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SUMMARY

The aim of this research was to investigate the use of different free base nonplanar
porphyrins as bifunctional catalysts. This involved the tailored design of various
porphyrin catalysts and the subsequent testing of said systems in catalytic screening
reactions with small organic molecules. Porphyrins are a unique class of natural
compounds that are omnipresent in nature. This results in them being involved in many
important biological processes for example oxygen transport, electron transfer and
oxidation reactions as well as photosynthesis. These versatile molecules can also be
found in cofactors in nature and are crucial regulatory effectors in many biochemical
processes. Nowadays the chemistry of porphyrins is well established and they can be
found in a wide area of applications. However, porphyrins usually act as a simple ligands
where the actual desired effect is subsequent to the formation of a tetrapyrrole metal
complex. Most of the time the very interesting inner core N and NH units are deemed
inaccessible, albeit they could offer an interesting entry point to a plethora of new
applications and reactions.

This work focuses on taking advantage of these active inner units of the porphyrin by
purposely fine-tuning and modulating the porphyrin periphery and hence making these
formerly esoteric units available through the introduction of precise distortion to the
porphyrin macrocycle. This is envisioned to lead to distorted free base tetrapyrroles that
have tuneable properties and form complexes through weak interactions of the core with
other molecules and therefore represent interesting candidates for organocatalysts. In

order to achieve this goal the project was divided into two main parts:

a) The synthesis of a library of nonplanar porphyrins with various degrees of distortion.
b) The investigation into the activity of these molecules as effective catalysts in 1,4-

addition reactions.

The first method employed to obtain the essential distortion of the porphyrin macrocycle
and thus make the N and NH units of the porphyrin macrocycle available for catalytic
activity was through crowding of the periphery of the porphyrin core. The synthesis of a
large library of nonplanar highly substituted porphyrins was then achieved through
condensation reactions. Therefore, a series of aldehydes with different electron donating
substituents were chosen together with two types of substituted pyrrole units resulting in
two families of highly substituted porphyrins. The electron donating effects of the
respective aldehydes were quantified using Hammett’'s values to strategically design and
fine-tune the electronic properties of the porphyrin macrocycles. The strong electron

donating effects of the substituents on the aryl units decreases the electrophilicity of the
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aldehyde group and thus its reactivity towards pyrrole molecules. More importantly the
presence of strong electron donating groups induces a very high basicity to the inner
core functional groups of the porphyrin, which could result in an enhanced reactivity
toward binding of small molecules. Five new products were obtained which are
promising candidates for the application as organocatalysts as they all possess the
necessary requirements, namely a high degree of distortion and enhanced electron
density of their macrocycle. Depending on the aldehyde used and the position of the
substituents on the aldehyde (para, meta, ortho) yields of the porphyrin ranged from
moderate to high. In some cases, no product formation was observed. One of these
compounds was the p-dimethylamino-OETArX-porphyrin, which would be due to its
electronic nature. As condensation reactions proved unsuccessful, other
functionalization reactions, such as Buchwald-Hartwig reactions or reductions, were
investigated. The spectral properties of the porphyrins were investigated by UV-vis and
NMR spectroscopy. Furthermore, X-ray analysis showed some interesting results such
as a cage formed by a dicationic porphyrin and acetic acid molecules, revealing possible

binding abilities for various anions.

Another way of introducing distortion to a porphyrin macrocycle is via methylation of the
inner nitrogen atoms of planar free base porphyrins. This results in a considerable
distortion of the macrocycle. A library of N-methylated porphyrins with various aryl
substituents was successfully synthesized. Optimizations of the methylation reaction
were undertaken resulting in not only increased yields but also in the introduction of a
precise and defined number of methyl groups to the porphyrin core. This allows for the
tailored synthesis of N-methylated porphyrins bearing one to three methyl units in the
porphyrin macrocycle. The efficiency and regioselectivity of the methylation are
correlated to the peripheral substitution pattern. Additionally, the electron donating
properties of the substituents tend to enhance the reactivity, while electron withdrawing
groups lower the efficiency of the methylation reaction. Even so, yields of up to 95%
were obtained. Furthermore, the very characteristic spectroscopic profiles of N-
methylated porphyrins in both NMR and UV-vis spectroscopy were investigated,
showcasing the correlation between the chemical and bathochromic shifts and the
structural conformation of the porphyrins synthesized. Comparison of X-ray structures
of porphyrins synthesized and literature known structures of the planar free base and
nonplanar N-substituted porphyrins revealed that, from a structural point of view, N-
methylation of planar porphyrins results in significant structural changes and a notable
macrocycle distortion resulting in a similar distortion to that of a highly substituted

porphyrin. NSD was successfully applied to all structures and used to determine the
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distortion modes in porphyrin structures with an increasing number of N-substitutents.

Finally, the porphyrins synthesized in the previous chapters were tested for their catalytic
activity. A sulfa-Michael addition reaction was selected as the catalytic test reaction of
choice. Initial screening reactions were undertaken using the N?-monomethylated
tetraphenylporphyrin. As some conversion to desired target compound was observed
during the initial reaction conditions (9%), optimizations of parameters such as; solvent,
catalyst loading, concentration of the reaction, etc. were explored in order to achieve
better yields and to establish standard reaction conditions to then reliably screen a panel
of porphyrins. Screening of the porphyrin libraries revealed that in order for free base
porphyrins to be catalytically active they require a) a high distortion of the macrocycle,
b) an electron rich density of the porphyrin core and c) the availability of the amine and
imine moieties. Considering these requirements, up to quantitative yields were achieved
with some candidates of the prepared porphyrin library. Furthermore the mechanism of
the porphyrin catalyst was explored. The initial results suggested a bifunctional catalytic
activation of both the Michael acceptor and the nucleophile, with the monoprotonated
porphyrin being the catalytically active species during the process. In order to confirm
this mode of action, different spectroscopic studies were undertaken such as protonation
studies of the porphyrin catalysts and activation studies of the electrophile. Further
investigation of a range of different electrophiles were carried out in order to test the
sensitivity of the catalysts. All electrophiles tested gave positive results with very high
conversion up to quantitative yields. The most active catalyst in the Michael addition
reactions was then trialled as a possible catalyst in Aldol and Diels-Alder reaction.
Unfortunately, no activity was observed. In order to explore the role of basicity of the
macrocycle further two families of catalysts with very high distortion and very strong
electron donating groups were screened for their catalytic activity. It was revealed that
these so-called “super bases” were not catalytically active anymore. At a certain point,
the increased basicity of the porphyrin macrocycle resulted in inactivation of the
porphyrin in the present conditions established, due to the instant protonation of the
porphyrin by the acidity of the solvent. Thus, careful considerations and design of the

porphyrin macrocycle are quintessential when using free base porphyrins as catalysts.
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1 General Introduction

1.1 Porphyrins in nature

In nature, porphyrins and their derivatives, also known as the “pigments of life”, are
systems which are essential for many life processes in animals, plants or even bacteria.!
The term porphyrin comes from the Greek word “porphyria” meaning purple and relates
to their specific coloration. When first isolated from blood in 1867 by Thudichun,? interest
into porphyrin chemistry and their analogs drastically increased. They can be used as
ligands for the complexation of various metal ions but are also encountered as “free
base” porphyrins when they are not binding any metals.®! The former are at the center
of many important natural reactions. When chelating iron, they ensure the transport of
oxygen in the body (heme in blood), complexing a magnesium ion, they form the
chlorophyll complexes and are involved in the photosynthetic mechanism (chlorophyll in
plants).B% 4 They also play an important role as cofactors for a plethora of biologically
essential reactions, such as the decomposition of H,O; (catalase and peroxidase) or
metabolism of xenobiotics (cytochrome P450 enzymes).l! As an example, the insertion
of iron into protoporphyrin IX to form Heme b 1 ( Fig. 1) requires the enzymatic attack of
ferrochelatase, which results in distortion of the macrocycle through temporary binding

of the enzyme to protoporphyrin IX, allowing the insertion of iron into the cavity.
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Heme b
Iron protoporphyrin IX

Figure 1: Structure of the heme b 1.

1.2 Structure of porphyrins

From a structural point of view, porphyrins are tetrapyrrolic compounds containing four
pyrrole units linked by methine bridges.®” The macrocycle comprises 20 carbon atoms
(positions 1-20) and four nitrogen atoms (positions 21-24). This porphyrinic skeleton,

first proposed by Kuster in 1912,® is presented in Fig. 2. Within the 22 tr-electron system

1



of the macrocycle, 18 are part of the delocalized system, classifying it as an aromatic

system (4n+2) in terms of Hickel’s rule, with 22 1r-electrons in total.

e meso positions Periphery of the
macrocycle
® /3 positions (> Inner cavity

N Imine moieties

NH Pyrrole moities

Figure 2: Nomenclature of porphyrins.

A panel of extensively studied derivatives such as chlorins, isobacteriochlorins, and
bacteriochlorins (Fig. 3) can be formed by reductions of one or two double bonds within
the macrocycle.®! Porphyrins can also host a metal in their cavity, resulting in
metalloporphyrins which represent the class of porphyrins used in all natural enzymatic
reactions. Natural free base porphyrins are intermediates used in nature for the

formation of these so called “metalloporphyrins”.

Porphyrin Chlorin Isobacteriochlorin Bacteriochlorin

Metalloporphyrin

Figure 3: Various analogs of the porphyrin structure.

Furthermore, tuning of the porphyrin macrocycle can also be achieved by introducing
various groups at the meso- and B-positions of the porphyrin. However, due to the
important aromaticity, these positions are highly reactive and can undergo a wide range
of reactions such as substitution, nitration, acylation, etc.!® Consequently, a range of
various designs and substitution patterns can be found in nature, as well as synthetically,
depending on the number, type and position of the substituted units. Mainly, they are
divided into two sub-categories, which are symmetrical and unsymmetrical porphyrins.
In addition, due to the presence of two imine and two pyrrole moieties, the inner core
can also be quite reactive allowing for acid/base properties leading to cationic species

or complexation with diverse metals as seen in nature.



1.3 Synthesis of porphyrins

The methods utilized to synthesize porphyrins mostly involve condensation of pyrrole
and aldehydes (or related building blocks) and all follow a common mechanistic pathway
which first creates the tetrapyrrolic macrocycle. This is then followed by the oxidation of
the methane bridges resulting in the 1T-conjugated system.

From a synthetic point of view, symmetrical meso-substituted porphyrins (A4, 6) are the
most easily synthesized and the first synthetic symmetrical porphyrins were reported in
1935 by Rothemund.*! His procedure employed the reaction of four pyrrole units with
four corresponding aldehyde molecules in MeOH to give various meso-tetrasubstituted
porphyrins in low vyields (<5%). An optimized procedure for 5,10,15,20-
tetraphenylporphyrin (H.TPP) was developed later by Adler, Longo and co-workers in
1964.2 The formation of H,TPP was reported with a yield of about 35—-40% in acidic
benzene for 1-2 days at high temperature. The use of other acidic conditions leads to
the formation of chlorins, hence decreasing the porphyrin yield. However, these
conditions demand cumbersome purification processes to give the reported yields. An
optimization of the previous condition resulted in a more convenient method for the
synthesis of H,TPP, in a rapid and reproducible manner, affording yields of 20-25 %.1!
Pyrrole and benzaldehyde were reacted in propionic acid for 30 min at 141 °C, leading
to a mixture of the porphyrin and the chlorin contaminant (10-20 %). The purification,
optimized by Dolphin et al. in 1974, resulted in solely the porphyrin as purple crystals
through oxidation of the porphyrin/chlorin mixture with 2,3-dichloro-5,6-dicyano-1,4-
benzoquinone (DDQ) in refluxing toluene. The chlorin resulting from the reduction of
the porphyrin macrocycle is reoxidized by DDQ and simple purification techniques using
column chromatography and recrystallization can be used to purify H,TPP. Today, this
method stands out as the most commonly used to synthesize H,TPP. However, this
synthetic pathway can also be utilized to synthesize meso-tetrarylporphyrins. Moreover,
it can also be utilized for the synthesis of unsymmetrical meso-tetrakisporphyrins through

the use of mixed aldehydes.*!
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Scheme 1: Products resulting from mixed condensation reaction using conditions developed by

Adler-Longo.

In principle, six different porphyrins (6 to 11) can be synthesized using condensation of
pyrrole with two aldehydes (4 and 5, Scheme 1): the two parent porphyrins A4 6 and B,
11, and the 4 hybrid porphyrins AsB 7, “cis™ and “trans™A:B; 8, 9 and AB; 10, each
porphyrin being named depending on their meso substitution pattern. This type of
condensation is challenging, mainly due to the tedious purification. However, the interest
in these mixed condensations resides in the potential to control the product formation.
The statistical expected distribution of each porphyrin is presented in Scheme 1.1¢1 This
distribution can be modified to favor the As;B pattern by changing the 1:1 ratio of
aldehydes. For example, a 3:1 ratio of aldehydes would result in a relative yield of 42.2%
for the AsB porphyrin 7. However, the formation of the parent porphyrins 6 and 8-11 is
still observed lowering the experimental yield of porphyrin AsB 7 to 10-16% yield.61"]

Even though the Adler-Longo method gives rapid and facile access to a range of meso-
tetrasubstituted porphyrins, it only allows for the use of certain robust aldehydes.
Consequently, a more general method was developed by Lindsey and co-workers for
the synthesis of a wide variety of porphyrins in 35-55% yields (Scheme 2).1¥ In this
case, milder reaction conditions are employed, using Lewis acids as catalysts, to activate
the reaction between the pyrrole and the aldehyde units. This reaction is performed in
more dilute conditions (102 M) at room temperature in dichloromethane. Anhydrous
conditions in the absence of any trace of oxygen are required to form the thermodynamic
product, the porphyrinogen (as opposed to the Adler-Longo method were the
porphyrinogen is oxidized by air directly after its formation). This allows for the use of

acid labile aldehydes, which was previously impossible.
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Scheme 2: Comparison of two common condensation reactions methods: A) Adler-Longo and

B) Lindsey condensation reaction conditions.

The porphyrinogen is the intermediate formed by the electrophilic substitution of the
pyrrole by the aldehyde after the ring closure. This is then followed by oxidation using

DDQ or p-chloranil (Scheme 2), forming the typical 1T-conjugated system of porphyrins.

So far, the condensation pathways presented are based on the reaction between pyrrole
units and an equimolar ratio of aldehydes. The use of mixed condensation reactions
allows for the formation of unsymmetrical porphyrins. However, this results in many
unwanted porphyrin side products (Scheme 1), lowering the overall yield of the desired
porphyrin. Other routes were then developed allowing the generation of mixed meso-
substituted porphyrins in higher yields. These methods are generally based on the
coupling of di- or tripyrrolic intermediates such as dipyrromethane or tripyrrane moieties.
These moieties are synthesized in a manner similar to porphyrins, using adaptations of
the Lindsey condensation procedure between either two or three pyrrolic units with an
aldehyde pattern under acidic conditions.'® The dipyrromethane units allow for the
formation of “trans™A,, “trans™A;B, or A: porphyrins, while “cis™A. or “cis™A:B.
porphyrins (Scheme 3) are accessible via reactions with tripyrrane. The reaction for each
structure is then based on the same conditions developed by Lindsey.*® However, the

ratio of the different reactants plays a crucial role in the formation of the final product.



A) Condensation utilizing dipyrromethane

A A
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Scheme 3: Routes for unsymmetrical porphyrins. using A) dipyrromethane 15 or 16 and B) tri-

pyrrane 18.

A condensation reaction using a 2:2 ratio of dipyrromethane 15 units and various
aldehydes leads to the formation of “trans™A.B. porphyrins 4.2% The reaction of one
equivalent of dipyrromethane 16 and two equivalents of pyrrole and one equivalent of
aldehyde results in the formation of the A-type porphyrin structure 17.%Y Reports showed
that yields from 30—-40% could be obtained using Adler-Longo conditions.?? The simple
change in the oxidant from air?® to quinone derivatives (p-chloranil or DDQ) led to an
increase in yields to 72-93%.%2% Addition of an equivalent of tripyrrane 18 to a 2:1 ratio
of aldehyde and pyrrole results in the formation of the “cis™A2B- porphyrins 5 (Scheme
2).13241 Consequently, a range of different structures can be obtained through the use of
various aldehydes and deliberate design of the dipyrromethane 15 and tripyrrane 18

intermediates.

1.4 Biomimetic systems

Porphyrins, as mentioned previously, are at the center of a plethora of biological
processes. These tetrapyrolic scaffolds are often tightly linked to proteins and the activity
of these chromophore-protein systems resides in the tetrapyrrolic metal complex.? This
metal complex is formed by chelation of a metal into the inner cavity of the chromophore.
For example, in hemoglobin, iron(ll) is inserted into the cavity of protoporphyrin 1X
resulting in an iron(ll)protoporphyrin IX complex which is bound to a globin protein.®
These hemoprotein type complexes are common examples of systems which show a

wide range of indispensable functions such as oxygen storage and transport, gas



sensing, electron transfer, catalysis, or even gene regulation.”> The multiple functions
of the same cofactor resides in the effects of its various coordinations modes with the
protein such as axial coordination: e.g., heme a in cytochrome ¢ oxidase, heme b in
hemoglobin and myoglobin, or covalent linkage to proteins: e.g., heme c in cytochrome
c.?® These factors influence the physicochemical properties resulting in various binding
modes and thus, different natural functions of the same cofactor (e.g., fine-tuning of
reduction potentials over a wide range,?” robustness,? interaction with proximal amino
acids, metal-ligand interactions, metal spin statel®® and oxidation state.B%)
Consequently, nature gave the most thorough example of how molecular engineering of
porphyrins and their binding modes drastically impacts their functions. Numerous
tetrapyrroles were used to study the biological role of nonplanar macrocycle

conformation®¥ and their conformational control in enzymes.*?

“Picket fence” porphyrins are a classical example of designer porphyrins capable of
mimicking natural process.*¥l More specifically, these sytems are well-known to be good
analogs to understand the reversible oxygen binding process of hemoglobin.
Hemoglobin is the most common carrier molecule for oxygen.B4 Its structure consists of
a five-coordinated Fe(ll) metal inserted in a protoporphyrin IX ligand and stabilized by
proximal and distal histidine residues from the globin.*% The proximal histidine stabilizes
the system by acting as an axial ligand for the iron ion, while the distal histidine groups
stabilize the oxygen binding by a hydrogen bonding interaction with the oxygen atoms.
These two residues represent key units in the hemoglobin function (Fig. 4). These
proteins have a very complex structure and their roles have been difficult to study,®®!
although good advances have been made using synthetically designed Fe(ll)porphyrins
as biomimetic molecules.B” However, the use of simple iron(ll)porphyrins showed their
incapacity to reversibly bind oxygen. The binding of the oxygen to the iron center, forming
an oxy-iron(ll) center, is immediately followed by the attack of a second iron(ll) center.
This subsequently results in the formation of a bridged oxo-bisiron(lll) complex in which
the oxygen is irreversibly bound to the iron(lll) center.®® The study of natural
iron(ll)porphyrins proved that the reactivity between the iron centers is not observed.
Therefore, a major role of the protein consists in the protection of these reactive centers

by encapsulating the chromophore. 53



Figure 4: Hemoglobin structure on the left. Schematic representation of hemoglobin heme envi-

ronment, highlighting both proximal and distal histidines, on the right.[34d

Considering the problematic reactivity of a simple iron(ll)porphyrin complex, the first
“picket fence” porphyrin 19 was developed by Collmann (Fig. 5).2% This model
represents one of the most successful systems and allowed an understanding and
mimicking of the heme protein active site. His model prevents the reaction of the iron
center by shielding the inner cavity of the porphyrin with four pivalamido groups located
on the same side of the porphyrin (Fig. 5). The presence of these large units results in
the formation of a pocket where the iron and oxygen species are buried. As in nature,
the metal complex of the picket fence porphyrin was also stabilized by imidazole analogs
on the unhindered side of the molecule.

"Picket fence" Oxygen binding
porphyrin pocket

19

Imidazole binding
unhindered porphyrin side

Figure 5: Schematic structure of the first picket fence porphyrin developed by J. Collman.[33a



This approach of shielding one side of the chromophore has been investigated by many
groups and has produced a wide variety of architecturally designed porphyrins other

than “picket-fence”, e.g., capped, crowned, strapped, or basket-handle.

1.5 Nonplanar porphyrins as biomimetics

1.5.1 Concept
Natural and synthetical studies have shown that critical requirements of biological
systems reside on the tight interaction between the bound chromophore and its protein
as well as hydrogen bonding and electronic interactions. In addition, the nonplanarity of
tetrapyrrole systems and the influence of the various conformations on their
physicochemical properties is well established.?. Consequently, the various functions
of an identical chromophore in nature have been linked to the diverse conformations the
tetrapyrrolic pigment can adopt.°®¢l |n addition, a statistical study on the protein
structural data of a bacteriochlorophyll, reported by Senge et al., support this principle.[*!
The analysis gave convincing proof that the chemical role of various chromophores of
the reaction center are influenced by the diverse conformation they display. A fine tuning
of the cofactor properties can then be achieved via modulation of the tetrapyrrole

conformation and thus, the same cofactor may present different functions.

The idea of nature using the flexibility of the macrocycle of porphyrins to facilitate
interactions during natural reactions led to a significant development of conformationally
designed systems.? Researchers have been focusing their attention on various
synthetic methods to distort porphyrin structures.® An article in Chemical
Communications, as well as a chapter in The Porphyrin Handbook, written by Prof. Dr.
Mathias O. Senge, highlights every possible way of introducing conformational
modifications to porphyrins (Fig. 6).140a44

(1)) Peripheral substitution

6 Heteroatom substitution
(2] Metallation
7 Interuption of the

@ Axial ligand conjugated system

©

N-alkylation, -arylation Degree of reduction

protonation
9 Cation radical formation

5 Strapping of the
macrocycle

Figure 6: Possible modifications of the porphyrin macrocycle resulting in conformational

changes.



At first, research investigations were directed toward metalloporphyrins to reproduce
natural processes. The cavity, having a limited size, cannot accommodate large metals
or, in an opposite manner, very small metals do not fit properly into the cavity. Thus, the
macrocycle needs to reshape itself in order to bind to the metal.*s The first experimental
nonplanar porphyrin was introduced by E. B. Fleischer in 1963 using the reaction of
H,TPP 2 with various metal salts in order to prepare the metallated porphyrin.“¢ Copper
(Cu(INTPP), palladium Pd(I)TPP, zinc Zn(I)TPP and iron Fe(ll)TPP were used and
illustrated the high macrocycle distortion obtained with copper and palladium compared

to the planar structures seen with iron and zinc.

Alongside the insertion of small or large metal ions,*” distorted tetrapyrrolic scaffolds
can also be achieved by protonation of the macrocycle,®® high peripheral
substitution,*?¢l or the insertion of bulky groups to the nitrogen atoms within the
cavity.? The protonation and deprotonation relies on the acid-base properties of the
macrocycle.® The reaction of the two imine moieties with an acid allows the formation
of the mono- and dicationic forms. Conversely, the reaction of the porphyrin with strong
bases can result in the loss of the two pyrrolic protons, forming the mono- and dianionic
forms. The loss or gain of protons allows the formation of ionic bonds with the counter
ions.[% Peripheral substitution, on the other hand, will result in a crowded periphery of
the macrocycle, which will force the macrocycle to reshape its structure in order to
achieve a stable and lowest energy conformation. The core substitution is based on a
similar concept; here, the substitution of groups causing the distortion is directed towards
the inner cavity.*’l The size of the cavity does not allow for the incorporation of larger
groups. Thus, the presence of groups, such as alkyl or aryl, will lead to a distortion of
the macrocycle. In the two last cases, distortion is a result of the steric strain induced by
the addition of a bulky substituent. The use of the methods introduced in Fig. 6 induces
distortion and generates various conformational patterns with small to high distortion.
Classical examples of the steric hindrance caused by peripheral or core substitution are
shown in Fig. 7: 2,3,5,7,8,10,12,13,15,17,18,20-dodecaphenylporphyrins H,DPP 20,5
2,3,7,8,12,13,17,18-octaethyl-5,10,15,20-tetraphenylporphyrin H,OETPP 21 ,[43d
5,10,15,20-tetra-(tert-butyl)porphyrin  H,TtBuP 22,4852 and N2, N2 N%-trimethyl-
5,10,15,20-tetraphenylporphyrin trifluoromethane sulfonate salt 23.53
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Figure 7. X-ray crystal structures of common nonplanar porphyrins.

The substitution of the macrocycle periphery (highly substituted porphyrins) is a simple
means to achieve nonplanarity. Highly substituted porphyrins represent a family of
porphyrins that bear substituents on both the meso- and B-positions. Their synthesis is
based on a condensation reaction between a tailored pyrrole (substituent at positions 3
and 4) and an aldehyde using modified Lindsey conditions.®* The asset of these
compounds resides in the potential control over their nonplanarity introduced by the
incorporation of groups at the B-positions. Depending on the number of peripheral
substitutents, the degree of substitution can vary from slightly distorted to highly distorted
porphyrins, with the highest degree of substitution being seen for the dodecasubstituted
macrocycle. Medforth et al. also showed that conformational control can be achieved
and fortified his argument using a series of porphyrins substituted with cycloalkenyl

groups of various sizes at the B-positions.!

Ph Ph Ph
/)
N
H Ph Ph  Ph Ph  Ph Ph
3,1eq.
+
Ph Ph Ph
0, 0,
m 1) BF;0Et, Ar., 12 h 26,16.8 % 27,144 % 28,1.65 %
CH,Cl,
N —
2)DDQ, 1h Ph Ph Ph
24,1eq
+
(? Ph Ph  Ph Ph  Ph Ph
S0
Ph Ph Ph
25,2 eq.
29,121 % 30,9.8% 21,181 %

Scheme 4: Mixed condensation reaction conditions for the EtxTPP series.
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In 1997, Senge et al. reported the synthesis of an EtxTPP series where x represents the
number of ethyl groups present in the structure as shown in Scheme 4.2 56 The study
aimed to illustrate the various degrees of conformation obtained using porphyrins with
graded numbers of ethyl groups at B-positions. This study also illustrates the change in
spectroscopic properties (i.e., bathochromic shift) with increasing distortion. Analysis of
the UV-vis spectroscopy showed an increasing red-shift and broadening of the Soret
bands upon increasing addition of ethyl groups. This, alongside the X-ray structural
studies, shows that the increase in distortion of the compounds can be ordered as
follows: H,TPP 26 < H.DETPP 27 < HtTETPP 28 < Ho.cTETPP 29 < H,HETPP 30 <
H,OETPP 21 (Fig. 8).

A =005A A=010A A=029A

“Ph Ph Ph

29 30 21
A =038A A =046 A A =054 A

...... > Increasing distortion

Figure 8: Various degrees of substitution on B-positions and their respective degree of distortion

represented by the deviation from the 24-atom mean square plane (A424).

From compound 26 to 30 and then to compound 21 (Fig. 8), an increasing nonplanarity
can be measured. The distortion starts with the introduction of the two first ethyl groups
at the B-position and is further increased upon the introduction of additional 8-ethyl units.
This study gave a major boost to the synthesis and structural elucidation of many highly
substituted systems, especially towards biomimetic studies.**4 A comparative study
between H,TPP 26 and H.OETPP 21 (Fig. 9) showed that for the highest distortion,
compound 21, the central NHs are pushed out-of-plane, while repulsive peri-interactions
are seen between neighboring meso- and B-units. An angle of 30° is measured between

the plane and the pyrrole units as these units are alternatively pushed up and down,
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resulting in a sad-distortion mode associated with the distortion obtained by a crowded

periphery of the macrocycle.®”

(A) (B)
26 21

Figure 9: Comparison of the difference in distortion between the planar H.TPP 26 (A) and the
highly substituted H2OETPP 21 (B), in the X-ray crystal structures. [57¢581 Hydrogen atoms have

been omitted for clarity.

The nonplanarity observed in dodecasubstituted system 21 induces various changes to
the properties of the macrocycle, such as an increase in positive charge on the nitrogen
atoms, a better interaction with small molecules (stronger N-H bonding),®+59
enhancement of their reactivity toward metals, a higher basicity,* an alteration of their
photochemical properties and exited state dynamics,*¥ oxidation potentials®® or axial

ligands affinities. 57261

A) Crowded peryphery
Lot ‘Hi[\‘j

Modulation of the peripheral substitution

31

Figure 10: A) Possible modulation of the periphery of the macrocycle for improvement of the
binding affinities. B) X-ray structure of 2,3,7,8,12,13,17,18-octaethyl-5,10,15,20-tetrakis(o-ami-
nophenyl)porphyrin 31 showing its high binding capabilities.®!

An alteration of their redox potential as well as their binding properties can also be noted,
which can be modulated depending on the type of electronic substituents added to the
periphery.?®51 These nonplanar porphyrins are also more soluble due to the reduced -
stacking effect observed for their planar counterparts.? Overcrowding the porphyrin
macrocycle will also affect the photophysical®® and electrochemical propertiest®¥ of the
compounds in many ways. In terms of photophysical properties, conformational

modulation can influence the (dynamic) photophysical and excited state properties7¢:65l
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resulting in lower fluorescence yields, large Stokes shifts and shorter lifetimes of lowest

excited states. %€

The binding abilities generated by the nonplanarity of the porphyrin results from the
formation of cavities on each face of the macrocycle. These cavities allow the
incorporation of small molecules, which bind to the inner core systems, such as solvent
molecules, but also anions in the case of protonated porphyrins (Fig. 10, B). The
development of such systems can be applied to sensing applications. Indeed, upon
interaction with metals or small molecules, the change in the porphyrin properties results
in a detectable response (color changes, fluorescence quenching, electrical signal). A
recent publication from NorvaiSa and co-workers illustrates the possibility to detect the
switchable binding of analytes by the color change observed (Scheme 5).1% The design
of porphyrin structures through modification of the nature and number of peripheral
substituents results in a modulation of the selectivity and sensitivity towards small
molecule binding abilities.

= PhSOj3”
HP,0,%
HSO,
CH3S05"
Green solution
31 32

Scheme 5: Schematic representation of the binding of small molecules after peri-substitutents

modification and conformational modulation of porphyrin 31.[60d

1.5.2 Analysis of nonplanar porphyrins
Scientists have always been fascinated by the ability to observe the structure of a
molecule at its atomic level. Until 1914, when the first molecular structure (table salt)
was determined by X-ray crystallography,®® there was no specific equipment to show
with complete certainty the structure of the compounds synthesized. However, scientists
were still able to prove the structure of the products obtained with techniques such as
UV-vis or NMR spectroscopy. In the present context, a fascinating concept resides on
the fact that changes observed in their spectroscopic properties are closely related to
the distortion induced by the fine tuning of the macrocycle. These properties have been

widely studied to interpret how the various changes observed can be correlated to the
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distortion. These variations in properties imply the possibility to recognize and quantify
the resulting distortion. This distortion can be easily quantified using structural
characterization techniques such as normal-coordinate structural decomposition
(NSD)[27b. 40d. 671 gand X-ray diffraction crystallography (XRD).

1.5.2.1 Structural analysis: X-ray and NSD structural analysis

X-ray crystallography is a specific technique based on the diffraction of X-rays by
crystalline material. Many organic and inorganic materials can form crystals, thus, XRD
drastically helps in advancing various scientific fields. Porphyrins can also form
crystalline materials and these techniques have been fundamental to study many
biological processes involving porphyrins. XRD analysis of materials is a very useful
method to visualize the distortion present in porphyrins, but also to observe the
arrangements they can adopt within their environment. This is important as this
information can help to interpret their behaviors in solution. Porphyrins are known to form
various types of bonding with metals, solvents, ions or small molecules and X-ray
diffraction analysis is a good method to further prove their reactivity and behavior in fields
such as, for example, hydrogen-bonding catalysis (Fig. 11).

(B) o3

Figure 11: Example of hydrogen bonding formation between the inner function of the porphyrin
and an acetic acid molecule shown by XRD analysis. A) Hydrogen-bonding with free base
H20OETPP 21 and (B) Hydrogen-bonding with the dicationic HsOETP P2+ [57¢.68]

In addition, the NSD method can be used to quantify the degree of distortion. NSD is a
conceptually simple technique to quantify out-of-plane or in plane distortion of molecules
using vibrational normal coordinates. The conformation of the macrocycle (porphyrin
skeleton) and the vibration normal modes are projected on a plane in a quantitative
manner. This results in various distortion modes, described by Scheidt and Lee,[5768al
from which only the out-of-plane distortion will be discussed in the context of this Ph.D.
thesis. The most common modes reported for porphyrins are saddled (sad (B.y)), ruffled
(ruf (B1u)), domed (dom (A2u)), and waved (wav (Eg(x) and Eg(y))) (Fig. 12).
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wav (Eg(y))

Figure 12: Representation of the four most widely found distortion modes for porphyrins. Only
the most significant displacements are shown. Displacements above the plane and below the

plane are indicated by (+) and (-), respectively.

Ruffled and domed distorted macrocycles are often observed in metalloporphyrins,©72:6%
where domed distortion is associated with the axial ligand found in five-coordinated
metalloporphyrin complexes or with metalloporphyrins chelating large metal ions.l™
However, a unique case of a free base ruffled porphyrin has been reported in the
literature (Fig. 13).5%°1 The H,TtBuP 22 bears four tert-butyl groups at the meso-
positions, which due to their size cannot be accommodated without twisting the
macrocycle, resulting in a ruf-distortion mode. Protonation of porphyrins as well as steric
strain due to peripheral or inner core substitution results in a saddled distortion of the

macrocycle. This distinction is required in order to compare the degree of nonplanarity

of porphyrins.
(A)
22 Front view Side view
Neutral form Diprotonated form Diprotonated form
Counter anion omitted With counter anion

Figure 13: A) Structure of the tetra-tert-butylporphyrin; B) X-ray structure of the dicationic form
of tetra-tert-butylporphyrin 22.14851 Counter anions have been omitted for clarity. Twisting of the

pyrrole (in purple) is highlighted by the yellow plane drawn in the figure.

In addition to the visual effect and the various distortion modes obtained, NSD and X-
ray methods vyield several parameters which can be used to quantify and compare

macrocycle distortion between different molecules. Among them, the overall out-of-plane
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distortion (A.op) and the deviation from the 24-atoms least square plane (A24) are the
most representative parameter for the distortion in a molecule. The Aqop represents the
overall contribution of every distortion mode (B2y, B1u, A2y, Eg(X) and Egy(y)) observed in
the molecule. The A24 is the average deviation of the 24 macrocycle atoms from their

least square plane. Consequently, high A24 indicates highly distorted macrocycles.

1.5.2.2 Spectroscopic analysis

Changes in the spectroscopic pattern are closely related to the various modifications of
the macrocycle such as change in the peripheral substitutents (push-pull porphyrins,
porphyrin dimers, porphyrin based molecular tectons, pH dependent units, etc.),5%"
modification of the inner cavity (N-substitution, counter ions via protonations,
metallation),[#2¢4849  reduction of the T-conjugated systems (chlorins,
porpho(di)methenes),”? or distortion of the macrocycle.l”® In the panel of spectroscopic
methods, UV-vis and NMR spectroscopic techniques are the most commonly used to
characterize porphyrins. These modifications induce chemical shifts of the NH protons
or modulation of the light absorbing ability of the porphyrin.*4474 These changes are
often good indicators to determine the structure and conformation of tetrapyrrolic

compounds.

To visualize the effects that different modifications of the macrocycle can have on the
UV-vis and NMR spectra of porphyrins, a selection of illustrative porphyrins has been

chosen which range from planar to very nonplanar molecules in Fig. 14.

26, H,TPP 33, ZnCITPP 34, MnCI,TPP

[ 2+ [ 1+
i [CF3CO,] i i [CF3S037]
35,

23, Np; Ny Ny trimethyl TPP (TPP(CH3);*)

21, OETPP
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Figure 14: Various examples of possible modification of the macrocycle. Porphyrin 26 is shown

as a planar and comparative reference.

1.5.2.3 UV-vis spectroscopy

Porphyrins have very specific UV-vis spectra due to their highly conjugated systems.
UV-vis spectra of free base porphyrins can be divided into two main parts; a Soret band
and four weaker Q bands. The four orbital model which describes the particular UV-vis
spectra of porphyrins has been developed by Gouterman.[”® This model looks at the two
highest occupied molecular orbitals (HOMOSs) and the two lowest unoccupied molecular
orbitals (LUMOS) localized in the porphyrin (Fig. 15). The UV-vis spectrum is a result of
the m—1* transitions observed between the HOMOs and LUMOs. The Soret band arises
from the degenerated pairs of higher energy state (transition from ground state Sy to
excited state S,) and the Q bands from the degenerate pairs of lower energy state

(transition from Sy to excited state S;).["®!

LUMO +1 €0x
TC*
LUMO egy
T —» T*
HOMO aqy
T
HOMO -1 aoy,

Q, B,

Figure 15: Energy diagram of HOMO/ LUMO transition states.

However, the Soret or B band is represented by an intense and usually sharp absorption
band between 380 and 500 nm. This unique intense band results from the overlapping
of the two expected B bands. The Q bands are four broader bands between 480 and
800 nm with much lower intensity. In theory, the Q bands of free base porphyrins are
split in two, due to vibrational excitation. A transition is observed from ground state
(HOMOSs) to two vibrational states of the excited state (LUMOS) resulting in the two Q
bands Q(0,0) and Q(1,0). Therefore, the rise of the two additional Q bands (four in total)
is caused by the presence of the NH protons, breaking the symmetry of the porphyrin.
As a result, the two Q bands from the vibrational excitation are further split into two more
Q bands, resulting in the four Q bands observed (Qx(0,0), Qy(0,0), Qx(1,0) and Qy(1,0)).

