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ABSTRACT: We report the synthesis of new vanadylporphyrins bearing peripheral coordination sites. By using palladium(II) or plati-
num(II) as connecting ions, porphyrin dimers were isolated and characterized by X-ray crystallography. These paramagnetic species were 
studied by electronic spectroscopy and Continuous Wave Electron Paramagnetic Resonance (CW EPR). Large bathochromic shifts were 
observed by comparing porphyrin monomers and dimers showing that electronic delocalization was present as demonstrated earlier for dia-
magnetic compounds. Despite the large distance (> 14 Å) between the two vanadyl centers in these dimers, small dipolar interactions be-
tween the two paramagnetic ions could be determined. 

INTRODUCTION 

Magnetic interactions between distant metal ions has been 
a main research area in molecular magnetism for many years.1 
Recently transition metal complexes became the subject of 
studies leading to potential applications in quantum infor-
mation processing (QIP).2 Among metal ions vanadium(IV) 
seems to fulfil many pre-requisites for QIP applications: (i) well-
known chemistry to design and prepare new complexes, (ii) 
long coherence times and (iii) convenient hyperfine coupling3 
permitting its additional use as a spin qubit with its high-
dimensional Hilbert space.4 Several different vanadium(IV) 
complexes, mainly vanadyl, [VO]2+, complexes have been re-
ported, prepared and studied using EPR spectroscopy. Most of 
the vanadium(IV) complexes studied were mononuclear.5 In 
the last years several dinuclear vanadyl(IV) complexes were 
proposed for potential two qubits systems. One of the main 
objectives of this coordination chemistry approach is the de-
sign and preparation of molecules with two spins localized in a 
rigid and preferably planar scaffold, controlling precisely the 
distance between the two metal centers.6-12 Among potential 
candidates for vanadyl(IV) complexes, the porphyrin ligand 
seems to be a good candidate as a starting building block.13 
Vanadyl(IV) porphyrins are extremely stable compounds, as 
demonstrated by their presence in oil samples as thermody-
namic end products resulting from the degradation of all 
tetrapyrrolic pigments of life.14 The functionalization of the 
porphyrin periphery (or other porphyrinoids)  is also well de-
veloped and many examples of porphyrinoid dimers were 
described in the literature.15-21 It was demonstrated quite early 
that in the fused porphyrinic dimers described by the group of 
Osuka, the antiferromagnetic couplings between copper(II) or 
silver(II) diporphyrins were strongly dependent on the type of 
connections.22 Very recently, the group of Anderson proposed 
vanadyl(IV) porphyrin dimers as quantum mediators for vana-

dyl qubits.23 Our group has shown earlier that porphyrins bear-
ing additional external coordination sites can be used to con-
struct dimers or oligomers by linking these building blocks 
with different metal ions (see Chart 1).24-27 

 

Chart 1. Molecular formula of porphyrin dimers linked by 
metal ions (M1, M3 = Ni(II), Zn(II), H2, Cu(II), Pd(II), M2 = 
Ni(II), Cu(II), Pd(II), Pt(II)). 

 
Extended electronic delocalization was present in these 

large molecules. Strong antiferromagnetic coupling was found 
for copper(II) porphyrins linked by copper(II) or and a small 
coupling was found for copper(II) porphyrins linked by palladi-
um(II) ions.28 We describe here the syntheses of vanadyl(IV) 
porphyrin monomers and palladium(II) or platinum(II) linked 
vanadyl(IV) porphyrin dimers, their structural characterizations, 
and the study of these new molecules by Electron Paramag-
netic Resonance (EPR). 

 

 

 

RESULTS AND DISCUSSIONS 

 



The starting porphyrin bases 1 and 2 were prepared by follow-
ing procedures developed earlier in our group.29 Metalation of 
the ketoporphyrins with vanadium(IV) sulfate was almost quan-
titative and afforded vanadylporphyrins 3 and 4.30 The known 
amination of these ketoporphyrins was realized with the Kat-
ritzky reagent and gave the desired vanadylenaminoporphyrins 
5 and 6 in good yields. Compounds 5 and 6 differ mainly by 
their solubility properties and the steric hindrance near the 
external coordination site. 

Scheme 1. Preparation of the vanadylporphyrins. 

