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Cyclo[n]pyrrole, which was synthesized by Dr. Daniel Seidel in 2002, opened up 

a new chapter of expanded porphyrin chemistry and aroused great interest from physics, 

and material science as well as chemistry. This dissertation is a story about the efforts to 

investigate the chemical and physical properties of cyclo[n]pyrroles and to explore 

potential applications for those macrocycloes. 

Chapter 1 of this dissertation provides the chemical and electrochemical 

properties of cyclo[n]pyrroles. Chapter 2 presents the single-molecule spectroscopy of 

cyclo[n]pyrroles, porphyrin, and metal porphyrin complexes. The results from single-

molecule spectroscopy represent the similarities and differences between molecular 

ensemble and single-molecule measurement. Chapter 3 elaborates the perspiration to 

synthesize water-soluble cyclo[n]pyrroles as the prospective cancer agents. This project 

has a firm ground which was provided by the collaboration with Prof. Michael T. Bowers 

group as presented in Appendix 1. Finally, chapter 4 is the experimental section of this 

dissertation and provides a detailed description of the synthetic and other experimental 

procedures used for electrochemical and single-molecule spectroscopy. 
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Chapter 1: Reductive N-alkylation of cyclo[6]pyrrole and 
cyclo[8]pyrroles 

1.1 INTRODUCTION 

Expanded porphyrins are synthetic analogues of porphyrins 1.1 (Figure 1.1). Even 

though expanded porphyrins share a number of attributes with porphyrins, expanded 

porphyrins display unique properties, such as anion binding,1, 2 or the ability to form 1:1 

nonlabile complexes with large cations, that are without precedent in the case of 

porphyrins.3, 4  One of the unusual properties of expanded porphyrins is that those with 

eight or more pyrrole units and two or more bridging meso carbon centers adopt twisted 

conformations, such as “figure-eight” structures, even though they are highly 

conjugated.5, , , , , 6 7 8 9 10  Therefore, a recognized challenge in the area has been to 

synthesize expanded porphyrins containing eight or more pyrroles that have the classic 

flat structure characteristic of simple porphyrins.11, , 12 13
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Figure 1.1 Porphyrin 1.1 and cyclo[8]pyrrole 1.2, cyclo[6]pyrrole 1.4, cyclo[7]pyrrole 
1.5 (only the core structures of porphyrin and cyclopyrroles shown). 
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The effort to produce ‘all-NH-in’ disk-like polypyrrolic compounds resulted in 

the advent of cyclo[n]pyrroles.  Cyclo[8]pyrroles 1.2 ([30]octaphyrin(0.0.0.0.0.0.0.0)), 

the first member of cyclo[n]pyrrole family, were synthesized from bipyrrolic subunits 1.3 

by oxidative coupling14 using FeCl3 in 2002.15  Subsequently, two smaller versions of 

cyclo[8]pyrrole, namely cyclo[6]pyrrole 1.4 ([22]hexaphyrin(0.0.0.0.0.0)) and 

cyclo[7]pyrrole 1.5 ([26]heptaphyrin(0.0.0.0.0.0.0)), were synthesized in 2003 using a 

modification of this Fe(III)-based oxidative coupling procedure (Scheme 1.1).16
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Scheme 1.1 Cyclo[n]pyrroles (1.2, 1.4, and 1.5) synthesized by oxidative coupling 
from bipyrrolic subunits 1.3.  

These cyclo[n]pyrroles, although lacking bridging meso carbon atoms, may be 

considered as larger analogue of porphyrins, in that they are flat and aromatic.  For this 

reason, we have been interested in exploring the chemical behavior of cyclo[n]pyrroles 

and contrasting them to that of porphyrins.  It was proposed that cyclo[8]pyrroles could 

have multiple oxidation states (Figure 1.2). Subsequently it was shown that the 30π-

electron aromatic cyclo[8]pyrrole 1.2c could be reduced to a 32π-electron system 1.6 
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using NaBH4.17  Unfortunately, the isolation of the reduced species 1.6 could not be 

achieved, as it was rapidly reoxidized to the 30π-electron aromatic system 1.2c under 

aerobic conditions (Scheme 1.2).17  In previous work, it was reported that 

cyclo[n]pyrroles (n = 6, 7, 8), in its diprotonated form, may be reduced electrochemically 

to produce formally antiaromatic 24π-, 28π- and 32π-electron species, respectively, under 

conditions that are much less forcing than those needed to reduce typical porphyrins.16   
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Figure 1.2 Possible oxidation states of cyclo[8]pyrroles (only the core structure of 
cyclo[8]pyrrole is shown). 

 

NH
N

HN

HN

HN
N

NH

NH

NH
N
H HN

HN

HNH
N

NH

NH 32π30π
NaBH4

O2

1.2c 1.6  

Scheme 1.2 Reduction of cyclo[8]pyrrole 1.2c. The presumed product, nonaromatic 
species 1.6, is not stable under aerobic conditions and reoxidizes to 
aromatic species 1.2c. 
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The pioneering work towards the N-alkyation chemistry of cyclo[8]pyrrole was 

executed by Dr. Daniel Seidel.17  Application of reductive N-alkylation chemistry to 

other cyclo[8]pyrroles and cyclo[6]pyrrole, the comparison between the chemistry of 

cyclo[n]pyrroles and that of porphyrins, and characterizations of N-alkylated 

cyclo[n]pyrroles are the work of the author and will be discussed in this chapter. 

 

1.2 RESULTS AND DISCUSSION 

Cyclo[6]and cyclo[8]pyrrole, when subject to treatment with NaH and an alkyl 

halide, undergo chemical reduction to produce hexa- and octa-N-alkylated products, 1.8 

and 1.7 respectively (Scheme 1.3).  This reaction sequence is, to the best of our 

knowledge, without precedent in the porphyrin literature. In addition, in the case of larger 

substituents, the products synthesized (i.e., 1.7b and 1.7c) are without direct analogy in 

the case of simple porphyrins/porphyrinogens. 
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1.8 (n = 1): R1 = R2 = Et, R = Me  

Scheme 1.3 Reductive N-alkylation of cyclo[6]- and cyclo[8]pyrroles to produce the 
corresponding N-alkylated cyclo[n]pyrroles 1.7 and 1.8. 
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The N,N´,N´´,N´´´-tetramethyl-octaethylporphyrinogen 1.9, the “porphyrin 

analog” of 1.7a is known, having been reported in a doctoral dissertation from the Franck 

group in 1986.18  However, in contrast to 1.7a (vide infra), it was not produced via 

reductive alkylation.  Rather, it was generated by subjecting N-substituted 

diethylpyrrole to cyclization.  Compound 1.9 is not only a direct analogue of 1.7a, it is 

also an historically important intermediate in porphyrin chemistry.  In particular, the 

Vogel group used it to produce the long-sought N,N´,N´´,N´´´-tetramethyl-

octaethylporphyrin dication 1.10 in 1989 (Scheme 1.4).19
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N Br2, CHCl3

N
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LG = OH or NH2

2Br

1.9 1.10  

Scheme 1.4 Oxidation of N-methylated porphyrinogen 1.9 to the aromatic dication 
1.10. 

The synthesis and full structural characterization of a tetra N-benzylated meso-

tetrakis(3,5-di-tert-butyl-4-oxo-cyclohexa-2,5-dienylidene) porphyrinogen 1.11, a 

“porphyrin analog” of 1.7c, has been reported.20  It was obtained by N-benzylation of 

meso-tetrakis(3,5-di-tert-butyl-4-oxo-cyclohexadienylidene) porphyrinogen 1.12 

(Scheme 1.5), which was generated from the corresponding meso-tetrakis(3,5-di-tert-

butyl-4-hydroxyphenyl) porphyrin 1.13 by aerial oxidation in basic solution (Scheme 

1.6).21, 22  However, this stepwise procedure (oxidation followed by N-alkylation) 

 5



apparently is not applicable to the production of the corresponding meso-unoxidized 

porphyrinogen,s such as 1.9, starting from, e.g., meso-unsubstituted porphyrins.  

Therefore direct synthesis of 1.11 from corresponding porphyrin 1.13 by reductive N-

alkylation, which used to obtain 1.7 and 1.8, is not viable.  Moreover, the conjugated 

porphyrin analog 1.13 readily converted to the non-conjugated porphyrinogen 1.12 under 

aerobic conditions probably because of steric effects. This property is opposite to that of 

cyclo[n]pyrroles (Scheme 1.2).  Essentially, 1.11 and 1.12 are best considered as π-

conjugated, sterically hindered quinones based on the fact that they are electron deficient, 

even though they are joined by pyrroles.20

 

1. K2CO3, EtOH
2. BnBrHN

H
N

N
H

NH

O

O

O

O

t-Bu

t-Bu

t-Bu

t-Bu

t-Bu

t-But-Bu

t-Bu

1.12

RN
R
N

N
R

NR

O

O

O

O

t-Bu

t-Bu

t-Bu

t-Bu

t-Bu

t-But-Bu

t-Bu

1.11 (R = Bn)  

Scheme 1.5 Synthesis of tetra N-benzylated meso-tetrakis(3,5-di-tert-butyl-4-oxo-
cyclohexa-2,5-dienylidene) porphyrinogen 1.11 from the corresponding 
porphyrinogen 1.12.  
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Scheme 1.6   Synthesis of 1.12 by oxidation of porphyrin 1.13. 

We also attempted to make this non-aromatic, tetrapyrrolic macrocycle 1.9 from 

octaethylporphyrin using the same method used to generate 1.7 and 1.8, but failed to 

obtain isolable quantities of product.  The fact that porphyrinogens could be produced 

by reduction of porphyrins (and other reduced species) is well established.23  However, 

transformation of these porphyrinogens to N-alkylated ones, such as 1.9, is apparently not 

possible using presently available methods.  For example, attempts to make N-alkylated 

calix[4]pyrrole (meso-octamethylporphyrinogen) by treatment with excess n-butyllithium 

followed by ethyl bromoacetate did not result in an N-alkylated product analogous to 1.9.  

This procedure gave rise to a β-pyrrolic C-alkylated compound.24   

This disparity in reaction behavior thus highlights an important difference 

between porphyrin 1.1 and cyclo[n]pyrroles.  It also underscores the fact that 

compounds 1.7 and 1.8 represent a new, potentially interesting class of functionalized 

oligopyrroles.  Scheme 1.3 summarizes the chemistry involved in the conversion of 1.2 

and 1.4 into 1.7 and 1.8.  Briefly, treatment with NaH under an inert atmosphere, 

followed by addition of an alkylating agent (methyl iodide for 1.7a and 1.8, ethyl iodide 
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for 1.7b, benzyl bromide for 1.7c, respectively), and heating at reflux for 12 h, produces 

the corresponding N-alkylated derivatives 1.7 and 1.8 in 60-70% yield.   

In contrast to the diprotonated form of 1.2, which dissolves in organic solvents to 

produce solutions that are yellow-brown in color, and 1.4, which dissolves in organic 

solvents to produce a solution that is hazelnut-brown in color, the products obtained in 

this way were essentially colorless.  Such a lack of color is consistent with the absence 

of an extended conjugation pathway.  Evidence for the proposed lack of aromaticity 

came from the 1H NMR spectroscopic data.  In contrast to what Vogel observed for 1.10 

(δ = - 4.59 ppm for the CH3 protons, as a result of the diamagnetic ring current), the 

signals of the N-alkylated fragments were not shifted to higher field (e.g., for 1.7a the 

CH3 proton signals appear at δ = 2.65 ppm and for 1.8 the CH3 proton signals appear at δ 

= 2.27 ppm). 

Further support for the nonaromatic and unconjugated nature of 1.7 and 1.8 comes 

from solid state X-ray diffraction structural analyses (Figure 1.3, 1.4, 1.5 and 1.6). 25, 26, 

27,   28 Taken in concert, these structures revealed that for 1.7 and 1.8, all the nitrogen 

substituents adopt an alternating up-down orientation.  As a result, the macrocycle as a 

whole is highly distorted from planarity and appears to be almost bowl-like in nature. 

While 1.7a shows N1-Cα1-Cα2-N2 torsional angles of 67° (average), 1.7b and 1.7c are 

both characterized by smaller torsional angles (of 61° and 58°, respectively).  

Nonetheless, the alkyl fragments in 1.7b and 1.7c are located almost perpendicular to the 

mean plane of the heterocyclic ring.  The hexapyrrolic system 1.8 has the biggest 

torsional angles of 75º (average), which is ascribed to its smaller ring size.   

 

 

 



 

 

 

 

 

 

 

 

Figure 1.3 Top and side views of a Mercury rendered wire frame structure of 1.7a as 
determined from a single crystal X-ray diffraction analysis.  The hydrogen 
atoms and half of a molecule of methylene chloride have been removed for 
clarity.25 

 

 

 

 

 

 

 

 

 

Figure 1.4 Top and side views of a Mercury rendered wire frame structure of 1.7b as 
determined from a single crystal X-ray diffraction analysis.  The hydrogen 
atoms have been removed for clarity.26
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Figure 1.5 Top and side views of a Mercury rendered wire frame structure of 1.7c as 
determined from a single crystal X-ray diffraction analysis.  One molecule 
of methylene chloride and a half of a molecule of benzene found in the unit 
cell have been removed for clarity.27
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Figure 1.6 Top and side views of a Mercury rendered wire frame structure of 1.8 as 
determined from a single crystal X-ray diffraction analysis.  The hydorgen 
atoms have been removed for clarity.28 
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The distances for the Cβ-Cβ bonds of 1.7 and 1.8 range between 1.35 Å and 1.38 

Å, while the Cα-Cα´ bond lengths are in the range of 1.40 – 1.43 Å.  This non-

equivalence in bond lengths is consistent with localized pyrrole aromaticity and stands in 

contrast to what is seen in the aromatic precursor 1.2 and 1.4, where the pyrrolic C-C 

bond lengths are much more similar.15, 16  Furthermore, the C-C bond distances between 

adjacent pyrroles in 1.7 and 1.8 are between 1.46 Å and 1.48 Å, as would be expected for 

an electron localized system lacking extensive conjugation. 

The reactivity difference between 1.2 and 1.4 is worthy of note.  When N-

benzylation of 1.4 was attempted under the same condition as that of 1.2, formation of the 

all N-benzylated compound was not observed.  In the mass spectrum, only peaks 

ascribable to the tetra- and penta-N-benzylated compounds were identified.  After 

reaction, the resulting mixture was bluish-brown in color rather than colorless which is 

charateristic of all the per-N-alkylated cyclo[n]pyrroles identified to date.  Even though 

the reaction was attempted in DMF at 120 ºC in an effort to increase reactivity, the 

desired product was not produced.  This reactivity difference can be explained in terms 

of ring size.  Because the size of the ring in cyclo[6]pyrrole 1.4 is much smaller than 

that in cyclo[8]pyrrole, bulky substituents, such as benzyl groups, induce a great degree 

of steric hindrance.  The 5th N-benzylation is complete, the resulting product will be so 

congested on both sides of the molecule, that the final N-benzylation will be next to 

impossible. Support for this hypothesis comes from the crystal structure of 1.8 (Figure 

1.6).   