The UV-vis spectrum of a porphyrin is highly dependent on the porphyrin structure:
changes can be induced by nonplanarity, chelation of a metal, and functionalization on

the periphery or in the inner core (Fig. 16).'"1 For example, insertion of a metal into the
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cavity of the macrocycle will restore the symmetry and thus results in only two Q-
bands.[”® A shift can be observed for the B bands influenced by the type of metal
complex formed. Divalent metal ions such as Ni(ll), Cu(ll), Zn(ll) or Mn(ll) form
tetracoordinated complexes.[™ Low affinity for additional ligands is observed in the case
of Cu(ll) and Ni(ll) complexes; however, this is not the case for Zn(Il) and Mn(ll). While
Zn(ll) metal complexes can easily combine with an extra ligand forming a
pentacoordinated complex with a square pyramidal structure, two additional ligands can
be added to the Mn(ll) complex forming a distorted octahedral complex.% The resulting
distortion induced by the addition of the two ligands leads to the distortion of the
macrocycle, resulting in the bathochromic shift observed for MnCI.TPP (Fig. 16, (A)).
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Figure 16: Influence of the macrocycle modification on the UV-vis spectrum. Porphyrins utilized

to plot the various UV-vis spectra correspond to the porphyrins presented in Fig 14.

Changes in the absorption spectrum can also be seen after diprotonation of the
porphyrin with acid, which results in a shift of the Soret band of 10 to 20 nm due to the
distortion induced by the two added protons (Fig. 16, (B)).’®#1 In a similar manner,
nonplanarity obtained by high peripheral substitution or inner core substitution also
results in a red-shift of up to ~40 nm (depending on the degree of distortion) compared
to the planar analogs (Fig. 16, (C) and (D)).“>*Q bands are also affected by the different
distortion modes, as shown in spectrum (D) (Fig. 16), where the insertion of three methyl

units leads to a higher distortion of the macrocycle and thus, only one broad Q band is
observed.
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1.5.2.4 H NMR spectra of porphyrins

The first report of a NMR spectrum of a porphyrin was published by Becker & Bradley!®?
and Ellis et al.® A large magnetic anisotropy (ring current) is observed in porphyrin
structures due to the aromaticity of the macrocycle.®¥ The ring current, seen in aromatic
systems, is induced by the electrons circulating over the aromatic ring of the 1-system
and makes an important contribution to the chemical shift variations observed in NMR
spectra.®® The main consequence of this anisotropy is seen by the deshielding of the
protons in the plane and the peripheral protons.® Protons in the region above and below
the plane are shielded. Porphyrins are aromatic structures, which can be approximately
seen as the sum of five aromatic rings: four from the pyrrole units and one from the
sixteen central membered ring (Fig.17, A).E1 The 'H NMR spectrum of a porphyrin is
then spread over 15-16 ppm. Peripheral protons are shifted by about 4-5 ppm to the
lower field in comparison to common chemical shifts observed for protons of the pyrrole
molecule itself,® and inner protons are shifted by 11-12 ppm to higher fields. Any
modification of the porphyrin structure will result in an alteration of the overall ring current
and hence induces a change in the chemical signals observed. However, other
additional factors need to be considered to explain changes observed in the NMR
spectra. For example, conformational changes can be induced by local modifications of
the macrocycle resulting in variations of the environment of the proton. Considering the
possibility that the macrocycle can be substituted in three different ways: a) by g-
functionalization, b) by meso-substitution and c¢) inner core substitution (metal,
protonation or alkyl or aryl groups), the change in the environment can often be important
and results in small to large chemical shifts. In addition, the nonplanarity which can be

induced by these modifications can affect the ring current effect, i.e., aromaticity.

A) Aromatic systems of porphyrin
G O
\ NH N= NH N=

Gy o
N HN N HN
Gy A

4 pyrrole 1 sixteen
aromatic rings membered ring

(B)

<\ />

Anisotropy effect

Figure 17: a) Aromatic rings present in the macrocycle of porphyrins, b) Ring current and ani-

sotropic effect on the macrocycle.

The 1—17 orbitals are destabilized by the new shape of the porphyrin and their overlap is

reduced by the steric hindrance of the macrocycle. A lower electron density of the -
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system is observed, reducing the ring current and resulting in an upfield shift of the
peripheral protons. In parallel, a shift in the opposite direction (high field) is observed for
the signals of the inner protons which is caused by the inner protons suddenly being

exposed to the outside of the magnetic anisotropy due to the distortion.®"!

(A Free base (H,TPP 26)

Protonation (H,TPP?" 35)

Peripheral substitution (H,OETPP 21)

N-substitution (TPP(CHjz)s* 23)

\
|

T T T T T T T T T T T T T T T T T T T
4.0 3.5 3.0 2.5 2.0 15 1.0 0.5 0.0

M

LY ”\MM_)J LJ L ) M ok

NSNS

5.0 4.5
f1 (ppm)

(B)
Planar (H,TPP 26)
H:
Metalation (ZnCITPP 33)
Protonation (H,TPP?" 35)
Ha
by MW»WWM Peripheral substitution (H,OETPP 21)
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Figure 18: Influence of the modification of the porphyrin macrocycle on the peripheral protons
(A) and inner protons (B). Porphyrins utilized to obtain the various *H NMR spectra correspond

to the porphyrins presented in Fig 14. Spectra were recorded in CDCla.
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Chemical signals for the peripheral and inner protons for each modification are shown in
Fig. 18, respectively. When comparing the planar H.TPP 26 to the nonplanar H.OETPP
21, it can be seen that the addition of alkyl groups to the B-positions induced a shift of
the ethyl and NH inner protons (Fig. 18).% An upfield shift is observed for the ethyl
proton signals while the inner proton signals are deshielded.®? Literature has shown that
an even stronger effect can be noted when larger substitutents are used for the -
positions.®1%2 The insertion of a metal into the cavity or the protonation of the inner core
of the porphyrin restores the symmetry (Fig. 18, (B), ZnTPP 33 and 35). Alarger
ring current can then be observed due to better stabilization of the resonance form.[®3 In
metalloporphyrins the presence of the metal leads to the disappearance of the NH peaks
(loss of the protons) (Fig. 18, (B), ZnTPP 33). For the dicationic species, the downfield
shift of the peripheral protons is more dominant than the upfield shift of the NH protons
compared to their free base analogs. While the C-H protons are shifted upfield due to
the ring current effect, that same effect is compensated around the NH protons by the

charge formed.!®?

The changes in NMR spectra of N-substituted porphyrins are mainly due to the steric
hindrance caused by the central substituents replacing the inner core hydrogen atoms
(Fig. 18, TPP(CHa)s" 23). The size of these substituents results in a steric clash as they
cannot be accommodated in the cavity. The changes in the NMR spectrum are attributed
to the distortion induced by the N-substitution, including a decrease in the aromatic ring
current. This decrease changes the local environment due to the distortion (proton
outside the ring current) and increases the sp® hybridization at the N-substituted
atoms.P4 A shift to the higher field is observed for the B-protons of pyrrole opposite to
the N-substituted pyrrole due to the conservation of its planarity. In contrast, the (-
protons from the N-substituted pyrrole are more shifted due to the out-of-plane distortion
of the pyrrole ring caused by the N-substituents. However, this is only observed for the
N2'-monosubstituted porphyrins. Upon insertion of more N-substituents, a higher
distortion is observed, resulting in a more significant shift of the proton signals of the N-
substitutents but also, in some cases, from the loss of symmetry. The shift is then
observed for every proton of every inner substituent, which are all tilted out of the ring

current by the nonplanarity.®®
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2 Objectives

The overall concept of this project consisted of synthesizing nonplanar porphyrins with
modulated conformations and tuned properties in order to be tested as potential
organocatalysts for reactions using small organic molecules. Consequently, this project
is divided into three main objectives: first the synthesis of highly distorted porphyrins with
tuned electronic properties, second the elaboration of a library of N-methylated
porphyrins and to finish, the use of the whole panel of synthesized porphyrins to examine
their potential as organocatalysts.

Substitution of the periphery of porphyrin macrocycles is a simple way to induce
macrocycle distortion. This method leaves the NH intact and the distortion pushes these
units out-of-plane. Their ability to interact with surrounding small molecules is
consequently improved. Moreover, using this method enables the fine-tuning of the
basicity and electronic properties via modulation of the peripheral groups. Thus, the
objective of the first chapter was to synthesize a catalog of highly nonplanar porphyrins

with various electronic properties using peripherally crowded macrocycles (Fig. 19).

O - R = H or electron donation units
(alkyl, o-alkyl, amino derivatives)

Na'a%avs

Figure 19: Targeted highly substituted porphyrins.

Modulation of basicity could be achieved using aldehydes bearing aryl substituents with
various electron-donating groups. The electron-rich macrocycle has increased the
binding capabilities of the inner moieties and thus enhanced their reactivity toward their

environment.
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The second project discusses the modification of porphyrin macrocycles through
molecular engineering of the inner cavity. Here, N-methylations of the porphyrin core
were exploited to induce conformational changes. A variety of porphyrins were
synthesized presenting low to high meso-substitution with different electronic substituent
effects to allow comparative conformational and structural analyses (Fig. 20). Symmetric
porphyrins were used to allow for a facile distinction between precursors and compounds
formed upon N-methylation.

.-~ Modulation of meso-position
~-* A4 or A2 porphyrins

“»  Modulation of S-position

) N-substitution

Figure 20: Various positions used during the second objective, in order to functionalize and dis-

tort the porphyrin macrocycle.

Further investigations on the influence of meso-peripheral units on the methylation
process were also anticipated. N-alkylated porphyrinoids are of interest as they allow an
investigation of the correlation between increasing distortion and N-substitution pattern.
Such conformational modification induces distinct changes in their spectral and
electrochemical properties, notably, an increase in basicity and an improvement in the
binding properties (small molecules or anions). Further advances in this area require
access to a broader range of core-alkylated porphyrins and, herein, a comparative
investigation of the synthesis and structures of N-substituted 5,10,15,20- and 5,15-
substituted porphyrins containing groups with various electron-dependent properties
was targeted.

With this broad catalog of porphyrins in hand, an examination of their potential as
organocatalysts was anticipated.®® The exploration of free base nonplanar and N-
substituted porphyrins as potential catalysts is a novel challenge as such systems have
never been employed in this field, even though they possess common catalytic
functionalities. The overall concept of the last chapter of this project would then consist
in using these compounds for sulfa-Michael addition reactions. The efficiency of the
distorted N-methyl-5,10,15,20-tetrasubstituted porphyrins were compared to one of the
highly distorted porphyrins systems (e.g., H-OETPP). The hypothesis is that distorted
porphyrins can activate Michael acceptors as their pyrollic protons are tilted outward by

the saddle distortion (activation via hydrogen-bonding to the acceptor, Lewis acid).
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Figure 21: Hypothetical behavior of

thio(urea) systems.

B) Porphyrins as a new class of bifunctional organocatalysts
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N-substituted porphyrins compared to the well-known

Moreover, due to the macrocyclic distortion, the basicity of the porphyrin imine groups is

highly increased.®"! This effect could lead to an additional activation of the nucleophile

(Lewis base). Both effects together will generate a new class of bifunctional

organocatalysts (Fig. 21). This concept of catalysis by such distorted porphyrins can be

compared to the well-established (thio)urea-substituted cinchona alkaloid systems (A,

Fig. 21).181
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3 Highly substituted porphyrins
3.1 Introduction

Natural tetrapyrrole-containing proteins stand among the most fundamental class of
enzymes and are able to catalyze a multitude of biological processes. The chemical
structure of the protein cofactors determines the biological function it may play and many
processes are seen to be activated by chemically identical cofactors (e.g., hemoglobins,
myoglobins and cytochromes P450).%% To understand how nature induces various roles
to the same chromophore, the development of synthetic biomimetic compounds have
been an ongoing challenge.*? Variations in the sequence of protein cannot be
considered as the sole reason for the various functions observed for the same cofactor.
A critical factor common to all protein systems resides in the close structural interplay
between the protein and its chromophore, which induces conformational changes in the

tetrapyrrole.™

Synthetically, the variation of conformation for the same tetrapyrrole molecule can be
achieved by modification of the macrocycle structure,242¢.45.480.491 The various ways of
modifying the macrocycle have been detailed in the general introduction in Fig. 6. Even
though they all result in conformational changes, peripheral substitution stands among
one of the best techniques to control the conformation (e.g., H.TtBuP 22,152 EtXTPP
seriest®). Techniques such as NSD, XRD, UV-vis and NRM spectroscopy have proven
to be very useful in examining the various conformations obtained and to observe the
effects of these conformational changes on the photophysical and electrochemical

properties.[6465]

The example of the EtXTPP series is a very interesting case. The incorporation of graded
degrees of ethyl groups at the B-position of the planar H,TPP skeleton (A24 = 0.05)
results in an increase in distortion until the complete substitution of the B-positions (A24
= 0.54).143d5358] This former compound displays a very high distortion relative to the
important hindrance caused by the dodecasubstitution. In terms of spectroscopic
properties, the H-OETPP compound 21 shows a notable bathochromic shift of its Soret
band (as opposed to the H, TPP 26) resulting from the new conformation.?¢78l Changes
in the *H NMR can also be observed due to the distortion and affects chemical signals
of both peripheral and inner protons.®® More importantly, higher basicity can be
achieved via distortion of the tetrapyrrole as it pushes the pyrrolic and imine units out-
of-plane.B5% Consequently, these units are now available for a wide range of various

applications (e.g., catalysis, anion and gas sensing, molecule binding).?55%
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3.2 Results and discussion

A series of aldehydes 25, 38—46 bearing different electron donating units in either the o-
, p- or m-position of the meso-aryl residue were reacted with 3,4-diethylpyrrole 24 or 3,4-
dipropylpyrrole 35, to form a series of octaethyl- (OETArX-porphyrin) and
octapropylporphyrins (OPTArX-porphyrin) with various residues at the meso-position
(Fig. 22). The electron donating effects were quantified using Hammett’'s values (o) of
the various substituents depending on their position (meta (om) or para (0p)) on the aryl
groups.l® Hammett's values are quantified using the carboxylic acid of the
corresponding aldehyde shown in Fig. 22. No reports of Hammett’'s values for the o-
position have been published to-date due to the steric hindrance resulting between the
o-substituents and the carbonyl functionality. This resulted in a strategically designed
series of porphyrins with increasingly electron-rich macrocycles.

(A) Pyrroles 5 ) Aldehydes
i OMe OMe
3—? { i ; MeO { OMe MeO i OMe
Yo Yo Yo
38 39 40

CHz 11CH3

%¢¢©@@

Figure 22: Library of pyrroles and aldeydes used to form the target porphyrins.

The investigation started with the synthesis of the 4-methylphenyl-OETArX-porphyrin 46
and the 3,5-di-tertbutyl-phenyl-OETArX-porphyrin 52 in order to examine the effect of
the mild electron donating effect of the p-substitutents (o, = -0.17). Following this,
aldehydes bearing aryl units with stronger electron donating groups were chosen to
synthesize porphyrins with an increased electron density of the macrocycle, 4-
methoxyphenyl-OETArX-porphyrin 47 (o, = -0.17), 3,5-dimethyl-6-methoxyphenyl-
OETArXporphyrin 50 (o, = -0.17 and om = -0.07), 4-dodecacyloxyphenyl-OETArX-
porphyrin 54 (o, > -0.45) and 4-dimethylaminophenyl-OETArX-porphyrin 50 (o, =-0.83).
The presence of strong electron donating groups increases the electron density of the
macrocycle, thus inducing a higher basicity to the inner core functional groups of the
porphyrin. Three more porphyrins, 2,4,6-trimethylphenyl-OETArX-porphyrin 53, 2,6-
dimethoxyphenyl-OETArX-porphyrin 48, and 2,4,6-trimethoxyphenyl-OETArX-porphyrin

49 were synthesized in order to study the effect of meso-hindered porphyrins.
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46,R'=Me, R?=R°=H, R* = Et

47, R'=0OMe, R2=R%=H, R* = Et

48 R'=R?=H, R® = OMe, R* = Et

49 R'=R®=OMe, R?=H, R* = Et

50, R' = NMe, R?=R®=H, R* = Et

51, R' = OMe, R = Me, R® = H, R* = Et
52,R'=H,R?=1tBu, R®=H, R* = Et
53,R'=R%=Me, RZ=H, R* = Et

54, R' = O(CHy)11CH3 R?=R®=H, R* = Et
55,R'=R2=R?=H,R*=Pr

56, R' = OMe, R? =R®=H, R*=Pr

Figure 23: Target porphyrin library.

The hindrance caused by a steric clash of the alkyl groups in the B-positions and the
groups in the ortho-position of the meso-aryl groups forces a high distortion onto the
macrocycle and thus results in a better availability of the NH and imine moieties. By
increasing the steric demand and the donating effect of the B-alkyl units, this would result
in free base porphyrins with better reactive centers. Consequently, two other porphyrins
55 and 56 were examined following a condensation reaction between the 3,4-

dipropylpyrrole 36 and the corresponding aldehyde.

3.2.1 Pyrrole Synthesis
Two different pyrroles were synthesized in order to achieve the various porphyrin
structures. Even though they have a close resemblance in structure, the synthetic

pathways used for their preparation are very different.

3.2.1.1 Preparation of the 3,4-diethylpyrrole

The preparation of 3,4-diethylpyrrole (24) requires two different components (60 and 64)
which each have to be synthesized over several steps. The different reactions are
outlined in Scheme 6.1°U The route towards compound 60 starts with reacting the
commercial propionaldehyde 57 in isopropanol with 1-nitropropane 58 in the presence
of potassium fluoride for 18 h. This step leads to the formation of 4-nitrohexan-3-ol 59
which is further treated with sulfuric acid and acetic anhydride for 1 h to give 4-acetoxy-
3-nitrohexane 60. The formation of compound 64 begins with the synthesis of the N-
formylglycine ethyl ester 61. This compound is obtained upon reaction of the
commercially available glycine ethyl ether hydrochloride 61 and methyl formate 62 with
NEts for 20 h at 35 °C. The compound formed (62) is then treated with phosphorous
oxochloride, NEts and anhydrous sodium carbonate to afford product 64, the ethyl

isocyanoacetate. This compound is very unstable and needs to be used within the
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following 24 h of its synthesis. In the next step compound 60 and 64 are reacted to afford
the protected pyrrole, 3,4-diethylpyrrole-2-carboxylate 65. The literature procedure for
this reaction using 1,8-diazabicyclo[5.4.0]Jundec-7-ene (DBU) results in the formation of
compound 65 in a very good yield after only 4 h.[*%2 However, another method, using
potassium carbonate K,COs; over 3 days, also leads to high yields of the same
compound.?% While the latter reaction conditions are more time consuming, they allow

for large scale synthesis using cheap reagents and result in better yields.

NO, Ac,0 (1.05 eq.) NO,
O, 0N~ KF/IPA H,S0,
18 h, r.t. 2h,rt OAc
65% on 90 %
57 58 59 60
Method 1:
THF/IPA, DBU
0,
J 7\  NaOH/(CH,OH), A 4h,rt, 50%
<LaoniEROR),

N 190°C,30 min 10267 °NT =
Y 38-40 % H Method 2:
THF/EtOH, K,CO4
24 65 72h,rt., 86 %

OEt
- o o. OEt
CINH; O ’ NEt, o POCI; TEA
OEt OMe 35 ;%’0/20 h OYNH CHAClp 0°C, 18R 4y
° H 78 % 7
61 62 63 64

Scheme 6: Synthesis of 3,4-diethylpyrrole 22.

The last step consists of the deprotection of the pyrrole using sodium hydroxide in
ethylene glycol over 30 min at 190 °C.'°Y For this reaction, it was noticed that time and
temperature influenced the yield obtained. The last step of the synthesis of the 3,4-
diethylpyrrole 24 was repeated several times in order to find the optimum conditions of

time and temperature for the reaction. The results are compiled in Table 1.

Table 1: Variations of conditions used for the synthesis of compound 24.

Entry Temp. (°C) Time (h) Yield (%)
1 160 3 27
2 170 2 40
3 165 2 40
4 165 2 40
5 160 2 46
6 160 2 50
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Entry 1 and 2 clearly show that the reaction is time and temperature dependent. For
entry 1, a 3 h reaction leads to a noticeable decrease of the yield compared to the
literature reports (27% instead of 40%, respectively). Comparing entry 1 and 2, the
reduction of reaction time allowed for comparable yields to the literature with a lower
temperature. Lowering the temperature by 10 °C is necessary to increase the yield to
50% (entry 3-6). This can be rationalized by the rapid and easy polymerization of the
pyrrole. The decrease in temperature improves the rate of deprotection; however, it also
enhances the polymerization of the pyrrole. The temperature, even though it is already
lower than the initial 190 °C, still enhances the polymerization reaction. The difference
in yields between entry 5 and 6 can be explained by the work-up process. The product
is extracted from the reaction mixture using hexane. This step is time consuming as it
requires an excessive amount of hexane. Unfortunately, the use of potential other
solvents in order to speed up the process resulted in the extraction of impurities along
with the pyrrole. Careful monitoring of the various fractions extracted is necessary to
obtain the optimum yield. At this stage further optimization was deemed unnecessary;
however, it could be interesting to further decrease the temperature to examine the effect

it would have on the yields obtained.

3.2.1.2 Synthesis of the 3,4-dipropylpyrrole 36

The 3,4-dipropyl pyrrole 36 was synthesized according to a literature procedure**4 and
begins with the reaction of the trans-2-hexenal 66 with ethyl magnesium bromide as a
Grignard reagent in ether at room temperature over 1 h. The compound 36 obtained (4-
octen-3-ol) is then oxidized with DDQ for 16 h at room temperature in anhydrous
benzene to form 4-octen-3-one 67. Following this, compound 68 was reacted with p-
toluenesulfonylmethyl isocyanate and sodium hydride for 2.5 h at room temperature to
obtain the 4-propyl-3-propanoyl pyrrole 69. Upon treatment with LiAlH., this leads to the
desired 3,4-dipropylpyrrole 36.

DDQ, Anhydrous Benz,
16 h, r.t., 50-70 %
EtMgBr, p-TosMIC, NaH, Et,O
Ether, 80-90 % DMSO, 2.5 h, r.t., 50-80 % LiAlH,4, THF,

12 h, 66 °C, 65-90 %

67 69

Scheme 7: Synthesis of 3,4-dipropylpyrrole 36.
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Moderate to high yields can be obtained for each step. The first step allows one to obtain
compound 66 in 80—90% yield as a pale yellow liquid. The next step also gave a yellow
liquid in 50-70% vyield. Step 3 represents a more tedious procedure, especially
concerning the purification process. The compound is obtained in yields of 50—-80%. The
difference in yield is mainly due to the issues during purification. p-tosMIC is used in
order to perform the cyclization leading to the pyrrole. This reagent is very cumbersome
to remove and is still present in a 50:50 mixture resulting in a brown oil with some
colorless crystals. A crystal structure of the product was obtained and is presented in
Fig. 24. Several purification attempts (column chromatography, recrystallization) proved
unsuccessful and only resulted in a slight decrease of the p-tosMIC along with a
decreased vyield of the desired compound. The yields reported in Scheme 7 only
represent indicative yields for the product. These yields were estimated by comparison
of the ratio between the integrated NMR signals for both the pyrrole and p-tosMIC. The
next step is then achieved using the crude mixture obtained from step 3. This mixture

was treated with LiAIH4 and the product was obtained in 70—-90% yields as a brown oil.

(A)

(B)

Figure 24: View of the molecular structure of compound 69 in the crystal. Dashed lines indicate

the intramolecular interaction between the carbonyl group and the ethyl chain.

The crystal structure of the pyrrole is mostly planar with the exception of the propyl units
located at position 4 of the pyrrole which tilts above the plane (Fig. 24, (B)). Looking
closer at the picture, internal bonding can be observed between the oxygen atoms of the
carbonyl groups and the hydrogen atoms from the second carbon of the propyl

substituent.
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Figure 25: Arrangement of the molecule in the crystal (A) and crystal packing (B) of compound
35.

With regards to the packing systems, intermolecular bonding is present in a head-to-tail
type bonding from the oxygen atoms of the carbonyl groups of one pyrrole unit to the
hydrogen atoms of the amine groups of a second pyrrole molecule. This intermolecular

bonding type then repeats itself, forming a 2D linear network.

3.2.2 Synthesis of Free Base Porphyrins

3.2.2.1 Synthesis of the OETArXP series

The condensation reaction based on the Lindsey conditions™! between the pyrrole and
the aldehyde, catalyzed by BFs:*OEt,, results in the formation of the porphyrinogen,
which is subsequently oxidized by DDQ (Scheme 8). The work-up of the reaction mixture
requires concentration of the solvent used and consequent filtration through a small silica
column using ethyl acetate as eluent. Generally, this step results in the removal of most
of the impurities; however, the unreacted aldehyde is still present in a mixture with the
porphyrin after filtration. A second purification step utilizing column chromatography with
hexane:CH-CI, to eluate the aldehyde is then required.
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2 2
R R Condensation reaction

I\t 5
N R* R* 1) Dry CH2C|2, Ar.,
H _ BF30Et, (0.1 eq.)
O 2) bDQ
24 37,R,=Me, R, =R3=H
38, R, =0OMe,R;=R3=H
39, R; =R, =H, R; =OMe
40, R, =R;=0Me, R, =H
41,R;=NMey R, =R;=H
42, R, =OMe, R, =Me, R3=H 46, R, =Me, R, =R3=H, 12%
43, R, =H,R, =tBu, R3=H 47, R, =0OMe, R, =R3=H, 63%
44, R, =R;=Me, Ry,=H 48, R, =R, =H, R; = OMe, 70%
45, R, = O(CHy)41CH3 Ry =R3=H 49, R, =R;=0Me, R, =H, 10%
50, R, =NMe, R, =R3=H,n/a
51, R, = OMe, R, = Me, Ry = H, 52%
52, =H, R, =tBu, R; =H, n/a
53, =R;=Me, R, =H,n/a
54, R, = O(CHy)11CH; R, =R3=H, n/a

Scheme 8: Synthesis of free base OETArXPs.

In comparison to planar systems, where the formation of the porphyrinogen requires only
1 h, the condensation using 3,4-diethylpyrrole 24 requires at least 12 h to proceed to
completion. The reaction was monitored throughout by TLC before adding the DDQ to

the reaction.

Table 2: Correlation between Hammett's values of the aldehyde and yields obtained.

Entry Porphyrin Hammett values o Yield (%)
1 46 -0.17 12

2 53 -0.20 -

3 47 -0.27 63

4 51 -0.41 52

5 52 -0.51 -

6 48 -0.53° 70

7 43 -0.812 10

8 50 -0.83 -

9 54 n/a® -

2 The Hammett values presented here are indicative. There is no report of Hammett values calculated for the ortho-
position due to the proximity of these positions with the aldehyde functional groups. However, due to the aromaticity of
the six-membered ring, a similar effect to the one observed in the p-position can be rationalized for the ortho-positions.
® The Hammett value for this substituent is not available, however the Hammett values from the OMe to the O(CH,)4CHs
substituents are increasing from -0.27 to -0.45, respectively. Thus, it can be assumed that the substituent of porphyrin 44
is highly electron donating.

Table 2 contains the yields obtained for each porphyrin. Porphyrins 47 and 48 were
obtained in yields of 63 and 70%. These yields are considered very high for

condensation reactions to obtain porphyrins. Usually, several competitive reactions are
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observed during the condensation reaction: a) the condensation between the pyrrole
and the aldehyde, b) the polymerization of the pyrrole resulting in polypyrromethene 72,
and c) the formation of dipyrrylmethene 73 (Scheme 9). The polymerization of the pyrrole
is the main competitive reaction responsible for the usual low yields of reaction for the
porphyrin formation. Nevertheless, the polymerization can be reduced using diluted

conditions (e.g., 102 M).

- N 7\ R
/J\ R H R H R
re S+ S ) + N
N \_rCO (,Tl _ N > — . N -
H He’© {OH JZ\ 0 N
N
H o |
3t \
B g N Yo
NS xR -
N ;
TR H H,0 HR
e H+ )
#  Tautomerism e . ]
I\ *
N H R
N N
bR R DA
Dipyrrylmethenes N N
pyrry NS N Y
r n Porphyrinogen
Polypyrromethanes 13
7
idati
Oxidation l Oxidation l
— R
e
N N
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Polypyrromethenes
72
R
Porphyrin

14

Scheme 9: Mechanism toward the formation of porphyrin and by-products.

In the case of the porphyrins studied herein, porphyrin 47 is the only example where the
porphyrin was formed after only 12 h. For all other porphyrins, this step required 36 h
before the addition of the oxidant. The variation in rates observed for porphyrinogen
formation can be rationalized by the electronic properties of the aryl substituents of the
aldehyde used for the reaction. The substitution of multiple positions on the meso-aryl
groups with electron donating units lowers the reactivity of the electrophile used for the
condensation by increasing its electron density. Thus, the reactivity of the aldehyde
towards the pyrrole is decreased, lowering the reaction process. In the condensation
pathway of the porphyrin, the first step consists of the attack of the pyrrole on the

electrophilic carbonyl center of the aldehyde, which has previously been activated by the
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acid to increase its electrophilicity. The addition of too many electron donating groups

can affect that first step by decreasing this needed electrophilicity.

Another parameter that also influences the reaction outcome is the steric hindrance seen
in the highly substituted porphyrins. These porphyrins, as mentioned before, have bulky
groups on the B-positions of the macrocycle. The incorporation of substituents at the
meso-aryl groups usually does not present a problem. However, in the cases of some
compounds examined in this project, the aryl groups are substituted at various positions,
which can generate additional hindrance. This can explain the disparity observed in the
yields obtained. Table 2 shows the Hammett values of each individual aldehyde, the
positions of the aryl substituents, and the yields obtained. Looking into compounds 47,
49, 50, and 51, the increase in electron density of the aldehydes correlates directly to
the decrease in the yields from 63% to no product formation, respectively. This strongly
supports the hypothesis that electron-rich aldehydes are less reactive towards the
pyrrole. Comparing compounds 46 and 53, a yield of 12% and no product was obtained,
respectively. A high yield was obtained for compound 48 (70%) which possesses two
methoxy groups at the ortho-positions in contrast to compound 53 for which no yield was
obtained. This can be rationalized by the flexibility of the methoxy units due to the
presence of the oxygen, while methyl substituents are more rigid and cannot twist or
bend to accommodate the space. The two last compounds 52 and 54 were also not
formed due to a similar reason; the tert-butyl groups of compound 52 induce a steric
clash with the B-ethyl groups, while the failure to prepare compound 54 is due to its

strong electron donating effect.

Compound 50 resembles a promising candidate to form a porphyrin with a highly
reactive inner cavity. The dimethylamino substituents result in a high electron density on
the macrocycle. In addition, the presence of the substituents in the para-positions rather
than the ortho-positions prevents the excessive hindrance caused by the substitutents.
Further condensation condition reactions were investigated in order to form porphyrin
50. An increase in reaction time of the previous attempt from 12 h to 36 h and finally 72
h was also unsuccessful. TFA was then used instead of BFs*OEt;, however did not
improve the reaction outcome. Finally, the Adler-Longo conditions using propionic acid

were attempted, but again this endeavor was unfruitful.

Consequently, other means to functionalize porphyrin macrocycles were explored;
namely, a) amination via Buchwald-Hartwig reaction, and b) methylation of amino
groups. The Buchwald-Hartwig amination reaction was attempted first. It is a well-

established method,%! though it has been only recently utilized for porphyrins.®%! This
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pathway allows for the insertion of amino groups at either 8-or meso-positions starting
from the bromo-aryl porphyrin species. In case of the dimethyl amino-OETArX-porphyrin,
the bromine groups of the starting material are present at the p-position of each meso-
aryl group 74 (Table 3), which was provided by K. J. Flanagan. Conditions were chosen

and modified according to literature procedures and are presented in Table 3.[71107]

(A) Br |
Ar Ar
| |
Buchwald-Hartwig
Br—Ar— —Ar—Br -Ar— —Ar—
conditions
l l
Br
74 50

Table 3 Conditions investigated for the Buchwald-Hartwig amination reaction.

Entry Reagents and catalyst Solvent  Conditions Results

1 NHMe; (8 eq.), Cs2COs (10 eq.) DMF Microwave -
Pd(OAc). (0.2 eq.), BINAP (0.3 6 min, 60 °C
eq.)

2 NHMe; (8 eq.), Cs2COs3 (10 eq.) DMF Microwave -
Pd(OAc). (0.2 eq.), BINAP (0.3 1h,60°C
eq.)

3 NHMe; (16 eq.), Cs2CO3 (10 eq.) THF Bench reaction, MS hit.
Pd(OAc). (0.2 eq.), BINAP (0.3 Ar., 16 h, 60 °C Traces.
eq.)

Compound 74 was reacted with dimethyl amine in 1:8 ratios. The reaction was catalyzed
using Pd(OAc); in the presence of BINAP ligand and CsCO; as buffer agent. The
reaction conditions proved to be unsuccessful even after several modifications, including

change in solvent, ratio between porphyrin and amine, and reaction time.

The synthesis of compound 50 can also be achieved through the second route
mentioned consisting in the functionalization of the amino group of p-amino-OETArXP
75 with methyl units. The formation of porphyrin 75 via condensation reaction cannot be
performed due to the reactivity of the p-amino groups of the aldehyde with the carbonyl
group of another aldehyde molecule. 8 Thus, porphyrin 75 can be obtained via reaction
of p-nitro-OETArXP 77 (provided by K. J. Flanagan). The reduction of the p-nitro groups
thus results in the formation of the p-amino groups. The p-dimethylamino functional
groups can then be generated using either a methylation reaction or a reductive

amination.
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Scheme 10: Issues encountered using direct methylation reaction pathway.

The direct N-alkylation is based on a nucleophilic substitution which may result in the
formation of the undesired p-trimethylamonium OETArXP 77 due to the high reactivity
of the amino intermediates formed toward the methylating reagent (Scheme 10). The
latter units are strongly electron withdrawing (o, = 0.77) and are therefore not suitable
for our means.!® |In consequence, a reductive animation would be a more suitable

method to form porphyrin 50 rather than using a direct alkylation (Scheme 11).

’T‘Oz |
Ar Ar
| |
O,N-Ar— —Ar—NO, -Ar— —Ar—

NH, Reductive
[ Reduction Al\r amination [
Ar | Ar
78 HaN-Ar— L Ar—NH, 50
|
AI\r
NH,

75

Scheme 11: Strategy for the formation of the p-dimethylamino-OEtArX-porphyrin 50.

Usually, reductions of nitro groups are performed using catalytic hydrogenation with
palladium/charcoal catalysts, though this catalyst also has a strong affinity toward other
functionalities.*® Other methods using metal or metal salts have been developed,
employing for e.g., Raney nickel, iron, zinc, or SnCl,.**Y In this project SnCl, was chosen

as a method to reduce nitro groups as it involves milder reaction conditions.
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The reduction of the nitro groups was investigated and results are presented in Table 4.
The porphyrin was used on a scale of 25 to 50 mg and several parameters were varied
such as time, temperature, solvent and reagents in an attempt to optimize the reaction

conditions.

Reduction conditions
OzN_AI'_ '_AI'_N02 > H2N_Ar_ _Ar_NH2

Ar AT
N02 N H2
78 75

Table 4: Various conditions utilized for the reduction of nitro functional groups.

Entry Reagents Solvents Conditions Results
and catalysts

1 SnCl,, H,O HCI/EtOH 1h, 60 °C, Ar. Non soluble-
2 SnCly, HO HCI/CHClI; 1) 2 h, 80 °C, Ar. Starting material
2) 16 h, 80 °C, Ar.  Decomposition
product
3 SnCl,, H,O HCI/CHCIs 16 h, 80 °C, Ar. Starting material
4 SnCl, CHCIs/EtOH 3 d., 80 °C, Ar. Starting material
Then HCI Decomposition
product

Change in solvents from ethanol to chloroform, in temperature and reaction time (e.g., 1
h up to 3 d.) were examined, however no reduction of the p-nitro groups of the meso-

aryl units of porphyrin 78 could be observed.

3.2.2.2 Synthesis of the OPTArXP series

The two last porphyrins synthesized were the OPTArX-porphyrin series compounds 55
and 56. Propyl units are more electron donating than ethyl groups resulting in a higher
nucleophilicity of the pyrrole. In addition, propyl substituents are also more sterically
demanding. Consequently, from the previous investigation using 3,4-diethylpyrrole to
form the OETArXP series, the 3,4-dipropylpyrrole was only reacted with benzaldehyde
25 and p-methoxybenzaldehyde 38 (Fig. 26).54
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Condensation reaction

S 1)D "
N ) Dry CH,Cly, Ar.,
H _ Catalyst (0.1 eq.)
9) 2)DDQ
36 25 R, =H
38, R = OMe,

55, =H, 27% (2Cl, 31%)
56, = OMe

Scheme 12: Synthesis of free base OETArX-porphyrins.

Porphyrins 55 and 56 were synthesized using similar conditions as for the OETArX-
porphyrin analogs. Therefore, the condensation was carried out for 72 h instead of 36 h
using BF3*OEt,, before the addition of the oxidant. These conditions led to the formation
of two species: the neutral porphyrin 55 in 27% and its diatonic form,
2,3,7,8,12,13,17,18-octapropyl-5,10,15,20-tetraphenylporphyrin chloride 55-2Cl in 31%
yield. Compounds 55-2Cl proved difficult to neutralize, as porphyrin 55 represents a very
strong base due to its high degree of distortion and its electron-rich macrocycle (Fig. 27)

and reacts readily with any slight acidity present in solvents.

