cells refinement were carried 
out by using the program MOSFLM. 125 Structures were solved by standard Patterson 126 

and Fourier methods and refined by full matrix least squares on F2,127 using the WinGX 
System, Ver 1.63. 128 The structures reported in this thesis were solved by Prof Ennio 
Zangrando and Prof. Silvano Geremia at the Dipartimento di Scienze Chimiche of the 
University of Trieste. 

Chapter 3 and Chapter 4. 

[trans,cis,cis-RuCli(dmso-S)2(4'-cisDPyP)h (17). A mixture of 26 mg of 4'-
cisDPyP (0.04 mmol) and 18.7 mg of 2 (0.04 mmol) dissolved in 5 mL of CHCh was 
allowed to react for 5 hours at room temperature. Thin-layer chromatography of the crude 
product showed it to contain 17 (Rr: O. 72) together with other minor species. Pure 17 was 
obtained as first band from a column ( 4x 1 O cm) eluted with chloroform. Yield: 18.5 mg 
(49 %). 1H NMR spectrum (CDCh): 8 = 10.05 (m, 8H, H2,6), 9.05 (s, 4H, J3H), 8.98 (d, 
4H, J3H), 8.90 (m, 8H, J3H), 8.41 (m, 8H, H3,5), 8.24 (m, 8H, oH), 7.82 (m, 12H, m+pH), 
3.65 (s, 24H, dmso-S), -2.75 (s, 4H, NH); UV-vis spectrum (Àmax (mn), Exl04 (cm-1M-1

)) 
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in CH2Ch: 425 (50.0), 518 (5.0), 554 (3.5), 591 (3.0), 646 (2.5); FAB mass spectrum: m/z 
1892.1 (M\ calcd for C92HsoN12Cl404S4Ru2 1890. 

[trans,cis,cis-RuCh(C0)2(4'-cisDPyP)h (18). A procedure similar to that 
described for 17 was followed, using 3 as starting materiai; reaction time: 16 h. Pure 18 
(Rr: O. 73) was obtained as first band from a column ( 4x 10 cm) eluted with chloroform. 
Yield from 30 mg of 4'-cisDPyP and a stoichiometric amount of 3: 18 mg ( 46% ). 1H NMR 
spectrum (CDCh): 8 = 9.83 (m, 8H, H2,6), 9.08 (m, 4H, J3H), 9.04 (m, 8H, J3H), 8.91 (s, 
4H, J3H), 8.58 (m, 8H; H3,5), 8.26 (m, 8H, oH), 7.85 (m,12H, m+pH), -2.72 (s, 4H, NH); 
selected Be NMR resonances (CDCh): 8 = 194.9 (CO); UV-vis spectrum (Àmax (nm), 
Exl0-4 (cm-1M-1)) in CH2Ch: 426 (50.0), 519 (4.5), 555 (3.0), 591 (2.5), 647 (2); selected 
IR bands (CHCh): 2073 and 2013 cm-1 (v C=O); FAB mass spectrum: m/z 1691.2 (Ml, 
calcd for CssHs6N12Cl404Ru2 1690. 

(trans,cis,cis-RuCh(dmso-S)(C0)(4'-cisDPyP)h (19). A procedure similar to that 
described for 17 was followed, using 4 as starting materiai; reaction time: 16 h. Pure 19 
(Rr: 0.73) was obtained as first band from a column (4x10 cm) eluted with a 99/l 
chloroform/ethanol mixture. Yield from 30 mg of 4'-cisDPyP and a stoichiometric amount 
of 4: 20 mg (51%). 1H NMR spectrum (CDCh): 8 = 10.08 (m, 4H, H2,6 trans to dmso-S), 
9.65 (m, 4H, H2,6 trans to CO), 9.11 (m, 4H, J3H), 9.06 (s, 4H, J3H), 8.90 (s, 8H, J3H), 8.58 
(m, 4H, H3,5 trans to dmso-S), 8.47 (m,4H, H3,5 trans to CO), 8.26 (m, 8H, oH), 7.83 
(m,12H, m+pH), 3.71 (s, 12H, dmso-S), -2.72 (s, 4H, NH) ); selected Be NMR resonances 
(CDCh): 8 = 200.6 (CO); UV-vis spectrum (Àmax (nm), Exl0-4 (cm-1M-1

)) in CH2Ch: 425 
(45.0), 519 (2.5), 555 (1.2), 593 (0.8), 648 (0.5); selected IR bands (CHCh): 1990 cm-1 (v 
C=O); F AB mass spectrum: mlz 1790.5 (M+), calcd for C90~8N 12Cl4Q4S2Ru2 1790. 

