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ABSTRACT

Binding studies were performed with a bisurea-picket porphyrin host receptor (a,a)-5,10-

Bis-(2-(4-fuorophenyl)phenylurea)-15,20-diphenylporphyrin (1a) and TBA salts as its 

guest.  Previously our group reported1 on the binding studies of tetrakis-urea-picket

porphyrin (a,a,a,a)-5,10,15,20-tetrakis-(2-(4-fuorophenyl)phenylurea)porphyrin (3) and 

tris-urea-picket porphyrin (a,a,a)-5,10,15-tris-(2-(4-fuorophenyl)phenylurea)-20-

phenylporphyrin (2) using polar solvent, DMSO, where a strong binding preference was 

observed for Cl̄  anion over H2PO4
¯, CH3CO2

¯, and NO3
¯.  A crystal structure (Figure 1-

1, Chapter 1) of the tetrakisurea-picket porphyrin 3 - chloride anion complex showed the 

anion bound between two adjacent ureas and hydrogen bonded to the four NH protons.  It 

also showed the presence of one DMSO molecule bound to a third urea.  Previously it 

was hypothesized that the ubiquitous DMSO solvent molecule bound to the third urea 

arm of the receptor was facilitating the anion binding by coordination utilizing columbic 

force.  Through the investigation described in this thesis it was confirmed that the system 

of tetrakis- and trisurea-picket porphyrin exhibit a binding selectivity that is facilitated by 

the incorporation of a solvent molecule in the binding cavity.     This was evident by the 

reversal of binding constant that was observed for the bisurea-picket porphyrin • anion 

complexation in contrast to that of tris-urea-picket porphyrin • anion complexation and 

tetrakis-urea-picket porphyrin • anion complexation.
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CHAPTER 1

INTRODUCTION

The synthesis and study of anion receptors has been an active area of research2

that has added to the understanding of host guest interactions taking place in biological 

systems and has also proven useful to drug design. Biological systems thrive on the 

ability of a host to differentiate and selectively choose a guest.  In general the host is 

described as molecular receptor that can selectively bind to a specific ligand in the 

presence of multitude of ligands.  This selectivity is specific to the environment, i.e. pH 

and solvent3, so when the medium is changed a receptor exhibits a different binding 

preference due to the solvation characteristics of all species and/or due to the 

involvement or lack of it in the binding motif2e.

Our group has been involved in design of recognition elements for hydrated 

anionic phospholipids in vivo.  Accomplishment of selective binding between a host and 

its guest anion requires discrimination based on size, geometry, pre-organization4, and/or 

electrostatic binding.  Additionally, buried water may play an essential role in such 

ligand-biopolymer complexation with in vivo biological systems. 

The investigation in this thesis involves the study of the effects on anion 

complexation when a ubiquitous solvent molecule is incorporated into the binding
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motif1,5 i.e., determining the thermodynamic consequences of buried solvent on the 

selectivity and affinity to receptor-anion complexation.  Previously our group reported on 

the 1H-NMR titration binding studies of  the neutral porphyrin receptor (a,a,a,a)-

5,10,15,20-tetrakis-(2-(4-fuorophenyl)phenylurea)porphyrin1 (porphyrin 3a) where a 

remarkable binding selectivity was observed in DMSO for chloride anion (Cl̄ ) over that 

of dihydrogen phosphate (H2PO4 )̄, acetate (CH3CO2 )̄, hydrogen sulfate (HSO4 )̄, and 

nitrate (NO3 )̄ anions.  X-ray crystallography of a single crystal grown in DMSO with 

(a,a,a,a)-5,10,15,20-tetrakis-(2-(4-chlorophenylurea)phenyl)porphyrin1 (porphyrin 3b)

and TBACl̄ (Figure 1-1) revealed a complex where the anion was situated between two 

adjacent ureas and hydrogen bonded to the four NH protons.  The bound anion was 

placed in a stabilizing columbic bonding distance to a DMSO molecule, bound to the 

third urea arm of the receptor, facilitating the binding of the anion.  The crystal structure 

showed an 1:1 anion-receptor complex which was also observed in solution via 1H-NMR

spectroscopic analysis.
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Figure 1-1: ORTEP diagram of urea-picket porphyrin 3b bound with Cl? and DMSO

In general, H2PO4  ̄has a higher affinity towards bis-urea systems6 than Cl?

anion.  In the case of tetra-urea-picket porphyrin 3 the association constant ratio for 

Cl̄ :H2PO4  ̄is greater than 200:1 and the ratio is greater than 1000:1 for Cl̄ : CH3CO2 ,̄

HSO4 ,̄ and NO3 .̄  A selective binding via pre-organization was hypothesized whereby a 

polar solvent molecule, DMSO, was bound to a third urea group, which determined the 

shape of the binding pocket allowing the spherical chloride anion to be most compatible.
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Figure 1-2: Representation of hypothesized binding motif of urea-picket porphyrin 3

In a more recent report5 our group has published results of our studies to test our 

hypothesis using two approaches probing the effect of bound DMSO in the anion binding 

site of urea picket porphyrin receptor.  In the first approach we modified the porphyrin 

receptor by decreasing the number of urea pickets on the porphyrin receptor from four to 

three to two, in order to limit the binding sites available for a solvent molecule to aid in 

the binding as seen in Figure 1-1 and 1-2.  In the second approach we studied the effect 

of solvent in anion binding.  Since the buried solvent, DMSO, uses hydrogen bonding to 

bind to one of the urea pickets and form a tighter pocket in the receptor to aid in the anion 

binding selectivity, we used solvent not capable of forming hydrogen bonding to observe 

the effect in the anion binding as a buried solvent in contrast to DMSO.

The work described in the following chapters is focused on the synthesis of bis-

urea-picket porphyrin 1a and its structural and anion binding characterization which is 

part of the published report5.  Specifically, the second chapter of this thesis discusses the 
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synthesis of the novel compound bis-urea-picket porphyrin 1a that was needed for the 

binding studies and the third chapter covers the anion binding characterization of the bis-

urea-picket porphyrin 1a receptor.  The characterization of the 1a receptor via Job plot 

showed an 1:1 binding ratio between the receptor and anion, which is consistent with the 

previous result obtained with receptors 2 and 3.  The association constant of 1a with 

anions, H2PO4? and Cl?, was calculated from 1H-NMR titration and it showed a stronger

binding towards H2PO4?, which is in complete reversal to that observed for the receptors 

2 and 3.  Experimental data show a decreasing binding association constant between the 

receptor with Cl? in the order of 3 to 2 to 1a and the reverse order is observed for the 

binding association constant with H2PO4?.  The data is indicative of binding selective 

driven by the buried solvent or lack of it in the binding site.  Results published5 on a dual 

solvent 1HNMR titration study of tetra-urea-picket porphyrin 3 shows (Figure 1-3) a

corroborating result indicating the involvement of DMSO as a buried solvent in the 

binding cavity. 
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  As reported in our recent publication5 the results obtained from this study are 

very compelling evidence for selective binding driven by pre-organization of host using 

buried solvent molecules.  We believe this work to be a significant contribution in 

deepening the understanding of binding motifs employed in biological systems, and we 

plan to further our investigation using more elaborate model receptors that mimic 

biological systems.
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CHAPTER 2

SYNTHESIS OF BISPHEHYLUREA PICKETS PORPHYRIN 1A

2.1 Introduction

The classic method for the synthesis of symmetrical porphyrins is the approach used by

Adler et. al.7, a simple one pot condensation reaction of pyrrole with benzaldehydes and 

aryl aldehydes, as starting materials.

H
N

O
H+

A NNH

N HN
R

R

R

R

O

H
B

+

R = A and/or B

HOAc

118 °C

Scheme 2-1

It is a synthetic method that can produce many by-products with low yield of the desired 

product; however it is a straightforward reaction that can be easily scaled up.  The focus 

of our investigation is the study of anion binding selectivity when using a,a-5,10-bis(2-

(4-fluorophenylurea)phenyl)-15,20-phenylporphyrin (1a) as a receptor in comparison to 

a,a,a,a-5,10,15,20-tetrakis(2-(4-fluorophenylurea)phenyl)porphyrin (3)1 and a,a,a-

5,10,15-tris(2-(4-fluorophenylurea)phenyl)-20-phenylporphyrin (2) receptors. Porphyrin

1a is a novel compound, but we wanted to produce it without having to reinvent the 
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synthetic protocol.  In our research group porphyrin 2 and porphyrin 38 were furnished 

using methods described in Adler et. al.7 and Collman et. al.9, thus our initial choice of 

following these established protocols was natural.

2.2 Adler Approach

A major challenge in the synthesis of porphyrins with the method of Adler et. al.7 is the 

vast amount of products that are produced, which demands an extra effort for 

purification.  The following represents a general scheme for the synthesis of porphyrin 3,

porphyrin 2, and porphyrin 1a that has been carried out in our group.  The ratio of the 

starting benzaldehyde (4a) and ortho-nitrobenzaldehyde (4b) was adjusted to maximize

the yield of the desired meso-nitrophenyl porphyrin product (see 2.2.1).

H
N

O2N O
H

H O
H

X2

Y
X1

Z

N
N N

NH H+ +

1. HOAc, 118 °C
2. SnCl2, HCl

3. Isomerization
4. (C6H4F)NCO

3: X, Y, Z = NHCONHC6H4F
2: X, Y = NHCONHC6H4F

Z = H

1a: X1&2 = NHCONHC6H4F
Y, Z = H or

1b: X1, Y = NHCONHC6H4F
X2, Z = H

11 4b 4a

7a: X1&2 = NO2 & Y, Z = H 7b: X1, Y = NO2 & X2, Z = H
8: X1&2, Y = NO2 & Z = H 9: X1&2, Y, Z = NO2

5: X1&2 ,Y, Z = H 6: X1 = NO2 & X2,Y, Z = H

Scheme 2-2
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In the first step of the synthesis of porphyrin 2 or porphyrin 1 the following by-products

were created in various amount depending on reaction parameters; 5,10,15,20-

tetrakisphenylporphyrin (5), 5-(2-nitrophenyl)-10,15,20-trisphenylporphyrin (6), 5,10-

bis(2-nitrophenyl)-15,20-bisphenylporphyrin (7), 5,15-bis(2-nitrophenyl)-10,20-

bisphenylporphyrin (10), 5,10,15-tris(2-nitrophenyl)-20-phenylporphyrin (8), and

5,10,15,20-tetrakis(2-nitrophenyl)porphyrin (9). In the synthesis of porphyrin 3 (Sche me

2-3) only porphyrin 9 is produces in the first step of the reaction, apart from the 

polymeric by-products, because only the ortho-nitro benzaldehyde 4b is used as starting 

material instead of the mixture of two kinds of benzaldehydes, as in the case with 

porphyrin 1 and porphyrin 2 (Scheme 2-4 and Scheme 2-5).