UV Vis of porphyrin 55 in CH2Cl,

1,2
458 nm 470 nm
: il

=
EO,S
o 06 Neutral porphyrin 55 (CH2Cl2 + NEt3)
c -
_‘e" ! = | Porphyrin 55 in CH2Cl2
204
=

0,2 / |

0
300 400 500 600 700 800
Wavelength {nm)

Figure 26: Fast protonation of compound 55 in CH2Clz (no acid added). The protonation is in-

duced by the acidity of the CH2Cl>.
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The use of aldehyde 38 did not lead to any product formation. This can be rationalized
by low electrophilicity of both the aldehyde (due to the methoxy groups) and pyrrole (due
to the propyl units) which results in a decrease of the reactivity between the two
molecules. The use of BF3*OEt; as well as TFA (stronger catalyst) for up to five days did
not result in any yield. Another explanation could be the hindrance introduced by the

propyl groups and will be discussed later in this chapter (see 3.4).

3.2.3 Examination of their spectroscopic and structural
properties

Alongside the fact that these structures possess interesting properties in terms of

electron density, they are also very interesting in respect of their spectroscopic

properties. Due to the nonplanarity induced by the severe substitution of their

macrocycle, various changes can be observed in either their UV-vis or NMR spectra.

3.2.3.1 'H NMR spectroscopy

Highly substituted free base porphyrins all display similar chemical shifts of the protons
at the B-positions, so called B-protons. The *H NMR proton signals of the planar systems
show NMR signals of the B-protons between 7 and 9 ppm. In the case of the systems
presented herein, the B-protons are shielded due to the macrocycle distortion and are
now observed between 0 and 3 ppm. Moreover, in comparison to symmetrical planar A4
systems where the -signals are seen as a well-defined doublet, symmetrical nonplanar
A4 porphyrins such as the porphyrin series synthesized herein, show broad singlets for
their B-protons signals. Usually, one signal is observed for the CHs protons, while two
signals are noted for the CH. protons and is characteristic of these systems. The splitting
results from the different ethyl conformations being formed at low temperature. Medforth
et al. showed that an increase in temperature from 25 °C (two signals) to 90 °C, results
in the merging of the two signals to only one sharp and well defined signal. High
temperatures induce more flexibility to the system, resulting in a loss of distinction
between the two isomers. A second specificity of highly substituted porphyrin systems
is the absence of signals for the inner NH protons in contrast to their planar analogs.™**?
This is due to the fast exchange of the NH protons between the imine and amine moieties

of the porphyrin macrocycle (e.g., NH tautomerism).*l

40



T T T T T T T T T T T T T T T T T T T T T T T T T T
88 87 86 85 84 83 82 81 80 79 78 77 7.6f ( 7.5) 74 73 72 71 70 69 68 67 66 65 64 6.3
1 (ppm

Figure 27: IH NMR chemical shifts of the aryl protons of compounds 47, 48 and 49 in CDCls
depending on the aryl substitution pattern. The picture only shows the relevant area of the spec-

trum from 6 to 9 ppm.

Looking closer at compounds 47, 48, and 49, it can be seen that upon addition of
methoxy groups, the proton signals for the meso-aryl substituents are strongly shielded
(Fig. 28).

Table 5: H NMR values for chemical shifts of compounds 47, 48 and 49 in CHCls and 1% NEts
observed in Fig. 28.

Entry Porphyrin &, (ppm) Om (ppm) S, (ppm)
21 8.36-8.46 7.88 7.71

2 47 8.46 7.36 -

3 48 - 6.90 7.36

4 49 - 6.47 -

Compound 47 has methoxy groups at the p-positions of the meso-aryl substituents with
free 0- and m-positions. The o- and m-protons display chemical signals at 8.46 and 7.36
ppm, respectively. No change in the chemical signal for the o-protons is observed
compared to H,OETPP 21 where the o0-, m- and p- position of the aryl groups are
unsubstituted. This is due to the p-methoxy groups and the o-proton being too far from

each other to induce variations in the proton environment. With regards to the m-protons,
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a variation of the chemical signal is observed from 7.88 to 7.36 ppm. This variation is
even higher, from 7.88 to 6.90 ppm, for compound 48, where the methoxy groups are
present at each o-position. The presence of a second methoxy group also affects the
chemical signal of the p-proton which is shifted from 7.71 to 7.36 ppm. However, the
effect is weaker due to the distance between the methoxy group and the p-protons as
compared to the m-protons. Compound 49 combines the substitution pattern of
porphyrins 47 and 48, which results in a stronger shift of the chemical signals of the m-
proton environment and a stronger shielding of the chemical signal and hence a shift to
6.47 ppm. It is clear that the methoxy groups have an important impact on the chemical
signal of the aryl protons as the chemical signals of the m-protons are experiencing an
upfield shift of more than 2 ppm going from porphyrin 21 to porphyrin 49.

3.2.3.2 UV-vis spectroscopy

The UV-vis spectra of nonplanar highly substituted porphyrins are all very similar and
are composed of broad bands (shoulders) preceding the Soret band followed by 2—3
weaker Q bands. The usual effect of the substituents added can also be seen.

21,R'=R2=R%=H, R*=Et
46, Me, R? = R®=H, R* = Et
47, OMe, R2=R%=H, R* = Et

48 R'=R%2=H, R®=0OMe, R* = Et

49, R'=R%®=0OMe, R?=H, R* = Et
51,R' = OMe, R2=Me, R®=H, R* = Et
55,R'=R2=R%=H,R*=Pr

Figure 28: Target porphyrins for UV-vis studies.

Table 6: UV-vis main absorption bands observed for the Soret and the last Q band for the library

of porphyrins synthesized recorded in CHCIz + 1% NEts.

Entry Porphyrin Asoret band (NM) Aoy,0 (M)
1 21 456 555
2 46 457 710
3 47 454 703
4 48 464 689
5 49 472 697
6 51 458 706
7 55 458 707
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Table 6 compiles the Soret bands and last Q bands of the panel of porphyrins
synthesized in this chapter and HOETPP 21. H,OETPP will be used in the discussion
as a reference due to the unsubstitution of its meso-aryl groups. For example, the Soret
bands of porphyrins 47, 48 and 49 present an increasing bathochromic shift from 454,
to 464, and then to 472 nm, respectively. The absorption peak observed for the former
porphyrin is comparable to the one observed for H,OETPP 21 which has no substitutents
on the phenyl residues. However, the Soret bands of the two other porphyrins 48 and 49
are red-shifted by about 10 and 20 nm. In contrast, the Q bands display a hypsochromic
shift upon addition of the methoxy groups. Usually, the bathochromic shift observed for
nonplanar porphyrins can be correlated to the increased distortion of their
macrocycle.*? In the case of these three structures, the red-shift compared to their
planar analogs can be correlated to the distortion induced. However, the 10 and 20 nm
bathochromic shift seen for the Soret band in porphyrins 48 and 49, respectively,
compared to H.OETPP 21 is influenced by the presence of the methoxy groups.
Compound 55 shows similar absorption values for its Soret band than compound 21
which can be interpreted by a similar distortion induced by B-propyl groups than the one
induced by the presence of B-ethyl groups. This interpretation is supported by the study
of the X-ray structure of compound 55-2ClI (see section 3.2.3.3).

3.2.3.3 X-ray crystal structure
A crystal structure of the protonated form of porphyrin 55-2CH3;CO-H was obtained after
crystallization from CHCI; and hexane containing acetic acid. The side and top views of

the porphyrin are presented in Fig. 29.

Figure 29: View of the molecular crystal structure of side view (A) and (B) top view of porphyrin
55-2CH3COzH. Hydrogen atoms and counter anions have been omitted for clarity. The crystal

structure was determined by Dr. Brendan Twamley.
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From this representative X-ray crystal structure (Fig. 29), a severe saddle distortion of
the macrocycle, similar to other highly substituted porphyrins is evident.l”® This distortion
is induced by the propyl groups which are pushed “up and down” from the mean plane."!
The structure of porphyrin 55-2CHsCO2H (A24 = 0.88 A) was compared to the well-
known example of porphyrin 21 for which the cationic from 21-2TFA shows a A24 of 0.84
A. Consequently, the distortion achieved using propyl groups is comparable to the one
achieved using ethyl groups. Thus, the study of this porphyrin will allow researchers to
specifically investigate the effect of more donating groups at the S-positions.

Figure 30: Excerpt of the crystal structure lattice diagram of porphyrin 55-2CHsCO2H. Hydrogen

atoms not involved in the hydrogen bonding network were omitted for clarity.

In addition, the crystal structure lattice diagram of 55-2CHsCO;H also showed the

formation of cavities where the counter anions are located (Fig. 30). It can also be
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noticed that the same side of two independent molecules are facing each other creating

a complete cage.

These type of structures are similar to the ones observed in Fig. 31 where a
Cu(I)OETPP-2CH.CI, entrapped CH,Cl, molecules in their cavities.*3 |t then became
possible to use these cage-type structures for potential receptor applications due to the

possibility to form small molecule binding pockets.

Figure 31: Molecular view of an excerpt of the crystal structure lattice diagram of
Cu(Il)OETPP-2CH2Cl [430]

3.3 Conclusion and Outlook

The synthesis of highly substituted porphyrins can be achieved via the use of
condensation reactions. While the pyrrole used for planar structures is commercially
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available, pyrrole units used for the synthesis of highly substituted systems need to be
synthesized. Two different routes were then used to form the 3,4-diethyl- and 3,4-
dipropylpyrrole, 24 and 36, respectively. Moreover, a panel of aldehydes bearing various
electron donating substituents where chosen to be reacted with the pyrrole molecule.
This examination showed that the increase of the electron donating effect is
accompanied with a decrease in the reactivity between pyrrole and aldehyde. The
positions of the substituents on the meso-aryl residues also contribute to diminishment
in the reactivity between the two reagents of the condensation reaction. This is mainly
explained by the steric hindrance between the B-substituents and some m- or o-groups
of the meso aryl groups (e.g., tert-butyl, methoxy). Five new porphyrins were synthesized
in moderate to good yields. However, attempts to synthesize porphyrin 50 were unfruitful
- using condensation reactions as well as various other pathways such as the Buchwald-
Hartwig amination, or the synthesis of the p-amino intermediate. Further trials are still
ongoing as this porphyrin would represent a good candidate towards the synthesis of a
porphyrin “superbase”. The distortion observed for its macrocycle would be similar to the
one observed in HOETPP 21. In addition, the presence of the dimethylamino
substituents which are strong electron donating groups (o = 0.83) would result in an
electron-rich macrocycle while circumventing any potential steric hindrance caused
using m- or o-substitutents. No formation of the p-methoxy-OPTArX-porphyrin 47 was
observed due to high electron density of the aldehyde. However, further investigation of
aldehydes bearing electron withdrawing groups could be a very interesting alternative,
especially those with halogen residues. These specific substituents would add further
functionalities to the porphyrin concerning bonding possibilities as they can undergo

halogen bonding.
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4 N-Methylated porphyrins
4.1 Introduction

Historically, N-methylated porphyrins represent the oldest example of nonplanar
porphyrins.*1 The nonplanarity of the porphyrin is a parameter that can be utilized for
tailoring their binding abilities. In contrast to highly substituted porphyrins, N-substituted
porphyrins enable the possibility of blocking some of the inner functionalities while
maintaining the high levels of distortion within the macrocycle. This could be
advantageous in examining the changes in the binding abilities of the NH and N moieties
present in the porphyrin, and their availabilities as bases or nucleophiles.

N-Methylated porphyrins are a subcategory of N-substituted porphyrins. These so-called
“green pigments” are porphyrin analogs wherein various groups (excluding hydrogen
atoms or metal ions) are attached to the inner nitrogen atoms. A variety of N-substitution
patterns have been reported in the literature so far and can be sorted into the three
following categories: free base, metallated, and bridged porphyrins, including N-R-N or
N-R-M types of bridges in the case of the latter (Fig. 32).115

N-substituted porphyrins

Category 1 Category 2 Category 3
N-R-N bridged N-R-M bridged N-substituted N-R-N bridged
J /)
' e
Free base N-Bridged Metalated

Figure 32: Various N-substitution patterns.

The free base N-substituted porphyrins possess one or more groups, on one or more of
the inner nitrogen atoms (category 1). Groups utilized thus far include alkyl, phenyl,
vinyl, benzyl, and allyl moieties. The N-methylated porphyrins studied in this project
belong to this class. The second category consists of bridged porphyrins, which can be
obtained through the insertion of various groups between two of the nitrogen atoms (N-
R-N bridges) or between a pyrrolic nitrogen atom and the metal coordinated in the
tetrapyrrole cavity (N-R-M bridges). Substituents introduced include amine groups,
saturated or unsaturated carbon groups, and oxygen atoms (category 2). The insertion
of a metal into the center of any category 1 or category 2 porphyrin results in the

formation of metallated N-substituted porphyrins (category 3).
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In nature, the function of N-methylated porphyrins has not yet been fully understood;
however, these so called “green pigments” have been shown to be strong inhibitors of
the enzyme protoporphyin IX ferrochelatase.!'® Ferrochelatase is an enzyme which
catalyzes the insertion of iron into protoporphyrin IX to give protoheme b.[% N-Alkyl
porphyrins competitively inhibit ferrochelatase. Their distorted macrocycle mimics the
transition state of the enzyme and is tightly bound to the ferrochelatase binding site. 117
The species responsible for the inhibition of human ferrochelatase has been isolated
from the liver and appears to be N-methylprotoporphyrin IX (Fig. 33).28 Their ability to
bind proteins in such a strong manner that it results in an inhibition of other proteins
potentially binding is a valid proof for the strong binding abilities of these systems. These
N-methylated porphyrins could then be regarded as very good candidates for
organocatalysis applications.

A —N-H H-N— ; =

Distortion induced
by ferrochelatase

H H Inhibition of iron '
N/ \N insertion by ferrolyase| |
N\ I

* Binding to the metal

/’Fe\\

N NH, N?'-Monomethy! protoporphyrin IX | |

re

HO™ ~O O~ "OH

Figure 33: A) Inhibition of the ferrochelatase enzyme, B) Structure of the N-monomethyl proto-
porphyrin IX, C) Structure of ferrochelatase with Cu(ll) N-methylmesoporphyrin IX complex bound

at the active site.[19]

N-Methylated porphyrins are also produced in the body when xenobiotics react with
cytochromes P-450 in the liver,[“ 29 or upon interaction with some prescription drugs
and anesthetics. They are also by-products, so-called “Heinz body” aggregates, which
are formed during the reaction between hydrazine and hemoglobin. Furthermore, they
are of biological and medicinal importance as they mimic capillary blocking aggregates,
seen in malaria.l*?¥ Initial research on N-substituted porphyrins and the work published

on that topic until 1987 has been covered extensively in a book by Lavallee.9

4.2 Historical synthesis of N-methylated porphyrin

The first N-methylated tetrapyrrolic system was reported by McEwen in 1936. The
discovery of these N-substituted tetrapyrrolic compounds did not only lead to a deeper
understanding of biological mechanisms, but has also helped to deduce important

features of biological compounds. They are considered as relevant molecules in the
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synthesis of radiolabelled metalloporphyrins for medical diagnostic imaging.*??
Countless methodologies have been developed for accessing peripherally substituted
nonplanar tetrapyrroles; however, synthetic pathways towards N-substitution are limited
and have been somewhat neglected. The first direct alkylation of a porphyrin was
reported in 1946, again by McEwen,*?% and since then only a few methods have been

developed and optimized to target various N-substitution patterns.

These compounds are interesting due to the resulting distortion of the molecule induced
by substitution of the pyrrolic hydrogens within the porphyrin core.®d This results from
the steric clash due to the inability of the hydrogen atoms and substituent groups to
occupy the cavity at the same time. Moreover, this distortion allows small molecules to
access the pyrrolic nitrogen, thereby enhancing the reactivity of these inner units
compared to the corresponding planar free base.

Different strategies are employed to synthesize N-substituted porphyrins, depending on
the kind of substitution required; however, the direct methylation represents the most
convenient route towards N-alkylation. This method relies on a nucleophilic substitution,
using either alkyl halides, dimethylsulfate (safer) or alkyl trifluoromethanesulfonate (safer

and stronger) as alkylating agents.[*?4

4.2.1 Synthesis using alkyl halides reagent
The first successful N-methylation was achieved with etioporphyrin | (EP 1). Its synthesis
was achieved using direct alkylation with methyl iodide, as both the alkylating reagent
and solvent, in a sealed tube at 100 °C, leading to the N*-monomethyl etioporphyrin |
(Fig. 34).:2

N?'-Monomethyl etioporphyrin |

Figure 34: Structure of the first N-substituted porphyrin reported.

Jackson and co-workers used the direct methylation method with methyl iodide as

solvent for octaethylporphyrin (OEP) and achieved the N?-mono- and cis-N?*,N%-
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dimethyl OEP in 40% and 25% yields, respectively.l!?s A study on the basicity of N-
substituted porphyrins, performed by Neuberger et al., showed that they are stronger
bases than their non-N-alkylated counterparts.%¥ Acidity/basicity studies represented,
at that time, a very useful tool for researchers as they allowed them to better understand
the reactivity of this type of porphyrin, and hence allowed the optimization of the
respective reaction conditions. As a result of this study, an excess of methyl iodide and
high temperatures were used with tetraphenylporphyrin (TPP), in order to obtain the N?*-
monoalkylated form.®8 However, N-monoalkylation, was only achieved in 5% yield and
the main fraction contained higher alkylated porphyrins, such as N*,N*-dimethyl and
N?',N?? N?3-trimethyl TPP in an overall yield of 20%. Further basicity studies of free base
and N-substituted porphyrins revealed that upon N-alkylation of porphyrins, the N-
substituted species became a much more effective base compared to their
corresponding free base precursors. This results in a higher reactivity of the N*-
monoalkylated porphyrin towards alkylation, compared to its former free base, hence
giving rise to the rapid formation of higher degrees of N-methylation.5°¥ Due to the higher
pKa of the free base TPP, the addition of a base (e.g., potassium carbonate) resulted in
optimized reaction conditions for the formation of higher degrees of alkylation; for
example, the cis-N**,N?-dimethylTPP iodide 26(b)[l] was obtained in 41% yield and
additionally the N*,N?* N%-trimethylTPP 26(c)[l] iodide was isolated in 6% yield
(Scheme 13).5% Later, the N?*,N?2,N®-trimethyl TPP 26(c) was synthesized by Senge
and co-workers in 92% yield using a methylating reagent and potassium carbonate in
dichloromethane.® An improved method from Abeysekera et al. for EP | systems
allowed the formation of the N?-mono- 79(a), the cis-N*,N?*-di- 79(b) and the
N2' N2 N®#-methyl EP | 79(c) (Scheme 13) in quantitative, 71 and 92% vyields,
respectively. The use of different bases, such as K;COs, was employed for

monoethylation or trisubstitution. 28]

R2 R R1 R2 R R1 R2 R R1 + ) +
v
R R2 Rl R2 R! R2
N-Substitution

R —> R R R R
R2 R1 Rz R1 R2 R1

R' R R2 Rl R R2 R'" R R?
26,R'=R?=H,R=Ph (a) N2’-Monomethylation (b) Cis-N?,N22-Dimethylation (c) N?',N22 N23_Trimethylation
78, R"=R?=Et,R=H
79,R'=Me, R?=Et,R=H R® = Alkyl, aryl, amino, oxides

Scheme 13: N-Substitution reported for OEP, TPP and EP | systems.

Senge and co-workers investigated the combination of both peripheral and core

substitution to study the structural and spectroscopic changes of so-called “highly
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distorted” structures.®! Attention was consequently focused on distorted porphyrins
such as H,OETPP 21. They showed that the direct addition of methyl iodide to the
porphyrin is possible under mild conditions upon addition of potassium carbonate,
resulting in the N#,N?? N*-trimethylated OETPP][I] salt in 75% yield.

The direct alkylation is highly dependent on the reactivity of the porphyrin, which itself is
linked to the distortion of the macrocycle and accessibility of the inner core nitrogen
atoms.#20:731271 Eor planar porphyrins, the core N/NH units are shielded by the
macrocycle; in contrast, the generation of sad-distorted nonplanar porphyrins leads to
greater accessibility of these units.[482972.128] |t has been observed that the substitution of
at least one of the inner hydrogen atoms on the pyrrole moieties increases the potential
of the cavity to bind molecules.’264¢.12% Thjs is explained by the slight distortion induced
by the N-substitution, increasing the reactivity of the newly formed product. However,
only N-methyl or N-ethyl addition results in good yields of the N*-monosubstituted
products, due to the small size of the molecule inserted. Callot et al. developed a new
route towards N-substitution of planar porphyrins by introducing more hindered groups
such as phenyl, benzyl or vinyl units. His work focused on the N-addition of aryl and alkyl
(other than methyl) moieties to H,TPP using an N* ,N?-bridged porphyrin as an

intermediate (Scheme 14).

C,H 5o
TEBA, EtOH/CHCI3 ) N
NaOH H,O, 2 h, Ar — /
Alkyl iodide or
benzyl bromide
rt,12-72h
CHsO H |7
>\ )
) Q/N = TsOH, rt,4h 84, R =CHj
( N1 I —— 85, R = C,H5
C N _ o / 86, R = CH,CgH4-p-NO,
R R
- 0,
81, R =CH, 76-85%
82, R = C,Hg

83, R = CH,CgHy-p-NO,

Scheme 14: N-Substitution via N-bridge intermediate (meso-substituents are not shown).

Their idea was to overcome the problem of the weak reactivity of the N/NH inner groups
inherent to the planarity of the macrocycle. The formation of N?*,N**-bridged TPP was
based on the implementation of distortion of the macrocycle through phase transfer
conditions. The resulting N*,N?>-bridged TPP 80 then was more inclined to react with

the following alkylating agent forming the trimethylated salts 81-83 depending on the
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methylating agent used. Upon treatment with acid, a loss of the bridge was noticed and
porphyrins 84—86 were obtained in 75 to 85% yields.!*3%

4.2.2 Synthesis utilizing alkyl triflate/sulfate reagent
Another method investigated by several groups for meso-tetraarylporphyrins involves
the use of alkyl triflates, which are stronger alkylating reagents compared to the alkyl
iodides. The results are comparable to those with methyl iodide; an excess of the triflate
reagent also leads to a mixture of various degrees of N-alkylation. However, a
stoichiometric amount of methyl triflate in chloroform gave the N*-monomethylated TPP
as the major product in much higher yield of 30-35%. Only 3% of higher degree N-
substituted products and starting material were formed.™3! Cavaleiro and co-workers,
based on the increased basicity of the N*-monoalkylated species compared to their
starting material, showed that the addition of a weak acid to the solution of alkylating
reagent can prevent further N-alkylation of the N?-monomethylated form. Due to its
basicity, the N-alkylated product became protonated upon addition of the acid and
therefore further reaction of the remaining alkylating agent was inhibited. This was
applied to the methylation of meso-free and meso-arylsubstituted porphyrins. In both
cases, an increase in yield could be observed for the formation of the N%-

monomethylated product of up to 90% and 60% yields, respectively.?8132

In 1997 our group investigated the effect of direct N-alkylation on planar systems (e. g.,
meso-tetraarylporphyrin (mTArP), meso-tetraalkylporphyrin (mTAIP)) and nonplanar
macrocycles (e. g., H,OETPP 21).°% N# N2 N®-Trimethylated TPP 23 could be
achieved in quantitative yield, using potassium carbonate and methyl triflate at room
temperature, compared to the highest previously recorded yield of 60%.%%*2 Furthermore,
a library of N?-monomethylated mTAIP was generated, using methyl triflate under
increased reaction temperatures. Yields of 30 to 40% were reported, while much lower
yields were obtained utilizing methyl iodide. While polymethylation could be achieved
readily for mTArP, it was not possible for mTAIP under any conditions employed.®
Higher degrees of substitution were obtained in situ, however, these decomposed during
chromatographic purification. Moreover, adding methyl trifluoromethanesulfonate
dropwise to H.OETPP 21, under inert atmosphere and at elevated temperatures, gave
the N*-mono- and cis-N*,N?-dimethyl substituted OETPP in 18 and 28% yields,
respectively. The use of methyl triflate under mild conditions led to quantitative
N2 N?2 N#* N?*-tetramethylation of OETPP.

In 1979, Henrick et al. reported the use of dimethyl sulfate for the synthesis of various

N-methylated porphyrins.[*?6 Upon insertion of the first methyl group into the cavity of the
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porphyrin, an increase in the basicity of the porphyrin is observed. The porphyrin could
then react with an acidic residue from the respective methylating agent, thus preventing
insertion of further methyl units into the macrocycle. In this work, [18] buffer solutions
were employed, and this showed to be particularly effective in preventing the
monomethyl porphyrin reacting with the acidic residue, therefore resulting in the trans-

N2, N?3-dimethylporphyrins which were synthesized in 70% yield.

4.2.3 Total synthesis using N-substituted pyrroles
Most of the past studies investigating direct N-alkylation methods have focused on
symmetrical porphyrins (e.g., mTArP, mTAIP, H.OEP, H-EP 1), due to the formation of
only one constitutional isomer, hence simplifying the already tedious purification
procedures associated with porphyrins. In contrast, N-alkylation of unsymmetrical
porphyrins would lead to several positional isomers. However, the chirality inherent to
their asymmetry is of utter interest from a chemical and biological viewpoint.
Consequently, even though it represents a vast challenge, a few reports discussed the

preparation of N-substituted unsymmetrical porphyrins using a total synthetic pathway.

This route requires a MacDonald type approach®! for either the [2+2]-type
condensation of N-substituted dipyrromethanes or the condensation of tripyrranes with
N-alkylated pyrroles.*** The goal was to induce N-alkylation prior to the macrocycle
formation in the condensation step, in order to avoid the steric hindrance normally
experienced during N-methylation due to the cavity size. The strategic positioning of the
N-substituents on the dipyrromethanes or pyrroles also reduced the time-consuming
process of purification.®! Normally, typical conditions for the cyclization process involve
the use of copper(ll) to catalyze the ring closure. However, this results in the loss of the
N-methyl groups.™*3°

S S

\ NH = 5eq.I”
N /\
\ COtBu  + OHC/Q\COZtBu 2eq.Br
| —_—
N Me DCE, reflux
N

87 88 89 20
20 % 45 %

Scheme 15: Total synthesis of an N-substituted porphyrin via improved MacDonald condensation

(B-substituents are not shown).

To circumvent this setback Smith and co-workers reported the use of iodine or bromine

in o-dichlorobenzene to prevent the cleavage of the N-methyl groups. With this method,
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they were able to synthesize N-methyl protoporphyrin IX dimethyl esters (PP-IX DME)
90 through cyclization of tripyrrane 87 with N-methyl pyrrole 88 (Scheme 15).1134a

4.2.4 N-Substitution of porphyrins via metalloporphyrin
intermediates

Direct alkylation is very efficient for the N-methylation of various types of porphyrins (e.g.,
meso-substituted or B-substituted porphyrins). However, N-alkylation of porphyrins with
larger groups, such as ethyl moieties, using a direct N-alkylation approach resulted in
much lower yields due to the steric hindrance. Any attempts to introduce bulkier
substituents, such as aryl groups, failed.*3%:1321361 The deformation of the macrocycle,
induced by the addition of an inner substituent, implements drastic changes to the
properties of the porphyrin, namely: spectroscopic characteristics,**7 redox

potentials,**® metal coordination,*3 dealkylation,®* 2% and solvolysis.*"!

Such alternative methods were developed by Callot, employing metalloporphyrins which
initially carry the designated N-substituent as an axial ligand coordinated to the metal.l*4
He showed that an effective addition of diazoacetate to the zinc(ll) porphyrin generates
the corresponding diazoacetoxy zinc(ll) complexes. After migration of the acetoxy group
from the central zinc metal to the nitrogen and consecutive removal of the metal utilizing
acid, the free base N*-monoester tetraphenylporphyrin was obtained in 66% yield.
Subsequent saponification of the ester and decarboxylation induced by irradiation with
light gave an overall yield of 53% for the N-methyl TPP.[141

They also investigated the formation of cobalt(lll) complexes of H,TPP and H,OEP. N-
Substituted systems were formed by treatment of a cobalt(ll) porphyrin 91 with either
alkyl iodide, to created o-alkyl groups attached to the cobalt, or Grignard and aryllithium
reagents to introduce o-aryl groups as axial ligands to the cobalt atom (compound
92).142 The final product was achieved through an intramolecular migration of the o-
substituent to the nearest nitrogen atom forming 95 or 96 and the consecutive removal

of the metal center under acidic conditions resulting in the N-substituted porphyrin 97.

The intramolecular migration can be induced by two different methods. The first method
requires oxidizing conditions and addition of an acid to form a cationic radical
intermediate of the porphyrin complex 93 and is mainly used for g-alkyl groups (Scheme
16, A).!41 The second route involves the use of oxidizing reagents such as cation radical
salts which form the same porphyrin intermediate 93 as mentioned before and are mostly

used for o-aryl groups.'®%144 Subsequent elimination of the metal results in a
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gquantitative yield of the N-methyl TPP and a yield of more than 85% for the N-ethyl TPP
(Scheme 16, B).

A) Migration induced by oxydating conditions

CF3CO,H,

R
s CF3CO,H
e
ET
NH

Co (Ill) Co (1IN Co (Ill) con €l

91 92 93 94 96

R = Alkyl, aryl, amino, oxides
Scheme 16: Formation of N-substituted porphyrin via A) an intramolecular migration in oxidizing

conditions, B) the use of an oxidizing agent (meso- and B-substituents are not shown).

The intramolecular migration involves the incorporation of the o-substituent between the
pyrrolic nitrogen and the cobalt atom, forming N-R-Co bridged porphyrins. Reduction of
the cobalt(ll) atom to cobalt(l) is necessary before the addition of acid and can be
achieved either through treatment with NaBH, for mTArP or through utilization of a
stronger reducing agent, such as sodium amalgam, for B-substituted porphyrins.4%
Cobalt(l), being a very unstable species, rapidly undergoes another intramolecular
rearrangement from the cobalt(l) complex to the initial cobalt(lll) complex.43d N-
Methylation of meso-free systems resulted in much lower yields due to the difficulty in
reducing the metal systems. This method represents an interesting alternative, allowing
the selective generation of only N?-monomethylated products in good vyields. It also
exhibits a facile and rapid approach towards systems containing N-vinyl or N-aryl groups.
In 1993, Aizawa et al. synthesized N-p- and N-o-tolyl, and N-phenyl substituted TPP in
65, 68 and 87% vyields, respectively, using intramolecular migration of cobalt(lll)
complexes under acidic conditions.!*¢! However, this methodology strongly depends on
the strength of the o-bonds the cobalt(lll) porphyrin can form and can be limited due to

instability of certain intermediates (e.g., o-benzyl).

4.2.5 N-Substitution utilizing sulfonium salts
The two aforementioned methods were also applied to o-benzyl and o-allyl groups.
However, these groups showed insufficient stability under these reaction conditions.“%
This problem can be circumvented using carbocations. This led to the development of a
new methodology utilizing diphenylsulfonium salts 98 as alkylating agents (Scheme
17).49 These salts represent a highly reactive species*”! and provide N-benzyl

porphyrins 99 in up to 90% vyield for both meso-substituted and meso-free porphyrins.
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The use of alkyl diphenylsulfonium salts, utilized in order to introduce N-alkyl groups,
results in yields of up to 65%. However, rapid decomposition is observed in the solid
state, especially when compared to other N-p-benzyl derivatives which can be formed

using aryl diphenyl sulfonium salts.!

A) General procedure . B) Setsune approach

R to- / :
) BF, S ' |
S CHCl5 or CH,Cl, LN N= : \
¥ — 7 :
High temperature N HN '
2-72h \ S :
98 99 ;
R = alkyl, 1-iodoalkyl,
R = benzyl, p-substituted benzyl '

100

Scheme 17: Synthesis of N-monosubstituted porphyrins via the use of sulfonium salts (meso-
and B-substituents are not shown).

Later, Setsune and coworkers prepared N?*-mono-iodoalkyl substituted OEP 100 with
various alkyl groups via the N-substitution of 3-iodopropyl moieties (Scheme 17, B). The
N-(3-iodopropyl)OEP+*BFs was synthesized in 82% yield, which after additional
functionalization of the terminal position of the propyl groups led to the further addition
of either (S)-1-phenylethylamine, diethylamine or two different macrocyclic polyamines
in 93, 71, 84 and 48% yields, respectively.!4?!

4.3 Application

N-Substituted porphyrins have mostly been used to understand biological processes
involving cytochromes P-4501'%1 or to study the metabolic process of heme
formation.'*>1*€ However, their distorted macrocycle and specific structures can be very
useful for applications involving core hydrogen bonding properties. As mentioned in
previous chapters, the incorporation of units into their cavity results in the distortion of
the macrocycle due to steric clash in the cavity of the porphyrin. This, however, results
in the accessibility of the imine and amine moieties which can then form various bonds

with small molecules.

Inoue and co-workers showed that the zinc N-substituted porphyrin 101 can be used as
an initiator for visible light mediated polymerization of epoxides.'*! The reaction is
carried out under mild conditions using benzene at room temperature for the
polymerization of ethylene oxide (EO) and propylene sulphide (PS) (Scheme 18). The

active site of the initiator resides on the axial ligand of the metal coordinated to the
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porphyrin. The reaction proceeds via the attack of the propylthio axial ligand of the zinc

porphyrin to the monomer generating a zinc thiolate species growing from the porphyrin.

R R
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X =0, R =H, ethylene oxyde (EO)
R = CHj, propylene oxyde (PO)
X =8, R = CHj, propylene sulfide (PS)

Scheme 18: Initiation and polymerization steps of various epoxides.

The initiation and polymerization process can be performed in the dark; however, light
irradiation allows for a better and faster initiation of the reaction,*>% and is not required
during the polymerization phase. Using zinc propylthio N?*-methyltetraphenyl porphyrin
(NMTPP)ZnSPr 101, complete polymerization is achieved in approximately 80 min with
light irradiation or in 80% yield in the dark after 9 h. Copolymerization using both EO and
PS was also investigated and proved to give very satisfying results.*> When similar
conditions were applied (benzene at room temperature under xenon light irradiation), it
led to complete formation of a copolymer with uniform block lengths after 2.5 h (Scheme
19).
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Scheme 19: Copolymerization of epoxides.

A final report carried by the same group focused on the enhancement of the
copolymerization using the most efficient porphyrin, (NMTPP)ZnSPr 101.152 This study
revealed that in the absence of light, the copolymerization of EO and PS exhibited very
different conversions of each monomer. However, upon light irradiation, a very good

ratio is obtained after only 5.3 h.

Another application was published by Kojima et al. and utilized the H-bonding and
electron transfer properties of N-substituted porphyrins to demonstrate their potential as
oxidants for H,O,/O, interconversion.® In the presence of hydrogen peroxide, an
N2 N%-dimethylated dodecaphenylporphyrin (N?*,N*-DPP) 105 can be reversibly
reduced to its corresponding N?',N*-dimethylated dodecaphenylisophlorin (N#,N?3-
DPIPhI) 106 to generate O,. The porphyrin acts as an electron and proton acceptor to

oxidize the H2O2, generating its phlorin analog and O, (Scheme 20).
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N21,N23-DimethyIDPP N21 N23-DimethyIDPIPhI

0,

Scheme 20: Interconversion of hydrogen peroxide by the N21,N23-dimethylated DPP.

The saddle shape of the porphyrins allows for good H-bonding properties of the imine
units. This property is fortified by the high electronic density caused by the two N-methyl
groups and the syn-conformation of these two N-methyl moieties. The inner units are
also required for the stability of the phlorin analog which would otherwise be too reactive
towards the oxygen species formed simultaneously. The electron-rich macrocycle of the
porphyrin also results in a reversibility of the process from the phlorin, which upon

reduction of the oxygen species reformed the 18t macrocycle, producing H>O,.
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4.4 Results and discussion

This chapter is aimed at the synthesis of a library of N-methylated porphyrins with
differing electronic (EDG and EWG) and structural properties (A4- and A2-
mesosubstituted porphyrins, B-substituted porphyrins). In order to achieve this library, it
was necessary to first generate the corresponding library of free base porphyrins. These
free base porphyrins were chosen due to their planar conformations (as opposed to the
highly substituted porphyrins) which allowed us to investigate the impact of various N-
methylation patterns on the distortion of the macrocycle. This may also allow an
investigation, if it is possible, into how to control the degree of distortion via different N-
methylation patterns through the incorporation of one to four N-methyl substitutents.

4.4.1 Overall panel of synthesized N-methylated porphyrins
The 5,10,15,20-tetraarylporphyrin precursors (As) H226, H»107 to H2114 (Fig. 35) were
synthesized via Adler-Longo or Lindsey condensation reactions*®!%4 from the
corresponding pyrroles and aldehydes in stoichiometric amounts. The 5,15-
diarylporphyrin precursors (Az) H2115-H»119 (Fig. 35) were produced through

condensation reactions using dipyrromethane and the corresponding aldehyde.[*55

X R' R? R3 R* X RS
26 H H H H 115 | OMe | OMe | OMe 120 | H
107 F F F F 116 | OMe | OMe | H 21 | Ph
108 cl H H H 117 | Me H H
109 I H H H 118 H H 2
110 Br H H H 119 H OMe H 3 Methylation pattern:
' 6-R7=R8 =RY=
111 H | OMe H H ;:zx.R;—R—Rs_R_H7 \
! Xm, R% = CHs, R® = H, no R"/R
112 ) OMe | H H H ! Xd, R® = R® = CH, no R7/R?
113 | Me H H H P e .
! IXd = =R9=
114 H tBu tBu H VI ]+Fi H;R 8R CHgg,nOR
X', R®=R7=R®=CH; R°=H

| [Xtt]**, R®=R"=R®=R%=CH,

Figure 35: Library of porphyrins synthesized.?

