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Summary

The aim of this work was to extend the number of existing pathways for the synthesis of
porphyrins. The focus was directed towards the development and investigation of new
transition metal catalysed reactions in porphyrin chemistry. These methods could then

be used for the synthesis of distinct porphyrin systems for various applications.

A new pathway was discovered and investigated for the synthesis of
acroleinylporphyrins. These compounds serve as precursors for the synthesis of
benzochlorins which are highly promising candidates for photodynamic therapy. The
new synthetic method included the conversion of allylporphyrins into nickel(Il)
acroleinylporphyrins in good yields via a nickel(II) mediated reaction. It demonstrates
the first example of a nickel catalysed reaction in porphyrin chemistry. This
methodology could be applied to aryl- and alkyl-substituted porphyrins with different
substitution patterns. However, it was found to be limited to the meso-position of either
free-base or nickel(Il) metallated porphyrins. Nevertheless, the developed method
offered a good alternative to the existing pathways for the synthesis of

acroleinylporphyrins.

The Pauson-Khand reaction was studied for the first time as an alternative pathway for
cyclisation reactions of porphyrin substituents at the meso-position. The porphyrin
could serve as alkene as well as alkyne partner for the intermolecular Pauson-Khand
reaction. However, steric considerations required the reaction centre to be at a certain
distance from the macrocycle.

It was found that allylporphyrins were suitable compounds to serve as the alkene
reaction partner. Reactions of allylporphyrins with phenylacetylene resulted in a good
combined yield of the two regioisomers expected. However, this reaction was limited
by the choice of the non-porphyrin alkyne partner and could only be carried out
successfully with phenylacetylene.

Porphyrins could also serve as the alkyne reaction partner by using 4-ethynylphenyl as
substituent. The reaction of 4-ethynylphenylporphyrin with norbornene and
norbornadiene gave the corresponding Pauson-Khand products in good yields. Again,
the reaction was limited by the choice of the non-porphyrin alkene partner which is a

common problem of the intermolecular Pauson-Khand reaction.
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Additionally, porphyrins could serve as the alkene and alkyne reaction partner in a
sequential double Pauson-Khand reaction to form regioisomeric porphyrin dimers in a
nearly quantitative combined yield. This demonstrated the potential of this method for

the preparation of technically and medicinally relevant complex heterocycles.

To broaden the methods for the use of porphin as starting material for the synthesis of
porphyrins, a study of various transition metal catalysed C-H bond activation reactions
of porphin was undertaken. It turned out to be quite difficult to find appropriate reaction
conditions for porphin as it decomposed under acidic conditions but did not react under
basic conditions. The iridium(II) catalysed B-borylation of porphin led to trace amounts
of the desired product as an inseparable mixture with starting material. This project
turned out to be quite tedious considering the varying yield in porphin synthesis as well

as the difficulties with the reactivity of porphin.

A rhodium(1) catalysed alkylation reaction was investigated as a new pathway towards
alkylporphyrins. This included the in situ formation of a zinc(I) ring-metallated
porphyrin intermediate. Different methods were used for the synthesis of this
intermediate. However, none of these attempts were successful and either starting
material was recovered or dehalogenation of the starting material occurred. It was not
possible to determine whether the conditions for the formation of the intermediate or the
subsequent rhodium(1) catalysed alkylation reaction needed further alteration to give

the desired alkyl-substituted porphyrins.

Finally, a different method was investigated to synthesise alkylporphyrins, namely the
Suzuki cross-coupling reaction of various potassium organotrifluoroborates with
directly brominated porphyrins. The method showed general applicability for the meso-
and B-position of the macrocycle as well as for aryl- and alkyl-substituted porphyrins
with different substitution patterns. The Suzuki coupling products were obtained in
moderate to good yields, depending on the nature of the potassium
organotrifluoroborate reagents. It was demonstrated that the use of potassium
organotrifluoroborates offered a good alternative to their respective boronic acids or
esters and a series of novel porphyrins could be synthesised in a straight-forward

manner that would otherwise include numerous steps.



Publications

Sabine Horn, Bob Cundell and Mathias O. Senge, “Exploration of the reaction of
potassium organotrifluoroborates with porphyrins™ Tetrahedron Lett. 2009, 50, 2562~
25685.

Sabine Horn, Katja Dahms and Mathias O. Senge, “Synthetic transformations of
porphyrins — Advances 2004-2007" J. Porphyrins Phthalocyanines 2008, 12, 1053—
1077.

Cover Picture: Sabine Horn and Mathias O. Senge, “The Intermolecular Pauson-

Khand Reaction of meso-Substituted Porphyrins® Eur. J. Org Chem. 2008, 29, 4835.

Sabine Horn and Mathias O. Senge, “The Intermolecular Pauson-Khand Reaction of

meso-Substituted Porphyrins® Eur. J. Org Chem. 2008, 29, 4881-4890.

Sabine Horn, Natalia N. Sergeeva and Mathias O. Senge, “Conversion of Ni(Il)-
Allylporphyrins to «,f-unsaturated Formylporphyrins via a Nickel Promoted Reaction”
J. Org. Chem. 2007, 72, 5414-5417.

Conference Abstracts

Sabine Horn and Mathias O. Senge, “Exploration of the reaction of potassium
organotrifluoroborates with porphyrins” CSCB Symposium, Dublin, Ireland, 12" Dec
2008.

Sabine Horn and Mathias O. Senge “The Pauson-Khand Reaction of Porphyrins”
Tetrapyrrole Discussion Group Meeting, Dublin, Ireland, 12" — 14™ Sep 2008.

Sabine Horn and Mathias O. Senge “The Pauson-Khand Reaction of Porphyrins™ X g
International Conference on Organometallic Chemistry, Rennes, France, 13" — 18" Jul

2008.



VI

Sabine Horn and Mathias O. Senge “First Pauson-Khand Reaction on Porphyrins”
CSCB Symposium, Dublin, Ireland, 14" Dec 2007.

Katja Dahms, Eimear M. Finnigan, Sabine Horn, Natalia N. Sergeeva and Mathias O.
Senge “Organometallic Reactions in Tetrapyrrole Chemistry” CSCB Symposium,
Dublin, Ireland, 15" Dec 2006.

Sabine Horn, Natalia N. Sergeeva and Mathias O. Senge “Suzuki cross-coupling
reactions in tetrapyrrole chemistry”, Fourth International Conference on Porphyrins and

Phthalocyanines, Rome, Italy, 2™ — 7 Jul 2006.



Fiir mich



=

i
=1
="

—y

R

S
BELE O



VIII

Acknowledgements

First, I would like to thank my supervisor Prof. Mathias O. Senge for his support,
patience and numerous advice during my time as a Ph.D. student. I am also grateful to
past and present members of the Senge research group for making everyday life so
much easier. Many thanks to Science Foundation Ireland for the financial support of

this great opportunity.

