ABSTRACT

BHAUMIK, JAYEETA. Synthetic Porphyrinic Macrocycles for Photodynamic Therapy and
Other Biological Applications. (Under the Direction of Professor Jonathan S. Lindsey).

Synthetic porphyrinic macrocycles are invaluable for use in a wide variety of
biological applications. Such applications include photodynamic therapy (PDT) for
treatment of cancer, age-related macular degeneration (AMD), and microbial infections.
Several metal chelates of protoporphyrin IX molecules [Zn(IT), Pd(II), In(IIT), and Ga(III)]
were prepared from the corresponding free base porphyrin. The metalloporphyrins were
tested for anti-microbial PDT. Metalloporphyrins bearing cationic substituents showed better
killing of gram-negative bacteria, whereas the free base porphyrin showed strong activity
against gram-positive bacteria.

Porphyrins bearing imidazolium substituents are valuable owing to the positive
charge of the imidazolium group, which can impart water solubility to the porphyrin
construct. To faciliate synthesis and handling of imidazole-substituted porphyrins,
heteronuclear (''B, "N) NMR spectroscopy was employed to fully characterize the various
imidazole-substituted precursors to the porphyrins, including the dialkylboron complexes
thereof. Metal chelates of imidazolium-porphyrins [Zn(II), Pd(I), and In(III)] were prepared
starting from non-polar trans-AB porphyrins. Imidazolium-porphyrins bearing cationic or
anionic substituents were examined for the efficiency of killing cancer cells (e.g., HeLa and
CT26 carcinoma cells). The effectiveness of cell killing was observed in the following order:
Pd(II) > cationic In(IIT) > cationic Zn(II) > anionic Zn(II) imidazolium-porphyrin.

Hydroxymethyl-porphyrins and hydroxymethyl-chlorins were synthesized for studies

of self-assembly in analogy with the structure and function of the natural pigment



bacteriochlorophyll ¢. Various acyclic precursors containing a hydroxymethyl moiety (e.g.,
Mukaiyama reagents, 1-acyldipyrromethane) were prepared so that the hydroxymethyl group
could be incorporated prior to the formation of the tetrapyrrole macrocycle.

Formyl-chlorins were prepared for studies of the effect of the formyl group on the
absorption spectral properties. Both hydroxymethyl-chlorins and formyl-chlorins were
synthesized by the palladium-mediated coupling of the corresponding bromo-chlorin. Two
routes were employed: (1) synthesis of a hydroxymethyl-chlorin via Stille coupling, followed
by PCC-mediated oxidation to access the formyl-chlorin, and (2) palladium-catalyzed
reductive carbonylation of a bromo-chlorin to access the formyl-chlorin.

The ability to incorporate imidazole (and imidazolium), hydroxymethyl, and formyl
groups at designated sites in porphyrins and chlorins affords valuable methodology for
constructing molecular architectures of use in a variety of biological and materials chemistry

applications.
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Chapter I: Porphyrinic Molecules in Photodynamic Therapy and Other

Applications

Introduction
1. Porphyrinic Molecules

The porphyrinic family of molecules encompasses one of the most important sets of
biologically relevant molecules, including heme, the chlorophylls, and vitamin By,.
Synthetic porphyrinic macrocycles have been widely used in applications ranging across the
biomedical sciences and materials sciences. Examples of the former include photodynamic
therapy, whereas examples of the latter include information storage and molecular-based
solar cells. The placement of various functional groups at the periphery of porphyrins is
essential for controlling the desired molecular function. For example, porphyrins bearing
charges often exhibit water-solubility, which is desirable for a number of biological
applications.

Porphyrinic molecules (e.g., porphyrins, chlorins and bacteriochlorins) are
tetrapyrrolic macrocycles (Chart 1). Porphyrins, chlorins and bacteriochlorins are aromatic

compounds and each absorbs visible light.

Porphyrin Chlorin Bacteriochlorin

Chart 1



Porphyrinic macrocycles are present in important naturally occurring pigments such
as heme, chlorophylls and bacteriochlorophylls (Chart 2). A number of porphyrin-based

photosensitizers have been found to be very useful for killing cancer cells.

COOH COOH

Heme

R = phytyl analogue

Bacteriochlorophyll a

Chlorophyll a

Chart 2

In order for porphyrinic macrocycles to be applicable for PDT and other biological
studies, a certain level of water-solubility is desired. Among various ways to achieve water
solubility, the inclusion of highly polar groups such as amine, hydroxyl, and carboxylic acid
moieties can be considered. Alternatively, incorporation of positive or negatively charged
substituents in the macrocycles helps to impart water-solubility. Porphyrinic molecules that
bear anionic groups versus cationic groups often exhibit substantial differences in activity in
PDT studies. = Most commonly, cationic porphyrins are more powerful than the
corresponding anionic species towards killing microbial cells as photosensitizers via PDT. A
key thrust of this thesis has been to develop more effective synthetic approaches for
preparing porphyrinic molecules of use in a number of biomedical applications, including

PDT.



2. Photodynamic Therapy

Photodynamic therapy makes use of non-toxic photosensitizers, visible or near-
infrared light along with molecular oxygen to generate singlet oxygen, which kills malignant
cells. In contrast to surgery, radiotherapy or chemotherapy, PDT often affords a more
focused effect, because the phototoxicity is present only where the light is provided.'

The activity of a typical photosensitizer is illustrated through a standard Jablonski
diagram (Figure 1).> On absorption of energy (hv) in the form of light, a photosensitizer is
excited from the ground state to the singlet excited state (path A). Some energy may be
emitted via a radiative pathway, and thus some photosensitizer molecules may relax back to
the ground state (fluorescence, path B). Other molecules can undergo internal conversion
(path C), whereas the remaining molecules undergo intersystem crossing and reach the
excited triplet state (path D). The emission of light upon radiative relaxation by the
molecules traveling from excited triplet state to the ground state is called phosphorescence
(path E). The triplet state energy can also be absorbed by triplet oxygen (*0,) whereupon
highly active singlet oxygen ('O,) is often generated (path F). Singlet oxygen is a powerful

active species that plays an essential role in killing of cancer cells.
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Figure 1: Modified Jablonki diagram for a typical photosensitizer.

PDT is not only used for cancer treatment but also to treat age-related macular
degeneration (AMD), which is a disease that slowly decreases sharp, central vision. In

addition, PDT is used for inactivation of microbial infections.

PDT typically entails generation of singlet oxygen. There are two mechanisms
through which singlet oxygen can destroy cancer cells. In PDT-mediated cancer treatment,
the drug (photosensitizer) initially localizes near the outer carcinoma cell membrane. Later,
microvascular cells are destroyed by singlet oxygen. In an alternative route, the
photosensitizer dye can penetrate cell membranes and destroy mitochondria thereby causing
cell death or apoptosis. The former mechanism is more common and consistent for AMD

and cancer.” Members of the porphyrin family (porphyrins, chlorins, bacteriochlorins) are



potential candidates for PDT due to their strong light absorption, high triplet quantum yield,

and long excited triplet state lifetime.”

An essential requirement for a molecule to act as a photosensitizer is that it must
strongly absorb in the visible (if not the near-infrared) region. With an increase in the
absorption intensity in the red region the capacity of tissue penetration increases. Key steps
of photodynamic therapy include the following: (1) injection of a photosensitizer into the
diseased organism, (2) accumulation of the photosensitizer near the diseased tissue, (3)
activation of photosensitizer by light irradiation, and (4) destruction of unwanted or diseased

cells by the photosensitizer without affecting healthy cells at other sites in the organism.

Cancer cells
L
. - 9 [
Organism L
€ OO AN
Photosensitizer
Step 1: The photosensitizer Step 2: The photsensitizer
(e.g. porphyrin, chlorin or accumulates at the tumor
bacteriochlorin) is injected into site containing cancer cells.

the organism.

Step 3: The tumor infected part of Step 4:  The cancer cells are

the body is illuminated to activate selectively destroyed by the active

the photosensitizer. photosensitizer without affecting
healthy tissues in the surrounding.

Figure 2: Mechanism of photodynamic therapy for killing cancer cells.



There are numerous potential PDT agents under investigation, including Vertoporfin
(a benzoporphyrin derivative) for treating age-related macular degeneration (AMD),” and
Photofrin® (Porfimer sodium), for treating Barrett’s lymphoma (esophageal cancer).’
Photofrin II is a complex mixture of monomer, dimer and higher oligomers obtained by
partial purification of haematoporphyrin derivative (HpD). There are certain limitations for
using Photofrin, such as a weak molecular absorption coefficient in the red region (i.e., at the
clinically useful 630 nm wavelength).

PDT with use of lasers and photosensitizers to treat tumors in the human body was
first applied in 1980°s by Dr. T. J. Dougherty of the Roswell Park Cancer Institute in New
York. He treated lung cancer by the intravenous delivery of HpD (5.0 mg/kg body weight)
72 hrs prior to shining the laser. This is the first known example where PDT was used to
treat a patient with lung cancer. The patient remained disease-free for up to five-years.’

Another valuable porphyrinic photosensitizer is protoporphyrin IX. Protoporphyrin
IX (PPIX) is the ligand for heme, and can be obtained by the removal of Fe(Il) ion from
heme. PPIX molecules (free base and metal chelates) are efficient photosensitizers. One
attractive delivery strategy is to administer d-aminolevulinic acid (ALA), the biosynthetic
precursor to PPIX and heme. In this approach, the cells of the body respond by
biosynthesizing PPIX, and the lack of sufficient iron (or iron-insertion enzymes at the
location of biosynthesis) leads to production of PPIX. PPIX, like most free base porphyrins,
is a potent photosensitizer, whereas the iron chelate is not.

Recent work by Kobuke’s group showed the efficiency of water-soluble imidazolyl-
porphyrins as PDT agents.® The phototoxicity of the bis(imidazolyl)-porphyrins was tested

on HeLa cells. The water-soluble imidazolyl-porphyrins showed cell killing capacity



comparable to hematoporphyrin (Hp) derivatives. A key part of this thesis has been to learn
how to better synthesize, characterize, and manipulate imidazole-porphyrins, which has

required the development of new synthetic methodology.

3. Imidazolium-Porphyrins

Photodynamic antimicrobial chemotherapy (PACT) or antimicrobial PDT has
recently been used as a means of oxidative damage of microbial pathogens.” Photosensitizers
with different structural features show variable efficacy toward killing bacteria. Recent
studies revealed better activity of porphyrins bearing cationic groups than those bearing
anionic groups towards both Gram positive and Gram negative bacteria.

One of the most studied cationic porphyrins is meso-tetrakis(N-methylpyridinium-4-
yl)porphyrin (TMPyP). Three binding modes have been described for the interaction of
TMPyP with DNA: (i) intercalation, (ii), outside groove binding, (iii) outside binding with
porphyrin self-stacking. Studies on the interaction of porphyrins with DNA showed that
cationic porphyrins can easily bind to the negatively charged backbone of DNA." It was
also found that the B-substituted cationic porphyrins exhibit a different binding mode with
stronger interaction with DNA versus the corresponding meso-substituted porphyrins.
Stronger interaction in this case can be attributed to the larger steric and electronic effects on
[-substituted porphyrins over the meso-substituted porphyrins. Cationic porphyrins are able
to undergo palladium-catalyzed cross-coupling reactions in both aqueous and organic

11,12

medium; " therefore, further derivatization of the cationic porphyrins is possible.

13,14

Imidazoles are known to possess a range of medicinal uses. Imidazoles are

known to act as antibacterial agents, antifungal agents, and anti-inflammatory agents."



Depending on the groups present at the 2- or 4/5- position of the imidazole unit, the reactivity
and the biological activities of imidazoles vary drastically.

Cationic porphyrins are potential candidates for PDT (and also DNA-cleavage
agents). Dicationic bis(imidazoliumyl)-substituted metalloporphyrins interact with DNA"
and tetracationic tetrakis(imidazoliumyl)-substituted metalloporphyrins function as potent
SOD (superoxide dismutase) mimics (Chart 3).'° SOD activity was examined for both
alkylimidazole- and alkylpyridyl-substituted porphyrins. The SOD activity of
manganese(I11) porphyrins is governed by their metal-centered redox potential, and a number
of structural variations, including meso and S-substitution (Chart 4)."” While SOD activity is
not relevant to our work described herein, the pursuit of SOD activity has led to the synthesis
of a variety of imidazolium-porphyrins. Conversely, the synthetic methodology described

herein may be useful in such SOD studies.
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4. Protoporphyrin IX Molecules

8 Heme is an

Tron-containing [Fe(II)] protoporphyrin IX (PPIX) is called heme.'
essential constituent of cells. Heme serves as the prosthetic group for enzymes such as
cytochromes and peroxidases. Heme is also responsible for the oxygen-carrying capacity of
hemoglobin. Apart from its role as an essential constituent of a variety of proteins, heme is
known to induce cellular differentiation.

Protoporphyrin IX and its metal derivatives have been used as photosensitizers in
photodynamic therapy (PDT) for the treatment of cancer. PPIX after penetration into human
red blood cells can release oxygen thereby changing the morphology of the cells. Also, from
the spectrophotometric studies it was observed that PPIX can interact with hemoglobin and
myoglobin and can form a complex.'”” Hepatocellular carcinoma can be cured by the
application of PPIX molecules. In vitro and in vivo studies show that protoporphyrins
accumulate into hepatocytes after the administration of d-aminolevulinic acid and kill those
cells and tissues upon irradiation of laser light.*® Differential binding of Fe(I) and Zn(II)
PPIX to synthetic four-helix bundles has been observed.”’ PPIX dimethyl esters were
converted to the corresponding chlorin derivative which demonstrated strong absorption at
nearly 670 nm. The chlorin prepared herein showed remarkable anti-tumor activity as a
photosensitizer.”> Cobalt protoporphyrin IX (CoPPIX), which is a synthetic analog of heme,
can enhance tremendous and prolonged decreases in appetite and body weight in various
animals.*

A discussion of heme would be incomplete without mentioning malaria. Malaria is
one of the major public health hazards, infecting 300-500 million people and killing about 1

million people, mostly children, each year [World Health Organization (WHO) 2001]. The



situation deteriorated due to the spread of both drug-resistant Plasmodium strains and
insecticide-resistant vectors. It is known that the malaria parasite can obtain heme by the
degradation of hemoglobin. Afterwards, hemozoin (malaria pigment) is formed. Hemozoin
can destroy heme by reacting with hydrogen peroxide or glutathione. Polymerization of {3-
hematin [ferriprotoporphyrin IX, Fe(IIT)PPIX] prevents heme toxicity and is the primary
target of the quinoline type antimalarial drugs. The metalloporphyrins are potent inhibitors
of heme polymerization due to a m—m interaction between heme and the central metal ion.
Hence the in vitro antimalarial activity against Plasmodium falciparum and heme
polymerization were evaluated for more than ten metalloprotoporphyrins [e. g. Ga(Ill),
Ag(I), Pd(II), Co(Il), Mn(II), Sn(Il), Cr(Il1)].** The Ag(Il), Pd(II), Co(Il) and Mn(II)
chelates of protoporphyrin IX strongly inhibited growth, whereas the PPIX chelates that
incorporate Sn and Cr showed weak antimalarial activity.

Apart from the importance of PPIX and its metal derivatives described above, PPIX
compounds are also considered to be promising candidates for anti-cancer

25,26

chemotherapeutics, anti-viral agents’’ and anti-bacterial agents®.  Light-activated

antimicrobial materials with potential applications in civilian settings have been prepared by

? Naturally occurring ZnPPIX

grafting PPIX and ZnPPIX macromolecules to nylon fibers.?
present in erythrocytes was found to inhibit FePPIX crystallization in Plasmodium though
binding with FePPIX crystals.’® Additionally, nature uses PPIX to generate chlorophyllide a,
which is a precursor to chlorophyll pigments.”' The phototoxicity of protoporphyrin IX as a
photosensitizer has been studied on peptidyl derivatives such as diarginine

diprotoporphyrinate (PP(Arg),) and N,N-diphenylalanyl protoporphyrin (PP(Phe),).*

However, both (PP(Arg),) and (PP(Phe),) showed weaker phototoxicity than PPIX. Weaker

10



phototoxicity of (PP(Arg),) compared to PPIX can be explained in terms of the greater
solubility of the title compound compared to PPIX. Weaker phototoxicity of (PP(Phe),) is
presumably due to the steric hindrance by the phenylalanyl substituents on the pyrrole ring.

Protoporphyrin IX exhibits amphiphilic properties because of the presence of two
peripheral adjacent propionate groups and a large hydrophobic surface.®® In alkaline aqueous
solutions PPIX molecules are expected to form stable face-to-face dimers with head-to-tail
disposition of the charged carboxylate groups. Due to the formation of a hydrogen-bonded
network between the partially neutralized carboxylic acid side chains at intermediate pH
values, an extended supramolecular structure can form. In the presence of water or pyridine,
heamin chloride [the trivalent Fe(III)Cl species] forms the corresponding coordination
complex.’*

In this thesis, we also have prepared a series of metal chelates of protoporphyrin IX
and examined the activity of such metal chelates in PDT. It was to our surprise that the
synthetic manipulations for preparing metal chelates of protoporphyrin IX are not thoroughly
described in the literature, and not without difficulties. The chief limitation stems from the
presence of the two vinyl groups on one side of the macrocycle and two propionic acid
substituents on the other side, thereby affording an amphipathic molecule with inherent
solubility limitations.

The solubility limitations of protoporphyrin IX have caused difficulties in
characterization. In order to develop a method for forensic characterization of the use of
blood agar in the preparation of Bacillus spores, a group of scientists (Fenselau and
coworkers) from the University of Maryland and the FBI have found that aqueous

ammonium hydroxide to be the best solvent for PPIX.* Fenselau and coworkers have also
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found that sinapic acid is the best matrix for MALDI-TOF analysis of PPIX due to the
minimal presence of an interfering matrix and the production of good signal intensity when
compared to the other matrices such as 4-hydroxy-oa-cyanocinnamic acid (HCCA) and 2,5-
dihydroxybenzoic acid (DHB). Characterization of the cobalt(IIl)protoporphyrin IX chelate
was performed by MALDI-TOF-MS analysis to prove the efficiency of the above-mentioned

matrix.

5. Overview

The following sections delineate our work in preparing novel porphyrin-containing
molecules for studies in PDT. As part of methodology development for preparing imidazole-
porphyrins, we have carried out extensive heteronuclear (''B, "N) NMR spectroscopy of
imidazole-substituted dipyrromethane intermediates. Dialkylboron complexation has been
used to facilitate handling of such intermediates. Finally, a study aimed at gaining access to
hydroxymethyl-porphyrins was carried out, followed by an exploratory investigation of
routes to formyl-chlorins. Taken together, this work advances the available methodology for
preparing a variety of porphyrinic molecules, including those of interest for PDT and other

biological applications.
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Chapter II: Synthesis, Photophysical Properties and Photodynamic

Therapeutic Applications of Metallo—Protoporphyrin IX Molecules

Abstract

It has been known for many years that many microbes (particularly virulent bacteria)
express specific receptors for heme and various metalloporphyrins. Nevertheless, there are
no published reports that take advantage of this potential targeting opportunity to deliver
photoactive tetrapyrroles to microbes. Several metal chelates of protoporphyrin IX [Ga(IIl),
Pd(Il), In (IIT)] were synthesized by metalation of the free base porphyrin. We have
compared free base and indium-substituted protoporphyrins; these compounds should mimic
the shape of the heme molecule (Fe(Il)-protoporphyrin). We also examined the effect of the
iron-chelator dipyridyl, which is known to induce heme receptor expression of bacteria in
vitro by iron deprivation. Significant bacterial killing has been obtained using these
porphyrin derivatives. Markedly increased killing was observed both in Gram-positive and

Gram-negative bacteria after up-regulating heme receptors by iron deprivation.

The work described in this chapter stems from a collaboration with Prof. Michael

Hamblin and coworkers at Harvard Medical School.
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Introduction

Iron (Fe) is an essential element for most organisms, which must be obtained from the
local environment. In the case of pathogenic bacteria, this fundamental element must be
acquired from the fluids and tissues of the infected host. A variety of systems have evolved
in bacteria for efficient acquisition of host-bound iron. Iron overload is toxic for bacterial
cells, and assimilation of iron is strictly regulated.'™ Most of the bacterial genes involved in
iron assimilation are expressed only under conditions of iron deficiency.”” When the
intracellular iron concentration rises, these genes are repressed. While the iron-containing
proteins transferrin, lactoferrin and ferritin are minor sources of microbial iron, the
prevalence of heme-bound iron (80% of total body iron) means that heme
[Fe(Il)protoporphyrin] is the preferred source. Heme can be taken up directly or can be taken
up by recognition of heme bound to proteins (hemoglobin, hemopexin, albumin, haptoglobin
etc). Systems identified in Yersiniae,® Vibrio cholerae,” Serratia marcescens,® Neisseriae,’
Hemophilus ducreyi,'® Hemophilus influenzae,'' Shigella dysenteriae and E. coli'® are very
well characterized. The heme uptake system of Y. enterocolitica is the most studied (Figure
1); the outer membrane receptor HemR transports heme into the periplasm by an energy-
dependent process. HemR mutants are unable to grow on heme as a source of iron and/or
porphyrin. Y. enterocolitica proteins HemT, HemU and HemV are involved in the transport
of heme through the cytoplasmic membrane.”” Accordingly, HemT, HemU or HemV
mutants accumulate heme in the periplasm, and HemU and HemV mutants are impaired in

their use of heme as an iron source.
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Figure 1. Heme receptor structure of Gram-negative Yersinia enterolitica showing the

HemR-TonB and HemT, U, V systems.

Heme uptake systems are also widespread among Gram-positive bacteria: S. aureus,*
Streptococcus pneumoniae,” and S. pyogenes'® are all proficient in heme utilization. The
heme uptake systems are induced to maximal expression in the iron-limiting conditions of
human host fluids and tissues.'” Some bacterial species need to utilize the protoporphyrin in
heme in addition to the iron because they lack one or more necessary enzymes in the heme
biosynthesis pathway. This requirement applies to Porphyromonas gingivalis'® and H.

. 19
influenzae.

There has been surprisingly little research reported in the literature concerning the
substrate specificity of heme uptake systems with regard to recognizing porphyrins with
different metal substituents (non-Fe) and also recognizing porphyrins with different ring
substituents (non-PPIX structures). Stojiljkovic et al. studied the antibacterial effect of many

metal-substituted protoporphyrin derivatives and found that Ga-PPIX and In-PPIX in
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particular were bactericidal (in the dark) compared to most other metals.”’ It so happens that
both Ga-PPIX and In-PPIX are highly effective photosensitizer due to the heavy atom effect,
which increases the lifetime of the triplet state. In a set of experiments involving E. coli and
Y. enterocolitica mutants of heme uptake pathway as well as by altering the level of available
iron and heme in the medium, Stojiljkovic et al. demonstrated that these metalloporphyrins
were recognized by heme receptors on the cell surface. It should be noted that the uptake of
these porphyrins into the cells was not examined by Stojiljkovic et al. Only the growth
inhibition was explained by inhibition of some vital function by these metal ions. Therefore
it is uncertain whether other metalated porphyrins (e.g., Zn(II) or Pd(II)] that were not found
to be highly effective, were or were not recognized by heme receptors, because these
metalloporphyrins may not have had any toxicity. A study looked at some variations in the
structure of heme and porphyrin analogues and their recognition by heme receptors in P.
gingivalis.”" Tn so doing, the central metal and vinyl groups were found to have small effects
on recognition, but the propionic acid side chains were very important.

