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Preface 

Metal complexes play an important role in established research areas such as catalysis and 
materials chemistry,1 as well as in emerging fields of chemical exploration such as 
bio(in)organic chemistry.2 Changes in the metal center’s ligand environment, i.e. the nature 
and number of the Lewis basic donor atoms involved in coordination, often have profound 

effects on the properties of the complex. 
 The electronic properties of any given set of ligands can be fine-tuned by modulation of 
their features through functional group substitution. Electron-donating substituents, for 

instance, render the attached donor atom(s) of the ligand electron-rich, which in turn enhances 
the electron density shift towards the metal center. The modification of ligands, however, in 
most cases requires a number of organic reactions. Ideally, these reactions are performed on 
the metal-ligand complex,3 but the metal-ligand bonds often do not tolerate the required 

reaction conditions nor the use of polar reagents. Therefore the ligand is commonly modified 
prior to complexation to the metal, which can be an iterative and time-consuming process, 
especially when optimization of the electronic properties of the ligand in the metal-ligand 

complex is desired. 
 
The research described in this thesis focuses on the development of a novel, modular strategy 
to fine-tune the electron density on the metal center of a metal complex by varying the 

electronic properties of its ligand. The prerequisites for such a strategy to succeed are 
twofold: (a) the metal complex should be amenable to electronic tuning through its ligand(s) 
and (b) the electronic properties of the ligand should be readily variable in a mild way using a 

minimal number of steps.  
 As the primary metal-ligand entity, the organometallic ECE-pincer metal complex was 
selected (Chart 1). In the past few decades this class of metal complexes has risen to 
prominence as its unique combination of the aryl-metal entity, the donor atoms E, and 

ancillary ligands L allows for effective tuning of its properties and reactivity.4-7 
 

Chart 1 

E

M

E

LnZ

para-substituted ECE-pincer metal complex

M = Li, Fe, Ru, Rh, Ni, Pd, Pt
E = NMe2, SPh, PPh2, SePh
L = Lewis base, halide
n = 1, 2, 3
Z = para-substituent

 
 
Another handle for further fine-tuning of the metals’ electron density is provided by the 

pincers’ para-substituent Z,8,9 whose variation traditionally relies on classical organic 
chemistry. For NCN-pincer nickel and platinum complexes, for example, a direct Hammett 
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relationship between the Hammett parameter of para-substituent Z and the electron density at 
the metal center has been found.8,9 
 In the present study, the (metallo)porphyrin building block was selected to function as the 

para-substituent Z on the ECE-pincer metal complex (see Chart 2 for a representation of the 
resulting (metallo)pincer-(metallo)porphyrin hybrids). One of the key characteristics of 
porphyrins is that they are excellent N,N,N,N-tetradentate ligands for virtually any metal of 
the periodic table of elements.10,11,12 Metalation greatly affects the electrochemical, 

photophysical, and coordination properties of these porphyrins. Introduction of the metal in 
the porphyrins’ skeleton as well as in the pincer arene precursor unit can often be 
accomplished in one step using mild reaction conditions. The properties of metalloporphyrins, 

e.g., their activity as catalysts and their redox behavior, can also be steered by their 
substituents, which is the ECE-pincer unit in the case of the hybrids in Chart 2.11 The 
molecular architecture of metallopincer-metalloporphyrin hybrids may allow for electronic 
interaction between the two metal sites, which may, in turn, affect the properties of either 

unit. 
 

Chart 2 

N

N N

N

M1

R

R

R

E

M2

E

Ln

M1 = 2H, Mg, MnCl, Co, Ni, Zn
M2 = Pd, Pt
E = NMe2, SPh, PPh2
L = Lewis base, halide
n = 1, 2, 3
R = ECE-pincer M2, para-tolyl
m = 1 or 4

m

Metallopincer-(Metallo)porphyrin Hybrid  
 
For these reasons, the metallopincer-(metallo)porphyrin hybrids shown in Chart 2 were 

designed. In these hybrids an ECE-pincer metal complex is directly connected through its 
para-position to one or all meso-positions of a (metallo)porphyrin. This thesis outlines the 
synthesis of these molecules and, furthermore, focuses on several structural and physical 
features as well as on the applications of these novel hybrid molecules. 

 
A significant amount of current porphyrin research explores the syntheses, properties, and 

applications of (metallo)porphyrins with peripheral metal centers. Chapter 1 deals with an 

emerging field within this broad subject, namely porphyrins with organometallic moieties 
attached at their periphery. It highlights recent and older examples of the attachment of 
substituents with carbon-to-metal bonds to porphyrins, how these compounds can be utilized 

in porphyrin derivatization and manipulation, and how the (metallo)porphyrin affects the 
properties of the metal site at the periphery and vice versa. 
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The synthetic strategies toward the multi-metalated pincer-porphyrin hybrids are described in 

Chapters 2, 3, and 4. Chapter 2 describes a modular synthetic route towards meso-

tetrakis(ECE-pincer arene)-porphyrin hybrids (E = NMe2, SPh, PPh2) and several ways by 

which these compounds can be exclusively metalated at the ECE-pincer units.  

 Chapter 3 focuses on the exclusive porphyrin metalation of pincer-porphyrin hybrids. 

The surprisingly effective self-assembly of four types of donor atom substituted zinc(II) 
porphyrins into one-dimensional polymers is discussed and systematic investigations into the 

factors responsible for this process are detailed. The highlights of recent findings regarding 
the use of these self-assembling systems in dye-sensitized solar cells are also touched upon.  
 Orthogonal metalation procedures for the peripheral pincer units and central porphyrin 

moiety have been developed in Chapter 4 to synthesize hetero-bimetallic pincer-porphyrin 

hybrids. These molecules are generated by an initial porphyrin metalation followed by metal 
incorporation into the peripheral NCN-pincer ligand units. The presence and the extent of 

intramolecular communication between the metallopincer and metalloporphyrin units have 
been investigated by means of several spectroscopic techniques. 
 
The application of hetero-multimetallic pincer-porphyrin hybrids as catalysts in a Heck and a 

double Michael addition reaction is described in Chapters 5 and 6. Chapter 5 treats the 

synthesis of meso-tetrakis(SCS-pincer palladium)-metalloporphyrin hybrids and their use as 
pre-catalysts in the Heck reaction of styrene with iodobenzene, with a special focus on the 
activity-dependence on the nature of the metal in the porphyrin ligand.  

 Mono(NCN-pincer metal)-metalloporphyrins hybrids are described in Chapter 6. Two 

ways are described through which these hybrids can be obtained, viz. prior pincer metalation 
followed by porphyrin metalation or vice versa. The influence of the metalloporphyrin on the 
properties of the NCN-pincer platinum unit was investigated and the results of this study were 

used in the exploration of the catalytic activity of the corresponding palladium complexes.  
 

In Chapter 7 a novel molecule is described in which the metallopincer units are not bound to 

the periphery of the metalloporphyrin but are directly connected to the tin center of a tin(IV) 

porphyrin unit via a Sn–O–C bond at the pincers’ para-position. 
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1.1 Introduction 

The chlorophyll and heme pigments (Chart 1) are the heart of the energy supply chain of life 
on Earth and therefore have been the focus of scientific attention for a number of decades.1,2 
Much of the synthetic research has been conducted on closely related tetrapyrrolic structures, 
i.e. porphyrins, because of their synthetic accessibility and modularity.1,2 Porphyrins and their 

metal chelates have been used as functional building blocks in materials that are of interest 
for, amongst others, photodynamic therapy,3 photophysical applications,4-6 coordination 
chemistry,7 and catalysis.8,9 Two distinct sites of substitution on the porphyrin ring are the 
four meso- and the eight -positions (see Chart 1). This review will focus on a relatively new 

area of porphyrin research, namely porphyrins that bear organometallic centers at extra-
annular positions, mostly through connection via the meso- or -position(s). 

 
Chart 1 

N

N N

N

Mg

O O

O
O

O

N

N N

N

Fe

HOOC COOH

O

HO

Chlorophyll A
Heme A

(Metallo)Porphyrin
M = 2H, metal

N

N N

N

M meso

 
 
Ever since the metalloporphyrins were discovered, a great deal of research has been devoted 

to the exploration of their axial coordination10-12 and organometallic13-15 chemistry due in part 
to the fact that a key organometallic structure occurring in nature is vitamin B12, 
cyanocobalamin, which is a tetrapyrrolic cobalt compound. Later, it was realized that the 
metalloligand chemistry of (metallo)porphyrins is not necessarily restricted to the 

tetrapyrrolic core, but can also occur at its periphery. Numerous ligand sites have been 
attached to or incorporated into porphyrin systems. Porphyrins have been functionalized with, 
for instance, crown ethers,16 phosphines,17-20 pyridines,21-30 bipyridines31-33/phenantrolines,34-38 

terpyridines,39-43 carboxylates,44,45 imidazoles,46 and other ligand sites, including other 
porphyrins21,47,48.49-52 Another interesting contribution came from the so-called N-confused 
porphyrins, in which one pyrrole ring is turned inside out. These compounds can 
accommodate a metal within the porphyrin cycle while simultaneously acting as a 

monodentate group by virtue of the peripheral nitrogen atom.53-57 In all cases, the peripheral 
metal sites were introduced for their inherent electronic, photophysical and/or coordination 
properties, which enhance or complement those of the (metallo)porphyrin. This field of 

porphyrin research has delivered some very exciting results. Sauvage and co-workers, for 
example, complexed two (metallo)porphyrin-linked terpyridyl groups to several metal centers 
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(Ir, Ru, Rh) and accomplished photo-induced charge separation mediated by the 
bis(terpy)metal unit.40-42,58 Pyridine- and imidazole-substituted (metallo)porphyrins have also 
been used to construct multi-porphyrin assemblies through intermolecular coordination of 

complementary Lewis-acidic and -basic sites. More recently, Reek and co-workers used zinc 
porphyrins in combination with nitrogen ligand-appended phosphines for the development of 
supramolecular catalysts and libraries thereof.59,60 
 Within the group of porphyrins with peripheral metal centers, the interest in porphyrins 

with covalently attached metal centers connected via one or multiple carbon-to-metal bonds, 
i.e. with organometallic substituents, is gradually increasing. These bonds endow the 
organometallic complexes with different stabilities, modified intramolecular electronic 

coupling, dynamics, and coordination chemistry compared to the traditional coordination 
complexes. Although a number of these complexes have been prepared to date, a general 
review has, to the best of our knowledge, not yet appeared. Several reviews have appeared 
that treat the synthesis and applications of porphyrins with peripheral metal centers through 

coordination of peripheral ligands, in particular to other metalloporphyrins.61-63 This chapter 
aims at reviewing the majority of the publications on porphyrins that bear peripheral 
organometallic units, i.e. incorporating one or more carbon-metal bonds. It will start with 

some general synthetic considerations as to when during the synthetic process an 
organometallic group might be introduced or attached to the porphyrin system. In the 
remainder, the compounds are categorized with respect to the organometallic constituent and 
emphasis has been placed on the synthetic routes towards the compounds with special 

attention for the step in which the organometallic and porphyrin are merged or joined. In most 
cases, the applications of these compounds will be briefly dealt with. In the section on ring-
metalated porphyrins, not only the isolated organometallic compounds as such are treated, but 

also the transient organometallic species present during the catalytic functionalization of a 
porphyrin are concisely treated within this context. The large amount of reported peripherally-
metalated porphyrins and their structural differences did not allow us to include structural 
representations of all compounds. Therefore, a selection was made that, in our opinion, 

reflects the synthetic, structural, and functional diversity encountered in this field of research. 
 
 

1.2 Synthetic Considerations  

There are three general ways to arrive at peripherally-metalated porphyrins (Chart 2). Route A 
relies on the attachment of organometallic groups to a (metallo)porphyrin skeleton. In a 
number of cases this has been accomplished by a (metal-mediated) coupling of the 
organometallic to the porphyrin. However, besides stability of both substrates under the (often 

basic) reaction conditions, this requires reagents that do not metalate or transmetalate the 
(metallo)porphyrin group. One example of how to avoid this was explored by Lindsey. His 
group developed a copper-free Sonogashira protocol for free-base porphyrin modification to 

counteract the copper insertion that occurs when co-catalytic CuI is used.64 Since almost all 
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porphyrin syntheses rely on an acid-catalyzed condensation of (poly)pyrroles with aldehydes, 
porphyrins with peripheral carbon-to-metal bonds can also be obtained by appropriate 
functionalization of either or both reaction partners (Route B, Chart 2). For this approach to 

succeed, the organometallic building block has to be resistant towards Lewis or Brønsted 
acid, a property that is not often encountered in organometallic complexes. Functionalized 
benzaldehydes have often been used in this context (vide infra), but to the best of our 
knowledge, no procedures have been published that use organometallic-functionalized 

pyrrole. There are, however, some examples of [2 + 2] procedures that employ 5-
(organometallic)-dipyrromethanes as a source of the metalloligand group (vide infra). 
 

Chart 2 

N

N N

N

M1

Z

n

N

N N

N

M1 + Zn

Z
O

NH
+

+

M2

M2

M2

M2

N

N N

N

M1

Z

n

HN

R

A

B

C M1 = 2H, metal
M2 = metal

Z = no spacer, spacer
n

 
 
The third route, Route C, uses porphyrins with previously attached ligands. These ligands can 
be part of the tetrapyrrolic macrocycle itself, they can be fused to the porphyrin ring, or 

attached via a tether. Subsequent metalation then leads to the desired peripherally-metalated 
complex. If the porphyrin is in a free-base form, a point of major importance is the order of 
metalation: the starting material bears multiple ligand sites and, therefore, orthogonal 

metalation procedures should be used to ensure selectivity of either metalation step for the 
targeted site. If this is not an option, one should start with the most discriminative metalation 
step, which concomitantly protects one type of ligand site, after which the other can be 
metalated. This is well illustrated by, for instance, the ring-mercuration of deuteroporphyrin 

IX (vide infra).65 Prior to treatment of the latter porphyrin with HgOAc, its center should be 
“protected” with Cu(II) or Zn(II) (as the chelate), in order to avoid mercury introduction, 
which is effected by the same reagent.66,67 The reagents used for insertion of copper and zinc 

in turn do not add in an electrophilic manner to the porphyrin periphery. 
 The sensitivity and lability towards cleavage of the C-M bond usually associated with 
organometallics demands careful planning of the synthetic route towards the desired 
products.68 In this chapter, we hope to provide the reader with some useful suggestions on the 

basis of procedures followed in literature. 
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1.3 Peripherally-Metalated Porphyrins 

1.3.1 Ferrocene-Porphyrin Hybrids 

Ferrocene-substituted porphyrins are undoubtedly the most intensively studied class of 
peripherally metalated porphyrins. Although ferrocene and porphyrin units have been often 
covalently combined (even through the axial positions of metalloporphyrins)69,70 the 

underlying rationales are diverse. Since both ferrocenyl and porphyrin groups have a rich and 
reversible electrochemistry, the merger of the two groups in one molecule can lead to 
interesting electrochemical devices, provided that ground-state electronic communication 
between the components is substantial.71 Linking ferrocene moieties to porphyrins is also of 

interest because the former are, according to thermodynamic considerations, able to reduce 
the porphyrins’ singlet excited state. Hence, porphyrin-ferrocene hybrid molecules can be 
used in various photochemical devices, including donor-acceptor molecules that mimic the 

initial stages in the photosynthetic process at the molecular level. Yet another advantage of 
the ferrocenyl unit is the comparative effortlessness with which the two cyclopentadienyl 
rings can rotate about the Cp–Fe–Cp axis.72 The interconnection of a porphyrin to another 
functional moiety via a ferrocenyl linker thus leads to high degrees of freedom for both 

moieties to adopt relative spatial positions and orientations that can be of benefit for their 
applications. The inertness of the ferrocenyl group in ferrocene-porphyrin constructs 
furthermore allows for completely selective metalation of the porphyrin part without affecting 

the ferrocenyl groups. Efforts have been made to categorize the literature according to the 
functions of the ferrocene as listed above. It should be clear, however, that much of the 
research in this area is conducted across the boundaries set by these categories.  
 
1.3.1.1 Synthesis and Electronic Communication 

The obvious starting point in ferrocene-substituted porphyrins, meso-tetraferrocenylporphyrin 

2, was prepared by Wollmann and Hendrickson in 1977,73 using pyrrole and formylferrocene 
(1) in refluxing propionic acid (Adler’s procedure)74 to furnish 40% of an atropoisomeric 
mixture of the desired product after chromatographic purification (Scheme 1). Although the 
spectral data did not evidently point to the desired product, thorough analysis of the 1H and 
13C NMR, IR, and UV/Vis spectra, with the atropoisomeric nature of the product mixture 
taken into account, led the authors to conclude that its synthesis had been successful. The 
corresponding Cu(II) complex, 2Cu, was also synthesized by metalation of 2 with copper 

acetate.73 From UV/Vis spectroscopy and low temperature 57Fe Mössbauer spectroscopy data 
on the di- or trioxidized species 2*(I3)3, 2Cu*(I3)2, and 2*(DDQH)3 it was concluded that 
there is a rather strong -electron interaction between the porphyrin and meso-ferrocenyl 

groups. This is probably caused by the relative co-planarity of the porphyrin and the meso-
cyclopentadienyl group, which in turn is enforced by the steric interactions between the -

hydrogen atoms and the ferrocenyl groups. It was later found that the fluorescence of the 
porphyrin in 2 is almost completely quenched by the peripheral ferrocenyl groups.75,76 
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Meso-tetrakis(4-ferrocenylphenyl)porphyrin 4, which was synthesized in 15% yield from 4-
ferrocenylbenzaldehyde (3) and pyrrole using the same procedure as Hendrickson (Scheme 
1), exhibits a UV/Vis spectrum very similar to that of meso-tetraphenylporphyrin.77 The 

corresponding zinc(II) complex (4Zn), obtained in 67% yield by treatment of 4 with zinc 
acetate dihydrate in a boiling mixture of chloroform and methanol, neither shows ground-state 
electronic communication. 
 

N

N N

N

M
Fe

Fe

Fe

Fe

Z

Z

Z

Z

2: Z = no spacer; M = 2H, Cu; n = 0
2*(I3)3: Z = no spacer; M = 2H; n = 3; X = I3

–

2*(DDQH)3: Z = no spacer; M = 2H; n = 3; X = DDQH–

2Cu*(I3)3: Z = no spacer; M = Cu; n = 3; X = I3
–

4: Z = p-phenylene; M = 2H, Zn; n = 0
4*(ClO4)4: Z = p-phenylene; M = 2H, Zn; n = 4; X = ClO4

–

Fe

H
N

+
Z

O

1: Z = no spacer
3: Z = p-phenylene

n+ (X)n

 

Scheme 1. Meso-tetraferrocenylporphyrins by Hendrickson (2) and Bruice (4). 

 

Compared to 2, the meso-phenylene groups of 4 are expected to adopt a perpendicular 
orientation with respect to the porphyrin ring, which, in combination with the expected non-
co-planarity of the ferrocenyl groups and meso-phenylene groups, leads to a strong decrease 
in orbital overlap between the porphyrin and ferrocene systems. This was further corroborated 

by cyclic voltammetry, which also indicated a weak ground state interaction. The 
corresponding tetrakis-ferricenium derivatives, 4*(ClO4)4 and 4Zn*(ClO4)4, were synthesized 
electrochemically and their electronic spectra are virtually the same as those of 4 and 4Zn, 

respectively. Fluorescence measurements indicated that fluorescence decay of the porphyrin-
centered excited state is much faster than electron transfer from the singlet excited porphyrin 
to the ferricenium ions. 
 The findings of Hendrickson et al. prompted a number of researchers to attach ferrocenyl 

fragments directly to the porphyrin meso-position. In order to maximize the mutual co-
planarity and thus interaction, it was later discovered that the use of -octa-alkylporphyrins 

can greatly enhance this interaction. This enhancement is due to the juxtaposition of the alkyl 
groups and the meso-ferrocenyl groups, which sterically forces the ferrocenyl group as a 
whole, and the meso-cyclopentadienyl ring in particular, to be more co-planar with the 

porphyrin ring, as was evidenced by X-ray crystallographic studies.71,78-80 By a condensation 
of tetra-alkyl dipyrromethane 5 with formylferrocene, Burrell et al. obtained a single 
atropoisomer of bis(ferrocenyl)porphyrin 6 in a high yield of 58% (Scheme 2).71 Two 
reversible, ferrocene-based redox waves were observed in the cyclic voltammogram of the 
free base compound ( V = 190 mV) and its Ni(II) complex 6Ni ( V = 410 mV) due to 
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electronic interaction of the two ferrocenyl groups across the porphyrin spacer. Do and Kim et 

al. synthesized an analogous meso-ferrocenylporphyrin having ethyl substituents at the 2, 8, 
12, and 18 positions by condensation of dipyrromethane 7 with formylferrocene in the 

presence of p-toluenesulfonic acid in methanol, followed by oxidation with p-chloranil, to 
yield 9 in 49% yield (Scheme 2).79 
 

N

N N

N

M

Fe

O

NH HN

R1 R1

Fe
R2

R1 R1

R1R1
5: R1 = n-Bu
7: R1 = Et

6: M = 2H, Ni; R1 = n-Bu; R2 = ferrocenyl 
8: M = 2H, MnCl, Ni, Zn; R1 = Et; R2 = phenyl
9: M = 2H, MnCl, Ni, Zn; R1 = Et; R2 = ferrocenyl

O

+
1

 

Scheme 2. Mono- and bis(ferrocenyl)porphyrins reported by Burrell (6) and Do and Kim (8, 9). 

 
To obtain the related mono-ferrocenylporphyrin 8, a 1:1 mixture of formylferrocene and 

benzaldehyde was condensed with 3,3’-diethyl-4,4’-dimethyl-2,2’-dipyrrylmethane in 
acetonitrile with a stoichiometric amount of trichloroacetic acid, followed by oxidation with 
p-choranil, to give the desired porphyrin in 27% yield, after column chromatography (Scheme 
2).80 The relatively inert ferrocene moiety allowed for facile metalation with several metals. 

Mn(III), Ni(II), and Zn(II) were introduced by treating a refluxing solution of the porphyrin 
precursor (8 or 9) in CHCl3 with a saturated, methanolic solution of the respective metalating 
agent (MnCl2·4H2O, Ni(OAc)2·4H2O or Zn(OAc)2·2H2O) to give the corresponding 

metalloporphyrins 8M and 9M in 58%, 95%, and 77% yield, respectively.78 The relative co-
planarity of the ferrocene and porphyrin constituents in these compounds was manifested in 
their cyclic voltammograms. These voltammograms showed that, in the mono-compounds, 

the ferrocenyl groups are more susceptible to oxidation than ferrocene itself, which indicated 
a strong electron-donating ability of the porphyrin. More interestingly, it was observed that 
the redox potential of the ferrocenyl moieties changes as a function of the porphyrin metal. 
Whereas the meso-ferrocenyl group was less amenable to oxidation in the electron poor 

8MnCl, oxidation of the ferrocenyl group was facilitated in the more electron-donating 
nickel(II) and zinc(II) complexes 8Ni and 8Zn. The bis(ferrocenyl)(metallo)porphyrins 9M, in 
analogy with the systems of Burrell (6), also showed a strong communication between the 

5,15-ferrocenyl groups, mediated by the porphyrin spacer. The coupling is the strongest in the 
nickel complex 9Ni and the weakest in the corresponding manganese chelate 9MnCl. Similar 
mono-ferrocenyl-bis(vinyl)porphyrins were later synthesized with the objective to use them 
as monomers for porphyrin polymers.81 They were able to insert Co(II) and Ni(II) but 

unfortunately, the complexes did not seem to form the desired films. 
 
Burrell and co-workers also devoted a significant amount of research to porphyrins linked to 

metallocenes through conjugated linkers. Employing a Wittig-type reaction to 1,1’-
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diformylferrocene 10 with 0.25 equivalents of a tetraphenylporphyrin-derived -vinylic 

phosphonium salt 12, a cis/trans mixture of mono- -porphyrinyl ferrocene (15) was obtained 

in high yield (Scheme 3).82 This compound was reacted with another equivalent of 12 to give 
bis(porphyrin) ferrocene 18. Later, this work was extended by using several derivatized 
ferrocenes and a ruthenocene in the same reaction thus obtaining the corresponding -allylic 

metallocenyl-tetraphenylporphyrins 14–18 (Scheme 3).83 
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Scheme 3. -vinyl metallocenylporphyrin synthesized by Burrell et al. 

 
The corresponding Cu(II), Ni(II), and Zn(II) complexes were also synthesized by treatment of 
14–18 with the corresponding acetates in yields close to 90%. In spite of the conjugated link 
between the peripheral metallocene redox unit and the -positions of the porphyrin, they 

found only little mutual electronic influence in the ground state as evidenced by both CV and 

UV/Vis spectroscopy. 
 The effect of an ethynyl spacer between the porphyrin meso-position and a ferrocenyl 
group was explored by Ng (Scheme 4).84,85 Bis(ferrocenyl-ethynyl)porphyrin 29Ni was first 
synthesized by a Sonogashira coupling of dibromoporphyrin 20Ni with ferrocenylethyne 19, 

catalyzed by PdCl2(PPh3)2 and CuI in a mixture of triethylamine and THF. The desired 
compound was obtained in 66% yield.85  
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Scheme 4. Meso-ferrocenylethylporphyrin synthesized by Ng et al. 



Chapter One 

 9

Later, push-pull porphyrins 25Ni–28Ni were synthesized from 19 and mono-
bromoporphyrins 21Ni–24Ni using similar procedures in good yields (36-78%).84 Despite the 
alkyne linker in between the porphyrin and the ferrocene groups, no significant electronic 

communication was noted between the porphyrin and the ferrocene, and between ferrocene 
groups across the porphyrin spacer. The structure obtained from single crystal X-ray data 
revealed that the lack of communication may be attributed to an almost orthogonal orientation 
of the ferrocenyl cyclopentadienyl ring and the porphyrin. Unfortunately, no direct methods 

were applied to acquire information about the structure in solution, which could corroborate 
this assumption. 
 

In a number of publications, Lindsey et al. showed their interest in ferrocene-appended 
porphyrins,86 due in large part to their potential application in information storage devices. 
Following an approach to multiple bit-storage at the molecular level, Bocian, Kuhr, and 
Lindsey devoted several articles to ferrocene-spacer-porphyrin molecules that contain 

(protected) thiol groups for making SAMs on gold surfaces. Using mixed condensations 
between a dipyrromethane, a thiophenol-functionalized aldehyde and ferrocene-bearing 
aldehydes (ferrocene carboxaldehyde, 4-ferrocenylbenzaldehyde, or a diphenylethyne-linked 

ferrocene aldehyde) the desired trans-ferrocenyl-thiophenyl porphyrins were obtained as their 
zinc(II) chelates 30Zn–32Zn in yields of 37, 19, and 7%, respectively (Scheme 5).  
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Scheme 5. Ferrocenyl-porphyrins synthesized by Lindsey and co-workers. 

 
In these syntheses, the oxidation of the porphyrinogen intermediate under acidic conditions 

using 2,3-dicyano-5,6-dichloro-benzoquinone (DDQ) was replaced by a neutral oxidation 
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with p-chloranil because of the presence of the easily oxidizable ferrocenyl groups. 
Cyclovoltammetric measurements indicated that in the ground state the ferrocene and 
porphyrin parts are not electronically coupled except for the case when the ferrocene is 

directly linked to the porphyrin. More recently, these researchers used tripodal thiol-bearing 
groups to make more tightly assembled SAMs. Again, a ferrocene was attached to such a 
tripodal thiol-containing porphyrin to store information electronically.87 A similar porphyrin 
lacking a thiol group (34Zn) was also prepared from ferrocene-dipyrromethane 33 and p-

tolualdehyde to investigate the possibility of optoelectronical gating.88 In yet another example, 
the ferrocene group was attached by means of a Sonogashira-type coupling of an ethyne-
appended porphyrin with 4-ferrocenyl-iodobenzene to give ferrocene-porphyrin-

phthalocyanine triad 35Zn in 15% yield (Scheme 5). Also in this case, ground state 
interactions were absent, but fluorescence measurements showed significant quenching of the 
porphyrin fluorescence. When the ferrocenyl group was oxidized prior to excitation, a 
complete quenching of the fluorescence was observed. According to the authors, these 

ferrocenyl appended constructs are highly promising for optoelectronic gating. 
 

1.3.1.2 Photosynthetic Mimics  

The ability of ferrocenyl groups to reduce the porphyrin photo-excited state gradually gained 
more attention. In the early nineties, -octa-alkylporphyrins to which a ferrocene unit was 

attached via a vinylidene (38) or ethylene (39) unit were synthesized (Scheme 6).89 In contrast 

to the functional group pattern on the building blocks used by Burrell (see Scheme 3), in this 
case the ferrocene group was attached to the porphyrin by a Wittig-type reaction between an 
benzaldehyde-functionalized porphyrin (36) and a ferrocene-functionalized phosphorous ylide 
(37) to give the porphyrin-vinylidene-ferrocene product 38 in 82% yield as a mixture of cis 

(73%) and trans (27%) isomers. The porphyrin-ethylene-ferrocene construct 39 was obtained 
by reduction of 38 with H2 using Pd/C as a catalyst. The inter- and intramolecular quenching 
of the singlet excited state of the porphyrin by the attached ferrocene was thoroughly 

investigated by several methods, including transient absorption spectroscopy, cyclic 
voltammetry, and fluorescence spectroscopy. Whereas relatively little ground-state electronic 
interaction was observed for 38 and 39 by UV/Vis spectroscopy and cyclic voltammetry, it 
was found that the fluorescence of both compounds is quenched by 62% and 16% 

respectively compared to reference compounds that lack the ferrocenyl group. The quenching 
was attributed to intramolecular reduction of the singlet excited porphyrin by the ferrocenyl 
centers. 

 
Kobuke et al. recently synthesized similar ferrocene-porphyrin constructs (Scheme 6, right).90 
A different approach was used in which two equivalents of 5-(3-

allyloxypropyl)dipyrromethane were condensed with one equivalent of 1-methyl-2-
imidazolecarboxaldehyde and one equivalent of a ferrocene-containing aldehyde. The 
corresponding trans-AB2C porphyrins 40–44 were obtained in 23, 8, 15, 26, and 17% 
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respectively. The octamethylferrocene unit was used because of its higher reducing power. 
Zinc was readily introduced with Zn(OAc)2 2H2O in a MeOH/CH2Cl2 mixture to give zinc(II) 

porphyrins 40Zn–44Zn in yields greater than 90%. 
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Scheme 6. Ferrocenyl-porphyrins prepared by Wrighton (left) and Kobuke (right). 

 

In the absence of coordinating solvents, these materials self-assemble to give slipped-cofacial 
dimers. In the ground state, only the directly linked ferrocene-porphyrins 40 and 41 show 
electronic communication, with an enhanced coupling of the octamethylferrocene-containing 
compound 41. This linker-dependent interaction was also observed in the excited state. 

Whereas the porphyrin fluorescence in 40 and 41 is completely quenched, the quenching 
efficiency strongly decreases for 42 and 43. For 44, the fluorescence is completely recovered, 
which differs from the results obtained by Wrighton on compound 39 (vide supra). The 

fluorescence of the corresponding zinc complexes 40Zn–44Zn, which all self-assemble to 
form complementary dimers, was in all cases, except for 44Zn, completely quenched. Later, 
the same group elegantly synthesized a slipped cofacial heterodimer, which consists of 45Zn 
(Scheme 6) and a fullerene-appended imidazolylporphyrin. The assembly could be fixed by 
means of ring-closing metathesis and showed a long-lived Fc+–(ZnP)2–C60

– charge separated 

state upon photoexcitation.91  

 Fluorescence quenching was also observed for a tricationic porphyrin functionalized with 
a ferrocene unit that was covalently attached through a phenylethyl ether spacer (46, Chart 
3).92 Upon intercalation of the polar porphyrin part of 46 into DNA, a strong electron transfer 

from the ferrocene to the porphyrin unit was still noticed. Uosaki elegantly employed the 
reducing power of the ferrocene moiety to effect light-induced electron transfer at a self-
assembled monolayer.93 A molecular architecture was constructed, which combines a 
porphyrin for light absorption, a ferrocene-unit for reduction of the porphyrin excited state, 

and a thiol group for attachment to the gold surface (47, Chart 3). These compounds form 



Merging Porphyrins with Organometallics: Synthesis and Applications 

 12

self-assembled monolayers (SAMs) on gold and are able to efficiently generate a 
photocurrent using visible light. Angle-resolved X-ray photoelectron spectroscopy (ARXPS) 
and electrochemical coverage determination showed that the high efficiency is due to a large 

separation between the porphyrin and the gold layer.94 
 

Chart 3 
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Since the ability of ferrocenyl groups to reduce the porphyrin photo-excited state was fully 

recognized, ferrocene-porphyrin hybrids have been frequently used in artificial photosynthetic 
mimics. The ferrocene–(porphyrin)n–fullerene constructs of Imahori, Ito, Fukuzumi and co-
workers deserve special attention. For a complete overview of their work, the reader is 
referred to accounts by Imahori95 and Fukuzumi.96  

 After having synthesized (metallo)porphyrin-fullerene dyads to study light-induced 
charge transfer processes, Imahori et al. tethered an additional electron donor, ferrocene, at 
the opposite side of the porphyrin relative to the fullerene, thus creating a family of molecular 

triads.97-102 In their synthetic strategies, 5,15-bis(p-chlorocarbonylphenyl)-10,20-bis(3,5-
bis[tert-butyl]phenyl)porphyrin, was reacted with a mixture of appropriately functionalized 
anilines in pyridine to give the desired mono-ferrocenyl, mono-p-formylphenyl porphyrin in 
23% yield. After further synthetic elaboration the desired triads (either with (49 and 49Zn) or 

without a thiol functionality (48 and 48Zn) at the ferrocene site for additional gold-binding 
studies) were obtained (Chart 4). 
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After the success of their triads, the researchers focused their research efforts on (a) 
increasing the distance between the two charges in the charge-separated states, (b) increasing 
the lifetimes of those charge-separated state, and (c) increasing the quantum yield of this 

process in pursuit of mimicking the charge-separation processes that continue to endow life 
on earth with energy coming from the sun as closely as possible. During this more or less 
evolutionary process, several molecules were synthesized, which all contain a ferrocenyl 
group (which, at the end of the light-induced charge-separation process, ends up as the 

ferrocenyl cation) and a fullerene group (eventually reduced to the C60
•– radical anion during 

charge separation) at opposite ends of the multi-ad. Firstly, an extra (metallo)-porphyrin unit 
was inserted in the porphyrin-ferrocene bond,103,104 and subsequently, the novel meso,meso-

linked porphyrin dimer105 and trimer106 structural elements were introduced in between the 
ferrocenyl and fullerene ends, eventually leading to a long-lived charge-separated state (0.53 s 
in frozen DMF at 163 K) with an very high quantum yield of 83%. Pertaining to the purpose 
of this review, it is important to note that the ferrocenyl group in these triads, tetrads and 

pentads was always introduced using similar chemistry, i.e. the reaction of an acid chloride-
functionalized porphyrin with an aniline-functionalized ferrocene. 
 In an analogous manner, D’Souza and Ito et al. synthesized a series of zinc(II) porphyrins 

equipped with ferrocenyl groups (Scheme 7).107 Whereas the amide-linked dyads 50Zn and 
51Zn were synthesized in a similar way as porphyrin derivatives 48 and 49, two novel, 
phenylene-spaced ferrocene-zinc(II) porphyrin hybrids were synthesized in different ways. 
Mono-ferrocenyl porphyrin 57 was made via a statistical Adler-type condensation of 4-

ferrocenyl-benzaldehyde and benzaldehyde (1:3 ratio) with pyrrole in 6.4% yield. The 
corresponding trans-bis(ferrocenyl)porphyrin was synthesized by a [2 + 2] condensation 
reaction of 5-(p-ferrocenyl-phenyl)-dipyrromethane and benzaldehyde in methylene chloride 

catalyzed by BF3·OEt2. After oxidation of the intermediate porphyrinogen, the desired 
porphyrin 58 was obtained in 45% yield. By using fullerenes appended with Lewis bases such 
as pyridine or imidazole (52–56), supramolecular analogues of the systems of Imahori and 
Fukuzumi were obtained. Efficient electron transfer from the ferrocene to the singlet excited 
zinc porphyrin was noted, which, upon axial ligation to 52–56 generated the Fc+-ZnP:C60

•– 

species. The supramolecular interaction was expanded by equipping ferrocene-functionalized 

zinc(II) and magnesium(II) porphyrins with a crown ether moiety.108 Supramolecular 
complexes are formed when these compounds are subjected to fullerenes bearing primary 
ammonium groups and also these complexes are able to form fully charged separated states 

upon excitation. 
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Scheme 7. Porphyrins with appended ferrocenes synthesized by D’Souza and co-workers. 

 

1.3.1.3 The Ferrocenyl Group as a Hinge 

Ferrocenes are increasingly being used as hinges to mediate the changes in mutual 
arrangements of their substituents. Their structural flexibility was applied by Bucher, Moutet, 
and co-workers in ferrocenyl-porphyrin electrochemical sensors and they additionally used 

the electrochemical properties of the ferrocenyl group.109 Ferrocene was functionalized at the 
1- and 1’-positions with a meso-zinc(II) porphyrinyl group and a secondary benzylic amine 
group, respectively in a number of steps, involving the selective assembly of a porphyrin on a 
mono-protected bis(formyl)ferrocene using Lindsey’s conditions (trifluoroacetic acid in 

dichloromethane)) (Scheme 8). 
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Scheme 8. Anion sensors described by Moutet et al.  
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The resulting porphyrin 59Zn self-assembles through amine-Zn coordination in solution, 
forming supramolecular coordination dimers.110 As a result of the efficient electronic 
communication between the -systems of the porphyrin and ferrocene moieties, coordination 

of a Lewis base to the zinc porphyrin brings about characteristic shifts in the redox potential 
of the ferrocene, which enables the electrochemical sensing of neutral, amine-containing 

species. When the secondary amine group of 59Zn was quaternized with methyl iodide, the 
resulting cationic zinc porphyrin species is an effective anion sensor through ditopic binding 
via the zinc center and the quaternary ammonium group.111 The binding of anions (NO3

–, 
HSO4

–, H2PO4
–, Cl–, Br– or F–) to this sensor leads to anion-dependent changes in the redox 

potentials of both the ferrocenyl and porphyrin moiety. 
 Kobuke and co-workers utilized the unique rotational motion of the two cyclopentadienyl 
parts of the ferrocenyl-group with respect to each other in supramolecular porphyrin 

structures arising from complementary dimer formation.112 1,1’-Diformylferrocene was used 
as the organometallic building block in the porphyrin synthesis of 62 and 63, via mono-(1’-
formylferrocenyl)porphyrins 60 and 61, to provide these in 5.1% and 2.1% yield, respectively 
(Scheme 9). In contrast to the corresponding meso-(m-phenylene)-linked tris(porphyrin)s that 

were synthesized before,113 these molecules do not form polymeric mixtures following zinc 
insertion. Instead, 62Zn and 63Zn form dimers, which was attributed to the freely rotating 
ferrocene hinge. When these dimers are disassembled with pyridine and re-dissolved in 

chloroform containing 0.5% ethanol, the mixture initially consists of cyclic oligomers, but 
these reconvert to the dimers owing to the flexibility of the ferrocenyl linkage. A similar 
principle was used to allow an ferrocene-appended porphyrin and fullerene unit to acquire 
favorable mutual position for electronic interaction.114 

 

N

NH N

HN

FeN

N

R1

R1

N

N N

N

FeN

N

R1

R1

N

N N

N
M

M

n-heptyl

n-heptyl

N

NN

N

Fe N

N

R1

R1

M

NH HN

n-heptyl

+  2

60: R1 = (CH2)2COOCH3
61: R1 = (CH2)3OCH2CH=CH2

62: M = 2H, Zn; R1 = (CH2)2COOCH3
63: M = 2H, Zn; R1 = (CH2)3OCH2CH=CH2

O

 

Scheme 9. Hinge porphyrin designed and synthesized by Kobuke. 

 

Very recently, Aida et al. reported two systems in which the photoresponsive cis/trans 
isomerization of an azobenzene115,116 or a 1,2-bis(pyridyl)ethylene117 unit was coupled to the 
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twisting of porphyrin units connected via a ferrocene unit. Again, the capability of the 
ferrocene moiety to rotate around the 5-cyclopentadienyl-iron bond was crucial for the 

success of this strategy. The two cyclopentadienyl rings of a ferrocene unit were 
interconnected at the 1,1’ positions via an azobenzene strap (65).115 At the 3,3’ positions two 
independent zinc porphyrins were attached by a Suzuki cross-coupling reaction with two 

equivalents of mono-meso-boronate-porphyrin 64Zn in the presence of Pd(PPh3)4 and Cs2CO3 
in a mixture of toluene and H2O to give bis(porphyrin) 66Zn2 in 20% yield (see Scheme 10). 
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Scheme 10. Ferrocenylporphyrin-based mechanical twisting reported by Aida et al. 

 
The cis/trans isomerization of the azobenzene unit induces a rotation of the two 
cyclopentadienyl fragments around the C5-Fe bond, which in turn leads to a change in the 

spatial separation of the porphyrin units. Bis(isoquinolinyl) guest 67 was ligated to this host to 
give a 1:1 complex. Using several techniques, including UV/Vis spectroscopy and circular 
dichroism (CD), in combination with the fact that ligand dissociation is much slower than the 

rotational moment, conclusive evidence was provided that the rotation around the ferrocene 
bond brought about by the contraction and elongation of the azobenzene unit changes the 
conformation of the guest through the non-covalent interaction with the zinc porphyrins.115,116 
Subsequently, a similar rotary host was synthesized which also comprised a 1,1’-

bis(porphyrin)ferrocene unit similar to that in 66Zn2, but now with two meta-aniline 
functionalities on the opposite ends of the ferrocenyl linker.117 By virtue of rotation around the 
ferrocene group, this molecule can self-ligate through zinc-nitrogen bonds. With a cis-1,2-

bispyridylethylene guest present, the self-ligated molecule adopts an externally locked 
conformation, with either zinc porphyrin coordinated to the guest. When this species is 
irradiated with UV light, the guest isomerizes to the corresponding trans-compound and is 
released from the bis(zinc porphyrin) host upon self-ligation.  
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Molecules in which a ferrocene unit bridges between two porphyrin units (68)118 or between a 
naphthoquinone and a porphyrin (69)119 were developed by Beer et al. (Scheme 11). The 
former molecule was synthesized by reacting two equivalents of 5-(p-hydroxyphenyl)-

10,15,20-triphenylporphyrin with one equivalent of 1,1’-bis(chlorocarbonyl)ferrocene in the 
presence of triethylamine. Cyclic voltammetry and differential pulse voltammetry were 
employed to probe the electrochemical properties of the compound. It was found that there is 
no electronic communication between the components.118 
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Scheme 11. Porphyrin-ferrocenes developed by Beer and co-workers. 

 

The porphyrin-ferrocene-quinone linked molecule 69 was prepared in a one pot, two step 
reaction. 1,1’-Bis(chlorocarbonyl)ferrocene was first reacted with one equivalent of 5-(p-
hydroxyphenyl)-10,15,20-triphenylporphyrin and the resulting mono-porphyrin-mono-
chlorocarbonyl-ferrocene was reacted in situ with one equivalent of 2-

hydroxynaphthoquinone yielding 69 in a non-optimized yield of 35%. Voltammetric 
measurements showed negligible ground state interactions between the constituents. 
Fluorescence measurements, however, revealed a 90% quenching of the porphyrin 

fluorescence (vs. tetraphenylporphyrin reference), which is ascribed to a rapid, intramolecular 
reduction of the naphthoquinone unit by the singlet excited state of the porphyrin.119 The 
authors did not elaborate on whether the ferrocene linker actively mediates in this process or 
is merely a spectator unit. The same group later synthesized different atropoisomers of meso-

tetrakis(ortho-ferrocenylcarbonyl-aminophenyl)porphyrin by reaction of the appropriate 
atropoisomer of meso-tetrakis(2-aminophenyl)porphyrin with 5 equivalents of 
(chlorocarbonyl)ferrocene in Et3N/CH2Cl2 with yields in the range of 67-72%.120 The 

corresponding zinc complexes were readily obtained in yields > 90% by the zinc acetate in 
methanol/methylene chloride procedure. The zinc complexes strongly bind to anionic guests 
(Cl–, Br–, NO3

–, HSO4
–), and the anion-selectivity depends on the atropoisomeric nature of the 

host. The host behavior was evaluated by cyclic voltammetry and showed guest-selective 

sensing.  
 
Smith has very elegantly shown that metallocene-appended porphyrins can also be 

synthesized from cyclopentadienide-functionalized porphyrins, despite the fact that this 
strategy has not found broad application due to the inherent synthetic challenges. A 1-methyl-
cyclopentadiene moiety was fused to a pyrrole subunit of meso-tetraarylporphyrin to give 
porphyrins 70Ni and 70Cu. Deprotonation with lithium diisopropyl amide (LDA) followed 
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by treatment with either Cp*RuCl2 or FeCl2 furnished the corresponding metalated porphyrins 
71Ni and 72Ni in 25 and 30% yield (Scheme 12).121 71Ni displays a split Soret band with 
intense Q bands, whereas 72 shows a broad Soret band and no well-defined Q bands, 

indicating interaction between the porphyrins. A related bis(Cu porphyrin)ferrocene, 72Cu, 
was also synthesized via a similar route to yield the desired bis(porphyrin) in 7.5% yield.122 
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Scheme 12. Porphyrins with fused metallocenyl groups synthesized by Smith. 

 
1.3.2 Other -Complexes 

Besides ferrocene-functionalized porphyrins, researchers have been studying other 
metallocene-type complexes of tetrapyrrolic macrocycles as well.123,124 As much as 35 years 
ago, Gogan and Siddiqui conducted their seminal work in this field, in which they reacted 

several metallo tetraphenylporphyrins with Cr(CO)6 in refluxing di-n-butyl ether, which 
yielded the desired mono-complexes 73 (M = 2H, Cr, MnCl, Co, Ni or Zn) in good yields 
(Chart 5).125 

 
Chart 5 

N

N N

N

M

OC
Cr

CO
CO

73: M = 2H, Cr, MnCl, Co, Ni, Zn  
 
Due to their inherent instability, these complexes were not completely analyzed except for 

73Zn, which is sufficiently stable. By using UV/Vis, IR, and 1H NMR spectroscopy, no high 
degree of electronic communication between the peripheral metal centers and the porphyrin 
ring was found, although the exclusive stability of the zinc complex might, at least partially, 
rebut this claim. The metal affinity of meso-aryl groups was later exploited by Shinkai for the 

synthesis of a molecular motor, which consisted of a double-decker Ce porphyrin that can be 
activated by addition of Ag+.126,127  
 The group of Loim has devoted considerable attention to the synthesis and 

characterization of meso-tetrakis(metallocenyl)porphyrins (Scheme 13).75,128-132 They used the 
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organometallic cymantrenyl-carboxaldehyde 75 and reacted it with pyrrole in boiling acetic 
acid. The targeted tetrakis(cymantrenyl)porphyrin 77 was obtained in an impressive yield of 
27% as a mixture of atropoisomers.132 Later, it was reported that the use of Lindsey 

conditions133 enhances the yield of these reactions by more than 200%.128 An interesting 
extension was made by introducing planar chiral (+)-(1S)-2-methylcymantrene groups at the 
four meso-positions.129 Both positive and negative Cotton effects in the absorption region of 
the resulting porphyrin chromophore demonstrated the chirality of the molecule as a whole. 

Separation of the atropoisomers was not reported. During the course of this work, the 
analogous tetrakis(ferrocenyl)- and tetrakis(ruthenocenyl)porphyrin, 2 and 76 were also 
synthesized.134 The electronic impact of these meso-metallocenyl group on the corresponding 

zinc(II) chelates 2Zn, 76Zn, and 77Zn, synthesized in 85–90% by metalation with zinc 
acetate or zinc chloride in DMF, was assessed by the determination of their binding constants 
with imidazole.130 The effects of meso-ferrocenyl (Kass = 3.8±0.9  104 M–1) and -ruthenocyl 

(Kass = 3.0±0.7  104 M–1) only differed marginally from the corresponding phenyl groups 

(Kass = 3.0±0.7  104 M–1). Interestingly, the affinity of the zinc atom for imidazole was 

remarkably enhanced by meso-cymantrenyl groups (Kass = 7.7±0.5  106 M–1). 
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Scheme 13. Meso-tetrakis(metallocenyl)porphyrin synthesized by Loim. 

 
This effect is contributed to the electron-withdrawing nature of the cymantrenyl moiety. 
These results are consistent with the p Hammett parameters for the four substituents, which 

follow approximately the same trend. The Loim group subsequently focused their attention on 
the synthesis of mixed systems containing meso-phenyl-, ferrocenyl- and/or cymantrenyl-

groups.131 For this, they applied different synthetic strategies, including mixed condensations 
of aldehydes with pyrrole under Lindsey conditions (BF3 OEt2, CH2Cl2) and reactions of 

different 5-substituted dipyrromethanes with metallocene- and benzaldehydes. 1H NMR and 
UV/Vis spectroscopy showed that in meso-metallocenylporphyrins, the degree of distortion of 
the macrocycle as a function of the metallocenyl group increases in the series cymantrene < 

ruthenocene < ferrocene. 
 In an effort to obtain new insights into hydrodemetalation catalysis, Rauchfuss realized 
that the pyrrole rings of the tetrapyrrolic macrocycles could act as 5-pyrrolide ligands for -

complexes.135-137 Treatment of solutions of [(cymene)Ru(OTf)2], [(Cp*)Ir(OTf)2], or 
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[(cymene)Os(OTf)2] with either NiOEP (78Ni) or ZnOEP (78Zn) (OEP = dianion of -octa-

ethylporphyrine) in dichloromethane gave the corresponding -complexes 79–81 in which 

one of the pyrrole rings acts as an 5-pyrrolide ligand in 60–67% yield (Scheme 14). 
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Scheme 14. Porphyrinocenes made by Rauchfuss. 

 
The stability of these complexes is related to the electron-donating ability of the porphyrin 

ring. 78Zn forms the most stable complexes, while those of 78Ni are less stable and the 
related vanadium compounds were not formed at all. Unfortunately, these results have not led 
to additional research in this area.  
 

1.3.3 Ring-Metalated Porphyrins 

The preparation of porphyrins that bear (transient) peripheral -bonded metal centers has 

mainly been stimulated by two objectives. The most important one is the ability of these 
peripheral metal centers to take part in a metal-mediated catalytic cycle to functionalize the 
parent porphyrin in a desired way.138 Secondly, ring-metalated porphyrins have also been 
studied as such rather than as synthetic intermediates. In that case, the metal centers can be 

used for electronic communication with the porphyrin center and as anchoring points for the 
coordination of other functional ligands. With respect to the first category, this review will 
only cover those cases wherein the transient metal complexes are directly bonded to the 
porphyrin meso- or -positions and they will be discussed in combination with the second 

group. 

 

1.3.3.1 Ring-Metalated Porphyrins as Synthetic Intermediates 

Smith and co-workers found that partially -unsubstituted porphyrins reacted with Hg(OAc)2 

to form the corresponding mercurated porphyrins.65,139,140 Since free-base porphyrins can react 
with Hg(OAc)2 to form the corresponding mercury(II) chelates, the starting materials were 
converted into their zinc(II) or copper(II) complexes 82Zn and 82Cu prior to the mercuration 
reaction. The electrophilic mercuration takes place nearly selectively at the unsubstituted -

positions of the porphyrin substrates with only a minor extent of meso-mercuration, to give 
bis( , ) and tris(mercurated) ( , ,meso) porphyrin species 83Zn and 83Cu in nearly 

quantitative yields (Scheme 15). 
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Scheme 15. Mercurated and palladated porphyrins used by Smith and co-workers. 

 
When brought together in solution with LiPdCl3 and methyl acrylate, these mercurated 
porphyrins undergo a Heck reaction sequence via intermediate species 84 to give the desired 

methyl acrylate-porphyrins. In this way coproporphyrin III tetramethyl ester, harderoporphyrin 
trimethyl ester, isoharderoporphyrin trimethyl ester, and S-411 porphyrin could be obtained in 
good yields. An advantage of this methodology is that it circumvents the need for complex, 
lengthy synthetic routes to the appropriate pyrrolic building blocks. Later, the scope of this 

work was expanded by introducing a myriad of alkenyl- and styryl-fragments onto the 
porphyrin framework.141 Further research revealed that the , ,meso-tris(mercurated) 

porphyrin can react further to give species with one methyl acrylate-substituent and one fused 
five-membered isocyclic ring bridging the - and meso-positions.142 The researchers found 

that these compounds probably originate from a species with two -(methyl acrylate) groups 

and one meso-mercuric chloride substituent. In this reaction, the starting material most 

probably transmetalates with LiPdCl3 and the double bond of the methyl acrylate fragment 
which was at the -position adjacent to the meso-Pd moiety subsequently inserts into the Pd–

C bond followed by protio-depalladation to form the isolated products. This reaction sequence 
gives access to deoxophylloerythroetioporphyrin and deoxophylloerythrin methyl ester via 
relatively short routes. The same authors showed later that iodinated and brominated 

porphyrins can be obtained from the reaction of the appropriately mercurated porphyrins with 
iodine and bromine, respectively, in high yields.143  
 Direct ring-metalation of porphyrins via oxidative addition of ring-halogenated 

porphyrins to appropriate metal centers has been known since the late 80’s when Smith et al. 
reported the use of a Stille-type coupling between 2,4-dibromodeuteroporphyrin IX dimethyl 
ester with tri-n-butylethenylstannane catalyzed by tetrakis(triphenylphosphine)-palladium(0) 
to give protoporphyrin IX dimethyl ester in 85% yield.143 Therien and co-workers later 

synthetically extended [5,15-dibromo-10,20-diphenyl-porphinato]zinc(II) and [2-
bromotetraphenylporphinato]zinc(II) using palladium-mediated Negishi- and Stille-type 
couplings to give the desired substituted porphyrins in 90% isolated yield.144,145 With respect 

to the nature of the transient organopalladium(II) in the former case, it should be noted that a 
mono-palladated compound is probably most abundant, as Arnold and co-workers showed 
later that the first metalation pronouncedly reduces the activity of the opposite meso-bromine 
atom in a subsequent oxidative addition reaction.146-148 Later, meso-brominated and iodinated 
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porphyrins were also employed as substrates in palladium-catalyzed Sonogashira 
reactions138,149 and Therien and coworkers applied meso-brominated porphyrins in Suzuki 
reactions, thereby making “Suzuki porphyrins” which could be utilized in further 

functionalization reactions (Scheme 16).150 
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Scheme 16. Overview of the porphyrin products that can be obtained by palladium-mediated coupling on the - 

or meso-position(s). 

 

When boron is considered a metal, the latter molecules can actually be considered as meso-
metalated porphyrins. Zhang and co-workers used transient meso-palladated porphyrins in the 
high-yielding syntheses of meso-arylamino- and -alkylamino-porphyrins,151,152 meso-aryloxy 
and -alkoxy,153 and meso-amidoporphyrins.154 Suda and co-workers reported a more general 

procedure for meso-amination and amidation of porphyrins by which they could also couple 
aliphatic secondary amines with meso-bromo porphyrins.155 They found that a nickel-
porphyrin is a far more reactive substrate than its free-base precursor under the applied 

reaction conditions. Arnold and co-workers did not note a big difference in completion time 
between the reactions of 5-bromo-10,20-diphenylporphyrin and (5-bromo-10,20-
diphenylporphyrinato)nickel(II) with Pd(PPh3)4,

146 which might suggest that the oxidative 
addition of the bromo-porphyrin to Pd in their case is not rate-limiting.145 Moreover, it was 
also found that during the reactions toward meso- 1-platinio(II)porphyrins the oxidative 

addition of the meso-bromoporphyrins to Pt(0) was faster for the free base compound than for 

its Ni(II) and Zn(II) complexes.156 In a recent example, Arnold showed that meso-phosphine 
oxide groups could also be introduced using palladium-catalyzed couplings.157  
 
1.3.3.2 Ring-Metalated Porphyrins 

In 1998, Arnold and co-workers reported the serendipitous isolation of meso- 1-

metalloporphyrins 89–93 (Scheme 17).147,158 Instead of regarding them as mere synthetic 
intermediates, they began studying these organometallic porphyrins in their own right. The 
first examples of these meso- 1-metalloporphyrins were synthesized by treating free-base and 

nickel complexes of 5-bromo-10,20-diphenylporphyrin (85, 87Ni) and 5,15-dibromo-10,20-
diphenylporphyrin (86, 88Ni) with equimolar amounts of a Pd(0) and Pt(0) source.147 



Chapter One 

 23

Pd(PPh3)4 or a mixture of Pd2dba3 and PPh3, AsPh3 or dppe was used for palladation and 
Pt(PPh3)4 for platination, and the reactions were performed in argon-purged toluene at 105 ºC. 
In this way, the first step in the catalytic processes described above was carried out on a 

preparative scale and the resulting complexes were isolated in high yields. 
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Scheme 17. Meso- 1-metalloporphyrins investigated by Arnold et al. 

 
It was furthermore found that the kinetic cis-products 91 and 96 of the oxidative addition of 
5-bromo-10,20-diphenylporphyrin and (5-bromo-10,20-diphenylporphyrinato)nickel(II) to 

Pt(0) precursors gradually transform in the thermodynamically more stable trans-analogues 
92 and 97, respectively.146 Later, however, the authors were able to readily isolate cis-
complexes by using cis-bischelating ligands such as tmeda and bipy (Chart 6).156 In 

chlorinated solvents some halide exchange between the synthesized palladium(II) and 
platinum(II) complexes and the solvent takes place, but it was not mentioned whether the rate 
of this reaction is unusual and or influenced by the (photophysical) properties of the 
porphyrin. In addition, the expansion of the bimetallic porphyrin arsenal by introducing 

Mn(III), Co(II), and Zn(II) into the porphyrin ring was reported, next to the earlier reported 
free-base and nickel(II) compounds (87MnCl–87Zn and 98MnCl–98Zn, Scheme 17).148 In 
order to synthesize these hetero-multimetallic compounds, two procedures can be followed: 

(1) metalation of the porphyrin followed by oxidative addition to a metal(0) source 
(Pt(PPh3)4) or (2) oxidative addition of the meso-C–Br bond to a metal(0) source prior to 
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metalation of the porphyrin moiety. Procedure (2) is preferred over (1) since the latter is 
hampered by a low solubility of the metalloporphyrin species. When employing procedure 
(2), the liberated acid does not protio-deplatinate the meso-positon in the second step 

indicating that in these complexes the C-Pt bond is quite robust. It was furthermore found that 
insertion of Pt(II) in the carbon-bromine bond deactivates the opposite carbon-bromine bond 
towards oxidative addition, allowing the isolation of the bis-platinum species 93Ni in low 
yields only. From 1H NMR, UV/Vis, and CV measurements, the authors concluded that the -

Pt(PPh3)2Br group is a strong electron donor and that the introduction of an extra -Pt(PPh3)2Br 
moiety has an additive effect. In subsequent research, the researchers used AgOTf to 
synthesize cationic porphyrin [97Ni]OTf from nickel(II) porphyrin 97Ni. Having one vacant 

coordination site, the -Pt(PPh3)
+ moiety could be used for coordination to functionalized 

Lewis bases to give supramolecular multi-porphyrin assemblies (for an example, see 99 in 
Chart 6).159 Assemblies of 2, 3, and 5 porphyrins could be created by using 5-(4-pyridyl)-
10,15,20-tris(p-tolyl)porphyrin, 5,15-bis(4-pyridyl)-10,20-bis(p-tolyl)porphyrin, and 

tetrakis(4-pyridyl)porphyrin as the Lewis base in appropriate stoichiometries. The electronic 
spectra of the assemblies showed some through-space electronic communication between the 
porphyrins. 

 
Chart 6. Example of a supramolecular complex (left) and meso-metalated porphyrins with chelating ligands 

(right), synthesized by Arnold and co-workers. 
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The exclusive product of the reaction between a 5-bromo-porphyrin and a Pd(0) source 

(Pd2dba3, Pd(PPh3)4) is a trans-[Pd(porph)Br(PPh3)2] compound, whereas both cis- and trans-
products can be isolated in the case of Pt. In the former case, the cis-products 100–102 can be 
readily obtained by addition of chelating diphosphines (dppe, dppp, dppf) to the palladium 
source prior to addition of the bromoporphyrin.146 For the corresponding platinum 

compounds, this is not an option due to in situ formation of highly stable [Pt(diphosphine)2] 
species, which will not react further with the haloporphyrin. In order to overcome this 
problem, diamines were used instead of diphosphines.156 For the cis-palladium complexes 

103–105 this works equally well as when the chelating phosphines were used (one equivalent 
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of Pd, excess diamine, toluene 105 ºC).156 Interestingly, this route proved to be even useful for 
the platinum complexes, since the corresponding cis-compounds 106, 107 were obtained in 
high yields using the same procedure as for their palladium analogues. A meso-iodinated 

porphyrin was used because reactions with the meso-bromo analogues failed. Later it was 
realized that these “normal” chelating ligands, which do not have a substantial effect on the 
porphyrin, can be replaced by chiral, bidentate ligands to give chiral complexes 108Ni–
110Ni,160 which can eventually lead to interesting catalytic applications.  