The hallmark of porphyrinogen systems is their ability to undergo an oxidation to 

the corresponding aromatic systems (e.g., the conversion of porphyrinogen 1.9 to dication 

1.10).  To test whether this might be possible with the reduced cyclo[8]pyrrole 

derivative 1.7a, a series of electrochemical and spectroelectrochemical studies were 
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carried out in CH2Cl2 containing 0.1 or 0.2 M tetrabutylammonium perchlorate (TBAP).  

All the electrochemical, spectroelectrochemical, and ESR experiments were performed 

by Dr. Zhongping Ou in Prof. Karl M. Kadish’s group at the University of Houston.  

Three reversible oxidations were observed at E1/2 = 0.52, 0.94 and 1.33 V, the first of 

which is a two-electron transfer process.  No reductions were detected under these 

experimental conditions up to a potential of -2.0 V vs SCE (see Figure 1.7a).  

The N-alkylated macrocycle 1.7a displays no significant absorption bands 

between 325 and 1100 nm.  However, subjecting this species to two-electron oxidation 

at 0.70 V in a thin-layer spectroelectrochemical cell, produces an initial product, assigned 

as the dication 1.7a2+, which is characterized by a spectrum with two bands at 415 and 

1036 nm, respectively (see “1st ox” in Figure 1.7b).  The λmax of these bands correspond 

to the Soret and Q type bands seen for the diprotonated form of the 30 π-electron 

cyclo[8]pyrrole 1.2c.  Upon further oxidation of 1.7a2+ in the thin-layer cell at 1.10 V, a 

high intensity Q type band at 917 nm is observed (see “2nd ox” in Figure 1.7b).  This 

spectrum is assigned to the π-cation radical, 1.7a3+, which has one unpaired electron, as 

inferred from ESR measurements (vide infra).  Similar spectra were obtained upon bulk 

controlled potential electrolysis and a summary of the spectral data is given in Table 1.1. 

Spectral features similar to those seen in the case of the thin-cell 

spectroelectrochemical studies are observed after carrying out both the first two-electron 

and second one-electron oxidations under conditions of bulk electrolysis.  However, the 

shoulder at 447 nm seen in Figure 1.7b was not seen in the case of the latter experiments.  

We are currently exploring the significance of this finding. 
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Figure 1.7 (a) Cyclic voltammograms of 1.7a in CH2Cl2, 0.1 M TBAP and (b) UV-
visible spectra of 1.7a in CH2Cl2 containing 0.2 M TBAP recorded before 
and after the first two-electron oxidation at 0.70 V and second one-electron 
oxidation at 1.10 V. 
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Table 1.1 UV-visible spectral data of 30 π-electron systems as determined from thin-
layer spectroelectrochemistry in CH2Cl2. 

λmax,nm Compound 

Soret band Q band 

Cyclo[8]pyrrole (1.2c) 431a 1112a

[N-methylated-cyclo[8]pyrrole]2+ (1.7a2+) 415 >1040b

Radical π-cation (1.7a3+) 415c 917c

[N-benzylated-cyclo[8]pyrrole]2+ (1.7c2+) 450 >1040b

aTaken from reference 15. bLower limit. Exact determination limited by instrument 
spectral response. cA shoulder is also seen at 447 nm and 845 nm. 

 

Upon subjecting 1.7a to bulk controlled-potential electrolysis at 0.70 V in CH2Cl2 

containing 0.2 M TBAP for 15 min, a strong ESR signal at g = 2.004 was observed 

(Figure 1.8).  However, when the controlled-potential electrolysis was carried out for a 

longer time (45 min), the intensity of the signal of the ESR decreased and became 

negligible.  This leads us to suggest that a disproportion reaction occurs between the 

neutral compound, 1.7a and the oxidized species, presumably 1.7a2+, produced as the 

result of a two electron oxidation. This disproportion reaction gives rise to 1.7a+ which 

exhibits an ESR signal. The final product, 1.7a2+, is expected to be ESR silent provided 

that the two holes (i.e., unpaired spins) produced upon oxidation are paired. Further 

oxidation at 1.10 V leads to the formation of a species with a strong ESR signal at g = 

2.007 and ∆H = 7.8 G (Figure 1.8).  Such values are consistent with a π-cation radical, 

leading us to propose that the product of this oxidative process is the triply oxidized 

species 1.7a3+. 

Electrochemical and spectroelectrochemical studies of 1.8 were carried out under 

the same conditions as used in the case of 1.7.  However, it was found that the resulting 
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cyclic voltammograms and UV-visible spectra for 1.8 differed from those of 1.7a.  For 

1.8, there are three reversible oxidations at E1/2 = 0.82, 0.97, and 1.58 V; however, there 

is no two-electron oxidation process, as in the case of 1.7a.  The apparent two-electron 

oxidation process observed in the case of 1.7a could actually be two consecutive one-

electron processes that were not resolved under the experiment conditions.  In the event, 

these processes are resolved in 1.8.  Similar differences were seen in comparisons of 1.4 

and 1.2.  Whereas 1.2 shows an apparent two-electron reduction at -0.08 V that can not 

be separated under experiment condition, 1.4 displays very close, consequently barely 

discernable, two successive one-electron reductions at room temperature, that are 

resolved as readily distinguishable two one-electron processes at -78 ºC.  The 

discrepancy between the electrochemical behavior of 1.7a and that of 1.8 possibly 

reflects differences in the energy level for those two species.  A theoretical calculation 

reveals that 1.2 and 1.4 have two split LUMO and two degenerate HOMO,29 which 

accounts for the unresolved or barely resolved two-electron reduction of the compounds.  

Presumably, only the smallest of differences in these splittings determines whether or not 

separate peaks are seen.  However, to confirm the validity of this argument, more 

extensive theoretical calculations would need to be performed.  

 



(a)

(b)

(c)
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∆H = 3.9 (G)

g = 2.003
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3337.5            3362.5              3387.5             3412.5            3437.5
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Figure 1.8 ESR spectra of 1.7a (a) after 15 min, and (b) after 45 min bulk controlled-
potential two-electron oxidation at 0.70 V and (c) after the second one-
electron oxidation at 1.10 V.  These spectra were recorded in CH2Cl2, 0.2 
M TBAP at 293 K. 
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Figure 1.9 (a) Cyclic voltammograms of 1.8 in CH2Cl2, 0.1 M TBAP and (b) UV-
visible spectra of 1.8 recorded before and after the first one-electron 
oxidation at 0.90 V, as well as after carrying out a second one-electron 
oxidation at 1.20 V.  These spectra were measured in CH2Cl2 containing 
0.2 M TBAP. 
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Moreover, UV-visible spectra of 1.8 display pattern quite different from those of 

1.7a.  Whereas 1.7a displays no significant absorption bands between 325 and 1100 nm, 

the neutral compound 1.8 shows small absorption peak at 644 nm. After the first 

oxidation of 1.8 at 0.90 V in a thin-layer spectroelectrochemical cell, the initial product, 

presumably 1.8+, displays two weak absorption bands at 446 and 970 nm (Figure 1.9a).  

When 1.8 is further oxidized at 1.20 V, the spectrum of the product, assigned as 1.82+, has 

two strong bands at 391 and 920 nm (Figure 1.9b).  The λmax of the band at 391 nm 

corresponds to the Soret type band of the cyclo[6]pyrrole 1.4, but the λmax of the band at 

920 nm does not match with the Q-type band of 1.4, which is seen at 792 nm.  At this 

moment, we are not sure of the reason why the doubly oxidized species of 1.8 does not 

demonstrate a spectrum similar to 1.4.  To confirm whether the first oxidized species at 

0.90 V is 1.8+ or not,  an ESR analysis of this presumed product would need to be 

carried out.   

We have tried to confirm the results under conditions spectroelectrochemistry by 

carrying out chemical oxidations.  We have found, for instance, that treatment of 

colorless methylene chloride solutions of 1.7a with perchloric acid, acidic aqueous 

solutions of chromate and bromate under heterogeneous conditions or homogenous 

conditions, and with bromine (but not with iodine) gives rise to a compound (or mixture 

of compounds) whose spectrum also resembles that of the acid salt 1.2a.  Unfortunately, 

the spectral features ascribed to the presumed product produced in this way, namely 

1.7a2+, begin to fade over the course of a half hour, leading to the inference that the 

product is not stable under the reaction conditions, at least ambient temperature.  

Nonetheless, these findings, considered in conjunction with the results of the bulk 

electrolysis experiments described above, lead us to suggest that it might be possible to 



isolate dicationic products of general structure 1.7a2+, or even their more oxidized radical 

cation analogues 1.7a3+, under appropriately chosen laboratory conditions.   

 

1.3 FUTURE DIRECTIONS 

Current work involves testing the generality of the reductive alkylation procedure 

of Scheme 1.3 by applying it, e.g., to other expanded porphyrin systems.  Separate from 

this, we are exploring the use of 1.7 and 1.8, with their unique “alternating up-down” 

orientation, as a possible scaffold for further synthetic elaboration (e.g., in the 

construction of self-assembled arrays and polytopic receptor systems), or as an 

organizing element for metal chelation by, e.g., appending a bipyridine moiety.30   

Bipyridine moieties are well known for their metal coordination chemistry31, 32 and their 

attachment to cyclo[n]pyrroles will thus be of great interest. Possible synthetic entries 

into these kind of systems are shown in Schemes 1.7 and 1.8.  
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Scheme 1.7 Synthesis of a potential bipyrridine precursor.31
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Scheme 1.8 Possible metal chelating agent that could be created by attaching 
bipyridine moieties to a cyclo[n]pyrrole scaffold. 

Another intriguing area of further research involving cyclo[n]pyrroles would 

involve direct metal complexation.  As might be imagined given the size and structure 

of cyclo[n]pyrroles, larger cations, such as the actinides or lanthanides, might be good 

targets for study.  Initial tests, carried out by Dr. Frederic Bolze and Ms. Patricia Melfi 

in the Sessler group have shown that the uranyl cation (UO2
2+) forms a stable complex 

with macrocycle 1.4 (Scheme 1.9).33  Further studies of 1.2 and 1.4 with this and other 

actinide cations are currently being carried out in collaboration with researchers at Los 

Alamos National Laboratory.  

 

 20



HN

NNH

N
N
H

H
N

.2HX

Et

Et

Et Et

Et

Et

Et

Et

EtEt

Et

Et

N

N

N

N N

N

Et
Et

Et
Et

Et

Et

Et
EtEt

Et

Et

Et
U
O

O

1.4 1.14

1. 1M NaOH
2. UO2[N(SiMe3)2]2, THF

 

Scheme 1.9 Complex of 1.4 with uranium(VI). 
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26   Crystal data for compound 1.7a: Single crystals suitable for X-ray diffraction 
studies of compound 1.7a . ½ (CH2Cl2) were obtained by slow evaporation from 
methylene chloride and methanol. The data were collected on a Nonius Kappa 
CCD diffractometer using a graphite monochromator with MoKα radiation (λ = 
0.71073 Å). C72.50H105ClN8, Mr = 1124.09, monoclinic, space group P21/n, a = 
16.7530(5) Å, b = 24.4090(6) Å, c = 18.3380(9) Å, α = 90.000(2)°, β = 
112.488(2)°, γ = 90.000(11)°, V = 6928.6(4) Å3, Z = 4. Full matrix least-squares 
on F2 was used as refinement method. Final R1 (I >2σ(I)) = 0.1093; wR2(all 
data) = 0.1932. 

27   Crystal data for compound 1.7c: Single crystals suitable for X-ray diffraction 
studies of compound 1.7c . CH2Cl2 . ½ (C6H14) were obtained by vapor diffusion 
of n-hexane into a methylene chloride solution of the macrocycle. The data were 
collected on a Nonius Kappa CCD diffractometer using a graphite 
monochromator with MoKα radiation (λ = 0.71073 Å). C108H113Cl2N8, Mr = 
1593.96, orthorhombic, space group Pbca, a = 26.5693(3) Å, b = 24.2573(3) Å, c 
= 28.3957(2) Å, α = 90°, β = 90°, γ = 90°, V = 18301.0(4) Å3, Z = 8. Full-matrix-
block least-squares on F2 was used as refinement method. Final R1 (I >2σ(I)) = 
0.0560; wR2 (all data) = 0.1462. 

28  Crystal data for compound 1.8: Single crystals suitable for X-ray diffraction 
studies of compound 1.8 were obtained by vapor diffusion of n-hexane into a 
methylene chloride solution of the macrocycle. The data were collected on a 
Nonius Kappa CCD diffractometer using a graphite monochromator with MoKα 
radiation (λ = 0.71073 Å). C54H78N6, Mr = 811.22, triclinic, space group P-1, a = 
8.539(2) Å, b = 12.486(2) Å, c = 12.616(2) Å, α = 71.128(2)°, β = 79.311(2)°, γ = 
72.827(2)°, V = 1210.0(4) Å3, Z = 1. Full-matrix-block least-squares on F2 was 
used as refinement method. Final R1 (I >2σ(I)) = 0.0844; wR2 (all data) = 
0.2326.  For further details on crystal data and structure refinements for 7a, 7b, 
7c, and 8 see the electronic supporting information (PDF). CCDC-248431 (7a), 
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CCDC-248429 (7b), CCDC-248430 (7c), and CCDC- (8) contain the 
supplementary crystallographic data (excluding structure factors). These data can 
be obtained free of charge via www.ccdc.cam.ac.uk/conts/retrieving.html (or from 
the Cambridge Crystallographic Data Center, 12, Union Road, Cambridge 
CB21EZ, UK; fax: (+44)1223-336-033; or deposit@ccdc.cam.ac.uk). 
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Chapter 2: Single-molecule spectroscopy of cyclo[n]pyrroles 

PREFACE 

This work is the result of a collaboration with Dong-Hun Chae in Prof. Zhen 

Yao’s group in the UT-Austin Physics Department.  All of the experimental work was 

carried out by these collaborators, while most of the data interpretation is the author’s.  

 

2.1 INTRODUCTION 

Efforts to explore the behavior of individual single-molecules, rather than an 

ensemble average of molecules, have prompted the recent focus on so-called single-

molecule spectroscopy (SMS).  Recently, SMS has been applied to diverse fields of 

science, such as material science1 and biology.2  SMS studies of polymers,1 C60,3 linear 

oligomers,4, 5 metal coordinated complexes,6, ,  7 8 proteins,9 and nucleic acids10 have been 

reported.  Because SMS refers to a variety of spectroscopy methods for the study of 

single-molecules, a wide range of approaches have been exploited.  For example, 

fluorescence-voltage (F-V) measurements,1 atomic force microscopy (AFM),2 

fluorescence resonance energy transfer (FRET),10 single-molecule transistor (SMT) 

measurements,4 scanning tunneling microscopy (STM),11 and near-field scanning optical 

microscopy (NSOM)12 have all been utilized for SMS.  Among these techniques, SMT 

has some clear advantages over the other techniques; 1) the number of electrons can be 

easily controlled and 2) the exchange coupling between the localized spin in an island 

(single-molecule) and the delocalized electrons in electrodes can be tuned by setting the 

gate voltage.   



The charge quantization of an electron and a repulsive on-site Coulomb 

interaction give rise to single-electron tunneling and a Coulomb blockade effect13 in the 

three terminal nanoelectronic devices used in the SMT method.  They consist of a small 

island connected to source and drain electrodes through tunnel barriers and a nearby gate 

electrode (Figure 2.1).  When the charging energy 
C2

e2

, where C is the total capacitance 

of the island, exceeds the thermal energy , tunneling occurs via tunnel barriers by a 

quantized amount, e.  At the same time, the degree of spin freedom of an electron plays 

a crucial role in regulating the electron transport process.  One of the well-understood 

spin-related phenomena is the Kondo effect, or resistance minimum, which was 

discovered by Jun Kondo about 40 years ago.