[trans,cis,cis-RuCh(C0)2(4'-cisDPyP)fa (20). This product was isolated from the 
synthesis of 18 by column chromatography (second band). Yield 13%. 1H NMR spectrum 
(CDCh): 8 = 9.33 (m, 12H, H2,6tRu), 8.92 (m, 6H, J3H), 8.85 (m, 12H, J3H), 8.56 (s, 6H, 
J3H), 8.30 (m, 12H, H3,5tRu), 8.17 (m, 12H, oH), 7.73 (m, 18H, m+pH), -2.92 (s, 6H, 
NH); selected Be NMR resonances (CDCh): 8 = 194.8 (CO); UV-vis spectrum (Àmax (nm), 
Exl0-4 (cm-1M-1

)) in CH2Ch: 422 (54.0), 517 (3), 551 (1), 589 (0.7), 645 (0.2); selected IR 
bands (CHCh): 2073 and 2013 cm-1 (v C=O); FAB mass spectrum: m/z 2534.8 (Ml, calcd 
for CmHs4N1sCl606Ru3 2534. 

[trans,cis,cis-RuCh(C0)2(Zn4'-cisDPyP)h (18Zn). A 25 mg amount of 18 (0.012 
mmol) dissolved in 5 mL of CHCh was treated with an 8-fold molar excess of 
Zn(CH3C00)2 (18.4 mg) dissolved in the minimum amount of MeOH. Samples of the 
reaction mixture were periodically withdrawn, diluted in CH2Ch and sampled by visible 
spectroscopy. The spectrum indicated that the zinc insertion was complete (after ca. 16 h) 
when the four Q bands of 18 collapsed to two bands (552 and 590 nm); the Soret band 
shifted from 426 nm to 428 nm, accompained by a decrease of intensity (E= 32xl04 cm-
1M1 for 18Zn vs E = 50x 104 cm-1M 1 for 18). These spectral changes are similar to those 
found upon metalation of free porphyrins. ioJa The product was precipitated by addition of 
n-hexane, removed by filtration, washed throughly with cold methanol and diethyl ether 
and vacuum dried. Yield: 16.5 mg (75%). Rf: 0.45. 1H NMR spectrum (CDCh): 8 = 9.82 
(m, 8H, H2,6), 9.18 (m, 4H, J3H), 9.15 (m, 8H, J3H), 9.04 (s, 4H, J3H), 8.58 (m, 8H, H3,5), 
8.26 (m, 8H, oH), 7.84 (m, 12H, m+pH); UV-vis spectrum (Àmax (nm), Exl0-4 (cm-1M-1)) in 
CH2Ch: 428 (32), 552 (2), 590 (0.5). 
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[(18Zn)2(µ-4,4'-bipy)2] (21), [(18Zn)2(µ-4'-transDPyP-npm)2] (22), and 
[(18Zn)2(µ-4'-transDPyP)2] (23). 1H NMR titrations were performed adding small 
amounts of each ligand ( 4,4'-bipy, 4'-transDPyP-npm, and 4'-transDPyP) to a ca. 10-3 M 
CDCh solution of 18Zn in a 5mm NMR tube. When, according to NMR spectra, 
formation of compounds 21, 22, and 23 was complete, the products were isolated upon 
removal of the solvent. 