Scheme 2-3: Synthesis of Porphyrin 3

H
N

O2N O
H

HNN

NH N

NO2

O2N

+

9

α, α, α, α−

AcOH

118 °C

HNN

NH N

NH2

H2N

15

H2NO2N

NH2NO2

NH

NH

N
N HN

NH

O
NH

F

HN
O

HN

F

HN
HN O

F

NH

F

O

NH2

NH2

N
N HN

NH

H2N

H2N

Isomerisation

Purification 15a

11

4b

3

SnCl2

(C6H4F)NCO

HCl
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Scheme 2-4: Synthesis of Porphyrin 2

H
N

O2N O

H

H O

H

H

NH

N
N HN

NH

O
NH

F

HN
O

HN

F

HN
HN O

F

+ +

1. HOAc, 118 °C

2. SnCl2, HCl

3. Isomerization

4. (C6H4F)NCO

4 3 1

11 4b 4a

2

Scheme 2-5: Synthesis of Porphyrin 1a
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H

H O

H

H
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N
N N

N H
H

O
NH

F

H

HN
HNO

F

+ +
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2. SnCl2, HCl
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N
N N

N H
H

O
NH

F
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O
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11

4a
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2.2.1 Synthesis of Bis-phenylurea Porphyrin 1a

The first step in the synthesis of urea picket porphyrin was the preparation of macrocyclic 

ring by the method of Adler et. al.7, a one-pot reaction, to furnish the di-nitrophenyl

porphyrin 7 (Scheme 2-6).  The next step was the reduction of the di-nitrophenyl

porphyrin 7 with stannous chloride dihydrate (SnCl2•2H2O) in concentrated hydrochloric 

acid, followed by neutralization using ammonium hydroxide according to the procedure 
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of Collman et. al.9. After crystallization of the crude product from ethanol, the 

porphyrins were isomerized using the methodology of Lindsey10. The isomerized

porphyrins were purified and reacted with p-florophenylisocyanate to generate the phenyl

urea functionality. They were sequentially purified with alumina gel column 

chromatography, silica gel column chromatography, and finally with silica gel radial

chromatography (Chromatotron). The purification of the target molecule was 

unsuccessful due to presence of phorphyrinic impurities that possessed similar elution 

characteristics through the chromatographic media.
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Scheme 2-6: Synthesis of Porphyrin 1a (expanded) via the Adler Method
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H +
O

H+
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H
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4a 4b 11
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5: X1 &2 ,Y, Z = H 6: X1 = NO2 & X2,Y, Z = H

8: X1 &2, Y = NO2 & Z = H 9: X1&2, Y, Z = NO2

+ atropisomers of Porphyrins 12, 14, 15

+
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2.2.2 Results and Discussion

In our group the 5,10,15,20-tetrakis(2-nitrophenyl)porphyrin (9) has been furnished by 

reacting 4 : 4 equivalences of pyrrole (11) and 2-nitrobenzaldehyde 4b in acetic acid,

with the pyrrole at 0.2M.  In a similar manner porphyrin 8 has also been furnished by 

reacting 4 : 3 : 1 equivalents of pyrrole 11, benzaldehyde 4b, and benzaldehyde 4a,

respectably. The production of porphyrin 9 in the absence of benzaldehyde 4b yields

only polymeric materials as by-products, whereas the production of porphyrin 8 yields

porphyrin 9, 7, 10, 6, and 5 as by-products also.  The yield of the target porphyrin in 

these reactions was maximized by adjusting the ratio of the reactants.  In order to get the 

same result for the synthesis of bis-nitrophenyl porphyrin 7a, the ratio 4 : 2 : 2 of pyrrole

11, 2-nitrobenzaldehyde 4b, and benzaldehyde 4a was used. Analysis of the crude

product with EI-MS indicated a bell curve distribution of the porphyrins with the bis-

nitrophenyl porphyrin 7 as the most abundant species.  Second most abundant was mono-

nitrophenyl porphyrin 6 and tris-nitrophenyl porphyrin 8 followed by the least abundant 

unsubstituted phenyl porphyrin 5 and tetrakis-nitrophenyl porphyrin 9.  The equivalences 

of reactants were adjusted in attempt to maximize the yield of the targeted porphyrin 7,

but the 4 : 2 : 2 ratio of the reactants proved to work the best.
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Large-scale reactions using 4 : 2 : 2 ratio of the above reactants were used to synthesize

and purify 5,10-bis(2-nitrophenyl)-15,20-bisphenylporphyrin (7).  The crude product, a 

viscous black material containing a mixture of the porphyrins along with polymeric 

materials as polypyrroles, was purified in two steps to obtain the nitroporphyrins.  The 

first step was the separation of solids from viscous materials, soluble in acetic acid and 

water; this was accomplished with the use of coarse sinter glass funnel.  The second step 

was the separation of any leftover polypyrroles not readily eluted form alumina gel 

column chromatography with CH2Cl2.  Reduction of the collected nitrophenyl porphyrins 

6-9 to the corresponding aminophenyl porphyrins 12-15 was carried out according to the

methodology of Collman9 in concentrated hydrochloric acid.  The reaction solution was 

stirred for 90 minutes then it was brought to approximately 75° Celsius and maintained at 

that temperature for 15 minutes. Neutralizing the acid with ammonium hydroxide 

quenched the reaction, but it was done slowly in order to prevent a large increase in 

temperature that would lower the yield of the aminophenyl products.  Dilution of the 

reaction mixture with water while neutralizing also assisted to minimize any rapid 

increase in the temperature.  Complete neutralization at this step was very important prior 

to the extraction of the porphyrin with CH2Cl2.  If the neutralization was incomplete the 

protonated porphyrin could not be extracted form the aqueous phase, which significantly 
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lowered the yield of the reaction. Fortunately, the neutralized species exhibited a dark 

violet color compared with a bright green colo r produced by the protonated species.  The 

neutralization process was followed visually and confirmed with pH paper.  After 

extraction, the CH2Cl2 was removed under reduced pressure using rotary evaporator 

equipped with a temperature regulated water bath and the crude product was crystallized

from ethanol. The crystals were filtered and washed with cold ethanol.  Once the residual 

ethanol was removed under reduced pressure the crystals were dried in a vacuum oven at 

60° Celsius which yielded metallic dark purple crystalline particles of the mixed 

aminoporphyrins.

Purification of Aminoporphyrins 12-15

Although it would be possible to do some separation of the 

nitrophenylporphyrins 6-9 prior to the reduction step, the affinity of the amino groups to 

the silica gel made it more efficient to do the column chromatography separation after the 

reduction step.  The crude mixture of aminophenyl porphyrins 12-15 was eluted with 

CH2Cl2 through an alumina gel plug to remove the base line material.  As illustrated in

Scheme 2-6, at this stage the crude product was a mixture of several porphyrins.

Additionally, each of the porphyrins 12-15 in the mixture has multiple atropisomers, 
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where the orientations of the aminophenyl groups point up or down with respect to the 

plane of the porphyrin ring.  The aminophenyl groups are designated with the symbols a

or ß depending upon their orientations as shown in Scheme 2-6. Prior to silica gel 

chromatography purification of the atropisomers, an isomerization process described by

Lindsey et. al.10 was used to amplify the amount of all-a isomer to increase the yield of 

porphyrin 13a. This process of isomerization favors the formation of all-a amino-

porphyrin because the coordination of the amino groups with the silica gel particle gives 

the thermodynamically most stable all-a aminoporphyrin atropisomer.

A critical analysis of the isomerized products with CH2Cl2/acetone (97.5 : 2.5)

on silica gel TLC plates was performed.  From previous experience with purification of 

the tris-aminophenyl porphyrin 14 we were able to identify the bis-aminophenyl

porphyrin 13 and 16. With silica gel column chromatography the two bands became 

broader as they proceeded down the column and were not resolvable.  Cuts of collection

were made for TLC analysis.  Each of the cuts revealed the presence of multiple 

components.  A green band was observed in the column and protonation was suspected to 

be taking place that caused the broadening of the band.  Therefore, 1.0% of trimethyl

amine was used in the solvent in an attempt to reduce protonation of the porphyrin.  No 

improvement in the resolution was observed, so in a further attempt, the silica gel was 
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washed with 1.0% trimethyl amine in chloroform prior to column preparation.  A

previously observed green band was less prominent, but it did not help in gaining 

resolution of the bands.  Many solvent systems were tested using TLC, but none resulted 

in better separation than we had observed with CH2Cl2/acetone (97.5 : 2.5) mixture.

Upon use of radial chromatography the same phenomena was observed.

However, it became apparent that the two bands, as they approached the outer edge of the 

silica gel plate, were starting to split into more bands.  Unfortunately, we were not able to

devise a solvent system to resolve the two structural isomers, 5,10-bis-aminophenyl

porphyrin 13 and 5, 15-bis-aminophenyl porphyrin 16. Since urea porphyrin is much 

bulkier than the amino porphyrin we attempted the urea addition reaction with an 

expectation to resolve the isomers at this stage.