1 For this chapter, it seems clearer to use the following numeration system: Number X represents the porphyrin, H,X
indicates the free base form of the porphyrin, Xm represents the N?-monomethylated species, Xd the N?,NZ-
dimethylated species, [Xd]* the H?*,N%3,N?*-dimethylated species, [Xt]* the N*',N? NZ-trimethylated species (salt) and
[Xtt]?* the N?t,N??,N?3 N?*-tetramethylated species (salt). The numeration will be then conserved in part 5 which refers to
the porphyrin synthesis carried out within part 4.
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In order to generate the library of N-methylated porphyrins presented in Fig. 35 and
explore their spectroscopic properties, the respective free base porphyrins were
converted into various N-substituted porphyrins via direct methylation using respective
equivalents of methyl triflate. Each porphyrin has different properties induced by their
structure: steric effects such meso-substitution (26, 115-119) or B-substitutions (119)
pattern on the macrocycle, and withdrawing- (107-111) or electron-donating effects
(112-114). These properties can affect the pattern of N-methylation. For example, it was
noticed that in H226, methylation occurs on both pyrrole units (nitrogen 21 and 23) but
in highly distorted porphyrins (e.g., 2,3,7,8,12,13,17,18-octaethyl-5,10,15,20-
tetraphenylporphyrin OETPP), methyl groups are substituted on adjacent nitrogens (21
and 22) leaving one pyrrole unchanged.!4%

4.4.2 Synthesis of precursors
As mentioned above, the N-methylation was carried out on A; and A; precursors. Az
precursors were already available in the group, as were most of the A, precursors.
However, some of them were synthesized for this project. The porphyrin precursors
synthesized were compounds H»26, H»107, H,108, and H»109. The general synthetic
methods are presented in Scheme 21 and they were all synthesized using either the

Adler-Longo method or Lindsey conditions.*3:16.154]

Method A, Method B,

0 Method C?
I\ I
N H
H
2 Method A: joni i

3 25: R = CgHj etho 1) PI’OSIOHIC Ac'|d,

121: R = C4F5 141 °C, 30 min

122: R = 4-CI-CgH4 2) Toluene, DDQ, o

123: R = 4-1-CgH, 96 °C, 30 min H,26: R = CgHs method A, 22%

H,108: R = 4-CI-CgH,4 method B, 30%
Method B:1) Dry CH,Clp, BF3OEt; | H,109: R = 4-I-C4H, method B, 17%
r.t, Ar,1h H,107: R = C4F5 method C, 54%
2) p-Chloranil,
40°C,12h
Method C:1) Dry CH,Cl,, BF3OEt,
r.t, Ar,12h
2) p-Chloranil,
40 °C, 12h

Scheme 21: Condensation reaction for the different precursors (H226 and H2107—H2109).

Yields obtained from condensation reactions can be quite low due to polymerization of
the pyrrole during the process. In total, 1.6 g of H226 (22%, method A, Scheme 21), 670
mg of H2108 (30%, method B, Scheme 21), 72 mg of H»109 (17%, method B, Scheme
21), and 2 g of H2107 (54%, method C, Scheme 21) were prepared.
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The Adler-Longo procedure is the easiest and fastest way to obtain H,TPP H,26, by
precipitation of the porphyrin from propionic acid with methanol. Method B was used to
obtain the other porphyrins in reasonable yields. However, this did not result in the
formation of H,107 due to the high electron withdrawing effect of the fluorine atoms.
Method C was a more efficient pathway for the preparation of compound H2107.

4.4.3 N-Methylation of precursors
A library of N-methylated porphyrins was obtained from the panel of free base
porphyrins. Fig. 35 compiles all of the structures of free base porphyrins tested with the
various conditions of methylation to attempt mono-, di-, tri- or tetra-N-substitution.

4.4.3.1 N-Substituted TArP and OEP

First, we prepared the known N-substituted derivatives of 5,10,15,20-
tetraphenylporphyrin  (H226). The N?!,N?2 NZ-trimethylated porphyrin  [26t]* was
obtained quantitatively following an optimized procedure by Senge et al. with a 10-fold
excess of methyl trifluoromethanesulfonate in the presence of potassium carbonate
(condition a, Scheme 22).1%! Treatment of porphyrin H.26 with a stoichiometric amount
of the methylating agent in the absence of base (condition b) afforded the N-
monomethylated species 26m in 40% yield, similar to reports by Lavallee.*3115¢ The use
of condition b with 2 eq. of the methylating agent (condition c) at increased temperature
led to both N**-mono- and N**,N*-dimethylated compounds 26m and 26d in 45% and
50% yields, respectively. All attempts to achieve N?*,N?? N3 N?*-tetramethylation using
various conditions and different methylating agents, from methyl iodide (weakest) to

trimethyloxonium tetrafluoroborate (strongest), failed.

Similarly, methylation of H;120 was investigated. N?’-Mono- (120m) and N?* N?-
dimethylation ([120d]*) have been previously reported,*>2% thus porphyrin H2120 was
treated under condition b to target the N**,N% N®-trimethylated species. However, only
the N?*,N?*>-dimethylated salt [120d]* was quantitatively obtained. As noted earlier, here
dimethylation occurred on the adjacent pyrrole units (N21 and N22).5%l This indicates
the first fundamental difference in the reactivity of tetra-meso- and octa-B-substituted

porphyrins.

Following the initial studies, the effect of electron withdrawing and donating groups of
the meso-aryl substituents was investigated. For example, methylation of compound
H2106 did not occur using conditions a or b on the bench. However, by employing a
microwave apparatus, the N?*-monomethylated porphyrin 107m was obtained in 2%

yield. Attempts to optimize the reaction, including the use of a stronger methylating agent
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([BF4]'[OMeg]) or an excess CF:SOsMe, were unsuccessful due to the strong
deactivating effect of the EWG on the macrocycle. Thus, H2108 with fewer EWGs, using
condition b afforded the N?*-monomethylated species 108m in 69% yield. Similar to
compound H>26, doubling the equivalents of the methylating agent resulted in the
formation of [108d]" in 40% vyield.

However, due to the electron withdrawing chlorine atoms, condition a gave the
N2t N22 N%- trimethylated salt [108t]* in 60% yield, as opposed to compound [26t]* which
was obtained quantitatively. Addition of a further 10 eq. (20 eq. in total) of the methylating

agent (condition d, Scheme 22) gave the desired product [108t]* in a quantitative yield.

Conditions a:

N CF;S0,0Me (10 eq.)
6\(‘0“5 K,COj3 (Excess)
co® CHCI3 r.t, 16 h Conditions d:
Conditions d CF3S0,0Me (20 eq.)
K,COj3 (Excess)
Conditions b Conditions b: CHCla,rt, 16
CF3S0O,0Me (1 eq.)
CHCI3 r.t, 16 h e
3.f - Conditions e:
Co,, . Conditions e CF3S0O,0Me (1 eq.)
o',t,-on Acetic acid (5 % v:v )
¢ Conditions c: CHCl3 r.t., 16 h
CF3S0,0Me (2 eq.)

CHCI; 70 °C, 16 h

Scheme 22: Initial (a to ¢) approach and optimized conditions (d, e) for methylation of planar

porphyrins.

A similar behavior was observed for N**-monomethylation of porphyrins H,109 and
H2110 giving 28% and 24% of 109m and 110m, respectively. In both cases, using two
equivalents of methylating agent did not induce the formation of the N**,N*-dimethylated
species. The N2 N?2 NZ-trimethylated forms were obtained for both compounds under
condition d affording 77% of [109t]* and 60% of [110t]*. Clearly, the strength of the EWG
plays an important role in the efficiency of N**-methylation. For the N**-monomethylation
of porphyrins H»108 to H»110, the yield decreased from 69% to 19% going from chlorine
to iodine. This diminishment of yield is also observed for the N?*,N% N?3-trimethylation
and can be explained by the difference in Hammett values of iodine (o = 0.27) and
chlorine (o = 0.22).1% The exception to this is the N?!,N?2 N%-trimethylation of
compound H»109. Compound [109t]* was obtained in a yield of 69% whereas [109t]"
was afforded in 77% yield; however, this was likely the result of purification problems.

Porphyrin H,111, containing methoxy groups in the m-position of the aryl ring (o = 0.12),
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was treated under condition a affording 65% of the N?*,N?2 N#*-trimethylated salt [111t]*

and under condition b yielding 19% of N*-monomethylated compound 111m.

Next, porphyrins H»112-H,114 containing electron donating groups (EDG) were
investigated. Treatment of H,112 under condition a yielded a mixture of both N?*,N%-di-
and N#,N% N?-trimethylated products 112d and [112t]* in yields of 7% and 73%,
respectively, while condition d afforded [112t]* in quantitative yield. Clearly, the presence
of EDGs induces an electron-rich macrocycle enhancing the reactivity of the porphyrin
core and causing multiple N-substitutions.

Table 7: Summary of yields for the various N-methylated porphyrins.

Entry Hammett’s Yields (%) Yields (%) Yields (%)
values N2L-CHs N2, N2223.(CH3),  NZ%,N?2N2-(CHs)s
Conditions (d)  Conditions (c) Conditions (e)
1 0 75 (26m) 73 (26d) >95 ([26t]")
2 0.23 (p-Cl) 15 (108m) 40 ([108d]*)? 95 ([108t]*)
3 0.18 (p-1) 28 (109m) - 73 ([109t]%)
4 0.23 (p-Br) 24 (110m) - 71([110t]%)
5 -0.17 (m-OMe) 19 (111m) - 65 ([111t]")
6 -0.27 (p-OMe) 50 (112m) 7 (112d) 73 ([112t]")
7 0.12 (p-Me) 45 (113m) - >95 ([113t]%)
8 -0.10 (m-tBu) 8 (114m)° - 60 ([114t]*)°
-0.27 (p-OMe)
9 46 (115m) 86 ([115d]*) -
/0.12 (m-OMe)
-0.27 (p-OMe)
10 - 93 ([116d]*)P -
/0.12 (m-OMe)
13 -0.17 (p-Me) 9 (117m) 5 ([117d]*)P -

a Structure of [108d]* has N21/N22 instead of N21/N23 dimethylation pattern. ® The noticeably lower yields
for compounds 114m and [114t]* are a result of the low solubility of the starting material, which required a
high dilution. ¢ Structure of 5,15-diarylporphyrins involves N21-H, N23-Me/N24-Me instead of N21-Me/N23-
Me as observed for the A4 series.

A study by Cavaleiro et al. showed that the N?-monomethylated products have
increased basicity in comparison to their free base precursors due to the distortion
induced by the N-substitution.!**2 Consequently, the addition of a small amount of a weak
acid can prevent further methylation. With this in mind, the addition of 5% (v:v) acetic
acid (condition e, Scheme 22) allowed access to compound 112m in a yield of 50%.
Condition e was then applied to porphyrins H»113 and H»114 leading to 45% and 8%

yields for the N?*-monomethylated products 113m and 114m, respectively. Condition d
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afforded the N*,N%, N#-trimethylated salt [113t]* in quantitative yield and [114t]* in 60%

yield. All yields obtained are summarized and presented in Table 7.

4.4.3.2 N-Substituted 5,15-Diarylporphyrins

In parallel, the N-methylation of 5,15-diarylporphyrins was studied. 5,15-
Diarylporphyrins were chosen for their different macrocycle conformation. In line with the
5,10,15,20-tetraarylporphyrin, the distortion of their macrocycle is negligible, however,
they show an elongation of the ring system along the 5,15-axis. This results in a
rectangular shaped macrocycle, compared to the square shaped core usually seen for
meso-tetrasubstituted analogs.6%157]

Initial attempts were made with compound H»115 and the N-monomethylated product
115m was obtained in 46% using condition e. Following this, trimethylation was
attempted using condition a; however, this gave the N* N?-dimethylated product
[115d]* in 86% yield. Forcing the N2,N?2NZ-trimethylation using condition a and
microwave apparatus resulted in a mixture of N?*,N*%-di- and N?*,N* N%-trimethylated
species. Similarly, compound H»115 gave [116d]* in 93% yield under condition a, while
[116t]* could not be obtained under conditions a or d at higher temperature. Trials to
monomethylate porphyrin H2116 using condition e were unsuccessful, too, giving less
than 1% yield. Compound H»>117 gave compound 117m in 9% yield under condition e
and compound [117d]" in 5% vyield under condition a. Using condition a at higher
temperature or condition d failed to yield N?',N?? NZ-trimethylation. Finally, N-
methylation attempts of compounds H»118 and H»119 using condition e or condition a
were unsuccessful. With regards to the overall results of the NMR studies, N-methylation
of the 5,15-porphyrins (Az-system) proceeds differently to the meso-tetrasubstituted As-
analogs. While the latter leads to a N?*,N*-dimethylation pattern, dimethylation of the
former occurs on neighboring pyrrole rings under formation of monocationic salts, i.e.,
yields N?* N?*-dimethylated macrocycles. We surmise that this might be a result of the
core elongated macrocycle conformation in the precursor free bases, but this will

ultimately require detailed theoretical calculations.

4.4.4 UV-vis and NMR observation

4.4.4.1 N-Substituted TArP and OEP

e Study on the variation of the wavelength of the Soret Band
Next, spectroscopic analyses such as UV-vis and *H NMR studies of the N-methylated
porphyrins were utilized to investigate the degree of distortion in the porphyrin

macrocycle. In UV-vis measurements, a bathochromic shift of the Soret band is usually
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observed for distorted porphyrins compared to planar porphyrins.“® Similarly, a chemical
shift (upfield) is also noted for the inner protons (or the methyl units inserted) of the
porphyrin core in the *H NMR spectrum upon the addition of methyl groups as discussed

in part 1.4

These trends were reflected in the compounds presented here. In an earlier study on the
N-alkylation of highly nonplanar free base H.21 (Soret Amax = 456 nm), a bathochromic
shift of 20 nm was observed for the Soret band after insertion of one methyl unit (21m)

and ultimately, the Soret band was shifted by 50 nm upon N-tetramethylation ([21tt]?*).[°%

Table 8: UV-vis absorption data of Soret bands for free base porphyrins and their N-methylated
derivatives in CHCIs and 1% NEts.

Entry ASoret band (n m) ASoret band (n m) ASoret band (nm) Of ASoret band (n m) Of

of free base of N?1-CHjs N2, N2223-(CHs) N21 N22 N?3-(CH3)3

1 419 (H226) 433 (26m) 459 (26d) 462 ([261]")

2 420 (H,108) 436 (108m) 463 ([108d]")? 466 ([108t]*)
3 422 (H,109) 439 (109m) - 444 ([109t]*)
4 439 (H,110) 469 (110m) - 471 ([110t]")
5 420(H,111) 436 (111m) - 469 ([111t]")
6 421 (H,112) 439 (112m) 458 (112[d]*) 475 ([1121]*)
7 421 (H,113) 444 (113m) - 468 ([113t]")
8 421 (H.114) 437 (114m) - 473 ([1141]%)

a Structure of [105d]* has N21/N22 dimethylation pattern instead of N21/N23 as observed for the A4
precursors. P Structure of 5,15-diarylporphyrins involves N21-H, N23-Me/N24-Me instead of N21-Me/N23-
Me as observed for the A4 series.

The Soret band of compound H226 appeared at 419 nm highlighting the difference in
distortion in both parent free base compounds. N?*-Monomethylation (26m) resulted in
a 14 nm shift, while the Soret band for [26t]* was observed at 467 nm inducing a
bathochromic shift of 48 nm for the insertion of three methyl units (Figure 36 and Table
8). The N*,N?2 N?-trimethylation [108t]* and [112t]* compared to porphyrins H,108 and
H2112 gave similar trends (Aaps = 46 and Aans = 54 nm, respectively). The larger shift in
the tetraphenylporphyrin series compared to that in dodecasubstituted nonplanar
porphyrins was a reflection that the latter become progressively more distorted.

However, the former resulted in a larger relative increase of distortion.[#82.97a.128]

In all cases, introduction of a second N-methyl unit resulted in significantly more distinct
spectral changes than introduction of the first, indicating significantly more distorted
macrocycles (vide infra). Introducing a third methyl group was accompanied by a

broadening of the absorption bands.
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(a) Compounds H226 and N-methyl 26m, 26d and [26t]*
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(b) Compounds H2108 and N-methyl 108m, 108d and [108t]*
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Figure 36: UV-vis spectra of compound H226 (top), H2108 (middle) and H2112 (bottom) and their
N-methylated derivatives in CHCIz (1% NEts).
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Planar porphyrins typically have a well-resolved vibronic structure in the Q bands due to

their single vibrational mode.

In comparison, distorted porphyrins have multiple

vibrational modes inducing a broadening of the vibronic structure in the Q bands.#2" 15l

Thus, core N-substituted nonplanar porphyrins show an overall behavior similar to

peripherally substituted nonplanar porphyrins. Taking into consideration the overall

bathochromic shift for the free base porphyrin to the N*,N%, N%-trimethylated porphyrin,

the shift observed for H,26 was smaller than the one for compounds H,108 and H,112

(Fig. 36). This trend showed that the electron density of the macrocycle had an impact

on the distortion with EDGs giving a larger bathochromic shift following N-methylation.

Similar effects were observed in the *H NMR spectra of the N-substituted compounds.

The N-H chemical shifts for the N?*-monomethyl product are found at —4.84 ppm (26m),

—-4.88 ppm (108m), and —4.77 ppm (112m) (Table 9).

Table 9: H NMR chemical shifts for the N-R protons of free base porphyrins and their respective

various degrees of N-methylation in CDCls

Porph. oN21 ON22 ON23 oN24
1 H226 -2.76 (H) - -2.76 (H) -
2 26m -4.06 (CHs) - -4.84 (H) -
3 26d -2.90 (CHs) - -2.90 (CHs) -
4 [26t]* -3.07 (CHs) -5.56 (CHs) -3.07 (CHs) -
5 H2108 -2.85 (H) - -2.85 (H) -
6 108m -4.14 (CH3) - -4.88 (H) -
7 [108d]* -4.92 (CHs) -4.72 (CHs) -2.93 (H) -
8 [108t]* -3.13 (CHs3) -5.55 (CHs) -3.13 (CHs) -
9 H2109 -2.89 (H) - -2.89(H) *
10 109m -4.81 (CHs) - n/a -
11 [109t]* -3.90 (CHs) -5.67 (CHa) -3.90 (CHa) -
12 H2110 -2.89 (H) - -2.89 (H) *
13 110m -3.01 (CHs) - n/a -
14 [110t]* -3.16 (CHs3) -5.62 (CHs) -3.16 (CHs) -
15 H2111 -2.77 (H) - =-2.77 (H) *
16 111m -4.07 (CHs) - n/a -
17 [111£]* -3.15 (CHs) -5.60 (CHs) -3.15 (CHs) -
18 H2112 -2.79 (H) - -2.79 (H) -
19 112m -4.06 (CHs) - -4.77 (H) -
20 112d -2.87 (CHs) - -2.87 (CHs) -
21 [1121]* -3.02 (CHs) -5.32 (CHs) -3.02 (CHs) -
22 H2113 -2.17 (H) - -2.17 *
23 113m -4.69 (CHs) - n/a -
24 [113t]* -3.12 (CHs) -5.50 (CHs) -3.12 (CHs) -
25 H2114 -2.67 (H) - -2.67 (H) -
26 114m -3.82 (CHs) - n/a -
27 [1141]* -2.98 (CHs) -5.47 (CHs) -2.98 (CHs) -

a Structure of [1056d]* has N21/N22 dimethylation pattern.
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The insertion of the first methyl group induced a significant change in the chemical shifts
of the N-H groups, as the change observed between H»26 and 26m is about 2.08 ppm.
These differences were mainly due to the distortion resulting in a displacement of the N-

H units outside of the aromatic ring current.®

Looking further into the N?*,N*2-dimethylation it was noticed that when symmetry was
maintained, as in porphyrins 26d and 112d, the methyl groups on N21 and N23 had the
same chemical shift. In contrast, with methylation of N21 and N22 (compound [108d]%),
the two methyl groups and the hydrogen protons displayed different chemical shifts at -
4.92 ppm (N21), -4.72 ppm (N22) and -2.93 ppm (N23).

The addition of a third methyl group in compounds 26d and 112d caused the CHjs signal
of N21 and N23 to shift from -2.90 to -3.07 ppm ([26t]*) and from -2.87 ppm to -3.02 ppm
([112t]"). The signal for the additional methyl group in position N22 appeared at -5.56
ppm ([26t]") and -5.32 ppm ([112t]*). Upon addition of a third methyl into the core of
compound [108d]*, a shift from -4.92 ppm to -3.13 ppm was observed for the methyl
groups on N21 and N23 with the additional methyl unit (N22) being observed at -5.55
ppm (Table 9).

e Study on the molar absorption coefficient
The effect of the N-methylation is strongly evidenced by the modification of the molar
extinction coefficients (Fig. 36). From results obtained, it appeared that the molar
extinction coefficient was dependent on three factors: the electronic effect, the degree

of N-substitution, and the conformation resulting from the N-substitution.

A series of A4 porphyrins were studied via UV-vis spectroscopy (Fig. 36). From this, it
was observed that the addition of electron withdrawing or donation groups on the
periphery of the macrocycle (free base porphyrins, Fig. 36 pink spectrum) modified the
absorption properties of the porphyrins with a better effect seen for the electron

withdrawing units.

Upon the addition of methyl groups, an increase of the molar absorption coefficient &
value was seen for most of the compounds. Interestingly, the addition of two methyl units
into the core of the porphyrins (Fig. 36, spectrum) induced two different behaviors
depending on the “cis™ (CHs in N23,N24) or “trans™ (CHs in N21, N23) methylation.
Porphyrins 26d and 112d (neutral form) resulted in an increase of € value compared to
porphyrins H»26 and H>112, respectively. In contrast [108d]" showed a decrease of the

¢ value. This decrease was explained by the cationic form of compound [108d]* and was
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supported by the decrease observed upon the addition of a third methyl. The formation
of a charge due to the third methyl resulted in a decrease of the ¢ value (Fig. 36,
spectrum) for each A4 porphyrin series compared to the free base form (Fig. 36, pink

spectrum).

4.4.4.2 N-Substituted 5,15-Diarylporphyrins

¢ Study on the variation of the wavelength of the Soret Band
The UV-vis properties of the 5,15-disubstituted series were quite similar to those of the
5,10,15,20-tetraarylsubstituted porphyrins. Introduction of one methyl unit to the core
resulted in a bathochromic shift of the Soret band by 20 nm for each series of porphyrins
indicating core distortion (Table 10).

Table 10: UV-vis absorption data of Soret bands for free base porphyrins and their N-methylated
derivatives in CHCIs and 1% NEta.

Entry Asoret bana (NM) Asoret bana (NM) Asoret bana (NM) Of
of free base of N?*-CH3 N2, N2223-(CH3),
9 404 (H;115) 424 (115m) 447 ([115d]")°
10 410 (H»116) - 452 ([116d]*)°
11 406 (H»117) 428 (117m(a)/anti) 437 ([117d]*)°

442 (117m(b)/syn)

Due to the increased distortion upon introduction of a second methyl group, compounds
[115d]* and [117d]* exhibited shifts of the Soret band larger than those seen for the free
base planar analogs (Fig. 37). Intriguingly, the introduction of a methyl unit in compound
H2117 gave porphyrin 117m which exhibited a surprisingly widely-separated split Soret
band, deviating from the common UV-vis pattern observed for the other porphyrins (Fig.
37, (b)). Studies on possible geometric isomers in solution by UV-vis have been reported
by a few groups in the past,** and the present results were explained by the formation

of two isomers, the anti-[117m(a)] and the syn-[117m(b)] isomers (Fig. 38, Fig. 39).
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(a) Compounds H2115 and N-methyl 115m and [115d]*
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Figure 37: UV-vis spectra of compound H:115 (top) and H:117 (bottom) and their N-methylated
derivatives in CHCIs (1% NEts).

This was confirmed through **C NMR spectroscopy which showed the presence of two
close signals (4 = 0.04 ppm) for the carbon atoms on N21 giving evidence for the

hypothesis of a geometrical isomerization (Fig. 38).
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Figure 38: Doublet for the N-methyl units on N21 from the 13C NMR of 117m in CDCls.

The anti- and syn-conformations of compound 117m (117m(a) and 117m(b)) (Fig. 39)
were also analyzed using the Soret band characteristics of each compound. For the
macrocycle [115d]+, the addition of two methyl groups occurred in adjacent pyrroles
(N23, N24), resulting in an anti-conformation (Fig. 39) compared to 26d where the N-

methylation occurred on the opposite pyrrole (N21, N23) displaying a syn-conformation.

Isomer 114m(b)
AA(Soret) = 36 nm

Isomer 114m(a)
AA(Soret) = 28 nm

CHs CH;  H

-/ \—

H

syn-conformation
High distortion

anti-conformation

I
I
I
I
I
I
I
:
I
: -/
[}
I
[}
:
I
Low distortion !
[}

Figure 39: Geometry of the two isomers obtained for 117m. AA corresponds to the difference of
the Soret band absorption from H2117 to 117m ((a) and (b)).

In line with the A4 precursors, a chemical shift of the inner protons was observed for the
A, precursors (around —-3.10 ppm compared to approx. —2.80 ppm for the A4 systems,
Table 11). Note, after introduction of one methyl unit into the core of compound H;115,
leading to porphyrin 115m, the respective signal appeared at —2.56 ppm compared to a
chemical shift of —4.36 ppm for compound 117m (similar to N**-monomethyl-5,10,15,20-
tetraarylporphyrin, Table 9). Incorporation of a second methyl unit into the macrocycle
core of 5,15-diarylporphyrins gave results similar to the 5,10,15,20-tetraarylporphyrins.
Signals in the range -3.10 ppm to -5.30 ppm were observed for all three porphyrins
([115d]%, [116d]* and [117d]", Table 11). Interestingly, the signal pattern (1 singlet signal
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for 6 protons and 1 singlet signal for 1 proton) indicated that the methylation occurred on
adjacent pyrroles (N23 and N24) with a pyrrole proton located on N21. The singlet
observed for the two methyl groups in each case was attributed to the symmetry of the
porphyrin. This symmetry was due to the well-known tautomerism of the N-H protons in

the porphyrin core.*¢%

Table 11: 'H NMR chemical shifts for the N-R protons of free base porphyrins and their respective
various degrees of N-methylation in CDCls.

Entry Porph. ON21 ON22 ON23 ON24

1 H2115 -3.10 (H) - -3.10 (H) -

2 115m -4.51 (CHs) - -2.56 (H) -

32 [115d]* n/a - -5.32 (CHgs) -5.32 (CHs)
4 H2115 -3.07 (H) - -3.07 (H) -

52 [115d]* -2.23 (H) - -5.23 (CH3) -5.25 (CHs)
6 H2117 -3.13 (H) - -3.13 (H) -

7 117m -4.25 (CHs) - -4.36 (H) -

82 [117d]* -2.44 (H) - -5.40 (CH3) -5.44 (CHs)

a Structure of 5,15-diarylporphyrins involves N21-H, N23-Me/N24-Me instead of N21-Me/N23-Me as
observed for the A4 series.

Considering the symmetry of [117d]", the *H NMR spectrum displayed only one peak for
six protons for the two N-methyl groups instead of two peaks integrating for three protons
each. This symmetry involved an N-methylation pattern comparable to compound
[115d]* and consequently suggested an anti-conformation of compounds [117d]*. This
conformation resulted in a deviation (Aabs) of the Soret band of [117d]* of 31 nm from
the Soret band of H2117. The deviation of the Soret band observed for compound
117m(a) was smaller (Aabs = 22 nm) than the one observed for compound [117d]"
(Aabs = 31 nm) indicating a smaller distortion of the core of compound 117m(a).
However, the deviation of the Soret band observed for compound 117m(b) was larger
(Aabs = 36 nm) indicating an increase in distortion of its macrocycle. This result also
correlated with the color change observed from purple (planar, 117m(a)) to green
(nonplanar, 117m(b)) and indicated that the isomer 117m(b) had a distorted syn-

conformation compared to the anti-conformation of 117m(a).

e Study of the molar absorption coefficient
Az porphyrins (Fig. 37) mostly showed the same pattern, as the molar extinction
coefficient increased upon the addition of methyl groups. However, the formation of the
cationic species, due to the N?3,N?*-dimethylation (cis conformation), did not result in a
diminution of the € value. Compound 117m with its two isomers showed that the anti-
conformer 117m(a) resulted in a higher absorption than the syn-conformer 117m(b) (Fig.

37, (b), purple spectrum).
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4.5 X-ray crystal structures

As previously stated in the introduction, conformational distortion of porphyrins is
crucially related to their biological function.**4 However, most of the previous structural
studies have focused on systems with peripheral steric strain (highly substituted
porphyrins) while only a few crystallographic reports have addressed metal-free N-
substituted porphyrins. During the course of this project, we were able to obtain
structures for five new macrocycle types (26m, 26d, 112m, [112t]*, and [115d]*) and
use these in conjunction with published structures!®3126.161.162.163.164.165] (Tgple 12) for the
first comprehensive analysis of the structural properties of N-substituted porphyrins. The
crystal structures and NSD analyses for this project were determined and solved by Dr.
Keith J. Flanagan.

Two new structures of N-methyl substituted porphyrins [N?:-mono (26m) and N2 N%-
dimethylated (26d)] were determined and compared to the reference compound
5,10,15,20-tetraphenylporphyrin H,26 and N2 N?2 N#-trimethyl-5,10,15,20-
tetraphenylporphyrin [26t]* available in literature (Fig. 40).[53161.162.163,166]

[26t]*

Figure 40: Views of molecular structures in the crystals: 5,10,15,20-tetraphenylporphyrin
(H226),11611  N2-monomethyl-5,10,15,20-tetraphenylporphyrin ~ (26m), N21,N23-dimethyl-
5,10,15,20-tetraphenylporphyrin  (26d), N?21,N22 N23-trimethyl-5,10,15,20-tetraphenylporphyrin
([26t]%).133] X-ray structure images (top and side-on) are shown with hydrogen atoms, minor dis-
order, and solvent molecules omitted for clarity. Structures of 26m and 26d have been drawn
with thermal ellipsoids at 50% probability. The structures of H226 and [26t]* were drawn isotrop-

ically.

An interesting trend was observed while looking at the average deviation of the 24
macrocycle atoms from their least-squares-plane (A24): an increase in the overall
macrocycle distortion is seen as result of the various N-methylation patterns. A large

increase in the A24 from H,26 to 26m is illustrated by the first insertion of a methyl unit.
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Table 12: Selected structural parameters for N-substituted porphyrins.

H226[160] 26m_1 26m_2 26d_1 26d_2 [26t]*153]
Pyrrole tilt (°)
N21 6.545(7) 30.9(10) 28.4(10) 43.3(3) 43.1(3) 38.2(1)
N22 1.518(18) 7.5(10) 8.2(10) 28.9(3) 24.2(1) 30.4(11)
N23 6.545(7) 1.5(10) 6.1(10)  48.9(5) 38.4(3) 39.7(16)
N24 1.518(18) 11.8(9) 9.1(10) 30.6(14) 24.5(18) 18.2(12)
Structural
parameters (A)
AN212 -0.158 -0.427 0.422 0.247 -0.308 -0.307
AN22P 0.012 -0.083 0.020 0.035 0.002 0.183
AN23¢ 0.158 0.227 -0.063 0.300 -0.260 -0.328
AN244 -0.012 0.024 -0.031 -0.013 -0.001 -0.066
ANe 0.085 0.190 0.134 0.149 0.143 0.221
A241 0.068 0.299 0.256 0.711 0.608 0.570
ACrS 0.023 0.062 0.075 0.037 0.048 0.076
ACy 0.034 0.134 0.095 0.333 0.273 0.232
ACy 0.063 0.431 0.368 1171 0.999 0.933
Aip 0.199 0.161 0.232 0.588 0.315 0.152
Aoopk 0.261 1.388 1.161 3.372 2.857 2.644
Tables 12 (continued): Selected structural parameters for N-substituted porphyrins.

H2110[162163]  110m [110t]* 112mli63  H,112187¢ [115d]*
Pyrrole tilt (°)
N21 2.7(1) 35.7(2) 42.1(15) 27.2(5) 34.3(11) 30.4(1)
N22 2.8(1) 11.9(8) 30.2(16) 10.8(18) 27.0(11) 31.0(2)
N23 2.7(2) 10.0(4)  47.9(15) 7.7(13) 29.1(11) 6.7(1)
N24 2.8(1) 7.3(5) 22.3(9) 11.3(18) 31.7(10) 0.6(2)
Structural
parameters (A)
AN212 -0.023 0.418 -0.308 -0.399 -0.028 -0.390
AN22°b -0.030 0.070 0.109 0.073 0.111 0.381
AN23¢ 0.023 -0.130 -0.361 0.059 -0.107 0.212
AN244 0.030 0.136 -0.060 0.001 0.038 -0.256
ANe 0.027 0.189 0.210 0.133 0.066 0.310
A24f 0.048 0.366 0.645 0.266 0.712 0.364
ACmS 0.069 0.127 0.050 0.182 0.036 0.119
ACa 0.026 0.177 0.280 0.110 0.421 0.150
ACY 0.031 0.540 1.057 0.361 1.156 0.502
Ap 0.200 0.283 0.407 0.246 0.515 0.608
Aoop® 0.220 1.705 3.041 1.209 3.460 1.695

aCalculated deviation of N21 from the 24-atom mean plane. ? Calculated deviation of N22 from the 24-atom
mean plane. ¢ Calculated deviation of N23 from the 24-atom mean plane. ¢ Calculated deviation of N24 from
the 24-atom mean plane. ¢ Simulated displacement of the four internal nitrogen atoms from the 24-atom
mean plane. f Average deviation from the least-squares plane of the 24-macrocycle atoms. 9 Average devi-
ation of the meso-carbon atoms from the 24-atom mean plane. " Average deviation of the a-carbon atoms
from the 24- atom mean plane. | Average deviation of the B-carbon atoms from the 24-atom mean plane. |
Simulated total in-plane distortion. ¥ Simulated total out-of-plane distortion.

Upon addition of a second methyl group (26m to 26d), a second increase in A24, larger

than the first one observed for 26m, is observed which results from crowding the cavity

of the porphyrin core. It appears that the increase in distortion induced by the second N-
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methyl unit allows us to reach a certain limit in the flexibility of the macrocycle as the
incorporation of a third N-methyl groups ([26t]") induces a moderate decrease in A24
(26d to [26t]*). The third methyl group is pointing towards the opposite direction in
comparison to the two initial N-methyl units inserted. This counteracts the steric effect of
the other two N-substituents thus decreasing the overall 24-atom ring strain applied by

core substitutions.

The NSD analysis (Fig. 41)1*%71 supports the data obtained via X-ray structural analysis.
The out-of-plane distortion of H,26 favors the E4(y) wave distortion mode with the second
largest, albeit small, contribution to the E4(x) wave distortion mode. However, a large
preference for the By, distortion mode with the second largest contribution to the Eg(x)
wave distortion mode is observed upon insertion of one methyl group (26m). A much
larger contribution to the B, saddle distortion mode is then observed for 26d, in
comparison to 26m with the second largest contribution now present in the Az, propeller
distortion mode. Macrocycle [26t]* shows a contribution to the By, saddle distortion mode

similar to 26d, however, a marginal decrease in values can be noted.

NSD Analysis for H,26 and its N-methyl derivatives 26m, 26d and [26t]*
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Figure 41: Normal structural decomposition (NSD) analysis of the X-ray crystallographic
structures of H226, 26m, 26d, [26t]". X_# indicates that two or more macrocycles are present in

the asymmetric unit and have been calculated separately.

A similar trend can be observed for the overall out-of-plane distortion (Aoop) which is
also representative of the A24 and can be summarized as follows:
H226<[26t]*<26m<26d (Table 12). Looking at the previous sets of data, it is clear to see
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that the distortion of previously planar porphyrin macrocycles can be easily achieved

through core substitution.[®5-97a.128]

Interestingly, in order to reach these high degrees of distortion using this method, the
substitution of only two N-methyl units is necessary. This is the case given that only a
moderate additional distortion is seen in the increase from two to three inner N-
substituents and both the N?*,N*-di- and N#,N?2,N®-trimethylated structures can be
considered to be almost equal in nonplanarity. Additionally, these systems feature a
localized distortion on specific pyrrole units and can be illustrated by inspection of pyrrole
tilt angles and the deviation from the 24-atom mean plane of internal nitrogen atoms
(N21-N24) (Table 12).

Consequently, the pyrrole tilt angles from the 24-atom mean plane were investigated
and showed a trend which can be summarized as follows: H,26<26m<[26t]*<26d for N-
methyl substituted pyrroles. Individually, 26m presents a much larger deviation of core
nitrogen atoms from the 24-atom plane for the pyrrole bearing the nitrogen atom N21
than its counterparts, 26d and [26t]*. This suggests that the localized deviations of an
N21 atom in the N-monomethylated porphyrin have a larger impact than that of higher
substitutions due to the predominantly planar macrocycle. On the other hand, higher
distortion results in lower AN (26d), suggesting a correlation between the number of

internal core substituents and nitrogen atom deviation.

The above specification forced the consideration of a possible ‘counter-balancing’ effect
created by the addition of a third N-Me unit into the cavity. The addition of only one
methyl unit results in a larger local deviation of the core nitrogen atoms of the 24-atom
mean-plane. The local effect is then overcome by the global distortion, upon N-
substitution. The NMR analysis shown earlier (see 4.4.4) reveals that an upfield shift in
the chemical shift of the inner protons is closely related to the number of substituents
added into the cavity. However, in the case of porphyrin 26d, the signals are very similar
to those of the free base porphyrin (-2.90 ppm for 26d and -2.76 ppm for H226) in
comparison to those of porphyrin 26m which present a shift in values from -2.76 to -4.06
and -4.73 for the N-Me units and the N-H units, respectively. These surprising results
can be explained by the arrangement of the porphyrin. The crystal structure of 26d (Fig.
42 showed both N-methyl units pointing away from the structure itself, decreasing the

effect of the ring current on the N-Me protons and the electron density of the ring.