Here we report the metalation of free-base protoporphyrin IX and its dimethyl ester
derivative using palladium, indium or gallium salts. The solubility of the starting porphyrins
as well as the resulting metal species has been examined in various solvents. All
metalloprotoporphyrin derivatives were characterized by absorption spectroscopy, mass
spectrometry and HPLC analysis. Taken together, the availability of different metal chelates
of PPIX molecules opens access to comprehensively explore their photophysical properties

and medicinal applications.
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Results and Discussion
A. Synthesis of Metal Chelates of Protoporphyrin IX Molecules.

1. Metalation of Free-Base Protoporphyrin IX. Demetalation of iron from the
inner core of the naturally occurring heme (an iron containing PPIX) affords free-base PPIX.
PPIX thus obtained was used for further metalation.”> Protoporphyrin IX has been metalated
with a variety of metals, including Zn(Il), Ga (III), Ag(Il), Pd(Il), Co(II), Mn(II), Sn(II),
Cr(IlT) and In(IIl). However, the syntheses typically are not clearly reported or the
metalloporphyrins are not thoroughly characterized. We employed commercially available
free-base protoporphyrin IX (H,PPIX) and protoporphyrin IX dimethyl ester (H,PPIX-
DME) for metalation with the corresponding metal salts such as Pd(O,CCF;),, InCl; and
GaCls. The corresponding palladium, indium and gallium metal chelates of the porphyrins

were obtained (Scheme 1).
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Scheme 1

(a) Palladium Insertion. Following a general procedure for palladium insertion into
porphyrins,* a suspension of porphyrin H,PPIX in 1,2-dichloroethane/MeOH was treated
with Pd(O,CCF3),. The reaction mixture was then heated at 60 °C for 22 h, affording the
desired porphyrin PAPPIX in 71% yield (Scheme 1). Porphyrin H,PPIX-DME on treatment
with similar reaction conditions afforded PAPPIX-DME in quantitative yield. Due to

possible aggregation of the palladium protoporphyrin IX molecules satisfactory 'H NMR

80%, M =In, R = OH, InPPIX
62%, R = OMe, InPPIX-DME
quantitative, M = Ga, R = OH, GaPPIX

T MCl3, NaOAc, AcOH

V

R = OH, FbPPIX
R = OMe, FbPPIX-DME

Pd(0,CCF3),
CICH,CH,Cl/MeOH (4:1)
60 °C

71%, R = OH, PdPPIX
guantitative, R = OMe, PAPPIX-DME
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data could not be obtained. However, porphyrins PdPPIX and PdPPIX-DME were
characterized by absorption spectroscopy and by LDMS or MALDI-MS analysis. The purity
of these compounds was established by HPLC analysis.

(b) Indium Insertion. Following a general procedure for indium insertion,”
porphyrin FbPPIX was treated with InCl;, NaOAc and glacial acetic acid. The reaction
mixture was heated to reflux for 22 h to afford porphyrin ClInPPIX in 80% yield (Scheme
1). Following a similar procedure, porphyrin H,PPIX-DME was metalated to give
ClInPPIX-DME in 62% yield.

(¢) Gallium Insertion. Non-iron metalloporphyrins possess antibacterial activity
against Hb/haem-utilizing bacteria.”® Gallium protoporphyrin IX is known to have very
strong antibacterial activity against gram-positive bacteria, gram-negative bacteria and
mycobacteria. Keeping these beneficial applications in mind, we decided to insert Ga(III)
into the PPIX macrocycle. Following a procedure for gallium metalation,” a sample of
porphyrin H,PPIX was treated with GaCl; and the mixture was heated to reflux in
CH,CIL,/EtOH for 12 h, affording C1GaPPIX in quantitative yield. In an alternative route,
PPIX was metalated using GaCls, acetic acid and NaOAc.”

2. Solubility of Protoporphyrin IX Compounds. We have observed that the
solubility of this class of compounds varies drastically depending upon the functional group
(e.g. COOH vs COOMe group) and the metal atoms [e.g. Pd(I), In(IIl) or Ga(Ill)]. The
observations of solubility studies are listed below:

* The free-base protoporphyrin IX (H,PPIX) was found to be insoluble in CH,Cl,,
sparingly soluble in THF, and soluble in DMF. In comparison, H,PPIX-DME was

quite non-polar and was highly soluble in CH,Cl,.

22



* Both the palladium chelates of the protoporphyrin IX (PdPPIX and PdAPPIX-DME)
were soluble in THF.

* In contrast, the indium chelate of the dimethyl ester species (ClInPPIX-DME) was
partially soluble in THF whereas the corresponding carboxylic acid derivative
ClInPPIX was completely insoluble in THF. The indium chelate of the free-base
protoporphyrin IX (ClInPPIX) was even sparingly soluble in DMF. ClInPPIX was
found to be soluble in water only in the presence of an inorganic base such as Na,COs
or NH,OH.

* Zinc protoporphyrin IX (ZnPPIX) was found to be highly soluble in THF with no
aggregation.

* CIGaPPIX was found to be partially soluble in MeOH, was insoluble in neutral
water, but dissolved well in water at pH ~8 (achieved by the addition of a few drops
of NH4OH into water).

3. Characterization of the Protoporphyrin IX Compounds. Due to the presence of
extensive aggregation, satisfactory NMR spectroscopic data (‘H NMR, variable temperature
NMR) could not be obtained for the metal chelates of PPIX molecules. Even though we
were unable to obtain NMR spectroscopic data, we have been able to confirm the molecular
formula by mass spectrometric analysis (LDMS or MALDI). We also performed HPLC
analysis [size-exclusion chromatography (SEC) or reverse-phase (RP)] to establish the purity
and integrity of the porphyrinic species. In all cases of metalloprotoporphyrin IX molecules
either a sharp single peak or a broad peak (due to extensive aggregation) was observed

indicating the presence of only one major product with no formation of polymeric
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byproducts. The characterization data for all protoporphyrin IX species examined herein are

summarized in Table 1.

Table 1: Characterization Data for Various Protoporphyrin IX Compounds.

. Fluoresce
Entry UV-vis nce Loms | MALDI | B | HPLC (min)
(nm) (nm) MS
406, 505, 12.05
H,PPIX | 540,575, | 640,705 | 562.1 :
630 (DMEF) (SEC, THF)
406, 505,
H,PPIX- | 541,576, 12.14 (SEC,
DME 631 640, 705 THF)
(CH,CL,)
418, 546, 11.99
ZnPPIX | se3 (THF) 625.1 | (sEC, THF)
397,515 669.6-
VR 669— 11.98
PAPPIX 548 785.7
(THF) 812 | mcca) (SEC, THF)
papPIX- | O | 607 | | 1202sEC,
DME (CHL) 820 THF)
630.2
[(_)v
425, 549, 671.9 R 22.14 (RP,
CIInPPIX | 525 (DMF) | @cea) | M T Meon/m,0)
COO
H)
cimppIx- | 423330 11.26 (SEC,
DME 583 706.5 THF)
(CH,CL,)
400, 535,
CIGaPPIX | 571 525,630 | 665.4 (Iggséi) 19 ITL(S)EC’
(MeOH)

B. Results of Photodynamic Inactivation (PDI).

When S. aureus was grown in BHI and then PDI was carried out with 10 puM of

H,PPIX and delivery of white light at an intensity of up to 40 J/cm®, phototoxicity of up to 4
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logs was obtained. However, when bacteria were grown in the presence of 100 pM dipyridyl
(to chelate all the available iron), the killing was increased dramatically (4-5 logs increased

killing, Figure 2).
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Figure 2. Survival fractions of S. aureus (10° cells/mL) grown either in BHI or in BHI
containing 100 uM dipyridyl, and incubated with 10 uM H,PPIX for 30 minutes
followed by a wash and illumination with white light (400-700 nm) delivered at

100 mW/cm®. Aliquots were withdrawn at intervals for CFU determination.
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When CIInPPIX was used as the photosensitizer at 10 uM, application of 40 J/cm? of
white light gave up to 2 logs of killing in regular BHI, and up to 4 logs of killing when 100

uM dipyridyl was added (Figure 3). Thus, ClInPPIX affords a higher degree of potentiation.
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Figure 3. Survival fractions of S. aureus (10° cells/mL) grown either in BHI or in BHI
containing 100 uM dipyridyl, and incubated with 10 uM ClInPPIX for 30
minutes followed by a wash and illumination with white light (400-700 nm)
delivered at 100 mW/cm®. Aliquots were withdrawn at intervals for CFU

determination.
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When E. coli grown in regular BHI was incubated with 100 uM H,PPIX (a higher
concentration was necessary for Gram-negative cells) followed by white light, up to 4 logs

killing was obtained. Growth under iron-restricted conditions increased this amount of
photokilling to 5-6 logs at the lowest light dose (Figure 4).

: E. coli
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Figure 4. Survival fractions of E. coli (10° cells/mL) grown either in BHI or in BHI
containing 100 puM dipyridyl, and incubated with 100 uM H,PPIX for 30

minutes followed by a wash and illumination with white light (400-700 nm)
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delivered at 100 mW/cm®. Aliquots were withdrawn at intervals for CFU

determination.

When 100 uM CHInPPIX was used there was almost no killing observed in cells
grown in BHI containing normal iron concentrations. However, when the cells were grown
in the presence of dipyridyl there was a tremendous increase in the PDI killing observed with

almost 6 logs at a low fluence of white light (8 J/cm?) (Figure 5).
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Figure 5.

Survival fractions of E. coli (10° cells/mL) grown either in BHI or in BHI
containing 100 uM dipyridyl, and incubated with 100 uM ClInPPIX for 30

minutes followed by a wash and illumination with white light (400-700 nm)
delivered at 100 mW/cm®.

Aliquots were withdrawn at intervals for CFU
determination.
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C. Discussion

The prospect that heme uptake pathways could be exploited for delivery of PDT
agents holds the promise for new therapeutic treatments. The data obtained herein suggest
that heme receptors can be upregulated in the absence of iron and that they can recognize
both H,PPIX and the ClInPPIX derivative. Although both porphyrins demonstrated an
increase of PDI killing when heme receptors were upregulated by iron deprivation, the
degree of increase was different between species and porphyrins. The degree of increased
killing was greatest for H,PPIX in the case of the Gram-positive S. aureus, while for the
Gram-negative E. coli the reverse was the case, with a greater increase of killing found when
ClInPPIX was used. This reverse of the order of potentiation of killing may be due to
differential recognition of the two porphyrins by the heme receptors of the two bacterial
species. As described earlier, there are many types of heme transport systems and heme
recognition units present in different microbial species; moreover, there may well be
different recognition motifs operating in S. aureus and E. coli that could explain these
observations. This recognition of porphyrins by heme receptors has to be combined with the
fact that non-cationic species such as PPIX are known to be effective photosensitizers against
Gram-positive  bacteria. Such photosensitizers could effectively penetrate and
photoinactivate the cells without recognition or transport by heme receptors. It appears that
the heme receptors of S. aureus may therefore recognize the free base PPIX more than the
indium chelate, while the heme receptors of E. coli preferentially recognize the indium

derivative.

Since many authors have demonstrated that the ability to utilize heme efficiently as a
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source of iron and/or porphyrin is a hallmark of virulence and pathogenicity, this finding
suggests a possible route to specifically target disease-causing bacteria for photokilling

thereby increasing selectivity for target pathogens.

31



Conclusion

We have successfully inserted Pd(II), In(IIl), and Ga(IIl) metals into the free base
protoporphyrin IX and to the corresponding ester derivative. We have been able to
characterize all newly synthesized metalloporphyrins using mass spectrometry and
absorption spectroscopy. We have also investigated the solubility of the metalloporphyrins
in various polar and nonpolar solvents. Synthesis of three different varieties of PPIX
molecules opened access to determine their photophysical properties as well as medicinal
properties. Thereafter a comparative study on structure versus properties relationship can be
performed. The free base and indium chelate of protoporphyrin IX derivative were utilized
for photodynamic inactivation studies (PDI) performed on Gram-positive and Gram-negative
bacteria. Free base protoporphyrin IX (H,PPIX) showed an increased degree of killing
towards Gram-positive bacteria whereas indium chelate of protoporphyrin IX (ClInPPIX)
revealed an increased rate of killing of Gram-negative bacteria. The different extent of
killing of bacteria by different protoporphyrin IX species can possibly be explained in terms
of differential recognition of the two porphyrins by the heme receptors of the two bacterial

species.

32



Experimental Section

General. H,PPIX and ZnPPIX were purchased from Sigma-Aldrich Company, and
H,PPIX-DME was purchased from Frontier-Scientific.

Microbial strains and culture conditions. Staphylococcus aureus (ATCC #35556)
and Escherichia coli (ATCC #25922) were cultured in brain-heart infusion (BHI) broth
(Difco, BD Diagnostic Systems, Sparks, MD) at 37 °C in aerobic conditions in a shaker at
150 rpm. Exponential cultures obtained by reculturing stationary overnight precultures were
used for all experiments. E. coli and S. aureus were grown in fresh medium for
approximately 1 h to a density of 10° cells/mL; the OD values at 650 nm were 0.6 and 0.8,
respectively. Cells were used for experiments in mid-log growth phase.

Light source. A non-coherent lamp (LumaCare LC122, MBG Technologies, Inc.
Newport Beach, CA) fitted with a broad-band white light band-pass filter (400-700 nm) was
employed. The lamp was adjusted to give a uniform spot of 4 cm diameter with an irradiance
of 200 mW/cm” as measured with a power meter (model DMM 199 with 201 Standard head,
Coherent, Santa Clara, CA)

Photodynamic inactivation (PDI) studies. The porphyrins were dissolved in DMSO
to give 5-mM solutions, which were stored in the dark at room temperature. The bacterial
suspension was centrifuged (4000 g for 10 min) after incubation with porphyrins, and
resuspended in fresh PBS before illumination; this procedure is referred to as a wash. E. coli
and S. aureus were used at concentrations of 10® cells per mL. Illumination was carried out
from above with cell suspensions in wells of a 24-well plate, and aliquots were removed at
times corresponding to the delivery of calculated fluences of light. These aliquots were

serially diluted in PBS and streaked on square BHI or YM agar plates according to the
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method of Jett et al.”> Survival fractions were calculated with reference to cells incubated in
PBS alone. Values on killing curves at 0 J/cm” represent the dark toxicity of the porphyrins.
Cells treated with light and no photosensitizer showed any loss of viability.

Palladium(II) protoporphyrin IX (PdPPIX). Following a general procedure for
palladium metalation,” a sample of H,PPIX (68 mg, 0.12 mmol) in 1,2-
dichloroethane/MeOH (4:1, 2.4 mL) was treated with Pd(O,CCF3), (80 mg, 0.24 mmol).
The resulting suspension was stirred and heated to 60 °C for 22 h. The mixture was
concentrated and the solid residue was purified by column chromatography [alumina,
toluene/THF (HPLC grade) (1:1)] to afford a red purple solid (57 mg, 71%): LDMS obsd
669.6, calcd 666.2 (C34H3,N404Pd); HPLC (SEC, THF) 11.98 min; Auws (THF) 397, 515, 548
nm.

Palladium(II) protoporphyrin IX dimethyl ester (PdPPIX-DME). Following a
general procedure for palladium insertion,”* a mixture of H,PPIX-DME (12 mg, 0.020
mmol) in 1,2-dichloroethane/MeOH (4:1, 0.40 mL) was treated with Pd(O,CCF3;), (13 mg,
0.040 mmol). The entire reaction mixture was stirred and heated to 60 °C for 24 h. The
resulting mixture was concentrated, and the remaining solid residue was chromatographed
[alumina, toluene/THF (HPLC grade) (1:1)] affording a red purple solid (14 mg,
quantitative): LDMS obsd 697.4 calcd 694.2 (CscH36N4O4Pd); HPLC (SEC, THF) 12.02 min;
Aabs (CH2Cl,) 400, 517, 549, 562 nm.

Indium(III) protoporphyrin IX (ClInPPIX).>® A mixture of HPPIX (68 mg, 0.12
mmol), InCl; (0.66 g, 3.0 mmol), NaOAc (59 mg, 0.72 mmol) and glacial acetic acid (60
mL) was stirred vigorously and refluxed for 22 h under argon. The reaction mixture was

cooled to room temperature and concentrated. The resulting residue was repeatedly washed
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with water to remove the excessive salt and trace amount of H,PPIX. The solid residue was
then dried under vacuum to afford a dark purple solid (70 mg, 80%, assuming a chloride
counter ion): MALDI (HCCA) obsd 671.9, calcd 675.2 (C34H3,N4O4ln); ESI-MS (-) 630.2;
HPLC (Reverse-phase, water/MeOH) 22.14 min; Aps (DMF) 425, 549, 582 nm.

Indium(III) protoporphyrin IX dimethyl ester (ClInPPIX-DME). Following a
procedure for indium metalation of porphyrins,” A mixture of H,PPIX-DME (12 mg, 0.02
mmol), InCl; (0.11 g, 0.50 mmol), NaOAc (10 mg, 0.12 mmol) and glacial acetic acid (10
mL) was stirred vigorously and refluxed for 24 h under argon. The reaction mixture was
cooled to room temperature and concentrated. The resulting residue was taken in a
separatory funnel containing a mixture of CH,Cl, and water. The organic layer was
separated. The aqueous layer was extracted with CH,Cl, and ethyl acetate. The organic
extracts were combined, washed (saturated aqueous NaHCO; solution), separated, dried
(NaxSO4) and concentrated to afford a dark purple solid (9.0 mg, 62%, assuming a chloride
counter ion): LDMS obsd 706.5, caled 703.2 (C36H36N4O4ln); HPLC (SEC, THF) 11.26 min;
Aabs (CH2Cl) 425, 550, 583 nm.

Gallium(III) protoporphyrin IX (Cl1GaPPIX). Following a procedure for gallium
metalation,*® porphyrin H,PPIX was dissolved in a mixture of CH,Cl,/EtOH (2:1) and then
GaCl; was added. The resulting mixture was then heated to reflux for 12 h. The reaction
mixture was then cooled to room temperature and concentrated. The resulting residue was
taken in large volume of a mixture of ethyl acetate and water. The organic layer was
separated. The aqueous layer was extracted once with ethyl acetate. The organic layers were
combined and washed with water, dried (Na,SO4) and concentrated. The solid residue thus

obtained upon treatment with ether, sonicated and centrifuged. The supernatant was
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decanted and the remaining solid residue was dried to afford an orange-red solid (33 mg,
quantitative): LDMS obsd 665.4, caled 664.1 (Cs4H3,N404GaCl); HPLC (SEC, THF) 19.17

min; Aqbs (MeOH) 400, 535, 571 nm; Aem (MeOH) 525, 630 nm.
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Chapter I1I: Imidazole-Substituted Porphyrins with Central Metal Substituents as

Photosensitizers for Photodynamic Therapy

Abstract

Imidazole-substituted metalloporphyrins are a novel class of potential
photosensitizers for photodynamic therapy (PDT) of various diseases including cancer. Four
compounds bearing charged substituents were tested in in vitro PDT studies using a human
(HeLa) and a mouse (CT26) cancer cell line: an anionic Zn(II) imidazolium—porphyrin and a
homologous series of three quaternized cationic imidazolium—metalloporphyrins containing
Zn(Il), Pd(IT) and In(IIT)-CI as central ligands. There was a dramatic difference between the
relative phototoxicity of these compounds: Pd(II) cationic > In(III)-Cl cationic > Zn(II)
cationic > Zn(II) anionic. The phototoxicity was dependent on delivered dose of white light,
and on the duration of the incubation time. HeLa cells were more susceptible than CT26
cells. Induction of apoptosis was demonstrated using a fluorescent caspase assay.
Fluorescent microscopy of the Zn chelate of the imidazolium—porphyrin showed localization
in lysosomes; generation of intracellular ROS was demonstrated by fluorescence microscopy
using dichlorodihydrofluorescein. The Pd-containing cationic porphyrin in particular has
potential as a photosensitizer for PDT and its structure may also give pointers to optimum

molecular features for further improved synthetic designs.

The work described in this chapter stems from a collaboration with Prof. Michael

Hamblin and coworkers at Harvard Medical School.
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Introduction

Photodynamic therapy (PDT) is an emerging therapy for many diseases including
cancer, neovascular and hyperproliferative disorders and infections. The therapy relies on
the triple interaction between a non-toxic photosensitizer or dye molecule, harmless visible
light of an appropriate wavelength to be absorbed by the photosensitizer, and molecular
oxygen. On absorbing a photon the photosensitizer enters the excited singlet state that then
undergoes intersystem crossing to a long-lived triplet state. The triplet excited-state energy is
then transferred to the ground state of oxygen (triplet state) to form the reactive excited
singlet oxygen, which can damage biomolecules and kill cells." Many of the traditional
photosensitizers that have been used clinically are based on the porphyrin or tetrapyrrole
nucleus found in such preparations as hematoporphyrin derivative.” There is a considerable
amount of interest in designing and synthesizing new porphyrinoid structures with improved
characteristics for investigation as possible new PDT drugs.’ These desired improved
properties include: being pure characterizable compounds, having large absorption peaks in
the red and near-infrared regions on the electromagnetic spectrum, and having high uptake in
cancer or other pathogenic cells.” For photosensitizers designed to kill cancer or other
mammalian cells, it has been found that the intracellular localization of the photosensitizer is
another important parameter, with photosensitizers that localize in mitochondria tending to
be more powerful in killing cells than those that are found in other locations such as
lysosomes.”

Cationic porphyrins have attracted considerable attention as effective photodynamic
sensitizers.” These porphyrins bind nucleic acids and have been used to selectively

photocleave DNA, inhibit telomerases, and serve as carriers for oligonucleotide delivery to
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tumors. The interactions of cationic porphyrins bearing five-membered rings at the meso-
positions [e.g. meso-tetrakis(1,2-dimethylpyrazolium-4-yl)porphyrin [MPzP, M = H,; Cu(Il);
Zn(Il)] with synthetic polynucleotides such as poly(dG-dC), and poly(dA-dT), have been
characterized.” The process of binding the porphyrin to the polynucleotides is exothermic
(and enthalpically driven) for H,PzP, whereas it is endothermic (and entropically driven) for
CuPzP and ZnPzP. These results have revealed that the kind of central metal ion of the
metalloporphyrins influences the characteristic of the binding of the porphyrins to the DNA
molecule.