I would like to acknowledge all the help from the technical and administrative staff of
the School of Chemistry, Trinity College. Special thanks goes to Dr. John O’Brien and
Dr. Manuel Riither for the countless NMR measurements, Dr. Martin Feeney and Dr.
Dilip Rai for carrying out mass spectrometry at Trinity College and the Centre for
Synthesis and Chemical Biology (UCD) and Dr. Tom McCabe for recording X-ray
crystallography. Also, I am grateful to Frontier Scientific Inc., especially Dr. Robert J.

Cundell, for the supply of various chemicals.

I am thankful for the friendships that evolved during my Ph.D. inside and outside the
Senge research group. In that context I would like to thank Eimear for her loyalty and
forgiveness of a rocky start. Thanks to Frances who actually read all of this and became
a friend in a short time. I also wish to thank Lorraine, Maxie and Alex for an
unforgettable time in Rennes and so much more. Danke an Serena fiir all die
aufbauenden Kaffeepausen. Very special thanks an Katja, a Fels in der Brandung, who I
could and can always rely on als Kollegin und besonders Freundin no matter if [ needed
a shoulder to cry on oder eine Verbiindete zum Feiern und Genglish Sprechen. Thanks
to all my friends who stayed friends despite my movements back and forth between
Germany and Ireland: Anne, the best housemate in the world, who always made me feel
at home; Melanie, fiirs Hiandchenhalten bei Diplompriifungen und die immer noch
bestehende Freundschaft; Susanna und Rike, die ich zu meinen Freunden zihlen kann,
obwohl sie mich schon von Schulzeiten kennen und noch immer ein offenes Ohr fiir

mich haben.

Ganz besonderer Dank gilt meinen Eltern und Geschwistern, die mich immer
unterstiitzen und trotz vielleicht nicht nachvollziehbarer Entscheidungen immer hinter

mir stehen.



- [
EEED RIS e

o
\I‘“':\'rh L=

guil Az F l-‘ i -,'_',‘,l g

}
o -,j = v eageoid Rust ot B U
et e Ll i B > ur ! :~,‘LA_<| !Nutl:_"'_-':p:. _‘.-2 g l___l. e

S L et IR TIPS o dosal ] s el R f‘f“ﬁ! r_,..,;l -:: g

Ty s ,‘ "L.'f-- 0 '-"..? ‘. s !'1»,..1% MN w
;!Itznul N r:-.. Ty " -H '=.|1,. . '! 'L SR T *d Jil"'I 'ﬁlhﬁ- .j.hi'.“&ﬂ

'?li-" S K e
n..
4" -',lﬂ-'_lhg i f' f ._,rf...l u .rr ')"f"'." S WMH

h ”n
T 'l-|| J-.i'n s ' N ey ,‘ 'Iu ,l.,,1=- ) N

-‘!?”:.. “"'ii.an\‘-: | L-"t G5 e i e

'l-- = I

i
e

: :
. : "

'\f# '_T—L.ll‘l By 'ﬂ.ﬂp .f|.' (R T‘_‘:l.-l -.-ﬁ'l'hz.v

b "J--'“r,
e _n
b e f.r-;"""!;'-r'-i'F'a;rn.lél'.,}n.--"ﬂ\fiﬂj «.H.

S S

ll'l'




Table of Contents

Declaration
Summary
Publications
Acknowledgements

Abbreviations

Chapter 1: Introduction
1.1 Definition and Nomenclature
1.2 Synthetic Considerations
1.3 Transition Metal Mediated Reactions
1.3.1 Transformation Reactions
1.3.2 Palladium Catalysed Reactions
1.3.3 Other Transition Metal Catalysed Reactions
1.4 Objectives

Chapter 2: Acroleinylporphyrins via Nickel(II) Mediated Reaction
2.1 Background
2.2 Synthesis of Allylporphyrins
2.3 Acroleinylporphyrins via Nickel(II) Mediated Reaction
2.4 Spectroscopic Studies
2.4.1 "H Nuclear Magnetic Resonance (NMR) Spectroscopy
2.4.3 Ultraviolet-visible (UV-vis) Spectroscopy

2.5 Conclusions

Chapter 3: The Pauson-Khand Reaction of Porphyrins
3.1 Background
3.2 The Pauson-Khand Reaction of Alkenylporphyrins
3.3 The Pauson-Khand Reaction of Alkynylporphyrins
3.4 Spectroscopic Studies
3.4.1 '"H NMR Spectroscopy
3.4.2 UV-vis Spectroscopy

3.5 Conclusions

IX

II
I1

VIII

44
48
51
56
56
61



X

Chapter 4: C-H Bond Activation Reactions of Porphin

4.1 Background 64
4.2 C-H Bond Activation Reactions of Porphin 66
4.3 Conclusions 70

Chapter 5: Rhodium(1) Catalysed Alkylation of Porphyrin

5.1 Background 12
5.2 Rhodium(1) Catalysed Alkylation of Porphyrin 73
5.3 Conclusions 5

Chapter 6: Suzuki Reaction of Potassium Organotrifluoroborates with Porphyrins

6.1 Background 79
6.2 Suzuki Reaction of Potassium Organotrifluoroborates with Porphyrins 80
6.3 Spectroscopic Studies 85
6.3.1 '"H NMR Spectroscopy 85
6.3.2 UV-vis Spectroscopy 87
6.4 Conclusions 89

Chapter 7: Experimental

7.1 Instrumentation and General Considerations 91
7.2 Allylporphyrins 92
7.2.1 Synthesis of Starting Materials 92
7.2.2 Synthesis of Allylporphyrins 93
7.3 Acroleinylporphyrins 103
7.4 Pauson-Khand Products of Alkenylporphyrins 110
7.4.1 Synthesis of Starting Materials 110
7.4.2 Pauson-Khand Products I 116
7.5 Pauson-Khand Products of Alkynylporphyrins 122
7.5.1 Synthesis of Starting Materials 122
7.5.2 Pauson-Khand Products II 131
7.6 Suzuki Reaction Using Potassium Organotrifluoroborates 136
7.6.1 Synthesis of Starting Materials 136
7.6.2 Suzuki Products 137

References 149



Abbreviations

acac
Ar
br
Bu
caled

cod

COSY

dba
DCM
dd
DDQ
DMF
dppf
dtbbpy
equiv
ES

FT
GLC
hex
HRMS
[UPAC
IR

LD
LUMO

m/z

MALDI

MeOH
mp

MS

acetylacetonate

aryl

broad

butyl

calculated

cyclooctadiene

correlation spectroscopy

doublet

dibenzylideneacetone
dichloromethane

doubledoublet
2,3-dichloro-5,6-dicyanobenzoquinone
N.N-dimethylformamide
1,1°-bis(diphenylphosphino)ferrocene
4.4’ -di-tert-butyl-2.2’-bispyridyl
equivalents

electrospray

Fourier trasformations

gas-liquid chromatography

hexyl

high resolution mass spectrometry
International union of pure and applied chemistry
infrared

laser desorption

lowest unoccupied molecular orbital
multiplet

mass-to-charge ratio

matrix-assisted laser desorption/ionisation
methyl

methanol

melting point

mass spectrometry

XI



XII

MW
NBA
NBS
NLO
NMR
NOESY
OAc
OEP
OTf
PDT
Ph

ppm

R¢

sep

td

TFA
THF
TLC
T™S
TOF
TPP
TPPTS
uv
v/v

Vis

microwave

N-bromoacetamide
N-bromosuccinimide

non-linear optics

nuclear magnetic resonance

nuclear Oberhauser effect spectroscopy
acetate
2,3,7,8,12,13,17,18-octaethylporphyrin
triflate

photodynamic therapy

phenyl

parts per million

quartet

retention factor

room temperature

singlet

septet

triplet

triplet of doublets

trifluoroacetic acid

tetrahydrofuran

thin-layer chromatography
trimethylsilane

time of flight
5,10,15,20-tetraphenylporphyrin
sodium triphenylphosphine trisulphonate
ultraviolet

volume to volume

visible



Chapter 1:

Introduction



i
\

]

]
[
i




Chapter 1: Introduction 2

1.1 Definition and Nomenclature

The porphyrin skeleton 1 can be found in nature in every living creature as it plays a
central role in many metabolic processes. Its metal complexes take part in essential
biological processes such as the oxygen transport in the blood stream (haemoglobin),
the catalysis of biochemical reactions (cytochrome Psso) and the energy transfer in

plants (chlorophyll).!

The first porphyrin synthesis was published by Fischer in 1926,> confirming the
aromatic macrocyclic structure initially proposed by Kiister in 1913 As correctly
postulated, the porphyrin framework consists of four pyrrole units linked together by
four methine units to form a conjugated macrocycle. Only 18 of the 22 n-electrons take
part in the aromatic system and therefore obey the Hiickel-law for aromaticity (4n+2).*°
In free-base porphyrins two opposite B-B° carbon bonds possess more double bond
character.® There are three different types of carbon atoms in a porphyrin unit and its
positions are numbered according to the International Union of Pure and Applied

Chemistry (IUPAC) recommendation (Figure 1.1).”* The positions 2. 3, 7, 8, 12, 13, 17

o B-position and 18 are known as the B-position, 5,
2 NN 8 / 10, 15 and 20 as the meso-position and
e o meso-position 1+ 4. 6, 9, 11, 14, 16 and 19 as the a-
1;9 ”’ position.” The four inner nitrogen atoms
17905 M1 y GepRaion (21-24) can form complexes with a
1 wide variety of metal ions.'?
Porphyrin

Figure 1.1. IUPAC-nomenclature and designation of atoms.

Porphyrin 1 belongs to the class of tetrapyrroles and can be transformed into the
according hydroporphyrins 2 to 8 by reduction (Figure 1.2). Chlorin 2, bacteriochlorin 3
and isobacteriochlorin 4 still possess a conjugated system, whereas porphyrinogen S,

phlorin 6 and porphodimethenes 7 and 8 have lost their aromatic character.
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3 4

Y|
Porphyrin Bacteriochlorin Isobacteriochlorin
(Porphin)
5 6 7 8
Porphyrinogen Phlorin 5,15-Porphodimethene  5,10-Porphodimethene

Figure 1.2. Tetrapyrrole classes.

1.2 Synthetic Considerations

Porphyrins substituted at the B-position occur in nature whereas meso-substitution is
completely synthetic.'' However, meso-substituted porphyrins have found widespread
use as models for biological processes. Depending on the type of substituents in the
meso-positions, applications can be found in various areas ranging from physical
chemistry, such as non-linear optics (NLO), to medicinal chemistry, such as
photodynamic therapy (PDT). Symmetric porphyrins are synthetically more easily
accessible than unsymmetric ones. Therefore, the most widely investigated porphyrins
are 2,3,7,8,12,13,17,18-octaethylporphyrin (H»-OEP) and 5,10,15,20-
tetraphenylporphyrin (H,-TPP).'?

Apart from total synthesis, which normally involves multiple steps, symmetric
porphyrins are accessible by a condensation reaction of a pyrrole unit and an aldehyde.
The use of 3,4-disubstituted pyrrole rings as starting materials leads to the formation of

B-substituted porphyrins.'*'*

Therefore, the design of the P-substitution pattern is
limited by the synthesis of the pyrrole derivatives. This methodology can become quite
tedious, for example, as the synthesis for 3.4-diethylpyrrole already involves four

steps. ' Consequently, unsymmetrically B-substituted porphyrins are very complicated
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to synthesise and a mixed condensation of different pyrrole units with formaldehyde
always leads to a variety of by-products.” In contrast, the synthesis of symmetrical
meso-tetrasubstituted porphyrins, the so-called Ays-type (Figure 1.3), is easily
accomplished in good yields."" The availability of diverse aldehydes leads to a wide
range of various A4-porphyrins.

R'=R?2=R3=R%=H Porphin

R'=R%=R3*=R*  Astype

R'=R?=R3% R*=H As-type

R'=R%=R3%R*  AsB-type

R* RZ R'=R3% R2=R%=H 515-A-type
R'=R* R*=R* 5,15-A;B,-type

R1

R'=R2: R3=R* 5,10-A,B,-type

R'=R3£R24R? 5,15-A,BC-type

R#R%R3%R*  ABCD

Figure 1.3. Examples for meso-substitution patterns using “ABCD”-nomenclature introduced by

Lindsey."'

Asymmetrically meso-substituted analogues can be obtained according to the same
principle used for asymmetrically B-substituted porphyrins. The mixed condensation of
pyrrole with different aldehydes gives a series of products distinguished by their
substitution pattern (Figure 1.3). The yield for any particular porphyrin via this method
is very low and chromatographic purification can be very difficult. Therefore,
depending on the substitution pattern required, different synthetic routes have been
employed in order to improve the yields of the desired porphyrins. The most common
method for the synthesis of 5,15-A,B»- and 5,15-A,-porphyrins is given by a [2+2]-
condensation reaction based on MacDonald et al. (Scheme 1.1).'® This reaction involves
the acid catalysed condensation of dipyrromethane 9 with an aldehyde 10 to form the
porphyrinogen 11. Subsequent oxidation with an oxidant such as 2,3-dichloro-5.6-

dicyanobenzoquinone (DDQ) yields the corresponding porphyrin 12.
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;
R H R
M
\_NH HN , .
Rz—\ H+ R
10 JNH HN\
e .
R R' H
5 1
o)
Cl CN
DDQ:
cl CN
R o
OH
Cl CN
2 2
R R cl CN
OH
R1
12

Scheme 1.1. MacDonald-type [2+2]-condensation reaction.

Unfortunately, this method can also produce by-products caused by scrambling.'” Under
the given acidic conditions the bilane 13, formed during the reaction, fragments into the
pyrrole derivative 14 and a tripyrrane component 15 (Scheme 1.2). The recombination
of 14 and 15 can lead to the formation of a different bilane 16, resulting in a
restructured substitution pattern of the porphyrin. Nevertheless, this [2+2]-condensation
represents a reliable method for 5,15-A;B,- and 5,15-A,-porphyrins in good yields and

purity with the use of reaction conditions that minimises those exchange processes.18
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Scheme 1.2. Mechanism of the scrambling process.