 

1.3.3.3 Semi-Metallic Examples 

Not only transition metals have been attached to the porphyrin ring. Several main-group semi-
metals have also been appended to tetrapyrrole systems. Instead of using electrophilic 

aromatic metalation or oxidative addition for these reactions, Shine and co-workers used the 
zinc(II) tetraphenylporphyrin (ZnTPP) cation radical to react with several nucleophiles.161 
Reaction with triphenylarsine in acetonitrile gave 39 % of [(2-triphenylarsonium-5,10,15,20-
tetrakis(phenyl)porphyrinato)-zinc(II)] perchlorate. In a similar method, ZnTPP was oxidized 

in situ in the presence of several group 15 nucleophiles (EPhnR3-n, E = P, As) using 2,6-
lutidine as a proton trap in mixtures of apolar (CH2Cl2, C2H4Cl2) and apolar solvents (MeOH, 
MeCN).162 The corresponding -arsonium compounds show bathochromic shifts of the 

UV/Vis bands. While pursuing the synthesis of a meso-trichlorotellurio(IV)porphyrin, Sugiura 
and Sakata and co-workers unexpectedly found a new oligomerization reaction. Upon 

treatment of nickel 5,15-diarylporphyrin with TeCl4 in dry methylene chloride at room 
temperature, they found that multiply fused dimers and associated higher oligomers are 
formed. A mechanism involving attack at the meso-position, followed by -attack of the 

intermediate meso-trichlorotellurio(IV) group on another porphyrin with a final detelluration 
reaction, was postulated by the authors to account for this reaction. 

 

1.3.4 Porphyrins with Platinum-Acetylide Units 

Due to the rich photophysical and photochemical properties of platinum-acetylides163 they 
have been attached to porphyrins for electronic reasons. Pt-acetylide linkages were used by 
Paolesse et al. to synthesize conjugated organometallic porphyrin polymers.164 A zinc -octa-

alkyl-5,15-bis(acetylene)porphyrin 111Zn was reacted with several Pt complexes of the 
general formula [PtClZ(PR3)2] (cis and trans; Z = Cl or H; R = Bu or Ph), in the presence of 

essential, catalytic amounts of CuI with diethylamine/methylene chloride as the solvent 
(Scheme 18). Reaction of 111Zn with one equivalent of trans-[PtCl2(PBu3)2] furnished 15% 
of a mixture of cis and trans 5,15-bis[halidoplatino(II)-bis(PBu3)ethynyl]porphyrins 112Zn in 

which the platinum-bound halide can be either Cl or I as a result of halide scrambling at Pt 
(CuI as the iodide source). In addition, a mixture of the oligomeric products 113nZn was 
formed as evidenced by MALDI-TOF MS. This mixture consists of different oligomeric 
multiporphyrin compounds, which are interconnected by butadiyne- or trans-

[bis(acetylide)(PBu3)2] units. 



Merging Porphyrins with Organometallics: Synthesis and Applications 

 26

N

N N

N

Zn

N

N N

N

Zn(R3P)2XPt PtX(PR3)2

N

N N

N

Zn

N

N N

N

ZnPt
PBu3

PBu3

(Bu3P)2XPt PtX(PBu3)2

m

n

q

111Zn 112Zn: R = Et, Bu; X = Cl; n = 1
113nZn: R = Et; X = Cl,I; n = 2, 3

n

114mnqZn: X = Cl/I; m = 1,2 n = 0,1; q = 1,2,3  

Scheme 18. Porphyrin-Pt-bis(acetylide) porphyrins of Paolesse and co-workers. 

 
On the contrary, reaction of 111Zn with cis-[PtCl2(PPh3)2] or trans-[PtHCl(PPh3)2] under the 

same reaction conditions gave different product distributions. The major product of this 
reaction is a mixture of bi/trinuclear products consisting of two peripheral platinum centers 
interconnected by a free base or zinc(II) porphyrin, respectively (15%). As a by-product, a 
mixture of multinuclear, bis-platinum, bis-zinc(II) porphyrin compound was formed, the 

platinum centers of which are located at both extremes (114mnqZn). These platinum groups 
are linked to each other by a bis(5,15-bis(acetylene)porphyrin) spacer, which was supposedly 
the product of a Glaser/Hay type coupling. The reported structures were also analyzed by 

using X-ray photoelectron spectroscopy (XPS)165 and NEXAFS166 and these techniques 
showed that the pendant peripheral platinum centers acquire electron density at the expense of 
electron density of the core N 1s orbitals and that both chromophores communicate 
intramolecularly. 
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Scheme 19. Porphyrin-cored platinum-bis(acetylide) dendrimers synthesized by Takahashi. 
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Takahashi and co-workers used Sonogashira/Hagihara coupling methodology (6 equivalents 
of trans-[PtCl2(PEt3)2], CuCl, piperidine/dioxane) to equip meso-tetrakis(p-
(ethynylphenyl)porphyrin (115Zn) with four -PtCl(PEt3)2 centers to serve as a dendrimer core 

(116Zn) (Scheme 19).167 (Platinum-acetylide)acetylene dendrons of generation one (G1), two 
(G2), and three (G3) were synthesized in the same way and finally attached (convergent 
approach, CuCl in Et3N/THF) to 116Zn to give organometallic porphyrin dendrimers 117G1–

3Zn in yields of 73%, 67%, and 41%. Electronic studies revealed that the  values of the 

porphyrin part as well as its fluorescence at 617 nm (excitation in the platinum-acetylide 
MLCT band) decrease with an increase in the generation, which indicates efficient energy 

transfer from the periphery to the core. 
 A similar trans-bis(acetylide)Pt(II)(PBu3)2 moiety was employed by Harriman and Ziessel 
to interconnect a zinc(II) porphyrin fragment to a [Ru(bipy)3]

2+ group.168 meso-Tris(mesityl)-

(p-ethynylphenyl)porphyrin (118Zn) was reacted with one or half an equivalent of trans-
[PtCl2(PBu3)2] in the presence of catalytic amounts (1%) of CuI in a iso-Pr2NH/THF mixture 
to give dyad 119Zn and triad 120Zn in 72% and 20%, respectively (Scheme 20). A 
[Ru(bipy)3]

2+ fragment was attached to 118Zn by a similar methodology using [Ru(bipy)2(4-

ethynyl-2,2’-bipyridyl)]2+ to give triad 121Zn in a yield of 51%. Hardly any electronic 
interaction between the chromophores is observed within these systems in the ground state. In 
the triad, the Pt moiety neither influences the reduction potential of the zinc(II) porphyrin nor 

that of the [Ru(bipy)3]
2+ moiety, although it makes each terminal moiety more difficult to 

reduce as a result of charge donation from the Pt(II) center to the alkyne-bridged ligands.  
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Scheme 20. Triads consisting of a zinc porphyrin, a platinum bis(acetylide) unit, and either another zinc 

porphyrin or a Ru(bipy)3 unit, synthesized by Ziessel and Harriman. 

 
Upon excitation of the porphyrin part of 121Zn (565 nm), it was found that the fluorescence 
is quenched by ca. 50% with respect to a non-peripherally-metalated, reference zinc 
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porphyrin. Because the central Pt(II) bis- -acetylide imposes a barrier for through-bond 

electron exchange, it was postulated that the quenching originates from a Förster-type singlet-

to-triplet energy transfer. Excitation into the upper vibrational levels of the S2 state of the 
zinc(II) porphyrin gives two different decay processes for 120Zn and 121Zn. Whereas rapid 
S2 S1 internal conversion, followed by S1 S0 fluorescence takes place in 120Zn, 121Zn is 

involved in a additional photoprocess that competes with this decay, namely the energy 
transfer from the zinc porphyrin to the [Ru(bipy)3] fragment.  

 Another type of Pt(II)-acetylide fragment was employed by Odobel and Hammarström in 
complexes for photoinduced electron transfer.169 They hypothesized that the -nature of the 

C-Pt bond could allow large electronic coupling between the substituents. Several derivatized 
terpy ligands (with hydrogen (123), phosphonate (124) or ether (125) para-substituents) were 
reacted with [Pt(COD)Cl2] to form the corresponding platinum-acetylide complexes. A 
zinc(II) porphyrin (122Zn) or magnesium(II) porphyrin (122Mg) tethered with a terminal 

alkyne fragment was subsequently attached to these compounds via a Sonogashira/Hagihara 
coupling in the presence of CuI and iso-Pr2NH, yielding the corresponding metalloporphyrin-
ethynyl-Pt(terpy) diads in yields ranging from 45% to 71% for the zinc(II) porphyrins and 

60% to 90% for the magnesium(II) porphyrins (Scheme 21). 
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Scheme 21. Metalloporphyrin-(acetylide)terpy Pt dyad developed by Odobel and co-workers. 

 
Electrochemical studies (CV) indicated that whereas the metal ion in the porphyrin had little 

effect on the reduction potential of the platinum center, the para-substituent of the terpy 
fragment has a measurable effect on the reduction potentials of the zinc(II) and magnesium(II) 
porphyrin and on the oxidation potential of the zinc(II) porphyrin. This effect is most 
pronounced on the reduction potential of the platinum center with an electron withdrawing 

substituent (phosphonate), stabilizing the reduced terpyridine and thus facilitating the 
reduction of this moiety. The absorption spectra of all dyads are virtual superpositions of 
those of their constituents, but fluorescence measurements showed that the fluorescence of the 

porphyrin moieties are almost quantitatively quenched in every case, compared to reference 
porphyrins. The authors found that an electron transfer from the porphyrin to the platinum 
units is the only reasonable explanation for the very rapid quenching of the S1 state of the 
porphyrins. 
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Scheme 22. Triads prepared by Yeh et al. 

 
In order to test the previously postulated hypothesis of beneficial contribution of the 

platinum- acetylide unit to conjugation of its substituents, Yeh and co-workers synthesized 
two types of bis(porphyrin) compounds.170 Mono-acetylene porphyrin precursors 129Ni and 
129Zn were reacted with either trans-[PtCl2(PEt3)2] in diethylamine to yield platinum-

bis(acetylidoporphyrin)s 131Ni and 131Zn in yields of 66–68% or they were reacted with CuI 
in air to form butadiyne-linked bis(porphyrin)s 130Ni and 130Zn (Scheme 22). The porphyrin 
subunits are much more strongly coupled in the ground state (as shown by UV/Vis and CV 
measurements) in 130Ni and 130Zn than in their Pt-linked counterparts. Evidence based on 

UV/Vis measurements on the mono-cations, generated by oxidation with [(p-
BrC6H4)3N]SbCl6, supported this even further. The Ni chelates interact more strongly with 
one another than the corresponding Zn analogues. 

 
In search of novel ways to interconnect porphyrin subunits in cyclic, trimeric porphyrin hosts, 
Sanders and co-workers used trans-bis(acetylide)-platinum(II)163 moieties.171 With respect to 

their butadiyne-linked congeners,172 the formal insertion of a square-planar Pt center into the 
C-C  single bond was anticipated to lead to a larger central cavity, which would in turn 

generate different host-behavior in terms of the size of suitable guest molecules.  
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Scheme 23. Pt-bis(acetylide)-bridged porphyrin trimers of Sanders. 
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A zinc(II) -octa-alkyl-5,15-bis(phenyl)-porphyrin, the phenyl groups of which contain 

acetylene groups at their 3-positions (132Zn) was coupled with trans-Pt(PEt3)2Cl2 (134) in 

diethylamine using a Sonogashira/Hagihara-type protocol, yielding 16% of the desired trimer 
135Zn (Scheme 23). Unfortunately, this trimer cannot be used for templation. To that end, 
132 was converted into the corresponding tin-acetylide 133Zn and subsequently trimerized 

using CuI catalysis without the use of an amine to give 135Zn again in 16% yield. As 
predicted, the increased cavity size leads to a decreased binding constant of 2,4,6-tris(p-
pyridyl)pyrazine G1 compared to the corresponding butadiyne-linked trimeric host (3  107 

vs. 109 M–1), whereas a slightly larger guest, G2, binds with a high binding constant of 1010 
M–1. Contrary to the smaller host, the synthesis of 135Zn is not efficiently templated by its 
most strongly bound guest, which only increases the yield by 25% to 20%. 

 The bis(acetylide)platinum group is perfectly suited to function as a construction moiety 
in (multi)porphyrin systems owing to its relative robustness and inertness. The findings above 
altogether suggest that, if maximum ground state communication between two molecular 

constituents is desired, the platinum-acetylide unit should not be the first unit of choice. At 
the same time, its electronic properties make it an ideal connector for systems that aim at 
photo-induced energy transfer operating via a Förster type mechanism. One drawback of this 
unit is the synthetic route towards it, which invariably employs Cu(I). This makes the use of 

free-base porphyrin-containing substrates awkward because of the tendency of copper to form 
the corresponding Cu(II) complexes. To arrive at free-base porphyrin platinum-acetylide 
conjugates, metalloporphyrins that are readily demetalated, e.g., magnesium porphyrins, 

could therefore be used as a valuable synthetic intermediate. 
 

1.3.5 Miscellaneous 

Sanders et al. reacted several meso-pyridine-substituted zinc porphyrins (136Zn–138Zn) with 

Os3(CO)10(NCMe)2 in dichloromethane at room temperature (Scheme 24).173 Osmium-to-
nitrogen coordination followed by an activation of the ortho C–H bond leads to the formation 
of cyclometalated hydrido complexes 139Zn–141Zn in yields of 31% (140Zn) to 42% 
(139Zn). As a result of steric demands, 137 was only cyclometalated at the pyridyl position 

para with respect to the porphyrin ring rather than at the corresponding ortho-position to give 
140Zn. When the 5,15-bis(pyridyl) zinc system 138Zn was metalated, two different 
atropoisomers can be envisaged: one with the activated C-H bonds on the same side of the 
porphyrin plane, 141Zn , and 141Zn , with the activated ends on opposite sides. Indeed, 

while the room temperature 1H NMR spectrum only shows evidence for highly dynamic 

species, at low temperature signals arise that are consistent with the proposed structures. In 
addition, there is a possibility for both hydrides to be in front, and one of them being in front 
and the other one in the back. The distance between them, however, makes them 
spectroscopically indistinguishable. Compared to the parent zinc porphyrins 136Zn–138Zn, 

the UV/Vis spectra of 139Zn–141Zn exhibited slight hypsochromic shifts of 4, 3, and 7 nm, 
respectively, of the Soret band. While the fluorescence intensities of the metalated complexes 
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are somewhat quenched with respect to those of the parent compounds, the phosphorescence 
intensities increase upon metalation. The authors attribute this observation to a heavy atom 
effect rather than arising from energy- or electron transfer processes within the molecules. 
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Scheme 24. Organometallic porphyrins prepared by Sanders. 

 
Transition-metal complexes of poly(2-pyridyl)phenyl groups have emerged as interesting 

optical materials.174 Their combination with porphyrins, being a highly versatile chromophore 
itself, has therefore been subject of research. Cycloruthenation was employed by Dixon and 
Collin as a method to obtain porphyrins with meso-linked tridentate NCN moieties.175 They 

used a Lindsey/MacDonald [2 + 2] condensation of 5-mesityl-dipyrromethane and 3,5-bis(2-
pyridyl)benzaldehyde to give multitopic ligand 143 in 39% yield (Scheme 25). 
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Scheme 25. Peripherally-ruthenated porphyrins prepared by Collin. 
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Treatment of 143 with [Ru(tterpy)(acetone)3]
3+ (142), generated by treatment of 

[RuCl3(tterpy)] with AgBF4 in acetone, in refluxing n-BuOH yielded bis(PF6) salt 145 in 57% 
yield after column chromatography and anion exchange. The corresponding zinc chelate 
145Zn was readily prepared in quantitative yield via a reaction with Zn(OAc)2 2H2O in a 

methanol/acetonitrile mixture. These two compounds were compared to the analogous NNN 

complexes 146 and 146Zn with cyclic voltammetry and UV/Vis spectroscopy. The 
researchers found that there is a larger extent of communication between the porphyrin and 
the peripheral ruthenium(II) centers in the case of Ru-NNN ligation than in the case of Ru-
NCN ligation. In contrast to some bis(ferrocenyl)porphyrins (vide supra), there is no 

electronic communication between the terminal ruthenium centers in any of these compounds 
in the ground state. 
 Another study employed the cyclometalating properties of phenylpyridine groups to 

peripherally metalate porphyrins. Nickel porphyrins were equipped with meso-(para-(2-
pyridyl)phenyl) groups and subsequently metalated the pyridylphenyl unit with palladium and 
iridium (Scheme 26).176 
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Scheme 26. Cyclometalated porphyrins prepared by Leung. 

 

Reaction of either the meso-tris(phenyl) derivative 147Ni or the analogous para-tolyl 
compound 148Ni with [Ir(H)2(PPh3)2(O=CMe2)2]BF4 in methylene chloride at room 
temperature furnished iridium(III) complexes 149Ni and 150Ni in moderate yields of 27 and 
40%, respectively. Both starting complexes were also shown to react readily under 

electrophilic palladation conditions with K2[PdCl4] in a refluxing solvent mixture of 
MeOH/THF. The initial products of this reaction, assumed to be chloride-bridged dimers, are 
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insoluble in the reaction mixture and precipitate out. The authors suggested that this may 
explain why similar bis(phenylpyridine)porphyrins do not undergo double palladation 
(precipitation occurs after the first metalation step). The insoluble intermediates were 

converted into mono-palladium complexes 151Ni and 152Ni by treatment with K2SC(S)NEt2 
in 27 and 29%. Unfortunately, the authors did not comment as to why the yields are rather 
low in all cases. It is of note that the peripheral metalation leads to bathochromic shifts of the 
Soret band for all complexes, while the Q bands remain at the same position. This shift was 
larger for the Ir complexes ( 5 nm) than for their Pd counterparts ( 1 nm). 

 ECE-pincer metal complexes have come under the attention of researchers operating in 

different fields of chemistry, particularly catalysis and materials chemistry, owing to the 
multitude of tunable properties via its modular characteristics.177-180 The merger of the 
properties of these molecules with those of porphyrins has encouraged a few researchers to 

explore their molecular combinations.175,181,182 The rigid four-fold symmetry of the porphyrin 
was exploited by Reinhoudt and co-workers as an organization precept to non-covalently 
synthesize multi-porphyrin systems through metal-to-ligand interactions. 
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Scheme 27. Peripherally-palladated porphyrins prepared by Reinhoudt et al. for self-assembly studies. 

 
A phenolic SCS-pincer ligand, 3,5-bis[(phenylsulfido)methyl]phenol (four equivalents) was 
reacted with one equivalent of tetrakis(4-chlorocarbonylphenyl)porphyrin and triethylamine 

in dichloromethane to yield tetrakis(SCS-pincer) porphyrin 153 in 32% yield. The 
corresponding tetra-SCS-pincer Pd complex 154 was synthesized by treating 153 with 4.04 
equivalents of [Pd(NCMe)4](BF4)2 in a CH2Cl2/MeCN mixture and after treatment with NaCl, 

the tetrakis(SCS-PdCl)porphyrin product was obtained in 90% yield (Scheme 27). 
Dehalogenation of 154 with four equivalents of AgBF4 gave the tetra-cationic aqua species 
155, which was subsequently treated with 5-pyridyl-10,15,20-tris-(phenyl)-porphyrin to give 
the pentameric porphyrin assembly 156 in quantitative yield. A nonameric porphyrin array 
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(157) was also quantitatively assembled from 155 and four equivalents of a cyano-
bis(porphyrin). The authors reported that there is no appreciable communication between the 
porphyrin units in the ground state, but, unfortunately, no excited state measurements were 

undertaken to probe light-induced electron or energy transfer.  
 Several ECE-pincer ligand groups were later directly merged with the 
tetraphenylporphyrin skeleton.182 A general procedure was developed by Klein Gebbink and 
co-workers to obtain meso-tetrakis(ECE-pincer)porphyrins 158 and 159 in a modular way. 

The SCS-pincer-porphyrin hybrid could be metalated via the same procedure as published 
earlier by Reinhoudt (vide supra) in an impressive yield of 90% (Scheme 28). It is notable 
that in both cases, palladation of the porphyrin macrocycle was not observed despite the fact 

that an electrophilic Pd2+ complex was used. Another way to effect a selective peripheral 
metalation was transcyclometalation (TCM) methodology, which relies on an ECE-pincer 
selective mechanism.183 Thus, when tetrakis(PCP-pincer)porphyrin 158 was treated with four 
equivalents of [PtCl(NCN)] in refluxing toluene, the desired tetra-platinated porphyrin 160 

was obtained in quantitative yield. The authors found that peripheral metalation brings about 
a bathochromic shift of the Soret band with a concomitant broadening. Interestingly, 
platination leads to much larger red-shifts than palladation (11 vs. 6 nm). It was furthermore 

found that the porphyrin fluorescence of 161 was quenched by 74% relative to that of 159. 
Later, the authors found that hetero-multimetallic complexes (Scheme 28, right)184 could be 
obtained by selecting the right order of metalation steps of the parent multitopic ligands. 
These pincer-porphyrin hybrids have been used as templates in ring-closing metathesis185 and 

catalysis.186,187 
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1.4 Concluding Remarks 

As this chapter underlines, the covalent combination of (metallo)porphyrins with 
metalloligand groups in general and with organometallic moieties in particular may lead to 
interesting new materials with special properties. There are many ways to synthesize 
porphyrins with a peripheral metal-to-carbon bond. Especially the chemical robustness of the 

organometallic group plays a role of importance in selecting the synthetic route toward the 
desired molecules, since the reaction conditions used for porphyrin synthesis, i.e. employing 
Lewis or Brønsted acidic catalysts, are often incompatible with the lability of the metal-to-

carbon bond.68 When the synthetic strategy relies on the selective metalation of a free-base 
porphyrin with (an) attached ligand group(s), care should be taken to choose mild, orthogonal 
metalation methods that are capable of addressing either the porphyrin or the peripheral 
ligand moiety selectively. 

 Within the peripherally-metalated (metallo)porphyrins, both the (metallo)porphyrin entity 
and the peripheral organometallic group can serve a multitude of purposes. The porphyrin can 
be used as a photochemical group, as a redox-active unit or it can function as a functional 

substituent, whose electronic properties can be readily tuned by virtue of metalation. The 
axial coordination properties of metalloporphyrins furthermore provide ample opportunities to 
bind functional groups in a non-covalent way.  

Transient peripherally-metalated porphyrins have found wide application in the catalytic 
functionalization of the porphyrin periphery. Arnold and co-workers, however, were the first 
to investigate the properties of some of these molecules in their own right and found that 
these compounds exhibit a number of interesting properties. This fact may be taken as an 

incentive for further exploration of complexes that are normally viewed as synthetic 
intermediates.  
 The inherent mechanical features of the organometallic (e.g., a ferrocenyl group) or its 

Lewis-acidic nature can be exploited to organize multiple functional groups in a covalent way 
by virtue of rotation around, for instance, a ferrocene hinge, or in a non-covalent way through 
coordination of functionalized Lewis bases to the peripheral Lewis acid. The peripheral 
organometallic unit can be used to influence the porphyrin, but the porphyrin can 

concomitantly also affect the properties of the organometallic. These combinations can lead to 
interesting electrochemical and photophysical devices. 
 Finally, this review reveals the relatively modest extent to which the merger of 

organometallic entities with porphyrins has been exploited to date. A few organometallic 
groups such as ferrocenyl groups and Pt-bis(acetylido) complexes have been extensively 
applied because of their unique properties and robustness. The molecular combination of 
porphyrins with less-stable, i.e. more reactive, organometallic moieties has yet to commence. 

Research in this area is encouraged, as the amalgamation of the photo- and redox-active 
properties of the (metallo)porphyrin with those of the organometallic complex may give rise 
to new reactivity profiles for either or both.  
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2.1 Introduction 

Inspired by Nature’s use of macrocyclic, tetrapyrrolic molecules in processes such as oxygen 
transport and the conversion of light energy into chemical potential, porphyrins are widely 
used in chemical research.1 These photoactive molecules have been employed in systems 
ranging from artificial photosynthetic model systems,2-7 and hemoglobin and myoglobin 

mimics,8 to building blocks in supramolecular multi-component systems.9,10 In addition, 
porphyrins containing a covalently or non-covalently attached extra-annular metal center have 
been shown to be interesting for, e.g., molecular electronic devices11 and supramolecular 

architectures. Several porphyrin systems containing peripheral ligand sites have been 
constructed to date and the corresponding metal complexes were extensively studied.9,10,12-19 
However, with the exception of metallocene derivatives,11,20-22 few examples have been 
reported concerning metal atoms directly attached to the tetraphenylporphyrin skeleton via a 
metal-to-carbon -bond. Notable examples include direct meso-metalation23-26 and ortho-

metalation of a pyridylporphyrin.27 
 In search of novel peripherally metalated porphyrins, we anticipated that a robust metal-
ligand system would be highly desirable as the extra-annular metal site. If this metal-ligand 
system, in addition, were to have other interesting properties, this would only add to the 

impetus of connecting such a system to a porphyrin. Hence, the ECE-pincer metal system 
(with ECE-pincer being the mono-anionic, potentially tridentate ligand [2,6-(ECH2)2C6H3]

–
 (E 

= NR2, SR, PR2)) was selected since it is known to be chemically robust and because of its 

catalytic and physicochemical properties.28,29 Linear, Hammett-type relations are known 
between substituents at the para-position with respect to the metal in metallopincers and both 
the electron density at the metal and the catalytic activity of the complexes.30-32 Since the 
electronic properties of a porphyrin can be fine-tuned by the introduction of a metal, 

metallopincer-metalloporphyrin hybrid systems might provide an interesting and novel entry 
into catalyst modulation. Taking these facts into account, we sought for a way to combine 
both (metallo)porphyrin chemistry and metallopincer chemistry and hence, to construct a 

molecular hybrid of both. Since these materials can, in theory, incorporate a plethora of 
different metals in both coordination moieties, we anticipated that their synthesis would 
provide access to interesting homo- and hetero-multimetallic systems. 
 

 

2.2 Results and Discussion 

Since several ECE-pincer ligand systems are known (e.g., SCS, NCN and PCP), we were 
interested in synthesizing a common hybrid ligand precursor. Most of the synthetic routes to 
these types of ligands involve nucleophilic substitution of a benzylic bromine atom by the 

desired heteroatom-containing nucleophile. Hence, a tetraphenylporphyrin derivative 
containing benzyl bromide moieties at all its 3,5-phenyl positions would be highly desirable. 
Thus, starting from 3,5-dimethylaniline, 3,5-bis(methoxymethyl)benzaldehyde 1 was obtained 

in a 29% overall yield (4 steps), and subsequently used in an Adler-type condensation 
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reaction with pyrrole to yield 16% of 5,10,15,20-tetrakis[3,5-bis(methoxymethyl)phenyl]-
porphyrin 2 (Scheme 1). 
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Scheme 1. Synthetic route toward meso-tetrakis(ECE-pincer)porphyrins; i) a. pyrrole, propionic acid, ; b. 

DDQ, benzene; ii) HBr/HOAc, CH2Cl2; iii) for 4: HNMe2, CH2Cl2; for 5BH3: LiPPh2·BH3, THF, –40 ºC  room 

temperature; for 6a/6b: thiophenol/4-tert-butylthiophenol, K2CO3, 18-crown-6, THF; iv) Et2NH, THF, . 

 
The structure of porphyrin 2 was confirmed by 1H and 13C NMR spectroscopy, mass 
spectrometry, elemental analysis and X-ray crystallography (Figure 1). Following a modified 

literature procedure,33 treatment of 2 with HBr/AcOH in CH2Cl2 gave 5,10,15,20-tetrakis[3,5-
bis(bromomethyl)phenyl]porphyrin 3 in 82% yield. This compound showed to be an excellent 
general ligand precursor for the syntheses of tetrakis(ECE-pincer)porphyrins 4, 5, 6a, and 6b 
(E = N, P, and S, respectively, see Scheme 1). Nucleophilic replacements of the bromine 

atoms by the appropriate nucleophiles proceeded smoothly under standard conditions under 
exclusion of light and molecular oxygen. Tetrakis(NCN-pincer)porphyrin 4 was obtained 
after treatment of 3 with an excess of dimethylamine in CH2Cl2 as a purple, air-sensitive, 

crystalline solid in 96% yield. Its structural composition was confirmed by X-Ray 
crystallography, however the disorder in the crystal was too high to warrant publication. 
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Notably, in contrast to most porphyrins, 4 dissolves readily in solvents ranging from polar 
(MeCN, MeOH) to non-polar (pentane, hexane) at room temperature. 
 

 

Figure 1. Molecular structure of 2 at 50% probability. Hydrogen atoms have been omitted for clarity. 

 

Using LiPPh2·BH3 in THF as a nucleophile, borane-protected porphyrin 5BH3 was obtained in 
99% yield. Deprotection with Et2NH in THF quantitatively yielded tetrakis(PCP-
pincer)porphyrin 5. Fourfold platination of 5 by a transcyclometalation (TCM) reaction34-36 
with NCN-pincer PtCl ([PtCl(NCN)]) was then performed in toluene (see Scheme 2). 
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Scheme 2. Synthesis of meso-tetrakis(ECE-pincer metal)porphyrins; i) for 7: [PtCl(NCN)], toluene, ; for 

8a/8b: a. [Pd(NCMe)4](BF4)2, MeCN/CH2Cl2; b. LiCl, MeCN. 
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Addition of a clear, colorless solution of [PtCl(NCN)] in toluene to a clear, dark-red solution 
of 5 in toluene gave a voluminous purple precipitate and a colorless supernatant within 
minutes. This precipitate was not further analyzed but most probably consists of a 

coordination compound in which the phosphorus atoms of 5 have replaced the nitrogen atoms 
of NCN-PtCl in coordinating to platinum.34 Heating this suspension for 72 h at 110 ºC did not 
visibly change the reaction mixture, which still consisted of a purple precipitate and a 
colorless supernatant. However, when analyzing the supernatant, it solely consisted of a 

solution of the free NCN-pincer ligand (1,3-bis[(dimethylamino)methyl]benzene) in toluene. 
The purple precipitate was collected, washed with toluene, pentane and finally CH2Cl2. 
Compound 7 is not soluble in pentane, toluene and benzene, and is only sparingly soluble in 

solvents like THF, CH2Cl2, and CHCl3. It was fully characterized and all analyses showed that 
we succeeded in selectively metalating the porphyrin at its extra-annular pincer sites. 
 Finally, the introduction of four SCS-pincer ligands around a mutual porphyrin core was 
undertaken. Allowing 3 to react with 8 equivalents of thiophenol in THF in the presence of 

18-crown-6 and K2CO3 furnished tetrakis(SCS-pincer)porphyrin 6a in 88% yield (Scheme 1). 
Unfortunately, fourfold palladation of this compound using [Pd(NCMe)4](BF4)2 in a mixture 
of CH2Cl2 and acetonitrile37 led to a product that is insufficiently soluble for proper 

characterization. Hence, tert-butyl derivative 6b was synthesized similarly in 93% yield using 
commercially available 4-tert-butylthiophenol as the nucleophile. It was palladated according 
to the procedure used for 6a and after exchange of acetonitrile for chloride in the palladium 
coordination environments, 8b was obtained in 90% yield (see Scheme 2). Palladation was 

spectroscopically confirmed by the disappearance of the 1H NMR resonance belonging to the 
hydrogen atom connected to Cipso, which was previously situated at  = 7.68 ppm. In addition, 

a downfield shift of the AB pattern of the tert-butylphenylsulfido protons from  = 7.37 and 

7.33 ppm to  = 7.95 and 7.49 ppm, respectively, was observed in combination with an 

upfield shift of the hydrogens positioned meta with respect to Cipso.  
 5,10,15,20-Tetrakis(3,5-bis[(4-tert-butylphenylsulfido)methyl]-4-chloridopalladio(II)phe-

nyl)porphyrin (8b) was fully characterized (1H, 13C NMR, UV/Vis, mass spectrometry and 
elemental analysis) and all analyses consistently showed a quantitative and selective 
introduction of palladium at the extra-annular SCS sites, without affecting the inner NNNN-

tetradentate coordination site. Similar selective palladation was also observed for a related 
SCS-pincer-substituted porphyrin by Reinhoudt and co-workers.38 Selective palladation was 
further corroborated by X-ray crystallography. The molecular geometry of 8b in the solid 
state shows a molecule with C2v symmetry (see Figure 2). A slightly distorted porphyrin core 

is surrounded by four diorganosulfide moieties (dihedral angles between porphyrin and meso-
phenyl groups are 56.5(7) and 67.7(7) degrees) each of which is cyclopalladated at the 
position between the CH2SPh-4-tert-Bu groups. This affords square planar Pd(II) centers with 

a ligand environment that comprises tridentate SCS coordination by the organic moiety with a 
chloride ligand trans to the metal-bonded aromatic carbon atom (Cipso). Two identical pincer 
groups opposite to each other (around palladium atoms Pd(2) and Pd(2a), Figure 2) show a 
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distorted ligand environment, wherein the two tert-butylphenyl groups do not point away 
from each other in an anti way, but rather adopt a quasi syn geometry. 
 

 

Figure 2. Molecular structure of 8b at 50% probability. Hydrogen atoms and co-crystallized molecules of 

toluene have been omitted for clarity. Only the major disorder component of the tert-butyl groups is shown. 

Selected distances [Å] and dihedral angles [deg]: Cl(1)-Cl(1a) 24.2734(19), Pd(1)-Cl(1) 2.3925(12), Pd(1)-S(1) 
2.2916(14), Pd(1)-S(2) 2.2804(14), Pd(1)-Cipso 1.988(4); porphyrin-pincer(Pd(1)) 56.5(7), porphyrin-

pincer(Pd(2)) 67.7(7). 

 
The introduction of metal atoms at the periphery of the porphyrin affects the electronic 
spectra of the hybrid molecules, which are completely dominated by the porphyrin part (see 

Figure 3). The B and Q bands of free ligands 5 (420, 514, 550, 588, and 643 nm) and 6b (420, 
516, 549, 591, and 645 nm) shift bathochromically to 426, 522, 557, 596, and 650 nm, 
respectively, for 7b and to 431, 522, 561, 600, and 654 nm for 8 upon peripheral metalation. 
In addition, the Soret bands broaden upon peripheral metalation from a full width at half 

maximum (FWHM) of 12 nm for 5 and 6b to 14 and 18 nm for 7b and 8, respectively. This 
observation is not uncommon for peripherally metalated porphyrins but nonetheless 
emphasizes that there is electronic communication between the metallopincer and porphyrin 
parts of the molecule.39 Moreover, fluorescence measurements ( exc = 516 nm) of 6b and 8b 

revealed a 74% quenching of the fluorescence of the latter with respect to the former, which 

further supports an intramolecular communication in the excited state. The fluorescence 
quenching is probably caused by a singlet to triplet inter-system crossing, which can be 
mediated by heavy metal atoms. 
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Figure 3. Soret region of the electronic spectra of pincer-porphyrin hybrids 5–8b. The Soret peaks are 
normalized. 

 
 

2.3 Conclusions 

In conclusion, a new class of pincer ligand-functionalized porphyrins has been developed. 
Starting from a general ligand precursor, 5,10,15,20-tetrakis[3,5-bis(bromomethyl)phenyl]-
porphyrin (3), tetrakis(NCN-pincer)-, -(PCP-pincer)-, and -(SCS-pincer)porphyrins were 

synthesized in high yields. The latter two were selectively metalated at their peripheral ligand 
sites, as judged from NMR spectroscopy and X-ray crystallography. Thus, we have shown 
that organometallic moieties comprising a stable metal-to-carbon -bond can be fitted onto a 

porphyrin core, yielding multi-ligand systems. In addition, UV/Vis and fluorescence 
spectroscopy provide evidence for an appreciable amount of electronic communication 
between the subunits of the hybrid in the excited state. Chapters 3–6 will focus on the 

metalation chemistry of the pincer-porphyrins hybrids, i.e. the selectivity of metal 
incorporation in- or outside the porphyrin core, and on the physicochemical and catalytic 
properties.  

 
 

2.4 Experimental Section 

General. All air-sensitive reactions were performed under a nitrogen atmosphere using standard Schlenk 

techniques. All reactions involving porphyrin compounds were shielded from ambient light using 

aluminium foil. Et2O and THF were carefully dried and distilled from sodium/benzophenone prior to use. 

Pyrrole, MeCN, and CH2Cl2 were distilled from CaH2. Other solvents and all standard reagents were 

purchased and used as received. Column chromatography was performed using ACROS silicagel for 

column chromatography, 0.060–0.200 mm, pore diameter ca. 4 nm. 1H and 13C{1H} NMR spectra were 

recorded on a Varian 300 spectrometer, and 31P NMR spectra were recorded on a Varian AC 200 

spectrometer. Due to extreme line-broadening, in most cases the 13C NMR signals for the porphyrin - and 

-carbon atoms were not detected. When the signals were detected, they are denoted by (b). UV/Vis 

spectra were recorded on a Cary 50 scan UV-visible spectrophotometer and fluorescence spectra were 
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recorded on a Spex 1680 0.22m double spectrometer. ESI-MS measurements were performed at the Group 

Biomolecular Mass Spectrometry, Bijvoet Centre for Biomolecular Research, Utrecht, The Netherlands. 

MALDI-TOF measurements were performed on an Applied Biosystems Voyager-DE PRO 

biospectrometry workstation with 2,5-dihydroxybenzoic acid as the matrix. Elemental microanalyses were 

performed by Dornis und Kolbe, Mikroanalytisches Laboratorium, Müllheim a/d Ruhr, Germany. 

 

3,5-bis(methoxymethyl)benzaldehyde (1) 

A cooled (–78 ºC), colorless solution of 3,5-bis(methoxymethyl)iodobenzene (6.75 g, 23.1 mmol) in dry 

Et2O (280 mL) was treated dropwise with tert-BuLi (31.2 mL of a 1.5 M solution in pentane, 46.8 mmol) 

during 15 min. The resulting white suspension was stirred for an additional 30 min after which dry DMF 

(3.89 mL, 50.0 mmol) was added and the yellow solution was allowed to reach room temperature (RT). 

Water (200 mL) was subsequently added, the biphasic system was stirred overnight, the organic layer was 

separated and the aqueous layer was extracted with Et2O (3  50 mL). The combined organic fractions 

were washed with brine (200 mL), dried (MgSO4), filtered, and evaporated to leave a yellow oil. Careful 

bulb-to-bulb distillation afforded 1 as a colorless oil. Yield: 4.20 g (94%). 1H NMR (CDCl3):  = 10.02 (s, 

1H, CHO), 7.78 (s, 2H, ArH), 7.59 (s, 1H, ArH), 4.52 (s, 4H, CH2O), 3.42 (s, 6H, OCH3) ppm; 13C{1H} 

NMR (CDCl3):  = 192.3, 139.9, 136.9 132.5, 128.0, 73.9, 58.9 ppm; GC-MS: m/z 194 (100%, M+); Anal. 

calcd. for C11H14O3: C 68.02, H 7.27%; found: C 68.13, H 7.20%. For an alternative synthetic route to 1, 

see: M. E. Tanner, C. B. Knobler, D. J. Cram, J. Org. Chem. 1992, 57, 40–46. 

 

5,10,15,20-Tetrakis[3,5-bis(methoxymethyl)phenyl]porphyrin (2) 

A colorless solution of 1 (9.56 g, 49.2 mmol) in propionic acid (185 mL) was heated to reflux and 

subsequently treated with neat pyrrole (3.44 mL, 49.2 mmol), whereupon the mixture immediately turned 

black. After half an hour at reflux temperature, the solution was allowed to settle overnight and the 

volatiles were removed in vacuo. The remaining black, tarry oil was dissolved in CH2Cl2 (200 mL), washed 

with a saturated NaHCO3 solution (2  100 mL), dried (MgSO4), filtered, and evaporated to dryness. The 

remaining purplish tar was loaded onto a silicagel column, which was subsequently eluted with a 

Et2O/CH2Cl2 mixture (1:4, v/v). The purple fractions were collected, evaporated and subsequently triturated 

with MeOH to furnish 2 as a purple microcrystalline solid. Oxidation with p-chloranil gave the chlorin-free 

porphyrin. Yield: 1.88 g (16%). 1H NMR (CDCl3):  = 8.83 (s, 8H, -H), 8.11 (s, 8H, ArH), 7.78 (s, 4H, 

ArH), 4.76 (s, 16H, CH2O), 3.54 (s, 24H, OCH3), –2.80 (s, 2H, NH) ppm; 13C{1H} NMR (CDCl3):  = 

146.0 (b), 142.4, 137.1, 133.3 131.4 (b), 126.5, 120.0, 74.9, 58.7 ppm; UV/Vis [ max (log ), CH2Cl2]: 420 

(5.58), 515 (4.16), 549 (3.80), 590 (3.62), 650 (3.57) nm; ESI-HRMS: m/z 967.4637 ([M+H]+), calcd. for 

C60H63N4O8: 967.4640; Anal. calcd. for C60H62N4O8: C 74.51, H 6.46, N 5.79%; found: C 74.39, H 6.37, N 

5.64%. 

 

5,10,15,20-Tetrakis[3,5-bis(bromomethyl)phenyl]porphyrin (3) 

A dark red solution of 2 (98 mg, 101 µmol) in CH2Cl2 (20 mL) was treated with fresh HBr/AcOH (30 mL) 

and after 5 h of stirring at RT, H2O (30 mL) was added. The phases were separated and the organic layer 

was treated with a saturated NaHCO3 solution (2  50 mL), dried (MgSO4), and evaporated. The resulting 

purple solid was dissolved in CH2Cl2 (10 mL) and pentane (80 mL) was added to induce precipitation of a 

purple solid. This solid was purified using column chromatography (silicagel, CH2Cl2/hexane 1:1, v/v) and 

the first, fast-running band was finally recrystallized from CH2Cl2/pentane to yield 3 as a purple, crystalline 

solid. Yield: 113 mg (82%). Note: due to its suspected toxicity, this compound was immediately used in 

subsequent steps. 1H NMR (CDCl3):  = 8.88 (s, 8H, -H), 8.19 (s, 8H, ArH), 7.86 (s, 4H, ArH), 4.77 (s, 

16H, CH2Br), –2.84 (s, 2H, NH) ppm; 13C{1H} NMR (CDCl3):  = 143.2, 137.3, 135.1, 129.2, 119.1, 34.3 
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ppm; UV/Vis [ max (log ), CH2Cl2]: 420 (5.73), 515 (4.32), 550 (3.91), 589 (3.81), 644 (3.63) nm; ESI-

MS: m/z 1358.95 ([M+H]+), calcd. for C52H39Br8N4: 1358.66; Anal. calcd. for C52H38Br8N4: C 45.99, H 

2.82, N 4.13%; found: C 45.82, H 2.92, N 4.04%. 

 

5,10,15,20-Tetrakis(3,5-bis[(dimethylamino)methyl]phenyl)porphyrin (4) 

Octabromide 3 (95 mg, 70 µmol) was dissolved in CH2Cl2 (30 mL) and Me2NH (1.5 mL, excess) was 

added at once. After stirring for 3 h at RT, degassed H2O (10 mL) was added and the biphasic system was 

stirred for 1 h. The organic phase was separated, washed with 1 M NaHCO3 (20 mL), dried (MgSO4), and 

filtered. Hexane (30 mL) was added and the purple solution was concentrated to 15 mL and stored at –30 

ºC. After 3 days, the resulting purple crystals were collected by centrifugation. Yield: 72 mg (96%). 1H 

NMR (CDCl3):  = 8.87 (s, 8H, -H), 8.10 (s, 8H, ArH), 7.75 (s, 4H, ArH), 3.75 (s, 16H, CH2N), 2.45 (s, 

48H, N(CH3)2), –2.84 (s, 2H, NH) ppm; 13C{1H} NMR (CDCl3):  = 147.0 (b), 142.0, 137.3, 134.1 131.1 

(b), 129.4, 120.2, 64.5, 45.7 ppm; UV/Vis [ max (log ), CH2Cl2]: 419 (5.66), 515 (4.20), 551 (3.92), 590 

(3.70), 648 (3.62) nm; ESI-HRMS: m/z 1071.7210 ([M+H]+), calcd. for C68H87N12: 1071.7171; Anal. calcd. 

for C68H86N12: C 76.22, H 8.09, N 15.69%; found: C 76.31, H 8.16, N 15.61%. 

 

5,10,15,20-Tetrakis(3,5-bis[(borane-diphenylphosphino)methyl]phenyl)porphyrin (5BH3) 
LiPPh2·BH3 was prepared by treating a cooled (–78 ºC) solution of HPPh2·BH3 (690 mg, 3.45 mmol) in dry 

THF (30 mL) with n-BuLi (2.1 mL of a 1.6 M solution in hexane, 3.36 mmol) in a dropwise manner. The 

resulting colorless solution was stirred at –78 ºC for 10 min and then allowed to reach RT, after which it 

was stirred for 2 h. The resulting faintly yellow solution was subsequently added to a pre-cooled solution (–

40 ºC) of 3 (284 mg, 209 µmol) in dry THF (40 mL). Upon addition, the resulting solution darkened 

slightly and acquired a yellow tinge. After 40 h, the solution was treated with H2O (20 mL) and the 

volatiles were evaporated. The resulting purple solid was redissolved in CH2Cl2 (40 mL) and washed with 

H2O (60 mL), brine (50 mL), dried (MgSO4), filtered, and concentrated to 10 mL. Addition of EtOH (80 

mL) induced the precipitation of the product as a fluffy red solid, which was collected by means of 

centrifugation. Yield: 442 mg (99%). 1H NMR (CDCl3):  = 8.43 (s, 8H, -H), 7.75 (m, 32H, PArH), 7.59 

(s, 8H, ArH), 7.41 (m, 48H, PArH), 7.19 (s, 4H, ArH), 3.77 (d, 2JPH = 12.3 Hz, 16H, CH2P), 1.15 (br, 24H, 

BH3), –3.23 (s, 2H, NH) ppm; 13C{1H} NMR (CDCl3):  = 142.1, 134.8, 132.7 (d, 1JPC = 9.1 Hz), 131.6, 

130.5, 129.3, 129.0 (d, 2JPC = 9.7 Hz), 128.6, 118.9, 34.0 (d, 1JPC = 31.6 Hz) ppm; 31P NMR (CDCl3):  = 

19.2 (b) ppm; UV/Vis [ max, CH2Cl2]: 420, 514, 550, 588, 643 nm; ESI-MS: m/z 2312.0 ([M+H]+), calcd. 

for C148H143B8N4P8: 2312.9; Anal. calcd. for C148H142B8N4P8: C 76.92, H 6.19, N 2.42, P 10.72%; found: 

76.78, H 6.25, N 2.34, P 10.85%. 

 

5,10,15,20-Tetrakis(3,5-bis[(diphenylphosphino)methyl]phenyl)porphyrin (5) 

Freshly distilled and degassed HNEt2 (20 mL) was added to a degassed solution of 5BH3 in dry THF (20 

mL) and the red solution was heated to reflux for 2 h. All volatiles were subsequently evaporated in vacuo 

to leave a mixture of 5 and HNEt2 BH3, which was used without further purification. 
1H NMR (CDCl3):  = 8.43 (s, 8H, -H), 7.63 (s, 8H, ArH), 7.50 (m, 32H, PArH), 7.43 (s, 4H, ArH), 7.30 

(m, 48H, PArH), 3.63 (s, 16H, CH2P), –3.12 (s, 2H, NH) ppm; 31P NMR (CDCl3):  = –7.17 ppm; UV/Vis 

[ max, CH2Cl2]: 420, 514, 550, 588, 643 nm. 

 

5,10,15,20-Tetrakis(3,5-bis[(diphenylphosphino)methyl]-4-chloridoplatino(II)-phenyl)porphyrin (8) 

To a clear, red solution of 5 (250.0 mg, 113.6 µmol) in dry toluene (15 mL) was added [PtCl(NCN)] (191.6 

mg, 454.4 µmol), which immediately resulted in the formation of a purple precipitate. The mixture was 

heated to reflux and after 72 h it was allowed to reach room temperature. The purple precipitate was 
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isolated by means of centrifugation and the remaining solid was washed with toluene (80 mL), pentane (80 

mL), and CH2Cl2 (20 mL), and dried in vacuo. Yield: 354 mg (quantitative). 1H NMR (CDCl3):  = 8.85 (s, 

8H, -H), 8.06 (m, 32H, PArH), 7.91 (s, 8H, ArH), 7.51 (m, 48H, PArH), 4.16 (s, 16H, CH2P), –2.79 (s, 

2H, NH) ppm; 31P NMR (CDCl3):  = 38.4 (1JPtP = 2937 Hz); UV/Vis [ max, CH2Cl2]: 431, 522, 557, 596, 

650 nm; MALDI-TOF MS: m/z 3119.67 ([M+H]+), calcd. for C132H139Cl4N4Pd4S8: 3119.20; Anal. calcd. for 

C148H118Cl4N4P8Pt4: C 56.93, H 3.81, N 1.79, P 7.94%; found: 56.93, H 3.74, N 1.73, P 7.88%. 

 
5,10,15,20-Tetrakis(3,5-bis[(4-tert-butylphenylsulfido)methyl]phenyl)porphyrin (6b) 

To a solution of 3 (330 mg, 243 µmol) in dry THF (30 mL) under nitrogen were added 4-tert-

butylthiophenol (400 µL, 2.37 mmol), K2CO3 (660 mg, 4.78 mmol), and 18-crown-6 (10 mg) and the dark 

red solution was subsequently stirred for 16 h. The volatiles were evaporated and the resulting solid was re-

dissolved in CH2Cl2 (40 mL) and washed with NaHCO3 (10% in H2O, 2  50 mL), and H2O (50 mL), dried 

(MgSO4), filtered, and concentrated to 15 mL. Upon addition of degassed MeOH (80 mL) the title 

compound precipitated as a purple solid, which was collected by centrifugation. Yield: 459 mg (93%). 1H 

NMR (CDCl3):  = 8.66 (s, 8H, -H), 7.85 (s, 8H, ArH), 7.68 (s, 4H, ArH), 7.37 (d, 3JHH = 7.2 Hz, 16H, 

ArH), 7.33 (d, 3JHH = 7.2 Hz, 16H, ArH), 4.30 (s, 16H, CH2S), 1.12 (s, 72H, C(CH3)3), –3.00 (s, 2H, NH) 

ppm; 13C{1H} NMR (CDCl3):  = 150.3, 142.2, 136.7, 134.0, 132.2, 131.2, 129.1, 126.1, 119.5, 40.0, 34.6, 

31.3 ppm; UV/Vis [ max (log ), CH2Cl2]: 420 (5.73), 514 (4.32), 549 (4.00), 591 (3.87), 645 (3.78) nm; 

ESI-MS: m/z 1021.6 ([M+2H]2+), calcd. for  C132H144N4S8: 1021.5; Anal. calcd. for C132H142N4S8: C 77.67, 

H 7.01, N 2.74%; found: C 77.55, H 6.86, N 2.61%. 

 

5,10,15,20-Tetrakis(3,5-bis[(4-tert-butylphenylsulfido)methyl]-4-chloridopalladio(II)-
phenyl)porphyrin (7b) 
To a red solution of 6b (350 mg, 172 µmol) in CH2Cl2/MeCN (4/3, 50 mL) was added [Pd(NCMe)4](BF4)2 

(310 mg, 698 µmol) after which the color of the solution changed through brown and yellow to green. 

After 16 h at RT, the resulting dark green solution was filtered into a centrifuge vessel and concentrated to 

15 mL. Upon addition of Et2O (75 mL) a green solid precipitated. This solid was collected by 

centrifugation, redissolved in MeCN (40 mL) and Et3N (5 mL) was added, whereupon the solution turned 

dark red. LiCl (200 mg, large excess) was added and the mixture was stirred overnight, centrifuged, and the 

solid was washed with H2O, MeOH and Et2O (all 2  80 mL). The resulting brown solid was dissolved in 

CH2Cl2 and chromatographed on silica using 5% MeOH in CH2Cl2. The first band was collected, 

concentrated and upon addition of Et2O, a brown/red solid precipitated. Yield: 401 mg (90%). 1H NMR 

(CDCl3):  = 8.84 (s, 8H, -H), 7.95 (d, 3JHH = 8.4 Hz, 16H, ArH), 7.77 (s, 8H, ArH), 7.49 (d, 3JHH = 8.4 

Hz, 16H, ArH), 4.83 (br s, 16H, CH2S), 1.34 (s, 72H, C(CH3)3), –2.86 (s, 2H, NH) ppm; 13C{1H} NMR 

(CDCl3):  = 160.8, 153.7, 148.0, 138.8, 131.9, 129.1, 128.4, 127.1, 119.7, 53.0, 35.1, 31.3 ppm; UV/Vis 

[ max (log ), CH2Cl2]: 426 (5.79), 520 (4.32), 557 (4.15), 596 (3.74), 650 (3.86) nm; ESI-MS: m/z 2599.7 

([M+H]+), calcd. for C132H139Cl4N4Pd4S8: 2599.4; Anal. calcd. for C132H138Cl4N4Pd4S8: C 60.87, H 5.34, N 

2.15, S 9.85%; found: C 60.85, H 5.42, N 2.08, S 9.72%. X-ray quality crystals were grown by slow 

evaporation of a saturated solution of 7b in a 1:1 mixture of toluene/CH2Cl2. 

 

X-ray crystal structure determinations: 

Compound 2: C60H62N4O8, Fw = 967.14, dark purple block, 0.45  0.36  0.21 mm3. Monoclinic crystal 

system, space group P21/c (no. 14). Cell parameters: a = 14.0191(2), b = 9.9445(1), c = 18.9747(3) Å,  = 

102.5709(13)°, V = 2581.90 Å3. Z = 2, Dx = 1.244 g cm-3, µ = 0.083 mm-1. 41793 reflections were 

measured on a Nonius KappaCCD diffractometer with rotating anode and graphite monochromator (Mo-

K ,  = 0.71073 Å) at a temperature of 150(2) K up to a resolution of (sin / )max = 0.61 Å-1. An absorption 
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correction was not considered necessary. The reflections were merged using the program SortAV,40 

resulting in 4830 unique reflections (Rint = 0.0404), of which 3691 were observed [I > 2 (I)]. The structure 

was solved with Direct Methods using the program SHELXS-97,41 and refined with the program SHELXL-

9742 against F2 of all reflections. Non-hydrogen atoms were refined freely with anisotropic displacement 

parameters. The N-H hydrogen atom was located in the difference Fourier map and kept fixed in that 

position. All other hydrogen atoms were refined as rigid groups. The methoxy group at C27 was disordered 

over two positions. 343 refined parameters, 28 restraints. R (obs. data): R1 = 0.0443, wR2 = 0.1184. R (all 

data): R1 = 0.0611, wR2 = 0.1299. Weighting scheme w = 1/[ 2(Fo
2) + (0.0698P)2 + 0.8100P],  where P = 

(Fo
2+2Fc

2)/3. GoF = 1.096. Residual density between -0.26 and 0.34 e/Å3. The drawings, structure 

calculations, and checking for higher symmetry was performed with the program PLATON.43 

 

Compound 7b: C132H137.93Cl4N4Pd4.04S8·4C7H8 + disordered solvent, Fw = 2977.07[*], dark red plate, 0.24  

0.21  0.06 mm3. Triclinic crystal system, space group P 1  (no. 2). Cell parameters: a = 15.0209(2), b = 

17.1924(2), c = 17.7209(3) Å,  = 68.0524(7),  = 86.0962(7),  = 89.2137(7)°, V = 4234.49(10) Å3. Z = 1, 

Dx = 1.167 g cm-3[*], µ = 0.628 mm-1[*]. 58270 reflections were measured on a Nonius KappaCCD 

diffractometer with rotating anode and graphite monochromator (Mo-K ,  = 0.71073 Å) at a temperature 

of 150(2) K up to a resolution of (sin / )max = 0.60 Å-1. An absorption correction was not considered 

necessary. 14915 reflections were unique (Rint = 0.0903), of which 9456 were observed [I > 2 (I)]. The 

structure was solved with automated Patterson methods using the program DIRDIF-99,44 and refined with 

the program SHELXL-9742 against F2 of all reflections. Toluene solvent molecules were refined with 

isotropic displacement parameters, all other non-hydrogen atoms were refined freely with anisotropic 

displacement parameters. Hydrogen atoms were refined as rigid groups. Three of the tert-butyl groups were 

rotationally disordered. Additionally to the ordered toluene molecules, the structure contains voids of 836.1 

Å3/unit cell, containing disordered solvent molecules. Their contribution to the structure factors was 

secured by back-Fourier-transformation using the SQUEEZE routine of the program PLATON43 resulting 

in 191 e/unit cell.  The small electron density at the center of the porphyrin system was assigned to a Pd-

center with an occupancy of 0.04. The vast majority is the N-H derivative of the porphyrin system. 832 

refined parameters, 744 restraints. R (obs. data): R1 = 0.0506, wR2 = 0.1170. R (all data): R1 = 0.0918, 

wR2 = 0.1277. Weighting scheme w = 1/[ 2(Fo
2) + (0.0636P)2],  where P = (Fo

2+2Fc
2)/3. GoF = 0.994. 

Residual density between -0.53 and 0.82 e/Å3. The drawings, structure calculations, and checking for 

higher symmetry was performed with the program PLATON.43 

[*] Derived quantities (Fw, Dx, ) do not contain the contribution of the disordered solvent. 
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3.1 Introduction 

One-, two-, and three-dimensional porphyrin arrays continue to attract attention because of 
their relevance to biological systems such as the light harvesting apparatus in plants, algae, 
and bacteria.1-8 Numerous reports have dealt with the design, synthesis, and applications of 
covalently linked multi-porphyrin arrays.9-14 Nature uses non-covalent interactions to 

assemble these chromophores and, therefore, an increasing amount of research focuses on the 
synthesis of multi-porphyrin arrays through self-assembly. Self-assembly of these arrays 
relies on coordination15-22 and/or hydrogen bonds,23 and the formed structures can thus be 

highly dynamic. One-dimensional polymeric multi-porphyrin assemblies, in which the metal 
in the porphyrin center is used as a connector, are in particular being investigated. These 
structures can be created by combining A–A and B–B type monomers, which can form 
alternating co-polymers of the form [ A–A B–B ] . The monomers generally consist of a 

metalloporphyrin capable of accommodating two axial ligands (on either face of the 
porphyrin plane) and an , -ditopic ligand. Several combinations have been investigated, 

including those of ruthenium(II) porphyrins with diphosphine ligands,24 phosphorus(V) 

porphyrins with oxygen ligands,25,26 and manganese(III) porphyrins with 4-4’-bipyridyl 
ligands.27 Polymers formed from polycyanoalkenes and manganese(II)28-30 or iron(III) 
porphyrins31 were prepared by Miller and co-workers. Porphyrin coordination polymers 
consisting of A–B type monomers (thus forming [ A–B ]  polymers or cyclic oligomers) 

have also been studied thoroughly. For this type of polymers, metalloporphyrins with 
covalently attached Lewis bases have been used as the monomeric parts. To prevent 

intramolecular coordination, both the length and the conformational rigidity of the linker 
between the Lewis basic moiety and the Lewis acidic metalloporphyrin part play important 
roles. At the same time these parameters can also be used to optimize intermolecular 

interactions leading to polymer or ring formation. The connectivity between the monomers 
may be single or two-fold, depending on the flexibility of the A–B linkage and on whether the 
metal in the porphyrin can accommodate one (Zn,32-38 Co(O2)

39) or two axial ligands (Cu(II),40 
Co(II)41, Co(III)42). 