TkB

14, 15  The Kondo effect is one of the 

distinctive features observed in SMT experiments and is a quantum mechanical co-

tunneling process caused by the electron-spin interactions between a localized spin in an 

island (single-molecule) and delocalized conduction electrons in the reservoirs 

(electrodes).  Even when conductance is prohibited by Coulomb blockade effect, an 

electron can pass through the island by making spin correlated singlet state if the island 

has an electron spin. The Kondo effect leads to enhancement in conductance at zero-bias 

in SMTs, while the same effect suppresses conductance in a conventional metallic system 

containing magnetic impurities.  Interplay of the spin and the charge quantization is an 

essential mechanism dominating transport behavior at low temperature in the nanoscale 

regime.  
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Figure 2.1 Schematic representation of a single molecule transistor device.  A single-
molecule transistor is fabricated in-situ using electromigration with a gold 
nanowire at 4.2K.  The charge state of a molecule is controlled by an 
aluminum gate, which has a strong capacitance coupling through a thin 
aluminum oxide layer. 

The SMT device described in Figure 2.1 allows us to investigate the Kondo effect 

in a more controllable way compared to typical systems in which dilute magnetic 

impurities are embedded in a metal host.  Since the number of electrons in SMT may be 

changed one electron at a time, the observation of Kondo/no-Kondo resonances can be 

manipulated by controlling the number of electrons.  In addition, the exchange coupling 

between the local spin in the island and the free electrons in the electrodes can be tuned 

by varying the gate voltage.  These features imply that a characteristic temperature, 

known as the Kondo temperature which represents the strength of the coupling, can not 

 27



 28

only be found but also adjusted.  Given this variability, it is not surprising that the 

Kondo effect has already been studied with STM.16, 17 Moreover, Kondo systems are 

known in semiconductor quantum dots.18, 19 In fact, with recent developed SMT methods, 

it has proved the Kondo effect is possible to study in carbon nanotubes,20, 21, 22 transition 

metal complexes,6, 7 C60, 23, 24 and in a linear oligomeric system.5  Notwithstanding 

these advances, a Kondo effect has yet to be observed in the SMS of a single organic 

molecule.  As described in the rest of this chapter, this milestone has now been achieved 

using two different expanded porphyrins.  

Cyclo[6]pyrrole 2.1 ([22]hexaphyrin (0.0.0.0.0.0)) 25  and cyclo[8]pyrrole 2.2 

([30]octaphyrin(0.0.0.0.0.0.0.0))26 were the two expanded porphyrins studied as single 

molecule transistor in this experiment (Figure 2.2).  Cyclo[6]pyrrole has a 22 π-electron 

aromatic periphery and cyclo[8]pyrrole has a 30 π-electron aromatic periphery.  These 

cyclo[n]pyrroles may be considered as larger analogues of porphyrin, in that they are flat, 

symmetrical, and aromatic.  However, unlike porphyrins, cyclo[n]pyrroles can readily 

adopt different oxidation states.  Electrochemical studies of cyclo[n]pyrroles indicate 

that the energy gap between the highest occupied molecular orbital (HOMO) and the 

lowest unoccupied molecular orbital (LUMO) of these expanded porphyrins is smaller 

than that of porphyrins, and that as the size of the expanded porphyrin increases, the 

HOMO-LUMO separation decreases.25  One of the interesting features inferred from 

electrochemical studies of cyclo[n]pyrroles is that they undergo a two-electron reduction 

event at room temperature, but at low temperature (-78 ºC), the two-electron reduction 

process can be resolved into two successive one-electron steps. 27   Theoretical 

calculation predicts that these expanded porphyrins have a degenerate HOMO and a 

strongly split LUMO pair, a prediction that is confirmed by magnetic circular 

dichroism. 28   Recently, cyclo[6]- and cyclo[8]pyrroles were used for field-effect 



transistors (FET) based on Langmuir-Blogdett films; they showed high hole mobilities 

and high on/off ratios, suggesting FET material prospects.29, 30  Due to these unique 

characteristics, it was envisioned that cyclo[n]pyrroles might be excellent candidates 

within which to investigate redox chemistry at the single-molecule level.  Additionally, 

comparisons between cyclic voltammetry data and SMS data could reveal differences and 

similarities between the two measurement methods.  Thus, a close examination of data 

obtained from these disparate techniques could reveal whether the SMS of expanded 

porphyrins is a viable characterization method.  
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Figure 2.2 Cyclo[6]pyrrole and cyclo[8]pyrrole studied as single-molecule transistors. 
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2.2 RESULTS AND DISCUSSION 

2.2.1 SMT of cyclo[6]pyrrole and cyclo[8]pyrrole 

As discussed further below, we have found that Kondo resonance peaks appear on 

both the even and odd charge-states in the single cyclo[n]pyrrole transistors.  This 

behavior can not be well described by the conventional spin ½ Kondo effect based on the 

Anderson impurity model. 31   We suggest a simple model to understand our 

observations: When exchange interaction within a molecule is comparable to the order of 

energy level spacing in the molecule, two successive electrons of the same spin may be 

added instead of coming in the form of an alternating spin-up and spin-down in pair.  To 

the extent this proves true, it would result in the absence of the parity effect in the two 

consecutive Coulomb diamonds observed during the SMT analysis, as seen in Figure 2.3. 

Figure 2.3a shows a color plot of the differential conductance on a logarithmic 

scale as a function of bias and gate voltages for a device incorporating cyclo[6]pyrrole 

2.1 (Device A).  Dark black regions are Coulomb blockade region (non-conducting 

areas) and red colors correspond to high conducting values.  Through capacitance 

coupling between gate and molecule, we can add or subtract electrons one by one to/from 

an individual molecule of compound 2.1 connected to the source and drain gold 

electrodes by tunnel barriers.  In Figure 2.3a, there exists a degeneracy point between 

two distinct charge states that differ by the charge of a single electron, as typically 

observed in a typical single-electron transistor.  The number of electrons present in the 

molecule increases (or decreases) one by one whenever the gate voltage passes by the 

degeneracy point in the positive (or negative) direction.  However, the initial neutral 

charge state, and hence total charge on the molecule at any given point, cannot be 

determined independently because it depends on the local electrostatic environment.  

Remarkably, zero-bias conducting resonances (ZBRs) appear on both sides in two 
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adjacent Coulomb blockaded regions.  This result leads us to propose that the 

suppression of conductance due to the Coulomb blockade effect is overcome at zero-bias.  

In addition, the ZBRs display a strong gate dependence since the features fade out as the 

gate voltage moves farther away from the degeneracy point.  

Figure 2.3b shows the conductance mapping of another device derived from 

cyclo[6]pyrrole 2.1 (Device B).  Three charged (redox) states are accessible within the 

gate range.  If we assign N as the number of electrons in the molecule to the Coulomb 

diamond on the left of this plot, the middle and right Coulomb diamonds correspond to N 

+ 1 and N + 2 charged states, respectively.  ZBRs are observed in the middle and right 

Coulomb diamonds.  On the other hand, the ZBR disappears in N charge states (Figure 

2.3b), which is typical in the conventional spin ½ Kondo effect.  Similar ZBRs have 

been observed in a cyclo[8]pyrrole device shown in Figure 2.4.  The features are 

qualitatively similar to those of Device A.  It is believed that the redox states observed 

in Device A correspond to N + 1 and N + 2 charged states in Device B. 
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Figure 2.3 Two-dimensional differential conductance (∂I/∂V) plots as a function of the 
bias voltage and the gate voltage measured at 4.2 K in single-molecule 
transistors incorporating 2.1. (a) Conductance mapping of Device A. Note 
that remarkable zero-bias conducting peaks appear in two Coulomb 
diamonds consecutively. (b) Conductance mapping of Device B. The 
comparable peaks at zero-bias appear in the middle and right Coulomb 
diamonds. On the other hand, the zero-bias peak disappears in the left 
Coulomb diamond. We assign the number of electrons N, N+1, and N+2 
from left to right, respectively. The two green sloped dashed lines are drawn 
to illustrate the boundary between the Coulomb blockaded regions and the 
conducting regions. 
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Figure 2.4 Two-dimensional differential conductance plot of a cyclo[8]pyrrole 2.2 
device as a function of the bias voltage and the gate voltage measured at 
4.2K.  Zero-bias conducting peaks similar to those seen in the case of 2.1 
are observed.  
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Figure 2.5 Temperature dependence of zero bias resonance. Zero bias resonance 
decreases as temperature increases. 
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The temperature dependence of ZBR of a device containing cyclo[6]pyrrole 2.1, 

which displays zero-bias conducting peaks across a degeneracy point, have been 

measured (Figure 2.5).  A logarithmic temperature dependence for the zero-bias peak is 

observed. Such an observation is the hallmark of a Kondo resonance and provides strong 

support for the notion that this feature results from a Kondo effect.  The strong gate 

dependence of ZBR is also consistent with a Kondo resonance.  

In systems with a simple spin ½ Kondo effect, the Kondo resonance disappears as 

the number of electrons is changed from odd to even.  Obviously, this is not the case for 

the devices produced from 2.1 and 2.2.  Previous electrochemical study shows that two-

electron reductions occurs readily for both 2.1 and 2.2.25  However, when 2.1 was 

electrochemically reduced at low temperature (-78 ºC), two successive one-electron 

reduction waves could be resolved.27  Such a finding leads us to suggest that there are 

very closely spaced LUMOs in 2.1 and, perhaps, 2.2.  Theoretical analyses based on 

DFT calculations also reveal that the presence of two split LUMOs.28  It is thus believed 

that these LUMOs are populated one by one during these SMT experiments.  Similar 

behavior has been seen previously in studies of quantum dots of two-dimensional 

electron gases32, 33 and in carbon nanotube transistors.6, 7  This prior work served to 

reveal that when exchange interaction dominates in systems with closely spaced energy 

levels, Kondo resonances can be observed for states with an even number of electrons.  

Such observations are not consistent with the constant interaction model, wherein 

electron-electron interactions are not thought to depend on the number of electrons.34  

Rather, these systems appear to follow Hund’s rule as applied to atomic and molecular 

systems. 



Given the above, a model is suggested in order to account for our observations.  

Figure 2.6a displays the lower LUMO occupied by a first electron added from the 

electrode. This situation satisfies the condition of the Kondo resonance due to the spin ½.  

For the next reduced state, a charging energy “penalty” must be paid to add one more 

electron to the molecule.  In addition, consideration must be made of several other 

energy factors that determine how states are filled with extra electrons. For instance, one 

must account for 1) the exchange energy J that reflects the fact that the parallel spin 

configuration has a lower energy than an antiparallel one, 2) the energy level spacing, ∆ , 

between the molecular orbitals, and 3) the extra Coulomb energy Uδ  needed to put two 

electrons into a single quantum state.  There are two possible scenarios, namely when 

∆>+ UJ δ , and when ∆<+ UJ δ . Under the first of these, the second electron 

occupies the next level with a spin-triplet state (Figure 2.6a → b).  By contrast, when 

∆<+ UJ δ , electrons enter into the lower level consecutively in a spin-up and spin-

down manner (Figure 2.6a → c).  

Roughly speaking, if the exchange interaction is significant compared to the 

spacing between levels, the spin state is a triplet.  Thus, the Kondo effect is still possible 

with an even number of electrons because the net spin is 1.  On the other hand, if the 

exchange interaction is negligible as compared to the level spacing, the total spin is zero. 

Therefore, no Kondo effect is expected.  While the conventional spin ½ Kondo effect 

follows the second scenario (Figure 2.6a → c), the ZBRs seen in two adjacent Coulomb 

diamonds can be explained by the first scenario (Figure 2.6a → b). 

The model given in Figure 2.6 provides a reasonable explanation for the data sets 

obtained during the present SMT studies.  Based on the first scenario (Figure 2.6a → b), 

the observed ZBRs of cyclo[6]pyrrole 2.1 and those of cyclo[8]pyrrole 2.2 are easily 

rationalized.  Disappearance of the ZBR in Device B at the N charged states shown in 
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Figure 2.3b can also be interpreted reasonably as follows:  Previous theoretical studies 

based on symmetry arguments revealed that the HOMOs are degenerate in the neutral 

charged state.28  Thus, these degenerate HOMOs should be filled with paired electrons 

with zero net spin.  That is, no Kondo resonance is expected.  Addition of a first 

electron then leads to a spin ½ state in a LUMO resulting in the appearance of the Kondo 

resonance.  Upon further reduction, the next electron occupies a different, albeit closely 

spaced LUMO.  This gives rise to a spin-triplet state, wherein a Kondo resonance still 

occurs, in spite of the fact that there are an even number of electrons.  As the result, the 

ground spin state of Device B can be described by the sequence of S = 0 → ½ → 1.  

This simple process can account for the observed features in Figure 2.3b.  However, the 

suggested model and the given data are not enough to determine all of the underlying 

energy values, such as the exchange energy J, the excess Coulomb energy Uδ , and the 

energy level spacing . ∆
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Figure 2.6 Schematic diagrams of state-filling with two added electrons.  Two 
possible processes are available depending on the relationship between 
several energy factors; the exchange energy J, the extra Coulomb energy 

Uδ  to put two electrons in a single quantum state, and the energy level 
spacing, , between molecular orbitals. When ∆ ∆>+ UJ δ , the second 
electron fills the next level to produce a spin-triplet state (a → b), a result 
that can explain the absence of even-odd parity effect. In contrast, a spin-up 
and spin-down paired electron state results when ∆<+ UJ δ  (a → c), 
which represents the case for the simplest Kondo effect. 
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During the SMT measurement of 2.2, excitations of the molecule showing 

harmonics were observed.  In the case shown in Figure 2.7a, the value is about 13 meV, 

and in the case shown in Figure 2.7b, the value is 7 meV.  Even though it is believed 

that these excitations originate from the excitation of the center of mass of the molecule,3 

at this time, it is not clear why there are two different values.  To observe a consistent 

value, additional measurements would need to be carried out.  

 

a b

 

Figure 2.7 Two-dimensional differential conductance plots as a function of the bias 
voltage and the gate voltage (a) Excitations of 2.2 at 13, 27, -27 mV and (b) 
excitations of 2.2 at -7, -14, 19, 26 mV. 

 

2.2.2 SMT of porphyrin and metal porphyrin complexes  

To date, some progress has been made in study of other porphyrin and expanded 

porphyrin systems.  In fact, SMT experiments with porphyrin and transition metal 

porphyrin complexes are in progress.  While these are not yet complete, a summary of 

the preliminary findings is appropriate.  In the case of octaethylporphyrin (OEP) 2.3 
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(Figure 2.8a), both the Kondo effect and the low energy excitations which were observed 

with the cyclo[n]pyrroles were not observed (Figure 2.8b).   
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Figure 2.8 (a) Octaethylporphyrin (OEP) 2.3 and (b) SMT of 2.3. 

