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ABSTRACT
Corroles, porphyrin analogues, are the center of a rapidly growing field of research. By
virtue of a missing meso-carbon, corroles retain the aromaticity of porphyrins, but become
tribasic ligands in place of the dibasic porphyrin. This thesis is a study of synthetic

methods for corroles, as well as their photophysical properties and potential applications.

New synthetic methodologies for the free-base molecules have been used to obtain corroles
with pentafluorophenyl meso substituents in both water-soluble and non-water-soluble
forms. Closed-shell metallocorrole complexes have been synthesized by introducing
Ga(IIT) and Sn(IV) ions into the macrocycle. Likewise, an open shell transition metal
corrole utilizing Mn(III) has been made. Problems arising from making a third type of
closed shell metallocorrole by introduction of In(III) are also discussed. Among other
characterizations of these complexes, Gouterman’s four-orbital model for porphyrins is
reinterpreted under the reduced symmetry of the corrole macrocycle to explain the
absorption and singlet emission spectra of the molecules. Evidence of a triplet excited state

is also presented.

The application of corrole complexes to other aspects of chemistry is then examined in two
different areas. The interactions of the water-soluble corroles with human serum albumin
were investigated to assess their usefulness as diagnostic agents and drugs for cancer
research. These highly colored compounds have also been introduced as the dye
component of dye-sensitized solar cells, and various aspects of the cells, including overall

efficiency, have been tested.



This thesis concludes with a summary of results obtained from collaborations on the
interactions of corroles in cellular systems and synthetic attempts toward new types of
water-soluble corroles, including an imidazole substituted chromium corrole and a

sulfonated manganese nitrido corrole.

X
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MOLECULE ABBREVIATIONS

Below is a list of the compounds synthesized in this work, along with their structures and

the abbreviations used in the text.

Abbreviation Structure Name
C6F5
5,10,15-
1 tris(pentafluorophenyl)corrole
CGFS CGFS
C6F5
2,17-bis(chlorosulfonato)-5,10,15-
- C F b b b
Cl-2 e CFs tris(pentafluorophenyl)corrole
S0,Cl
S0,Cl
CGFS
2 CF CF 2,17-bis(sulfonato)-5,10,15-
e o tris(pentafluorophenyl)corrole
SO,H
SOH
C6F5
5,10,15-
1-Ga tris(pentafluorophenyl)corrolato-

C.F

)
5
o
o

gallium(IIT) monopyridine
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Abbreviation Structure Name
C6F5
2,17-bis(sulfonato)-5,10,15-
tris(pentafluorophenyl)corrolato-
2-Ga Cof'g Cef's gallium(IIT) monopyridine
SO,H
SO,H
C6F5
5,10,15-
1-Sn tris(pentafluorophenyl)corrolato-
CeFs CoFs tin(IV) chloride
C6F5
2,17-bis(sulfonato)-5,10,15-
2-Sn CF: CoFs tris(pentafluorophenyl)corrolato-
tin(IV) hydroxide
SO,H
SO,H
CGFS
2,17-bis(sulfonato)-5,10,15-
2-Mn CoF: CeFs tris(pentafluorophenyl)corrolato-
manganese(I1I)
SO,H
SO,H
B CF 1 -
5,10,15-
1-In tris(pentafluorophenyl)corrolato-

indium(III) chloride anion




Chapter 1

INTRODUCTION

Corroles are tetrapyrrolic molecules, maintaining the skeletal structure of corrin, with its
three meso carbon positions and one direct pyrrole-pyrrole linkage, and possessing the
aromaticity of porphyrins (see figure 1.1). First reported by Johnson and Kay in 1965,
corroles were the end product of a many step synthetic scheme, finally being formed by the
photocyclization of a,c-biladienes. While this last step was simple, with 20-60% yields, the
route to a,c-biladienes was far from easy. Indeed, the overall reaction from readily
available starting materials to corrole was a multi-step synthesis, with poor yields in many
of the reactions. Thus, while corroles have been known for more than 40 years, research in
the field was slow to progress. It wasn’t until the discovery of new synthetic methods for
corroles developed in 1999 by different groups working independently that research in this

area really started to expand'”.

This is not to say, however, that the field of corrole research was non-existent prior to the
development of the new methodologies. While it was slow growing after the initial
publication, it was far from stagnant, and many of the interesting properties of corroles
were investigated by different groups. Among these properties is their ability to stabilize
unusually high formal oxidation states of metal ions, such as iron(IV), cobalt(IV), and

cobalt(V)?**. In fact, one particular corrole available through a method developed by Zeev
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Figure 1.1. Skeletal structures of a) porphyrin, b) corrin,
and c) corrole.
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Gross, 5,10,15-tris(pentafluorophenyl)corrole, has been shown to stabilize four formal

oxidation states of chromium, Cr(IIl, IV, V, IV)[5 I

Now that the synthesis of corroles has been made easier, the field of corroles has greatly
expanded. A quick search of the literature reveals that of all the papers published on
corroles in the 40 years since Johnson and Kay’s initial publication, almost three-quarters

have come out in the last 5 years.

So what makes corroles so interesting? Aside from their ability to stabilize metal ions in
higher oxidation states, corroles also possess many other very remarkable properties. Once
synthesized, the ligands have shown themselves to be very versatile toward substitution and
metallation reactions, allowing for numerous corroles with varying solubility properties,
making them useful in many different applications. Some of these corroles form very tight

conjugates with proteins, opening up possibilities for use in biological systems!'® .

Also among the interesting attributes of corroles are their photophysical properties.
Corroles generally show porphyrin type spectra, with strong absorptions in the visible
range associated with very highly colored compounds. As well, the direct pyrrole-pyrrole
linkage seems to give corroles stronger fluorescence properties than their porphyrin
counterparts’®. These properties open up potential for using corroles in many other

applications, including such diverse areas as cancer diagnosis and treatment, and solar cell

research.
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With all these different areas of research opening up to corroles, it is becoming clear that

they are a very important class of molecules. And while their uses in other areas are
interesting, it has also become clear that a fundamental understanding of the properties of
these new molecules is needed. In many respects, corroles are very similar to porphyrins,
possessing the same types of properties, but to varying degrees. This raises the questions
of just why does the removal of one meso carbon cause these differences, and do these
differences in fact make corroles better or worse than porphyrins in regard to applications
to other systems? This work investigates the fundamental properties of corroles, in an
attempt to determine just how this small change in the structure of the molecule can lead to
the various properties seen in corroles, as well as to quantify these properties in selected

casces.



Chapter 2

SYNTHESES

While the initial synthesis of corroles was a very long procedure, the advent of a one pot
synthesis by Gross and co-workers in 1999 revolutionized the process of making corroles.
It is now possible to make hundreds of milligrams of free-base corrole in a single day,
compared to weeks or even months of work with the previous methods. Detailed in this
chapter are the synthetic methods used for the corroles studied in this work, including two
different free-bases; gallium, manganese, and tin complexes of these free-bases; and work

done toward the synthesis of an indium corrole.

The particular corrole free-bases used in this study were 5,10,15-
tris(pentafluorophenyl)corrole, and 2,17-bis(sulfonato)-5,10-15-
tris(pentafluorophenyl)corrole. The structures for these two molecules are shown in figure

2.1.

General Synthetic Procedures

All corroles used in this work are derived from the first of these, 5,10,15-
tris(pentafluorophenyl)corrole (1), which in turn is synthesized from pyrrole and
pentafluorobenzaldehyde. This can be accomplished by different methods, either involving
a solid support, an acid to aid the reaction, or neat. All three methods will be described at

the end of this chapter. However, in all cases, the synthesis of 1 is a condensation reaction



C.F
CF 63

C.F C.F
C4Fs CeFs 65 6
SO,H

SO,H

Figure 2.1. Structures of the two free-base corroles used in this study. a) 5,10,15-
tris(pentafluorophenyl)corrole (1), and b) 2,17-bis(sulfonato)-5,10-15-
tris(pentafluorophenyl)corrole (2).



.
of pyrrole with pentafluorobenzaldehyde, followed by oxidation with 2,3-dichloro-5,6-

dicyano-1,4-bezoquinone (DDQ) and column purification, as shown in scheme 2.1.

Once 1 has been made, chlorosulfonic acid can be used to substitute two of the B-
hydrogens, and a subsequent hydrolysis step produces 2,17-bis(sulfonato)-5,10,15-

tris(pentafluorophenyl)corrole (2) (see scheme 2.2).

The free-base corrole molecules 1 and 2 have shown themselves to be very versatile to
metallation reactions. They are robust enough to survive reflux in high boiling solvents
such as DMF, and the free-bases used here have shown no air-sensitivity. Indeed, the only
factor requiring a metallation reaction to be performed under inert atmosphere is the
stability of the starting metal salt. While it will be seen that the reactions with different
metals vary somewhat in solvent and purification conditions, there are a great many
similarities. For the most part the reactions described below involve refluxing the corrole
free-base along with a metal salt (usually the chloride salt, as in the cases of gallium and tin
corroles), followed by column purification, to provide the metallocorrole complex in high

yield. Schemes 2.3 and 2.4 outline all the metallation reactions discussed below.

It has been seen that in considering a potential metallocorrole, size is an important factor.
While the Ga(III) ion has been shown to form planar corroles”), In(III) has shown itself to
be too large to form a stable corrole complex, both in 1-In, which decomposed on attempts
at purification, and in the only previously known indium corrole, an octamethylcorrole-

indium complex, also seen to decompose upon any attempts to purify the product'”.



£ 0 TFA (9%

F H solution in
H N CH,CL,)
+ @ — Black tar
F F
F
DDQ
oxidation

CeFs
1. Silica Gel column.
CH,Cl, Hexanes:CH,Cl, eluent 1:1 R
Solution 2. Silica Gel column. CeFs CeFs

Hexanes:CH,Cl, eluent 22:3

Scheme 2.1. Current synthetic method used for 1.
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C6F5 6 5
CISO,H
» CF C.F
CeFs CeFs 65 65
SO,Cl
SO,Cl
1 Cl-2
H,0
reflux
CGFS
C6F5 C6F5
SO,H
SO,H
2

Scheme 2.2. Synthesis of 2.



+ GaCl;

Refluxing
pyridine

C.F

CcF

1-Ga

+ SHC12*2H20

1. Refluxing
DMF
2. HCl wash

CgF,

C.F

1-Sn

C.F

10

+ In(OCH(CHs))s

Refluxing
isopropanol

CGFS )

- 1-In -

Scheme 2.3. Metallation reactions of 1. Insertion of gallium requires column
purification, 1-Sn is purified through recrystallization, and no further purification

was possible with the unstable 1-In complex.
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Refluxing
pyridine

CeFs

C.F

SOH
2-Ga

SO,H
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Refluxing
DMF

CgF,

SO,H
2-Sn

11

+ Mn(CH;CO,),*4H,0
Refluxing
DMF
C6 F5
CG F5 C6F5
SOH
SO,H
2-Mn

Scheme 2.4. Metallation reactions of 2. All 3 metallocorroles are purified on a silica

gel column.
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pK, of 2
With the synthesis of 2, a water-soluble corrole, it becomes easier to talk about pK,s of the
inner core protons. A core neutral corrole has three protons and one nonprotonated
nitrogen atom. By contrast, a core neutral porphyrin has two protons and two
nonprotonated nitrogen atoms. The absolute pK,s for protonation and deprotonation of 2

were measured two different ways.