Synthesis and Purification ofbis-ureaphenyl picket porphyrin 1a

The target product, bis-ureaphenyl picket porphyrin 1a, was to be furnished and 

purified, but TLC and EI-MS analysis of the crude product revealed a multitude of

components including the reactants and purification was not possible.
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2.3 Lindsey Approach

2.3.1 Introduction

The Lindsey approach11, unlike the approach of Adler et. al.7, proceeds through a

rational step-by-step linear synthesis culminating in a 2+2 convergent synthesis of the 

target molecule.  In the approach of Adler et. al.7 there were four isomers furnished at the 

amino stage that were not able to be resolved through chromatographic methods.  They 

are the two structural isomers 5, 10- and 5, 15-bis-aminophenyl porphyrins 13 and 16 that

each exist as the (a, ß) and the (a, a) atropisomers. With the employment of the step-

wise synthesis we were able to selectively prepare one structural isomer, the 5,10-bis-

aminophenyl porphyrin 13.  This isomer consists of two atropisomers, a,a-5,10-bis-(2-

nitroaminophenyl)-15,20-bis-phenylporphyrin (13a) and a,ß-5,10-bis(2-

nitroaminophenyl)-15,20-bis-phenylporphyrin (13b), which were resolvable with column 

chromatography.  This was a very significant achievement that allowed us to synthesize 

and isolate the target molecule, a,a-5,10-bis-(2-ureaphenyl)-15,20-bis-phenylporphyrin

(1).
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Scheme 2-7: Retrosynthetic synthesis of porphyrin 7
       (synthetic scheme in parentheses)
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2.3.2 Results and Discussion

The synthesis of porphyrin 1a begins by the condensation reaction between

pyrrole 11 and benzaldehyde 4 to produce dipyrromethane 17 followed by a succession 

of Grignard reactions to yield the monoacylated dipyrromethane 18 and then diacylated 

dipyrromethane 19.  Reduction of the diacylated dipyrromethane 19 furnishes diol 20,

which can then undergo a 2+2 condensation with dipyrromethane 17 to form 

porphyrinogen 21.  Finally, oxidation of 21 furnishes porphyrin 7.  The literature12

suggests that this 2+2 condensation reaction proceeds in low to moderate yield. Our

strategy was to execute multiple reactions to build up a large amount of dipyrromethane 

17 and diacylated dipyrromethane 19 needed to run the 2+2 condensation reaction.
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The purity of dipyrromethanes 17 affect the yield of porphyrin 1a in the 2+2 

condensation reaction, since 17 is also used as the building block for 19 and its purity

affects the efficiency of our work to build up 1a for further study.  In order to maximize 

our efforts trials were run to ensure a successful synthesis of 17 as described in 

literature13.  The reaction shown in Scheme 2-8 proceeds in an exothermic manner after 

TFA is added to initiate the acid catalyzed condensation of benzaldehyde and pyrrole, 

and yields a dark brown viscous material after extraction.  The purification of 5-

phenyldipyrromethane (17a) requires high vacuum distillation of the material at 190 °C

through a one-piece short path distillation apparatus. The distillation yielded a bright

yellow distillate which crystallized upon cooling. It was re-crystallized from ethanol to 
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give pure white powder, which was stable to the atmosphere.  Although the yield was 

only 20%, it gave a stable product in a very straightforward synthesis and purification 

method, ideal for building up large amounts of starting material.  Prior to the purification 

method via distillation, crystallization and column chromatography of the crude product 

were attempted, but both approaches gave unsatisfactory results. Crystallization of the

crude product was carried out with ethanol and hexane, but less than one percent yield 

was obtained. Column chromatography was done with a silica gel column (10cm x 

2.5cm) eluted with a 1:1 mixture of methylene chloride and benzene.  The column 

purification resulted in poor resolution, but it did yield pure colorless oil.  However, the

collected colorless pure oil did not form crystals and over time it turned into gray oil.

Prior to attempting the synthesis of the dipyrromethane 17a, the synthesis of the 

5-(2-nitrophenyl)dipyrromethane (17b) was performed in order to prepare diacylated

product 19 which has all the nitro functionality required to form 5, 10-bisureaphenyl

porphyrin 1a. The synthesis of 17b proceeded as expected from literature precedence13.

Purification was attempted using several methods: crystallization14, high vacuum 

distillation, alumina gel plug followed by crystallization, or silica gel chromatography.

The crystallization methods failed to produce any crystals and the high heat distillation

under reduced pressure degraded the crude material. The only method that yielded pure 
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product was the silica gel column chromatography (11cm x 3cm), where 17b was eluted 

with methylene chloride.  The pure product 17b was collected as viscous oil and it proved

to be readily oxidized to a dipyrromethene.   The yield of the 2-nitrophenyl

dipyrromethane 17b was 36%, which exceeded the yield of the dipyrromethane 17a by 

80%, however, the later gave pure product that is stable and easily purified.
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O
Cl

R1= NO2
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23b:
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Scheme 2-9

The thiobenzoic acid S-pyridin-2-yl ester (23a) and 2-Nitro-thiobenzoic acid S-

pyridin-2-yl ester (23b) were used to acylate the dipyr romethanes 17a and 17b to furnish 

the mono and di-acylated dipyrromethanes.  The thioesters 23a and 23b were synthesized

according to the literature12.  The synthesis was performed under nitrogen and all the 

liquid reagents used were dried and distilled prior to the reaction. Mercaptopyridine  (24)
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and 2-nitrobenzoyl chloride (25b) were handled in a nitrogen bag.  Although 2-

nitrobenzoyl chloride (25b) is a liquid at room temperature, due to its explosive nature 

under high heat it was not distilled but was used as it was supplied from manufacturer.

The benzoyl chloride 25a or 25b was diluted in methylene chloride and added with an 

addition funnel to a round bottom flask containing mercaptopyridine 24 dissolved in 

methylene chloride.  The two reactants were used at 1 : 1 ratio and after a few minutes 

upon completion of the addition, due to the acidity of the solution, the product

precipitated out as light pastel yellow particles. Both reactions yielded oily crude 

products after extraction that gave pure products upon crystallization with ethyl acetate 

and hexane.  The purity of mercaptopyridine (24) affected the reaction significantly.  As it 

is shown in Scheme 2-9, 2-mercaptopyridine (24) can oxidize to the disulfide compound 

26, which we found present in a few new bottles supplied by the manufacturer.  After 

failed attempts to form the products 1H NMR confirmed the presence of the disulfide

compound 26.  The 2-nitrobenzoyl chloride (25b) was 90% technical grade but the 

reaction managed to yield a 91% of 23b compared with 81% yield of 23a obtained by 

using the distilled benzoyl chloride (25a).
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Figure 2-2: 1HNMR of 23b
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Monoacylated dipyrromethanes 18a and 18b (Scheme 2-10) were synthesized

according to the literature12.  Starting material dipyrromethane 17a was chosen over the 

2-nitrodipyrromethane 17b because it could be produced in larger amount as a pure and 

stable solid. Both of the acylation reactions were performed utilizing the same synthetic 

and purification methods. Both reactions yielded a viscous oily crude product, which 

was subjected to silica gel column chromatography (7 in x 2 in) eluted with 95:5 of 

methylene chloride and ethyl acetate, furnishing lightly colored oils.  In both cases, 

streaking of the products was noticeable and it caused for a large band to be collected.

The dipyrromethanes 18a and 18b were further subjected to high vacuum resulting in the 
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formation of golden amorphous solids.  The mono-phenylacylated dipyrromethane 18a

was furnished in 72% and the 2-nitromonophelyacylated dipyrromethane 18b was

furnished in 53%. 
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Diacylated dipyrromethane 19 was synthesized according to the literature15.  Out 

of the four synthetic routes tried only one yielded a significant amount of the product 19

(Scheme 2-11).  The reaction between 2-nitrophenylmonoacyl dipyrromethane 18b and 

benzoylchloride (25a) yielded product that was detected with ESI-MS and TLC, but the 

yield was less than 5% and it could not be purified.  The reaction between phenylacylated 

dipyrromethane 18a and 2-nitrobenzoyl chloride (25b) produced no product.  Thioester
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23a was used in place of the benzoylchloride 25a, but this did not form the desired 

product either.  Each of the reactions were performed at 27 °C and at 0 °C and also with 

varying equivalences of the reactants, but none of the change made to the reaction

parameters effected the yield.  The only reaction route that yielded the desired product in

a significant amount was the reaction between phenylacyl dipyrromethane 18a and 2-

nitrophenythioester 23b. The yield of the reaction was maximized at 1 : 2.5 : 3 

equivalences of monoacyl dipyrromethane 18a, ethylmagnesiumbromide (EtMgBr), and 

2-nitrophenythioester 23b, respectively. Crude product from this reaction of 18a carried 

out with increased equivalences of EtMgBr showed a larger amount of the 18a’s

precursor 17a in TLC analysis (9:1 mixture of CH2Cl2 and EA).  This suggested to us that

the excess EtMgBr was reacting and removing the 2-nitrophenyl acyl functionality and 

re-producing the precursor, dipyrromethane 17a. A control reaction was performed with 

the 2-nitrophenylmonoacyl dipyrromethane 18b and EtMgBr to study if dipyrromethane 

17a would be recovered. The result was the conversion of 2-nitrophenylmonoacyl

dipyrromethane 18b into its precursor, dipyrromethane 17a. We suspected that the 

EtMgBr coordinated with the nitro and the carbonyl functionality, reacting with the 

carbonyl instead of deprotonating the a position of the unsubstituted pyrrole.
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Purification of the crude diacylated dipyrromethane 19 was attempted using

silica gel chromatography, eluting the product mixture with methylene chloride.  Results 

form experiments with TLC could not be translated into column chromatography. The

material showed excess streaking through the column.  This made it difficult to obtain 

pure product, but also the collected pure product did not form solids and discolored

quickly.  At the top of the column white solids were found which turned out to be 

precipitated particles of the diacylated product 19.  It was found that the solids could be 

obtained by precipitating them from the crude reaction mixture with methylene chloride.

The collected precipitates were washed with methylene chloride to yield the pure

diacylated product 19 in 30% yield.   Due to the low yield, many reactions were repeated 

in order to build up enough quantity of the pure 19 for the next synthetic step.
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Figure 2-4: 1HNMR of 19
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The diol 20 was furnished by reduction of 19 with an excess of the reducing

agent, NaBH4, in a 10:1 mixed solvent system of THF/methanol as described in the 

literature15. The reaction was quenched by stirring the reaction solution with a mixture of 

saturated aqueous solution of ammonium chloride and methylene chloride to extract 19.

This process was carried out in an oversized container to avoid overflow of the solutions 

that can be caused by vigorous reaction between NaBH4 and water. The solvent was 

removed from the extracted diol 20 in a 500 mL round bottom flask that was used in the 

next reaction step.  The solvent was completely removed with high vacuum pump to 

yield the diol 20 quantitatively as an amorphous pale yellow solid.
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Dry acetonitrile (CH3CN) was used as the solvent in the 2 + 2 condensation 

reaction between the diol 20 and dipyrromethane 17b.  This condensation reaction 

formed the porphyrinogen 21 that was oxidized with DDQ to form the porphyrin 7 in a 

two steps one-pot reaction15.  As a trial of the reaction the more stable and easier to 

handle phenyldipyrromethane 17a was reacted with diol 20 to form 

mononitrotetraphenylporphyrin 6. Porphyrin 6 was characterized with ESMS and 

collected in yield of 14% (Scheme 2-14)

Scheme 2-14
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Since the 2-nitrophenyldipyrromethane 17b is synthesized as an oil that readily 

oxidized upon standing in air at R.T. it was purified with column chromatography just 
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prior to the porphyrin formation reaction.  The purified dipyrromethane 17b was kept in 

the freezer under nitrogen atmosphere and measured out at each reaction. The purified 

dipyrromethane 17b was used over a course of a week and purified again once the brown 

oil of 17b started to turn to a darker reddish brown color. The reaction of 

dipyrromethane 17b and diol 21 yielded pure porphyrin 7 in yields between 18% to 24%.