5,15-As-porphyrins can be utilised in the synthesis of A3;B- and A,BC-porphyrins.
Various and different functional groups can be introduced stepwise into the free meso-
positions using organolithium reagents,'” while halogenation allows the introduction of
further functional groups, for instance via transition metal catalysed C-C cross-coupling

: 20
reactions.

However, the need for the development of new or improved synthetic pathways in
porphyrin chemistry is still necessary and requires some consideration. The meso-
position of porphyrins is more electrophilic than the B-position and therefore usually the
preferred reaction site in electrophilic aromatic substitutions, electrophilic and
nucleophilic additions, radical reactions, oxidations and reductions.”’ However, the
meso-position is sterically less accessible, especially when one or two of the adjacent 3-
positions are substituted. On the other hand, the B-positions are sterically favoured and

undergo substitution and addition reactions.

Size and nature of substituents influence the reactivity of the macrocycle.”’ Bulky
groups for instance shield the reaction sites at the adjacent positions. Substituents with
an electron-donating effect (alkyl, CO,", O) tend to increase the electron density of the

macrocycle and therefore make it more susceptible to electrophilic attacks. In contrast
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electron-withdrawing groups (aryl, CHO, NO>) tend to decrease the electron density of
the macrocycle. However, some substituents, such as aryl and vinyl, can occasionally be
electron-donating by resonance when the porphyrin conformation allows overlap of the
p-orbitals and an interaction of the two m-electronic systems. The insertion of a metal
ion into the porphyrin core can be a useful reaction step. Apart from protection of the
inner nitrogen atoms from electrophilic reagents and strong bases, the coordinated metal
also has an important inductive effect on the m-electron system of the porphyrin and
therefore influences its reactivity. Zinc(Il) for example, induces the highest negative
charge into the porphyrin periphery and can be easily demetallated under acidic
conditions. On the other hand, nickel(II) forms a more stable complex and can decrease
the electron density of the porphyrin by m-back-bonding into semi-filled metal d-
orbitals. In conclusion, the reactivity of porphyrins is influenced by the substituents
already attached to the macrocycle as well as the metal ion coordinated to the inner

core.

1.3 Transition Metal Mediated Reactions

Traditionally, the synthesis of porphyrins that possess one or more differing meso- or 3-
substituents involves a mixed condensation of appropriate aldehyde(s) with (substituted)
pyrroles. However, this methodology bears several problems: the occurrence of side
products makes purification quite tedious and not all reactants are compatible to protic
or Lewis acidic reaction conditions.**** Therefore, the alteration of already substituted
porphyrins are of great interest and the use of transition metals for catalytic coupling
reactions or transformations of porphyrin substituents has grown rapidly over the last

three decades.
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1.3.1 Transformation Reactions

The first reactions in porphyrin chemistry using transition metals were reported in the
1970s. These reactions involve the transformation of porphyrin substituents into
different functional groups. Smith and co-workers reported the transformation of the
vinyl-substituents of the natural product protoporphyrin-IX dimethyl ester 17 into bis-
acetals to afford the corresponding compound 18 in 92 % yield using thallium(III)

nitrate (Scheme 1.3).%*

NO3
MeOH

MeO,C CO,Me MeO,C CO,Me
17 18

Scheme 1.3. Transformation of vinyl-substituents into bis-acetals using thallium(III) nitrate.

Titanium tetrachloride was used as a catalyst for the Knoevenagel condensation by
Witte and Fuhrhop.”® The formyl group of 5-formyl-OEP 19 was reacted with malonic
acid to give the 2,2-dicarboxyvinyl analogue 20 in 68 % yield (Scheme 1.4).

HOOC COOH
CHO 7
o 0 TiCly, pyridine
HO OH  ThF. 0°C
19 20

Scheme 1.4. Variant of Knoevenagel condensation with titanium tetrachloride as catalyst.
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1.3.2 Palladium Catalysed Reactions

The use of palladium as a catalyst for functionalisation of the porphyrin was initiated in
1980 by Smith and Langry who wused a mercuration and palladium-olefin
methodology.”® The free B-positions of zinc(Il) deuteroporphyrin IX dimethyl ester 21
were mercurated and subsequently reacted with methyl acrylate using lithium
trichloropalladate(Il) as catalyst to give the analogue bis-acrylated compound 22, after
removal of zinc(II), in an overall yield of 31 % (Scheme 1.5). This methodology could
be used as a general synthetic pathway to attach various substituted olefins on the B-

position of the porphyrin.?’

MeO,C~ y CO,Me
1. Hg(OAc),
MeOH; 70 °C
2. CH,CHCOOCH,, LiPdCl,
CH4CN
3. TFA
MeOZC CO,Me MeO,C CO,Me
21 22

Scheme 1.5. Mercuration and palladium-olefin methodology.

In the next two decades the most commonly used palladium catalysed reactions in
organic chemistry for new C-C bond formations were applied to porphyrins, namely the
Stille,*® Negishi,29 Sonogashira,30 Heck’' and Suzuki reaction.’’ The initial
investigations were made by Smith and co-workers who first applied the Stille reaction
to porphyrins.* 2.4-Dibromodeuteroporphyrin IX dimethyl ester 23 was reacted with
tributylvinylstannane in the presence of a palladium catalyst to obtain protoporphyrin
IX dimethyl ester 24 in 85 % yield (Scheme 1.6).

Br

Br
Pd(PPh3),

i Bu3Sn/\
toluene

MeO,C  CO,Me MeO,C CO,Me
23 24

Scheme 1.6. First Stille reaction reported on porphyrin.
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Therien and co-workers reported the synthesis of [-substituted porphyrins via the

% For instance, [2-butyl-5,10,15,20-tetraphenyl-

Negishi  coupling reaction.
porphyrinato]zinc (II) (2-n-butyl-TPP) 26 could be prepared in 92 % yield from zinc(II)

2-bromo-TPP 25 with n-butylzinc chloride under catalytic conditions (Scheme 1.7).

Pd(PPh3),

it En=BUZnCld =™
THF; 60 °C

25 26

Scheme 1.7. Negishi reaction of 2-bromo-TPP zinc(II).

The Sonogashira reaction was used for the synthesis of a porphyrin dimer bridged by a
1,4-diethynylphenylene unit by Arnold and Nitschinsk.” Therefore, nickel(II)
5-ethynyl-OEP 27 was reacted with 1,4-diiodobenzene to obtain the dimer 28 in 60 %
vield (Scheme 1.8). This coupling reaction was later applied to (- and meso-

halogenated porphyrins to synthesise various alkenyl-substituted p01'phyrins.36‘3’7

= - |—~<:;>F—|

27

PdCl,, PPhs
Et3N, A

Scheme 1.8. Synthesis of porphyrin dimer via Sonogashira coupling reaction.
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Gauler and Risch reported the Heck reaction of the zinc(Il) metallated analogue of
compound 23 to synthesise styrene substituted porphyrins as well as 1,4-divinylbenzene
linked dimers.*® The reaction of 29 with styrene gave [3,8-distyryldeuteroporphyrinato
dimethyl ester]zinc(II) 30 in 87 % yield (Scheme 1.9).