 
With meso-phenyl groups, single crystals could be grown from 
chloroform/methanol and the X-ray structure solved. Vana-
dyl(IV)porphyrins found in the CCDC crystallographic base 
present a square pyramidal coordination geometry with the 
vanadium(IV) located outside the plane of the aromatic macro-
cycle.  

 
Figure 1. X-ray structure of starting vanadylporphyrin 5: two orthogo-
nal views showing the distorted aromatic macrocycle and the unusual 
coordination geometry around the vanadium(IV) ion. 

Surprisingly, for compound 5, the coordination geometry is 
different and the vanadium(IV) is hexacoordinated with an 
additional apical methanol ligand trans to the oxo. This coordi-
nation geometry is known for many vanadyl(IV) complexes,31 
but not reported for vanadyl(IV)porphyrins. The two vanadium-
oxygen distances (1.60 Å for V=O and 2.32 Å for the V-O) are in 
the usual range found for other vanadium(IV) complexes (see 
Figure 1). This unusual coordination leads to the formation of 

dimeric assemblies in the solid state held together by hydro-
gen bonds between the methanol OH and the ketone function 
of another porphyrin (see Figure 2). These symmetric assem-
blies are also stabilized by π-π interactions between the ex-
tended aromatic parts of these porphyrins (with average dis-
tances of 3.5 to 3.6 Å between the aromatic planes). 

 

Figure 2. X-ray structure of vanadylporphyrin 5: assembly of two por-
phyrins in the solid state through intermolecular hydrogen bonds (dO-H 

= 1.86 Å) and π-π stacking (meso-phenyl groups omitted for clarity). 

 

The enaminoketone functionalities located at the periphery 
of these vanadylporphyrins were then used to construct por-
phyrin dimers by complexation of different metal ions. Using 
palladium(II) (Scheme 2) or platinum(II) (Scheme 3) ions afford-
ed porphyrin dimers linked by these metal ions, that were 
known to form square planar complexes. 

 

Scheme 2. Preparation of the vanadylporphyrin dimers 7 and 8. 

 
Once again, single crystals suitable for X-ray crystallography 

were obtained for dimer 7 bearing meso-phenyl substituents 
with palladium(II) as a linking ion. As expected the coordina-
tion geometry around of the linking palladium(II) is square 
planar and trans. In this dimer, the vanadyl(IV) coordination 
geometry is square pyramidal with no additional apical metha-
nol ligand. The two porphyrins are ruffled as expected for these 
extended porphyrins. Two isomers, called α,α and α,β, are 
possible for these dimers depending on the relative orienta-
tions of the oxides relative to the molecular plane. The major 
product was always the α,β isomer possessing a center of 
symmetry (one vanadyl up and the other down). The distance 
between the two vanadium(IV) ions is 14.34 Å. A similar struc-
ture (isomer α,β with very similar distances between the vana-
dium(IV) ions) was obtained for the meso-aryl substituted 
dimer 8, but unfortunately with disorders in the solvents in-
cluded in the unit cell which affected the resolution (see a view 
of the molecule in the supporting information figure S7).  

 



 

 
Figure 3. X-ray structure of porphyrin dimer 7: two orthogonal views 
(six meso-phenyl groups omitted for clarity), showing clearly the 
isomer was the α−β and that the coordination geometry around the 
palladium(II) unit was trans. 

 

Preparing platinum linked dimers proved to be more diffi-
cult. First attempts using traditional synthetic methods were 
unsuccessful: even prolonged heating of porphyrin 6 and 
Pt(acac)2 in refluxing dichlorobenzene did not give the ex-
pected dimer. By contrast, microwave heating at 200°C 
(Scheme 3) led to two dimeric compounds that could be sepa-
rated by chromatography. The centrosymmetric isomer 9 (less 
polar isomer α−β) was the major product and a second minor 
isomer (more polar, but with the same mass and a very similar 
electronic spectrum, thus isomer α−α, see supporting infor-
mation figures S5 and S6) was also isolated. 

 

Scheme 3. Preparation of vanadylporphyrin dimers 9. 

 
The electronic properties of these dimers were similar to 

previous results with diamagnetic compounds. Large batho-
chromic shifts were observed in the electronic spectra of di-
mers 8 and 9 when compared to monomeric vanadyl(IV) por-
phyrin 6 (see Figure 4). The Soret bands were much broader in 
the two dimers and the lowest energy Q-bands shifted from 
672 nm (compound 6) to 718 and 785 nm for dimers 8 and 9, 
respectively. As expected and as already observed earlier, re-
placing a 4d linking metal ion by a 5d metal ion led to a larger 
bathochromic shift and hence a better electronic delocaliza-
tion between the two aromatic macrocycles. 