Purification of the crude 7 was accomplished by first removing the excess DDQ with an

alumina gel column (15 cm x 7.5 cm).  Once the solvent was removed the product was 

further purified using silica gel column (15 cm x 7.5 cm column) eluted with CH2Cl2

until no color was seen in the eluent. The collected porphyrin 7 was re-crystallized from 

ethanol yielding a purple solid with metallic luster.
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Amino porphyrin 13 was furnished by the reduction of bis-nitroporphyrin 7 with 

stannous chloride in concentrated hydrochloric acid.  According to the literature9 this 

reaction gives quantitative yield, but only 70% yield of the bis-aminoporphyrin 13 could 
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be achieved in our hands.  This step proceeded as it is described in Adler approach of this 

chapter.  However, only the 5, 10-bisnitrophenyl-porphyrin 7 was reacted and therefore

the purification of the product mixture was greatly simplified.  A TLC plate ran with 

100% CH2Cl2 revealed two spots in the area where porphyrin 13 would be expected to 

appear. ESMS analyses of the porphyrin spots were performed and they identified them 

as porphyrin 13.  The ESMS samples were prepared by removing the silica off from the 

TLC plate where each of the spot of porphyrin was present and dissolving the porphyrin 

in CH2Cl2.  The starting material 7 and partially reduced 7 ran faster compared to these 

two spots of 13, so purifying the bis-aminoporphyrin 13 was not a challenge.  The 

mixture of 5, 10-bisaminoporphyrin 13 and 5, 15-bisaminoporphyrin 16 produced via the 

method of Adler et. al. and the 5, 10-bisaminoporphyrin 13 produced here were subjected 

to TLC analysis.  Both materials produced only 2 spots on the TLC, which indicated that 

the atropisomers 13a and 13b ran the same with the atropisomers of 16.  This explained

the reason we were not able to purify the bis-aminoporphyrin product mixtures that were

created using the method of Adler et. al..
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The isomerization process applied earlier was used here to isomerize the mixture

of atropisomers 13a and 13b into a mixture made up predominantly of 13a (Scheme 2-

16).  The effect of the isomerization was confirmed by TLC in 100% CH2Cl2 where the 

distribution of the material in the two bis-aminoporphyrin spots shifted to produce more 

of the slower moving spot consisting of 13a.

Formation of Porphyrin 1a
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Target receptor 1a was furnished in only 31.7%, whereas from the literature15 (reference) 

and previous work in our group a quantitative yield was expected.  In this reaction the 

nucleophilic nitrogen on the amine group reacts with the electrophilic carbon of 

isocyanate to produce the urea functionality (Scheme 2-18).
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We suspected the low yield to be caused by moisture, but despite our best efforts to keep 

moisture from the reaction no improvement in yield was observed.  A definite factor in 

the low yield was the purification process.  Purification was accomplished by subjecting 

the crude reaction mixture to column chromatography eluted with CH2Cl2 / ethyl acetate

(99:1) to (95:5) in increasing gradients to remove by-product UV absorbing bands. The

elution started with the 99:1 mixture was increased in polarity by adding the 95:5 mixture

gradually as the colorless and UV absorbing band moved down the column. Resolution

of porphyrin 1a from an unidentified UV absorbing band was problematic.  The fraction 

containing the UV absorbing band was subjected to ESMS and also acid (10% HCl) wash 

to remove any amine possibly formed as a by-product. The acid wash did not remove 

any impurities and the MS data did not provide any constructive information.  The 
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identity of the UV absorbing material remains unsolved.  Despite of our efforts, the UV 

absorbing material was not fully isolated from the product collected with column 

chromatography and we believe it obstructed the crystallization process to obtain pure 

product of 1a.  The collected fraction of 1a without the UV absorbing band was

crystallized in a mixture of ether - petroleum ether giving pure product 1a (1HNMR and 

MS of 1a in Figure 2-6, 7).
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Figure 2-6: 1HNMR of 1a
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CHAPTER 3

RECEPTOR CHARACTERIZTION

Binding studies were performed with 5,10-bis(2-(4-fluorophenylurea)phenyl)-

15,20-bisphenylporphyrin (1a) as was done for 5,10,15-tris(2-(4-

fluorophenylurea)phenyl)-20-phenylporphyrin (2) and 5,10,15,20-tetrakis(2-(4-

fluorophenylurea)phenyl)porphyrin (3)1 in our research group.  Four anions (dihydrogen

phosphate, nitrate, acetate, and chloride) were used for the following studies, all as their 

tetrabutylammonium salts.

1H-NMR was used to observe the binding behavior of the receptor porphyrin 1a

with anions.  The urea hydrogens and the beta hydrogens on the porphyrin ring are 

followed because both sets of hydrogen resonances are isolated from other protons on the 

spectra and show a large chemical shift that allow us to follow the movement.  The large 

chemical shift of the urea protons indicate their direct involvement in the anion binding 

which is also supported by the X-ray crystallography of porphyrin 3 showing the anion 

positioned in-between the urea protons of the receptor.
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3.1 1H-NMR Binding Studies

1H-NMR binding studies was undertaken to 1) identify the receptor’s anion

binding selectivity, 2) study the effect of buried solvent on anion binding, and 3)

determine the binding stoichiometry between anion and the receptor.  Titration 

experiments were repeated a minimum of two times per anion and the proton shifts

observed from the 1H-NMR spectra were plotted in relation to the total equivalences of 

added anion.  The data from the proton shifts of porphyrin receptor was used to calculate

the host-guest binding equilibrium using a non- linear regression analysis program, 

EQNMR16.

3.1.1 Experimental

The following procedure was performed two times for each of the anions used: 

chloride, dihydrogen phosphate, acetate, and nitrate, as their tetrabutylammonium salts.

NMR Titration of Porphyrin 1a with tetrabutylammonium chloride (TBACl)

Porphyrin 1a was dried in a vacuum dessicator for 48 hours over drierite and 

phosphorous pentoxide.  The agglomerates of Porphyrin 1a were broken up prior to 

drying. A 1 mL solution of Porphyrin 1a (0.014 mM) was prepared by dissolving 13.0 

mg (0.014 mmol) of the dried Porphyrin 1a in dry DMSO-d6 with TMS (1 mL).

Porphyrin 1a was measured out on a microbalance using a small piece of cut out 
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aluminum foil, then quickly and carefully transferred it to a pre-dried 1 mL volumetric 

flask. A 1 mL solution of tetrabutylammonium chloride (0.281 mM) was prepared by 

dissolving tetrabutylammonium chloride (78.0 mg) in dry DMSO-d6 with TMS (1 mL).

The anion salt was put into a tarred sealable 1 mL volumetric flask placed inside a 

nitrogen bag and weighed out on a balance with 10-4 g accuracy that was placed out side 

the bag.  In the same manner, tetrabutylammonium chloride was weighed out in another 

pre-dried 1 mL volumetric flask.  The porphyrin and the anion salt solutions were

agitated to help their dissolution.  In the bag 500.0 uL of the porphyrin solution was 

transferred into two dried NMR tubes for the two duplicate runs.  Starting with one tube 

the NMR spectra were recorded over 8-12 hours at 30 ºC.  The starting spectrum was 

taken of porphyrin 1a with 0.00 equivalence of anion. Consequent spectra of porphyrin 

1a were recorded with addition of the anion in the following equivalent s: 0.2, 0.4, 0.6, 

0.8, 1.0, 1.25, 1.50, 1.75, 2.00, 2.25, 2.50, 3.00, 4.00, 5.00, and 6.00 equivalences, as

illustrated below (Table 3-1).

At each addition of the anion the content of the tube was mixed well and it was 

allowed 10-15 minutes for equilibration to 30 ºC in the NMR before spectra were 

recorded.  The spectra recorded at each anion addition was compared to the spectra taken 

prior to the addition of any anion to calculate the proton shifts of the Porphyrin 1a. The
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equilibrium constant of anion binding with 1a was computed with EQNMR16, which 

utilized the proton shifts obtained from the titration.

Table 3-1. NMR Titration of Porphyrin 1a with TBACl

NMR Titration
Equivalents

Anion Added
Total

Volume(mL)
Porphyrin
conc.(mM)

Anion
conc.(mM)

0.00 0.5000 0.0141 None

0.20 0.5050 0.0140 0.0028

0.40 0.5101 0.0139 0.0055

0.60 0.5151 0.0137 0.0082

0.80 0.5202 0.0136 0.0109

1.00 0.5252 0.0135 0.0135

1.25 0.5315 0.0133 0.0166

1.50 0.5378 0.0132 0.0197

1.75 0.5441 0.0130 0.0227

2.00 0.5504 0.0129 0.0257

2.25 0.5567 0.0127 0.0286

2.50 0.5630 0.0126 0.0314

3.00 0.5756 0.0123 0.0369

4.00 0.6008 0.0118 0.0471

5.00 0.6260 0.0113 0.0565

6.00 0.6512 0.0109 0.0652
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3.1.2 Results and Discussion

Anion
Receptor

Observed
peak

Chloride
K(M-1)

Phosphate
K(M-1)

Acetate
K(M-1)

Nitrate  K(M-

1)

1&2 2.67896xE02 4.41815xE03 NA 1.43026xE02
2.72250xE02 1.63179xE03 NA 2.75948xE02

3 2.77769xE02 4.78404xE04 7.70977xE04 NA
2.69950XE02 2.44288xE04 1.82825xE04 NA

4 NA 9.41370xE03 1.63814xE04 1.46699xE02

Porphyrin 1a

NA 2.15287xE04 1.61741xE04 4.50000xE02
Average 2.71966xE02 1.82103xE04 3.19839xE04 2.53918xE02

Table 3-2. Porphyrin 1a Summary of Equilibrium Constants 
with Various Anions in DMSO-d6

H

NH

N
N N

N H
H

O
NH

F

H

HN
HNO

F

1 a

1

2

3

4

Figure 3-2. Proton assignments of porphyrin 1a

The calculated equilibrium constant shown in Table 3-2 suggests a stronger 

binding for the tetrahedral phosphate and trigonal planar acetate anions compared with 

the spherical chloride and trigonal planar nitrate anions.  This result is in contrast to the 

equilibrium constants calculated for porphyrin 2 and porphyrin 3 using the same 

procedure.  Without the presence of the third urea picket the binding trend of porphyrin 

1a with the anions follow the general trend of bis-urea systems reported6.
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3.2 ESMS Competition Binding Studies

ESMS competition study was performed with porphyrin 1a and two anions, 

chloride and dihydrogen phosphate.  The experiment was run in two different solvents, 

methylene chloride (CH2Cl2) and in dimethylsulfoxide (DMSO).