Imidazolium—porphyrins are macrocycles of interest due to their biomedically
relevant properties, including interaction with DNA® and activity as SOD mimics.” Such
porphyrins with biological activities are known to contain more than one (two to four)
imidazolium unit. We are interested in the photophysical properties and photosensitizing
activity of metalloporphyrins that bear only one imidazolium group. Our goal is to
characterize the structure-activity relationships with respect to the central metal in the
imidazolim—porphyrins and the photodynamic activity.

Much experimental work has been carried out with imidazolium porphyrins owing to
their activity as SOD mimics, particularly for possible treatments for oxidative stress.
Oxidative stress and chronic inflammation are important features in the pathogenesis of
chronic obstructive pulmonary disease (COPD).'"’ 1In this regard, it was observed that
Mn(IIT)-meso-tetrakis(N, N'-diethyl-1,3-imidazolium-2-yl)porphyrin could act as a catalytic
antioxidant for reducing tobacco smoke-induced inflammation.'"" Both Mn(III) meso-
tetrakis(methoxyethoxyethylimidazolium-2-yl)porphyrin and Mn(1T)-meso-

tetrakis(methoxyethoxyethylpyridinium-2-yl)porphyrin exhibited higher SOD-like activity
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than any meso-substituted Mn(III) porphyrin-based SOD mimic.'* Non-cationic porphyrins
such as meso-(4-a-bromoacetamidophenyl)triphenylporphyrin and its Zn(II), Cu((II), Ni(II)
and Co(Il) chelates were prepared, which were found to have activity against DNA
replication inhibition in mouse melanoma B16 cells. The intercalation of Cu(Il)porphyrin
with plasmid DNA was detected.”> Photodynamic therapy (PDT) was applied for
Staphylococcus aureus infected burn wounds in mice by using meso-phenyl-tris(N-methyl-4-
pyridyl)porphyrin (PTMPP)."*

Here we report the synthesis of a series of metal chelates [Zn(II), Pd(II) and In(IIT)] of
dialkyl imidazolium—porphyrins. Photophysical and PDT studies were performed with the
synthetic metalloimidazolium—porphyrins. A series of four recently prepared'> compounds
were tested as photosensitizers for in vitro PDT using a human (HeLa cervical squamous
carcinoma) and a mouse (CT26 colon adenocarcinoma) cancer cell line. These compounds
were as follows: an anionic Zn imidazolium—porphyrin and a homologous series of three
quaternized cationic imidazolium—metalloporphyrins containing Zn, Pd and In-Cl as central

ligands.

Results and Discussion
A. Synthesis of Imidazole-Substituted Porphyrins.

Zn(Il) and Pd(IT) chelates of a cationic imidazolium—porphyrin and Zn(II) chelate of
an anionic imidazolium—porphyrin (termed MH2, MH4, and MH3 respectively) were
prepared following the procedures described in the literature (Chart 1)."

Porphyrin Zn-1-SEM was deprotected by treating with conc. HCI in refluxing

EtOH,'® affording the corresponding free-base porphyrin 1 (Scheme 1). Refluxing a mixture
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of porphyrin 1 and InCl; in DMF for 40 h afforded indium-chelated porphyrin ClIn-1.
Porphyrin ClIn-1 was heated with Etl in DMF at 65 °C for 3 days affording dialkyl
imidazolium—porphyrin MH10 as a green solid. Quaternization of the porphyrin ClIn-1 was
achieved by alkylation at the pyrrolic and imino nitrogen atoms of the imidazole unit of
porphyrin. Starting from the porphyrin Zn-1-SEM to the resulting indium imidazolium—

porphyrin (MH10), the overall yield in three steps was 33% (assuming an iodide counterion).

: : ;
O O % g O ]
e ©

MH2

Chart 1
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l HCI, EtOH, reflux, 22 h

Clin-1

Scheme 1
B. Results of PDT Experiments.

We initially used a concentration of 5 uM of the compounds MH3 and MH2
incubated with cells for 24 h and illuminated with broad-band white light. Figure 1A depicts
the light-dose dependent loss of mitochondrial activity in the two cell lines for MH3 and
Figure 1B shows the phototoxic dose response with MH2. In both lines MH2 (Figure 1B)
was highly effective at killing the cancer cells, while MH3 had no effect (Figure 1A). In the

case of the human HeLa cells (Figure 1B) 5 pM of MH2 and 20 J/cm” killed 95% of the cells
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almost reaching the level of detection of the assay, while HelLa cells were completely
unharmed after 5 uM of MH3 and 20 J/cm”. The mouse colon carcinoma line CT26 was less
sensitive to MH2-mediated PDT than HeLa cells. When we tested MH4 at 5 uM against
both these cell lines, we observed large amounts of dark toxicity. Accordingly, it was
difficult to measure further phototoxicity, and in addition, it appeared that the phototoxic
effect was complete at the lowest fluence delivered. Therefore, we pregressively reduced the
concentration of MH4 in the incubation until the value of 0.5 uM was reached. Figure 1C
demonstrates a good light-dose dependent killing relationship with both cell lines, and that

HeLa cells are significantly more sensitive than are CT26.
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Figure 1. Broad-band white light-dose dependent killing of HeLa cervical cancer and

murine CT26 colon cancer cells in culture after incubation for 24 h with
imidazole porphyrins. (A) MH3 at 5 uM; (B) MH2 at 5 uM; (C) MH4 at 0.5
uM. Data points are means of 8 wells and bars are SD. Statistically significant

differences; 1 symbol P < 0.05, 2 symbols P < 0.01, 3 symbols P <0.01.
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Because we did not obtain any PDT-mediated killing of any cell line using MH3 as a
photosensitizer at 5 uM, and we had to reduce the concentration of MH4 to one tenth (0.5
uM) in order to detect light-dose dependence phototoxicity, we decided to use an increasing
range of concentrations of all the photosensitizer and deliver only one constant fluence of
white light (10 J/cm®) in order to be able to derive meaningful comparisons of the
effectiveness of the different compounds as photosensitizer. Since a photosensitizer may
exhibit some dark toxicity when used at high concentrations, we had a dark control for each
data point. Figures 2A and 2B show the photosensitizer dose dependent killing of the four
compounds (the In-Cl compound MH10 was by this time available) for both cell lines. The
best way to plot this data is as a double-log plot as both the killing obtained and the
concentrations used spanned a large range of values. As expected from the previous
experiment, MH4 was highly phototoxic to both cell lines with measurable killing being
observed at concentrations as low as 100 nM and maximal at 500 nM. Next in the order of
effectiveness was MH10, where concentrations between 250 nM and 1 pM showed a dose
dependent phototoxicity in both cell lines with the HeLa cells again being more susceptible.
The zinc chelate of cationic imidazolim—porphyrin (MH2) was effective at concentrations
between 2 and 10 uM, while the zinc chelate anionic imidazolim—porphyrin (MH3) did show

some phototoxicity when used at concentrations between 10 and 50 pM.
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Figure 2.  Graphs showing PS concentration-dependent dark toxicity (A and C) and
phototoxicity (B and D) after 10 J/cm® white light delivered to HeLa cells (A
and B) and CT26 cells (C and D). Cells were incubated with PS for 24 h, and

each data point is the mean of 8 wells and bars are SD.
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Although we had used an incubation time throughout these experiments of 24 h, it
was not clear that this length of incubation time was necessary. Therefore, for MH2 and
MH4 in HeLa cells we used a single concentration of 5 uM for MH2 and 500 nM for MH4,
together with a single flunce of 10 J/cm® of white light and varied the incubation time. As
can be seen in Figure 3 there was increasing cell death with increasing incubation time up to
6 h, but no further increase after 24 h incubation time. Interestingly, the Pd(II) imidazolium

compound MH4 was taken up significantly faster than the equivalent Zn(II) imidazolium

compound MH2.
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Figure 3. Effect of varying the incubation time on PDT killing of HeLa cells mediated by 5
uM MH2 or 500 nM MH4 and 10 J/cm” white light. Regardless of incubation
time cells were incubated for 24 h before MTT assay. Data points are means of

8 wells and bars are SD.

C. Cell Uptake Experiments.

Traditionally, the cell uptake of photosensitizers has been measured by extraction of
cells after incubation with photosensitizer and quantification of the dissolved photosensitizer
in the cell extract by fluorescence spectrophotometry. In the case of the four compounds
studied herein, the Zn porphyrins MH2 and MH3 had the expected fluorescence consistent
with their structure, while the In-Cl and Pd porphyrins MH10 and MH4 had no detectable
fluorescence. This result is understood owing to the higher rate of intersystem crossing in the
case of Pd(IT) and In(IIT) chelates from the excited singlet state to the triplet state. Therefore
we compared the uptake of MH2 and MH3 with increasing concentration in the incubation
medium by fluorescence extraction in both cell lines (Figure 4). There was a dose-dependent
increase in cell uptake for both photosensitizers in both cell lines. The uptake of MH2 was
higher for HeLa than for CT26 cells, consistent with the greater killing observed in HeLa
cells compared to CT26 cells. The uptake of MH3 was similar for both cell lines, and
interestingly, although it was lower than that seen for MH2, it did not appear to be as low as
might be expected from the lack of phototoxicity observed with these concentrations. This
observation suggests that MH2 is a more efficient photosensitizer on a molecule per cell

basis than is MH3.
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Figure 4.  Cell uptake of MH2 and MH3 by HeLa and CT26 cells after 24 h incubation

time determined by fluorescence spectrophotometry of cell extracts.

D. Fluorescence Microscopy.
Since the Zn porphyrins had sufficient fluorescence to detect, we were able to carry
out confocal microscopy experiments to determine the intracellular localization of these dyes

with the use of green fluorescent intracellular tracers for lysosomes and mitochondria.
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E. Apoptosis.
It is known that many photosensitizers cause the death of cancer cells upon
illumination by initiating the process of apoptosis via pathways involving mitochondrial

damage leading to cytochrome c release, caspase activation and nuclear fragmentation.

Conclusion

Trans-AB imidazolyl-porphyrins were synthesized following recently developed
rational routes to imidazolyl-porphyrins."”> Such porphyrins were alkylated at the pyrrolic
and imino nitrogen of the imidazole group thereby imparting charge proximal to the
porphyrin molecule. Porphyrins MH2, MH3, and MH4 were synthesized following the
procedures described in the above-mentioned literature. Indium-chelated porphyrin MH10
was prepared as an example of a porphyrin with two positive charges. We synthesized
imidazolium—porphyrins with various metal atoms [(Zn(II), Pd(IT) and In(IIT)] so that their
photophysical and photosensitizing properties could be determined in order to obtain a
structure-property relationship.

A novel structure function relationship among PDT agents consisting of cationic
imidazole-substituted porphyrins with different central metal atom substituents was found.
There have only been a few reports of a series of porphyrinoid compounds with different
central metal substituents that have been directly compared with regard to PDT effectiveness
as photosensitizers in vitro.

As expected, the Zn(Il) chelate of cationic porphyrin was a much better
photosensitizer than the Zn(II) chelate of the anionic porphyrin. Cationic dyes are thought to

be more easily taken up into cells by virtue of being better able to bind to the anionic plasma
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membrane and therefore more likely to be internalized by endocytotic processes. Although
lipophilic photosensitizers are also able to bind to cell membranes and show high uptake into
cells, they are not usually water-soluble and require some delivery system such as liposomes,
micelles or emulsions to deliver them into cells.

There have been several tetrapyrrole photosensitizers with central metal substituents
that have been tested or proposed clinically. Such compounds include TOOKAD (a
palladium bacteriopheophorbide),'” purlytin (a tin ethyl etiopurpurin),’® motexafin lutetium
or Lu-tex (lutetium texaphyrin),"”” MV6401 (indium chloride methyl pheophorbide),”’ PC4 (a
silicon phthalocyanine derivative)”' and zinc phthalocyanine.””  Nevertheless, direct
comparisons of PDT activity of any of these structures with a series of different central metal
substituents have not been published. Taken together, we were able to establish different
responses of metal chelates of imidazolium—porphyrins as photosensitizers towards various

carcinoma cells.
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Experimental Section

(A) Cell Culture. HeLa (human cervical squamous carcinoma cells),”> and CT26
(murine colon adenocarcinoma)®* were obtained from ATCC (Manassas, VA) and cultured in
RPMI1600 medium (Gibco Invitrogen, Carlsbad, CA) with L-glutamine and NaHCO;
supplemented with heat inactivated fetal bovine serum 10% (vol/vol), penicillin (100 U/mL)
and streptomycin (100 pg/mL) (all from Sigma, St Louis, MO) at 37 C in 5% CO,
humidiifed atmosphere in 75 cm? flasks (BD Falcon, San Jose, CA). When the cells reached
80% confluence, they were washed with PBS (Sigma) and harvested with 2 mL of 0.25%
Trypsin-EDTA solution (Sigma). Cells were centrifuged and counted in trypan blue (Sigma)
and plated at 5000 cells/well in flat-bottomed 96 well plates (Fisher). Cells were allowed to
attach for 24 h.

(B) PDT Experiments. The photosensitizers were dissolved in DMSO at a
concentration of 5-mM and stored in the dark at room temperature. Photosensitizers were
added at different concentrations to cells in fresh complete medium for 24 h incubation
periods. After incubation the photosensitizer-containing medium was removed from each
well, replaced with 200 uL of fresh medium, and PDT with broadband white light was
performed. The light source was a non-coherent lamp fitted with a filtered light guide
(LumaCare, Newport Beach, CA) delivering 400-700-nm light. For experiments where the
light dose was varied we used fluences of 0 (dark toxicity), 2, 4, 8, 10, 12, 16, and 20 J/em?
delivered at an irradiance of 100 mW/cm” as measured with a power meter (model DMM 199
with 201 Standard head, Coherent, Santa Clara, CA) and 4 wells (one group) were
illuminated at one time. Controls were cells with no treatment and cells with light alone at

the highest fluence and both controls demonstrated no loss of viability. For experiments
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where the porphyrin concentration was varied (concentrations between 100 nm and 24 uM)
we used a fixed fluence of 10 J/cm® delivered at the same irradiance. Here additional groups
of cells incubated with all the concentrations of porphyrins but no illumination were used to
determine the dark toxicity of the photosensitizer. At the completion of the illumination the
plates were returned to the incubator for a further 24 h to allow cell death processes to occur.
A MTT assay for mitochondrial activity was carried out and read at 560 nm wavelength as
described previously.”

(C) Synthesis of Imidazole-Porphyrins.

Noncommercial Compounds. MH2,"> MH3"> and MH4'"® were prepared following
previously reported procedures.

ClIn(III)-5-(1,3-Diethylimidazol-2-ium)-10-phenylporphyrin (MH10). Following
a general procedure,'® porphyrin Zn-1-SEM (23 mg, 0.035 mmol) in EtOH (7 mL) was
treated with conc. HCI (7 mL). The resulting mixture was refluxed for 21 h under argon.
The reaction mixture was then cooled to room temperature, whereupon the volatile solvent
was removed. The resulting suspension was poured into a large volume of ethyl acetate and
water. Saturated aqueous NaHCO; solution was added slowly to the aqueous-organic
mixture. The organic layer was separated, and the aqueous layer was extracted twice with
ethyl acetate. The organic layers were combined and washed with saturated aqueous NH4Cl
solution and water. The organic layer was separated, dried (Na,SO4) and concentrated
affording 1 as a dark purple solid. Data for 1: LD-MS obsd 452.2, calcd 452.2 (C9H2Np);
Aabs (MeOH) 402, 500, 534, 574, nm; Aep (MeOH) 625, 700 nm. A solution of porphyrin 1 (~
0.035 mmol) in anhydrous DMF (7 mL) was treated with InCl; (0.30 g, 1.4 mmol). The

reaction mixture was heated to reflux for 40 h under argon. The crude reaction mixture was
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concentrated. The residue was chromatographed [silica, CH,Cl,/MeOH (9:1) = (4:1)]
affording porphyrin ClIn-1 as a green solid. Data for ClIn-1: MALDI (HCCA) obsd 595.8,
calcd 600.0 (Cy9H 3CIlInNg); Aaps (MeOH) 410, 598 nm; Aep, (MeOH) 620 nm. The entire
sample of ClIn-1 (~0.035 mmol) was treated with EtI (0.28 mL, 3.5 mmol) in DMF (2.0
mL), and the resulting reaction mixture was heated at 65 °C for 3 days. The reaction mixture
was then concentrated and chromatographed twice [(1) silica, CH,Cl,/MeOH (9:1); (2)
neutral alumina, CH,CIl, = CH,Cl,/MeOH (9:1)] to afford a solid residue. The solid residue
was purified by preparative size-exclusion chromatography (SEC, 3 x 30 cm) eluted with
HPLC grade THF. A final chromatographic procedure [alumina, CH,Cl,/MeOH (9:1) =
(3:1)] afforded the title compound (MH10) as a dark green solid (9.0 mg, 33% overall yield,
assuming an iodide counterion): MALDI (HCCA) obsd 656.8, calcd 657.1 (Cs3H27ClInNg,

lacking a counterion); Aaps (MeOH) 411, 601 nm; Aep, (MeOH) 620, 670 nm.
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Chapter IV: "B NMR and "N NMR Spectroscopic Studies of Imidazolyl-Pyrrolic

Compounds

Introduction

NMR spectroscopy is an invaluable tool for confirming the chemical structure of
organic compounds. The most common NMR-active nuclei include g, B¢, "B, PN, 0,
YE, 31p, 2%gi, 1%Sn, °pt and 199Hg. "H and *C NMR studies are very useful for structural
elucidation of hydrocarbons, whereas heterocyclic compounds often benefit from the
corresponding heteronuclear NMR spectroscopy.

For applications in porphyrin chemistry, we have been interested in applying "°N
NMR spectroscopy for structural elucidation and characterization. We also have employed
dialkylboron complexation as a means of manipulating various pyrrolic and imidazolyl
compounds.’ Hence, we have employed ''B and "N NMR spectroscopy. With the use of
modern 2D NMR spectroscopic techniques such as gHMBC (gradient heteronuclear multiple
bond correlation) and gHSQC (gradient heteronuclear single quantum coherence) methods
there is diminished necessity for the presence of isotopically enriched samples, rather, the
isotopes in natural abundance can be detected indirectly.

"N NMR spectroscopy is particularly valuable for structural elucidation of nitrogen
containing compounds when the structures are not resolvable by 'H or “C NMR
spectroscopy.” A good example is provided by the free base and the zinc chelated dipyrrins
(2a and Zn-2a), which show similar '"H NMR spectra (Figure 1). "N NMR studies of the
dipyrrins would be helpful to distinguish the two different compounds. Thompson and

coworkers recently described the use of "N NMR spectroscopy for the identification of
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dipyrromethane compounds.” They reported that the "N NMR resonance of the nitrogen
atoms of a free-base dipyrrin appears at —213.1 ppm, whereas that of the corresponding zinc
analogue appears at —169.5 ppm. Therefore, where 'H and ?C NMR spectroscopy are
insufficient to distinguish between the two different nitrogen-containing compounds, N
NMR spectroscopy can be utilized to support the molecular structures.

/
=N HN-/
2a

Figure 1: '"H NMR Spectra for free-base dipyrrin (2a) and zinc chelate of dipyrrin (Zn-2a).
The absence of the pyrrolic N-H signal in 2a makes it difficult to distinguish 2a and Zn-2a

by 'H NMR spectroscopy.
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"N NMR spectroscopy is widely used in the field of inorganic, organometallic and
bioinorganic chemistry.” "N NMR spectroscopy has been used for structural determination
of pyrrolic compounds such as bile pigments,” porphyrins,® and the chlorin bonellin.” ''B
NMR spectroscopy has been used in a variety of biomedical applications,® particularly for
compounds designed for boron neutron capture therapy (BNCT). ''B NMR spectroscopy
was utilized to elucidate the nature of the interaction between borate and boron-selective
adsorbents such as crosslinked dextran (Sephadex).” The relation between ''B chemical
shifts and the electronic structure of metallaboranes was examined.'® ''B chemical shift
values were shown to change with the nature of transition metals. Our group confirmed the
presence of boron atoms in the boron complex of 1-acyldipyrromethanes through use of ''B
NMR spectroscopy.“

There are several examples where both ''B and "N NMR spectroscopy were utilized
for detection purposes. For example, ''B and "N NMR spectroscopy were found to be
powerful tools for the estimation of hydrolytic stabilities of 8-membered boron-nitrogen-
oxygen heterocycles such as N-alkyl-2-phenyl-1,3,6,2-perhydrodioxazaborocines.'>  The
color reactions of boron with derivatives of 3-hydroxy-4-[(2-hydroxyphenyl)azo]-2,7-
naphthalenedisulfonic acid and the structure of the complexes were studied by ''B, °N and
'"H NMR spectroscopy. The results thus obtained provide evidence for tetrahedral
coordination of boron in the complexes.”> Both ''B and "N NMR spectroscopic techniques
were also used to confirm the chain-like structure of poly(aminoboranes),'* or to monitor the
interaction of absorbed MeCN with microporous [Si, Al]-ZSM-5 and (Si, B]-ZSM-5."

Additional examples of ''B and "N NMR spectroscopy include studies of trimethylamine
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6 characterization of B-trichloroborazene

adducts of the mixed trihalides of boron,'
(B:N3H;Cls),' investigation of structure-property relationships in boron nitrides,'® and the
characterization of certain boronates."

Here we report ''B NMR data for boron complexes of dipyrromethanes, and "N
NMR spectroscopic data for various imidazole-containing compounds. The presence of two
boron units in 1-acyldipyrromethanes was confirmed by different chemical shift values
during "B NMR spectroscopy. The presence of different types of nitrogen atoms in
imidazoyl-dipyrromethanes was detected by 2D "N NMR spectroscopy. Taken together,
both ''B and "’N NMR spectroscopic techniques are invaluable in the structural elucidation

of various imidazoyl-pyrrolic compounds as well as other boron and nitrogen containing

compounds.

Results and Discussion
>N NMR and "B NMR Spectroscopic Studies on Imidazolyl-Pyrrolic Compounds.
Imidazolyl-porphyrins find their applications ranging from material chemistry to life
sciences. Recently rational synthetic routes were developed to obtain various types of
imidazolyl-porphyrins.! During the development of porphyrin synthetic methodology,
various imidazole-containing precursors such as aldehydes, dipyrromethanes, 1-
acyldipyrromethanes were synthesized. The nitrogen and boron atoms exhibit different
connectivity, as shown below (Figure 2). In order to assign different types of nitrogen or
boron atoms present in the imidazolyl compounds, ’N and ''B NMR spectroscopic studies

were performed.
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Figure 2. Demonstration of different types of nitrogen and boron atoms in the imidazolyl-
pyrrolic compounds.
>N NMR Spectroscopy. The assignments are revealed in Chart 1. The results of

>N NMR spectroscopy are summarized in Table 1.
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Chart 1. "N NMR chemical shift assignments
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Table 1. "N NMR Spectroscopic Data for Imidazolyl-containing Compounds.”