 

Figure 4. Electronic spectra of vanadyl(IV) porphyrin 6 and 
porphyrin dimers 8 and 9 (isomer α−β). 

 

Electrochemical measurements led to the same conclusions. 
It was stated by Therien that the splitting of the first oxidation 
waves in the cyclic voltammetry (CV) in porphyrin dimers was a 
good indication of the extent of electronic delocalization.32 The 
electrochemistry of vanadyl(IV)porphyrin derivatives is well 
established.33 These compounds undergo two oxidation steps 
leading to a π-radical-cation and a dication and two reduction 
steps leading to a π-radical-anion and a dianion. Vana-
dyl(IV)porphyrin 6 underwent as expected two reversible oxi-
dation and reduction steps (see Figure S8). The first oxidation 
of dimers 8 and 9 took place at lower potentials (see Figure S9) 
than the oxidation of 6 and the splitting of the first oxidation 
waves in the CV was present and increased significantly for 
dimer 9 α−β  (see Table 1). For dimers 8 and 9, after the first 
oxidation step leading to a π-radical-cation, the radical-cation is 
delocalized significantly over the entire molecule and conse-
quently the second oxidation occurs at a higher potential. This 
delocalization varies by changing the linking metal ion and 
thus the splitting is more pronounced for the 5d platinum(II) 
compared to the 4d palladium(II) linkage. The splitting was not 
observed for the reduction as there was no communication 
between the porphyrin moieties on reduction. This meant that 
there was no delocalization of the π-radical-anion and hence 
no splitting was observed. This was corroborated by DFT calcu-
lations (B3LYP). The calculations showed that the HOMO was 
dπ/π-type in character with a metallic contribution from the 
linking metal ion that led to delocalization over the porphyrin 
moieties, whereas no metallic contribution was present in the 
LUMO and no delocalization occured between the two por-
phyrins during the reduction. 

 

 

 

 

 

Table 1. Oxidation potentials for compounds 6, 8 and 9. 

Compound Eox1 

(volts) 

Eox2 

(volts) 

Eox3 

(volts) 

Eox2 - Eox1 

(mV) 

6 0.559 0.853   

8 0.420 0.584 0.883 164 

9 (α−β) 0.455 0.683 0.904 228 

 



Cyclic voltammetry: dichloromethane, 0.1 M NBu4PF6 at a scan rate 
of 0.1 V/s, glassy carbon electrode, volt vs Fc+/Fc as internal reference. 

 

The two isomers of the platinum(II) linked dimers presented 
almost identical absorption spectra and cyclic voltammetry, 
consequently only the CV and electronic spectrum of dimer 9-
α,β is shown in Table 1 and Figure 4. This was not too surpris-
ing as the interactions discussed here are ligand based and it 
was the linking metal ion that determined the communication 
between the two sub-units. 

 
Figure 5. Frontier molecular orbitals of dimer 8: top HOMO and 
bottom LUMO (DFT calculations, B3LYP). 

The Continuous Wave Electron Paramagnetic Resonance 
(CW EPR) spectrum of a frozen solution of vanadyl(IV) porphy-
rin 6 exhibited the typical line shape of vanadyl complexes and 
was comparable with the EPR spectra of other vanadyl porphy-
rins described in the literature (see Figure 6).34  

 

Figure 6. X-band experimental (black line) and simulated (red line) 
EPR spectra of vanadylporphyrin 6 (10-4 M in 80/20 CH2Cl2/CHCl3) 
at 15 K recorded with a microwave power of 0.1 mW and a modulation 
amplitude of 0.5 mT.  

This characteristic features results from the hyperfine interac-
tion of unpaired electron spin S = 1/2 of V4+ (3d1) with the I = 
7/2 nuclear spin 51V isotope (99.75% abundant). The planar 
structure of the porphyrin leads to g and A-tensors with an 
approximatively axial symmetry. The A values for the main 
orientations (x, y, and z) were as follows, 170, 152 and 472 MHz. 