21: 1H NMR spectrum (CDCh, -40°C): 9.48 (m, 16H, H2,6, 18Zn), 8.97 (s, 8H, 
f3H), 8.88 (m, 24H, f3H), 8.47 (d, 8H, H3,5, 18Zn, exo), 8.29 (d, 8H, H3,5, 18Zn, endo), 
8.14 (d, 8H, oH, exo), 8.05 (d, 8H, oH, endo), 7.77 (m, 16H, m+pH, exo), 7.67 (m, 8H, 
mH, endo), 4.81 (d, 4H, H3,5, 4,4'-bipy), 1.99 (d, 4H, H2,6, 4,4'-bipy). UV-vis spectrum 
(Amax (nm)) in CH2Ch: 431.0 (Soret), 565.0, and 607.0 (Q bands). 

22: 1H NMR spectrum (CDCh, -20°C): 9.71 (d, 8H, H2,6, 18Zn, exo), 9.64 (s, 4H, 
mesoH), 9.56 (d, 8H, H2,6, 18Zn, endo), 9.15 (m, 32H, J3H), 8.65 (d, 8H, H3,5, 18Zn, 
exo), 8.60 (d, 8H, H3,5, 18Zn, endo), 8.30 (m, 16H, oH), 7.83 (m, 16H, mH, exo, +pH), 
7.76 (m, 8H, mH, endo), 6.06 (d, 8H, H3,5, 4'-transDPyP-npm), 3.34 (m, 16H, -
CHiCH2CH3), 2.62 (d, 8H, H2,6, 4'-transDPyP-npm), 1.78 (m, 16H, -CH2CHiCH3), 0.85 
(m, 48H, -CH2CH2CH3+-CH3), -3.62 (s, 4H, NH). UV-vis spectrum (A.max (nm)) in CH2Ch: 
430.0 (Soret), 510.0, 559.0, and 604.5 (Q bands). 

23: 1H NMR spectrum (CDCh , -55°C): 9.60 ( d, 8H, H2,6, 18Zn, exo ), 9.46 ( d, 8H, 
H2,6, 18Zn, endo), 9.18 (m, 24H, f3H, 5Zn), 9.03 (s, 8H, f3H, 18Zn), 8.66 (m, 16H, H3,5, 
18Zn), 8.34 (m, 16H, oH, 18Zn, endo+ f3H, 4'-transDPyP), 8.28 (m, 8H, oH, 18Zn, exo), 
7.83 (m, 24H, mH, 18Zn, exo + pH, 18Zn + f3H, 4'-transDPyP), 7.78 (m, 8H, mH, 18Zn, 
endo + f3H, 4'-transDPyP), 7.57 (d, 8H, oH, 4'-transDPyP), 7.31 (m, m+pH, 4'-
transDPyP), 6.25 (d, 8H, H3,5, 4'-transDPyP), 2.56 (d, 8H, H2,6, 4'-transDPyP), -4,10 (s, 
4H, NH).UV-vis spectrum (À.max (nm)) in CH2Ch: 420.0, and 430.5 (Soret bands), 516.0, 
and 560.0 (Q bands). 

[(ZnTPP)2(µ-4'-transDPyP-npm)] (24), [(ZnTPP)2(µ-4'-transDPyP)] (25). These 
compounds were obtained by NMR titration: to a CDCb solution (ca. 5 mM) of 4'-
transDP~P-npm or 4'-transDPyP, respectively, weighed amounts of Zn·TPP were added 
and the H NMR spectra were recorded. Zn· TPP was added unti] when the chemical shifts 
of the adducts did not change anymore; in both cases a ca. sixfold excess of Zn· TPP was 
required. At this stage the temperature was lowered to the value required for comparison 
with the spectra of compounds 22 and 23. The apparent Kfvalues at room temperature (ca. 
106

) were obtained by non-linear regression analyses of the chemical shifts data (for H2,6, 
H3,5, and -NH) versus concentration of Zn·TPP. The fit of the data was made using the 
sofware package Scientist.129 

24: 1H NMR spectrum (CDC13, -20°C): 9.82 (s, mesoH), 8.97 (s, f3H*), 9.26 (m, 
oH*), 9.77 (m, m+pH*), 6.20 (d, H3,5), 3.58 (m, -CH2CH2CH3), 2.82 (d, H2,6), 1.87 (m, -
CH2CH2CH3), 0.98 (m, -CH2CH2CH3 + -CH3), -3.35 (s, NH). 