Two transition metal porphyrin complexes, namely the cobalt OEP complex 2.4 

and the zinc OEP complex 2.5 (Figure 2.9) were tested.  While the spectra of 2.5 were 

not much different from those of 2.3, complex 2.4 showed behavior consistent with a 

high-order tunneling processes (Figure 2.10).   
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Figure 2.9 Cobalt OEP complex 2.4 and zinc OEP complex 2.5. 
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Figure 2.10a shows a two-dimensional plot of differential conductance ( VI ∂∂ ) 

as a function of bias and gate voltages at 4.2K.  The differential conductance is obtained 

by differentiating dc I-V curves for different gate voltages.  The conductance mapping 

in this case shows generic features associated with a Coulomb blockade; conductance is 

suppressed within the Coulomb diamond with low-energy excitations (24±1 and 39±1 

meV) aligned parallel to the boundary of the diamond-shaped region.  Interestingly, a 

horizontal line feature parallel to the gate axis is observed within the blockade zone.  

The boundary line is connected to a low-energy excitation at 39±1 meV due to, what is 

presumably first-order tunneling.  When the applied bias is larger than about 39 meV, 

the conductance value is rather high even in the blockade region.  Otherwise, the values 

are much smaller.  Such findings lead to the suggestion that a higher-order tunneling 

process is taking place that is strong enough to overcome the suppression of conductance 

occurring within the Coulomb blockade.  Such a scenario can be rationalized in terms of 

a cotunneling process wherein two or more electrons are involved in tunneling via a low-

energy excitation (inset in Figure 2.10b).  Figure 2.10b shows 22 VI ∂∂ as a function of 

bias and gate voltages at 4.2K. Conductance values, which are measured using ac lock-in 

technique with a 0.3 mV as an excitation voltage at 7Hz, are differentiated to highlight 

the horizontal parallel line features within the blockade zone more clearly.  Similarly, 

two horizontal lines are connected to two low-energy excitations (31±2 and 52±2 meV) 

at the edge of the Coulomb diamond.  Even though the assignment for the origin of 

these excitations is still difficult because the porphyrins studied by SMT are located in an 

environment that is very different from that in which these compounds are normally 

found, it is nonetheless believed that they result from Co-porphyrin skeletal vibrational 

modes as inferred from normal-coordinate analysis.35, 36     
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Figure 2.10 (a) Two-dimensional differential conductance (∂I/∂V) color plot as a 
function of the bias voltage and the gate voltage for SMT analyses of 2.4 
carried out at 4.2 K. The horizontal cotunneling feature indicated by two 
yellow arrows in the Coulomb blockade region is connected to a low-energy 
excitation at 39±1 mV. The excitation in the negative bias region is at -24±1 
mV. The white area marked by ∆ is an artifact due to a negative 
conductance value in the logarithmic scale. (b) color plot of 22 VI ∂∂ vs. 
bias and gate voltages for SMT of 2.4 measured at 4.2 K.  After VI ∂∂  
was measured using the ac lock-in method with a 0.3 mV as an excitation 
voltage at 7Hz, it was then differentiated with respect to the bias voltage to 
reveal the features more clearly. In analogy to what was seen in panel (a), 
two horizontal cotunneling features (marked by two yellow arrows) are 
observed that are aligned to two low-energy excitations at 31±2 mV and 
52±2 mV, respectively. 

Figure 2.11 shows color plots of differential conductance as a function of bias and 

gate voltages for different devices.  In all of the devices, zero-bias resonance (ZBR) 

peaks are reproducibly observed, as illustrated in Figure 2.11.  The presence of ZBR is 

controlled by changing the number of electrons in the single-molecule transistor.  
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a b

Figure 2.11 Two-dimensional differential conductance color plots as a function of the 
bias voltage and the gate voltage for different Co-porphyrin SMTs.  Zero-
bias resonance peaks are consistently observed.  

In order to investigate the origin of ZBRs, temperature and magnetic field 

dependence measurements were carried out.  Figure 2.12a shows the temperature 

dependence of the differential conductance measured using the ac lock-in approach (0.3 

mV as excitation at 7 Hz) at zero gate voltage.  Figure 2.12a presents the logarithmic 

dependence of the ZBR with respect to temperature.  Figure 2.12b shows the Zeeman 

splitting, which is the splitting of a single spectral line under uniform magnetic field, of 

the ZBR in 8T external magnetic field at 400 mK.   
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Figure 2.12 (a) Temperature dependence of the Kondo resonance peak shown in Figure 
2.10 as determined between 4.2K and 70 K; as the temperature increases 
from 10 K to 70 K by 10 K, the peak height of conductance decreases. The 
inset shows the peak height vs. the log of the temperature (in ºK). (b) Two-
dimensional differential conductance plot as a function of the bias voltage 
and the gate voltage at an applied magnetic field of 8T at 400 mK. Two 
yellow arrows highlight a Zeeman splitting feature (~2mV). 

The temperature dependence and the magnetic field dependence results, when 

considered along with the parity effect, lead to the suggestion that the observed ZBRs 

originate from a spin ½ Kondo effect.  That is, higher-order tunneling processes are 

present in the system, whereby an exchange coupling between the unpaired spin in the 

studied molecule and the conduction electrons in the electrodes is turned on.  This 

coupling gives rise to a Kondo resonance peak at zero bias even in the Coulomb blockade 

region.  Because the Kondo resonance is due to a cotunneling process involving a spin-

flip, the resonance feature can be removed by manipulating the net spin value via the 

coupled gate.  In any case, the key point is that the observations made for this system 

are consistent with the presence of a Kondo effect. 
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2.3 CONCLUSION 

In summary, a non-conventional Kondo effect, namely the appearance of Kondo 

resonances at zero-bias for the states containing both odd and even numbers of electrons 

in the SMT of cyclo[n]pyrroles, has been observed.  This is the first observation of a 

Kondo effect in single, discrete organic molecule.  It can be explained by invoking a 

model wherein a strong exchange interaction within the molecule leads to Hund’s rule 

behavior such that the formation of a spin-triplet is more favorable than the production of 

a singlet spin state.  While qualitatively correct, this explanation and the underlying 

experimental data do not suffice for a detailed quantitative description.  Further 

theoretical and experimental studies are needed if a more detailed understanding is to be 

obtained.   

From a synthetic organic point of view, this study could also be enhanced by 

expanding the set of small molecules subject to SMT characterization.  In the case of the 

cyclo[n]pyrroles, the SMT studies proved to be in good agreement with the prior CV 

measurements and theoretical studies.  Even though SMT analysis of small organic 

molecules may not emerge as a universal characterization method, in the case of highly 

conjugated molecules, such as porphyrins and expanded porphyrins, it could prove 

complementary to other techniques, such as CV.  Further SMT studies of other 

expanded porphyrins thus appear to be in order. 

 

2.4 FUTURE DIRECTIONS 

From these preliminary results, it is too early to conclude that various expanded 

porphyrin compounds could be routinely characterized by SMT at the single-molecule 

level.  Nonetheless, the high information density obtained (even if it is not yet fully 
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subject to interpretation) leads us to suggest that SMT analysis of other expanded 

porphyrins, such as amethyrin, sapphyrin, and rosarin, should be performed.    
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Chapter 3: Synthesis of water-soluble cyclo[n]pyrroles 

3.1 INTRODUCTION 

Telomeres are 3’ single-stranded overhangs present at the end of eukaryotic 

chromosomes.  In the case of mammals, they are characterized by well-defined 

repetitive sequence, such as (TTAGGG)n.  As a general rule, DNA polymerases are 

unable to replicate the end of telomeres.  Thus, upon each cell division telomeres 

become shortened.  When telomeres reach a certain limit, the chromosomes can no 

longer be replicated and the cells go into senescence/apoptosis.  However, in various 

tumor cells, the length of telomere is maintained by telomerase, a ribonucleoprotein 

enzyme, which was discovered by Greider and Blackburn in 1985.1  Telomerase is 

active in 85-90% of human tumors, but not in most normal somatic cells.2  Therefore 

telomerase has been an important target for anticancer agents.3  The discovery that the 

3’ single-stranded overhang of telomere forms an intramolecular G-quadruplex structure 

(Figure 3.1)4 and that this G-quadruplex structure is believed to inhibit telomerase 

activity by sequestering the substrate required for the enzyme, has initiated a new 

approach to achieving telomerase inhibition, involving the specific stabilization of G-

quadruplexes.5   
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Figure 3.1 (a) Structure of G-quartet, (b) schematic representation of G-quadruplex. 

Recently, acridine derivatives, 6  cationic porphyrin derivatives, 7  ethidium 

derivatives,8 anthraquinone derivatives,9 perylene derivatives,10  and telomestatin, a 

natural product isolated from Streptomyces anulatus 3533-SV4 (Figure 3.2),11 have been 

studied for their telomerase inhibition activity.  A telomeric repeat amplification 

protocol (TRAP) assay was used to determine activity. In this assay, telomestatin showed 

particularly impressive, displaying an IC50 value of ca. 5 nM, while most of the other 

molecules displayed IC50 values in the µM range.   

While not a natural product, the recently reported cyclo[8]pyrroles (Figure 3.2)12 

bear a structural analogy to telomestatin.  This led us to consider that the 

cyclo[n]pyrroles13 (n = 6, 7, 8; Figure 3.3) could act as telomerase inhibitors.  As a first 

step toward testing this possibility, the binding of octaethylporphyrin (OEP, Figure 3.3), 

used as a control, and diprotonated form of cyclo[n]pyrroles (C[6]P, C[7]P, All Me 

C[8]P, and All Et C[8]P, Figure 3.3) to intramolecular G-quadruplex ((T2AG3)4) was 

analyzed using nano-electrospray ionization mass spectrometry (nano-ESI-MS) and ion 
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mobility spectrometry.14, 15  This work was carried out by Dr. Erin S. Baker in the Prof. 

Michael T. Bowers group at UC Santa Barbara using samples provided by the author.  It 

was found that an optimized combination of size and positive charge achieves the highest 

level of binding affinity.16   
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structure of cyclo[8]pyrrole is shown).  

NH

Et

NH+

Et

Et
HN

Et
Et

+HN
Et

Et

Et

HN

NH

Et
Et

Et
Et

+HN
R

HN
R

R

H
N

RR

NH

R

R

NH+

R

R
NH

R

R

N
H

R R

HN

R

R

R

C[6]P (n = 1)
C[7]P (n = 2)

N

HN

NH

N

Et

Et

Et Et

Et

Et

EtEt

OEP

n

All Me C[8]P (R = CH3)
All Et C[8]P (R = CH2CH3)  

Figure 3.3 Structures of oligopyrrole macrocycles (“porphyrinoids”): 
Octaethylporphyrin (OEP), cyclo[6]pyrrole (C[6]P), cyclo[7]pyrrole 
(C[7]P), and cyclo[8]pyrroles (All Me C[8]P and All Et C[8]P). 
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However, because the cyclo[n]pyrroles studied in this way were not water-

soluble, it remained an open question whether these compounds would display similar 

binding properties under physiological conditions.  To address this question, water-

soluble cyclo[n]pyrroles were needed.  This chapter presents attempts directed toward 

the synthesis of water-soluble cyclo[n]pyrroles and related compounds.  It should be 

noted that this project was initiated by Dr. Salvatore Camiolo, a former postdoctoral 

fellow in the Sessler group.   

 

3.2 RESULTS AND DISCUSSION 

3.2.1 Water-soluble cyclo[8]pyrroles 

For the synthesis of water-soluble cyclo[n]pyrroles, the design of the bipyrrole 

building block is critical.  In particular, the introduction of appropriate functional groups 

at the β positions of bis α-free bipyrrole is necessary.  The synthetic scheme used to 

prepare the water-soluble bipyrrole 3.8 is illustrated in Scheme 3.1.  Benzyl 4-(2-

methoxycarbonylethyl)-3,5-methylpyrrole-2-carboxylate 3.1 chosen as a starting material 

in the synthesis of water-soluble cyclo[n]pyrroles. It not only possesses a methyl ester 

group, which can be easily convertible to water-soluble groups, but also represents a 

species that has been widely used in our group.  

From 3.1, pyrrole aldehyde 3.2 was synthesized by treatment with lead 

tetraacetate (Pb(OAc)4) in accord with a literature procedure.17  This aldehyde was then 

converted to the corresponding carboxylic acid, 3.3.  Previously, the synthesis of pyrrole 

acid 3.3 from 3.1 had been reported, but the reaction involved sulfuryl chloride (SO2Cl2), 

which leads to a difficult work-up and low yields.18  This two-step procedure via the 

pyrrole aldehyde 3.2 is not only synthetically easier but gives a better overall yield (53%) 



than the previously reported one-step procedure (44%).18  After the pyrrole acid 3.3 was 

iodinated to give 3.4, it was Boc-protected to give 3.5 and converted into bipyrrole 3.6 

using the standard Ullman coupling strategy developed by Dr. Michael Hoehner during 

his graduate work at the University of Texas.19  The bis α-free bipyrrole 3.8 was then 

obtained by debenzylation followed by decarboxylation. 
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Scheme 3.1 Synthesis of bis α-free bipyrrole 3.8 
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This bis α-free bipyrrole 3.8 was then subject to Fe-mediated oxidative coupling 

using the procedure discovered by Dr. Daniel Seidel.12  This coupling reaction gave the 

ester form of the water-soluble cyclo[8]pyrrole 3.9 (Scheme 3.2).  When 0.1M FeCl3 in 

0.2 – 0.5 M H2SO4 was used, the yield of 3.9 was maximum (28%).  If more 

concentrated H2SO4 was used, a lower yield was obtained, perhaps because the methyl 

ester groups were undergoing hydrolysis.  However, a lower concentration of H2SO4 

also led to a lower yield.  Interestingly, the concentration of FeCl3 did not appear to 

affect the yield significantly. 

As cyclo[6]pyrrole had been shown to display a better binding affinity to G-

quadruplexes than cyclo[8]pyrroles,16 the synthesis of water-soluble cyclo[6]pyrrole was 

also investigated.  In the case of the alkyl-substituted cyclo[n]pyrroles, it was found that 

the use of HCl, rather than H2SO4, favored the formation of cyclo[6]pyrrole.13  Thus, to 

test this approach would work in the case of precursor 3.8, various concentrations of HCl 

were used.  To our disappointment, oxidative coupling of bis α-free bipyrrole 3.8 with 

HCl resulted in the formation of only cyclo[8]pyrrole 3.9 and in low yield; no 

cyclo[6]pyrrole was produced.  Based on this disappointing result, it was concluded that 

the formation of cyclo[6]pyrrole results from a favorable combination of steric and anion 

templating effects.   
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Scheme 3.2 Synthesis of water-soluble cyclo[8]pyrrole 3.10. 
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Figure 3.4 Top view of the sulfate anion salt of diprotonated cyclo[8]pyrrole 3.9 
showing the atom labeling scheme.  Displacement ellipsoids are scaled to 
the 50% probability level.  Most hydrogen atoms have been removed for 
clarity.  The cyclo[8]pyrrole 3.9 lies around a crystallographic four-fold 
inversion axis at 1/2, 1/4, 7/8.  The minor component of the disordered side 
ester side chain attached at C7 has been omitted for clarity. 

The NMR spectra of 3.9 reflect its unusually high symmetry.  One of the 

interesting features of the 1H NMR spectrum of 3.9 is that the signals of β-CH3 and CH3 
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of methyl ester overlap completely at 3.71 ppm, when recorded in CDCl3.  The NH 

protons of 3.9 resonate at -0.31 ppm, a value that is consistent with previously reported 

cyclo[8]pyrroles NH chemical shifts (from 0.64 ppm to -1.63 ppm).  In the 13C NMR 

spectrum, there are only 9 signals. Again, this is consistent with what is seen in the case 

of previously reported cyclo[8]pyrroles and is fully consistent with the high symmetry.   