In the first method, buffer solutions were made to cover a wide pH range. Solutions were
made from these buffers at a constant concentration of 2, and the absorption spectra were
measured. It had previously been observed that the protonated and deprotonated forms of 1

M1 The same effect is seen for 2,

showed characteristic changes in their absorption spectra
and the spectra from this experiment show gradual transitions from protonated 2 (27), to
core neutral 2, to deprotonated 2 (2°) as pH is increased. On the basis of these spectra, two

rough pK,s can be assigned, at 2.5 and 5.2 for deprotonation of 2" and 2, respectively (see

figure 2.2).

These values were confirmed by a similar experiment monitoring pH effects on emission
spectra of 2. Again, previous work with 1 had shown a strong dependence of emission
intensity on protonation state!®. As with the previous experiment, buffers were prepared at
varying pHs and were used to make solutions of constant concentration in 2. Spectra were
obtained by exciting the samples at 420 nm, a point where all species have similar
absorption coefficients. The spectra again show two transition points, corresponding to

deprotonation of 2+ and 2, at pHs of 2.9 and 5.4, respectively. While this second value is



CeFs

C6F5 CGFS
SO,H
SO.H
pKa=2.5 2 pK.=5.2
— — C.F
C6F5 + 6 5
C.F C.F
CoFs CFs 65 65
SOH
SO.H
SO.H
SO.H L |
2" z

Figure 2.2. Protonation and deprotonation processes for 2.
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nearly identical to that from the first set of experiments, the first is farther off. However,

given the lack of a perfect isobestic point for all the species, and given that the absorption
change at 420 is greater at lower pH, greater error is expected in this number for the
emission experiment. For this transition, the pK, of 2.5 given by the first experiment is

more reliable (see figures 2.3 and 2.4).

These pK, values are especially interesting when compared to a representative water-
soluble porphyrin, namely 5,10,15,20-tetra(p-sulfonatophenyl)porphyrin (3). The pK, of
this molecule is high enough that it can not be deprotonated in water. However, the value
was measured in DMSO/water (4:1) and found to be 32.8!". The acidity constant for
protonation of 3, however, was found to be 4.8 (it should be noted that this is a double
protonation event; the singly protonated form of 3 has not been observed)'”. Upon
inspection of these numbers, it becomes clear that the deprotonation equilibrium of corrole
2 is relatively closer to the protonation equilibrium of porphyrin 3 (the deprotonation
equilibrium of 3**) than the deprotonation of 3. This can be explained by considering the
number of NH protons in each case rather than the formal charge. In both 2" and 3, there
are two NH protons in the core of the macrocycle. What can be gathered from the pK,
data, then, is that favorability of proton addition to either of these species is comparable,
and core charge is not a large driving force for this reaction. Rather, sterics come into play.
As seen in the crystal structure of 1 (figure 2.5)!"%, the three protons of a core neutral
corrole are in close proximity, and the macrocycle experiences some distortion to be able to
fit all three. Indeed, one of the protons of 1 is 0.89 A out of the mean plane of the four

nitrogen atoms. Presumably there is a similar steric penalty for the protonation of 3, and
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Figure 2.3. UV-vis spectra showing a) pH 4.56-2.09 (2-2")
and b) pH 6.88-4.56 (2°-2). General trends observed as pH is
lowered have been noted.
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Figure 2.4. The pH-dependent fluorescence spectra: a) pH=
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Figure 2.5. X-ray structure of 1, with meso groups omitted for
clarity. The protons on rings D, A, and B are -0.46, 0.89, and
0.1 A out of the mean plane of the four nitrogens, respectively.
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once either the corrole or porphyrin has three NH protons, there is no great steric

inhibition to adding a fourth. This is evidenced by the small pH range in which 2 exists
between 2° and 2*, and the utter lack of a monoprotonated 3, the molecule instead

progressing directly to the diprotonated form.

Thus it can be seen that corroles are very versatile molecules, with interesting and useful
spectroscopic properties. These properties will be discussed in greater detail in the

following chapters.

Materials

All materials were purchased from Aldrich and used as received except where noted

otherwise.

Pentafluorobenzaldehyde (98%, FW 196.07 g/mol, mp 20°, bp 164-166°, d 1.588 g/mL).
Usually found as a solid except on particularly warm days. When solid, it was warmed to
liquid with a heat gun prior to use. The liquid was then pipetted into a tared flask when

measured by weight, or a particular volume was measured by syringe.

Pyrrole (98%, FW 67.09 g/mol, mp -23°, bp 131°, d 0.967 g/mL). While the bottle was
stored in a refrigerator, the liquid did show evidence of photodecomposition products (the
liquid was a dark yellow-brown). Prior to use the liquid was filtered through basic alumina
to remove these excess products, affording a light yellow to colorless solution. The pyrrole
was then pipetted into a tared flask to measure by weight, or a particular volume was

measured by syringe.
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Trifluoroacetic acid (TFA, 99%, FW 114.02 g/mol, mp -15.4°, bp 72.4°, d 1.480 g/mL).

Chlorosulfonic acid (99%, FW 116.52 g/mol, bp 151-152°, d 1.753 g/mL).

2,3-Dichloro-5,6-dicyano-1,4-bezoquinone (DDQ, 98%, FW 227.01 g/mol, mp 213-216°)

was stored in a refrigerator.

Gallium(IIT) chloride (anhydrous beads, 99.99%, FW 176.08 g/mol, d 2.470 g/cm’) was

stored in a dry box.

Tin(II) chloride dihydrate (98+%, FW 225.63 g/mol, mp 37-38°, d 2.710 g/em’) was

purchased from Fischer Scientific.

Manganese(II) acetate tetrahydrate (99+%, FW 245.09 g/mol, d 1.589 g/cm’).

Indium(IIT) chloride (anhydrous powder, 99.999%, FW 221.18 g/mol, d 3.460g/cm’) was

stored in a drybox.

Indium(III) isopropoxide (5 w/v% solution in isopropanol, 99.9+%, FW 292.09 g/mol, d

0.808 g/mL).

Aluminum oxide, activated basic (standard grade, ~150 mesh, 58A).

Silica gel 60 (particle size 0.040-0.063 mm) was purchased from EMD Chemicals through

the VWR stockroom.

Sand was purchased from EMD Chemicals through the VWR stockroom.
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All solvents were purchased from EMD Chemicals through the VWR stockroom.

Solvents used were generally Omnisolv® quality, though no particular purity was required,

except where otherwise noted.

Detailed Syntheses

In the first of the three methods for synthesis of 1, to 2.82 g (14.3 mmol)
pentafluorobenzaldehyde were added first 10 mL dichloromethane (CH,Cl,) followed by 1
g (14.9 mmol) pyrrole. This mixture was then added to a 50 mL round bottom flask
containing 3 g alumina. The mixture was stirred while heating to 60° C in an oil bath,
causing CH)Cl, to boil off. Once the solvent had been evaporated, the solid was
maintained at 60° for four hours. After heating, CH,Cl, was added to the flask to dissolve
the black residue, and the liquid was filtered through a Biichner funnel to remove the
alumina. To the liquid were added 1.5 g (6.6 mmol) DDQ, and the solution was stirred for
one hour. After 1 hour, the mixture was checked by TLC (1:1 dichloromethane:hexanes
eluent), and a purple band with strong fluorescence under long-wave UV light could be

Seen.

7 grams of silica gel were added to the flask, and the liquid was evaporated to afford the
product mixture adsorbed onto the silica gel. A 2-inch inner diameter column (henceforth
referred to as the large column) was packed to a height of ~7 inches with dry silica gel,
followed by a ~0.5 inch layer of sand. The solid product adsorbed on silica gel was then
scraped out of the flask and layered on top of the sand, followed by a second layer of sand.

The column was then eluted with a 1:1 mixture of dichloromethane and hexanes. Progress
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of the fluorescent corrole band could be monitored with UV light. Starting with the first

colored fraction, all products were collected until the fluorescent band had completely
eluted from the column. To the eluted products 2.5 g silica gel were added, and the
solvents were evaporated. A 1-inch inner diameter column (henceforth referred to as the
small column) was prepared in the same manner as the large column, with the adsorbed
product layered between two sand fractions. The column was run with a 22:3 mixture of
hexanes to CH,Cl, and was monitored by UV light. The fluorescent corrole band was

collected by itself.

Usually a third purification was performed by evaporating the solvent from the column
eluent and by dissolving the residue in a minimum of dichloromethane and hexane (~3:1).
The solution was then put in the freezer to induce crystallization. The crystals were
collected in a Biichner funnel to provide extremely pure corrole. Normally 2-3 crops of
crystals could be obtained from a single batch, providing ~150 mg (0.2 mmol, 5% yield) of

5,10,15-tris(pentafluorophenyl)corrole (1).

In the second, neat method, reaction between pentafluorobenzaldehyde and pyrrole was
performed in six small vials with specially fitted stirrers. 0.45 g (2.3 mmol)
pentafluorobenzaldehyde was added to each vial. While stirring, 150 puL (2.2 mmol)
pyrrole were added. The reaction is exothermic, and some boiling could be seen initially.
The mixture quickly turned black, and the viscosity increased to produce a tar. The vials
were allowed to sit with no external heating for ~60 minutes. The tar in each vial was then

dissolved in CH,Cl,, and all six solutions were combined in a single flask. 1.5 g (6.6
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mmol) DDQ were again added, and the reaction and purification proceeded as above.

This method afforded approximately the same yield as the original method. Both of these
methods showed very little ability toward scaling up, with overall yield plummeting upon

any attempt.

The third method for synthesis of free-base, and the one that is currently in use in the
group, is a variation of the neat method. To a 250 mL round bottom flask were added, in
order while stirring, 1.73 mL (14 mmol) pentafluorobenzaldehyde, 140 uL of a prepared
TFA solution (0.5 mL TFA in 5 mL CH,Cl,, overall amount of TFA added was 0.17
mmol), and 1.46 mL (21 mmol) pyrrole. The mixture was allowed to react for 10 minutes,
during which time the methylene chloride was evaporated by the exothermic reaction,
leaving a black tar. The tar was then dissolved in ~100 mL CH,Cl,, and 3.8 g (16.7 mmol)
DDQ were added. This solution was allowed to stir for 5 minutes, after which 7 grams of
silica gel were added and purification proceeded as above. Attempts to scale up this
reaction reduced overall yield and ran into great problems with the first column, in that the
amount of tar produced was too great to readily adsorb on the silica gel. Adding more
silica gel resulted in larger product bands on the column, and overall separation was greatly
reduced. However, given the short amount of time needed to run the reaction by this
method, two batches could be prepared at once and run through the large column
separately. The two runs could then be combined and separated together on the second
column (which, conveniently, was the longer of the two). This method afforded ~250-300
mg of product (3.3-4% yield). While this was a slight decrease in overall yield of the

reaction from the first method, the cost is outweighed by the more than two-fold decrease
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in time necessary to obtain the same amount of corrole by the two methods. It should

also be noted that these yields are those obtained by this researcher in this work. Reported

(1]

yields for the first reaction are twice that obtained herein' *. The reaction for the current

method is shown in scheme 2.1.