Compound d "N NMR resonances (ppm)”’
gHSQC gHMBC
2 ---¢ —84.3,-195.0
3 —227.7 -119.2, -205.3, -227.7
9-BBN-3* —226.4 —-162.1,-193.0, -199.4, —226.4
Bu;B-3 —227.7 -167.9,-198.5, -202.5, -227.7
(9-BBN),5* ~146.8, -160.5, -193.7, -199.5
(Bu;B),5 ---¢ —-154.0,-167.2,-200.3, -202.3
Bu,B-152a° —228.4 -165.1,-197.2, -228.5
(9-BBN);16 ---¢ —146.1,-160.5, -194.9, —198.5

“ PN NMR spectroscopic data were collected with 0.2 M samples in THF-ds unless noted
otherwise. “Chemical shifts were standardized with respect to 1.0 M MeNO, (8 0.0 ppm).
“Not applicable. “A 0.1-M sample was used. “The resonance from the boron-complexed
pyrrolic nitrogen was not observed.

Proton-coupled gHMBC analysis for SEM-protected aldehyde showed two peaks (—
84.3 and —195.0 ppm) corresponding to the imidazole imino nitrogen and SEM-protected
imidazole pyrrolic nitrogen, respectively.  Upon proton-coupled gHSQC analysis,
dipyrromethane 3 showed a single peak at —227.7 ppm corresponding to the two, identical
pyrrolic nitrogens. Proton-coupled gHMBC analysis for dipyrromethane 3 showed peaks at

—119.2, —205.3 and —227.7 ppm, attributed to the imidazole imino nitrogen, SEM-protected

imidazole pyrrolic nitrogen, and the pyrrole nitrogen, respectively.”’

The dialkylboron-complexed imidazole-dipyrromethane Bu,;B-3, Bu;B-15a, or 9-
BBN-3 also showed only one peak in the gHSQC experiment, owing to the single NH in
each molecule. The dialkylboron-complexed dipyrromethanes 9-BBN-3 and Bu;B-3 each

showed four peaks upon gHMBC analysis. (Compound Bu;B-15a exhibited only three
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peaks as the resonance from the boron-complexed pyrrole nitrogen was not observed.) For
example, 9-BBN-3 revealed four resonances at distinct chemical shifts (—162.1, —193.0, —
199.4, —226.4 ppm) as expected owing to the distinct environment of the imidazole imino
nitrogen, the boron-complexed pyrrole nitrogen, the SEM-protected imidazole pyrrolic
nitrogen, and the free pyrrole nitrogen, respectively. In general, dialkylboron complexation
of the imidazole imino nitrogen caused an upfield chemical shift (A8 =—41 ppm for 9-BBN;
—49 ppm for Bu;B) with respect to dipyrromethane 3 (—119.2 ppm). On the other hand,
dialkylborylation of the pyrrole nitrogen caused deshielding (Ad = 35 ppm for 9-BBN; 27
ppm for Bu,B) compared to the free pyrrole nitrogen in 3 (-227.7 ppm).

The bis(dialkylboron) complexes of 1-acyl-5-imidazole-dipyrromethanes [(9-BBN),5,
(BuzB),5 and (9-BBN),16] typically exhibited four distinct resonances. Examination of the
spectra indicate a downfield chemical shift (Ad = 74-82 ppm) for the pyrrole nitrogen
complexed by an oxygen-coordinated boron moiety versus that of dipyrromethane 3 (-227.7
ppm), which can be attributed to the combined electron-withdrawing effect of the alkylboron
moiety and the acyl group. The assignments of the resonances of various nitrogen atoms in
the dipyrromethanes are displayed in Chart 1. Examples for 2D gHSQC and gHMBC NMR
spectra of 9-BBN-3 are provided in Figure 3 and 4 respectively. In summary, "N NMR
chemical shift values were quite useful for structural comparison of compounds with multiple

nitrogen atoms.
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SN NMR Spectrum (gHSQC) of 9-BBN-3
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Figure 3: 2D "N NMR (gHSQC) data for 9-BBN-3. Due to the presence of only one free

pyrrolic N-H, a single peak was observed at —226.4 ppm.
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15N NMR Spectrum (gHMBC) of 9-BBN-3
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Figure 4: 2D "N NMR (gHMBC) data for 9-BBN-3. The presence of four distinct nitrogen
atoms gives four separate signals at —162.1, —193.0, —199.4 and —226.4 ppm corresponding to
the imidazole imino nitrogen, boron complexed pyrrolic nitrogen, SEM-protected imidazole
pyrrolic nitrogen, and free pyrrole nitrogen respectively.

"B NMR Spectroscopy. ''B NMR studies were performed using 1D NMR

spectroscopy with selected dialkylboron complexes of the imidazole-containing

dipyrromethanes. ''B NMR spectroscopy of (9-BBN),5 showed two peaks (& 12.65 and —

0.04 ppm) for the two boron moieties relative to the ''B standard (BF3-O(Et), at 0 ppm). The
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two peaks are consistent with coordination of one boron atom to the carbonyl oxygen and the
other boron atom to the imidazole imino nitrogen, respectively. By comparison, Bu;B-3
gave only one peak (1.94 ppm), to be compared with N-(9-borabicyclo[3.3.1]non-9-
yl)pyrrole, which lacks intramolecular coordination and resonates downfield at 59.9 ppm.*'
The results of the ''B NMR studies are summarized in Table 2. In general, imidazole
coordination results in an upfield resonance near that of the standard BF;-O(Et), whereas acyl
oxygen coordination results in a slight downfield shift near 12-13 ppm. The ''B NMR

assignments are displayed in Chart 2.

Table 2. ''B NMR Spectroscopic Data for Boron-Complexes of Dipyrromethanes®

Compound d "'B NMR resonances (ppm)
N-BR, 0-BR,
Bu,B-3 1.94 ---
9-BBN-3 1.93 -
(9-BBN),5 —0.04 12.65
(Bu;B),5 1.08 13.24
(9-BBN),16” 1.44 12.06

“TB NMR spectroscopy was performed at 50 °C. "Data were obtained at room temperature.
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(BuzB),5

(9-BBN),16

Chart 2. "B NMR Assignments

Outlook

"B and "N NMR spectroscopic data for masked imidazolyl-dipyrromethanes, which
contain two types of boron atoms and up to four distinct nitrogen atoms, were collected and
interpreted. "N NMR data were helpful in assigning the various types of nitrogen atoms
present. ''B NMR chemical shifts were utilized to establish molecular identity and the
different connectivity present in the boron complexes of imidazolyl-dipyrromethanes. Taken
together, both spectroscopic techniques were very helpful for confirming the presence of

various types of boron and nitrogen atoms in the imidazolyl-pyrrolic compounds.
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Experimental Section

General. A 400 MHz Varian NMR spectrometer was used for NMR spectroscopy.
Special boron and nitrogen filters were used for the purpose of maximizing the signal-noise
ratio. All data were collected at room temperature unless noted otherwise.

Non-commercial Compounds. All compounds were synthesized following existing
literature perocedures.”'

"B NMR Spectroscopy: ''B NMR spectroscopy (128 MHz) was performed using
boron-free NMR tubes and THF-ds as solvent, with a sample of BF;-OEt, as an external
standard. The concentrations varied from 50-200 mM, and the acquisition time was 15 min
to 1 h. Spectra were collected at 50 °C unless noted otherwise.

>N NMR Spectroscopy: "N NMR spectroscopic (41 MHz) data for '°N chemical
shifts are reported relative to that of nitromethane (6 0.0) as an indirect reference using
pyrrole as a direct reference. Although nitromethane is typically used as a direct reference in
>N NMR spectroscopy, nitromethane cannot be used as a reference for gHSQC spectroscopy
due to the lack of an N-H bond. Furthermore, in some cases, artifacts in the region of -5 to 5
ppm (which arise from the NMR spectrometer filters) often accompany CH3;NO,, which
makes this solvent a less desirable reference. Thus, pyrrole in an NMR microtube insert was
used as a reference for the gHSQC and gHMBC spectroscopy measurement. An NMR
microtube containing 8.0 M pyrrole in THF-ds (70 uL) was placed in an NMR tube
containing 1.0 M CH3;NO; in THF-ds (500 uL). The pseudo-concentration of each
component in the entire NMR tube was ~0.9 M (CH3NO,) and ~1 M (pyrrole). The gHMBC
(N-H) spectrum showed the resonance of the pyrrole nitrogen at —230.1 ppm relative to

nitromethane (8 0.0 ppm). Note that several different combinations of the concentrations

75



including (1) CH3NO; (0.2 M) and pyrrole (0.2 M), (2) CH3NO, (1.0 M) and pyrrole (1.0 M),
and (3) CH3NO; (6.2 M) and pyrrole (4.8 M), were examined to identify suitable pseudo-
concentrations of the CH3;NO; and pyrrole for desired spectral quality.

Next, the pyrrole-containing NMR microtube was placed in an NMR tube containing
the imidazolyl-dipyrromethane sample (0.2 M) in THF-dg (500 uL), whereupon gHSQC and
gHMBC spectroscopy was carried out (32 scans, ~3 h each). When 0.1-M samples were
measured, 64 scans (~6 h) were applied. Each gHSQC and gHMBC spectrum was

referenced from the resonance of pyrrole (8 —230.1 ppm).
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Chapter V: Dialkylboron Complexation as a Means of Masking

Both Nitrogens Atoms in Tetrahydrodipyrrins

Introduction
Hydrodipyrrins are used in the synthesis of hydroporphyrins such as chlorins,

bacteriochlorins and isobacteriochlorins (Chart 1).'

Chlorin Bacteriochlorin Isobacteriochlorin
Chart 1
Hydrodipyrrins relevant to such syntheses are composed of one pyrrole ring and a pyrroline

ring connected by a methylene or methine bridge (e.g., dihydrodipyrrin, tetrahydrodipyrrin)

(Chart 2).
X AN
\_NH N
\
N N
| |
Tetrahydrodipyrrin (1) Dihydrodipyrrin (2)
Chart 2

The stability of members of this class of compounds is highly dependent on the substitution
pattern at the meso- and/or the B-positions.” Hydroporphyrins such as chlorins (Eqn 1) are
prepared by the condensation of a tetrahydrodipyrrin (1) with a 1-bromo-9-dipyrromethane-

carbinol (3)°, whereas bacteriochlorins are prepared by the self-condensation of an
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acetaldihydrodipyrrin (4) (Eqn 2).! Hence, for better access to hydroporphyrins the
availability of larger quantities of starting hydrodipyrrins is required. However, the existing
purification methods for isolating hydrodipyrrins are laborious and have limited access to
large quantities. Earlier routes to hydrodipyrrins® afforded very low yields and only small
quantities of the final product (~500 mg) were obtained. Recently we have developed

streamlined methodology to obtain large quantities of tetrahydrodipyrrins such as 1 (~10 g).°

Ar?
B
\ NH (1) Condensation
+ > Ar!
N (2) Oxidative cyclization
\
a Tetrahydrodipyrrin a Bromo-dipyrromethane-carbinol a Chlorin

M ®)
Equation 1. Synthesis of a chlorin.

Ar ~ Ar

\
NH Self-condensation
_— >
\
N
! OMe Ar

OMe
an Acetaldihydrodipyrrin a Bacteriochlorin
(4)
Equation 2. Synthesis of a bacteriochlorin.
Dialkylboron complexation is a very convenient technique for the purification of

various polar compounds such as 1-acyldipyrromethanes (5) and 1,9-diacyldipyrromethanes

(6) (Chart 3).”*

Chart 3
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Prior to the development of the dialkylboron complexation technique, purification of 1-
acyldipyrromethanes was very laborious due to streaking upon attempted chromatography.
Large amounts of chromatographic material (e.g., silica) and solvent were necessary. But
with the incorporation of dialkylboron complexation to block the pyrrolic nitrogen thereby
decreasing the overall polarity, purification became much easier. Little or no column
chromatography was necessary for the purification of these complexes (5-BR; and 6-BR;)

(Chart 4). In addition, dialkylboron complexes can be purified by recrystallization.

RI_H Rl H
N = X =
) N HN / YN HN—Y
R°Q _g-R R*Q R R®
R R ©
5-BR, 6-BR,

Chart 4

Dialkylboron complexes of organic molecules are well known in the literature.
Boron-dipyrrin (BODIPY) complexes (7-BR;) (Chart 5) find versatile use as sensors and for
fluorescent labeling purposes.’” BODIPY dyes are used as fluorescent labels for
biomolecules such as proteins, lipids, and DNA. Energy transfer and electron transfer of a
triad composed of boron-dipyrrin, zinc porphyrin and fullerene were demonstrated as a
model for a photosynthetic antenna complex.'” A family of 5-arylsubstituted boron-dipyrrin
dyes has been synthesized and characterized by X-ray diffraction, photophysical studies, and
theory.!! The excited-state dynamics and fluorescent properties of these dyes were
dominated by aryl-ring rotation. BODIPY complexes can be synthesized by the reaction of a
dipyrrin with BF3-OEt,.'? Rational color tuning and luminescent properties were determined

for functionalized boron-containing pyrrolide complexes. "
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7-BR,
Chart 5

Recently Jacobi and coworkers have developed new methods for the synthesis of
dihydrodipyrrins.'* Earlier synthetic routes to hydrodipyrrins resulted in a very small amount
of the final product. Additionally dihydrodipyrrins are not stable enough to store for a longer
period of time. Tetrahydrodipyrrins are comparatively more stable and can be stored for a
longer period of time without any further decomposition. Therefore a modification to the
synthesis of hydrodipyrrins was undertaken to obtain multigram quantities of
tetrahydrodipyrrin 1 (Chart 2).° Hence we had access to large quantities of
tetrahydrodipyrrin 1 as chlorin precursor. However, it turned out that the tetrahydrodipyrrins
are in general very polar and streak on column chromatography. Along with that, sometimes
protection of the pyrrolic nitrogen of a tetrahydrodipyrrin may be desirable to carry out any
further reactions.

Here we report dialkylboron complexation of tetrahydrodipyrrin 1 that facilitates
purification of such compounds by minimizing chromatography. Two methods were
employed to purify the resulting dialkylboron complex of tetrahydrodipyrrin 1: a
chromatographic method and a recrystallization method. Taken together, faster purification
of dialkylboron complexes of tetrahydrodipyrrins provides better access to different

hydroporphyrins.
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Results and Discussion

Synthesis of a Dialkylboron Complex of a Tetrahydrodipyrrin. Nitrohexanone 8
was treated with 15 equivalents of each of ammonium formate and zinc dust in THF. The
reaction mixture was stirred vigorously at room temperature. The progress of the reaction
was monitored by GC analysis. After 2 hours nitrohexanone 8 was completely consumed,
and the formation of tetrahydrodipyrrin 1’ was observed. The crude reaction mixture was
concentrated to afford a light brown oil. The resulting oil was diluted with CH,Cl, and then
treated consecutively with TEA and BBu,-OTfT to facilitate purification of tetrahydrodipyrrin
1. After stirring for 1 h, the reaction mixture was filtered through a pad of silica. The
dialkylboron complex of tetrahydrodipyrrin 1-BBu, appeared as a fast-moving yellow band
in silica. The fractions collected from the silica column were concentrated to afford 1-BBu,
as a yellow solid in 33% yield (Eqn 3) (Method A). The individual yields obtained from the
synthesis of 1 from nitrohexanone 8 followed by dialkylboron-complexation of 1 to obtain 1-
BBu, were 60% and 66%, respectively. In another attempt (Method B), 1-BBu, was

crystallized (Et,0O/MeOH) from the crude reaction mixture to give brownish crystals.

\ AN
NH (1) Zn/HCOONH,, THF
NO,  (2) BupB-OTf, EtzN, CHyCla
o 33%
8 1-BBuy

Equation 3. Synthesis of dialkylboron complex of tetrahydrodipyrrin.

"B NMR Spectroscopy of 1-BBu,. A single peak at 1.89 ppm, relative to the ''B

standard, BF3-O(Et), (0 ppm), was observed in the ''B NMR spectrum of 1-BBu,, which
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provides evidence for incorporation of a boron atom in the tetrahydrodipyrrin complex.
Compared to the chemical shift of boron in similar compounds, e.g., N-(9-
borabicyclo[3.3.1]non-9-yl)pyrrole ~ (59.9  ppm)” and 9-BBN  complex  of
monoacyldipyrromethanes (~13 ppm),” a distinct upfield chemical shift was observed in 1-
BBu,. The relative upfield shift of 1-BBu, is characteristic for species in which boron is

coordinated with a lone pair of electrons on an azomethine moiety. '

Conclusion

Dialkylboron complexation can serve as a means of protection for the pyrrolic
nitrogen of the hydrodipyrrin. Hydrodipyrrins are highly polar and amorphous solids,
whereas the dialkylboron complex of the tetrahydrodipyrrin was found to be very non-polar
and was obtained as a yellow crystalline solid. Hence dialkylboron complexation can be
used as a quick purification technique for tetrahydrodipyrrins, and the chemistry of boron-

complexed tetrahydrodipyrrins can be explored.

Experimental Section

General. 'H NMR (400 MHz) and °C NMR (100 MHz) spectra were collected at
room temperature in CDCIl;3 unless noted otherwise. Melting points are uncorrected. Column
chromatography was performed with flash silica or alumina (80-200 mesh). The CHClIs
contained 0.8% ethanol. THF was distilled from sodium benzophenone ketyl as required.
CH;CN was distilled from CaH, and stored over powdered molecular sieves. Other solvents

were used as received.
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"B NMR Spectroscopy. ''B NMR spectroscopy (128 MHz) was performed at room
temperature using a boron-free NMR tube, and THF-ds as a solvent, with BF;-OEt, as an
external standard. The concentration used for NMR sample preparation was 100 mM and the
acquisition time was 1 h.

Direct Conversion of 8 = 1-BBu;. Method A. A stirred suspension of HCOONH4
(378 mg, 6.00 mmol) and nitrohexanone 8 (95 mg, 0.40 mmol) in THF (1.6 mL) was treated
with zinc dust (392 mg, 6.00 mmol). The mixture was stirred vigorously at room
temperature. After 2 h, GC showed complete consumption of starting material and formation
of 1.° Hence the reaction mixture was diluted with ethyl acetate (2 mL), and the mixture was
filtered. The filter cake was then washed with ethyl acetate. The filtrate was washed (water
and brine) and dried (Na,SO4). The organic layer was concentrated under reduced pressure
to afford a light brown oil. The resulting oil was dissolved in CH,Cl, (0.8 mL) and was
treated with TEA (0.22 mL, 1.6 mmol) and dibutylboron triflate (0.8 mL of 1 M in CH,Cl,,
0.8 mmol). The reaction mixture was stirred at room temperature. After 1 h, the mixture
was concentrated. The resulting oil was filtered (silica, CH,Cl;). The filtrate was
concentrated to afford a yellow solid (41 mg, 33%): mp 134-136 °C; 'H NMR & 0.42-0.53
(m, 2H), 0.57-0.67 (m, 2H), 0.69-0.84 (m, 8H), 1.01 (s, 3H). 1.03-1.16 (m, 2H), 1.18 (m,
3H), 1.23-1.26 (m, 4H), 2.38 (m, 3H), 2.60-2.65 (m, 1H), 2.77 (m, 1H), 2.82-2.85 (m, 2H),
3.81-3.85 (m, 1H), 5.90-5.92 (m, 1H), 6.09-6.10 (m, 1H), 6.66-6.67 (m, 1H); °C NMR &
14.3,14.4, 19.1, 23.5, 25.2, 26.2, 26.6, 26.7, 28.0, 28.4, 38.8, 56.1, 79.9, 102.8, 106.1, 121.0,
130.1, 180.1; "B NMR (THF-ds) & 1.89; FAB-MS obsd 315.2975, caled 315.2975 [(M +

H"), M = Cy0H35BN;].
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Method B. A stirred suspension of HCOONH; (378 mg, 6.00 mmol) and
nitrohexanone 8 (95 mg, 0.40 mmol) in THF (1.6 mL) was treated with zinc dust (392 mg,
6.00 mmol). The mixture was stirred vigorously at room temperature. After 2 h, GC showed
complete consumption of starting material and formation of 1. Hence the reaction mixture
was diluted with ethyl acetate (2 mL), and the mixture was filtered. The filter cake was then
washed with ethyl acetate. The filtrate was washed with water and concentrated under
reduced pressure to afford a light brown oil. The resulting oil was dissolved in CH,Cl, (0.8
mL) and was treated with TEA (0.22 mL, 1.6 mmol) and dibutylboron triflate (0.8 mL of 1
M in CH,Cl,, 0.8 mmol). The reaction mixture was stirred at room temperature. After 1 h,
the mixture was concentrated. The resulting compound was crystallized (Et,O/MeOH) to
afford brownish crystals (13 mg, 11%). Characterization data ('"H NMR, C NMR) were

consistent with the values described above.

86



References

(1) (a) Kim, H.-J.; Lindsey, J. S. J. Org. Chem. 2005, 70, 5475-5486. (b) Kim, H.-J.;
Dogutan, D. K.; Ptaszek, M.; Lindsey, J. S. Tetrahedron 2007, 63, 37-55.

2) Balasubramanian, T.; Strachan, J.-P.; Boyle, P. D.; Lindsey, J. S. J. Org. Chem. 2000,
65, 7919-7929.

3) Taniguchi, M. Ra, D.; Mo, G.; Balasubramanian, T.; Lindsey, J. S. J. Org. Chem.
2001, 66, 7342-7356.

4) Taniguchi, M.; Kim, H.-J.; Ra, D.; Schwartz, J. K.; Kirmaier, C.; Hindin, E.; Diers, J.
R.; Prathapan, S.; Bocian, D. F.; Holten, D.; Lindsey, J. S. J. Org. Chem. 2002, 67,
7329-7342.

(%) Strachan, J.-P.; O’Shea, D. F.; Balasubramanian, T.; Lindsey, J. S. J. Org. Chem.
2000, 65, 3160-3172.

(6) Ptaszek, M.; Bhaumik, J.; Kim, H.-J.; Taniguchi, M. Lindsey, J. S. Org. Process Res.
Dev. 2005, 9, 651-659.

(7 Muthukumaran, K.; Ptaszek, M.; Noll, B.; Scheidt, W. R.; Lindsey, J. S. J. Org.
Chem. 2004, 69, 5354-5364.

(8) Zaidi, S. H.; Muthukumaran, K.; Tamaru, S.-I.; Lindsey, J. S. J. Org. Chem. 2004, 69,
8356-8365.

9 Kalai, T.; Hideg, K. Tetrahedron Lett. 2006, 32, 10352—10360.

(10) D'Souza, F.; Smith, P. M.; Zandler, M. E.; McCarthy, A. L.; Itou, M.; Araki, Y.; Ito,

O. J. Am. Chem. Soc. 2004, 126, 7898—7907.

87



(1D

(12)

(13)

(14)

(15)
(16)

Kee, H. L.; Kirmaier, C.; Yu, L.; Thamyongkit, P.; Youngblood, J. W.; Calder, M. E.;
Ramos, L.; Noll, B. C.; Bocian, D. F.; Scheidt, R. W.; Birge, R. R.; Lindsey, J. S.;
Holten, D. J. Phys. Chem. B 2005, 109, 20433-30443.