 We have started a research project concerning the design and synthesis of multi-topic 
ligand systems, particularly tetrakis(ECE-pincer metal)-metalloporphyrin hybrids (Chart 1, 
left).43 These hybrids consist of a (metallo)porphyrin core surrounded by four ECE-pincer 

metal groups (with ECE-pincer being the mono-anionic, potentially tridentate ligand [2,6-
(ECH2)2C6H3]

–
 (E = NR2, OR, PR2, SR)),44 which are connected via their para-positions to the 

respective meso-positions on the porphyrin. After having synthesized the tetrakis(ECE-pincer 
metal) free-base porphyrin hybrids (Chart 1, left; M1 = 2H), we targeted the corresponding 

hetero-multimetallic systems (Chart 1, left; M1 = metal) as our next synthetic objectives. In 
this context, the question arose whether the pincer metal would be put in place after 
metalation of the porphyrin or vice versa. With regard to the former approach, the 

introduction of a metal into the central porphyrin cavity could give rise to the formation of 
higher order aggregates between these molecules, since the resulting tetrakis(ERE-
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donor)metalloporphyrins (ERE-donor = 4-R-3,5-bis[(E)-methyl]phenyl; E = NMe2, OMe, 
SPh, PPh2; R = H, Br) comprise eight Lewis-basic sites and one or more Lewis-acidic sites 
(depending on the metal), i.e. aggregates of type [ A–B ]  might be envisioned for these 

systems. It was therefore decided to investigate the supramolecular chemistry of several 
tetrakis(ERE-donor) zinc(II) porphyrins (Chart 1, right) bearing either nitrogen (1Zn and 

2Zn) or oxygen (3Zn and 4Zn) Lewis basic sites. 
 

Chart 1 
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Here, we report on the synthesis and the solid-state and solution structures of the zinc(II) 

porphyrins 1Zn–4Zn. In order to understand the coordination chemistry of these systems in 
more detail, we have also analyzed the assembly behavior of a series of mono- and bidentate 
Lewis bases with [meso-tetraphenylporphyrinato]zinc(II) (ZnTPP). 

 
 

3.2 Results 

Synthesis. Multitopic ligands 1–443,45 were treated with Zn(OAc)2 2H2O in a mixture of 

CH2Cl2 and MeOH to yield the corresponding zinc(II) complexes 1Zn–4Zn in essentially 
quantitative yields (Scheme 1). During each metalation reaction a common color change of 
the reaction mixture was observed from dark red (free-base compounds 1–4) to a lighter pink 

color (1Zn–4Zn). UV/Vis monitoring of the reaction progress showed a change from a four Q 
bands spectrum of the free base porphyrin to a two Q bands spectrum of its zinc(II) complex. 
Purification of these compounds was performed by layering CH2Cl2 solutions with hexane. In 

this way 1Zn and 3Zn were isolated as red crystalline solids and 2Zn and 4Zn were obtained 
as purple solids in essentially quantitative yields. As it had been reported that N,N-
dimethylbenzylamine groups readily react with 1O2,

46 and given the ability of zinc(II) 
porphyrins to act as photosensitizers, caution was taken to avoid contact of 1, 2, 1Zn, and 
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2Zn with air and light. The identity and sample homogeneity of all compounds were 
confirmed by 1H NMR and 13C{1H} spectroscopy, mass spectrometry, UV/Vis spectroscopy, 
and elemental analysis (see Experimental Section). 
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Scheme 1. Synthesis of 1Zn–4Zn: i) Zn(OAc)2·2H2O, MeOH/CH2Cl2. 

 
 
Crystallography. X-ray quality single crystals of 1Zn and 3Zn were obtained by layering 
dichloromethane solutions of these compounds with hexane. Their molecular structures in the 

solid state are depicted in Figure 1. 
 

 

Figure 1. Molecular structures of 1Zn (left) and 3Zn (right) at 50% probability. Hydrogen atoms, solvent 
molecules, and disordered dimethylamino groups (1Zn) have been omitted for clarity. 

 
Both structures feature a zinc(II) porphyrin core, which is tetra-substituted at its four meso-

positions with 3,5-bis[(dimethylamino)methyl]-4-bromophenyl and 3,5-bis(methoxymethyl)-
4-bromophenyl groups, respectively. In each structure the zinc atom is located at the centre of 
the porphyrin ring with Zn-Npyrrole distances of 2.050(4)–2.054(4) Å. Both structures are 
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centrosymmetric with the zinc atom as inversion point. The porphyrin parts of both 1Zn and 
3Zn adopt wav-type non-planar deformation modes.47 Two of the meso-phenyl groups, which 
are positioned in a trans manner with respect to the porphyrin core, have a normal position. 

The other two meso-phenyl groups are bent quite strongly with respect to the porphyrin plane; 
the Zn-C1-C2 (1Zn) and Zn-C3-C4 (3Zn) angles are 170.3(4)º and 166.22(19)º, respectively. 
The torsion angles between the porphyrin planes and the phenyl groups are 75.9(8)º and 
57.4(4)º for 1Zn, and 75.8(2)º and 65.8(3)º for 3Zn, respectively. 

 
One level of organization higher, the crystal structures reveal that both compounds self-
assemble into one-dimensional coordination polymers of the general formula [nZn]  with a 

highly similar structure, as shown for [1Zn]  in Figure 2. In the solid state structure of 

[1Zn] , the zinc atoms are surrounded in an octahedral manner,48 comprising four equatorial 

pyrrolic nitrogen donor atoms provided by the porphyrin and two axial benzylic E ligands (E 

= NMe2), which are supplied by the EBrE-donor groups of two adjacent zinc(II) porphyrins. 
 

 

Figure 2. Two views of the one-dimensional polymer formed by 1Zn with thermal ellipsoids at 50%. The non-

Zn-coordinating NBrN-donor groups, solvent molecules, and hydrogen atoms have been omitted for clarity. 
Top: part of the infinite, one-dimensional polymeric strand formed by 1Zn. Bottom: view perpendicular to the 

porphyrin planes with interplanar distance d (see text). 

 
Two trans-positioned, meso-NBrN-donor groupings of each porphyrin take part in the 
intermolecular interactions between adjacent 1Zn molecules. These are bent severely out of 

plane (vide supra). Only one CH2NMe2 donor functionality of these groupings participates in 
bonding to an adjacent zinc atom. With respect to each other these donor functionalities are 
positioned on opposite sides of the porphyrin plane (related to each other by the inversion 

centre located at the position of the zinc atom). In the crystal structure, the other two NBrN-
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donor groups (not shown in Figure 2) are mere spectator groups and do not participate in 
intermolecular bonding. They do, however, increase the symmetry of the molecules, which 
makes them statistically more prone to self-assembly (vide infra). The porphyrins are aligned 

in a parallel manner, thus minimizing sterically unfavorable interactions between their 
substituents. Furthermore, they are displaced from a common axis in order to maximize zinc-
to-heteroatom (Zn-N) interactions. Within the strands, one molecule of 1Zn is repeated 
infinitely in an identical orientation and conformation. The axial Zn-N bonds are 2.564(4) Å, 

which is in the expected range for hexa-N-coordinate zinc(II) meso-tetraphenylporphyrins. 
For those hexa-N-coordinated complexes that have been crystallographically characterized to 
date, the axial N-to-zinc distances are in the range of 2.467–2.490 Å for pyridine-type,49-54 

2.470–2.552 Å for aniline-type,49,50 and 2.473–2.520 Å for amine-type55,56 Lewis bases. 
 

 

Figure 3. Stick-style representation of the 3D positioning of the individual [1Zn]  polymer strands in the 

crystal, shown along the axis running through the zinc(II) centers of the central strand. 

 
In [1Zn] , the phenyl groups connected to the coordinating N-donor groupings are bent out of 

the porphyrin plane by 9.6(7)º towards the adjacent zinc porphyrin unit while the other two 
meso-phenyl groups adopt a normal position with respect to the porphyrin ring. The meso-
phenyl groups of the coordinating NBrN-donors adopt 75.9(8)º dihedral angles with the 

porphyrin, while for the non-coordinating NBrN-donor groups they are 57.4(4)º. The latter 
value is rather unusual and points to a micro-environmental influence.57 Within the polymeric 
strands, the Zn-Zn distances are 9.932(3) Å with a distance between the least squares planes 
of two adjacent porphyrins of 6.808(66) Å (d in Figure 2). Hence, the molecules are slipped 

from a common axis by 7.23 Å. Figure 3 shows the alignment of the individual polymer 
chains in the solid-state. It reveals that identical polymer chains are running in the same 
direction throughout the crystal and that the orientations of all molecules are the same. 
 The three-dimensional features of the crystal structure of [3Zn]  are virtually identical to 

those of [1Zn]  (Figure 4). Also in this case, infinite polymer chains are formed through 

hexa-coordination of zinc; axial Zn-O distances are 2.386(3) Å. Within the series of reported 



Chapter Three 

 59

zinc(II) porphyrin with two axial O-ligands49,50,58-69 this value is in the expected range for 
bis(ether) complexes. The Zn-O distances in bis(THF) complexes of ZnTPP derivatives are in 
between 2.371 Å61 and 2.56 Å,66 and in a zinc(II) porphyrin polymer the Zn-Obenzylmethylether 

distances were found to be 2.434 Å.70  
 

 

Figure 4. Two views of the one-dimensional polymers formed by 3Zn with thermal ellipsoids at 50%. The non-

bonding OBrO-donor groups, solvent molecules, and hydrogen atoms have been omitted for clarity. Top: part of 

the infinite, one-dimensional polymeric strand formed by 3Zn. Bottom: view perpendicular to the porphyrin 

planes with interplanar distance d (see text). 

 
In the case of [3Zn] , the phenyl groups connected to the coordinating EBrE-donor groups (E 

= OMe) are bent out of the porphyrin plane by 13.7(8)º away from the adjacent zinc(II) 

porphyrin unit, which pulls two adjacent porphyrin rings closer together. The other, non-
coordinating EBrE groups again adopt a normal geometry. Like in the case of [1Zn]  the 

interplanar angles of the coordinating and non-coordinating OBrO-donor groups with respect 
to the porphyrin ring are quite distinct: 65.8(3)º for the coordinating groups vs. 75.8(2)º for 
the non-coordinating groups. The Zn-Zn distances in the polymer strands in [3Zn]  are 

8.7503(8) Å, while the distance d between the least square planes running through the 
pyrrolic nitrogen atoms of two juxtaposed porphyrins is 3.466(96) Å (see Figure 4), placing 

the porphyrins 8.03 Å from a common axis.  
 Unfortunately, we have not been able to obtain single crystals of 2Zn and 4Zn. NMR and 
UV/Vis measurements do, however, suggest the existence of similar intermolecular 
interactions as in [1Zn]  and [3Zn]  (vide infra). 

 
The polymeric solid-state structures that are formed by self-assembly of 1Zn and 3Zn are 

rather unusual in that they feature hexa-coordination of the zinc(II) atoms, which usually 
prefer penta-coordinate, distorted square pyramidal ligand environments in porphyrins. In 
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order to investigate whether the hexa-coordination is imposed by the nature of the ERE-donor 
groupings (R = H or Br), or whether it is a consequence of the predisposition of Lewis basic 
and acidic moieties within the molecules, we studied the structural features of coordination 

complexes of the various constituents of the tetrakis(ERE-donor) zinc(II) porphyrins. We first 
set out to crystallize 2-[(dimethylamino)methyl]-bromobenzene (DMBABr), N,N-
dimethylbenzylamine (DMBA), 2-methoxymethyl-bromobenzene (MBEBr), and methyl-
benzylether (MBE) adducts of ZnTPP (Chart 2). 

 
Chart 2 
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Crystallizations were set up using eight equivalents of the respective Lewis base per molecule 

of ZnTPP, so as to imitate the Lewis acid/Lewis base ratio present in solutions of 1Zn–4Zn. 
The starting materials were dissolved in CH2Cl2 and the respective solutions were layered 
with hexane, after which they were allowed to slowly concentrate by evaporation.  
 In the case of DMBABr-ZnTPP and DMBA-ZnTPP, large block-shaped crystals grew 

in essentially quantitative yields with respect to ZnTPP. The crystal structures of DMBABr-
ZnTPP and DMBA-ZnTPP have common molecular features and the filling of the unit cell 
is similar. Both compounds crystallize as one-to-one adducts of the zinc porphyrin and the 

amine, in which five nitrogen atoms form a distorted square-pyramidal ligand environment 
around the zinc atom (Figure 5, left). The four pyrrolic nitrogen atoms of the porphyrin form 
the base of the pyramid while the apical, fifth ligand position is occupied by the benzylic N5 
atom of either the DMBABr or the DMBA ligand. The zinc atoms are dislocated 0.3344(2) 

and 0.33158(18) Å from the porphyrin least squares plane towards the apical ligand, 
respectively. In the DMBABr-ZnTPP adduct, the Zn-Npyrrole distances are in the range of 
2.0566(18)–2.0708(16) Å, while in the case of the DMBA-ZnTPP these distances are in the 

range of 2.0611(13)–2.0695(13) Å. Also the Zn-Napical bond lengths, at 2.2254(13) and 
2.23661(17) Å, respectively, are comparable. In both cases, the C3-N5 bond is almost co-
linear with the N1-Zn-N2 vector, with a dihedral angle of –14.42(14)º for DMBABr-ZnTPP 
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and –13.58(12)º for DMBA-ZnTPP. Although the similarities between both structures are 
obvious, the steric bulk of the ortho Br atom causes a tilt in the phenyl ring of the DMBABr 
ligand with respect to the porphyrin plane by virtue of rotation around the N5–C3 bond. The 

Zn-N5-C3-C4 torsion angle is –172.71(15)º for DMBABr-ZnTPP compared to –179.29(13)º 
for DMBA-ZnTPP. The angle between the porphyrin plane and the phenyl ring of the ligand 
is also influenced by the bromine atom. For DMBABr-ZnTPP the interplanar angle is, at 
78.80(9)º, smaller than in the case of DMBA-ZnTPP, wherein it is 81.25(8)º (Figure 5, 

right). 
 

 

Figure 5. Quaternion fit overlay plot (left) of DMBABr-ZnTPP (black) and DMBA-ZnTPP (grey) in which 
the hydrogen atoms have been omitted for clarity. The views along the N5-Zn vector of each compound are 

depicted on the right without the meso-phenyl rings.  

 
In spite of numerous attempts, the crystals that formed from solutions of ZnTPP (1 
equivalent) and MBE or MBEBr (each 8 equivalents) invariably did not contain MBE nor 

MBEBr, respectively. When wet solvents were used H2O-ZnTPP was quantitatively formed 
(see Figure 6).71 Apparently, H2O is a better ligand for the central zinc(II) atom than a 
benzylic oxygen atom. This is not for inherent Lewis basic reasons, since a dialkyloxide is 

expected to be a stronger Lewis base than dihydrogenoxide, but rather for steric reasons. 
 

 

Figure 6. Crystal Structure of H2O-ZnTPP at 50% probability. Hydrogen atoms have been omitted for clarity. 

The oxygen atom has a 50% occupancy on either side of the porphyrin plane. Relevant bond lengths (Å) and 
angles (deg): Zn-N 2.035(2); Zn-O 2.369(9); N1-Zn-N1a 90.00(10); N1-Zn-N1b 180.0; N1-Zn-O1 90.00. 
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In an additional experiment, crystals were grown from a mixture of ZnTPP and four 
equivalents of NBrN, in which the same ratio of NBrN-groups and zinc(II) porphyrin building 
blocks is present as in 1Zn. The crystals that were formed quantitatively (with respect to 

ZnTPP) consisted of NBrN-(ZnTPP)2 as is shown in Figure 7. In this supramolecular 
assembly, two parallel ZnTPP molecules, the least squares of which are separated by 
10.498(7) Å, are interconnected by one molecule of NBrN, which functions as a bidentate 
bridging group through its two benzylic nitrogen atoms N5 and N5a. The two penta-

coordinate zinc atoms are placed 10.8033(7) Å apart and there is an inversion center at half 
this distance, leading to a centrosymmetric system. Similar to the cases of DMBABr-ZnTPP 
and DMBA-ZnTPP, the zinc atoms are displaced from the least squares planes created by the 

four pyrrolic nitrogen atoms of the porphyrin by 0.3548(2) Å towards the apical amine 
ligands. The Zn-N5 and Zn-N5a distances are 2.263(2) Å. The bridging NBrN ligand 
apparently can adopt two different conformations in the solid-state, and each of them can be 
rotated by 180 degrees along the axis running through the two benzylic carbon atoms. Hence, 

the central NBrN unit is fourfold disordered (see Figure 7). 
 

 

Figure 7. Molecular structure of NBrN-(ZnTPP)2 at 50% probability. Hydrogen atoms have been omitted for 
clarity. 

 
Solid-state UV/Vis spectroscopy. Solid-state UV/Vis spectra were recorded of samples of 

1Zn–4Zn (Figure 8). A reference compound, [tetrakis(3,5-bis[tert-butyl]phenyl)porphyrin-
ato]zinc(II) (5Zn), showed a strong absorbance at 430 nm (Soret band) and two Q bands at 
549 nm and 587 nm, the intensity ratio of which was 4.91 (A549/A587). The solid-state spectra 
of 2Zn and 4Zn are very similar to the spectra of the crystallographically characterized 

compounds 1Zn and 3Zn. With respect to the spectrum of 5Zn, the Soret bands of 1Zn–4Zn 
exhibit a red shift of 4 to 9 nm (Table 1). Both Q bands of each tetrakis(ERE-donor) zinc(II) 
porphyrin have also shifted bathochromically compared to the Q bands of 5Zn. In addition, 

the intensity ratio between the two Q bands is lowered to values of 1.9–2.4 (Table 1), which is 
indicative for ligand binding to the zinc centers. Furthermore, a slight bathochromic shift was 
observed when going from 2Zn and 4Zn to 1Zn and 3Zn (from R = H to R = Br), and when 
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going from 3Zn and 4Zn to 1Zn and 2Zn (from O-coordination to N-coordination), 
respectively. 

 

Figure 8. Solid-state UV/Vis spectra of 1Zn–4Zn. The peak around 620 nm for 5Zn (*) corresponds to a chlorin 

impurity in the sample. 

 

Table 1. Absorption maxima of the solid-state UV/Vis spectra of nZn. 

Compound Soret (rel. int.) Qvib (rel. int.) Q (rel. int.) 

1Zn 439 nm (1.000) 565 nm (0.115) 606 nm (0.060) 

2Zn 438 nm (1.000) 564 nm (0.126) 604 nm (0.060) 

3Zn 438 nm (1.000) 560 nm (0.163) 601 nm (0.075) 

4Zn 434 nm (1.000) 558 nm (0.155) 596 nm (0.065) 

5Zn 430 nm (1.000) 549 nm (0.134) 587 nm (0.027) 

 
Solution UV/Vis spectroscopy. Solution UV/Vis spectra of 1Zn–4Zn were recorded at room 
temperature in CH2Cl2. The concentrations were varied between 0.11 µM and 50 µM. The 

spectra of 2Zn show a Q band region that is indicative of penta-coordinate zinc(II) porphyrins 
(Figure 9, right). A high energy Q band at  = 562 nm (Q562) is accompanied by a lower 

energy Q band at  = 602 nm (Q602). The intensity ratio (A562/A602) amounts to about two, 

which points to coordination of an apical nitrogen atom to zinc.72 Throughout the whole 
concentration range, both the peak positions and intensities did not change, which indicates a 
strong association constant (Kass) (Figure 9, right).  

 

 

Figure 9. Concentration-dependence of the Q band region of the UV/Vis spectra of 1Zn (left) and 2Zn (right) in 
CH2Cl2 at room temperature. For 1Zn the arrows indicate the effect of dilution of the sample. 
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At high concentrations, the spectra of 1Zn (R = Br) are very similar to those of 2Zn (R = H), 
with Q bands at  = 562 nm and  = 603 nm (intensity ratio = 1.9). In this case, however, the 

Q band region does change upon lowering the concentration. At concentrations < 7 µM, Q562 

clearly starts to broaden and shifts hypsochromically to 553 nm at 0.11 µM. The intensity of 

Q603 concomitantly starts to drop to give a final intensity ratio (A553/A603) of 3.6 (Figure 9, 
left). This change indicates that, at lower concentrations, less zinc(II) centers remain 

coordinated to the NBrN-donor groups, i.e. the intermolecular interactions between molecules 
of 1Zn are weaker than those between molecules of 2Zn. 
 Spectra recorded of 3Zn and 4Zn in the same concentration range did not show evidence 

for the existence of intermolecular interactions; the spectra were indicative of tetra-coordinate 
zinc(II) porphyrins. Addition of a large excess of THF, however, clearly led to the 
coordination of THF to the zinc centers as judged by UV/Vis spectroscopy. 
 

In order to gain further insight into the supramolecular chemistry of the tetrakis(ERE-donor) 
zinc(II) porphyrins, the stability constants of simple model combinations of DMBABr, 
DMBA, MBEBr, and MBE with ZnTPP have also been determined. In order to assess the 

strength of the zinc-to-nitrogen and zinc-to-oxygen bonds in these combinations, the 
association constants (Kass) in CH2Cl2 were determined by means of UV/Vis titrations. 
Solutions of ZnTPP in CH2Cl2 (~1 µM) were titrated with the relevant ligand (> 100 

equivalents) and the absorbances at two wavelengths (422 nm for the tetra-coordinate non-
ligated ZnTPP and 427 nm for the penta-coordinate ligated complex) were monitored and 
analyzed using Benesi-Hildebrand plots (see experimental section).73 For each combination of 

ZnTPP and Lewis base, an isosbestic point was observed indicating a single equilibrium 
between two species and the binding curves were fitted to a 1:1 model with excellent results. 
In the case of the amine ligands it was found that the association constants with ZnTPP (Kass 

 2100 M–1 for DMBA and 1200 M–1 for DMBABr) were significantly lower than those for 
pyridine (Kass  7720 M–1) or benzylamine (Kass  12000 M–1).74 In the latter case, the increase 
in Lewis basicity (as a -donor) when going from a primary to a tertiary amine is most 

probably overruled by the increase of steric bulk around the nitrogen atom in the DMBA and 
DMBABr ligands.75 The benzylic ether functionalities, on the other hand, bind much weaker 
to the zinc atoms in dry CH2Cl2 solution: for MBE a Kass of ~5 M–1 was determined and in the 

case of MBEBr no association constant could be determined.  
 
1H NMR spectroscopy. Because the UV/Vis spectra of 1Zn and 2Zn did show aggregation 

of the molecules in solution at low concentrations, but could not provide additional 
information as to how the oligomeric or polymeric structures are organized in solution, 
solutions of these compounds were investigated by 1H NMR spectroscopy at variable 
temperatures (Figure 10). 
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Figure 10. Aromatic and shielded aliphatic regions of the 1H NMR spectra of 1Zn at different temperatures. 

 
The 1H NMR spectra (300 MHz) of both 1Zn (R = Br) and 2Zn (R = H) at room temperature 

consist of broad peaks for all resonances. The spectrum of 1Zn at 298 K shows four broad 
signals centered around  = 8.56 (8H, -H), 7.78 (8H, ArH), 3.24 (16H, CH2N) and 1.90 

(48H, N(CH3)2) ppm (Figure 10), whereas the spectrum of 2Zn consists of five broad signals 
at  = 8.61 (8H, -H), 7.67 (8H, ArH), 7.20 (4H, ArH), 2.92 (16H, CH2N), and 1.74 (48H, 

N(CH3)2) ppm. The extent of line broadening was most pronounced for the signals of the 
benzylic and dimethylamino protons, while the signals of the -protons were broadened the 

least. In both cases, particularly the signals of the benzylic (CH2NMe2) and dimethylamino 
(CH2N(CH3)2) protons had shifted rather drastically with respect to the ones of their parent, 
free-base porphyrins. When compared to the spectra of 1 and 2, these signals had shifted to 

higher field by 0.80 and 0.61 ppm in the former case and by 0.83 and 0.71 ppm in the latter. 
Both room temperature spectra did not show a concentration-dependence within a 
concentration range of ~1 mM to ~15 mM. Addition of an excess of pyridine-d5 led to a 
sharpening of all signals with concomitant shifts to normal values for discrete molecular 

pyridine-zinc(II) porphyrin assemblies. When solutions of 1Zn or 2Zn were heated to 328 K 
all signals also sharpened up, pointing to a dynamic coordination/de-coordination behavior of 
the molecules in solution (Figure 10). 
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Figure 11. 1H NMR chemical shifts of the protons of the nitrogenous ligands in DMBABr-ZnTPP, NBrN-
(ZnTPP)2, and NBrN-ZnTPP at 213 K in CDCl3. 
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Next, 1H NMR spectra were recorded at lower temperature. For comparison and peak 
assignment reasons, the 1H NMR spectra of DMBABr-ZnTPP, NBrN-(ZnTPP)2, and 
NBrN-ZnTPP were recorded (see Figure 11 and experimental section). Upon cooling a 

solution of 1Zn the four signals initially broadened even further, but gradually more peaks 
emerged. At 288 K, signals emerged at  = –1.31 and –2.24 ppm, which are ascribed to the 

benzylic and dimethylamino protons next to nitrogen atoms that coordinate to neighboring 
zinc atoms. The spectrum recorded at 266 K also showed additional peaks in the aromatic and 
benzylic regions. Two signals of equal intensity were observed at  = 7.05 and 6.55 ppm 

(ascribed to ArH on an NRN-donor which is coordinating through one amine arm) and, 
concomitantly, peaks emerged at  = 3.10 and 2.20 ppm. The latter most probably belong to 

the benzylic and dimethylamino-protons next to a non-coordinating nitrogen atom, which are 
on a benzene ring of which the other amine arm is coordinating (cf.  = 2.94 and 2.00 ppm, 

respectively for the corresponding protons in the case of NBrN-ZnTPP, see Figure 11). At 
218 K, a sample of 1Zn showed splitting of all peaks into multiple patterns. Numerous, 
mutually overlapping aromatic signals were visible, although they remained quite broad 

(Figure 10). In the benzylic region of the spectrum three separate signals were present: a 
broad signal around  = 3.71 ppm (12H), consisting of a few unresolved peaks, a signal at  = 

3.01 ppm (2H), and a signal at  = –1.54 ppm (2H), supporting the formation of a 1:1 

complex of (the nitrogen atom of) one molecule of 1Zn with (the zinc atom of) another 

molecule of 1Zn. The low temperature 1H NMR behavior of 2Zn was found to be similar to 
that of 1Zn, but the spectra were more complex. For both 3Zn and 4Zn, the 1H NMR spectra 
showed sharp peaks for all resonances at room temperature. Theses peaks, however, were 

slightly shifted to higher field compared to 3 and 4, indicating an equilibrium between tetra- 
and penta-coordinate zinc(II) porphyrins that strongly prefers the former case. Upon cooling 
solutions of these two compounds to 211 K, the peaks broadened and shifted upfield, but no 
splitting or any fine structure was observed. 

 
 

3.3 Discussion 

Hexa-coordinate zinc(II) centers. Zinc(II) ions incorporated in porphyrin systems generally 

prefer a four-coordinate, square-planar or five-coordinate, distorted square-pyramidal 
coordination environment.76 It was recognized that octahedrally-coordinated zinc(II) 
porphyrins can be formed as well,49-54,59-69 especially when the porphyrin ligand bears multiple 
electron-withdrawing groups.55,58,77 Hexa-coordination at zinc can also be caused by the 

presence of an excess of ligand that is not covalently connected to the zinc(II) porphyrin,54 
e.g., solvent. Recently, it was found that by carefully designing zinc(II) porphyrin monomers, 
a three-dimensional coordination polymer could be formed via six-coordinate zinc(II) with 

two axial oxygen donors.70 Compounds 1Zn–4Zn presented herein all contain eight Lewis 
basic sites and in principle one Lewis acidic site (the zinc atom). This makes the formation of 
supramolecular aggregates through coordination bonds possible. Their crystal structures 
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indeed show that 1Zn and 3Zn self-aggregate to form one-dimensional infinite coordination 
polymer strands, [1Zn]  and [3Zn] . Surprisingly, the zinc atoms at the porphyrin centers are 

not penta-coordinate, but hexa-coordinate. In the present case, hexa-coordination at zinc is 
imparted by the unique combination of Lewis-basic and -acidic sites within the tetrakis(ERE-
donor) zinc(II) porphyrins (E = NMe2, OMe; R = Br, H) in combination with their mutual 

spatial predisposition. In fact, there is an excess of ligand. The crystal structures of 
DMBABr-ZnTPP, DMBA-ZnTPP, and NBrN-(ZnTPP)2 furthermore show that the hexa-
coordination of zinc is not dictated by the inherent properties of the N,N-
dimethylbenzylamine ligand fragment. No evidence was found for hexa-coordination of the 

zinc(II) ions in these model systems in solution.  
 
Influence of Br atoms. UV/Vis titrations showed that the bromine atoms in DMBABr and 

MBEBr lower their coordination strengths toward ZnTPP significantly, relative to those of 
DMBA and MBE, respectively. Because the through-bond inductive effects of the bromine 
atom are anticipated to be negligible, the intrinsic Lewis basicity of the benzylic nitrogen 
atoms in both cases is expected to be identical. Comparison of the crystal structures of 

DMBABr-ZnTPP and DMBA-ZnTPP provides some indications as to why the DMBA 
ligand binds significantly stronger to ZnTPP than DMBABr does. In the crystal structures 
the difference in association constants between DMBABr and DMBA is indicated by the 

larger tilt of the DMBABr phenyl ring with respect to the porphyrin plane (see Figure 5). 
Space-filling models furthermore show a repulsion between the porphyrin macrocycle and the 
rather large bromine atom. The effect of the ortho-Br atom in our systems is comparable to 
the effect found by Mizutani et al.74 They found that the Kass’s of PhCH2NH2 and 

PhCH2CH2NH2 with ZnTPP are 12,000 and 46,000 M–1, respectively, while their pKa’s are 
not that different (9.00 vs. 9.96). A similar steric effect on Kass was observed for tert-BuNH2 
and n-BuNH2; here, the pKa’s are very similar (11.44 and 11.48) but the Kass’s with ZnTPP 

differ significantly (14,000 and 40,000 M–1, respectively). The difference between the 
coordination strengths of MBEBr and MBE toward ZnTPP is likely caused by the same, 
steric factor.  
 The effect of the ortho bromine atoms on the binding constants of N,N-

dimethylbenzylamine to zinc porphyrin also seems to have a pronounced effect on the 
stability of the coordination polymers formed by 1Zn–4Zn. Dilution UV/Vis experiments 
showed a concentration-dependence of the spectra of 1Zn, whereas the spectra of 2Zn 

remained unaffected throughout the investigated concentration range. These observations 
nicely illustrate the increased stability of the coordination polymers devoid of bromine 
substituents on their ERE-donor groupings.  
 

Self-assembly. Subtle variations of the structural parameters of Lewis base-substituted 
zinc(II) tetraphenylporphyrins can lead to completely different self-assembly behavior. This is 
illustrated by a comparison of the structure of [3Zn]  with the supramolecular polymers 

reported by Lai et al.70 Although the central metal (Zn) and also the number of coordinating 
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heteroatoms (two) as well as their nature (ArCH2OMe) are identical, the differences in the 
positions of the methoxymethyl groups (ortho in the systems of Lai as opposed to meta in 
3Zn and 4Zn) and in the amount of phenyl groups around the porphyrin (two as opposed to 

four) leads to an entirely different supramolecular organization in the solid state. In this 
respect, a few important conclusions can be drawn from the crystal structures of [1Zn]  and 

[3Zn] . First of all, a change in the benzylic heteroatoms does not result in a change in the 

overall mode of self-assembly (one dimensional, co-facial polymers). This change does, 

however, affect the distance between the Zn and E atoms, which, in turn, changes several 
structural parameters such as separation of the porphyrin planes, slippage of the porphyrin 
planes from a common axis, and Zn-Zn distances. Besides variation of the benzylic 
heteroatoms, substitution of the meso-phenyl rings at the position para with respect to the 

porphyrin ring may further steer the intricate structural parameters of the polymers. The mere 
presence of a Br atom changes the way in which an N,N-dimethylbenzylamine ligand binds to 
ZnTPP (cf. Figure 5). This may also affect the solid-state structures of 2Zn and 4Zn  relative 

to those of 1Zn and 3Zn. 
 The combined presence of Lewis acidic and basic sites within a single molecule leads to 
the formation of polymers by 1Zn–4Zn. The spatial predisposition of these Lewis acidic and 
basic sites, however, seems to play a crucial role in determining the structure of the polymers 

that are formed. From Figures 2 and 4 it is apparent that the benzylic heteroatoms that 
participate in the assembly-process are supplied by two ERE-donor groups, which are trans 
(5,15) positioned with respect to each other on the porphyrin ring. The coordinating 

heteroatoms themselves are located on opposite sites of the porphyrin plane. Importantly, 
both factors are always guaranteed by the present systems. Because of this, the way in which 
two monomers approach each other during crystallization is always “correct” and statistically 
favorable for the formation of the polymers. In other words, every molecular encounter leads 

to a matching situation on the way to polymer formation.  
 Whereas the polymeric structures of 1Zn and 3Zn in the solid state were proved by X-
ray crystallography, the solid-state structures of 2Zn and 4Zn unfortunately could not be 

solved, despite numerous crystallization attempts. Their solid-state UV/Vis spectra, however, 
do show substantial similarities to the spectra obtained from 1Zn and 3Zn. Also the data 
obtained from NMR measurements support the assumption that their structures are 
comparable.  
 
In considering the formation of the coordination polymers, we propose a step-wise 
mechanism in which dimers are initially formed and in which polymerization proceeds 

through the interaction of dimers. Initially, a zinc atom of one molecule has to interact with a 
peripheral heteroatom, O or N, of a second molecule. Once this bond has formed, the zinc 
atom of the second molecule will bind, now through an intramolecular coordination event, to 
a peripheral heteroatom of the former, forming a coordination dimer (Figure 12).  
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Figure 12. The formation of an nZn dimer in solution through an intramolecular coordination event. Only the 

four E-donor sites in one plane are shown. 

 
The association constant of this dimer, estimated at ~1  109 M–1,78 is much larger than the 

sum of the association constants of the two Zn–N bonds.79 The formation of dimers is inferred 
from the dilution experiments shown in Figure 9. Even at high dilution (down to 0.1 µM), the 

UV/Vis spectra of 1Zn and 2Zn still show coordination saturation at zinc (penta-
coordination). The strength of one bond between monomers (with Kass of 1200 or 2100 M–1, 
respectively) is not strong enough to account for this behavior. The high association constants 

of these dimers are largely due to the simultaneous binding of the two sides. It might, 
however, also contain an extra entropic term, which takes into account that when one Zn-N 
bond breaks, there are still three identical N-donor groups on the same side of the porphyrin 

available for bonding by virtue of rotation around the intact Zn-N bond.80  
 An increase in concentration will cause interactions between dimers as envisaged in 
Figure 13, which will ultimately lead to polymers. One could assume that, at intermediate 
concentrations, only penta-coordinate Zn centers exist and that, therefore, the interaction 

between dimers takes place with a concomitant making of interdimer and breaking of 
intradimer coordination bonds (Figure 13, right). 
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Figure 13. Proposed mechanisms for oligomerization of the nZn dimers in solution, eventually leading to the 
one-dimensional polymers [nZn]  in the solid state. 
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Formation of the final polymer will then take place by formation of hexa-coordinate zinc 
centers in the last (crystallization) step only. Alternatively, the relative stability of the dimers 
could lead to a one-step oligomerization and polymerization event, in which interdimer 

interactions immediately take place through the formation of hexa-coordinate zinc centers 
(Figure 13, left). 
 At higher concentrations the 1H NMR spectra confirmed supramolecular aggregation 
between the nZn molecules. Broad signals observed at room temperature were split into 

several signals at lower temperatures, which suggests the existence of oligomeric structures. 
These spectra unfortunately did not provide a detailed picture of the structures in solution and 
of the extent of oligo-/polymerization. Preliminary static and dynamic light scattering (SLS, 

DLS) measurements performed at high and low concentrations showed that structures with 
hydrodynamic radii larger than 10 nm were not present. These observations corroborate the 
idea that dimers are the predominant species at low concentration, whereas oligomers might 
be present at higher concentration. The latter however, do not have a high degree of 

oligomerization. 
 
Relevance to biological systems. Nature uses cyclic and linear polymeric porphyrin 

assemblies to harvest light energy from the sun. The cyclic structures of the RC-LH16,81 and 
LH24 complexes, which are used by certain purple bacteria, have been elucidated by X-Ray 
crystallography. The way in which bacteriochlorophyll (BChl) molecules self-assemble to 
form the light harvesting complexes found in the chlorosomes of green sulfur bacteria, 

however, remains subject of debate in the absence of X-ray crystallographic evidence. 
Especially the groups of Tamiaki8,82-85 and Balaban7,86-88 have put huge effort in devising 
(semi-)synthetic mimics of self-assembling BChl units to investigate the self-assembling 

structures. Balaban recently made a very convincing case for a model, in which BChl 
monomers are assumed to self-assemble through intermolecular interactions between the 
central magnesium atom of one BChl molecule, a ketone oxygen of one of its BChl neighbors 
and a hydroxyl oxygen of the other neighbor (Figure 14, right).7 
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Figure 14. Proposed structure of the BChl aggregates in chlorosomes on the basis of the self-assembly behavior 

of model compound 6Zn. In the depictions of the polymers, other ring-substituents have been omitted. 
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This structural model is based on the self-assembly behavior of the synthetic mimics 6Zn (see 
Figure 14), as evidenced by X-ray crystallography. Given the structural and physico-chemical 
similarities between 6Zn and the molecules Nature uses in its chlorosomes, the 

supramolecular structures of the self-assembled chlorosome structures were argued to closely 
resemble the crystal structure of 6Zn (Figure 14).  
 Even though the zinc(II) porphyrins reported here do not closely resemble the natural 
BChl chromophores on a molecular level, the supramolecular structures they form in the solid 

state do possess a high degree of structural analogy to the self-assembled natural systems 
suggested by Balaban. The porphyrin macrocycles are cofacially aligned, the central metal 
atoms are ligated by two axial donor atoms located on opposite sides of the neighboring 
porphyrin rings, and the interplanar distances of 3.5 and 6.8 Å for [3Zn]  and [1Zn] , 

respectively, are very similar to the interplanar distances of 3.3–3.5 Å proposed for the 

natural systems. Important structural parameters for the chlorosomes’ functions are the 
distances between the planes of the tetrapyrrolic macrocycles as well as their center-to-center 

distances. At the moment, there is a shortage of methods to systematically vary these key 
factors in synthetic systems, which might actually be quite relevant for the investigation of 
their importance. Here, we have shown that some important structural parameters of simple 
synthetic porphyrin polymers that structurally resemble the natural systems can be readily 

tuned by variation of the Lewis basic heteroatoms at the porphyrin periphery, without 
disrupting the one-dimensional, co-facial, polymeric structure. Likely, these factors are also 
influenced by other variations in the porphyrin substitution pattern, cf. the ERE-donor R 

group (R = H, Br) in this work. 
 
 

3.4 Conclusions 

Tetrakis(ERE-donor) zinc(II) porphyrins 1Zn–4Zn have been synthesized in excellent yields 

by selective zinc(II) introduction in the corresponding hybrid ligands. Since these zinc(II) 
porphyrins comprise one Lewis acidic and eight Lewis basic sites, they self-aggregate to form 
one-dimensional polymers in the solid state, as is exemplified by the crystal structures of 
[1Zn]  and [3Zn] . These polymers consist of cofacially-aligned [tetrakis(ERE-donor)-

porphyrinato]zinc(II) molecules, which are mutually connected through hexa-coordinate zinc 

atoms.  
 Based on a combination of solution-phase experiments we propose that these polymers 
form through the initial formation of dimers, followed by dimer polymerization at high 
concentration. It was, furthermore, concluded from these experiments that, although 

supramolecular interactions beyond the dimer structure do exist, the degree of polymerization 
in solution is low. 
 These systems provide an attractive new entry for the construction of supramolecular 

multiporphyrin arrays that are of interest in relation to several biological light harvesting 
complexes. Given the modularity of a number of structural parameters of these porphyrins 
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(benzylic heteroatoms E, aryl-substituent R, and porphyrin metal) they represent an 
interesting addition to the limited number of synthetic porphyrin derivatives capable of 
forming chlorosome-like structures. The photophysical properties of such compounds are 

currently under investigation. Some preliminary aspects are discussed in the addendum to this 
chapter. 
 
 

3.5 Addendum: Photophysical Properties89
 

One of the key functions of porphyrin-related molecules in Nature is their role as light 
harvesting antennae for the photosynthetic apparatus.1,2,4-6,9,81 In the so-called chlorosome 
organelles of certain green sulfur bacteria, BChl monomers self-assemble into poly-BChl 
assemblies by virtue of Mg-O coordination between neighboring monomers. This 

coordinative interaction leads to the formation of one-dimensional, supramolecular polymers 
in which the tetrapyrrolic macrocycles of the monomers are oriented in a more or less co-
facial manner.7 When these assemblies harvest light energy from the sun, it is transferred to a 

nearby photosynthetic reaction center, where the photosynthetic charge separation takes place. 
In a number of subsequent steps, this process fuels the synthesis of ATP by ATPase. One of 
the reasons why these particular aggregates have emerged during the course of evolution is 

the co-facial orientation of the chromophores, which allows for efficient energy transfer 
between BChl subunits, and eventually to the photosynthetic reaction center.7 
 Interestingly, the assemblies of 1Zn–4Zn reported in this chapter show the same co-
facial, polymeric arrangement exhibited by these biological systems. In order to evaluate 

whether the synthetic structures are also capable of efficiently capturing light energy, we set 
out to investigate their application in dye-sensitized solar cells (DSSC’s, Figure 15). DSSC’s 
are based on the combination of a semiconducting material with an organic dye. Light is 

absorbed by the dye (in this case the porphyrin polymers), resulting in the formation of 
excitons, which are strongly bound electron-hole pairs (step I in Figure 15). An exciton can 
migrate to the interface with the wide-bandgap semiconductor (step II), where it can be 
dissociated by electron injection from the dye LUMO into the conduction band (CB) of the 

semiconductor (step III). The electrons and holes generated in this process are subsequently 
collected at opposite electrodes and can perform work in an external circuit. 

 

organic dyesemiconductor
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VB
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HOMO
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IIIII
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Figure 15. Generalized working principle of the photoactive part of a DSSC. Stages of its function: I, visible 

light absorption; II, exciton migration; III, electron injection. 
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A major problem encountered in this type of solar cells is the path length over which an 
exciton can migrate or diffuse. Although the excitons that are generated in the dye material 
close to the dye-semiconductor interface ( 1 nm) are able to reach the interface, the majority 

of the excitons, i.e. the excitons generated at distances exceeding the exciton diffusion path 
length, decay to the ground state before they reach the interface. Therefore, a key objective in 

the development of more efficient DSSC’s is to improve the exciton diffusion length. One 
approach to accomplish this objective is to optimize the molecular arrangement of the dye 
molecules. Eventually, the incident photon to charge separation efficiency (IPCSE), which 
expresses the percentage of the incident photons that results in charge separation, is 

maximized in this manner. In this context, Siebbeles et al. recently found that a co-facial 
orientation of the individual chromophores is highly advantageous for the exciton diffusion 
length in porphyrin-sensitized solar cells.90-92 For a series of meso-tetrakis(para-

alkylphenyl)porphyrins (alkyl = H, C2H5, C4H9), they found that the exciton diffusion length 
is the longest for the porphyrin that exhibits a homeotropic nematic layer structure, in this 
case tetrakis(para-butylphenyl)porphyrin. In this layer structure, all porphyrins are organized 
in a co-facial manner. Because the meso-tetrakis(ERE-donor) zinc porphyrins described in 

this chapter also arrange in a co-facial and orderly manner (Figures 2, 3, and 4), we became 
interested in their behavior as dyes in DSSC’s. 
 
Solutions of 1Zn–4Zn in CHCl3 were spincoated onto smooth TiO2 substrates to give 50 nm 

thick porphyrin layers. Inspection of the Q band regions of the UV/Vis spectra of these layers 

showed the characteristics of axially, heteroatom-coordinated zinc porphyrins. The IPCSE 
values measured immediately after spincoating showed that these structures only gave low 
efficiencies of charge separation ( 1%). It was furthermore apparent, that, due to a 

contribution of its triplet states, the bromine-containing porphyrins 1Zn and 3Zn were less 
suitable for IPCSE analysis and, therefore, they were not further analyzed. 
 The XRD patterns of films of 2Zn and 4Zn immediately after spincoating showed no 

(2Zn) or only a single weak feature (4Zn), indicating a modest amount of ordering in the 
samples. When these spincoated samples were annealed at 200 ºC for 15 minutes several 
changes occurred. The X-ray diffractogram of a thin film composed of 2Zn gradually showed 
the increase of a peak at 2  = 6.2º. For the corresponding diffractogram of 4Zn, which prior 

to annealing only showed a weak feature at 2  = 7.3º, a strong increase of this peak (  8) was 

noted, accompanied by a diffraction peak at 2  = 14.6º. Apparently, the annealing of these 

films leads to a greater degree of crystallinity. Interestingly, the features of 4Zn match the 
positions and intensities of two features in the powder diffraction pattern of [4Zn]  at 2  = 

7.3º and 14.6º, respectively. This observation could point to an ordering of the dye molecules 
in the same manner as in the crystal structures of [1Zn]  and [3Zn]  reported earlier in this 

chapter (Figure 16).  
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Figure 16. Ordering of the solid-state structure of the films during annealing. 

 
Further evidence for the temperature-induced ordering of the zinc porphyrins was obtained 
from polarized optical microscopy (POM). Thin films of 2Zn and 4Zn consist of both 

crystalline and isotropic regions prior to annealing. Upon heating of the samples, the 
crystalline phase appears to extend over the whole film. Model zinc porphyrin 5Zn, which is 
of approximately the same bulkiness as 2Zn and 4Zn but lacks the capability of 

intermolecular ligation, did not show any XRD diffraction peaks and its thin films appear 
black (isotropic) under the microscope before and after annealing. 
 IPCSE measurements on the annealed samples revealed an interesting increase of the 
efficiencies compared to the samples prior to annealing. The IPCSEmax of 2Zn increased to 

10% while 4Zn reached an impressive efficiency of 16%. Zinc porphyrin 5Zn did not show 
any increase in IPCSEmax upon annealing (4%). 
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Figure 17. Proposed ordering of the porphyrin polymers at the TiO2 surface by means of hydrogen bonding 

between the surface TiOH groups and the E functionalities of the end group of the polymer. 

 
The exciton diffusion length in DSSC’s depends on the number of “hops” between individual 
dye molecules the exciton can perform during its lifetime. This value could be inferred for the 

2Zn and 4Zn based systems from measurements in which the IPCSEmax’s were measured as a 
function of the thickness of the 2Zn and 4Zn layer on the TiO2 substrate. It followed that the 
number of hops was 300 for 4Zn while it was only 9 for 5Zn. The IPCSE also depends 
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strongly on the interfacial electron injection yield. Porphyrin 4Zn exhibits an injection yield 
of 0.60, whereas 5Zn only reaches 0.35. This relatively high electron injection yield might be 
attributable to the presence of a hydrogen bonding interaction between TiOH groups on the 

semiconductor surface and E groups at the end of a 4Zn polymer strand (Figure 17), 
positively affecting the electronic coupling between dye and semiconductor. In conclusion, 
these preliminary experiments have shown that the supramolecular, co-facial polymers 
formed by 2Zn and 4Zn can efficiently transport excitons and generate high IPCSEmax’s. 

 
 

3.6 Experimental Section 

General. All reactions were performed under a dry nitrogen atmosphere using standard Schlenk techniques 

and were shielded from ambient light using aluminum foil. CH2Cl2 was distilled from CaH2. MeOH was 

degassed before use by bubbling dry N2 through it for at least 20 min. All standard reagents were purchased 

from ACROS Organics and used as received. The syntheses of compounds 2 and 4 is described in Chapter 

2;43 the syntheses of 1 and 3 will be described in Chapter 4.45 DMBABr,93 MBEBr,94 and ZnTPP95 were 

prepared according to literature procedures. CDCl3 for NMR measurements was distilled from CaH2 and 

stored in the dark. 1H and 13C{1H} NMR spectra were recorded at 300 MHz and 75 MHz, respectively, on a 

Varian 300 spectrometer operating at 298 K. Resonances were referenced to residual solvent signals ( H = 

7.26 ppm for CHCl3 in CDCl3; C = 77.16 ppm (central peak) for CDCl3). UV/Vis spectra were recorded on 

a Cary 50 scan UV-visible spectrophotometer and solid state UV/Vis spectra were recorded of KBr 

mixtures on a Varian Cary 5 UV-Vis-NIR spectrophotometer. MALDI-TOF measurements were performed 

on an Applied Biosystems Voyager-DE PRO biospectrometry workstation with 2,5-dihydroxybenzoic acid 

as matrix. ESI-MS measurements were performed at the Biomolecular Mass Spectrometry Group, Bijvoet 

Centre for Biomolecular Research, Utrecht University, the Netherlands. Elemental microanalyses were 

performed by Dornis und Kolbe, Mikroanalytisches Laboratorium, Müllheim a/d Ruhr, Germany. 

 

[5,10,15,20-Tetrakis(3,5-bis[(dimethylamino)methyl]-4-bromophenyl)porphyrinato]zinc(II) (1Zn) 

A dark red solution of 1 (103.0 mg, 69.9 µmol) in degassed CH2Cl2 (20 mL) was treated with a saturated 

solution of Zn(OAc)2 2H2O in degassed MeOH (5 mL, excess) and the solution was stirred at room 

temperature (RT) for 1 h, during which time its color changed from deep red to pink. UV/Vis analysis 

showed that by this time the reaction was complete. All volatiles were subsequently evaporated and the 

remaining solid was stirred in a mixture of CH2Cl2 (20 mL) and degassed H2O (20 mL) for 15 min. The 

organic layer was isolated, dried (MgSO4), and filtered into a centrifuge vessel. Hexane (30 mL) was added 

to the filtrate and the purple solution with a green tinge was concentrated to 10 mL and stored overnight at 

–30 ºC. The resulting purple crystals were isolated by centrifugation and dried in vacuo. Yield: 107.8 mg 

(99%). 1H NMR (CDCl3):  = 8.54 (br s, 8H, -H), 7.75 (br s, 8H, ArH), 3.15 (br s, 16H, CH2N), 1.81 (br s, 

48H, N(CH3)2) ppm; 13C{1H} NMR (CDCl3):  = 150.1, 143.0, 134.4 (br), 131.7, 129.0, 120.5, 63.5 (br), 

44.8 (br) ppm; UV/Vis [ max (log ), CH2Cl2]: 427 (5.65), 562 (4.22), 603 (3.81) nm. ESI-HRMS m/z 

1451.5000 ([M+H]+), calcd. for C68H81Br4N12Zn: 1451.4775; Anal. calcd. for C68H80Br4N12Zn: C 56.31, H 

5.56, N 11.59, Zn 4.51%; found: C 56.26, H 5.43, N 11.46, Zn 4.42%. Crystals suitable for X-ray 

crystallography were grown by slow concentration of a saturated solution of 1Zn in hexane. 
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[5,10,15,20-Tetrakis(3,5-bis[(dimethylamino)methyl]phenyl)porphyrinato]zinc(II) (2Zn)  

Synthesized according to the procedure used for the preparation of 1Zn, using 2 (87.5 mg, 81.7 µmol) and 

a saturated methanolic solution of Zn(OAc)2 2H2O (5 mL, excess) to give 2Zn as a purple solid. Yield: 

92.6 mg (quantitative). 1H NMR (CDCl3):  = 8.61 (br s, 8H, -H), 7.67 (br s, 8H, ArH), 7.20 (br s, 4H, 

ArH), 2.92 (br s, 16H, CH2N), 1.74 (br s, 48H, N(CH3)2) ppm; 13C{1H} NMR (CDCl3):  = 150.1, 143.0, 

135.7 (br), 134.5 (br), 131.7, 129.0, 120.5, 63.7 (br), 44.9 (br) ppm; UV/Vis [ max (log ), CH2Cl2]: 427 

(5.60), 562 (4.26), 603 (3.99) nm. MALDI TOF-MS m/z 1134.72 ([M+H]+), calcd. for C68H85N12Zn: 

1134.89; Anal. calcd. for C68H84N12Zn 2H2O: C 69.75, H 7.58, N 14.35%; found: C 69.46, H 6.98, N 

14.08%. 

 

[5,10,15,20-Tetrakis(3,5-bis[methoxymethyl]-4-bromophenyl)porphyrinato]zinc(II) (3Zn) 

Synthesized according to the procedure used for the preparation of 1Zn, using 3 (79.9 mg, 62.3 µmol) and 

a saturated methanolic solution of Zn(OAc)2 2H2O (5 mL, excess) to give 3Zn as red crystals. Yield: 81.9 

mg (98%). 1H NMR (CDCl3):  = 8.81 (s, 8H, -H), 7.97 (s, 8H, ArH), 4.53 (s, 16H, CH2O), 3.25 (s, 24H, 

OCH3) ppm; 13C{1H} NMR (CDCl3):  = 150.1, 142.1, 136.0, 133.6, 132.2, 122.5, 120.0, 74.2, 58.7 ppm; 

UV/Vis [ max (log ), CH2Cl2]: 422 (5.76), 549 (4.28), 588 (3.25) nm; MALDI-TOF MS: m/z 1346.01 

([M+H]+), calcd. for C60H57Br4N4O8Zn: 1346.01; Anal. calcd. for C60H56Br4N4O8Zn: C 53.53, H 4.19, N 

4.16, Zn 4.86%; found: C 53.42, H 4.16, N 4.08, Zn 5.08%. Crystals suitable for X-ray crystallography 

were grown by slow diffusion of hexane into a concentrated solution of 3Zn in CH2Cl2. 

 

[5,10,15,20-Tetrakis(3,5-bis[methoxymethyl]phenyl)porphyrinato]zinc(II) (4Zn) 

Synthesized according to the procedure used for the preparation of 1Zn, using 4 (90.7 mg, 93.8 µmol) and 

a saturated methanolic solution of Zn(OAc)2 2H2O (5 mL, excess) to give 4Zn as a red solid. Yield: 95.5 

mg (quantitative). 1H NMR (CDCl3):  = 8.81 (s, 8H, -H), 7.88 (s, 8H, ArH), 7.54 (s, 4H, ArH), 4.41 (s, 

16H, CH2O), 3.24 (s, 24H, OCH3) ppm; 13C{1H} NMR (CDCl3):  = 150.2, 143.3, 136.4, 133.2, 132.0, 

126.1, 120.6, 74.5, 58.1 ppm; UV/Vis [ max (log ), CH2Cl2]: 423 (5.77), 552 (4.26), 595 (3.25) nm; 

MALDI-TOF MS: m/z 1028.39 ([M+H]+), calcd. for C60H61N4O8Zn: 1028.37; Anal. calcd. for 

C60H60N4O8Zn: C 69.93, H 5.87, N 5.44, Zn 6.35%; found: C 70.06, H 5.81, N 5.36, Zn 6.41%. 

 

[5,10,15,20-Tetraphenylporphyrinato]zinc(II), N,N-dimethylbenzylamine complex (DMBA-ZnTPP) 

To a solution of ZnTPP (20 mg, 30 µmol) in CH2Cl2 (3 mL) were added DMBA (32 mg, 240 µmol) and 

hexanes (3 mL). The resulting purple solution with a green tinge was allowed to slowly evaporate to ~2 mL 

at RT (two days), during which time purple crystals of the title compound formed, which were suitable for 

X-ray structure analysis. Yield: 20 mg (83%). 1H NMR (CDCl3):  = 8.89 (s, 8H, -H), 8.17 (m, 8H, 

TPPArHortho), 7.76 (m, 12H, TPPArHmeta,para), 6.84 (t, 3JHH = 6.6 Hz, 1H, DMBAArHpara), 6.75 (t, 3JHH = 6.6 

Hz, 2H, DMBAArHmeta), 5.81 (d, 3JHH = 6.6 Hz, 2H, DMBAArHortho), –0.62 (s, 2H, CH2N), –1.40 (s, 6H, 

N(CH3)2) ppm; Anal. calcd. for C53H41N5Zn: C 78.27, H 5.08, N 8.61%; found: C 78.15, H 5.03, N 8.68%. 

 

[5,10,15,20-Tetraphenylporphyrinato]zinc(II), 2-bromo-N,N-dimethylbenzylamine complex 

(DMBABr-ZnTPP) 

Synthesized according to the procedure used for DMBA-ZnTPP, using ZnTPP (20 mg, 30 µmol) and 

DMBABr (45 mg, 240 µmol) to give the title compound as purple crystals. Yield: 25 mg (94%). 1H NMR 

(CDCl3):  = 8.91 (s, 8H, -H), 8.23 (m, 8H, TPPArHortho), 7.77 (m, 12H, TPPArHmeta,para), 7.16 (d, 3JHH = 

6.6 Hz, 1H, DMBABrArH3), 6.82 (m, 2H, DMBAArH4,5), 6.25 (br, 1H, DMBAArH6), 0.60 (br s, 2H, 

CH2N), –0.36 (br s, 6H, N(CH3)2) ppm; Anal. calcd. for C53H40BrN5Zn: C 71.35, H 4.52, N 7.85%; found: 

C 71.28, H 4.58, N 7.93%. 
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2,6-Bis[(dimethylamino)methyl]bromobenzene, bis[5,10,15,20-tetraphenylporphyrinato]zinc(II) 
adduct (NBrN-(ZnTPP)2) 

Synthesized according to the procedure used for DMBA-ZnTPP, using ZnTPP (40 mg, 60 µmol) and 

NBrN (63 mg, 240 µmol) to give the title compound as purple crystals. Yield: 44 mg (94%). 1H NMR 

(CDCl3):  = 8.91 (s, 16H, -H), 8.23 (m, 16H, TPPArHortho), 7.77 (m, 24H, TPPArHmeta,para), 6.17 (t, 3JHH = 

6.6 Hz, 1H, NBrNArH4), 5.54 (d, 3JHH = 6.6 Hz, 2H, NBrNArH3,5), –0.27 (br s, 4H, CH2N), –1.18 (br s, 

12H, N(CH3)2) ppm; Anal. calcd. for C100H75BrN10Zn2: C 73.80, H 4.65, N 8.61%; found: C 73.51, H 4.78, 

N 8.74%. 

 

Determination of the 1H NMR spectroscopic peak positions of NBrN-ZnTPP at 213 K. A solution of 

ZnTPP (6.8 mg, 10 µmol) and NBrN (22 mg, 80 µmol) in CDCl3 (500 µL) was cooled to 213 K in an 

NMR spectrometer. Analysis of the sample by 1H NMR spectroscopy revealed a mixture of NBrN and 

NBrN-ZnTPP, whose peak positions are listed in Figure 11. 