2,17-bis(sulfonato)-5,10,15-tris(pentafluorophenyl)corrole (2) was prepared from 1 in the
following manner"™. 80 mg (0.1 mmol) of 1 were dissolved in ~2 mL chlorosulfonic acid,
in a 50 mL round bottom flask, and the solution was stirred for 5-10 minutes at room
temperature. The flask was then cooled in an ice bath, and ice chips were added directly to
the solution to quench the acid. Care must be exercised at this point in the size of the chips
added. A large chip would cause the solution to pop out of the flask. Once the reaction
was quenched, as evidenced by no further gas evolution upon addition of more ice, the
flask was filled with deionized water, and the liquid was poured into a 500 mL separatory
funnel. The flask was then rinsed with CH,Cl, to dissolve any residue left, and this was
added to the funnel, along with ~20 mL more CH,Cl,. The funnel was shaken, and the two
phases allowed to separate, followed by collection of the organic phase. The aqueous
phase was washed with two more portions of methylene chloride, and these organic phases
were combined with the previous one. The aqueous phase was then discarded, and the
combined organic phases were washed three times with deionized water, with only the
organic phase being kept between washings. Once washed, the solvent from the organic
phase was evaporated, leaving a green residue, identified as a bis(chlorosulfonated) corrole
(C1-2). This solid could be scraped off the flask to afford a powder. The powder was

added to a 250 mL round bottom flask along with ~150 mL deionized water, and the liquid
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was refluxed 12-16 hours, during which time the solution changed from colorless to a

dark green, indicating presence of the water-soluble 2. After evaporation of the water, ~65
mg of 2 could be recovered (0.068 mmol, 68% yield from 1). This is a remarkable reaction
in its specificity. With no control over the number of substituents introduced to the P
positions of the ring, there are 140 possible substitution patterns that are possible, ranging
from unsubstituted to octasubstituted. This reaction provided one main isomer, with less
than 5% contamination of a symmetrically substituted bis(sulfonated) isomer (3,17-

bis(sulfonato)-5,10,15-tris(pentafluorophenyl)corrole).

Metallocorroles

5,10,15-tris(pentafluorophenyl)corrolato-gallium(III) monopyridine (1-Ga) was prepared
from 1 by refluxing the free-base with a large excess of gallium(III) chloride in pyridine for
one hour under inert atmosphere. Care must be exercised as gallium(III) chloride is very
air sensitive. While the reaction can be done open to air, overall yield is reduced, and a
larger excess of metal salt is needed. After the reaction was complete, the solvent was
evaporated, and the compound was purified by use of the small column procedure outlined
above, using a mixture of hexanes, methylene chloride, and pyridine (100:30:0.5) as eluent,

and collecting the fluorescent fraction. The reaction provided 1-Ga in overall ~80% yield.

2,17-bis(sulfonato)-5,10,15-tris(pentafluorophenyl)corrolato-gallium(III) monopyridine, 2-
Ga, was prepared in the same manner as 1-Ga, starting from 2 and with the use of

methanol:pyridine (19:1) as eluent for the column purification.
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The synthesis of 5,10,15-tris(pentafluorophenyl)corrolato-tin(IV) chloride, 1-Sn, started

with dissolving 1 in DMF, followed by addition of 10-fold excess tin(II) chloride dihydrate.
The solution was refluxed for 30 minutes, followed by evaporation of the solvent. The
residue was dissolved in CH,Cl, and filtered, and the filtrate was washed with concentrated
HCI. The desired compound could be recrystallized from a mixture of hexanes and

dichloromethane, with an overall yield of ~85%.

As with the gallium reactions, the initial metallation step in the synthesis of 2,17-
bis(sulfonato)-5,10,15-tris(pentafluorophenyl)corrolato-tin(IV) hydroxide, 2-Sn, was the
same as its nonsulfonated counterpart, refluxing 2 in DMF with an excess of metal salt for
30 minutes. However, 2-Sn is a water-soluble complex; therefore washing with
concentrated HCl was not feasible, as the compound partitioned itself between the two
layers. While the crude reaction mixture showed evidence of the tin corrole chloride, the
CI' ligand exchanged for a hydroxide ligand over time. The transformation could be
hastened by running the compound through a silica gel column, providing 2-Sn in 90%

yield.

2,17-bis(sulfonato)-5,10,15-tris(pentafluorophenyl)corrolato-manganese(Ill), 2-Mn, was
prepared from 2 and manganese(Il) acetate tetrahydrate. Equal masses of the two
compounds (a four-fold excess of manganese salt) were dissolved in DMF and refluxed for
15-30 minutes. After reflux, the solvent was evaporated and the compound was purified by

running it through a small column using ethanol as eluent, giving 2-Mn in ~90% yield.
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The final metallocorrole synthesis considered in this project was that of 5,10,15-

tris(pentafluorophenyl)corrolato-indium(IIl) chloride anion, 1-In. Initial work with this
compound focused on the addition of 1 to indium(Ill) chloride in refluxing DMF under
argon. The crude reaction mixture showed evidence of 1-In after 5 minutes and no further
reaction after 30 minutes. However, attempts to separate this product from the numerous
byproducts proved unsuccessful. When the same reaction was repeated in pyridine, in an
experiment analogous to the synthesis of 1-Ga, similar results were observed, and again
numerous byproducts were seen. However, when the reaction conditions were changed, a
very clean synthesis of 1-In was discovered. In this synthetic pathway, 1 was added to a
five-fold excess of indium(IIl) isopropoxide (5 w/v% in 2-propanol; used as solvent).
Initially the reaction was stirred at room temperature and monitored by UV-vis. Under
these conditions, there was evidence of a corrole product growing in at 30 minutes.
Complete reaction took 36 hours. In later experiments, the solution was heated to reflux,
and overall reaction time was reduced to 1 hour. Mass spectra of the crude reaction
mixture revealed it to be very clean, with 1-In the only corrole species evidenced. Note
that this is without the deliberate addition of any chloride containing species, and the
product was only observed as a monoanion. However, any attempts to perform further
experiments with the compound, or even to store it for a period of time, showed it to

decompose back to 1 and an unidentified indium salt (likely In(OH)s).
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'"H NMR Data® ! 15 16]
1 (CDClL) - & = 9.10 (doublet, J = 4.4 Hz, 2H), 8.75 (doublet, J = 4.4 Hz, 2H), 8.57

(doublet, J = 4.4 Hz, 4H), -2.25 (broad singlet, 3H).

2 (CD;0OD) - 6 = 9.68 (broad singlet, 1H), 9.14 (doublet, ] = 4.8 Hz, 1H), 8.98 (doublet, J =
4.8 Hz, 1H), 8.90 (broad singlet, 1H), 8.86 (doublet, ] = 4.8 Hz, 1H), 8.84 (doublet, J = 4.8

Hz, 1H).

Cl-2 (CDCl3) - & = 9.44 (singlet, 1H), 8.95 (singlet, 1H), 8.60 (doublet, J = 5.0 Hz, 1H),
8.50 (doublet, J = 5.0 Hz, 1H), 8.41 (doublet, J = 5.0 Hz, 1H), 8.18 (doublet, ] = 5.0 Hz,

1H).

1-Ga (C¢Dg) - & = 9.20 (doublet, J = 4.1 Hz, 2H), 8.88 (doublet, ] = 4.4 Hz, 2H), 8.74
(doublet, J = 4.0 Hz, 2H), 8.66 (doublet, J = 4.6 Hz, 2H), 4.89 (triplet, J = 7.9 Hz, 1H), 4.32

(unresolved triplet, 2H), 2.84 (unresolved doublet, 2H).

2-Ga (CDsOD) - 6 =9.77 (singlet, 1H), 8.77 (singlet, 1H), 8.70 (doublet, J = 4.8 Hz, 1H),
8.57 (doublet, J = 4.8 Hz, 1H), 8.48 (triplet, J = 4.3 Hz, 2H), 8.27 (broad singlet, 2H), 7.71

(unresolved triplet, 1H), 7.30 (broad singlet, 2H).

1-Sn (CDCly) - & = 9.4 (doublet, J = 4.3 Hz, 2H), 9.0 (doublet, J = 4.9 Hz, 2H), 8.9

(multiplet, 4H).

2-Sn (CD;0D) -  =10.04 (s, 1H), 9.04 (doublet, J = 4.8 Hz, 1H), 8.96 (singlet, 1H), 8.94

(doublet, J = 5.2 Hz, 1H), 8.84 (doublet, J = 4.3 Hz, 2H).
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Mass Spectral Data

The mass spectrum for 2-Ga was obtained from MALDI-TOF experiments. Other mass
spectra were obtained by electrospray ionization. Species represented by each peak are
given, where M is the parent molecule as shown in schemes 2.3 and 2.4. Percentages given

are relative peak intensities. See figures 2.6-2.11 for actual versus predicted spectra.

1-m/z=797.1 [M+H]", 795.1 [M-H]

2~ m/z = 954.8 [M-H]

1-Ga —m/z = 941.7 [M+H]"

2-Ga—m/z=1021.9 [M-CsHsN]"

1-Sn — m/z=913.1 [M-CI] (23.6%), 1001.0 [M+3(H,0)-H] (100.0%)

2-Sn — m/z = 1026.9 [M-OH+CI-SO;H] (100.0%), 1106.8 [M-OH+CI-H] (60.8%)

2-Mn — m/z = 1006.8 [M-H] (35.4%), 1029.0 [M-2H+Na] (100.0%)
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Figure 2.6. Actual (left) versus predicted (right) mass spectra for a)
[1+H]" and b) [1-H]J.
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Figure 2.7. Actual (left) versus predicted (right) mass
spectra for [2-H].
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Figure 2.8. Actual (left) versus predicted (right) mass spectra for a) [1-Ga+H]"
and b) [2-Ga-CsHsNT".
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Figure 2.9. Actual (left) versus predicted (right) mass spectra for a) [1-Sn-CI]°
and b) [1-Sn+3(H,0)-H]".
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b) [2-Sn-OH+CI-H]
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Figure 2.10. Actual (left) versus predicted (right) mass spectra for a) [2-Sn-OH+CI-

S,0;H] and b) [2-Sn-OH+CI-HJ".
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b) [2-Mn-2H+Na]
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Figure 2.11. Actual (left) versus predicted (right) mass spectra for a) [2-Mn-H] and b)
[2-Mn-2H+Na]".
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Chapter 3

ELECTRONIC STRUCTURES AND ABSORPTION SPECTRA

Gouterman Four-Orbital Model

Martin Gouterman first proposed the four-orbital model in the 1960s to explain the

absorption spectra of porphyrins (17, 18]

. According to this theory, the absorption bands in
porphyrin systems arise from transitions between two HOMOs and two LUMOs, and it is
the identities of the metal center and the substituents on the ring that affect the relative
energies of these transitions. The HOMOs were calculated to be an a;, and an ay, orbital,
while the LUMOs were calculated to be a degenerate set of e, orbitals (see figure 3.1).
Transitions between these orbitals gave rise to two excited states, both of 1Eu character.
Orbital mixing splits these two states in energy, creating a higher energy 'E, state with

greater oscillator strength, giving rise to the Soret band, and a lower energy 'E, state with

less oscillator strength, giving rise to the Q-bands.