Definite structural proof for cyclo[8]pyrrole 3.9 was obtained from a single 

crystal X-ray diffraction analysis of its diprotonated adduct, H23.92+•SO4
2-.  Figure 3.4 

provides a top view of the resulting structure.  It is very similar to those of previously 

reported cyclo[8]pyrroles.12  A summary of a comparison between previously reported 

cyclo[8]pyrroles and the new derivative 3.9 is given in the Table 3.1.  The difference 

between previously reported cyclo[8]pyrroles and 3.9 are not significant; however, the 

latter is more planar than previously reported cyclo[8]pyrroles, a feature that is reflected 

in smaller torsional angle.   

 

Table 3.1 Comparison between the crystal structure of previously reported 
cyclo[8]pyrroles and that of 3.9 

 
Previously reported 

cyclo[8]pyrroles 
3.9 

NH···O 1.91Å - 2.49Å 1.96Å - 2.08Å 

Cα – N 1.36Å - 1.39Å 1.37Å - 1.39Å 

Cα – Cβ 1.39Å - 1.43Å 1.41Å - 1.42Å 

Cβ – Cβ 1.39Å - 1.41Å 1.39Å - 1.41Å 

Cα – Cα’ 1.41Å - 1.45Å 1.39Å - 1.41Å 

Torsion 30.6º (average) 26.7º (average) 



 

The first water-soluble cyclo[8]pyrrole 3.10 was synthesized by replacing the 

methyl ester groups with a 2-ethanol amide group derived from ethanol amine.  The 

reaction mixture produced by the ester-amide replacement reaction (shown in Scheme 

3.2) was separated by using C-18 reverse phase column (Waters Sep-Pak Vac 35cc tC18 – 

10g).  The purity of 3.10 was determined by HPLC (Figure 3.5), and low resolution MS 

and HRMS (FAB) analysis confirmed the identity of 3.10.  After separation, 3.10 was 

freeze-dried (lyophilized) to remove water and obtained as yellowish-green solid.  A full 

characterization (1H and 13C NMR spectroscopic analysis; X-ray crystal structure, etc.) of 

3.10 has not been successful to date.  

 

 

Figure 3.5 HPLC analysis of water-soluble cyclo[8]pyrrole 3.10 

To investigate the dependence of binding affinity of water-soluble cyclo[8]pyrrole 

on the length of the alkyl chain linking the β-pyrrolic alcohol, another bis α-free bipyrrole 

3.14 was designed and synthesized (Scheme 3.3).  Toward this end, the methyl ester 

groups of 3.6 were first reduced to alcohol 3.11 using BH3•THF.   
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Scheme 3.3 Synthesis of bis α-free bipyrroles 3.14a and 3.14b 
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The crystal structure of 3.11 reveals very interesting hydrogen bonding features 

(Figure 3.6 and 3.7).  Specifically, intermolecular hydrogen bonds between the benzyl 

ester carbonyl oxygen and the 3-hydroxypropyl OH are seen (Figure 3.7), as well as 

intramolecular hydrogen bonds between the pyrrolic NH and 3-hydroxypropyl OH 

(Figure 3.6).  These intermolecular hydrogen bonds have the effect of stabilizing a long 

chain like intermolecular network (Figure 3.7).   



 

 

Figure 3.6 View of 3.11 showing the atom labeling scheme.  Displacement ellipsoids 
are scaled to the 50% probability level.  Dashed lines are indicative of H-
bonding interactions.   

   

 

Figure 3.7 View illustrating a portion of the H-bonding interactions in 3.11.  
Molecules are H-bound parallel to (101) and are related by a n-glide plane.  
Dashed lines are indicative of H-bonding interactions.   
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The next step of the synthesis involved protecting the alcohol group of 3.11 as the 

trifluoroacetate or acetate ester.  Initially, the acetate group was used, but the resulting 

cyclo[8]pyrrole 3.15a did not prove volatile enough to allow characterizion by mass 

spectrometry.  Thus, protection with trifluoroacetate was tried, because it was 

appreciated that compounds containing the trifluoroacetate groups are relatively easier to 

vaporize.  The cyclo[8]pyrrole 3.15b with the trifluoroacetate protecting groups could in 

fact be detected with mass spectrometry.  Unfortunately, a drawback of the 

trifluoroacetate protecting group is that it is more labile than acetate might undergo 

deprotection during synthesis of cyclo[8]pyrrole 3.15b. 

These bis α-free bipyrroles 3.14a and 3.14b were subjected to Fe-mediated 

oxidative coupling to produce water-soluble cyclo[8]pyrrole precursor 3.15a and 3.15b 

(Scheme 3.4).  Using between 0.2 and 0.5 M H2SO4 gave the best yield for 3.15a 

(18.6%).  On the other hand, the best apparent yield of 3.15b was obtained, when 0.1 M 

H2SO4 was used.  Characterization of 3.15a using 1H and 13C NMR, and mass 

spectroscopy have been completed but characterization of 3.15b has not been completed 

as of yet. 
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Scheme 3.4 Attempted synthesis of water-soluble cyclo[8]pyrrole 3.16 
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The 1H NMR spectrum of 3.15a reveals overlaping signals, as in the case of 

compound 3.9.  The two CH2CH2CH2OAc signals are seen to overlap partially around 

4.23 ppm in the 1H NMR.  To assign the signals, HSQC (a method to establish 

correlations between carbon and proton signals) was performed (Figure 3.8).  Based on 

the results, the signal at 4.22 ppm was assigned to the CH2 close to the acetyl group, and 

the signal at 4.23 ppm was assigned to the CH2 close to the pyrrole ring.  Attempts to 

grow crystals of 3.15a suitable for X-ray crystallography were unsuccessful. 

Attempts were made to effect the final hydrolysis step shown in scheme 3.4, 

which would free up the water-soluble cyclo[8]pyrrole, 3.16. Unfortunately, there was a 

problem in separating the target compound after the reaction.  Efforts to isolate 3.16 are 

still ongoing. 



 

Figure 3.8 HSQC (correlation between carbon and proton) of 3.15a.  
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3.2.2 Water-soluble terpyrrole 

Concurrent with the synthesis of the water-soluble cyclo[8]pyrroles, the synthesis 

of the water-soluble terpyrrole 3.20 was attempted.  This terpyrrole 3.20 would be 

useful precursor for the synthesis of water-soluble turcasarins20 or amethyrins.21  While 

several routes to water-soluble terpyrrole precursors can be envisioned, the approach 

based on the cyclization of 1,4-diketone 3.19, which would represent a modified Paal-

Knorr pyrrole synthesis,22 was the one chosen by the author since it has been extensively 

studied in the Sessler group (Scheme 3.5 and Scheme 3.7).   

As the first step towards making 1,4-diketone 3.19a, pyrrole 3.3 was iodinated 

and then subsequently deiodinated; this gave the α-free pyrrole 3.17.  as an alternative to 

this two-step procedure, decarboxylation of 3.3 to produce 3.17 was initially attempted. 

However, this was not successful in that starting material was returned.  From 3.17, the 

α propionylpyrrole 3.18 was made by SnCl4-activated coupling.  The synthesis of 1,4-

diketone, 3.19a, which involved the copper(II)-mediated oxidative coupling of the 

enolate of α-keto pyrrole 3.18, 23  was attempted.  However, using lithium 

diisopropylamide (LDA) to generate the enolate of α-keto pyrrole 3.18 proved to be 

problematic.  Because the pKa of LDA is ca. 35.7, while the pKa of the α proton of 

ketone is ca. 19 and the pKa of the α proton of an ester is ca. 25, LDA could deprotonate 

the α protons of both the ester and the ketone.  Were LDA to deprotonate the α proton of 

the ester, the resulting enolate could attack the carbonyl group of the pyrrole α position 

and generate a 5-membered ring, 3.21. This was the dominant product (Scheme 3.6).  

Given this concern, 20% lithium hexamethyldisilazide in THF (LHMDS, pKa ~ 29.5 in 

THF) was used as the base.  Nonetheless, 3.21 was the major product.  Using 

potassium tert-butoxide (pKa ~19) resulted in decomposition. 
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Scheme 3.5 Attempted synthesis of the water-soluble terpyrrole 3.20a via a modified 
Paal-Knorr pyrrole procedure and a copper(II)-mediated oxidative 
coupling of the enolate of an α-keto pyrrole. 
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Scheme 3.6 Unexpected formation of 3.21 
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Given the failure of the above synthetic route, an alternative route incorporating 

3,4-dimethyl-5-(2-hydroxyethyl)-1,3-thiazolium iodide (Stteter’s thiazole) was explored 

(Scheme 3.7).  According to literature precedence,24, 25 a pyrrole aldehyde, such as 3.2, 

could be converted into a 1,4-diketone, which represents a key intermediate in the 

proposed terpyrrole synthesis.  However, there is a limitation to the applicability of this 

reaction.  It has been shown that the required β-hydroxy enamine intermediate is 

destabilized by a electron-rich pyrrole ring.  Thus 2-formylpyrrole was expected to be 

unreactive to Stetter’s thiazole.  Only a 2-formylpyrrole bearing an N-electron 

withdrawing group (EWG) or EWG’s on the 3 and 5 positions, which would stabilize the 

intermediate described above, would likely prove usable under Stetter’s conditions.   
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Scheme 3.7 Attempted synthesis of water-soluble terpyrrole 3.20b using Stetter’s 
thiazole. 

Given the above, a BOC group was attached to the pyrrole nitrogen, and then the 

intermediate product was treated with Stetter’s thiazole and vinyl sulfone.  This failed to 

produce the desired product.  Instead, it deprotected the BOC group.  As another 
 66
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option, an attempt was made to append a benzenesulfonyl group to the pyrrole nitrogen.  

Using NaH and benzenesulfonyl chloride was not successful in that starting material was 

returned.  Moreover, following literature procedure,26 which involved using tetra-n-

butylammonium bromide as a phase transfer catalyst and 30% NaOH as the base, gave 

mostly deesterified side product instead of the desired N-benzene sulfonated compound.   

This is currently where this project stands and the goal of producing a water-

soluble terpyrrole has been taken over by Ms. Amelia Albrett from Professor Penny 

Brothers’ group at the University of Auckland (New Zealand). 

 

3.3 FUTURE DIRECTIONS 

After the water-soluble cyclo[8]pyrroles 3.10 and 3.16 are fully characterized, 

they will be tested for the G-quadruplex binding affinity and telomerase inhibition.  G-

quadruplex binding affinity could be measured by using nano-electrospray ionization 

mass spectrometry (nano-ESI-MS) and ion mobility spectrometry or by ITC.  

Telomerase inhibition could be determined using the TRAP (telomeric repeat 

amplification protocol) assay.  Even though normal alkyl chain cyclo[8]pyrroles showed 

a reduced binding affinity for G-quadruplexes than the corresponding cyclo[6]pyrrole 

species,16 these water-soluble cyclo[8]pyrrole may display better binding affinity.  This 

is because the binding mode for the alkyl-substituted cyclo[8]pyrroles apparently 

involved external stacking, while the water-soluble cyclo[8]pyrroles could bind via the 

side chain hydroxy groups that could participate in hydrogen bonding with the phosphate 

backbone.  Cyclo[8]pyrrole 3.10 also has amide groups, and these could also form 

additional hydrogen bonds with the phosphate backbone.  Thus, it is predicted that 3.10 

will show better binding affinity, and therefore better telomerase inhibition, than 3.16.   



The main problem in the synthesis of the water-soluble terpyrrole precursor 3.20 

proved to be the formation of an enolate from the α-keto pyrrole in the presence of strong 

base.  A proposed alternative synthesis involves reduction of the methyl ester groups on 

the bipyrrole to generate the corresponding alcohol groups, followed by protection with 

base resistant protecting groups, such as the pivaloyl or benzoyl group.  With such an 

approach, a modified Paal-Knorr pyrrole synthesis involving the copper(II)-mediated 

oxidative coupling of the enolate of an α-keto pyrrole could be carried out.  This would 

allow for the synthesis of a water-soluble terpyrrole precursor, such as 3.20a (Scheme 

3.8).   
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Scheme 3.8 Proposed synthesis of water-soluble terpyrrole precursor 3.20a 
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Chapter 4: Experimental 

4.1 GENERAL  

Unless otherwise noted, solvents and reagents were reagent-grade and were used 

without further purification.  Tetrahydrofuran (THF) was dried by passage through two 

columns of activated alumina.  Dimethylformamide (DMF) was dried by passage 

through two columns of activated molecular sieves.  NMR spectra were measured at 25 

ºC on a Varian Unity Innova instrument at 300, 400, or 500 MHz for 1H and 75, 100, or 

125MHz for 13C, respectively.  UV-vis spectra were recorded on a Beckman DU 640B 

spectrophotometer.  High resolution CI and FAB mass spectra were obtained on a VG 

ZAB2-E mass spectrometer.  Elemental analyses were performed by Atlanta Microlabs.  

 

4.2 SYNTHETIC PROCEDURES 

2,3,6,7,10,11,14,15,18,19,22,23,26,27,30,31-Hexadecaethyl-

33,34,35,36,37,38,39,40-octamethyl-[32]octaphyrin(0.0.0.0.0.0.0.0) (1.7a). 

Under an argon atmosphere, cyclo[8]pyrrole 1.2a (35 mg, 33 µmol) was dissolved 

in 20 mL of dry THF. Sodium hydride (60% suspension in mineral oil: 100 mg, 2.5 

mmol) was added and the reaction mixture was stirred at room temp for 30 minutes. 

Iodomethane (methyl iodide, 0.31 mL, 4.9 mmol) was added and the solution heated at 

reflux for 12 hours. After allowing the solution to cool to room temperature, 10 mL of 

aqueous 1 M NaOH was added, along with 20 mL of CH2Cl2.  After stirring this mixture 

for 20 more minutes, the phases were separated, and the aqueous phase extracted further 

with 10 mL of CH2Cl2.  The combined organic phases were dried over anhydrous 

sodium sulfate and the solvent removed in vacuo.  The residue was flushed through a 
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short plug of silica gel, using CH2Cl2 as the eluent.  Recrystallization from 

CH2Cl2/MeOH gave the product 1.7a in the form of yellowish-white needles (22.7 mg, 

64%). 1H NMR (400 MHz, CDCl3) δ: 1.03 (t, J = 7.5Hz, 48H, CH2CH3), 2.48 (m, 32H, 

CH2CH3), 2.65 (s, 24H, NCH3); 13C NMR (100 MHz, CDCl3) δ: 16.19, 18.46, 30.83, 

122.82, 124.37; HRMS (CI): calcd for C72H104N8 1080.8384, found 1080.8393. 

 

2,3,6,7,10,11,14,15,18,19,22,23,26,27,30,31-Hexadecamethyl-

33,34,35,36,37,38,39,40-octabenzyl-[32]octaphyrin(0.0.0.0.0.0.0.0) (1.7c). 