76



(A) (B)

R NI e
wrohrh RN A

26m 26d [26t]*

Figure 42: Moiety packing of compounds (A) 26m, (B) 26d and (C) [26t]*, shown with hydrogen

atoms, minor disorder, and solvent molecules omitted for clarity.

Moreover, the alternative packing of the molecule is evidence for the poor electronic
environment of the N-methyl units. The alternate packing of 26d, contrary to the packing
diagrams of 26m and [26t]* where there are fewer molecules interacting with the
porphyrin ring, Fig. 42. This creates an electron deficient environment with effects the
total ring current of the porphyrin ring resulting in the unexpected shift of signals seen in
the *H NMR spectra as reported by Roucan et al.l°!

As previously stated, nonplanar porphyrins have been implicitly used for small molecule
binding.1a97a116c.168 The tilt of the pyrrole rings out of the porphyrin plane allows for the
central imine and amine motifs of the porphyrin ring to interact with their environment

and participate in hydrogen binding with small molecules such as solvents or anions.

Figure 43: View of the molecular structure of N21,N23-dimethyl-5,10,15,20-tetraphenylporphyrin
(26d) showing a solvent water molecule interacting with the porphyrin core. Thermal ellipsoids

indicate 50% probability.

This effect is also seen with N-substituted porphyrins, namely in the structure of 26d
(Fig. 43). The asymmetric unit of this structure contains a core bound water molecule

which interacts with the imine pyrrole units via hydrogen bonding. This suggests that N-
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substituted porphyrins have a sizable capacity to bind small molecules in the porphyrin

core.

In the case of 5,10,15,20-tetrakis(p-methoxyphenyl)porphyrin (H2112), two new N#-
mono- and N?,N? N®-trimethylated-5,10,15,20-tetrakis-p-methoxyphenyl)porphyrin
112m and [112t]" were determined (Fig. 44). The trend in the global distortion (A24) is
closely similar to the one discussed previously for the 5,10,15,20-tetraphenylporphyrin
series. The smallest deviation is seen for compound H»112 followed by 112m and
[112t]*, the latter showing the largest deviation resulting in the following trend:
H2112<112m< [112t]".

[112t]*

Figure 44: Side views of the molecular structures in the crystal of H2112,138! porphyrin 112m and
[112t]*. Hydrogen atoms, minor disorder, and solvent molecules were omitted for clarity. Struc-
tures of 112 and [112t]* are drawn with thermal ellipsoids indicating 50% probability. The struc-

ture of H2112 has been drawn isotropically.

Similarly to the previous series, NSD analysis on the structure of H2112 (Fig. 45) shows
the largest contributions from the E4(x) wave distortion mode with a smaller contribution
seen in the Egy(y) wave distortion mode. A shift of the distortion mode to the By, sad type
with the second largest presence in the E4(y) wave distortion mode was observed after
insertion of one methyl group to the core nitrogen atom (112m). Similarly, a large
increase is observed for the B,, saddle distortion mode when three methyl groups
occupy the core nitrogen atoms ([112t]") with the second largest contribution from the
Aoy, domed distortion mode. In this series also, there is a clear increase in the out-of-
plane distortion: H,112<112m<[112t]".
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NSD Analysis for H,112 and its N-methyl derivatives 112m and [112t]*
3,5
3,0
2,5
2,0
1,5
1,0
0,5
0,0

05 B2u BTu A2u Eg(x) Eg(y) Alu B2g Blg Eu(x) Eu(y) Alg A2g Dip Doop

Out-of-plane displacements (A)

-1,0
" H,112 ®M12m_ 1 [L12]*

Figure 45: Normal structural decomposition (NSD) analysis of the X-ray crystallographic struc-
tures of H2112, 112m and [112t]*. X_# indicates that two or more macrocycles are present in the

asymmetric unit and have been calculated separately.

The addition of electron donating and withdrawing units to the porphyrin macrocycle is
a well-established method to modulate the electronic properties of the porphyrin core.
This also enhances the ability of the inner nitrogen atoms to undergo substitution as
previously stated. However, how the inclusion of EWG’s and EDG’s affect the
conformation of N-substituted porphyrins has been less established due to the relative
scarcity of structural examples in the literature.®2°7a Here, the structure of 112m (Fig.
44) was obtained and compared to the structure of 110m which is available in the

literature.[87c

The overall distortion of the macrocycle (Fig. 46) shows that a strong electron-rich
porphyrin such as 112m results in a larger contribution to AN, A24, ACa, ACb, Aip and
Aoop. 110m shows a larger contribution in only one area, ACm. By varying the type of
substituents, it is possible to influence the distortion present in N-substituted porphyrins
and higher degrees of nonplanarity can be achieved using EDG’s. Looking at the pyrrole
tilt angles, 112m shows the largest tilts for N21, N22, and N23 and the smallest tilt angle
for N24 while the largest N24 tilt angle is present in porphyrin 26m. Compound 110m
presents average values for the pyrrole tilt angles of N22, N23, and N24 lying in the
middle of the one observed for 112m and 26m, however, it exhibits by far the smallest

pyrrole tilt around N21.

In regards to the comparative NSD analysis of compounds 26m, 110m and 112m (Fig.
46), it is clear that compound 112m shows the largest contribution to the B2u distortion

mode with its second largest contribution to the Eg(y) distortion mode. Compound 26m
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shows the second largest contribution to the B2u distortion mode, however, it appears
to favor the Eg(x) distortion mode for its second largest contribution. The X-ray structure
of 110m shows the smallest contribution to the B2u distortion mode compared to the two
other structures (26m and 112m). Moreover, 110m appears to favor the Blu distortion

mode for the second largest contribution closely followed by the Eg(x) distortion mode.

NSD Analysis of the N?1-monomethyl derivatives 26m, 110m and 112m
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Figure 46: Normal structural decomposition (NSD) analysis of the X-ray crystallographic struc-
tures of 26m, 110m, and 112m. X_# indicates that two or more macrocycles are present in the

asymmetric unit and have been calculated separately.

N2 N?%-dimethylated TPP 26d showed the highest distortion between the various
possible N-substitution patterns, and thus its structure was compared to the well-known
highly distorted porphyrin, HOETPP H,21 (Fig. 47). Looking back at the UV-vis results,
it was noted that the shift of the Soret band is correlated to the distortion of the
macrocycle. Here, compounds H,21 (456 nm) and 26d (459 nm) present similar Soret
bands (Table 13). This stands for a comparable distortion between the two porphyrin
structures. This is also confirmed by the X-ray crystallographic studies as the overall

distortions from the 24-atom mean plane are almost identical (Table 13).
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26d H221

Figure 47: N2 ,N23-Dimethyl-5,10,15,20-tetraphenylporphyrin (26d), 2,3,7,8,12,13,17,18-octae-
thyl-5,10,15,20-tetraphenylporphyrin (H221)17¢ showing the edge-on view of both compounds.
Views of the molecular structure in the crystal are shown with hydrogen atoms, minor disorder,

and solvent molecules omitted for clarity.

Table 13: Comparison of the UV-vis data and the overall deviation of the macrocycle (A24) of
26d and 21d.

Entry Porphyrin A24 [A] AA (nm)?
1 26d 0.712 37 (456)
2 H221 0.711 40 (459)

a A\ represents the shift of the Soret absorption band compared to free base TPP H210 (419 nm)

The last structure is that of [114d]* which represents the only other example of a
porphyrin crystal structure showing an N*,N?*-substitution pattern (Fig. 48). The effects
of this substitution cannot be ascertained as they were for the two previous series due

to the fact that no crystal structure is available for compound H;114.

Figure 48: Views of the molecular structure of N2!-hydro-NZ3,N24-dimethyl-5,15-bis(3,4,5-tri-
methoxyphenyl)porphyrin trifluoromethanesulfonate salt ([115d]+) showing top- and side-views.
Hydrogen atoms, minor disorder, and counter-ions were omitted for clarity. The structure has

been drawn with thermal ellipsoids indicating 50% probability.
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Therefore, a general increase in distortion can be observed for the pyrroles with the
nitrogen N23 and N24, while the N21, N22 pyrroles stay relatively planar. This results in
half of the porphyrin structure being distorted and clearly illustrates that the N-
substitution induces a change in the pyrrole tilt angle of the pyrrole units bearing the N-
substituent. The meso-substituent is much more in plane on the N21, N22 side (5-
position) of the porphyrin macrocycle than the N23, N24 side (15-position), which is
logical due to the aforementioned increase in distortion.

4.6 Conclusion and outlook

Methylation of the inner nitrogen atoms of free base porphyrins is an easy and facile
method to induce considerable distortion of the macrocycle. A library of N-methylated
porphyrins with various aryl substituents was successfully synthesized utilizing diverse
and optimized alkylation conditions. This allows the tailored synthesis of N-methylated
porphyrins bearing one to three methyl units in the porphyrin core. The efficiency and
regioselectivity of the methylation are correlated to the peripheral substitution pattern.
Additionally, the electron donating properties of substituents tend to enhance the
reactivity, while electron withdrawing groups lower the efficiency of the methylation

reaction.

N-Methylated porphyrins have very characteristic spectroscopic profiles in both NMR
and UV-vis spectroscopy where the chemical and bathochromic shifts correlate with the
structural conformation. These aspects have also been confirmed by single crystal X-
ray analyses where the trends and changes observed in spectroscopic studies are
reflected in associated structural changes. Comparison of the new and literature crystal
structures of the planar free base and nonplanar N-substituted porphyrins revealed that,
from a structural point of view, N-methylation of planar porphyrins results in significant
structural changes and macrocycle distortion. The use of core substitution can also
induce similar distortion than that observed in highly substituted porphyrins, such as
compound 26d, and in a rapid and simple manner. NSD was successfully applied to all
structures and used to determine the distortion modes in porphyrin structures with an
increasing number of N-substitution. In planar structures, there is a clear increase seen
in the Aoop distortion modes with the N?',N???%_disubstitutions showing the largest
contributions. However, when working with nonplanar porphyrins, this trend is less
evident. As seen in the Aoop distortion modes, only a minor increase to nonplanarity is
noted. To conclude, N-substitution of porphyrins provides a fast and reliable method to
achieve nonplanarity with degrees of distortion analogous to that of highly peripheral

substituted porphyrins.
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Overall, N-substitution is a good method for systems combining core (N-substitution) and
peripheral (peri interactions) steric strain to yield some of the most distorted porphyrins.
The usual method to highly distort porphyrins (e.g., OETPP) results in an inactivation of
the periphery due to the large number of substituents. In contrast, N-substitution is of
benefit as it allows for a similar distortion than highly distorted porphyrins, although does
not diminish the possibility of functionalization of the periphery of the molecule.
Moreover, these methods of N-substitution allows access to specific conformations and
binding motifs via fine tuning of the properties and an easy control of the distortion
depending on the type, number, regiochemistry, and steric bulk of substituents.

Additionally, the highly distorted structures obtained by N-substitution were used in the
next chapter as potential organocatalysts.®® These structures could also help in the
design of new inhibitors akin to the mode of action of N-methylprotoporphyrin IX®7 or
benefit the construction of supramolecular arrays without the use of charged species.
The possibility of inserting definite units in the core, such as iodoalkyl groups in the
porphyrins core as reported by Setsune et al.,**® would be of interest given the ability to
functionalize through the iodine (e.g., Sonogashira reactions, nucleophilic substitutions,
etc.), with a view to create porphyrins with useful properties (electron donor/acceptor
complexes, photoactive systems, etc.). In addition to the particularity of these systems,
the formation of charged species upon addition of N-units could widen their field of
activity toward supramolecular systems. Diverse approaches would be then accessible
to illustrate their use with regards to the design of ion-pair receptors towards the

formation of potentially functional supramolecular complexes.
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5 Free base and N-methylated porphyrins as organo-
catalysts

5.1 Introduction

Organocatalysis is a recent field*%® which uses small metal-free molecules as catalysts.
Over the last two decades it has attracted considerable attention from both academic
researchers and the scientific industry.!” Hajos-Parrish showed one of the first
examples of an aldol reaction catalyzed by (S)-proline in 1974 (Scheme 23).171

0 o [
N~ ~CO,H
H

Cat. (3 mol%)
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DMF i i: />
o 126

© OH (S)-Proline
124 125

Scheme 23: (S)-proline 126 catalyzed aldol reaction.

Viewed as a unique example at that time, these reactions were in reality part of a larger
interconnected field, resulting several years later in the emergence of the field called
organocatalysis. The asset of this field is first the use of metal-free molecules, which
represent an essential progress as part of the ongoing challenge of “green chemistry”,
but also the use of a general mode of activation, which upon design can be applied to

many useful reactions.

Before 1998, chiral transition metal catalysts dominated the enantioselective
landscape."? A wide range of catalysts using metal complexes have been designed so
far and the catalytic activity resides in the central metal which is capable of activating a
panel of reactions such as Diels-Alder using Ti or Al (BINOL 127),273 hydrogenation,
hydrosilylation or allylation using Rh or Ru (BINAP 128),74 epoxidation with Mn, Cr or
Co (Salen 129)17! or cycloproponation, aziridination or 1,4-addition reactions through

the use of Cu, Mg or Sn catalysts (Bisoxaline 130), to name but a few (Fig. 49).[16% 1761
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Figure 49: Various examples of chiral transition metal catalysts designed for enantioselective

reactions.

From 1996, the development of metal-free catalysts was reported by a few research
groups. Ketone motifs, for example, were used as catalysts to create dioxiranes in situ
and thus activate enantioselective catalytic epoxidation.l’°*""1However, the design of a
specific catalyst was required for each individual reactions. In 2000, MacMillan's
research group showed the first highly enantioselective Diels—Alder reaction catalyzed
by chiral amine bearing motifs derived from the field of Lewis acid catalysis.[!”® The
process developed uses the amine motif 132 which by attack of the nucleophile forms a
reversible iminium intermediate 133 (Scheme 24). From this report, it was then possible
to develop new generic modes of activation based on the formation of imidium molecules
133 and since then a broad range of amine-based catalysts have been designed and
used to catalyze a variety of organic reactions such as 1,4-addition reactions,*”

cyclizations,™® hydrogenations, 8! and other transformations.*#2

CO,R
CO5R \ o
Y N N™ 7S
N ~ H
H — N @
132 *HClI trans"-133 7
-CHO

XX _ 134 _
131 Cat. 20 mol % @Z_f\l/COzR Me
A\ 135
H
"cis"-133

Scheme 24: Diels-Alder reaction catalyzed via formation of iminium intermediates.

Over the last 50 years, considerable attention has been directed towards the
enantioselective catalysis of hydrogenation reaction technology.*®3 So far, synthetic
hydrogenation has been achieved using the well-known Noyori’s catalyst 137 as a
mediator to enhance that reaction; however, this catalyst is not a metal-free molecule
(Fig. 50).
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Figure 50: Natural (a) and synthetic Noyori’s (b) catalysts.

In nature, enzymatic hydrogenation reactions are mediated by two different molecules
working simultaneously, the reductive enzyme and a co-enzyme, for example NADH 136
(Fig. 50). Various catalysts have been designed based on the NADH active site motif, to
be then used as a co-catalyst for the reduction reaction of a,8-unsaturated carbon bonds
of aldehydes and ketones compounds in good ee (>90% ee and 88% ee,
respectively).768 However, iminium catalysts showed some limits regarding their use as
prochiral molecules and their reactivity towards nucleophiles to form chiral centers. They
also display a non-reactivity toward zwitterion nucleophiles and the formation of a
racemic mixture, due to the reversible nucleophilic addition. Consequently, the indole
structure has been investigated for the formation of the iminium catalytic intermediates.
The use of an indole molecule allowed for control towards the iminium geometry (only
(2)-geometry formed) and enhances the selectivity by introducing an alkyl chain to form
the iminium molecule.’®® Jgrgensen also developed a very useful class of
diarylprolinolether catalysts 138 (Fig. 51) in which the presence of the large aryl and
silicium group restrict the iminium to only one geometry by shielding the top face of the
catalysts.'® These studies also showed that both iminium and zwitterions are required

for a good enantioselective catalytic activity.

Control toward
iminium geomety R’
,’+‘\‘ R'l
A \’\(\)TMS,'
Top face shielded
' R7
138
Re-face exposed

Figure 51: Jgrgensen iminium intermediates.

The activity of this class of catalyst resides on both LUMO and HOMO activation, in
comparison to the proline-based molecule (HOMO activation only) and the diamine-

based molecules (LUMO activation only). The scope of this new category of catalysts is
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very broad, as they can undergo activation of reactions such as hydrophosphination of
enalst®! and cyclization*® or hydroxylation of alkenes.®”] These catalysts also played

a part in the development of a range of very useful and diverse organocatalysts. 188l

Alongside the development of amine, iminium and enamine catalysts, researchers
developed phase transfer catalysts (PTC).[*8 This method has been established in order
to counteract the problems of reactivity in heterogeneous solutions. A catalyst, based on
a cinchonine or cinchonidine motif 138 (Scheme 25), is added to the solution and
transfers the reactant at the interface of the phases in order to activate the reaction
(Scheme 25).11%1 PTC can be used for a plethora of enantioselective reactions, such as
asymmetric alkylation,™Y Michael, aldol and Mannich addition reactions,**? nucleophilic

aromatic substitution,!**® and epoxidation.°4

Ed Cl

O,

——— e

, Aqueous
: Néj Br
141 K@

Scheme 25: Example of a phase transfer catalysis reaction.[1°0

Phase Transfer Catalysis

Following the PTC, catalysts based on H-bonding properties were investigated.
Jacobsen reported a chiral Schiff base as a promising catalyst for Strecker reactions. %!
Further investigations showed that the urea motif is crucial to establish the H-bonding
activation mode.**® Modification using sulphur instead of oxygen atoms (e. g.,
compounds 146) to further activate the amine moieties enhanced the efficiency of the
catalyst (Scheme 26). These urea type catalysts allow for the activation of a plethora of

reactions with conversion from 81% with more than 90% ee.[197]
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Scheme 26: Michael addition reaction catalyzed by bifunctional urea systems.

Nowadays, thiourea systems are well-established as organocatalysts, using hydrogen-
bonding to activate various substrates and to target non-stereoselective and
stereoselective reactions. The development of these systems, introducing various
functional groups, leads to a broad variety of chiral systems. The incorporation of a
second active motif such as in secondary and tertiary amine-thiourea catalysts can be
often a necessity and resulted in more efficient catalytic activity, so-called

bifunctionality.[*%8

5.2 Bifunctional organocatalysis

Electrophilic activation of a substrate via hydrogen-bonding is a well-established strategy
catalyzing organic transformation.®® In 1985, Hine and co-workers reported the first
example of catalysis mediated through hydrogen-bonding by showing that

biphenylenediol could improve the reaction rate of epoxide aminolysis.?%

Curran (1994-1995)
CF3 CF3

3
X
CgH470,C" 5 N N CO,CgH47

| |
H H

147

Figure 52: Diarylurea use as catalyst by Curran et al.[201]

In the 1990s, the first examples of achiral organocatalysts based on ureas were used.
Their utilization in important organic reactions represented an unprecedented
advancement in the field of organocatalysis. Then, Curran found that the use of sub-
stoichiometric amounts of diarylurea 147 (Fig. 52) could not only improve the rate of
some reactions,’?°! but also the solubility of the catalyst in common organic solvents.
Electron withdrawing groups at the C-3 and C-5 positions decreased the pK, of the N-H

bonds and therefore increased their hydrogen-bonding properties.[19%.201]

88



Hydrogen-bonding catalysts may also contain a second catalytically active motif. The
simultaneous action between two different catalytic modes is known as bifunctional
catalysis.?°2 Prominent examples of bifunctional organocatalysts in use are often
derived from quinine 148 and quinidine 149. The bifunctional properties of these
compounds are highlighted below (Fig. 53).

- deprotonates the pronucleophile OMe
- stabilizes developing positive =

charge in the transition state \ \
- stabilizes developing negative ﬁ

148 charge in the transition state 149

throught hydrogen bonding

Quinine Quinidine

Figure 53: Active sites in quinine 148 and quinidine 149.

The reactivity of 148 and 149 is based on their ability to deprotonate the pro-nucleophile
through activation of the basic tertiary amine of the quinuclidine ring, while
simultaneously activating the electrophilic component, by means of hydrogen-
bonding.?% Organic catalysts containing acid/base co-operation moieties®! can be
further improved by designing structures with different functionalities, such as hydrogen-

bond donation.

Over the years, different classes of catalysts directly derived from 148 or 149 have been
identified and explored, not only for their hydrogen-bonding properties but also for their
specific ability to bind with a substrate in a well-defined geometry. The thiourea-
substituted cinchona alkaloid derivatives designed by the research group of Professor
Stephen Connon are a very good example of bifunctional systems.® The thiourea
moiety activates one of the substrates through hydrogen-bonding, while the quinuclidine

part acts as a base and activates the second substrate.

5.3 Tetrapyrroles as catalysts

Porphyrins, especially metalloporphyrins, have established themselves in the field of
catalysis and show good activity (e.g., catalase and peroxidase) for highly selective
oxygenation and reduction reactions.?° Examples are cytochromes P450
hemoproteins, previously discussed in chapter B, or coenzyme F430, found only in
methanogenic Archaea.?%! The former contains heme as a cofactor and stands amongst
the most important enzymes found in the body, as they play an active role in the

metabolism of H.O,, xenobiotics, in hydroxylation and hydrolysis of proteins.[2%6.207]
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Coenzyme F430 is a highly reduced tetrapyrrole (Fig. 54) bearing a nickel ion in its core.
It is the active site of the enzyme methyl-coenzyme M reductase (MCR) which catalyzes
the final step of methanogenesis. The MCR tightly binds to the F430 which activates the
reaction between coenzyme B (CoB-SH) and methyl coenzyme M reductase (MeS-CoB)
to form the heterodisulfide product (CoB-S-S-CoM) and methane.2%8!

A) McrABG complex

/ Coenzyme F430
CH3-S-CoM

Figure 54: A) Microbiological formation of methane, B) Structure of methyl coenzyme M reduc-

tase.[209]

Another example of a natural tetrapyrrolic system is cobalamin or vitamin Bi». This co-
factor is composed of a corrin ring chelating a cobalt ion. Corrins are reduced forms of
tetrapyrroles. They are similar to porphyrins, except that the four pyrrole moieties are
linked by only three methene bridges, forming an unsymmetrical macrocycle. Cobalamin
is one of the eight B-vitamins and also the only one carrying a tetrapyrrolic macrocycle.
It is responsible for the metabolism of human cells (cofactor of the DNA synthesis) and
ensures the correct functioning of the nervous system (cofactor of the myelin
synthesis).?*% The activity of all of these natural tetrapyrroles is based on the metal in

the core of the porphyrin.

Over the past decades, metalloporphyrins were used to reproduce many natural
processes.?1212 Notably, they were utilized to catalyze a range of reactions such as C-
H oxidation, which proceed via formation of high valence metal-oxygen complex
intermediates.?*¥ The meso- and B-substitution of such systems results in less
degradation of the macrocycle and prevents inactivation of catalytic activity.?4215 The
first oxidation systems with synthetic porphyrins were accomplished by Groves and co-

workers in 1979.[216l

A classification system was proposed by Dolphin and Taylor in 1997, which categorized
all the different metalloporphyrins used in oxidation catalysis based on their structure
(Fig. 55).2'71 The first generation contains all porphyrins with aryl groups at the meso-

position but with no substituent at the aryl groups and at the B-position, such as
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compound 150 in Fig. 55.%'7] Changes in the aryl substituents led to the second
generation 151, and the third generation 152 was achieved by the addition of (-

substituents.?'® Third generation catalysts showed the best catalytic activity.!?'°

R'-R®
150 151 151

First generation Second generation Third generation

Figure 55: Different generations of catalytic metalloporphyrins.[214. 217, 220]

Other studies investigated the use of free base 5,10,15,20-tetraarylporphyrins as
catalysts for photochemical reactions, which have shown high efficiency for singlet
oxygen generation.??! Interesting characteristics of porphyrins for such applications
include their high absorption coefficients, photo-stability and excited state energy

levels.2?2

However, no example in the literature used metal-free porphyrins as catalysts for organic
reactions. Consequently, the question remains: are metal-free porphyrins able to
activate organic reactions? In theory, yes! The structure of the core of the porphyrin
contains very specific moieties which can be associated to the moieties observed on the
bifunctional thiourea derivatives: the NH from the pyrrole units could undergo hydrogen-
bonding (e.g., thiourea part (Fig. 21), while the imine part could act as a basic
functionality in the same way as the quinuclidine units. This was not mentioned until
recently,®® mainly due to the fact that the NH and N-lone pairs are buried in the
macrocycle due to its planarity. Thus, the present work aims to investigate the idea of
using distorted macrocycles in order to achieve accessibility of these functionalities.
These systems are known to show an out-of-plane orientation of the amine and imine

units, hence making them available to bind small organic molecules.

5.4 Concept

Bifunctionalized systems, such as (thio)ureas, have shown to be excellent compounds
for the dual activation methodology in organocatalysis, as they allow one to activate the

electrophile and deprotonate the pro-nucleophile. The chiral urea- and thiourea-
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substituted cinchona alkaloid derivatives 148 and 149 described by Connon et al. have
been found to be highly efficient for asymmetric Michael additions of malonates to
nitroalkene compounds.®®22% The quinuclidine ring activates the Michael donor while the

thiourea moiety simultaneously activates the acceptor (Fig. 21).

Following this concept, highly distorted free base porphyrins (Fig. 56), more specifically
the saddled shaped ones, have great potential as catalysts for base-catalyzed organic
reactions such as Michael additions, Mannich reactions, and aldol reactions. The saddle
shape causes the N-H protons to be pushed out-of-plane, making them more available
for binding molecules.

4 70 }‘\' '
153 g Out of the plane
Figure 56: Highly distorted 5,10,15,20-tetrakis(2',6'-dichlorophenyl)-2,3,7,8,12,13,17,18-octae-
thylporphyrin 153 and its crystal structure provided by Keith Flanagan.

With regards to N-methylated porphyrins, their characteristic feature is the distortion
induced by the addition of a methyl group and their increased basicity, compared to their
corresponding planar free base counterparts. Again, these two attributes allow the imine
and amine groups to be both more accessible and more reactive in order to bind small
molecules such as the reagents for Michael addition reactions. Consequently, the
presence of both of these units and the enhancement of their properties should make
these compounds highly suitable for bifunctional catalysis. The imine moiety could act
as a base, deprotonating the pro-nucleophile, while the pyrrole units could act as

hydrogen-bonding groups, activating the electrophile as illustrated below (Fig. 57).
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Figure 57: Hypothetic behavior of distorted porphyrins in bifunctional catalysis.

This last chapter will be divided into two parts. First, the establishment and optimization
of a standard procedure was investigated, followed by the screening of a library of
porphyrins with diverse properties, such as N-substituted porphyrins, cationic
porphyrins, highly distorted porphyrins with variable electron density of the macrocycle,
and planar porphyrins. The second part focused on the screening of a panel of designer
porphyrins, synthesized in part 3, in response to the results obtained in the first part of

this chapter.
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5.5 Results and discussion

5.5.1 Initial tests and results
The Michael addition was chosen to test the viability of porphyrins, as this reaction type
represents one of the main classical reactions used for bifunctional catalysis and
involves nucleophilic attack at a Michael acceptor.[224.225.2261 The investigation began with
an examination of the potential catalytic activity of the highly distorted free base
porphyrins 2,3,7,8,12,13,17,18-octaethyl-5,10,15,20-tetranitroporphyrin (OETNP 150)
and 2,3,7,8,12,13,17,18-octabromo-5,10,15,20-tetraphenylporphyrin (OBrsTPP 151)
(Fig. 58). The peripheral substitution induces a high distortion, tilting the N-Hs out of the
macrocycle and making them more available to bind small molecules.??? The electron
withdrawing substituents will result in an electron-poor macrocycle, increasing the acidity
of the pyrrolic NH units and therefore enhancing the activation of the Michael acceptor.
A range of Michael donors and acceptors were used to investigate the catalytic activity

of these porphyrins.

R? R? Michael addition reactions; a general scheme
R2 R?
. cat. (10 mol %)
Nucleophile chl:l:::;]ate:r - Product
P cond.
R2 R2 ———————————————————————————————————————————————————————————————————
R? R? Nucleophiles Michael Acceptors
- 2 _ .
A G I s Ol
, R"=CgHs R*=Br ! )\)}\ //
SH \)ko/ " 0oH O/,S\/
156 ' 158 159 160
! o) 0
HS '
e O O
157 : 161 162

@Reaction conditions: donor (x.x mmol), acceptor (x.x mmol), solvent (x mL)
26m,R'=CH,;, R2=R3=H bYield determined by "H NMR analysis using p-iodoanisol or 2,4-
[26t]*, R' = R?2=R%=CHj,4 dinitrotoluene as an internal standard (0.5 eq.)

Figure 58: First porphyrins screened (left). Donors and acceptors employed for the screening
(right).

A stoichiometric amount of each reagent and 10 mol % of the porphyrin were employed,;
unfortunately, they did not show any catalytic activity. The electron poor macrocycle
induces a decrease in the basicity of the imine groups, resulting in less effective

deprotonation of the nucleophile.
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Thus, attention turned to N-substituted porphyrins with the use of N2-monomethyl-
tetraphenylporphyrin 26m and N*,N% NZ%-trimethyl-tetraphenylporphyrin [26t]* as a
catalyst. As mentioned before in part 4, their intrinsic property is the distortion induced
by the addition of a methyl group and their increased basicity, compared to their

corresponding planar free base.

\\//
Cat. 26m (10 mol %
\/S ( )
SH THF (2 mL), r.t., 24 h

156 (1 eq.) 160 (1.1 eq.) 163

Cat. 26m

Scheme 27: Initial successful conditions reaction for the screening of Michael addition reaction
using porphyrin 26m.

The reaction chosen for the screening of these porphyrins was a thia-Michael addition,
commonly catalyzed by bases!??”], which used benzyl mercaptan 156 (1 eq.) and phenyl
vinyl sulfone 160 (1.1 eq) with N-monomethylated tetraphenylporphyrin N-Me-TPP 26m
(10 mol %) to obtain product 163 (Scheme 27). Initial results were encouraging, as they
showed 9% conversion and upon repetition, a consistent range of yields between 5-8%
was obtained. The next logical step was to optimize the various conditions such as
solvent, catalyst loading, the concentration of the reaction, etc., in order to achieve a
better yield. Thus, it will allow establishment of standard conditions to then reliably

screen a panel of porphyrins.

5.5.2 Optimization and establishment of a standard procedure

5.5.2.1 Influence of the solvent
The influence of solvents on the reaction was investigated by conducting a range of

experiments shown in Table 14.

o 0
Y Cat. 26m (10 mol %)
\/S - S
SH \© e TN

//\
o/\o
156 (1 eq.) 160 (1.1 eq.) 163

Cat. 26m
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Table 14: Optimization of solvents for the screening conditions.

Entry Solvent Conv. (%) Blank conv. (%)
1 THF 5-8 -
2 MeOH 90 90
3 CH:ClI2 9 -
4 DMF - -
5 CHCl3 8 -

MeOH gave the best conversion; however, a reaction also took place in the reference
sample showing that methanol itself enhanced the reaction. Only CH2Cl, and CHClIs
have led to conversions, where the conversion was only attributed to the catalyst and
not the solvent. For this reason, CH.Cl, was chosen as the solvent for all future

experiments.

5.5.2.2 Optimization of the catalyst loading
Next, the effect of catalyst loading was investigated by varying the amount of porphyrin

used from 1 to 10 mol %. The results obtained are presented in Table 15.

CH,Cl, (2 mL
rt, 24 h 0// \\o

o 0
\/ Pe— S\/\
SH ) S

156 (1 eq.) 160 (1.1 eq.) 163

Cat. 26m

Table 15: Optimization of catalyst loading for the screening conditions.

Entry Catalyst loading (X mol %) Conv. (%) Blank conv. (%)
Trace -
2 2 2 -
3 3 8 -
4 4 6 -
5 5 6 -
6 10 7 -

From the results presented above, a catalyst loading of 3% gave a similar conversion to
the experiment run with 10% catalyst loading (entry 3 and 6). Thus, in order to save
valuable catalysts and to be able to repeat experiments, a catalyst loading of 3 mol %

was chosen to continue with the optimizations.
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5.5.2.3 Influence of the reagent concentration

The concentration of the reagents is also an important parameter to optimize as it
determines the proximity of the molecules in solution. Diluted conditions can decrease
the activity of the catalyst and consequently, the conversion; conversely a concentrated
solution can improve and accelerate the reactivity of the catalyst. The different

concentrations used are presented in Table 16.

o 0
\/ Cat. 26m (3 mol %)
\/S . S
SH \© rt,24h N

CH,Cl, (X mL
156 (1 eq.) 160 (1.1 eq.) 2Clp X mL) 163

Table 16: Concentration optimizations for the screening conditions.

Entry Volume of CHxCl, (mL) Conv. (%) Blank conv. (%)
1 0.1 662 -
2 0.5 102 -
3 1.0 - -
4 15 - -
5 2.0 5-8 -

a Conversion obtained by integration of the starting material 151 (consumed). Integration between reagent

and product did not match.

As expected in entry 1, a more concentrated condition improved both reactivity and
conversion. However, a side product appeared in entries 1 and 2 giving higher
conversion of starting material than expected. A possible explanation for the formation
of side products is the oxidation of thiols by air or by oxygen contained in the solvent

used for the reactions.?%8
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5.5.2.4 Influence of air

In order to avoid the potential formation of dithiol species due to the reaction of the thiol
with oxygen, the reaction was set up under argon and in dry and degassed CH-Cl, (Table
17).

o 0
N/ Cat. 26m (3 mol %)
\/S . S
SH Solvent (0.1 mL) N
rt,24h o// \\O

156 (1 eq.) 160 (1.1 eq.) Atmosphere 163

Cat. 26m

Table 17: Optimization of atmospheric parameters for the screening conditions.

Entry Solvent Atmosphere Conv. (%) Blank conv. (%)
1 Dry CHCI> Ar. 65 -
2 Dry CH.Cl; Ar. 97 -
3 CH:Cl, Air 20 -

Initially, the results were promising with a depletion of the side product observed.
Unfortunately, upon repetition the side product reappeared for each test. It was
hypothesized from previous results that unreacted thiols can be oxidized when a sample
of the solution is taken for *H NMR. The next idea was to force the reaction to completion
to avoid possible oxidation of the unreacted thiols (Table 18). Moreover, due to the high
reactivity of the benzyl mercaptan 156, a different thiol was used: the 4-tert-butyl benzyl

mercaptan 164.

o 0
\Y Cat. 26m (3 mol %)
S
X _— S\/\
SH Dry CH,Cl, (0.1 mL) s

N\
Ar, r.t. O/\O

164 (1 eq.) 160 (1.1 eq.) 165

Cat. 26m

Table 18: Time to completion for the screening conditions.

Entry Time (d.) Conv. (%) Blank conv. (%)
1 1 40 -
2 2 45 -
3 3 732 -
4 7 862 -
5 9 902 -

a Conversion obtained by integration of the starting material 163 (consumed). Integration between reagent
and product did not match.
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Results show that above 50% conversion, side product formation occurred and even

after nine days, the reaction did not reach completion.

With regards to the side products, a hypothesis was made about the internal standard
used based on related research carried out by M. Kielmann et al.??°! 2 4-Dinitrotoluene
contains nitro groups which are likely to react with thiols. Consequently, 2,4-
dinitrotoluene (DNT) was replaced by dibromomethane as the internal standard. Results
showed a lower conversion of 50% compared to the previous 70% conversion obtained.
However, no side product was observed. These results were confirmed upon repetition,
which gave a range of yields (50 to 60%).

In conclusion, the optimized conditions for the screening of different porphyrins are
presented in the general Scheme 28. Moreover, a yield of 50% is suitable as a reference
to test other porphyrins, as it allows comparison between more and less catalytically
active porphyrins.

v ety
X
SH + \© S

Dry CH5ClI, (0.1 mL), ,, \\
Ar,r.t.,24 h

164 (1 eq.) 160 (1.1 eq.) 165

Scheme 28: Optimized conditions used for the following screening catalytic activities of various
porphyrins.

In addition, the formation of the compound was proven through a crystal structure of the
product 165 (Fig. 59).

Figure 59: View of the molecular X-ray crystal structure of compound 165. Atoms drawn in red
are oxygen atoms and those in orange are sulfur atoms. Structure was determined by K. J. Flana-

gan.
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The next step involved the screening of a large library of porphyrins with various
electronic properties, structures and degrees of distortion. These differences will allow
understanding of the mechanism of the porphyrin as a catalyst, but will also establish

the requirements for the porphyrin to act as a catalyst.

5.5.3 Screening of various porphyrins
A range of porphyrins with diverse peripheral and core substitution patterns were
prepared (see 3 and 4) and investigated to compare their catalytic activity (Fig. 60).
These included the classic highly distorted free base porphyrin 2,3,7,8,12,13,17,18-
octaethyl-5,10,15,20-tetraphenylporphyrin (H.OETPP, 21),22Y a chimera of the two
archetypical, planar porphyrins H,TPP 26 and 120 (H.OEP = 2,3,7,8,12,13,17,18-
octaethylporphyrin). H.OETPP is structurally related to the more electron-deficient
dodecasubstituted and catalytically inactive systems 77 and 154.12%°% Porphyrins with a
varying degree of N-methylation were employed to compare core versus peripheral
steric strain and to study the importance and involvement of both amine and imine

moieties and to confirm a bifunctional mode of action.

The screening results are presented in Table 19. For porphyrins giving a conversion of
100% in concentrated solution (standard condition using 0.1 mL), the reaction was

reproduced under diluted condition using 2 mL of solvents.

