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Summary

The research carried out in the present study focuses mainly on the synthesis of functionalized,
unsymmetrically substituted porphyrins for potential applications in photodynamic therapy.
Chapter 1 introduces the different classes of porphyrins and describes the most significant
general methodologies employed for the synthesis of various classes of meso-substituted
porphyrins.

The symmetric porphyrin starting materials (A,-porphyrins) are easily prepared by simple
condensation reactions of dipyrromethane and suitable aldehydes. These porphyrins are then
functionalized by a nucleophilic aromatic substitution reaction (SyAr) with a wide variety of
aliphatic, aromatic and functionalized organolithium reagents.

Chapter 2 is concerned with an efficient synthesis of novel A;BC-porphyrins bearing highly
reactive centers in substituents at the meso positions using corresponding functionalized
organolithium reagents via two-step reactions.

Chapter 3 describes the one-pot synthesis of A;BC-porphyrins with different functional groups
in the meso-positions using organolithium reagents and different alkyl/aryl iodides. The
reaction mechanism for the A,BC-porphyrin formation is also postulated.

Chapter 4 is concerned with one-pot synthesis of ABCD-porphyrins with different functional
groups in the meso-positions using functionalized organolithium reagents and different
alkyl/aryl iodides. In addition, the synthesis of ABCD-porphyrins via two-step reactions is
also reported. New ABC-porphyrins were also formed during the ABCD-porphyrins synthesis
which are reported, too.

Chapter 5 focuses on the synthesis of novel chlorins, phlorins and porphodimethenes via the
reaction of functionalized A4-porphyrins with different organolithium reagents. The impact of
the electronic effect of the functional groups in the A4-porphyrins and the steric effect of the
organolithium reagents have been examined.

Comparative studies of the 'H NMR spetroscopic pattern of the B-pyrrole protons of various
As-, A;B-, A,BC-, ABC- and ABCD-porphyrins are performed. The B-pyrrole protons show
clear dependance on the type, number, and arrangement of various substituents in the meso
positions of the synthesized porphyrin molecules.

Starting from the medical applied science oriented approach, this study shows how the present

tools of synthetic porphyrin chemistry can be combined together to obtain a wide variety of
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unsymmetrically substituted amphiphilic porphyrins as potential photosensitizers in
photodynamic cancer therapy.

The methodology developed expands present synthetic approaches and opens a practical way
to synthesize more highly functionalized substituted porphyrins with a mixed

hydrophilic/hydrophobic substitution pattern for the optimization of PDT drugs.
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Chapter 1

1.1 Overview of the structure and nomenclature of porphyrin

The porphyrin macrocycle 1 is an aromatic system containing 22 7 electrons, but only 18 of
them are involved in the cyclic delocalization pathway in accord with Hiickel's [4n + 2] rule
for aromaticity (n = 4)."* It has been shown by X-ray crystallography to be planar and the
basic structure of porphyrin consists of four pyrrole units (A, B, C and D) linked by four
methine bridges (Figure 1.1). Its structure is described as a “tetrapyrrole” macrocycle to

emphasize its four-rings-within-a-ring pattern.

5,10, 15, 20 = meso
10 2,3,7,8,12,13,17,18=B

1,46,911,14,16,19 =

Porphyrin 1

Figure 1.1. Numbering scheme used for porphyrins.

According to the IUPAC system of the nomenclature of tetrapyrroles, the 24 macrocycle
atoms are numbered from 1 to 24.° Four different positions of the atoms are present in the
porphyrin system: (1) the four pyrrole nitrogen atoms; (2) the methine bridge carbons which

are named meso carbons; (3) the a-pyrrole carbons and the S-pyrrole carbons (Figure 1.1).*

1.2 Different classes of porphyrins

Crystalline and concentrated solutions of porphyrins 1 are typically dark red to purple due to
the highly conjugated double-bond structure of the tetrapyrrole ring. It is clear from Figure 1.1
that porphyrins have two peripheral double bonds which are not incorporated into the
delocalization pathway. Thus, one or two of them can undergo addition reactions to form
chlorins 2 or bacteriochlorins 3 without substantial loss of the macrocyclic aromaticity.
[sobacteriochlorins 4 is an isomeric form bacteriochlorins 3. In 3, two pyrrole rings with

reduced exterior double bonds are opposite each other, but isobacteriochlorins 4 consists of

2
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two pyrrole rings with reduced double bonds that are adjacent to one another. Porphyrinogens
5 are reduced porphyrins that contain six additional hydrogen atoms and electrons. As seen in
Figure 1.2, porphyrinogens lack the highly conjugated double-bond structure found in
porphyrins, are colorless and do not fluoresce in solution. Porphyrinogens are unstable and
rapidly oxidized to their corresponding porphyrins.*® Saturation of one meso position in a
porphyrin causes an interruption in the macrocyclic conjugation to form phlorins 6 which bear
one meso-sp° hybridized carbon. Porphodimethenes 7 are known to be an intermediate
between porphyrinogen 5 and porphyrin 1 and have two meso-sp® hybridized carbons which

therefore interrupts the conjugation pathway.*

1 2 3

4
Porphyrin Chlorin Bacteriochlorin Isobacteriochlorin
(Porphin)
5 6 7
Porphyrinogen Phlorin Porphodimethene

Figure 1.2. Different tetrapyrrole classes.

1.3 meso-Substituted porphyrins

1.3.1 Reactivity of the meso positions
Simple generalizations on the reactivity of porphyrins, based on valence bond considerations,
were proposed by Woodward in 1962;> these predicted greater electrophilic character for the

meso positions relative to the B-pyrrolic positions on the porphyrin macrocycle. This

3
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prediction was rationalized based on the idea that the two pyrrolenine units in porphyrins tend
to achieve an individual aromatic sextet of electrons; this withdraws electron density from the
neighboring meso carbons, rendering them more electrophilic. More general reactivity patterns
were derived from theoretical ab initio self-consistent field-molecular orbital (SCF-MO)
calculations;® the result of which predicts that most reactions occurring with porphyrins
(electrophilic aromatic substitutions, electrophilic and nucleophilic additions, radical
reactions) take place preferentially at the meso positions. Although electronically more
reactive, the meso positions are sterically less accessible, especially when one or two of the
abutting B-positions are substituted. The B-pyrrolic positions are sterically favored and, as a

result, undergo substitution and addition reactions.

1.3.2 Classes of meso-substituted porphyrins

Figure 1.3 shows that porphyrins may have different degrees of meso-substitution. These are:
(1) Monosubstitution: A-type

(2) Disubstitution: four types (two symmetric A, and two unsymmetric AB).

(3) Trisubstitution: four types (A3, two types of A2B and ABC).

(4) Tetrasubstitution: Seven types (As, A3B, two types of A,B,, two types of A,BC and
ABCD).

Indeed, meso-substituted porphyrins bearing specific patterns of functional groups are
valuable components in the synthesis of porphyrin-based biomimetic system and materials
chemistry. The substituents at the meso positions may include alkyl, aryl, heterocyclic or
organometallic groups, as well as other porphyrins. The main emphasis in the next part will be

on the various methods for synthesizing meso-substituted porphyrins.

1.3.3 Synthesis of meso-substituted porphyrins

Synthetic control over the molecular entities attached at the porphyrin periphery enables
porphyrins to be designed and tailored for specific applications. The popularity of meso-
substituted porphyrins stems from their ease of synthesis and amenability toward synthetic
elaboration. One-flask synthetic methods can be used to prepare a meso-substituted porphyrin
from an aldehyde and pyrrole. A wide availability and ease of manipulation of aldehydes
enable diverse porphyrins to be constructed without extensive multistep syntheses of

precursors. The variety of methods for synthesizing meso-tetra-substituted porphyrins via one-
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A
Monosubstituted B

A-Type
A A A A
Disubstituted m BA B
A B
515-A, 5,15-AB 5,10-A, 5,10-AB
A A A A
Trisubstituted A B HA n B
|
A A B C
5,10,15-A3 5,15,10-A,B 5,10,15-A,B 5,10,15-ABC
A A A A
Tetrasubstituted Aﬁ A BﬂA Bﬁ» B B A
A A A B
A4-Type 5,10,15,20-A3B 5,15,10,20-A,B, 5,10,15,20-A,B,

@

A A
B A

5,10,15,20-A,BC 5,15,10,20-A,BC  5,10,15,20-ABCD

EI i

Figure 1.3. Definition of the different classes of the meso-substituted porphyrin.
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flask methods and the stepwise synthesis of porphyrins having designated patterns of up to
four different meso-substituents will now be discussed. The medicinal applications of the

substituted porphyrins in photodynamic therapy (PDT) will be described subsequently.

A. Rothemund Method

Rothemund first investigated the synthesis of 5,10,15,20-tetramethylporphyrin by condensing
acetaldehyde and pyrrole in methanol at various temperatures in 1935.7 The completely
unsubstituted porphyrin, porphine, was synthesized subsequently. Heating a solution of ~ 0.44
M pyrrole and ~ 0.58 M formaldehyde in methanol under a nitrogen atmosphere in a sealed
vessel at 90 — 95 °C for 30 h gave porphine in 0.9 % yield.® In this manner, crystallized
porphyrins were obtained from propionaldehyde, n-butyraldehyde, benzaldehyde and a-
furaldehyde. Similar reactions at 140 — 150 °C for 24 h were applied to the synthesis of
porphyrins 8-16 (Scheme 1.1).

/ \ Methanol
( 5 + RCHO R R

N 140 - 150 'C
H 24 hr

Y

8-16

Py

Aliphatic Aromatic

CHy: 8 OH

CH3CH2CH2 29 Q "O

CH3CH,CH,CH; : 10 HQ 15

H
(CHs),CHCH, : 11 @ @

13

5 i

Scheme 1.1. Rothemund method for synthesis of meso-substituted porphyrins.
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Calvin and co-workers found that the addition of zinc acetate to the reaction mixture roughly
doubled the yield of porphyrin, from 4 — 5 % for tetraphenylporphyrin, Ho(TPP) to 10 — 11 %
of the zinc chelate, Zn(II)(TPP).'” Most applications of the Rothemund method have involved
rather robust aryl aldehydes bearing different functional groups like CH3;, OMe, Et:N, NC, CI,
O>N in different positions. The temperature used for the synthesis of porphyrins using these
aldehydes ranges from 110 °C to 220 °C. Zinc acetate was included in many of the
reactions.'' ™ In summary, the features of the Rothemund method are reactions at high
concentration and high temperature in the absence of oxidants but the low yield of porphyrin

limits its scope of application.
B. Adler Method

Development and mechanistic studies

In 1960, Adler, Longo and co-workers re-examined the synthesis of meso-substituted
porphyrins. They performed condensations of benzaldehyde and pyrrole (0.02 M, each) in
acetic acid under heating to reflux in glassware open to the atmosphere the presence of a metal
salt or benzene containing chloroacetic acid or trifluoroacetic acid (Scheme 1.2)."* Yields of
30 — 40 % for 13 were obtained with acetic acid or acidified benzene (10 g / 250 mL). This

approach is now known as the Adler-Longo method."

\]

CH3COOH, air
LY+ )-cro
N

A, 30 min.
H

Scheme 1.2. Adler method for the synthesis of meso-substituted porphyrins, exemplified for Hy(TPP).

The various mechanistic aspects of the reaction of benzaldehyde and pyrrole found by Adler

and co-workers are as followed:



Chapter 1

(1) The rate of reaction increased with increasing concentration of acetic acid in benzene.

(2) Equimolar ratios of benzaldehyde and pyrrole gave the highest yields.

(3) Reaction under a nitrogen atmosphere resulted in 5 % instead of 35 — 40 % yield.

(4) The reaction was faster in propionic acid than acetic acid but the yield was 20 % rather

than 40 %.'® Propionic acid is most popular due to solubilizing diverse aldehydes.