25: 1H NMR spectrum (CDCh, -55°C), selected resonances: 8.99 (s, J3H, Zn·TPP*), 
8.50 (d, J3H, 4'-transDPyP), 8.27 (m, oH-ZnTPP\ 7.79 (m, m+pH-ZnTPP*), 7.40 (d, J3H, 
4'-transDPyP), 6.32 (d, H3,5), 2.79 (d, H2,6), -3.89 (s, NH). 

• The resonances relative to coordinated ZnTPP in 24 and 25 overlap with those of excess 
Zn·TPP, therefore relative integration with signals of 4'-transDPyP-npm in 24 and 4'-
transDPyP in 25 was not possible. 
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X-ray crystallography. Purple crystals of 21 and 23 suitable for X-ray diffraction 
were obtained by slow diffusion of n-hexane into CDCb solutions of each compound. Data 
collection was performed on a 30 cm MAR2000 image plate with a monochromatic 
wavelength of 1.000 A using the rotating crystal method. In compound 21, the pyridine 
ligands at Ru 1, as well as the bipyridine rings at Zn2 were found conformationally 
disordered over two positions ( occupancies factors of 0.48/0.52, 0.48/0.52, and 0.38/0.62). 
A difference Fourier map revealed the presence of 3.5 molecules of CHCb and 0.5 of n-
hexane per asymmetric unit in 21, and of a n-hexane molecule in 23. Additional solvent 
molecules, included in the formula of both compounds, were used for density calculation, 
by taking into account the analysis of the accessible voids in the unit cell obtained with the 
Platon package. 130 

Crystal data for 21: triclinic, space group P-1, a= 11.923(4), b = 23.772(5), c = 
25.077(5), A, a= 87.54(2), J3 = 84.13(2), y = 76.96(2)0

, V= 76.96(2) A3
, Z, Dca1cd, g cm-3 = 

2, 1.216, µ = 2.271mm-1, 20µaç, = 53.62°, no. of unique reflcs = 14124, no. of observed 
. data [I>2a(I)] =8929, no. of parameters = 990, Rl(Fo), wR2 (Fo2

) = 0.0865, 0.2465. 
Crystal data for 23: triclini e, space group P-1, a = 17.2 72( 4 ), b = 21. 890( 4 ), c = 

27.183(6) A, a =69.06(2), J3 =84.87(2), y = 89.00(2)0
, V= 6599(3) A3

, Z, Dca1cd, g cm-3 = 2, 
1.417, µ = 1.896 mm-1

, 20µaç, = = 47.16°, no. ofunique reflcs = 6465, no. of observed data 
[I>2a(I)] = 3859, no. of parameters = 716, Rl(Fo), wR2 (Fo2

) = 0.0865, 0.2465. 

Chapter 5. 

trans,cis,cis-RuCh( dmso-S)2( 4'-cisDPyP)2 (17a), trans,cis,cis-RuCii(C0)2(4'-
cisDPyP)2 (18a), and trans,cis,cis-RuCh(CO)(dmso-S)(4'-cisDPyP)2 (19a). Complexes 
2-4 were treated at room temperature in chloroform solution with a four-fold excess of 4'-
cisDPyP (reaction time: 5 h (17a), 3 days (18a), 24 h (19a)). Column chromatography of 
the reaction mixtures aff orded pure products as non-crystalline purple solids which gave 
satisfactory elemental analyses. Conditions: pure 18a and 19a were obtained (third band) 
from columns eluted with a 99:1 chloroform-ethanol mixture; pure 17a was obtained 
(fourth band) from a column eluted with a chloroform-ethanol mixture changing from the 
initial 99: 1 to the final 98:2 ratio. Isolated yields: ca. 40%. As in the corresponding 4'-. 
:MPyP compounds,96 the electronic absorption spectrum of 17a-19a was very similar to 
that of the unbound porphyrin. 

trans,cis,cis-RuCh(C0)2(Zn4'-cisDPyP)2 (18aZn). A 10 mg amount of 18a 
dissolved in 5 mL of CHCb was treated for 48 h with a four-fold excess of zinc acetate 
dissolved in 2 mL of methanol. The product precipitated upon addition of n-hexane, and 
was washed throughly with water, methanol and then with diethyl ether and vacuum dried 
(isolated yield ca. 70 %). It was purified by chromatography on a column eluted with 
chloroform ( first band). 