Corrole Four-Orbital Model

Work first by Hush and co-workers!'”), and later more quantitatively by Ghosh and co-
workers®”, has shown that this four-orbital model also holds for corrole systems.
However, the quantitative treatment is not necessary for a basic understanding of the

corrole four-orbital model. Instead, a qualitative understanding can be achieved by

considering what happens to the porphyrin orbitals when the corrole C,, symmetry is
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Figure 3.1. Porphyrin HOMOs (bottom row) and
LUMGOs (top row) (as shown in reference 17). In the
corrole C,, symmetry, the e, orbitals transform as an a,

and a by; the ay, transforms as a by; the a;, transforms as
an a, orbital.
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imposed. The a;, and a,, porphyrin HOMOs become a, and by, respectively, and the e,

LUMGOs split into another set of a, and b; orbitals. Transitions between these give rise to
four excited states, two 'A; and two 'B, (see figure 3.2). Again, orbital mixing will split
the relative energies of these states as shown in figure 3.2. This mixing will affect the
relative oscillator strength of the states as with porphyrins, and the relative intensities of the
bands remains unchanged, the Q-bands are still much weaker than the Soret (see table 3.1).
As well, the Soret band of corroles would now be expected to split, unless the transitions to
these states are accidentally degenerate. However, in the cases of the corroles studied here,
the metal complexes show no splitting of the Soret band (not to be confused with the
vibronic shoulder seen on this band for the metallocorroles). 1 does show a wider Soret
band than in the metallocorrole cases, indicating some unresolved splitting, and in 2 the

splitting is observed, though the peaks are not resolved to baseline (see figures 3.3-3.5).

In Ghosh'’s calculations, he showed that an unsubstituted gallium corrole (that is, with only
hydrogens at the eight  and three meso positions) had two nearly degenerate HOMOs and
two nearly degenerate LUMOs, and that these frontier orbitals were “well-separated

1201 As well, his calculations

energetically from the rest of the orbital energy spectrum.
showed that the HOMOs and LUMOs both did indeed consist of one a, and one b, orbital.
In considering the relative energies for the two HOMOs, a crude approximation can be
made by comparison to the a;, and a;, HOMOs of a metalloporphyrin. As stated above,
theoretical desymmetrization of these orbitals transforms them to a, and b, respectively.

Thus, like the a;, porphyrin orbital, the a, corrole orbital has very little to no amplitude at

the meso positions, while the b, has large amplitude at these positions, as does the ay, in the
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Figure 3.2. a) Orbital diagrams showing possible transitions for
porphyrins and corroles. Note that while the HOMOs are shown to be
degenerate in both cases, the actual relative energies will depend on the

substitution of the rings. b) State diagrams showing possible excited
states for porphyrins and corroles. Relative energies for the porphyrin
case are taken from reference 17. In the absence of quantitative data
for the corrole case, the states are shown as two sets of accidentally
degenerate states.



C nd Soret bands Q-bands
ompou A[nm] (e x 10° M *em™']) | A [nm] (e x 107 [M"*cm™))
1 (CHCL,) 408 (114.0) 560 (17.6), 602 (9.3)
2 (pH 7.0 buffer) 414 (71.0), 430 (62.0) 588 (15.0), 620 (27.0)

1-Ga (CH2C12)

398 (57.3), 420 (284)

568 (17.1), 594 (23.6)

2-Ga (pH 7.3 buffer) 424 (75.0) 588 (13.6), 610 (17.3)
1-Sn (CH,Cl,) 396 (47.0), 416 (215) 566 (15.0), 588 (14.0)
2-Sn (MeOH) 424 (140) 582 (16.0), 602 (18.0)

Table 3.1. Absorption peaks and epsilons for the 6 closed shell corroles.




40

120000 1
M —
100000 / \
§ 80000 / /X
= 60000 /\v
c
E /)
® 40000
Q.
: /) ~
A
0 T T T T T T
350 400 450 500 550 600 650 700
Wavelength (nm)

Figure 3.3. Absorption spectra of 1 (blue) and 2 (pink).
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porphyrin case. Therefore, in the cases of the corroles used in this study, with very

electron withdrawing pentafluorophenyl groups in the meso positions, the b; orbital should
be stabilized (lowered in energy), making the a, orbital the higher of the two HOMOs when
the degeneracy is broken. However, it has been shown with porphyrins that the main effect
of a metal in the system is conjugation of its p, orbital with the n electrons of the ring, and
because of the nodal properties of the HOMOs, the metal can only interact with the a,,

orbital!!”!

, or the b; corrole orbital. A more electropositive metal will raise the energy of
this orbital and can be evidenced by a red-shifting of the visible bands of the spectrum.
Therefore the relative energies of the two HOMOs in a porphyrin or corrole will depend on

the combination of these two factors.

These assumptions can be shown to hold by consideration of the absorption spectra of the
free-bases, gallium, and tin complexes used in this study. Consider first the gallium versus
tin species. In both the sulfonated and non-sulfonated cases, the bands of the gallium
corrole are red-shifted with respect to those of the tin corroles. The ionization potential of
the gallium(III) ion is 64 eV, and the ionization potential of tin(IV) is 72.28 eV?'. Thus,
gallium(III) has a lower electron affinity and is expected to be more electropositive, and the

red-shift of the absorption bands is as expected.

The effect of B substituents on the corrole ring is harder to predict qualitatively. However,
if the HOMOs and LUMOs of the corrole do resemble their porphyrin counterparts, the b;
HOMO should have little to no electron density on the B carbons, the a, HOMO should

have electron density clouds with large lobes on the a carbons and smaller lobes on the 3
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carbons, and the LUMOs should have clouds with small lobes on the o carbons and large

lobes on the B carbons. Thus a B substituent should not interact with the b; orbital, but
should have some interaction with the a, orbital, and a larger interaction with the LUMOs.
Therefore, to a first approximation, an electron withdrawing group, such as the sulfonyl
groups used here, would be expected to stabilize the LUMOs more than the HOMOs,
lowering the gap and producing an overall red-shift in the spectrum. The fact that this is
indeed what is observed when comparing each non-sulfonated corrole to its sulfonated
counterpart would give some credence to this theory. However, care must be taken in
ascribing the absorption shifts to this effect. The relative energetics with regard to the
substituents on a corrole are delicately balanced, and the specific mechanisms producing

the shifts are not fully understood.

Conclusions

Comparisons between corrole spectra and porphyrin spectra would seem to indicate that the
Gouterman four-orbital model widely used to explain porphyrin absorption should be valid
for corrole absorption as well. By imposing the symmetry restrictions of a corrole on the
frontier orbitals of porphyrins, the model can be adapted for corroles, and it is seen that it
does indeed describe the electronic spectra very well. Even under the reduced symmetry of
corroles, the transitions between excited states show the same mixing effects as porphyrins,
providing relatively high intensity Soret bands at lower wavelengths, and relatively low

intensity Q-bands at higher wavelengths. Interestingly, while the Soret bands are no longer
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required to be degenerate, only the free-base complexes show any evidence of splitting

of these bands.

As well, by applying the corrole symmetry to the porphyrin orbitals, correlations can be
made regarding the electronic nature of the corrole HOMOs and LUMGOs, allowing first
order predictions as to the effects of meso and B substituents, and the effect of the metal ion
in metallocorroles. These predicted effects can be seen in the absorption spectra of the

corroles, further validating the use of the four-orbital model for these systems.
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Chapter 4

PHOTOPHYSICS

One only has to attempt the synthesis of 1 to truly appreciate the fluorescence properties of
the molecule. On a column that is completely black with products, a single band shines
brightly under long-wavelength UV light, identifying the corrole. @A question that
immediately comes to mind when observing this concerns the quantification of these

properties.

Work on photophysics focused mainly on the excited singlet state of the corroles, though
some work on characterization of the excited triplet state will be presented at the end of this

chapter.

Singlet Emission and the Four-Orbital Model

Looking first at the metallocorrole complexes, the effects predicted by the four-orbital
model can again be seen (see table 4.1). The fluorescence of the complexes with the more
electropositive gallium(IIl) show a red-shift in comparison to their counterparts with the
less electropositive tin(IV) centers. And, as with the absorption spectra, a red-shift is also
seen when keeping the metal identity the same and changing the identity of the P
substituents from hydrogen to sulfonate groups (see figures 4.1, 4.2). It can also be seen
that each of the corrole emission spectra has a vibronic band 1300-1400 cm™ to the red of

each peak.



Compound | Emission Peak (nm)

1 648
2(pH7) 632

2 (pH?2) 628, 664
1-Ga 607
2-Ga 629
1-Sn 605
2-Sn 615

Table 4.1. Peak positions for singlet

emission of the corroles used in this study.
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Figure 4.1. Singlet emission spectra for 1-Ga (blue, in toluene) and 2-Ga
(pink, in pH 7.0 buffer). Peak intensity is normalized to 1 (arbitrary units).
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Figure 4.2. Singlet emission spectra for 1-Sn (blue, in toluene) and 2-Sn
(pink, in pH 7.0 buffer). Peak intensity is normalized to 1 (arbitrary units).
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On first glance, it would appear that the situation is very different for the two metal-free

corroles (see figure 4.3). In this pair, it is the emission of the nonsulfonated corrole that is
significantly red-shifted in comparison to the sulfonated. While this could appear to be a
demonstration of the unpredictable effects of B substitution, closer inspection reveals the
difference lies in the nature of the emitting species. While all the other corroles studied
here show a 10-20 nm difference between the emission peak and the lowest energy Q-band
peak, the difference in 1 is 46 nm. This difference can be explained by the protonation
state of the molecule. The spectrum of 2 was measured in pH 7.0 buffer. However, as seen
in chapter 2, at this pH one of the core protons of 2 has been lost, reducing the steric strain
on the molecule, and this spectrum is really the singlet emission of 2. Note that the
spectrum of 1 was measured in toluene, which would not give it the same opportunity for
deprotonation as 2. Thus, to gauge the effect of the sulfonate groups for these molecules, a
comparison must be made between 1 and 2 at an intermediate pH where 2 will be core
neutral, such as pH 3.8 (see figure 4.4). From these spectra, it can be easily seen that the
effect of the sulfonate groups does indeed hold for the free-base corroles, and a red-shift is
observed between like species. It is also expected that if 1 were to be deprotonated to 17,

the fluorescence spectrum would blue-shift 25-35 nm.

An interesting effect is seen upon further protonation of 2, as seen in figure 4.5. The
emission spectrum for 2" shows a peak slightly blue-shifted compared to the peak of 2°. If
steric distortion is responsible for the large red-shift observed in going from 2" to 2, these
data would suggest that the distortion is counterbalanced when a fourth proton is added to

the corrole macrocycle. This can be explained by the fourth proton adding to the opposite
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Figure 4.3. Singlet emission spectra for 1 (blue, in toluene) and 2 (pink, in
pH 7.0 buffer). Peak intensity is normalized to 1 (arbitrary units).
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Figure 4.4. Singlet emission spectra of 1 (blue, in toluene), 2° (pink, in pH
7.0 buffer), and 2 (green, in pH 3.8 buffer). Peak intensities have been
normalized to 1 (arbitrary units).
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side of the corrole than the previous proton, forcing the macrocycle to distort back

toward planarity. An idealized case is shown in figure 4.6. It is important to note that
while the pyrrole rings in the figure are all shown as being perfectly planar, this is not
likely to be the case. However, the rings are likely closer to being in the mean plane of the

four nitrogens of 2" than in the case of 2.