Applications

a) Scope of reaction with various aldehydes

The Adler method was successfully applicable with many aldehydes to afford a variety of
meso-substituted porphyrins containing o-, m- and p-aryl substituents of various degree of
steric demand. Substituents containing heteroatom clusters, heterocyclic groups and
organometallic units have also been synthesized by this method.'"%

b) Mixed-aldehyde condensations

While condensation of an aldehyde with pyrrole affords the porphyrin having four identical
meso-substituents, many applications call for porphyrins bearing multiple substituents
arranged regiospecifically about the porphyrin periphery. One simple approach towards that
objective is achieved through a mixed-aldehyde condensation (Scheme 1.3). The reaction of
pyrrole with a mixture of two aldehydes affords, in principle, a set of six porphyrins which
include the two “parent” porphyrins 17 and 22 (A4 and By) and the four “hybrid” porphyrins
18, 19, 20 and 21 (A;B, ABs3, 5,10-A,B; and 5,15-A,B5). This approach of mixed-aldehyde
condensation was first used to prepare mono-hydroxy and mono-pyridyl porphyrins24 and
quickly gained acceptance for the preparation of a wide variety of porphyrins bearing two
different types of substituents.'”*> However, the main problem of mixed condensation appears
during synthesis of porphyrins bearing different meso-substituents as the number of
regioisomers formed is too large. Therefore, the purification and separation workup is too

cumbersome.
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A-CHO + [/ \S + B-CHO

N
H
A A A
A A A‘A B B
A B B
17 8 19
A4 AsB AB;
A A B
B A B‘B B B
B A B
20 21 22
5,10-A2B; 5,15-AzB, B4

Scheme 1.3. The set of porphyrins formed upon a mixed-aldehyde condensation.

Modifications of Adler method

Pyrrole is known to undergo a Mannich reaction under mild conditions with imines formed
from formaldehyde and dialkylamines, affording the a-dialkylaminomethyl derivative.”**’
Thus, pyrrole and an imine 23 (0.2 M each) were allowed to react for 6 days at room
temperature in chloroform containing methoxyacetic acid. After air oxidation, the
corresponding porphyrin (8, 25, 26 and 13) was observed in yields from 7 — 22 % (Scheme

1.4, Route A).
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The pyrrole-carbinol 24 is a key intermediate in pyrrole-aldehyde condensation and undergoes
self-condensation in hot propionic acid forming the corresponding porphyrins (27, 28 and 13)

(Scheme 1.4, Route B).28

0 ;
N /O\)]\OH N /N R

hot acid, air
N

+ CHCl3, air OH

R
23
R (Route A) R (Route B)
N
methyl 8
ethyl 25 — CHj,
isopropyl 26
H3C == 28

phenyl 13

CH3

phenyi 13

Scheme 1.4. One-flask pyrrole-imine condensation (route A) and pyrrole-carbinol conversion (route B) yielding meso-
substituted porphyrins.

C. Lindsey method (a two-step one-flask room temperature synthesis of porphyrins)

Development

The development of an approach for the synthesis of meso-substituted porphyrins under gentle
conditions was motivated by the desire to broaden the scope of available porphyrins model
systems. The development of this method was inspired because pyrrole and benzaldehyde are
reactive molecules and should not require high temperatures for condensation. The Lindsey
method for the synthesis of meso-substituted porphyrins uses a sequential process of
condensation and oxidation steps as follows:

A solution of pyrrole and benzaldehyde (10 mM each) in CH»Cl, at room temperature was

treated with trifluoroacetic acid or BF;-etherate. Then, in a second step, a stoichiometric

10
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quantity of DDQ or p-chloranil was added, causing conversion at room temperature of the
porphyrinogen 29 to the porphyrin 30 in yields 35 — 40 % (Scheme 1.5).*° The method was
developed over the period 1979 — 1986.

C TFA or BFz-etherate
4 / \ + 4 RCHO . + 4H,0
N CH,Cl,, 25C

H

29
R H
R o,
H CH,Cl,, 25C
R H \
H R o
29 Cl CN cl CN 30
Cl CN cl CN
o OH
DDQ Ho,DDQ

Scheme 1.5. Two-step one-flask room-temperature synthesis of meso-substituted porphyrins (Lindsey method).

The reaction was found to be quite sensitive to the concentration of the reactants and the acid
catalyst. For 10 mM reactants, BF;-etherate was found to be effective at 1| mM while TFA

required a higher concentration of 20 — 50 mM.*°

Applications

This method has been applied to the synthesis of diverse meso-substituted porphyrins. The
overall yields can reach 50 % depending on the aldehyde. The reaction conditions are
compatible with a range of p-substituted benzaldehydes, o-substituted benzaldehydes and
benzaldehydes bearing bulky groups at the 3- or 3,5-positions.’'® The reaction conditions

also are compatible with organometallic units *°, protected sugars'’, heterocyclic aldehydes"'

11
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and isotopically labelled aldehydes.* The Lindsey method has been also successfully applied
to the preparation of porphyrins bearing two different types of meso-substituents via a mixed-
aldehyde condensation using two different aldehydes bearing alkyl chains and aromatic groups

with various substituents in different positions.***’

1.3.4 Routes to specific classes of meso-substituted porphyrins

A. 5,15-Substituted porphyrins

Porphyrins bearing substituents in the 5,15-positions are useful for diverse applications. The
mixed-aldehyde condensation affords 5,15-substituted porphyrins in 12.5 % of the total
porphyrins (based on 1:1 ratio of the two aldehydes). From the same reaction, the 5,10-
substituted porphyrin is isolated in 25 % yield. As the 5,10- and 5,15- substituted porphyrins
bear two of the same substituents, separation by adsorption chromatography is often difficult.
Rational syntheses of 5,15-substituted porphyrins have been developed based on the
MacDonald [2 + 2] condensation of a dipyrromethane and an aldehyde, as shown in Scheme
1.6 (Routes A to D) as follows:

Route A: Reaction of meso-unsubstituted, f-unsubstituted dipyrromethanes 31 with a wide
variety of aryl aldehydes at room temperature over 15 h in CH,Cl, containing trifluoroacetic
acid. Subsequent oxidation with DDQ or p-chloranil affords the corresponding 5,15-
substituted porphyrins 33 in 73 — 92 % yields.*®

Route B: Reaction of meso-substituted, f-unsubstituted dipyrromethanes 32 with a wide
variety of aryl aldehydes under the same reaction conditions to afford trams-A,B> meso-
substituted porphyrins 34.*!

Route C: Reaction of meso-substituted, S-unsubstituted dipyrromethanes 32 with two different
aldehydes to afford A,BC-type meso-substituted porphyrins 35. The chromatographic
separation must be done for the desired A,BC-porphyrin.”

Route D: Reaction of meso-unsubstituted, f-unsubstituted dipyrromethanes 31 and meso-
substituted, S-unsubstituted dipyrromethanes 32 with an aldehyde to afford a porphyrin 36

with one free meso-position.>®
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\\ =
\ =
v/ \ /) + ACHO
31 NH HN
X = @
\ NH HN—// 1 TFAor BFs-etherat 1. TFA or BFs-etherate
2. DDQ or p-chloranil R4 2. DDQ or p-chloranil
32 CH,Cl, CH,Cl,
Rq Rs
1. TFA or BFz-etherate 1. TFA or BFz-etherate
2. DDQ or p-chloranil Ra 2. DDQ or p-chloranil
CH,Cl, CHyCl,
+ ArCHO " ArCHO
+ ArCHO
32 32

Route | Compound formed

A 33:R;=Ry=Ar,R3=R,=H

B 34:R;=Ry=Ar,R3=R; =R

c 35:Ry=Ar, R, =Ar, R3= Rs =R

D 36:R1=R;=R3=R,R4=H

Scheme 1.6. Routes (A to D) for different classes of 5,15-substituted porphyrins using dipyrromethane.

In 2005, Lindsey and co-workers developed a new synthesis of 5,15-AB-porphyrins which are
valuable compounds in bioorganic and materials chemistry. Their synthesis employs 1,9-
diformylation of dipyrromethane, conversion of the diformyldipyrromethane to the bis(imino)
derivative, and reaction of the bis(imino)dipyrromethane with a dipyrromethane in presence of
zinc acetate to give the zinc-porphyrin bearing 5,15-AB-substituents. Scheme 1.7 illustrates
the synthetic approach to the AB-porphyrin 41 which includes 1,9-diformylation of phenyl-
dipyrromethane 37 via Vilsmeier reaction to form 1,9-diformyldipyrromethane derivative 38.

Imination was achieved by treatment of 38 with n-propylamine at room temperature to afford
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1,9-bis(imino)dipyrromethane 39 which reacted with a dipyrromethane 40 substituted with
tolyl group over 2 h in refluxing ethanol containing zinc acetate to form zinc-porphyrin with

5,15-AB-substituents 41 in yields of 30 — 45 % depending on the reaction conditions.>*

DMF, POCI3, RT, 1h

|

37
38
N\ NH,
THF
S =
\ NH HN /
\ /
Zn(OAC)z N N
R EtOH

Scheme 1.7. An example for the Lindsey synthesis of 5,15-AB-substituted porphyrins via imine-substituted
dipyrromethanes.

B. meso-Substituted porphyrins using organolithium reagents

Senge and co-workers found that porphyrins readily undergo meso-substitution reactions with
organolithium reagents and since then, they have developed this reaction to be a generally
applicable method for the preparative synthesis of functionalized unsymmetric porphyrin
precursors.”>®' As porphyrins have broad medicinal applications in photodynamic therapy

(PDT), further development of these applications may be enhanced by unsymmetric and
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highly functionalized compounds. Thus, functionalized unsymmetric porphyrin precursors
should be key intermediates for the required compounds.

The functionalized porphyrins 43-50 were synthesized in good yields (~80 %) except for 45
through the reaction of organolithium reagents with 5,15-diphenylporphyrin 42 followed by
hydrolysis with water and subsequent oxidation with DDQ (Scheme 1.8).°* In order to achieve
high yields in the synthesis shown in Scheme 1.8, 10 — 15 equivalents of organolithium
reagents were used. Indeed, the A,B-type meso-substituted porphyrins 43-50 bearing NH,, -
OH, -OMe, -N(Me),, p-ethynyl and 1,3-dioxolan-2-yl groups which are highly reactive centers

could be prepared easily.*

1. RLi

S S T R
2. H,0
3.DDQ

42 43-50
i Yield - Yield
(%) (%)
o <;>~NH2 g |47 == QN(Me)Z 78
0
44 --OOH 75 | 48 --@ j 86
0
OH
45 N @ 30 49 . AQ': 85
46 --Q 83 | 50 s NNiver, e
MeO

Scheme 1.8. Synthesis of functionalized unsymmetric porphyrins by using organolithium reagents.
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Senge and Feng also found that reaction of (5,15-dibutyl/phenylporphyrinato)nickel(Il) 51 and
52 with R’Li under anhydrous conditions affords 5,10,15-trisubstituted porphyrin anions that
can be used as in situ nucleophiles for reaction with electrophilic reagents such as
alkyliodides. After oxidation with atmospheric oxygen, the 5,10,15,20-tetrasubstituted A,BC-
type porphyrins 53-61 were obtained in yields from 50 to 90 % (Scheme 1.9).°® The reaction
sequence was addition of RLi, hydrolysis with water, addition of RI, and subsequent oxidation
with air which is considered as a two-step one-pot reaction. Scheme 1.9 also shows the use of
alkyl iodide reagents with functional groups such as —I, -OH, -Br, -COOR, and —CN.

The use of the respective free base porphyrin under similar reaction conditions gave 5,10,15-
trisubstituted porphyrins as the sole product, similar to the standard reaction sequence

(porphyrin, RLi, H,O and DDQ) without using of alkyliodide.

R1 R1
a-d - =3 R2
R’ R!
51: R'=Ph 53-61
52: R'=nBu
R R2 R3 Yield(%)
53| Ph nBu nBu 92
54| Ph Ph nBu 90
55| Ph nBu CH,CH,CH,CHjl 79
56| Ph Ph CH,CH,CH,CH,l 71
57 Ph nBu CH,CH,CH,CH,0H 48
58| Ph Ph CH,CH,CH,COOEt | 52
59| Ph Ph CH,CH,CH,CN 80
60| nBu  Ph CH,CH,CH,CN 62
61| Ph Ph CH,CH,CH,CH,Br | 24

Reagents and conditions: (a) R2Li, THF, -70 ; (b) H,O; (c) R®I, 60 min, room temperature; (d) air.