{Pd(dppp)[trans,cis,cis-RuCh(dmso-S)(4'-cisDPyP)2]}(0Tf)2 (26), 
{Pd( dppp )[trans,cis,cis-RuCh(CO)i( 4'-cisDPyP)2]}(0Tf)2 (27), and 
{Pd( dppp )[trans,cis,cis-RuCh( dmso-S)(CO)( 4'-cisDPyP)2]}(0Tf)2 (28). Molecular 
squares 26-28 were obtained by addition of one equivalent of Pd( dppp )(0Tf)2 into CDCb 
solutions of the corresponding precursor 17a-19a; the reactions were monitored by 1H 
NMR spectroscopy and the ratio of the reactants adjusted accordingly. Analytically pure 
crystalline samples of the purple-red macrocycles were obtained by addition of n-hexane 
into the solutions. Isolated yields: ca. 80%. 
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cis-4'TPyP[Ru]2 (29) and trans-4'TPyP[Ru]i (30). The reaction between 4'-TPyP 
and cis,fac-RuCh(dmso)3(CO) (1) was performed as reported in ref. 98. Components of the 
mixture were separated by column chromatography on sili ca gel; 98 the two bis-ruthenated 
isomerie products, cis-4'TPyP[Ruh (29) and trans-4'TPyP[Ruh (30), were obtained as a 
mixture from the column and their separation required further preparative-scale TLC on 
silica gel plates (CH2Ch/EtOH mixture 90/10; Rr 29 = 0.81, Rr 30 = 0.84); products were 
extracted from the silica with an acetone/MeOH mixture 80/20). 100 mg of 4'-TPyP 
yielded, as an average, 11 mg each of isolated 29 and 30 ( 5% ). Elemental analyses for 2 
and 3 were scarcely reliable because affected by the presence of variable amounts of 
solvent molecules of crystallization. 

Selected data for 29: 1H NMR (CDCh): ò = -2.96 (s, 2H, NH), 3.62 (s, 6H, dmso-
S), 3.64 (s, 6H, dmso-S), 3.69 (s,12H, dmso-S), 8.19 (m, 4H, H3,5(py)), 8.22 (m, 4H, 
H3,5[Ru]), 8.86 (s, 2H, f3H), 8.88 (d, 3J= 8 Hz, 2H, f3H), 8.91 (d, 3J= 8 Hz, 2H, f3H), 8.95 
(s, 2H, f3H), 9.09 (m, 4H, H2,6(py)), 9.51 (m, 4H, H2,6[Ru]). UV-VIS in CH2Ch À, nm, 
(Ex104

/ M-1 cm-1
): 419 (28), 514 (1.5), 549 (0.6), 589 (0.5), 645 (0.2). 

Selected data for 30: 1H NMR (CDCh): ò = -2.97 (s, 2H, NH), 3.62 (s, 6H, dmso- · 
S), 3.64 (s, 6H, dmso-S), 3,69 (s, 12H, dmso-S), 8.17 (m, 4H, H3,5(py)), 8.22 (m, 4H, 
H3,5[Ru]), 8.88 (d, 3J = 4 Hz, 4H, f3H), 8.92 (d, 3J = 4 Hz, 4H, J)H), 9,09 (m, 4H, 
H2,6(py)), 9.50 (m, 4H, H2,6[Ru]). UV-VIS in CH2Cb A, nm, (sxl04

/ M-1 cm-1
): 419 

(38.5), 515 (2.2), 549 (0.8), 589 (0.7), 645 (0.3). 

[Pd(dppp){cis-4'TPyP[Ru]2}]2(0Tf)4 (31), and [Pd(PEt3)2{cis-
4'TPyP[Ru]2}h(OTf)4 (32). Owing to the very low amounts of precursor 29 (few mg), 
reactions leading to molecular squares 31 and 32 were performed in NMR tube 
exclusively, adding a stoichiometric amount of the corresponding Pd complex to a ca. 
millimolar solution of 29; formation of31and32 occurred rapidly at ambient T. 