 

Determination of binding constants. Solutions were prepared containing ZnTPP ( 1 µM) and the 

appropriate amount (200–1,000,000 equivalents) of Lewis base (DMBABr, DMBA, MBEBr or MBE) in 

CH2Cl2. The absorbance at the peak maximum of the resulting complex was monitored as a function of the 

concentration of Lewis base. When {1/ absorbance} is plotted against {1/[Lewis base]}, the intercept with 

the X-axis is equal to –[binding constant].73,96 

 

Table 2. Crystallographic information 

 1Zn 2Zn NBrN-(ZnTPP)2 DMBABr-

ZnTPP 

H2O-ZnTPP DMBA-ZnTPP 

formula C68H80Br4N12Zn* C60H56Br4N4O8Zn 

2(CH2Cl2) 

C100H75BrN10Zn2 C53H40BrN5Zn C44H30N4OZn C53H41N5Zn 

mol wt 1450.43* 1515.95 1627.35 892.18 696.09 813.28 

space group P 1  (#2) P 1  (#2) P 1  (#2) P 1  (#2) I4/m (#87) P 1  (#2) 

a (Å) 9.932(2) 8.7503(8) 11.0729(4) 11.7041(6) 13.3504(10) 11.4716(9) 

b (Å) 14.055(4) 12.9441(8) 12.9265(7) 12.0847(10) 13.3504(10) 11.9800(8) 

c, (Å) 14.946(3) 15.1577(10) 14.5903(6) 15.9026(9) 9.6034(10) 16.2244(10) 

 (deg) 113.188(15) 113.520(5) 74.824(4) 88.440(6) 90 87.676(6) 

 (deg) 103.561(18) 96.938(8) 72.176(3) 85.168(5) 90 83.657(4) 

 (deg) 99.86(2) 97.479(7) 83.884(4) 68.161(5) 90 69.038(5) 

V (Å3) 1781.4(8) 1532.4(2) 1918.00(16) 2080.4(2) 1711.6(3) 2069.4(3) 

dx (g cm–3) 1.352* 1.643 1.409 1.424 1.351 1.305 

Z 1 1 1 2 2 2 

µ (MoK , mm–1) 2.634* 3.241 1.205 1.595 0.759 0.637 

crystal size (mm) 0.09 0.12 0.33 0.06 0.07 0.43 0.15 0.20 0.20 0.15 0.15 0.30 0.07 0.19 0.21 0.19 0.25 0.32 

color dark red red red dark red dark red dark red 

temperature (K) 150 150 150 150 150 150 

min, max (deg) 1.6, 23.0 1.5, 26.0 1.5, 27.5 1.8, 27.5 2.2, 27.4 1.8, 27.5 

total, unique data 21534, 4956 28965, 6013 52932, 8748 57368, 9518 7948, 1050 59100, 9467 

observed [I > 2 (I)] 3911 5396 7559 7625 855 7943 

Nref, Npar 4956, 423 6013, 380 8748, 504 9518, 543 1050, 72 9467, 534 

Ra, wR2
b 0.0516, 0.1397 0.0363, 0.092 0.0404, 0.0980 0.0332, 0.0779 0.0387, 0.0951 0.0325, 0.0786 

S 1.08 1.02 1.12 1.04 1.06 1.03 

min, max (e Å–3) –1.08, 1.64 –1.50, 1.26 –0.63, 0.86 –0.78, 0.94 –0.34, 0.30 –0.32, 0.37 

     *disordered solvent contribution not taken into account 

     aR = |F0-Fc|/ F0; 
b wR2 = [ w(F0

2-Fc
2)/ wF0

2]1/2 
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X-ray crystal structure determinations:  
X-ray data were collected on a Nonius KappaCCD diffractometer with rotating anode (MoK  radiation,  

= 0.71073 Å, graphite monochromator). SADABS97 was used to correct for absorption. All structures were 

refined with SHELXL-97.98 Hydrogen atoms were introduced at calculated positions and refined riding on 

their carrier atoms. The analysis on the geometry, graphics and structure validation were done with 

PLATON.99 The structures of [1Zn] , NBrN-(ZnTPP)2, and DMBABr-ZnTPP were solved with 

SHELXS86.100 In [1Zn] , one of the side chains is conformationally disordered and was refined with a 

disorder model. The structure also contains disordered solvent molecules in a solvent accessible void of 

180 Å3, which were taken into account by back-Fourier transformation in the PLATON/SQUEEZE 

procedure.99 The bridging bromophenyl group in NBrN-(ZnTPP)2 is heavily disordered over an inversion 

centre and was refined with isotropic displacement parameters. The structures of [3Zn] , H2O-ZnTPP, 

and DMBA-ZnTPP were solved with DIRDIF99.101 The water molecule in H2O--ZnTPP was refined with 

a disorder model. Further crystallographic details are given in Table 2. 
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4.1 Introduction 

In general, the electron density on the metal center in transition metal complexes is of great 
importance for their properties. It determines several key features, such as the rate of ligand 
exchange, its optical properties and redox characteristics.1 The ability to fine-tune the electron 
density on the metal center is therefore of great value as a tool for the modulation of its 

coordination and physical properties, and therefore of, e.g., its catalytic activity. One of the 
most straightforward ways to effectuate this is to alter the ligands that coordinate to the metal 
ion. Within a certain group of ligands, further fine-tuning may be accomplished by attaching 

electron-withdrawing or -donating,2-8 or even redox-active substituents9-11 to the ligand. The 
success of this approach depends on the extent to which the electronic properties of the metal 
are coupled to those of its ligand(s). In most cases each member of a series of electronically 
modified ligands has to be synthesized independently which may be very time-consuming. 

Ideally, one would like to be able to more readily change the electron density at the metal 
center in these studies. One strategy would be to covalently attach a modular substituent to, or 
merge it with, a metal complex. In this case, the electronic properties of the substituent should 

be easily or maybe even in situ changeable to bring about changes in the properties of the 
metal complex. By doing so, a series of electronically different metal complexes may readily 
be obtained from one common starting compound. This chapter describes the exploration of 

this modular strategy by studying a series of hybrid complexes that combine NCN-pincer type 
organometallics with metalloporphyrins in a covalent manner (Chart 1). 
 

Chart 1 
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For NCN-pincer type organometallic complexes12 (with NCN-pincer being the mono-anionic, 
potentially tridentate ligand [2,6-(Me2NCH2)2C6H3]

–, Figure 1), the electron density on the 
ligated metal is known to be influenced strongly by the aryl-substituent, which is at the para-
position relative to the carbon-to-metal -bond. We have recently shown that the electron 

density on the chelated metal in para-substituted NCN-pincer Ni13,14 and Pt15,16 complexes 

[MX(NCN-Z)] (MX = NiBr or PtCl) depends linearly on the electron-donating or -
withdrawing properties of the para-substituent Z, as indexed by its p Hammett substituent 
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constant. Furthermore, the catalytic activity of several para-substituted NCN-pincer Pd aqua 
complexes in the double Michael addition reaction of ethyl -cyano acetate to methyl vinyl 

ketone changes when the electronic properties of the para-substituent are varied, although no 
linear relationship was found.17 In these cases, however, modularity in the tuning of the 
electron density on the metal center is precluded by the need for extensive synthetic chemistry 

to introduce each different para-substituent with its specific electronic properties. 
 

NMe2

M

NMe2

LZ

 

Figure 1. Schematic representation of para-substituted NCN-pincer ML complexes [ML(NCN-Z)]: Z = H2N, 
HO, tert-Bu, Me3Si, H, I, HOOC, OHC, O2N; M = Ni, Pd, Pt; L = Cl, Br, I, OH2, Lewis base. 

 
Kim et al. synthesized a series of meso-mono- and bis(ferrocenyl) substituted -octakis(alkyl) 

metalloporphyrins and very elegantly showed that the (metallo)porphyrin unit can be used as 
a highly modular substituent to tune the electronic properties of the attached ferrocene groups 

(Figure 2, left).18,19 It was found that a change of the metal in the porphyrin cavity was 
communicated to the meso-ferrocene units and consequently led to changes in their redox 
potentials. Moreover, those changes could be rationalized by taking the electronic properties 

of the (metallo)porphyrin into consideration. Arnold and co-workers synthesized 
(metallo)porphyrins that act as monodentate ligands for palladium(II) and platinum(II) 
complexes (Figure 2, right).20-27 They were able to introduce several metals inside and outside 
of the porphyrin ring and nicely showed that ligand exchange at the peripheral palladium and 

platinum sites is possible, and that multidentate ligands could be introduced. Importantly, they 
showed that both metal centers influenced each other. 

 

N

N N

N

M
Fe

R

N

N N

N

M1 M2XnLnR

Ar

Ar  

Figure 2. Meso-ferrocenyl (metallo)porphyrins prepared by Kim et al. (left): R = phenyl or ferrocenyl; M = 2H, 

MnCl, Ni, Zn; Meso- 1-metalloporphyrins developed by Arnold and co-workers (right): R = H, phenyl, PdXnLn, 

PtXnLn; M
1 = 2H, MnCl, Co, Ni, Zn; M2XnLn = PdXnLn, PtXnLn. 

 

In a novel, interesting approach Reek and co-workers employed the affinity of zinc 
porphyrins for nitrogenous bases to assemble several porphyrin groups around 
pyridylphosphine-metal complexes in a non-covalent way. The steric bulk of the porphyrin 
coordination complex imposed new coordination and catalytic behavior on palladium and 

rhodium metal centers that were coordinated to the phosphorus atom.28-32 
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In analogy to these examples, it was anticipated that a metalloporphyrin could be a highly 
modular pincer para-substituent. Not only do the electronic properties of metalloporphyrins 
strongly depend on the incorporated metal,33-35 in addition most metals can be introduced in 

the porphyrin system in a single step using mild reaction conditions. Rather than having to go 
through elaborate syntheses to introduce each new para-substituent in the classical para-
substituted metallopincer systems, a metal ion introduction step would suffice to change its 
electronic properties and consequently those of the pincer metal complex. 

 Conversely, the modulation of the electronic properties of (metallo)porphyrin systems, 
which can lead to variations in their electrochemical, photophysical, and coordination 
chemistry,33,35 has also attracted considerable attention. The attachment of derivatized phenyl 

groups at the meso-position(s), for example, has been proven to be a powerful tool in this 
respect. The use of metal complexes for this purpose creates the possibility of, for example, 
redox coupling between the two moieties or electronic interaction in general.  
 Here, we present our efforts towards the development of a hybrid ligand system that will 

allow for the exploration of the concept of modular substituents in catalysis. A synthetic study 
towards meso-tetrakis(NCN-pincer M2X)-porphyrin(M1) hybrids ([M1(M2X)4]: M

1 = 2H, Ni, 
Zn; M2X = Br, PdBr, PtCl) of the type depicted in Chart 1, and, in particular, ways to address 

each coordination site, i.e. NCN-pincer ligand and porphyrin, independently and thus 
orthogonally are presented. We, furthermore, studied the effect of alterations at one metal site 
on the properties of the second metal site in these hybrid systems. 
 

 

4.2 Synthesis 

A successful protocol for the synthesis of the targeted hetero-multimetallic molecules requires 
a building block consisting of a free-base porphyrin with NCN-pincer ligands attached to its 

four meso-positions. Selective metalation of either ligand site relies on orthogonal methods to 
address each moiety selectively and independently. Since porphyrins are often metalated 
using M(II) sources, we anticipated that metalation of the peripheral pincer ligands through 
oxidative addition of for instance an aryl bromide to an appropriate M(0) center would 

provide us with an orthogonal metalation protocol. To this end, we set out to synthesize 
porphyrin [2H(Br)4], which has 3,5-bis[(dimethylamino)methyl]-4-bromophenyl groups at its 
meso-positions (Chart 1). To obtain [2H(Br)4] we used a similar approach as during the 

synthesis of the previously described [2H(H)4], in which an Adler-type cyclo-condensation of 
an appropriately functionalized benzaldehyde was used to form the porphyrin ring.36 In 
addition, benzylic methoxide groups were used as masking groups for benzylic bromide 
functionalities, as the latter were expected to be too reactive to be carried throughout the 

whole synthetic route.  
 
The functionalized benzaldehyde required for the Adler procedure, i.e. 3,5-

bis(methoxymethyl)-4-bromobenzaldehyde (4, Scheme 1), was prepared from 3,5-
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bis(hydroxymethyl)-4-bromo-iodobenzene (1), which itself was obtained from 3,5-
dimethylaniline in six steps.37 The direct preparation of 3,5-bis(methoxymethyl)-4-bromo-
iodobenzene (3) from 1 by treatment with NaH/MeI was hampered by partial reduction of the 

aryl bromide bond leading to an inseparable product mixture. Instead, 3,5-bis(chloromethyl)-
4-bromo-iodobenzene (2) was prepared in 93% yield by treatment of 1 with methane 
sulfonylchloride in triethylamine/THF (Scheme 1).38 Subsequent nucleophilic substitution of 
the chloride groups using sodium methoxide in methanol proceeded readily to give 3 in 90% 

isolated yield. Lithiation of 3 at the iodo-position using tert-BuLi (2 equivalents) in THF at –
100 ºC and reaction of the resulting phenyl lithium species with DMF gave 4 in an optimized 
yield of 86%. During the synthesis of 4 it was noted that the selective lithiation of 3 at the 

iodo-position was impeded by a competing lithiation at the bromo-position. This was 
probably caused by the presence of the two hard benzylic oxygen donors, which can 
intramolecularly stabilize the 4-lithio species.39 By performing the reaction at lower 
temperatures for shorter times, the formation of the thermodynamic 4-lithio intermediate 

could be successfully suppressed in favor of the kinetic 1-lithio intermediate.  
 

BrHO OH
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BrCl Cl
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Scheme 1. Synthetic route toward functionalized benzaldehyde 4: i) MsCl, Et3N, THF, ; ii) NaOMe, MeOH, ; 

iii) a. 2 equiv. tert-BuLi, THF, –100 ºC; b. DMF, THF, –100 ºC  20 ºC; c. H2O. 

 
The resulting bis(methoxymethyl)-4-bromobenzaldehyde (4) was used in an Adler-type 
condensation reaction40 with pyrrole in refluxing propionic acid to give meso-tetrakis[3,5-
bis(methoxymethyl)-4-bromophenyl]porphyrin (5) in 20% yield (Scheme 2). The procedures 

developed by Lindsey et al. which rely on the formation of a porphyrinogen, catalyzed by for 
example BF3·OEt2/NaCl or trifluoro acetic acid,41 were also attempted in the synthesis of 5. 
However, the former condition led to cleavage of the benzylic ether fragments (cf. Dijkstra et 

al.42), whereas the latter condition led to difficulties during purification. Next, the 
methoxymethyl groups of 5 were converted into bromomethyl functionalities using a fresh 
solution of HBr in acetic acid to give tetrakis[3,5-bis(bromomethyl)-4-
bromophenyl]porphyrin (6) in 82% yield (Scheme 2).36,43 During this step we noted that the 
use of Br2-free HBr/HOAc is imperative, since traces of Br2 impurities led to -bromination 

as evidenced by MALDI-TOF MS and 1H NMR spectroscopy. Since the products of Adler-

type porphyrin syntheses are invariably contaminated with the corresponding chlorins, crude 
6 was treated with 2,3-dichloro-5,6-dicyanobenzoquinone (DDQ). This oxidation step was 
performed after the bromo-de-methoxylation reaction because the separation of the polar 

poly-ether porphyrin 5 from DDQ and DDQH2 proved to be quite difficult. Fortunately, the 
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less polar nature of 6 allowed for its straightforward isolation and purification by column 
chromatography on silicagel. The benzylic bromine atoms of 6 can be readily replaced 
through nucleophilic substitution as was shown earlier by us in the synthesis of a series of 

tetrapincer-porphyrin hybrids.36 Meso-tetrakis(3,5-bis[(dimethylamino)methyl]-4-
bromophenyl)porphyrin [2H(Br)4] was isolated in 99% yield from the reaction of 6 with an 
excess of dimethylamine in CH2Cl2 (Scheme 2). 
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Scheme 2. Synthetic route toward meso-tetrakis(3,5-bis[(dimethylamino)methyl]-4-bromophenyl)porphyrin 

[2H(Br4)]: i) pyrrole, propionic acid, ; ii) a. 33% HBr/HOAc, CH2Cl2; b. DDQ, CH2Cl2; iii) HNMe2, CH2Cl2. 

 
Because of the sensitivity of benzylic dimethylamino groups toward singlet oxygen,44 this 
compound was stored and handled in the absence of molecular oxygen and light. The 

structural identity and product homogeneity of all compounds were confirmed by 1H NMR 
and 13C NMR spectroscopy, elemental analysis, mass spectrometry, and UV/Vis 
spectroscopy. [2H(Br)4] was subsequently subjected to several metalation procedures to 

selectively metalate the peripheral pincer groups and the central porphyrin core, to finally 
obtain the hetero-multimetallic pincer-porphyrin hybrids [M1(M2X)4]. 
 
Selective peripheral metalation. In principle, the aryl bromide bonds of the peripheral NCN-

pincer ligand groups of [2H(Br)4] can oxidatively add to suitable metal (M(0)) sources to give 
the peripherally-metalated complexes [2H(M2X)4]. We chose to focus on the metals of the 
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nickel triad, since the corresponding NCN-pincer metal complexes are applicable as catalysts, 
sensors, and Lewis acids in materials chemistry.13,15,17,45  
 The peripheral platination of [2H(Br)4] was performed with [Pt2dipdba3] (dipdba = 4,4’-

diisopropyl benzylidene acetone),46 which proved superior amongst several other platination 
reagents (vide infra), to give [2H(PtX)4] (X = halide) in 90% yield (Scheme 3). Benzene was 
used as a solvent for this reaction since the use of THF47 gave rise to the formation of black 
impurities, which were inseparable from the product. [2H(PtX)4] is almost exclusively 

soluble in chlorinated solvents like CH2Cl2 and CHCl3. Solubilization of [2H(PtX)4] in these 
solvents, however, is accompanied by fast halide exchange to give meso-tetrakis(NCN-pincer 
PtX)porphyrins in which X is a mixture of Br and Cl. This process seemed to be sped up 

when a solution of [2H(PtX)4] is subjected to ambient light, but also occurs in its absence. In 
order to obtain a pure product, [2H(PtX)4] was converted into the corresponding tetrachloride 
complex [2H(PtCl)4]. Halide exchange on NCN-pincer platinum halide complexes is usually 
accomplished by halide abstraction using AgBF4 followed by treatment with a halide source. 

Unfortunately, treatment of a solution of [2H(PtX)4] in CH2Cl2 with AgBF4 led to the 
formation of a sticky precipitate, which could not be analyzed and did not re-dissolve upon 
treatment with LiCl or NaCl. Therefore, [2H(PtX)4] was treated several times with aqueous 

NH4Cl in the presence of ambient light, which finally gave [2H(PtCl)4] in an overall yield of 
67%. 
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Scheme 3. Peripheral metalation of [2H(Br)4]: for M2X = PdBr: i) [Pd2dba3]·CHCl3, benzene; for M2X = PtCl: i) 
a. [Pt2dipdba3], benzene, ; b. NH4Cl, H2O/CH2Cl2. 

 
Palladation of the peripheral ligand sites of [2H(Br)4] was effected by treatment with 

[Pd2dba3]·CHCl3 in benzene, to give [2H(PdBr)4] in 90% yield (Scheme 3). Although the 
solubility profile of this compound is identical to that of [2H(PtX)4], halide exchange in 
chlorinated solvents is sufficiently slow to allow its isolation as a analytically pure compound. 

In fact, substantial amounts of halide exchange were only visible after exposure of a CDCl3 
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solution to ambient light for several days. Exchange of the bromide ligands for chloride 
ligands via the AgBF4 route led to similar problems as for [2H(PtX)4], while the NH4Cl route 
employed in the synthesis of [2H(PtCl)4] did not proceed to completion. Therefore, the 

compound was fully characterized as the tetra-PdBr product.  
 Unfortunately, nickelation of the peripheral pincer sites with Ni(COD)2 in THF13 did not 
lead to a discrete product. Although strict anaerobic procedures were employed, the high 
sensitivity of the NCN-pincer nickel(II) complex toward oxygen in combination with the close 

proximity of the porphyrin might have facilitated (partial) oxidation of the hypothetical 
[2H(NiBr)4] product.  
 

The selectivities of the palladation and platination reactions for the peripheral NCN-pincer 
ligand sites were corroborated by 1H NMR spectroscopy. Similar ratios between the integrals 
corresponding to the benzylic and pyrrolic protons were found for the parent [2H(Br)4] ligand 
and for the oxidative addition products [2H(PdBr)4] and [2H(PtCl)4]. The selectivity was 

further supported by mass spectrometry and UV/Vis analysis of the products. 
 To arrive at the targeted hetero-bimetallic complexes, it was subsequently attempted to 
introduce metals in the porphyrin cores of [2H(PdBr)4] and [2H(PtCl)4]. In order to later use 
195Pt NMR spectroscopy as a tool to study the influence of the porphyrin on the peripheral 
metal centers, it was anticipated that core metalation with metals that would give rise to 
diamagnetic metalloporphyrins would be useful. Reactions of [2H(PdBr)4] and [2H(PtCl)4] 
with Ni(OAc)2·4H2O

48 or Zn(OAc)2·2H2O
48 in MeOH/CH2Cl2, however mild, gave only 

disappointing yields ( 30% isolated yield). Unfortunately, reactions with sources of the 4d 

and 5d metals, which usually readily give access to the corresponding metalloporphyrins, did 

not succeed. Treatment of [2H(PdBr)4] or [2H(PtCl)4] with either Ru3(CO)12 in 1,2-
dichlorobenzene,49 [Au(tht)2]BF4 in CH2Cl2,

50 or Pd(OAc)2 in CHCl3 did not lead to the 
formation of the respective porphyrin chelates. We next turned our attention to porphyrin 

metalation prior to peripheral metalation. 
 
Selective core metalation. Nickel(II) and zinc(II) could be selectively introduced in the 
porphyrin part of [2H(Br)4]. Nickel(II) was introduced using Ni(acac)2 in boiling toluene51 

which gave [Ni(Br)4] in quantitative yield after recrystallization from hexanes. The 
introduction of zinc(II) was performed with Zn(OAc)2·2H2O in a mixed solvent system of 
MeOH and CH2Cl2, which readily gave [Zn(Br)4] in 99% yield (Scheme 4). Four peaks in 

their 1H NMR spectra confirmed the high symmetry of both metalloporphyrins. Both 
compounds were fully characterized and their structures were also confirmed 
crystallographically. Whereas the introduction of Zn(II) and Ni(II) in [2H(Br)4] proceeded 
smoothly, attempts to introduce the 4d and 5d metals mentioned above also failed in this case. 

Zinc porphyrin [Zn(Br)4] was found to form infinite coordination polymers through hexa-
coordination of the zinc atom including bis(apical) coordination of dimethylamino groups of 
adjacent [Zn(Br)4] molecules.52 The resulting solid state topology is of interest with respect to 
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the structures of biological photosynthetic systems and is described in full detail in Chapter 
3.53,54  
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Scheme 4. Core metalation of [2H(Br)4]: i) for M1 = Ni: Ni(acac)2, toluene, ; for M1 = Zn: Zn(OAc)2 2H2O, 

MeOH/CH2Cl2. 

 
Single crystals of [Ni(Br)4] were grown by slow concentration of a saturated solution in 

hexane. The crystal structure shows that the nickel(II) ion is located on an exact, 
crystallographic inversion center at the midpoint of the N4 coordination plane formed by the 
pyrrolic nitrogen atoms, with Npyrrole-Ni distances of 1.947(4) and 1.951(4) Å for Ni-N1 and 

Ni-N2, respectively (Figure 3). 
 

 

Figure 3. ORTEP plot of [Ni(Br)4] in the crystal with displacement ellipsoids at the 50% probability level (left). 

Hydrogen atoms and disordered solvent molecules have been omitted for clarity. Symmetry operation a: –x, 1–y, 

1–z. On the right is depicted a view along the N1a-Ni-N1 direction, wherein all meso-phenyl groups have been 
omitted. 

 
Whereas in most cases the incorporation of the small Ni(II) ion in the porphyrin cavity leads 

to non-planar distortions of the macrocycle in order to accommodate it,55-61 this structure is 
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one of the few examples wherein a planar conformation is obtained.62,63 Contrary to its zinc(II) 
counterpart, [Ni(Br)4] does not form supramolecular aggregates through intermolecular 
interactions of the nickel atom with NMe2 groupings64 of neighboring [Ni(Br)4] molecules, in 

spite of the eightfold excess thereof. 
 
Hetero-multimetallic systems. To arrive at the targeted hetero-multimetallic systems 
[M1(M2X)4] (M

1 = Ni, Zn; M2X = PdBr, PtCl), the core-metalated porphyrins [Ni(Br)4] and 

[Zn(Br)4] were peripherally metalated with palladium and platinum according to the 
procedures employed for [2H(PdBr)4] and [2H(PtCl)4] (vide supra). Peripheral palladation of 
[Ni(Br)4] and [Zn(Br)4] proceeded readily with a slight excess of [Pd2dba3]·CHCl3 in benzene 

at room temperature (Scheme 5). The resulting peripherally-palladated pincer-porphyrin 
hybrids [Ni(PdBr)4] and [Zn(PdBr)4] were isolated as analytically pure compounds in high 
yields. The corresponding tetra-platinated compounds [Ni(PtCl)4] and [Zn(PtCl)4] were 
obtained after treatment with [Pt2dipdba3] in refluxing benzene followed by halide exchange 

with NH4Cl. In the case of [Ni(PtCl)4], the Br/Cl exchange could also be achieved by 
treatment with AgBF4 and LiCl, most probably owing to the relative inertness of nickel 
porphyrins. 
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Scheme 5. Synthetic route toward hetero-multimetallic systems: for M2X = PdBr: i) [Pd2dba3]·CHCl3, benzene; 

for M2X = PtCl: i) a. [Pt2dipdba3], benzene, ; b. NH4Cl, H2O/CH2Cl2. 

 

Clear evidence for the fourfold oxidative addition of the pincer-(metallo)porphyrin hybrids 
[M1(Br)4] (M

1 = 2H, Ni, Zn) to Pd(0) and Pt(0) to give the corresponding meso-tetrakis(NCN-
pincer MX) complexes [M1(M2X)4] was obtained from the comparison of their 1H NMR 

spectra. Whereas the benzylic protons and the dimethylamino-protons of the ligands resonate 
at   3.8 and 2.4 ppm, respectively, they are shifted downfield to   4.2 and 3.2 ppm upon 

coordination of the nitrogen atoms to the metal. Peripheral metalation of [Zn(Br)4] was 
especially clear because the four broad resonances of the starting material (caused by self-
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aggregation through intermolecular Zn-N bonds) became sharp after intramolecular 
coordination of the dimethylamino groups to Pd or Pt. Halide scrambling at the metal centers 
(Br/Cl) could be observed in all cases after long reaction times in chlorinated solvents such as 

CH2Cl2 or CHCl3, but only seemed inevitable for the platinum compounds. This 
transformation was inferred from both 1H NMR spectroscopy and (MA)LDI-TOF mass 
spectrometry. In the 1H NMR spectrum all peaks for the chloride and bromide complexes 
coincide except for the signals belonging to the NMe2 protons. In the case where X = Cl those 
signals are shifted 0.04 ppm upfield with respect to the case where X = Br. For all 

complexes, mass spectrometric analyses were performed by MALDI-TOF (with 2,5-

dihydroxybenzoic acid as matrix or without matrix). In every case, peaks corresponding to the 
molecular ion were found. Additional information about the composition of the [M1(M2X)4] 
compounds was obtained by the fragmentation pattern of the molecular ion. Each molecular 

ion peak ([MI]+) was accompanied by peaks corresponding to loss of one halide ([MI – X]+), 
one metallohalide group ([MI – M2X]+), one halide and one metallohalide group ([MI – M2X 
– X]+), and so forth. When MALDI-TOF samples of [M1(PdBr)4] were prepared in CH2Cl2 
the peaks corresponding to (partially) halogen-scrambled complexes were always found. 

 Single crystals of the pyridine adduct of [Zn(PdBr)4], {[Zn(PdBr)4](Pyridine)}, were 
obtained by slow evaporation of a solution of [Zn(PdBr)4] in a mixed solvent system 
comprising CH2Cl2, hexane, and one drop of pyridine. The molecular structure as obtained by 

X-ray crystallography is depicted in Figure 4. It comprises a [meso-
tetraphenylporphyrinato]zinc(II) unit of which the zinc(II) ion is penta-coordinate in a 
distorted tetragonal pyramidal fashion. 
 

 

Figure 4. ORTEP plot of {[Zn(PdBr)4](Pyridine)} in the crystal with displacement ellipsoids at the 50% 

probability level. Hydrogen atoms and solvent molecules (CHCl3 and toluene) present in the crystal lattice have 

been omitted for clarity. On the right are shown a view along the N5-Zn axis (top) and along the N2-N4 axis 

(bottom). 
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The structure does not contain any symmetry elements. The four pyrrolic nitrogen atoms of 
the porphyrin form the basal plane with Zn-Npyrrole distances ranging from 2.072(3) to 2.082(3) 
Å. The nitrogen atom of a pyridine molecule occupies the apical fifth ligand position at 

2.100(3) Å from the zinc atom, which is displaced from the least squares plane of the 
porphyrin by 0.3927(4) Å toward the pyridine molecule. The Zn-N5 distance compares to the 
literature values for ZnTPP-Npyridine adducts, which cover quite a broad range between 2.10 
and 2.20 Å.31,65-68 The four meso-phenyl groups are all part of an NCN-pincer 

bromidopalladio(II) moiety with the Pd atoms at the positions para with respect to the 
porphyrin ring. The Pd-Pd distances across the porphyrin structure amount to 19.035(5) Å for 
Pd1-Pd3 and 19.055(5) Å for Pd2-Pd4, respectively. Each distorted square planar Pd(II) 
center is ligated by a 3-coordinating NCN-pincer moiety provided by the pincer-porphyrin 

hybrid and by a halide ion at the position trans with respect to the Pd–C -bond. The halide 

position was refined with a partial occupation by chloride (54%) and by bromide (46%). The 
Pd–Cipso distances are in the range of 1.905(3) to 1.924(4) Å. The benzylic nitrogen atoms 

reside at distances of 2.090(3)–2.111(3) Å from the Pd atoms. The meso-phenyl groups are 
connected to the porphyrin at angles ranging from 58.45(16) to 84.57(16)º. 
 
 

4.3 Physical Characterization 

There are several ways to probe intramolecular interaction in the present [M1(M2X)4] 
molecules, since the (metallo)porphyrin and the NCN-pincer metallohalide each display their 
own characteristic responses to external stimuli. The intramolecular influence of the 

(metallo)porphyrin part and the NCN-pincer PtCl moieties on each other was studied by 
means of spectroscopy, i.e. by 195Pt NMR spectroscopy and UV/Vis spectroscopy. 
Additionally, it was also examined by means of chemical reactivity, i.e. selective pyridine 
binding to zinc porphyrin moieties and selective SO2 and CuCl2 reactivity towards the NCN-

pincer platinum groups. 
 

195Pt NMR spectroscopy. In general, the 195Pt nucleus is highly sensitive to changes in its 

magnetic environment.69 Particularly in para-substituted NCN-pincer PtX complexes 
([PtX(NCN-Z)]), the 195Pt chemical shift has been proven to be highly sensitive to the 
electron-releasing or -withdrawing properties of the para-substituent Z.15,70 In the current 
systems, the para-substituent of each NCN-pincer PtX group is a (metallo)porphyrin. The 

electronic properties of the latter are strongly dependent on the complexed metal33 and thus it 
was investigated whether the nature of the central (metallo)porphyrin influences the chemical 
shift of the peripheral Pt centers in our hybrids. 195Pt NMR spectra were recorded of 
[M1(PtCl)4] (M1 = 2H, Ni, Zn) and their Pt values are listed in Table 1 (samples were 

measured at different concentrations (2-10 mM) and it was found that for each compound Pt 

< 1 ppm within this concentration range). Whereas the differences between the Pt values of 

these compounds are relatively small, they are detectable and reproducible and, therefore, 
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indicate a difference in the electron density at Pt as a direct consequence of a change in the 
porphyrin metal. In comparison with the para-H-substituted [PtCl(NCN)], the 
(metallo)porphyrins cause an upfield shift of the Pt nuclei of the peripheral NCN-pincer 

platinum systems.  
 

Table 1. 195Pt NMR chemical shifts for [2H(PtCl)4], [Ni(PtCl)4] and [Zn(PtCl)4]
a 

Compound Pt (ppm)  

[2H(PtCl)4] –3162 

[Ni(PtCl)4] –3170 

[Zn(PtCl)4] –3176 

[PtCl(NCN)] –3147 
aChemical shifts were referenced to an external standard (1 M Na2[PtCl6] in D2O) before each measurement. 

 

Along the series M1 = 2H, Ni, Zn, the Pt nuclei gradually become more shielded. Similarly, 
the porphyrin part of the molecule becomes a better electron donor along the same series by 
virtue of the increasing destabilization of its HOMO (from ~–11.7 and ~–11.0 eV for the free-

base and the nickel complex, respectively, to ~–10.6 eV in the case of zinc).71 This trend 
coincides also with the redox potentials of the corresponding tetraphenylporphyrin (TPP) 
complexes as a measure of the porphyrin rings’ electron-donating power. These values 
indicate that the electron density on the porphyrin increases in the order of M1 = 2H < Ni < Zn 

[E1/2(0/1) = 0.97, 0.95, and 0.71 V, respectively].72  
 
UV/Vis spectroscopy. The electronic spectra of (metallo)porphyrins are dominated by the 

high energy Soret (B) band and lower energy Q bands. The energies of the transitions are 
largely governed by the incorporated metal and by the substitution pattern at the porphyrin 
periphery. For meso-tetrakis(aryl)porphyrins, it is known that these energies are also 
dependent on the electronic properties of the meso-aryl groups, i.e. on the nature of their 

substituents.73-79 It was therefore expected that a possible influence of the peripheral NCN-
metallopincer groups of [M1(M2X)4] on the (metallo)porphyrin core could be deduced from 
their UV/Vis spectra. Figure 5 shows the UV/Vis absorption spectra of the 2H- (left) and Ni-

series (right) of [M1(M2X)4], respectively. For each series, the spectra of the [M1(Br)4] 
species were very similar to those of the corresponding TPP analogues. When Pd was 
incorporated at the peripheral NCN-ligand sites, however, bathochromic shifts, amounting to 
5 nm for [2H(PdBr)4], 6 nm for [Ni(PdBr)4], and 2 nm for [Zn(PdBr)4], were observed. The 

Q-bands also shifted bathochromically and increased in intensity with respect to the Soret 
band. For peripheral platination the effects are even more pronounced: the absolute 
bathochromic shifts in comparison with the non-peripherally-metalated pincer porphyrin 

hybrids are 13, 14, and 9 nm for [2H(PtCl)4], [Ni(PtCl)4], and [Zn(PtCl)4], respectively. 
With respect to the corresponding Pd compounds the differences are 8, 8, and 7 nm. It was 
noted that exchange of peripheral bromide ligands for chloride in [Ni(PtCl)4] had no 
significant effect on its electronic spectrum. 
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Figure 5. Comparison of the normalized (Soret band) electronic spectra of [M1(Br)4] (light grey), [M1(PdBr)4] 
(dark grey), and [M1(PtCl)4] (black) for the M1 = 2H (left) and M1 = Ni (right) complexes. 

 
Pyridine binding at zinc. Pyridine is known to bind to zinc(II) porphyrins to give distorted 

square pyramidal coordination complexes.80 The binding constant of this interaction depends 
on the interaction of an unoccupied molecular orbital with zinc character on the porphyrin 
with the pyridine lone pair.81 The binding constants of pyridine with 

[tetraphenylporphyrinato]zinc(II) (ZnTPP), [Zn(PdBr)4], and [Zn(PtCl)4] in CH2Cl2 at room 
temperature were determined by UV/Vis spectroscopy (Figure 6).  
 

 

Figure 6. Spectral changes of solutions of [Zn(PdBr)4] (left) and [Zn(PtCl)4] upon titration with pyridine. The 

insets show the corresponding Benesi-Hildebrand plots. 

 
For ZnTPP a binding constant of 8100 ± 200 M–1 was determined, which corresponds well 

with the value found by Mizutani et al. (7720 M–1).82 Interestingly, the binding constants 
diminished substantially upon peripheral metalation: for [Zn(PdBr)4], a value of 6000 ± 200 

M-1 was found, whereas [Zn(PtCl)4] showed an even lower affinity for pyridine at 4700 ± 150 

M-1. These findings indicate that peripheral metalation of the NCN-pincer groups in the 

hybrids destabilizes the unoccupied orbital with zinc character of their porphyrin moieties.  
This effect is larger in the case when platinum occupies the peripheral positions than when 
palladium does. 
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Reactions at Pt. The experiments described above demonstrate that there is an electronic 
interaction between the peripheral metallopincer groups and the central porphyrin group. The 
rich chemistry of the NCN-pincer Pt species prompted us to investigate the effect of 

chemistry at the peripheral NCN-pincer PtCl sites on the UV/Vis spectra of the porphyrin 
core.  
 Gaseous SO2 is known to bind to NCN-pincer Pt halide complexes via a Lewis 
base/Lewis acid interaction in which Pt acts as the Lewis base (through its filled dz2 orbital) 

and SO2 as the Lewis acid (Scheme 6). During this transformation, a diagnostic color change 
from colorless to orange occurs, which prompted the use of these complexes as SO2 sensors.83  
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Scheme 6. Reactions performed on NCN-pincer PtCl sites; n = 4, R = [porphyrinato]nickel(II)-5,10,15,20-tetra-

yl: i) excess SO2 (g), CH2Cl2; ii) –SO2 (g), CH2Cl2; iii) 2 eq. CuCl2, EtOH/CH2Cl2. 

 
Whereas the electronic spectra of all [M1(Br)4] compounds are completely insensitive to the 
presence of a large excess of SO2 ( max < 0.1 nm), dissolution of [M1(PtCl)4] in a saturated 

CH2Cl2 solution of SO2 leads to an immediate change in max of the Soret band leading to 

hypsochromic shifts of ~4 nm with concomitant broadening of the band. Color changes were 
not observed due to the intense absorption bands of the porphyrins in the visible. The two 
UV/Vis absorption bands of the NCN-pincer PtCl-SO2 complex itself ( max  350 nm (   

7000 M–1cm–1), 410 (   2000 M–1cm–1))84 were not observed; most probably they are 

obscured by the dominant Soret band. Upon decomplexation of SO2 and subsequent 
evaporation from the sample, the Soret band returned to its initial position. The 
complexation/de-complexation could be repeated numerous times, without a change in the 

response of the system. 
 

 

Figure 7. Comparison of the normalized electronic spectra of [Ni(Br)4] (light grey), [Ni(PtCl)4] (dark grey), and 
[Ni(Pt(IV)Cl3)4] (black). 
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In addition to the reversible reaction of the NCN-pincer PtCl groups with SO2, we also 
explored the irreversible reaction of the peripheral platinum pincer centers with CuCl2 in a 
mixture of CH2Cl2 and EtOH,85 which gave the slightly insoluble [Ni(Pt(IV)Cl3)4] species. 

Conversion of the Pt(II) centers into Pt(IV) centers had quite a dramatic effect on the 
electronic spectrum of the hybrid (Figure 7). The Soret band exhibits a substantial 
hypsochromic shift of 12 nm when the peripheral NCN-pincer Pt(II)Cl sites are irreversibly 
oxidized to NCN-Pt(IV)Cl3. Control experiments with NiTPP showed no reactivity toward 

CuCl2. Unfortunately, the same reaction could not be applied to [2H(PtCl)4] and [Zn(PtCl)4] 
due to side reactions. 
 

 

4.4 Discussion 

Synthesis. We have previously described the synthesis of [2H(H)4],
36 whose selective 

fourfold metalation at the phenyl-positions para with respect to the porphyrin ring (ortho with 
respect to both (dimethylamino)methyl donor groupings) should give direct access to the 

family of [M1(M2X)4] hybrid compounds described here. Amongst other reasons, this 
objective is hampered by the selectivity of a direct cyclopalladation for the positions meta 
with respect to the desired bis(ortho) position.86 An alternative route to arrive at [M1(M2X)4] 
via [2H(H)4] would involve a lithiation/transmetalation sequence.12,87 This idea was 
abandoned because of a number of reasons. First of all, it would involve a protection step of 
the porphyrin ring (metalation) prior to lithiation/transmetalation and, to obtain the free-base 
porphyrin, an inevitable deprotection step (demetalation) thereafter. The conditions used for 

demetalation of the porphyrin ring can also lead to demetalation of the NCN-metallopincer 
fragment, especially in the case when the metal in the pincer unit is palladium. In addition, the 
required high degree of equimolarity of organolithium reagent and NCN-pincer fragment is 

generally difficult to achieve88 as a result of the small quantities in which [2H(H)4] is 
available. Therefore, a different route that relies on metalation of the NCN-pincer fragments 
via oxidative addition was opted for.12 This requires the presence of a group that can 
oxidatively add to Pd or Pt centers, e.g., a carbon-bromine bond.12 However, if M(II) sources 

(M = Pd, Pt) are used in combination with a free base porphyrin, metalation of the porphyrin 
might occur.35 For example, when [{Pt(para-tol)2SEt2}2]

89 was used as a platinating agent15 for 
[2H(Br)4] in benzene, not only the NCN-pincer groups were platinated but also the porphyrin 

core. This was independently confirmed by the reaction of tetraphenylporphyrin (TPP) with 
half an equivalent of [{Pt(para-tol)2SEt2}2] in refluxing benzene. After three hours at reflux, 
the crude reaction mixture consisted of 55% TPP, 38% PtTPP,90 and 7% of an unidentified, 
platinated porphyrin. The peripheral metalation reactions of [2H(Br)4] were eventually 

performed with the M(0) complexes [Pd2(dba)3]·CHCl3 and [Pt2dipdba3]. This strategy readily 
yields the desired peripherally-metalated porphyrins [2H(M2X)4] without affecting the central 
porphyrin cavity.  
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In analogy to the meso-metalated porphyrins of Arnold et al.26 hetero-multimetallic 
complexes derived from [2H(Br)4] can be synthesized in two ways in which either the 
porphyrin or the pincer is metalated before the other. Whereas the selectivity and yield of the 

palladation and platination reactions at the periphery were always high, metalation of the 
porphyrin cavity after peripheral metalation sometimes led to the formation of side products. 
For example, when [2H(PtCl)4] was reacted with Ni(OAc)2 4H2O in a mixture of 

CH2Cl2/MeOH at 40 °C,91 1H NMR analysis of the product mixture showed substantial 
amounts of unidentified impurities. The impurities composed 50% of the total and could be 
removed by column chromatography. Mass spectrometry and 1H NMR unfortunately did not 

provide conclusive evidence as to their nature. Although to a lesser extent, the same outcome 
was noted when attempting to introduce Zn(II) into the platinated porphyrin. A metalation 
sequence in which the porphyrin is metalated prior to the peripheral pincer ligands was 

consequently used for the synthesis of hetero-bimetallic hybrids [M1(M2X)4].  
 After the peripheral metalation steps, analysis of the products obtained after a work-up 
involving solubilization in chlorinated solvents (CH2Cl2, CHCl3) revealed that halide 
scrambling took place at the peripheral metal atoms (Br/Cl). We found that this process is 

much faster for the peripherally platinated porphyrins than for their palladium analogues. The 
[M1(PdBr)4] complexes could be readily isolated as analytically pure solids; halide 
scrambling only took place when solutions were exposed to ambient light for several days (as 

judged from 1H NMR spectroscopy). For the platinum compounds [M1(PtX)4], however, this 
exchange reaction proved to be very fast. Even in de-gassed and de-acidified solutions, and 
with a minimum exposure to light, halide scrambling always seemed to take place. For their 
novel meso- 1-metalloporphyrins,20-23,25,26 Arnold et al. also found that halide exchange 

occurred in chlorinated solvents. They ascribed this to the high trans-effect of the -bound 

porphyrin ligand.20 Although this might be a viable explanation, reference experiments with 
the parent NCN-pincer PdBr and PtBr compounds showed that these complexes underwent 
halide scrambling much more slowly, if at all. This observation would make a trans-effect 

explanation quite drastic. Recently, Perutz et al. found that photo-induced electron transfer 
from a metalloporphyrin to an intramolecular Re center led to fast ligand exchange at Re.92-95 
This phenomenon might also be of importance when considering halide exchange on 

palladium and platinum complexes connected to a (metallo)porphyrin system. 
 
Intramolecular influence between the complexes. The hetero-multimetallic pincer-
porphyrin hybrid complexes described here consist of two components, namely the 

metalloporphyrin and the NCN-pincer metal complex The objective of the research described 
in this chapter was to investigate whether intramolecular electronic communication between 
the (metallo)porphyrin core and the peripheral NCN-pincer parts of the hybrid compounds 

would affect the properties of each of the building blocks. In other words, does a change in 
the electronic properties of one of the components of the hybrid lead to a change in the 
electronic properties of the other? 
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The influence of the (metallo)porphyrin on the electronic properties of the peripheral platinum 
groups was investigated by 195Pt NMR spectroscopy. The platinum chemical shift is known to 
be strongly dependent on the electron density at Pt,69 which, in NCN-pincer platinum systems, 

strongly depends on the nature of the para-substituent.15,16,70 For such systems, electron-
donation by the para-substituent leads to an increase of the electron density on the platinum 
metal center and the nucleus is concomitantly shielded. The 195Pt NMR chemical shifts found 
for the [M1(PtCl)4] compounds (M1 = 2H, Ni, Zn) indicate that the electron density at Pt 

increases in the order M1 = 2H < Ni < Zn. Cyclovoltammetric studies on the analogous metal 
tetraphenylporphyrins have shown that a decrease of the first oxidation potential of the 
(metallo)porphyrin, i.e. the increase in HOMO energy, follows the same order (vide supra). 
Although the increments of Pt in the [M1(PtCl)4] series and those of E1/2 (0/1) of the M1TPP 

series are not proportional, this correlation shows that the electronic nature of the 

metalloporphyrin in the hybrids has an effect on the electron density on the peripheral 
platinum centers. In fact, the (metallo)porphyrin part acts as an electron donor in these 
systems. 
 

The UV/Vis spectra of porphyrins consist of a high intensity band, the so-called B- or Soret 
band, which corresponds to the S0 S2 electronic transition, and a number of Q bands, which 

originate from the S0 S1 transition and vibronic overtones thereof.71,96 Changes in the 

energies associated with these transitions can be accomplished by modification of the 

porphyrin periphery. Introduction of electron-donating substituents at the phenyl para-
positions destabilize the HOMO and can therefore reduce the HOMO/LUMO gap.97,98  
 The absorption maxima observed for [2H(Br)4] and [Ni(Br)4] parallel those found for 

their TPP analogues 2HTPP and NiTPP. This shows that the meso-3,5-
bis[(dimethylamino)methyl]-4-bromophenyl groups exert relatively little electronic influence 
on the porphyrin chromophores compared to phenyl groups. The insertion of palladium or 
platinum atoms in the carbon–bromine bonds, however, leads to bathochromic shifts in the 

electronic spectra. The extent to which this occurs for peripheral palladation is 4 nm, while 
peripheral platination leads to bathochromic shifts amounting to 12 nm, indicating a reduction 
of the HOMO-LUMO gap by peripheral metalation. Arnold and co-workers noted similar 
effects for their meso- 1-palladio(II) and -platino(II) porphyrins, but attributed those to non-

planar distortions of the porphyrin macrocycle (although they did ascribe shifts in the redox 

potentials of the peripherally-metalated porphyrins to the strong electron-donating capacity of 
the palladium and platinum groups).20 In our case, distortions of the porphyrin core are not 
expected upon metalation of the rather remote NCN-pincer ligand sites. For example, the 
domed structure of the zinc porphyrin part of the crystal structure of {[Zn(PdBr)4](Pyridine)} 
(Figure 4) is not different from those of pyridine adducts of other zinc tetra-arylporphyrins.65-

68 In a related tetrakis(SCS-pincer PdCl)porphyrin, the porphyrin core did not show 
significant distortions from planarity in comparison with other meso-tetraarylporphyrins.36 It 

is therefore proposed that the bathochromic shifts of the Soret band in the UV/Vis spectra 
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upon peripheral metalation arise from electronic effects, induced by the electronic properties 
of the meso-aryl groups, i.e. the meso-NCN-pincer metal complexes. 
 From previous research it is known that metalation of the NCN-pincer ligand fragment 

leads to release of electron density from the metal to the pincer aryl ring.15,99 As to the extent 
of electron-donation of the metal to the meso-aryl rings of the pincer-porphyrin hybrids, or 
electronic coupling between them, Parshall found that MX groups (M = Pd, Pt; X = halide) 
connected to a -phenyl group are electron donating to the aromatic ring and increase the 

phenyl-HOMO in energy.100,101 These effects are significantly more pronounced for platinum 
than for palladium. When these findings are compared to the results presented here, this might 

also account for the stronger bathochromic shifts of the Soret bands induced by peripheral 
platination in comparison with those of peripheral palladation. These interactions most likely 
occur by virtue of interaction between the -orbitals on the meso-phenyl rings and on the 

porphyrin core.78,97 Although the angles between meso-phenyl rings and porphyrins are large, 
the mean angle of 73º (standard deviation 8º)102 still allows for interaction through the -

systems.  
 It is known that pyridine binds stronger to tetra-arylporphyrins with electron-withdrawing 

groups than to those with electron-releasing groups. This arises from the fact that electron-
withdrawing substituents (e.g., pentafluorophenyl)103 lower the LUMOs of the porphyrin, 
which makes its interaction with the pyridine lone pair energetically more favorable. 
Conversely, for our systems the interaction between the pyridine and zinc porphyrin becomes 

weaker along the series ZnTPP > [Zn(PdBr)4] > [Zn(PtCl)4], which points to a 
destabilization of the unoccupied porphyrin molecular orbital that is responsible for binding 
to zinc upon peripheral metalation. 

 
Interestingly, chemistry that is selective for the NCN-pincer Pt moiety also influences the 
metalloporphyrins’ electronic properties. Upon SO2 binding to the four peripheral NCN-
pincer PtCl moieties of [Ni(PtCl)4], its Soret band shows a hypsochromic shift of about 4 nm, 

partially canceling the effect of peripheral platination. The oxidation of the platinum(II) 
centers of [Ni(PtCl)4] to platinum(IV) has an even stronger effect on the electronic absorption 
spectrum of the resulting [Ni(Pt(IV)Cl3)4]. As a result of this reaction the Soret band almost 

shifts back to the position of the Soret band of [Ni(Br)4]. Complexation of SO2 to the dz2 

orbital of platinum is expected to modulate the energies of its other d orbitals, including those 
interacting with the -system of the phenyl ring. This apparently leads to a decreased 

interaction between the porphyrin and the meso-phenyl rings by increasing the gap between 
the interacting energy levels of the platinum center and its phenyl ligand. Oxidation of the 
platinum centers to Pt(IV) completely alters the orbital system at Pt,1 which, as inferred from 

the hypsochromic shift of the Soret band of [Ni(PtCl)4] as a result of this reaction, apparently 
leads to even less interaction of the porphyrin with the meso-phenyl groups. 
 



Electronic Communication within Hetero-Multimetallic Pincer-Porphyrin Hybrids 

 100

In another part of our research, we have synthesized and investigated the closely related 5-
(3,5-bis[(dimethylamino)methyl]-4-bromophenyl)-10,15,20-tris(para-tolyl)porphyrin and its 
hetero-bimetallic complexes.104 For these complexes, the effects of peripheral palladation, 

platination, and chemistry on the peripheral NCN-pincer PtCl sites are reduced fourfold when 
compared with the tetrapincer-porphyrin systems discussed here. These findings demonstrate 
the cumulativity of the effects exerted by the peripheral metalated pincer groups. Arnold and 
co-workers noted a similar, additive effect for the incorporation Pt atoms at one or two meso-
positions of their meso- 1-metalloporphyrins.26 

 

 

4.5 Conclusions 

A novel meso-tetrakis(NCN-pincer ligand)porphyrin hybrid, [2H(Br)4], was synthesized via a 
thirteen-step procedure in a total yield of 5.3%. By design, orthogonal metalation procedures 

could be employed to either metalate the pincer or porphyrin moiety. M(II) salts were 
employed for metal insertion into the tetrapyrrolic macrocyle whereas the M(0) complexes 
[Pd2dba3] CHCl3 and [Pt2dipdba3] were used for metalation of the peripheral NCN-pincer 

ligand units, which gave the desired hetero-multimetallic complexes [M1(M2X)4] in excellent 
yields. 195Pt NMR spectroscopy convincingly showed the influence of the metal incorporated 
in the porphyrin core on the electron density at the Pt centers in the peripheral NCN-pincer 

complexes. UV/Vis spectroscopic measurements furthermore established that the 
metallopincers influence the metalloporphyrin moiety. The incorporation of metal atoms at 
the periphery, for instance, decreases the HOMO-LUMO gap of the porphyrin chromophores 

by a concomitant, disproportional destabilization of both the HOMO and the LUMO. This 
was further substantiated by the influence of NCN-pincer PtCl-selective chemistry on the 
electronic spectra of the porphyrin and by altered binding affinities of [Zn(M2X)4] for 
pyridine.  

 Since we have found direct evidence for the possibility of fine-tuning the electron density 
of peripheral platinum centers by changing the para-metalloporphyrin substituent, we 
envisage that this effect is also exerted on the peripheral Pd centers. The use of this insight in 

the design of (ECE-pincer Pd)-porphyrin hybrids as tunable catalysts in C–C bond forming 
reactions is the subject of Chapters 5 and 6. 
 
 

4.6 Experimental Section 

General. All air-sensitive reactions were performed under a nitrogen atmosphere using standard Schlenk 

techniques. All reactions involving porphyrin compounds were shielded from ambient light using 

aluminum foil. Et2O and THF were carefully dried and distilled from sodium/benzophenone prior to use. 

CH2Cl2 and N,N-dimethylformamide (DMF) were distilled from CaH2. Pyrrole was distilled from CaH2 and 

stored at –30 °C. 3,5-Bis(hydroxymethyl)-4-bromo-iodobenzene (1),37 [Zn(Br)4] (Chapter 3 of this thesis), 

[Pd2dba3] CHCl3,
105 and [Pt2dipdba3]

46 were synthesized according to literature procedures. Column 

chromatography was performed using ACROS silicagel for column chromatography, 0.060–0.200 mm, 
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pore diameter ca. 6 nm. 1H and 13C{1H} NMR spectra were recorded at 300 MHz and 75 MHz, 

respectively, on a Varian 300 spectrometer operating at 298 K, and were referenced to residual solvent 

signal. The 13C NMR signals of the free-base porphyrin - and -carbon atoms were not resolved due to 

extreme line-broadening.106 UV/Vis spectra were recorded on a Cary 50 scan UV-visible 

spectrophotometer. MALDI-TOF measurements were performed on an Applied Biosystems Voyager-DE 

PRO biospectrometry workstation with either 9-nitroanthracene (9NA) or 2,5-dihydroxybenzoic acid 

(DHB) as the matrix; ESI-MS measurements were performed at the Biomolecular Mass Spectrometry 

Group, Bijvoet Centre for Biomolecular Research, Utrecht University, the Netherlands. Elemental 

microanalyses were performed by Dornis und Kolbe, Mikroanalytisches Laboratorium, Müllheim a/d Ruhr, 

Germany. 

 

3,5-Bis(chloromethyl)-4-bromo-iodobenzene (2) 

A mixture of 3,5-bis(hydroxymethyl)-4-bromo-iodobenzene 1 (23.81 g, 69.42 mmol) and NEt3 (24.4 mL, 

174 mmol) in dry CH2Cl2 (350 mL) was cooled to 0 ºC and subsequently treated with methanesulfonyl 

chloride (13.4 mL, 174 mmol) in a dropwise manner. At the end of the addition, all solids had dissolved to 

give a slightly yellow solution. This solution was allowed to warm to room temperature during which time 

a white precipitate formed. The suspension was then heated to reflux for 22 h, and allowed to cool down to 

room temperature. Subsequently, H2O (200 mL) was added to the resulting yellow solution, and stirring 

was continued for another 15 min. The layers were separated and the organic phase was washed with 

aqueous HCl (4 M, 200 mL), brine (200 mL), dried (MgSO4), and filtered. The filtrate was concentrated to 

dryness to leave an off-white solid. The solid was extracted with boiling hexane (6 mL/g) and the extract 

was evaporated to dryness. The resulting white fluffy solid was washed with cold hexanes (100 mL) and 

dried in vacuo. Yield: 24.40 (93%). Note: this compound is an extremely potent lachrymator and should be 

used immediately after its isolation! 1H NMR (CDCl3):  = 7.78 (s, 2H, ArH), 4.66 (s, 4H, CH2Cl) ppm; 

GC-MS: m/z = 378 (60%, [C8H6
79Br35Cl2I]

+), 380 (100%, [C8H6
79Br35Cl37ClI]+ + [C8H6

81Br35Cl2I]
+), 382 

(40%, [C8H6
81Br35Cl37ClI]+). 

 

3,5-Bis(methoxymethyl)-4-bromo-iodobenzene (3) 

A solution of sodium methoxide in methanol was prepared from sodium (3.39 g, 147 mmol) and MeOH 

(250 mL). Compound 2 (21.90 g, 57.66 mmol) was added to this clear solution at once and the resulting 

white suspension was stirred and heated. Just before the suspension reached reflux temperature, all solids 

had dissolved and after 5 minutes of continued stirring at reflux temperature a white microcrystalline solid 

began to precipitate (NaCl). After 4 h, the mixture was allowed to reach room temperature and all volatiles 

were subsequently evaporated. The remaining white residue was partitioned between Et2O (200 mL) and 

H2O (100 mL), the organic layer was isolated, and the aqueous layer was extracted with Et2O (2  100 mL). 

The combined organic layers were dried (MgSO4), filtered, and the solvents evaporated. The remaining 

white solid was recrystallized from hot methanol (7 mL/g) to yield white crystals, which were collected, 

washed with cold methanol, and dried in vacuo. Yield: 19.20 g (90%). 1H NMR (CDCl3):  = 7.72 (s, 2H, 

ArH), 4.47 (s, 4H, CH2O), 3.48 (s, 6H, OCH3) ppm; 13C{1H} NMR (CDCl3):  = 140.1, 136.4, 122.1, 93.1, 

73.5, 59.0 ppm; GC-MS: m/z = 370 (100%, [C10H12
79BrIO2]

+), 372 (96%, [C10H12
81BrIO2]

+); Anal. calcd. 

for C10H12BrIO2: C 32.37, H 3.26%; found: C 32.46, H 3.23%. 

 

3,5-Bis(methoxymethyl)-4-bromobenzaldehyde (4) 

A white, turbid mixture of 3 (5.07 g, 13.7 mmol) in dry THF (200 mL) was treated dropwise with tert-BuLi 

(18.2 mL, 1.5 M in pentane, 27.3 mmol) at –100 ºC during 5 min. After 5 min of additional stirring at –100 

ºC, the resulting bright yellow solution was treated dropwise with dry DMF (2.8 mL, 36 mmol). After 5 
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min the light yellow suspension was allowed to reach room temperature. H2O (10 mL) was subsequently 

added which was followed by evaporation of all volatiles. Et2O (150 mL) and H2O (50 mL) were added, 

the mixture was vigorously stirred for 30 min, and the layers were separated. The water layer was extracted 

with Et2O (2  50 mL) and the combined organic layers were washed with brine (300 mL), dried (MgSO4), 

filtered, and concentrated to leave a yellow solid. Purification by column chromatography (Et2O/hexanes 

2:1, v/v), yielded 4 as a colorless crystalline material. Yield: 3.26 g (86%). Further purification can be 

achieved by recrystallization at room temperature from hot hexanes ( 16 mL/g). 1H NMR (CDCl3):  = 

10.02 (s, 1H, CHO), 7.91 (s, 2H, ArH), 4.58 (s, 4H, CH2O), 3.51 (s, 6H, OCH3) ppm; 13C{1H} NMR 

(CDCl3):  = 191.7, 139.6, 135.4, 128.9, 128.3, 73.8, 59.0 ppm; GC-MS: m/z = 272 (100%, 

[C11H13
79BrO3]

+), 274 (98%, [C11H13
81BrO3]

+); Anal. calcd. for C11H13BrO3: C 48.37, H 4.80%; found: C 

48.28, H 4.84%. 

 

5,10,15,20-Tetrakis[3,5-bis(methoxymethyl)-4-bromophenyl]porphyrin (5) 

A refluxing, colorless solution of freshly prepared 4 (8.30 g, 30.4 mmol) in propionic acid (120 mL) was 

treated with freshly distilled pyrrole (2.12 mL, 30.4 mmol) and refluxing was continued for 40 min. The 

resulting black solution was stored at 6 ºC overnight (refrigerator) and the resulting purple crystals were 

filtered off and washed with MeOH until the washings remained colorless. Yield: 1.96 g (20%). 1H NMR 

(CDCl3):  = 8.83 (s, 8H, -H), 8.25 (s, 8H, ArH), 4.85 (s, 16H, CH2O), 3.55 (s, 24H, OCH3), –2.84 (s, 2H, 

NH) ppm; 13C{1H} NMR (CDCl3):  = 141.4, 136.5, 133.9, 123.1, 119.2, 74.5, 59.0 ppm; UV/Vis [ max 

(rel. int.), CH2Cl2]: 420 (1.000), 516 (0.038), 552 (0.017), 592 (0.011), 647 (0.008) nm; ESI-HRMS: m/z = 

1279.1068 ([M+H]+), calcd. for C60H59Br4N4O8: 1279.1066; Anal. calcd. for C60H58Br4N4O8: C 56.18, H 

4.56, N 4.37%; found: C 56.24, H 4.45, N 4.31%. 

 

5,10,15,20-Tetrakis[3,5-bis(bromomethyl)-4-bromophenyl]porphyrin (6) 

A red solution of 5 (0.98 g, 764 µmol) in CH2Cl2 (200 mL) was treated with HBr/HOAc (FRESH!, 300 

mL), yielding a green solution, which was stirred at room temperature for 5 h. The resulting green 

suspension was cooled to 0 ºC using an ice/water bath and ice water (500 mL) was added. After 5 min of 

vigorous stirring the layers were separated and the water layer was extracted once with CH2Cl2 (100 mL). 

The combined organic layers were vigorously stirred with K2CO3 solution (6 M, 500 mL) until the whole 

mixture attained a purple color and all solids had dissolved (due to the low solubility of [6(H+)2]
2+ in H2O 

and CH2Cl2 this can take approximately 2 h). The layers were again separated and the organic layer was 

dried (MgSO4), filtered, and concentrated to 40 mL. Further purification using column chromatography 

(CH2Cl2/hexane 1:1, v/v), collection of the first purple band and evaporation of the solvent yielded crude 6 

as a purple solid. Yield: 1050 mg (82 %). The remaining chlorin contamination of this product can be 

oxidized to the corresponding porphyrin: the product was dissolved in CH2Cl2 (50 mL), DDQ (0.96 g, 4.23 

mmol) was added, and the orange mixture was stirred for 2 h at room temperature. The mixture was filtered 

through a short pad of silicagel (CH2Cl2/hexane 4:1, v/v), which gave the title porphyrin as a purple, 

crystalline solid. 1H NMR (CDCl3):  = 8.91 (s, 8H, -H), 8.28 (s, 8H, ArH), 4.93 (s, 16H, CH2Br), –2.90 

(s, 2H, NH) ppm; 13C{1H} NMR (CDCl3):  = 141.8, 137.4, 136.9, 126.8, 118.1, 33.9 ppm; UV/Vis [ max 

(rel. int.), CH2Cl2]: 422 (1.000), 517 (0.046), 551 (0.021), 591 (0.016), 648 (0.013) nm; MALDI-TOF MS 

(DHB): m/z 1674.44 ([M+H]+), calcd. for C52H35Br12N4: 1674.72; Anal. calcd. for C52H34Br12N4: C 37.32, H 

2.05, N 3.35%; found: C 37.39, H 1.98, N 3.31%. 