Scheme 1.9. One-pot, two-step reaction of 5,15-disubstituted porphyrins with R2Li/R3|.
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Some useful synthetic variations were also possible with free-base porphyrins. One example is
the preparation of directly meso-meso linked bisporphyrins (Scheme 1.10).%* Reaction of 5,15-
disubstituted free-base porphyrins 42 or 62 with RLi under anhydrous conditions afforded
5,10,15-trisubstituted porphyrin anions followed by oxidation with DDQ, the bisporphyrins
63-65 were accessible in good yields. The mechanistic investigations of this reaction indicated

that simple omission of the hydrolysis step allowed the facile preparation of 5,5’-linked
bisporphyrins via direct oxidation of the anion to a m-stabilized radical followed by radical

dimerization.

1. RoLi, (no H0)

Y

2. DDQ

42: R'=pPh 63: R'=Ph, RZ2=nBu, 75 %
62: R'=pBu 64: R'=R%2=Ph,79%
65: R'=nBu, R2=Ph, 55%

Scheme 1.10. Synthesis of the meso-meso linked bisporphyrins using 5,15-disubstituted free base porphyrins and
organolithium reagents in absence of water.

C. Palladium-catalyzed coupling and fuctionalizing the meso position of porphyrins

Several coupling reactions have been reported for the functionalization and linking of
porphyrins using palladium catalysis.***>®” Scheme 1.11 shows three different approaches for
coupling and functionalizing the meso position of porphyrins using meso-bromoporphyrin 66
and palladium catalysis. Palladium catalysed Stille coupling of bromoporphyrin 66 with
bis(tributylstannyl)ethene using Pd(PPh;)s, Cul and CsF gave meso-meso vinylene linked
porphyrin dimers 67 in yields 44 % (R = H) and 58 % (R = Ar) (Scheme 1.11, Route A).®> An
example for functionalization of a porphyrin is illustrated in Scheme 1.11, Route B. Reaction
of  bromoporphyrin 66  with  tri-n-butyl(vinyl)tin  in  the  presence  of
tris(dibenzylideneacetone)dipalladium(0) and AsPh; in dry THF afforded porphyrin 68 in
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Ar
Ar
R
Ar
Ar 67
SnBU3
Bu3Sn—/_
Pd(PPhg3)4, Cul, CsF
Ar Ar
CH,CHSNBuU3, Pdy(dba)s, AsPhs
) R ® R
Ar Ar
Ar
66 68
O
B\
(@]
Ar 69
Pd(PPh3)4, 052003
Ar Ar
Route A | Ar = 3,5-Di-tert-butylphenyl,
R=HorAr, M=2Zn(ll)
Route B | Ar=R=Ph, M=2H R
Route C | Ar = 3,5-dioctyloxyphenyl, R
=H, M= Ni(ll) or 2H
Ar Ar
70

Scheme 1.11. Exemplary routes to the functionalization and linking of porphyrins using various Pd catalysts.
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88 % yield.® Route C in Scheme 1.11 shows a Pd-catalyzed coupling for the synthesis of
meso-meso coupled porphyrin arrays. Coupling of porphyrin boronate 69 and meso-
bromoporphyrin 66 was carried out in a mixture of toluene and DMF in presence of Pd(PPhs),

and Cs,COjs at 80 °C to gave 70 in 62 % yield.®’

D. Porphyrins bearing four different meso-substituents (ABCD-porphyrins)

The synthesis of ABCD-porphyrin 71 has recently seen significant developments.
Retrosynthetic analysis shows several ways in which the synthesis of ABCD-porphyrins can
be approached (Figure 1.4)*® which are summarized as followed: The MacDonald-type [2 + 2]
condensation which employes dipyrromethanes 72 and 73 directly, [3 + 1] condensation of
tripyrrane 74 and pyrrole or mixed condensation of four different aldehydes and pyrrole.” In
addition, ABCD-porphyrins can also be formed via cyclization of hydroxymethylbilane 75 or
bilane 78 and aldehyde condensation.”””" Recently, an ABCD-porphyrin 71 has been formed
by using A-type porphyrins 76 with three different organolithium reagents via three steps.”
The synthesis of meso-substituted porphyrins from dipyrromethane intermediates requires
introducing substituents at the a and a’-positions (2- and 5- positions) of the pyrrole nucleus.
Introducing acyl groups is ideal, since pyrrole readily undergoes electrophilic aromatic
substitution.”® An a-substituted pyrrole can be acylated at the a’-positions as long as the a-
substituent is not electron-withdrawing.” This means that introduction of groups at the a and
a’-positions must involve electron-releasing groups preceding electron-withdrawing groups in
order to lead to introduce the second acyl group to the S-position rather than the 4-position.”
Dipyrromethane plays an important role in the MacDonald-type [2 + 2] condensation and in
preparation of tripyrranes, bilanes, or higher oligomeric pyrroles. Indeed, the dipyrromethanes
are relatively stable compounds. This has prompted some research groups to investigate
methods for functionalizing dipyrromethanes such as they can be used in rational syntheses of
ABCD-porphyrins. Smith and co-workers described a synthesis of ABCD-porphyrins
involving the acid-catalyzed condensation of two different dipyrromethanes in refluxing
propionic acid.”*”> Ogoshi's group synthesized an ABCD-porphyrin in a similar manner.”*"’
Synthetic approaches to pure ABCD-porphyrins are currently under development by Lindsey's

group.®®”% Scheme 1.12 shows an example of the synthesis of porphyrins bearing four

different meso-substituents. Reaction of o-mercaptophenol 79 with a p-methyl-benzoic acid 80
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A
BLi
. + CLi
DLi
76

A-type porphyrin + organolithium reagents

i)
T
ﬂ /

- 78
\ / e
I'* B
hydroxymethylbilane b
cyclization
D C

ilane + Aldehyde
A
B 7 N\ y
\ NH /
HN
D C
OH HO
A . 72
CH NH HN
oA
Y AN
B
73

(0]

i
NH H
D—CHO OHC-C

7

©

tripyrrane + pyrrole

&

MacDonald type
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B
mixed condensation

Figure 1.4. Retrosynthetic analysis for ABCD-porphyrins.
in the presence of HBF;-etherate gave the benzoxathiolium tetrafluoroborate 81, a masked
acyl equivalent, which reacted with dipyrromethane 37 at room temperature to afford the
mono-alkylated dipyrromethane 82 in 67 %. Treatment with a second benzoxathiolium
tetrafluoroborate 83 gave the 1,9-dialkylated dipyrromethane 84 in quantitative yield.
Oxidative hydrolysis yielded the 1,9-diacyl dipyrromethane 85, a stable crystalline compound.

20



C[SH
N Z
BF4
ot S, \ NH  HN /

HBF4 . O(Et),
o Pyridine
CH4CN

Pyridine
CH3;CN

HBF, . O(Et),
HgO

88

Scheme 1.12. Rational synthesis of an ABCD-porphyrin using dipyrromethanes.
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Reduction of 85 with LiAlH4 gave the bis-carbinol 86 which was used in conjunction with a
second dipyrromethane 87 in a [2 + 2] condensation, giving the regioisomerically pure ABCD-
porphyrin 88. All the steps in this synthesis gave high yields except the final [2 + 2]

condensation, which proceeded only in 13 % yield.*®

1.4 Applications of porphyrins in photodynamic therapy (PDT)

1.4.1 The concept of photodynamic therapy

Photodynamic therapy (PDT) is a promising modality for the treatment of cancer.®'* In PDT,
light, O,, and a photosensitizing drug are combined to produce a selective therapeutic effect.
PDT is a selective treatment modality that affects mainly the target tissue. The selectivity is
based on a difference in the photosensitizer concentration betweea normal and target tissues
and on the directing of light into the target tissues. The concept of shotodynamic therapy as in
Figure 1.5 is simple: (1) Intravenous injection of the photosensicizer into the blood stream.
(2) After injection, the photosensitizer accumulates in the target tissue during 3 — 96 h,
depending on the photosensitizer used. (3) After the accumulation period, light directed to the
tissue activates the photosensitizer and, in the presence of ground-state (triplet) oxygen (302),
reactive singlet oxygen species are formed. (4) Damage to vital structures and functions of

y : : 87
cells as a result of singlet oxygen, causes tumour tissue destruction 86,

light
(1) (2) 3) “)
Figure 1.5. |lllustrative pictures for the stages of photodynamic therapy on a patient:

(1) The drug photosensitizer is given by injection. (2) After some time the photosensiizer concentrates in the tumour.
(3) The photosensitizer is activated by light. (4) The tumour is selectively destroyed.?®
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Porphyrins have been found to be good candidates for photosensitizers in PDT. As porphyrins
are cyclic conjugated electronic structures, they can absorb energy from light and transfer it to
molecular oxygen. Toxic oxygen species such as singlet oxygen and free radicals are thus
formed. Indeed, these species are very reactive and can damage proteins, lipids, nucleic acids

and cellular components.

1.4.2 Mechanism of photodynamic therapy

Singlet oxygen generated in the cells can be explained using simple photophysics.®®* Figure
1.6 shows a simplified Jablonski diagram (with vibrational levels omitted). Provided that the
porphyrin possesses an absorption maximum at a wavelength corresponding to that of the
incident laser light, shining light on a highly colored porphyrin causes excitation to the singlet
excited state ('P*). The singlet excited porphyrin can decay back to the ground state with
release of energy in the form of fluorescence - enabling identification of tumor tissue. If the
singlet state lifetime is suitable (and this is the case for many porphyrins) it is possible for the
singlet state to be converted into the triplet excited state *P*) which is able to transfer energy
to another triplet state. One of the very few molecules with a triplet ground state is dioxygen,
which is found in most cells. Energy transfer therefore takes place to afford highly toxic
singlet oxygen ('05) from ground state dioxygen in the triplet state (*05), provided the energy
of the *P* molecule is higher than that of the product '0,.

Chemical reactions (Type 1)

— "0, singlet oxygen[C—> Phototoxicity

1p* T Intersystem HEIectron transfer
stsing
3p* -

E | Absorption| § Fluorescence | ‘ (Type II)
‘\‘ Energy
» transfer
Phosphorescence

Figure 1.6. A simplified Jablonski diagram for PDT.
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Photochemical reactions involved in PDT

Triplet photosensitizers can undergo either Type I reaction (electron or hydrogen atom
transfer); through interaction with substrate or solvent, or Type II reaction (energy transfer);
through interaction with molecular oxygen.” These two photochemical reactions are shown in
Figure 1.7. Transfer of energy to molecular oxygen (type II) is thought to be the primary
photochemical reaction in porphyrin-mediated PDT. This results in the in situ generation of
singlet oxygen ('O,). Electron transfer from the sensitizer to oxygen may also occur in some

cases, giving oxidized sensitizer and superoxide anions (Figure 1.7).

=1
Oxygenated products Oxygenated products
Light
A A
1 *
O, Typsil p Type i substrate
Electron transfer Energy transfer
Radicals or - g > 10,
Radical ions Substrate
or solvent O,
." ------------------------------ S Pox + O2
' P°=Ground state of porphyrin photosensitizer :
P* = Excited state porphyrin E
+ Pox = Oxidized photosensitizer :
' 10, = singlet oxygen '
! O, = Superoxide anions. E

Figure 1.7. Type | and Type Il photochemical reactions in PDT.

1.4.3 Properties of good photosensitizer
The crucial part in the PDT process relies on the molecular features of the photosensitizer.**”!
The structural features of an efficient photosensitizer should be an amphiphilic character

through insertion of functional groups with different polarities, tunable modification of the
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conjugated 7-system and synthesized in high yields and in few steps. For the treatment of
cancer, the ideal photosensitizer should meet the following requirements:

(1) be chemically pure and have known composition; (2) be nontoxic in the absence of light;
(3) be preferentially retained by the target tissue; (4) absorb light of sufficiently long
wavelengths (600 — 800 nm) so that the therapeutic effect of PDT would be as deep as
possible and that the light used would not cause photosensitization of healthy tissues; (5) have
a high quantum yield of singlet oxygen; (6) be easily administrated, orally, topically or

intravenously; (7) be rapidly excreted from the body to provide low systemic toxicity.