Montalban, A. G.; Herrera, A. J.; Johannsen, H. J.; Beck, J.; Godet, T.; Vrettou, M.;
White, A. J. P.; Williams, D. J. Tetrahedron Lett. 2002, 43, 1751-1753.

Chen, H.-Y.; Chi, Y.; Liu, C.-S.; Yu, J.-K.; Cheng, Y.-M.; Chen, K.-S.; Chou, P.-T.;
Peng, S.-M.; Lee, G.-H.; Carty, A. J.; Yeh, S.-J.; Chen, C.-T. Adv. Func. Mater. 2005,
15, 567-574.

O'Neal, W. G.; Roberts, W. P.; Ghosh, I.; Jacobi, P. A. J. Org. Chem. 2005, 70,
7243-7251.

Wrackmeyer, B.; Schwarze, B. J. Organomet. Chem. 1997, 534, 207-211.

Wrackmeyer, B. Annu. Rep. NMR Spectrosc. 1988, 20, 61-203.

88



Chapter VI: Synthesis of Meso-Hydroxymethyl Porphyrins for Studies in Self-Assembly

Introduction

Nature uses chlorophyll pigments to carry out photosynthesis. The chlorophylls in
green plants, chlorophyll a and chlorophyll b, are organized in pigment-protein complexes
where the light-harvesting and energy transduction processes are carried out. Photosynthetic
organisms in the bacterial realm employ a much broader assortment of chlorophylls, which in
some cases function largely in the absence of any protein complexes. One example of such a
pigment is bacteriochlorophyll ¢ (Bchl ¢) as shown in Chart 1. Bchl ¢ differs from
chlorophyll a in the presence of a hydroxyalkyl group at the 3-position and the absence of an
ester moiety at the 13%-position. Bacteriochlorophyll ¢ undergoes self-assembly to form
light-harvesting complexes (termed ‘“chlorosomes,” i.e., green bodies); such complexes

absorb light and support rapid energy transfer among the assembled pigments.

3! S[Et, Me]BChl ¢

Chlorophyll a (R = CHg) Bacteriochlorophyll ¢
Chlorophyll b (R = CHO)

Chart 1
Recent efforts by several groups have focused on the design of synthetic analogues of
bacteriochlorophyll ¢ that might mimic the self-assembly and accompanying light-harvesting

properties. Balaban’s group has synthesized a zinc-porphyrin that contains a hydroxyl group
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and a carbonyl group at distal sites in the macrocycle.! The same research group has also
synthesized an analogous zinc-chlorin. These molecules, show broad and red shifted
absorption spectra as expected upon supramolecular assembly. Hence such molecules may
provide artificial mimics of the chlorosomal antennas encountered in green photosynthetic
bacteria. The synthetic route employed by Balaban to obtain chlorins started from
porphyrins instead of employing a de novo synthesis of chlorins.” In addition, the presence
of a hydroxy group and an acyl group was achieved by statistical reduction of a diacyl-
porphyrin.

Tamiaki’s group has synthesized bacterochlorophyll d analogues, which possess
bulky substituents such as OMe, CO,Me and CO,'Bu at the C’ position of a zinc-chlorin. In
1% THF/hexane, the presence of a bathochromic shift of the absorption band indicated self-
aggregation behavior of the molecules.’” Balaban’s group confirmed the presence of self-
assembly in hydroxymethyl-containing porphyrins by x-ray crystallographic analysis. That
particular porphyrin consists of a penta-coordinating metal at the center of the macrocycle
(zinc in the above-mentioned case), a keto group and hydroxymethyl moiety. The self-
assembly, observed as a staircase-type stacking of porphyrins, is achieved by strong
coordination of the central metal to the hydroxy group at one side, and weak coordination to
the acetyl group at the other side (Chart 2) (The architecture has been reproduced with
permission of the copyright holder).* This architecture mimics the orientation of the natural

pigment bacteriochlorophyll ¢ present in photosynthetic purple bacteria.
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OH

Chart 2

Our long-term goal was to develop rational de novo syntheses of hydroxymethyl
chlorins that mimic natural pigments such as bacteriochlorophyll ¢. Such compounds would
be versatile components for studies of self-assembling light-harvesting architectures. As an
initial goal, we set out to develop routes to hydroxymethyl porphyrins owing to the more
facile synthetic chemistry of porphyrins versus chlorins. We note that hydroxymethyl
porphyrins and chlorins also would be useful compounds for possible applications where
water solubility or bioconjugation are desired.

The hydroxymethyl group, which is quite a simple motif, would also appear to be
very straightforward to introduce into porphyrins and chlorins. In principle, the introduction
of an oxygen-substituted C1 synthon (e.g., carboxylic acid, ester, aldehyde, acetal) would
suffice given the expected facile conversion to the hydroxymethyl motif. However, to date,
most porphyrins that bear such substituents have been obtained by the modification of
naturally occurring compounds. To our knowledge, few de novo routes to hydroxymethyl-
porphyrins have been developed, and there are no de novo routes to hydroxymethyl-chlorins.
Hence a focus of this work became the development of a rational de novo route to
hydroxymethyl porphyrins.
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A hydroxymethyl group can be introduced into a porphyrin by various ways:
reduction of an existing acid, ester, or aldehyde; or via palladium-catalyzed Stille cross-
coupling reaction of an aromatic halide with an appropriate tin reagent. We have chosen to
incorporate a protected hydroxymethyl group into a porphyrin precursor (e.g. 1-acyl
dipyrromethane) prior to formation of the porphyrin. This would potentially avoid extensive
synthetic chemistry on the porphyrin itself. Here we report the synthesis of hydroxymethyl
porphyrins (trans-A,, trans-A;B,) with two hydroxymethyl groups, and a magnesium chelate
of a hydroxymethyl porphyrin. The synthesis of a trans-A, and a trans-A;B, porphyrin was
achieved by the self-condensation of the corresponding dipyrromethane-1-carbinol.
Hydroxymethyl-containing precursors to porphyrins such as a TBDMS-protected glycolic
acid, S-pyridyl thioester, and 1-acyldipyrromethane were also prepared in moderate to good
yield. Taken together, newly synthesized hydroxymethyl-substituted porphyrins provide

access to compounds for self-assembly studies and as possible motifs for water solubility.

Results and Discussion

Retrosynthetic Approach (Chart 3). To obtain hydroxymethyl-porphyrins, we
decided to protect the hydroxymethyl unit during the porphyrin-forming reaction. The trans-
A,Bs-porphyrin bearing two such units can be obtained by Lewis acid catalyzed self-
condensation of a protected hydroxymethyl-containing 1-acyldipyrromethane. The 1-
acyldipyrromathane can be obtained by acylation of a dipyrromethane with the appropriate S-
pyridyl thioester or Mukaiyama reagent. The desired thioester can be synthesized from the

protected glycolic acid. Protection of the carboxylic acid moiety of the glycolic acid can be
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achieved in various ways. Hence, we settled on beginning the synthesis with a protected

glycolic acid.

HO PGO

Ar Ar — Ar Ar — \

OH OPG

= Q\SJ\/OPG R o™ O

Chart 3

I. Synthetic Precursors to Hydroxymethyl Porphyrins.

A. A Protected Glycolic Acid Acylating Agent. We chose the fert-
butyldimethylsilyl (TBDMS) group” as a protecting group, due to its ease of introduction and
removal, for the hydroxyl functionality of glycolic acid. Attempts to convert glycolic acid
via the bis(TBDMS)-protected glycolic ester to the mono-TBDMS-protected glycolic acid 1
following a literature procedure® were not successful. In all trials, a very low yield (2-10%)
of 1 was obtained whereas the literature claims a 71% yield. Hence a new route for the
synthesis of TBDMS-protected glycolic acid was developed (Scheme 1). Following a known
procedure for protecting butyl glycolate with a TBDMS group,’ ethyl glycolate was treated
with TBDMSCI to afford the corresponding TBDMS-protected glycolate. The latter was
then hydrolyzed in the presence of KOH to afford TBDMS-protected glycolic acid 1 in 55%
yield. Another effort to synthesize compound 1 from butyl glycolate using the same

procedure was unsuccessful.” Following the procedures for the formation of S-pyridyl
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thioesters,”’ the TBDMS-protected glycolic acid (1) was treated with 2,2'-dipyridyl disulfide

and triphenylphosphine to afford the desired S-pyridyl thioester 2 in 43% yield (Scheme 1).

O

HO\)]\OEt

(1) Imidazole, DMF

(2) TBDMSCI
55%
(3) KOH
(THF/MeOH/ H,0)

0
Teomso. A,

]
L0
42.5% N s-s7 SN

PPhg, THF

2 0
TBDMSO\)J\S SN
2

TBDMS = (CH3)3CSi(CH3),

Scheme 1

B. Hydroxymethyl-substituted 1-Acyl-dipyrromethane. Following a procedure for
1-acylation’ with slight modification, dipyrromethane 3'° was first reacted with EtMgBr and
then treated with a crude reaction mixture of the pyridyl thioester 2. In this manner, 1-
acyldipyrromethane 5 was obtained in 24% yield. Unlike the literature,” 1.1 equiv of pyridyl
thioester was used instead of 1.0 equiv for the reaction. Following a similar procedure for
acylation,” dipyrromethane 4'° was reacted with EtMgBr and pyridyl thioester 2 to obtain
TBDMS protected 1-acyldipyrromethane 6 in 73% yield (Scheme 2). The TBDMS
protecting group of 1-acyldipyrromethane 6 was removed by treatment with TBAF® in THF
at room temperature to afford the hydroxymethyl-containing 1-acyldipyrromethane 7 in

quantitative yield (Scheme 2).
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Scheme 2

II. Trans-A,-Porphyrin.

Compact porphyrins bearing derivatizable functional groups are valuable for a variety
of applications. We sought to synthesize a trans-A,-porphyrin bearing two hydroxymethyl
groups. Following a procedure for Lewis acid catalyzed condensation leading to
porphyrins,'' 1-acyldipyrromethane 5 was reduced with NaBH, to give the corresponding 1-

carbinol. The resulting 1-carbinol was subjected to self-condensation by treatment with a
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catalytic amount of Yb(OTf); followed by DDQ-mediated oxidation, which afforded the

desired trans-A,-porphyrin 8 in 7.5% yield (Scheme 3).

Ar

RO (0]
5 R=TBDMS, Ar=H

6, R = TBDMS, Ar = Mesityl

(1) NaBH,, THF/ MeOH (3:1)
(2) InClg, CH,Cly

(3) DDQ

OR

RO

8, R=TBDMS,M=H, H, Ar=H, 7.5%
9, R=TBDMS, M = H, H, Ar = Mesityl, 13%

l TBAF , THF
10, R =H, M = H, H, Ar = Mesityl, quant.

i Mgl,, DIEA, CH,Cl,

Mg-10, R = H, M = Mg, Ar = Mesityl, quant.

Scheme 3

III. Trans-A;B,-Porphyrins.

A. Bis(Hydroxymethyl)Porphyrin. Following a method for porphyrin formation,''
reduction of 1-acyldipyrromethane 6 afforded the corresponding 1-carbinol, which upon self-
condensation in the presence of InCl; followed by the oxidation with DDQ afforded the

protected bis(hydroxymethyl)porphyrin 9 in 13% yield (Scheme 3). LD-MS analysis of the
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crude reaction mixture revealed a single porphyrin peak, with no detectable evidence for
scrambled porphyrin byproducts. Deprotection’ of the TBDMS-protecting group from 9
using TBAF afforded 10 in quantitative yield. During exploratory work, the reduction of the
I-acyldipyrromethane 7 (which contains an unprotected hydroxymethyl moiety) followed by
the self-condensation and oxidation procedures afforded an 18% vyield of porphyrin
(determined spectroscopically). However, LD-MS analysis of the crude reaction mixture
revealed the formation of a scrambled porphyrinic byproduct (As;B-porphyrin). This
validates the importance of the presence of the TBDMS-protecting group on the
hydroxymethyl group prior to the formation of the porphyrin.

B. Magnesium Chelate of Bis(Hydroxymethyl)Porphyrin. Following a general
procedure for magnesium metalation,'” free base porphyrin 10 was metalated using Mgl, and
DIEA to afford Mg-10 in quantitative yield (Scheme 3). UV-VIS spectroscopic analysis of
Mg-10 (424 nm) in CH,Cl, showed ~10 nm red shift versus that of porphyrin 10 (415 nm).
Such a bathochromic shift is consistent with self-assembly, which may be due to the
aggregation of the porphyrin molecules via hydrogen and coordinate bonding. Further
studies are required to determine the molecular interactions that give rise to the observed

spectral shift.

Conclusion

We synthesized a trans-A;-porphyrin and a trans-A,;B,-porphyrin, each of which bear
two hydroxymethyl groups, and the magnesium chelate of a bis(hydroxymethyl)porphyrin.
Trans-A,- and trans-AB-porphyrins are good candidates for studies of self-assembly and

water solubility. In addition, due to their compact size, trans-A,-porphyrins are possible
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precursors to bioconjugatable porphyrins. Hence, all hydroxymethyl-containing porphyrinic

species prepared herein are valuable for various studies in material and biomedical sciences.

Experimental Section

General. Melting points are uncorrected. Absorption and fluorescence spectra were
collected in CH,Cl, at room temperature unless noted otherwise. Silica gel (40 um average
particle size) was used for column chromatography. THF was freshly distilled from
sodium/benzophenone as required. CHCIl; was stabilized with 0.8% ethanol. Anhydrous
MeOH, CH,Cl, and CHCI; (stabilized with 0.8% EtOH) were reagent grade and were used as
received. All "H NMR spectra (400 MHz) and >C NMR spectra (100 MHz) were collected
in CDCl; unless noted otherwise.

Noncommercial Compounds. Dipyrromethanes 3'® and 4'° were prepared
following procedures in the literature.

a.~(fert-Butyldimethylsiloxy)acetic acid (1). Following general procedures,®’ a
mixture of ethyl glycolate (5.21 g, 50.0 mmol) and imidazole (4.08 g, 60.0 mmol) in DMF
(50 mL) was treated with tert-butyldimethylchlorosilane (9.04 g, 60.0 mmol) at 0 °C. The
reaction mixture was warmed to room temperature and stirred for 1 h. Water (50 mL) was
added and the aqueous layer was extracted with ether. The combined organic layer was
washed with water, dried (Na,SO4) and concentrated to afford a light yellow oil. The
resulting ester (~50.0 mmol) was dissolved in THF (30 mL) and slowly treated with a
solution of KOH (2.95 g, 52.5 mmol) in MeOH (6 mL) and water (12 mL) at —10 °C. The
reaction mixture was then allowed to warm to 5 °C over 30 min, diluted with water (175 mL)

and extracted once with ether (125 mL). The aqueous layer was separated and acidified by
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the addition of a solution of conc. HCI (5.5 mL, 55 mmol) in water (11.5 mL) at 0 °C. The
resulting mixture was extracted twice with ether. The organic layers were combined, washed
with water, dried (Na,SO4) and concentrated to afford a white solid (5.2 g, 55%): mp 48-49
°C; '"H NMR & 0.05 (s, 6H), 0.85 (s, 9H), 4.20 (s, 2H); °C NMR § -5.3, 18.5, 25.9, 61.6,
175.3; Anal. calcd. for CgH305Si1: C, 50.49; H, 9.53. Found: C, 50.40; H, 9.56.

S§-2-Pyridyl (o-tert-butyldimethylsiloxy)thioacetate (2). Following a general
procedure,”” a solution of protected glycolic acid 1 (3.81 g, 20.0 mmol), 2,2-dipyridyl
disulfide (8.80 g, 39.9 mmol) and triphenylphosphine (10.5 g, 40.0 mmol) in anhydrous THF
(40 mL) was stirred for 24 h under argon. Removal of solvent followed by column
chromatography [silica, hexanes/ethyl acetate (9:1) — hexanes/ethyl acetate (3:2)] afforded
yellow crystals (2.41 g, 42.5%): mp 52 °C; 'H NMR § 0.18 (s, 6H), 0.99 (s, 9H), 4.38 (s,
2H), 7.28-7.34 (m, 1H), 7.58-7.62 (m, 1H), 7.72-7.78 (m, 1H), 8.64-8.68 (m, 1H); "°C
NMR & -5.6, 18.2, 25.7, 68.9, 123.4, 130.6, 137.1, 150.5, 151.6, 200.3; FABMS obsd
284.1126, calcd 284.1141 [(M + H)", M = C;3H,;NO,SSi].

1-(tert-Butyldimethylsiloxy)acetyl-dipyrromethane (5). A solution of TBDMS-
protected glycolic acid 1 (1.22 g, 6.41 mmol), 2,2'-dipyridyl disulfide (2.82 g, 12.8 mmol)
and triphenylphosphine (3.36 g, 12.8 mmol) in anhydrous THF (20 mL) was stirred for 24 h
at room temperature under Ar to afford a crude mixture containing S-pyridyl thioester 2.

EtMgBr (48 mL, 48 mmol, 1.0 M in THF) was slowly added to a stirred solution of
dipyrromethane 3 (2.80 g, 19.2 mmol) in THF (20 mL) under Ar. The mixture was stirred at
room temperature for 10 min and then cooled to —78 °C. The resulting solution was then
treated via syringe with the crude reaction mixture containing 2. The entire reaction mixture

was stirred at —78 °C for 10 min followed by stirring at room temperature for 2 h. The
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reaction was quenched by the addition of saturated aqueous NH4Cl. The mixture was poured
into CH,Cl,. The organic layer was washed with water, dried (Na,SO.) and concentrated to
furnish a dark foam. Column chromatography [silica, CH,Cl, — CH,Cl,/ethyl acetate (20:1
to 4:1) afforded a light brown oil (0.48 g, 24%): "HNMR & 0.1 (s, 6H), 0.94 (s, 9H), 4.10 (s,
2H), 4.75 (s, 2H), 5.99-6.02 (m, 1H), 6.10-6.13 (m, 2H), 6.61-6.64 (m, 1H), 6.96-6.99 (m,
1H), 9.15-9.25 (br s, 1H), 10.50-10.60 (br s, 1H); °C NMR & —5.0, 19.0, 26.3, 66.2, 106.2,
106.3, 108.4, 109.8, 109.9, 117.4, 119.2, 128.4, 141.6, 188.0; Anal. calcd for C;7H26N>O,Si:
C, 64.11; H, 8.23; N, 8.80. Found: C, 64.10; H, 8.18; N, 8.69.
1-[a-(tert-Butyldimethylsiloxy)acetyl]-5-mesityldipyrromethane (6). Following a
general procedure’ with slight modification, a stirred solution of 5-mesityldipyrromethane (4)
(0.630 g, 2.38 mmol) in dry THF (2.4 mL) under argon was slowly treated with a solution of
EtMgBr (6.0 mL, 6.0 mmol, 1 M in THF). The resulting mixture was stirred at room
temperature for 10 min and then cooled to —78 °C. A solution of pyridyl thioester 2 (0.754 g,
2.66 mmol) in THF (2.4 mL) was then slowly added. The solution was maintained at —78 °C
for 10 min, and then the cooling bath was removed. TLC analysis [silica; CH,Cly/ethyl
acetate (20:1)] revealed complete consumption of the pyridyl thioester after 2 h. Hence, the
reaction was quenched with saturated aqueous NH4CIl. The entire reaction mixture was
poured into CH,Cl,. The organic layer was separated, washed with water, dried (Na,SO4)
and concentrated. The resulting solid residue was purified by column chromatography
[silica, CH,Cl, — CH,Cly/ethyl acetate (9:1)], affording a light brown solid (0.77 g, 73%):
mp 40 °C; "HNMR 8 0.10 (s, 6H), 0.91 (s, 9H), 2.05 (s, 6H), 2.28 (s, 3H), 4.60 (s, 2H), 5.90
(s, 1H), 6.06-6.10 (m, 2H), 6.18— 6.21 (m, 1H), 6.65-6.68 (m, 1H) 6.88 (s, 2H), 7.02-7.05

(m, 1H), 7.74-7.84 (br s, 1H), 9.06-9.22 (br s, 1H); °C NMR 8 5.4, 18.4, 20.6, 20.8, 25.6,
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25.8, 38.5, 67.3, 107.1, 108.9, 109.6, 116.8, 117.7, 128.9, 130.5, 133.0, 137.2, 137.4, 140.0,
187.8; Anal. calcd for CysH3¢N,O»,S1: C, 71.51; H, 8.31; N, 6.42. Found: C, 71.59; H, 8.09;
N, 6.25.

1-Hydroxymethyl-5-mesityldipyrromethane (7). Following a general procedure’
with slight modification, a solution of acyldipyrromethane 6 (0.054 g, 0.124 mmol) in
anhydrous THF (2.5 mL) was treated with TBAF (0.136 mL, 0.136 mmol, 1 M in THF), and
the reaction mixture was stirred under argon for 45 min. The progress of the reaction was
monitored by TLC analysis [silica; hexanes/ethyl acetate (4:1)]. The reaction was quenched
with water (5 mL). The mixture was extracted with CH,Cl, (2 x 20 mL). The organic layers
were combined, dried (Na,SO,) and concentrated to afford a dark red solid (0.040 g,
quantitative): mp 168-170 °C; "H NMR 6 2.05 (s, 6H), 2.29 (s, 3H), 3.30 (t, /= 3.9 Hz, 1H),
4.64 (d, J=3.9 Hz, 2H), 5.91 (s, 1H), 6.09-6.12 (m, 2H), 6.20-6.23 (m, 1H), 6.67-6.70 (m,
1H), 6.87-6.89 (m, 3H), 7.75-7.90 (br s, 1H), 8.95-9.25 (br s, 1H); °C NMR & 20.8, 21.0,
38.8, 64.0, 107.4, 109.1, 110.3, 117.2, 117.6, 127.0, 129.0, 130.8, 133.0, 137.5, 137.6, 141.5,
187.1; FABMS obsd 323.1741, calcd 323.1760 [(M + H)", M = C50H2,N,05].

5,15-Bis(a.-tert-butyldimethylsiloxymethyl)porphyrin (8). Following a general
procedure,'’ 1-acyldipyrromethane 5 (0.51 g, 1.6 mmol) was dissolved in THF/MeOH (3:1,
64 mL). The solution was slowly treated with NaBH4 (1.5 g, 40 mmol). The resulting
reaction mixture was stirred at room temperature under argon for 1.5 h. The reaction was
quenched by dilution with CH,Cl, followed by the addition of saturated aqueous NH4Cl
solution. The organic layer was separated, dried (Na,SO4) and concentrated to afford a pale
yellow liquid. Due to limited stability, the resulting 1-carbinol was immediately used in the

porphyrin-forming reaction. The 1-carbinol (~1.6 mmol) was dissolved in CH,Cl, (320 mL)
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and treated with Yb(OTf); (0.62 g, 1.0 mmol). The reaction mixture was stirred at room
temperature, and the yield of porphyrin was determined spectroscopically. After 1.5 h, DDQ
(0.54 g, 2.4 mmol) was added, and the reaction mixture was stirred for 30 min. The reaction
was quenched by the addition of TEA (0.28 mL, 2.0 mmol). After removal of the solvent,
the resulting residue was purified by column chromatography (silica, CH,Cl,) affording a
purple solid (36 mg, 7.5%): "H NMR & —3.35 to —2.85 (br s, 2H), 0.19 (s, 12H), 0.97 (s,
18H), 7.00 (s, 4H), 9.41 (d, J = 4.8 Hz, 4H), 9.69 (d, J = 4.4 Hz, 4H), 10.21 (s, 2H); LDMS
obsd 598.3; FABMS obsd 598.3158, calcd 598.3159 (C34H46N40,S12); Aabs (CH2Cly) 402,
500, 532, 573 nm.