Under an argon atmosphere, cyclo[8]pyrrole 1.2c (49.2 mg, 58.5 µmol) was 

dissolved in 20 mL of dry THF.  Sodium hydride (60% suspension in mineral oil; 95 

mg, 2.38 mmol) was added and it was stirred at room temperature for 30 minutes.  At 

this juncture, benzyl bromide (335 µL, 2.8 mmol) was added and the solution heated 

under reflux for 12 hours.  After a workup analogous to that used for 1.7a, compound 

1.7c was isolated as an off white, slightly amber crystalline product (66 mg, 70%).  1H 

NMR (300 MHz, CDCl3) δ: 1.68 (s, 48H, CH3), 5.09 (s, 16H, benzyl-CH2), 6.34-6.37 (m, 

16H, phenyl-H), 6.83-6.88 (m, 16H, phenyl-H), 6.94-6.99 (m, 8H, phenyl-H); 13C NMR 

(75 MHz, CDCl3) δ: 9.82, 48.91, 121.08, 123.96, 126.50, 126.67, 127.76, 138.17; HRMS 

(FAB): calcd for C104H104N8 1464.8384, found 1464.8410.  

 

2,3,6,7,10,11,14,15,18,19,22,23-Dodecaethyl-25,26,27,28,29,30-hexamethyl-

[24]hexaphyrin(0.0.0.0.0.0) (1.8). 

Under an argon atmosphere, cyclo[6]pyrrole 1.4 (16 mg, 20 µmol) was dissolved 

in 10 mL of dry THF. Sodium hydride (60% suspension in mineral oil: 20 mg, 480 µmol) 

was added and the reaction mixture was stirred at room temp for 30 minutes. 

Iodomethane (methyl iodide, 0.037 mL, 600 µmol) was added and the solution heated at 
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reflux for 12 hours. After allowing the solution to cool to room temperature, 10 mL of 

aqueous 1 M NaOH was added, along with 20 mL of CH2Cl2.  After stirring this mixture 

for 20 more minutes, the phases were separated, and the aqueous phase extracted further 

with 10 mL of CH2Cl2.  The combined organic phases were dried over anhydrous 

sodium sulfate and the solvent removed in vacuo.  The residue was flushed through a 

short plug of silica gel, using CH2Cl2 as the eluent.  Recrystallization from 

CH2Cl2/MeOH gave the product 1.8 in the form of colorless needles (9.6 mg, 60%).  1H 

NMR (400MHz, CDCl3) δ: 1.19 (t, J = 7.6Hz, 36H, CH2CH3), 2.27 (s, 18H, NCH3), 2.51 

(m, 24H, CH2CH3); 13C NMR (100MHz, CDCl3) δ: 16.57, 18.87, 32.23, 125.68, 126.75; 

HRMS (CI): calcd for C54H79N6 811.6366, found 811.6369. 

 

Benzyl 5-iodo-4-(2-methoxycarbonylethyl)-3-methylpyrrole-2-carboxylate 

(3.4).  Pyrrole 3.3 (6.86 g, 19.89 mmol) was suspended in MeOH (50 mL) and NaHCO3 

solution (5g in 50 mL H2O) was added in 500mL three neck flask. The suspension was 

heated until a colorless solution was obtained (around 90°C). The solution was then 

heated at 70°C and a solution of I2 (5.05 g, 19.89 mmol) and KI (9.91 g, 59.7 mmol) in 

150 mL hot water was added dropwise to the suspension for 30 minutes. The resulting 

mixture was stirred at the same temperature for further 30 minutes then cooled on ice 

bath for 3 hour. Solid was formed and collected and washed with hot water. The solid 

was dissolved in DCM (100 mL) and washed again with 3% thiosulfate solution and 

water. The organic layer was dried over Na2SO4 and dried in vacuo. The product 3.4 

recrystallized in 10% DCM in hexane as a white solid (7.09 g, 84%). 1H NMR (400 MHz, 

CDCl3) δ: 2.31 (s, 3H, CH3), 2.42 (t, J = 8.0Hz, 2H, CH2CH2CO2CH3), 2.69 (t, J = 8.0Hz, 

2H, CH2CH2CO2CH3), 3.66 (s, 3H, CO2CH3), 5.29 (s, 2H, benzyl CH2), 7.3-7.4 (m, 5H, 

phenyl H), 9.04 (s, 1H, NH); 13C NMR (100MHz, CDCl3) δ: 10.86, 22.03, 34.28, 51.68, 



 74

65.99, 73.39, 123.64, 127.17, 128.24, 128.27, 128.59, 128.63, 136.00, 160.21, 173.50; 

CI-MS m/z: 428 (M + H)+, 427 (M)+, 384; HRMS (CI): calcd for C17H18N1O4I 

427.02086, found 427.02702. 

 

3,3’-Bis(2-methoxycarbonylethyl)-4,4’-dimethyl-2,2’-bipyrrole-5,5’-

dicarboxylic acid (3.7).  Bipyrrole 3.6 (1.8 g, 3 mmol) was dissolved in THF (120 mL). 

10% Pd on C (0.3 g) and triethylamine (0.1 mL) were equilibrated in THF (30mL) for 5 

min. The bipyrrole solution was slowly added. After an exchange between hydrogen and 

vacuum three times, the mixture was stirred under hydrogen atmosphere for 4 hours. The 

reaction mixture was filtered through celite and washed with THF (50 mL) and DCM (50 

mL). The filtrate was concentrated at reduced pressure and hexane (50mL) was added to 

it. The product 3.7 was obtained as white solid (1.26 g, quantitative). 1H NMR (400 MHz, 

DMSO-d6) δ: 2.22 (s, 6H, CH3), 2.29 (t, J = 8.0Hz, 4H, CH2CH2CO2CH3), 2.57 (t, J = 

8.0Hz, 4H, CH2CH2CO2CH3), 3.50 (s, 6H, CO2CH3), 11.25 (s, 2H, NH), 12.12 (br s, 2H, 

CO2H); 13C NMR (100MHz, DMSO-d6) δ: 10.42, 19.56, 33.77, 51.23, 119.27, 122.09, 

124.39, 125.09, 162.38, 172.96; CI-MS m/z: 421 (M + H)+, 403, 377, 333; HRMS (CI): 

calcd for C20H25N2O8 421.16109, found 421.16171; elemental analysis theory C: 57.14, 

H: 5.75, N: 6.66, found C: 56.72, H: 5.88, N: 6.49.  

 

3,3’-Bis(2-methoxycarbonylethyl)-4,4’-dimethyl-2,2’-bipyrrole (3.8).  After 

30 minutes of evacuation of 3,3’-Bis(2-methoxycarbonylethyl)-4,4’-dimethyl-2,2’-

bipyrrole-5,5’-dicarboxylic acid 3.7 (0.42 g, 1 mmol) in a 100 mL round bottom flask, 

argon was purged into it. It was then cooled down to 0°C and degassed TFA (10 mL) was 

added dropwise. The resulting green solution was stirred for 20 min at 0°C under argon, 

after which time solution was diluted with DCM (50 mL). It was then transferred to a 
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separatory funnel and washed with sat. NaHCO3 solution (3×50 mL) and brine (1×50 

mL). The organic layer was dried over Na2SO4 and dried in vacuo. The product 3.8 was 

obtained as a green oil (0.30 g, 90%). The crude product was used immediately in the 

next step. 1H NMR (400 MHz, CDCl3) δ: 2.08 (s, 6H, CH3), 2.68 (t, J = 6.7Hz, 4H, 

CH2CH2CO2CH3), 2.80 (t, J = 6.7Hz, 4H, CH2CH2CO2CH3), 3.61 (s, 6H, CO2CH3), 6.56 

(d, J = 1.4Hz, 2H, pyrrole α-H), 9.91 (br s, 2H, NH); 13C NMR (100MHz, CDCl3) δ: 

10.88, 19.87, 33.72, 51.80, 115.30, 116.47, 118.01, 122.72, 175.60; GC-MS m/z: 333 (M 

+ H)+; HRMS (CI): calcd for C18H25N2O4 333.18143, found 333.18150. 

 

Dihydrogen [2,7,10,15,18,23,26,31-octamethyl-3,6,11,14,19,22,27,30-octa(2-

methoxycarbonylethyl)-[30]octaphyrin-(0.0.0.0.0.0.0.0)]sulfate (3.9).  FeCl3·6H2O 

(ferric chloride, 2.7 g, 10 mmol) was dissolved in 0.2 M H2SO4 (100 mL) and slowly 

poured into a 1L flask containing degassed DCM (500 mL), resulting in a biphasic 

solution. 3,3’-Bis(2-methoxycarbonylethyl)-4,4’-dimethyl-2,2’-bipyrrole 3.8 (0.30 g, 

0.90 mmol) was dissolved in 50mL DCM and transferred to a syringe. It was covered 

with aluminum foil and the solution was injected into the flask for 10 hours using syringe 

pump. The stirring speed was adjusted at 300 rpm at which speed the biphasic solution 

was not mixed. The stirring continued for 6 hours after the injection was complete. The 

reaction mixture was transferred to a separatory funnel and the organic layer was 

collected, dried over Na2SO4 and the solvent was evaporated. The crude mixture was 

subject to column chromatography on silica gel (CH2Cl2:MeOH = 97:3). The compound 

3.9 was recystallized from a DCM and hexane mixture (1:1) and obtained as dark brown 

solid (0.091 g, 28%). 1H NMR (400 MHz, CDCl3) δ: -0.31 (s, 8H, NH), 3.31 (t, J = 8.4Hz, 

16H, CH2CH2CO2CH3), 3.71 (s, 48H, CO2CH3 and CH3), 4.47 (t, J = 8.2Hz, 16H, 

CH2CH2CO2CH3); 13C NMR (125MHz, CDCl3) δ: 15.78, 24.38, 35.26, 51.79, 124.27, 
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125.58, 125.63, 126.82, 173.37; ESI-MS m/z: 1416 (M + 2H + SO4
2-)+, 1319 (M + H)+; 

HRMS (FAB): calcd for C72H86N8O16 1318.6162, found 1318.6167. 

 

Dihydrogen [2,7,10,15,18,23,26,31-octamethyl-3,6,11,14,19,22,27,30-octa(2-

methoxycarbonylethyl)-[30]octaphyrin-(0.0.0.0.0.0.0.0)]sulfate (3.10). Dihydrogen 

[2,7,10,15,18,23,26,31-octamethyl-3,6,11,14,19,22,27,30-(2-methoxycarbonylethyl)-

[30]octaphyrin-(0.0.0.0.0.0.0.0)]sulfate 3.9 (0.04 g, 0.028 mmol) was suspended in 

ethanolamine (3 mL, 49 mmol) and the suspension was heated at 90°C for 3 hours 

(methanol was removed occasionally using a water aspirator 3 times). After the reaction 

mixture was cooled down to room temperature, distilled water (15 mL) was put this 

mixture and 1N H2SO4 was dropped until ca. pH 1. The resulting mixture was separated 

by a C18 column (Waters Sep-Pak Vac 35cc tC18 – 10g). The compound came out at 

MeCN:H2O = 25:75. The yellowish brown compound was freeze-dried (lyophilized). The 

product was obtained as a yellowish green solid (0.03 g, 70%). In HPLC, the product was 

more than 90% pure. FAB-MS m/z: 1551 (M)+, ESI-MS m/z: 1554 (M+2H)+, 1651 (M + 

2H + SO4
2-)+; HRMS (FAB): calcd for C80H110N16O16 1550.8286, found 1550.8275. 

 

Dibenzyl 3,3’-bis(3-acetoxypropyl)-4,4’-dimethyl-2,2’-bipyrrole-5,5’-

dicarboxylate (3.12a).  Bipyrrole 3.11 (1.09 g, 2 mmol) was dissolved in dry pyridine 

(10 mL) and then acetic anhydride (2 mL) was added to the mixture under argon. The 

reaction mixture was stirred for 3 hours. Then it was diluted with DCM (40 mL) and 

distilled H2O (10 mL) and poured into an ice bath. The organic layer was separated and 

conc. HCl (1 mL) was added and the mixture was again washed with distilled H2O (10 

mL) and dried over Na2SO4. Recrystallization from cold EtOH gave the product as a light 

pink solid (0.75 g, 60%). 1H  NMR (300 MHz, CDCl3) δ: 1.71 (m, 8H, 
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CH2CH2CH2OAc), 1.90 (s, 6H, CH3), 2.31 (s, 6H, OCOCH3), 2.49 (t, J = 7.5Hz, 4H, 

CH2CH2CH2OAc), 3.92 (t, J = 6.3Hz, 4H, CH2CH2CH2OAc), 5.26 (s, 4H, benzyl CH2), 

7.31-7.40 (m, 10H, phenyl H), 9.03 (br s, 2H, NH); 13C NMR (75MHz, CDCl3) δ: 10.68, 

20.69, 20.78, 29.06, 63.51, 65.87, 119.42, 123.80, 124.36, 127.17, 128.11, 128.16, 

128.55, 136.13, 161.14, 171.01; CI-MS m/z: 629 (M + H)+; HRMS (CI): calcd for 

C36H41N2O8 629.2863, found 629.2866. 

 

3,3’-Bis(3-acetyloxypropyl)-4,4’-dimethyl-2,2’-bipyrrole-5,5’-dicarboxylic 

acid (3.13a).  Bipyrrole 3.12a (0.63 g, 1 mmol) was dissolved in THF (60 mL) and 10% 

Pd on C (0.1 g) and triethylamine (three drops) were added to the mixture. After an 

exchange between hydrogen and vacuum three times, the mixture was stirred under 

hydrogen for 2 hours. The reaction mixture was filtered through celite and washed with 

THF (50 mL). The filtrate was concentrated at reduced pressure and hexane (50mL) and 

ethyl acetate (20mL) were added to it. The product was obtained as an off white solid 

(0.42 g, 93%). 1H NMR (400 MHz, DMSO-d6) δ: 1.54 (m, 8H, CH2CH2CH2OAc), 1.89 

(s, 6H, CH3), 2.02 (s, 6H, OCOCH3), 2.34 (t, J = 7.5Hz, 4H, CH2CH2CH2OAc), 3.79 (t, J 

= 6.2Hz, 4H, CH2CH2CH2OAc), 11.15 (br s, 2H, NH), 12.04 (br s, 2H, CO2H); 13C NMR 

(125MHz, DMSO-d6) δ: 10.38, 20.21, 20.43, 28.60, 63.14, 119.13, 122.65, 124.61, 

124.90, 162.35, 170.16; CI-MS m/z: 449 (M + H)+, 405; HRMS (CI): calcd for 

C22H29N2O8 449.1924, found 449.1916. 

 

3,3’-Bis(3-acetyloxypropyl)-4,4’-dimethyl-2,2’-bipyrrole (3.14a).  After 30 

minutes of evacuation of bipyrrole 3.13a (0.38 g, 0.85 mmol) in a 100 mL round bottom 

flask, argon was purged into it. Degassed TFA (10 mL) was then dropped slowly at 0°C. 

The mixture was stirred for 20 min at room temperature under argon and covered from 
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light. After this delay, the solution was diluted with DCM (50 mL). It was transferred to a 

separatory funnel and washed with sat. NaHCO3 solution (3×50 mL) and brine. The 

organic layer was dried over Na2SO4 and dried in vacuo. The product was obtained as 

green liquid (0.26 g, 85%). The crude product was used immediately in the next step. 