Br
Pd(OAc),
Br Bu,NBr, LiCl
O =
DMF; 85 °C

MeO,C CO,Me MeO,C CO,Me
29 30

Scheme 1.9. Heck reaction on 3-bromo porphyrin.

The first Suzuki cross-coupling reactions were also reported on the B-position of the
porphyrin by Chan er al.*’ A series of B-aryl substituted TPPs was obtained in 50 % -
88 % yield from the reaction of B-bromo TPP 31 with various p-substituted aryl boronic
acids (Scheme 1.10). Eight years later this methodology was developed for meso-

bromo-substituted porphyrins.*’

Pd(PPhs),
KGO,

toluene
90-100 °C

+ ArB(OH),

31

Scheme 1.10. General scheme for Suzuki reaction on 3-bromo TPP.
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Besides the well-known C-C coupling reactions, there are numerous examples for
recently developed palladium catalysed reactions in porphyrin chemistry.'"*' Zhang and
co-workers developed methods for palladium catalysed carbon-heteroatom bond
formation reactions. Meso-oxy-,*”” -amino- and —amidoporphyrins were synthesised in
good to excellent yields.” The latest addition to these heteroatom-substituted
porphyrins is the extension to C-S coupling reactions.** Various different thiols were
attached to meso-brominated porphyrins. For instance, the reaction of 5-bromo-10,20-
diphenylporphyrin 32 with 4-chlorobenzenethiol in the presence of cesium carbonate, a
palladium catalyst and appropriate ligand gave the sulfanyl-substituted analogue

5-(4-chlorophenylsulfanyl)-10,20-diphenylporphyrin 33 in 71 % yield (Scheme 1.11).

C LR
Pd,(dba);
ligand
CSch3

Br + HSOCI S
toluene; 100 °C
PPh, PPh,

ligand=
32 33

Scheme 1.11. Example for palladium catalysed C-S coupling on meso-bromoporhyrin.
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A rather unusual example for the application of palladium in porphyrin synthesis was
given by Arnold and co-workers.” They reported a new method for selective iodination
via a palladium mediated halogen exchange reaction. Compound 32 was first reacted
with an excess of palladium reagent until full consumption of the starting material was
observed before iodine was added to obtain 5-iodo-10,20-diphenylporphyrin 34 in 78 %
yield (Scheme 1.12). The reaction proceeds via a nl-palladio(ll)porphyrin intermediate

which is the reason for excess amounts of palladium catalyst.

1. Pd(PPh3),

toluene; 105 °C
Br |

I2
rt

32 34

Scheme 1.12. Palladium catalysed halogen exchange reaction.
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1.3.3 Other Transition Metal Catalysed Reactions
Although palladium is the most commonly used metal for catalytic reactions in organic
chemistry, there are a number of other transition metals for C-C bond formation and

transformation reactions that are just as well-known.

The Glaser coupling®® was first applied to porphyrins by Anderson and Sanders."” The
zinc(II) bisphenylacetylene substituted porphyrin 35 was reacted with copper(I) chloride
to obtain the cyclic trimer 36 in 47 % yield after demetallation (Scheme 1.13).

% A\
35

CuCl
pyridine

36

Scheme 1.13. Synthesis of cyclic trimer via Glaser coupling reaction.
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Mantano ef al. recently reported a Cu(l) catalysed C-P coupling reaction for the
synthesis of meso-phosphorylporphyrins.*® The zinc(II) complex of 5-iodo-10,15,20-
tris(3,5-di-tert-butylphenyl)porphyrin 37 was reacted with diphenylphosphane oxide in
the presence of cesium carbonate and an amine using copper(l) iodide as the catalyst, to
form the corresponding diphenylphosphoryl-substituted compound 38 in 72 % yield
(Scheme 1.14).

Ph,P(O)H
Cul
Cs,CO;4

toluene; 130 °C 0

37 38

Scheme 1.14. Cu(I) catalysed C-P coupling reaction.

The first cross-metathesis reaction’’ was reported by Dolphin and co-workers on
vinylchlorins and -porphyrins.’” Chlorin 39 was reacted with octene at the B-vinyl
substituent in the presence of a 2" generation Grubbs® catalyst (Scheme 1.15). The

product 40 was obtained in 70 % yield with complete E-stereoselectivity.

Grubbs' cat.

3 THF; reflux
MeOzC COzMe MeOZC CO,Me
39 X 40
: s ;
—s >-NYN~< 27
= Cl~
Grubbs' cat Ru=—py,

I Pey,

Scheme 1.15. Cross-metathesis reaction on vinylchlorin.
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Osuka and co-workers developed a method for B-borylation of porphyrins via C-H bond
activation using iridium as the catalyst.Sl The reaction of 5,15-bis(2,5-di-fert-
butylphenyl)porphyrin 41 with bis(pinacolato)diborane in the presence of an iridium
catalyst and 4.,4°-di-tert-butyl-2,2’-bipyridyl (dtbbpy) as ligand resulted in the formation
of the mono-B-borylated compound 42 as the main product in 43 % yield, as well as a
mixture of two isomeric di-B-borylated compounds 43 and 44 in a combined yield of
14 % (Scheme 1.16). Interestingly, the reaction took place at the B-position adjacent to

the free meso-position which is most likely due to steric effects.

o R ¢
- /B_
(@) (0]
41

| [Ir(cod)OMe],
dtbbpy
1 ,4-dioxane

NG Sfo‘ ¥
B B 3
O/ 3 w |
B
44

Scheme 1.16. Irridium catalysed B-borylation of via C-H bond activation.

N\,

ou)

7



17 Chapter 1: Introduction

1.4 Objectives

The development of new synthetic routes remains a crucial step to further advance the
ever expanding range of applications for porphyrins. Thus, the use of transition metals
for transformation reactions of porphyrin substituents or new bond formations in the
meso- or B-position of the porphyrin represents a straight-forward approach as outlined

in Chapter 1.3.

The aim of this work was to broaden these methods by developing and investigating
novel transition metal mediated reactions in porphyrin chemistry. Ideally, these
synthetic pathways involve simple starting materials and present a general method for

various porphyrin systems.

The allyl-substituent on porphyrin was not studied as a functional group previously,
although the synthesis of allylporphyrins only involves two steps. Generally,
compounds with terminal double bonds can serve as precursors for catalytic reactions,
such as cross-metathesis and the Pauson-Khand reaction. Surprisingly, when
allylporphyrin was subjected to standard metalation conditions using nickel(Il) acetate,
the corresponding nickel(II) acroleinylporphyrin was formed. This transformation of the
allyl-substituent into the acroleinyl-substituent was further investigated to determine the
reaction conditions, optimise the yield and study the general application of this reaction

to various porphyrin systems as well as aromatic non-porphyrin systems.

Additionally, allylporphyrins served as starting material for the intermolecular Pauson-
Khand reaction. Although the Pauson-Khand reaction is well-known in organic
chemistry and the most common method for the formation of cyclopentenones, it has
not been used on porphyrins previously. It involves the reaction of an alkene with an
alkyne and a carbon monoxide molecule in the presence of transition metal catalyst to
form a cyclopentenone ring. Hence, the intermolecular Pauson-Khand reaction was

investigated on porphyrins containing terminal alkene and alkyne substituents.