As predicted, free base planar porphyrins (26, 120) did not give any conversion. Their
structures have both “reactive” parts shielded inside the cavity, and thus, they were not
available for binding with small molecules. The highly nonplanar porphyrin 21 gave a
complete conversion under the established reaction conditions. H,OETPP 21 has two
unsubstituted imine units and two pyrrole N-H available for hydrogen bonding, which are
both exposed due to the high degree of distortion present in the form of a sad structure.

Under diluted conditions, a conversion of 80% to product 164 was still observed.

A comparison between compounds 26 and 26m (no conversion vs. 50% conversion,
respectively) potentially shows that the addition of a methyl unit into the cavity of the
porphyrin promotes the efficiency of the catalyst. However, the opposite effect can be
observed while investigating compounds 21 and 21m. N?-Monomethylation (21m)
resulted in a decrease in conversion under dilute conditions, indicating that the best
results are achieved when two pyrrole groups are available. Results obtained for
compounds 26 and 26m thus confirm that the distortion is a primary requirement to the
catalytic activity of porphyrins. This is strongly supported by the screening of compounds

21d and [21tt]** showing that as soon as two or more central nitrogen atoms were
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substituted, a strong decline in conversion (21d) up to total inhibition ([21tt]?*) of the
catalytic process was noted. This supports the hypothesis that both amine and imine

moieties are significantly involved in the catalytic process.

0 0 0 0
§ _~ cat. X (3mol %) R
. (+]
g = o
SH CH,Cl,
164 160 (1.1 equiv.)  Arrt.24h 165
Non-alkylated Neutral alkylated Cationic alkylated
R R R
R R R R R*R
R R R

[108d]*, R = 4-CI-CgH, R =H

R
R*R
R

[26t]*, R = C¢Hs R'=H

R
R*R
R

[21tt]%*, R = CgHs, R'= CyH5

21m, R = CgHs, R' = C,H5
26m, R = CgHs R' = H

108m, R = 4-CI-CgH, R'=H
112m, R = 4-OMe-CgHs R' = H
120m, R =H, R" = C,H;

21, R = CgHs R" = C,H5

22, R=tBu,R'=H
26,R=CgHs R'=H

46, R = 4-Me-CgHy R' = CyH5
74, R = 4-Br-CgH, R' = C,H;
77,R=NO, R" = C,H;

108, R = 4-CI-CgH, R'=H
120, R =H, R'= C,H;

155, R = CgHs, R" = Br

166, R = C4F5 R' = Br

167, R = 4--C¢Hy R'= C,H;
168, R = 2,6-diF-C¢H3 R' = C,H5

R

R

21d, R = CgH5 R" = C,H5
26d, R=CgHs R'=H

Figure 60: Various porphyrins screened as catalysts.
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Table 19: Screening of a catalog of porphyrins.

entry catalyst A24 [A]P Anax [NM]°  #NH  vyield (%)°
1 - n/a n/a na 0

2 2155 0.541585] 456,555 2 >08 (80°)
3 21m!es! - 477,735 1  >98 (<59
4 21d¢ - 488,744 1 >08 (20°)
5 [21tt] 21231 0.610231 506,756 0 0

6 2211278 - 446,692 2 0

7 264601 0.05/0.19(8 417,515 2 0

8 26m58a 0.26/0.3(2%2 433,677 1 50

9 26d[233 0.61/0.7106 457,630 O 5

10 [26t]*3 0.4417 463, 715 0 0

11 461234 - 457,710 2 >08 (75°)
12 74 — 459,515 2 0

13 771239 0.40(64c] 422,663 2 0

14 108¢ - 472, 683 2 0

15 108m"W: - 435, 678 1 3

16 [108d]*W: - 461, 710 1 86 (0°)
17 112mtW 0.371¢° 437,685 1 62

18 120164 0.0216° 399,498 2 0

19 120m /236l - 410, 642 1 <5

20 155069 0.62[2%7 468, 739 2 0

21 1661238 0.56[2%91 495, 711 2 0

22 167¢ — 474, 685 2 0

23 168¢ — 473,674 2 0

aA24 = Average deviation of the 24-macrocycle atoms from their least-squares plane as a measure of overall
degree of nonplanarity in the solid state. ® Amax= Soret and long wavelength Q absorption bands in CH2Cl>
(+ 1% NEts) as a measure of macrocycle distortion in solution.[*44741 ¢ Determined by *H NMR spectroscopy
using an internal standard, [cat] = 7.1 x 1072 M. ¢ Porphyrin were given by Keith Flanagan. ¢ Performed under
dilute conditions, [cat] = 3.6 x 102 M

Intriguingly, porphyrin [108d]* shows good catalytic activity (20% in concentrated
conditions) despite the presence of the electron withdrawing aromatic groups. This was
most likely due to the positive charge and the higher distortion displayed due to the ‘cis*
N?' N?%-dimethylation pattern.?3? This variant of N**,N*??%-dimethylation leaves a pyrrole
and an imine unit available for activation of both the Michael acceptor and donor, as

opposed to the usual ‘trans™-N?*,N*-dimethylation (21d).

Next, variations of distortion modes were examined. As mentioned in part 3, highly
substituted porphyrins often present a sad distortion mode. Other types of distortion can

be encountered using porphyrins such as the 5,10,15,20-tetra(tert-butyl)porphyrin 22,
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which displays a ruf distortion mode. Macrocycles displaying this type of distortion are
considered highly distorted macrocycles too, though no conversion was observed. The
reason can be found in the fact that the N-H units, even though the porphyrin core is

distorted, are still concealed in the porphyrin plane.®

In addition, variation of the electronic properties via peripheral substitution of various
functional groups has a remarkable impact on the catalytic system. Theoretically,
electron withdrawing groups should increase the acidity of the pyrrolic protons, and thus
improve the binding affinity between the pyrrole units and the Michael acceptor.
However, the tetrakis(p-bromophenyl)-OETArX porphyrin 74 is inactive. A possible
explanation of the poor conversion is that the withdrawing effect decreases the pKa of
porphyrins, inducing lower reactivity of the imine groups. Usually, p-bromo substitutents
are not considered as powerful electron withdrawing groups (o, = 0.26), though due to
the structure of the porphyrin, four of these electron withdrawing units are present,
resulting in the inactivation of the porphyrin towards the deprotonation of the
nucleophiles. In comparison, the tetrakis(p-tolyl) derivative 46 displays a reactivity
comparable to porphyrin 21. This is due to the presence of the electron donating units
(op = -0.17), which enhances the affinity of the imine units toward the nucleophile. This
indicates a potential bifunctional deprotonation of the nucleophile and activation of the
Michael acceptor by the pyrrolic protons and the imine group of the porphyrin,

respectively.

5.5.4 Comparative screening with common small organic bases
Clearly, distorted porphyrins are good candidates for catalysts. As organocatalytic free
base porphyrins had not been reported so far, the necessity to provide a context
regarding their efficiency was the next obvious step. Consequently, the most effective

porphyrin, H,OETPP 21, was compared with a range of amine bases showing disparate

basicities.
O\\ //O Base (3 mol-%)
x-S ° > S
SH ~ N
+ CH,CI 3
2C1o 7\
Ar,rt,24h 00

164 (1.0 eq.)® 160 (1.1 eq.)? 165
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Table 20: Screening of various bases under concentrated conditions.

Entry Base pKan @ Conv. *(%)
Blank - - 02

1 Aniline 4.6 Traces

2 Pyridine 5.2 Traces

3 Imidazole 6.8 85 (0)°

4 DMAP 9.7 > 98 (43)°

5 NEtz 10.9 > 98 (76)°

6 H.OETPP 19 n/d > 098 (80)°
7 DBU 13 > 98 (> 98)°

aRefers to the conjugated acid of the base listed. ® Determined by *H NMR spectroscopy using an internal
standard, [cat] = 7.1 x 1072 M. ¢ Performed under dilute conditions, [cat] = 3.6 x 1072 M.

Amine molecules with weak basicity such as aniline or pyridine showed no catalytic
activity in concentrated conditions (entries 1 and 2). Imidazole (entry 3), which has a
moderate basicity, is a good catalyst in concentrated solutions, but did not show any
catalytic behavior in diluted conditions. Upon an increase in the basicity, the use of
diluted conditions was necessary to obtain a good comparison of the efficiency of the
different bases. DMAP led to a 43% conversion (entry 4), NEt; showed a catalytic
activity of 76% conversion (entry 5) and DBU (entry 7), the strongest base, promoted
the conversion quantitatively. With regards to the porphyrin tested, its conversion
reaches 80%, which is located between NEt; and DBU in terms of efficiency.
Consequently, it appears that the basicity of porphyrins is capable of exceeding common

bases such as NEts.

55,5 A comparative study on the basicity of nonplanar
porphyrins

Additionally, NMR and UV-vis data of solutions of porphyrins with various weaker bases
(Table 20) were obtained to confirm the high basicity of the porphyrin. The screening
studies using various amine bases showed that OETPP is more basic than DMAP or
even NEts. To confirm this high basicity, deprotonation studies of the conjugated acid of
both NEt; and DMAP by porphyrins were performed. The conjugated acids were
obtained by treatment of the base with HCI vapor to form the hydrochloric salt. Two
porphyrins were chosen; H,OETPP 21, which is catalytically active and the tetrakis(p-
bromo) analog 74, which has no catalytic effect. Theoretically, deprotonation of the
various bases should be observed using porphyrin 21, and porphyrin 74 should not

deprotonate the conjugated acids.
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5.5.5.1 Deprotonation of amine bases by 21
First, spectroscopic studies using H.OETPP 21 were carried out. In an NMR tube, both
the porphyrin and the conjugated salts were mixed. The first salt used was DMAP-HCI

and results are presented in Fig. 61.

21

l:z+ w | |

IR
N~ HL“ AN l ““L 21 + DMAP-HCI (1:1)

k DMAP-HCI

J DMAP

— T T T T T T T T T T T
89 88 87 86 85 84 83 82 81 80 79 78 77 76 75 (7.4 )7.3 72 71 70 69 68 67 66 65 64 63 62 61 60 59
ppm

Figure 61: NMR studies of the deprotonation of DMAP-HCI by 21 in CDCla.

Looking at the NMR results, it is obvious that DMAP-HCI (middle line, red spectrum) is
no longer present in the reaction mixture (green spectrum). It is then easy to assume
that the DMAP-HCI has been deprotonated by the addition of the porphyrin forming the
DMAP (bottom line, blue spectrum). The formation of the diprotonated form of the
porphyrin (P?*) is also visible in the NMR spectrum (green spectrum) along with some of

the neutral form (orange spectrum).

In parallel, UV-vis studies were performed to further confirm the results obtained by NMR
spectroscopy. Porphyrins have a very intense Soret band which is red-shifted by about

20 nm upon protonation. Results are presented below in Fig. 62.
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Protonation of porphyrin 21

1,2
4rrnm —— 21 + DMAP-HCI
P)
1 / Free base 21
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260 nm
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0,2
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Afnm)
Figure 62: NMR studies on the protonation of 21 by DMAP-HCI in CDCls (top), UV-vis studies on
the protonation of 21 by DMAP-HCI in CHCIs (bottom).

The spectrum recorded (plain line) clearly shows a red-shift in comparison to the
recorded spectrum of the neutral porphyrin (dashed line). The Soret band of the neutral
porphyrin at 454 nm is shifted by 23 nm to the longer wavelengths (477 nm), which
corresponds to its diprotonated species.
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Next, the same studies were conducted using NEt;-HCI and results are presented below
in Fig. 63.

21 + NEtzHCI (1:1)

NEts-HCI

A L 1

T T T T T T T T T T T T T T T T T T T
3 2 1 -0 [ppm]

Figure 63: NMR studies of the deprotonation of NEts-HCI by 21 in CDCls.

Similar to DMAP-HCI, NEt;-HCI (Fig. 63, blue spectrum) is deprotonated by the presence
of the porphyrin and the base no longer appears in the reaction mixture (Fig. 63, red
spectrum). These results clearly prove that the porphyrin is of higher basicity than strong

amines such as NEts.

5.5.5.2 Deprotonation of amine bases by 74

To confirm that the deprotonation only happens with catalytically active porphyrins,
similar studies using only DMAP were performed with porphyrin 74. This porphyrin bears
withdrawing electron substituents at its periphery and thus does not show any catalytic
capabilities. Fig. 64 shows the results of the investigation by NMR and UV-vis
spectroscopy of the deprotonation of DMAP-HCI by porphyrin 74.

107



u}\ 74 + DMAP-HCI (1:1)
j M DMAP-HCI

A DMAP

7.0 65 [ppm]

Protonation of porphyrin 74

1,2
47(3P)”m — 74 + DMAP-HCI
1 \ 1 Free base 74
I
0,8 |[ llll
r
- A
< 0,6 -
[
[
0,4 '
1||
0,2 I\
250 350 450 550 650 750

Afnm)

Figure 64: NMR studies on the protonation of 74 by DMAP-HCI in CDCls (top), UV-vis studies on
the protonation of 74 by DMAP-HCI in CHCIs (bottom).

As expected, no deprotonation of DMAP is observed in the NMR studies nor in the UV-
vis spectrum. The mixture (Fig. 64, blue spectrum) shows no formation of the

diprotonated porphyrin, and in comparison, signals corresponding to the DMAP-HCI (Fig.
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64, green spectrum) are still observed. The offset observed in the NMR spectra is
probably due to electrostatic interactions between the free base porphyrin 74 and
DMAP-HCI. In the UV-vis spectra, it can be seen that the two spectra of the neutral
porphyrin and the mix of DMAP and porphyrin 74 overlap perfectly. No bathochromic

shift is observed, confirming no reaction of the porphyrin.

From these studies, it can be concluded that porphyrins with electron-rich macrocycles
are basic enough to deprotonate strong bases, forming the dicationic species of the
porphyrin. Consequently, it is logical to investigate the mechanism by which the catalytic
screenings proceed using the porphyrin. Assuming the porphyrin is protonated by the
pro-nucleophile, does this protonation also lead to the dicationic species?

5.5.5.3 Protonation of H,OETPP 21 by thiol

In order to understand the mechanism behind the catalytic activity of the porphyrin, NMR
studies similar to the one with the hydrochloric salts were conducted. Porphyrin 21 was
mixed with the nucleophile in various ratios and the interactions were monitored by NMR
spectroscopy. The results are presented in Fig. 65.
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Figure 65: NMR spectra of the protonation of 21 by 164 at increasing substrate/catalyst ratios

performed in CDCls. Only the area from 0 to -4 ppm is shown.

When an equimolar amount of material was added, no protonation of the porphyrin was
observed (spectrum A, Fig. 65). Upon an increase in the amount of nucleophile present,
the formation of two porphyrin species is observed (spectrum B-D, Fig. 65). Considering

the NH proton signals observed at -2 ppm (spectrum A, Fig. 65), the two new signals
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observed can only correspond to the mono- and the diprotonated form of porphyrin 21.
Ratios of porphyrin and nucleophile in a 1:10 (spectrum B, Fig. 65) and 1:33 (spectrum
C, Fig. 65) indicate a major formation of the monoprotonated species. Upon increase of
the thiol equivalence to 100 (spectrum D, Fig. 65), the diprotonated form became the
main species in solution. The use 200 equivalents of thiol (spectrum E, Fig. 65) resulted

in the disappearance of the monoprotonated species

Under standard conditions used for the catalytic reaction, the ratio considered for the
reaction is of 1:33 between the porphyrin and the thiol, respectively (spectrum C, Fig.
65). As observed in Fig. 65, at that ratio the main species is the monoprotonated
porphyrin. These results strongly support our hypothesis that the active species formed
during the catalytic process is the monoprotonated porphyrin.

5.5.5.4 Study on the protonation of catalytically active and inactive porphyrins
by thiol

The other idea was to investigate porphyrins such as N?-methyl-tetrakis(p-

chlorophenyl)porphyrin 108m and N?-methyl-5,10,15,20-tetraphenylporphyrin  26m

which led to a very low or moderate conversion, respectively. The same experiment,

carried out on porphyrin 21 in part 5.5.5.3, was then examined using the aforementioned

porphyrins. Each porphyrin was mixed with the nucleophile in different ratios to observe

the potential protonation of the macrocycle. The results are presented in Table 21.

Table 21: Studies on the protonation of porphyrin 108m and 26m by thiol.

Entry Exp. cond. Conv. conc. / dil. (%) Observation

1 108m+ Thiol (1:1) 3/0 No protonation
2 108m + Thiol (1:10) 3/0 No protonation
3 108m + Thiol (1:33) 3/0 No protonation
4 26m + Thiol (1:1) 50/0 No protonation
5 26m + thiol (1:10) 50/0 No protonation
6 26m + Thiol (1:33) 50/0 No protonation

As expected, 108m did not result in any protonation of the porphyrin, only a very low
catalytic activity was observed. Similar results were obtained for porphyrin 26m, which
gave 50% conversion. These results can be explained by the fact that the spectra for
this study were recorded in diluted conditions. The 50% conversion corresponded to
results obtained in concentrated conditions. However, in diluted conditions no
conversion was observed for compound 26m also, explaining the absence of protonation

observed during this study.
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5.5.5.5 Activation of the electrophile via H-bonding

So far, it has been proven that porphyrins are able to activate pro-nucleophiles leading
to protonation of the porphyrin. This step is only possible for highly distorted porphyrins
with electron-rich macrocycles. Thus, the next step aimed to investigate the activation of
the electrophile by the porphyrin. From the initial hypothesis, the electrophile might be
activated through hydrogen-bonding with the pyrrole. Due to the weak interaction
established between the electrophile 160 and the pyrrole units of the porphyrin, the
environment of the electrophile will be different, influencing the proton signal of the
nearby hydrogen atoms in the NMR spectrum. Four studies were set up to investigate
this hypothesis (Fig. 66 and 67). The *H NMR spectrum of the electrophile used during
the screening was recorded alone as a reference (Fig. 66, blue spectrum). Then the
electrophile 160 was mixed with either: the active porphyrin HOETPP 21 (80%
conversion, Fig. 66, red spectrum), an inactive nonplanar porphyrin 166 with an electron
deficient macrocycle (0% conversion, Fig. 66, green spectrum), or the planar H.TPP 26
or H,OEP 120 (0% conversion, no spectrum recorded). The *H NMR spectrum for the
planar porphyrins are not included here due to the perfect overlapping of each signal

with the signals in the electrophile *H NMR spectrum.
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Figure 66: Overlay of *H NMR spectra of the electrophile 156 a) with 21, b) with 166, and c) alone
in CDCls.

The ppm values for each spectrum in comparison to the reference are also presented in
Fig. 67 and support the capability of the porphyrin towards hydrogen-bonding with the
electrophile. In line with the initial hypothesis, the use of planar porphyrins did not induce

any chemical shift of the NMR signals (Fig. 66, blue spectrum (c)). This indicates the
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absence of any interaction between the porphyrin and the electrophile which can be
easily rationalized by the fact that the active units of the porphyrin are shielded in the

planar macrocycle.

(a)VPSonly ! (b) VPS + OETPP f (¢) VPS + TPP or OEP ! (d) VPS + OBrgTPFsPP
, Electron rich ' planar ' electron poor
6.66 669  -N 6.66 H-N—m- 6.58 N/-
Hy H : Ho % : HoH”
6'04H\%\§/Ph i 6.06 H\%\#/Ph § 6.04 H\%\g/Ph é 6.00 H\%\'SO'/F’h
H O | H O i ! E I
6.47 : 6.49 ' 6j7 o : 6§7 o)
160in CDCls ! 1:1 mixture of 160 + 21 in CDCl; | 1:1 mixture of 160 + 26 or 120in CDCl; | 1:1 mixture of 160 + 166 in CDCl,
H-bonding

Figure 67: 'H NMR shift observed for the VPS hydrogen atoms consequently to the binding be-
tween porphyrins 21, 26, 120 and 166 and VPS 160 in CDCla.

Results obtained with porphyrin 166 are more surprising (Fig. 65, green spectrum). An
upfield shift is observed even though the porphyrin does not show any catalytic
efficiency. These results can be explained by the strong electron deficiency of the
macrocycle, enhancing the hydrogen-bonding between the pyrrole units and the
electrophile. This indicates that the deprotonation of the nucleophile is the decisive step
during the catalytic screening due to the loss of catalytic activity observed using

porphyrin 166, despite the good activation of the electrophile.

5.5.6 Scope of the catalyst
From the established procedure, it was then interesting to evaluate the scope of
porphyrins as catalysts. For this reason, two studies were performed: the first study
consisted of changing either the electrophile or the nucleophile. This examination was
performed in collaboration with M. Kielmann, who varied the nucleophiles, while in the
following part of this thesis, the objective was to explore a range of electrophiles. The

second investigation was to explore the scope of the porphyrin as a catalyst.
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5.5.6.1 Variation of the electrophiles
A range of electrophiles were screened in order to test the sensitivity of the catalysts

toward the same reaction types. The results are presented below in Table 22.

EWG Cat. 19 (3 mol %) j\©y /@
SH 4 W S

CH,Cl, (2 mL) 2
Electrophiles Ar,rt,24h oo
164 (1.0 eq.)? 169 — 175 (1.1 eq.)? 165
Electrophiles X
0
0 0
O | ij é \)OK/ WO 7w Jk
169 O 170 171 172 173 174 175
Table 22: Conversion obtained for the screening of various electrophiles.
Entry Electrophiles Conv. (%)
1 Blank 25
2 169 90
3 Blank -
4 170 92
5 Blank -
6 171 100
7 Blank -
8 172 100
9 Blank 15
10 173 73
11 Blank -
12 174 100
13 Blank -
14 175 80

Overall, H;OETPP 21 is capable of catalyzing Michael addition reaction with a broad
range of electrophiles. The presence of the porphyrin as catalyst is required, however,
entry 1 and 9 showed a low conversion of 25 and 15%, respectively, without the
presence of the porphyrin. Otherwise, very high conversion up to quantitative yields were

noted for the various reactions screened.
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5.5.7 Exploration toward potential new reactions
The use of porphyrins as catalysts for sulfa-Michael addition reactions, even with various
electrophiles, proved to be successful. Consequently, other types of reactions were
investigated in order to extend the scope of the porphyrin as a catalyst. To start, two
reactions were chosen: Diels-Alder additions and aldol reactions.

5.5.7.1 Diels-Alder addition reactions

Ph

OMe Cat. 21 (10 mol %) @\
e

Conc.

/
QN ;\ Tem A
OSiMe, p- o]

Time

Ph
176 (1 eq.) 177 (1.5 eq.) 178

Table 23: Investigation of various conditions for the Diels-Alder reactions using catalyst 21 as

catalyst.
Entry Solvents Ciz2 (mol.L™) Temp. (°C) Time  Conv.(%)
Blank 1 CH2Cl2 0.05 0 3h -
1 CHCl 0.05 0 3h -
Blank 2 CH2Cl2 0.05 3h -
2 CHCl 0.05 rt 3h -
Blank 3 CHCl 0.5 rt 3h -
3 CH2Cl2 0.5 rt 3h -
Blank 4 CHCl 0.5 40 3h -
4 CH2Cl2 0.5 40 3h -
Blank 5 CHCls 0.5 rt 24 h -
5 CHCl3 0.5 rt 24 h -
Blank 6 CHCls 0.5 70 24 h -
6 CHCls 0.5 70 24 h -
Blank 7 MeCN 0.5 rt 24 h -
7 MeCN 0.5 rt 24 h -
Blank 8 MeCN 0.5 82 24 h -
8 MeCN 0.5 82 24 h -
Blank 9 Isopropanol 0.5 rt 24 h -
9 Isopropanol 0.5 rt 24 h -
Blank 10 Isopropanol 0.5 82 24 h -
10 Isopropanol 0.5 82 24 h -

No positive results were obtained for the Diels-Alder addition reactions in standard

conditions (entry 1). Changes of the reaction conditions showed that an increase in
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temperature, longer reaction time or a more concentrated solution did not lead to

conversion.

5.5.7.2 Aldol reactions

Ph
Cat. 21 (5 mol %) (e} OH
)K CHCI3 (0.5 mL) Ph Ph
30°C, 3 d.
179 (38 eq.) 180 (1eq.) 181
Ph
Cat. 21

Table 24: Investigation of various conditions for the aldol reactions using porphyrin 19 as catalyst.

Entry Solvent Temp. (°C) Reaction time Conv. (%)
Blank CHCls 30 3d. -
1 CHCls 30 3d. -

No conversion was observed using H,OETPP 21 as a catalyst for an Aldol reaction.

5.5.8 Observation and conclusion part one
Porphyrin 26m displays catalytic activity for reactions between thiols and Michael
acceptors such as vinyl phenyl sulfone 160. Optimization of the reaction conditions using
26m resulted in a moderate conversion of 50% yield, which was a very suitable reference

to compare a broad range of new porphyrin catalysts.

The screening of various porphyrins showed that distortion is the main requirement for
the catalytic activity of porphyrins (e.g., H.TPP/H,OEP vs. H,OETPP). The planar
conformation of compounds 26 and 120 does not allow for the availability of the inner
functional units. In contrast, distorted porphyrins such as N-substituted compounds or
highly substituted porphyrins showed moderate (26m, 50%) to excellent activity (21,

guantitative) in concentrated conditions.

The H,OETPP 21 and its various degrees of N-substitution 21m, 21d and [21tt]?",
showed that the addition of one or more methyl groups into the core of porphyrins
decreased the efficiency of the catalyst. Similar results were also noted upon using
compounds 26m, 26d and [26t]", which show conversion of 50%, 20% and 0%,
respectively. This suggests that the pyrrolic protons are greatly involved in the catalytic
process. However, these results are slightly different for the H.CI, TPP derivatives 108m

and [108d]*; the conversion is higher after addition of two methyl groups (3% to 100%).
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This is due to the substitution happening on N22 rather than N23, allowing one pyrrole
unit (N23) to remain unsubstituted. This results in the highest distortion and better
availability of the free pyrrole unit. Furthermore, the positive charge on N22 might help
with the pre-assembly of the Michael acceptor and the nucleophile. This result led to the
conclusion that the availability of both N-H and N units are a second requirement for the

efficiency of a porphyrinic catalyst.

Moreover, the electronic properties of the porphyrins have an important impact on the
conversion. The presence of electron withdrawing groups such as in 166 completely
inactivates the activity of the porphyrin as catalyst in comparison to 21 despite their
similar distortion. A possible explanation could be that electron withdrawing groups
decrease the pKa, and inhibit the activity of imine groups, resulting in less activation of
the nucleophile, while increasing the activity of the amine groups toward the electrophile.
This hypothesis is reinforced by the NMR proton signals observed between the
electrophile 160 and porphyrin 166. Same results are observed between porphyrin 26m,
which gave a conversion of 50% and porphyrin 108m, which gave only 3% conversion.
In an opposite manner, the addition of electron donating groups on the peripheral aryl
units, such as in porphyrin 112m, results in a higher conversion than 108m (3% vs. 62%,
respectively) for which 11m also gave a better conversion than 26m (50%). These
results support the idea that a macrocycle with high electron density is a third major

necessity for a good catalytic activity.

To finish, a mechanistical hypothesis was proposed in order to understand the catalytic

process with porphyrins and is presented in Fig. 68.

Figure 68: Schematic representation of the specific catalysis-like mechanism using porphyrins.

The results obtained so far strongly support a specific catalysis-like mechanism in which
the porphyrin-thiolate ion-pair is catalytically relevant. In order for the thiol and porphyrin
to react successfully, there must be one inner NH unit available. In the addition of the
thiol to the porphyrin core, the thiol (RSH) protonates one of the imine nitrogens and the

resulting thiolate anion (RS-) binds to one of the NH-units. The incoming electrophile is
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then able to bind through two adjacent NH units, where one is from a pyrrolic nitrogen
and the other from a protonated imine nitrogen. It is this specific binding motif that
enables the catalysis to occur and thus it can be concluded that the catalytic system
using porphyrins is bifunctional. Moreover, based on the NMR data (Fig. 65), it is most

likely that the monoprotonated species is the dominant catalyst in solution.

In summary, free base highly distorted porphyrins bearing no electron withdrawing
groups such as 21 present the best catalytic activity. Studies on the basicities showed
that H,OETPP 21 is capable of basicity exceeding standard amines such as DMAP and
NEts. Consequently, it is clear that the distortion of the macrocycle increases the basic
character of porphyrins. Taking into account the fact that porphyrins can be easily
modified through substituent manipulation and variation, it is possible to fine-tune their
electronic properties. This could eventually increase the basicity of the porphyrin to the
extent that these are stronger than typical organic bases in use.

To prove and understand the concept of activation, further investigations are needed. It
is clear from the first panel of porphyrins screened that the electron density and the
distortion of the macrocycle are requirements for a good activity of the porphyrin.
H,OETPP 21 is a well-established highly distorted porphyrin; however, it is still possible
to improve the potential of this structure by increasing the electron density (e.g., the
influence of electron donating aryl groups in the meso-positions). In addition, the
distortion can also be modulated. One example would be the replacement of the ethyl
groups present in HOETPP by longer or more bulkier chains (e.qg., butyl, isopropyl, etc.)

which can enhance the distortion further.

5.5.9 Screening of nonplanar electron-rich porphyrins.

5.5.9.1 Synthetic strategy

So far, the most efficient porphyrin catalyst is HOETPP. The studies of various
structures showed that the distortion and electron-rich character of the macrocycles are
the main requirements for using free base porphyrins as organocatalysts. This part
focused on the fine-tuning of the electronic properties of the macrocycle only. In addition,
this project was a collaboration with M. Kielmann who examined the catalytic efficiency
of a series of porphyrins with a graded degree of B-ethyl substituents (e.g., EXXTPP
series, part 1),2*% and also studied the impact on more hindered B-residues such as

isopropyl, phenyl, isobutyl, etc. (Fig. 69, 183).[241]
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Increase of basicity?

(R, (Modulation of R vs activity?) | (Modulation of R vs activity?)

182 R = Electron donating groups 183 R' = propyl
-Me, -OMe, -OH, -NH,

Figure 69: Effect of meso-substitution versus B-substitution on the catalytic process.

Herein, the effect of the fine-tuning of the electronic properties of the macrocycle (Fig.
68, 182) will be investigated using porphyrins 46—49 and 51, synthesized in part 3.

5.5.9.2 Screening of synthesized porphyrins

Similarly to the previous part, all porphyrins were screened using the optimized
conditions of the Michael addition reaction in diluted conditions. This allows for a
comparison with the results obtained for the conversion using H,OETPP 21 (80%) which

is so far the best conversion obtained. The results are presented in Table 25.

o O
N’ Cat. X (3 mol %)

CH,Cl, (2 mL) // \\
Ar,rt., 24 h

Table 25: Yields obtained for electron-rich macrocycles.

Entry Catalyst A24 [A]? Amax[nm]®  #NH Yield (%)
1 - n/a n/a n/a 0

2 21208 0.54200 456, 555 2 80

3 47 - 454, 703 2 92

4 48 0.78° 463, 689 2 0

5 49 - 472, 697 2 55

6 51 - 458, 706 2 0

7 55 0.82 458, 707 2 0

aA24 = Average deviation of the 24-macrocycle atoms from their least-squares plane as a measure of overall
degree of nonplanarity in the solid state. ® Amax = Soret and long wavelength Q absorption bands in CH2Cl2
(+ 1% NEts) as a measure of macrocycle distortion in solution.[*4474 ¢ vValues from poor data, only reported
to speculate on the results obtained.
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As expected, the addition of methoxy substituents to the p-position of the phenyl group
(porphyrin 47) increased the conversion obtained for the reaction (from 80% with 7 to
92% with 47 in diluted conditions). The results observed for porphyrin 48 are quite
surprising at first. Indeed, it was expected that porphyrin 48 would give better results
than porphyrin 21 or 47, due to a higher electron density of the macrocycle, yet, no
conversion was noted. Similar results were obtained for porphyrin 51 which should be
even more electron-rich. The last compound was porphyrin 49, once again the results
were unexpected as this porphyrin had more electron donating groups than porphyrin
43 and still gave 55% conversion. Moreover, it technically had a similar structure to

porphyrin 49 and should give similar conversions.

The results obtained for porphyrins 48 and 55 were rationalized by the high basicity of
the macrocycles. While H,OETPP 21 was capable of basicities exceeding NEts, here the
electronic modulation of the peripheral substituents enhanced the basic character of the
macrocycle even more. Consequently, some limitations were encountered such as the
inactivation of the catalytic efficiency of the porphyrin. The optimization of the Michael
addition conditions showed that the best conversion for the screening of the porphyrin
was obtained in CH,Cl; and the use of any other solvents led to a loss of catalytic activity.
However, CH.Cl; is well known to hydrolyze and generate a slightly acidic media. This
loss in activity of the porphyrin catalyst can be correlated to the rapid protonation of the
porphyrin given the acidity present in solution, thus forming the inactive dicationic
species of porphyrins 48 and 55. This argument is supported by Fig. 70 which shows the
facile protonation of porphyrin 48 in CH,Cl,.

UV-vis of porphyrin 48 in CH,Cl,

—
o]

463 nm 478 nm
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]
So0s Neutral porphyrin 48 (CHzCl2 + NEts)
§ Porphyrin 48 in CHzCl2
g 0.8 ——  Protonated Porphyin 48 (CHzClz + TFA)
—
204
!
<

=
o]
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Figure 70: UV-vis of porphyrin 48 in CH2Cl2 with NEts ( line, neutral form), in CH2Cl> (
line) and in CH2Clz with TFA (red line, protonated form).
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In Fig 70, the neutral form of porphyrin 48 (Fig. 70, spectrum) showed a Soret
band at 463 nm. The spectrum associated with the porphyrin dissolved in CH2Cl, (Fig.
70, spectrum) displayed an absorption value for the Soret band at 478 nm. Upon
addition of TFA to CHxCl,, the porphyrin is protonated forming the dicationic species
(Fig. 70, red spectrum). This species showed comparable values of Soret band to the
one observed for porphyrin 48 when dissolved in acidic CH.Cl, (Fig. 70,
spectrum). A comparative study of the three spectra clearly showed that the distorted
porphyrin is highly basic, and thus was protonated by trace acidic impurities in CHCl>.
Upon addition of TEA (Fig. 70, spectrum), the porphyrin reverted back to its
neutral form.

Similar examinations were carried out with porphyrin 49. This porphyrin is more basic
than 48, due to the additional methoxy group on the p-position of each meso-aryl group,
though it showed only moderate catalytic activity. Consequently, the behavior of 49 was
studied by UV-vis in basic CH.Clz, CH:Cl: only, and acidic CH2Cl..

UV Vis of porphyrin 49 in CH.Cl;

12 463 nm 47 nm
1 ‘/488 nm
j .
808 Neutral porphyrin 49 (CH2Clz + NEts)
8 Porphyrin 49 in CH2Cl2
c
3 08 ——— Protonated Porphyin 49 (CH2Cl2 + TFA)
o
o 0.
!
<

300 400 500 600 700 800
Wavelenght (nm)

Figure 71: UV-vis of porphyrin 49 in CH2Cl2 with NEts ( spectra, neutral form) and in CH2Cl2
( spectra, mono-protonated form) and in CH2Cl2 with TFA (red spectra, di-protonated
form).

In the presence of base in CH,Cl,, the neutral form of the porphyrin is observed with a B
band at 467 nm (Fig. 71, spectra). In the presence of acid, the diprotonated form
is present with a Soret band at 488 nm (Fig. 71, red spectra). When porphyrin 49 is then
dissolved in CH2Cl», a bathochromic shift of 14 nm of the Soret band is observed (Fig.
71, spectra). Consequently, it was assumed that upon dissolution of porphyrin

49 in CHxCl,, the monoprotonated species is generated, as opposed to the diprotonated
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species formed with porphyrin 48. Porphyrin 49 contains one additional methoxy at the
p-position of the meso-aryl residues compared to porphyrin 48 which results in a higher
electron density, i.e., higher basicity, of its macrocycle. Thus, porphyrin 49 was expected
to form the dicationic species in CH,Cl, similar to porphyrin 48. This difference can be
rationalized by the extra p-methoxy substituents on the meso-aryl groups of the
porphyrin 49. Due to the position of the methoxy in o-position generating a steric
hindrance with the B-ethyl substituents. The orientation of the phenyl group changed with
respect to the porphyrin plane. This potentially causes modifications in the electronic

nature of the porphyrin 49 (o-substituted) i.e., change in catalytic activity.

From these studies, it is clear that incorporation of electron donating units leads to an
increase of the electron density, resulting in a higher basicity of the porphyrin. However,
this high basicity imparts limitations on the catalytic activity. The porphyrins become too
basic to be used in protic or slightly protic solvents such as CH-Cl, due to the acid formed
by the solvent. Optimizations of the solvents used were attempted, although were
unsuccessful. Moreover, when CH.Cl, was neutralized with K,CO3 before the catalytic
screening of porphyrin 48, no conversion was observed. Further investigations are
required to understand the reason behind this loss of activity, however, initial results
reveal that these results could be explained by the porphyrin conformation and the

position in space of the ortho-methoxy residues.

The last porphyrin screened (entry 7, Table 25) was tested to study the effect of the 8-
substituents on the electronic properties of the porphyrin. A tetraphenylporphyrin with
propyl groups at the gB-positions (compound 55), instead of ethyl groups, was
subsequently synthesized (see 3.2.2.2). As mentioned in part 3.2.3.3, a similar distortion
(Fig. 72) is observed between porphyrin 55-2CH3;CO2H and porphyrin 21-2TFA with A24
of 0.82 and 0.84, respectively.®® No conversion was obtained with porphyrin 55. As
shown in Fig 71, its distortion is similar to porphyrin 21 which gave one of the highest
conversions recorded. The absence of conversion can be explained by the presence of
the B-propyl groups given that they are more donating than the B-ethyl groups of
porphyrin 21.
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Figure 72: Comparison of the molecular view of the X-ray crystal structure of porphyrin
55-2CH3CO:zH (A) and 21-2TFA (B). An overlay of both structure of the same size has been added

for a better comparison (C). Hydrogen atoms and counter anions have been omitted for clarity.