 

Dihydrogen [2,7,10,15,18,23,26,31-octamethyl-3,6,11,14,19,22,27,30-octa(3-

acetyloxypropyl)-[30]octaphyrin-(0.0.0.0.0.0.0.0)]sulfate (3.15a). FeCl3·6H2O (ferric 

chloride, 1.35 g, 5 mmol) was dissolved in 0.5M H2SO4 (60 ml) and slowly poured into a 

1 L flask containing degassed DCM (500 mL), resulting in a biphasic solution. Bipyrrole 

3.14a (0.26 g, 0.72 mmol) was dissolved in 40 ml DCM and transferred to a syringe. It 

was covered with aluminum foil and the solution was injected to the flask for 10 hours 

using syringe pump. The stirring speed was adjusted at 300 rpm at which speed the 

biphasic solution was not mixed. The stirring continued for 6 hours after the injection 

was completed. The reaction mixture was transferred to a separatory funnel and the 

organic layer was collected. The collected organic layer was dried over Na2SO4 and the 

solvent was evaporated. The crude mixture was subject to column chromatography on 

silica gel (CH2Cl2:MeOH = 98:2). The compound was recystallized from a DCM and 

hexane mixture (1:1) and obtained as dark brown solid (0.071 g, 18.6 %). 1H NMR (500 

MHz, CDCl3) δ: -0.23 (s, 8H, NH), 2.07 (s, 24H, OCOCH3), 2.48 (m, 16H, 

CH2CH2CH2OAc), 3.68 (s, 24H, CH3), 4.22 (t, J = 6.3Hz, 16H, CH2CH2CH2OAc), 4.23 

(t, J = 7.0Hz, 16H, CH2CH2CH2OAc); 13C NMR (125MHz, CDCl3) δ: 15.68, 20.99, 

25.45, 30.16, 64.41, 123.71, 125.79, 126.32, 126.83, 171.07; ESI-MS m/z: 1529.6 (M + H 

+ SO4
2-)+, 1431.9 (M + H)+; HRMS (ESI): calcd for C80H105N8O20S 1529.716, found 

1529.716. 
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Dibenzyl 3,3’-bis(3-trifluoroacetyloxypropyl)-4,4’-dimethyl-2,2’-bipyrrole-

5,5’-dicarboxylate (3.12b).  Bipyrrole 3.11 (1.09 g, 2 mmol) was dissolved in dry 

DCM (25 mL) and trifluoroacetic anhydride (2 mL) was added to the mixture under 

argon. The reaction mixture was stirred for 1hour, at which time distilled H2O was added. 

The organic layer was separated and dried over Na2SO4. Recrystallization from EtOH 

gave the product as a light pink solid (1.21 g, 82%). 1H NMR (300 MHz, CDCl3) δ: 1.78 

(m, 4H, CH2CH2CH2OTFA), 2.28 (s, 6H, CH3), 2.51 (t, J = 7.3Hz, 4H, 

CH2CH2CH2OTFA), 4.16 (t, J = 6.3Hz, 4H, CH2CH2CH2OTFA), 5.18 (s, 4H, benzyl 

CH2), 7.35 (m, 10H, phenyl H), 9.35 (br s, 2H, NH); 13C NMR (75MHz, CDCl3) δ: 

10.58, 20.31, 28.63, 65.99, 67.15, 119.76, 123.26, 124.32, 127.02, 128.04, 128.18, 

128.53, 135.95, 156.99, 157.55, 161.42; CI-MS m/z:  737(M + H)+, 629, 623; HRMS 

(CI): calcd for C36H35N2O8F6 737.2298, found 737.2301. 

  

3,3’-Bis(3-trifluoroacetyloxypropyl)-4,4’-dimethyl-2,2’-bipyrrole-5,5’-

dicarboxylic acid (3.13b).  Bipyrrole 3.12b (1.21 g, 1.6 mmol) was dissolved in THF 

(70 mL) and 10% Pd on C (0.2 g) and triethylamine (three drops) were added to the 

mixture. After the exchange between hydrogen and vacuum three times, the mixture was 

stirred under hydrogen for 2 hours. The reaction mixture was filtered through celite and 

washed with THF (50 mL). The filtrate was concentrated at reduced pressure and hexane 

(50 mL) and ethyl acetate (20 mL) were added to it. The product was obtained as off 

white solid (0.82 g, 90%). 1H NMR (400 MHz, DMSO-d6) δ: 1.67 (m, 4H, 

CH2CH2CH2OTFA), 2.20 (s, 6H, CH3), 2.37 (t, J = 7.5Hz, 4H, CH2CH2CH2OTFA), 4.19 

(t, J = 6.3Hz, 4H, CH2CH2CH2OTFA), 11.22 (br s, 2H, NH), 12.04 (br s, 2H, CO2H); 13C 

NMR (100MHz, DMSO-d6) δ: 10.31, 19.84, 28.15, 67.89, 109.29, 119.35, 122.20, 
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124.54, 124.86, 156.61, 162.39; CI-MS m/z: 557 (M + H)+, 513, 469; HRMS (CI): calcd 

for C22H23N2O8F6 557.1359, found 557.1370. 

 

3,3’-Bis(3-trifluoroacetyloxypropyl)-4,4’-dimethyl-2,2’-bipyrrole (3.14b).  

After 30 minutes of evacuation of bipyrrole 3.13b (0.278 g, 0.5 mmol) in 100 mL round 

bottom flask, argon was purged to it. Then degassed TFA (10 mL) was dropped slowly. 

The mixture was stirred for 20 min at 50°C under argon and dark. The solution was 

diluted with DCM (50 mL). It was transferred to a separatory funnel and washed with sat. 

NaHCO3 solution (3×50 mL) and brine. The organic layer was dried over Na2SO4 and 

dried in vacuo. The product was obtained as green liquid (0.20 g, 85%). The crude 

product was used immediately in the next step. 1H NMR (400 MHz, CDCl3) δ: 1.86 (m, 

4H, CH2CH2CH2OTFA), 2.06 (s, 6H, CH3), 2.51 (t, J = 7.3Hz, 4H, CH2CH2CH2OTFA), 

4.23 (t, J = 6.3Hz, 4H, CH2CH2CH2OTFA), 6.55 (s, 4H, pyrrole α-H), 7.74 (br s, 2H, 

NH); 13C NMR (100MHz, CDCl3) δ: 10.34, 20.52, 28.75, 67.67, 113.04, 115.91, 118.26, 

119.76, 121.25, 157.63; GC-MS m/z: 469 (M + H)+, 355. 

 

Dihydrogen [2,7,10,15,18,23,26,31-octamethyl-3,6,11,14,19,22,27,30-octa(3-

trifluoroacetoxypropyl)-[30]octaphyrin-(0.0.0.0.0.0.0.0)]sulfate (3.15b). FeCl3·6H2O 

(ferric chloride, 1.35 g, 5 mmol) was dissolved in 0.2 M H2SO4 (60 mL) and slowly 

poured into a 500mL flask containing degassed DCM (250 mL) resulting in a biphasic 

solution. Bipyrrole 3.15b (0.20 g, 0.43 mmol) was dissolved in 25 mL DCM and 

transferred to a syringe.  It was covered with aluminum foil and the solution was 

injected to the flask for 6 hours using syringe pump. The stirring speed was adjusted at 

300 rpm at which speed the biphasic solution was not mixed. The stirring continued for 6 

hours after the injection was completed. The reaction mixture was transferred to a 
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separatory funnel and the organic layer was collected. The collected organic layer was 

dried over Na2SO4 and the solvent was evaporated. The crude mixture was subject to 

column chromatography on silica gel (CH2Cl2:MeOH = 99:1). The compound was 

recystallized from a DCM and hexane mixture (1:1) and obtained as dark brown solid 

(0.02 g, 10%). FAB-MS m/z: 1960 (M + H2SO4)+, 1864 (M + 2H)+; HRMS (FAB): calcd 

for C80H80N8O16F24 1864.5309, found 1864.5307;  

 

Benzyl 4-(2-methoxycarbonylethyl)-3-methylpyrrole-2-carboxylate (3.17).  

Iodo pyrrole 3.4 (2.7 g, 6.32 mmol) in boiling MeOH (25 mL) was treated with a solution 

of NaI in distilled H2O (20 mL from stock solution), followed by conc. HCl (1.1 mL). 

After 90 min stirring, the solution of NaHSO3 in distilled H2O (4 mL from stock solution) 

was added to the mixture and the resulting mixture was diluted with distilled H2O (50 

mL) and extracted with DCM (50 mL). The organic layer was washed with sat. NaHCO3 

solution and H2O, dried over Na2SO4. Column chromatography (Hex:EA=5:1) gave the 

desired product (1.3 g, 68%). 1H NMR (CDCl3) δ: 2.28 (s, 3H, CH3), 2.52 (t, J = 7.8Hz, 

2H, CH2CH2CO2CH3), 2.73 (t, J = 7.8Hz, 2H, CH2CH2CO2CH3), 3.65 (s, 3H, OCH3), 

5.28 (s, 2H, benzyl CH2), 6.66 (d, J = 3.1Hz, 1H, pyrrole α-H), 7.3-7.4 (m, 5H, phenyl 

H), 8.78 (br s, 1H, NH); 13C NMR (CDCl3) δ: 10.26, 20.37, 34.68, 51.59, 65.66, 119.10, 

119.96, 123.83, 126.42, 128.11, 128.54, 136.31, 161.25, 173.51; CI-MS m/z: 302 (M + 

H)+, 258; HRMS (CI): calcd for C17H20N1O4 302.1392, found 302.1381.  

 

Benzyl 4-(2-methoxycarbonylethyl)-3-methyl-5-propionylpyrrole-2-

carboxylate (3.18).  To a solution of α-free pyrrole 3.17 (3.2 g, 10.6 mmol) in 

anhydrous DCM (50 mL) under argon, propionyl chloride (1.1 mL, 12.7 mmol) was 

slowly added. The mixture was cooled to 0°C and SnCl4 (0.87 mL, 7.4 mmol) was 
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dropped to this mixture via a syringe. The resulting mixture was stirred at room 

temperature for 45 minutes. Ice water was then poured onto the mixture to quench the 

reaction and the mixture was stirred for another 10 minutes. The organic layer was 

extracted with DCM (100 mL) and washed with 1N HCl solution (50 mL), sat. NaHCO3 

solution (50 mL), distilled H2O (2×50 mL) and brine (50 mL), dried over Na2SO4, and 

finally filtered through silica gel. Crystallization in 10% ethyl aectate in hexane gave the 

white solid as product that was identified by GC-MS (3.05 g, 80%). 1H NMR (400MHz, 

CDCl3) δ: 1.18 (t, J = 7.2Hz, 3H, COCH2CH3), 2.28 (s, 3H, CH3), 2.49 (t, J = 8Hz, 2H, 

CH2CH2CO2CH3), 2.82 (q, J = 7.2Hz, 2H, COCH2CH3), 3.04 (t, J = 8Hz, 2H, 

CH2CH2CO2CH3), 3.65 (s, 3H, OCH3), 5.31 (s, 2H, benzyl CH2), 7.3-7.4 (m, 5H, phenyl 

H), 9.48 (br s, 1H, NH); 13C NMR (100MHz, CDCl3) δ: 7.75, 9.99, 20.63, 32.92, 34.54, 

51.68, 66.46, 121.74, 127.43, 128.29, 128.32, 128.41, 128.64, 129.90, 135.60, 160.82, 

173.08, 191.57; GC-MS 358 (M+H)+, 314; HRMS (CI): calcd for C20H24N1O5 358.1655, 

found 358.1645; elemental analysis: theory C: 67.21, H: 6.49, N: 3.92, found C: 67.15, 

H: 6.46, N: 3.94. 

 

2-Benzyl 5-methyl 6-ethyl-3-methyl-1,4-dihydrocyclopenta[b]pyrrole-2,5-

dicarboxylate (3.21).  To a cooled solution of acylated pyrrole 3.18 (0.7 g, 2 mmole) in 

dry THF (9 mL) at 0°C, LDA 2 mL of 2M in THF/heptane (4 mmole) was added 

dropwise via a syringe under argon. The yellow mixture was stirred for 45 min at 0°C. 

Anhydrous copper(II) triflate was dissolved in dry DMF (5 mL) and added rapidly via an 

addition funnel. The resulting dark green solution was stirred at room temperature for 1 

hour. Aqueous HCl (0.5 N, 10 mL) was added to quench the reaction and the mixture was 

stirred for 10 additional minutes. The flask contents were transferred to a separatory 

funnel and extracted with DCM (3×20 mL). The combined organic layers were washed 
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with 1N HCl (3×10 mL) and brine and dried over Na2SO4. The solvent was removed 

under reduced pressure to give a brown oil. Column chromatography gave a yellowish-

white solid (0.2 g, 30%). 1H NMR (400MHz, CDCl3) δ: 1.15 (t, J = 7.7Hz, 3H, CH2CH3), 

2.29 (s, 3H, CH3), 2.90 (q, J = 7.7Hz, 2H, CH2CH3), 3.22 (s, 2H, CH2C(=C)CO2CH3), 

3.71 (s, 3H, OCH3), 5.27 (s, 2H, benzyl CH2), 7.3-7.4 (m, 5H, phenyl H), 9.24 (br s, 1H, 

NH); 13C NMR (100MHz, CDCl3) δ: 11.67, 13.32, 20.22, 31.59, 51.04, 65.91, 123.41, 

123.50, 128.10, 128.17, 128.57, 131.59, 132.07, 136.22, 143.29, 149.45, 161.98, 165.70; 

CI-MS m/z: 340 (M + H)+; HRMS (CI): calcd for C20H22NO4 340.1549, found 340.1544. 

 

4.3 ELECTROCHEMICAL, SPECTROELECTROCHEMICAL AND ESR PROCEDURE 

All these experiments were carried out by Dr. Zhongping Ou in Prof. Karl M. 

Kadish’s group in the University of Houston.  The author assisted Dr. Ou in carrying out 

these measurements. 

Absolute dichloromethane (CH2Cl2) and pyridine were purchased from Aldrich, 

Inc.  Tetra-n-butylammonium perchlorate (TBAP) was purchased from Sigma Chemical 

Co. or Fluka Chemika AG, recrystallized from ethyl alcohol and dried under vacuum at 

40 ºC for at least one week prior to use.  

Cyclic voltammetry was carried out using an EG & G Princeton Applied Research 

(PAR) 173 potentiostat/galvanostat.  A homemade three-electrode cell was used for 

cyclic voltammetric measurements and consisted of a platinum button or glassy carbon 

working electrode, a platinum counter electrode and a homemade saturated calomel 

reference electrode (SCE). The SCE was separated from the bulk of the solution by a 

fritted glass bridge of low porosity which contained the solvent/supporting electrolyte 

mixture.  Thin-layer UV-visible spectroelectrochemical experiments were performed 

with a home-built thin-layer cell which had a light transparent platinum net working 
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electrode. Potentials were applied and monitored with an EG & G PAR Model 173 

potentiostat. Time-resolved UV-visible spectra were recorded with a Hewlett-Packard 

Model 8453 diode array spectrophotometer. ESR spectra were recorded on an IBM ESR 

300 spectrometer.   

 

4.4 SINGLE-MOLECULE TRANSISTOR EXPERIMENT 

All the single-molecule transistor measurements were done by Dong-Hun Chae in 

Prof. Zhen Yao group in UT-Austin.   