 

 

Figure 7. X-band experimental and simulated EPR spectra of porphyrin 
dimer 8 (10-4 M in 80/20 CH2Cl2/CHCl3) at 15 K recorded with a 
microwave power of 0.1 mW and a modulation amplitude of 0.4 mT. 

 

Taking into account the local symmetry at the porphyrin site 
(g and A tensors were assumed axial and colinear) the spec-
trum was simulated very satisfactorily using an axial spin-
Hamiltonian with a set of parameters given in Table 2 (vide 
infra). The EPR spectrum of dimer 8 (see Figure 7) was recorded 
in the same conditions and it appeared to be very similar to 
that of the vanadyl(IV) porphyrin 6 with one pertinent differ-
ence. The two spectra (6 and 8) superimpose onto each other 
with similar g factors but a closer comparison showed a small 
splitting in each peak, indicating the presence of magnetic 
interactions between the two vanadyl units. This distinguisha-
ble interaction was present despite the fact that the two metal 
sites were quite far apart (14.3 Å found in the crystal structure). 

 

To simulate the EPR spectrum, we added a term to the spin 
Hamiltonian to account for the electron spin-spin interaction. 
The singlet (S = 0) and triplet (S = 1) states arising from the 
interaction of two VO porphyrin units were separated by the 
magnitude of the isotropic exchange interaction, whereas the 
levels within the triplet state were separated by the magnetic 
dipole-dipole interaction and anisotropic exchange terms that 
may eventually be operative. Consequently, the triplet and 
singlet states are mixed, complicating the EPR spectrum. With 
this assumption, for 8 the major contribution arises mainly 
from a through-space dipolar interaction (D) with only a small 
effect from exchange terms. The distance, r, between the two 
VO units can be evaluated with the following equation:35  

 𝐷 = 3 𝑔 𝜇𝐵
2𝑟3

= 1.39 × 104 𝑔
𝑟3

                                      (eq.1) 

 



Where μB is the Bohr magneton and r is the distance in Å and 
D in Gauss.  

This equation is applied assuming the point-dipole approxi-
mation. With a D value of 40 MHz measured from the spec-
trum, an r value of 13 Å was calculated. This value was close to 
that obtained by X-ray crystallography. The spectrum was fitted 
using Easyspin36 with the following Hamiltonian that encom-
passes the g tensor, hyperfine tensor A for both VO porphyrin 
units and the electron-electron interaction matrix J: 

𝐻� = 𝜇𝐵 ∑ 𝐁𝐠𝒊V𝐒�𝒊𝑽𝟐
𝒊=𝟏 + ∑ 𝐒�𝒊𝑽𝐀𝒊

𝑽𝐈̂𝒊𝑽𝟐
𝒊=𝟏 + 𝐒�𝟏𝑽𝐉𝐒�𝟐𝑽  (eq.2) 

The J interaction matrix is composed of all exchange and di-
polar terms. Each of those can be decomposed to isotropic, 
antisymmetric and anisotropic components. Due to the per-
fectly (for 8 and 9-α,β) or practically (for 9-α,α) centrosymmetric 
structures of our complexes, the antisymmetric term can be 
neglected based on Moriya’s rules, thus J can be written as a 
sum of the isotropic and anisotropic terms:  

𝑱 = 𝐽𝑖𝑠𝑜𝑆1𝑆2 + 𝑆1𝐃𝒂𝒏𝒊𝒔𝒐𝑆2                    (eq.3) 

 Daniso is a symmetric traceless tensor representing the sum of 
dipolar interactions and of eventual anisotropic exchange 
terms. 

The obtained values for the g and A tensors for the mono-
mer 6 were kept the same for the simulation of 8 with the 
through space dipolar interaction extracted from the EPR spec-
trum. The best simulated EPR spectrum assessed to the magni-
tude of |J| of around 6 ± 2 MHz which is a weak coupling re-
gime. The distance between the two vanadyls allows for a 
simplification of the above equation, as the isotropic exchange 
and the antisymmetric is assumed to be near zero when the 
two paramagnetic metals are as far apart as 14 Å. 