3.2.1 Experimental

All of the stock solutions and MS samples were prepared with dried solvents and 

handled in a dry bag.  The MS samples (1 mL) were prepared by first mixing the stock 

solutions of porphyrin 1a, tetrabutylamonium chloride, and tetrabutylamonium 

dihydrogenphosphate in 1 : 4 : 4 mole equivalence ratio and then diluting it with CH2Cl2

(100%) or a mixture of DMSO : CH2Cl2 (95:5).  The final concentration of the porphyrin 

1a in the two MS samples was 0.5 mM.

3.2.2 Results and Discussion

Competitive binding of tetrabutylamonium chloride and tetrabutylamonium 

dihydrogenphosphate with Porphyrin 1a was observed in the two solvents, however due 

to uncertainty in the instrument’s performance we could not draw any constructive 

conclusion from the results.  The two solvents used to deliver the samples were CH2Cl2, a 

solvent incapable of forming a hydrogen bond with the urea picket of porphyrin 1a, and 

the other solvent was DMSO, a solvent capable of forming a hydrogen bond with the urea 

picket.  Due to the lack of volatility of DMSO in the ESMS a minimal amount of CH2Cl2

was added to DMSO to enhance the volatility.  Porphyrin 1a and the salts were mixed in 

each of the solvent systems and were allowed to equilibrate prior to injecting into the 

ESMS.



47

Kenichi_di_Cl_H2PO4_DMSO#1 RT: 0.02 AV: 1 NL: 4.76E4
T: - p ms [ 50.00-1500.00]

800 850 900 950 1000 1050 1100 1150
m/z

0

5

10

15

20

25

30

35

40

45

50

55

60

65

70

75

80

85

90

95

100

R
el

at
iv

e 
Ab

un
da

nc
e

M + Chloride953.2

954.2

955.2

956.1

957.2

989.0917.2 991.8969.1806.0 1011.9 1031.9 1150.3912.6 1097.3950.8 1060.9 1116.7852.6839.9 864.6816.4 1069.1922.3877.0

Figure 3-3. ESMS of DMSO : CH2Cl2 (95:5) Sample

Kenichi_11_19_03_di_Cl_H2PO4_CH2Cl2#1 RT: 0.02 AV: 1 NL: 5.49E5
T: - p ms [ 50.00-1500.00]

800 850 900 950 1000 1050 1100 1150
m/z

0

5

10

15

20

25

30

35

40

45

50

55

60

65

70

75

80

85

90

95

100

R
el

at
iv

e 
Ab

un
da

nc
e

M + Chloride

M + Dihydrogenphosphate1015.7

954.9

1017.3

918.1

1018.3964.2 978.7 1049.3
1009.1807.3 1091.3 1145.4 1159.31117.21075.5873.9 914.0 924.0810.1 860.7852.7 899.8

Figure 3-4. ESMS of CH2Cl2 Sample



48

The binding selectivity data was not consistent with data obtained from NMR 

titration of porphyrin 1a.  Since bisurea system is known to have a strong binding 

preference toward dihydrogenphosphate6 we expected to see that in both solvent systems, 

however, a chloride bound species was observed in both solvents.  The experiment was 

originally designed to have a mixture of 1 : 1 : 1 of the three components.  This mixture 

produced only the chloride bound porphyrin 1a for samples prepared with CH2Cl2 and 

DMSO/CH2Cl2.  We tested the instrument by running sample of 1 : 1 mixture of TBAH-

2PO4 and porphyrin 1a.  Surprisingly no signal was observed to confirm the phosphate 

bound receptor, but instead we observed a strong ion peak for chloride bound receptor.

This indicated a presence of chloride anion in the instrument and possibly generated

while consuming the phosphate specie.  By using a 1 : 4 : 4 ratio of the components we 

hoped to compensate for the effect of the unknown specie.  Due to the lack of availability 

of porphyrin 1a we could not devote the resources to resolve the issue and no clear 

conclusion could be made on the ESMS experiment due to the unexpected phenomena.

ESMS Result Summary form Figure 3-2 and 3-3
Solvent m/z (relative intensity)

DMSO / CH2Cl2 953 (100, M + chloride)
CH2Cl2 1015 (100, M + phosphate)

954 (35, M + 1 + chloride)
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3.3 Job Plot

3.1.1 Experimental

Job plots are utilized to identify the binding stoichiometry of the host and the 

guest.  In order to construct a Job plot a series of 1HNMR spectra were taken from eleven 

mixtures made up of porphyrin 1a and TBACl.  The mixtures were made according to 

Table 3-3.  Each of the mixtures from 1 to 11 had an increased equivalence of the TBACl 

salt.  The shifts of the 1H peaks among the spectra were calculated and the product of 

chemical shift (ppm) and molar fraction of the receptor, porphyrin 1a, were plotted 

against the molar fraction of the receptor to create a Job plot.  The apex of the curve made 

from the plot designates the stoichiometry of binding between porphyrin 1a and the 

TBACl salt used to obtain the NMR spectra.  For example a 1:1 binding would have a 

plot with inflection point at 0.5 molar fraction of porphyrin 1a and a 1:2 binding would 

be designated by a curve with inflection point at 0.33 molar fraction of porphyrin 1a.

TABLE 3-3. Job Plot Sample Mixtures with TBACl
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3.3.2 Results and Discussion

The apex in the Job plot calculated from the data of the chemical shift (Figure 3-

5) of urea protons and bata protons both exhibited a 1 : 1 binding stoichiometry with the 

chloride anion.(Figure 3-6)
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Figure 3-6. Job Plot of Porphyrin 1a with TBACl

3.4 Van’t Hoff Plot

A Van’t Hoff plot is constructed with data from variable-temperature 1HNMR

binding studies.  Through the studies the thermodynamic characteristics, enthalpy (? Ho)
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and entropy (?So), of the receptor with regards to anion binding can be analyzed.  It has 

been reported that a “hydrophobic” effect caused by solvent ordering effect results in 

large favorable, positive, entropy change.  With the attraction observed between host and 

guest, a case of true molecular recognition, a favorable, negative, enthalpy change would 

be expected17.  In the case of true molecular recognition a negative enthalpy change is 

observed due to the electronic stabilization brought about by the binding of the 

compatible host and guest, whereas a positive entropy is observed in case where 

“hydrophobic” effect is the mechanism bringing the host and guest together, merely due 

to their less compatible nature with the surrounding solvent.

Acquisition of accurate data is determined on the ability to perform the variable 

temperature NMR titration with precision.  DMSO-d6 is used in this experiment as 

previous data showed that its changes in heat capacity over the temperature rage used is 

not significant.

?Go = -RTlnKa (1)

?Go = ?Ho - T?So (2)

Ka = [1/[H]0 – (P[G]0)] [P/(1-P)] (3)

P = (observed up-field shift/D) = fraction guest bound (4)

[H]0, [G]0 = total concentration of host and guest

D = Maximum up-field shift observed

-?Go = RTlnKa (5)

-?Go = -?Ho + T? So

RlnKa = -? Ho(1/T) + ?So

(6)

(7)
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 Van’t Hoff plot is a plot of RTlnKa against 1/T on x-axis.  Ka is calculated according to 

equation 3.  The ?So value can be determined by using Equation 7 which is represented 

by the y intercept of the Job plot and the ? Ho value by the slope. 

3.4.1 Experimental

VT (variable temperature) experiments were run with a 300 MHz 1HNMR.

Stock solutions of porphyrin 1a (0.01169M) and tetrabutylammonium salts of chloride 

(0.1225M) and dihydrogenphosphate (0.1306M) were carefully measured with a 

microgram scale and mixed in a volumetric flask (2mL).  Samples were made with 

DMSO-d6 and all spectra were referenced to DMSO-d6 (2.50ppm).  The NMR samples 

were prepared by mixing porphyrin 1a with one of the tetrabutylammonium salts at 1:6 

equivalence ratios.  The temperature of the sample was varied from 30 oC to 100 oC, and a 

spectrum was recorded at each 10 oC increment. 

3.4.2 Results and Discussion

  Urea protons and porphyrins’ beta hydrogen were observed for TBACl and 

TBAPO4 trials.  The trial with TBACl gave sharp spectra throughout the run, however, 

TBAH2PO4 trial produced broader peaks at increased temperature and did not allowed us 

to follow the chemical shift.  The broadening of the peaks is suspected to be caused by

proton exchange between the porphyrins’ urea protons and that of H2PO4
?.  The trial for 

each salt was performed once because of limited amount of porphyrin 1a.  The data 

acquired with TBACl gave a Ka consistent with the earlier calculated Ka value with the 

titration studies.  The entropy and enthalpy change were determined form the data used in 

the Van’t Hoff plot for TBACl trial (Figure 3-7) and Equation 7.  A large negative ? Ho

and a small positive ?So (Table 3-4) is indicative of a molecular binding.
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   Table 3-4: Thermodynamic Data from TBACl

? H(kcal/mol) -1.959
? S(kcal/K*mol) 0.0046

Figure 3-7. Van't Hoff Plot of urea proton - Porphyrin 1a with Cl?

1/T

RlnKa

0.0025 0.0026 0.0027 0.0028 0.0029 0.003 0.0031 0.0032 0.0033 0.0034 0.0035
0.009

0.0092

0.0094

0.0096

0.0098

0.01

0.0102

0.0104

0.0106

0.0108

0.011

0.0112

0.0114

0.0116

0.0118

0.012

Y1 Data
Line of best fit
Fitted equation:  y = mx + c
Fitted parameters:
Gradient (m):  1.959
Intercept (c):  0.004596

Table 3-5. Data of Van't Hoff Plot of urea proton - Porphyrin 1a with Cl?
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CHAPTER 4

EXPERIMENTAL

Purification Methods for Solvents and Starting Materials

Pyrrole:  (Scale 50~500 mL) The desired amount of pyrrole was stirred over night with 

calcium hydride in a dried round bottom flask fitted with a nitrogen line.  A dried one-

piece distillation apparatus was attached and the collecting round bottom flask was 

covered with aluminum foil to protect the freshly distilled pyrrole from light. The

pyrrole was refluxed for two hours over calcium hydride. After two hours pyrrole was

distilled over into the round bottom flask as clear colorless liquid and cooled before

storing under nitrogen.  Distilled pyrrole was stored in the refrigerator over molecular 

sieves.

Benzaldehyde and 2-nitrobenzaldehyde:  (Scale 50 mL) A simple distillation apparatus, 

which was dried in oven, was assembled and fitted with a nitrogen line. Once the 

apparatus was cooled a desired amount of benzaldehyde or 2-nitrobenzaldehyde was 

added to the refluxing flask.  The benzaldehyde was distilled and stored under nitrogen.

Dichloromethane (method A) and THF:  (Scale 50~250 mL) A 2000mL still was used to 

distill methylene chloride (CH2Cl2) over P2O5 under N2.