There are only a limited number of reactions on porphin, the parent porphyrin.
Therefore, transition metal mediated C-H bond activation reactions were explored to

introduce substituents on porphin directly for the synthesis of new porphyrins.
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Also, the introduction of alkyl-substituents to the porphyrin core is limited to only a few
synthetic methods. Attempts were made to broaden these pathways via a rhodium(1)

catalysed reaction of zinc(I) ring-metallated porphyrins with iodoalkanes.

Finally, the Suzuki cross-coupling reaction on porphyrins was expanded to the use of
potassium organotrifluoroborates instead of boronic acids or esters. The reaction
conditions were optimised for porphyrin systems and the general application of this

reaction was investigated.
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Chapter 2:
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2.1 Background

Acroleinylporphyrins are of great interest as they serve as precursors for the synthesis of
benzochlorins, which are highly promising candidates for photodynamic therapy.sz‘53
Cyclisation of the acroleinyl group of compound 45 onto the adjacent pyrrole subunit

gave benzochlorin 46 in 50 % yield (Scheme e i

—CHO 1, sto4 Q
2 HO HZO
NaH003
45

Scheme 2.1. Synthesis of benzochlorin (46).

The first acroleinyl-substituted porphyrin was synthesised accidentally in 1970 by
Nichol during an attempt to formylate the meso-position of protoporphyrin-IX dimethyl
ester 17 via a Vilsmeier reaction.”® They obtained an isomeric mixture of mono-
acroleinylporphyrin 47 and the diacroleinylporphyrin 48 in 7 % and 18 % yield,

respectively (Scheme 3255

OHC OHC
S, NS SR
CHO
i / /
POCI,
DMF; 100 °C

MeO,C CO,Me MeO,C CO,Me MeO,C CO,Me
Jrg 47 48

Scheme 2.2. Synthesis of acroleinylporphyrins via Vilsmeier reaction.

Smith and co-workers improved the yield of compound 48 to 38 % by reacting

porphyrin 21 with acrolein, using the mercuration and palladium-olefin methodology

(Scheme 2.3).%’
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OHC
SRS
CHO
/
1. Hg(OAc),
MeOH; 70 °C
2. CH,CHCHO, LiPdCl;
CH3CN/DMF 1:1; 50 °C
3. TFA
MeO,C CO,Me MeO,C CO,Me
21 48

Scheme 2.3. Synthesis of acroleinylporphyrin via mercuration and palladium-olefin methodology.

Introduction of the acroleinyl group into the meso-position was first accomplished by
Arnold ef al. in 1978.% Nickel(Il) 5-acroleinyl-OEP 45 was synthesised in three steps
by a sequence of Vilsmeier formylation and Wittig reaction’’ of nickel(Il) OEP 49 to
obtain nickel(II) 5-vinyl-OEP 50, which was then purposely formylated using the

Vilsmeier reaction again to give compound 45 in an overall yield of 54 % (Scheme 2.4).

CHO
s >
1. POCl, POCI,
DMF DMF
Shats C,H4Cly
2. CH3P(Ph)s|
PhLi
THF
50 45

Scheme 2.4. Meso-acroleinylporphyrin via sequential Vilsmeier and Wittig reaction.

This synthetic pathway was shortened by Vicente and Smith in 1991 by vinylogous
Vilsmeier formylation of nickel(II) OEP 49 directly, to obtain compound 45 in 85 %
yield as well as nickel(I) 5,10-diacroleinyl-OEP 51 in 55 % yield by using an excess of
the Vilsmeier reagents (Scheme 2.5).> However, it has been shown that the Vilsmeier
formylation of porphyrins is not regioselective and can only be applied to copper(Il) or
nickel(Il) metallated porphyrins.”® Therefore, the methodology of synthesising the
vinyl-substituted porphyrin first before formylating it to the acroleinylporphyrin is more

advisable for the design of a distinctive substitution pattern.*
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CHO
=
POCIs
Me,NCHCHCHO Ve
DCM: 0 °C
49 51

Scheme 2.5. Diacroleinylporphyrin via vinylogous Vilsmeier reaction.

Nevertheless, vinylogous Vilsmeier reaction has also been used for the first synthesis of
B-unsubstituted meso-acroleinylporphyrins by Boyle and Dolphin® and still seems to be
the method of choice for this type of compounds.®"** Yields vary between 29 % and
63 %, depending on the aryl-substituent of the starting material 52, and, besides the
desired mono-acroleinylporphyrin 53, the diacroleinylporphyrin 54 by-product was

formed in trace amounts (Scheme 2.6).

POCl5
Me,NCHCHCHO

Ar Ar Ar
DCM; 0 °C

52 53 54

Scheme 2.6. Synthesis of B-unsubstituted meso-acroleinylporphyrins.
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2.2 Synthesis of Allylporphyrins

A previous synthesis of meso-allylporphyrins involved the condensation of
5-allyldipyrromethane with a dipyrromethane-dicarbinol with a yield of 44 %.% The
most straight-forward method for the introduction of the allyl-substituent onto the
porphyrin structure is the Suzuki cross-coupling reaction.”” This reaction is well-known
in porphyrin chemistry and usually involves brominated porphyrins and organoboron
reagents.®® It has been used to obtain 2,3-diallylporphyrins in 14 % to 48 % yield by

Smith and co-workers, previously.®®

Therefore, the 5,15-Aj-porphyrins:  5,15-diphenylporphyrin® 55, 5.15-bis(4-
methylphenyl)porphyrin® 56,  5.15-dihexylporphyrin® 57 and  5.15-di(iso-
propyl)porphyrin®® 58 were synthesised by condensation reaction of dipyrromethane'’
with the appropriate aldehyde according to literature procedure in 27 % to 52 % yield
(Figure 2.1).° These compounds were brominated under standard conditions to afford
the starting materials 59.”° 60,”' 627> and 63 in 62 % to 99 % yield. Compound 61, 5,15-
dibromo-10,20-bis(4-butoxyphenyl)porphyrin, was kindly supplied by Dahms.”® Also,
the two nickel(II) metallated analogues 64 and 65 were prepared from 60 and 62 as a
second set of starting materials for the Suzuki cross-coupling reaction by using standard
metallation conditions®' in 70 % and 64 % yield, respectively.

55 R'=Ph; R?=H; M=2H
56 R'=4-MePh; R2=H; M=2H
57 R'=n-CgH43; R?=H; M=2H
58 R'=is0-C3H;; R?=H; M=2H
59 R'=Ph; R2=Br; M=2H
R2 R2 60 R'=4-MePh; R?=Br; M=2H
61 R'=4-BuOPh; R?=Br; M=2H
62 R'=n-CgH43; R?=Br; M=2H
4 63 R'=iso-C3H;; R?=Br; M=2H
R 64 R'=4-MePh: R2=Br: M=Ni(ll)
65 R'=n-CgH,3; R?=Br; M=Ni(ll)

R1

Figure 2.1. 5,15-Porphyrins as starting materials for Suzuki cross-coupling.