1.4.4 Porphyrin photosensitizer structures

Most photosensitizers used in PDT are cyclic tetrapyrroles, comprising substituted derivatives
of porphyrin, chlorin, and bacteriochlorin. The first photosensitizers most commonly used in
PDT were hematoporphyrin (Hp) (Figure 1.8., 89) and hematoporphyrin derivatives (HpD)
during the period from 1961 to 1983. Hence, these tetrapyrroles comprised the first generation

photosensitizer. %

HO Me
Me OH

Me
Me

Me Me

COOH COOH

89

Figure 1.8. Hematoporphyrin as the first generation photosensitizer.

HpD was the first photosensitizer to receive regulatory approval in Canada in 1993 and has
received subsequent approval in the U.S., Europe, and Japan for treatment of several types of
cancer.”> However, the limitation of HpD is that it is a mixture of compounds that include the

hematoporphyrin monomer, dimer, and oligomers.”® Partial purification of this mixture gives
the commercial form, Photofrin".”* This purified product still consists of many porphyrin

containing compounds which creates difficulties in their manufacture. The absorption
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spectrum (so-called etiotype spectrum) of HpD is similar to that of Photofrin”. It contains the

strong Soret band, typical for porphyrins, at about 400 nm and the Q-bands of lower intensity
at 500, 540, 570, and 630 nm. HpD's absorption at 630 nm allows light to penetrate
reasonably deep into tissues.”

The absorption of red light by porphyrins can be strengthened and shifted to longer
wavelengths with suitable substituents in the meso-positions. 5,10,15,20-Tetra(3-hydroxy-
phenyl)porphyrin ~ (m-THPP)  (Figure 1.9, 90) and 5,10,15,20-tetra(4-sulfonato-
phenyl)porphyrin (p-TPPS4) (Figure 1.9, 91) are substituted porphyrins developed as potential

new photosensitizers for PDT. m-THPP is 25 — 30 times as effective as HpD or Photofrin® as

a photosensitizer.”

l OH

HO
O O s
OH

90 HO i

S0,
5,10,15,20-Tetra(3-hydroxyphenyl)-porphyrin 5,10,15,20-Tetra(4-sulfonatophenyl)-porphyrin
m-THPP p-TPPS,

Figure 1.9. meso-Substituted porphyrins that have been developed as potential
photosensitizers for PDT.

Finally, PDT has many advantages as compared to the traditional cancer treatments (cytostatic

8897 which are summarized as followed: (1) It is a

chemotherapy, radiation, and surgery)
selective treatment that does not destroy healthy tissues. (2) It is an effective treatment as it’s
easy and fast. (3) There are no serious side effects and no resistance normally develops. (4) It

can be used to treat many different kinds of cancers, including cancers resistant to other forms
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of treatment. (5) Most porphyrins photosensitizers are fluorophores, so they can also be used

in tumor detection and in establishing the tumor size and location before PDT.

1.5 Strategy

The research undertaken in the present study will include the synthesis of functionalized
unsymmetrically substituted porphyrins for potential applications in photodynamic therapy.
Chapter 2 will study the synthesis of novel A,BC-porphyrins bearing highly reactive centers in
substituents at the meso positions using corresponding functionalized organolithium reagents
via two-step reactions.

The main focus of Chapter 3 will be on one-pot synthesis of A,BC-porphyrins with different
functional groups in the meso-positions using functionalized organolithium reagent and
different alkyl/aryl iodides. The reaction mechanism of A,BC-porphyrin formation is also
postulated.

Chapter 4 will discuss the one-pot synthesis of ABCD-porphyrins with different functional
groups in the meso-positions using functionalized organolithium reagent and different
alkyl/aryl iodides. In addition, synthesis of ABCD-porphyrins via two-step reactions will be
also reported. New ABC-porphyrins are also formed during ABCD-porphyrins synthesis and
these will be also reported.

Chapter 5 will be concerned with the synthesis of novel chlorins via reaction of functionalized
As-porphyrins with different organolithium reagents. Electronic effect of the functional groups

in the A4-porphyrins and the steric effect of the organolithium reagents were also examined.
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Synthesis of new functionalized A,BC-porphyrins as
potential lead structures for applications in photodynamic

therapy (PDT)
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2.1 Introduction

As explained in Chapter 1, substituted tetrapyrrolic systems have broad applications in the
area of medicinal treatment of tumors by photodynamic therapy (PDT). Numerous substances
have been tested for their suitability as photosensitizers but till now only few photosensitizers
have gained approval of the legal authorities in Europe and the United States, namely
Photofrin®, Ver[eporﬁn® (benzoporphyrin derivative), ALA-PpIX (8-aminolevulinic acid-

induced protoporphyrin IX and Temoporfin 92 (m-THPC) [5,10,15,20-tetra(3-
hydroxyphenyl)chlorin] (Figure 2.]).98"00

92

Figure 2.1. Structure of Temoporfin.

The amphiphilic structure is an important additional property as the molecular frameworks
often have hydrophilic and hydrophobic parts. This amphiphilicity has been identified as an
important target for facilitating the localization of the photosensitizers in tumor cells. It is
important for the photosensitizer to be hydrophilic in order to be easily administered
systemically via injection into the bloodstream which is water-based system. However, the
photosensitizer must also be ideally hydrophobic in order to be able to get into cells by
traversing lipid membranes. Very strongly hydrophilic photosensitizers have been shown to
lack high PDT efficacy, most probably due to the fact that the singlet oxygen is generated in

an aqueous environment, too far away from sensitive cellular structures.'”’
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Thus, for developing new photosensitizers for PDT, the target should be a series of
compounds differing in the extent of hydrophilic/hydrophobic substitution. This will allow a
systematic assessment of membrane affinity to establish quantitative structure activity
relationships (QSAR). Therefore, so-called amphiphilic molecules as potential
photosensitizers are a prime target in this project. This will involve the synthesis of
unsymmetric tetrapyrrolic systems with mixed hydrophilic/hydrophobic substitution pattern 93

and/or altering the polarity by attaching non-polar part on one side of the porphyrin molecule,

while attaching to th a polar part 94 (Figure 2.2).
hydrophobi

73

.
’
.

| . | |
.
v

93 94

~
~
~
~
~
~

Figure 2.2. Schematic illustration of the basic structure
of porphyrins suitable for PDT.

There are two possibilities to obtain such systems. The first possibility is to modify the
ubiquitous occurring natural tetrapyrroles (chlorophylls and heme); the other possibility is the
complete de novo synthesis of appropriate tetrapyrrolic systems. Verteporfin is an example of
a PDT reagent synthesized using the first approach. The latter approach is exemplified by
Temoporfin 92 [5,10,15,20-tetrakis(3-hydroxyphenyl)chlorin. Additionally, from an industrial
perspective the syntheses of PDT reagents should be simple, facile and involve only a few
synthetic steps. Hence, in order to synthesize lead structures as new photosensitizers, the
synthetic methodology used should be simple and versatile to allow the preparation of series
of compounds with minimal changes in the reaction conditions.

The de novo synthesis of unsymmetrically substituted (amphiphilic) tetrapyrroles may be
achieved by a mixed condensation of pyrroles or dipyrromethanes with different aldehydes.

Obviously, in the synthesis of highly unsymmetric porphyrins, such as A,BC-type porphyrins,
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complications that arise from this method are the number of potential regioisomers are very
large. Subsequent purification and chromatographic workup is cumbersome.

Therefore, the ideal approach is the combination of these classical condensation reactions with
subsequent functionalization by introducing different substituents directly at the free meso-
positions via organometallic reagents or other C—C coupling reactions. In this chapter, we
study how this combination of synthetic methods can be used to obtain, in a straightforward
way, amphiphilic tetrapyrroles with a mixture of polar and nonpolar residues suitable for
photodynamic therapy (PDT). Although our present study focuses on tetrapyrroles for
amphiphilicity studies in PDT, this combination of methods is also suitable for the synthesis of
unsymmetrically substituted porphyrins for other application areas, for example water-soluble
porphyrins, multiporphyrin arrays, and optical applications (push-pull porphyrins for nonlinear

optics).

2.2 Results and discussion

The aim of our study is to develop an efficient and versatile method to synthesize not only
unsymmetric porphyrins but with substituents at the meso-positions that are suitable for

.62
subsequent transformations.

The synthetic methods used in this chapter are directed
preferentially to a modification of easily accessible symmetric porphyrins. Thus,
functionalized unsymmetric porphyrins A,BC-type 95 (A = aromatic groups; B and/or C are
substituents bearing functional groups) are the target compounds in this project and key

intermediates for subsequent transformations (Figure 2.3).

95

Figure 2.3. Highly functionalized tetra-(A,BC-type) meso-substituted unsymmetric porphyrin as a target compound.

31



Chapter 2

The basic retrosynthetic approach for various functionalized tetra-(A,BC-type) meso-

substituted unsymmetric porphyrins 95 is illustrated in Scheme 2.1.

Scheme 2.1. Retrosynthetic analysis of A,BC-type porphyrins.

It is shown that the synthesis of A;BC free base porphyrins may start with the respective A;-
type free base porphyrins 97 which are easily accessible via a [2 + 2] condensation reaction
using dipyrromethane 31 and an appropriate aldehyde.*® Therefore, A,B free base porphyrins
96 can be prepared via reaction of meso-disubstituted porphyrin (A,-type) with an appropriate
organolithium reagent introducing the “B” group.®® Alternatively, possibilities exist to achieve

this using Pd-catalysed coupling reactions. Further reaction of another appropriate
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organolithium reagent with meso trisubstituted porphyrins (A,;B) 96 introducing the “C” group
affords then the desired A,BC porphyrins 95.

The overall reaction of organolithium reagent with porphyrins is a nucleophilic substitution
like the Ziegler alkylation'”, and proceeds via initial reaction of the organic nucleophile RLi
with the free meso carbon in A,-type free base porphyrins 97 yielding the phlorin-type
intermediate 98 which converted to an anionic species 99. Hydrolysis of 99 with water gives a
10,20-dihydroporphyrin  100. Subsequent oxidation with 2,3-dichloro-5,6-dicyano-p-
benzoquinone (DDQ) yields to the tri- (A;B-type) meso-substituted porphyrin 96. Repetition
of the addition-oxidation sequence of R’Li, H,O and DDQ allows then the synthesis of
unsymmetrically substituted (A,BC) porphyrins 95 (Scheme 2.2).

R! R!
2
R2Li in THF R
——————- H -
R! R
- 98 99
H,0
q R1 R1
3 H
RS R2 DDQ Hzo R°Li R2
H H
R1 R1
95 96 100

Scheme 2.2. The general mechanism for the nucleophilic substitution reaction of free base porphyrins using
organolithium reagents.

2.2.1 Synthesis of various highly functionalized amphiphilic A;BC-porphyrins

The symmetric porphyrin 5,15-diphenylporphyrin [H2(DPP)] with two free meso-positions 42

(Scheme 2.3) was synthesized via [2 + 2] condensation reaction using dipyrromethane 31 and
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benzaldehyde.”® In order to introduce a non-polar group first to one of the two free meso-
positions of 42, the reaction of 42 with »n-hexyllithium was employed to allow the synthesis of
5-hexyl-10,20-diphenylporphyrin 101 in 71 % yield. The functionalized porphyrins 102, 103
and 106 were synthesized (Scheme 2.3) through the reaction of the in situ prepared
corresponding functionalized organolithium reagents in excellent yields (60 — 80 %). The high
yields achieved in this synthesis required more equivalents (10 — 15) of organolithium
reagents which led to a higher concentration of LiOH in the reaction mixture after hydrolysis
with water, therefore more DDQ (10-15 equivalents to porphyrins) was required as it is
unstable in basic medium.’®¢'%*!1% The excess of hydrolyzed organolithium reagents can be
removed either through high vacuum distillation or by elution using an excess of n-hexane via
chromatographic separation.®?

The functionalized (A,;BC) porphyrins formed are much more polar than 5,15-
diphenylporphyrin 42 and 5-hexyl-10,20-diphenylporphyrin 101 (especially for porphyrins
bearing hydroxyl groups) and this allowed more easily chromatographic separation from each
other. The functional groups introduced in Scheme 2.3 are reactive and easily employed in
further reactions. For example, it is known from the literature that p-hydroxyl groups like
those in porphyrin 103 react as nucleophiles smoothly with acid chlorides, anhydrides as well
as with many halogen compounds.'®'® Additionally, compound 103 may be considered as a
key intermediate for many transformations to multiporphyrin arrays as the p-hydroxyl group in
103 can be coupled with various haloporphyrins to form porphyrin arrays with ether
linkages.'”'% Porphyrin 106 with a m-hydroxyphenyl substituent at the 15-position was
synthesized in the highest yield (83 %).