Dichloromethane (method B):  (Scale 5~50 mL) A one-piece distillation apparatus was 

used in place of a still.  The procedure is the same as for the distillation of pyrrole, which 

uses calcium hydride in place of P2O5.  Distillation of CH2Cl2 over calcium hydride was 

pre-stirred at room temperature for one to two hours instead of overnight as in the case 

for pyrrole distillation. (CH2Cl2 for use in the formation of ureaporphyrin 1a via the

amino porphyrin 13.)
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Dimethyl sulfoxide(DMSO-d6):  (Scale 10~ 20 mL) Same distillation method was used as 

was used to distill pyrrole.  However, it is an option to do the distillation under reduced 

pressure because of the high boiling point of dimethyl sulfoxide.  The distilled DMSO-d6

was kept either in the dry box or in a nitrogen bag maintained at positive pressure.  TMS 

was added prior to use as needed.

Acetonitrile:  (Scale 1500~1800 mL) The distillation of acetonitrile was done in large 

scale due to the large volume required in the reaction.  The acetonitrile was first pre-dried

with freshly dried 3-4 angstrom molecular sieves by adding it directly into the acetonitrile 

bottle or in a 2000 mL round bottom flak.  After a day or so the acetonitrile was decanted

out into a dried 2000mL round bottom flask fitted with a short condenser and nitrogen 

line.  Calcium hydride was added and solution was stirred over night.  A simple 

distillation apparatus was attached to the top of the short condenser with a 2000 mL 

receiver round bottom flask containing 3-4 angstrom molecular sieves. (Alternatively, a 

large one-piece apparatus that accommodates two 2000 mL round bottom flasks can be 

used)   The acetonitrile was refluxed for 2 hours by flowing water through the first short

condenser.  After the 2 hours the water was drained from the first condenser, without 

spilling the water on the refluxing flask, then the water source was carefully moved to the 

second condenser.  The short condenser was insulated with cotton and aluminum foil then 

the temperature was increased enough to let the vapors to reach the second condenser.

The acetonitrile was collected over a 1-2 hours period and it was cooled before storing it 

over molecular sieves at room temperature or in the refrigerator.

Methanol:  (Scale 600 mL) A desired volume of methanol was pre-dried by stirring it 

overnight with magnesium sulfate (10g to 500mL).  About 20 mL portion of the 
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methanol was decanted into a round bottom flask and mixed with about 5g of magnesium 

turnings and few crystals of iodine.  Stirring the mixture under nitrogen formed a white

gel like material; heat was added if the formation did not occur.  However the process is 

exothermic so it was done with caution.  The rest of the pre-dried methanol was added to 

the round bottom flask by decantation or it was filtered once to rid of the magnesium 

sulfate.  Attaching a one-piece apparatus the methanol was refluxed under nitrogen and 

distilled over molecular sieves and stored at room temperature or in the refrigerator.

Melting point: the melting point data were not corrected.

5-phenyldipyrromethane (17a)

Freshly distilled clear colorless solutions of pyrrole 11 (25 eq, 87 mL, 1.23 mol) and 

benzaldehyde 4a (1 eq, 5 mL, 49.19 mmol) were degassed by bubbling N2 through a 

needle for 10 minutes while stirring in a round bottom flask.  TFA (0.1 eq, 0.709 mL) 

was measured out with syringe having a ground glass tip and fitted with PTFE tubing in 

place of kennulating needle.  It was then added rapidly, but in drop wise manner to the 

reaction mixture at room temperature while applying a positive flow of nitrogen.  The 

solution began to turn yellowish in color and eventually a to orange then a dark green 

color.  After stirring for 10 minutes the reaction mixture was quenched with NaOH (0.1 

M, 150 mL) turning the solution into a bright red color.  The organic and aqueous layers 

were separated using a separatory funnel.  Ethyl acetate was used to extract residual 

organics in the aqueous portion and to rinse the funnel.  The combined organic solution 

was washed several times with H2O and dried over Na2SO4 for about 5 minutes or until 

the solution was clear.  Thin layer chromatography (TLC) developed with CH2Cl2/ethyl
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acetate (90:10) revealed the product running close to the solvent front followed by two 

other spots and polymeric material at base line (Br2 was used for developing the TLC to 

show dipyrromethene).  The excess pyrrole was removed under reduced pressure using a

rotary evaporator. Pumping the crude material with a high vacuum produced a viscous

dark orange oil.  The crude reaction materials of eight reactions of the same scale were 

put together in a round bottom flask by dissolving them with ethyl acetate or methylene 

chloride and then removing the solvent under reduced pressure.  The round bottom flask 

with the collection of crude products was equipped with short-path distillation apparatus 

and connected to a high vacuum pump equipped with a dry ice-acetone trap.  The vacuum 

was applied without heat first to remove any trace of solvent in order to prevent bumping 

at elevated temperature.  The temperature was gradually increased, making sure solvents 

were removed in the process.  If there was any solvent collected in the receiving flask up 

to this point, the flask was replaced first by removing the apparatus from the heat source 

then taking the vacuum off slowly.  Vacuum was applied again with caution to avoid 

bumping and the temperature was increased gradually.  Once the vapor phase reached

190°C, the refluxing flask and part of the short-path distillation apparatus were insulated 

with fiberglass, cotton, and aluminum foil.  The dark oil was collected as a clear yellow 

oil at 200 °C.  As the distillation came near to end the condensate started to appear a little 

orange or red in color.  Heat was turned off at this point and vacuum was released.

The oil solidified upon cooling and it was re-crystallized with ethanol to obtain the titled 

dipyrromethane 17a as a white powder (18.80 g, 81.04 mmol, 20.6 %). Mp: 101-102 °C

(Lit.18; mp 100-101). 1H NMR (CDCl3, 400MHz): d 5.41 (s, 1H), 5.87-5.91 (m, 2H), 

6.14 (q, 2H, J = 4.395Hz), 6.61-6.64 (m, 2H), 7.32-7.17 (m, 5H), 7.79 (br s, 2H); 13C
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NMR (CDCl3, 100MHz) d 44.0, 107.2, 108.4, 117.2, 128.4, 128.6, 132.4, 142.1; LCMS:

m/z (relative intensity): 223 (100, M+1), 156 (20).

5-(2-nitrophenyl)dipyrromethane (17b)

Freshly distilled pyrrole 11 (25 eq, 0.77 mol, 50 mL) and 90 % technical grade 2-

nitrophenylbenzaldehyde 4b (1 eq, 0.0308 mol, 4.64 g) were degassed with N2 gas for 10 

minutes while stirring in a round bottom flask. To this pale brown solution was added 

TFA (0.1 eq, 0.00308 mol, 0.2285 mL) in a rapid drop wise manner at room temperature 

using the same setup described for the synthesis of 17a.  After stirring for 7 minutes the 

red colored reaction mixture was quenched with NaOH (0.1M, 60mL) turning it into a 

dark color.  The crude product, a thick and dark green oil, was obtained as in the 

procedure for 5-phenyldipyrromethane (17a).  The purification of product was done with 

column chromatography due to degradation of the product upon high temperature 

distillation. The crude product was chromatographed with a silica gel column (3 cm x 11 

cm) and eluted with CH2Cl2.  One third of the crude material was run per column and the 

product came off as a streaky bright yellow band.  The collected products from the 3 

column runs were all put together and the solvent was removed under reduced pressure to 

furnish 17b as a brown oil, which could not be crystallized (3.029g, 11.33 mmol, 36.8 

%). 1H NMR (CDCl3, 400MHz): d 5.84 (s, 2H), 6.10-6.14 (m, 2H,), 6.18 (s, 1H), 6.68-

6.72 (m, 2H), 7.22-7.28 (m, 1H), 7.33-7.38 (m, 1H), 7.45-7.51(m, 1H), 7.82-7.86 (m, 

1H), 8.13 (br s, 2H) (Lit.19); ESMS&LCMS: only fragments were observed. 



60

S-2-Pyridyl-4-benzothioate (23a)

2-Mercaptopyridine 24 (1 eq, 40.0 mmol, 4.44 g) was dissolved in a 500 ml RBF with 

dry CH2Cl2 (250 ml) under N2.  Freshly distilled benzoyl chloride 25a (1 eq, 40.0 mmol, 

4.6 mL) was mixed with CH2Cl2 (100 mL) in an addition funnel.  The benzoyl chloride 

solution was added drop wise over 15 minutes to the stirring mercaptopyridine solution.

The solution rapidly turned from a transparent bright yellow color to a creamy pale 

yellow color.  After 90 min of stirring at room temperature under N2 the mixture was 

quenched with NaOH (2 N, 10 mL).  The organic phase was washed with water and dried 

over Na2SO4.  After removing the solvent under reduced pressure the brownish oil was 

pumped under high vacuum for 24 hrs to remove any residual CH2Cl2 that would obstruct

crystallization of the product.  The oil was dissolved in ethyl acetate and then hexane was 

added until crystals began to form, followed by cooling in a freezer.  Colorless 

translucent crystals of 23a were collected (6.98 g, 32.22 mmol, 81.1 %).  mp 45-50°C

(Lit.20 mp 49-50°C; Lit.21 mp 44-45°C). 1H NMR (CDCl3, 400MHz): d 7.31 – 7.31 (m, 

1H), 7.49 (t, 2H, J=7.568Hz), 7.73 (d, J=3.906Hz, 1H), 7.78 (t, 1H, J=7.568Hz), 8.02 (d, 

2H, J=4.150Hz), 8.68 (d, 1H, J=2.44Hz); 13C NMR (CDCl3, 100MHz): d 123.6, 127.5, 

128.8, 130.8 133.8, 136.6 137.1, 150.4, 151.4, 189.0; ESMS: m/z (relative intensity): 

216.1 (100, M+1), 105 (1.5).

S-2-Pyridyl-4-(2-nitrobenzothioate) (23b)

2-Mercaptopyridine 24 (1 eq, 40 mmol, 4.447 g) and 2-nitrobenzoyl chloride 25b (1 eq, 

40.0 mmol, 5.815 mL) were reacted and 23b was collected in the same manner as with
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phenylpyridylthioester 23a (9.47 g, 36.4 mmol, 91 %). mp 83-85 °C. 1H NMR (CDCl3,

400MHz): d 7.38-7.44 (m, 1H), 7.67-7.72 (m, 1H), 7.77 (d, 2H, J=2.56Hz), 7.87 (d, 1H, 

J=1.282Hz), 7.88 (t, 1H, J=1.465Hz), 8.12 (d, 1H, J=4.028Hz), 8.67-8.69 (m, 1H); 13C

NMR (CDCl3, 100MHz) d 124.2, 124.8, 128.6, 130.6, 131.9, 133.7, 133.8, 134.2, 134.2, 

138.0, 150.1, 188.6; ESMS: m/z (relative intensity): 261.0 (100, M+1), 216.3 (4.1).