Singlet Lifetimes

This part of the project also investigated lifetimes of corrole singlet excited states by
monitoring emission with a picosecond laser and streak camera set up. The data for 1 are
shown in figure 4.7, along with the lifetime fit. As seen in the figure, the lifetime of 1 can
be calculated to be 5 nanoseconds. The figure also illustrates a problem encountered in the
measurement of these lifetimes, namely multiple decay times. The data for 1 show ~25%
decaying with a lifetime of 1 nanosecond. It is thought that this is due to oxygen
quenching. While care was taken to degas the solution (three freeze-pump-thaw cycles),
the lifetimes (and as will be seen shortly, the quantum yields) show great sensitivity to the
presence of any oxygen. While this makes absolute determination of the lifetimes difficult,
they can still be estimated, albeit with proportionally large error bars. All six of the

fluorescent corroles tested herein were found to have singlet lifetimes of 5 + 3 ns.

Singlet Quantum Yields

The final characterization of the singlet excited state was measurement of the quantum

yields. Much like the lifetimes, the quantum yield measurements suffered from
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Cd

Figure 4.6. An idealized planar structure of 2"
Note that while the pyrrole rings are shown as being
in the mean plane of the four nitrogens, this is not
likely to be the actual case. See text for further
discussion.
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reproducibility problems. Through variations in the concentration of the solutions used,

the standard used, and the methods used to prepare the solutions, yields varying by a full
order of magnitude were obtained. Reported here are best values based on a number of
experiments on degassed solutions in which care was taken to avoid aggregation effects,

and with a standard that has been very well studied in the group, ruthenium trisbipyridine.

The general set-up used for measuring quantum yields involved the preparation of solutions
of the compounds at low concentrations. For the particular fluorimeter used for these
experiments, overall absorbance at the excitation wavelength needed to be below 0.1
absorbance units to ensure linearity of response. In general, the solutions used herein were
kept at absorbances below 0.05 units. A solution containing ruthenium trisbipyridine was
also made to the same specifications. All solutions were made to have approximately the
same absorbance at the excitation wavelength for a given set of experiments. The solutions
were degassed by three freeze-pump-thaw cycles in atmosphere controlled cuvettes, and
the emission spectra were measured. The quantum yields were then calculated from the

following equations!**):

W’ j jF(v)dv A,y (eq.4.1)

D, =0 ref .
! ! [nrzef A '[Frqf' (V)dv

F(v)=FA\)X (eq. 4.2)

In eq. 4.1, @ is the quantum yield (0.042 for Ru(bpy)s), n is the refractive index of the

solvent, [F(v)dv is the area under the curve of fluorescence intensity vs. wavenumber, and
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A is the absorbance at the excitation wavelength (430 nm for these experiments).

Unsubscripted quantities are those of the sample; quantities subscripted “ref” are for the
reference solution. Since the fluorescence spectra were measured versus wavelength,
equation 4.2 was used to convert the intensities to a function of wavenumber. Due to the
various solubilities of the corroles, no one solvent could be used for all six, so several
solvents were used. Table 4.2 presents the average results from these experiments. Given

the spread of values obtained, the errors in these numbers are estimated to be + 15%.

As can be seen in the table, the free-base and gallium corroles all possess quantum yields of
10% or higher, while the tin complexes are roughly an order of magnitude lower, as
expected, given that the heavy atom effect should come into play for the tin corroles,

promoting intersystem crossing to the triplet state.

Triplet States

An attempt was also made to detect the presence of this triplet state for four metallocorroles
through the use of transient absorbance, thereby giving lifetime information as well. The
triplet lifetime of 1 had previously been measured at 870 ps™®l.  The metallocorrole
solutions were observed at 850 nm, beyond the presence of any intensity from
fluorescence. In all four cases, a long-lived excited state was observed, and like the singlet
observations, the decay was biexponential, with ~80% of the sample decaying with the
shorter lifetime. These lifetimes are given in table 4.3. The biexponential nature of the
decays again gives evidence of the sensitivity of these compounds to oxygen and

concentration effects. While the solutions were made in as low a concentration as feasible



Compound | Of

1 0.10
2(pH7.0) | 0.18
2(pH2.1) | 0.03

1-Ga 0.16
2-Ga 0.15
1-Sn 0.01
2-Sn 0.03

Table 4.2. Quantum yields for fluorescence
of corroles in this study. 1, 1-Ga, 1-Sn were
measured in toluene, 2 in buffer at given
pHs, 2-Ga in methanol, and 2-Sn in
isopropanol. Error is estimated at 15%.

59



T1(us) | T2(ms)
1-Ga 110 0.45
2-Ga 730 2.0
1-Sn 100 1.0
2-Sn 120 1.2

Table 4.3. Excited triplet lifetimes for four

metallocorroles.
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to still obtain a measurable transient absorbance signal, it is possible that even at this

concentration there was some corrole aggregation. No aggregation effects were seen in this
concentration range by absorbance, however. Given the previously measured lifetime of 1,
it seems reasonable that the triplet state could decay with the shorter lifetimes measured, as

the heavy atom effect would be expected to shorten this value compared to the free-base.
Conclusions

The relative positions of the singlet emission bands of the corroles provide further support
for the four-orbital model discussed in chapter 3. As well, it has been seen that the position
of the singlet emission bands for the free-bases can be used to determine the protonation

state of the molecule, or at the least, give an estimate of the planarity.

While the excited states of these compounds show great sensitivity toward concentration
and oxygen, their quantum yields and lifetimes can be estimated. Interestingly, the
quantum yields measured for the free-bases and gallium complexes (10 and 18% for the
free-bases, 15 and 16% for the gallium corroles) are much higher than their porphyrin
counterparts. Tetrakis(pentafluorophenyl)porphyrin has a measured quantum yield of

24 It is believed that

3.2%*, and the zinc complex has a measured quantum yield of 7%!
the greater quantum yields for the corroles are properties related to the direct pyrrole-
pyrrole linkage, as this structural element makes the macrocycle more rigid, thereby
disfavoring relaxation to the ground state through ring bending and stretching. This effect
is also manifested in the lifetimes of porphyrins, as evidenced by the much shorter singlet

lifetime (<1.0 ns) of zinc tetrakis(pentafluorophenyl)porphyrin'**.
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Chapter 5

INTERACTIONS WITH HSA

The data in this chapter concerning 2, 2-Ga, and 2-Mn have been reproduced in part with
permission from “Amphiphilic Corroles Bind Tightly to Human Serum Albumin,”
Mahammed, A.; Gray, H. B.; Weaver, J. J.; Sorasaenee, K.; Gross, Z., Bioconj. Chem.
2004, /5, 738. Copyright 2004 American Chemical Society. Interactions between HSA

and 2-Sn will be considered after this section.

Introduction

The bioinorganic chemistry of porphyrins is a broad field, ranging from natural to
completely synthetic systems. The field also includes work on a large variety of porphyrin-
like molecules (porphyrinoids), such as the chlorophyll-related chlorins and
bactereochlorins as well as completely synthetic phthalocyanines and expanded

25,2601 A great deal of research has been devoted to the interactions of

porphyrins!
porphyrinoids with biomolecules, owing to their tendency to accumulate in cancer cells and
to intercalate DNAP" 2! Surprisingly, although corroles have been known for almost four

decades'®” I

, there has been very little work on their interactions with biological
molecules. This situation does not reflect a lack of interest in these tetrapyrrolic

macrocycles (they are related to the cobalt-chelating corrin in vitamin Bj, by virtue of an

identical carbon skeleton and to porphyrins by being fully conjugated), but only because
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their syntheses heretofore have been long and tedious. This situation has recently

changed in dramatic fashion: facile synthetic methodologies have been introduced during

the last 5 years, allowing for the preparation of more than 100 new corroles!'" ' 3!,

transition metal complexes (Cr, Mn, Fe, Rh) of the most extensively investigated derivative

(tris(pentafluorophenyl)corrole, 1) function as versatile catalysts for a variety of organic

reactions!'® ****); and the Ga(III) and AI(IIT) complexes of corrole 1 are highly fluorescent,

8, 44] In

with quantum yields (0.37 up to 0.76) that exceed those of all other porphyrinoidst
addition, it has been discovered recently that electrophilic substitution of 1 offers a facile
and highly selective synthetic method for the preparation of corroles with polar head
groups located in only one half of the macrocycle (amphiphilic corroles)!'™ *1. This finding
is key for the utilization of corroles in biological systems, since amphiphilic porphyrinoids

have been shown to be the molecules of choice for many applications!****.

As the most abundant protein in blood plasma, human serum albumin (HSA) plays a role in

[49-51

many biological processes®°!. Available are high resolution X-ray structures of HSA as

well as information about its binding affinities to many natural and synthetic molecules®”.
However, with the exception of one preliminary report, there are no X-ray structures of
HSA conjugates with any porphyrinoid or related macrocyclic molecule™. Accordingly,

information about noncovalent binding of porphyrinoids to HSA comes from data acquired

by spectroscopic methods®™¥. Selected results from such investigations are set out in table

5 1[55-64]



No. Ligand® Binding sites Association constant, | Method | Ref.
K M)

1 uroporphyrin [ N=1 (8.8 +£0.51)*10* b [55]

2 uroporphyrin I N=1 2.0*10* c [56]

3 | heptacarboxylporphyrin N=1 (2.39 £0.16)*10° b [55]

4 coproporphyrin I N=1 (1.61 £0.11)*10° b [55]

another weak site (3.1+0.3)*10° b

5 coproporphyrin I N=1 (1.3 £0.11)*10° d [56]

6 protoporphyrin IX N=1 (9.34 +£0.3)*10° b [55]

7 protoporphyrin IX N=1 0.5%10° c [57]

8 protoporphyrin IX N=1 1.3*10° c [56]

9 protoporphyrin IX N=1 2.8%10° e [58]

10 hemin Nairong= | 5%10’ f&c [59]

Nyear> 4 —

11 mesoporphyrin IX (2.5 £0.7)*10’ € [60]

12 | Mg-mesoporphyrin IX (1.7 £0.5)*10’ e [59]

13 Al (PcS1) Nstrong= 1 (4.2 +£0.8)*10’ f [61]
Nyea= 8 (3.8 £0.9)*10*

14 Al (PcS2) (opp) Ntrong= 1 (2.8+1.1)*107 f [61]
Nyea= 8 (4.0 +£0.7)*10*

15 Al (PCSZ) (ad_]) Nstrong cooperative site— 1 (58 + 06)*106 f [61]
Nyear= 8 (2.7+0.8)*10*

16 Al (PCS3) Nslrong cooperative site — 1 (25 +1 2)* 106 f [6 1]
weak™ (2.5+0.7)*10*

17 Al(PcS4) nonsaturable -—-- f [61]

18 Al(PcS2) 10° f [62]

19 tpss (5.0 £2)*10° f [63]

(0.2 +0.1)*10° c
20 Zn(2,6-Cl, 3SO;H)tpp N=7 — f [64]

64

a) Abbreviations: PcS1, PcS2, PcS3, PcS4: phthalocyanine with 1, 2, 3, and 4 sulfonato groups,
respectively, where opp and adj stand for the relative positions of the sulfonato groups in PcS2 on opposite
and adjacent benzopyrrole rings, respectively; tpss: 5,10,15,20-tetrakis(p-sulfonatophenyl)porphyrin; (2,6-

Cl, 3-SO;H)tpp: 5,10,15,20-tetrakis(2,6-dichloro-3-sulfonatophenyl)porphyrin. b) Affinity capillary
electrophoresis. ¢) Fluorescence quenching of HSA by the porphyrinoid. d) Equilibrium dialysis. €) HSA-
initiated changes in the fluorescence of the porphyrinoid. f) HSA-initiated changes in the absorbance of the

porphyrinoid.