Thus, the basicity of compounds 55 exceed the one observed in porphyrin 21 due to a
higher electron density of the macrocycle. This high basicity results in the fast
protonation of the inner imine units due to the acidic impurities of the CH.Cl, (see Fig.
27) and thus a loss in the catalytic activity.

5.6 Observations and conclusion

It appeared that the initial hypothesis of the possible control of the basicity using either
the tuning of the properties via addition of electron donating units or the modification of
the distortion via the tuning of the B-position has been validated. It can be seen that upon
insertion of a methoxy group, the conversion is increased from 80% (H-OETPP 21) to
92% (compound 47). Upon addition of a second methoxy unit, the basicity became
remarkably high and resulted in the loss of catalytic activity, due to instant diprotonation
by the solvent. It can also be hypothesized that porphyrin 48, did not lead to any
conversion due to its distortion. The addition of the two methoxy groups in the ortho-
positions results in a steric clash with the ethyl groups in the B-positions, leading to more

enhanced distortion of the macrocycle (A24 = 0.78, Fig. 73).
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Figure 73: View of the molecular X-ray crystal structure of compound 48 (side view (A) and front

view (b)). All the hydrogen atoms have been omitted for clarity.?

The results of this chapter opened a new and exciting avenue in both fields of porphyrin
and organocatalysis. For the first time, free base and N-methylated porphyrins have
been utilized as bifunctional organocatalysts in Michael additions. Distortion of the
macrocycle has proven to be a vital prerequisite for the catalytic activity of porphyrins.
Moreover, in a similar manner than that observed for natural tetrapyrrole-protein
systems, conformational design was used to tailor the properties of the nonplanar
porphyrins with regards to the availability of the NH units for hydrogen bonding and the
basicity of the heterocyclic groups (e.g., H.OETPP 21 vs. catalyst 47).

Consequently, it is clear to see that this project is only the foundation into the use of
porphyrins as catalysts. The principles explained and outlined have already started to
be implemented to other porphyrinoids such as porphyrinogens.?*? In addition, these
tetrapyrrole molecules represent an ideal platform for catalysis due to the facile
modulation of their structure, conformation and properties. A recent publication™ from
NorvaiSa et al. showed the possibilities of using functional units as peripheral
substituents in addition to distortion to achieve reversible anion-binding receptors. Using
this principle, it is conceivable that similar platforms would be very useful for binding
small molecules in specific arrangements and to reach enantioselective asymmetric

catalysis.

2 This structure has not been properly solved as the crystal formed did not allow for a good
diffraction, though the structure obtained is only here to support the comment stated in the main

text.
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6 Experimental

General information: Sensitive: Reactions employing sensitive compounds were
performed under ‘Schlenk’ conditions using argon as an inert gas to protect the
corresponding compounds from air and moisture. A hot air gun under high vacuum
followed by the purge of the flasks with argon were utilized to remove air and residual
moisture from the instruments. This cycle was repeated up to three times as necessary.
Air sensitive thiols were stored under argon at RT to prevent oxidation.l211 In some NMR
spectra of the new 2,3,7,8,12,13,17,18-octaethyl-5,10,15,20-tetraarylporphyrins, the
signals corresponding to the B-ethyl groups are broad. This is in accordance with
conformational studies by Medforth et al. on decaalkylporphyrins.243 Presumably, the
highly substituted porphyrins exist as a mixture of atropisomers in the solution, causing
signal broadening due to different interactions between B-ethyl groups and meso-
substituents. Besides, broad range of melting points are observed for the same series
of compounds and can be explained by the presence of residual solvent and the
formation of supramolecular interactions between porphyrins and solvent molecules.
Saddle shaped porphyrins are known to form cavities due to the distortion of their
macrocycle. These cavities easily encapsulate solvent molecules stabilizing the whole
complex via non-covalent interactions, resulting in the presence of solvents even in the
solid state. Therefore, the broad range of melting points is a result of the breaking of
these interactions, removal of the solvent molecules, and the melting of the porphyrin

itself.

Materials: General chemicals were purchased from industrial suppliers and were used
without further purification unless otherwise noted. Anhydrous DCM was obtained via
distillation over phosphorus pentoxide and distillation. All starting materials and
precursors such as porphyrins 26,1181 120,112 154[2441 21 15401 77 [245] 107,154 1652381
46,1340 22,027 120m,1250236] [261]+,58.131 21m 51 23,091 [2111]%, 231 74,233 108m, 1)
112m,®8 26d,23223% [108d]*,° 110-114,181 115-117,1*%% as well as 3,4-diethylpyrrole
24101103 or 3 4-dipropylpyrrole 35M%4 and their respective starting materials 57—63:11~
1031 64,104 65,1194 and 66—69.0'°4 have been synthesized according to the literature
and all known porphyrins had analytical data consistent with those reported in the

corresponding literature.

Analytical Techniques: Analytical TLC was performed using sheets precoated with
silica gel to a depth of 0.2 mm or aluminum oxide plates, both impregnated with

fluorescence indicator F2s4. Visualization was accomplished with a UV lamp. Flash
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column chromatography was carried out using silica gel 60 (230—-400 mesh) or aluminum
oxide (neutral, activated with 6% H20, Brockman Grade Ill). Mass spectrometry analysis
was performed with a Q-Tof Premier Waters MALDI quadrupole time-of-flight (Q-TOF)
mass spectrometer equipped with Z-spray electrospray ionization (ESI) and matrix-
assisted laser desorption ionization (MALDI) sources either in a positive or negative
mode with DCTB (trans-2-[3-(4-tert-butylphenyl)-2-methyl-2-
propenylidene]malononitrile) as the matrix. APCI experiments were performed on a
Bruker microTOF-Q Ill spectrometer interfaced to a Dionex UltiMate 3000 LC. UV-vis
absorption measurements were performed in DCM, DCM + 1% TEA, or toluene as
solvent using a Shimadzu MultiSpec-1501. Melting points are uncorrected and were
measured with a Stuart SMP-50 melting point apparatus. *H, **C NMR spectra were
recorded at 400.13 MHz, 100.61 MHz and 376.59 MHz using Bruker DPX400, Bruker
AV 600, and Bruker AV 400 devices, respectively. All NMR experiments were performed
at 25 °C. Resonances 0 are given in ppm units and referenced to the deuterium peak in
the NMR solvent CDCIz (6y = 7.26 ppm, &c = 77.2 ppm). Signal multiplicities are
abbreviated as follows: singlet = s, doublet = d, quartet = q, septet = sept, multiplet = m.
Photophysical measurements were carried out in DCM or toluene as solvent. IR spectra
were recorded on a PerkinElmer Spectrum 100 FTIR spectrometer utilizing the ATR

sampling technique.
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6.1 Synthesis of free base porphyrins

6.1.1 Highly substituted porphyrins

R

R

R = 2,6-di-OMe-CgHj

5,10,15,20-tetrakis(2,6-dimethoxyphenyl)-2,3,7,8,12,13,17,18-octaethylporphyrin
48:

3,4-Diethylpyrrole 24 (1 mL, 0.00812 moles, 1 eq.) and aldehyde 37 (1.21 g, 0.00731
moles, 0.9 eq.) were dissolved in dry CH2Cl; (1 L). BFsOEt, (0.1 mL, 0.000812 moles,
0.1 eq.) was added and the solution was stirred for 36 h at room temperature under
argon. The reaction was monitored by TLC, then DDQ (1.84 g, 0.00812 moles, 1 eq.)
was added and the reaction was stirred for 16 h. The reaction was stopped and filtered
through a silica plug using CH.Cl, to remove the unreacted aldehyde. The compound
was then removed from the silica using CH.Cl./MeOH (9:1) and gave a compound 48
as a green powder (1.352 g, 0.00128 moles, 70%) upon evaporation of the solvent under
reduced pressure. M.p. < 149-175 °C; Rf = 0.60 (SiO2, CH2Cl::MeOH = 9:1, v/v); H
NMR (600 MHz, CDCIs, 25 °C): 6 = 0.28 (broad s, 24H, CH,CHj3), 2.23 (broad s, 8H,
CH2CHg), 2.46 (broad s, 8H, CH2CHs3), 3.89 (s, 24H, 0-OCHs3), 6.89-6.91 (d, J = 8.3 Hz
8H, Hayi), 7.66-7.68 ppm (t, J = 8.2 Hz, 4H, Hay); **C NMR (100 MHz, CDCls, 25 °C): &
=160.9, 143.5, 136.9, 132.6, 116.3, 107.2, 104.3, 56.0, 18.4, 14.3 ppm; UV-vis (CHCI;
+ 1% NEts): Amax (log €) = 389 (4.30), 464 (4.81), 599 (3.64), 632 (3.72), 689 nm (3.57);
IR (ATR): V = 3206, 2935, 2833, 2219, 1579, 1472, 1451, 1252, 1107, 1018, 888, 775,
743, 715 cm; HRMS (MALDI) m/z calcd. for CesH7sN4Os [M*H]*: 1079.5892, found
1079.5898.
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R = 2,4,6-tri-OMe-CgHs

5,10,15,20-tetrakis(2,4,6-trimethoxyphenyl)-2,3,7,8,12,13,17,18-octaethylporphyrin
49:

3,4-Diethylpyrrole 24 (1 mL, 0.00812 moles, 1 eg.) and aldehyde 40 (1.43 g, 0.00731
moles, 0.9 eq.) were dissolved in dry CH2Cl, (1 L). BFsOEt; (0.1 mL, 0.000812 moles,
0.1 eqg.) was added and the solution was stirred for 36 h at room temperature under
argon. The reaction was monitored by TLC, then p-chloranil (1.84 g, 0.00812 moles, 1
eq.) was added and the reaction was stirred for 3 d. The reaction was stopped and
filtered through a silica plug using CH:Cl. to remove the unreacted aldehyde. The
compound was then removed from the silica using CH2Clz/MeOH (9:1) and gave a green
powder, compound 49 (0.217 g, 0.000181 moles, 10 %), upon evaporation of the solvent
under reduced pressure. M.p. = 186-199 °C; R; = 0.58 (SiO2, CH>Cl.:MeOH = 9:1, v/v);
'H NMR (600 MHz, CDCls, 25 °C): 6 = 0.44 (broad s, 24H, CH,CHj3), 2.32 (broad s, 8H,
CH,CHs), 2.48 (broad s, 8H, CH.CHs), 3.79 (s, 24H, 0-OCHs), 4.06 (s, 12H, 0-OCHs),
6.47 ppm (S, 8H, Hay), 23C NMR (100 MHz, CDCls, 25 °C): 6 = 163.7, 161.6, 144.8, 11.1,
106.3, 91.0, 56.1, 55.8, 18.5, 15.3, 14.3 ppm; UV-vis (CHCIls + 1% NEts): Amax (log €) =
353 (4.11), 472 (4.84), 598 (3.62), 640 (3.73), 697 nm (3.64); IR (ATR): ¥ = 2933, 2830,
2202, 1599, 1578, 1453, 1412, 1331, 1224, 1204, 1154, 1123, 1123, 1056, 1033, 951,
812 cm?; HRMS (MALDI) m/z calcd. for C72HgsN4O12 [M*H]*: 1199.6315, found
1199.6305.
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R = 3,5-di-Me-4-OMe-CgH,

5,10,15,20-tetrakis(3,5-dimethyl-6-methoxyphenyl)-2,3,7,8,12,13,17,18-
octaethylporphyrin 51:

3,4-Diethylpyrrole 24 (0.833 mL, 0.00677 moles, 1 eq.) and aldehyde 42 (1.00 g,
0.00609 moles, 0.9 eq.) were dissolved in dry CH2Cl, (1 L). BFsOEt,(0.83 mL, 0.000677
moles, 0.1 eq.) was added and the solution was stirred for 36 h at room temperature
under argon. The reaction was monitored by TLC, then DDQ (1.54 g, 0.00677 moles, 1
eg.) was added and the reaction was stirred for 3 d. The reaction was stopped and
filtered through a silica plug using CH.CI, to remove first the unreacted aldehyde. The
compound was purified by two successive silica columns using CH-CI, to remove the
aldehyde and CH.Cl,/MeOH (9:1). After evaporation of the solvent under reduced
pressure compound 51 was obtained as a green powder (0.9431 g, 0.0008802 moles,
52%). M.p. = 259-269 °C; Rt = 0.64 (SiO2, CH2Cl;:MeOH:NEt; = 9:1:1, v/v); *H NMR
(600 MHz, CDCls, 25 °C): 6 = -1.22 (s, 2H, NH), 0.08 (m, 12H, CH.CHz), 0.45 (m, 12H,
CH,CHj3), 2.24 (m, 16H, CH.CHs), 2.64-2.66 (d, J = 6.7 Hz, 24H, m-CHjs), 4.01 (s, 12H,
p-OCHs), 8.15 (s, 4H, Hary) 8.18 ppm (s, 4H, Hay); **C NMR (100 MHz, CDCls, 25 °C):
0 = 159.3, 144.2, 143.4, 143.1, 137.6, 137.3, 133.6, 131.1, 130.8, 129.5, 60.6, 16.7,
16.6, 15.3, 14.9 ppm; UV-vis (CH2Cl; + 1% NEts): Amax (log €) = 348 (4.48), 458 (5.37),
556 (4.13), 604 (4.04), 706 nm (3.85); IR (ATR): Vv = 3263, 2970, 2932, 2873, 2208,
1648, 1595, 1515, 1443, 1409, 1375, 1310, 1289, 1230, 1184, 1158, 1107, 1052, 1003,
951, 887, 825, 786, 762, 691, 624, 584 cm™*; HRMS (MALDI) m/z calcd. for C72HgsN4O4
[M*H]*: 1071.6722, found 1071.6715.
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2,3,7,8,12,13,17,18-octapropyl-5,10,15,20-tetraphenylporphyrin 55 and 22,24-
dihydro-2,3,7,8,12,13,17,18-octapropyl-5,10,15,20-tetraphenylporphyrin acetate
salt 55-2Cl:

3,4-Dipropylpyrrole 36 (0.675 mL, 0.00446 moles, 1 eq.) and aldehyde 25 (0.476 mL,
0.00469 moles, 1.05 eq.) were dissolved in dry CH2Cl, (1 L). BFsOEt; (0.55 mL,
0.000446 moles, 0.1 eq.) was added and the solution was stirred for 24 h at room
temperature under argon. The reaction was monitored by TLC, then DDQ (1.01 g,
0.00446 moles, 1 eq.) was added and the reaction was stirred for 16 h. The reaction was
stopped and filtered through a silica plug using CH:CI, to remove first the unreacted
aldehyde. A TLC was done showing two green compounds. A column was attempted
with CH.Cl,/Hexane, however a part of the compound crashed out leading to 137 mg
(0.000144 moles, 13%) of a bright green salt of the protonated form of 55, 55-2Cl. M.p.
= 248-260 °C; Rs = 0.43 (SiO,, CHCI3:EtOAC = 9:1, v/v); *H NMR (600 MHz, CDCls, 25
°C): 6=-0.13 (Brd s, 12H, CH>CH>CHs3), 0.26 (Brd m, 12H, CH.CH>CHs), 0.72-0.84 (Brd
m, 8H, CH>.CH>CH3), 1.20-1.31 (Brd m, 12H, CH>CH>CHs3), 1.94 (Brd s, 8H, CH2CH>CHs)
2.23 (Brd s, 4H, CH.CH.CHs), 7.77 (Brd s, 8H, m-Hay), 7.83 (Brd s, 8H, 0-Haryi), 8.39
(Brd s, 2H, p-Hary), 8.45 ppm (Brd s, 2H, p-Hary); UV-vis (CH2Cl, + 1% TFA): Amax (l0g €)
= 404 (4.54), 470 (5.54), 629 (4.01), 686 nm (4.52); IR (ATR): ¥ = 3057, 2960, 2930,
2870, 2208, 1552, 1508, 1432, 1377, 1348, 1223, 1177, 1157, 1137, 1074, 1023, 999,
927, 888, 827, 801, 735, 724, 698 cm™; HRMS (MALDI) m/z calcd. for CesH7sN4 [M*H]*:
951.6299, found 951.6308. The rest was evaporated leading to 114.2 mg (0.00012
moles, 11%) of 55. M.p. = 203-223 °C; R = 0.81 (SiO,, CHCIs:EtOAc = 9:1, V/v); H
NMR (600 MHz, CDCls, 25 °C): 6 = 0.24 (Brd s, 24H, CH,CH.CH3), 0.84 (Brd s, 16H,
CH.CH>CHg3), 2.28 (Brd s, 8H, CH>CH>CHs3), 2.51 (Brd s, 8H, CH,CH>CHj3), 7.89 (Brd s,
12H, p,0-Hary), 8.65 ppm (Brd s, 8H, m-Hay), *C NMR (100 MHz, CDCls, 25 °C): § =
150.4, 144, 3, 138.9, 138.3, 137.8, 136.1, 131.1, 129.6, 124.1, 28.7, 26.3, 15.8, 15.1
ppm; UV-vis (CHCI; + 1% NEts3): Amax (lOg €) = 347 (4.21), 458 (5.01), 557 (3.84), 602

129



(3.67), 707 nm (3.34); IR (ATR): ¥ = 3055, 2956, 2927, 2867, 2210, 1980, 1694, 1596,
1549, 1465, 1463, 1443, 1376, 1346, 1260, 1176, 1136, 1087 1072, 1020, 1001, 971,
924, 890, 837, 801, 735, 697, 611 cm™; HRMS (MALDI) m/z calcd. for CesH7sN4 [M*H]*:
951.6299, found 951.6308.

130



6.2 N-Methylated porphyrins

6.2.1 N-Methylation of 5,10,15,20-tetraarylporphyrins

—/ +

CF3S0,0-

N2 N22 N?3-Trimethyl-5,10,15,20-tetrakis(p-chlorophenyl)porphyrin
trifluoromethanesulfonate salt [106t]*[CFsSOs]:

In a 250 mL three-necked round-bottomed flask, 5,10,15,20-tetrakis(p-
chlorophenyl)porphyrin H,106 (100 mg, 0.1333 mmol) and K,COs3 (1.4 g excess) were
dissolved in 50 mL of CH.Cl,. The solution was heated to reflux, and CFsSO.,OMe (0.291
mL, 2.66 mmol, 20 eq.) was added. After being heated to reflux for 16 h, the mixture was
cooled to room temperature and K.CO3; was removed by filtration. The solvent was
evaporated under reduced pressure and the product was subjected to column
chromatography (SiO2; CH.Cl:EtOAc = 10:0-9:1, v:v) with the first fraction (purple)
giving starting material and the second fraction (green) affording the desired compound.
After the evaporation of solvent in vacuo, a green powder of the title compound was
obtained (100 mg, 0.0321 mmol, 95%). M.p. = 280-285 °C; R = 0.21 (SiOg,
CHCl:EtOAc = 1:1, v:v); *H NMR (400 MHz, CDCls, 25 °C): 6 = -3.13 (s, 6H, N-CHs), -
5.55 (s, 3H, N-CHj3), 7.24 (m, 2H, Hg.), 7.46 (d, J = 4.6 Hz, 2H, Hg.), 7.95 (d, J = 7.6 Hz,
4H, Hawy), 8.02 (d, J = 7.6 Hz, 4H, Hay), 8.21 (s, 2H, Hg.), 8.43 (s, 2H, Hg.), 8.52 (broad
S, 4H, Hary), 8.71 ppm (broad s, 4H, Hary); *C NMR (100 MHz, CDCls, 25 °C): 6 = 139.9,
138.9, 138.3, 137.9, 137.4, 134.2, 130.8, 130.8, 129.9, 129.8, 128.8, 123.9, 121.1,
121.1, 120.1, 120.1, 119.5, 31.3, 29.8 ppm; UV-vis (CHCIs): Amax (log €) = 376 (4.70),
469 (5.42), 714 nm (4.69); IR (ATR): ¥ = 2955, 1583, 1449, 1395, 1259, 1220, 1148,
1089, 1027, 1009, 955, 894, 821, 797, 719, 702, 658, 635, 569 cm™*; HRMS (MALDI)
m/z calcd. for Ca7H33N4Cls™ [M*]: 793.1454, found 793.1459.
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N21-Methyl-5,10,15,20-tetrakis(p-iodophenyl)porphyrin (106m):
5,10,15,20-Tetrakis(p-iodophenyl)porphyrin H>107 (25 mg, 0.0235 mmol) was dissolved
in 25 mL of CH:CI; with 5% acetic acid (v/v), then CF;SO.OMe (0.0026 mL, 0.0235
mmol, 1 eq.) was added. After the solution was heated to reflux for 16 h, the mixture was
cooled to room temperature and washed with a 1M ammonia solution. The unreacted
starting material (first fraction) was removed via column chromatography eluting with a
solution of CH2CIl/EtOAc (7:3). The second fraction was obtained using EtOAc. After
evaporation of the solvent in vacuo a purple solid of 107m was obtained (7 mg, 0.0065
mmol, 28%). M.p. >350 °C; R = 0.83 (SiO;, CH.Cl:MeOH = 9:1, v:v); H NMR (400
MHz, CDCls, 25 °C): 6 = -4.81 (s, 3H, N-CHs), 7.84 (s, 2H, Hg), 8.00 (d, J = 6.1 Hz, 2H,
Hary), 8.19-8.22 (M, 6H, Hary) 8.24 (d, J=7.7 Hz, 2H, Hary), 8.31 (d, J = 6.3 Hz, 4H, Hany),
8.48 (s, 2H, Hg), 8.51 (d, J = 4.6 Hz, 2H, Hg.), 8.62(s, 2H, Hary), 8.63 ppm (d, J = 4.7 Hz,
2H, Hp); C NMR (100 MHz, CDCls, 25 °C): & = 154.2, 149.8, 140.5, 140.0, 138.9,
138.3, 136.6, 136.5, 136.1, 135.9, 135.2, 127.5, 123.5, 121.8, 97.2, 95.9, 29.2 ppm; UV-
vis (CHCIs): Amax (log €) = 439 (5.43), 537 (3.98), 579 (4.20), 615 (3.79), 679 nm (3.74);
HRMS (MALDI) m/z calcd. for CasH2sNals [M*H]*: 1132.8544, found 1132.8571.

132



CF3S0,0°

N2t N22 N23-Trimethyl-5,10,15,20-tetrakis(p-iodophenyl)porphyrin
trifluoromethanesulfonate salt [107t]*[CFsSOsg]:
5,10,15,20-Tetrakis(p-iodophenyl)porphyrin H,107 (25 mg, 0.0235 mmol) was dissolved
in 15 mL of CH.Cl,. Then K,COs3 (1.4 g excess) was added and the mixture was stirred
for 5 min, followed by addition of CF3SO,OMe (0.051 mL, 0.47 mmol, 20 eq.). After the
solution was heated to reflux for 16 h, the mixture was cooled to room temperature and
K2CO3; was removed by filtration. The solvent was evaporated under reduced pressure
and the product was purified by column chromatography (SiO2; CH.Cl,:EtOAc = 10:0—
9:1, v:v) yielding, after evaporation of the solvent gave a green solid of the title compound
(20 mg, 0.0172 mmol, 73%). M.p. >300 °C; R = 0.70 (SiO2, CH,Cl,:MeOH = 9:1, viv);
H NMR (400 MHz, CDCls, 25 °C): & = -5.67 (s, 3H, N-CHg), -3.19 (s, 6H, N-CHg), 7.24
(d, J = 4.5 Hz, 2H, Hp), 7.47 (d, J = 4.6 Hz, 2H, Hp), 8.12 (broad s, 2H, Hay), 8.21 (s,
2H, Hg.), 8.21-8.27 (broad s overlaping with singlet at 8.21, 2H, Hay), 8.32 (d, J = 8.1
Hz, 4H, Hay), 8.40 (d, J = 7.4 Hz, 4H, Hary), 8.43 ppm (S, 2H, Hary); *C NMR (100 MHz,
CDCls, 25 °C): 6 =160.0, 157.4, 155.4, 151.2, 139.8, 139.4, 138.8, 138.7, 137.6, 134.4,
131.4,123.5,121.0, 120.1, 119.6, 99.1, 98.0, 30.8, 29.8 ppm; UV-vis (CHCIs/1% NEt3):
Amax (l0g €) = 342 (4.20), 444 (4.98), 629 nm (4.20); IR (ATR): ¥ = 2922, 1575, 1450,
1388, 1257, 1159, 1028, 1002, 893, 813, 717, 636, 571 cm™; HRMS (MALDI) m/z calcd.
for C47H33N4ls [M]*: 1160.8854, found 1160.8884.
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N21-Methyl-5,10,15,20-tetrakis(p-bromophenyl)porphyrin 108m:

Free base porphyrin H,108 (100 mg, 0.108 mmol) was dissolved in 100 mL of CH.Cl..
The mixture was stirred for 5 min then CF;S0O,OMe (0.0118 mL, 0.108 mmol, 1 eq.) was
added. After the solution was heated to reflux for 16 h, the mixture was cooled to room
temperature and washed with 1M ammonia solution. The unreacted starting material
(first fraction) was removed using a column chromatography eluting with a solution of
CH.CI/EtOAc (7:3). The second fraction, containing the desired compound was
obtained using EtOAc. After evaporation of the solvent in vacuo a purple solid of 108m
was obtained (25 mg, 0.02647 mmol, 24%). .M.p. >300 °C; Rt = 0.57 (SiO,,
CH2Cl:MeOH = 9:1, viv); *H NMR (600 MHz, CDCls, 25 °C): & = -3.01 (s, 3H, N-CHs),
7.72 (s, 2H, Hg), 7.80—7.82 (M, 3H Hary), 7.84 (d, J = 7.3 Hz, 2H, Hg), 7.88-7.90 (m, 5H,
Hary), 8.05 (d, J = 4.5 Hz, 2H, Hg.), 8.10 (s, 2H, Hg.), 8.30 (d, J = 4.6 Hz, 2H, Hay), 8.33
(s, 2H, Hary), 8.38 ppm (d, J = 7.1 Hz, 4H, Hary); **C NMR (150 MHz, CDCl3, 25 °C): 6 =
145.8, 140.6, 140.2, 137.6, 136.9, 135.9, 132.0, 131.4, 129.1, 128.7, 128.4, 127.9,
127.4, 101.1, 29.9 ppm; UV-vis (CHCls): Amax (l0g €) = 363 (4.34), 469 (5.04), 605 (3.94),
645 (4.01), 746 nm (4.11); IR (ATR): V = 1440, 1141, 1076, 1015, 967, 792, 757, 721,
698 cmt; HRMS (MALDI) m/z calcd. for CssH2sN4Brs [M*H]*: 940,9092, found 940.9120.
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CF3S0,0°

N2t N22 N?3-Trimethyl-5,10,15,20-tetrakis(p-bromophenyl)porphyrin
trifluoromethanesulfonate salt [108t]*[CFsSOs]:

Porphyrin H2108 (150 mg, 0.160 mmol) were dissolved in 50 mL of CH2Cl,. Then K,CO3
(1.4 g excess) was added and the mixture was stirred for 5 min, followed by addition of
CF3S0OsMe (0.350 mL, 3.2 mmol, 20 eq.). After the solution was heated to reflux for 16
h, the mixture was cooled to room temperature and K>CO3z was removed by filtration.
The solvent was evaporated under reduced pressure and the product was purified by
column chromatography (SiO2; CH.Cl,:EtOAc = 10:0-9:1, v.v) yielding, after evaporation
of the solvent, a green solid of the title compound (110.7 mg, 0.114 mmol, 71%). M.p.
>300 °C; Rf = 0.65 (SiO2, CH.Cl,:MeOH = 9:1, v:v); *H NMR (600 MHz, CDCls, 25 °C):
0 =-5.62 (s, 3H, N-CHa), -3.16 (s, 6H, N-CHs), 7.21 (d, J = 4.7 Hz, 2H, Hg), 7.25 (s, 2H,
Hg.), 7.42 (d, J = 4.6 Hz, 2H, Hg.), 7.64 (s, 1H, pyridine peak), 8.07 (d, J = 7.8 Hz, 4H,
Haryi), 8.14 (d, J = 8.1 Hz, 4H, Hay), 8.18 (s, 2H, Hg.), 8.39 (s, 2H, Hay), 8.44 (broad s,
2H, Hary), 8.59 (s, 2H, Hary)) 8.62 ppm (broad s, 2H, Haryi), *C NMR (150 MHz, CDCls, 25
°C): 6 = 159.8, 157.2, 155.5, 151.5, 149.8, 140.0, 139.5, 139.1, 138.2, 135.7, 134.1,
132.6, 131.5, 130.8, 126.7, 125.8, 123.7, 123.4, 120.9, 120.0, 119.3, 31.1, 29.7. ppm;
UV-vis (CHCl3/1% NEts): Amax (log €) = 378 (4.12), 471 (4.91), 690 (4.13), 715 nm (4.15);
IR (ATR): ¥ = 1577, 1432, 1258, 1149, 1067, 1059, 1004, 816, 717, 702, 636, 569 cm;
HRMS (MALDI) m/z calcd. for C47H33N4Brs [M]™: 972.9398, found 972.9391.
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MeO

N?1-Methyl-5,10,15,20-tetrakis(m-methoxyphenyl)porphyrin 108m:

Porphyrin H2109 (100 mg, 0.136 mmol) was dissolved in 100 mL of CH,Cl,. The mixture
was stirred for 5 min then CF3SO3sMe (0.0095 mL, 0.136 mmol, 1 eq.) was added. After
the solution was heated to reflux for 16 h, the mixture was cooled to room temperature
and washed with 1M ammonia solution. The unreacted starting material was removed
on a column with a solution of CH>CI,/EtOAc (7:3) and the desired compound was
extracted from a column with EtOAc. The solvent was evaporated under reduced
pressure and the product was purified by column chromatography (SiO2; CH.Cl.:EtOAc
= 10:0-9:1, v:v) yielding, after evaporation of the solvent, a purple solid of compound
109m (20.6 mg, 0.02758 mmol, 19%). M.p. = 177-183 °C; Rt =0.72 (SiO2, CH.Cl,:MeOH
= 9:1, v:v); *H NMR (400 MHz, CDCls, 25 °C): & = -4.07 (s, 3H, N-CHs), 4.03 (d, J = 5.4
Hz, 6H, OCHs), 4.09 (s, 6H, OCHs), 7.28 (s overlapping CHCIs, 2H, Hg.), 7.34 (d, 2H, J
= 8.6 Hz, Hary), 7.36 (d, 2H, J = 8.6 Hz, Hay), 7.54 (s, 2H, Hg), 7.67 (dd, J = 16.7, 8.5
Hz, 2H, Hay), 7.74 (S, 2H, Hay), 7.77 (S, 1H, Hary), 7.80 (d, J = 7.0 Hz, 1H, Hary), 7.88—
7.83 (M, 2H, Hay), 7.93 (S, 1H, Hany), 8.08 (S, 1H, Hay), 8.52 (d, J = 4.2 Hz, 2H, Hay),
8.52 (d, J = 4.2 Hz, 2H, Hg), 8.69 (d, J = 2.5 Hz, 2H, Har), 8.88 ppm (d, J = 4.1 Hz, 2H,
Hg.); *C NMR (150 MHz, CDCI3) 6 = 158.4, 158.1, 156.8, 153.5, 152.3, 143.9, 143.6,
139.2, 133.8, 132.5, 130.6, 128.6, 128.2, 127.8, 127.6, 127.2, 125.48, 123.26, 121.27,
120.07, 119.37, 118.27, 113.66, 113.44, 113.31, 55.71, 55.54, 29.7 ppm; UV-vis
(CHCl3): Amax (log €) = 436 (5.35), 533 (4.11), 575 (4.21), 619 (4.05), 676 nm (4.04); IR
(ATR): Vv = 1572, 1421, 1283, 1163, 1041, 905, 73, 697 cm™; HRMS (MALDI) m/z calcd.
for CagHaoN4O4 [MH]": 749.3128, found 749.3145.
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CF3SHO,0"

MeO

N2,N22 NZ-Trimethyl-5,10,15,20-tetrakis(m-methoxyphenyl)porphyrin
trifluoromethanesulfonate salt [109t] [CFsSOs3]:

Free base H»109 (100 mg, 0.136 mmol) was dissolved in 50 mL of CH,Cl,. Then K>CO3
(1.4 g excess) was added and the mixture was stirred for 5 min, followed by addition of
CF3S0OsMe (0.298 mL, 2.72 mmol, 20 eq.). After the solution was heated to reflux for 16
h, the mixture was cooled to room temperature and K,COz was removed by filtration.
The solvent was evaporated in vacuo and the product was purified by column
chromatography (SiO2; CH2Cl;:EtOAc = 10:0-9:1, v:v) yielding, after evaporation of the
solvent under reduced pressure, the title compound as a green solid (69.2 mg, 0.089
mmol, 65%). M.p. = 190-196°C; R; = 0.64 (SiO2, CH,Cl,:MeOH = 9:1, v:v); *H NMR (400
MHz, CDCls, 25 °C): & = -5.60 (s, 3H, N-CHs), -3.15 (s, 6H, N-CH3), 4.14 (s, 6H, OCHj),
4.17 (s, 6H, OCHs), 7.30 (d, J = 4.7 Hz, 2H, Hp), 7.45 (d, J = 2.3 Hz, 1H, Hay), 7.47 (t, J
= 1.9 Hz, 2H, Hay), 7.49 (d, J = 2.4 Hz, 1H, Hay), 7.51 (d, J = 4.1 Hz, 2H, Hg), 7.85 (t, J
= 7.8 Hz, 3H, Hary + 1Hg), 7.93 (t, J = 7.8 Hz, 3H, Hay + 1Hg), 8.07 (s, 4H, Hay), 8.25
(s, 4H, Hany), 8.48 (s, 2H, Hg); 3C NMR (100 MHz, CDCls, 25 °C): 6 = 160.2, 159.1,
157.6, 155.8, 151.6, 141.8, 140.9, 134.3, 132.0, 131.8, 131.5, 130.2, 129.0, 124.0,
121.0, 120.7, 119.3, 115.3, 56.2, 56.0, 31.0 ppm; UV-vis (CHCIs): Amax (log €) = 360
(4.44), 469 (5.20), 683 (4.39), 710 nm (4.39); IR (ATR): V = 2934, 1592, 1573, 1413,
1317, 1262, 1140, 1029, 993, 861, 785, 710, 695, 635, 571 cm™; HRMS (MALDI) m/z
calcd. for Cs1HasN4O4 [M]*: 777.3441, found 777.3476.
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CF3S0,0"

OMe

OMe

N21,N23-Dimethyl-5,10,15,20-tetrakis(p-methoxyphenyl)porphyrin 110d and
N2,N22,N=-Trimethyl-5,10,15,20-tetrakis(p-methoxyphenyl)porphyrin
trifluoromethanesulfonate salt [110t] [CFsSO3]:

In a 250 mL three-necked round-bottomed flask, 5,10,15,20-tetrakis(p-
methoxyphenyl)porphyrin H2110 (200 mg, 0.2724 mmol) and K>COs3 (1.4 g excess) were
dissolved in 50 mL of CH.Cl,. The solution was heated to reflux and CF;SOzMe (0.298
mL, 2.724 mmol, 10 eq.) was added. After the solution was heated to reflux for 16 h, the
mixture was cooled to room temperature and K,CO3z; was removed by filtration. The
solvent was evaporated under reduced pressure and the product was purified by column
chromatography (SiO2; CH.Cl;:MeOH = 10:0-9:1, v:v) yielding a first green product,
compound 110d (14.6 mg, 0.0191 mmol, 7%). M.p. >300 °C; Rt = 0.83 (SiOy,
CH2Cl:MeOH = 9:1, viv); *H NMR (400 MHz, CDCls, 25 °C): & = -2.87 (s, 6H, N-CHs),
4.10 (s, 12H, O-CHs), 7.12 (s, 4H, Hp), 7.49 (d, J = 8.7 Hz, 8H, Hay), 8.41 (d, J = 8.7 Hz,
8H, Ha), 8.50 ppm (S, 4H, Hay), 3C NMR (100 MHz, CDCls, 25 °C): 6 = 139.7, 133.8,
130.4, 125.4, 118.9, 114.0, 113.9, 55.8, 31.0 ppm; UV-vis (CHC3): Amax (log €) = 468
(5.49), 733 nm (4.98); IR (ATR): V = 2922, 1596, 1508, 1458, 1414, 1254, 1174, 1149,
1027, 830, 730, 713, 666, 635, 608, 596, 568 cm™; HRMS (MALDI) m/z calcd. for
CsoH42N4O4 [M*H]*: 763.3284, found 763.3287. Further elution yielded a second green
fraction which gave a solid of the title salt [110t]" (154.3 mg, 0.0321 mmol, 73%). M.p.
= 285-290 °C; Rt = 0.54 (SiO,, EtOAc); *H NMR (400 MHz, CDCls, 25 °C): 6 = -5.32 (s,
3H, N-CHa), -3.02 (s, 6H, N-CH3), 4.13 (d, J = 4.5 Hz, 12H, O-CH3), 7.17 (d, J = 4.7 Hz,
2H, Hg), 7.37 (d, J = 4.7 Hz, 2H, Hg), 7.49 (d, J = 8.9 Hz, 4H, Hay), 7.55 (d, J = 8.9 Hz,
4H, Hawy), 8.12 (s, 2H, Hg), 8.35 (s, 2H, Hg.), 8.42 (broad s, 4H, Hay), 8.59 ppm (broad
S, 4H, Hary); *C NMR (100 MHz, CDCls, 25 °C): 6 = 162.3, 161.6, 159.9, 157.6, 156.1,
151.6, 140.3, 139.4, 133.7, 133.3, 133.0, 131.3, 122.8, 120.6, 119.7, 119.0, 114.9,
113.9, 55.9, 55.8, 30.3, 29.6 ppm; UV-vis (CHCls): Amax (log €) = 475 (5.18), 738 nm
(4.65); IR (ATR): Vv = 3468, 2930, 2559, 2039, 1596, 1567, 1507, 1442, 1411, 1296,
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1248, 1174, 1146, 1115, 1028, 968, 894, 829, 792, 729, 705, 663, 634, 606, 566 cm™;
HRMS (MALDI) m/z calcd. for Cs1HasN4O4 [M]*: 777.3441, found 777.3455.
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N21-Methyl-5,10,15,20-tetrakis(p-tolyl)porphyrin 111m:
5,10,15,20-Tetrakis(p-tolyl)porphyrin H2111 (100 mg, 0.149 mmol) was dissolved in 100
mL of CHCl with 5% of acetic acid. The mixture was stirred for 5 min, then CFzSO.OMe
(0.0163 mL, 0.149 mmol, 1 eq.) was added. After the solution was heated under reflux
for 16 h, the mixture was cooled to room temperature and washed with a 1M ammonia
solution. Unreacted starting material was removed on a silica column eluting with a
solution of CH.CIl./EtOAc (7:3) and the desired compound was extracted from the
column with EtOAc. The solvent was evaporated under reduced pressure and the
product was purified by column chromatography (SiO;; CH2Cl,:EtOAc = 10:0-9:1, v:v),
yielding, after evaporation of the solvent, compound 111m as a purple solid (45.6 mg,
0.0665 mmol, 45%). M.p. >350 °C; R = 0.72 (SiO2, CH.Cl:MeOH = 9:1, v:v); *H NMR
(400 MHz, CDCls, 25 °C): & = -4.69 (s, 3H, N-CH3), 2.74 (d, J = 4.2 Hz, 12H, CHs.ar),
7.65 (d, J = 7.7 Hz, 2H, Hay), 7.70 (d, J = 7.5 Hz, 2H, Han), 7.76 (d, J = 7.7 Hz, 4H, Hay),
7.82 (s, 2H, Hg), 8.18 (d, J = 7.3 Hz, 2H, Hary), 8.37 (d, J = 7.4 Hz, 2H, Hary), 8.45 (broad
s, 4H), 8.54 (s, 2H, Hg), 8.63 (d, J = 4.7 Hz, 2H, Hg), 8.76 ppm (d, J = 4.7 Hz, 2H, Hg);
13C NMR (410 MHz, CDCls, 25 °C): 6 =159.1, 155.1, 142.2, 140.7, 139.8, 138.5, 138.2,
138.0, 137.1, 136.8, 135.1, 127.9, 127.5, 126.8, 126.1, 122.2, 122.1, 119.3, 110.0, 49.6,
21.5 ppm; UV-vis (CHCs): Amax (10g €) = 342 (4.66), 444 (5.61), 629 (4.56), 677 nm (4.55);
IR (ATR): Vv = 3024, 1605, 1452, 1299, 1241, 1221, 1183, 1151, 1029, 964, 809, 721,
705, 632, 567 cm; HRMS (MALDI) m/z calcd. for CaeHsoN4 [M*H]": 685.3353, found
685.3331.
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CF3S0,0-