For a different substitution pattern, the  Ajs-porphyrin  5.10,15-tris(4-
methylphenyl)porphyrin* 66 was synthesised from compound 56 using organolithium
reagents in 91 % yield”” and subsequently brominated to obtain the bromo-analogue

porphyrin 677° in 96 % yield (Figure 2.2).
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Finally, the B-brominated compound 69 was prepared by bromination of TPP”’ 68,

which was kindly supplied by Dahms, in 46 % yield.”®

66 R=H 68 R=H
67 R=Br 69 R=Br

Figure 2.2. As- and B-substituted porphyrins as starting materials for Suzuki cross-coupling.

With these different starting materials inhand, the Suzuki cross-coupling reactions were
carried out according to literature procedure.40 The meso-bromoporphyrins 59 — 63 and
67 were dissolved in anhydrous THF in an oven-dried Schlenk-tube under argon
atmosphere. K3PO,4 was added and the reaction mixture was degassed via three freeze-
pump-thaw cycles and put under argon again. Allylboronic acid pinacol ester and
Pd(PPhs); were added and the reaction mixture was heated to 80 °C in a sealed Schlenk-
tube for 18 h. The progress of the reaction was monitored by thin layer chromatography
(TLC) on silica gel (CH,Cly/CgHyg 1:1, v/v). The conversion was observed by the
occurrence of a more polar spot on the TLC, a smaller retention factor than the starting
material. After 18 h of heating no starting material was observed by TLC and the
reaction was left to cool to room temperature. The solvent was removed under reduced
pressure and the residue was dissolved in dichloromethane. The work-up of the reaction
mixture was carried out by sequentially washing the crude product with a saturated
solution of sodium bicarbonate, water and brine. The combined organic phase was dried
over sodium sulphate. The crude product was purified by flash column chromatography
on silica (CH,Cl/C¢H 4 1:2, v/v) to obtain the corresponding meso-allylporphyrins 70 —
77 in 2 % to 95 % yield (Scheme 2.7).”?
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R R
Pd(PPh,)s
" R ﬁ KPO, . —
THF: 80 °C
R’ R
59-65 70-77
67
Entry R’ R? R’ M Product Yield
59 Ph Br allyl 2H 70 78 %
60 4-MePh  Br allyl 2H 7 86 %
61 4-BuOPh Br allyl 2H 72 50 %
62 n-CeHiz  Br allyl 2H 73 50 %
63 iso-CsH;  Br allyl 2H 74 2%
64 4-MePh  Br allyl Ni(ll) 75 88 %
65 n-CeHiz  Br allyl Ni(ll) 76 95 %
67 4-MePh  4-MePh 4-MePh 2H 77 74 %

Scheme 2.7. Synthesis of meso-allylporphyrins.

The Suzuki cross-coupling reaction of 2-bromo-TPP 69 was carried out under slightly

different conditions.” K>CO3 was used as base and toluene as solvent and the reaction

proceeded at a higher temperature, namely 110 °C. Work-up and purification was

carried out in analogy to the meso-substituted compounds to obtain 2-allyl-TPP 78 in

66 % yield (Scheme 2.8).

69

Scheme 2.8. Synthesis of 2-allyl-TPP.

Pd(PPha)s
K,CO4

66 %



Chapter 2: Acroleinylporphyrins via Nickel(II) Mediated Reaction 26

The yields of the allylporphyrins 70 to 78 were low to excellent. A by-product of this
reaction was debrominated starting material. Compound 74 was achieved in the lowest
yield by far at 2 %, due to the electron-donating effect of the alkyl-substituents on the
reaction centre.”’ No side-product could be obtained in this case and the remaining
compound underwent decomposition. Insertion of nickel(Il) decreases the electron
density of the macrocycle by m-back-bonding into the semi-filled metal d-orbitals.
Accordingly, by using the nickel(Il) metallated starting material 65, the yield of
compound 76 was 95 %, a large improvement on the analogous reaction with the free-
base compound 62 to get porphyrin 73 in 50 % yield. This effect was not noticeable in
comparing the reactions of the aryl-substituted compounds 60 and 64 to obtain
porphyrins 71 and 73, respectively, as the aryl-substituents already have an electron-

withdrawing effect on the reaction centre.

The crystal structure of porphyrin 71 shows the diallyl substitution pattern (Figure 2.3).
The C52—C53 bond length is 1.313(2) A, clearly indicating unsaturated bond character.
The molecular conformation is flat, with a A24 of 0.03 A.* The allyl group is nearly

perpendicular to the molecular plane with a C5-C51-C52-C53 torsion angle of 2.6°.

Figure 2.3. Molecular structure of 71 in the crystal. Hydrogen atoms have been omitted for clarity.



27 Chapter 2: Acroleinylporphyrins via Nickel(II) Mediated Reaction

2.3 Acroleinylporphyrins via Nickel(IT) Mediated Reaction

Initially, the free-base allylporphyrins were synthesised in order to study metathesis
reactions on these compounds. However, treatment of porphyrin 71 with Grubbs’ I
catalyst in anhydrous THF under argon atmosphere and 60 °C gave no reaction after six

dayS 65,81

The progress of the reaction was monitored by TLC on silica gel
(CH2CLy/CgHy4 1:1, v/v) and only decomposition of the starting material occurred. In an
attempt to activate the allyl-substituents, compound 71 was metallated under standard
conditions,”! namely nickel(IT) acetate (3 equiv.) in N,N-dimethylformamide (DMF) at
130 °C. The reaction was monitored by TLC on silica gel (CH>Cl,/CgHy4 1:1, v/v). The
appearance of the nickel(Il) metallated analogue can be observed clearly by the
occurrence of a less polar bright red spot on the TLC in comparison to the purple spot of
the starting material with a lower retention factor. As the insertion of nickel(Il)
proceeded very slowly, the reaction mixture was left heated overnight for completion.
Next day the starting material was not observed by TLC but two additional green spots
with a very low retention factor. The reaction mixture was left to cool to room
temperature and the solvent was removed under reduced pressure. The residue was
dissolved in dichloromethane and purification was carried out by column
chromatography on silica (ethyl acetate/C¢H;s 1:2, v/v). Surprisingly, not only the
expected red nickel(Il) derivative 79 was obtained as the first fraction of the column but
two additional green compounds, which could be identified as the [5,15-diacroleinyl-
10,20-bis(4-methylphenyl)porphyrinato]nickel(II) 80 as the second fraction of the
column and the [S-acroleinyl-15-formyl-10,20-bis(4-methylphenyl)porphyrinato]-
nickel(II) 81 as the last fraction (Scheme 2.9).” Interestingly, diacroleinylporphyrin 80

was the main product of this reaction.
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71

Ni(OAc),
DMF
130 °C

CHO
+ OHC /

79 80 81
20 % 44 % 8 %

Scheme 2.9. Reaction of allylporphyrin with nickel(II) acetate.