Porphyrin 102 is a good intermediate for the synthesis of cationic derivatives by treatment
with iodomethane. Such class of compounds is used as an entry into water-soluble cationic
sensitizers for use in photodynamic therapy and is widely used for examinations of their
interaction with proteins and DNA.'"" However, some aryllithium reagents with other
functional groups could not be employed in this synthesis. Attempts to synthesize porphyrins
bearing electron-withdrawing groups (such as -Br and -NO,) 104 and 105 recovered only
starting materials, indicating that p-bromophenyllithium and p-nitrophenyilithium reagents are
not reactive towards 5-hexyl-10,20-diphenylporphyrin (Scheme 2.3).

The study was then extended to the use of functionalized A,-type symmetric porphyrins as a

starting material such as 5,15-bis(3-methoxyphenyl)porphyrin 107.
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Scheme 2.3. Synthesis of A,BC-type porphyrins using Ho(DPP) via SyAr reactions.
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In addition, different functionalized (A,BC-type) unsymmetrical porphyrins (with methoxy,
dimethoxy, or ethynyl groups) were synthesized successfully (Scheme 2.4). Using the same
sequence as shown in Scheme 2.3, [2 + 2] condensation reactions with dipyrromethane 31 and
benzaldehyde or 3-methoxybenzaldehyde can be used for the synthesis of DPP 42 and 5,15-
bis(3-methoxyphenyl)porphyrin 107 followed by introducing non-polar group first to one of
the two free meso-positions of 42 and 107 to yield 101 and 108.The related functionalized
porphyrins 109, 113 and 114 were synthesized through the reaction of the corresponding
functionalized organolithium reagents in moderate yields (20-40 %) (Scheme 2.4).

When the hydroxyl functional groups are protected, e.g., by using o-methoxyphenyllithium
and 2,5-dimethoxyphenyllithium as reagents, the corresponding porphyrins 109 and 114 were
successfully formed in yields of 40 and 29 % respectively. However, p-methoxyphenyllithium
reagents showed surprisingly no reactivity with 5-hexyl-10,20-diphenylporphyrin 101 and the
expected porphyrin 110 could not be isolated; only starting material was recovered.
Surprisingly, in an attempt to synthesize the functionalized porphyrin 111 with o-aminophenyl
substituent, porphyrin 112 was separated as the main product. This is believed to result from
the attack of n-butyllithium to 101 to form porphyrin 112 in preference to the attack at o-
aminophenyllithium reagent which was supposed to be performed via exchange reaction
between o-aminophenylbromide and n-butyllithium. This could be due to the possible
instability of the in situ prepared o-aminophenyllithium reagent and shifting the position of

equilibrium to n-butyllithium and the bromide (Scheme 2.4).
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Scheme 2.4. Synthesis of different A,BC-type porphyrins.
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Here, the 5-(p-ethynylphenyl)-15-hexyl-10,20-bis(3-methoxyphenyl)porphyrin 113 formed,
bearing a p-ethynyl group, and similar compounds have potential uses. They have found broad
applications in the synthesis of superstructured materials, porphyrin arrays and porphyrin
based materials such as push-pull porphyrins via Glaser or Heck coupling.''''"* Couplings
involving these compounds and trans-diiodides should give new unsymmetrical, linear
trisubstituted porphyrins which may be used as model compounds for investigations of larger
array systems. Generally, the potential of the porphyrin assemblies or arrays with alkyne
bonds like in 113 has been investigated by Lindsey research group as light harvesters and
molecular devices.**!'*!">

This study was then extended to the utilization of meso-trisubstituted porphyrin 101 to carry
different alkyl residues in the “C” position using butyllithium reagents with an increasing
degree in steric demand. Reactions of »-, sec-, and z-butyllithium reagents with 101 were
utilized to study the scope of their reactivity towards the meso-position under the same
reaction conditions. Indeed, this approach was not only inspired by our aim to synthesize
unsymmetrical A;BC-type porphyrins but also by the known unusual behavior of r-butyl
groups as sterically hindered reagents.''® As shown in Scheme 2.5, n- and sec-butyllithium
react in the same way with 101 to form the unsymmetrical porphyrins 112 and 117 in yields of
31 and 25 %, respectively. Interestingly, the reaction of ¢-butyllithium with 101 under the
same conditions as with n- and sec-butyllithium preceeded in a different manner although the
attack still directed to the more reactive meso-position. Thus, phlorin 115 was formed in 20 %
yield instead of porphyrin 116.""® The NMR data are typical for a nonaromatic conjugated
system with pyrrolic signals in the 6 = 6 — 7 ppm range. Mass spectra did not give the
molecular ion peak for 115 (and for 122 in Scheme 2.8) and this is in regard to the other
characterization techniques employed. The formation of phlorin 115 indicates that the free
meso-position in 101 is more reactive towards #-butyllithium reagents than B-positions as no
chlorin was separated in this case. These results are in line with results described by Callot and
co-workers.''®

The reaction sequence shown in Scheme 2.6 involved addition of z-butyllithium reagent to the
porphyrin 101 to form 118. The reaction was quenched with water to obtain phlorin 115 as the
main product, which was isolated after oxidation with DDQ. This indicates the stability of
phlorin 115 against oxidants. Indeed, this reaction opens a route for the conversion of free
base porphyrins with free meso-position to phlorins with a variety of different meso-

substituents. Formally, this constitutes an addition reaction involving two meso-positions.
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Scheme 2.5. Synthesis of A,BC-type porphyrins and a phlorin using n-, sec-, and t-butyllithium reagents.

In addition, synthesis of an unsymmetric porphyrin containing an ester group was attempted
through reaction of 101 with the in situ prepared lithiated ester of ethyl-4-bromobutyrate 119
via n-butyllithium reagent. Unfortunately, porphyrin 120 was not formed under the reaction
conditions illustrated in Scheme 2.7.

The second part of the overall approach involved introducing different aryl and functionalized
aryl groups instead of alkyl groups into the “B” position of the symmetric A,-type porphyrins
using organolithium reagents, followed by introduction of another substituent into the
remaining “C” position. In general, introducing a variety of different aryl substituents into the
“B” position to afford A,B-type porphyrins was ideal and gave excellent yields (Scheme 2.8
and 2.9). However, attacking a meso-position opposite to one carrying an aryl group generally
was difficult due to steric hindrance of the mesomeric benzylic anion stabilization.>® Despite

this, the synthesis of some A,BC-type porphyrins by this method was successful. However,
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the yields obtained of these A,BC-porphyrins were lower than those of A,BC-porphyrins

& W,
>—Li

formed when B was an alkyl group.

®
J

101 118
H,O
~
H
O O - //// DDQ O Q
116 115

Scheme 2.6. Mechanism of the addition of t-butyllithium to porphyrin 101.
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Scheme 2.7. unsuccessful reaction of 101 with ethyl4-bromobutyrate and n-butyllithium.
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Scheme 2.8. Reactions of porphyrin 121.
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Initially, 5-phenyl-10,20-bis(3-methoxyphenyl)porphyrin 121 with an aryl substituent in the
“B” position was synthesized in 71 % yield as a new A,B-type porphyrin. p-
Ethynylphenyllithium showed no reactivity towards 121 and the desired porphyrin 123 was
not formed. However, #-butyllithium reacted with 121 to form the phlorin 122 in 22 % yield
(Scheme 2.8). The mechanism for the formation of phlorin 122 is supposed to be the same as
shown in Scheme 2.6.

Furthermore, functionalization of 107 using p-hydroxyphenyllithium was successful to afford
5-p-hydroxyphenyl-10,20-bis-(3-methoxyphenyl)porphyrin 124 as a new A;B-type porphyrin
in excellent yield of 77%. The reactivity of this compound was unsatisfactory. Neither p-
ethynylphenyllithium nor n-butyllithium reacted with 124 under the standard conditions
(Scheme 2.9).

The final experiments for the meso-modification and functionalization were interesting. 5-(4-
Aminophenyl)-10,20-diphenylporphyrin 127 and 5-(4-aminophenyl)-10,20-bis(3-methoxy-
phenyl)-porphyrin 128 were successfully synthesized using 4-aminophenyllithium.®* Although
the in situ preparation of the 4-aminophenyllithium reagent from n-butyllithium and the
corresponding bromide was done in high efficiency, it is particularly sensitive. Thus, it was
very important to control all the factors during the reaction: (1) slow addition of #-butyllithium
(ca. 1.5 — 2 h) at 0 °C; (2) stirring for another 1 — 1.5 h at R.T. until the solution became
yellow-brown and a viscous material was observed at the bottom of the flask; (3) the cooled
solution of the porphyrin was added to the vigorously stirred solution of RLi and not the other
way around; (4) carring the experiments under very dry conditions, using argon atmosphere
and dry THF.

Indeed, porphyrins with the p-aminophenyl group (strong electron donating group which make
the porphyrin more electron rich) were targetted as a key intermediate for the synthesis of
amphiphilic porphyrins, where further functional groups can be inserted into the free meso-
position by another reaction with RLi. However, utilization of amino-functionalized meso-
trisubstituted porphyrins 127 and 128 as starting materials gave mixed results (Scheme 2.10).
The porphyrin 130 with non-polar substituent (hexyl group) at the “C” position was
synthesized through the reaction of n-hexyllithium with 5-(4-Aminophenyl)-10,20-bis(3-
methoxyphenyl)-porphyrin 128 in 44 % yield and the porphyrin 131 was synthesized through
reaction of p-dimethylaminophenyllithium with 5-(4-aminophenyl)-10,20-diphenylporphyrin
127 in 20 % yield. Unfortunately, the porphyrins 129 and 132 were not formed as the

respective lithium reagents showed no reactivity against porphyrin 128 (Scheme 2.10).
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Scheme 2.9. Reactions of porphyrin 124.
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Scheme 2.10. Porphyrins containing a p-aminophenyl group as key intermediates for further
transformations.
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2.2.2 "H-NMR spectroscopy of -, meso and N—H protons of A, A;B- and A;BC-
porphyrins

The 'H NMR spectroscopic pattern of the B-pyrrole hydrogens of substituted porphyrins
depends on various factors. One of the important factors is the symmetry inherent in the
porphyrin molecule. Consequently, the pattern of the -pyrrole hydrogen '"H NMR signals can
be used to identify the symmetry of the porphyrin.'"” Other factors include the type, number
and arrangement of various substituents in the meso positions.” By taking all these factors
into consideration, we can analyze the spectra of A,-, A;B- and A,BC-type porphyrins.

Generally, the 'H signals of porphyrins depend on the distance and orientation of the protons

with respect to the T electrons of the macrocyclic ring system with protons above or inside the

ring being shielded and those outside the ring being deshielded.''® Thus, the "H NMR signals
of the characteristic groups can be easily distinguished as follow: (1) Hg = ~8 — 9.5 ppm, (2)
OHmeso = ~10 ppm, (3) SN—H < 0 ppm.

The successful preparation of unsymetrically substituted porphyrins with various substituent
types allows a comparative analysis of the changes in the NMR spectra of B-hydrogen atom
splitting and chemical shift. It is convenient to begin this comparison by looking at the
completely unsubstituted porphyrin, porphine 1, as a standard molecule and moving to A,-,
A;B- and finally to A,BC-porphyrins to observe the effect of different numbers and
regiochemical arrangements of meso substituents and their effect on the symmetry of the
molecules. The different positions and numbers of the symmetry axes of each is responsible

H719.120 porphine 1 has four symmetry axes, two of them

for the different NMR patterns.
passing through the meso carbons and the other two bisecting the pyrrole units. Thus, the B-
pyrrole protons (H2/H3/H7/H8/H12/H13/H17/H18), being magnetically equivalent, give a
singlet at 9.56 ppm and similarly the four meso protons (H5/H10/H15/H20) exhibit a singlet at
10.41 ppm (Figure 2.4). 5,15-Bis(m-methoxyphenyl)-porphyrin 107 (A,-type) has two
symmetry axis and consequently the pattern of the B-pyrrole protons shows two AB systems
for the non-equivalent protons at 9.16 (H3/H7/H13/H17) and 9.43 ppm (H2/H8/H12/H18),
respectively, and the two meso protons (H10/H20) exhibit a singlet at 10.35 ppm (Figure 2.5).
5-(4-Aminophenyl)-10,20-bis(3-methoxyphenyl)-porphyrin 128 is taken as an example for the
A,B-type systems. Porphyrin 128 has only one symmetry axis passing through the free meso

position and the opposite 4-aminophenyl group (Figure 2.6).
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Figure 2.4. 'H NMR spectraum of the B-pyrrole and meso hydrogens of 1 in CDCla.
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Figure 2.5. 'H NMR spectrum of the B-pyrrole and meso hydrogens of 107 in CDCla.