 

5,10,15,20-Tetrakis(3,5-bis[(dimethylamino)methyl]-4-bromophenyl)porphyrin ([2H(Br)4]) 
Porphyrin 6 (500 mg, 299 µmol) was dissolved in dry CH2Cl2 (100 mL) under a nitrogen atmosphere. The 

solution was treated with Me2NH (1.0 mL, excess), and the resulting clear solution was stirred for 90 min. 
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Degassed H2O (60 mL) was added while stirring and after 30 min the two layers were separated. The 

organic layer was again washed with degassed H2O (100 mL), dried (MgSO4), filtered, and concentrated to 

10 mL. Hexane (60 mL) was added and the purple solution was concentrated to 20 mL, whereupon 

crystallization of the product started to set in. The mixture was stored overnight at –30 oC, the supernatant 

was decanted and the resulting purple, glistening crystals were dried in vacuo and stored under a nitrogen 

atmosphere. Yield: 412 mg (99%). 1H NMR (CDCl3):  = 8.84 (s, 8H, -H), 8.19 (s, 8H, ArH), 3.85 (s, 

16H, CH2N), 2.43 (s, 48H, N(CH3)2), –2.81 (s, 2H, NH) ppm; 13C{1H} NMR (CDCl3):  = 140.7, 137.3, 

135.5, 127.3, 119.4, 64.4, 46.0 ppm; UV/Vis [ max (rel. int.), CH2Cl2]: 421 (1.000), 518 (0.038), 552 

(0.020), 592 (0.011), 650 (0.010) nm; ESI-HRMS: m/z 692.1800 ([M+2H]2+), calcd. for C68H84Br4N12: 

692.1838; Anal. calcd. for C68H82Br4N12 C6H14: C 60.33, H 6.57, N 11.41%; found: C 60.39, H 6.35, N 

11.29%. 

 

[5,10,15,20-Tetrakis(3,5-bis[(dimethylamino)methyl]-4-bromophenyl)porphyrinato]nickel(II) 
([Ni(Br)4]) 
To a purple solution of [2H(Br)4] (33.0 mg, 23.8 µmol) in dry toluene (10 mL) was added Ni(acac)2 (122 

mg, 476 µmol) and the resulting mixture was heated at reflux temperature for 3 h. After the reaction had 

completed (monitored by UV/Vis spectroscopy) the volatiles were evaporated. The remaining red solid was 

partitioned between CH2Cl2 (10 mL) and water (10 mL) and the organic layer was isolated, dried (MgSO4), 

and filtered. Hexane (20 mL) was added and the solution was concentrated to 10 mL and stored at –30 ºC 

for 4 days. The resulting red/orange crystals were isolated by centrifugation. Yield: 35 mg (100%). 1H 

NMR (CDCl3):  = 8.72 (s, 8H, -H), 7.99 (s, 8H, ArH), 3.78 (s, 16H, CH2N), 2.38 (s, 48H, N(CH3)2) ppm; 
13C{1H} NMR (CDCl3):  = 142.9, 139.6, 137.5, 134.7, 132.1, 127.2, 118.4, 64.3, 45.9 ppm; UV/Vis [ max 

(rel. int.), CH2Cl2]: 416 (1.000), 528 (0.090) nm; LDI-TOF MS: m/z 1438.91 ([M]+), calcd. for 

C68H80Br4N12Ni: 1438.27; Anal. calcd. for C68H80Br4N12Ni: C 56.57, H 5.59, N 11.64, Ni 4.07%; found: C 

56.50, H 5.68, N 11.51, 4,15%. Crystals suitable for X-ray crystallographic analysis were obtained by slow 

evaporation of a saturated solution of [Ni(Br)4] in hexane at room temperature. 

 

Standard procedure for fourfold palladation: 

A solution of [M1(Br)4] (M
1 = 2H, Ni, Zn) in dry benzene (2 mM) was treated with [Pd2dba3] CHCl3 (4.5–

4.8 equivalents) and the solution was stirred for 16 h at room temperature under an N2 atmosphere, yielding 

a turbid mixture. HNEt2 (1 mL) was then added to decompose the unreacted [Pd2dba3] CHCl3 and after 3 h 

of subsequent stirring at room temperature, all volatiles were removed in vacuo. The dark residue was 

dissolved in CH2Cl2 (5 mM) and the mixture was filtered over Celite into a centrifuge vessel and the Celite 

was washed with fresh CH2Cl2 until the washings were colorless (the Celite retains Pd0). The volume of the 

filtrate was reduced to ~10 mL and hexane (50 mL) was added, which resulted in (partial) precipitation of 

the product. The suspension was then concentrated to ~20 mL and the now fully precipitated product was 

collected by centrifugation (10 min at 2400 rpm). 

 

5,10,15,20-Tetrakis(3,5-bis[(dimethylamino)methyl]-4-bromidopalladio(II)-phenyl)porphyrin 

([2H(PdBr)4]) 
Purple solid. Yield: 90%. 1H NMR (CDCl3):  = 8.86 (s, 8H, -H), 7.60 (s, 8H, ArH), 4.27 (s, 16H, CH2N), 

3.16 (s, 48H, N(CH3)2), –2.79 (s, 2H, NH) ppm; 13C{1H} NMR (CDCl3):  = 157.4, 143.5, 138.8, 131.1, 

126.5, 120.6, 75.1, 53.7 ppm; UV/Vis [ max (rel. int.), CH2Cl2]: 426 (1.000), 522 (0.034), 558 (0.028), 594 

(0.011), 653 (0.015) nm; MALDI-TOF MS (DHB): m/z 1811.04 ([M+H]+), calcd. for C68H83Br4N12Pd4: 
1811.99; Anal. calcd. for C68H82Br4N12Pd4: C 45.05, H 4.56, N 9.27%; found: C 45.12, H 4.63, N 9.12%.  
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[5,10,15,20-Tetrakis(3,5-bis[(dimethylamino)methyl]-4-bromidopalladio(II)-phenyl)porphyrinato]-
nickel(II) ([Ni(PdBr)4]) 
Orange solid. Yield: 87%. 1H NMR (CDCl3):  = 8.76 (s, 8H, -H), 7.39 (s, 8H, ArH), 4.22 (s, 16H, 

CH2N), 3.16 (s, 48H, N(CH3)2) ppm; UV/Vis [ max (rel. int.), CH2Cl2]: 423 (1.000), 531 (0.088) nm; 

MALDI-TOF MS (DHB): m/z 1789.73 ([M–Br]+), calcd. for C68H80Br3N12NiPd4: 1788.98; Anal. calcd. for 

C68H80Br4N12NiPd4: C 43.69, H 4.31, N 8.99, Ni 3.14%; found: C 43.84, H 4.38, N 8.78, Ni 3.30%. 

 

[5,10,15,20-Tetrakis(3,5-bis[(dimethylamino)methyl]-4-bromidopalladio(II)-phenyl)porphyrinato]-
zinc(II) ([Zn(PdBr)4])  
Purple/greenish solid. Yield: 90%. 1H NMR (CDCl3):  = 8.97 (s, 8H, -H), 7.61 (s, 8H, ArH), 4.27 (s, 

16H, CH2N), 3.17 (s, 48H, N(CH3)2) ppm; 13C{1H} NMR (CDCl3):  = 156.5, 150.4, 143.2, 139.4, 132.0, 

126.3, 121.4, 75.0, 53.7 ppm; UV/Vis [ max (log ), CH2Cl2]: 429 (5.75), 554 (4.35), 596 (4.00) nm; ESI-

MS: m/z 1797.20 ([M–Br]+), calcd. for C68H80Br3N12Pd4Zn: 1796.25; Anal. calcd. for C68H80Br4N12Pd4Zn: C 

43.53, H 4.30, N 8.96, Zn 3.49%; found: C 43.65, H 4.42, N 9.06, Zn 3.43%. Crystals suitable for X-ray 

crystallographic analysis were obtained by slow evaporation of a solution of [Zn(PdBr)4] (4 mg) in a 

mixture of CH2Cl2 and hexanes (2:1, v/v, 1.5 mL) and a drop of pyridine. 

 

Standard procedure for fourfold platination: 

A solution of [M1(Br)4] (M1 = 2H, Ni, Zn) in dry benzene (1 mM) was treated with [Pt2dipdba3] (5 

equivalents) and the solution was stirred for 16 h at reflux temperature under an N2 atmosphere, yielding a 

turbid mixture. HNEt2 (1 mL) was then added to decompose the unreacted [Pt2dipdba3] and after 3 h of 

subsequent stirring at room temperature, all volatiles were removed in vacuo. The black residue was stirred 

in CHCl3 (2 mM) with a saturated solution of NH4Cl in H2O for 48 h and the layers were separated. The 

organic layer was dried (MgSO4), filtered over Celite into a centrifuge vessel and the Celite was washed 

with fresh CH2Cl2 until the washings were colorless (the Celite retains Pt0). The volume of the filtrate was 

reduced to ~10 mL and hexane (50 mL) was added, which resulted in (partial) precipitation of the product. 

The suspension was then concentrated in vacuo to ~20 mL and the now fully precipitated product was 

collected by centrifugation (10 min at 2400 rpm). 

 

5,10,15,20-Tetrakis(3,5-bis[(dimethylamino)methyl]-4-chloridoplatino(II)-phenyl)porphyrin 

([2H(PtCl)4]) 
Purple microcrystalline solid. Yield: 67%. 1H NMR (CD2Cl2):  = 8.95 (s, 8H, -H), 7.63 (s, 8H, ArH), 

4.31 (s, 16H, CH2N, 3.27 (s, 48H, N(CH3)2), –2.77 (s, 2H, NH) ppm; 195Pt NMR (CDCl3):  = –3162 ppm; 

UV/Vis [ max (rel. int.), CH2Cl2]: 433 (1.000), 522 (0.058), 564 (0.056), 657 (0.026) nm; MALDI-TOF MS 

(DHB): m/z 1989.80 ([M+H]+), calcd. for C68H83Cl4N12Pt4: 1989.41; 1953.55 ([M–Cl]+), calcd. for 

C68H82Cl3N12Pt4: 1953.44; Anal. calcd. for C68H82Cl4N12Pt4·CHCl3: C 41.03, H 4.45, N 7.66%; found: C 

40.54, H 4.10, N 7.56%. A satisfactory 13C{1H} spectrum could not be recorded since the compound 

quickly crystallized from the solution. 

 

[5,10,15,20-Tetrakis(3,5-bis[(dimethylamino)methyl]-4-chloridoplatino(II)-phenyl)porphyrinato]-
nickel(II) ([Ni(PtCl)4]) 
Orange solid. Yield: 94%. 1H NMR (CDCl3):  = 8.80 (s, 8H, -H), 7.40 (s, 8H, ArH), 4.21 (s, 16H, 

CH2N), 3.23 (s, 48H, N(CH3)2) ppm; 13C{1H} NMR (CDCl3):  = 145.0, 142.8, 142.0, 136.1, 132.1, 125.2, 

120.1, 78.0, 54.8 ppm; 195Pt NMR (CDCl3):  = –3170 ppm; UV/Vis [ max (rel. int.), CH2Cl2]: 431 (1.000), 

534 (0.089) nm; MALDI-TOF MS (DHB): m/z 2011.79 ([M–Cl]+), calcd. for C68H80Cl3N12NiPt4: 2012.36; 
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Anal. calcd. for C68H80Cl4N12NiPt4: C 39.91, H 3.94, N 8.21, Ni 2.87%; found: C 40.11, H 4.08, N 8.07, Ni 

2.75%. 

 

[5,10,15,20-Tetrakis(3,5-bis[(dimethylamino)methyl]-4-chloridoplatino(II)-
phenyl)porphyrinato]zinc(II) ([Zn(PtCl)4]) 
Purple/green microcrystalline solid. Yield: 87%. 1H NMR (CDCl3):  = 9.01 (s, 8H, -H), 7.63 (s, 8H, 

ArH), 4.29 (s, 16H, CH2N), 3.29 (s, 48H, N(CH3)2) ppm; 13C{1H} NMR (CDCl3):  = 150.3, 144.7, 141.7, 

138.1, 132.0, 126.0, 122.1, 78.1, 54.9 ppm; 195Pt NMR (CDCl3):  = –3176 ppm; UV/Vis [ max (rel. int.), 

CH2Cl2]: 435 (1.000), 555 (0.056), 599 (0.036) nm; MALDI-TOF MS (9NA): m/z 2017.70 ([M–Cl]+), 

calcd. for C68H80Cl3N12ZnPt4: 2017.36; A completely satisfactory elemental analysis could not be obtained. 

Unfortunately, this compound was too immobile to allow for further purification by chromatographic 

means.  

 

Determination of binding constants. Solutions were prepared containing the zinc porphyrin of interest 

( 1 µM) and the appropriate amount of pyridine (200–1,000,000 equivalents) in CH2Cl2. The absorbance of 

the resulting complex was monitored as a function of the concentration of pyridine. When {1/ absorbance} 

is then plotted against {1/[pyridine]}, the intercept with the X-axis is equal to –[binding constant].107,108 

 

X-ray crystal structure determinations: 
Reflections were measured on a Nonius Kappa CCD diffractometer with rotating anode (graphite 

monochromator,  = 0.71073 Å) at a temperature of 150K. Intensities were integrated with EvalCCD109 

using an accurate description of the experimental setup for the prediction of the reflection contours. The 

structures were refined with SHELXL-97110 against F2 of all reflections. Non-hydrogen atoms were refined 

with anisotropic displacement parameters. Hydrogen atoms were introduced in calculated positions and 

refined with a riding model. Geometry calculations and checking for higher symmetry was performed with 

the PLATON program.111 

 

Compound [Ni(Br)4]: C68H80Br4N12Ni + disordered solvent, Fw = 1443.79[*], red-orange block, 0.35  

0.06  0.02 mm3, monoclinic, C2/c (no. 15), a = 35.4380(10), b = 9.8494(10), c = 29.2457(10) Å,  = 

126.113(1)°, V = 8246.6(9) Å3, Z = 4, Dx = 1.163 g/cm3[*], µ = 2.21 mm–1[*]. 77763 Reflections were 

measured up to a resolution of (sin / )max = 0.54 Å–1. The reflections were corrected for absorption and 

scaled on the basis of multiple measured reflections with the program SADABS112 (0.61-0.91 correction 

range). 5378 Reflections were unique (Rint = 0.1217). The structure was solved with the program SHELXS-

86113 using Direct Methods. The crystal structure contains voids (2260 Å3/unit cell) filled with disordered 

solvent molecules. Their contribution to the structure factors was secured by back-Fourier transformation 

using the routine SQUEEZE of the program PLATON,111 resulting in 551 electrons/unit cell. 393 

Parameters were refined with 72 restraints. R1/wR2 [I > 2 (I)]: 0.0647/0.1303. R1/wR2 [all refl.]: 

0.1117/0.1463. S = 1.070.  Residual electron density between –0.68 and 0.98 e/Å3.  

 

Compound {[Zn(PdBr)4](Pyridine)}: C73H85Br1.84Cl2.16N13Pd4Zn·3C7H8·2CHCl3 + disordered CHCl3, Fw = 

2374.25[*], purple block, 0.39  0.24  0.18 mm3, triclinic, P 1  (no. 2), a = 15.126(3), b = 19.255(4), c = 

20.943(5) Å,  = 111.226(3),  = 95.283(3),  = 101.042(3)°, V = 5493(2) Å3, Z = 2, Dx = 1.435 g/cm3[*], 

µ = 1.77 mm–1[*]. 125122 Reflections were measured up to a resolution of (sin / )max = 0.65 Å–1. The 

reflections were corrected for absorption and scaled on the basis of multiple measured reflections with the 

program SADABS112 (0.61–0.73 correction range). 25199 Reflections were unique (Rint = 0.0329). The 
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structure was solved with the program DIRDIF99114 using automated Patterson Methods. The crystal 

structure contains voids (824 Å3/unit cell) filled with disordered CHCl3 solvent molecules. Their 

contribution to the structure factors was secured by back-Fourier transformation using the routine 

SQUEEZE of the program PLATON,111 resulting in 190 electrons/unit cell. The halogenide position was 

refined with a partial occupation by chlorine (54%) and by bromine (46%) and the Pd-halogen distances 

were restrained, respectively. 1129 Parameters were refined with 175 restraints. R1/wR2 [I > 2 (I)]: 

0.0408/0.1150. R1/wR2 [all refl.]: 0.0619/0.1230. S = 1.141.  Residual electron density between –1.42 and 

1.55 e/Å3.   

[*] derived parameters do not contain the contribution of the disordered solvent. 
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5.1 Introduction 

ECE-pincer complexes of a multitude of transition metals (Chart 1) have taken center stage as 
one of the most promising classes of organometallic complexes; a fact that is largely 
attributable to the impressive scope of their applications combined with their facile 
synthesis.1-3 Another factor contributing to the popularity of these complexes is the ease with 

which their reactivity can be modulated through modification of several key features, viz. the 
metal M, the benzylic donor atoms E, and the ligand(s) L. In this regard, especially the 
palladium(II) complexes of the 2,6-bis[(phenylsulfido)methyl]phen-1-yl (SCS-pincer) ligands 

have enjoyed widespread attention. Loeb,4,5 Reinhoudt,6-8 and Weck9-12 have explored their use 
for the construction of supramolecular architectures, using the fourth ligand position L for the 
attachment of functionalized Lewis bases. Moreover, continuing research addresses their 
ability to act as pre-catalysts for high temperature palladium-catalyzed organic 

transformations, particularly Heck reactions.13-20 
 

Chart 1 

E

M

E

LnZ

M = Li, Rh, Ru, Ni, Pd, Pt, Au
E = NR2, OR, PR2, SR, SeR

L = Lewis base, halide
n = 1, 2, 3

Z = para-substituent  
 

For most of its applications, the para-substituent Z of SCS-pincer palladium complexes has 
been utilized to immobilize this moiety onto larger fragments, specifically for catalytic 
reuse.21-24 For these systems, the electronic influence exerted by the para-substituent on the 

chelated palladium center has received little attention, whereas the relationship between the 
electronic properties of the pincer para-substituent Z and the electron density on the metal 
(and thus its reactivity) has been well established for the related NCN-pincer metal 
complexes.25-28 

 We recently reported on the synthesis of a number of peripherally-metalated pincer-
porphyrin hybrids (Chart 2), and showed that the introduction of metal sites at the porphyrin’s 
periphery has a substantial effect on the electronic absorption spectrum and emission 

properties of the porphyrin core.29,30 Since the metalated pincer groups affect the physical 
characteristics of the porphyrin core, we set out to investigate the reciprocal effect, i.e. the 
influence of the porphyrin core on the properties of the peripheral ECE-pincer metal groups. 
It was found that in meso-(NCN-pincer PtCl)-(metallo)porphyrin hybrids the electron density 

at the peripheral NCN-pincer Pt centers depend on the electronic properties of the 
metalloporphyrin.30,31 Interestingly, the electronic properties of the porphyrin can be modified 
by complexation of a metal in the central N4

2– coordination cavity.32-34 Virtually all metals can 

be introduced in the porphyrin system using mild procedures, and this provides a possible 
handle for remote, yet intramolecular, control over the properties of the peripheral 
organometallic groups. In other words, the free-base porphyrin can potentially act as a 
modular para-substituent precursor. 
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Chart 2 

N

NH N

HN

E E

E E

E

E

E

E

MM

M

M

Cl

Cl

Cl

Cl

M = H, Pd, Pt
E = NMe2, PPh2, SPh, SPh-4-tert-Bu  

 
In the investigations reported in this chapter, it was decided to focus on meso-tetrakis(SCS-

pincer Pd)-metalloporphyrin hybrids and to investigate the effects of the metalloporphyrin on 
the peripheral palladium moieties. In order to maximize the observable effects, the porphyrin 
was metalated with metals ranging from electropositive Mg(II) to electronegative Mn(III). The 

intramolecular effects were probed by applying these complexes as catalyst precursors in the 
Heck reaction of iodobenzene with styrene, since it has been pointed out that different 
palladacycles lead to different catalytic activities.35 
 

 

5.2 Synthesis and Characterization 

Synthesis. All hetero-multimetallic target compounds were synthesized from the previously 
reported meso-tetrakis(3,5-bis[(4-tert-butylphenylsulfido)methyl]phenyl)porphyrin 1(2H),29 

which comprises four SCS-pincer ligand groups connected to a porphyrin core via its four 
meso-positions. The tert-butyl groups at the thiophenyl substituents serve as solubilizing 
groups, since the parent tetrakis(SCS-pincer)porphyrin is too insoluble for subsequent 
reactions.29 Depending on the desired meso-tetrakis(SCS-pincer PdCl)-(metallo)porphyrin 

hybrid complex, two distinct metalation strategies were employed (Scheme 1). Route A 
comprises the metalation of the tetrapyrrolic macrocycle followed by peripheral palladation of 
the SCS-pincer moieties, while in route B the pincer ligands are metalated prior to the central 

porphyrin ring.  
 Mn(III) and Ni(II) were readily introduced in the porphyrin core of 1(2H) via reaction 
with Mn(OAc)2 4H2O and Ni(acac)2, respectively, to give 1(MnCl) and 1(Ni) in good yields. 

Although Mn(III) insertion is usually performed under aerobic conditions to oxidize the 
initially formed Mn(II) porphyrin,33 a slightly modified procedure was used in this case. In 
light of the substantial susceptibility of the sulfur atoms of 1(2H) towards oxidation, a brief 

exposure to air (30 s) in the presence of NaCl at room temperature was used instead after 
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completion of the Mn(II) insertion to successfully generate 1(MnCl) in 87% yield. 1(Ni) was 
synthesized in 98% yield by reaction of 1(2H) with 20 equivalents of Ni(acac)2 in boiling 
toluene. 
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iii 90%i 87-98%

 

Scheme 1. Synthetic route towards meso-tetrakis(SCS-pincer PdCl)-metalloporphyrin hybrids: i) for M = MnCl: 

a. Mn(OAc)2 4H2O, DMF, ; b. NaCl, H2O/CH2Cl2; for M = Ni: Ni(acac)2, toluene, ; ii) a. [Pd(NCMe)4](BF4)2, 

MeCN/CH2Cl2, ; b. LiCl, MeCN; iii) MgBr2 OEt2, NEt3, CH2Cl2. 

 
Subsequently, the SCS-pincer ligand moieties of metalloporphyrins 1(MnCl) and 1(Ni) were 
selectively palladated with [Pd(NCMe)4](BF4)2 in a mixture of CH2Cl2 and MeCN.6 The 

resulting tetra-cationic species were converted into the corresponding tetrachloride complexes 
with an excess of LiCl to give 2(MnCl) and 2(Ni) in 86% and 89%, respectively. For the 
synthesis of 2(Mg), however, this approach gave problems since magnesium(II) porphyrins 
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are highly unstable towards acidic conditions.33 When an SCS-pincer ligand was treated with 
[Pd(NCMe)4](BF4)2 in the presence of a magnesium porphyrin (6(Mg), see Chart 3), the 
porphyrin was quickly demetalated by HBF4 generated during the electrophilic palladation. 

This precluded the use of route A for the synthesis of multimetallic porphyrin 2(Mg), which 
was therefore synthesized via route B. 
 Upon treatment of 1(2H) with four equivalents of [Pd(NCMe)4](BF4)2 in a CH2Cl2/MeCN 
mixture, a fast color change from deep red via brown to deep green was observed. The deep 

red color of the free-base porphyrin was regenerated by addition of an excess of Et3N, which 
indicated that the porphyrin dication, formed by protonation of the free-base porphyrin by 
HBF4, which is liberated during the electrophilic palladation reaction, was responsible for the 

green color. The tetra-cationic SCS-pincer palladium(II) porphyrin was subsequently treated 
with an excess of LiCl in MeCN to give the desired complex 2(2H) in 93% yield. The 
selectivity of this reaction for the peripheral SCS-pincer ligand sites was confirmed by 1H 
NMR spectroscopy, which showed similar ratios between the integrals corresponding to the 
benzylic and pyrrolic protons, respectively, of 1(2H) (  = 4.30 (s) and –3.00 ppm, 

respectively) and 2(2H) (  = 4.83 (br) and –2.86 ppm, respectively). It was observed that after 

peripheral palladation, i.e. coordination of the sulfur atoms to palladium, the compounds were 
stable towards oxidation and could be stored under air for several months. Free-base 
porphyrin 2(2H) was then reacted with MgBr2 OEt2 in the presence of Et3N

36 to give 2(Mg) in 

90% yield. Route B could not be employed to synthesize 2(MnCl), since 2(2H) was not 

stable under the rather forcing conditions of Mn(III) insertion (refluxing DMF, vide supra). 
Ni(II) could be inserted into 2(2H) using Ni(OAc)2 in a mixed solvent system 
(MeOH/CH2Cl2), but the isolated yields were generally low ( 60%). 

 
Chart 3 

S

S

Pd Cl

5

N

N N

N

M

6(M)

M = 2H, Mg, MnCl, Ni  
 
For reasons of comparison, 2,6-bis[(4-tert-butylphenylsulfido)methyl]-1-chloridopalladio(II)-
benzene (5) and meso-tetrakis[3,5-bis(tert-butyl)phenyl]porphyrin (6(2H)) and its 

corresponding metal complexes (6(M); M = Mg, MnCl, Ni) were synthesized (Chart 3). All 
compounds were fully characterized by means of 1H and 13C{1H} NMR spectroscopy, UV/Vis 
spectroscopy, mass spectrometry, and elemental analysis (see Experimental Section). 
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UV/Vis spectroscopy. The UV/Vis spectra of 1(M) are dominated by the features of the 
(metallo)porphyrin core, whose molar absorption coefficients exceed those of the SCS-pincer 
ligand moieties by two orders of magnitude. When 1(Ni) was treated with [Pd(NCMe)4](BF4)2 

a fast color change (orange to darker red) of the reaction mixture occurred, which, over time, 
gradually returned to the original color. After work-up of the reaction, the Soret and Q band 
of 2(Ni) had shifted bathochromically by 6 nm with respect to the parent 1(Ni), and the molar 
absorption coefficient  of each band had increased (Figure 1). 

 

 

Figure 1. Comparison of the Soret and Q band region of the electronic spectra of 1(Ni) (grey) and 2(Ni) (black). 

 
The spectral changes during palladation of 1(MnCl) are shown in Figure 2. Five minutes after 
addition of [Pd(NCMe)4](BF4)2 a spectrum was recorded in which the Soret band has shifted 
hypsochromically from 479 nm to 462 nm. During the course of the reaction the Soret band 

gradually shifted bathochromically to 481 nm for the product 2(MnCl). 
 

 

Figure 2. Evolution of the normalized electronic spectra of the reaction between 1(MnCl) and 

[Pd(NCMe)4](BF4)2. 
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These observations might be attributed to the electronic effects exerted by the intermediates 
of the palladation reaction on the porphyrin core. It is known that during an electrophilic 
palladation of an ECE-pincer ligand (E = NR2 SR, PR2) a positively charged arenium ion is 

initially formed.37-39 In the present meso-tetrakis(SCS-pincer)-(metallo)porphyrin hybrids, this 
means that in total four arenium ions initially develop at the meso-phenyl positions of the 
porphyrin. These render the meso-groups relatively electron-poor, which in turn has an 
electron-withdrawing effect on the porphyrin ring. This leads to a reduction of the electron 

density on the latter and induces a hypsochromic shift of the Soret band.40 As the reaction 
proceeds, H+ is eliminated from the meso-arenium groups to form the meso-[3,5-bis([4-tert-
butylphenylsulfido]methyl)-4-palladium(II)]+ groups. After work-up, the spectrum of 

2(MnCl) exhibited similar features compared to that of 1(MnCl), albeit with small 
bathochromic shifts (Figure 2). 
 
The Soret band wavelengths and molar absorption coefficients of 1(M) and 2(M) are listed in 

Table 1. Important to note is that the peak maxima of all compounds show a similar 
bathochromic shift, with a concomitant increase of . 

 
Table 1. Positions of peak maxima of 1(M) and 2(M) in nm. 

M Soret band (log ) 1(M) Soret band (log ) 2(M) 

2H 420 (5.73) 426 (5.79) 

Mg n/a 433 (5.82) 

MnCl 479 (5.14) 481 (5.20) 

Ni 417 (5.79) 422 (5.85) 

 
The bathochromic shifts caused by palladation of the peripheral SCS-pincer ligand groups 
might be attributed to the electron-releasing nature of Pd when -bonded to an aryl 

fragment.26,41 The palladium-induced higher electron density on the meso-aryl groups of 2(M) 
leads to a decreased HOMO-LUMO gap, which results in a red-shift of the electronic 
absorption bands of 2(M) compared to 1(M). A similar phenomenon was observed earlier for 
the structurally related meso-tetrakis(NCN-pincer MX)-(metallo)porphyrin hybrids (MX = 

PdBr, PtCl).30  
 
 

5.3 Catalysis  

With compounds 2(M) in hand, their behavior as pre-catalysts for the Heck reaction between 

iodobenzene and styrene was investigated (Reaction 1). The catalytic experiments were 
conducted in DMF at 119 ºC with 1 equivalent of iodobenzene, 1.5 equivalents of styrene, 1.5 
equivalents of Et3N, and 0.2 mol% of the Pd-catalyst, i.e. with 0.05 mol% of the respective 

pincer-porphyrin hybrid 2(M). Each experiment was run three times to ensure reproducibility 
of the results.  
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I
+

0.2 mol% [Pd], Et3N

DMF, 119 C
   (Reaction 1) 

 
For the pincer-porphyrin hybrids 2(M) different plots were found for the conversion vs. time 
(see Figure 3). All traces showed a sigmoidal curve with an induction period, which is 

consistent with the kinetic data obtained for other ECE-pincer PdCl catalyzed Heck reactions 
in literature.10,15-17 The parent SCS-pincer PdCl complex 5 was found to be the most active 
with the shortest induction period. For the pincer-porphyrin hybrids, the induction times 
increased in the order of 2(Mg) < 2(Ni) < 2(2H) < 2(MnCl). Interestingly, this order 

coincides with the order of decreasing HOMO energy of the metallo(porphyrin) macrocycle.42 
After 240 min of reaction, complex 5 gave 75% conversion, while the most active pincer-
porphyrin catalyst precursor 2(Mg) exhibited 56% conversion at the same time. By that time 

the other pincer-porphyrin hybrids catalyst precursors had converted considerably smaller 
amounts of starting materials, with 2(MnCl) being the least active at 24%. A conversion of   
> 95% was reached first by 5 (6 h) followed by 2(Mg) and 2(2H) (7 h and approximately 10 
h, respectively). After a relatively short induction period, 2(Ni) had slowed down to give 90% 

conversion after 14 h, requiring 25 h to reach full conversion. The relatively electron-poor 
manganese(III) porphyrin 2(MnCl) exhibited the least activity (92 % after 45 h). 
 

 

Figure 3. Plot of the conversion vs. time for several tetrakis(SCS-pincer PdCl)-(metallo)porphyrin hybrids.  

 
Since possible differences between the catalytic behavior amongst the tetrakis(SCS-pincer 
PdCl)-(metallo)porphyrin hybrids 2(M) might have originated from intermolecular processes 

rather than intramolecular processes, we conducted some systematic catalytic studies on 
appropriate combinations of their components, i.e. four equivalents of 5 and one equivalent of 
the respective model (metallo)porphyrin 6(M). These experiments showed that all mixtures of 
catalysts led to virtually identical product yields and kinetic traces (analogous to that of 5) and 

it was thus concluded that intermolecular interactions between the palladacycles and 
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(metallo)porphyrins did not affect the catalytic behavior of the systems. Control experiments 
with the metalloporphyrins 6(M) furthermore showed that these (metallo)porphyrins did not 
exhibit any reactivity in the same Heck reaction. These results indicate that the differences in 

catalytic activity among the multimetallic pincer-porphyrin hybrids 2(M) arise from 
intramolecular interactions within the pincer-porphyrin hybrids and not from intermolecular 
interactions between individual molecules. 
 As Figure 3 shows, the reactions catalyzed by pre-catalysts 5 and 2(M) all exhibit 

sigmoidal kinetics. As was recently shown by the group of Weck,17 the sigmoidal curves 
observed from SCS-pincer PdCl catalyzed Heck reactions can be fitted to a modified version 
of Finke’s model for transition metal nanocluster formation.43,44 In this model, a key notion is 

that the rate of product formation will follow the kinetic model for metal-particle formation. 
According to Finke’s model, the formation of nanoparticles can be modeled using the 
combination of a nucleation step (SCS-pincer PdCl  Pd(0), with rate constant k1) and an 

autocatalytic step (Pd(0) + SCS-pincer PdCl  2 Pd(0), with rate constant k2). If the actual 

stoichiometric catalytic cycle, i.e. Pd(0) + styrene + iodobenzene  Pd(0) + stilbene + HI, 

with rate constant k3, is then assumed to be fast relative to k1 and k2, it follows that the kinetics 

of the overall reaction are those of the first two steps. The following expression (Eq. 1) is then 
obtained for the concentration of SCS-pincer PdCl ([A]) in time:44 
 

[A]t =

k1
k2

+ [A]0

1+
k1

k2[A]0
e(k1 +k2 [A ]0 )t

      (Eq. 1) 

 

 

Figure 4. Graph representing the decrease in PhI concentration in time (data points) and the fitted values for 

500[A]t (black lines). The data for 2(Ni) are not shown due to poor fit results. 

 

This formula then correlates with the iodobenzene (PhI) concentration as [PhI]t = 500[A]t 
since the total amount of Pd pre-catalyst is 0.2 mol% (= 500–1). Figure 4 shows the 
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concentration of iodobenzene in time for several pre-catalysts (data points markers), while the 
solid lines represent the calculated values of 500[A]t for each pre-catalyst according to Eq. 1. 
The fit results for 5, 2(Mg), 2(2H), and 2(MnCl) are relatively accurate, which is a strong 

indication for the plausibility of the Finke model for the current systems.45 Only at longer 
reaction times does the model not accurately fit the experimental data. The fitted values for k1 
and k2 are listed in Table 2. The catalytic data of the nickel complex could not be fitted to the 
model. 

 
Table 2. Fitted kinetic data for Reaction 1 according to Eq. 1. 

 k1 ( 10–6 min–1) k2 (M
–1 min–1) 

5 675 ± 60 22.1 ± 0.9 

2(Mg) 638 ± 92 16.7 ± 1.2 

2(2H) 293 ± 30 15.9 ± 0.6 

2(MnCl) 238 ± 81 13.5 ± 1.7 

 

According to these values, the catalytic activities of the pre-catalysts seem to correlate to the 
electron density on the (metallo)porphyrin. An increase in the electron donating ability of the 
porphyrin (2(MnCl) < 2(2H) < 2(Mg)) leads to an increase of both k1 and k2, which means 

that it enhances the rate of Pd(0) formation as well as the rate of the autocatalytic reaction. On 
the other hand, none of the 2(M) hybrids exceeds the reactivity of parent compound 5. 
 
UV/Vis during catalysis. During the course of the Heck reaction, the electronic spectra of the 

catalysis mixtures of 2(2H), 2(Mg), and 2(Ni) did not undergo substantial changes. The 
intensity ratios between the Soret and Q band(s) and their appearance remained identical 
throughout the course of the reaction, which indicates that demetalation of 2(Ni) and, more 

notably, of 2(Mg) did not occur. However, it was noted that the Soret bands of 2(2H), 2(Mg), 
and (2(Ni) gradually shifted to shorter wavelengths by ~6 nm (see Figure 5 for 2(2H)). 
 

 

Figure 5. Evolution of the normalized Soret band area of 2(2H) during Reaction 1. 
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In fact, the wavelengths at which the Soret and Q bands resided at the end of the reaction 
coincide with those of the corresponding 1(M) parent compounds, which corroborates 

leaching of Pd from the SCS-pincer moieties.  
 The UV/Vis spectrum of 2(MnCl) did, on the other hand, show significant changes 
during the catalytic run. A Soret-type band around 445 nm with Q bands at 529, 577, and 620 
nm increased in intensity at the expense of the Soret band of 2(MnCl) at 481 nm. The new 

bands are similar to the absorption bands observed for nitrogenous base adducts of Mn(II) 
tetrakis(aryl)porphyrins (~440, 532, 575, 613 nm in THF).46,47 When a sample in CH2Cl2, 
taken 60 min after initiation of the reaction, was exposed to air, the 481 nm Mn(III) porphyrin 

band increased again with clear isosbestic points, indicating a conversion from one species 
into the other (Figure 6). As the Heck reaction continued, the 445 nm band decreased again at 
the benefit of broad bands between 500–750 nm, which could not be compared to literature 
values for discrete manganese porphyrins. Independent experiments on 6(MnCl) showed a 

similar behavior of the electronic spectra under the catalytic conditions. Further investigations 
showed that the sole addition of Et3N to a solution of 6(MnCl) in DMF (119 ºC) caused 
virtually identical spectral changes. Hence, these spectral changes are not brought about by 

the merger of the SCS-pincer PdCl groups with the manganese tetraphenylporphyrin skeleton, 
but by a reduction of the manganese porphyrin by Et3N. 
 

 

Figure 6. Reaction of a sample taken from the 2(MnCl) catalyzed Heck reaction with air. 

 
During the Heck reaction catalyzed by the parent SCS-pincer palladium(II) complex 5 the 

UV/Vis spectra showed a new, gradually increasing absorption band around 440 nm. The 
position of this band agrees excellently with the data obtained by Dupont et al. for their 2-

C,N-palladacycle and was attributed to the formation of PdXn
– species (X = halide).48,49 The 

Soret regions of 2(M) coincide with the diagnostic region for these PdXn
– salts, and, therefore, 

prevented their possible observation. The formation of Pd nanoparticles was, however, 
strongly indicated by the considerable darkening of the reaction mixtures and by very broad 

absorptions at longer wavelengths. 
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5.4 Discussion 

Palladacyclic compounds in general and ECE-pincer PdCl complexes in particular have been 
widely applied as catalysts for Heck reactions. They are able to activate aryl chlorides and 
show impressive turnover numbers without significant deposition of palladium black.13,15-

17,19,20,35,50-53 It was speculated that such palladacycles exhibit exceedingly high activities due to 

their ability to stabilize tetra-valent palladium intermediates involved in a PdII/PdIV catalytic 
mechanism.35,54 Recently, Bergbreiter,15 Weck and Jones,16,17 and Eberhard55 showed 
convincingly that SCS- and PCP-pincer PdCl complexes are not the actual catalysts for high-

temperature palladium-catalyzed Heck reactions between aryl halides and activated terminal 
olefins, but rather are catalyst precursors. They showed that these palladacyclic complexes 
slowly release Pd(0) particles that subsequently take part in catalysis via a Pd(0)/Pd(II) 
mechanism. Although these results have disproved the originally proposed Pd(II)/Pd(IV) 

molecular mechanism,15-17,35,56 (ECE-type) palladacycles are still being extensively used as 
pre-catalysts because of the high turnover numbers (TON) that can be obtained.14-17 It was 
recently very convincingly put forward by De Vries that the Pd(0)/Pd(II) mechanism is in fact 

operable in all high temperature Heck reactions.56 
 The tetrakis(SCS-pincer PdCl)-(metallo)porphyrin hybrid systems described in this 
chapter also gradually eliminate Pd particles when used in a Heck reaction. Evidence for this 

process was provided by the putative formation of the parent 1(M) systems from the 
peripherally-palladated 2(M) species during the course of the reaction, as observed by 
UV/Vis spectroscopy. 
 The nature of the (metallo)porphyrin part within the pincer-porphyrin hybrids 2(M) 
seems to have a considerable effect on the rate of the Heck reaction between iodobenzene and 
styrene. Combinations of 6(M) and 5 did not lead to altered activities in the same reaction 
and, hence, the differences between the performances of the pincer-porphyrin hybrids as 

catalyst precursors originate from intramolecular effects. It was observed earlier that the 
electronic properties of free-base, magnesium(II), nickel(II) and zinc(II) porphyrins are passed 
on to peripheral NCN-pincer Pt(II) centers.30,31 Although direct means to probe the electron 
density at the palladium centers of the 2(M) porphyrins were not employed, the similarities 

between SCS- and NCN-pincer metal systems suggest that also in the SCS-pincer Pd 
complexes discussed in this chapter, the electronic properties of the (metallo)porphyrin 
influence the peripheral Pd centers in a similar manner. For the related NCN-pincer 

complexes of Ni,28 Pd,25 and Pt26,27 it is known that changes in the electronic parameters of 
their para-substituents lead to changes in for example the redox potential28 or NMR chemical 
shift26 of the ligated metal center. For these reasons, the Pd sites in the current systems are 
anticipated to be influenced as well, i.e. electronic variations on the (metallo)porphyrin are 

passed on to the peripheral SCS-pincer palladium centers.  
 Bergbreiter et al. recently showed that the kinetics of a similar Heck reaction, catalyzed 
by 3,5-[(4-X-phenylsulfido)methyl]-4-(pseudo)halidopalladio(II) acetanilides (X = H, NMe2, 

NHC(O)Me, OMe, COOH), did not depend on the thiophenyl para-substituent X. This can be 
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rationalized by the fact that, during the decomposition pathway, the sulfur atoms are displaced 
from the palladium center by triethylamine, prior to the steps culminating in palladium 
leaching.17 Weck, on the other hand, mentioned that all reactions leading to palladium(0) 

formation after de-coordination of the sulfide groups are thermodynamically downhill,16 
which seems to contradict the finding of Bergbreiter in that no correlation was found between 
the strength of the Pd-S bond, which is expected to depend on X, and the catalytic activity of 
the system. In the investigations presented here, modification of a SCS-pincer PdCl moiety at 

the position para with respect to the carbon–palladium bond was found to have considerable 
effects on its catalytic properties in a Heck reaction. It therefore seems that the strength of the 
Pd–C bond in SCS-pincer Pd complexes does have an effect on the overall stability of these 

complexes and, consequently, on their activity in Heck catalysis, as opposed to the strength of 
the Pd–S bond.  
 On the basis of the calculated k values it seems that both k1 and k2 become larger as the 
metalloporphyrin becomes a better electron donor. This indicates that the release of Pd from 

SCS-pincer PdCl complexes and the following autocatalytic process are both enhanced by an 
electron-rich para-substituent. It was noted that for 2(MnCl) the fit of the experimental data 
to the Finke model is poor at longer reaction times, which is probably caused by secondary 

processes. In this regard it should be noted that free-base, nickel(II) and magnesium(II) 
porphyrins are not considered to be redox-active at the metal, whereas manganese(III) 
porphyrins are susceptible to both reductive and oxidative changes. The profound changes we 
observed in the electronic spectra of the catalytic mixture of 2(MnCl) support the assumption 

that several different manganese porphyrins are present in the reaction mixture at any given 
moment. Therefore, an exact description of the manganese porphyrin species responsible for 
palladium leaching is not straightforward.  

 The parent SCS-pincer palladium complex 5 is the most active compound among all 
investigated pre-catalysts. Previously it was noted that the attachment of a free-base, nickel or 
zinc porphyrin to the para-position of a related NCN-pincer platinum complex led to a higher 
platinum-centered electron-density compared to its para-H analog.30 Although this might 

suggest that also in 5 the electron density on palladium is lower than in the free-base, 
magnesium and nickel complexes 2(2H), 2(Mg), and 2(Ni), this does not take into account 
that the leaching process at one site in a pincer-porphyrin hybrid pre-catalyst may influence 

the leaching of palladium at another SCS-pincer site within the same molecule. In other 
words, the intramolecular effects of palladium leaching may lead to an overall retardation of 
the leaching process. Simultaneously, another factor of importance in this regard may be the 
high local concentration of Pd(0) around a molecule of 2(M) once it has leached a palladium 

atom, which concomitantly affects the equilibria leading to palladium leaching by the other 
metalated pincer sites. 
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5.5 Conclusions 

A number of meso-tetrakis(SCS-pincer PdCl)-metalloporphyrin hybrids have been 
synthesized in high yields using orthogonal metalation procedures for either ligand site. Upon 
use of these compounds in the Heck reaction of iodobenzene with styrene, they show a 
marked difference in activity. The Mn(III) porphyrin pre-catalyst exhibited the lowest activity 

while the Mg(II) porphyrin pre-catalyst showed the highest activity. As these observations are 
in line with the relative electron-donating properties of the (metallo)porphyrin moieties, they 
show that the nature of the porphyrin has a direct influence on the (catalytic) properties of its 

peripheral Pd-moieties. Although this proof-of-principle study did not lead to the 
development of catalysts with increased activities compared to their SCS-pincer PdCl 
congener, it does bear out the usefulness of metalloporphyrins as catalyst-modulating 
substituents, which was the objective of this study. 

 
 

5.6 Experimental Section 

General. All reactions were performed under a nitrogen atmosphere using standard Schlenk techniques. 

All reactions involving porphyrin compounds were shielded from ambient light using aluminum foil. Et2O 

and THF were carefully dried and distilled from sodium/benzophenone prior to use. CH2Cl2, MeCN, N,N-

dimethylformamide (DMF), N,N-diisopropylethylamine, and triethylamine were distilled from CaH2. 

Iodobenzene and styrene were distilled at low pressures prior to use and stored at –30 ºC. Just before use, 

all solvents were degassed by bubbling a steady stream of dry N2 through them while stirring vigorously 

for at least 20 min. 1(2H) was obtained as described before29 and [Pd(NCMe)4](BF4)2 was synthesized from 

Pd(0) and NOBF4 in MeCN according to a published procedure.57 Column chromatography was performed 

using ACROS silicagel for column chromatography, 0.060–0.200 mm, pore diameter ca. 6 nm, or Merck 

Aluminium oxide 90 active basic (0.063-0.200 mm). 1H and 13C{1H} NMR spectra were recorded at 300 

MHz and 75 MHz, respectively, on a Varian 300 spectrometer operating at 298 K, and were referenced to 

residual solvent signal. UV/Vis spectra were recorded on a Cary 50 scan UV-visible spectrophotometer. 

Chromatographic analysis of the catalysis mixtures was carried out on a Perkin Elmer AutoSystem XL Gas 

Chromatograph. MALDI-TOF measurements were performed on an Applied Biosystems Voyager-DE 

PRO biospectrometry workstation with 2,5-dihydroxybenzoic acid (DHB) or 9-nitro-anthracene (9NA) or 

without matrix (LDI). ESI-MS measurements were performed at the Biomolecular Mass Spectrometry 

Group, Bijvoet Centre for Biomolecular Research, Utrecht University, the Netherlands. Elemental 

microanalyses were performed by Dornis und Kolbe, Mikroanalytisches Laboratorium, Müllheim a/d Ruhr, 

Germany. 

 

[5,10,15,20-Tetrakis(3,5-bis[(4-tert-butylphenylsulfido)methyl]phenyl)porphyrinato]manganese(III) 
chloride (1(MnCl))  
To a dark red solution of 1(2H) (45.0 mg, 22 µmol) in degassed, dry DMF (5 mL) was added 

Mn(OAc)2 4H2O (200 mg, 816 µmol) at once and the solution was heated to reflux for 16 h under N2. The 

brownish mixture was allowed to reach RT and was evaporated to dryness in vacuo. The remaining solid 

was dissolved in CHCl3 (35 mL), air was bubbled through the solution for 30 s (in the dark), brine (35 mL) 

was added, and the biphasic system was vigorously stirred for 5 min at room temperature. The organic 

layer was separated, dried (MgSO4), filtered, and evaporated to leave a green solid. The solid was purified 
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by dry column chromatography (basic alumina), eluting with CHCl3 and subsequently with 3% MeOH in 

CHCl3 to elute the desired product. Finally, the compound was recrystallized from hexane at –30 oC. Yield: 

40.8 mg (87%). IR (cm–1): 3074, 2957, 2865, 1595, 1488, 1459, 1394, 1361, 1347, 1268, 1227, 1205, 1120, 

1062, 1012, 946, 897, 819, 803, 742, 713; UV/Vis [ max (log ), CH2Cl2]: 376 (4.66), 402 (4.66), 422 

(4.60), 479 (5.14), 540 (3.77), 585 (4.00), 620 (4.12) nm; MALDI-TOF MS (DHB): m/z 2091.51 ([M]+), 

calcd. for C132H140MnN4S8: 2091.81; 1928.50 ([M–tert-BuPhS ]+), calcd. for C122H127MnN4S7: 1928.78; 

Anal. calcd. for C132H140ClMnN4S8: C 74.45, H 6.63, N 2.63, S 12.05%; found: C 74.32, H 6.51, N 2.78, S 

11.88%. 

 

[5,10,15,20-Tetrakis(3,5-bis[(4-tert-butylphenylsulfido)methyl]-4-chloridopalladio(II)-phenyl)-
porphyrinato]manganese(III) chloride (2(MnCl)) 
A green solution of 1(MnCl) (21.1 mg, 9.91 µmol) in a CH2Cl2/MeCN mixture (8 mL/4 mL) was treated 

with a solution of [Pd(NCMe)4](BF4)2 in MeCN (4 mL) whereupon the solution immediately turned dark 

orange. After 5 h of stirring at room temperature, the mixture was heated to 45 ºC for 16 h. After cooling to 

room temperature, triethylamine (5 drops) was added and the green solution was stirred for an additional 

hour and evaporated to dryness. The green solid was then redissolved in MeCN (60 mL) and treated with 

LiCl (excess) while stirring to give a voluminous green precipitate. After 2 h, the precipitate was isolated 

by centrifugation and partitioned between CH2Cl2 (20 mL) and H2O (50 mL). The organic layer was 

isolated, dried (MgSO4), filtered, and concentrated to 10 mL. Upon addition of pentane (80 mL), the 

product precipitated as a green solid, which was washed with Et2O (80 mL) and redissolved in CH2Cl2 and 

filtered over a plug of silicagel (eluent: 3% MeOH in CH2Cl2). The fast running, first green band was 

collected, concentrated to 10 mL and Et2O was added to precipitate the product as a green solid, which was 

isolated by centrifugation and dried in vacuo. Yield: 23.0 mg (86%). IR (cm–1): 3478 (br), 3049, 2959, 

2867, 1593, 1488, 1460, 1397, 1363, 1346, 1268, 1204, 1116, 1081, 1062, 1011, 946, 904, 818, 804, 714; 

UV/Vis [ max (log ), CH2Cl2]: 338 (4.79), 381 (4.84), 407 (4.83), 424 (4.80), 481 (5.20), 531 (3.89), 588 

(4.09), 624 (4.25) nm; MALDI-TOF MS (9NA): m/z 2690.58 ([M]+), calcd. for C132H136Cl5MnN4Pd4S8: 

2690.26; 2656.00 ([M–Cl]+), calcd. for C132H136Cl4MnN4Pd4S8: 2655.29; 2548.54 ([M–PdCl]+), calcd. for 

C132H136Cl4MnN4Pd3S8: 2548.38; 2406.58 ([M–2(PdCl)]+), calcd. for C132H136Cl3MnN4Pd2S8: 2406.51; 

2264.83 ([M–3(PdCl)]+), calcd. for C132H136Cl2MnN4PdS8: 2264.63; 2123.32 ([M–4(PdCl)]+), calcd. for 

C132H136ClMnN4S8: 2122.76; Anal. calcd. for C132H136Cl5MnN4Pd4S8: C 58.87, H 5.09, N 2.08, S 9.53%; 

found: C 58.93, H 5.04, N 2.12, S 9.46%. 

 

[5,10,15,20-Tetrakis(3,5-bis[(4-tert-butylphenylsulfido)methyl]phenyl)porphyrinato]nickel(II) (1(Ni)) 
To a dark-red solution of 1(2H) (150 mg, 73.5 mol) in dry, degassed toluene (30 mL) was added 

Ni(acac)2 (0.38 g, 1.47 mmol) and the mixture was heated to reflux. The reaction progress was monitored 

by UV/Vis spectroscopy in dry CH2Cl2 and after 2 h, the lowest energy Q band (645 nm) of 1(2H) had 

disappeared. The volatiles were subsequently evaporated in vacuo and the resulting red solid was dissolved 

in CH2Cl2 (30 mL) and washed with H2O (60 mL) and brine (60 mL). The organic layer was dried 

(MgSO4), filtered, and concentrated to 5 mL. EtOH (80 mL) was added and after concentration of the 

mixture to 30 mL, the red product was isolated by centrifugation and dried in vacuo. Yield: 151 mg 

(98%). 1H NMR (CDCl3):  = 8.54 (s, 8H, -H), 7.66 (s, 8H, ArH), 7.59 (s, 4H, ArH), 7.32 (d, 3JHH = 8.4 

Hz, 16H, ArH), 7.24 (d, 3JHH = 8.4 Hz, 16H, ArH), 4.24 (s, 16H, CH2S), 1.13 (s, 72H, C(CH3)3) ppm; 
13C{1H} NMR (CDCl3):  = 150.2, 142.6, 141.0, 136.8, 133.1, 132.2, 131.1, 129.1, 126.1, 118.5, 39.9, 

34.5, 31.2 ppm; UV/Vis [ max (log ), CH2Cl2]: 417 (5.43), 527 (4.30) nm; ESI-MS: m/z 2094.80 ([M+H]+), 

calcd. for C132H141N4NiS8:
 
2094.82; Anal. calcd. for C132H140N4NiS8: C 75.57, H 7.28, N 2.56, S 11.72%; 

found: C 75.64, H 7.28, N 2.51, S 11.58%.  
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[5,10,15,20-Tetrakis(3,5-bis[(4-tert-butylphenylsulfido)methyl]-4-chloridopalladio(II)-phenyl)-
porphyrinato]nickel(II) (2(Ni)) 
Compound 1(Ni) (134 mg, 64 mol) was dissolved in dry CH2Cl2 (30 mL) and the bright red solution was 

diluted with MeCN (30 mL) and stirred at room temperature. [(Pd(NCMe)4](BF4)4
 
(142 mg, 330 mol) 

dissolved in MeCN (5 mL) was added and the red solution was stirred at reflux temperature overnight. All 

volatiles were subsequently evaporated and the resulting orange plaque was dissolved in MeCN (30 mL). A 

large excess of LiCl was added and the resulting suspension was stirred for an additional hour. The solids 

were isolated by means of centrifugation and stirred in a biphasic system of CH2Cl2 (20 mL) and H2O (40 

mL). After 30 min the organic layer was isolated, dried (MgSO4), and filtered. The solution was 

concentrated to 10 mL and hexanes (50 mL) were added to induce precipitation of the product as an orange 

solid. Yield: 152 mg (89%). 1H NMR (CDCl3):  = 8.73 (s, 8H, -H), 7.91 (d, 3JHH = 8.4 Hz, 16H, ArH), 

7.57 (s, 8H, ArH), 7.47 (d, 3JHH = 8.4 Hz, 16H, ArH), 4.77 (br s, 16H, CH2S), 1.34 (s, 72H, C(CH3)3) ppm; 
13C{1H} NMR (CDCl3):  = 160.7, 153.6, 148.1, 142.8, 137.5, 132.2, 131.8, 129.0, 127.4, 127.0, 118.5, 

53.0, 35.1, 31.4 ppm; UV/Vis [ max (log ), CH2Cl2]: 422 (5.85), 531 (4.73) nm; MALDI-TOF MS (9NA): 

m/z 2623.80 ([M–Cl]+), calcd. for C132H136Cl3N4NiPd4S8:
 
2623.32; Anal. calcd. for C132H136Cl4N4NiPd4S8: C 

59.58, H 5.15, N 2.11, Ni 2.21, S 9.64%; found: C 59.63, H 5.19, N 2.19, Ni 2.26, S 9.59%.  

 

[5,10,15,20-Tetrakis(3,5-bis[(4-tert-butylphenylsulfido)methyl]-4-chloridopalladio(II)-phenyl)-
porphyrinato]magnesium(II) (2(Mg)) 
Dry Et3N (68 µL, 490 mol) was added to a stirred, dark red solution of 2(2H) (32 mg, 12 mol) in dry 

CH2Cl2 (4 mL). After 5 min, MgBr2 OEt2 (64 mg, 246 mol) was added at once, and the solution was 

stirred at room temperature. The progress of the reaction was monitored by UV/Vis spectroscopy, which 

showed the disappearance of the lowest energy free-base porphyrin band at 650 nm upon metalation with 

magnesium. After 1 h, all volatiles were evaporated in vacuo. The residue was taken up in CH2Cl2 (5 mL) 

and filtered over a short pad of basic Al2O3, which was first eluted with CH2Cl2 (50 mL) and then with 5% 

MeOH in CH2Cl2 to elute the product as a purple/pink band. The volatiles were removed, the residue was 

re-dissolved in CH2Cl2 and hexanes (40 mL) were added to induce precipitation of the product as a green 

solid. Yield: 29 mg (90%). 1H NMR (CDCl3/1% pyridine-d5):  = 8.87 (s, 8H, -H), 7.94 (d, 3JHH = 8.4 Hz, 

16H, ArH), 7.80 (s, 8H, ArH), 7.49 (d, 3JHH = 8.4 Hz, 16H, ArH), 4.85 (br s, 16H, CH2S), 1.35 (s, 72H, 

C(CH3)3) ppm; 13C{1H} NMR (CDCl3/1% pyridine-d5):  = 163.3, 153.8, 150.1, 147.6, 140.6, 132.0, 132.0, 

129.4, 128.5, 127.0, 121.2, 53.8, 35.1, 31.4 ppm; UV/Vis [ max (log ), CH2Cl2]: 314 (4.62), 413 (4.79), 433 

(5.82), 528 (3.75), 567 (4.35), 609 (4.27) nm; MALDI-TOF MS (NA): m/z 2726.36 ([M+Et3N]+), calcd. for 

C138H151Cl4MgN5Pd4S8:
 
2725.46; Anal. calcd. for C132H136Cl4MgN4Pd4S8: C 60.35, H 5.22, N 2.13, S 

9.77%; found: C 60.26, H 5.18, N 2.20, S 9.63%.  

 

5,10,15,20-Tetrakis[3,5-bis(tert-butyl)phenyl]porphyrin (6(2H)) 
Synthesized from 3,5-bis(tert-butyl)benzaldehyde and pyrrole in propionic acid. 

LDI-TOF MS: m/z 1062.68 ([M]+), calcd. for [C76H94N4]
+

 
1062.75; 

 

[5,10,15,20-Tetrakis(3,5-bis[tert-butyl]phenyl)porphyrinato]magnesium(II) (6(Mg)) 
To a dark red solution of 6(2H) (127 mg, 119 µmol) and i-Pr2NEt (830 µL, 4.76 mmol) in dry CH2Cl2 (30 

mL) was added powdered MgBr2 OEt2 (690 mg, 2.67 mmol) and the solution was stirred at room 

temperature. After 1 h, the pink mixture was diluted with CH2Cl2 (20 mL) and washed with 5% NaHCO3 (2 

 30 mL), dried (MgSO4), filtered and evaporated to dryness. The purple residue was taken up in CH2Cl2 (2 

mL) and loaded onto a pad of basic alumina. Pure CH2Cl2 eluted the product was as a purple/pink band. 

The product-containing fraction was evaporated to dryness and the resulting pink solid was stirred with 
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hexane (15 mL) for 1 h and stored overnight at –30 °C to give the desired product as purple crystals. Yield: 

105 mg (81%). 1H NMR (CDCl3):  = 8.92 (s, 8H, -H), 8.08 (s, 8H, ArH), 7.76 (s, 4H, ArH), 1.52 (s, 

72H, C(CH3)3) ppm; MALDI-TOF MS (9NA): m/z 1084.72 ([M]+), calcd. for C76H92MgN4:
 
1084.72; Anal. 

calcd. for C76H92MgN4 6H2O: C 76.45, H 8.77, N 4.69%; found: C 76.95, H 8.68, N 4.50%.  

 

[5,10,15,20-Tetrakis(3,5-bis[tert-butyl]phenyl)porphyrinato]manganese(III) chloride (6(MnCl)) 
Mn(OAc)2 4H2O (690 mg, 2.82 mmol) was added to a suspension of 6(2H) (98 mg, 92 µmol) in DMF (15 

mL). The mixture was heated to reflux for 16 h, during which time all solids dissolved to give a 

homogeneous, green solution. All volatiles were subsequently evaporated and the remaining solid was 

vigorously stirred for 2 h in a biphasic system consisting of CHCl3 (20 mL) and brine (30 mL) open to air. 