Selected data for 31: 1H NMR (CDCh): ò = -3.16 (s, 4H, NH), 3,63 (s, 12H, dmso-
S), 3.69 (s,12H, dmso-S), 8.16 (m, 8H, H3,5Pd), 8.21 (m, 8H, H3,5[Ru]), 8.38 (d, 3J = 4 
Hz, 4H, f3H), 8.58 (s, 4H, f3H), 8.92 (s, 4H, f3H), 8.94 ( d, 3 J = 4 Hz, 4H, J)H), 9.52 (m, 8H, 
H2,6[Ru]), 9.86 (m, 8H, H2,6Pd). 31P NMR (CDCb): ò = 6.1. UV-VIS in CH2Ch À, nm, 
(Ex104

/ M-1 cm-1
): 424 (52.0), 518 (3), 553 (1), 592 (0.6), 646 (0.1). 

Selected data for 32: 1H NMR (CDCh): ò = -2.98 (s, 4H, NH), 3,65 (s, 12H, dmso-
S), 3.70 (s, 6H, dmso-S), 3.71{s,6H, dmso-S), 8.22 (m, 8H, H3,5[Ru]), 8.56 (d, 3J= 4 Hz, 
4H, f3H), 8.62 (m, 8H, H3,5Pd), 8.87 (s, 4H, J)H), 8.94 (d, 3J= 4 Hz, 4H, J)H), 9.01(s,4H, 
f3H), 9.52 (m, 8H, H2,6[Ru]), 10.18 (m, 8H, H2,6Pd). 31P NMR (CDCh): ò = 21.5. 

X-ray crystallography. Purple crystals of 27 were obtained by slow diffusion of n-
hexane into a CHCh soluti on of the compound; the crystals, redissolved in CDCh, yielded 
the same spectrum as the raw materiai. Data collection was performed on a 30 cm 
MAR2000 image plate over a quater of reciprocai space, 32 frames collected with rotation 
of 3° about <p, fixed dose of radiation (A,= 1.0527 A). Total reflections collected 14472 
(resolution 1.2 À), unique 9281 (Rint = 0.0631). Two disordered chloroform molecules 
(occupancy factor 0.5 each) and a molecule of n-hexane were detected on the liF map. 
Final Rl = 0.1171, wR2 = 0.2847, S (Goodness-of-fit) = 1.252 for 5149 observed 
reflections [I> 2cr(I)] and 764 parameters. 

Crystal data for {Pd( dppp )[trans,cis,cis-RuCh(C0)2( 4'-cis(DPyP)2]}(0Tf)2·n-
hexane·CHCh (27): C122H91ClsF6N120sP2PdRuS2, Mr = 2483.90, monoclinic, space group 
C2/c (N. 15), a= 40.315(6), b = 20.487(4) e =35.125(6) A, fJ = 104.70(2)0

, V= 28061.57 
À3

, Z = 8, Pcalc = 1.176 gcm-3
, F(OOO) = 10144, T= 100 K, µ = 3.767 mm-1

. 

72 



Chapter 8 Experimental Section 

Chapters 6 and 7. 

18aZn: Compound 18a (mg) dissolved in CHC13 ( mL) was treated for h with a 
fourfold excess of zinc acetate dissolved in methanol ( mL ). The product precipitated upon 
addition of n-hexane. It was washed with water, methanol, and diethyl ether and then dried 
under vacuum (yield of isolated product: ca. % ). The product was purified by 
chromatography on a silica gel column eluted with chloroform (first band) and moves 
rapidly with the solvent~ part of the reaction mixture remains adsorbed on the top of the 
column. UV-vis spectrum (A.max (nm)) in CH2Ch: 428.0 (Soret), 563.0, and 603.5 (Q 
bands); selected IR bands (CHCh): 2024 and 1967 cm·1 (v C=O). 