Anal. Calc. for: C 55.3, H 3.10, N 10.76.  Found: C 55.02, H 3.06, N 10.52.

1-Benzoyl-5-phenyldipyrromethane (18a)

Prior to reaction a vial containing thioester 23a was dried in vacuum decicator for 24 hrs

over P2O5.  The Grignard reagent(1 M), ethyl magnesium bromide (EtMgBr), was 

prepared under nitrogen in a dry 50 mL round bottom flask equipped with nitrogen line 

and stir bar. An excess of fresh magnesium turnings (1 eq, 20 mmol, 0.486 g) and 20 mL 

of dry THF were added to the flask.  While stirring the mixture at room temperature 

bromoethane (EtBr) (1 eq, 20 mmol, 1.49 mL) was introduced into the flask slowly with 

caution to avoid overheating caused by the exothermic reaction.  Once all the 

bromoethane was added the flask was placed in a heating mantal, maintaining a mild 

reflux, and insulated with cotton.  When a cloudy gray solution was formed it was stirred 

for an extra 30 minutes and then cooled to room temperature.  The cooled solution of 

EtMgBr (2.5 eq, 20 mmol) was kennulated into a round bottom flask containing the

dipyrromethane 17a.  The round bottom flask that contained EtMgBr was rinsed out with 

dry THF (20mL) which was also kennulated into the reaction vessel.  After stirring for 10

minutes the reaction mixture was cooled to –78 °C.  Thioester 23a (1 eq, 8 mmol, 1.72 g) 

was dissolved in dry THF (20 mL) in a 50 mL round bottom flask under an N2
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atmosphere and the solution was kennulated into the Grignard reaction mixture.  The 50 

mL round bottom flask was rinsed with dry THF (30 mL) which was kennulated into the 

reaction vessel.  After stirring for 10 minutes at –78 °C the reaction mixture was brought 

to room temperature and then stirred for an additional 90 minutes.  The reaction was 

quenched with saturated NH4Cl (20 mL) and then ethyl ether (20 mL) was added to 

extract the products.  The organic phase was separated and dried over Na2SO4.  Solvent 

was removed under reduced pressure at 40°C and then pumped with high vacuum to 

obtain a dark green oil.  The oil was subjected to silica gel column chromatography (7 in 

x 2 in column) and eluted with 95:5 of CH2Cl2 and ethyl acetate.  The eluent solvent was 

removed under reduced pressure and pumped to yield 18a as a light golden amorphous 

solid (1.88 g, 5.76 mmol, 72 %).  mp: 49-52 °C (dec.), (Lit22 dec. temperature: 60-63 °C);

1H NMR (CDCl3, 400MHz): d 5.56 (s, 1H), 5.94-5.96 (m, 1H), 6.09 (q, 2H, J=2.929Hz), 

6.53-6.56 (m, 1H), 6.78 (q, 1H, J=3.052Hz), 7.12-7.22 (m, 4H), 7.41 (t, 2H, 

J=7.4465Hz), 7.51 (t, 1H, J=7.385Hz), 7.72 (d, 2H, J=8.057Hz), 8.63 (br s, 1H), 10.66

(br s, 1H); 13C NMR (CDCl3, 100MHz): d 44.9, 107.6, 108.1, 110.7, 117.7, 121.4, 127.0, 

128.2, 128.2, 128.5, 128.9, 130.6, 131.0, 131.6, 138.3, 140.8, 142.4, 184.8; ESMS: m/z 

(relative intensity): 327.4 (100, M+1), 260.5(15), 150.3 (25).

1-(2-Nitrobenzoyl)-5-phenyldipyrromethane (18b)

The Grignard reagent, ethyl magnesium bromide (EtMgBr), was prepared as described 

in preparation of 18a with the exception of equivalences of reagents used.  An excess of 

fresh magnesium turnings (5 eq, 81.25 mmol, 1.9748 g) in 30 mL of dry THF were 

reacted with bromoethane (EtBr) (1 eq, 16.25 mmol, 1.21 mL). A 250 mL and a 25 mL 
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round bottom flask were each equipped with a nitrogen line and magnetic stirr bar.  In the 

250 mL flask a pale yellow-brown solution was prepared by dissolving 

phenyldipyrromethane 17a (1 eq, 6.5 mmol, 1.4449 g) in 10 mL of dry THF.  In the 25 

mL flask an opaque pale yellow solution was prepared by dissolving nitrophenylthioester 

23b (1 eq, 6.5 mmol, 1.69175 g) in 10 mL of dry THF.  The dipyrromethane 17a solution 

was stirred vigorously and the room temperature Grignard reagent was kennulated 

cautiously into the 250 mL flask to give a clear red solution.  Dry THF, 15 mL, was used 

to rinse the Grignard reaction flask and it was also kennulated into the mixture.  After 

stirring for 10 minutes the reaction mixture was cooled to –78 °C with a dry ice and 

acetone bath.  Nitrophenylthioester 23b solution was then kennulated over 3 minutes into 

the reaction vessel.  An additiona l 10 mL of dry THF was used to rinse the flask and it 

was also kennulated into the reaction mixture.  After stirring for another 10 minutes at –

78 °C the reaction mixture was brought to room temperature and stirred for 90 minutes.

The reaction was quenched with saturated NH4Cl (20 mL) then ethyl acetate (20 mL) was 

added.  The organic phase was separated and dried over Na2SO4.  Solvent was removed 

under reduced pressure at 40 °C, and the crude product was placed under high vacuum to 

obtain a dark green oil.  The oil was subjected to silica gel column chromatography (7 in 

x 2 in column) and eluted with 95:5 of CH2Cl2 and ethyl acetate. Compound 18b was 

obtained by removing the solvent under reduced pressure to give a golden amorphous 

solid (1.2755 g, 34.34 mmol, 52.8 %). 1H NMR (CDCl3, 400MHz): d 5.53 (s, 1H), 5.97-

6.01 (m, 1H), 6.17 (q, 1H, J=4.151), 6.40 (q, 1H, J=3.174), 6.700-6.725 (m, 1H), 7.21 (d, 

2H, J=3.418), 7.26-7.35 (m, 2H), 7.54 (d, 2H, J=4.394), 7.63 (t, 1H, J=7.562), 7.70 (t, 

1H, J=7.324), 8.02 (br s, 1H), 8.12 (d, 1H, J=4.150), 9.51 (br s, 1H); 13C NMR (CDCl3,
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100MHz): d 44.3, 107.9, 108.7, 110.8, 117.9, 120.2, 124.4, 127.5, 128.4, 129.0, 129.5, 

130.3, 130.4, 130.4, 133.3, 135.2, 140.3, 142.6, 181.3; ESMS: m/z (relative intensity): 

372.3 (21, M+1), 305.4 (14).

1-Benzoyl-5-phenyl-9-(2-nitrobenzoyl)-dipyrromethane (19)

Prior to the reaction monoacyldipyrromethane 18a and 2-nitrothioester 23b were dried in 

a vacuum dessicator for 24hrs over P2O5.  Each of the chemicals was dried in vial 

covered with aluminum foil to shield them from light. EtMgBr (2.5 eq, 15.32 mmol) in 

dry THF (15.3 mL) was prepared as previously documented.  Dried 

monoacyldipyrromethane 18a (1 eq, 6.127 mol, 2 g) was dissolved in dry toluene (46 

mL) in a round bottom flask under N2 atmosphere.  Dried 2-nitrothioester 23b (3 eq, 

18.383 mmol, 4.78 g) was also dissolved in dry toluene (46 mL) in a round bottom flask 

under N2 atmosphere. The room temperature EtMgBr was kennulated into the round 

bottom flask containing the monoacyldipyrromethane 18a with caution to avo id excess 

heating.  10 minutes after the addition of EtMgBr, the 2-nitrothioester 23b was 

kennulated into the wine red Grignard mixture and stirred for 30 minutes.  The reaction 

mixture was quenched with saturated NH4Cl.  The organic phase was separated from the 

aqueous phase and ethyl acetate was used to extract residual organics form the aqueous 

phase.  The combined organic phase was dried over Na2SO4 and the solvents were 

removed under reduced pressure.  The resulting dark brown oil was pumped under

vacuum for 24 hrs to rid of residual toluene and THF.  The oil was mixed with CH2Cl2 to 

give a milky brown solution and this solution was filtered using vacuum filtration.  This 

gave a dirty off-white cake pad and further washing with CH2Cl2 gave the pure white
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product 19 (0.872 g, 1.84 mmol, 30 %).  mp: 230-231°C (dec.), 1H NMR (CDCl3,

300MHz): d 5.63 (s, 1H), 6.04 (t, 1H, J=3.185), 6.12 (t, 1H, J=3.170), 6.42 (q, 1H, 

J=3.170), 6.82 (q, 1H, J=3.170), 7.23-7.74 (m, 11H), 7.84 (d, 2H, J=3.369), 8.12 (d, 1H, 

J=4.062), 9.70 (br s, 2H); 13C NMR (CDCl3, 75MHz): d 44.4, 110.9,111.2, 120.2, 120.3, 

124.5, 128.0, 128.3, 128.4, 128.9, 129.2, 129.5, 130.6, 130.8, 131.0, 131.8, 133.4, 135.0, 

138.2, 139.0, 139.2, 140.9, 147.4, 181.5, 184.6; ESMS: m/z (relative intensity): 476.2

(100, M+1), 191.1 (15). Anal. Calc. for C29H21N3O4: C 73.25, H 4.45, N 8.84.  Found: C 

72.98, H 4.30, N 8.62.

5,10-Bis-(2-nitrophenyl)-15,20-diphenylporphyrin (7)

(a)Reduction of Diacyldipyromethane 19

Diacyldipyromethane 19 (1 eq, 1.0 mmol, 0.477 g) was dissolved in 44.4 mL of 

THF/methanol (40.4 mL/ 4.04 mL) to give a slightly tanned, but transparent solution.

NaBH4 ( 20 eq, 20 mmol, 0.76 g) was added to the solution in 0.25 g portions.  The 

addition of NaBH4 instantly produced foam and turned the reaction mixture into a 

transparent yellow solution over time.  A mixture of sat. NH4Cl ( 55 mL ) and CH2Cl2 ( 

110 mL ) solution was prepared in a 300 mL beaker.  After about 40 min the reaction 

solution was poured into the 300 mL beaker to be quenched with the NH4Cl.  While 

pouring the solution the mixture was vigorously stirred with a glass rod to prevent the 

solution from bumping.  The organic phase was separated with separatory funnel and it 

was washed with water two times and dried over Na2SO4.  The organic solvent was 

removed under reduced pressure in a 500 mL round bottom flask and any left over 

CH2Cl2 was removed under vacuum to give an amorphous pale yellow solid.