Table 5.1. Association constants of HSA:porphyrinoid conjugates.
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In many cases, the conclusions about the number of binding sites and the association

constants are based on a limited number of spectroscopic measurements, a likely reason for
the significant scattering in published results that is evident from inspection of rows 6-9.
Nevertheless, it is clear that only negatively charged porphyrinoids associate with HSA;
and, in most cases, the protein has one well-defined high-affinity site and several other
lower-affinity sites®". Another important finding is the inverse relationship between the
association constants and the number of charged groups. The strongest association to HSA
occurs with porphyrinoids that contain only two carboxylato or sulfonato groups located on
the pyrrole, benzopyrrole, or phenyl rings. Intriguingly, these dipolar and amphiphilic
molecules are also the most active derivatives in photodynamic therapy. A major
drawback, however, is that porphyrins or phthalocyanines with a limited (<4) number of
polar head groups are not readily accessible, as illustrated by the bis-sulfonated
phthalocyanines that are obtained and used as a mixture of at least eight nonseparable

isomers, even after separation of derivatives with a different degree of sulfonation'®.

In sharp contrast to all other synthetic porphyrinoids, the amphiphilic 2,17-bis(sulfonato)-
5,10,15(trispentafluorophenyl)corrole (2) with its two precisely located sulfonate groups
can be obtained in very simple synthetic steps from readily available starting materials'"™
1 Accordingly, investigations of the association of 2 and its gallium(Ill) and
manganese(Ill) complexes (2-Ga, and 2-Mn, respectively) to HSA were performed as a
first step toward utilization of corroles in bioinorganic applications. Employing several

complementary physical methods, it was found that all three corroles form noncovalent

conjugates with HSA. The binding affinities of these conjugates decrease according to 2 >
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2-Ga > 2-Mn. It is apparent that corrole 2 and its metal complexes will be fully bound

to HSA under physiological conditions; accordingly, any biological activity observed for

these molecules likely will be attributable to their protein conjugates.

Experimental Procedures

Chemicals. Preparations of corrole 2 and its metal complexes are described in chapter 2,
and in previous publications'> **). HSA was purchased from Sigma (essentially fatty acid
free, catalogue no. A 1887) and used as received. Throughout these studies, 0.1 M
phosphate buffer solutions of pH 7.0 were used. The extinction coefficients of the corroles
under these conditions are: 2: & (414 nm) = 71000 M'cm™; 2-Ga: € (424 nm) = 75000 M
'em™; 2-Mn: ¢ (422) = 21000 M'em™; and for HSA, € (280 nm) = 37400 M'em™.
Importantly, perfectly linear plots of O.D. vs. corrole concentration were obtained in the
range of 10°-10™ M, ruling out self-aggregation phenomena at the concentrations that were
used in these studies. Further support for this conclusion comes from the practically
identical extinction coefficients measured in aqueous and polar organic solvents (CH3;CN,

MeOH).

Electronic Spectroscopy. UV-vis absorption measurements were performed on a
HP8452A diode array spectrophotometer, using 3 mL of corrole solutions at 2-10 x 10° M

and adding either pL portions of HSA solution or mg amounts of solid HSA.

Emission Spectroscopy. The fluorescence of HSA or the corroles was measured on an

AB2 Luminescence Spectrometer. For titration of HSA’s fluorescence, pulL portions of
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concentrated corrole solutions were added to 3 mL solutions of HSA wherein the

absorbance at the excitation wavelength of 280 nm was less than 0.15. For titration of 2 or
2-Ga, either pL portions of a concentrated HSA solution or mg amounts of solid HSA were
added to 3 mL solutions of the corroles until no further changes in the emission intensity

occurred.

Circular Dichroism Spectroscopy. CD spectra were recorded in the visible range on an
Aviv model 62A DS Circular Dichroism Spectrometer using 3 mL of corrole solutions at 2-
10 x 10™ M and adding either pL portions of concentrated HSA solution or mg amounts of
solid HSA. UV-CD spectra were recorded using an HSA concentration of 1.8 x 10° M (in

a 4-mm cuvette) and 3.7 x 10° M (in a 10-mm cuvette) with varying ratios of 2-Ga.

Results and Discussion

Binding of Corroles to HSA. Electronic spectra of corroles when treated with increasing
amounts of HSA are shown in figure 5.1. For 2 and 2-Ga, respective shifts of the Soret
bands from 416 to 424 nm and from 424 to 430 nm are observed. For metal-free 2, this
effect could indicate changes in the protonation state of the inner Ny core from triply- to
doubly-protonated. The pKa for this process has been determined to be 5.2 in water'®!, and
it might be quite different in a more hydrophobic environment. However, this explanation
is not believed to be correct: the changes in the Q-bands upon titration with HSA are very

[66], so the

different from those observed upon NH-deprotonation of 2 in aqueous solutions
results are likely attributable to a "solvent effect" that would manifest itself in the interior

of the protein. The same interpretation also accounts for the Soret shift of 2-Ga. Spectral
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Figure 5.1. Changes in the UV-vis spectra of (a) corrole 2 and its metal complexes
(b) 2-Ga, and (c) 2-Mn, upon titration with increasing amounts of HSA. [2]= 2.2 x
10° M, [2-Ga]=2.7 x 10° M, [2-Mn]= 10™* M; [HSAJ= 0-10"* M.
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changes for 2-Mn were most pronounced: most bands just decreased in intensity, but the

480 nm band was clearly replaced by a 492 nm band. It is known that this particular band
(No. V in manganese(IIl) porphyrins) is very sensitive to axial ligation. Adding imidazole
to an aqueous solution of 2-Mn gave almost the same spectrum as addition of HSA,

suggesting the participation of histidine residues in the binding of this metal complex.

In all three cases, there were no more spectral changes after the addition of about 1
equivalent of HSA, suggesting very strong association. More detailed information was
obtained by following the intensity changes at selected wavelengths (figure 5.2). The
majority of the intensity increase at 438 and 428 nm for 2 and 2-Ga, respectively, is
complete much before a 1:1 ratio is achieved, suggesting that there are multiple HSA
binding sites for these corroles. This phenomenon is even more pronounced for 2-Mn: the
intensity at 422 nm decreases sharply up to a [HSA]:[2-Mn] ratio of 0.04 and increases
slightly when a 1:1 ratio is approached. Taken together, the results clearly indicate that
several corrole molecules associate with one protein and that redistribution takes place at
higher [HSA]:[corrole] ratios in favor of the 1:1 conjugate. As the number of binding sites
in protein-chromophore conjugates and the corresponding binding constants are frequently
determined from Scatchard plots'®”), this was also attempted with this system. However,
this method and the underlying equations require the presence of unbound chromophore,
while later indications show that there is no free corrole at the lowest concentrations that
can be measured by UV-vis (10° M). Accordingly, none of the binding constants can be

determined by UV-vis titrations.
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Effect of HSA on Corrole Fluorescence. Binding of corroles to HSA can be quantified

by monitoring the highly intense fluorescence of 2 and 2-Ga, allowing experiments to be
performed at significantly lower corrole concentrations. Another major advantage of
fluorescence monitoring is that free and bound corroles might have different emission
maxima and/or intensities. The differences in emission wavelengths of both 2 and 2-Ga in
the presence and absence of HSA are only a few nanometers, but the fluorescence
intensities are very sensitive to the [HSA]:[corrole] ratio (figure 5.3). These effects are
further demonstrated for selected wavelengths in figure 5.4: the initial fluorescence of 2 is
reduced to less than 40 percent at a [HSA]:[2] ratio of 0.1:1, and it is 60 percent of the
initial intensity at a 1:1 ratio. The results for 2-Ga were even more pronounced: about 40
percent reduction at a [HSA]:[2-Ga] ratio of 0.1:1 and 130 percent of the initial intensity at
a 1.1:1 ratio. The latter phenomenon suggests that the extent of non-radiative decay of the
excited state is lowered upon binding of the fluorophore to the protein (less degrees of
freedom), reflected in increased fluorescence. Nevertheless, the intensity becomes lower

when many corrole molecules are bound to the same protein because of self-quenching.

For quantitative elucidation of the dissociation constants (Kg) assigned to the high-affinity
binding sites, the fluorescence intensities of equimolar conjugates were measured as a
function of concentration, with the expectation of a nonlinear correlation if there is
significant dissociation. However, a linear correlation was obtained in the range [2-Ga] =
[HSA] = 2 x 10°- 4 x 10® M, thereby confirming that no significant dissociation takes

place, even at very low (40 nM) conjugate concentrations.
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Figure 5.3. Emission spectra of corrole 2 (a, Aexe=436 nm) and 2-Ga
(b, Aexe= 426 nm) as a function of added HSA.
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Circular Dichroism (CD). CD spectra of corrole solutions as a function of HSA

concentration are shown in figure 5.5. Since HSA does not absorb visible light, the CD
spectrum at long wavelengths (A > 360 nm) can only be attributed to corrole interactions
with the chiral environment of the folded protein. Intriguingly, the 2-Mn CD signal (figure
5.5¢) is centered at around 490 nm, which is the region of the spectrum that is most
sensitive to axial ligands. Moreover, the response to HSA addition is irregular, as can be
seen from the shifts of Ayl and the inversion from negative to positive ellipticity at 482
nm. This phenomenon is amplified at 440 and 425 nm, respectively, in the spectra of 2 and
2-Ga (figure 5.5a-b). These data accord with the earlier conclusions about weak and strong
binding sites, which in the present case is observed by redistribution of weakly bound
corroles (under the conditions of [corrole] >> [HSA]) as the [corrole]:[HSA] ratio
approaches 1:1. The results show that there are multiple chiral binding sites, albeit with

significant differences in wavelengths and ellipticities.

CD spectra of HSA in the region 200-250 nm as a function of added 2-Ga were also
obtained to monitor possible changes of protein secondary structure in response to corrole

[68] " As can be seen in figure 5.6, HSA gives rise to a strong CD signal at 222 nm,

binding
attributable to a-helical structures. The intensity of the signal drops as a function of the [2-
Ga]:[HSA] ratio (0.4%, 1.1%, , 1.5%, 2% at 1:1, 2:1, 3:1, and 4:1, respectively); and, at a
ratio of 10:1, roughly 8 percent of helical structure is lost. Although there is some degree of
conformational change, these corrole-induced perturbations of protein secondary structure

are smaller than those observed for BSA-porphyrin conjugates'®”.
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214 Emission. One of the earliest and simplest methods that was used

Quenching of Trp
for investigating hemin binding is fluorescence quenching of the single tryptophan residue
(Trp*'*) in HSAP”. The advantage of this approach is that it reports selectively on binding
sites that are not too distant from the fluorophore. Results obtained by exciting HSA's

214 at 280 nm and recording its emission (Amax = 340 nm) as a function of the

Trp
concentration of 2-Ga are shown in figure 5.7a. Notably, full and selective quenching was
achieved, as can be seen from the residual emission (Ayax = 310 nm) due to the many
tyrosine residues that are present in HSA. More quantitative information was obtained from
plots of fluorescence intensity as a function of the [HSA]:[corrole] ratio (figure 5.7b). The
responses (slopes) of 2 and 2-Ga are practically identical, and that of 2-Mn somewhat
smaller. The up to 50% quenching at equimolar concentrations of HSA and corrole
obtained in the first two cases implies that 2 and 2-Ga occupy close to Trp>'* binding sites
with very high-affinity. If 2-Mn also associates to similar binding sites, figure 5.7b may be
analyzed as reflecting an opposite relationship between the steepness of the slopes and the

K4 of the HSA:corrole conjugates. This would lead to relative K4 from high-affinity sites in

the order of 2 ~ 2-Ga < 2-Mn.