Consequently, the pattern of the B-pyrrole protons shows three different sets of nuclei as two
doublet close in the chemical shift for H2/H8/H12/H18 at 8.98 ppm and two AB signals at
9.05 and 9.35 ppm for H3/H7 and H13/H17, respectively, while the meso proton H15 give a
singlet at 10.21 ppm (Figure 2.6). The upfield shift of the B-protons H3 and H7 with respect to
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H13 and H17 by 0.3 ppm results from the ring-current effect of the adjacent phenyl ring in the
case of H3 and H7 as they are located in this shielding region above and below the phenyl
plane, since aryl substituents lie approximately orthogonal to the plane of the porphyrin.**'?!
Finally, for our comparative analysis of the changes in the NMR spectra of B-pyrrole protons,
two different unsymetrically substituted porphyrins (A,BC-type) were examined. The first
compound was 5-(sec-butyl)-10,20-diphenyl-15-hexylporphyrin 117 with B and C as meso-
alkyl residues. Porphyrin 117 has only one symmetry axis passes through the sec-butyl group
and the opposite hexyl group (Figure 2.7) and the pattern of the B-pyrrole protons shows three
different set of nuclei as two doublets possessing similar chemical shifts for H2/H8/H12/H18
at 8.86 ppm and two doublets at 9.43 and 9.57 ppm (J = 5.0 Hz) for H13/H17 and H3/H7,
respectively. As H2/H8/H12/H18 are in proximity to two pheny! groups, they undergo more
upfield shifts than H13/H17 and H3/H7 (in proximity to aliphatic groups) due to the ring
current effect of the two phenyl groups as mentioned previously (Figure 2.7).
5-(p-Ethynylphenyl)-15-hexyl-10,20-bis(m-methoxyphenyl)porphyrin 113 is the second
example examined of A,BC-type but with a meso-alkyl residue as B and a meso-aryl residue
as C. Porphyrin 113 has also one symmetry axis passing through the p-ethynylphenyl group
and the opposite hexyl group (Figure 2.8) and the pattern of the B-pyrrole protons was
different in this case. Porphyrin 113 shows four different sets of two magnetically equivalent
nuclei as doublets (H2/H8 at 8.78 ppm, H12/H18 at 8.88 ppm, H3/H7 at 8.98 ppm, H13/H17
at 9.51 ppm, respectively) (J = 5.0 Hz). As H13 and H17 are the only two protons not in
proximity to an aryl group (closest to hexyl group), they appear as the ones with the most
downfield shift compared to H3 and H7 (closest to p-ethynylphenyl group) or H2, H8, H12
and H18 (closest to m-methoxyphenyl group). The B-pyrrole protons H2/H8 exhibit a doublet
at 8.78 ppm while H12/H18 show doublet at 8.88 ppm in porphyrin 113 rather than identical
chemical shifts as in porphyrin 117 because H2/H8 are flanked by p-ethynylphenyl and m-
methoxyphenyl groups while H12/H18 are flanked by hexyl and m-methoxyphenyl groups
(Figure 2.8).

The porphyrin N—H protons appear at 0 to — 4 ppm because of the strong upfield shift caused
by the macrocycle ring current effect.'*' Depending on the degree of substitution, the N—H
signals undergo low-field shifts with increasing number of meso-substituents.>® Figures 2.9
illustrates the downfield shift of the N-H proton signals from porphine 1 (— 3.93 ppm) to
porphyrin 107 (A,) (— 3.12 ppm) to 128 (A2B) (—2.99 ppm) to 117 (A,BC) (— 2.56).
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Figure 2.6. 'H NMR spectrum of the B-pyrrole and meso hydrogens of 128 in CDCls.
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Figure 2.7. "H NMR spectrum of the B-pyrrole hydrogens of 117 in CDCls.

Similar spectral habits were found for various substituted porphyrin (not shown). Thus, the 'H
NMR spectra allow a clear identification of the number, arrangement and symmetry of aryl

substituents in the series of meso-substituted porphyrins.''”-''!2
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Figure 2.8. 'H NMR spectrum of the B-pyrrole hydrogens of 113 in CDCls.
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Figure 2.9. "H NMR spectrum of the N—H hydrogens of porphyrins 1, 107, 128 and 117 in CDCls.
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2.3 Conclusions

Starting from the medicinal applied science oriented approach we have shown how the present
tools of synthetic porphyrin chemistry could be combined together to obtain a wide variety of
unsymmetrically substituted amphiphilic porphyrins as potential lead structures for use in
photodynamic cancer therapy.

The symmetric porphyrin starting materials (A,-porphyrins) were easily prepared by simple
condensation reactions of dipyrromethane and suitable aldehydes. These porphyrins were then
functionalized by a nucleophilic aromatic substitution reaction (SxAr) with a wide variety of
aliphatic and aromatic organolithium compounds, allowing the introduction of, for example
alkyl chains, phenyl groups, free hydroxyphenyl groups, protected phenolic groups in different
positions, aminophenyl substituents, dimethylaminophenyl substituents, or ethynylphenyl
substituents.

A>BC free base porphyrins could be prepared via reaction of meso-trisubstituted porphyrins
(A>B) with an appropriate organolithium reagent introducing the “C” groups. If A,B porphyrin
carries an alkyl residue in the “B” position, reaction with ArLi generally gave better yields
than alkyl lithium reagents. On the other hand, attacking a meso-position opposite to one
carrying an aryl group generally gave lower yields, due to steric hindrance of the mesomeric
benzylic anion stabilization. Nevertheless, this method allowed the preparation of the target
compounds with acceptable yields and in two steps from the respective A, porphyrins.

Finally, even though some limitations remain concerning some functional groups, this
methodology could be useful from the synthetic point of view and opens a practical way to
synthesize more highly functionalized substituted porphyrins with a mixed
hydrophilic/hydrophobic substitution pattern which could be used towards applications in
PIT.
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One-pot synthesis of A,BC-type free base
porphyrins
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3.1 Introduction

Unsymmetric A,;BC-porphyrins whose meso substituents contain functional groups or
chemically reactive groups, can present suitable precursors for transformations into
amphiphilic porphyrins for medicinal applications (PDT) or for the synthesis of more
complicated porphyrin systems like multiporphyrin assemblies for optical applications.'?*'*
The increasing importance of these applications provides continual stimulus for intensive
research towards artificial functionalized unsymmetric porphyrins. However, at present it is
difficult to introduce multiple functional groups to the porphyrin moiety to form the target
unsymmetric porphyrins.

In general, there have been few synthetic methods to reach A,BC-porphyrins. Nevertheless,
three of the most common synthetic approaches to yield such compounds, the first one being
multi-step total syntheses, while the second involves mixed condensations which require
tedious chromatographic separation. The third approach is palladium-catalysed coupling and
functionalization to the porphyrin macrocycle which is a topic of considerable interest in the
recent literature,** %6712

As mentioned previously, our research group have made considerable progress in this area via
direct introduction of different functional groups via organolithium reagents. A reaction
sequence of addition of RLi, hydrolysis with water, and subsequent oxidation with DDQ
allowed the convenient and mostly quantitative preparation of porphyrins with different meso
substituents. However, in some cases, the desired functional groups (with oxygen, nitrogen or
halogen atoms) are not tolerated by organolithium reagents and react rapidly with them. Thus,
such reactive groups must be protected at first and after that refunctionalized by another
reagent. Therefore, the synthesis of unsymmetric (A,BC) porphyrins via this method is limited
to the introduction of one substituent in each reaction step.

Indeed, these limitations stimulated the search for a more facile synthetic method to obtain the
target functionalized unsymmetric porphyrins via fewer synthetic steps.

As mentioned in Chapter 1 during more detailed mechanistic investigations of the reaction of
RLi with (5,15-dialkyl/arylporphyrinato)nickel(II) 133, Senge and Feng found that the
addition of electrophilic reagents such as alkyl iodide “after the hydrolysis step,” followed by

oxidation with atmospheric oxygen, permits the preparation of functionalized unsymmetric

tetrasubstituted porphyrins 134 which can be converted to the free base porphyrins 95 by using
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very strong acids.'” The use of an electrophile was inspired by the formation of reactive

3664126 (Meisenheimer-type'?” porphodimethene anions) entailed by

carbanion intermediates
the reaction mechanism. The in situ trapping of these intermediates with electrophiles; and the

reaction can be considered as two-step one-pot reaction (Scheme 3.1).°

R1 R1 R1
a-d 2 H* 2
=~ RS RE —» R3 R
R1 R1 R1
133 134 95

Reagents and conditions: (a) R2Li, THF, -70 C; (b) H,0; (c) R3l, 1 h, RT; (d) oxidation (air or DDQ).

Scheme 3.1. Standard reaction of (5,15-Ax-porphyrinato)nickel(ll) with R2Li/R3I.

On the other hand, they found that using the respective free base porphyrins 97 under similar
reaction conditions gave 5,10,15-trisubstituted (A;B-type) porphyrins 96 as the sole product
without formation of A,BC-type porphyrins 95, similar to the standard reaction sequence
(Porphyrin, RLi, H,O and DDQ) without use of alkylyliodide (Scheme 3.2). In addition,
mechanistic studies indicated a phlorin anion to be the key intermediate of this reaction.*®

Therefore, the synthesis of A;BC-type free base porphyrins 95 via SNyAr reactions necessitated
either two addition-oxidation sequences using two different LiR reagents or first preparation

of 134 followed by demetalation; the latter typically requiring harsh reaction conditions (e.g.,

very strong acids or BBr3).'*

3.2 Results and discussion

The aim of our study was to develop an easy and versatile method to synthesize functionalized

unsymmetrically substituted A,BC-porphyrins with substituents at the meso positions (A,BC-
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type). To do this, a one-pot two-step disubstitution of free base 5,15-disubstituted A,-type

porphyrins was attempted.‘ig'lzs‘]zg‘129 In earlier work using 2,3,7,8,12,13,17,18-

=

R1
R2
R1
R! 96
a-d
N\ R1
R1
97 R® R?
R1
95

Reagents and conditions: (a) R2Li, THF, -70 °C; (b) H50; (c) R3l, 1 h, RT; (d) oxidation (air or DDQ).

Scheme 3.2. Standard reaction of free base 5,15-A,-porphyrins with R2Li/R3.

octaethylporphyrin derivatives, it was shown that thermodynamic control of the reaction with
RLi results in the predominant formation of oxidation-resistant porphodimethenes.’”>*!'®> This
requires the intermediary formation of a porphodimethene anion capable of reaction with
electrophiles (such as alkyl iodide reagents), while kinetic control of the reaction appeared to
proceed via a nonnucleophilic phlorin.** Thus, it appeared feasible to achieve a disubstitution
of free base porphyrins with both nucleophiles and electrophiles under thermodynamically
controlled conditions.

The basic retrosynthetic approach for various functionalized tetra-(A,BC-type) meso-
substituted unsymmetric porphyrins 95 by the new method is illustrated in Scheme 3.3.

From Scheme 3.3, it is evident that the rational synthesis of A;BC free base porphyrins 95 has

to start with the respective meso disubstituted porphyrin A,-type free base porphyrins 97
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which are easily accessible via a [2 + 2] condensation reaction using dipyrromethane 31 and
an appropriate aldehyde. Therefore, treatment of 97 with a combination of organolithium and

alkyl iodide reagents in dry THF followed by hydrolysis with water and oxidation with DDQ

95

Scheme 3.3. Retrosynthetic analysis of A,BC-type porphyrins via RLi/RI method.

should give convenient access to A,BC-type meso-tetrasubstituted free base porphyrins 95 by
introducing the “B” and “C” groups in one-pot synthesis.