5,15-Bis(a.-tert-butyldimethylsiloxymethyl)-10,20-dimesitylporphyrin 9.
Following a general procedure'' with slight modification, a stirred solution of 6 (88 mg, 0.20
mmol) in THF/MeOH (3:1, 8.0 mL) was slowly treated with NaBH4 (0.30 g, 8.0 mmol). The
progress of the reduction was followed by TLC analysis [silica; hexanes/ethyl acetate (3:1)].
The reaction was complete after 1.5 h, whereupon the reaction was quenched with saturated
aqueous NH4Cl (20 mL) and then poured into ethyl acetate (20 mL). The organic layer was
separated, washed (water and brine), dried (Na,SO4) and concentrated to afford the 1-
carbinol as an orange oil. The I-carbinol (~0.20 mmol) was dissolved immediately in
CH,Cl; (40 mL) and treated with InCl; (22 mg, 0.10 mmol). The solution slowly darkened,
and the course of the reaction was monitored by absorption spectroscopy. After 1 h, the
spectroscopic yield of porphyrin had essentially leveled off, and then DDQ (68 mg, 0.38
mmol) was added. The reaction mixture was stirred at room temperature for 30 min. TEA
(28 uL, 0.20 mmol) was then added to quench the reaction. The entire reaction mixture was

concentrated and filtered through a pad of silica (eluted with CH,Cl,) to afford a purple solid
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(11 mg, 13%): "H NMR & —2.90 to —2.44 (br s, 2H), 0.23 (s, 12H), 0.96 (s, 18H), 1.84 (s,
12H), 2.66 (s, 6H), 6.95 (s, 4H), 7.31 (s, 4H), 8.78 (d, J = 5.1 Hz, 4H), 9.52 (d, J = 4.5 Hz,
4H); LDMS obsd 834.6; FABMS obsd 834.4772, calcd 834.4724 (CsyHesN4O2Si2); Aabs
(toluene) 418, 514 nm; A (toluene) 650, 725 nm.
5,15-Bis(hydroxymethyl)-10,20-dimesitylporphyrin (10). Following a general
procedure’ with slight modification, a solution of porphyrin 9 (7.0 mg, 8.3 umol) in THF (2.0
mL) was treated with TBAF (80 uL, 80 umol, 1 M in THF), and the reaction mixture was
stirred for 9 h under argon. The reaction was quenched with water, and extracted
successively with CH,Cl, and ethyl acetate. The combined organic layers were dried
(Na;S0y) and concentrated. The solid residue was then purified by column chromatography
[silica, CH,Cl, — CH,Cl,/ethyl acetate (9:1)] to afford a purple solid (5.0 mg, quantitative):
'H NMR (THF-ds) § —2.75 to —2.58 (br s, 2H), 1.83 (s, 12H), 2.64 (s, 6H), 5.26 (t, J = 5.6
Hz, 2H), 6.82 (d, J = 6.0 Hz, 4H), 7.34 (s, 4H), 8.71 (d, J = 4.4 Hz, 4H), 9.67 (d, J = 4.4 Hz,
4H); LDMS obsd 606.1; FABMS obsd 606.3017, calcd 606.2995 (CsH3sN4O2); Aabs

(CHxCly) 415, 513, 544, 589 nm; Aem (CH2CL) 645, 720 nm.

Mg(I)-5,15-Bis(hydroxymethyl)-10,20-dimesitylporphyrin (Mg-10). Following a
general procedure for magnesium metalation,'* a solution of porphyrin 10 (6.1 mg, 0.01
mmol) in CH,Cl, (5 mL) was treated with Mgl, (0.14 g, 0.50 mmol) and DIEA (0.17 mL, 1.0
mmol). The reaction mixture was stirred at room temperature for 18 h. The reaction mixture
was diluted with CH,Cl, and washed two times with 5% NaHCOs; solution. The organic
layer was dried (Na,SO4) and concentrated. The solid residue was purified by column

chromatography [grade V alumina, CH,Cl,/ethyl (1:1) acetate — CH,Cl,/MeOH (3:1)] (Note
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1) to afford a purple solid (6.3 mg, quantitative): 'H NMR (THF-ds) & 1.86 (s, 12H), 2.65 (s,
6H), 4.80-4.90 (m, 2H), 6.90 (d, /= 6.9 Hz, 4H), 7.31 (s, 4H), 8.63 (d, J = 4.5 Hz, 4H), 9.56
(d, J = 4.4 Hz, 4H); MALDI (POPOP) obsd 628.5; calcd 628.3 (CsH3sMgN4O2); Aaps

(CH,Cl,) 424, 565, 608 nm; A.m (CH2Cly) 610, 660 nm.

Note 1: deactivated alumina (grade V) was prepared by the addition of 4.5 mL water to 30 g

of grade I alumina in order to obtain grade V alumina.
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Chapter VII: Studies in Chlorin Chemistry

Introduction

A chlorin forms the inner core of green photosynthetic pigments such as chlorophyll
a or chlorophyll b (Chart 1)." Chlorins also are present in non-photosynthetic pigments such
as bonellin and factor 1> Chlorins are tetrapyrrolic macrocycles, which differ from
porphyrins in having one pyrrolic ring reduced at the B-positions. Chlorins are superior to
porphyrins in terms of light-absorption and energy-transfer processes related to
photosynthesis.”  Another important difference between chlorins and porphyrins is that
chlorins absorb strongly in both the blue and the red regions of the visible spectrum, whereas
porphyrins absorb strongly only in the blue region. Absorption in the red region is very
important for photodynamic therapy (PDT) and related applications. The photodynamic
therapeutic window is 680—850 nm owing to the deeper penetration of red and near-infrared
light (versus light of shorter or longer wavelengths) in soft tissue. Porphyrins do not absorb
within this window, whereas chlorins and bacteriochlorins can absorb in that particular
window.’ One clinically approved chlorin, called Foscan® (meso-tetrakis(3-
hydroxyphenyl)chlorin; m-THPC) has been used in the European Union since 2002 to treat
head and neck cancer. Halogenated chlorins were also found to be better PDT agents when

compared to porphyrins or chlorins.’
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Naturally Occuring Porphyrinic Molecules

Chlorophyll

R = CHz, M = Mg: Chlorophyll a

R =CHO, M = Mg: Chlorophyll b

Structure of Porphyrin, Chlorin and Bacteriochlorin

Porphyrin Chlorin Bacteriochlorin

Chart 1

Various synthetic routes for preparing chlorins are known. Battersby,® Montforts,’
Jacobi,® Gryko’ and other research groups'® have worked on developing methodology for the
synthesis of chlorins. In our group, we also have developed synthetic strategies for obtaining
chlorins. The basic strategy is shown in Chart 2. In this approach, an Eastern half and a
Western half are joined to give the corresponding chlorin. Each chlorin bears a geminal
dimethyl group in the reduced, pyrroline ring to secure the reduction level of the chlorin,
preventing adventitious oxidation leading to dehydrogenation and formation of the
porphyrin. The Eastern half is a 1-acyl-9-bromodipyrromethane-carbinol. The Western half

is 2,3,4,5-tetrahydro-1,3,3-trimethyldipyrrin.
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X
\ NH (1) Condensation
+ > Arl
N (2) Oxidative cyclization
\
a Tetrahydrodipyrrin  a Bromo-dipyrromethane-carbinol a Chlorin
(Western Half) (Eastern Half)

Chart 2

Through use of this strategy, we have been able to introduce substituents at three
meso-positions (5, 10 and 15)>'" and several B-positions (2, 3, 8, 12, 13).'"*"> The synthetic
procedures have entailed incorporation of substituents at the meso- or f-positions of the
Eastern half prior to the synthesis of chlorins; the substituents include aryl or ethynyl groups,
as well as bromo groups. The bromo group provides a convenient handle for elaboration on
the intact chlorin to introduce acetyl, ethynyl, or vinyl substituents. Our group also was able
to introduce an exocyclic ring into the chlorin macrocycle affording a phorbine, a simple
model for chlorophyll."

Other synthetic approaches to chlorins include (i) modification of naturally occurring
chlorophyll or bacteriochlorophyll pigments, or (ii) synthesis of chlorins from porphyrin
derivatives. Tamiaki’s group has performed syntheses of chlorins starting from natural
chlorophyll pigments.'”” Much of this chemistry is quite elegant but does require extraction
of the pigment from photosynthetic organisms, delicate synthetic manipulations in the
presence of a variety of substituents, and in some cases, the instability of the natural
pigments. Balaban and coworkers have modified porphyrin analogues to obtain chlorin

derivatives, some of which undergo self-assembly.'® The latter approach sometimes gives

rise to a mixture of isomers, which can be difficult to separate. Hence there exists a need for
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a complementary strategy of de novo chlorin synthesis that would enable the introduction of
important functional groups prior to the chlorin-forming reaction. In so doing, use of
expensive natural products or laborious separation of mixtures of isomers could be avoided.
The extent of self-assembly of tetrapyrrolic macrocycles is dependent on both the
functional groups and the central metal. The presence of a penta- or a hexa-coordinated
metal, and one or more functional groups, able to form coordination or hydrogen-bonding
interactions, is required for self-assembly (Chart 3). A chlorin with a suitably oriented
hydroxymethyl moiety may mimic self-assembly in bacteriochlorophyll ¢ molecules as occur
in photosynthetic bacteria. Hence, we decided to synthesize chlorins bearing hydroxymethyl
functionalities. Previous synthetic routes to self-assembling chlorins involve either laborious
extraction of natural pigments or difficult separation procedures of chlorin isomers. Our goal
was to synthesize a hydroxymethyl-chlorin via a route wherein the hydroxymethyl
functionality is incorporated into the Eastern half precursor to the chlorin. Hence, we
introduced a masked hydroxymethyl group to the 1-bromo-dipyrromethane-carbinol (Eastern

half).
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Self-assembly of Bacteriochlorophyll ¢

3" S[Et, Me]BChl ¢

Bacteriochlorophyll ¢

Chart 3

Here we report the synthesis of a chlorin containing a hydroxymethyl functionality at
the 5-position. During the development of this synthetic route, various protecting groups
(e.g., TBDMS, pivaloyl) were incorporated into the hydroxymethyl-containing precursor
(e.g., S-pyridyl thioester, 1-acyldipyrromethane). Attempts were made wherein Pd(II) or
In(IIT) was introduced into the chlorin core during macrocycle formation. Taken together,
the new chlorins with versatile functionalities are valuable for self-assembly studies and

perhaps also for biomedical applications.
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Results and Discussion
I. Synthetic Precursors for Hydroxymethyl-Chlorins.

A. Glycolic Acid Acylating Agent. Ethyl glycolate was reacted with pivaloyl
chloride to afford ethyl O-pivaloylglycolate,'” which was then subjected to partial alkaline
hydrolysis to afford O-pivaloylglycolic acid (1) in 58% yield (Scheme 1).'"® The synthesis of

the pyridyl thioester (a Mukaiyama reagent'**

as required for acylation) directly from
glycolic acid could not be achieved. Hence the pivaloyl-protected glycolic acid (1) was used
in the synthesis of pyridyl thioester 2. The treatment of the pivaloyl-protected glycolic acid 1
with PPh; and 2,2'-dipyridyl disulfide afforded pyridyl thioester 2. The product 2 was
obtained in 75% purity (by '"H NMR spectroscopy), which could not be improved even after

column chromatographic purification. However, the crude material was used as such for the

I-acylation of a dipyrromethane.

o}

Ho\)kOEt

(1) Pyridine, CHCl,, PvClI
(2) THF, KOH (in MeOH/ H,0)

o}

ro L,

1, R =Pv, 58%
X =
B 4
N S-S N

PPhg, THF, 24 h
. )
RO\)J\S \N

2, R = Pv, Crude
Pv= %)k
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B. Hydroxymethyl-Substituted 1-Acyldipyrromethane. Following a general

procedure for the synthesis of 1-acyldipyrromethanes,”**

a solution of EtMgBr in THF was
treated with 5-mesityldipyrromethane® (3). After stirring the reaction mixture at room
temperature for 10 min the reaction mixture was cooled to —78 °C and the pyridyl thioester
(2, 75% pure) was added. Upon completion of the reaction (i.e., complete consumption of
the Mukaiyama reagent) followed by workup and column chromatographic purification, the

pivaloyl protected 1-acyldipyrromethane 4 was obtained. The yield was 50% yield in two

steps starting from the synthesis of the pyridyl thioester 2 (Scheme 2).

(1) EtMgBr, THF
50% (in two steps) | @) on\i @ 2
s N
RT,2h

Scheme 2
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I1. Synthesis of Meso-Hydroxymethyl-Chlorins.

A. Attempt via a Pivaloyl-Protected Eastern Half. The 1-acyldipyrromethane 4
was brominated® using NBS at —78 °C to afford the corresponding 1-bromo-9-
acyldipyrromethane (7) in quantitative yield (Scheme 3). The 1-bromo-9-
acyldipyrromethane (7) was then reduced to the corresponding I1-bromo-carbinol using
NaBHy. The latter was used immediately in the chlorin-forming reaction. Following a one-
flask procedure for the synthesis of chlorins,* the 1-bromo-dipyrromethane-carbinol (Eastern
half) was condensed with a tetrahydrodipyrrin (10, Western half) which afforded an
unexpected chlorin (12) in 6% yield. According to the characterization data (‘H NMR,
LDMS and FAB-MS) the chlorin was found to be the 10-mesityl chlorin. Surprisingly, the
expected product of the chlorin-formation reaction, which is a pivaloyl protected
hydroxymethyl chlorin, was not formed. This can be attributed to the cleavage of the

protected hydroxymethyl group during the chlorin-forming process.
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\
BDMS

NBS, THF, -78 °C

7, R = Pv, quantitative
8, R = TBDMS, 90%
9, R = H, quantitative

(1) NaBH,, THF/MeOH (4:1)

10, TFA, CH3;CN

' (3) AgOTf, Zn(OAc),, TMP, CH1CN, reflux

RS
11, R® = -CH,O-TBDMS, 4%
12, R®=H, 6%

(11 only)l TBAF, THF, RT

13, RS= CH,OH

Scheme 3
B. Attempt Via an Unprotected Eastern Half. Due to the failure to synthesize a

pivaloyl-protected chlorin, we sought to explore the synthesis of a chlorin starting from a

Initially the bromination of the 1-

hydroxymethyl-containing Eastern half.
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acyldipyrromethane 6 was performed using NBS at —78 °C, which afforded the 1-bromo-9-
acyldipyrromethane 9 in quantitative yield (Scheme 3).> The 1-bromo-9-acyldipyrromethane
9 was then reduced with NaBHy to the corresponding 1-bromo-dipyrromethane-9-carbinol.
Owing to limited stability, the 1-bromo-dipyrromethane-carbinol was immediately used in
the chlorin synthesis. Following a one-flask procedure for the synthesis of chlorins,” the 1-
bromo-dipyrromethane-carbinol (Eastern half) was condensed with 10 (Western half)*® once
again affording the same 10-mesityl chlorin (12) as the only chlorin macrocycle in 4% yield.
Also in this case, the formation of the desired meso-hydroxymethyl chlorin was not observed.

C. Synthesis Via a TBDMS-Protected Eastern Half. We decided to synthesize a
TBDMS-protected hydroxymethyl-chlorin.  Therefore, 1-acyldipyrromethane 5> was
brominated using one equiv of NBS at —-78 °C for 1 h to afford 1-bromo-9-
acyldipyrromethane 8 in 90% yield (Scheme 3).> The 1-bromo-9-acyldipyrromethane (8)
was then reduced with NaBH4 to afford the desired 1-bromo-dipyrromethane-carbinol.
Following a one-flask procedure for the synthesis of chlorins,” the 1-bromo-dipyrromethane-
9-carbinol (Eastern half) was condensed with 10 (Western half) to give the TBDMS-
protected hydroxymethyl-chlorin (11) in 4% yield. The unwanted 10-mesityl chlorin (12)
was present as a by-product. Deprotection of the TBDMS group from 12 using TBAF

afforded the desired 5-hydroxymethyl chlorin 13.

Conclusion

We have synthesized a hydroxymethyl-chlorin and a 10-substituted chlorin.

Synthesis of the chlorins involved introduction of the functional groups early in the synthetic
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route to chlorins. The hydroxymethyl-chlorin may be further derivatized and utilized for a

variety of studies.

Experimental Section

General. 'H (300 MHz) and "°C (75 MHz) NMR spectra were recorded in CDCls
unless noted otherwise. Mass spectra of porphyrins were obtained by high-resolution fast
atom bombardment (FAB), by laser desorption mass spectrometry (LDMS), or by LDMS in
the presence of the matrix POPOP (MALDI-MS). Absorption spectra were collected in
toluene. Elemental analyses were performed by Atlantic Microlab, Inc. Melting points are
uncorrected. Silica gel (Baker 40 um average particle size) and alumina (Fisher, 80-200
mesh) were used for column chromatography. Toluene and triethylamine were freshly
distilled from CaH, and sparged of oxygen prior to use. All reagents were purchased from
Aldrich and used as received. Room temperature was determined to be 21-22 °C using a
calibrated thermometer.

Noncommercial Compounds. Compounds 3,21 5,23 6,23 10,26 and 14*7 were
prepared following previously reported procedures.

O-Pivaloylglycolic acid (1). Following general procedures,'”™®

a solution of ethyl
glycolate (1.25 g, 12.0 mmol) in anhydrous pyridine (12 mL) and anhydrous CH,ClI, (12 mL)
at 0 °C was treated with pivaloyl chloride (1.48 mL, 12.0 mmol) under argon. The cooling
bath was then removed, and the reaction mixture was stirred for 19 h at room temperature.
Concentration followed by azeotropic removal of the pyridine using toluene gave an oil. The

resulting oil was diluted with CH,Cl,. The organic layer was washed with water. The

organic layer was then separated, dried (Na,SO,4) and concentrated in vacuo to afford ethyl
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(O-pivaloyl)glycolate as a pale yellow oil. A solution of ethyl (O-pivaloyl)glycolate in 5 mL
of THF was cooled to —10 °C. The solution was slowly treated with a solution of KOH
(0.486 g, 8.66 mmol) in water/MeOH (3 mL, 2:1). The reaction mixture was allowed to
warm to 5 °C over 30 min, diluted with 30 mL of water, and extracted with 20 mL of ether.
The aqueous layer was then cooled to 0 °C and acidified by the addition of a solution of 0.87
mL of conc. HCI in 2 mL of water (8.7 mmol). The reaction mixture was extracted twice
with ether (20 mL). The organic layers were combined, washed with water and brine, dried
(Na,S0s) and concentrated to afford a yellow oil, which solidified upon cooling (1.12 g,
58%): "H NMR & 1.18 (s, 9H), 4.58 (s, 2H), 8.25-8.35 (s, 1H).

19,22 .
922 3 solution

S-2-Pyridyl pivaloxythioacetate (2). Following a general procedure,
of protected glycolic acid 1 (1.12 g, 6.99 mmol), 2,2'-dipyridyl disulfide (3.08 g, 14.0 mmol)
and triphenylphosphine (3.66 g, 14.0 mmol) in anhydrous THF (19 mL) was stirred for 16 h
at room temperature under argon. Removal of the solvent followed by column
chromatography [silica, hexanes/ethyl acetate (9:1) = (3:2)] afforded a yellow oil (~75%
pure by 'H NMR spectroscopy). This crude product was used directly for the 1-acylation of
5-mesityldipyrromethane (3).

1-(O-Pivaloxyacetyl)-5-mesityldipyrromethane (4). Following a general
procedure®® with slight modification, a solution of dipyrromethane 3 (53 mg, 0.2 mmol) in
dry THF (0.25 mL) was slowly treated with a solution of EtMgBr (0.5 mL, 0.5 mmol, 1 M in
THF). The resulting mixture was stirred at room temperature for 10 min under argon and
then cooled to —78 °C. The mixture was slowly treated with a solution of pyridyl thioester

(2, 75 mg, 0.22 mmol, considering 75% purity of the thioester) in THF (0.25 mL). The

resulting reaction mixture was stirred at —78 °C for 10 min, and then the cooling bath was
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removed. TLC analysis [silica; CH,Cl,/ethyl acetate (20:1)] showed complete consumption
of the pyridyl thioester after 2 h, hence the reaction was quenched with saturated aqueous
NH4Cl. The entire reaction mixture was poured into CH,Cl,. The organic layer was
separated, washed with water, dried (Na,SO4) and concentrated. The resulting solid residue
was purified by column chromatography [silica, CH,Cl, = CH,Cly/ethyl acetate (9:1)]
affording a brown solid (41 mg, 50%): mp 48-50 °C; '"H NMR & 1.26 (s, 9H), 2.04 (s, 6H),
2.28 (s, 3H), 5.07 (s, 2H), 5.90 (s, 1H), 6.07-6.12 (m, 2H), 6.18-6.21 (m, 1H), 6.65-6.68 (m,
1H) 6.87 (s, 2H), 6.90-6.93 (m, 1H), 7.76-7.84 (br s, 1H), 8.94-9.02 (br s, 1H); >C NMR &
20.7,20.9, 27.1, 27.3, 38.5, 38.6, 38.8, 64.8, 107.2, 108.8, 108.8, 109.9, 117.1, 117.3, 127.6,
128.9, 130.6, 133.1, 137.2, 137.5, 141.1, 178.2, 182.1; FABMS obsd 406.2253, calcd
406.2256 (Cs;HgsN4O2S1>).