The roughly 50% quenching at a 1:1 ratio between HSA and 2 or 2-Ga may be interpreted
either one of two limiting ways: 100% quenching efficiency by sites that are only 50%
occupied (= large Kg) or 50% quenching efficiency by sites that are 100% occupied (=
small Kq). Two sets of experiments were performed to distinguish between these
possibilities. The first consisted of dilution experiments on 1:1 mixtures of HSA and the

corroles. For all three corroles (data for 2-Ga is shown in the inset of figure 5.8) there was
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Figure 5.7. Quenching of the emission of HSA by (a) increasing amounts of
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no deviation from linearity in the concentration versus fluorescence-intensity plots in the

range 4 x 10°to 7 x 107 M (Kq < 10™® M for the conjugates). Figure 5.8 shows the other set
of experiments: measuring fluorescence intensity of HSA as a function of the relative
amount of 2-Ga, at four different absolute concentrations. The normalized plots are
identical as long as the corrole is not in excess of HSA, clearly confirming the absence of
any dissociation. The plots become different only after the [2-Ga]:[HSA] is above 1,
indicating the presence of slightly weaker secondary binding sites. Importantly, although a
reliable measurement of Ky is problematic because of the large number of corrole
molecules that can be accommodated by HSA, the trends of figure 5.8 show that
dissociation from weaker binding sites is very small as well. Therefore, the approximately
50% quenching seen at a 1:1 ratio between HSA and corrole is consistent with incomplete

quenching of Trp*'* fluorescence by corroles that occupy high affinity sites.

Binding Sites for 2-Ga. Since the three-dimensional structure of HSA is known, an
attempt was made to estimate the distance between Trp*'* and a corrole binding site via

standard Forster energy transfer equations, using the roughly 50% fluorescence quenching

by 2-Ga.
R = 8.8 x 1034 J) (1)
J= o] ® Fo(AD)EA(A) A4dA ()
oI PE(A)dA
69, 70]

Equations 1-2 were used for evaluation of the Forster distance! , where J is the overlap

between the luminescence spectrum of the donor and the absorption spectrum of the
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acceptor (weighted by A%), ¢, is the luminescence quantum yield in the absence of energy

transfer, » is the refractive index, and «k is an orientation factor dependent on the alignment
of the donor and acceptor dipoles (> = 2/3 for random alignment). According to the above
expressions, the experimental data yielded a value for the overlap integral J between the
fluorescence spectrum of the protein HSA and the absorption spectrum of the quencher 2-
Ga of 6.26 x 10". Based on the J value and Equation 1, the Forster distance (R,) between
2-Ga and Trp*"* (HSA) was calculated to be 30 A. Moreover, models of the 2-Ga-HSA
conjugate based on crystallographic data for [Ga(tpfc)(py)] (tpfc = 5,10,15-
tris(pentafluorophenyl)corrolate; py = pyridine) and HSA were constructed (Structural
models were built using the Accelrys DS ViewerPro 5.0 software package. The structure
of 2-Ga was obtained by addition of two sulfonate groups and removal of the axial pyridine
from the published crystal structure™: 2-Ga was then inserted into putative HSA binding
sites (crystal structure from reference 53)). In the HSA crystal structure, a heme (Fe' -
protoporphyrin IX) is located in a hydrophobic pocket in sub-domain IB; and there are
additional interactions involving Tyr'®', Tle'*?, Tyr'*®, His'*®, and Lys'”® with the heme. In
one of the proposed structures, where noncovalent interactions are dominant (figure 5.9a),
2-Ga replaces the heme in the hydrophobic cavity; at this site, the distances between 2-Ga

214

and Trp~" are 20-24 A (from the edge of the corrole-from the metal), in fair agreement

with the estimated distance based on fluorescence quenching. Figures 5.9b and 5.9¢ show
two 2-Ga-HSA interactions that involve metal-coordination to His. As examples, it was

105

proposed that 2-Ga could bind to surface-exposed His® and His'®® with distances between

His-bound 2-Ga and Trp*'* of 24-30 and 30-34 A, respectively. It is also noted that



Figure 5.9. Structural models depicting four potential binding sites for 2-Ga to HSA. (a)
HSA with corroles (green) in all four potential binding sites. Trp*'* is shown in red. (b) 2-
Ga in place of the heme of methemalbumin. (c) 2-Ga coordinated to His®. (d) 2-Ga

coordinated to His'”’. (e) 2-Ga coordinated to His'**. The proposed locations were chosen

as follows: one is the heme binding site; others are histidine binding sites whose positions
are consistent with the Trp*'* quenching experiments, except for d.
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coordination of 2-Ga to His'* located in the heme binding pocket (figure 5.9d) is

unlikely due to a considerable difference between the Forster distances measured in the

model and that estimated from quenching experiments (16-19 A vs. 30 A).

Concluding Remarks

Reported here are results from an investigation of interactions between corroles and
biomolecules. Corrole 2 is especially promising for biomedical research because of its
structural similarity to the most active porphyrin-based drugs and because amphiphilicity is
easily achieved. Our work has focused on interactions with HSA because any medical
application must take into account associations with the most abundant protein in serum.
Two metal complexes of 2 were investigated, with the goal of elucidating any effects due

to ligation to relevant residues of the protein.

The changes in the electronic absorption spectra of 2, 2-Ga, and 2-Mn as well as in the
emission spectra of 2 and 2-Ga as a function of increasing amounts of HSA revealed many
protein binding sites. With corrole in excess, both absorption and emission intensities
decreased, which is behavior that is frequently encountered when porphyrins form
aggregates, usually because of limited solubility in water. However, the corroles of the
current investigation do not aggregate in aqueous solutions and, accordingly, it is proposed
that the above phenomena are due to self quenching of many corrole molecules that are
aggregated/associated in binding pockets within the protein. Examination of published
crystal structures of HSA reveals the presence of a large calixarene-like amphiphilic pocket

that seems appropriate for accommodation of the corroles. When the [corrole]:[HSA] ratio
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approaches 1:1, the absorption and emission intensities increase, thereby indicating

redistribution of corroles from the weaker binding pocket to high-affinity sites. Many
different methods were used to investigate the interactions of corroles with HSA. The
results clearly show that all derivatives form tightly bound conjugates with the protein, with
dissociation constants in the nM range in the order 2 < 2-Ga < 2-Mn. Under biologically
relevant conditions (HSA concentrations 2 to 3 orders of magnitude larger than those
examined here) all the derivatives will be fully bound to proteins. This information is of
prime importance for any potential utilization of the corroles in bioinorganic systems such
as for therapeutic applications and biomimetic catalysis, approaches that are currently

under investigation in the Gray and Gross laboratories.

2-Sn/HSA Interactions

2-Sn behaves much like the other sulfonated corroles when exposed to HSA. As can be
seen in figure 5.10, a ~5 nm red shift is seen in the Soret bands of the corrole absorption
spectrum upon HSA binding and, as with 2-Ga, there is a slight increase in peak
absorption. Note that, as with the previous corroles, the shift of the Soret band is complete
before a 1:1 ratio is reached. A strong CD signal induced upon binding is also seen in

figure 5.10, indicating a preferred orientation for the corrole in its binding pocket.

The fluorescence data for HSA and 2-Sn are much like those seen with the other corroles
as well. As seen in figure 5.11, the fluorescence of 2-Sn is quenched upon binding to HSA,
and the quenching levels off at [HSA]/[2-Sn] = 1, at approximately 20% of its initial value.

Interestingly, no recovery of intensity, as in the cases of 2 and 2-Ga, is observed.
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Studies of the tryptophan fluorescence in HSA further the similarities between 2-Sn and

the other corroles. As seen in figure 5.12, addition of 2-Sn quenches the fluorescence of
this residue, reaching ~50% quenching at a 1:1 ratio, with the amount of quenching not

leveling off until [2-Sn]/[HSA] > 2.

2-Sn/HSA Conclusions

Studies of 2-Sn/HSA aggregates indicate that they behave in the same manner as the other
corroles studied. Thus, it seems safe to assume that the tin corrole is binding in the same
manner, and likely in the same sites, as other corroles. Furthermore, the linearity of
fluorescence emission for a 1:1 conjugate of 2-Sm:HSA upon dilution indicates that the
corrole binds to HSA with a similar dissociation constant, and, as with the other corroles,

dissociation is undetectable by the methods used herein.
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Chapter 6

SOLAR CELLS

Introduction

In our fast-growing world, alternative energy sources are quickly becoming a concern. It
was shown in the early 1990s that dye-sensitized solar cells (DSSCs) are a very promising
technology toward alternative energy conversion’'.  These cells involve coating
nanocrystalline TiO, with a dye capable of absorbing sunlight and sensitizing the
semiconductor. The dye absorbs photons of visible light, promoting electrons into the
excited state. The electrons are injected into the conduction band of TiO,, leaving an
oxidized dye and reduced semiconductor. The injected electron is then free to pass to the
back electrode and go around a circuit to do work. The oxidized dye is reduced by an ion
pair in solution, which in turn is reduced to its original state at the counter electrode,

completing the circuit!’".

One of the best dyes currently known for these solar cell applications is Ru(4,4’-
dicarboxylic acid-2,2’-bipyridine),(NCS),, more popularly know as the N3 dye. While it is
not entirely known why this compound performs so much better than others, it has shown
that in developing dyes for DSSCs, two important factors must be considered. The
potential dye must have strong absorption bands in the visible spectrum, and the dye must

be able to bind to the TiO, surface. Quick inspection of the absorption spectra of corroles
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shows that they do indeed satisfy this first requirement. As well, the sulfonate groups of

corroles derived from 2 can provide the binding ability called for in the second factor.
Therefore, a portion of this work was spent looking at the ability of corroles to act as the

dyes in DSSCs.

2-Ga versus Ruthenium Dyes

Initial work started on corrole-TiO, systems started with 2-Ga, with some preliminary
work having also been performed with 2 and 2-Sn as well. The first experiments were to

qualitatively determine if the corroles could in fact bind to the TiO, surface.

Slides prepared in lab were soaked in an ethanol solution containing 2-Ga for
approximately 24 hours to ensure maximum adsorption onto the TiO, surface. After the 24
hour soaking period the dyes are ready for use in a working solar cell with a 0.5M Lil,
0.05M I, 20mM pyridine, 20mM pyridinium triflate, and acetonitrile electrolyte. It can
also been seen after this soaking period that the dye has indeed bound to the surface, as the
slide takes on the green color of the dye (see figure 6.1). By running current-voltage curves

on the coated slides, the efficiency can be determined with equation 6.1:

E = (Jse X Voo X )/ (eq. 6.1)

In this equation E is the efficiency of the cell, Ji is the short circuit current (the amount of
current at zero applied voltage), V. is the open circuit potential (the potential at zero
current), ff is the fill factor (a measure of the shape of the curve, see figure 6.2), and I is

the power of the sun (100 mW/cm?). Comparison of the curve obtained for 2-Ga to those
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Figure 6.1. TiO; slides coated with a) 2-
Ga and b) N3. In both cases the colored
areais 1 x 1.5 cm.
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Figure 6.2. Model diagram of current-voltage curve showing
important parameters for calculating efficiency. Ppay is the
maximum power from the cell. The remaining terms are
defined in the text.
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obtained from various ruthenium-diimine dyes (figure 6.3) shows that the corrole based

slide has similar parameters to various ruthenium dyes studied, falling in between the best
dye, N3, and the worst dye studied, a ruthenium tris(bipyridine) based dye. The overall
efficiency of the corrole slide was 1.56%, about half of that found for N3 (3.14%), but

more than twice that of the poorest dye (0.69%) (see table 6.1).