CW EPR was also carried out on the two isomeric forms of 
dimer 9, α,α and α,β (Figure 8). These two dimers were separat-
ed by column chromatography (the α,α dimer is more polar 
than the α,β dimer). Despite the two molecules having identi-
cal electronic properties, the magnetic properties of these two 
dimers were different. The coordination geometry being 
square pyramidal for vanadylporphyrins, the distances be-
tween the two vanadium(IV) in the α,α and the α,β isomers are 
necessarly different. However, the change in distance still re-
mains small, < 0.4 Å, and consequently the dipolar interactions 
(D) will be basically identical for the α,α and the α,β dimers. 
Differences between the spectra shown in Figure 8 are hence 
assumed to be on account of an increase of isotropic ex-
change, J. As the two vanadyls are in the same direction for the 
α,α dimer, this would lead to a favorable electronic pathway 
between the two porphyrin in this dimer and consequently 
lead to a more pronounced J coupling. The bottom spectrum 
of Figure 8 is assigned to the α,β dimer on account of its simi-
larity to the spectrum of dimer 8 which was also α,β and also 
had a mild splitting in all the peaks. This is to be expected as 
the interaction is dipolar, i.e. through-space, consequently the 
linking metal ion between the two porphyrins should not have 
an impact on the interactions. This point helps confirm the 
hypothesis that a mild dipolar coupling interaction occurs 
between the two vanadyl sites, in close agreement with the 
large distances between them. The top spectrum of Figure 8 
has a stronger interaction compared to the bottom spectrum, 
evident by the increase in line broadening compared to the 
monomer 6 and the bottom spectrum. This spectrum is as-
signed to the α,α as the results of the EPR simulation for this 
isomer leads to a similar D but with a more important J value 
(see Table 2) indicating a better through-bond interaction in 

this structure and responsible for the spectral broadening 
observed. This simulation matches with the experimental re-
sults. 

 

Table 2. Best fit EPR parameters obtained for the simulation of 
the spectra of 6, 8, 9 (α,α) and 9 (α,β). 

 Monomer 6 

 

Dimer 8 Dimer 9 
(α,α) 

Dimer 9 
(α,β) 

gx 
(g strain) 

1.9823 

(0.0087) 

1.9827 

(0.017) 

1.9827 

(0.017) 

1.9827 

(0.017) 

gy 
(g strain) 

1.9845 

(0.0087) 

1.9838 

(0.017) 

1.9838 

(0.017) 

1.9838 

(0.017) 

gz 
(g strain) 

1.9636 

(0.0075) 

1.9634 

(0.013) 

1.9634 

(0.013) 

1.9634 

(0.013) 

AV (MHz) 170, 152, 472 170, 152, 
472 

170, 152, 
472 

170, 152, 
472 

|J| (MHz)  < 6 35 < 6 

D (MHz)  42 42 42 

 

 
Figure 8: X-band experimental (black) and simulated (red) EPR spec-
tra of the two isomeric forms (α,α (top) and the α,β (bottom)) of 
dimer 9 (10-4 M; 80:20; CH2Cl2:CHCl3) recorded at 15 K with a 
microwave power of 0.1 mW and a modulation amplitude of 0.4 mT. 

CONCLUSION 

These results demonstrate that the vanadyl(IV) porphyrin 
platform is ideal for engineering controlled interactions in 
candidates for the implementation two-qubit (or two-qudit) 
gates. These molecules are highly stable and their planar struc-
tures make them ideal candidates for surface deposition. 
Moreover, their modular nature suggests the possibility of 
engineering g-anisotropy by varying one of the two spin cen-
ters. This latter is a key requirement for the selective addressing 
of qubits in two-qubit gates. 

EXPERIMENTAL SECTION 

 



General information. Most of the experiments were carried 
out in standard glassware under inert argon atmosphere. Di-
chloromethane was distilled from calcium hydride and toluene 
from sodium/benzophenone ketyl. Chromatographic separa-
tions were performed using silica gel (Merck 40-63 µm). 1H and 
13C NMR (for the starting compounds) were recorded on a 
Bruker Avance 500 equipped with a cryoprobe. UV-Visible 
spectra were obtained on a CARY 5000 UV/vis/NIR double-
beam spectrometer in dichloromethane. Elemental analyses 
were performed by the ‘‘Service d’Analyses de la FR 2010 in 
Strasbourg’’. X-ray data were collected on a Bruker Photon III 
diffractometer. X-band continuous wave EPR spectra were 
recorded on an EMXplus spectrometer (Bruker Biospin GmbH), 
equipped with a high sensitivity resonator (4119HSW) and an 
ESR900 continuous flow cryostat controlled with an Oxford 
ITC503S apparatus (Oxford Instrument). Samples were intro-
duced into 4 mm outer diameter clear fused quartz tubes 
(Wilmad-LabGlass). Modulation frequency and amplitude were 
respectively of 100 kHz and 0.4 mT. The g factor was calibrated 
using the Bruker strong pitch (g = 2.0028). Starting ketoporphy-
rin free bases 1 and 2 were prepared according to previously 
published procedures.29 