The organic phase was isolated, dried (MgSO4), filtered, and loaded onto a dry pad of basic alumina. 

Elution with CH2Cl2 (50 mL) was followed by elution with 5% MeOH in CH2Cl2 to elute the product. The 

volatiles were evaporated and the solid was washed with cold hexanes (20 mL) to give the desired 

compound as a green, microcrystalline solid. Yield: 104 mg (98%). MALDI-TOF MS (9NA): m/z 1116.88 

([M–Cl]+), calcd. for C76H92MnN4:
 
1116.53; Anal. calcd. for C76H92ClMnN4: C 79.24, H 8.05, N 4.86%; 

found: C 79.11, H 7.88, N 4.73%.  

 

[5,10,15,20-Tetrakis(3,5-bis[tert-butyl]phenyl)porphyrinato]nickel(II) (6(Ni))58 

A mixture of 6(2H) (108 mg, 102 µmol) and Ni(acac)2 (920 mg, 3.58 mmol) in dry toluene (10 mL) was 

heated to reflux for 3 h. After cooling to room temperature, the volatiles were evaporated in vacuo and the 

residue was vigorously stirred in a mixture of CH2Cl2 (30 mL) and H2O (50 mL) for 1 h. The organic layer 

was isolated, washed with H2O (2  50 mL), dried (MgSO4), and filtered over a short pad of silicagel. The 

desired product was eluted with hexanes/CH2Cl2 (1:1, v/v) and the product-containing fractions were 

concentrated to 10 mL and diluted with MeOH (80 mL) to give the product as a microcrystalline, red solid. 

Yield: 102 mg (90%). MALDI-TOF MS (9NA): m/z 1119.35 ([M]+), calcd. for C76H92N4Ni:
 
1118.67; Anal. 

calcd. for C76H92N4Ni: C 81.48, H 8.28, N 5.00%; found: C 81.36, H 8.24, N 4.93%. 

 

Br

Br

S

S

S

S

Pd Cl

3

4 5

80%

i

88%

ii

 

Scheme 2. Synthesis of reference catalyst precursor 5: i) 4-tert-butylthiophenol, K2CO3, 18-crown-6, THF; ii) a. 

[Pd(NCMe)4](BF4)2, MeCN, b. NaCl, H2O/CH2Cl2.  

 

1,3-Bis[(4-tert-butylphenylsulfido)methyl]benzene (4, see Scheme 2) 

1,3-bis(bromomethyl)benzene (3) (1.10 g, 4.17 mmol) was dissolved in dry THF (40 mL) and 4-tert-butyl-

thiophenol (1.5 mL, 8.89 mmol), 18-crown-6 (100 mg, 0.38 mmol), and K2CO3 (1.24 g, 8.97 mmol) were 

subsequently added. The yellowish suspension was stirred for 16 h at room temperature and filtered. The 

residue was extracted with CH2Cl2 (3  30 mL) and the combined extracts were evaporated to dryness. The 
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remaining yellow oil was purified by column chromatography on silicagel eluting with pentane/CHCl3 (5:1, 

v/v) to give the desired product as a colorless oil. Yield: 1.45 g (80%). 1H NMR (CDCl3):  = 7.28 (d, 3JHH 

= 8.7 Hz, 4H, ArH), 7.23 (d, 3JHH = 8.7 Hz, 4H, ArH), 7.17 (m, 4H, ArH), 4.04 (s, 4H, CH2S), 1.30 (s, 18H, 

C(CH3)3) ppm; GC-MS: m/z = 434 (100%, [C28H34S2]
+); Anal. calcd. for C28H34S2: C 77.36, H 7.88, S 

14.75%; found: C 77.45, H 7.79, S 14.82%. 

 

2,6-Bis[(4-tert-butylphenylsulfido)methyl]-1-chloridopalladio(II)-benzene (5, see Scheme 2) 

A colorless solution of 4 (150 mg, 345 µmol) in dry MeCN (10 mL) was treated at once with 

[Pd(NCMe)4](BF4)2 (0.14 g, 315 µmol), which immediately led to the formation of a bright orange 

solution. The solution was stirred for 64 h at room temperature and evaporated to dryness. The remaining 

orange solid was stirred with CHCl3 (20 mL) and brine (20 mL) for 30 min and the organic layer was 

isolated, dried (MgSO4), and filtered over Celite. The resulting orange filtrate was concentrated to 10 mL 

and hexanes (50 mL) were added to induce precipitation of 5 as a yellow, microcrystalline solid. Yield: 160 

mg (88%). 1H NMR (CDCl3):  = 7.75 (d, 3JHH = 8.0 Hz, 4H, ArH), 7.38 (d, 3JHH = 8.0 Hz, 4H, ArH), 6.98 

(m, 3H, ArH), 4.58 (br s, 4H, CH2S), 1.29 (s, 18H, C(CH3)3) ppm; 13C{1H} NMR (CDCl3):  = 161.4, 

153.4, 150.0, 131.6, 129.2, 127.0, 125.0, 122.3, 52.3, 35.0, 31.4 ppm; UV/Vis [ max (log ), CH2Cl2]: 238 

(4.59), 331 (3.74) nm; Anal. calcd. for C28H33ClPdS2: C 58.43, H 5.78, S 11.14%; found: C 58.28, H 5.72, 

S 11.20%.  

 

General procedure for the Heck reaction: 
A flame-dried Schlenk tube was charged with DMF (7.89 mL), pentadecane (550 µL, 2.00 mmol), freshly 

distilled iodobenzene (448 µL, 4.00 mmol), styrene (687 µL, 6.00 mmol), and triethylamine (836 µL, 6.00 

mmol) and the solution (total volume: 10.0 mL) was heated to 119 ºC. In a separate vial, the respective pre-

catalyst (2.00 µmol 2(M); 8.00 µmol [Pd] or a mixture of 8.00 µmol 5 and 2.00 µmol 6(M)) was weighed 

accurately and the pre-heated substrate solution was subsequently added at once via syringe (t = 0). The 

solution was immediately immersed in a pre-heated (119 ºC) carrousel reactor and magnetically stirred at 

800 rpm under air. The reactions were shielded from ambient light with aluminum foil. Samples ( 30 µL) 

for substrate/product analysis were taken at regular time intervals and diluted in a GC vial with Et2O ( 1.5 

mL). Samples for UV/Vis measurements ( 20 µL) were diluted in a cuvette containing dry, de-oxygenated 

CH2Cl2 (3.0 mL) and the sample was immediately measured. 
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6.1 Introduction 

ECE-pincer metal complexes have found extensive application as catalysts in many organic 
transformations.1-11 Their widespread use has been prompted by the ease of alteration of 
several key parameters of the pincer system. Chart 1 shows the general formula of such an 
organometallic pincer complex. It comprises a M–Caryl -bond that is kinetically stabilized by 

two flanking electron-donating groups E, forming an often very stable organometallic 
complex. Depending on the chelated metal, additional ligands (L) will occupy the remainder 

of the available coordination sites. By selecting specific combinations of M, E, and Ln, 
metallopincer complexes can be obtained with potential applications in research areas ranging 
from materials science12-18 and catalysis1-11,19 to sensing20,21 and bio-marking.22,23 As changes in 

these combinations greatly alter the properties of the ECE-pincer metal complexes, we have 
previously also investigated strategies to electronically tune the properties of a given ECE-
organometallic moiety. The pincer para-substituent Z proved key in this respect: Van de 

Kuil24 and Slagt25,26 found that in both NCN-pincer Ni and Pt complexes, the electron density 
on the metal center is proportional to the electron-withdrawing or -donating character of Z, as 
indexed by its Hammett parameter p. Variation of the para-substituent on ECE-pincer metal 

complexes is therefore a powerful tool in the development of catalysts and materials with 
well-defined and fine-tuned properties.27,28 The para-substituent has also been used 
extensively to graft and anchor pincer-metal complexes to a variety of materials and 

supports.13,17,29-46 
 

Chart 1 

E

M

E

LnZ

M = Li, Rh, Ru, Ni, Pd, Pt, Au
E = NR2, OR, PR2, SR, SeR

L = Lewis base, halide
n = 1, 2, 3

Z = para-substituent  
 

Although some substituents can be directly introduced at the para-position of the NCN-pincer 
metal moiety through electrophilic aromatic substitution, most of these direct methods 
employ rather harsh reaction conditions.25,47,48 In the majority of cases the introduction of a 

new para-substituent therefore involves considerable synthetic efforts. For this reason we set 
out to develop a modular way of changing the electronic properties of the pincer para-
substituent using mild techniques and requiring a minimal number of synthetic steps. A 

modular strategy for the variation of substituents may, furthermore, be a research tool of 
general interest, e.g., in catalyst optimization. 
 It has long been known that the electronic properties of a metalloporphyrin depend on the 
metal that is situated in its core.49-51 This is for instance manifested in the electrochemical and 

photophysical properties of metalloporphyrins. During the course of a few decades, a 
“periodic table of metalloporphyrins” has virtually been completed and essentially any metal 
can be successfully introduced in the porphyrin framework.52 Whereas in the beginning some 
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porphyrin metalation reactions still employed rather forcing conditions, milder ways have 
gradually been developed to introduce particular metals in very mild ways. These beneficial 
aspects of porphyrin chemistry encouraged us to synthesize ECE-pincer-porphyrin hybrids 

and to evaluate the potential of the metalloporphyrin to act as a modular pincer para-
substituent. In order to prevent a possible dilution of the effect of the porphyrin on the 
metallopincer, as might be the case when multiple metallopincer groups are attached (cf. the 
[M1(M2X)4] systems studied in Chapter 4), we set out to investigate meso-mono(NCN-pincer 

metal)-(metallo)porphyrin hybrids, [M1(M2X)] (see Chart 2). 
 

Chart 2 

N

N N

N
NMe2

M2

NMe2

M1 X

[M1(M2X)] 
M1 = 2H, Mg, Co, Ni, Zn 

M2 = Pd, Pt
X = Cl, Br

 
 
In this chapter, the synthesis of the ditopic pincer-porphyrin hybrid ligand system is described 
along with the stepwise and orthogonal metalation of each of the ligand sites. The effect of 

the metalloporphyrin para-substituent on the electron density of the NCN-pincer metal 
moiety and the resulting behavior of these compounds as homogeneous catalysts is discussed. 
 

 

6.2 Synthesis and Characterization 

Synthesis of the ditopic ligand. For the synthesis of the targeted mono(NCN-pincer)-
porphyrin hybrid ligand [2H(Br)] an Adler-type condensation reaction53 was employed, since 
Lindsey-type procedures were found to be less suitable in related cases.54,55 A synthetic 

strategy similar to that utilized for the synthesis of the tetrakis(NCN-pincer)-porphyrin 
hybrids as discussed in Chapters 2 and 4 was used, in which a benzaldehyde with two 
benzylic methoxide groups at its 3- and 5-position was employed in the porphyrin synthesis 

step (Scheme 1). To arrive at the desired 5-(NCN-pincer ligand)-10,15,20-tris(p-tolyl)-
substituted porphyrin framework, a statistical condensation reaction was employed. The 
previously described 3,5-bis(methoxymethyl)-4-bromobenzaldehyde 156 and p-tolualdehyde 
were reacted in a 1:5.8 molar ratio with pyrrole (6.8 equivalents) in refluxing propionic acid 

to give a mixture of meso-[3,5-bis(methoxymethyl)-4-bromophenyl]n-(p-tolyl)4–n porphyrins 
(n = 0–4). After oxidation with DDQ in CH2Cl2 to remove chlorin impurities, the mixture was 
subjected to column chromatography on silicagel. The polarity difference of the 3,5-

bis(methoxymethyl)-4-bromophenyl- and p-tolyl-substituents allowed for the separation of 
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each of the porphyrin components of the mixture to give the desired 5-[3,5-
bis(methoxymethyl)-4-bromophenyl]-10,15,20-tris(p-tolyl)porphyrin (2) in 7.4% yield. The 
by-products 5,15-bis[3,5-bis(methoxymethyl)-4-bromophenyl]-10,20-bis(p-tolyl)-porphyrin 

and meso-tetrakis(p-tolyl)porphyrin (TTP) were isolated in 1.0% and 13% yield, respectively.  
 

N

NH N

HN
E

Br

E

7.4%

i

O

Br

O

MeO OMe

5.8+

1

2: E = OMe
3: E = Br
[2H(Br)]: E = NMe2

ii

iii

+   by-products

 

Scheme 1. Synthetic route toward [2H(Br)]: i) a. pyrrole, propionic acid, ; b. DDQ, CH2Cl2; ii) 33% 

HBr/HOAc, CH2Cl2; iii) HNMe2, CH2Cl2. 

 
The AB3 substitution pattern of 2 was readily apparent from its 1H NMR spectrum (300 
MHz), which showed three types of -H signals (see Figure 1).  

 

 

Figure 1. 1H NMR spectrum of 2 in CDCl3 at 25 ºC. 

The magnetical non-equivalence of the protons at the 2- and 8-positions (i in Figure 1) with 
respect to those at the 3- and 7-positions (j) on the porphyrin ring leads to an AB-pattern at  
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= 8.87 and 8.81 ppm (3JHH = 4.8 Hz). On the other hand, the two sets of -protons situated in 

between the two different p-tolyl groups (d and e) are giving rise to an apparent singlet at  = 

8.86 ppm. The integral ratio of the peaks corresponding to the pincer aryl-protons and the p-
tolyl aryl-protons (2:12) provided further evidence for the expected one-to-three ratio and 

thus for the desired structure. The symmetry of the molecule was further corroborated by 13C 
NMR spectroscopy, which typically showed three signals with approximate intensities of 
1:2:1 in the Cmeso region (   120 ppm).57  

 The effective method of HBr/HOAc treatment55,58 was subsequently applied to convert 2 
into 5-[3,5-bis(bromomethyl)-4-bromophenyl]-10,15,20-tris(p-tolyl)porphyrin (3) in 82% 

isolated yield (Scheme 1). When HBr/HOAc solutions containing traces of Br2 impurity were 
used, -bromination occurred to a small extent (  6% by 1H NMR). The desired ditopic ligand 

[2H(Br)] was obtained from the reaction of 3 with HNMe2 in 97% yield. All compounds were 
fully characterized by means of 1H and 13C{1H} NMR spectroscopy, UV/Vis spectroscopy, 
MALDI-TOF MS, and elemental analysis (see Experimental Section). 
 

Ligand metalation. In order to be able to introduce electronically diverse metals into the 
porphyrin skeleton that do not interfere with subsequent reactions at the pincer unit, e.g., 
halide abstraction with AgBF4 (vide infra), several metals were considered. It was decided to 

introduce relatively electronegative Co(II), electron richer Ni(II) and Zn(II), and 
electropositive Mg(II) in the porphyrin moiety of [2H(Br)]. For subsequent catalytic studies, 
the NCN-pincer Pd compounds are of interest, whereas the corresponding platinum 
compounds were also targeted in order to determine the electronic effects of the 

metalloporphyrin on the NCN-pincer metal group. To obtain the mono(NCN-metallopincer)-
metalloporphyrin hybrids, two different routes can be followed, each of which consists of a 
two-step protocol in which first one coordination site is metalated followed by the second 

one. Porphyrin metalation followed by pincer metalation will be referred to as Route A, while 
the strategy in which the pincer site is metalated prior to porphyrin metalation is named Route 
B (Scheme 2). Route A proved to be superior for all targeted [M1(M2X)] compounds. 
Whereas the final yields for Route A were approximately 80% over two steps, Route B only 

furnished around 60% of the desired final product (Table 1, vide infra). The low yields 
obtained via Route B are in most cases ascribed to the second step, i.e. porphyrin metalation 
in the presence of an already metalated NCN-pincer unit.  

 In all cases, the introduction of a metal in the porphyrin cavity of [2H(Br)] proceeded 
selectively and in high yields. Lindsey’s procedure59 to introduce Mg(II) by means of 
treatment with MgBr2 OEt2 in CH2Cl2 in the presence of Et3N gave [Mg(Br)] in 96% yield. 

Zinc was also routinely introduced using Zn(OAc)2 2H2O in a mixed solvent system of MeOH 

and CH2Cl2
60 to yield 89% of [Zn(Br)]. If the latter two compounds are precipitated from 

CH2Cl2 with hexanes, they form solid materials, which hardly re-dissolve in non-coordinating 
solvents. The relatively strong interaction of magnesium61,62 and zinc porphyrins63 with 

nitrogenous bases could induce the formation of supramolecular complexes consisting of two 
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or more [M1(Br)] units (M1 = Mg or Zn) with inherent solubility problems (see Chapter 3 for 
related meso-tetrakis(NCN-pincer ligand) zinc(II) porphyrins). Addition of coordinating 
solvents such as pyridine or THF, however, leads to rapid dissolution of [Mg(Br)] and 

[Zn(Br)] in CH2Cl2 and benzene, and hexanes to a lesser extent.  
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[2H(Br)]

[M1(Br)]: 
M1 = Mg, Co, Ni, Zn

[M1(M2X)] 
M1 = Mg, Co, Ni, Zn 
M2X = PdBr, PtCl

[2H(M2X)]
M2X = PdBr, PtCl

 

Scheme 2. Synthetic route toward bimetallic mono(NCN-pincer metal)-metalloporphyrin hybrids [M1(M2X)]: i) 
for M1 = Mg: MgBr2 OEt2, i-Pr2NEt, CH2Cl2; for M1 = Co: Co(OAc)2 4H2O, MeOH/CH2Cl2, ; for M1 = Ni: 

Ni(acac)2, toluene, , or Ni(OAc)2 2H2O, MeOH/CH2Cl2; for M1 = Zn: Zn(OAc)2 2H2O, MeOH/CH2Cl2; ii) for 

M2X = PdBr: [Pd2dba3] CHCl3, benzene; for M2X = PdCl: i) a. [Pd2dba3] CHCl3, benzene; b. NaCl, H2O/CH2Cl2; 

for M2X = PtCl: i) a. [Pt2dipdba3], benzene, ; b. AgBF4, Et3N, CH2Cl2; c. NaCl, H2O/CH2Cl2. 

 
In order to obtain final proof for the structure of [Mg(Br)] its bis(THF)-adduct 

{[Mg(Br)](THF)2} was analyzed by X-ray crystallography. Dark red crystals were grown 
from a mixed solvent system of CH2Cl2/hexanes/THF (40:20:1, v/v/v) by slow concentration 
through evaporation of the solvents. The molecular structure shows a central Mg atom that is 
surrounded by six ligands in a distorted octahedral ligand arrangement (Figure 2). Four 

pyrrolic nitrogen atoms provided by the porphyrin dianion occupy the meridional positions 
with Mg-N distances of 2.074(4)–2.077(4) Å. The two apical position are occupied by THF 
molecules, the oxygen atoms of which reside at 2.220(4) (O1) and 2.224(4) Å (O2) from the 

magnesium atom. The latter values are common for bis(oxygen) coordinated magnesium 
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porphyrins64 and significantly shorter than those found in the magnesium porphyrin bis-
adducts of nitrogenous bases such as pyridine (2.369(2) Å)65 and N-methylimidazole (2.297 
Å)66.  

 

 

Figure 2. Molecular structure of {[Mg(Br)](THF)2} with displacement ellipsoids at the 50% probability level. 

Hydrogen atoms and disordered solvent molecules have been omitted for clarity. Only one conformation of the 

orientationally disordered p-tolyl substituents is shown. Residual electron density in the proximity of C2, C3, 

and C12, C13, which is ascribed to partial bromination, has been left out as well. 

 

The porphyrin macrocycle adopts a wave-type non-planar deformation mode,67 with the N3- 
and N1-pyrrole rings tilted from planarity. The dihedral angles of the three meso-tolyl groups 
with respect to the central tetrapyrrolic macrocycle are between 61.0(2)º and 62.1(2)º, with 

the meso-3,5-bis[(dimethylamino)methyl]-4-bromophenyl group at 66.4(2)º. The 
crystallographic data furthermore show residual electron density at the positions close to C2, 
C3, C12, and C13. This is ascribed to a minor, partially -brominated contamination in the 

starting material, which apparently crystallizes preferentially. Besides confirming the 
proposed structure of [Mg(Br)], this structure furthermore substantiates the AB3 skeletal 
substitution pattern on the parent [2H(Br)] ligand and thus on all of its derivatives discussed 

in this chapter. 
 Nickel(II) porphyrin [Ni(Br)] was synthesized in 94% by nickelation of [2H(Br)] with 
Ni(acac)2 in boiling toluene. Cobalt(II) was introduced via treatment of [2H(Br)] with 
Co(OAc)2 4H2O

60 in a yield of 96%. The resulting [Co(Br)] was obtained as a highly air- and 

light-sensitive solid due to the dual presence of a Co(II) center and tertiary amine ligands 

within one molecule. In none of the cases, evidence was found for a competing metalation of 
the NCN-pincer ligand site during porphyrin metalation. 
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Pincer metalation. In order to metalate the pincer ligand of [M1(Br)] oxidative addition of 
the aryl bromide moiety to M(0) precursors was chosen as the metalation method. As we 
observed earlier, this mild method is very selective,56 and therefore ensures site-specific 

metalation, which is particularly important when the starting material is in its free-base form. 
 Thus, pincer palladation of all [M1(Br)] compounds (M1 = 2H, Mg, Co, Ni, Zn) 
proceeded smoothly with [Pd2dba3] CHCl3 in benzene at room temperature to furnish the 

corresponding [M1(PdBr)] complexes in good yields (see Table 1). During palladation of 
[Mg(Br)], halide exchange (Br/Cl) at Pd was found to be substantial. Most probably, the 
chloride ions originate from residual chloroform in the starting material, which can react with 

pincer metal complexes to give the corresponding ECE-pincer metal chloride complexes. 
Hence, the [Mg(PdX)] product mixture (X = Br, Cl) was converted into the analogous 
chloridopalladio(II) compound [Mg(PdCl)] using NaCl as the chloride source in a biphasic 

system of H2O and CH2Cl2. 
 Introduction of platinum proceeded similarly facile using 0.55 equivalents of [Pt2dipdba3] 
in benzene at reflux temperature to give the corresponding [M1(PtBr)] complexes (M1 = 2H, 
Mg, Ni, Zn). Unlike their tetrakis(pincer) substituted analogs,56 these complexes are 

sufficiently soluble in (combinations of) non-chlorinated solvents to allow for their isolation 
as the bromide complexes. To allow a direct comparison to the complexes described in 
Chapter 4 the chloride complexes seemed more relevant. Halide abstraction with AgBF4 

followed by treatment with brine proved to be the most effective and least time-consuming 
way to obtain the chloridoplatino(II) complexes. Since traces of moisture had rendered the 
used AgBF4 acidic, the halide abstraction reactions were carried out in the presence of a base 
to prevent de-metalation of the metalloporphyrin. Accordingly, the desired [M1(PtCl)] 
compounds were obtained in yields ranging from 88 to 95%.  
 
Porphyrin metalation after pincer metalation. Notwithstanding the successful and high-

yielding application of Route A for the synthesis of the hetero-bimetallic compounds, it is 
noteworthy that for a number of compounds Route B proved to be a valuable alternative. We 
set out to synthesize compounds [M1(PdBr)] (M1 = Ni, Zn) and [M1(PtCl)] (M1 = Mg, Ni, 
Zn) by porphyrin metalation of the corresponding free-base porphyrin precursors [2H(PdBr)] 
and [2H(PtCl)]. Ni(acac)2 could not be used as a nickelating agent, since the solubility of the 
free-base porphyrins in toluene is too low. The use of Ni(OAc)2 4H2O in a mixed solvent 

system (MeOH/CH2Cl2)
60 led to the formation of the desired compounds, [Ni(PdBr)] and 

[Ni(PtCl)], in satisfactory yields. Substantial amounts of unidentified by-product were 
observed in the 1H NMR spectra of the crude products, but fortunately these could be readily 

removed by column chromatography on silicagel. Similarly, zinc(II) could be introduced 
using the same procedure as for [Zn(Br)]. [Zn(PdBr)] and [Zn(PtCl)] were thus obtained in 
86 and 72% yield, respectively. Though the synthesis of [Mg(PdCl)] was not attempted via 
Route B, [Mg(PtCl)] was obtained by metalation of [2H(PtCl)] using Lindsey’s conditions.59 

All porphyrin metalation reactions were followed by UV/Vis spectroscopy. As soon as the 
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lowest energy absorption band of the free-base porphyrin ( 645 nm) had disappeared, 

indicating complete consumption of the starting material, the work-up was immediately 

performed in order to prevent product losses due to the formation of undesired by-products.  
 

Table 1. The dependence of overall yields (%) of [M1(M2X)] on the synthetic route. 

 Route A Route B 

[Co(PdBr)] 84 n/a 

[Mg(PdCl)] 84 n/a 

[Ni(PdBr)] 89 66 

[Zn(PdBr)] 82 76 

[Mg(PtCl)] 88 61 

[Ni(PtCl)] 86 57 

[Zn(PtCl)] 78 61 

 

 
Characterization of hetero-bimetallic compounds. All bimetallic complexes were fully 
characterized by a combination of 1H and 13C{1H} NMR spectroscopy, and UV/Vis 
spectroscopy. In addition, they were analyzed by MALDI-TOF mass spectrometry and 

elemental analysis. In every case, the 1H and 13C{1H} NMR spectra corroborated the AB3 
skeleton of the porphyrin. 13C{1H} NMR spectroscopy, for example, showed four peaks in the 
C  and C  regions57 around  = 150 and 131 ppm, respectively. Although not all peaks were 

resolved in each case, this clearly confirmed the presence of four magnetically unique C  and 

C  nuclei, which is as expected for an AB3 porphyrin. At larger distances from the porphyrin 

core, these differences fade, which is illustrated by the fact that the methyl-C atoms of the two 
non-equivalent p-tolyl groups resonate at almost identical frequencies. UV/Vis spectroscopy 
revealed that metalation of the NCN-pincer ligand moiety causes small perturbations of the 
electronic spectra. While metalloporphyrins [M1(Br)] exhibit spectra that are virtually 

identical to their TTP analogs, peripheral palladation and platination bring about small 
bathochromic shifts of the Soret band amounting to 1 and 3 nm, respectively. MALDI-TOF 

spectra invariably showed a number of peaks corresponding to the [M]+, [M – X]+, and [M – 
M2X]+ ions. The successful incorporation of palladium and platinum was illustrated by 1H 
NMR spectroscopy, which showed downfield shifts for the benzylic- and dimethylamino 

protons upon coordination of the NMe2 groupings to the metal center. Equally indicative were 
the substantial upfield shifts of the pincer aryl-protons by approximately 0.6 ppm after 
metalation of the NCN-pincer ligand unit. A further notable observation was that the 
solubility of [Mg(M2X)] and [Zn(M2X)] in non-coordinating solvents such as benzene and 

CH2Cl2 is dramatically enhanced in comparison with the parent metalloporphyrins. 1H NMR 
analyses confirmed that the parent [Mg(Br)] and [Zn(Br)] compounds exist as higher order 
aggregates in solution due to intermolecular M–N (M = Mg or Zn) interactions, while the 
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introduction of a metal in the pincer fragment leads to intramolecular coordination of the 
tertiary amines to palladium or platinum. 
 The platinum-containing [M1(PtCl)] compounds (M1 = 2H, Mg, Ni, Zn) were 

furthermore analyzed by 195Pt NMR spectroscopy, since it has been previously shown to be an 
invaluable tool for the analysis of the platinum-centered electron density in NCN-pincer 
platinum complexes.25,68 Samples were measured at 2-10 mM concentrations in CDCl3. It was 
found that for each compound the deviation of Pt was less than 1 ppm within this 

concentration range. In comparison with the range of Pt achievable by classical para-

substitution of NCN-pincer platinum complexes (between –3236 and –2992 ppm),25 the 
current span is modest (Table 2). However, these values are detectable and reproducible and, 
therefore, indicate a difference in the electron density at Pt as a direct consequence of a 

change of the porphyrin metal. 
 

Table 2. 195Pt NMR chemical shifts obtained from [M1(PtCl)]. 

 Pt (ppm)a 
p 

[2H(PtCl)] –3181 –0.25 

[Ni(PtCl)] –3183 –0.27 

[Zn(PtCl)] –3189 –0.30 

[Mg(PtCl)] –3196 –0.34 

[PtCl(NCN)] –3147 0.00 
aChemical shifts were referenced to an external standard (1 M Na2[PtCl6] in D2O) before each run. 

 

Compared to the parent [PtCl(NCN)] system, all para-porphyrin groups are electron donating. 
The obtained chemical shifts show that the electron density at Pt increases in the order M1 = 
2H < Ni < Zn < Mg. Interestingly, this order parallels the order of increasing energy of the 

HOMO of the respective metal complex of the corresponding tetraphenylporphyrin (TPP) 
complexes, i.e. the order of increasing ability to donate electron density.51,69,70,71 The fact that 
the 195Pt NMR resonance frequencies of a number of para-substituted NCN-pincer PtCl 
([PtCl(NCN-Z)], Z = para-substituent) are known, allowed us to deduce Hammett substituent 

constants for the [5,10,15-tris(p-tolyl)porphyrinato]M1(II) group as a whole. To this end, we 
used Slagt’s formula (Eq. 1):72 
 

(195Pt) =170.8 p 3137.8        (Eq. 1) 

 
The results are summarized in Table 2. A comparison of the values found for the classical 

para-substituted systems and the current para-metalloporphyrin substituted systems leads to 
the conclusion that, with direct Cmeso-Cpara bonding, the electronic influence exerted by a 
[5,10,15-tris(p-tolyl)porphyrinato]magnesium(II) group quite closely matches that of a 
phenolic OH group (viz. p = –0.34 and –0.37, respectively).73 On the other end of the 
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admittedly moderate spectrum, the free-base 5,10,15-tris(p-tolyl)porphyrin para-substituent 
comes electronically closer to a tert-butyl substituent. 
 

 

6.3 Catalysis 

NCN-pincer metal complexes have been extensively employed as homogeneous catalysts for 
C–C coupling reactions. In this respect, the Lewis acid catalyzed Michael addition of -cyano 

carboxylates to alkyl vinyl ketones has been the subject of specific focus.32,74-80 The 
relationship between the catalytic activities of several para-substituted NCN-pincer palladium 
aqua complexes [Pd(NCN-Z)OH2]BF4 (Z = para-substituent) in this reaction and the nature of 

the para-substituent was recently investigated by Van Koten et al.76 They found that, although 
modest, there is an effect of the para-substituent on the catalytic performance of the nearby 
palladium(II) center. While the reaction is relatively slow when either an electron-donating or 

-withdrawing substituent is present at the para-position, there seems to be an optimum in the 
catalytic activity of the NCN-pincer palladium system when the Hammett parameter of its 
para-substituent approaches 0. Likewise, Richards found that the introduction of a para-nitro 
substituent in similar Phebox-platinum complexes led to a tenfold decrease of its activity in 

the same Michael addition compared to the para-H analog.78 These findings prompted us to 
investigate the [M1(M2X)] hybrids complexes in the same Michael reaction. 
 

Cationic palladium complexes. In order to use them as catalysts in the double Michael 
addition reaction the neutral complexes [2H(PdBr)], [Mg(PdCl)], [Co(PdBr)], [Ni(PdBr)], 
and [Zn(PdBr)] had to be converted into the corresponding cationic complexes 
[M1(PdOH2)]BF4. To this end, these compounds were reacted with an excess of AgBF4 (1.4–
1.9 equivalents) in CH2Cl2 in the presence of an excess of the base i-Pr2NEt ( 30 equivalents) 

(Scheme 3).  
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Scheme 3. Synthesis of cationic aqua complexes [M1(PdOH2)]BF4: i) AgBF4, i-Pr2NEt, CH2Cl2, H2O. 
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Use of the latter was imperative since, in our case, AgBF4 always seemed to contain traces of 
acid, which readily led to partial demetalation of the magnesium(II) and zinc(II) porphyrins. 
Additionally, its non-nucleophilic character ensured that the corresponding cationic 

complexes could be obtained in their aqua-form. After completion of the halide abstraction, 
the product mixtures were filtered over Celite to remove AgX and non-dissolved AgBF4. 
After evaporation, the filtrates were thoroughly washed with H2O, which removed i-
Pr2NEt HX and residual silver salts, and with hexanes, which eliminated remaining i-Pr2NEt. 

Final purification was achieved by precipitation of the desired cationic complexes from a 
solution in acetone/MeOH with hexanes or Et2O. For the synthesis of [2H(PdOH2)]BF4 a 

slightly modified procedure without base was used, because it was envisaged that it might 
accelerate the introduction of silver into the porphyrin moiety. Thus, addition of AgBF4 led to 
quick formation of a greenish reaction mixture, which, after removal of silver salts, turned red 

again upon addition of base. 1H NMR spectroscopy confirmed the free-base identity of the 
porphyrin part as the signals corresponding to the pyrrolic protons at  = –2.81 ppm 

integrated for two with respect to the benzylic signals. Unfortunately, attempts to 
dehalogenate [Co(PdBr)] failed due to its tendency to (partially) oxidize to the corresponding 
Co(III) species and the synthesis of [Co(PdOH2)]BF4 was therefore abandoned. 
 1H and 19F NMR spectroscopy, and TLC analyses81 substantiated the successful syntheses 

of the cationic complexes. Moreover, MALDI-TOF mass spectrometry was particularly 
diagnostic. With 9-nitroanthracene (9NA) as matrix, the parent halidopalladio(II) complexes 
[M1(PdX)] exhibited a strong molecular ion peak in every case (vide supra), in addition to the 

[M–X]+ peak. In the cationic aqua complexes [M1(PdOH2)]BF4, however, the signals 
corresponding to the halidopalladio(II) compound were completely absent, indicating a full 
conversion to the cationic complex. These aqua complexes were not stored prior to use, but 
synthesized and immediately used in the catalysis experiments. 

 
Catalytic double Michael addition. The catalysts (0.5% Pd) were accurately weighed into a 
reaction flask and CH2Cl2 was added, leading to a suspension. Upon subsequent addition of 
ethyl -cyanoacetate (CN, 1 equivalent) all solids dissolved. Methyl vinyl ketone (MVK, 3 

equivalents) was added and the double Michael addition (Reaction 1) was initiated by 

addition of Hünig’s base (i-Pr2NEt, 0.1 equivalent), and the reaction progress was followed by 
1H NMR spectroscopy.76,82  
 

  

NC CO2Et
O

2+

NC CO2Et

O O
0.5 mol% [Pd], i-Pr2NEt

CH2Cl2

CN MVK      (Reaction 1) 

 
The catalytic results are summarized in Figure 3 and in Table 3. The data show that the 

catalytic activities of [2H(PdOH2)]BF4, [Ni(PdOH2)]BF4, and [Zn(PdOH2)]BF4 are 
remarkably similar to that of the non-porphyrin substituted compound [Pd(NCN)OH2]BF4.

83 
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Apparently, the intramolecular influence of the (metallo)porphyrin on the palladium(II) center 
is too small to cause significant differences. A remarkable effect, however, was observed for 
the magnesium(II) porphyrin-containing [Mg(PdOH2)]BF4, whose kobs is more than six-fold 

higher than that of [Pd(NCN)OH2]BF4. Plotting –ln([Q]/[Q]0) vs. time revealed that the 
reaction is first order in both Q = CN and Q = MVK for all catalysts. 
 

 

Figure 3. Plots of 1000{–ln([CN]/[CN]0)} vs. time for cationic NCN-pincer palladium complexes. 

 
Table 3. Catalytic results of the catalysts (1.60 mM) used for the double Michael addition. 

Catalyst  kobs (  10–6 s–1)a t1/2 (min)b 

[Pd(NCN)OH2]BF4 300 39 

[2H(PdOH2)]BF4 280 41 

[Mg(PdOH2)]BF4 1919 6 

[Ni(PdOH2)]BF4 305 38 

[Zn(PdOH2)]BF4 298 39 

2HTTP 6 1925 

MgTTP 26 444 

NiTTP 6 1925 

ZnTTP 7 1650 

AgX (X = Br, BF4) 6 1925 

[PdBr(NCN)] 6 1925 

blank 6 1925 
aDetermined by 1H NMR spectroscopy. The rate constant kobs was determined by plotting –ln([CN]/[CN]0) 

versus time in seconds. bt1/2 = ln2/(k  60) 

 
We anticipated that a fair comparison of the performances of the pincer-porphyrin hybrids 
would require a determination of the catalytic activities of their (metallo)porphyrin 

constituents MTTP (M = 2H, Mg, Ni, Zn) (Chart 3). 2HTTP, NiTTP,84 and ZnTTP85 were 
prepared according to literature procedures and MgTTP was prepared following Lindsey’s 
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procedure for the preparation of magnesium(II) porphyrins.59 As expected, it was found that 
TTP and NiTTP did not show any activity when compared to the blank reaction. However, 
ZnTTP showed some activity (36% conversion after 18 h compared to 28% for the blank). 

This is ascribed to the potential of the nitrile group of CN to coordinate to zinc(II), which also 
inductively renders its -CH2 protons more acidic. Whereas the increase in kobs from the 

background reaction to the ZnTTP-catalyzed reaction is only from 6 to 7  10–6 s–1, the 

catalytic activity of MgTTP increases rather substantially to a kobs of 26  10–6 s–1. 
 

Chart 3 
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N N
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[Pd(NCN)OH2]BF4

 
 
In order to investigate intermolecular effects in the Michael addition, several experiments 

involving the constituents of the pincer-porphyrin hybrids, [Pd(NCN)OH2]BF4 and MTTP, 
were conducted. It was found that the addition of stoichiometric amounts of either 2HTTP, 
NiTTP, or ZnTTP to catalytic runs of [Pd(NCN)OH2]BF4 did not lead to appreciable effects 
on the rate of the reaction. However, a dramatic increase in the rate was observed when one 

equivalent of MgTTP was used in combination with [Pd(NCN)OH2]BF4. Whereas kobs for 
[Pd(NCN)OH2]BF4 was found to be 300  10–6 s–1, addition of an equimolar amount of 

MgTTP (with respect to Pd) virtually doubled the reaction rate to kobs = 657  10–6 s–1 (Table 

4). Interestingly, this value is still a factor of three lower than that of [Mg(PdOH2)]BF4 itself, 

which indicates that its increased rate is not solely due the arbitrary combination of the two 
constituents.  
 Next, the reaction was performed at different concentrations of [Pd(NCN)OH2]BF4 and 

MgTTP and combinations thereof. Entries 1, 3, 4, and 5 of Table 4 show that a doubling of 
the concentration of [Pd(NCN)OH2]BF4 leads to an increase in reaction rate by a factor of 

2.3, which makes the order in [Pd(NCN)OH2]BF4 for this reaction amounting to 1.15 in the 

absence of MgTTP. When MgTTP is added to the catalytic system, it functions as a co-
catalyst. The addition of an equimolar amount of MgTTP leads to a 2.2 times faster reaction 
(cf. entries 1 and 6), while MgTTP itself is only a moderate catalyst (entry 2). Entries 1, 2, 7, 

8, and 9 show that the overall effect of [Pd(NCN)OH2]BF4 on the catalytic rate is larger than 
that of MgTTP. With respect to entry 8, the use of half the amount of [Pd(NCN)OH2]BF4 
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leads to a rate decrease of 54% (entry 9), whereas the use of a [Pd(NCN)OH2]BF4/MgTTP 
ratio of 2/1 leads to a drop in activity of only 39% (entry 7). This is in accord with the fact 
that [Pd(NCN)OH2]BF4 itself is a better catalyst than MgTTP. However, it is clear that the 

rate enhancement cannot be attributed to the mere sum of the catalytic activities of the two 
components. 
 

Table 4. Observed rate constants for different ratios of [Pd(NCN)OH2]BF4 and MgTTP. 

 [[Pd(NCN)OH2]BF4]  (mM) [MgTTP] (mM) kobs (  10–6 s–1) 

Entry 1 1.60 0.00 300 

Entry 2 0.00 1.60 26 

Entry 3 0.80 0.00 130 

Entry 4 0.40 0.00 55 

Entry 5 0.20 0.00 24 

Entry 6 1.60 1.60 657 

Entry 7 0.80 0.40 180 

Entry 8 0.80 0.80 294 

Entry 9 0.40 0.80 136 

 
On the other hand, when the two co-catalysts are merged within one molecule, as in 

[Mg(PdOH2]BF4, the situation changes rather dramatically. At the same total concentration 
of NCN-pincer palladium(II) aqua complex and magnesium(II) porphyrin, the rate of 
[Mg(PdOH2]BF4 exceeds that of a 1:1 combination of MgTTP and [Pd(NCN)OH2]BF4 by a 
factor of three (Table 5). For example, at a concentration of 1.60 mM the rate is  1919  10–6 

s–1 for [Mg(PdOH2]BF4 and 657  10–6 s–1 for the 1:1 combination of MgTTP and 

[Pd(NCN)OH2]BF4 (entry 1 vs. 4). At 0.80 mM, these rates have been reduced by a factor of 
approximately two to 897 and 294  10–6 s–1, respectively (entry 2 vs. 5). A further reduction 

of the concentration of [Mg(PdOH2]BF4 to 0.4 mM finally leads to a kobs of 411  10–6 s–1 

(entry 3). Consequently, it seems that for the three investigated concentrations, a doubling of 
the concentration brings about an approximate doubling in the activity. To a good 
approximation the reaction rate is first order in [Mg(PdOH2)]BF4, and also first order in the 
combination of MgTTP and [Pd(NCN)OH2]BF4. 

 
Table 5. Comparison of the catalytic activities of [Mg(PdOH2)]BF4 and combinations of its components. 

 [[Mg(PdOH2)]BF4] (mM)  kobs (  10–6 s–1) 

Entry 1 1.60  1919 

Entry 2 0.80  897 

Entry 3 0.40  411 

 [[Pd(NCN)OH2]BF4]  (mM) [MgTTP] (mM)  

Entry 4 1.60 1.60 657 

Entry 5 0.80 0.80 294 
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After the catalytic runs, the pincer-porphyrin hybrid catalysts could be efficiently precipitated 
from the reaction mixtures. The addition of hexanes to the (complete) catalytic runs brought 
about a greater than 99.9% precipitation of the catalysts (as judged from UV/Vis spectra of 

the hexane layer), which were isolated as their complexes with the reaction product. The re-
application of these complexes as catalysts in the same double Michael addition reaction led 
to identical activities for at least two consecutive runs. 
 

 

6.4 Discussion 

Intramolecular interaction. The mono(NCN-pincer metal)-metalloporphyrin hybrid 
complexes described here are best compared to the tetrakis(NCN-pincer metal)-
metalloporphyrin hybrid complexes described earlier,56 regarding their physical properties 

and, consequently, regarding the interactions between the metal sites within these complexes. 
The metalation of the meso-NCN-pincer ligands of a tetrakis(NCN-pincer)-metalloporphyrin 
causes a substantial bathochromic shift of the Soret band in the electronic spectra of the 
molecule ( max  4 nm for palladation and 12 nm for platination).56 This was ascribed to an 

electronic interaction between the porphyrin and the meso-phenyl groups, caused by 

peripheral palladation or platination. Given the smaller changes of the Soret band of the 
present mono(NCN-pincer)-metalloporphyrin hybrids upon metalation of the pincer sites 
( max  1 nm for palladation and 3 nm for platination), it seems that this effect is in fact 

cumulative. From preliminary 195Pt NMR studies it was concluded that in the tetra-substituted 
systems the electronic properties of the porphyrin are passed on to the peripheral metal 

centers.56 In light of the cumulative effect of the metallopincer moieties on the porphyrin core, 
we anticipated a potential dilution of the effects of the porphyrin on multiple NCN-pincer 
metal centers. As it turns out, 195Pt NMR spectroscopy on these systems showed that mono-
substitution of the porphyrin core does not lead to an enhanced effect of the metalloporphyrin 

on the NCN-pincer metal center of the mono-systems compared to those of the tetrakis-
systems. In fact, the Pt range obtained for the tetra-pincer-porphyrin hybrids [M1(PtCl)4] 

seems to exceed that of the corresponding mono-pincer-porphyrin hybrids [M1(PtCl)] (for M1 
= 2H, Ni, Zn), viz. 14 ppm for the former compared to 8 ppm for the latter. This might 
originate from a difference in electron-donating ability of the (metallo)porphyrin parts of 

these molecules. 
 The current research was initially aimed at intramolecularly influencing the catalytic 
properties of the NCN-pincer palladium centers by changing the electronic characteristics of 
their metalloporphyrin para-substituents through metalation with electronically diverse 

metals. When taking into account the small electronic effects exerted by the 
(metallo)porphyrin on the metallopincer moiety, as demonstrated by the rather small 
differences between the 195Pt NMR chemical shifts of different [M1(PtCl)] molecules, it is not 

surprising that the catalytic activities of [2H(PdOH2)]BF4, [Ni(PdOH2)]BF4, and 
[Zn(PdOH2)]BF4 are remarkably alike and virtually identical to that of [Pd(NCN)OH2]BF4. 
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The significant exception to this observation is [Mg(PdOH2)]BF4, which shows a six-fold 
higher catalytic activity compared to the other NCN-pincer Pd complexes. The 195Pt chemical 
shift of the related [Mg(PtCl)] strongly suggests that the exceedingly high activity of 

[Mg(PdOH2)]BF4 cannot be ascribed to intramolecular electronic effects brought about by 
the magnesium(II) porphyrin. The rate increase in the two-catalyst-systems consisting of 
[Pd(NCN)OH2]BF4 and MgTTP showed that, indeed, an intermolecular mechanism needs to 
be invoked, as the effect of MgTTP on the activity of [Pd(NCN)OH2]BF4 by far exceeds the 

expected increase in case these two metal-ligand moieties would only operate as independent 
catalysts.  
 

Bimetallic catalysis. In their work on NCN-pincer M-catalyzed (M = Pd, Pt) double Michael 
additions between -cyano acetates and methyl vinyl ketone, Richards and co-workers 

showed that the catalytic mechanism of these reactions operates by virtue of coordination of 
the nitrogen atom of the cyano group of the substrate to the palladium atom at the position 
trans with respect to the C–M -bond.74,75 This coordination event inductively lowers the pKa 

of the CH2 protons adjacent to the cyano group, leading to an enhanced deprotonation and 
reaction (Scheme 4). 
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Scheme 4. Proposed mechanisms and transition states for the catalyzed Michael addition reaction (R = H or 
CH2CH2C(O)CH3). The porphyrin p-tolyl substituents have been omitted for clarity 
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During the course of the research reported here, it was found that the reaction rate of the [Pd 
(NCN)OH2]BF4-catalyzed double Michael addition is first order in [CN], first order in 
[MVK] and approximately first order in [catalyst]. These findings indicate a transition state in 

which all three components are present, which is in accordance with the nucleophilic attack of 
the transient palladium-coordinated cyano-carbanion on the , -unsaturated ketone MVK 
(Scheme 4, TS 1). The order in [Pd(NCN)OH2]BF4 deviates somewhat from 1 ( 1.15), which 

shows that more than one catalytic mechanism is operative. This might indicate that, in 

addition to activating the cyano substrate, the palladium catalyst is also capable of activating 
the MVK towards nucleophilic attack (vide infra), albeit to a smaller extent. It was also found 
that MgTTP catalyzes the double Michael addition reaction, albeit with a rather low reaction 
rate (cf. kobs is 26  10–6 s–1 compared to 300  10–6 s–1 for [Pd(NCN)OH2]BF4). The catalytic 

effect of MgTTP is probably caused by coordination of either of the substrates to the 
magnesium center.  

 The observed rate increase upon combining MgTTP and [Pd(NCN)OH2]BF4 in a co-
catalytic mixture might be explained by the well-known ability of Lewis acids to catalyze 
Michael additions via coordination to, and concomitant activation of, Michael acceptor 

systems.86 For the co-catalytic set-up, we propose that MgTTP enhances the rate of reaction 
through activation of MVK toward nucleophilic attack by coordination to its carbonyl oxygen 
atom (Scheme 4, TS 2). It should be noted, however, that due to the substantial catalytic 
activity of [Pd(NCN)OH2]BF4 both the palladium-catalyzed reaction and the co-catalytic 

reaction are likely operating simultaneously and each contribute to the overall reaction rate. 
 Similar co-catalytic behavior has been observed before, for instance by Ito and co-
workers. They showed that nitriles, which are activated by coordination to rhodium, can be 
alkylated by using the ability of a co-catalytic palladium complex to generate electrophilic 3-

allyl species from allylic carbonates.87 A related effect was elegantly exploited by Jacobsen et 

al. in an enantioselective conjugate cyanation of unsatured imides.88 In what was coined as 
“cooperative dual catalysis”, they used a combination of a (salen)Al µ-oxo dimer and a 

(pybox)YbCl3 complex to greatly increase the rate and enantioselectivity of the reaction with 
respect to ones independently achieved by either of the two catalysts. 
 
Supramolecular catalysis. The one-to-one merger of MgTTP and [Pd(NCN)OH2]BF4 into 

one molecule, i.e. into [Mg(PdOH2)]BF4, leads to a threefold increase of its catalytic activity 
compared to the one found for a 1:1 mixture of its constituents (vide supra). Molecular 
modeling studies showed that the enhanced performance cannot be explained by the classical 

effect of bimetallic catalysis, i.e. wherein two intramolecular metal sites cooperate directly.89-

91 The distance between a palladium-coordinated CN carbanion and a magnesium-coordinated 
MVK reactant within the same pincer-porphyrin unit would be simply too large for a direct 
reaction to occur. Since the two substrates cannot react with each other intramolecularly, a 

different rationale for the rate enhancement is proposed here based on intermolecular 
arguments.  
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With an initial 200-fold excess of CN and a 600-fold excess of MVK it is plausible to assume 
that the pincer-porphyrin hybrids fully exist as substrate-coordinated species. The CN nitrile 
is coordinated to palladium while the magnesium(II) ions are coordinated to the MVK 
carbonyl atom. When the C  position of the coordinated CN group is deprotonated, each 

catalyst-substrate complex contains two activated substrate species (Scheme 5). 
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Scheme 5. Schematic depiction of the rate enhancement via supramolecular aggregation (top) and the possibility 

of intramolecular supramolecular catalysis (bottom) (R = H or CH2CH2C(O)CH3). Porphyrin p-tolyl substituents 

have been omitted for clarity. 

 
The moment two such perligated molecules approach each other, the first Michael addition is 
intermolecular (situation I, Scheme 5). The occurrence of this reaction at the same time 

interconnects the two pincer-porphyrin hybrids via two coordination bonds (Mg–O and Pd–N 
bonds), which would make the second Michael addition on the opposite site of the complex 
an intramolecular reaction and hence would lead to a rate enhancement (situation II in 
Scheme 5). For as long as one product molecule bridges between the magnesium atom of one 

pincer-porphyrin hybrid on one side and a palladium atom of a second hybrid (site A, bottom 
of Scheme 5), the other side of the molecule (site B) is ideally suited for taking part in 
cooperative dual catalysis wherein the two partaking catalysts are joined in a supramolecular 

way. The probability that the two pincer-porphyrin hybrids remain interconnected during 
catalysis is increased by the presence of two ketone groups in the ultimate double Michael 
addition product. 
 The fact that the rate of the pincer-magnesium porphyrin hybrid-catalyzed double 

Michael addition is three times faster than when it is catalyzed by the combination of its 
constituents can be accounted for by the supramolecular mechanism outlined in Scheme 5 in 
which catalyst “dimers” participate. In principle, catalysts operating via such a mechanism 
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would be sensitive to dilution effects. It is found, however, that the reaction is approximately 
first order in hybrid catalyst, i.e. the rate drops by a factor of two when the catalyst 
concentration is reduced by a factor of two. The capabilities of both the mono- and the bis-

Michael product to bridge between the magnesium center of one pincer-porphyrin hybrid 
molecule and the palladium site of another hybrid, may lead to additional stabilization of the 
catalyst “dimer” (Scheme 5, bottom). In this way, a (short-lived) supramolecular catalyst 
“dimer” is formed that is not sensitive to dilution effects. 

 It is worthwhile to discuss the differences between the similar zinc(II) and magnesium(II) 
porphyrins, since, unlike their magnesium(II) relatives, none of the catalyst(-mixtures) 
containing ZnTTP or [Zn(PdOH2)]BF4 showed a significant increase in activity. While their 

sizes are similar, zinc(II) is considered to be a “softer” metal than magnesium(II).92,93 In a 
number of cases, this has led to intricate differences between their reactivities in identical 
ligand systems.94,95 Being a hard ion, magnesium(II) prefers to bind to hard oxygen-containing 
ligands such as carbonyls,96,97 while the interaction of zinc(II) porphyrins with ketones is 

known to be extremely weak.98 For the current situation, these findings lead to the much 
stronger coordination of MVK to magnesium compared to zinc,99 which would lead to a more 
efficient activation of MVK. 

 
 

6.5 Conclusions 

A series of hetero-bimetallic mono-pincer-porphyrin hybrids have been synthesized in 
excellent yields. Two routes were employed to arrive at these compounds, namely Route A, in 

which the porphyrin is metalated prior to pincer metalation and Route B, in which the latter 
precedes the former. In all cases, Route A proved to be the highest yielding, although it 
sacrifices the modular approach of the synthesis route to a certain extent. In accordance with 
195Pt NMR measurements on [M1(PtCl)] (M1 = 2H, Mg, Ni, Zn), which did not show a strong 
influence of the metalloporphyrin pincer-para substituent on the electron density at the Pt 
center, the catalytic activities of the corresponding cationic palladium complexes 
[M1(PdOH2)]BF4 (M

1 = 2H, Ni, Zn) in the double Michael reaction of ethyl -cyanoacetate 

with methyl vinyl ketone turned out to be very similar and comparable to the value found for 
[Pd(NCN)OH2]BF4. To genuinely promote a through-bond influence of the porphyrin on the 

pincer, several times greater than the ones we observe in the current systems, it is advisable to 
introduce a spacer in between the two constituents that allows for co-planarity of the two 
attached -systems. In this respect, the ethyn-diyl spacer has proven to be highly promising in 

related systems.100-102 
 Surprisingly, however, the magnesium-palladium hybrid [Mg(PdOH2)]BF4 catalyzed the 

double Michael reaction six times faster than all other hybrids. Control experiments showed 
that this observation could partially be attributed to the activating effect of the magnesium(II) 
porphyrin moiety on MVK, which leads to a cooperative dual catalysis mechanism in which 
the CN-substrate is activated by the pincer-Pd fragment while the magnesium porphyrin 
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activates the MVK substrate. To fully account for the enhanced activity of [Mg(PdOH2)]BF4, 
though, a supramolecular mechanism has been proposed. It is invoked that the rate 
enhancement is based on the supramolecular formation of a two substrate-catalyst complex 

intermediate, which leads to a fast intramolecular catalysis reaction instead of a slower 
intermolecular reaction. To the best of our knowledge, this is one of the first examples in 
which such a supramolecular catalysis behavior is operative. It shows the promising 
application of the concept of “cooperative dual catalysis” but also underlines the possibility of 

enhancing the catalytic properties of these systems even more by merging or interconnecting 
the collaborating catalysts.  
 

 

6.6 Experimental Section 

General. All reactions were performed under a dry, oxygen-free nitrogen atmosphere using standard 

Schlenk techniques and shielded from ambient light using aluminum foil. Et2O and THF were carefully 

dried and distilled from sodium/benzophenone prior to use, while CH2Cl2, Et3N, and i-Pr2NEt were distilled 

from CaH2. Pyrrole was distilled from CaH2 and stored at –30 °C. Methyl vinyl ketone and ethyl -

cyanoacetate were each distilled three times prior to use. All liquids were thoroughly degassed with a 

steady stream of nitrogen for at least 20 min before storage or use. 3,5-Bis(methoxymethyl)-4-bromo-

benzaldehyde (1),56 [Pd2dba3] CHCl3
103 and [Pt2dipdba3]

104 were synthesized according to literature 

procedures. Column chromatography was performed using ACROS silicagel for column chromatography, 

0.060–0.200 mm, pore diameter ca. 6 nm or Merck Aluminium oxide 90, active basic (0.063–0.200 mm). 
1H and 13C{1H} NMR spectra were recorded at 300 MHz and 75 MHz, respectively, on a Varian 300 

spectrometer operating at 298 K, and were referenced to residual solvent signal. The 13C NMR signals for 

the free-base porphyrin - and -carbon atoms were not resolved due to extreme line-broadening.105 

UV/Vis spectra were recorded on a Cary 50 scan UV-visible spectrophotometer. MALDI-TOF 

measurements were performed on an Applied Biosystems Voyager-DE PRO biospectrometry workstation 

with either 9-nitroanthracene (9NA) or 2,5-dihydroxybenzoic acid (DHB) as the matrix, or no matrix 

(LDI); ESI-MS measurements were performed at the Biomolecular Mass Spectrometry Group, Bijvoet 

Centre for Biomolecular Research, Utrecht University, the Netherlands. Elemental microanalyses were 

performed by Dornis und Kolbe, Mikroanalytisches Laboratorium, Müllheim a/d Ruhr, Germany. 

 

5-[3,5-bis(methoxymethyl)-4-bromophenyl]-10,15,20-tris(p-tolyl)porphyrin (2) 

Freshly distilled pyrrole (14.1 mL, 203 mmol) was added during 1 min to a colorless, refluxing solution of 

3,5-bis(methoxymethyl)-4-bromobenzaldehyde 1 (7.91 g, 29.0 mmol) and p-tolualdehyde (20.6 mL, 174 

mmol) in propionic acid (200 mL). The solution immediately darkened, eventually turning black, and was 

refluxed for a further 35 min under aerobic conditions. The solution was allowed to reach room 

temperature overnight, after which the purple microcrystalline precipitate was filtered off, and washed with 

MeOH until the washings were colorless. The residue was dissolved in CH2Cl2 (1.1 L), treated with DDQ 

(300 mg, 1.32 mmol) and the resulting orange mixture was stirred at ambient temperature for 30 min. The 

mixture was loaded onto a silicagel column, which was prepared with hexanes/CH2Cl2 (1:1, v/v). The first 

band was eluted with hexanes/CH2Cl2 (1:1 1:5, v/v) and the volatiles were evaporated to give TTP (3.71 

g, 13%). LDI-TOF MS: m/z 671.61 ([M]+), calcd. for C48H39N4: 671.32. The second band containing 2 was 

eluted with hexanes/CH2Cl2 (1:5, v/v) and CH2Cl2/THF (19:1, v/v). The volatiles were concentrated to 10 

mL and MeOH (80 mL) was added at once to induce precipitation of 2 as a fluffy solid. 1H NMR (CDCl3): 
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 = 8.87 (m, 6H, -H), 8.81 (d, 3JHH = 4.8 Hz, 2H, -H), 8.25 (s, 2H, ArHpincer), 8.09 (d, 3JHH = 7.8 Hz, 6H, 

ArHp-tol), 7.56 (d, 3JHH = 7.8 Hz, 6H, ArHp-tol), 4.85 (s, 4H, CH2O), 3.54 (s, 6H, OCH3), 2.71 (s, 9H, ArCH3), 

–2.78 (s, 2H, NH) ppm; 13C{1H} NMR (CDCl3):  = 141.6, 139.5, 139.4, 137.6, 136.5, 134.7, 134.2, 127.6, 

123.1, 120.7, 120.5, 118.6, 74.6, 59.0, 21.7 ppm; UV/Vis [ max (log ), CH2Cl2]: 419 (5.72), 516 (4.30), 553 

(4.04), 594 (3.77), 646 (3.77) nm; ESI-MS: m/z 825.11 ([M+H]+), calcd. for C51H44BrN4O2: 825.26; Anal. 

calcd. for C51H43BrN4O2: C 74.36, H 5.26, N 6.80%; found: C 74.24, H 5.20, N 6.71%. The third band was 

eluted with CH2Cl2/THF (19:1, v/v) and evaporated to dryness to give 5,15-bis[3,5-bis(methoxymethyl)-4-

bromophenyl]-10,20-bis(p-tolyl)porphyrin. 1H NMR (CDCl3):  = 8.87 (d, 3JHH = 4.8 Hz, 4H, -H), 8.81 (d, 
3JHH = 4.8 Hz, 4H, -H), 8.25 (s, 4H, ArHpincer), 8.09 (d, 3JHH = 7.8 Hz, 4H, ArHp-tol), 7.56 (d, 3JHH = 7.8 Hz, 

4H, ArHp-tol), 4.85 (s, 8H, CH2O), 3.54 (s, 12H, OCH3), 2.71 (s, 6H, ArCH3), –2.80 (s, 2H, NH) ppm. 