2, 2-Ga, and 2-Sn Dyes versus N3

Work was then done to introduce other corrole compounds into the solar cells as well,
namely 2 and 2-Sn. Interestingly, it was found that the free-base performed slightly worse
than 2-Ga, at 0.82% efficiency; however, both were significantly better than 2-Sn at 0.12%
efficiency (see figure 6.4, table 6.2). The reasons behind these differences are still under

investigation.

One important factor to consider in the adsorption of these dyes to the TiO, cells is whether
or not the dye is being changed upon adsorption. However, as seen in figure 6.5, the
overall absorption spectrum of the dyes when bound to the surface shows the same typical
shape of a corrole spectrum, and the shift in band position seen is similar to that seen with

ruthenium-based dyes.

Another experiment performed in characterization of these dyes was incident photon-to-
current conversion efficiency (IPCE) measurements. As seen in figure 6.6, the conversion

efficiencies of 2-Ga and 2 rival that of the N3 dye in their Soret and Q-band regions, while
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Figure 6.3. Current-voltage curves for N3 dye (red), a ruthenium-
diimine dye (blue), 2-Ga (green), and the poorest ruthenium-
diimine dye used in this study (black).



N3 | [Ru(H,L')2(CN),J*" | [Ru(HoL)L,J*" | 2-Ga
Voo (mV) | 556 548 466 524
Jie (MA) 9.76 6.36 2.34 4.55
Fill Factor | 0.58 0.64 0.63 0.66
Efficiency | 3.14 2.13 0.69 1.56

Table 6.1. Efficiency parameters for 2-Ga slides vs. Ru-diimine dyes.
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Figure 6.4. Current-voltage curves of N3 (red), 2-Ga (blue), 2 (black), and 2-Sn (green).



N3 | 2-Ga | 2-Sn 2
Vo (mV) 556 524 348 | 444
Jsc (mA) 9.76 | 4.55 | 0.58 | 2.83
Fill Factor | 0.58 | 0.66 | 0.60 | 0.65
Efficiency | 3.14 | 1.56 | 0.12 | 0.82

Table 6.2. Efficiency parameters for corrole
dyes vs. N3.
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Figure 6.5. Absorption spectra of N3 (purple), 2-Ga (red), 2 (green), 2-Sn (blue), and
TiO; blank (black). Corroles show slight blue shifting of Q-bands. Soret of 2-Ga
shows ~9 nm blue shift; Sorets of 2 and 2-Sn show 2-3 nm red shifts. These shifts are
similar to those seen for ruthenium-diimine dyes.
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2-Sn shows relatively poor conversion efficiency across the board in comparison with

the other dyes.

Conclusions

The corrole based dyes used in this work show great promise for making efficient solar
cells and have demonstrated good binding to the TiO, surface. However, the kinetics of the
cell processes with corroles dyes is not fully understood, and future work will be devoted to
elucidating these events. As well, it has been seen qualitatively that the corrole dyes do fall
off the surface of the solar cells, and over time the cell loses its color. Research is also
being planned toward developing new types of corroles with different binding groups, such
as carboxylic acids or phosphonate groups, with the goal of providing stronger overall

binding to the surface and making a more robust cell.
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Appendix A

ANTI-CANCER DRUGS

Work on this project involved collaboration with Dr. Lali Medina-Kauwe, now at Cedars-
Sinai Medical Center, on the development of corroles as anti-cancer drugs. Given the high
fluorescence of corroles, and their known toxicity to cancerous cells'®, the water-soluble
corroles seemed an ideal place to start on a search for drugs. While Dr. Medina-Kauwe
worked on developing a protein to specifically enter cancer cells, we provided compounds
for testing in cellular systems with model proteins, in particular with HSA. It was hoped
that the fluorescent corroles could be used as a diagnostic tool for early cancer detection. If
the corrole is bound to a transport protein specific for cancer cells, unknown cells could be
exposed to the mixture and tested for the fluorescent markers. It was then hoped to develop
a phosphorescent corrole that could be delivered to the cells and used to activate triplet
oxygen in the cell to singlet oxygen, inducing cell death in a photodynamic therapy
manner. If the absorbance of the corroles could not be shifted into tissue penetrating
wavelengths, we planned to put more effort into developing a corrole that could activate a
catalytic oxygen cycle, based on the findings that the chromium complex of 1 catalyzes the

aerobic oxidation of phosphines!’.

While 2, 2-Ga, 2-Mn, and 2-Sn were all used to varying extents in the project, it was 2-Ga
that served as the best model compound. It was found that a transport protein could indeed

deliver this corrole compound into cells (see figure A.1). Even more remarkable was the



Without PB With PB

HeLa

293

Figure A.1. Corrole delivery to cells. PB: a proven
gene delivery protein. HeLa: human cervical
carcinoma cells. 293: monkey kidney cells.
Micrographs (courtesy of Dr. Medina-Kauwe) were
taken under UV light at 10x magnification.
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increased toxicity the corrole seemed to show toward cancer cells versus non-cancerous

cells. The mechanism of this specific toxicity is still under investigation. This toxicity was

seen with 2 and 2-Mn as well. Work with 2-Sn is underway.
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Appendix B

WORK WITH MAYRA SHEIKH

While working on this project, I had the opportunity to work with Mayra Sheikh, an
undergraduate student at Caltech, both as a SURF co-mentor and as a graduate supervisor
for her Chem 10 work. During this time, three different projects were attempted. The first,
measuring quantum yields of many of the corroles discussed herein, has been presented in

Chapter 4. Results from the other two projects will be summarized here.

The first of these remaining projects had the eventual goal of producing a water-soluble
chromium corrole complex. Previous work in the group by Dr. Alexandre Meier had
shown the chromium corrole capable of acting as an oxidation catalyst for some
compounds'’?. While this was limited to phosphines in the initial work, it was hoped that
moving to an aqueous system would allow a greater range of substrates. Initial work in this
area, performed by Meier and repeated by Sheikh in the beginning stages of her project,
had attempted to metallate 2 by the same method used to metallate 1, refluxing with
Cr(CO)s or CrCL'™!. This method did not yield the desired results, however, as it appeared
to cause the dissociation of at least one sulfonate group from 2 and resulted in a compound

that was not water soluble.

The second method attempted in this project was to prepare the chromium version of 1 as

(73

detailed in the literature””’ and to use that compound as the starting point for the corrole
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sulfonation reaction in place of 1. While the reaction did produce green products

characteristic of sulfonated corroles, mass spectrometry and EPR spectrometry did not

confirm the presence of the desired compound.

While it was not determined why these reactions would not produce the desired bis-
sulfonated chromium corrole, it was decided to attempt a different method for a water-
soluble chromium corrole. It had been seen earlier that the para-fluorines of 1 could be
substituted with pyridine, which was then methylated to form a water-soluble corrole,
5,10,15-tris(4-(2-(1-methylpyridyl))tetrafluorophenyl)corrole (4, see figure B.1)!"". While
the synthesis of this free-base was attempted, it proved to be extremely sensitive to any
change in reaction conditions, and the compound was not made. However, other projects
in the group had made use of an imidazole substitution reaction in the para position of

74]

decafluorobiphenyl! It was therefore decided to attempt a combination of these two

reactions to produce an imidazole substituted corrole.

1 was dissolved in THF under argon, followed by addition of 7 equivalents of imidazole
and 14 equivalents of K,COs, and stirred for 6 hours. A mass spectrum of the mixture
revealed the main component of the solution to be unreacted free-base. However, peaks
were observed for addition of one, two, and three imidazole groups to the corrole (at 42%,
13%, and 1% peak intensity relative to the unreacted starting material, respectively. See
figure B.2a). Column separation of this solution (with 4:1 hexanes:dichloromethane as

eluent) provided the unreacted free-base and a mixture of the various substituted imidazole



106

3+

Figure B.1. Previously reported 5,10,15-tris(4-(2-(1-
methylpyridyl))tetrafluorophenyl)corrole, 4.
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Figure B.2. a) Mass spectrum of reaction mixture from imidazole
substitution reaction, negative ions. Unreacted free-base is seen at
795 m/z. Substitution of a fluorine atom by an imidazole molecule
adds 48 mass units. Mono, bis, and tris substituted peaks can be
observed. B) Mass spectrum of methylation reaction, positive ions.
Main peak at 873 corresponds to a dimethyl-monoimidazole corrole,
with a peak at 859 corresponding to a monomethyl-monoimidazole
corrole.
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corroles. Optimization of this reaction to provide a greater portion of triply substituted

corrole, as well as separation conditions to resolve the isomers, is ongoing.

While the previous reaction was being optimized, the isomer mixture was used as a starting
point for the methylation reaction to ionize the corrole. The isomer mixture was dissolved
in distilled DMF and placed under argon. An excess of iodomethane was added, and the
solution stirred for three hours at 70 °C. A mass spectrum of the reaction mixture (see
figure B.2b) showed primarily a bismethylated-monoimidazole corrole, with a
monomethylated corrole at approximately 45% relative to the bismethylated. Two possible
structures for the bismethylated molecule are shown in figure B.3. When the DMF from
the reaction solution was evaporated, the solid remaining proved to be water soluble,
indicating the creation of a new water-soluble corrole. As with the imidazole substitution
reaction, optimization of this reaction is ongoing, but again the crude reaction mixture was
used as a starting point for the next step, metallation with a chromium salt to provide a

water-soluble chromium corrole.

This reaction was performed in the same manner as metallation of 1 with chromium
hexacarbonyl. The ionized free-base corrole was refluxed in THF, and 5-10 mg aliquots of
Cr(CO)s were added every 15 minutes. The reaction was monitored by UV-vis and
appeared to be complete after 3 hours. While a separation method for the solution is still
being determined, the main peak in the mass spec of the crude reaction mixture shows a

surprising result (see figure B.4). The peak at 971 m/z corresponds to a chromium(III)
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Figure B.3. Two possible structures for the observed
bismethylated-monoimidazole corrole.



9716
9726
953.7
‘ 1049.7
|
876.5
860.9
' 1050.7
as0.2| 1079.6
|
[1129.0

o , "
800 1000 120C

Figure B.4. Mass spectrum of crude reaction mixture
from chromium insertion reaction.
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corrole with two imidazole groups and two methyl groups. Analysis and full

characterization of the products from this reaction are pending.

The final project with Sheikh was the synthesis of a water-soluble manganese nitrido
corrole.  Work by other groups had shown it was possible to synthesize a
nitridomanganese(V) version of 17}, so we attempted to use those methods to obtain a

nitrido derivative of 2-Mn.

In the procedure, 2-Mn is stirred with sodium azide in acetonitrile while being irradiated
with an arc lamp. Mass and UV-vis spectra provided evidence that a Mn(V) nitrido

complex was formed; it remains to optimize the reaction conditions to obtain pure product.
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