Clearly, this method should enable us to A,BC-type free base porphyrins to be prepared
without prior separation of the tri meso-substituted porphyrins and also without activation of
the porphyrins by metallation.'*

Reactions of 5,15-diphenylporphyrin 42 with various combinations of RLi/RI in dry THF
yielded the meso-tetrasubstituted A,BC-type free base porphyrins under optimized reaction
conditions (Scheme 3.4). The yields were low to moderate in the range of 20 to 45 %.
However, this is superior when compared to the yields for related porphyrins derived from

mixed condensations or multi-step syntheses (typically ranging from 5 to 20 %)."*'"'*?
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In general, three to four equivalents of organolithium reagents were used and more than ten
equivalents of alkyl iodides. In most cases minor amounts of starting material or meso-
trisubstituted porphyrins were recovered.

Porphyrin 142 formed by using 1,3-diiodobutane gave the lowest yield (21 %) besides
formation of the meso-trisubstituted porphyrin (15 %) and starting material 42 (8 %). The
functionalized unsymmetric porphyrins bearing p-hydroxyphenyl group 135 and 136 were
formed via nucleophilic attack of p-hydroxyphenyllithium with propyl and pentyl iodides in
better yields of 43 and 40 % respectively with separation of minor amounts of only meso-
trisubstituted porphyrins in this case. However, porphyrin 137 bearing a m-hydroxyphenyl
group was not formed and the reaction yielded only the meso-trisubstituted porphyrin. In
addition, the A,BC-porphyrins 139-141 with two aliphatic residues were successfully
synthesized. Surprisingly, porphyrin 138 was not formed (Scheme 3.4).

Likewise, reaction of 5,15-bis(3-methoxyphenylporphyrin) 107 with different RLi/RI yielded
meso-tetrasubstituted A,BC-type free base porphyrins under the same optimized reaction
conditions (Scheme 3.5). Here, the yields were moderate to good in the range of 35 to 60 %.
Indeed, porphyrins (143, 144, 146, and 147) bearing p-hydroxyphenyl and phenyl groups were
formed in good yields by using p-hydroxyphenyllithium and phenyllithium with propyl and
pentyl iodide reagents. As before, unsymmetric porphyrins 148 and 145 bearing m-
hydroxyphenyl and butyl group were not formed and the reaction yielded only the meso-
trisubstituted porphyrins (Scheme 3.5).

The overall reaction of RLi with the free base porphyrins is a nucleophilic substitution like the

Ziegler Alkylation'”

and proceeds via initial reaction of organic nucleophile with a meso
carbon yielding an anionic species which is hydrolyzed to dihydroporphyrin or can be used as
an in situ nucleophile for the reaction with alkyliodides, allowing the introduction of two
different substituents in a one-pot reaction. Subsequent hydrolysis with water and oxidation
with 2,3-dichloro-5,6-dicyano-p-benzoquinone (DDQ) yields the meso-substituted porphyrins.
Key features of the optimized conditions were: (a) using excess RI reagent (more than 10

equivalents; (b) prolonged reaction times under heating (12-24 h at 70 °C) after addition of RI;
(c) addition of RI prior to the hydrolysis step.

The sequence of the postulated mechanism involves addition of LiR* to porphyrin 6 to form

the phlorin-type intermediate 149 (Scheme 3.6).
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135
43 %
8 O <y o w O
136
142 ! 40%
21 %
1‘/\/\/\Li
2. 15|
3. H,0
4. DDQ O OH
L
) ~— W,
2. 7N
3. H,0
4.DDQ
141 o
34 %

s
9.z
36

140
31% 138

O W

139 27 %

Scheme 3.4. Reactions of 5,15-diphenylporphyrin 42 with various combinations of RLi/RI reagents to afford
A,BC-porphyrins via one-pot synthesis.
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143
OMe 58 % OMe
- W, \ - W,
MeO MeO
144
148 36 %
MeO O

OMe
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147 145
38 % O

146 41 %
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Scheme 3.5. Reactions of 5,15-bis(3-methoxyphenyl)porphyrin 107 with various combinations of RLi/RI
reagents to afford A,BC-porphyrins via one—g%t synthesis.
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i} 1
R R R ®
j Li
R2Li in THF R2 "
- 4 - H—0 R
H
R‘l R1 R1
149
97 150
R3|
R? R R!
3 3
R3 e DDQ R R? Ho R R?
-— -
H H H H
R R R
95 152 151

Scheme 3.6. Putative reaction mechanism for the one-pot synthesis of A,BC-type free base porphyrins.

Trapping of the mesomeric carbanionic complex 150 is then achieved by the alkyliodide to
form intermediate 151. Intermediate 149 is believed to have a planar conformation favoring a

3% of the two

double bond character at position 20, facilitated by the putative localization'
lithium ions with attached THF molecules.® The more reactive nucleophilic form 150 requires
a conformationally distorted sp® hybridized meso-carbon atom which is facilitated by steric
(peri interactions in the octaethylporphyrin series)*> or metal (Ni—N bond contraction)'*
effects. Presumably, thermal removal of the THF ligands aids in the formation of a
conformationally more distorted form with a higher nucleophilic character of meso position
20. Subsequent hydrolysis with water to obtain compound 152 followed by oxidation with
DDQ then yields the A,BC porphyrin 95. The lower yields of the free base porphyrins 95
compared to the nickel (I) or octaethylporphyrin derivatives described earlier”®>7364126
reflect the lesser degree of conformational distortion and thus weaker nucleophilic character of
150. The necessity to effectively stabilize the porphodimethene anion is also reflected in the
different yields derived from reaction with various RLi reagents. In line with observations for
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porphyrin SxAr monosubstitution reactions the yields are better with aryllithium reagents than

812> Using alkyllithium/alkyliodide combinations the yields are low to

alkyllithium reagents.
moderate. The best yields were obtained using p-hydroxyphenyllithium while the use of m-
hydroxyphenyllithium resulted in only very small amounts of products (not shown) or in some

cases no reaction at all.

Figure 3.1. The quinoid form 153 for p-hydroxypheny! derivatives.

An explanation of the difference in the behavior between the m- and p-hydroxyphenyl
derivatives lies in the formation of 153 for the latter (Figure 3.1). This quinoid form'** favors a
localization of the negative charge at the meso position opposite to the one attacked by the p-
hydroxyphenyllithium. The lithiated hydroxyphenyl group also offers a convenient entry to
various hydrophilic and amphiphilic porphyrins significantly shortening the synthesis of
related A,B- and A,BC-type porphyrins.>>'%

Additionally, the reaction is not limited to free base 5,15-diarylporphyrins but also proceeds
with free base 5,15-dialkylporphyrins. For example, 5,15-dihexylporphyrin 154 reacts with
phenyllithium and propyliodide to give the expected porphyrin 157 in 21 % yield. Similarly,
compound 154 reacts with phenyllithium and 3-iodopropionic acid to form porphyrin 156 in
18 % yield (Scheme 3.7). Mass spectra did not give the molecular ion peak for 156 and this is
in regard to the other characteraization techniques employed. As the carboxylic group present
in 3-iodopropionic acid is prone to react with phenyllithium at room temperature (RT), excess
phenyllithium reagent from the first reaction step has to be eliminated before the addition of 3-

iodopropionic acid.
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The study was extended successfully to the use of iodides on heterocyclic rings such as
pyridine ring. Porphyrin 107 and 3-(iodomethyl)pyridine hydriodide, after initial reaction with
n-hexyllithium, gave the unsymmetric A,BC porphyrin 155 in 8 % yield (Scheme 3.7).

154 : R' = ---hexyl
OMe

107 :R'= --

1 @—Lu 1. @-Li P e Feval
2. Al 2HooCc ™! 2] !
3. H0 3. H0 “ HI
4. DDQ 4. DDQ 3. H,0

{' 4.DDQ

157 21 % O
HOOC

1556 8%

156 18 %

Scheme 3.7. One-pot synthesis of A,BC-porphyrins using different iodide reagents.
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3.2.1 "H-NMR studies of selected A;BC-porphyrins

The synthesis of various A,BC-type porphyrins allowed a comparative investigation of their
NMR spectra. Exemplary, a comparison of the B protons of two of the synthesized A,BC-
porphyrins is given here. 5,15-Dihexylporphyrin 154 (alkyl substituted A,-type) was used as
the standard compound. Porphyrin 154 has two symmetry axis and consequently the pattern of
the B-pyrrole protons shows two AB systems for the non-equivalent protons at 9.38
(H2/H8/H12/H18) and 9.55 ppm (H3/H7/H13/H17), respectively, and the two meso protons
(H10/H20) exhibit a singlet at 10.14 ppm (Figure 3.2).

3 5 74
2 8
NH N
20 10 154
N HN
18 12
Hiom2o 7 ®°
’ H3/H7/H13/H17 H2/H8/H12/H18

N |/

10.40 10.30 10.20 10.10 10.00 9.90 9.80 9.70 9.60 9.50 940 9.30 9.20 910 9.00
(ppm)

Figure 3.2. 'H NMR spectrum of the B-pyrrole and meso hydrogens of 154 in CDCls.

The first unsymetrically substituted porphyrin (A>BC-type) studied was 5,15-dihexyl-10-
phenyl-20-propylporphyrin 157 with B as a meso-aryl residue and C as meso-alkyl residue.
Porphyrin 157 has only one symmetry axis that passes through the propyl group and the
opposite phenyl group (Figure 3.3) and the pattern of the B-pyrrole protons shows three
different set of nuclei as two doublets at 8.82 and 9.39 ppm (J = 5.0 Hz) for H8/H12 and
H2/H18, respectively and two doublets close in chemical shifts for H3/H7/H13/H17 at 9.52
ppm and 9.56 ppm. As H3/H7/H13/H17 are in proximity to two hexyl groups, they undergo
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downfield shift while H8/H12 (in proximity to phenyl group) undergo upfield shifts due to the
ring current effect of the phenyl group (Figure 3.3).'2"-13%140

On the other hand, the pattern of the [-pyrrole protons of 5-hexyl-10,20-bis(m-
methoxyphenyl)-15-[(3-pyridyl)methyl]porphyrin 155 shows three different sets of nuclei as
multiplets for H2/H8/H12/H18 at 8.95 ppm and two doublets at 9.33 and 9.48 ppm (J = 5.0
Hz) for HI3/H17 and H3/H7, respectively. As H2/H8/H12/H18 are in proximity to two m-
methoxyphenyl groups, this explains their stronger upfield shift compared to H13/H17 and
H3/H7 (Figure 3.4). H3/H7 undergo lower field as they are far from the ring current effect of

the m-methoxyphenyl or pyridyl groups (Figure 3.4).

2 8
NH N
20 N HN— 1O
18 12
17 15 43
H3/H7/H13/H17 157
‘ H2/H18 H8/H12

s/ s/

9.90 980 970 960 950 9.40 9.30 9.20 9.10 9.00 8.90 8.80 870 860 850
(pPmM)

Figure 3.3. 'H NMR spectrum of the B-pyrrole hydrogens of 157 in CDCls.
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e
MeO 2 8
NH N
208 _)  HN-—(10
oM
85 154 = )
H3/H7 N 155 H2/H8/H12/H18

\ /H]S/HW /

9.80 9.70 960 9.50 9.40 9.30 920 9.10 9.00 8.90 8.80 8.70 8.60
(ppm)

Figure 3.4. '"H NMR spectrum of the B-pyrrole hydrogens of 155 in CDCls.

3.2.2 Specific classes of A;BC-porphyrins

p-Aminophenyllithium proved to be a convenient reagent for the preparation of an interesting
class of unsymmetric porphyrins. The reaction of 5,15-diphenylporphyrin 42 with p-
aminophenyllithium/propyliodide resulted in the formation of porphyrin 158 in 36 % yield
(Scheme 3.8). Here four substituents were introduced in a one-pot reaction p-aminophenyl

group, propyl group at the opposite free meso position and two additional propyl groups via

)

1. L~ H-NH,

2. A~

h & &
4.0DQ

O 42 158 36 %

dialkylation of the amino group).