1H NMR spectrum (CDCb): 9.82 (d, 4H, H2tRu, exo), 9.13 (d, 4H, H6tRu, endo), 
9.05 (d, 4H, J3H), 8.91 (m, 12H, f3H), 8.58 (d, 4H, f3H), 8.35 (m, 8H, H3tRu, exo + oH 
exo ), 8.19 ( d, 4H, oH, exo ), 8.14 (m, 8H, H5tRu, endo + oH endo), 7.98 ( d, 4H, oH, endo), 
7.67 (m, 28H, m+pH + f3H), 7.21 (d, 4H, f3H), 6.51 (br, 4H, H3Zn, exo), 5.79 (br, 4H, 
H5Zn, endo), 1.85 (br, 4H, H2Zn, exo), l.56 (br, 4H, H6Zn, endo). 

X-ray crystallography. Data collections for the structural detennination of 
compounds (l8aZn)2 and [ZnP24'-cisDPyP] (32) reported in this thesis were performed on 
a 30 cm MAR2000 image plate with a monochromatic wavelength, using the rotating 
crystal method. A number of solvent molecules (CHCh and n-hexane) are reported in the 
formulae; some were located on the difference Fourier map, others were included for 
density calculation by taking into account the accessible voids in the unit cell, an analysis 
obtained through utility VOID included in the Platon package.130 In the final cycles of 
refinement the contribution of hydrogen atoms at geometrically calculated positions was 
included ( except those of disordered groups ). 

Crystal data for (l8aZn)2: C344H2osN4sOsClsZnsRl4 ·22.25CHCh ·CJf14, triclinic, 
space group P-1, a= 19.634(4), b = 31.311(5), c = 37.627(5) A, a= 102.72(3), f3 = 
93.86(3), y = 106.18(3)0

, V= 21465(6) A3, Z = 2, Dca1c = 1.407 mgi'm3, µ = 1.097 mm·1
, 

F(OOO) 9129, 20max = 41.5°, (À.= 0.7100 À), Reflns unique = 41247, Reflns I>2cr(I) = 
27136, Params 2322, Rl [1>2cr(I)] = 0.1404, wR2 = 0.3873. 

[ZnP2·4'-cisDPyP] (32). The porphyrin cyclic adduct 32 was obtained by addition 
of one equivalent of 4'-cisDPyP into CDCh solutions of theZnP2; the reaction was 
monitored by 1H NMR spectroscopy and the ratio of the reactants adjusted accordingly. 
Analytically pure crystalline samples of the violet macrocycles were obtained by addition 
of n-hexane into the solution. Isolated yields: ca. 80%. UV-vis spectrum (Amax (nm)) in 
CH2Ch: 420.0 and 429.0 (Soret bands), 514.0, 562.5, and 603.5 (Q bands). 

1H NMR at ambient temperature: 9.08 (f3Hy, 4H, d), 9.08((3Hy, 4H, d), 8.97 
((3Hy+oH, 12H), 8.62 (f3H, 2H, s), 8.54 (4H, m, H3,4phen; H7,8phen), 8.37 (2H, bd, f3H) 
8.11 (oHz, 4H, m), 8.09 (oHx, 8H, m), 7.99 (2H, s, H5,6phen), 7.90 (oH, 4H m), 7.77 (pHz, 
m, 4H), 7.68 (2H, m,pH), 7.61 (4H, m, mH), 7.50 (2H, bd, J3H), 7.32 (2H, bs, f3H), 6.26 
(4H, bs, H3,5), 2.98 (4H, vbs, H2,6), 1,55 (36H, s, tBuz), 1.54 (18H, s, tBux), -3.65 (2H, bs, 
-NH). 

Crystal data for 32: C190Hl82N1&Zn2·2.5CHCb, triclinic, space group P-1, a = 
16.396(4), b = 26.852(5), c = 26.946(5) A, a= 68.49(2), f3 = 85.94(2), y = 75.03(2)0

, V= 
10659(6) À 3

, Z = 2, Dcalc = 0.972 mg/m3
, µ = 1.493 mm·1

, F(OOO) 3278, 20max = 53.2°, (J..= 
1.0000 A), Reflns unique 14119, Reflns I>2cr(I) = 6401, Params 688, Rl [1>2cr(I)] = 
0.1485, wR2 = 0.3210. 
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