This conversion was further investigated using different amounts of nickel(Il) acetate.
Reaction of starting material 71 with 4, 6 and 8 equiv. of nickel(II) acetate had no
influence on the yield of the main product 80, but the yield of compounds 79 and 81
decreased to traces only with increasing quantities of nickel(II) acetate. When less than
3 equiv. of nickel(Il) acetate were added to the reaction, the formation of
acroleinylporphyrins was not observed. This led to the conclusion that 1 equiv. of
nickel(Il) is needed for the insertion into the macrocycle and the remaining 2 equiv. for

each allyl-substituent.
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To analyse the function of the metal and ligand of nickel(Il) acetate, the reaction was
carried out using different transition metal(I) salts, namely palladium(II) and zinc(II)
acetate as well as nickel(Il) and zinc(II) chloride. However, none of these attempts
resulted in the formation of any acroleinyl-substituted porphyrin. Thus, nickel(II) and
the acetate played a significant role in the reaction mechanism.

Yamamoto et al. showed previously that the reaction of a nickel(0) complex with an
allylic group can be promoted by acetic acid.*” Hence, the nickel(I) mediated reaction,
illustrated in Scheme 2.9, was carried out with the addition of 0.1 mL of glacial acetic
acid (DMF/glacial acetic acid 200:1, v/v) in an attempt to increase the yield. Indeed,
diacroleinylporphyrin 80 was obtained in an improved yield of 60 %. A further increase
of glacial acetic acid to 0.2 mL (DMF/glacial acetic acid 100:1, v/v) resulted in the
optimised reaction conditions with a yield of 70 % for compound 80 and only traces of
the by-products 79 and 81. However, when glacial acetic was replaced by hydrogen
chloride the formation of compound 80 was not observed and only starting material was

recovered.

To investigate the general application of this reaction to other porphyrin systems, the
mono-allylporphyrin 77, the alkyl-substituted diallylporphyrin 73 and its nickel(II)
analogue 76, as well as the PB-allylporphyrin 78, were subjected to the optimised
reaction conditions.

In the case of the mono-allylporphyrins 77 and 78, the quantity of nickel(Il) acetate was
altered accordingly to 2 equiv. as this compound only contains one allyl-group. The
reaction of porphyrin 77 led to the successful formation of the three expected
compounds 82 to 84 (Scheme 2.10). However, the yield of the nickel(Il)
acroleinylporphyrin 83 was lower at 26 % in comparison to its nickel(Il) diacroleinyl-
analogue 80, and the main  product was [5-allyl-10,15,20-tris(4-
methylphenyl)porphyrinato]nickel(IT) 82 in 28 % yield.
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Ni(OAc),
AcOH
DMF
130°C

82 83
28 % 26 % 6 %

Scheme 2.10. Nickel(IT) mediated reaction of mono-allylporphyrin.

The reaction of the alkyl-substituted allylporphyrins 73 and 76 with nickel(II) acetate
resulted in the formation of the respective nickel(I) acroleinylporphyrin 85 (Scheme
2.11). Interestingly, the yield of compound 85 was identical for both reactions, with
free-base porphyrin 73 and nickel(Il) metallated analogue 76, at 20 %. No formation of
any by-product was observed and the remaining starting material underwent
decomposition. The same result was obtained when the reaction was carried out under

milder conditions, namely 60 °C for 36 h.
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Ni(OAc),
ACOH VB -
DMF; 130°C  onc—”

73 M=2H
76 M=Ni 20 %

Scheme 2.11. Nickel(II) mediated reaction of alkyl-substituted diallylporphyrins.

The reaction of B-allyl-TPP 78 with nickel(I) acetate did not lead to the formation of
the respective nickel(II) B-acroleinyl-TPP but only the standard metallated nickel(II)

complex 86, on the basis of spectroscopic evidence (Scheme 2.12).

Ni(OAc),
AcOH

DMF; 130 °C

Scheme 2.12. Reaction of B-allyl-TPP with nickel(II) acetate.
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As the reaction of the nickel(Il) metallated compound 76 to give the acroleinyl-
substituted analogue 85 gave the same yield as the reaction of the free-base 75, the
influence of the inserted metal was investigated in more detail. Therefore, meso-
diallylporphyrin 70 was metallated with zinc(II) by standard procc:durelO to obtain the
zinc(IT) analogue 87 in 77 % yield. When compound 87 was subjected to the optimised
reaction conditions, only decomposition took place and small amounts of starting
material were recovered (Scheme 2.13). Hence, the inserted nickel(II) must be crucial

for the activation of the meso-allyl-substituent to convert to the acroleinyl group.

Ni(OAc),

AcOI;k /
DMF; 130 °C

87

Scheme 2.13. Reaction of zinc(Il) metallated diallylporphyrin with nickel(II) acetate.

A closer look at the Suzuki cross-coupling reaction of [5,15-dibromo-10,20-bis(4-
methylphenyl)porphyrinato]nickel(Il) 64 with allylboronic acid pinacol ester in the
presence of K;PO4 with Pd(PPh;)s as catalyst revealed the formation of [5-acroleinyl-

15-allyl-10,20-ditolylporphyrinatonickel(II) 88 in very small amounts (Scheme 2.14).

xﬁ

Pd(PPhz),
K3PO
Br Br —=—4
THF; 80 °C
64 75 88

88 % traces

Scheme 2.14. Suzuki coupling of nickel(II) metallated diallylporphyrin.
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Due to this observation and the fact that palladium(II) and nickel(I) reagents often react
similarly,” compound 75 was reacted with Pd(PPh3)4 and Pd(OAc), in the presence of
glacial acetic acid in DMF at 130 °C for 12 h. Despite of the fact that the allyl-
substituents were expected to be activated, only decomposition took place under these

conditions.

In an approach to investigate the mechanism of the reaction, compound 71 was reacted
with nickel(Il) acetate in d;-DMF at 115 °C in a sealed Schlenk-tube (in the absence of
glacial acetic acid to simplify matters). The progress of the reaction was monitored by
'H nuclear magnetic resonance (NMR) spectroscopy over a period of 24 h. The purpose
of this experiment was to monitor the occurrence of any intermediate or by-product
formed during the reaction. The use of a deuterated solvent allowed the direct removal
of samples from the reaction mixture while the reaction took place, followed by
immediate analysation at room temperature. This study revealed that conversion of
compound 71 occurs as soon as the nickel(I) complex 75 of the starting material is
formed. As the reaction only proceeds under thermal conditions and the measurements
were carried out at room temperature, this could explain why no intermediates were
detected. Hence, the mechanism of this transformation reaction can only be speculated

upon.

Related studies showed that nickel catalysts are sometimes more effective than their
palladium analogues for the reaction of allylic systems.**® The first reaction step could
be identical to previous observations and involve the formation of a nickel-n’-allyl

complex (Figure 2.4).8"%

attack

Figure 2.4. Possible intermediate during formation of diacroleinylporphyrins.
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In one case the experimental data indicated a radical chain reaction mechanism initiated
by heat, light or a reducing agent.*” All other reactions reported required a polar,
coordinating solvent, such as DMF, <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>