1-Hydroxymethyl-5-mesityldipyrromethane (6). Following a general procedure™
with slight modification, a solution of 3 (0.054 g, 0.124 mmol) in anhydrous THF (2.5 mL)
was treated with TBAF (0.136 mL, 0.136 mmol, 1 M in THF), and the reaction mixture was
stirred for 45 min under argon. The progress of the reaction was monitored by TLC analysis
[(silica; hexanes/ethyl acetate (4:1)]. The reaction was quenched with water (5 mL), and
extracted with CH,Cl, (2 x 20 mL). The organic layers were combined, dried (Na,SO,) and
concentrated to afford a dark red solid (0.04 g, quantitative): mp 168-170 °C; '"H NMR §
2.05 (s, 6H), 2.29 (s, 3H), 3.30 (t, J = 3.9 Hz, 1H), 4.64 (d, J = 3.9 Hz, 2H), 5.91 (s, 1H),
6.09-6.12 (m, 2H), 6.20-6.23 (m, 1H), 6.67—6.70 (m, 1H), 6.87-6.89 (m, 3H), 7.75-7.90 (br
s, 1H), 8.95-9.25 (br s, 1H); >C NMR § 20.8, 21.0, 38.8, 64.0, 107.4, 109.1, 110.3, 117.2,
117.6, 127.0, 129.0, 130.8, 133.0, 137.5, 137.6, 141.5, 187.1; FABMS obsd 323.1741, calcd

323.1760 [(M + H)", M = C20H»N,04].
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1-Bromo-9-(O-pivaloylacetyl)-5-mesityldipyrromethane (7). Following a general
procedure,’ 4 (0.10 g, 0.25 mmol) was dissolved in 2.5 mL of dry THF and cooled to —78 °C
under argon. NBS (45 mg, 0.25 mmol) was added in two portions, and the reaction mixture
was stirred for 1 h at =78 °C. A mixture of hexanes and water (1:1, 10 mL) was added to the
reaction mixture, which was allowed to warm to room temperature. The reaction mixture
was extracted with ether. The organic layer was separated, dried (Na;SO4) and concentrated
without heating to afford a light brown viscous oil (0.12 g, quantitative): '"H NMR & 1.20 (s,
9H), 2.05 (s, 6H), 2.29 (s, 3H), 5.07 (s, 2H), 5.82 (s, 1H), 5.96-5.99 (m, 1H), 6.09-6.13 (m,
2H), 6.88 (s, 2H), 6.90-6.94 (m, 1H), 7.59-7.71 (br s, 1H), 8.78-8.91 (br s, 1H); FABMS
obsd 485.1426, calcd 485.1440 (C,5H29N,05Br).

1-Bromo-9-(a.-tert-butyldimethylsiloxyacetyl)-5-mesityldipyrromethane (8).
Following a general procedure,’ a solution of 5 (56 mg, 0.13 mmol) in 1.3 mL of dry THF
was cooled to —78 °C under argon. NBS (23 mg, 0.13 mmol) was added, and the reaction
mixture was stirred for 1 h at —=78 °C. A mixture of hexanes and water (1:1, 6 mL) was
added to quench the reaction. The reaction mixture was allowed to warm to room
temperature. The entire reaction mixture was extracted with ether. The organic layer was
separated, dried (K,CO;), and concentrated without heating. The resulting crude solid
residue was purified by column chromatography [silica, hexanes/ethyl acetate (9:1) —=>
hexanes/ethyl acetate (3:2)] to afford a dark brown viscous oil (60 mg, 90%): '"H NMR & 0.11
(s, 6H), 0.93 (s, 9H), 1.95 (s, 6H), 2.23 (s, 3H), 4.58-4.68 (m, 2H), 5.51 (s, 1H), 5.74-5.76
(m, 2H), 5.90-5.92 (m, 1H), 6.81-6.83 (m, 2H), 6.87-6.89 (m, 1H), 10.35-10.46 (br s, 1H),
10.75-10.88 (br s, 1H); °C NMR & —5.8, 18.4, 20.2, 22.8, 25.6, 39.4, 96.4, 108.8, 109.5,

109.7,109.8, 115.8, 129.5, 130.0, 133.2, 134.6, 136.1, 137.5, 140.0, 186.4.
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1-Bromo-9-hydroxymethylacetyl-5-mesityldipyrromethane (9). Following a
general procedure,’ a solution of 6 (41 mg, 0.10 mmol) in 1 mL of dry THF was cooled to —
78 °C under argon. NBS (18 mg, 0.10 mmol) was added in two portions, and the reaction
mixture was stirred for 1 h at —78 °C. Hexanes and water were added, and the mixture was
allowed to warm to room temperature. The entire reaction mixture was poured into ether.
The aqueous layer was extracted with ether. The organic layer was separated, dried
(NaxSQ4), and concentrated without heating. The title compound was obtained as a light
brown viscous oil (0.12 g, quantitative): 'H NMR (THF-ds) & 2.05 (s, 6H), 2.23 (s, 3H),
3.74-3.86 (m, 1H), 4.48 (d, J = 3.9 Hz, 2H), 5.51 (s, 1H), 5.70-5.82 (s, 2H), 5.88-5.94 (m,
1H), 6.72—6.88 (m, 3H), 10.32-10.44 (br s, 1H), 10.92—-11.08 (br s, 1H); *C NMR (THE-ds)
$20.07,20.17, 39.4, 64.2,96.4, 108.8, 109.5, 110.0, 115.8, 130.0, 130.2, 133.1, 134.5, 136.1,
137.4, 140.5, 187.6; FABMS obsd 400.0792, calcd 400.0786 (C20H21N,O,Br).

Zn(I1)-5-(o.-tert-Butyldimethylsiloxymethyl)-17,18-dihydro-10-mesityl-18,18-
dimethylporphyrin (11). Following a general procedure,’ a solution of 8 (93 mg, 0.18
mmol) in THF/MeOH [2.5 mL, (4:1)] was treated portionwise with NaBH4 (68 mg, 1.8
mmol). The reaction was monitored by TLC analysis [silica; hexanes/ethyl acetate (3:2)] and
upon completion was slowly quenched by addition of saturated aqueous NH4Cl solution (20
mL). The reaction mixture was poured into ethyl acetate. The organic layer was separated.
The aqueous layer was extracted twice with ethyl acetate. The organic layers were
combined, washed with water, dried (Na,SO,) and concentrated. Upon initial work up, the 1-
bromo-dipyrromethane-carbinol was the only product visible by TLC analysis. Owing to
limited stability, the 1-bromo-dipyrromethane-carbinol was directly used in the chlorin-

forming reaction. Following a one-flask procedure for the synthesis of chlorins,” the 1-
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bromo-dipyrromethane-carbinol (~0.18 mmol) was dissolved in 1.8 mL of anhydrous
CH;CN. The solution was then treated with tetrahydrodipyrrin 10 (34 mg, 0.18 mmol) and
TFA (14 uL, 0.18 mmol). The resulting reaction mixture was stirred at room temperature for
45 min under argon. The crude reaction mixture was diluted with CH3CN (16.2 mL) and
consecutively 2,2,6,6-tetramethylpiperidine (0.91 mL, 5.4 mmol), Zn(OAc), (0.50 g, 2.7
mmol), and AgOTf (0.14 g, 0.54 mmol) were added. The resulting mixture was refluxed for
19 h exposed to air. The entire reaction mixture was concentrated. The resulting residue was
chromatographed [(silica, hexanes/CH,Cl, (1:1)] to afford a dark green solid (5 mg, 4%): 'H
NMR (~90% pure) 6 0.19 (s, 6H), 0.95 (s, 9H), 1.68 (s, 3H), 1.85 (s, 3H), 2.03 (s, 6H), 2.60
(s, 3H), 4.49 (s, 2H), 6.69 (s, 2H), 7.22 (s, 2H), 8.35 (d, J = 4.4 Hz, 1H), 8.49 (d, /= 4.4 Hz,
1H), 8.55-8.57 (m, 2H), 8.63 (s, 1H), 8.77 (d, J= 4.4 Hz, 1H), 9.13 (d, J = 4.4 Hz, 1H), 9.42
(d, J = 4.4 Hz, 1H); LDMS obsd 664.3; FABMS obsd 664.2607, calcd 664.2576
(C38H44N4OSi1Zn); Amax (toluene) 408, 608 nm, A, (CH2Cl,) 610, 670 nm.

Attempted Synthesis of Zn(II)-5-(Pivaloxymethyl)-17,18-dihydro-10-mesityl-
18,18-dimethylporphyrin. Following a general procedure,’ a solution of 7 (49 mg, 0.10
mmol) in THF/MeOH (4:1, 1.4 mL) was treated portionwise with NaBH4 (38 mg, 1.0 mmol).
The reaction was monitored by TLC analysis [silica; hexanes/ethyl acetate (3:2)] and upon
completion was slowly quenched with saturated aqueous NH4ClI solution (5 mL). The entire
reaction mixture was dissolved in ether. The organic layer was separated. The aqueous layer
was extracted twice with ether. The organic extract was washed with brine, dried (Na,SO4)
and concentrated. Upon initial work up, the 1-bromo-dipyrromethane-carbinol was the major
product as observed by TLC analysis. The crude product was directly used in the chlorin-

forming reaction due to limited stability. Following a general procedure,” the 1-bromo-
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dipyrromethane-carbinol (~0.1 mmol) was dissolved in anhydrous CH3;CN (1 mL), and then
10 (19 mg, 0.10 mmol) and TFA (8 uL, 0.1 mmol) were added. The reaction mixture was
stirred at room temperature for 1 h under argon. The reaction mixture was treated with
CH;CN (9 mL), 2,2,6,6,-tetramethylpiperidine (506 uL, 3.00 mmol, 30 molar equiv),
Zn(OAc),; (276 mg, 1.50 mmol), and AgOTf (77 mg, 0.30 mmol). The resulting mixture was
heated to reflux for 15 h exposed to air. The reaction mixture was concentrated under
reduced pressure. The residue was chromatographed [silica, hexanes/CH,Cl, (1:1)] to afford
Zn(I1)-17,18-dihydro-10-mesityl-18,18-dimethylporphyrin (12) as a dark green solid (3.1 mg,
6.0%): "H NMR & 1.84 (s, 6H), 2.04 (s, 6H), 2.59 (s, 3H), 4.53 (s, 2H), 7.22 (s, 2H), 8.37 (d,
J=4.0 Hz, 1H), 8.54 (d, J=4.4 Hz, 1H), 8.60 (d, /= 4.8 Hz, 1H), 8.61 (s, 1H), 8.68 (s, 1H),
8.72 (d, J = 4.4 Hz, 1H), 8.82 (d, J = 4.0 Hz, 1H), 9.09 (d, J = 4.0 Hz, 1H), 9.61 (s, 1H);
LDMS obsd 519.6; FABMS obsd 520.1646, caled 520.1605, (Cs31H23N4Zn); Aus (toluene)
406, 606 nm.

Attempted Synthesis of Zn(II)-5-(Hydroxymethyl)-17,18-dihydro-10-mesityl-
18,18-dimethylporphyrin. Following a general procedure,’ a solution of 9 (36 mg, 0.09
mmol) in THF/MeOH (4:1, 1.26 mL) at 0 °C was treated portionwise with NaBH, (34 mg,
9.0 mmol). The progress of the reaction was monitored by TLC [silica; hexanes/ethyl acetate
(3:2)] analysis. Upon completion, the reaction was quenched with saturated aqueous NH4Cl
(5 mL). The reaction mixture was then extracted with ethyl acetate. The combined organic
layers were washed with brine, dried (Na,SO4) and concentrated. Upon initial work up, the
I-bromo-carbinol was the only product visible by TLC analysis. Due to limited stability, the
I-bromo-carbinol was directly used in the chlorin-forming reaction without further

purification and characterization. Following a general procedure,” the bromo-
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dipyrromethane-carbinol (~0.09 mmol) was dissolved in anhydrous CH3CN (0.9 mL), and
then 10 (17 mg, 0.09 mmol) and TFA (7.0 uL, 0.09 mmol) were added. The reaction mixture
was stirred at room temperature for 45 min under argon. The reaction mixture was diluted
with 9 mL of CH3CN. The resulting dilute solution was treated successively with 2,2,6,6,-
tetramethylpiperidine (456 uL, 2.70 mmol), Zn(OAc), (248 mg, 1.35 mmol), and AgOTf (69
mg, 0.27 mmol). The resulting mixture was refluxed for 18 h exposed to air. The reaction
mixture was concentrated under reduced pressure. The residue was chromatographed [silica,
hexanes > hexanes/CH,Cl, (1:1)] to afford Zn(II)-17,18-dihydro-10-mesityl-18,18-
dimethylporphyrin (12) as a dark green solid (1.8 mg, 4.0%). Characterization data (‘H

NMR, LDMS, UV-VIS) were consistent with the values reported above.
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Chapter VIII: Synthesis of Formyl-Substituted Chlorins as Tools for

Tuning Absorption Spectroscopic Properties

Introduction

Formyl-substituted porphyrinic macrocycles provide versatile intermediates and
target molecules in bioorganic and materials chemistry.! As in other areas of synthetic
chemistry, the porphyrinic formyl group can participate in classical reactions (e.g., Grignard,
Knoevenagel, McMurry, Wittig, Schiff’s base) as well as in reactions with pyrrole or a
dipyrromethane leading to multi-porphyrinic architectures. Two distinct and complementary
ways to introduce a formyl group into a porphyrinic molecule are as follows: (1) Vilsmeier
formylation of an intact macrocycle,” and (2) construction of formyl-substituted macrocycles
starting from formyl-containing acyclic precursors.' A typical limitation to the former route
is lack of regioselectivity thereby generating a mixture of products. The latter method
enables introduction of a formyl group at a designated position but requires more elaborate
synthesis. At present, the latter route has been used to introduce a formyl group into a
porphyrin at the 5-position or the 5,15-positions. No formyl chlorins have been prepared by
de novo synthesis. An alternative approach to introduce a formyl group into a porphyrinic
macrocycle relies on oxidation of an existing vinyl group with OsO4 and sodium iodate.’
The major drawback of this method is that one must have access to a vinyl-chlorin.
Chlorophyll @ and chlorophyll 5 both bear a 3-vinyl group, but access to chlorins bearing

vinyl groups at other positions is limited if existent at all.
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Recently we developed a de novo synthesis of 3-, 13-, and 3-/13- functionalized
chlorins.* The synthetic routes proceeded via the corresponding B-bromo-substituted
chlorins. The bromo-chlorins were derivatized via palladium-coupling (e.g., Stille or
Sonogashira coupling) to introduce vinyl, ethynyl or acetyl substituents into the B-positions
of chlorins. Additionally, we developed a route to a 15-bromo-chlorin,’ which was
derivatized by Suzuki or Sonogashira palladium-catalyzed cross coupling reactions.

Our goal here is to develop an approach that will support the synthesis of chlorins
bearing one or more formyl groups at the 3-, 5-, 13-, 3-/13-, and 15-positions. A chief
motivation is to employ such formyl-chlorins in fundamental spectroscopic studies, and also
prepare analogues through the homologation of the formyl-chlorins. Typical target
analogues include cyanovinyl and dicyanovinyl substituted chlorins. This type of
homologation may allow tuning of the absorption spectroscopic properties of the chlorin. In
this regard, note that chlorophyll @ and chlorophyll » have different absorption spectra owing

to the difference of only one substituent, a 7-methyl versus 7-formyl group, respectively.

Here we report the synthesis of two formyl-substituted chlorins. The synthetic routes
employed herein relied either on a formyl-substituted acyclic precursor (a 1-
acyldipyrromethane containing a formyl moiety) or a coupling reaction of an intact bromo-
chlorin with a suitable Stille coupling reagent. In the latter case, a 13-hydroxymethyl-chlorin
was prepared as an intermediate which upon oxidation gave the 13-formyl chlorin. Various

tin reagents such as tributyltin acetal and hydroxymethyltin were used to introduce a masked
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formyl functionality into the chlorin moiety. Palladium-catalyzed reductive carbonylation
was found to be the most efficient way to introduce a formyl group into the chlorin. These
new formyl-chlorins are useful for demonstrating absorption spectroscopic properties of
chlorins, and may provide motifs for further homologation. Similar formylation procedures
may be extended to bacteriochlorin chemistry. Taken together, the new synthetic routes to
formyl-substituted chlorins are useful to gain access to chlorins that exhibit bathochromically

shifted absorption peaks.

Results and Discussion

1. Synthetic Strategy. In order to introduce a formyl group at a - or 15-position of
chlorins, a bromo-chlorin can be modified via palladium-catalyzed coupling reactions
affording the desired formyl chlorin. The stability, low polarity, versatility and water
insolubility of organotin reagents make them promising candidates for a variety of organic
reactions.  Stille coupling® is a very useful reaction for the introduction of various
functionalities to an existing molecule. In order to introduce a formyl group into the
porphyrinic macrocycle, a formyltributyltin reagent can be used in a Stille coupling reaction.
However, the formyltributyltin reagent is known to be somewhat unstable and hence not
practical for large-scale procedures.

Dialkoxymethyltributyltin reagents are masked aldehyde ionic equivalents obtained
by the reaction of trialkylstannylmagnesium halide and a trialkylorthoformate.'” The most
common example is diethoxymethyltributyltin.'''® The reaction of tributyltin magnesium
chloride with triethyl orthoformate in the presence of galvinoxyl affords

diethoxymethyltributyltin as a masked formyl group in 59% yield (Eqns 1 & 2).
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Diethoxymethyltributyltin on reaction with neopentyl glycol in the presence of PTSA can be
converted in 96% yield to the masked formylating agent 2-tributylstannyl-1,3-dioxane (Eq
3). The protecting groups can be removed by treatment with TFA/H,O to afford the desired
formylated product. A hydroxymethylating agent, hydroxymethyltributyltin (C),"” can be
introduced into a chlorin via palladium coupling; the resulting hydroxymethyl chlorin and

can further be oxidized to the corresponding formyl derivative.

galvinoxyl
BuszSnH + iPiMIigCI — > Bu3SnMgCl

Equation 1. Tributyltin magnesium chloride synthesis.

Bu3zSnMgCl EtO.__OEt
(Et0)sCH ——m>
Et:.O A SnBug
A

Equation 2. Diethoxymethyltrobutyltin synthesis.

OEt OH OH %

EtO

g . 0o__0
SnBug PTSA SnBus
A B

Equation 3. 2-Tributylstannyl-1,3-dioxane synthesis.

LDA, (CH20y,, THF
> Bu3Sn/\OH

Cc

BuzSnH

Equation 4. Hydroxymethyl tributyltin synthesis.

Palladium-coupling has been used for carbon monoxide-mediated formylation of

organic molecules (Eq 5, 6)."™*' An obvious limitation to this procedure is the toxicity of
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CO. A recent technique demonstrates the use of Mo(CO)¢ as a solid CO source in palladium-
mediated coupling for the introduction of an ester group, thereby sidestepping the direct use

of CO (Eq 7).

Pd(Ph3)4
ArX + CO + HCOONa — ArCHO

Equation 5. Carbon monoxide mediated formylation of aryl halide.

BusSnH
Pd(Phg)4
ArX+CO —— ArCHO

X=Br

Equation 6. Formylation of aryl halide via Stille coupling.

Br
g1l X ) Mo(CO), [Pd] N AN OR2
= + HO-R ——— > Ry

Microwave

Equation 7. Formylation of aryl halide using Mo(CO)s.

Accordingly, we proposed four routes for the synthesis of formyl-chlorins (Chart 1).
Route 1 and Route II require Stille coupling (palladium-mediated cross-coupling) of a
bromo-chlorin and a dialkoxymethyltributyltin or a 2-tributylstannyl-1,3-dioxane reagent.
These organotin reagents are structurally similar to the other organotin reagents such as
tributyl(vinyl)tin or tributyl(1-ethoxyvinyl)tin which are known to take part in palladium-
coupling reactions. The resulting acetals can further be hydrolyzed using TFA-water in order
to obtain the desired formyl chlorins.

Route 3 is an indirect pathway to synthesize formyl-chlorins wherein initial
introduction of hydroxymethyl group via Stille coupling is followed by oxidation of

hydroxymethyl group to the formyl group.
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Route 4 is a palladium catalyzed reductive carbonylation which uses carbon
monoxide along with sodium formate and Pd(PPh;)4 to introduce a formyl moiety into the
chlorin.  Carbonylation via palladium coupling is often used for introducing formyl groups

into aryl substrates.

TFA-HZ0

Bu3Sn(OEt),
PdXs /
Route 1

) a
BusSnCH,OH
PdX,
Route 3 Route 2

Chart 1
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2. Synthesis of a Formyl Chlorin from a 1-Acyldipyrromethane.

Synthesis of 5-Formyl Chlorin. The synthesis of a 5-formyl-chlorin was approached
through use of a l-acyldipyrromethane that contains a protected formyl group (1).'
Following a procedure for bromination,” 1-acyldipyrromethane 1 was treated with NBS at —
78 °C for 1 h affording the corresponding 1-bromo-9-acyldipyrromethane (2) in 79% yield
(Scheme 1). Reduction of 2 with NaBH, afforded the 1-bromo-dipyrromethane-9-carbinol
(Eastern half). Due to the limited stability of the bromo-dipyrromethane-carbinol, it was not
characterized and immediately utilized in the next step. Following a one-flask procedure for
the synthesis of chlorins,”* the bromo-dipyrromethane-carbinol was first condensed with
tetrahydrodipyrrin 3*° (Western Half) in the presence of TFA to obtain the tetrahydrobilene-a
derivative. The resulting compound was then subjected to oxidative cyclization affording the
5-acetal-substituted zinc chlorin 4 in 16% yield. The acetal group was hydrolyzed (and the
zinc chlorin was demetalated) by treatment of with a mixture of TFA/H,O in CH,Cl,, thereby
affording the free-base formyl-chlorin 5 in 84% yield. Following a procedure for zinc
insertion into porphyrinic macrocycles,” treatment of chlorin 5 with Zn(OAc),2H,0
afforded the zinc chelate of the formyl-chlorin (6) in quantitative yield. Chlorin 6 (in
CHyCl,) exhibited Soret and Q, bands at 425 and 649 nm, respectively, which are
significantly red-shifted versus that of acetal-chlorin 4 (407 and 613 nm). The absorption
spectra both in CH,Cl, and toluene were broad indicative of aggregation. When the
spectrum was collected in CH,Cl,/MeOH (3:1), a solvent that typically disrupts any
aggregated porphyrinic compounds, the broadening still remained with peaks at 430 and 653
nm. Thus, the redshift is unlikely to stem from aggregation. Such a redshift is comparable to

that observed with chlorins bearing similar auxochromic groups (e.g., acetyl).
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(1) NaBH,
THF/MeOH

16% 3

=2Z

TFA, CH3zCN

(3) AgOTH, Zn(OAc),
TMP, CH3CN, reflux

quant. ¢ Zn(OAc)y2H,0
Os_H

£

Scheme 1
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2. Synthesis of Formyl Chlorins via Stille Cross-Coupling.
A. Introduction of an Acetal Group into Chlorins.

(i) Attempts using Diethoxymethyltributyltin. A 13-bromo free-base chlorin (7)*’
was reacted with diethoxymethyltributyltin, a masked formylating agent, in the presence of a
catalytic amount (15 mol%) of Pd(PPh;),Cl; in refluxing THF for 18 h (Scheme 2, Entry 1).
After concentration and purification, a small amount of starting material and a large amount
of debrominated chlorin were isolated. In addition, a trace amount of putative 13-butyl
chlorin and 13-pentyl chlorin were isolated (as observed upon LDMS analysis).