 

5-[3,5-bis(bromomethyl)-4-bromophenyl]-10,15,20-tris(p-tolyl)porphyrin (3) 

A suspension of 2 (483 mg, 586 µmol) in CH2Cl2 (43 mL) was treated with HBr/HOAc (185 mL) and the 

resulting green solution was stirred for 4.5 h at room temperature. Ice water was added and after 10 min, 

the layers were separated. The organic layer was washed with H2O (100 mL), 4 M K2CO3 (2  100 mL) 

(the organic layer now turned red), dried (MgSO4), filtered, and concentrated to 40 mL. The red solution 

was loaded onto a silicagel column, and the desired product was eluted as the first red band with 

CH2Cl2/hexane (1:1, v/v). This band was collected, evaporated to 20 mL and hexane was added to induce 

precipitation of the title compound as a purple solid. Yield: 439 mg (82%). 1H NMR (CDCl3):  = 8.92 (d, 
3JHH = 4.8 Hz, 2H, -H), 8.87 (s, 4H, -H), 8.80 (d, 3JHH = 4.8 Hz, 2H, -H), 8.28 (s, 2H, ArHpincer), 8.09 (d, 
3JHH = 7.8 Hz, 6H, ArHp-tol), 7.56 (d, 3JHH = 7.8 Hz, 6H, ArHp-tol), 4.92 (s, 4H, CH2Br), 2.71 (s, 9H, ArCH3), 

–2.79 (s, 2H, NH) ppm; 13C{1H} NMR (CDCl3):  = 142.6, 139.3, 139.2, 137.6, 137.6, 137.1, 137.0, 134.6, 

127.6, 126.4, 121.0, 120.7, 116.5, 34.1, 21.7 ppm; UV/Vis [ max (log ), CH2Cl2]: 420 (5.71), 516 (4.32), 

552 (4.00), 592 (3.82), 647 (3.74) nm; MALDI-TOF MS (DHB): m/z 923.01 ([M+H]+), calcd. for 

C49H38Br3N4: 923.05; Anal. calcd. for C49H37Br3N4: C 63.86, H 4.05, N 6.08%; found: C 63.74, H 4.12, N 

5.96%. 

  

5-(3,5-bis[(dimethylamino)methyl]-4-bromophenyl)-10,15,20-tris(p-tolyl)porphyrin ([2H(Br)]) 
A dark red solution of 3 (288 mg, 312 µmol) in CH2Cl2 (40 mL) was treated with Me2NH (0.5 mL, excess) 

at room temperature and the solution was stirred for 3 h. Degassed H2O (40 mL) was added and after 3 h of 

vigorous stirring, the layers were separated and the organic layer was dried (MgSO4), filtered and 

concentrated with MeOH (100 mL) to 40 mL. The product was isolated as a purple solid. Yield: 258 mg 

(97%). 1H NMR (CDCl3):  = 8.88 (m, 6H, -H), 8.81 (d, 3JHH = 4.8 Hz, 2H, -H), 8.19 (s, 2H, ArHpincer), 

8.10 (d, 3JHH = 7.8 Hz, 6H, ArHp-tol), 7.56 (d, 3JHH = 7.8 Hz, 6H, ArHp-tol), 3.84 (s, 4H, CH2N), 2.71 (s, 9H, 

ArCH3), 2.43 (s, 12H, N(CH3)2), –2.77 (s, 2H, NH) ppm; 13C{1H} NMR (CDCl3):  = 140.9, 139.4, 139.4, 

137.5, 137.3, 135.6, 134.6, 127.6, 127.2, 120.5, 120.4, 118.8, 64.4, 46.0, 21.7 ppm; UV/Vis [ max (log ), 

CH2Cl2]: 419 (5.88), 517 (4.49), 552 (4.19), 592 (3.99), 648 (3.89) nm; MALDI-TOF MS (DHB): m/z 

849.86 ([M+H]+), calcd. for C53H50Br3N4: 850.32; Anal. calcd. for C53H49BrN6: C 74.90, H 5.81, N 9.89%; 

found: C 74.83, H 5.75, N 9.80%. 

 

5-(3,5-bis[(dimethylamino)methyl]-4-bromidopalladio(II)-phenyl)-10,15,20-tris(p-tolyl)porphyrin 

([2H(PdBr)]) 
[2H(Br)] (37 mg, 44 µmol) was dissolved in dry benzene (10 mL), [Pd2dba3] CHCl3 (25 mg, 24 µmol) was 

added, and the dark red solution stirred at ambient temperature for 16 h. MeOH (0.2 mL) and Et2NH (0.2 

mL) were then added and after three hours, the mixture was filtered over Celite and the residue was washed 

with benzene/acetone (1:1, v/v, 20 mL). The red filtrate was concentrated to 5 mL and hexanes (80 mL) 
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were added to precipitate the product [2H(PdBr)] as a purple solid, which was isolated by centrifugation. 

Possible dba contamination can be washed away with hexanes. Yield: 38 mg (90%). 1H NMR (CDCl3):  = 

8.85 (m, 8H, -H), 8.09 (ps d, 3JHH = 7.8 Hz, 6H, ArHp-tol), 7.59 (s, 2H, ArHpincer), 7.54 (ps d, 3JHH = 7.8 Hz, 

6H, ArHp-tol), 4.24 (s, 4H, CH2N), 3.17 (s, 12H, N(CH3)2), 2.71 (s, 6H, ArCH3), 2.70 (s, 3H, ArCH3), –2.77 

(s, 2H, NH) ppm; 13C{1H} NMR (CDCl3):  = 157.0, 143.3, 139.3, 139.0, 137.5, 137.5, 134.6, 131.2 (br), 

127.6, 126.3, 120.4, 120.3, 120.1, 74.8, 54.0, 31.1 ppm; UV/Vis [ max (log ), CH2Cl2]: 421 (5.79), 517 

(4.37), 554 (4.13), 595 (3.83), 651 (3.78) nm; MALDI-TOF MS (DHB): m/z 957.09 ([M+H]+), calcd. for 

C53H50BrN6Pd: 956.34; 874.97 ([M–Br]+), calcd. for C53H49N6Pd: 875.31; 769.77 ([M–PdBr]+), calcd. for 

C53H49N6: 769.40; Anal. calcd. for C53H49BrN6Pd: C 66.56, H 5.16, N 8.79%; found: C 66.48, H 5.04, N 

8.71%. 

 

[5-(3,5-bis[(dimethylamino)methyl]-4-bromophenyl)-10,15,20-tris(p-tolyl)porphyrinato]-
magnesium(II) ([Mg(Br)]) 
Magnesium was introduced by stirring a solution of [2H(Br)] (102 mg, 120 µmol) in a mixture of CH2Cl2 

(10 mL) and Et3N (1 mL) with MgBr2 OEt2 (668 mg, 2.59 mmol) at room temperature for 15 min. All 

volatiles were subsequently evaporated and the residue was suspended in CH2Cl2 and loaded onto an 

alumina column. Elution with Et3N/CH2Cl2 (1:200, v/v) gave residual starting material, whereas the desired 

product was eluted with THF/CH2Cl2 (1:10, v/v). The product-containing band was evaporated to dryness, 

toluene was added and the mixture was evaporated to dryness once again. The remaining solid was taken 

up in CH2Cl2 (40 mL) and washed with H2O (2  60 mL), K2CO3 (0.5 M, 2  60 mL), and brine (50 mL). 

The organic layer was dried (MgSO4), filtered and concentrated to 5 mL. Hexanes (50 mL) were added, the 

mixture was concentrated to 30 mL) and the precipitated blue/greenish solid was collected by 

centrifugation and dried in vacuo. Yield: 100 mg (96%). 1H NMR (CDCl3/1% pyridine-d5):  = 8.87 (m, 

6H, -H), 8.81 (d, 3JHH = 4.4 Hz, 2H, -H), 8.15 (s, 2H, ArH), 8.07 (d, 3JHH = 7.6 Hz, 6H, ArH), 7.51 (d, 
3JHH = 7.6 Hz, 6H, ArH), 3.81 (s, 4H, CH2N), 2.69 (s, 9H, ArCH3), 2.41 (s, 12H, N(CH3)2) ppm; 13C{1H} 

NMR (CDCl3/1% pyridine-d5):  = 150.3, 150.3, 150.0, 142.6, 141.1, 136.8, 136.7, 136.0, 134.8, 134.8, 

132.2, 132.0, 132.0, 131.5, 127.2, 126.8, 122.1, 121.9, 120.3, 64.5, 46.0, 21.7 ppm; UV/Vis [ max (log ), 

CH2Cl2]: 427 (5.84), 565 (4.33), 605 (4.11) nm; LDI-TOF MS: m/z 872.31 ([M]+), calcd. for 

C53H47BrMgN6: 872.29; Anal. calcd. for C53H47BrMgN6 CH2Cl2 3H2O 2C6H14: C 66.98, H 7.07, N 7.10%; 

found: C 66.90, H 6.85, N 6.87%. 

 

[5-(3,5-bis[(dimethylamino)methyl]-4-chloridopalladio(II)-phenyl)-10,15,20-tris(p-
tolyl)porphyrinato]magnesium(II) ([Mg(PdCl)]) 
[Pd2dba3] CHCl3 (48 mg, 46 µmol) and [Mg(Br)] (60 mg, 69 µmol) were weighed into a flame-dried 

Schlenk and dry benzene (30 mL) was added, yielding a reddish suspension. Dry THF (2 mL) was added 

whereupon all solids dissolved, and the solution was stirred for 3 h at room temperature. Et2NH (100 µL) 

and MeOH (100 µL) were then added and after an additional 2 h of stirring, the mixture was filtered over 

Celite and the residue was washed with acetone. All volatiles were evaporated and the resulting purple 

solid was stirred overnight in a mixture of CH2Cl2 (10 mL) and brine (10 mL). The organic layer was 

isolated, dried (MgSO4), filtered, and concentrated to 5 mL. Upon addition of hexanes (80 mL) the desired 

product precipitated as a greenish solid, which was isolated by centrifugation and dried in vacuo. Yield: 59 

mg (88%). 1H NMR (CDCl3/1% pyridine-d5):  = 8.87 (m, 8H, -H), 8.06 (m, 6H, ArHp-tol), 7.58 (s, 2H, 

ArHpincer), 7.50 (m, 6H, ArHp-tol), 4.20 (s, 4H, CH2N), 3.11 (s, 12H, N(CH3)2), 2.69 (s, 6H, ArCH3), 2.67 (s, 

3H, ArCH3) ppm; 13C{1H} NMR (CDCl3/1% pyridine-d5):  = 155.4, 150.4, 150.3, 150.2, 150.1, 142.8, 

141.1, 140.7, 136.8, 134.8, 132.0, 131.9, 131.7, 127.2, 126.6, 121.9, 121.8, 121.7, 75.1, 53.5, 21.7 ppm; 

UV/Vis [ max (log ), CH2Cl2]: 426 (5.84), 566 (4.39), 606 (4.20) nm; MALDI-TOF MS (9NA): m/z 934.63 
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([M]+), calcd. for C53H47ClMgN6Pd: 934.25; 897.53 ([M–Cl]+), calcd. for C53H47MgN6Pd: 897.54; 791.29 

([M–PdCl]+), calcd. for C53H47MgN6: 791.37; Anal. calcd. for C53H47ClMgN6Pd: C 68.14, H 5.07, N 9.00%; 

found: C 67.93, H 5.05, N 8.78%.  

 

[5-(3,5-bis[(dimethylamino)methyl]-4-bromophenyl)-10,15,20-tris(p-tolyl)porphyrinato]cobalt(II) 
([Co(Br)]) 
A dark red solution of [2H(Br)] (60.2 mg, 70.8 µmol) in CH2Cl2 (30 mL) was stirred at room temperature 

and a dark red solution of Co(OAc)2 4H2O (600 mg, 2.41 mmol) in hot MeOH (10 mL) was added. The 

solution was subsequently heated to reflux for 2 h and then stirred at ambient temperature for 12 h. The red 

suspension was washed with NaHCO3 (5% in H2O, 3  50 mL), H2O (3  50 mL), brine (50 mL), dried 

(MgSO4), and filtered. The clear, red filtrate was concentrated to dryness and stored in vacuo to give the 

title complex as a bright red solid. Yield: 61.8 mg (96%). Because of its instability, this compound was 

immediately used in the following step. UV/Vis [ max (rel. int.), CH2Cl2]: 412 (1.631), 529 (0.095) nm; 

MALDI-TOF MS (DHB): m/z 907.43 ([M+H]+), calcd. for C53H48BrN6Co: 907.24. 

 

[5-(3,5-bis[(dimethylamino)methyl]-4-bromidopalladio(II)-phenyl)-10,15,20-tris(p-
tolyl)porphyrinato]-cobalt(II) ([Co(PdBr)]) 
[Co(Br)] (60.8 mg, 67.2 µmol) was dissolved in benzene (20 mL) followed by [Pd2dba3] CHCl3 (40.0 mg, 

38.6 µmol) and the resulting dark solution was stirred during 48 h at ambient temperature. THF (3 mL) was 

subsequently added, followed by Et2NH (2 drops) after 2 h. After a further 3 h, all volatiles were 

evaporated in vacuo and the red residue was redissolved in benzene (20 mL) and filtered over Celite. The 

filtrate was concentrated to dryness and the resulting red solid was washed with pentane (3  50 mL) to 

give a red solid. Yield: 55.2 mg (81%). 1H NMR (CDCl3):  = 15.91 (br, 8H, -H), 13.06 (br, 6H, ArHp-tol), 

12.57 (br, 2H, ArHpincer), 9.74 (br, 6H, ArHp-tol), 5.47 (s, 4H, CH2N), 4.16 (s, 6H, ArCH3), 4.13 (s, 3H, 

ArCH3), 4.07 (s, 12H, N(CH3)2) ppm; UV/Vis [ max (rel. int.), CH2Cl2]: 413 (0.468), 530 (0.028) nm; 

MALDI-TOF MS (9NA): m/z 1013.73 ([M]+), calcd. for C53H47BrCoN6Pd: 1013.14; 932.51 ([M–Br]+), 

calcd. for: C53H47CoN6Pd: 932.23. 

 
[5-(3,5-bis[(dimethylamino)methyl]-4-bromophenyl)-10,15,20-tris(p-tolyl)porphyrinato]nickel(II) 
([Ni(Br)]) 
[2H(Br)] (23 mg, 27 µmol) and Ni(acac)2 (0.16 g, 623 µmol) were suspended in dry toluene and the 

mixture was heated to reflux for 2 h. All volatiles were subsequently evaporated in vacuo and the 

remaining orange solid was dissolved in CH2Cl2 (20 mL) and washed with 5% K2CO3 (4  40 mL). The 

organic layer was isolated, dried (MgSO4) and filtered over basic Al2O3 with THF/CH2Cl2 (1:49, v/v). The 

orange filtrate was concentrated to 3 mL, MeOH (50 mL) was added and the orange mixture was 

concentrated to 20 mL. After 1 h, the orange solid was isolated by centrifugation and dried in vacuo. Yield: 

23 mg (94%). 1H NMR (CDCl3):  = 8.77 (m, 6H, -H), 8.71 (d, 3JHH = 5.1 Hz, 2H, -H), 7.99 (s, 2H, 

ArHpincer), 7.89 (d, 3JHH = 7.5 Hz, 6H, ArHp-tol), 7.48 (d, 3JHH = 7.5 Hz, 6H, ArHp-tol), 3.78 (s, 4H, CH2N), 

2.65 (s, 9H, ArCH3), 2.39 (s, 12H, N(CH3)2) ppm; 13C{1H} NMR (CDCl3):  = 143.0, 143.0, 142.9, 142.6, 

139.6, 138.1, 137.5, 137.5, 134.8, 133.8, 133.7, 132.5, 132.3, 132.2, 131.8, 127.7, 127.1, 119.3, 119.2, 

117.8, 64.4, 45.9, 21.6 ppm; UV/Vis [ max (log ), CH2Cl2]: 416 (5.73), 528 (4.59) nm; MALDI-TOF MS 

(DHB): m/z 906.40 ([M+H]+), calcd. for C53H48BrN6Ni: 906.24. 
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[5-(3,5-bis[(dimethylamino)methyl]-4-bromidopalladio(II)-phenyl)-10,15,20-tris(p-
tolyl)porphyrinato]nickel(II) ([Ni(PdBr)]) 
Route A: [Ni(Br)] (54.0 mg, 59.6 µmol) and [Pd2dba3] CHCl3 (32 mg, 30.9 µmol) were dissolved in 

benzene (20 mL) and the dark red mixture was stirred at ambient temperature for 16 h. HNEt2 (5 drops) and 

MeOH (1 mL) were then added and after 3 h, the mixture was filtered over Celite and the residue was 

washed with benzene (20 mL). The dark red filtrate was concentrated to 10 mL, hexanes (40 mL) were 

added and the solution was concentrated to approximately 30 mL and stored for 2 h at –30 ºC. The formed 

dark orange precipitate was collected by centrifugation and sonicated with hexanes (40 mL) for 30 min and 

centrifuged again. The resulting orange solid was dried in vacuo. Yield: 56.0 mg (95%). 

 Route B: [2H(PdBr)] (36.8 mg, 38.5 µmol) was dissolved in CH2Cl2 (10 mL) and a saturated solution 

of Ni(OAc)2 4 H2O in MeOH (2 mL) was added under stirring. After 24 h at reflux temperature, the 

mixture was cooled to room temperature, extracted with H2O (4  10 mL), and the organic layer was dried 

(MgSO4), filtered, and concentrated to 5 mL. Addition of hexanes (30 mL) led to the full precipitation of 

the title compound as an orange solid. Yield: 29.7 mg (74%). 
1H NMR (CDCl3):  = 8.72 (m, 8H, -H), 7.88 (m, 6H, ArHp-tolyl), 7.44 (m, 6H, ArHp-tolyl), 7.33 (s, 2H, 

ArHpincer), 4.10 (s, 4H, CH2N), 3.06 (s, 12H, N(CH3)2), 2.62 (s, 6H, ArCH3), 2.60 (s, 3H, ArCH3) ppm; 
13C{1H} NMR (CDCl3):  = 157.1, 143.6, 143.0, 143.0, 143.0, 142.9, 138.2, 137.7, 133.9, 133.8, 132.4, 

132.3, 132.1, 127.8, 125.5, 119.3, 119.1, 74.8, 54.1, 21.7 ppm; UV/Vis [ max (log ), CH2Cl2]: 418 (5.74), 

530 (4.62) nm; MALDI-TOF MS (9NA): m/z 1011.66 ([M]+), calcd. for C53H47BrN6NiPd: 1011.15; 933.48 

([M–Br]+), calcd. for C53H47N6NiPd: 933.23; Anal. calcd. for C53H47BrN6NiPd: C 62.84, H 4.68, N 8.30%; 

found: C 63.06, H 4.75, N 8.21%.  

 

[5-(3,5-bis[(dimethylamino)methyl]-4-bromophenyl)-10,15,20-tris(p-tolyl)porphyrinato]zinc(II) 
([Zn(Br)]) 
[2H(Br)] (76.0 mg, 89.4 µmol) was dissolved in dry CH2Cl2, stirred at room temperature and shielded from 

ambient light with Al foil. Subsequently, a saturated solution of Zn(OAc)2 2H2O in degassed MeOH (2 mL, 

excess) was added and stirring was continued. After 30 min, degassed H2O (40 mL), CH2Cl2 (20 mL), and 

K2CO3 (6 M, 2 mL) were added and the phases were separated. The organic layer was washed with brine 

(30 mL), dried (MgSO4), filtered and loaded onto a silicagel column. Some contamination was eluted with 

CH2Cl2/hexanes (1:1, v/v) and the product with CH2Cl2/hexanes/THF (1:1:3, v/v/v) as a pink band. The 

volatiles were evaporated in vacuo and the purple residue was redissolved in CH2Cl2 (20 mL), hexanes (60 

mL) were added and the solution was concentrated to 20 mL. The precipitated pink solid was collected by 

centrifugation and dried in vacuo to give the very insoluble title compound. Yield: 71 mg (89%). 1H NMR 

(CDCl3/1% pyridine-d5):  = 8.86 (m, 6H, -H), 8.80 (d, 3JHH = 4.8 Hz, 2H, -H), 8.16 (s, 2H, ArHpincer), 

8.06 (ps d, 3JHH = 6.9 Hz, 6H, ArHp-tolyl), 7.50 (d, 3JHH = 6.9 Hz, 6H, ArHp-tolyl), 3.84 (s, 4H, CH2N), 2.68 (s, 

9H, ArCH3), 2.42 (s, 12H, N(CH3)2 ppm; 13C{1H} NMR (CDCl3/1% pyridine-d5):  = 150.4, 150.3, 150.0, 

142.4, 140.8, 136.9, 136.7, 135.9, 134.7, 132.0, 131.8, 131.7, 131.3, 127.2, 126.9, 121.0, 120.8, 119.2. 

64.5, 46.0, 21.7 ppm; UV/Vis [ max (log ), CH2Cl2]: 424 (5.76), 553 (4.34), 597 (3.84) nm; LDI-TOF MS: 

m/z 912.35 ([M]+), calcd. for C53H47BrN6Zn: 912.23; Anal. calcd. for C53H47BrN6Zn H2O: C 68.35, H 5.30, 

N 9.02%; found: C 68.70, H 5.75, N 8.36%. 

 

[5-(3,5-bis[(dimethylamino)methyl]-4-bromidopalladio(II)-phenyl)-10,15,20-tris(p-
tolyl)porphyrinato]zinc(II) ([Zn(PdBr)]) 
Route A: [Zn(Br)] (66.0 mg, 72.3 µmol) was dissolved in a mixture of benzene (20 mL) and THF (10 mL) 

and stirred at ambient temperature. [Pd2dba3] CHCl3 (43 mg, 41.5 µmol) was subsequently added and the 

dark red solution was subsequently stirred for 28 h. HNEt2 (1 mL) and MeOH (1 mL) were then added and 
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after 1 h, the mixture was filtered over Celite and the residue was washed with acetone/benzene (1:1, v/v, 

30 mL). The dark pink filtrate was concentrated to 10 mL, hexanes (40 mL) were added and the solution 

was concentrated to approximately 30 mL. The formed purple precipitate was collected by centrifugation 

and sonicated with hexanes (40 mL) for 30 min and centrifuged again. The resulting purple solid was dried 

in vacuo. Yield: 67.8 mg (92%). 

 Route B: [2H(PdBr)] (36.6 mg, 38.3 µmol) was dissolved in CH2Cl2 (8 mL) and a saturated solution 

of Zn(OAc)2 2H2O in MeOH (2 mL) was added under stirring. After 2 h at ambient temperature, the 

mixture was extracted with H2O (4  10 mL), dried (MgSO4) and filtered. The pink solution was filtered 

over silicagel with THF/CH2Cl2 (1:2, v/v), the first band was collected and concentrated to 3 mL. Addition 

of hexanes (30 mL) led to the full precipitation of the title compound as a red solid. Yield: 32.8 mg (84%).  
1H NMR (CDCl3/1% pyridine-d5):  = 8.89 (m, 8H, -H), 8.07 (m, 6H, ArH), 7.50 (m, 8H, ArH), 4.10 (s, 

4H, CH2N), 3.08 (s, 12H, N(CH3)2), 2.69 (s, 6H, ArCH3), 2.67 (s, 3H, ArCH3) ppm; 13C{1H} NMR 

(CDCl3/1% pyridine-d5):  = 156.4, 150.4, 150.4, 150.3, 150.2, 142.9, 140.8, 140.4, 136.9, 134.7, 131.8, 

131.7, 131.5, 127.3, 126.5, 120.9, 120.8, 120.6, 74.8, 54.1, 21.7 ppm; UV/Vis [ max (log ), CH2Cl2]: 422 

(5.78), 549 (4.36), 590 (3.89) nm; MALDI-TOF MS (9NA): m/z 1021.09 ([M]+), calcd. for 

C53H47BrN6PdZn: 1020.14; Anal. calcd. for C53H47BrN6PdZn: C 62.43, H 4.65, N 8.24%; found: C 62.29, H 

4.74, N 8.18%.  

 

5-(4-aquapalladio(II)-3,5-bis[(dimethylamino)methyl]phenyl)-10,15,20-tris(p-tolyl)porphyrin 

([2H(PdOH2)]BF4) 
[2H(PdBr)] (27 mg, 28 µmol) was dissolved in dry CH2Cl2 (30 mL) and the dark red solution was stirred 

at ambient temperature while shielded from light. Upon addition of AgBF4 (8 mg, 41 µmol) the mixture 

quickly turned green and after 5 min H2O (1 drop) was added and the mixture was filtered over Celite. The 

residue was washed with acetone (20 mL) to give a green filtrate. All volatiles were evaporated and the 

remaining dark residue was washed extensively with H2O (6  10 mL) on a plug of cotton. The latter was 

then extracted with acetone (10 mL) and the product mixture was precipitated with Et2O (40 mL). The solid 

was re-dissolved in acetone (30 mL), filtered over Celite and i-Pr2NEt (200 µL) was added, which restored 

the dark red color of the free-base porphyrin. All volatiles were evaporated and the red solid was washed 

with hexanes (3  50 mL) and sonicated with demi H2O (90 mL) for 1 h. The mixture was then again 

filtered over Celite and the residue was thoroughly washed with H2O (3  50 mL). The desired complex 

was then washed off with acetone/MeOH (2:1, v/v, 3  50 mL) to give a pink filtrate, which was 

evaporated to dryness. Acetone (20 mL) was added and the resulting mixture was treated with hexanes to 

yield the title compound as a red solid, which was isolated by centrifugation and thoroughly dried in vacuo. 

Yield: 22 mg (79%). 1H NMR (CD2Cl2/10% pyridine-d5):  = 8.91 (s, 4H, -H), 8.89 (s, 4H, -H), 8.11 (m, 

6H, ArHp-tolyl), 7.74 (s, 2H, ArHpincer), 7.60 (m, 6H, ArHp-tolyl), 4.41 (s, 4H, CH2N), 2.89 (s, 12H, N(CH3)2), 

2.72 (s, 6H, ArCH3), 2.67 (s, 3H, ArCH3), –2.81 (s, 2H, NH) ppm; 19F NMR (CD2Cl2/10% pyridine-d5):  = 

–153 ppm; MALDI-TOF MS (9NA): m/z 876.00 ([M–H2O–BF4]
+), calcd. for C53H49N6Pd: 875.31. 

 

[5-(4-aquapalladio(II)-3,5-bis[(dimethylamino)methyl]phenyl)-10,15,20-tris(p-tolyl)porphyrinato]-
magnesium(II) ([Mg(PdOH2)]BF4) 
[Mg(PdCl)] (28 mg, 29 µmol) was dissolved in dry CH2Cl2 (25 mL), i-Pr2NEt (700 µL) was added and the 

pink solution was stirred at ambient temperature while shielded from light. AgBF4 (10 mg, 51 µmol) was 

subsequently added and after 5 min the mixture was filtered over Celite and the residue was washed with 

acetone (20 mL). The filtrate was evaporated to dryness and the remaining dark residue was washed with 

hexanes (3  50 mL) and sonicated with demi H2O (90 mL) for 1 h. The mixture was then again filtered 

over Celite and the residue was thoroughly washed with demi H2O (3  50 mL). The desired complex was 
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then washed off with acetone/MeOH (2:1, v/v, 3  50 mL) to give a pink filtrate, which was evaporated to 

dryness. Acetone (20 mL) was added and the resulting mixture was treated with hexanes to yield the title 

compound as a pink solid, which was isolated by centrifugation and thoroughly dried in vacuo. Yield: 22 

mg (79%). 1H NMR (CD2Cl2/10% pyridine-d5):  = 8.90 (m, 8H, -H), 8.08 (m, 6H, ArH), 7.73 (s, 2H, 

ArH), 7.57 (m, 6H, ArH), 4.39 (s, 4H, CH2N), 2.88 (s, 12H, N(CH3)2), 2.72 (s, 6H, ArCH3), 2.71 (s, 3H, 

ArCH3) ppm; 19F NMR (CD2Cl2/10% pyridine-d5):  = –150 ppm; MALDI-TOF MS (9NA): m/z 896.43 

([M–H2O–BF4]
+), calcd. for C53H47N6MgPd: 897.28. 

 

[5-(4-aquapalladio(II)-3,5-bis[(dimethylamino)methyl]phenyl)-10,15,20-tris(p-tolyl)porphyrinato]-
nickel(II) ([Ni(PdOH2)]BF4) 
[Ni(PdBr)] (28.0 mg, 27.6 µmol) was dissolved in a mixture of CH2Cl2 (30 mL) and i-Pr2NEt (500 µL) and 

the resulting orange solution was stirred at room temperature. AgBF4 (11 mg, 56 µmol) was subsequently 

added followed by H2O (2 drops) after 15 min. The mixture was subsequently filtered over Celite and the 

residue was washed with MeOH/acetone (1:1, v/v, 20 mL). The orange filtrate was evaporated to dryness 

and sonicated for 40 min with demi H2O (40 mL). The mixture was filtered over a glass frit and the residue 

was thoroughly washed with H2O (4  50 mL). The residue was subsequently extracted with 

acetone/MeOH (3:1, v/v, 2  30 mL) and all volatiles were evaporated in vacuo. The residue was 

solubilized in hot acetone (30 mL), hexanes (40 mL) were added, and the mixture was concentrated to 20 

mL. The resulting red precipitate was collected by centrifugation and thoroughly dried in vacuo. Yield: 28 

mg (98%). 1H NMR (CD2Cl2/10% pyridine-d5):  = 8.85 (m, 8H, -H), 7.92 (m, 6H, ArH), 7.55 (s, 2H, 

ArH), 7.54 (m, 6H, ArH), 4.36 (s, 4H, CH2N), 2.85 (s, 12H, N(CH3)2), 2.67 (s, 9H, ArCH3) ppm; 19F NMR 

(CD2Cl2/10% pyridine-d5):  = –151 ppm; MALDI-TOF MS (9NA): m/z 933.64 ([M–H2O–BF4]
+), calcd. 

for C53H47N6NiPd: 933.23. 

 

[5-(4-aquapalladio(II)-3,5-bis[(dimethylamino)methyl]phenyl)-10,15,20-tris(p-tolyl)porphyrinato]-
zinc(II) ([Zn(PdOH2)]BF4) 
[Zn(PdBr)] (62 mg, 61 µmol) was dissolved in a mixture of CH2Cl2 (25 mL) and i-Pr2NEt (1 mL) and the 

resulting pink solution was stirred at room temperature. AgBF4 (20 mg, 102 µmol) was subsequently added 

followed by H2O (2 drops) after 15 min. The mixture was subsequently filtered over Celite and the residue 

was washed with MeOH/acetone (1:1, v/v, 40 mL). The purple filtrate was evaporated to dryness  and 

sonicated for 40 min with demi H2O (40 mL). The mixture was filtered over a glass frit and the residue was 

thoroughly washed with H2O (4  50 mL). The residue was subsequently extracted with acetone/MeOH 

(3:1, v/v, 3  50 mL) and all volatiles were evaporated in vacuo. The residue was solubilized in hot acetone 

(30 mL), hexanes (40 mL) were added, and the mixture was concentrated to 20 mL. The resulting red 

precipitate was collected by centrifugation and thoroughly dried in vacuo. Yield: 55 mg (86%). 1H NMR 

(acetone-d6/10% pyridine-d5):  = 8.87 (m, 8H, -H), 8.09 (m, 6H, ArH), 7.73 (s, 2H, ArH), 7.60 (m, 6H, 

ArH), 4.52 (s, 4H, CH2N), 2.97 (s, 12H, N(CH3)2), 2.70 (s, 6H, ArCH3), 2.69 (s, 6H, ArCH3) ppm; 19F 

NMR (CD2Cl2/10% pyridine-d5):  = –152 ppm; MALDI-TOF MS (9NA): m/z 939.43 ([M–H2O–BF4]
+), 

calcd. for C53H47N6PdZn: 939.22.  

 

5-(3,5-bis[(dimethylamino)methyl]-4-chloridoplatino(II)-phenyl)-10,15,20-tris(p-tolyl)porphyrin 

([2H(PtCl)]) 
[Pt2dipdba3] (374 mg, 278 µmol) was added to a degassed, dark red solution of 3 (438 mg, 515 µmol) in 

dry benzene (30 mL) and the dark purple solution was heated to reflux and stirred. The progress of the 

reaction was monitored by TLC (hexanes/THF, 1:1, v/v). After 5 h all Pt2(dipdba)3 had reacted but a bit of 

3 was still visible. Another 35 mg of Pt2(dipdba)3 were added, the mixture was heated for another 60 
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minutes to reflux after which time the black solution was cooled RT and evaporated to dryness in vacuo. 

THF (30 mL) was added and the dark solution was stirred overnight and filtered over Celite to give a dark 

red solution. After concentration of the filtrate to 5 mL hexanes (60 mL) were added and the precipitate 

was collected by centrifugation after 16 h at –30 ºC (514 mg). The compound was subsequently dissolved 

in CH2Cl2 (40 mL) and evaporated onto silicagel (20 g). The silicagel was poured on top of a silicagel 

column (prepared with 1% MeOH in CH2Cl2) and [2H(PtBr)] was eluted as the third band using a gradient 

of 1% MeOH to 3% MeOH. Yield: 480 mg (89%). 1H NMR (CDCl3):  = 8.86 (m, 8H, -H), 8.08 (ps d, 
3JHH = 7.8 Hz, 6H, ArHp-tol) 7.60 (s, 2H, ArHpincer), 7.54 (ps d, 3JHH = 7.8 Hz, 6H, ArHp-tol), 4.24 (s, 4H, 

CH2N), 3.29 (s, 12H, N(CH3)2), 2.71 (s, 6H, ArCH3), 2.70 (s, 3H, ArCH3), –2.75 (s, 2H, NH) ppm; 13C{1H} 

NMR (CDCl3):  = 145.9, 141.8, 139.4, 137.7, 137.5, 134.7, 134.6, 131.1 (b), 127.6, 126.2, 121.1, 120.3, 

120.2, 77.7, 55.5, 21.7 ppm; 195Pt NMR (CDCl3):  = –3196.1 ppm; MALDI-TOF MS (DHB): m/z 1044.00 

([M+H]+), calcd. for C53H50BrN6Pt: 1044.29; Anal. calcd. for C53H49BrN6: C 60.92, H 4.73, N 8.04%; 

found: C 60.78, H 4.66, N 7.86%. This material was dissolved in dry CH2Cl2 (30 mL) and the dark red 

solution was stirred at ambient temperature while shielded from light. Upon addition of AgBF4 (97.3 mg, 

500 µmol) the mixture quickly turned green. After 5 min, brine (50 mL) was added and the mixture was 

vigorously stirred for 2 h. The layers were separated and the organic layer was dried (MgSO4), filtered and 

concentrated to 20 mL. Addition of hexanes (60 mL) led to the precipitation of the title compound as a 

purple solid. Yield: 437 mg (95%). 1H NMR (CDCl3):  = 8.86 (m, 8H, -H), 8.08 (d, 3JHH = 7.8 Hz, 6H, 

ArHp-tol) 7.60 (s, 2H, ArHpincer), 7.55 (d, 3JHH = 7.8 Hz, 6H, ArHp-tol), 4.25 (s, 4H, CH2N), 3.26 (s, 12H, 

N(CH3)2), 2.71 (s, 6H, ArCH3), 2.70 (s, 3H, ArCH3), –2.75 (s, 2H, NH) ppm; 13C NMR (CDCl3):  = 144.8, 

141.8, 139.4, 137.6, 137.5, 134.7, 134.6, 131.1 (b), 127.6, 126.2, 121.1, 120.2 (2 ), 78.0, 54.8, 21.7 ppm; 
195Pt NMR (CDCl3):  = –3181 ppm; UV/Vis [ max (log ), CH2Cl2]: 423 (5.76), 517 (4.42), 555 (4.14), 594 

(3.97), 650 (3.84) nm; MALDI-TOF MS (2,5-dihydroxybenzoic acid) m/z 1001.23 ([M+H]+), calcd. for 

C53H50ClN6Pt: 1000.55. 

 

[5-(3,5-bis[(dimethylamino)methyl]-4-chloridoplatino(II)-phenyl)-10,15,20-tris(p-tolyl)porphyrinato]-
magnesium(II) ([Mg(PtCl)]) 
Route A: A suspension of [Mg(Br)] (42 mg, 48 µmol) and [Pt2dipdba3] (32 mg, 24 mmol) in dry benzene 

(10 mL) was treated with THF (3 mL) to give a clear solution. The dark solution was heated to reflux and 

stirring was continued for 3 h. The solution was allowed to cool down to ambient temperature, filtered over 

Celite and the filtrate was evaporated to dryness. The resulting greenish solid was sonicated with hexanes 

(70 mL) and isolated by centrifugation. It was re-dissolved in a mixture of CH2Cl2 (30 mL) and i-Pr2NEt (1 

mL), and subsequently treated with AgBF4 (10 mg, 51 µmol). After 5 min of stirring at room temperature, 

the mixture was diluted with brine (30 mL) and vigorously stirred for an additional 2 h. The layers were 

separated and the organic layer was dried (MgSO4), filtered, and concentrated to 5 mL. Addition of hexanes 

(40 mL) followed by concentration of the mixture to 20 mL led to the precipitation of the title compound as 

a greenish solid, which was dried in vacuo. Yield: 45 mg (92%). 

 Route B: A solution of [2H(PtCl)] (30 mg, 30 µmol) in dry CH2Cl2 (30 mL) was treated with i-Pr2NEt 

(1 mL) and MgBr2 OEt2 (500 mg, 1.94 mmol) and the mixture was stirred overnight at ambient 

temperature. The resulting pink solution was washed with 5% NaHCO3 (3  50 mL) and brine (2  50 mL) 

and loaded onto a column with alumina. The desired product was eluted with MeOH/CH2Cl2 (1:9, v/v). The 

volatiles were evaporated and the resulting solid was re-dissolved in CH2Cl2 (10 mL). Hexanes (60 mL) 

were added and the mixture was concentrated to 30 mL and the resulting greenish solid was isolated by 

means of centrifugation. Yield: 22 mg (72%).  
1H NMR (acetone-d6):  = 8.91 (d, 3JHH = 4.0 Hz, 2H, -H), 8.80 (m, 6H, -H), 8.06 (ps d, 3JHH = 7.6 Hz, 

6H, ArHp-tol), 7.56 (m, 8H, ArH), 4.28 (s, 4H, CH2N), 3.17 (s, 12H, N(CH3)2), 2.67 (s, 9H, ArCH3) ppm; 
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13C{1H} NMR (acetone-d6):  = 153.4, 150.3, 150.2, 150.2, 150.1, 142.0, 141.2, 138.6, 136.8, 134.6, 134.6, 

132.5, 131.6, 131.6, 131.4, 127.2, 126.0, 121.5, 121.3, 76.3, 54.0, 20.8 ppm; 195Pt NMR (CDCl3):  = –

3196 ppm; 195Pt NMR (CDCl3/10% pyridine-d5):  = –3195 ppm; UV/Vis [ max (log ), CH2Cl2]: 430 

(5.80), 566 (4.38), 608 (4.26) nm; MALDI-TOF MS (9NA): m/z 1021.93 ([M]+), calcd. for 

C53H47ClMgN6Pt: 1022.30; Anal. calcd. for C53H47ClMgN6Pt CH2Cl2 H2O C6H14: C 59.46, H 5.41, N 

6.93%; found: C 59.95, H 5.00, N 6.65%. 

 

[5-(3,5-bis[(dimethylamino)methyl]-4-chloridoplatino(II)-phenyl)-10,15,20-tris(p-
tolyl)porphyrinato]nickel(II) ([Ni(PtCl)]) 
Route A: [Ni(Br)] (22 mg, 24 µmol) was dissolved in dry benzene (5 mL), [Pt2dipdba3] (16.1 mg, 12 µmol) 

was added, and the dark red solution was heated to reflux for 12 h. After cooling to ambient temperature, 

the mixture was filtered over Celite and the residue was washed with benzene/acetone (1:1, 20 mL). The 

orange filtrate was concentrated to 5 mL and hexanes (20 mL) were subsequently added to precipitate the 

crude product [Ni(PtX)] (X = Br, Cl) as an orange solid. The solid was dissolved in dry CH2Cl2 (30 mL) 

and i-Pr2NEt (1 mL, excess) was added to give an orange solution, which was stirred at ambient 

temperature. AgBF4 (5 mg, 26 µmol) was subsequently added followed after 5 min by brine (30 mL) and 

the mixture was vigorously stirred for 1 h. The organic layer was isolated, dried (MgSO4), filtered and 

loaded onto a silicagel column (CH2Cl2). The desired product was eluted with MeOH/CH2Cl2 (1:19, v/v) as 

an orange band, which was concentrated to 5 mL and diluted with hexanes (80 mL) to give an orange solid, 

which was isolated by centrifugation. Yield: 23 mg (91%).  

 Route B: [2H(PtCl)] (23 mg, 23 µmol) was dissolved in degassed CHCl3 (6 mL) and the dark red 

solution was treated with a saturated solution of Ni(OAc)2 4H2O in MeOH (1 mL) and the resulting mixture 

was heated to reflux overnight. After cooling to room temperature, the orange mixture was extracted with 

H2O (4  20 mL) and washed with brine (20 mL). The organic layer was dried (MgSO4), loaded onto a 

silicagel column and the product was eluted with MeOH/CH2Cl2 (1:19, v/v) as an orange band, which was 

concentrated to 5 mL and diluted with hexanes (80 mL) to give an orange solid, which was isolated by 

centrifugation. Yield: 16 mg (67%). 
1H NMR (CDCl3):  = 8.80 (d, 3JHH = 5.2 Hz, 2H, -H), 8.76 (m, 6H, -H ArHp-tol), 7.89 (ps d, 3JHH = 8.0 

Hz, 6H, ArHp-tol), 7.46 (ps d, 3JHH = 8.0 Hz, 6H, ArH), 7.39 (s, 2H, ArHpincer), 4.21 (s, 4H, CH2N), 3.23 (s, 

12H, N(CH3)2), 2.64 (s, 6H, ArCH3), 2.63 (s, 3H, ArCH3) ppm; 13C{1H} NMR (CDCl3):  = 153.4, 150.3, 

150.2, 150.2, 150.1, 142.0, 141.2, 138.6, 136.8, 134.6, 134.6, 132.5, 131.6, 131.6, 131.4, 127.2, 126.0, 

121.5, 121.3, 76.3, 54.0, 20.8 ppm; 195Pt NMR (CDCl3):  = –3183 ppm; UV/Vis [ max (log ), CH2Cl2]: 

420 (5.76), 530 (4.68) nm; MALDI-TOF MS (DHB): m/z 1056.27 ([M]+), calcd. for C53H47ClN6NiPt: 

1056.26; 1021.27 ([M–Cl]+), calcd. for C53H47N6NiPt: 1021.29; 825.30 ([M–PtCl]+), calcd. for C53H47N6Ni: 

825.32; Anal. calcd. for C53H47BrN6NiPt: C 60.21, H 4.48, N 7.95%; found: C 60.21, H 4.40, N 7.68%. 

 

[5-(3,5-bis[(dimethylamino)methyl]-4-chloridoplatino(II)-phenyl)-10,15,20-tris(p-tolyl)porphyrinato]-
zinc(II) ([Zn(PtCl)]) 
Route A: [Zn(Br)] (40 mg, 44 µmol) was dissolved in dry benzene (5 mL), [Pt2dipdba3] (32 mg, 24 µmol) 

was added, and the dark red solution was heated to reflux for 16 h. After cooling to ambient temperature, 

the mixture was filtered over Celite and the residue was washed with benzene/acetone (1:1, v/v, 20 mL). 

The red filtrate was concentrated to 5 mL and hexanes (20 mL) were subsequently added to precipitate the 

crude product [Zn(PtX)] (X = Br, Cl) as a purple/green solid. The solid was dissolved in dry CH2Cl2 (30 

mL) and i-Pr2NEt (1 mL, excess) was added to give a pink solution, which was stirred at ambient 

temperature. AgBF4 (10 mg, 52 µmol) was subsequently added followed after 5 min by brine (30 mL) and 

the mixture was vigorously stirred for 1 h. The organic layer was isolated, dried (MgSO4), filtered and 
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loaded onto a silicagel column (CH2Cl2). The desired product was eluted with MeOH/CH2Cl2 (1:9, v/v) as a 

pink band, which was concentrated to 5 mL and diluted with hexanes (80 mL) to give the product as a 

green/purple solid, which was isolated by centrifugation. Yield: 41 mg (88%).  

 Route B: [2H(PtCl)] (30 mg, 30 µmol) was dissolved in degassed CHCl3 (10 mL) and the dark red 

solution was treated with a saturated solution of Zn(OAc)2 2H2O in MeOH (1 mL) and the resulting 

mixture was stirred at room temperature for 20 min. The pink mixture was extracted with H2O (2  20 mL) 

and washed with brine (20 mL). The organic layer was dried (MgSO4), loaded onto a silicagel column and 

the product was eluted with MeOH/CH2Cl2 (1:19, v/v) as a pink band, which was concentrated to 5 mL and 

diluted with hexanes (80 mL) to give an purple/greenish solid, which was isolated by centrifugation. Yield: 

23 mg (72%). 
1H NMR (CDCl3):  = 9.01 (d, 3JHH = 4.4 Hz, 2H, -H), 8.96 (m, 6H, -H), 8.09 (d, 3JHH = 7.6 Hz, 6H, 

ArHp-tol) 7.63 (s, 2H, ArHpincer), 7.55 (d, 3JHH = 7.6 Hz, 6H, ArHp-tol), 4.28 (s, 4H, CH2N), 3.28 (s, 12H, 

N(CH3)2), 2.71 (s, 6H, ArCH3), 2.70 (s, 3H, ArCH3) ppm; 13C{1H} NMR (CDCl3):  = 150.6, 150.5, 150.5, 

150.4, 144.5, 141.6, 140.5, 138.2, 137.3, 134.5, 132.1, 131.9, 127.4, 126.0, 122.2, 121.3, 121.2, 78.1, 54.9, 

21.7 ppm; 195Pt NMR (CDCl3):  = –3189 ppm; MALDI-TOF MS (DHB): m/z 1062.58 ([M]+), calcd. for 

C53H47ClN6PtZn: 1062.25; 1027.29 ([M–Cl]+), calcd. for C53H47N6PtZn: 1027.28; 831.38 ([M–PtCl]+), 

calcd. for C53H47N6Zn: 831.32; Anal. calcd. for C53H47ClN6PtZn: C 59.83, H 4.45, N 7.90%; found: C 

59.79, H 4.60, N 7.78%.  

 

[Meso-tetrakis(p-tolyl)porphyrinato]magnesium(II) (MgTTP) 

A solution of TTP (102 mg, 152 µmol) in dry CH2Cl2 (60 mL) was treated with Et3N (1 mL) and 

MgBr2 OEt2 (500 mg, 1.94 mmol) and the mixture was stirred overnight at ambient temperature. The 

resulting pink solution was washed with 5% NaHCO3 (3  100 mL) and loaded onto a column with 

alumina. Pure CH2Cl2 eluted traces of TTP and acetone/CH2Cl2 (1:9) was used to elute the product. The 

volatiles were evaporated and the resulting solid was stripped twice with toluene. The purple solid was then 

sonicated with hexanes (60 mL) for 30 min, and the mixture was cooled at –30 ºC overnight to give the 

MgTTP as purple crystals, which were isolated by centrifugation and dried in vacuo. Yield: 104 mg (98%). 
1H NMR (CDCl3/1% pyridine-d5):  = 8.88 (s, 8H, -H), 8.09 (d, 3JHH = 8.0 Hz, 8H, ArH), 7.51 (d, 3JHH = 

8.0 Hz, 8H, ArH), 2.69 (s, 12H, ArCH3) ppm; 13C{1H} NMR (CDCl3/1% pyridine-d5):  = 150.1, 141.0, 

136.6, 134.7, 131.8, 127.0, 121.6, 21.6 ppm; UV/Vis [ max (log ), CH2Cl2]: 426 (5.70), 565 (4.36), 605 

(4.18) nm; LDI-TOF MS: m/z 1404.67 ([2M+H2O]+), calcd. for C96H74Mg2N8O: 1404.57; 708.88 ([M+O]+), 

calcd. for C48H36MgN4O: 708.27; 691.83 ([M]+), calcd. for C48H36MgN4: 692.28; 

 

[Meso-tetrakis(p-tolyl)porphyrinato]nickel(II) (NiTTP) 

TTP (120 mg, 179 µmol) and Ni(acac)2 (1.18 g, 4.59 mmol) were suspended in dry toluene and the mixture 

was heated to reflux for 4 h. All volatiles were subsequently evaporated in vacuo and the remaining orange 

solid was dissolved in CH2Cl2 (70 mL) and washed with 5% K2CO3 (4  40 mL). The organic layer was 

isolated, dried (MgSO4) and filtered over silicagel with CH2Cl2. The orange band was concentrated to 3 

mL, MeOH (50 mL) was added and the orange mixture was concentrated to 20 mL. After 1 h, the orange 

crystals were isolated by centrifugation and dried in vacuo. Yield: 120 mg (92%). MALDI-TOF MS (NA): 

m/z 726.12 ([M]+), calcd. for C48H36N4Ni: 726.23; all other analysis data were identical to those repoted in 

literature.84 

 

[Meso-tetrakis(p-tolyl)porphyrinato]zinc(II) (ZnTTP) 

TTP (60 mg, 90 µmol) was dissolved in dry CH2Cl2 (60 mL), stirred at room temperature and shielded 

from ambient light with Al foil. Subsequently, a saturated solution of Zn(OAc)2 2 H2O in degassed MeOH 



Chapter Six 

 159

(4 mL, excess) was added and stirring was continued. After 2 h, H2O (40 mL), CH2Cl2 (20 mL), and K2CO3 

(6 M, 2 mL) were added and the phases were separated. The organic layer was washed with brine (30 mL), 

dried (MgSO4), filtered and loaded onto a silicagel column and eluted with CH2Cl2. The pink band was 

evaporated in vacuo and the purple residue was re-dissolved in CH2Cl2 (20 mL), hexanes (60 mL) were 

added and the solution was concentrated to 20 mL. The precipitated red crystals was collected by 

centrifugation and dried in vacuo to give the title compound. Yield: 63 mg (96%). LDI-TOF MS: m/z 

731.61 ([M]+), calcd. for C48H36N4Zn: 732.23; all other analysis data were identical to those reported in 

literature.85  

 

Double Michael Addition. A flame-dried vial was charged with the appropriate Pd catalyst (8.0 µmol) and 

dry CH2Cl2 (5.0 mL) was added. After 15 min of stirring at 20 ºC, ethyl -cyanoacetate (170 µL, 1.60 

mmol) was added which led to quick dissolution of all solids. Methyl vinyl ketone (390 µL, 4.80 mmol) 

was subsequently added, followed by i-Pr2NEt (28 µL, 0.16 mmol) and the reaction mixture was stirred in 

the dark. Samples (100 µL) were taken at appropriate time intervals, and the CH2Cl2 and methyl vinyl 

ketone were quickly removed with a gentle stream of nitrogen (approximately 20 s). The samples were 

subsequently analyzed by 1H NMR spectroscopy and the conversions were determined by comparison of 

the signal intensities of the ethyl CH2 protons (  = 4.28 ppm) with the CH2 protons of ethyl -cyanoacetate 

(  = 3.45 ppm). 

 

X-ray crystal structure determination of compound {[Mg(Br)](THF)2}: 
C61H62.82Br1.18MgN6O2 + disordered solvent, Fw = 1030.99[*], purple plate, 0.30  0.12  0.03 mm3, 

triclinic, P 1   (no. 2), a = 9.6539(12), b = 10.7179(12), c = 28.370(4) Å,  = 92.826(12),  = 99.512(11),  

= 90.753(17)°, V = 2890.9(6) Å3, Z = 2, Dx = 1.184 g/cm3[*], µ = 0.90 mm-1[*]. 35693 Reflections were 

measured on a Nonius Kappa CCD diffractometer with rotating anode (graphite monochromator,  = 

0.71073 Å) at a temperature of 150K up to a resolution of (sin / )max = 0.59 Å-1. Intensities were 

integrated with HKL2000.106 The reflections were corrected for absorption on the basis of multiple 

measured reflections using the MULABS routine of the program PLATON107 (0.78-0.97 correction range). 

9890 Reflections were unique (Rint = 0.0732). The structure was solved with the program SHELXS-86108 

using Direct Methods. The crystal structure contains voids (248 Å3/unit cell) filled with disordered solvent 

molecules. Their contribution to the structure factors was secured by back-Fourier transformation using the 

routine SQUEEZE of the program PLATON,107 resulting in 55 electrons/unit cell. Residual electron density 

indicated the presence of the bromine substituted starting material, which was included in the refinement 

with partial occupancy. The structure was refined with SHELXL-97109 against F2 of all reflections. Most 

non-hydrogen atoms were refined with anisotropic displacement parameters. Hydrogen atoms were 

introduced in calculated positions and refined with a riding model. One tolyl and one THF moiety were 

refined with disorder models, respectively. 637 Parameters were refined with 51 restraints. R1/wR2 [I > 

2 (I)]: 0.0842/0.2145. R1/wR2 [all refl.]: 0.1335/0.2381. S = 1.039.  Residual electron density between 

-0.48 and 0.72 e/Å3. Geometry calculations and checking for higher symmetry was performed with the 

PLATON  program.107 

[*] derived parameters do not contain the contribution of the disordered solvent. 
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7.1 Introduction 

The use of the axial positions of metalloporphyrins provides ample opportunities to build two- 
and three-dimensional structures through supramolecular chemistry. While most research 
focuses on complexation of nitrogen and phosphorus ligands to the axial positions of diverse 
metalloporphyrins, the number of investigations into the supramolecular applications of 

tin(IV) porphyrins are gradually increasing in number.1 There are several reasons, which make 
tin(IV) porphyrins such interesting building blocks, the most important being the high 
oxophilicity of the hard tin(IV) center. This is in contrast to the commonly studied 

metalloporphyrin complexes of the middle and late transition metals, which generally display 
a higher affinity for binding to ligands with nitrogen and/or phosphorus donor atoms.1-3  
 After the seminal investigations into the axial coordination chemistry of tin(IV) 
porphyrins by Arnold and co-workers,4-6 especially Sanders7-12 and Hunter13 employed them in 

a very elegant way in supramolecular studies. Maiya and co-workers used tin(IV) porphyrins 
to axially connect other metalloporphyrins by Lewis base/Lewis acid interactions.14,15 Very 
recently, a tin(IV) porphyrin was used to interconnect two carboxy-functionalized fullerene 

moieties and the resulting porphyrin-fullerene complex showed strong interactions between 
its components.16  
 In this chapter, we will focus on the axial, oxophilic chemistry of tin(IV) porphyrins as a 

means to attach additional functional groups that allow for further structural extension in a 
facile manner. One such way is by coordination chemistry, which, in order to be compatible 
with the dioxidotin(IV) porphyrin building block, should rely on an orthogonal metal-ligand 
interaction. In this respect, the ECE-pincer metal unit (with ECE-pincer being the potentially 

tridentate, monoanionic ligand [2,6-(ECH2)2C6H3]
–)17-19 has become an increasingly useful 

organometallic construction tool. SCS-pincer Pd, and NCN-pincer Pd and Pt groups with 
functional para-substituents suited for covalent or non-covalent binding, have been applied 

by several researchers as building blocks for supramolecular systems such as coordination 
dendrimers,20-22 coordination polymers,23,24 and giant macrocycles.25,26 Here, we report on the 
synthesis and characterization of a new supramolecular building block, in which two NCN-
pincer Pt(II) units are linked to a tin(IV) porphyrin through a Sn-O bond to the tin center of a 

tin(IV) porphyrin dication. 
 
 

7.2 Results and Discussion 

Synthesis and Characterization. The synthesis of tin(IV) porphyrins with two axial 

carboxylato ligands usually involves the reaction of a dihydroxidotin(IV) porphyrin, in which 
the four pyrrolic nitrogen atoms of the dianionic porphyrin ring occupy the equatorial and two 
hydroxido ligands occupy the axial positions on tin, with two equivalents of an appropriate 

carboxylic acid. We recently reported the synthesis of 3,5-bis[(dimethylamino)methyl]-4-
iodoplatino(II) benzoic acid 1.27-29 The pKa of the carboxylic acid group is higher compared to 
that of benzoic acid, because the iodoplatino(II) group acts as a strong electron donor that is 
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comparable to a dimethylamino substituent.28 However, 1 is still expected to be able to 
protonate the hydroxy groups of dihydroxidotin(IV) porphyrins. This would make it a suitable 
building block for the construction of the corresponding dicarboxylatotin(IV) porphyrin 

according to the mechanism proposed by Sanders et al.7 Thus, dihydroxido[meso-tetrakis(p-
tolyl)porphyrinato]tin(IV) 230 was reacted with 1 in refluxing CHCl3 in the presence of 
molecular sieves (4 Å) to give 3 in 97% yield (Scheme 1). 
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N N
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O

O

O
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3  

Scheme 1. Synthesis of 3. The horizontal bar in the structural formula of 3 represents an edge-on view of the 

porphyrin ring. i) 4 Å molecular sieves, CHCl3, . 

 
The ligand exchange process was easily observed because 1, which is rather insoluble in 
CHCl3 and appeared as a yellowish powder in the reaction mixture, immediately dissolved 

upon addition of dihydroxidotin(IV) porphyrin 2. 1H NMR spectroscopy (CDCl3) corroborated 
the formation of 3 as the signals corresponding to the two hydroxy protons of 2 at  = –7.40 

ppm had disappeared. Moreover, the protons of the pincer groupings showed upfield shifts 
that are typical for protons in the vicinity of the magnetically anisotropic porphyrin ring. In 3, 
the two protons of the pincer-aryl ring are present as a singlet at  = 4.25 ppm, which is 3.19 

ppm upfield to the chemical shift position of these protons in 1. The resonances belonging to 
the benzylic CH2 and dimethylamino groupings (  = 3.28 and 2.84 ppm, respectively) are 

upfield shifted by 0.68 and 0.24 ppm, respectively. In addition, the aromatic protons of the p-
tolyl groups on the porphyrin showed upfield shifts of 0.16 and 0.03 ppm for the ortho- and 

meta-protons, respectively. 
 The formation of 3 was also supported by IR measurements. Characteristic for 2 is the 
peak at 3621 cm–1 corresponding to the O–H stretching vibration of the hydroxyl groups 
bonded to the tin(IV) center. The IR spectrum of 3 does not show this absorption band (Figure 

1). It does, however, show a strong C=O stretch absorption at 1640 cm–1, which is situated at 
1667 cm–1 in the parent acid 1 (Figure 1). 
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Figure 1. Comparison of the O–H and C=O regions of the IR spectra of 1, 2, and 3. 

 
Substitution of the two hydroxyl groups for NCN-pincer Pt-benzoato monoanions leads to a 

very small hypsochromic shift in the UV/Vis spectra from 428 to 426 nm (Figure 2), which is 
in line with the reported values for the corresponding bis(benzoato) complex.1 The effect of 
the electron-releasing properties of the iodoplatino(II) pincers on the electronic properties of 

the tin(IV) porphyrin entity apparently is small, pointing to a small interaction between the 
tin(IV) porphyrin and NCN-pincer platinum components in 3. Exposure of a solution of 3 to 
gaseous SO2, which is known to selectively bind to NCN-pincer platinum centers,31,32 did not 
lead to notable changes in its UV/Vis spectrum. Probably, this is again indicative of the lack 

of electronic interaction between the pincer platinum and tin porphyrin centers. The ability of 
the para-carboxylato NCN-pincer PtI moiety to bind SO2 was verified by the reaction of 1 
with gaseous SO2, which immediately led to the orange coloration diagnostic for pincer-

derived Pt–SO2 complexes.32 
 

 

Figure 2. Comparison of the UV/Vis spectra of 2 (grey) and 3 (black). 

 
X-Ray Crystallography. Final proof of the molecular structure of 3 was provided by a single 
crystal X-Ray structure determination on single crystals of 3 that were obtained by layering a 

concentrated solution of 3 in CDCl3 with Et2O. Compound 3 crystallizes as a centrosymmetric 
system with the tin atom located on an inversion center (Figure 3). The tin atom is found in a 
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slightly distorted octahedral ligand environment in which the apical Sn-O bond lengths are 
2.096(10) Å. The four pyrrolic nitrogen atoms of the porphyrin system form the basal square 
plane of the Sn(IV) center, with two different Sn-N bonds of 2.109(13) (N1) and 2.069(10) Å 

(N2). A small tilt from the vertical was noted for the Sn-O bonds with respect to the 
porphyrin plane. The N1-Sn-O1 and N2-Sn-O1 angles amount to 91.1(4)º and 87.0(4)º, 
respectively. The dihedral angle between the meso-phenyl ring attached through C10 and the 
porphyrin ring is 69.7(6)º; for the other meso-phenyl ring this value amounts to 64.6(5)º.  

 

 

Figure 3. ORTEP representation of the crystal structure of 3 with displacement ellipsoids at the 50% probability 

level. Symmetry operation a: 1–x, –y, 1–z. 