N2,N22 NZ-Trimethyl-5,10,15,20-tetrakis(p-tolyl)porphyrin
trifluoromethanesulfonate salt [111t] [CFsSOs3]:

Porphyrin H>111 (100 mg, 0.149 mmol) was dissolved in 50 mL of CH2Cl>. Then K>COs3
(1.4 g excess) was added and the mixture was stirred for 5 min, followed by addition of
CF3S0OsMe (0.163 mL, 0.149 mmol, 10 eq.). After the solution was heated to reflux for
16 h, the mixture was cooled to room temperature and K,CO3 was removed by filtration.
The solvent was evaporated under reduced pressure and the product was purified by
column chromatography (SiO2; CH.Cl,:EtOAc = 10:0-9:1, v.v) yielding, after evaporation
of the solvent, the title compound as a green powder (105.7 mg, 0.148 mmol, 99%). M.p.
>350 °C; Rf = 0.82 (SiO,, CH.Cl:MeOH = 9:1, v:v); *H NMR (400 MHz, CDCls, 25 °C):
0 =-5.50 (s, 3H, N-CHj3),-3.12 (s, 6H, N-CHs), 2.74 (s, 12H, CHs.ary), 7.22 (d, J = 4.6 Hz,
2H, Hg.), 7.43 (d, J = 4.6 Hz, 2H, Hg.), 7.77 (d, J = 7.8 Hz, 4H, Hay), 7.83 (d, J = 7.9 Hz,
4H, Hay), 8.18 (s, 2H, Hg.), 8.34 (broad s, 4H, Hawy), 8.42 (s, 2H, Hg.), 8.53 ppm (broad
S, 4H, Hay);33C NMR (100 MHz, CDCls, 25 °C): & = 160.1, 157.6, 156.0, 151.7, 141.7,
140.6, 139.1, 138.3, 138.0, 137.2, 133.9, 132.0, 130.2, 129.2, 123.5, 121.0, 120.6,
119.1, 30.8, 21.8 ppm; UV-vis (CHCIs): Amax (log €) = 384 (5.08), 468 (5.80), 718 nm
(5.13); IR (ATR): ¥ = 2918, 1604, 1431, 1261, 1221, 1185, 1146, 1029, 967, 855, 813,
788, 720, 706, 664, 634, 565 cm?’; HRMS (MALDI) m/z calcd. for CsiHisNs [M]*:
713.3648, found 713.3644.
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N?1-Methyl-5,10,15,20-tetrakis(m-(3,5-di-tert-butylphenyl))porphyrin 112m:
5,10,15,20-Tetrakis(m-(3,5-di-tert-butylphenyl))porphyrin H.112 (50 mg, 0.078 mmol)
was dissolved in 100 mL of CH2Cl, with 5% (v:v) of acetic acid. The mixture was stirred
for 5 min then CF3S0O,0OMe (0.0050 mL, 0.078 mmol, 1 eq.) was added. After the solution
was heated to reflux for 16 h, the mixture was cooled to room temperature and washed
with a 1M ammonia solution. Unreacted starting material was removed on a silica column
eluting with a solution of CH.CI./EtOAc (7:3) and the desired compound was extracted
from the column with EtOAc. The solvent was evaporated under reduced pressure and
the residue was purified by column chromatography (SiO2; CH2Cl.:EtOAc = 10:0-9:1,
v:v) yielding, after evaporation of the solvent, a purple solid of 112m (7 mg, 0.00649
mmol, 8%). M.p. >350 °C; R¢= 0.60 (SiO2, CH2Cl,:MeOH = 9:1, v:v); *H NMR (400 MHz,
CDCls, 25 °C): 6 = -3.80 (s, 3H, N-CHs), 1.47 (m, 36H, tert-butyl), 1.62 (m, 18H, tert-
butyl), 1.83 (m, 18H, tert-butyl), 7.79 (m, 2H, Hay), 7.85 (broad s, 2H, Hay), 7.95 (broad
S, 2H, Hayi), 8.01 (broad s, 2H, Hawy), 8.26 (broad s, 2H, Hayi), 8.38 (broad s, 2H, Haw),
8.44 (s, 2H, Hg), 8.88 (s, 2H, Hg.), 8.93 ppm (m, 4H, Hz.); 3C NMR (100 MHz, CDCls, 25
°C): 6 = 156.8, 152.4, 151.4, 151.1, 141.0, 134.0, 133.1, 132.4, 129.1, 126.0, 123.2,
122.0,121.1, 34.9, 31.8, 31.3, 31.2, 29.5 ppm; UV-vis (CHCIs): Amax (l0g €) = 437 (5.44),
473 (4.00), 579 (4.19), 679 nm (3.78); IR (ATR): ¥ = 2955, 1589, 1460, 1412, 1394,
1363, 1251, 1222, 1149, 1067, 1030, 899, 865, 826, 796, 732, 711, 636, 571 cm™;
HRMS (MALDI) m/z calcd. for C77HoeN4 [M*H]™: 1177,7707, found 1077.7716.
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N2 N22 N23-Trimethyl-5,10,15,29-tetrakis(m-(3.5-di-tert-butylphenyl)porphyrin
trifluoromethanesulfonate salt [112t]*[CFsSOs):
5,10,15,20-Tetrakis(m-(3,5-di-tert-butylphenyl))porphyrin H,112 (100 mg, 0.094 mmol)
was dissolved in 150 mL of CH»Cl,. Then K,COs (1.4 g excess) was added and the
mixture was stirred for 5 min, followed by addition of CF3SOsMe (0.102 mL, 1.54 mmol,
10 eq.). After the solution was heated to reflux for 16 h, the mixture was cooled to room
temperature and K,CO3; was removed by filtration. The solvent was evaporated under
reduce pressure and the product was purified by column chromatography (SiOz;
CH.CIl;:EtOAC = 10:0-9:1, v:v) yielding, after evaporation of the solvent, a green solid of
the title salt (62.2 mg, 0.05624 mmol, 60%). M.p. = 287-290 °C; R; = 0.74 (SiOg,
CHCl2:MeOH = 9:1, v:v); *H NMR (600 MHz, CDCls, 25 °C): 6 = -5.47 (s, 3H, N-CHj), -
2.98 (s, 6H, N-CHs), 1.67 (d, J = 10.9 Hz, 72H, tert-butyl), 7.29 (d, J = 4.7 Hz, 2H, Hg),
7.48 (d, J = 4.7 Hz, 2H, Hg), 7.96 (s, 2H, Hany), 8.01 (s, 2H, Hary), 8.21 (s, 2H, Hp), 8.25
(broad s, 4H, Hary) 8.39 (s, 2H, Hg.), 8.46 (broad s, 2H, Hawy), 8.59 (broad s, 2H, Hawy);
13C NMR (100 MHz, CDCls, 25 °C): 6 = 160.8, 157.7, 155.8, 152.0, 150.6, 140.0, 139.1,
133.9, 133.5, 133.0, 125.2, 123.9, 122.8, 121.7, 121.4, 119.3, 118.7, 35.5, 35.4, 31.3,
31.8, 29.8 ppm; UV-vis (CHCIs): Amax (log €) = 383 (4.32), 473 (5.08), 695 (4.30), 725 nm
(4.31); HRMS (MALDI) m/z calcd. for C7oH101N4 [M]*: 1105.8021, found 1105.8050.
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6.2.2 N-methylation of 5,15-diarylporphyrins

MeO OMe
o) Cp-om
MeO OMe

N?1-Methyl-5,15-bis(3,4,5-trimethoxyphenyl)porphyrin 113m:
5,15-Bis(3,4,5-trimethoxy)phenylporphyrin H,113 (100 mg, 0.156 mmol) was dissolved
in 50 mL of CH,CI, with 5% of acetic acid. The mixture was stirred for 5 min, then
CF3S0O,0OMe (0.0095 mL, 0.156 mmol, 1 eq.) was added. After the solution was heated
to reflux for 16 h, the mixture was cooled to room temperature and washed with a 1M
ammonia solution. Unreacted starting material was removed on a silica column with a
solution of CH2CIl/EtOAc (7:3) and the desired compound was extracted with EtOAc.
The solvent was evaporated under reduced pressure and the product was purified by
column chromatography (S102; CH2Cl::EtOAc = 10:0-9:1, v:v) yielding, after evaporation
of the solvent, a purple solid of compound 113m (47.2 mg, 0.0718 mmol, 46%). M.p.
>300 °C; R = 0.66 (SiO2, CH.Cl:MeOH = 9:1, v:v); *H NMR (600 MHz, CDCls, 25 °C):
0 =-4.51 (s, 3H, N-CH3), -2.56 (s, 1H, N-H), 3.99 (s, 3H, p-OCHg), 4.03 (s, 6H, m-OCHy3),
4.19 (s, 6H, m-OCHs), 4.20 (s, 3H, p-OCHs3),7.39 (s, 2H, Hary), 7.55 (s, 1H, Hg.), 7.91 (d,
J = 4.3 Hz, 1H, Hp), 8.37 (d, J = 4.5 Hz, 1H, Hg), 8.85 (d, J = 4.0 Hz, 1H, Hp), 8.95 (d,
J = 4.3 Hz, 1H, Hg), 9.07 (d, J = 4.2 Hz, 1H, Hp), 9.14 (d, J = 4.1 Hz, 2H, Hay), 9.35 (d,
J = 4.7 Hz, 1H, Hg), 10.09 ppm (d, J = 3.1 Hz, 2H, Hay); *C NMR (100 MHz, CDCls, 25
°C): 6 = 156.8, 153.1, 152.0, 151.7, 139.8, 137.9, 137.0, 135.6, 134.0, 133.6, 133.5,
128.7,127.9,119.1, 118.0, 113.0, 112.7, 110.2, 105.8, 61.3, 61.3, 56.4, 56.4, 29.7 ppm;
UV-vis (CHCI3): Amax (log €) = 424 (5.27), 515 (3.97), 555 (3.94), 597 (3.76), 659 nm
(3.60); IR (ATR): v = 2981, 1577, 1498, 1458, 1406, 1333, 1231, 1124, 1058, 1001, 964,
923, 851, 793, 714, 687 cm?; HRMS (MALDI) m/z calcd. for CzsHzsN4Og [MTH]*:
657.2713, found 657.2740.
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N?-Hydro-N23,N?*-dimethyl-5,15-bis(3,4,5-trimethoxyphenyl)porphyrin
trifluoromethanesulfonate salt [113d]*[CF3:SOs3]:

Free base H»113 (100 mg, 0.156 mmol) was dissolved in 50 mL of CH2Cl,. Then K>CO3
(1.4 g excess) was added and the mixture stirred for 5 min, followed by addition of
CF3SOsMe (0.171 mL, 1.56 mmol, 10 eq.). After the solution was heated to reflux for 16
h, the mixture was cooled to room temperature and K,COz was removed by filtration.
The solvent was evaporated under reduced pressure and the product was purified by
column chromatography (SiO2; CH.Cl,:EtOAc = 10:0-9:1, v.v) yielding, after evaporation
of the solvent, the title compound as a green solid (88.1 mg, 0.131 mmol, 86%). M.p.
>300 °C; Rs = 0.51 (SiO2, CH2Cl,:MeOH = 9:1, viv); *H NMR (600 MHz, CDCls, 25 °C):
0 = -5.32 (s, 6H, N-CHs3), 4.02 (s, 6H, 0-OCHs), 4.19 (s, 3H, p-OCHa), 4.22 (s, 3H, p-
OCHsa), 4.25 (s, 6H, 0-OCHsa), 7.40 (s, 2H, Hmeso), 7.92 (S, 2H, Hawy), 8.41 (d, J = 4.7 Hz,
2H, Hg.), 8.82 (d, J = 4.8 Hz, 2H, Hp.), 9.14 (d, J = 4.7 Hz, 2H, Hg.), 8.55 (d, J = 4.8 Hz,
2H, Hg.), 10.68 ppm (s, 2H, Hary); **C NMR (100 MHz, CDCls, 25 °C): § = 154.0, 153.7,
152.5, 152.4, 152.1, 147.3, 141.4, 138.8, 136.2, 135.3, 134.1, 133.3, 122.4, 122.3,
121.8, 121.5, 116.7, 113.2, 109.1, 109.6, 61.6, 61.5, 57.2, 56.7, 28.7 ppm; UV-vis
(CHCl3): Amax (log €) = 447 (5.35), 604 (4.43), 646 nm (4.35); IR (ATR): ¥ = 2981, 1577,
1491, 1411, 1328, 1326, 1155, 1121, 1028, 995, 927, 838, 799, 720, 692, 635, 568 cm"
1 HRMS (MALDI) m/z calcd. for C4oH39N4Os [M]*: 671.2870, found 671.2897.
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N?1-Hydro-N23,N?4-dimethyl-5,15-bis(3,4-dimethoxyphenyl)porphyrin
trifluoromethanesulfonate salt [114d]" [CF3;SOs3]:

Porphyrin H2114 (50 mg, 0.0858 mmol) was dissolved in 50 mL of CH.Cl,.. Then K,CO3
(1.4 g excess) was added and the mixture was stirred for 5 min, followed by addition of
CF3SO:z;Me (0.094 mL, 0.858 mmol, 10 eq.). After the solution was heated to reflux for
16 h, the mixture was cooled to room temperature and K.CO3; was removed by filtration.
The solvent was evaporated under reduced pressure and the product was purified by
column chromatography (SiO2; CH.Cl.:EtOAc = 10:0-9:1, v:v) yielding, after evaporation
of the solvent, the title compound as a green solid (49 mg, 0.0802 mmol, 93%). M.p.
>350 °C; Rs = 0.68 (SiO2, CH,Cl,:MeOH = 9:1, v:v); *H NMR (600 MHz, CDCls, 25 °C):
60 =-5.24 (d, J = 13.6 Hz, 6H, N-CHa), -2.23 (s, 1H, N-H), 4.05 (s, 3H, O-CHs), 4.20 (s,
3H, O-CHs), 4.25 (s, 3H, O-CHjs), 4.30 (s, 3H, O-CHj3), 7.35 (d, J = 7.7 Hz, 1H, Hay), 7.58
(d, J=8.1 Hz, 1H, Hay), 7.71 (s, 2H, Hg.), 8.18 (d, J = 7.7 Hz, 1H, Hay), 8.30 (s, 2H, Hg.
), 8.36 (S, 1H, Hmeso), 8.80 (d, J = 8.7 Hz, 2H,Hg.), 9.08 (s, 2H, Hg.), 9.50 (d, J = 3.2 Hz,
2H, Hayl), 9.53 (d, J = 3.2 Hz, 2H, Hay) 10.61 (s, 1H, Hmeso), 10.66 ppm (d, J = 6.1 Hz,
1H, Hay); **C NMR (150 MHz, CDCls) 6 = 152.5, 150.2, 150.0, 148.4, 147.5, 146.8,
136.2, 133.4, 133.2, 131.3, 122.4, 122.3, 121.3, 118.6, 112.1, 110.7, 109.3, 57.0, 56.7,
56.5, 29.8 ppm; UV-vis (CHCIs): Amax (log €) = 452 (5.97), 615 (4.18), 650 nm (4.18); IR
(ATR): Vv = 3484, 2981, 1596, 1514, 1491, 1463, 1412, 1328, 1253, 1232, 1169, 1139,
1030, 968, 922, 849, 802, 763, 716, 690, 635, 575 cm™*; HRMS (MALDI) m/z calcd. for
CasH3sN4O4 [M]*: 611.2658, found 611.2653.
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N?-Methyl-5,15-bis(p-tolyl)porphyrin 114m and N2-hydro-N23,N?*-dimethyl-5,15-
bis(p-toly)porphyrin trifluoromethanesulfonate salt [115d]* [CF3;SO3]:

Porphyrin H2115 (50 mg, 0.102 mmol) was dissolved in 50 mL of CH,Cl, (5%, v:v, acetic
acid). The mixture was stirred for 5 min then CF3SOsMe (0.012 mL, 0.102 mmol, 1 eq.)
was added. The reaction was monitored by TLC after 16 h showing initial formation of
the product. Another equivalent of CF;SO,OMe was added and the reaction was stirred

for an additional 16 h. This step was repeated (for a total of 3 eq. methylating agent).
TLC control after 48 h showed the formation of a second compound. The reaction was
stopped, cooled and washed with 1M ammonia solution. Unreacted starting material was
removed on a column with a solution of CH>CL/EtOAc (7:3) and the mixture, containing
the two formed products, was extracted from the column with EtOAc. The solvent was
evaporated under reduced pressure and products were purified by column
chromatography (SiO2; CH.Cl:EtOAc = 10:0-9:1, v:v) yielding a first fraction, which,
after evaporation of the solvent, gave compound 115m as a purple powder (4.6 mg,
0.0091 mmol, 9%). M.p. >300 °C; Rs = 0.96 (SiO2, CH.Cl.:MeOH = 9:1, v:v); *H NMR
(600 MHz, CDCl3, 25 °C): & = -4.30 (d, J = 54.5 Hz, 3H, N-CHs), 2.74 (s, 3H, CHaz.am),
7.58 (d, J = 7.2 Hz, 1H, Hay), 7.62 (d, J = 7.3 Hz, 1H, Hay), 7.65 (d, J = 6.3 Hz, 1H, Hary),
7.73(d, J = 6.0 Hz, 1H, Hay), 8.06 (d, J = 6.0 Hz, 2H, Hany), 8.21 (d, J = 7.0 Hz, 1H, Hary),
8.48 (d, J = 5.9 Hz, 1H, Hay), 8.62 (d, J = 4.2 Hz, 1H, Hg), 9.03 (d, J = 4.3 Hz, 1H, Hp),
9.12 (d, J = 4.2 Hz, 1H, Hg), 9.15 (d, J = 4.4 Hz, 1H, Hp), 9.15 (d, J = 4.4 Hz, 1H, Hg),
9.16 (d, J = 4.4 Hz, 1H, Hg), 9.16 (d, J = 4.4 Hz, 1H, Hp), 9.34 (d, J = 4.3 Hz, 1H, Hg),
9.36 (d, J = 4.4 Hz, 1H, Hg), 9.39 (d, J = 4.4 Hz, 1H, Hg), 10.36 (S, 1H, Hmeso), 10.43 (s,
1H, Hmeso); *C NMR (150 MHz, CDCls): 6 = 157.5, 155.5, 153.3, 152.5, 151.7, 151.4,
150.9, 150.6, 139.1, 139.0, 138.6, 137.7, 137.6, 136.3, 135.7, 135.5, 134.6, 134.4,
133.9, 133.6, 133.5, 132.9, 128.8, 128.3, 127.7, 127.5, 126.3, 125.0, 124.1, 123.4,
110.8,110.8,108.1, 108.1, 32.9, 32.9, 21.7, 21.7 ppm; UV-vis (CHCls): Amax (l0g €) = 428
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(5.17),442 (5.11), 549 (3.84), 594 (3.91), 641 (3.48); HRMS (MALDI) m/z calcd. for
CssH2sN4 [M*H]*: 505.2392, found 505.2415. A second fraction yielded a green solid of
the title salt (2.4 mg, 0.0046 mmol, 5%). M.p. >350 °C; R¢ = 0.72 (SiO2, CH2Cl>:MeOH =
9:1, viv); *H NMR (600 MHz, CDCls, 25 °C): & = -5.42 (s, 6H, N-CHg), -2.44 (s, 1H, N-
H), 2.74 (s, 3H, CHzary ), 2.79 (s, 3H, CHz.aryi ), 7.67 (d, J = 7.5 Hz, 2H, Hay), 7.89 (d, J
= 7.5 Hz, 2H, Hawy), 8.07 (d, J = 7.7 Hz, 2H, Hawy), 8.35 (d, J = 4.5 Hz, 2H, Hg.), 8.55 (d,
J=7.8 Hz, 2H, Hay), 8.88 (d, J = 4.6 Hz, 2H, Hg.), 9.09 (d, J = 4.6 Hz, 2H, Hg.), 9.58 (d,
J = 4.6 Hz, 2H, Hg.), 10.78 ppm (S, 2H, Hmeso); **C NMR (150 MHz, CDCls): 6 = 153.4,
152.5, 152.0, 147.2, 142.0, 139.0, 138.9, 136.7, 136.3, 135.8, 135.1, 133.5, 130.6,
128.8, 123.2,122.0, 121.8, 109.7, 38.3, 21.8, 21.8, 21.6 ppm; UV-vis (CHCIs): Amax (log
€) =437 (5.32), 538 (3.85), 579 (4.10), 681 nm (3.76); IR (ATR): ¥ = 3656, 2981, 2918,
1605, 1493, 1457, 1381, 1299, 1240, 1222, 1183, 1149, 1078, 1028, 963, 809, 721, 705,
633, 571 cm*; HRMS (MALDI) m/z calcd. for CssH31N4 [M]*: 519.2549, found 519.2557.
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6.3 Catalytic screening

All reactions were carried out in screw-cap 1 mL vials under a protective argon
atmosphere. All solvents used were degassed and dried over Al;Os. Screening in diluted
conditions was set up in 5 mL round-bottomed flasks. The nucleophile (1.1 eq.), catalyst
(3 mol %) and Michael acceptor (1 eq.) were dissolved in the appropriate solvent and
the mixture was stirred in the dark at rt for 24 h. For each reaction a blank sample without
catalyst was set up, too. At the end of each reaction, the internal standard (CH2Br», 0.5
eq.) was added to the reaction mixture and a *H NMR spectrum was recorded. The
conversion was determined via quantitative *H NMR using an internal standard by
comparison of the product integrals with the integrals of the internal standard.

Kinetic measurements: Porphyrin 21 and compound 165 were mixed in the
corresponding ratio and dissolved in CD.Cl,. The NMR spectra were recorded at a
frequency of 600.13 MHz.

S /O
~"g’

S

4-(tert-butyl)benzyl)(2-(phenylsulfonyl)ethyl)sulfane 165:

Vinyl phenyl sulfone 160 (370 mg, 1.61 mmol) and 4-tert-butylbenzyl mercaptan 164
(300 pL, 1.61 mmol) were dissolved in dry and degassed CH,Cl,. DBU (24.5 L, 0.161
mmol, 10 mol %) was then added and the reaction was stirred at rt for 24 h. The solvent
was evaporated and the product was purified with a 2M sodium hydroxide solution
followed by recrystallization from hot hexane, yielding a white solid of compound 165
(200 mg, 0.539 mmol, 34%). M.p. = 63.9-66.5°C; Rt = 0.4 (SiO,, CH.Cl,:EtOAc = 8:2,
v/iv); *H NMR (400 MHz, CDCls, 25 °C): 6 = 1.33 (s, 9H, tert-butyl), 2.73 (m, 2H, S-
CH.CHy), 3.23-3.13 (m, 2H, S-CH.CHy), 3.66 (s, 2H, Ar-CH»>-S), 7.12 (d, J = 8.3 Hz, 2H,
CHaw), 7.29-7.26 (m, 2H, CHary), 7.59 (t, J = 7.7 Hz, 2H, CHay), 7.70 (t, J = 7.5 Hz, 1H,
CHary), 7.87 ppm (dd, J = 8.4Hz, 2H, CHay); *C NMR (100 MHz, CDCls, 25 °C): & =
150.4, 138.8, 134.8, 134.3, 133.9, 129.4, 128.5, 128.2, 125.7, 55.9, 36.1, 34.5, 31.3,
23.8 ppm; IR: vmax (neat): 2958, 1447, 1316, 1304, 1286, 1206, 1148, 1120, 1083, 848,
834, 793, 751, 741, 720, 686, 657, 552 cm™; HRMS (ESI) m/z calcd. for C19H250-S;
[M+H]*: 349.1290, found 349.1286.
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6.4 X-ray Crystallography

Crystal Structure Determinations: Crystals were grown following the protocol
developed by Hope, by dissolving the compounds in CH,Cl., layering with methanol or
hexane and allowing for slow diffusion over time. In some cases, this was aided by slow
evaporation once the layers had mixed completely.l?*% Diffraction data for all compounds
were collected on a Bruker APEX 2 DUO CCD diffractometer by using graphite-
monochromated MoK, radiation (A = 0.71073 A) and Incoatec IuS CuKq radiation (A =
1.54178 A). Crystals were mounted on a MiTeGen MicroMount and collected at 100(2)
K by using an Oxford Cryosystems Cobra low-temperature device. Data were collected
by using omega and phi scans and were corrected for Lorentz and polarization effects
by using the APEX software suite.?*”] The structures were solved with Direct Methods
and refined against |F2| with XL using least squares minimization.248l Non-hydrogen
atoms were refined with anisotopical thermal parameters. Hydrogen atoms were
generally placed into geometrically calculated positions and refined using a riding model.
The N-H hydrogen atoms were located using different maps and refined using the
standard riding model. All images were prepared by using Mercury CSD 2.01%% or

Olex2.[248a
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Crystal data for 2,3,7,8,12,13,17,18-octapropyl-5,10,15,20-tetraphenylporphyrin
69: C10H1sNO, M = 125.23 g/mol, triclinic, space group P1, a=7.2447(8) A, b = 7.3296(7)
A, c=10.1604(10) A, a = 83.556(3) °, B = 77.452(4) °, y = 69.537(4) °, V = 493.02(9) A3,
Z =2, T =200(2) K, y(MoKa) = 0.072 mm?, Dcalc = 1.113 g/cm?, 5679 reflections
measured (2.969° < 20 < 27.624°), 2294 unique (Rint = 0.0314, Rsigma = 0.0405) which
were used in all calculations. The final R; was 0.0448 (I > 2o(1)) and wR; was 0.1106 (all
data). Donor hydrogen H1 located on the difference map and refined with restraints
(DFIX).
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Crystal data for 2,3,7,8,12,13,17,18-octapropyl-5,10,15,20-tetraphenylporphyrin
55-CH3CO2H: C7gH100N4O11, M = 1281.62 g/mol, triclinic, space group P1, a = 13.1824(6)
A, b=13.6365A, ¢=21.9808(10) A, a=77.8193(19)°, B =78.461(2)°, y = 71.6571(18)°,
V = 3627.9(3) A3, Z = 2, T = 100(2) K, y(MoKa) = 0.078 mm™, Dcalc = 1.173 g/cm?,
60629 reflections measured (2.338° < 20 < 26.498°), 14991 unique (Rint = 0.1070, Rsigma
= 0.0993) which were used in all calculations. The final Ry was 0.0733 (I > 20(l)) and
WR2 was 0.1661 (all data). Three ethyl groups are disordered and are modelled in two
positions (C71C72C73; C82C83) with 56:44; 69:31 occupancies. One ethyl was
modelled in three positions (C172C173) with 49:30:21% occupancies. Restraints used
in modelling this disorder: DFIX, SADI, SIMU and SUMP for the three part disorder. One
acetic acid molecule was modelled in two positions with 72:28% occupancy using
restraints (DFIX, SIMU). Hydrogen atoms on acid moieties were located on the
difference map and refined using restraints (DFIX). One acetic acid is disordered over
the inversion and was modelled at 50% occupancy using a rigid group with restraints
(SIMU).
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Crystal data for N2-monomethyl-5,10,15,20-tetraphenylporphyrin  26m:
CasH32N4, M = 628.74 g/mol, triclinic, space group P1, a = 13.7893(7) A, b = 14.9069(8)
A, ¢ = 19.3164(10)A, a = 108.234(2)°, B = 108.234(2)°, y = 101.614(3)°, V =
3620.5(3) A3, Z = 4, T = 100(2) K, u(MoKa) = 0.526 mm™, Dcalc = 1.154 g/cm?,
36917 reflections measured (7.464° < 20 < 136.972°), 12845 unique (Rinx = 0.0676,
Rsigma = 0.0760) which were used in all calculations. The final R1 was 0.0779 (I > 20(l))
and wR» was 0.2187 (all data). Solvent molecules (H-O) in the structure was squeezed
using platon squeeze as no reliable solution could be modelled. Large K value in the
Analysis of Variance is associated to the very weak reflections in the high angle data.
Low bond precision on c-c bonds is associated to the very weak reflections in the high
angle data. Missing reflection are associated with only 97.3% of collected data.
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Crystal data for N?*,N?-dimethyl-5,10,15,20-tetraphenylporphyrin 26d: Cg,HssNs, M
=1285.54 g/mol, monoclinic, space group P 1 n 1, a = 14.7319(11) A, b = 12.3812(9) A,
c =24.5671(18) A, a = 90°, B = 107.071(2) °, y = 90°, V = 4283.6(5) A3, Z = 4, T = 100.0
K, y(MoKa) = 0.059 mm?, Dcalc = 0.997 g/cm?, 87949 reflections measured (1.451° <
20 < 25.380°), 15670 unique (Rint = 0.0412, Rsigma = 0.0327) which were used in all
calculations. The final Ry was 0.0717 (I > 20(l)) and wR> was 0.1960 (all data). The
structure was refined as a 2-component inversion twin. Phenyl rings (C151_1>C156_1,
C101_ 2 > C106_2, C101_1>C106 1, C51_1>C56 1, C151 2> C156 2,
C51_2>C56_2) were fixed using the restraint (SIMU). The alpha and beta carbons (C18
C17 C16) were fixed using the restraint (SIMU). Solvent molecules (H20) in the structure
was squeezed using platon squeeze as no reliable solution could be modelled. Large K
value in the Analysis of Variance is associated to the very weak reflections in the high
angle data.
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Crystal data for N?-monomethyl-5,10,15,20-tetrakis(4-methoxyphenyl)porphyrin
112m: Ca9HaoN2O4, M = 748.85 g/mol, monoclinic, space group P 1 21/c 1, a= 13.818(7)
A, b=15.957(9) A, ¢ =20.117(11) A, a =90°, B = 92.552(14)°, y = 90°, V = 4431(4) A3,
Z=4,T=100(2) K, y(MoKa) = 0.072 mm?, Dcalc = 1.122 g/cm?3, 119390 reflections
measured (1.951° < 20 < 26.453°), 9059 unique (Rin = 0.0400, Rsigma = 0.0168) which
were used in all calculations. The final Ry was 0.0615 (I > 2o(1)) and wR; was 0.1384 (all
data). The pyrrole units at N21 and N23 were modelled over two positions in an 80:20
% occupancy using restraints (SADI, DFIX, and SIMU). The methoxy group O1-C57
was modelled over two positions in an 80:20 % occupancy using restraints (SADI and
SIMU). Solvent molecules (H20O, CDCIs) in the structure were squeezed using platon
squeeze as no reliable solution could be modelled. Large K value in the analysis of

variance is associated to the very weak reflections in the high angle data.
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Crystal data for N2t N22 N?3-trimethyl-5,10,15,20-tetrakis(4-
methoxyphenyl)porphyrin [112t]*[CF3SOg3]: Cs:HasF3sN4O7S, M = 927.99 g/mol,
monoclinic, space group P 1 21/c 1, a=16.1055(6) A, b = 8.0297(3) A, ¢ = 34.4166(14)
A, a=34.4166(14) °, B = 90°, y = 102.3050(10)°, V = 4348.6(3) A3, Z = 4, T = 100(2) K,
u(MoKa) = 0.149 mm?, Dcalc = 1.417 g/cm?3, 66623 reflections measured (2.608° < 20
< 25.498°), 8092 unique (Rt = 0.1140, Rsigma = 0.0496) which were used in all
calculations. The final R; was 0.0521 (I > 20(l)) and wR,; was 0.1289 (all data). The
structure was solved containing one wunit in the asymmetric cell one
trifluoromethanesulfonate solvate. The structure was modelled over two positions at C26
(C26A) in an 80:20% occupancy. No restraints or constraints were necessary. The
trifluoromethanesulfonate solvate was modelled over two positions in an 80:20%
occupancy using similarity restraint (SIMU) and similar distances restraint. The C and N
bound H atoms were placed in their expected calculated positions and refined as riding
model: N—H = 0.88 A, C—H = 0.95-0.98 A, with Uiso(H) = 1.5Ueq(C) for methyl H atoms
and 1.2Ueq (C, N) for all other atoms other H atoms.
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Crystal data for N2 N2?*-dimethyl-5,15-di(3,4,5-trimethoxyphenyl)porphyrin [115d]*
[CF3SO03): CaiHszgF3N4OeS, M = 820.82 g/mol, monoclinic, space group P 1 21/c 1, a =
7.6298(3) A, b =29.1766(9) A, c = 19.2119(6) A, a = 90°, B = 95.085(2)°, y = 90°, V =
4260.0(3) A3, Z = 4, T = 100(2) K, p(MoKa) = 1.277 mm™®, Dcalc = 1.280 g/cm?, 50790
reflections measured (2.761° < 20 < 66.741°), 7526 unique (Rin = 0.0628, Rsigma =
0.0357) which were used in all calculations. The final R; was 0.0490 (I > 20(l)) and wR>
was 0.1351 (all data). The structure was solved containing one unit in the asymmetric
cell one trifluoromethanesulfonate solvate. The trifluoromethanesulfonate solvate was
modeled over two positions (75:25% occupancy) using restraints (SIMU and ISOR).
Solvent molecules (DCM) in the structure was squeezed using platon squeeze as no
reliable solution could be modeled. The C and N bound H atoms were placed in their
expected calculated positions and refined as riding model: N-H = 0.88 A, C—H = 0.95-
0.98 A, with Uiso(H) = 1.5Ueq(C) for methyl H atoms and 1.2Ueq (C, N) for all other atoms
other H atoms. Large K value in the analysis of variance is associated with the very weak
reflections in the high angle data. Missing reflection is associated with only 99.9% of
collected data.
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e

Crystal Data for 4-(tert-butyl)benzyl)(2-(phenylsulfonyl)ethyl)sulfane 164:
C19H240,S,, M =348.50 g/mol, triclinic, space group P-1 (no. 2), a = 9.1874(2) A, b =
10.2925(2) A, ¢ = 19.9859(4) A, a = 79.1780(10)°, B = 86.4240(10)°, y = 76.4260(10)°,
V = 1804.10(6) A%, Z = 4, T = 100.01 K, y(MoKa) = 0.302 mm™, Dcalc = 1.283 g/cm?,
235120 reflections measured (4.138° < 20 < 71.696°), 16812 unique (Rinx = 0.0253,
Rsigma = 0.0100) which were used in all calculations. The final R1 was 0.0311 (I > 20(l))
and wR, was 0.0892 (all data). The structure was solved with two molecules in the
asymmetric unit. The second of these molecules contained a disordered tert-butyl group
C1 (a-c) to C3 (a-c). This disordered moiety was modelled over three positions in a
40:40:20% occupancy using the restraint (ISOR).

6.5 NSD Analysis

NSD calculations were performed by Dr. K. J. Flanagan.

The theoretical background and development of this method have been described by
Shelnutt et al.[t?7040d67a NSD js a conceptually simple method that employs the
decomposition of the conformation of the macrocycle by a basis set composed of its
various normal modes of vibration, affording clear separation of the contributing
distortions to the macrocycle conformation in a quantitative fashion. For calculations, the

NSD engine program established by Shelnutt was used. %"
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