DFT Calculations. The calculations were performed with the 
ADF 2019 package at DFT level of theory using the B3LYP func-
tional.37 Scalar relativistic effects were included using zero order 
regular approximated (ZORA) Hamiltonian.38 All atoms were 
described by the TZP basis set. Solvent corrections (dichloro-
methane) were introduced through a PCM (Polarizable Contin-
uum Model). Van der Waals forces were described through 
Grimme’s corrections.39 

Vanadyl(IV)porphyrin 3. A solution of base 1 (174 mg, 0.271 
mmol), vanadyl(IV) sulfate (163 mg, 0.644 mmol) and sodium 
acetate (840 mg, 0.1 mol) in acetic acid (27 mL) was refluxed for 
20 h. To the resulting solution was added water and dichloro-
methane. After separation of the organic and the aqueous 
layer, evaporation of the solvents, crystallization from di-
chloromethane and methanol, green crystals of 3 (179 mg, 
0.254 mmol, 94%) were isolated and used for the next step 
without further purification. 

Vanadyl(IV)porphyrin 4. Vanadyl sulfate (162 mg, 0.640 
mmol) and the free-base porphyrin 2 (155 mg, 0.207 mmol) 
were heated to reflux in an acetic acid buffer (glacial acetic acid 
(27 mL) and sodium acetate (828 mg) for 20h. Water (50 mL) 
was then added and the precipitate was filtered and washed 
with water in order to extract the vanadyl salts (washed until 
filtrate no longer blue). This afforded the titled product as a 
green solid (175mg, 0.183 mmol, 88%). Only one spot was 
present on the TLC plate. MS MALDI-TOF Calcd for C63H62N4O2V 
(M + H+) 958.44; Obsd 958.398. 

Vanadyl(IV)porphyrin 5. A solution of vanadyl(IV) porphyrin 
3 (170 mg, 0.241 mmol), 4-amino-4H-1,2,4-triazole (253 mg, 
3.01 mmol) and sodium hydroxide (1.05 g, 16.0 mmol) in tolu-
ene (90 mL) and ethanol (10 mL) was heated to reflux for 2 
hours. The resulting green solution was washed three times 
with water and the organic phase was evaporated. After purifi-
cation by column chromatography (SiO2, 9:1 dichloromethane : 
cyclohexane) the pure vanadyl porphyrin 5 was crystallized in 
dichloromethane and methanol, and then dried under vacu-
um. UV-visible (CH2Cl2): λmax = 405 (ε = 25 400), 462 (183 000), 
611(11 600), 666 (24 100) nm. Elem. Anal. Calcd (%) for 
C45H27N5O2V.2H2O: C, 71.43; H, 4.13; N, 9.26. Found: C, 71.67; H, 
3.75; N: 9.17. Single crystals were grown by slow vapor diffusion 
of methanol in a chloroform solution of 5. Crystal data 

C48H33Cl6N5O3V: M = 991.43 g.mol-1, monoclinic, space group P 
21/n, a = 11.4999(4) Å, b = 21.6133(7) Å, c = 18.0899(6) Å, α = 
90°, β = 107.1730(10) °,  γ = 90°, V = 4295.8(2) Å3, Z = 4, ρcalc = 
1.533 Mg/m3, T = 120(2) K, MoKα =  0.71073 A ̊,  1.884 < θ < 
28.053, 123679 reflections measured, 10406 unique reflections, 
R1 = 0.0540, wR2 = 0.1392, GoF = 1.034. CCDC Nr : 2216948.  