66

(b) 2 + 2 Synthesis of Porphyrin

400 mL of dry CH3CN and purified 2-nitrodipyrromethane 17b (1 eq, 1.0 mmol, 0.266 g) 

was added to the 500 mL flask containing the amorphous yellow solid.  The solution was 

stirred vigorously for 5 minutes to allow the two components to be mixed evenly.  Then 

TFA (0.924 mL, 12.0 mmol) was added drop wise rapid ly, and after 3.5 minutes DDQ (3 

eq, 3.00 mmol, 0.680 mg) was added to oxidize the porphyrinogen.  TEA (1.67 mL, 12.0

mmol) was added after one hour and the crude reaction was passed through an alumina 

gel column (15 cm x 7.5 cm) prepared and eluted with CH2Cl2 until no color was seen in 

the eluent.  All the collections were combined and the solvent was removed under 

reduced pressure.  The crude product was subjected to silica gel column chromatography 

(15 cm x 7.5 cm) prepared and eluted with CH2Cl2.  The solvent from the collected 

porphyrin solution was removed under reduced pressure and the product was re-

crystallized from ethanol yielding a purple solid as a mixture of atropisomers (0.146 g, 

0.21 mmol, 20.8 %). 1H NMR (DMSO, 400MHz): d -2.86 (br s, 2H), 7.80-7.88 (m, 6H), 

8.14-8.20 (m, 6H), 8.28 (t, 2H, J=7.690), 8.34-8.36 (m, 1H), 8.49 (q,1H, J=4.394), 8.55 

(q, 1H, J=4.944), 8.57-8.59 (m, 2H), 8.73 (br d, 4H, J = 5.493), 8.82-8.84 (m, 4H); 13C

NMR (DMSO, 100MHz): d 114.4, 114.4, 120.8, 124.0, 124.1, 126.8, 128.0, 130.4, 131.8, 

134.0, 134.0, 134.6, 134.7, 136.5, 136.5, 140.8, 151.2, 151.2, 151.4, 151.4; ESMS: m/z 

(relative intensity): 705.4 (100, M+1)

5,10-Bis-(2-aminophenyl)-15,20-diphenylporphyrine (13)

Dinitroporphyrin 7 (1 eq, 0.710 mmol, 0.5 g) was dissolved in 30 mL of hydrochloric 

acid in a 250 mL round bottom flask and stirred at room temperature under nitrogen. The 
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addition of the acid turned the purple porphyrin to a dark shade lime green.  SnCl2·H2O

(1.2 g) was added in excess, which gave the solution a metallic turquoise color.  The

mixture was stirred for 2 hrs, and to maximize the reduction of the prophyrin the crystals 

on the wall of the flask were periodically washed off by shaking the flask.  Then within 

15 minutes the mixture was brought to 65-70 °C (keeping it below 70 °C to avoid 

formation of undesired by-products.) and held for 25 minutes at that temperature.  The 

reaction mixture was cooled to room temperature and it was cautiously quenched with 

concentrated NH4OH to avoid excess heat evolution by the neutralization reaction.  The 

neutralization generated a lot of vapor and heat.  Once the reaction mixture gained a red 

color and turned basic beyond pH 8, as indicated by pH paper, 50 mL of CH2Cl2 was 

added and the solution was left to stir over night.  The wine red organic layer was 

separated from milky orange colored aqueous layer.  Salts in the organic layer were 

filtered using a celite pad.  The filtered organic solution was dried over sodium sulfate 

and the solvent was removed under reduced pressure.  A silica gel column (15 cm x 5 

cm) was prepared and eluted with 1 % isopropylamine in CH2Cl2 to separate the 

aminoporphyrin products 13b and 13a from αβ-dinitroporphyrin 7b and αα-

dinitroporphyrin 7a and the partially reduced 5-(2-aminophenyl)-10-(2-nitrophenyl)-15,

20-diphenlyporphyrin.  The α, α-diaminoporphyrin 13a and α, β-diaminoporphyrin 13b

eluted and solvent was removed under reduced pressure (0.320 g, 0.50 mmol, 70 %). 1H

NMR (CDCl3, 400MHz): d -2.72 (br s, 2H), 3.52 (br s, 4H), 7.08 (d, 2H, J=4.059), 7.15 

(t, 2H, J=7.442), 7.58 (t, 2H, J=7.782), 7.72-7.77 (m, 6H), 7.86 (d, 2H, J=4.446), 8.19 (t, 

4H, J=3.922), 8.87 (q, 8H, J=11.467); 13C NMR (CDCl3, 100MHz): d 115.2, 115.2, 
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115.4, 115.4, 117.5, 120.5, 126.7, 120.5, 126.7, 127.0, 127.8, 129.6, 134.8, 142.0, 146.8; 

ESMS: m/z (relative intensity): 645.5 (100, M+1)

Atropisomer Isomerization Small Scale (200 mg)

The small scale isomerization was performed to study the isomerization process prior in 

order to learn what to anticipate when performing the large scale isomerization.

A 50 mL three-neck flask was equipped with the following: a magnetic stirring bar, a 

condenser fitted with septum and needle to release pressure, a septum fitted with

kennulation needle to deliver nitrogen saturated with benzene, and another septum.  The 

benzene saturated nitrogen was generated in a flask by passing nitrogen at a moderate 

rate through a gas dispersion tube immersed in benzene.  Silica gel (7.2 g) was mixed 

with benzene (16 mL) in the three neck round bottom flask and stirred for 2 hours at 74 

°C.  The mixture of α, β  and α, α diaminoporphyrin 13 (0.31 mmol, 200 mg) was added 

and stirred for 24 hours at the same temperature.  The apparatus was checked periodically 

to adjust nitrogen flow, benzene level, and the temperature. TLC with 100% CH2Cl2 was 

used to confirm the completion of isomerization.  A sample for the TLC analysis was 

prepared by taking a spatula tip amount of the silica with porphyrin.  The porphyrin was 

collected by washing it of with acetone through a small funnel equipped with filter paper.

The collected acetone solution was reduced in volume under vacuum at room 

temperature. Once the reaction slurry cooled, the porphyrin was washed off from the 

silica on a sinter glass funnel using acetone.  The solvent was removed under reduced

pressure and at room temperature to preserve the α, α configuration.  The a,a?-

aminoporphyrin 13a was separated from the αβ-aminoporphyrin 13b which eluted faster 
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through a silica gel column eluted with CH2Cl2/IPA ( 99/1 ).  Removal of solvent at room 

temperature gave dark purple crystals.

Atropisomer Isomerization Large Scale (2.0 g)

A 500 mL three neck flask was setup with the following: an over head stirrer, a 

condenser fitted with septum and needle to release pressure, and a septum fitted with 

kennulation needle to deliver nitrogen saturated with benzene.  Silica gel (72 g) was 

mixed with benzene ( 160 mL ) in the three neck round bottom flask and stirred for 2 

hours at 74 °C.  A mixture of a, a- and a,ß-diaminoporphyrin 13 (0.31 mol, 2.0 g ) was 

added and stirred for 24 hours at the same temperature.  The apparatus was checked 

periodically to adjust nitrogen flow, benzene level, and the temperature.  Once the slurry 

cooled, the porphyrin was washed off from the silica on a center glass funnel using 

acetone.  Solvent was removed under pressure at room temperature to preserve the a,a

configuration.   The a,a-aminoporphyrin 13a was separated from the a,ß-aminoporphyrin

13b using silica gel chromatography eluting with CH2Cl2/IPA ( 99/1 ).  Removal of 

solvent at room temperature gave a,a-aminoporphyrin 13a (81.3% yield) as dark purple 

crystals.

a,a-5,10-Bis-(2-(4-fluorophenyl)phenylurea)-15,20-diphenylporphyrine (1)

CHCl3 was dried over CaH2, all apparatus dried in an oven, and the αα-amino porphyrin 

13a (1 eq, 0.512 mmol, 330 mg) was dried in a vacuum desiccator over P2O5 for 48 

hours. The porphyrin 13a was carefully transferred to a dried 100 mL round bottom flask 

in a nitrogen bag.  While in the bag, a dried addition funnel closed with rubber septum 



70

was attached to the flask.  Once the apparatus was taken out of the bag and fixed with a 

nitrogen line, dry CHCl3 (26 mL) was added through the top of the funnel into the flask 

to dissolve the porphyrin.  The stopcock was closed and an additional dried CHCl3 (9 

mL) was added into the funnel. Isocyanate (4 eq, 2.05 mmol, 0.233 mL) was dissolved in 

the CHCl3 in the addition funnel.  The isocyanate solution was added drop-wise to the

stirring porphyrin solution.  The reaction was quenched after 25 hours by adding water 

and the crude product mixture was extracted with CHCl3.  The crude product was 

obtained by removal of the solvent under reduced pressure without heat, because it was 

not known how stable the product was towards atropisomerization. The crude reaction 

mixture was subjected to column chromatography eluting with CH2Cl2 / ethylacetate. At 

first a 99:1 mixture of the solvents was used then a 95:5 mixture was added to the column

as the UV absorbing band was eluted.  Pure product 1 was crystallized from an 

undetermined mixture of ether and petroleum ether.  Two reactions yielded; (149.84mg,

0.163mmol, 31.7%) and (177.47mg, 0.193 mmol, 37.7 %, over all yield of 0.06%). mp:

232-234 °C, UV/Visible (CH2Cl2 ): λ(ε, cm-1M-1, x103) 644.5(2.53), 588.5(5.06), 

549.5(5.50), 515.0(15.94), 418.5(271.19) 1H NMR (CDCl3, 400MHz) d-2.72 (br s, 2H), 

6.77 (t, 4H, J=4.488), 6.91 (q, 4H, J=5.984), 7.41 (t, 2H, J=7.480), 7.48 (s, 2H), 7.77-7.88

(m, 10H), 8.12-8.22 (m, 6H), 8.43 (d, 2H, J=4.381), 8.76-8.85 (m, 8H); 13C NMR 

(CDCl3, 100MHz) d 158.5, 155.4, 152.5, 141.0, 139.1, 135.4, 135.2, 134.3, 134.0, 131.3, 

129.2, 128.2, 127.0, 121.6, 120.3, 119.3, 115.1, 114.8; ESMS: m/z (relative intensity): 

919.5 (100, M+1); Anal. Calc. for C58H40F2N8O2: C 75.80, H 4.39, N 12.19. Found: C 

75.58, H 4.28, N 11.95.
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