»

Y

Scheme 3.8. Formation of 158.
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The reaction proceeded with similar success with free base 5,15-dialkylporphyrins. For
example, 5,15-dihexylporphyrin 154 reacted with p-aminophenyllithium/propyliodide to form
porphyrin 159 in 20 % yield (Scheme 3.9). Surprisingly, an A;B-type porphyrin 160 where
introduction of one p-aminophenyl group and two propyl groups at the amino group had taken
place in this case in 16 % yield.

The mechanism of formation of 158 and 159 was postulated in Scheme 3.10. First, the p-
aminophenyl residue reacts as a nucleophile with one of the free meso positions forming the
phlorin-type intermediate 161 with dilithiation of the two hydrogen atoms in the amino group
on the phenyl residue. Trapping of the mesomeric carbanionic complex 162 with the
electrophilic propyl group occurs, accompanied by concomitant dialkylation of the
intermediary dilithiated amino group to form intermediate 163. Subsequent hydrolysis with
water to obtain compound 164 followed by oxidation with DDQ then yields the A,BC
porphyrins 158 and 159 (Scheme 3.10).

. Li—@—NHZ /_/
2 A O N\_\

3. H,0
4.DDQ

\j

159 20%

_/
o

160 16 %

154

Scheme 3.9. Formation of 159 and 160 via reaction of 154 with p-aminophenyllithium and propy! iodide.
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Subsequently, we intended to broaden the scope of the synthesis of unsymmetric porphyrins to
the preparation of 5,10,15,20-A,BC-type porphyrin with the two “A” groups in the 5 and 10
positions. It was planned to use the 5,15-AB porphyrin 165 was used as a starting material
with n-hexyl group as A and methyl benzoate ester as B taking into account the possibility of a
concomitant reaction of the ester group with alkyllithium reagents. Reaction of 165 with n-
hexyllithium/propyl iodide resulted in the formation of both the 5,10,15,20-A,BC-type
porphyrin 166 in 18 % yield and 5,10,15-A;B-type porphyrin 167 in 14 % yield (Scheme
11}

R! R!

Li—@—NHz

42:R'= @ 161

154 : R' = --hexyl

R R!

R1
164 163
R1
m N
R1
158/159

Scheme 3.10. Postulated Mechanism of formation of 158 and 159.
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The formation of porphyrin 166 in the above reaction follows a mechanistic pathway similar
to that of the general mechanism postulated before in Scheme 3.6. It involves an attack of »n-
hexyllithium at the meso position which is accompanied by a concurrent attack of another
molecule of n-hexyllithium at the carbonyl ester of 165 to form an anionic intermediate to

form 5,10,15,20-A,BC-type porphyrin 166.

n-Hexyllithium
THF -
Propyliodide
H,O, DDQ
C(OH)(Hexyl
COOMe (OH)(Hexyl),
166 18 %
+
165

(;

C(OH)(Hexyl),

167 14 %

Scheme 3.11. Reaction of 165 with n-hexyllithiumv/propy! iodide.

The pattern of the B-pyrrole protons of porphyrin 167 as 5,10,15-A,B-type was examined. It
is evident from Figure 3.5 that H3/H7/H8/H12 show similar behavior and give a multiplet at
9.54 as they flank the two 5- and 10-hexyl groups. Since only H13 and H17 are in proximity to
the phenyl residue, they are shifted to higher field (8.87 ppm). In addition, as the chemical

environment of HI3/H17 is similar, they overlap and appear as one doublet; but in case of
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H2/H18 they appear as two doublets at 9.27 and 9.34 ppm due to the chemical environment
being dissimilar. The meso proton H20 exhibit a singlet at 10.03 ppm. The AB-system of the
phenyl residue appears as two doublets at 7.80 ppm and 8.21 ppm (J = 7.5 Hz) (Figure 3.5).

gl 167
2 8
NH N
20 10
N HN
H20 18 2
17 1 a3
‘ Ph-H
C(OH)(Hexyl)> AB_Sys‘[em
H3/H7/H8/H12
H13/H17 N\

H2/H18
& S

106 104 10.2 10.0 9.8 96 9.4 92 9.0 88 86 84 82 8.0 7.8 76
(ppm)

Figure 3.5. "H NMR spectrum of the B-pyrrole and meso hydrogens of 167 in CDCla.

The pattern of the B-pyrrole protons of porphyrin 166 (5,10,15,20-A,BC-type) shows slight
differences compared to 167. From Figure 3.6, it is evident that H3/H7/H8/H12 also show a
similar behavior and give a multiplet at 9.54 ppm as the two 5- and 10-hexyl groups are
flanked by them. Protons H13 and H17 (closest to the phenyl residue) give doublet at 8.87
ppm. In case of H2 and H18, their chemical shifts overlap, the result being a multiplet at 9.43
ppm rather than the two doublets found in case of H2 and H18 in 167. This difference is due to
the propyl group being situated between them in the 20-meso position which leads to equality
of the chemical environment for H2 and H18 (Figure 3.6).

Further proof for the structural assignment was obtained from MS studies. The high resolution
mass spectra (HRMS) for the synthesized porphyrins 166 and 167 were completely in
agreement with the calculated molecular weight. Porphyrin 167 gave a peak at 753.5416
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[M + 1] as shown in Figure 3.7. Porphyrin 166 gave a peak at 795.6022 [M + 1] as shown in

Figure 3.8.

H3/H7/H8/H12

{

9.7 96 95

H2/H18

/

94 9.3 92 9.1

H13/H17

, o g 166
2 8
NH N
20
i i ™
18 12
17 15 43
Ph-H
C(OH)(Hexyl), AB-system

"\

88 87 86 85 84 83 82 8.1 80 79 78 7.7
(ppm)

Figure 3.6. "H NMR spectrum of the B-pyrrole and meso hydrogens of 166 in CDCls.
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Figure 3.7. HRMS of porphyrin 167.
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Figure 3.8. HRMS of porphyrin 166.

3.3 Conclusions

The present methodology complements already established procedures for the a convenient
preparation of meso-substituted porphyrins and provides access to meso-disubstituted free
base porphyrins in a one-pot procedure while circumventing the use of activated metal
complex or the need for metallation-demetallation sequences.

In addition, this new methodology allows the synthesis of various meso-functionalized free
base porphyrins via disubstitution of two free meso position by a combination of
organolithium and iodides reagents in a one-pot reaction and elaborates for functionalization
of more complicated macrocyclic systems with B-octasubstituted porphyrins and their metal
complexes. Such studies are currently under way in our laboratory.

From a synthetic point of view, these reactions were controlled by optimization of the reaction
conditions. The optimal conditions involved heating to 70 °C after the complete addition of
the RI reagents, using an excess of RI (more than 10 equivalents), long reaction time with
stirring after the addition of the RI reagent (20 — 25 h) and addition of RI before the
hydrolysis step.

Mechanistically these reactions are postulated as follow: an addition-oxidation mechanism

where the intermediate derived from the free base porphyrin has different electronic nuclear
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distributions. The intermediate is believed to be an anionic complex which is reactive towards
electrophilic reagents.

Substantial functionalization of the 5,15-disubstituted porphyrins was found by using p-
aminophenyllithium followed by trapping with an electrophilic reagent accompanied by
dialkylation of the intermediary dilithiated amino group.

Finally, the synthetic versatility of organolithium reagents was shown to allow a reaction at
both meso positions and carbonyl groups present in the molecule (ketones, aldehydes, acyl

halides, esters or carboxylic acids).
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One-pot synthesis of free base ABCD-type

unsymmetrically substituted porphyrins
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4.1 Introduction

The synthesis of porphyrins bearing four different meso-substituents, the so-called ABCD-
porphyrins 71 remains a challenging topic in porphyrin chemistry (Figure 4.1).”>!3"14!
Needless to say that introducing four different substituents with mixed
hydrophilic/hydrophopic pattern to the porphyrins would allow a systematic assessment of
membrane affinity to establish quantitative structure activity relationships (QSAR) and offers
access to new developed photosynthetizers in photodynamic therapy (PDT).

As mentioned in Chapter 1 (Figure 1.4), many studies have been performed for the synthesis
of ABCD-porphyrins. All approaches have used stepwise syntheses or mixed condensation
reactions. The main problem of the stepwise approach (9-step route starting from pyrrole and
carbonyl-containing compounds) is the requirement of multiple synthetic steps to reach the

target ABCD_porphyrinSG'S]‘).132,133.142

. Mixed condensations are problematic due to the large
number of regioisomers formed, resulting in cumbersome purification and workup (if possible
at all).'*® In addition, these reactions involve acid-catalyzed condensation steps, often resulting
in significant scrambling of the pyrrole units which limits the types of substituents that can be
used. Scrambling must be avoided altogether in the synthesis of ABCD-porphyrins due to the

large numbers of possible products.

7

Figure 4.1. ABCD-porphyrin 71.
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Due to these limitations, it was obvious that an alternative approach was desirable. The new
approach should require few synthetic steps and not lead to formation of regioisomers so that

the necessary purification and workup will be easy.

4.2 Results and discussion

In this chapter, we discuss two approaches for the synthesis of ABCD-porphyrin using
organolithium reagents and a combination of organolithium reagents with electrophilic iodide
reagents which was inspired by the success of the previously described formation of A,BC-
porphyrins from A,-porphyrins.

A retrosynthetic analysis for meso-substituted ABCD-porphyris 71 is illustrated in Scheme
4.1. The first possibility for ABCD free base porphyrins 71 starts with the respective meso
(AB-type) free base porphyrins 168 which are easily accessible via a [2 + 2] condensation
reaction using dipyrromethane 31 and two different aldehydes. Therefore, treatment of 168
with a combination of organolithium and alkyl iodide reagents followed by hydrolysis with
water and oxidation with DDQ could give convenient access to ABCD-type free base
porphyrins 71 by introducing “C” and “D” groups in a one-pot synthesis (Route A).

The second synthetic approach for the synthesis of ABCD free base porphyrins starts also with
the respective AB-type free base porphyrins 168. Thus, ABC free base porphyrins 169 can be
prepared via reaction of meso disubstituted porphyrin (AB-type) with an appropriate
organolithium reagent introducing the “C” group. Further reaction of another appropriate
organolithium reagent with meso trisubstituted porphyrins (ABC) 169 introducing the “D”
group would afford the desired ABCD porphyrins 71 (Route B).

Initially, we prepared a number of 5,15-AB-type porphyrins (Scheme 4.2). While different

4 v .
we chose mixed condensations for the first

methods have been described for these'
generation of starting materials and prepared compounds 170-174 in yields of 14-20 %.
Formation of these AB-porphyrins was always accompanied by formation of the two
symmetric A, and B, porphyrins. The separation of the mixtures was easy in case of 4-
methoxy-, 3-methoxy-, 3,5-dimethoxy- or 2,4,6-trimethoxybenzaldehyde as the low solubility
of the respective A-type porphyrins retained these on the column. Additionally, the resulted
AB-type porphyrins (with mixed alkyl/aryl substituents) and B,-type one (5,15-
dihexylporphyrin) always differed significantly in their polarity, thus making a

chromatographic separation feasible.
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Scheme 4.1. Retrosynthetic analysis of ABCD-porphyrins.
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Scheme 4.2. Synthesis of various AB-type porphyrins.
4.2.1 One-pot synthesis of ABCD-porphyrins

Two ABCD-type porphyrins were prepared via the one-pot procedure developed for A,BC-
porphyrins. For example, 5,15-disubstituted AB-type porphyrin (5-hexyl-15-p-
methoxyphenyl-porphyrin) 170 reacted with phenyllithium in dry THF under formation of an
anion that can be trapped with alkyliodides (n-propyl iodide or n-pentyl iodide) under the
same optimized reaction conditions as described in Chapter 3 and subsequently be hydrolyzed
with water and oxidized with DDQ to the tetra-meso-substituted free base ABCD-porphyrins
175 and 176 in yields of 25 and 14 %, respectively (Scheme 4.3).%® In a similar manner, the
reaction of 170 with n-butyllithium/n-propyl iodide yielded free base ABCD-porphyrin 178
and reaction with n-butyllithium/n-pentyl iodide yielded the ABCD- porphyrin 177 in yields
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Scheme 4.3. One-pot synthesis of ABCD-porphyrins.
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of 18 and 13 %, respectively. In general, three to five equivalents of the organolithium
reagents were used and more than ten equivalents of alkyl iodides. Again, complete trapping
of the anionic complex formed with electrophi<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>