Vanadyl(IV)porphyrin 6. Vanadyl(IV) porphyrin 4 (322 mg, 
0.34 mmol), 4-amino-4H-1,2,4-triazole (565 mg, 6.72 mmol) and 
NaOH (1.4 g, 34 mmol) were refluxed for 2 h in a tolu-
ene:ethanol (8:2) solution under argon. Water (50 mL) was then 
added and the organic phase was washed with water and 
dried over sodium sulphate. The solvent was evaporated and 
the porphyrin was purified by column chromatography (SiO2; 
dichloromethane:cyclohexane 2:1) to afford the titled product 
(310 mg, 0.32 mmol, 94%). UV-visible (CH2Cl2): λmax = 470 (ε = 
173 000), 616 (10000), 672 (20000) nm. MS MALDI-TOF: Calcd 
for C63H63N5O2V (M +H+) 973.45; Obsd 973.517. 

Vanadyl(IV)porphyrin dimer 7. A solution of 5 (60 mg, 0.083 
mmol) and palladium(II) acetate (10 mg, 0.046 mmol) in tolu-
ene (25 mL) was refluxed for 15 hours. TLC showed the pres-
ence of three products which were separated by column 
chromatography (SiO2, 6:4 cyclohexane : dichloromethane). 
The major product 7 isolated in 47% yield was a vana-
dyl(IV)porphyrin dimer linked by palladium(II). Two more polar 
minor products were isolated, most probably structural iso-
mers, because their electronic spectra were similar to the one 
of 7. The nature of the major isomer was determined by X-ray 
crystallography. Single crystals were grown by slow vapor 
diffusion of methanol in a chloroform solution of 7. MS-MALDI: 
Calc. for C90H52N10O4PdV2 1544.208 found 1544.195. UV-visible: 
λmax = 474 (rel. Int. = 0.42), 503 (1), 649 (0.099), 671 (0.096), 713 
(0.23). Crystal data C93H55Cl9N10O4PdV2: M = 1903.80 g.mol-1, 
orthorhombic, space group P 21 21 21, a = 38.6581(18) Å, b = 
13.7285(6) Å, c = 15.4266(7) Å, α = 90°, β = 90°,  γ = 90°, V = 
8187.2(6) Å3, Z = 4, ρcalc = 1.545 Mg/m3, T = 120(2) K, MoKα =  
1.54178 Å,  2.286 < θ < 66.443, 94102 reflections measured, 
14408 unique reflections, R1 = 0.0686, wR2 = 0.1724, GoF = 
1.090.  CCDC Nr: 2216945.  

Vanadyl(IV)porphyrin dimer 8. Vanadyl(IV) porphyrin 6 (25 
mg, 0.026 mmol) and Pd(OAc)2 (3 mg, 0.14 mmol) were heated 
to reflux in toluene (10 mL) for 16 h under argon. On cooling 
the solvent was evaporated and the product was purified by 
column chromatography (SiO2; cyclohexane:dichloromethane 
60:40) to afford the titled product as a brown solid (11 mg, 5.36 
μmol, 42%). UV-visible (CH2Cl2): λmax = 476 (ε = 75000), 505 (169 
000), 648 (15000), 718 (31000) nm. MS MALDI-TOF: Calcd for 
C126H124N10O4PdV2 (Mo+) 2048.77; Obsd 2048.573. An X-ray struc-
ture was obtained, but not suitable for publication (see sup-
porting information Figure S7). Yet it was apparent that the 
dimer was the α-β isomer. 

Vanadyl(IV)porphyrin dimers 9. Vanadyl(IV) porphyrin 6 (20 
mg, 0.02 mmol) and Pt(acac)2 (4.4 mg, 0.011 mmol) were heat-
ed in 1,2-dichlorobenzene (5 mL) in a microwave (180 oC, 200 
mW) for 5 h. On cooling the solvent was evaporated by trap to 
trap distillation and the product was purified by column chro-
matography (SiO2; cyclohexane:dichloromethane 60:40) to 
afford the titled product in two forms α,β (2 mg, 0.93 μmol, 
10%) and α,α (5 mg, 2 μmol, 20%) both as brown solids. UV-
visible (CH2Cl2): λmax = 452 (ε = 63000), 485 (60000), 518 
(110000), 688 (16000), 753 (30000) nm. MS MALDI-TOF: Calcd 
for α,β: C126H124N10O4PtV2 (M +H+) 2138.84; obsd 2138.773. MS 
MALDI-TOF: Calcd for α,α C126H124N10O4PtV2 (M +H+) 2138.84; 
obsd 2138.858. 
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