 

 

Figure 4. Different views of the molecular structure of 3 in the crystal along the N1–Sn–N1a direction (left) and 

the N2–Sn–N2a direction (right). 

 
Two side views perpendicular to the porphyrin plane, one running in the N1-Sn-N1a and the 
other in the N2-Sn-N2a direction, respectively, are given in Figure 4. Whereas it is usually 
found that in the crystal, the benzoato groups in bis(benzoato) tin porphyrin adducts adopt 

upward positions, i.e. with the plane of the phenyl group almost perpendicular to the 
porphyrin plane. The angle between the least square planes of the porphyrin and pincer aryl 
rings in 3 is only 32.06º. A view along the C10-C10a direction is shown in Figure 5. 
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Figure 5. View of the crystal structure of 3 along C10a-C10 direction. 

 

Closer inspection of the structure shows that the porphyrin ring adopts a wave-type 
conformation wherein the two p-tolyl groups at C5 and C5a bend towards the NCN-pincer PtI 
groups by 7.9(5)º, while the C17-C5-Sn angle is 180º (see Figure 5). The pincer fragment also 

assumes a non-planar shape, i.e. the C(O)O planar is not completely co-planar with the pincer 
aryl ring; the angle between the least square planes is 2.5(9)º. Moreover, the angle between 
the C25-C26 bond and the Pt-I bond is 12.4(8)º. Hence, it seems as if there is an interaction 
between the tolyl group on the porphyrin ring and the NCN-pincer PtI group. In the solid 

state, there was no evidence for the existence of intermolecular interactions between 
individual molecules of 3. 
 To investigate whether the close contacts between the pincer groups and the meso-aryl 

rings are also present in solution, we used the ring current effect model recently published by 
Fukazawa et al.33 for the structural elucidation of the bis(carboxylato) complexes of tin(IV) 
porphyrins. Comparison of the 1H NMR spectra of 3 to the contour maps of induced NMR 
shift values indicated that in the case of 3, close contacts between the p-tolyl and NCN-pincer 

platinum groups are not present in solution. In addition, low temperature NMR studies failed 
to show preferences for specific conformations due to preferred rotamer distributions as a 
result of restricted rotation about the C-O and/or Sn-O bond.  

 
 

7.3 Conclusions 

The results discussed above show that, although it has a relatively high pKa, the NCN-pincer 
PtI benzoic acid can be nicely used for complexation to the apical positions of a tin(IV) 

porphyrin dication. The resulting bis(NCN-pincer platinum)benzoatotin(IV) porphyrin 3 
adopts a peculiar structure in the solid state. Most notably, the benzoate rings adopt a more 
“flattened” orientation with respect to the porphyrin ring in contrast to the perpendicular 

orientation in the parent, unsubstituted bis(benzoato)tin(IV) porphyrins. Although the crystal 
structure shows some interesting close contacts between the pincer and tolyl groups, these 
were not observed in CDCl3 solution. UV/Vis experiments furthermore provided no evidence 
for electronic communication between the apical NCN-pincer Pt sites and the porphyrin. The 
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combination of the coordination and physical properties of ECE-pincer metal complexes and 
metalloporphyrins make compound 3 and analogues thereof interesting building blocks in 
supramolecular chemistry. 

 
 

7.4 Experimental Section 

General. All reactions were performed under a dry nitrogen atmosphere using standard Schlenk techniques 

and were shielded from ambient light using aluminium foil. CHCl3 and CDCl3 were distilled from CaH2 

prior to use and stored in the dark. Compounds 129 and 25,30 were synthesized according to literature 

procedures. 1H and 13C{1H} NMR spectra were recorded at 300 and 75 MHz, respectively, on a Varian 300 

spectrometer operating at 298 K. Resonances were referenced to residual solvent signals ( H = 7.26 ppm for 

CHCl3 in CDCl3 and C = 77.16 ppm (central peak) for 13CDCl3 in CDCl3). UV/Vis spectra were recorded 

on a Cary 50 scan UV-visible spectrophotometer and ESI-MS measurements were performed by the 

Department of Biomolecular Mass Spectrometry, Bijvoet Centre for Biomolecular Research, Utrecht 

University. Elemental microanalyses were performed by Dornis und Kolbe, Mikroanalytisches 

Laboratorium, Müllheim a/d Ruhr, Germany. 

 

Bis(4-iodoplatino(II)-3,5-bis[(dimethylamino)methyl]benzoato)-[5,10,15,20-tetrakis(p-tolyl)porphyr-
inato]tin(IV) (3) 

Compound 2 (18.0 mg, 21.9 µmol) and molecular sieves (4 Å, 1.0 g) were added to a light yellow 

suspension of 1 (24.5 mg, 44.0 µmol) in dry CHCl3 (8 mL). The resulting, clear purple solution was heated 

to reflux for 3 h, cooled to room temperature and filtered through anhydrous Na2SO4. The filtrate was 

concentrated to 5 mL and hexanes (40 mL) were added to induce precipitation of 3 as a purple 

microcrystalline solid. Yield: 40.6 mg (97%). 1H NMR (CDCl3):  = 9.17 (s, 4JSnH = 15.0 Hz, 8H, -H), 

8.06 (d, 3JHH = 7.8 Hz, 8H, ArHp-tolyl), 7.58 (d, 3JHH = 7.8 Hz, 8H, ArHp-tolyl), 4.25 (s, 4H, ArH), 3.28 (s, 3JPtH 

= 40.8 Hz, 8H, CH2N), 2.84 (s, 3JPtH = 37.5 Hz, 24H, N(CH3)2), 2.73 (s, 12H, ArCH3) ppm; 13C{1H} NMR 

(CDCl3):  = 164.0, 153.0, 147.4, 141.4, 138.5, 138.1, 134.7, 132.6, 128.0, 127.8, 121.8, 118.8, 76.1, 56.1, 

21.8 ppm; IR (cm–1): 2917, 1640, 1583, 1468, 1451, 1345, 1304, 1265, 1221, 1070, 1032, 1013, 840, 800, 

790, 755; Anal. Calcd. for C74H72I2N8O4Pt2Sn: C 46.78, H 3.82, N 5.90, Sn 6.25%; found: C 46.71, H 3.85, 

N 5.86, Sn 6.19%. X-ray quality crystals were obtained by layering a concentrated solution of 3 in CDCl3 

with Et2O. Dark red cubes were formed overnight. 

 

X-ray crystal structure determination of compound 3: 
C74H72I2N8O4Pt2Sn, Fw = 1900.07, dark red plate, 0.30  0.12  0.03 mm3, monoclinic, P21/c (no. 14), a = 

11.72(3), b = 23.30(3), c = 13.98(5) Å,  = 117.2(3)°, V = 3395(18) Å3, Z = 2, Dx = 1.858 g/cm3, µ = 5.44 

mm-1. 39792 Reflections were measured on a Nonius Kappa CCD diffractometer with rotating anode 

(graphite monochromator,  = 0.71073 Å) at a temperature of 150K up to a resolution of (sin / )max = 0.56 

Å–1. Intensities were integrated with EvalCCD34 using an accurate description of the experimental setup for 

the prediction of the reflection contours. An analytical absorption correction was applied. 4988 Reflections 

were unique. The structure was solved with the program DIRDIF-9935 using automated Patterson Methods. 

The structure was refined with SHELXL-9736 against F2 of all reflections. Non-hydrogen atoms were 

refined with anisotropic displacement parameters. Hydrogen atoms were introduced in calculated positions 

and refined with a riding model. 418 Parameters were refined with 36 restraints. R1/wR2 [I > 2 (I)]: 

0.0585/0.1453. R1/wR2 [all refl.]: 0.0909/0.1648. S = 1.071.  Residual electron density between -1.78 and 
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2.16 e/Å3. Geometry calculations and checking for higher symmetry was performed with the PLATON  

program.37 
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Summary and Perspectives 

Transition metal complexes are invaluable for chemists, be it in their role as catalytic 

mediators in organic transformations, as redox- and photoactive entities in molecular 
materials, or as sites that are able to bind Lewis bases as, for example, in coordination 
compounds. With regard to these different applications, the metal-centered electron density 
plays a central role. For instance, electron-rich metal centers are easier to oxidize and 

generally exhibit lower ligand affinities than their electron-poor counterparts. Subtle 
variations in the electron density can affect the characteristics of metal complexes to a great 
extent. The most powerful method currently available to tune the electron density on the 

metal center is by changing the nature and number of donor atoms (ligands) surrounding it. A 
more subtle way of modifying the metal-centered electron density is by changing the 
electronic properties of a given (set of) ligand(s) by substituent variation. However, the 
amount of synthetic transformations involved to make all these slight modifications per ligand 

set often renders this approach a tedious one and therefore unpopular. 
 One class of compounds for which a direct relationship between the electronic properties 
of the ligand and the metal center it chelates has been demonstrated, are the ECE-pincer metal 

complexes (Chart 1, left). For these complexes, the electron-donating or -withdrawing 
characteristics of the aryl-substituent at the position para with respect to the carbon-to-metal 

-bond have been shown to have a Hammett-type relation with, e.g., their catalytic activity 

and redox potentials. Unfortunately, the application of these complexes in research where 
metal and ligand tuning are required, e.g., in catalysis, has suffered from the fact that every 
differently substituted ligand has to be synthesized independently. 

 In this thesis, a modular approach to change the electronic properties of the pincer para-
substituent is outlined. We set out to select a molecular moiety whose electronic properties 
are modifiable to a high degree in as few steps as possible. These requirements are fulfilled by 

the porphyrin system. Porphyrins can act as N,N,N,N-tetradentate ligands for transition 
metals, which alter their (electronic) characteristics to a substantial degree. 
 

Chart 1 

N

N N

N

M1

R

R

R

E

M2

E

Ln

E

M

E

LnZ

para-substituted ECE-pincer metal complex

M1 = 2H, Mg, MnCl, Co, Ni, Zn
M2 = Pd, Pt

E = NMe2, SPh, PPh2
L = Lewis base, halide

n = 1, 2, 3
R = ECE-pincer M2, para-tolyl

m = 1 or 4

m

M = Li, Fe, Ru, Rh, Ni, Pd, Pt
E = NMe2, SPh, PPh2, SePh

L = Lewis base, halide
n = 1, 2, 3

Z =para-substituent

metalated pincer-porphyrin hybrid
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Interestingly, the properties of (metallo)porphyrins can also be affected by changing the 
nature of their substituents in a similar way as discussed above for the ECE-pincer metal 
complexes. Importantly, most metals can be introduced into the porphyrin and pincer ligands 

in a single step using mild procedures. Hence, we have devised synthetic routes toward meso-
pincer-porphyrin hybrids and have studied ways to arrive at the desired hetero-multimetallic 
systems (Chart 1, right) by using orthogonal metalation procedures that address each ligand 
group independently. Finally, we have studied the influence of the (metallo)porphyrin core on 

the electronic properties of the peripheral ECE-pincer metal complexes and the effect of 
metalation or modification of the pincer metal sites on the properties of the porphyrin. The 
consequences of these effects in catalysis have also been investigated. 

 

Chapter 1 gives an overview of (metallo)porphyrins with metal centers attached to their 

periphery via metal-to-carbon bonds. It specifically focuses on the synthetic routes that have 
been employed for their preparation, which rely on orthogonal metalation procedures for each 

ligand, and also concisely treats the scope of their applications, which often depend on the 
interaction or synergy between both metal centers. 
 

Chapters 2–4 are concerned with the synthetic aspects of the poly-metalated pincer-

porphyrin hybrids. The selective peripheral metalation of pincer-porphyrin hybrids is treated 

in Chapter 2. Firstly, a highly modular procedure was developed for the synthesis of 

tetra(NCN-pincer ligand)-, (PCP-pincer ligand)-, and (SCS-pincer ligand)-porphyrins, which 
relies on a common precursor, octakis(benzylic bromide)porphyrin 1 (Scheme 1). 
  

N

NH N

HN

BrBr

Br

Br

BrBr

Br

Br

N

NH N

HN

EE M

E

M

E

EME

E

M

E

Cl

Cl

Cl

Cl

M = Pd, Pt
E = NMe2, PPh2, SPh, SPh*

(Ph* = 4-tert-Bu-phenyl)

1

1. E-introduction
2. Peripheral metalation

 

Scheme 1. Synthetic route toward peripherally-metalated pincer-porphyrin hybrids (Chapter 2). 

 
This molecule combines a tetraphenylporphyrin core with eight bromomethyl groups at the 3- 
and 5-positions of each phenyl group. Its benzylic bromine atoms are readily displaced by N-, 
S-, and P-containing nucleophiles in virtually quantitative yields. The tetrakis(ECE-pincer 



Summary and Perspectives 

 175

ligand)-porphyrin hybrids can be peripherally-metalated in highly selective ways. A 
tetrakis(SCS-pincer PdCl)-porphyrin hybrid and a tetrakis(PCP-pincer PtCl)-porphyrin hybrid 
were isolated in excellent yields by electrophilic palladation and transcycloplatination, 

respectively. In the former case, the synthesis and metalation selectivity were corroborated by 
single crystal X-ray crystallography. UV/Vis and fluorescence spectroscopy showed that 
peripheral platination has a substantial effect on the electronic properties of the porphyrin 
part, whereas the influence of palladium is less pronounced. 

 Chapter 3 subsequently focuses on the porphyrin metalation of tetrakis(ERE-

donor)porphyrins (E = NMe2, OMe; R = H, Br; Scheme 2), which are synthetic intermediates 

toward the systems described in Chapter 4. As a first, exemplary metal zinc was selected, 

since zinc porphyrins have been thoroughly studied and have been utilized for many 
applications. We were aware of the fact that zinc(II) ions in a porphyrin ligand system are able 
to bind additional ligands via their apical positions. The resulting tetrakis(ERE-donor) zinc 
porphyrins aggregate through intermolecular E-Zn bonds and, surprisingly, form 

supramolecular, one-dimensional polymers in which the zinc atoms are hexa-coordinate 
(Scheme 2). Moreover, the porphyrin planes are co-facial, a feature that is also exhibited by 
some light-harvesting structures found in Nature, e.g., the bacteriochlorophyll aggregates 

encountered in chlorosomes. Several studies were carried out on model compounds and it was 
concluded that the supramolecular polymers only occur in the solid state and are formed by 
the unique orientation of Lewis acidic and basic sites within these molecules and the relative 

numbers thereof. Subsequent photochemical research on these polymers revealed that the 
resemblance with the natural systems is not only structural, but also holds in terms of 
function. Thin films of tetra(NHN-donor) and (OHO-donor) zinc porphyrins on a TiO2 
substrate efficiently inject electrons into the substrate upon illumination. Annealing of the 

films enhances this process, which is attributed to a temperature-induced re-ordering of the 
films into one-dimensional, co-facial polymers that are able to mediate longer exciton 
diffusion pathways. 

 

     

N

N N

N

EE R

E

R

E

ERE

E

R

E

Zn
self-assembly

E= NMe2, OMe
R = H, Br  

Scheme 2. Self-assembly of meso-tetrakis(ERE-donor) zinc(II) porphyrins (Chapter 3). 
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After it was shown that both the porphyrin and the pincer units could be selectively metalated, 
ways to synthesize hetero-multimetallic tetrakis(NCN-pincer)porphyrin hybrids were 

investigated (Scheme 3, Chapter 4). To this end, a pincer-porphyrin hybrid precursor was 

developed that contains a free-base porphyrin unit and four meso-3,5-
bis[(dimethylamino)methyl]-4-bromophenyl units (2), which thus allows for orthogonal 
metalation strategies for each ligand site. The porphyrin unit can be readily metalated with 
nickel(II) and zinc(II) using metal(II) salts, although the analogous 4d- and 5d-metal 

complexes could not be obtained. The pincer ligand units, on the other hand, cleanly react 
with metal(0) precursors to give the corresponding NCN-pincer Pd and Pt complexes through 
oxidative addition. In all metalation reactions, the use of these orthogonal procedures ensures 

a complete selectivity for either one of the ligand units. 
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X

X

X
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Scheme 3. Synthesis of hetero-multimetallic tetrakis(NCN-pincer M2X)-(metallo)porphyrin hybrid complexes 

(Chapter 4). 

 
The introduction of the peripheral metals leads to substantial changes in the UV/Vis spectra of 
the pincer-porphyrin hybrids. Whereas fourfold palladation leads to bathochromic shifts of 
the Soret band of about 4 nm, peripheral platination shifts it further by about 12 nm. These 

changes are attributed to electronic interaction of the metalated NCN-pincer sites with the 
central (metallo)porphyrin, which was corroborated by the determination of the binding 
constants of several pincer-zinc porphyrins with pyridine. Moreover, the application of NCN-

pincer platinum-selective chemistry, which changes the energy levels of the NCN-pincer 
platinum(II) groups, results in hypsochromic shifts of the Soret band because of a diminished 
electronic interaction of the meso-NCN-pincer platinum groups with the porphyrin part of the 
molecule. Interestingly, 195Pt NMR spectroscopy showed that the peripheral platinum centers 

are also electronically influenced by the nature of their porphyrin para-substituent. Whereas a 
free-base porphyrin leads to a relatively low electron density at Pt, a zinc porphyrin showed to 

be a better electron donor to the platinum centers. The investigations presented in Chapter 4 

clearly show that there is electronic interaction between the two components of the pincer-
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porphyrin hybrids; electronic changes at the porphyrin influence the electronic properties of 
the pincer sites and vice versa. 
 

The implications of the intramolecular electronic interaction between the two metal sites in 
the pincer-porphyrin hybrids for the reactivity of the multimetallic pincer porphyrin hybrids 

were investigated in Chapters 5 and 6. These chapters deal with the use of hetero-

multimetallic pincer-porphyrin hybrids as homogeneous catalysts. Chapter 5 describes the 

synthesis of several meso-tetrakis(SCS-pincer PdCl)-(metallo)porphyrin hybrids. The 
nickel(II) and manganese(III) chelates were synthesized by electrophilic aromatic palladation 
of the corresponding tetrakis(SCS-pincer ligand)-metalloporphyrins with [Pd(NCMe)4](BF4)2. 

The corresponding magnesium complex was synthesized by introduction of magnesium into 
the peripherally-palladated free-base porphyrin. These hybrids were used as pre-catalysts for 
the Heck reaction of styrene with iodobenzene in DMF (Scheme 4). 
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Scheme 4. Heck catalysis with meso-tetrakis(SCS-pincer palladium)-(metallo)porphyrin hybrids (Chapter 5). 

 

All hybrids exhibit a lower catalytic activity than the parent SCS-pincer PdCl complex. 
Interestingly, however, the catalytic activity of the reaction mixtures depends on the metal in 
the porphyrin center. Of the bimetallic complexes, the Mg chelate has the highest initial 

activity, followed by the nickel, free-base, and manganese complexes. This difference in 
activity is ascribed to intramolecular effects, since combinations of the hybrids’ constituents, 
i.e. one equivalent of a model metalloporphyrin and four equivalents of an SCS-pincer PdCl 
complex, showed the same catalytic activity as the SCS-pincer PdCl complex itself. The order 

of activity follows the order of electron-donating ability of the (metallo)porphyrin, that is, the 
more electron-donating the (metallo)porphyrin (Mg > Ni > 2H > MnCl), the greater the initial 
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catalytic activity. The data were fitted to a kinetic model consisting of a palladium leaching 
step and an autocatalytic step. The obtained rate constants show that both steps are 
accelerated when the porphyrin is a better electron donor. Importantly, these studies 

demonstrate that, for these metallopincer-metalloporphyrin hybrids, it is feasible to affect the 
rate of a catalytic reaction by remote tuning of the catalyst by a modulating substituent, in this 
case another metal complex. In this context, the porphyrin is an exceedingly useful 
modulating substituent, since its electronic properties are adjustable in one mild step, i.e. 

metalation. 

 Hetero-bimetallic mono-(NCN-pincer)-porphyrin hybrids are discussed in Chapter 6 

(Scheme 5). A statistical Adler-type condensation reaction furnished an AB3-type 

mono(pincer ligand precursor)-tris(p-tolyl)porphyrin, which was converted into the 
corresponding ditopic ligand in two steps. This ditopic ligand comprises one porphyrin ligand 
site and a meso-NCN-pincer ligand moiety. In order to metalate this class of compounds in a 
stepwise, site-selective manner, two distinct synthetic routes were followed. Route A relies on 

the introduction of a metal in the porphyrin cavity followed pincer metalation and a reversal 
of this order was employed for route B. For the hetero-multimetallic pincer-porphyrin target 
compounds, route A invariably proved to be the highest yielding alternative, giving hetero-

bimetallic pincer-porphyrin hybrids in high yields. 
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Scheme 5. The use of mono(NCN-pincer Pd)porphyrin hybrids as homogeneous catalysts in a double 

Michael addition reaction (Chapter 6). 

 
195Pt NMR spectroscopy revealed that the (metallo)porphyrin has a modest influence on the 
electron density on the NCN-pincer Pt site. When the analogous cationic Pd complexes are 
used as Lewis acid catalysts for the double Michael addition between methyl vinyl ketone and 
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ethyl -cyanoacetate, the catalytic activity does not depend on the central metal for M1 = 2H, 

Ni, and Zn (Scheme 5). However, when Mg occupies the porphyrin cavity, the rate of the 

reaction is increased by a factor of six. Although a rate enhancement was observed when 
catalysis was conducted with a mixture of its two constituents (magnesium tetra-p-
tolylporphyrin and NCN-pincer Pd aqua complex) this cannot fully account for the rate 

enhancement effectuated by the hybrid. The rationale for this acceleration is believed to be 
dual, consisting of “cooperative dual catalysis” and supramolecular aggregation of two 
catalyst-substrate complexes. 
 

The synthesis of a novel tin porphyrin with two NCN-pincer platinum moieties connected to 

the two axial positions is discussed in Chapter 7. In the solid state, the pincer-phenyl groups 

acquire some distorted arrangements compared with similar bis(benzoato)tin(IV) porphyrins. 

Close contacts were shown not to be present in solution. This compound holds promise in the 
development of new supramolecular materials. 
 
 

General Conclusions and Outlook 

A novel approach to fine-tune the electronic properties of transition metal complexes has been 
explored. Whereas traditional methods to accomplish this generally encompass modification 
of (the electronic properties of) the ligand(s) through substitution, i.e. covalent modification, a 

more modular way was used within the research described in this thesis. The modulation of 
the electronic properties of one transition metal complex was achieved by means of another, 
covalently attached, metal complex. It was shown that, for the particular pincer-porphyrin 
hybrids treated in this thesis, the pincer-metal complex influences the (metallo)porphyrin part 

of the molecule, while the latter affects the former simultaneously. Although the research 
covered herein has mostly focused on the effects exerted by the (metallo)porphyrin moiety on 
the catalytic activity of the peripheral ECE-pincer metal units, this approach might also be 

reversed in order to modulate the reactivity of (metallo)porphyrin complexes by peripheral 
metal complexes, given the fact that metalloporphyrins can also be used as catalysts. Besides 
influencing catalytic reactivity, intramolecular electronic interaction within such hybrid 
complexes might also be used for processes such as redox coupling and photo-induced energy 

or electron transfer. 
 Notwithstanding the scope of metalloporphyrin chemistry, the effect on the electronic 
properties of meso-aryl rings is modest when the two are linked by a direct C–C bond. The 

results do show, however, that the (modularity of the) approach is synthetically feasible and 
that electronic communication between the two constituents has been accomplished. To 
increase the electronic communication further, molecules should be targeted in which the two 
components are able to attain co-planar arrangements of the -systems. One way to 

accomplish this would be to interconnect the constituents by an ethyn-diyl bridge. 
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 While most of the research described here has concentrated on affecting the properties of 
one organometallic (catalytic) group by another via through-bond electronic interaction, 

Chapter 6 underlines that, in optimizing catalytic systems, focus should not only lie on 

intramolecular effects, but that intermolecular effect can also play a significant role. In 

Chapter 6, intermolecular interactions are made possible by magnesium porphyrins, although 

the scope of the axial coordination chemistry of metalloporphyrins in general might be 
envisioned to be useful in other co-catalytic systems. This observation shows that cooperative 

dual catalysis is a very powerful method to enhance the catalytic activity of a system, and that 
the interconnection of co-catalysts within one molecule can lead to even further enhancement 
of its activity. 

 A serendipitous finding in Chapter 3 furthermore shows that the unique combination and 

spatial orientation of Lewis acidic and basic sites of meso-tetrakis(ERE-donor) zinc(II) 
porphyrins are ideally suited to bring about the formation of the one-dimensional polymers. 

The modularity of these systems, i.e. the Lewis basic sites E and phenyl substituents R, 
provides ample opportunities to fine-tune their self-assembly properties.  
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Samenvatting en Vooruitzichten 

Overgangsmetaalcomplexen zijn van onschatbare waarde voor chemici in hun rol als 

katalysatoren voor organische reacties, als redox- en fotoactieve onderdelen van moleculaire 
materialen en als plaatsen waaraan Lewis basen kunnen binden. Met betrekking tot deze 
verschillende toepassingen speelt de elektronendichtheid op het metaalcentrum een cruciale 
rol. Elektronenrijke metaalcentra zijn bijvoorbeeld makkelijker te oxideren dan 

elektronenarme en hebben over het algemeen een lagere affiniteit voor liganden. Subtiele 
elektronendichtheidsvariaties kunnen de eigenschappen van metaalcomplexen al in grote mate 
beïnvloeden. De meest krachtige methode die op dit moment beschikbaar is om de 

elektronendichtheid op een metaalcentrum te moduleren, is het veranderen van het ensemble 
van omringende liganden. Een wat fijngevoeliger manier om deze modulering te 
bewerkstelligen is door het veranderen van de elektronische karakteristieken van een gegeven 
set liganden door middel van substituentvariatie. 

 Eén verbindingsklasse waarvoor een directe relatie tussen de elektronische 
eigenschappen van het ligand en het door haar geligeerde metaalcentrum is vastgesteld, zijn 
de ECE-tang metaalcomplexen (Schema 1, links). Voor deze complexen is aangetoond dat de 

elektrondonerende of -zuigende eigenschappen van de arylsubstituent, para ten opzichte van 
de metaal-koolstof -binding, een Hammett-achtige correlatie hebben met bijvoorbeeld de 

katalytische activiteit of de redoxpotentiaal van deze complexen. Helaas lijdt het toepassen 
van deze verbindingen nog onder het feit dat ieder gesubstitueerd ligand apart gesynthetiseerd 
moet worden. 
 In dit proefschrift is een modulaire aanpak uiteengezet om de elektronische 

eigenschappen van de para-substituent van diverse ECE-tangliganden te veranderen. 
Allereerst werd een moleculaire groep geselecteerd waarvan de elektronische eigenschappen 
in slechts enkele stappen en in grote mate beïnvloedbaar zijn. Aan deze vereisten wordt 

voldaan door porfyrines.  
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Schema 1. Algemene formule van een tang metaalcomplex (links) en een gemetalleerd tang-porfyrinehybride. 
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Porfyrines kunnen dienen als N,N,N,N-tetradentate liganden voor overgangsmetalen. De 
introductie van een metaal in het porfyrine zorgt voor sterke veranderingen in de chemische 
en fysische eigenschappen van het porfyrine. Tevens kunnen de meeste metalen in één stap en 

volgens erg milde procedures in het porfyrineligand geïntroduceerd worden. Met het oog op 
de bovengenoemde modulaire aanpak zijn synthetische routes naar meso-tang-
porfyrinehybrideliganden (Schema 1, rechts) ontwikkeld. Daarnaast zijn strategieën 
bestudeerd waarmee de overeenkomstige hetero-multimetallische complexen gesynthetiseerd 

kunnen worden door gebruik te maken van orthogonale metalleringsprocedures die selectief 
zijn voor tang- dan wel porfyrineligand. Aan de hand van deze hetero-metallische complexen 
is de invloed van de (metallo)porfyrinegroep op de elektronische eigenschappen van de 

perifere ECE-tang metaalcomplexen geanalyseerd en zijn de effecten van metallering of 
modificatie van de tang metaalgroepen op de eigenschappen van het porfyrine bestudeerd. 
Tenslotte zijn de consequenties van dergelijke intramoleculaire effecten op de katalytische 
eigenschappen van de tangcomplexen bestudeerd. 

 

Hoofdstuk 1 geeft een overzicht van (metallo)porfyrines die via één of meerdere metaal–

koolstof bindingen gefunctionaliseerd zijn met perifere metaalcentra. Dit hoofdstuk beschrijft 

vooral de synthetische strategieën die gebruikt zijn voor de synthese van deze verbindingen. 
Tevens worden de toepassingen van deze verbindingen, die vaak berusten op de 
(elektronische) interactie of synergie tussen de metaalcentra, beschreven. 
 

De Hoofdstukken 2–4 behandelen de synthetische aspecten van de meervoudig-

gemetalleerde tang-porfyrinehybridecomplexen. De selectieve, perifere metallering van de 

hybride liganden wordt beschreven in Hoofdstuk 2. Allereerst is een procedure ontwikkeld 

voor de synthese van tetrakis(NCN-tangligand)-, tetrakis(PCP-tangligand)- en tetrakis(SCS-
tangligand)-porfyrinehybride liganden, die gebaseerd is op een gemeenschappelijk 
uitgangsmateriaal, namelijk octakis(benzylbromide)porfyrine 1 (zie Schema 2). 
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Schema 2. Syntheseroute naar perifeergemetalleerde tang-porfyrinehybridecomplexen (Hoofdstuk 2). 
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Dit molecuul bestaat uit een meso-tetrafenylporfyrine met acht broommethylgroepen op de 3- 
en 5-posities van iedere fenylgroep. De benzylische broomatomen van dit molecuul kunnen 
eenvoudig gesubstitueerd worden door N-, S- en P-bevattende nucleofielen in bijna 

kwantitatieve opbrengsten. De tetrakis(ECE-tangligand)-porfyrinehybrideliganden kunnen 
zeer selectief aan de periferie gemetalleerd worden: een tetrakis(SCS-tang palladium)- en een 
tetrakis(PCP-tang platina)-porfyrine hybride werden in uitstekende opbrengsten geïsoleerd. 
De synthese en de metalleringsselectiviteit werden in het eerste voorbeeld bewezen door 

middel van éénkristal Röntgenkristallografie. UV/Vis- en fluorescentiespectroscopie toonden 
vervolgens aan dat perifere platinering een groter effect heeft op de elektronische 
eigenschappen van het porfyrine dan perifere palladering. 

 

Hoofdstuk 3 focust vervolgens op de kernmetalering van tetrakis(ERE-donor)porfyrines (E 

= NMe2, OMe; R = H, Br). Als eerste metaal is voor zink gekozen; niet alleen vanwege de 
goed beschreven analyse en de uitgebreide toepassingen van zinkporfyrines, maar ook omdat 

zinkporfyrines liganden kunnen binden via hun axiale coördinatieplaatsen. Het blijkt dat de 
tetrakis(ERE-donor)zinkporfyrines op een unieke manier aggregeren door middel van 
intermoleculaire E–Zn interacties en dat ze zeer interessante, ééndimensionale, 

supramoleculaire polymeren vormen waarin de zinkatomen zesvoudig gecoördineerd zijn 
(Schema 3).  
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Schema 3. Zelfassemblage van meso-tetrakis(ERE-donor)zinkporfyrinesystemen beschreven in Hoofdstuk 3. 

 

Bovendien zijn de porfyrinevlakken in deze polymeren cofaciaal, hetgeen een eigenschap is 
die zij delen met sommige biologische lichtoogstende systemen zoals de 
bacteriochlorofyllaggregaten in chlorosomen. Uit diverse studies aan modelverbindingen voor 
de bouwstenen van de polymeren kon geconcludeerd worden dat de supramoleculaire 

polymeren slechts in de vaste stof bestaan en dat bovendien de unieke oriëntatie van Lewis-
basische en Lewis-zure groepen binnen de monomeren daarbij een belangrijke rol speelt. 
Aansluitend fotochemisch onderzoek aan de polymeren liet zien dat de overeenkomsten met 

de biologische systemen niet alleen structureel, maar ook functioneel zijn. Dunne films van 
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tetrakis(NHN-donor) en -(OHO-donor)zinkporfyrines opgebracht op een TiO2 substraat 
injecteren op een erg efficiënte manier elektronen in het substraat tijdens belichting. Het 
verhitten van deze films verhoogt de efficiëntie van dit proces en dit wordt toegeschreven aan 

een temperatuur-geïnduceerde herordening van deze films in ééndimensionale, coaxiale 
polymeren die langere excitondiffusieweglengten bevorderen. 
 Nadat was aangetoond dat selectieve metallering van zowel het porfyrine- als het 
tanggedeelte van de hybride liganden mogelijk was, werden procedures om hetero-

multimetallische tetrakis(NCN-tang)-porfyrinehybridecomplexen te synthetiseren onderzocht 

(Schema 4, Hoofdstuk 4). Hiertoe werd een tang-porfyrinehybrideligand ontwikkeld dat een 

vrije-base porfyrinegedeelte combineert met vier meso-3,5-bis[(dimethylamino)methyl]-4-

broomfenyl groepen (2). Door deze moleculaire architectuur kunnen orthogonale 
metalleringsprocedures gebruikt worden voor ieder ligandgedeelte. Het porfyrinegedeelte kan 
eenvoudig worden gemetalleerd met nikkel(II) en zink(II) wanneer gebruik gemaakt wordt van 
de overeenkomstige metaal(II) zouten. De analoge 4d- en 5d-metaalcomplexen konden niet 

verkregen worden. De tangligandgroepen reageren op hun beurt met palladium(0)- en 
platina(0)verbindingen onder vorming van NCN-tang palladium(II)- en platina(II)complexen 
door oxidatieve additie. Voor alle metalleringsreacties garandeert deze orthogonale 

metalleringsstrategie dat ze volledig selectief zijn voor één van de ligandgedeeltes.  
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Schema 4. Tetrakis(NCN-tang metaal)-(metallo)porfyrinehybriden behandeld in Hoofdstuk 4. 

 
De introductie van perifere metalen blijkt tot aanzienlijke veranderingen in de UV/Vis spectra 
van de tang-porfyrinehybriden te leiden. Waar viervoudige palladering bathochromische 
verschuivingen van de Soret band van ongeveer 4 nm teweegbrengt, leidt perifere platinering 

tot verschuivingen van 12 nm. Deze veranderingen worden toegeschreven aan elektronische 
interacties tussen de gemetalleerde NCN-tanggroepen en het centrale (metallo)porfyrine. 
Tevens werd vastgesteld dat chemische reacties, die specifiek zijn voor de NCN-tang 

platinagroepen van de hybridecomplexen, leiden tot een verminderde elektronische interactie 
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tussen beide groepen. 195Pt NMR spectroscopische data lieten zien dat de perifere 
platinacentra op hun beurt worden beïnvloed door de aard van hun (metallo)porfyrine para-
substituent. Terwijl de aanwezigheid van een vrije-baseporfyrine tot een relatief 

elektronenarm platinacentrum leidt, is een zinkporfyrine een veel betere elektrondonor voor 

de platinacentra. De resultaten van Hoofdstuk 4 tonen onomstotelijk het bestaan van 

wederzijdse elektronische interacties tussen de twee componenten van de tang-
porfyrinehybridecomplexen aan; elektronische variaties in het porfyrine beïnvloeden de 

elektronische eigenschappen van de gemetalleerde tanggroepen en vice versa. 
 
De gevolgen van intramoleculaire interacties in de tang-porfyrinehybridecomplexen voor de 

reactiviteit van hun metaalcentra is beschreven in Hoofdstuk 5 en 6. Deze hoofdstukken 

behandelen de toepassing van de multimetallische hybridecomplexen als homogene 

katalysatoren. Hoofdstuk 5 beschrijft allereerst de synthese van enkele meso-tetrakis(SCS-

tang palladium)-(metallo)porfyrinehybridecomplexen. De nikkel(II)- en mangaan(III)chelaten 
werden verkregen door middel van electrofiele aromatische palladering van de 
overeenkomstige metalloporfyrines met [Pd(NCMe)4](BF4)2. Het analoge magnesiumcomplex 
werd gemaakt door achteraf het magnesium ion in het reeds perifeer-gemetalleerde porfyrine 

te plaatsen. Deze hybridecomplexen werden vervolgens gebruikt als prekatalysatoren voor de 
Heck-reactie van styreen met joodbenzeen in DMF (Schema 5).  
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Schema 5. Heck katalyse met tetrakis(SCS-tang palladium)-(metallo)porfyrines (Hoofdstuk 5). 

 

Alle hybridecomplexen vertonen een lagere katalytische activiteit dan de 
referentieverbinding, SCS-tang palladiumchloride. Opvallend is echter dat de katalytische 
activiteit van de verbindingen afhangt van de aard van het metaal in het 
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(metallo)porfyrinegedeelte. Het magnesiumchelaat heeft de hoogste initiële activiteit van de 
geteste bimetallische complexen, gevolgd door het nikkel-, vrije-base- en mangaanchelaat. 
Het verschil in katalytisch gedrag wordt toegeschreven aan intramoleculaire effecten, omdat 

combinaties van de losse componenten, te weten vier equivalenten SCS-tang 
palladiumcomplex en één equivalent model(metallo)porfyrine, onderling identieke 
reactiesnelheden vertonen die weer gelijk zijn aan de activiteit van het SCS-tang 
palladiumcomplex zelf. De volgorde in activiteit volgt de mate van het elektrondonerende 

karakter van het (metallo)porfyrine: hoe meer elektrondonerend het metalloporfyrine (Mg > 
Ni > 2H > MnCl) is, des te groter is de initiële katalytische activiteit. De katalytische data zijn 
in overeenstemming met een kinetisch model dat een palladiumlekkende stap impliceert 

gevolgd door een autokatalytische stap. De aldus verkregen reactiesnelheidsconstantes laten 
zien dat beide stappen versneld worden als het (metallo)porfyrine een betere elektrondonor 
wordt. Deze studie wijst uit dat de katalytische activiteit van een metaalcentrum gemoduleerd 
kan worden onder invloed van een substituent, in dit geval een (metallo)porfyrine. In dit 

opzicht is vooral het (metallo)porfyrine erg bruikbaar, aangezien diens elektronische 
eigenschappen bij te stellen zijn in een enkele, milde en dus modulaire stap, namelijk door 
middel van metallering. 

 In Hoofdstuk 6 worden hetero-bimetallische mono(NCN-tang)-porfyrinehybride-

complexen behandeld. Via een statistische Adler condensatiereactie werd een AB3-type 
tetrafenylporfyrine gesynthetiseerd, dat vervolgens in twee stappen is om te zetten in een 
ditopisch ligand. Deze verbinding bestaat uit een porfyrineligandgroep en een enkele meso-

NCN-tangligandgroep (Schema 6).  
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Schema 6. Mono(NCN-tang palladium)-(metallo)porfyrinehybridecomplexen als homogene katalysatoren in een 

dubbele Michael additiereactie (Hoofdstuk 6). 
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Deze verbinding werd in een stapsgewijze, selectieve manier gemetalleerd via twee 
verschillende synthetische routes. Route A is gebaseerd op het introduceren van een metaal in 
het porfyrine gevolgd door tangmetallering, terwijl in Route B de omgekeerde route wordt 

gevolgd. Voor de hetero-bimetallische tang-porfyrinehybridecomplexen bleek Route A de 
hoogste opbrengsten op te leveren. Uit 195Pt NMR spectroscopische data bleek dat het 
(metallo)porfyrine slechts een bescheiden invloed heeft op de elektronendichtheid op het Pt 
centrum in de NCN-tang. Daarnaast hangt de katalytische activiteit van de overeenkomstige, 

kationische palladiumcomplexen in de dubbele Michael additie tussen methylvinylketon en 
ethyl- -cyanoacetaat niet af van het porfyrinemetaal, wanneer M1 gelijk is aan 2H, Ni of Zn 

(Schema 6). De magnesiumverbinding vertoont echter een reactiesnelheid die een factor zes 
groter is dan voor de andere complexen. Een kleinere reactiesnelheidsverhoging werd ook 
geconstateerd voor de reacties waarin een mengsel van de twee componenten van het 

hybridecomplex, te weten magnesiumtetrakis-p-tolylporfyrine en het NCN-tang palladium 
aquacomplex, werd gebruikt. Dit kan echter de geobserveerde reactieversnelling, 
teweeggebracht door het hybridecomplex, niet in zijn geheel verklaren. Het wordt daarom 
verondersteld dat de snelheidsverhoging twee mogelijke oorzaken heeft, te weten 

“coöperatieve duale katalyse” en/of supramoleculaire aggregatie van twee katalysator-
substraatcomplexen. Binnen het model van de supramoleculaire aggregatie vinden twee 
productvormende reacties plaats: één treedt op bij een intermoleculaire reactie tussen twee 

onafhankelijke katalysator-substraatcomplexen, terwijl de tweede een gevolg is van een 
intramoleculaire reactie in een kortlevend supramoleculair katalysator-productcomplex. 
 
De synthese van een nieuw tinporfyrine met twee NCN-tang platinajodide groepen die 

covalent zijn gebonden aan de axiale posities van het tincentrum wordt bediscussieerd in 

Hoofdstuk 7. In de vaste stof nemen de tangfenylgroepen niet de staande, orthogonale 

positie in, maar een gekromde positie. Dit type verbinding, waarin op orthogonale wijze twee 

supramoleculaire metallosynthons verenigd zijn, is erg interessant voor de ontwikkeling van 
nieuwe supramoleculaire materialen.  
 
 

Algemene Conclusies en Vooruitzichten 

Een nieuwe aanpak om metaalcentra elektronisch te moduleren is onderzocht in dit 
proefschrift. Terwijl de conventionele methoden om dit te realiseren gebruik maken van het 
modificeren van (de elektronische eigenschappen van) liganden door middel van substitutie, 

dat wil zeggen covalente modificatie, is in het huidige onderzoek gekozen voor een meer 
modulaire aanpak. Hierbij wordt de modulering van de elektronische eigenschappen van het 
ene metaalcomplex namelijk bewerkstelligd door een ander, covalent-gebonden 
metaalcomplex, waarvan het metaal op eenvoudige wijze gevarieerd kan worden. Voor de 

specifieke tang-porfyrinehybridecomplexen die in dit proefschrift behandeld zijn, is 
aangetoond dat de tangmetaaleenheid en het (metallo)porfyrine elkaar wederzijds 
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beïnvloeden. Hoewel het hierin beschreven onderzoek zich vooral heeft geconcentreerd op de 
effecten die door het (metallo)porfyrine worden uitgeoefend op de katalytische activiteit van 
de perifere ECE-tang metaalcomplexen, kan deze aanpak ook omgekeerd toegepast worden 

om de reactiviteit van (metallo)porfyrinecomplexen, die immers ook katalytisch actief kunnen 
zijn, te moduleren. Daarnaast bieden de ontwikkelde hybridecomplexen mogelijkheden om 
dergelijke intramoleculaire interacties te gebruiken om andere processen zoals bijvoorbeeld 
redoxkoppeling of fotogeïnduceerd energie- of elektrontransport te beïnvloeden of te 

faciliteren. 
 Gegeven de elektronische mogelijkheden van de (metallo)porfyrinechemie zijn de 
elektronische effecten op de meso-aryl tang metaalgroepen bescheiden te noemen, ondanks 

het feit dat ze verbonden zijn met het (metallo)porfyrine door een directe C–C binding. De 
resultaten laten echter wel zien dat de modulariteit van de strategie synthetisch haalbaar is en 
dat elektronische communicatie tussen de eenheden in de multimetallische hybridecomplexen 
mogelijk is. Om een verdere intramoleculaire communicatie te bewerkstelligen verdient het 

aanbeveling om de twee componenten te verbinden door middel van bijvoorbeeld een ethyn-
1,2-diyl groep, waardoor de vlakken van het (metallo)porfyrine- en het tang-metaalcomplex 
een coplanaire conformatie kunnen aannemen hetgeen de onderlinge interactie ten goede zou 

kunnen komen. 
 Het merendeel van het hier beschreven onderzoek had als voornaamste doel de 
eigenschappen van het ene metaalcentrum te beïnvloeden door middel van intramoleculaire 

interactie met een ander metaalcentrum. Hoofdstuk 6 benadrukt echter dat, wanneer het 

optimaliseren van katalytische systemen het beoogde doel is, intermoleculaire effecten ook 
een rol van betekenis kunnen spelen. In dit hoofdstuk worden de intermoleculaire interacties 
namelijk mogelijk gemaakt door het supramoleculaire samenspel tussen de metaalcentra van 

de tang-porfyrinehybridecomplexen enerzijds en de uitgangsstoffen en producten van de 
katalytische reactie anderzijds. Deze synergistische interacties hebben een positieve 
uitwerking op de katalytische activiteit van de magnesiumporfyrine-tang-palladiumhybriden. 
Deze observaties wijzen uit dat het covalent verbinden van co-katalysatoren tot grotere 

katalytische snelheidsverhogingen kan leiden dan wanneer de co-katalysatoren afzonderlijk 
worden gebruikt. 

 Tenslotte laat een toevallige vinding in Hoofdstuk 3 zien dat de unieke combinatie en 

ruimtelijke oriëntatie van Lewis-zure en -basische plaatsen in de meso-tetrakis(ERE-donor)-
zinkporfyrines leidt tot vorming van ééndimensionale, cofaciale polymeren. De modulariteit 
van deze systemen, namelijk het gemak waarmee de Lewis-basische groepen E en 

fenylsubstituent R gevarieerd kunnen worden, biedt uitgebreide mogelijkheden tot verdere 
variatie in de structuur en eigenschappen van de polymeren. 
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Bedankt! 

Eindelijk, klaar! 

 

Met de voltooiing van dit boekje is een einde gekomen aan mijn ongeveer zeseneenhalfjarige verblijf 

op “de achtste van het Kruyt”. Tijdens deze periode heb ik veel geleerd over organische en 

organometaalchemie, maar ik weet nu ook dat een promotieonderzoek erg belangrijk is voor je 

ontwikkeling op de gebieden daarbuiten.  

 Uit de vele namen die al genoemd zijn op de titelpagina’s van de onderzoekshoofdstukken, 

alsmede uit diegene die in dit dankwoord de revue zullen passeren, moge blijken dat mijn 

promotieonderzoek alles behalve een soloprestatie is geweest. Daarom wil ik van de laatste paar 

pagina’s van dit proefschrift gebruik maken om de dragers van die namen te bedanken. 

 

Allereerst wil ik mijn ouders bedanken. Lieve Pa en Ma, ik ben jullie enorm dankbaar voor de steun 

die jullie mij gegeven hebben bij alle keuzes die ik in de loop der jaren gemaakt heb. Ook stel ik het 

zeer op prijs dat ik altijd voor 100% op jullie heb kunnen rekenen. Zonder jullie zou ik dit boekje 

nooit hebben kunnen schrijven. Ook al was ik niet altijd even informatief over wat ik nou precies aan 

het doen was (“dat vertel ik nog wel een keer” moet jullie bekend in de oren klinken), toch zijn jullie 

altijd benieuwd gebleven naar wat “dat” nou precies was. Hopelijk schept dit boekje wat meer 

duidelijkheid; ik ben jullie tolk. 

 

Het beginnen, uitvoeren en afsluiten van mijn promotieonderzoek was nooit gelukt zonder mijn 

promotoren, prof. dr. Gerard van Koten en prof. dr. Bert Klein Gebbink. Beste Gerard, ik wil je bij 

deze hartelijk bedanken voor je bezielende leiding over de groep in de afgelopen zeseneenhalf jaar. Ik 

wil ook mijn bewondering uitspreken voor het feit dat je altijd aan een halve molecuulstructuur al 

genoeg hebt om mogelijkheden en gevaren binnen een onderzoek te duiden. Mede door jouw inzichten 

en opmerkingen kon het onderzoek worden wat het uiteindelijk geworden is. 

 Beste Bert, jou wil ik van harte bedanken voor de mogelijkheid die je me hebt geboden om vier 

jaar te werken aan zo’n mooi project (het oog wil ook wat). Toen ik begon, wist ik alleen nog maar 

enkele dingen over porfyrines, maar gelukkig was jij er om me goed op weg te helpen op zowel 

praktisch al theoretisch vlak. Ik ben blij dat je me vaak mijn eigen, misschien soms eigenwijze, paden 

hebt laten bewandelen. Jij hebt ook flink wat promotie gemaakt in de afgelopen jaren, waarvoor mijn 

felicitaties. Ik waardeer het erg dat je ook tijdens deze voor jou drukke jaren met raad en daad voor me 

klaar stond, met name in de laatste, stressvolle periode. Ik stel het ook erg op prijs dat je, toen ik 

mezelf een dubbele beenbreuk skiede, direct actie ondernam om te zorgen voor een contractverlenging 

en een goede afhandeling van alle (administratieve) zaken die erbij kwamen kijken. Veel succes met 

“jouw” nieuwe Chemical Biology groep. 

 Naast twee bovengenoemden waren alle andere stafleden ook erg belangrijk voor de goede gang 

van zaken. Dr. Gerard van Klink wil ik bedanken voor alle adviezen en voor het goede buurmanschap 

in de westvleugel. Mijn grote waardering gaat ook uit naar dr. Johann Jastrzebski voor alle hulp die hij 

mij bood, met name op het gebied van computers. Tevens wil ik dr. Jaap Boersma en dr. Berth-Jan 

Deelman bedanken voor de hulp en adviezen in de afgelopen jaren. Beste Margo, jij als 

supersecretaresse hebt ervoor gezorgd dat alles wat er maar geregeld kon worden altijd op rolletjes 

verliep. Hartstikke bedankt daarvoor! Milka, jij ook bedankt voor je hulp in de laatste maanden van 
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mijn promotie. Tevens wil ik graag Henk Kleijn en Peter Wijkens bedanken voor alle (kleine) dingen 

die ze vaak ongemerkt doen, maar die van groot belang zijn voor het draaiende houden van de 

apparatuur en dus van de groep. Om dezelfde reden wil ik ook Ed Vlietstra van de FOC bedanken. 

 Dan mijn leermeesters in de organische en organometaalchemie, dr. Kees van Walree en dr. 

Harm Dijkstra. Beste Kees, ik wil je hartelijk danken voor de labvaardigheden die je mij geleerd hebt 

tijdens mijn eerste “zelfstandige” onderzoek aan cyclohexasilanen en ik vind het dan ook een eer dat 

jij deel uitmaakt van mijn promotiecommissie. Beste Harm, jij hebt mij ongelooflijk veel geleerd over 

chemie en ons lab. De “bundeling van onze krachten” heeft toch een aantal mooie artikelen 

opgeleverd. Ook bedankt voor de gezelligheid en vriendschap, in Nederland en in Engeland. 

 Ik heb ook het geluk gehad enkele studenten te hebben mogen begeleiden in de afgelopen jaren. 

Zij hebben mij geholpen met het uitzoeken van wat nou wel en, minstens net zo belangrijk, wat nou 

niet werkt. André, Sara, Guido (Kemel), Cornelis (eventjes dan...) en Daniël, bedankt! Sarita, amiga 

mía, estoy muy feliz que viniste a Holanda hace tres anos. Nunca olvidaré nuestros viajes por bicicleta 

desde Lunetten al Uithof, conversando sobre la vida y muchas otras cosas más específicas. Siempre 

amigos! Guido, veel succes en plezier met je baan bij Wiley. Daniël, ik heb veel geluk gehad met zo’n 

vakkundige student als jij in de laatste maanden van mijn promotieonderzoek. Jouw naam staat niet 

voor niets bij Hoofdstuk 6. Jij ook veel succes in de toekomst (als AiO?). 

 

Gelukkig zijn we in Utrecht in de fortuinlijke positie dat we zoveel vakmensen om ons heen hebben 

die kunnen helpen als onze eigen expertise tekort schiet. Prof. dr. Ton Spek, dr. Martin Lutz, dr. 

Duncan Tooke en dr. Huub Kooijman wil ik hartelijk bedanken voor alle kristallografische analyses. 

Beste Martin, daarbij ben ik speciale dank aan jou verschuldigd voor alle structuren van nogal “grote” 

moleculen die je voor mij hebt opgehelderd. Het was goed te weten dat er “op Noord” altijd iemand 

bereid was om te kijken of die rode en paarse kristallen nou wel of (vaker) niet meetbaar waren. 

Marjan Versluijs wil ik bedanken voor het meten van de Röntgendiffractogrammen en voor het 

enthousiast meedenken over wat die pieken nou precies betekenden. Bonny Kuipers zou ik willen 

bedanken voor de SLS en DLS metingen en Ronald van Ooijen voor de massaspectrometrische 

metingen. Jan den Boesterd, Aloys Lurvink en Ingrid van Rooijen wil ik hartelijk danken voor alle 

mooie plaatjes en posters die zij in de loop der jaren voor mij hebben gemaakt. Prof. dr. Leo 

Jenneskens wil ik tenslotte graag bedanken voor de interessante gesprekken die we hebben gevoerd 

over de HOMO’s en LUMO’s van de porfyrines van Hoofdstuk 4. 

 Ir. Annemarie Huijser, dr. Tom Savenije en prof. dr. Laurens Siebbeles wil ik hartelijk danken 

voor het enthousiasme waarmee de samenwerking met een organisch chemicus werd aangegaan. Door 

jullie zijn die polymeren niet alleen mooi qua structuur, maar zijn we er ook achter gekomen dat ze 

functioneel erg lijken op de natuurlijke systemen. Beste Annemarie, die tientallen e-mails over en 

weer illustreren volgens mij nog het best hoe enthousiast we allebei over het project waren en zijn. 

Tevens wil ik dr. Marga Lensen en dr. Hans Elemans bedanken voor de samenwerking, die 

jammergenoeg niet helemaal van de grond is gekomen. Dr. Stefania Grecea (Universiteit Leiden) wil 

ik danken voor de hulp bij de CV metingen (helaas niet opgenomen in dit boekje). 

 

Voor mij was de belangrijkste reden om iedere dag weer met veel plezier naar het “werk” te gaan de 

gezellige groep labgenoten op Zuid II. Voor 6 jaar gezelligheid wil ik bedanken: Michel, Martijn, 

Joep, Sander (allen in een ver, ver verleden), Harm (2 ), Alexey (iempwassiebbol), Jérôme, Judith, 

Jeroen (ook zeker als NMR-man), Monika, Patrick, Birgit, Rob (Jeanny!), Jie, Kees, Niels, Kristel, 



Bedankt! 
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Aidan en de vele studenten die mee hebben kunnen genieten van mijn meezingkwaliteiten (of moest ik 

daar nou juist mijn excuses voor aanbieden?). Daarover gesproken: een klein bedankje aan radio 3FM, 

en vooral aan Gerard Ekdom’s arbeidsvitaminen, is hierbij zeker op z’n plaats. 

 Daarnaast wil ik natuurlijk ook al mijn andere (oud-)collega’s bedanken voor de gezelligheid 

buiten Zuid II. Pieter (voor alles, vide infra), Silvia (binnen en buiten het lab), Guido (vooral voor je 

humor, niet voor niks in italics), Kees (het wordt nu toch echt tijd!), Anne, Marianne, Nesibe, Erwin, 

Alexsandro, Preston, Sylvestre, Elena, Maaike, Thomas, Rob C., Sipke, Morgane, Nilesh, Kamil, 

Peter, Marcella, Henk, Cat(h)elijne en Dennis. Aidan, Erwin en Morgane, succes met jullie eigen 

uitstapjes in de porfyrinechemie. Vleugelgenoten Jan, Layo en Jacco wil ik ook graag bedanken voor 

de collegialiteit.  

 (Oud-)kamergenoten Patrick, Jérôme, Alexey, Kamil en Sipke wil ik graag bedanken voor de 

gezellige sfeer in de oost- en later de westvleugel. Sipke, het was erg leuk om een kamergenoot te 

hebben die ook zo van organische chemie en vooral van NMR spectra kan genieten (onze terminologie 

hiervoor houd ik even buiten dit boekje). Ook erg bedankt voor al je NMR-hulp. 

 Voor de lol, ontspanning en vooral voor de vele borrels en etentjes in Santa Lucia wil ik graag 

bedanken: Pieter, Silvia, Guido, Kees, Aidan, Preston, Margo, Hester, Alexsandro, Elena, Catelijne, 

Koen en Sara. Vooral het dansen op (foute) muziek in de Filemon zorgde altijd voor een mooie 

afsluiting van de (vaak beschonken) avond (lees: nacht/ochtend). 

 Jaap en Ferry wil ik graag bedanken voor de leuke studietijd, de nodige ontspanning in 

Noordwijkerhout en voor de avondjes Champions League. Ook wil ik mijn pubquizteamgenoten van 

Captain Darling (aka Sugarbelly Jameson Junkies) bedanken voor de woensdagavonden in de Florin, 

net zoals Caroline, Barbara en Annemieke voor de leuke etentjes en avondjes stappen die we als 

huisgenoten en inmiddels als oud-huisgenoten hebben gehad. 

 Odile’s vriendinnenclub en hun aanhang wil ik ook graag bedanken voor de barbecues, 

gourmet/drankavonden en keren dat we in de Filemon geëindigd zijn. Aranka, Moniek en Maurizio, 

Karen en Jorrit, Annelies en Arno, en Inger en Maarten, bedankt! 

 Pieter en Silvia, bedankt voor jullie vriendschap die zich uitte in onder andere gezellige barbecues 

en andere etentjes, vaak met bovengemiddelde alcoholconsumptie. Die gaan we zeker in Engeland 

voortzetten! 

 

Eén van de belangrijkste redenen voor het feit dat ik nog vaak in Roosendaal te vinden ben, is mijn 

vriendengroep. Pieter, Stijn (ja, in dit boekje zit aardig wat tolueen), Jeroen, Daan, Ruud, Rudy, 

Raymond, Thijs, Rob, Edwin, Bram en hun vriendinnen wil ik bedanken voor meer dan tien jaar 

vriendschap en voor alle gezellige avondjes in de Carambole, de Big Ben en bij RBC, en ook voor de 

verjaardagsfeestjes, vakanties en mannenweekendjes (die houden we erin!). Ik hoop jullie volgend jaar 

vaak in Londen te zien. Ook wil ik m’n teamgenoten van het achtste en de spelervrouwen, met name 

Pieter, Jeroen, Raymond, Stijn, Mario, Frank en Sandra, Bas en Chantal, en Ivo en Kristel bedanken 

voor de leuke dartavonden, feestjes en weekendjes. 

 Aan dokter Tom Enneking (St. Franciscus Ziekenhuis, Roosendaal) heb ik het te danken dat ik nu 

weer, geheel pijnvrij, kan lopen en sporten (skiën probeer ik nog maar even niet). Echt vakmanschap! 

Ik zal de bezoekjes, kaartjes, e-mails en telefoontjes van familie, vrienden en bekenden die ik in mijn 

“gips- en krukkentijd” heb gekregen ook nooit vergeten. 
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Mijn twee paranimfen (of, in overeenstemming met de rest van dit boekje, para-nimfen), Pieter en 

Neeltje, wil ik graag bedanken voor de drie kwartier die zij naast mij zullen spenderen in de 

Senaatszaal, maar vooral voor de redenen waarom juist zij daar zullen zitten. Beste Pieter, na zo’n 15 

jaar scheiden onze wegen zich nu, maar ik weet zeker dat deze scheiding enkel geografisch van aard 

zal zijn. En Londen en Warwick liggen nou ook weer niet zó ver van elkaar. Bedankt voor al je 

vriendschap en hulp! Lieve Neeltje, ik vind het erg leuk dat jij op deze belangrijke dag aan de zijde 

van je broer staat. Ook wil ik bij deze Nils danken voor de gezellige, ietwat rimboeachtige doch frisse 

wind in huize Suijkerbuijk. 

 De “schoonfamilie” Agterberg wil ik ook hartelijk bedanken. Cora en Louis, Mathieu en Anita, 

Arthur en Marie-Anna, en Vital en Marieke, jullie warme ontvangst heeft ervoor gezorgd dat ik me nu 

helemaal bij jullie thuis voel! 

 

Oma Suijkerbuijk, dit boekje is niet voor niets mede aan u opgedragen. Ik wil mijn grote respect en 

bewondering laten blijken voor u als persoon. Ook wil ik op deze manier mijn dank tonen voor alle 

wijze levenslessen die u mij in de afgelopen 28 jaar heeft geleerd. Dat er nog vele mogen volgen! 

 

Tenslotte wil ik mijn Lieffie!!!! bedanken. Lieve Odile, het allerbelangrijkste wat mij van die Spaanse 

cursus is bijgebleven, is “amor”. Jouw humor, steun, interesse en vooral liefde waren en zijn 

onmisbaar voor mij. Jij was er altijd om de moleculen en (niet-lukkende) reacties te relativeren en om 

me aan te moedigen nog even door te zetten. De stapels manuscripten, artikelen en boeken kunnen 

eindelijk van de tafels, nu is het tijd voor feest. Ik verheug me enorm op ons grote avontuur samen; 

eerst in Londen en nog lang daarna. De toekomst wordt mooi! 

 

             Bart 
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