Surprisingly, the desired chlorin [7-(OEt);] bearing an acetal group at the 13-position was

not formed.
EtO.__OEt
T oA
SnBuj
X W
()™
Br eto” OE
Entry 13-Bromo Chlorin Pd Catalyst Product
1 7,M=H,H Pd(PPhs),Cl, 7-(OEt);, M=H, H
2 8, M=12Zn Pd(PPh3)4 8-(°Et)2y M =2Zn
Scheme 2

Failure to obtain the required acetal-chlorin prompted a reaction with the zinc chelate
of the 13-bromo chlorin (8)*’ in the presence of Pd(PPhs)s (Scheme 2, Entry 2). In this

attempt a major quantity of the starting material, a small amount of debrominated chlorin and
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again a trace amount of putative 13-butyl chlorin as well as 13-methyl chlorin were isolated.
Thereafter, we changed the solvent to toluene instead of THF keeping in mind the effect of
different solvents in altering the course of palladium-coupling reactions. In this case also, the
desired product [8-(OEt),] was not observed.

(ii) Attempts using 2-Tributylstannyl-1,3-dioxane. A 13-bromo free-base chlorin
(9)* was reacted with 2-tributylstannyl-1,3-dioxane, a masked formylating agent, in the
presence of 15 mol% of Pd(PPh;), in refluxing THF for 26 h (Scheme 3). Afterwards, a
small amount of starting material as well as a large amount of debrominated chlorin were
isolated. The desired chlorin (10) bearing the cyclic acetal group at the 13-position was not

obtained.

(1) TFA, CHxCl»
PRV e § )
O @) %
B
o.__0O

Br Y

SnBU3

Pd(PPhg)s, THF 0
w0 7S

Scheme 3

B. Introduction of a Hydroxymethyl Group into Chlorins via Palladium-Coupling.

(i) Use of Hydroxymethyltributyltin with a 15-Bromo-chlorin (Scheme 4). Since
we did not obtain satisfactory results with tributyltin acetals (masked formyl groups), we
decided to change the tin reagent to one bearing a hydroxymethyl substituent. A sample of
15-bromo chlorin (11)° was reacted with hydroxymethyltributyltin in THF for 24 h in the

presence of Pd(PPhs)s. The required product (15-hydroxymethyl chlorin, 12) was isolated in
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22% yield with recovery of a substantial quantity of starting material (~60%) and a trace
amount of debrominated chlorin species (~10%). In order to promote the reaction, a similar
reaction was carried out in the presence of excess LiCl (3 equiv) as an activating agent. In
this case, no product was observed. Rather, recovery of the starting material along with

debrominated chlorin and putative 15-pentyl chlorin were obtained.
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Br
11

BugSn "OH C
22%
Pd(PPhg)s, THF, reflux

Scheme 4

(ii) Microscale Oxidation of 15-Hydroxymethyl-chlorin. We carried out the
oxidation of the 15-hydroxymethyl chlorin (12) in the presence of the mild oxidant

pyridinium chlorochromate (PCC), which afforded the corresponding 15-formyl chlorin (13)
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in low yield (~25%). It must be noted that none of the corresponding oxochlorin species was
observed (i.e., no 17-oxo derivative was obtained), thereby indicating the selectivity of the

PCC-mediated oxidation.

(iii) Use of Hydroxymethyltributyltin with a 13-Bromo-chlorin (Scheme 5). We
explored the reactivity of 13-bromo free-base chlorin (7) towards hydroxymethyl tributyltin
in the presence of Pd(PPhs)s. Upon refluxing the reaction mixture in THF for 30 h followed
by chromatographic purification, the desired 13-hydroxymethyl-chlorin (14) was obtained in
52% vyield. This chlorin was characterized by absorption spectroscopy, 'H NMR

spectroscopy, LDMS, and FABMS.
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Scheme 5

(iv) Microscale Oxidation of 13-Hydroxymethyl-chlorin. Since our goal was to
obtain a formyl-chlorin, we subjected the 13-hydroxymethyl-chlorin (14) to mild oxidation

conditions. 13-Hydroxymethyl chlorin (14) was treated with pyridinium chlorochromate

Br

BusSH "OH ¢

50%
Pd(PPhg)s, THF, reflux

OH

14

i PCC, CH,Cly

CHO
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(PCC) at room temperature using CH,Cl, as a solvent. Even though complete consumption
of the starting material (14) was confirmed by TLC analysis, the desired 13-formyl chlorin
(15) was not isolated. The origin of the failure to isolate 15 remains unclear.

(v) Stille-Coupling Reaction to Obtain 13-Hydroxymethyl Chlorin (Scheme 6).
A sample of the zinc chelate of chlorin 9 was treated with TFA in CH,Cl,. The reaction
mixture was stirred at room temperature for 5 h affording a 13-bromo free-base chlorin. The
crude reaction mixture was directly used after work up without further purification for the
next step. The 13-bromo free-base chlorin was reacted with BusSnCH,OH (C) in the
presence of Pd(PPhs)4 in THF to afford the 13-hydroxymethyl chlorin (16) in 55% yield. No

attempts were made to oxidize 16 in order to prepare the corresponding 13-formyl-chlorin.

(1) TFA, CH,Cly
55% | (2)BusSH “OH C

Pd(PPha)s, THF, reflux

OH

Scheme 6
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3. Formylation via Reductive Carbonylation (Scheme 7).

Several unsuccessful attempts were made to introduce an acetal group into the chlorin
moiety (vide supra). Though we were able to insert a hydroxymethyl group at the 13-
position and the 15-position of the chlorin macrocycle, PCC-mediated oxidation gave a low
yield of the corresponding formyl-chlorin. Hence, we finally moved to CO-mediated
formylation®' of chlorins via palladium coupling. Initially a 13-bromo zinc chlorin (9)* was
treated with a catalytic amount of Pd(PPhs)s and sodium formate under an atmosphere of CO
(maintained with a CO-containing balloon) (Scheme 7). In this case, a trace amount of 13-
formyl chlorin (18) was observed. A second set of reactions was carried out using a crude
13-bromo free-base chlorin (17)* under similar conditions with bubbling CO gas into the
reaction mixture. Here also the desired chlorin (19) was not obtained. When a third set of
reactions was performed with bubbling CO gas into the reaction mixture containing 13-
bromo zinc chlorin 9, the desired formyl-chlorin (18) was isolated in 20% yield. The relative
low yield could be due to the following reasons. In addition to the desired product, a large
amount of debrominated zinc chlorin and 13-hydroxymethyl chlorin (20) also were formed
(Chart 2). We suspect that the sodium formate-mediated hydrogenation gave rise to two
competitive side reactions including (i) debromination of the starting bromo-chlorin, and (ii)

reduction of the 13-formyl chlorin to give 13-hydroxymethyl chlorin (Chart 2).
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Br

CO, HCOONa, Pd(Phg)4
l MeCN/DMSO, 125 °C

CHO
Entry 13-Bromo Chilorin Product Yield
1 17,M=H, H 19, M=H, H 0%
2 9, M=2n 18, M=2n 20%

Scheme 7
Palladium Catalyzed Reductive Carbonylation
ArCHO
ArH
oL -
Ar—C—Pd—H PdL,
L
CO, + NaX ArX L
Ar—Pd-H
L
HCOONa
"
oL Arfl'T’d~X
Ar—C—Pd-X \/ L
L CO insertion
HCOONa CO2+NaX
Chart 2
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4. Absorption Spectroscopic Studies of Chlorins.

To establish the relationship between structure and absorption spectroscopic
properties, the absorption spectra of the two hydroxymethyl-chlorins and two formyl-chlorins
were collected in a non-polar solvent (e.g., toluene, CH,Cl,). 13-Hydroxymethyl chlorin 16
showed a broad peak at 405 nm (Soret band) and a sharp peak at 640 nm (Q, band) (Figure
1). The zinc chelate of 13-hydroxymethyl chlorin 20 exhibited two peaks at 406 and 608 nm
(Figure 2).

In the case of 5-formyl chlorin 6, two broad peaks appeared at 425 and 649 nm
(Figure 3). In 13-formyl-chlorin 18, the peaks appeared at 418 and 634 nm (Figure 4). Here
also a red shift as well as strong absorption in the red region of the visible spectrum were
observed. The relative intensity of the Qy, band (relative to the B band) in the 13-formyl
chlorin is greater than that of the 5-formyl chlorin, hence, depending upon the position of the

formyl group in the chlorin the absorption spectra may vary.
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Figure 1. Absorption spectrum of 13-hydroxymethyl chlorin (16).
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Figure 2. Absorption spectrum of 13-Hydroxymethyl chlorin (20).
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Figure 4. Absorption spectrum of 13-formyl chlorin (18).
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Outlook

We successfully synthesized a 5-formyl-chlorin using a l-acyldipyrromethane that
contains an acetal group. However, our attempts to introduce acetals via direct Stille cross-
coupling reaction of bromo-chlorins with appropriate trialkyltin reagents did not give
satisfactory results. However, a hydroxymethyl group was introduced directly at the 13- and
15-positions of chlorins. It must be noted that the 13-bromo-chlorin was more reactive
towards Stille coupling (for hydroxymethyl introduction) than the 15-bromo-chlorin. A 13-
formyl-chlorin was prepared via reductive carbonylation of a 13-bromo-chlorin using carbon
monoxide. The absorption spectra of zinc chelates of 5- and 13-formyl-chlorins were
obtained, which revealed a significant effect of the position of the formyl group on the
chlorin absorption spectra. Taken together, the formyl chlorins are useful for absorption
spectroscopic studies and may provide a valuable motif for homologation for further tuning

of absorption spectroscopic properties.

Experimental Section

General. Absorption and fluorescence spectra were collected in CH,Cl, at room
temperature unless noted otherwise. Silica gel (40 um average particle size) was used for
column chromatography. THF was freshly distilled from sodium/benzophenone as required.
Toluene was distilled from CaH,. CHCI; was stabilized with 0.8% ethanol. Anhydrous
MeOH, CH,Cl, and CHCI; (stabilized with 0.8% EtOH) were reagent grade and were used as

received.
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Non-commercial compounds. Dicthoxymethyltributyltin (A),” 2-tributylstannyl-1,3-
dioxane (B),"” hydroxymethyl-tributyltin (C),"”” 1,' 3, 7. 8, 9, 11,° and 17" were
synthesized following reported procedures.

1-Bromo-9-[(5,5-dimethyl-1,3-dioxan-2-yl)carbonyl]-5-phenyldipyrromethane
(2). Following a general procedure,” a solution of 1 (91 mg, 0.25 mmol) in 2.5 mL of
anhydrous THF was cooled to —78 °C under argon. NBS (44 mg, 0.25 mmol) was added,
and the reaction mixture was stirred for 1 h at —78 °C. Hexanes and water were added, and
the mixture was allowed to warm to room temperature. The entire reaction mixture was
poured into ether. The aqueous layer was extracted with ether. The organic layer was
separated, dried (K,COs), and concentrated without heating. The resuting solid residue was
purified by chromatography [silica, hexanes/ethyl acetate (3:2)] to afford a light brown
viscous oil (88 mg, 79%): "H NMR (300 MHz, THF-ds) & 0.77 (s, 3H), 1.94 (s, 3H), 3.50—
3.60 (m, 2H), 3.69 (d, J = 11.4 Hz, 2H), 3.98-4.08 (m, 1H), 4.99 (s, 1H), 5.43 (s, 1H), 5.60
(s, 1H), 5.82-5.85 (m, 1H), 5.90-5.93 (m, 1H), 7.12-7.29 (m, 5H), 10.48-10.54 (br s, 1H),
10.85-11.04 (br s, 1H); °C NMR (75 MHz, THE-ds) & 21.4, 22.9, 30.4, 44.2, 77.1, 97.1,
102.1, 109.27, 109.44, 109.9, 119.2, 126.8, 128.3, 128.6, 129.1, 134.0, 141.5, 141.8, 181.0;
FABMS obsd 443.0956, calcd 443.0970 [(M + H)", M = C5,H»;BrN,03].

Zn(11)-17,18-Dihydro-18,18-dimethyl-5-(5,5-dimethyl-1,3-dioxan-2-yl)-10-
phenylporphyrin (4). Following a general procedure for chlorin formation,** a solution of 2
(84 mg, 0.19 mmol) in THF/MeOH [20 mL, (4:1)] was treated portionwise with NaBH4
(0.544 g, 14.4 mmol). The progress of the reaction was monitored by TLC analysis. Upon
completion (~2 h), the reaction was slowly quenched by the addition of saturated aqueous

NH4CI solution (50 mL). The reaction mixture was then poured into ethyl acetate. The
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organic layer was separated. The aqueous layer was extracted twice with ethyl acetate. The
organic layers were combined, washed with water, dried (Na,SO,) and concentrated. Upon
initial work up, the 1-bromo-dipyrromethane-9-carbinol was the only product visible by TLC
analysis. Due to limited stability, the 1-bromo-dipyrromethane-9-carbinol was directly used
in the chlorin-forming reaction. The 1-bromo-dipyrromethane-9-carbinol (~0.19 mmol) was
dissolved in anhydrous CH3;CN (1.9 mL). The solution was treated with 3 (36 mg, 0.19
mmol) and TFA (15 uL, 0.19 mmol). The reaction mixture was stirred for 45 min at room
temperature under argon. The reaction mixture was then diluted with CH3;CN (17.1 mL).
The diluted reaction mixture was then treated successively with 2,2,6,6-tetramethylpiperidine
(0.97 mL, 5.7 mmol), Zn(OAc), (0.523 g, 2.85 mmol) and AgOTf (0.15 g, 0.57 mmol). The
resulting mixture was refluxed for 21 h exposed to air. The entire reaction mixture was
concentrated to afford a solid residue. The resulting residue was chromatographed twice [(i)
silica, CH,Cly/ethyl acetate (9:1), (ii) silica, hexanes/CH,Cl, (1:1)] to afford the title
compound as a dark green solid (18 mg, 16%): 'H NMR (400 MHz, THF-ds) & 1.06 (s, 3H),
1.85 (s, 3H), 2.03 (s, 6H), 4.13 (d, J = 12.0 Hz, 2H), 4.26 (d, J = 12.0 Hz, 2H), 4.53 (s, 2H),
7.64-7.68 (m, 3H), 7.73 (s, 1H), 8.01-8.06 (m, 2H), 8.35 (d, /= 4.4 Hz, 1H), 8.50 (d, /J=4.4
Hz, 1H), 8.56 (d, J=4.4 Hz, 1H), 8.61 (s, 1H), 8.64 (s, 1H), 8.70 (d, J=4.4 Hz, 1H), 9.49 d,
J=4.4Hz, 1H), 9.84 (d, J = 4.4 Hz, 1H); LDMS obsd 592.3; FABMS obsd 592.1811, calcd
592.1817 (C34H32N402Zn); Aabs (CH2Cl2) 407, 613 nm; Aem (CH2Cl2) 620, 670 nm.
5-Formyl-17,18-dihydro-18,18-dimethyl-10-phenylporphyrin (5). Following a
general procedure for the hydrolysis of acetals,' a solution of 4 (5.0 mg, 8.0 umol) CH,Cl, (1
mL) was treated with a mixture of TFA/H,O [0.5 mL, (1:1)], and the reaction mixture was

stirred under argon at room temperature for 16 h. The reaction mixture was then diluted with
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CH,Cl,, and the organic layer was separated, washed (saturated NaHCOs3 solution and brine
respectively), dried (Na;SO4) and concentrated.  The resulting solid residue was
chromatographed [silica, hexanes/CH,Cl, (1:1) — CH,Cl;] to afford the title compound as a
dark green solid (3.0 mg, 84%): '"H NMR (300 MHz, THF-ds, 50 °C) & —2.15 to 1.85 (brs,
2H), 2.08 (s, 6H), 4.64 (s, 2H), 7.58-7.84 (m, 3H), 8.02-8.18 (m, 2H), 8.63 (d, J = 4.8 Hz,
1H), 8.77 (d, J = 4.5 Hz, 1H), 8.95 (d, J=4.5 Hz, 1H), 9.15-9.25 (s, 2H), 9.24 (s, 1H), 9.72
(d, J = 4.8 Hz, 1H), 10.19 (d, J = 4.8 Hz, 1H), 12.39 (s, 1H); LDMS obsd 443.9; FABMS
obsd 445.2015, calcd 445.2028 [(M + H)", M = Cy9H4N40]; Aaps (CH,Cl,) 416, 517, 559,

617, 672 nm; Aey (CH2Cl,) 690 nm.

Zn(I1)-5-Formyl-17,18-dihydro-18,18-dimethyl-10-phenylporphyrin (6).
Following a procedure for zinc insertion into porphyrins,*® a solution of 5 (3.0 mg, 7.0 umol)
in CH,Cl,/MeOH [2 mL, (3:1)] was treated with Zn(OAc),'2H,0 (46 mg, 0,21 mmol), and
the reaction mixture was stirred at room temperature for 8 h. The reaction mixture was then
diluted with CH,Cl,. The organic layer was separated, washed (saturated NaHCO3 solution
and H,0), dried (Na,SO,) and concentrated. The resulting solid residue was washed twice
with hexanes and washed once with hexanes/MeOH (2:1) affording a green solid (3.5 mg,
quantitative): "H NMR (300 MHz, THF-ds) 6 2.07 (s, 6H), 5.59 (s, 2H), 7.62-7.78 (m, 3H),
7.98-8.12 (m, 2H), 8.51 (d, J = 4.5 Hz, 1H), 8.54 (d, J = 4.2 Hz, 1H), 8.63 (d, J = 4.2 Hz,
1H), 8.84 (s, 1H), 8.87 (s, 1H), 8.95 (d, /=4.5 Hz, 1H), 9.75 (d, /= 4.8 Hz, 1H), 9.99 (d, /=
4.8 Hz, 1H), 12.38 (s, 1H); LDMS obsd 505.9; FABMS obsd 506.1082, calcd 506.1085

(C29H22N4OZH); }\-abs (CH2C12) 425, 649 nm; }\-em (CH2C12) 670 nm.

149



13-Hydroxymethyl-17,18-dihydro-10-mesityl-18,18-dimethyl-5-p-tolylporphyrin
(14). Following a procedure for Stille coupling with chlorins,® a mixture of 7 (6.0 mg, 10
umol) and Pd(PPhj)s, (2.3 mg, 2.0 umol) was dried in a Schlenk flask for 30 min.
Hydroxymethyltributyltin'’ (9.6 mg, 30 umol) and THF (1.0 mL) were added and the entire
reaction mixture was refluxed for 31 h. The reaction mixture was concentrated and the
residue was chromatographed [silica, packed with GC grade hexanes, eluted with
hexanes/CH,Cl; (1:1) — CH,Cl, — CH,Cly/ethyl acetate (4:1)] affording a dark green solid
(3.0 mg, 52%): 'H NMR (300 MHz) & —1.85 to 1.55 (brs, 2H), 1.84 (s, 6H), 2.05 (s, 6H),
2.60 (s, 3H), 2.67 (s, 3H), 3.61-3.68 (m, 1H), 4.61 (s, 2H), 5.91 (s, 2H), 7.23 (s, 2H), 7.52—
7.58 (m, 2H), 8.06 (d, J = 7.8 Hz, 2H), 8.28 (d, J = 3.9 Hz, 1H), 8.43 (d, J = 4.2 Hz, 1H),
8.52 (s, 1H), 8.72-8.80 (m, 2H), 8.82 (s, 1H), 9.01 (s, 1H); LDMS obsd 578.7; FABMS obsd
578.3055, caled 578.3046 (C39H33N4O); Aabs (toluene) 415, 510, 559, 592, 643 nm.

13-hydroxymethyl-17,18-dihydro-10-mesityl-18,18-dimethyl-porphyrin (16).
Following a procedure for demetalation of chlorins,* a sample of chlorin 9 (15 mg, 25 umol)
was treated with TFA (58 ul, 0.75 mmol) in CH,Cl, (1.25 mL). The reaction mixture was
stirred at room temperature for 5 h. The reaction was quenched by the addition of a mixture
of saturated aqueous NaHCO; solution and CH,Cl,. The organic layer was separated,
washed (water and brine), dried (Na,SO4) and concentrated to afford the free base chlorin.
Following a procedure for Stille coupling with chlorins,* a mixture of free base chlorin (~25
umol), Pd(PPhs)s, (5.8 mg, 5.0 wmol) was dried in a Schlenk flask for 30 min.
Hydroxymethyltributyltin (C) (24 mg, 75 umol) and THF (2.0 mL) were added, and the
entire reaction mixture was refluxed for 27 h. The reaction mixture was concentrated, and

the residue was chromatographed [silica, packed with GC grade hexanes, eluted with
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hexanes/CH,Cl; (1:1) — CH,Cl, — CH,Cly/ethyl acetate (4:1)] affording a dark green solid
(7 mg, 55%): '"H NMR (300 MHz, THF-ds) & —2.08 to —2.02 (brs, 1H), —1.98 to —1.88 (s,
1H), 1.83 (s, 6H), 2.06 (s, 6H), 2.49 (s, 3H), 2.59 (s, 3H), 4.66 (s, 2H), 5.78-5.86 (m, 2H),
7.26 (s, 2H), 8.31 (d, J = 4.2 Hz, 1H), 8.85 (d, J = 3.9 Hz, 1H), 8.98 (m, 1H), 9.16 (s, 1H),
9.21-9.58 (m, 1H), 9.80 (s, 1H); LDMS obsd 488.0; FABMS obsd 489.2641, calcd 489.2654
[(M + H)", M = C3,H3,N40]; Aabs (toluene) 405, 502, 640 nm.
Zn(1I)-13-Formyl-17,18-dihydro-10-mesityl-18,18-dimethyl-porphyrin (18).
Following a procedure for CO-mediated formylation,”' a mixture of 9 (12 mg, 20 umol),
Pd(PPh3)s, (4.6 mg, 4.0 wmol, 20 mol%) and sodium formate (14 mg, 0.20 mmol) was dried
in a Schlenk flask for 1 h. A mixture of MeCN/DMSO [2 mL, (1:1)] was added to the flask
and CO gas was bubbled through the reaction mixture. The entire reaction mixture was
heated at 125 °C for 26 h. The reaction mixture was treated with CH,Cl, and water. The
organic layer was separated and washed (water, brine), dried (Na,SO4) and concentrated.
The resulting solid residue was chromatographed [silica, packed with GC grade hexanes,
eluted with hexanes/CH,Cl, (1:1) — CH,Cl, — CH,Cl,/ethyl acetate (4:1)] affording a green
solid (2.2 mg, 20%): '"H NMR (300 MHz)  1.83 (s, 6H), 1.99 (s, 6H), 2.59 (s, 3H) 4.47 (s,
2H), 7.22 (s, 2H), 8.35 (d, J = 4.2 Hz, 1H), 8.48 (s, 1H), 8.64-8.74 (m, 2H), 8.94 (s, 1H),
8.98 (d, J = 4.2 Hz, 1H), 9.38 (s, 1H), 9.54 (s, 1H), 10.90 (s, 1H); LDMS obsd 547.8;
FABMS obsd 548.1553, caled 548.1555 (C32H2sN4OZn); Aqps (toluene) 418, 634 nm. Zn(II)-
17,18-dihydro-13-hydroxymethyl-10-mesityl-18,18-dimethylporphyrin (20): LDMS 550.5;

FABMS obsd 550.1693, calcd 550.1711 ( C3,H30N4OZn); Aqps (toluene) 406, 608 nm.
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