A schematic representation of our SMTs is shown in Figure 2.1.  The devices are 

fabricated on oxidized silicon substrates.  Thin gold nanowires with narrow constriction 

of ~100 nm and thickness of ~15 nm are patterned by electron-beam lithography on top 

of aluminum gates, which have a thin aluminum oxide layer.  After cleaning the 

nanowires in oxygen plasma, a dilute solution of the cyclo[n]pyrroles in dichloromethane 

is spin-deposited on the substrates.  The samples are then cooled to 4.2 K and Au 

nanowires are broken using the electromigration technique to create nanometer-sized 

gaps by ramping up a dc voltage across the wires while monitoring the resistance.  The 

breaking process is terminated when the resistance across the wires increases above ~100 

kΩ.  Most of the devices, displaying a series of discrete resistance steps, show either 

simple tunneling current with no gate dependence or no measurable current, suggesting 

either no molecules are bridging the gaps or the gaps are too large.  The devices 

characterized by long resistance tails often exhibit voltage gaps in the current-voltage (I-

V) curve which can be modulated with a gate voltage.  These characteristic features of 

the devices are attributed to the presence of molecules in the nanogaps.  For these 

devices, conductance is measured in detail as a function of bias and gate voltages by 

numerically differentiating dc I-V curves at different gate voltages. 
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Appendix A: Investigation into the binding properties of 
cyclo[n]pyrroles to G-quadruplexes 

PREFACE 

This work is the result of a collaboration with Ms. Erin Baker in Prof. Michael 

Bowers’ group at the University of California, Santa Barbara. My role was to prepare the 

samples and to interface with Ms. Baker in terms of data interpretation. Since none of the 

experimental work is my own, this summary is attached as an appendix, rather than 

included as a specific chapter in this dissertation. 

  

A.1 INTRODUCTION  

The development of small molecules capable of structure-selective DNA targeting 

is an area of great interest due to its possible role in discovering antitumor 

chemotherapeutic agents.1, 2  The recent finding that there is a link between tumor 

immortalization and telomerase activity is providing a new focus for work in this area.3, 4  

Telomerase is a ribonucleoprotein enzyme active in 85-90% of all human tumor cells5 

and undetectable in most normal somatic cells.6  Interactions between telomerase and 

the specialized ends of linear chromosomes or telomeres have been shown to be a key 

step in the immortalization of tumor cells.  Human telomere DNA is comprised of 5-8 

kilobases of tandem repeats of the sequence d(T2AG3)n, with a single-stranded 3΄ 

overhang of 100-200 bases.7, 8, 9  In normal somatic cells, telomeres are shortened by 50-

200 bases after each round of cell division because of the inability of the endogenous 

DNA polymerase to replicate completely the lagging telomeric DNA strand.10  Once 

telomeres are reduced to a certain length, they become too short to form secondary 

structures.  This precludes chromosome replication, thus causing the cells to go into 
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senescence and eventually undergo apoptosis.  However, the telomere length in cancer 

cells is not shortened but kept constant by telomerase, thereby allowing tumor cells to 

escape the senescence/apoptosis cycle and become immortal.  On the basis of these 

observations, it has been suggested that telomerase inhibition could provide a new, useful 

approach to preventing tumor proliferation.11  

In the context of efforts to inhibit telomerase expression, the structure of the 

telomere has been studied in depth.  One key finding made in this context is that 

maintaining the integrity of the single-strand overhang in the telomeres is essential for 

cell survival.  It has been proposed that this G-rich region is protected by folding into a 

G-quadruplex, as observed in both the solution and the solid state structures of 

dAG3(T2AG3)3.12, 13  G-quadruplexes are made up of G-quartet subunits, where four 

coplanar guanines (G) are linked together by Hoogsteen hydrogen bonds as shown in 

Figure A.1.14, 15  When the G-quartets stack on top of each other they form a G-

quadruplex.  There is ample evidence that quadruplex structures form in vitro for G-rich 

DNA sequences, but currently no direct evidence of in vivo quadruplex structures.  

However, indirect support for the existence and role of quadruplexes in vivo is abundant. 

For instance, proteins that bind to quadruplexes,16, 17 quadruplex specific nucleases,18 and 

some helicases that unwind quadruplexes have all been identified.19, 20  Due to the indirect 

nature of this evidence, a range of in vitro experiments have been carried out in an effort 

to elucidate possible roles of the quadruplex.  Some interesting findings have emerged, 

including 1) the recognition that quadruplexes inhibit telomerase and 2) that certain small 

molecules are able to target the quadruplex structure selectively.21, 22, 23, 24  These 

findings have prompted efforts to develop drug candidates that bind to, and stabilize the 

quadruplex structure since, as implied above, it is thought that such species could inhibit 

telomerase and thus prevent tumor proliferation. 
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Figure A.1 (a) Structure of G-quartet; (b) schematic representation of G-quadruplex. 

Recently, acridine derivatives, 25  cationic porphyrin derivatives, 26  ethidium 

derivatives,27 anthraquinone derivatives,28 perylene derivatives,29 and telomestatin30 have 

been explored for their ability to bind to quadruplexes and to inhibit telomerase activity 

(Figure A.2).  From a telomeric repeat amplification protocol (TRAP) assay of those 

molecules, it was concluded that telomestatin, a natural product isolated from 

Streptomyces anulatus 3533-SV4, is the most potent inhibitor of telomerase identified to 

date.30  It displays a very impressive IC50 value (concentration required for 50% 

inhibition of growth in a battery of tumor and normal cells) of ~5 nM, while most of the 

other molecules depicted in Figure A.2 displayed IC50 values in the µM range.30  Such 

findings have, not surprisingly, sparked interest in molecules that bear structural analogy 

to telomestatin. 
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Figure A.2 Telomerase inhibitors. 

While not a natural product, the recently reported cyclo[8]pyrroles (Figure A.3),31 

a new class of aromatic expanded porphyrins, are structurally similar to that of 

telomestatin.  In an effort to test whether cyclo[8]pyrrole and its analogues are capable 
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of binding to quadruplexes, four diprotonated cyclo[n]pyrroles of different sizes32 (A.2-

A.5, Figure A.3) were allowed to interact with the intramolecular G-quadruplex 

d(T2AG3)4 (T4).  Octaethylporphyrin, A.1, was also studied as a control.  It was chosen 

for this role since, under the conditions of the experiment, it is neutral, whereas A.2-A.5 

are diprotonated, or bear a +2 charge.  In this chapter, I present the results of studies 

between T4 and A.1-A.5, using nano-electrospray ionization mass spectrometry (nano-

ESI-MS) and ion mobility spectrometry.   

 

NH

Et

NH+

Et

Et
HN

Et
Et

+HN
Et

Et

Et

HN

NH

Et
Et

Et
Et

+HN
R

HN
R

R

H
N

RR

NH

R

R

NH+

R

R
NH

R

R

N
H

R R

HN

R

R

R

A1.2 n = 1
A1.3 n = 2

N

HN

NH

N

Et

Et

Et Et

Et

Et

EtEt

A1.1

n

A1.4 R = CH3
A1.5 R = CH2CH3  

Figure A.3 Structures of oligopyrrole macrocycles (“porphyrinoids”) used in this study: 
octaethylporphyrin A.1, cyclo[6]pyrrole A.2, cyclo[7]pyrrole A.3, and 
cyclo[8]pyrroles A.4 and A.5. 

ESI-MS is a very important method for the characterization of noncovalently 

bound biological molecules in the gas phase.33, 34, 35  Likewise, ion mobility methods 

have emerged as very powerful techniques for investigating the conformations of gas 

phase ions.36, 37  Recently, ESI-MS in combination with ion mobility methods has 

served to demonstrate that DNA helices38, 39 and G-quadruplexes40, 41 are stable when 

sprayed and dehydrated using nano-ESI and they retain most of their solution phase 
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structural characteristics.  Knowing that DNA complexes remain intact in the gas phase 

makes ESI-MS in conjunction with ion mobility analysis an ideal method for studying the 

noncovalent T4/oligopyrrole macrocycle complexes.  Our study goals were thus 1) to 

use ESI-MS to determine the binding strength of each porphyrin and porphyrin analogues 

(collectively referred to as porphyrinoids)  to T4 and then 2) to use ion mobility 

methods and molecular dynamics simulations to determine the specific binding mode.   

 

A.2 EXPERIMENTAL 

A.2.1 Materials  
The synthesis procedures for A.1-A.5 have previously been published.31, 32, 42  

Compounds A.1, A.4, and A.5 were prepared to a concentration of 300 µM by first 

adding THF and then water so that a 20% THF and 80% H2O solution was obtained.  

Since A.1, A.4 and A.5 are not 100% water soluble, adding THF allows the 

porphyrinoids to be solublized to the point that they remain in solution once water is 

added.  Macrocycle A.2 and A.3 are not quite as water soluble as A.1, A.4, and A.5. 

Accordingly, a small amount of chloroform was first added to the solids, then THF, and 

finally H2O, such that the final solution was 2% chloroform, 18% THF, and 80% H2O.   

T4 was purchased from Integrated DNA Technologies, Inc. (Coralville, IA) and 

used without further purification.  T4 was prepared to a concentration of 300 µM in a 

150 mM NH4OAc/H2O solution at pH 7.  T4 was annealed by itself at 95 ºC for 10 

minutes, slowly cooled to room temperature, and stored at 10 ºC.  Before being 

combined with the porphyrinoids A.1-A.5, T4 was diluted to 100 µM with H2O.  Then, 



3uL of the annealed T4 solution and 3 µL of the porphyrinoid solution subject to study 

were combined to give a 1:3 DNA to macrocycle solution.   

A.2.2 Mass Spectra and Ion Mobility Experiments   
All the experiments were carried out by Ms. Erin Baker in Prof. Michael Bowers’ 

group at the University of California, Santa Barbara.  Details concerning the 

experimental setup for the mass spectra and ion mobility measurements have been 

published previously.43  Accordingly, only a brief description will be given here.  

Approximately 6 µL of one of the solutions prepared as described above was placed in a 

metalized glass needle (spray tip).  Ions were formed by nano-ESI and injected into a 

specially designed ion funnel.  The ions were then carefully injected into a 4.5 cm long 

drift cell filled with ~5 torr of helium gas and gently pulled through the He gas at a 

constant drift velocity by a weak electric field.  After exiting the drift cell, the ions were 

mass analyzed in a quadrupole mass filter and detected.  The quadrupole mass filter can 

either be set to select a mass range of interest for the acquisition of a mass spectrum or in 

a pulsed experiment it can set to detect one specific m/z as a function of time, yielding an 

arrival time distribution or ATD.  The reduced mobility, Ko, of a specific ion is 

accurately determined using Equation 144

        o
o

A t
V
p

TK
lt +⋅⋅=

760
16.2732

 (1)

where l is the length of the cell, T is the temperature in Kelvin, p is the pressure of 

the He gas (in torr), V is the voltage applied to the drift cell, tA is the arrival time of the 
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ions taken from the center of the ATD peak, and to is the amount of time the ion spends 

outside the drift cell before reaching the detector.   

A series of arrival times is measured by changing the voltage applied to the drift 

cell.  A plot of tA vs. p/V yields a straight line with a slope inversely proportional to Ko 

and an intercept of to.  Once Ko is determined in this way, the collisional cross section 

of the ion, σ, could be calculated using Equation 2, 
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where e is the charge of the ion, No is the number density of He at STP, T is 

temperature, kb is Boltzmann’s constant, and µ is the ion-He reduced mass.44 

 

A.2.3 Theoretical Calculations   
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All the theoretical calculations were done by Erin Baker in Prof. Michael Bowers 

group in UC Santa Barbara.  Structural information relevant to the ion mobility 

experiments was obtained by comparing the experimental cross sections determined from 

the ATDs to the cross sections calculated for various structures.  Starting structures for 

each T4 complex were obtained from the NMR and X-ray structures 143D12 and 1KF1.13, 

45  HyperChem46 was used to add 2 Ts to the start of both the NMR and X-ray structures 

since they were for the sequence dAG3(T2AG3)3.  HyperChem was also used to add the 

porphyrin and cyclo[n]pyrroles to various locations around the initial quadruplex 

structures.  300 K molecular dynamics simulations were run on each complex for 2 ns 

using the AMBER 747 set of programs and every 5 ps a structure was saved.  Each 
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structure was then energy minimized and its cross section calculated.  For ions with 

more than 200 atoms, collisional cross sections were calculated using hard-sphere 

scattering and trajectory models developed by the Jarrold group.48 , 49   From the 

calculations of each of the T4/porphyrinoid complexes, it was found that the various 

starting structures eventually converged to give one steady state structure where the cross 

section remains relatively constant.  The average cross sections of the final 100 steady 

state structures were used for comparison with the experimental values.   

The overall charge state of the complexes observed in the experiments can be 

readily identified from the mass spectra, but the exact locations of the deprotonation sites 

needed for the modeling are not known.  Cyclo[n]pyrroles A.2-A.5 carry a charge of +2, 

whereas porphyrin A.1 is neutral, as inferred from mass spectra (not shown).  On the 

basis of such analysis, it was inferred that T4 can carry a charge of -5, -6 or -7 in the 

different complexes observed.  In the light of this, the same structure for T4 was 

modeled with different deprotonation sites.  However, no differences in cross section or 

conformation were observed.   

 

A.3 RESULTS AND DISCUSSION 

A.3.1 Mass Spectra 
The nano-ESI mass spectra of T4 in a 1 to 3 ratio with A.1-A.5 are shown in 

Figure A.4.  For all of the spectra, the most intense peaks are for T46- and T45- with 

NH4
+ adducts broadening the peaks on the high mass side.  Normally quadruplexes are 

stabilized by having K+, Na+ or NH4
+ between each G-quartet layer.50, ,  51 52  Thus, in the 



 94

absence of alkali cation stabilization, it was to be expected that (T4 + 2NH4
+) at multiple 

charges states would be the dominant peaks in the mass spectra, rather than T4.  

However, it has been reported that the dominant peaks in the ESI-MS spectra of T4 and 

dAG3(T2AG3)3 can be observed in the absence of any cation stabilization.53  Ion 

mobility studies were carried out in an effort to determine whether these gas phase 

complexes without metal ion stabilization are really quadruplexes or just globular 

forms.41  From the ion mobility measurements,41 it was found that the experimental 

cross section of T4 without NH4
+ matches a stable antiparallel basket conformation (the 

conformation observed by NMR), an antiparallel chair conformation, or both as shown in 

Figure A.5.  Distinction could not be made between the basket and chair conformers 

because they both have the same cross section.  However, globular forms of T4 were too 

small to match the experimental cross sections and the parallel propeller conformation, 

observed in X-ray crystallography was too large (Figure A.5). On this basis, it was 

concluded that specific quadruplex conformations are present in the gas phase for T4 

without NH4
+ stabilization and that the conformations are similar to those seen in 

solution, as inferred from NMR structural studies. 

 



  

Figure A.4 Nano-ESI mass spectra of T4 in a 1 to 3 ratio with a) A.1, b) A.2, c) A.3, d) 
A.4 and e) A.5.  Except for A.5, -5 and -6 T4/porphyrinoid complexes 
were observed for all macrocycles. 
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T4/porphyrinoid complexes with charge states of -5 and -6 are also present in all 

of the mass spectra except when T4 and A.5 are combined, as can be seen in Figure A.4.  

Similar to the T4 peaks, the dominant T4/porphyrinoid peaks in the mass spectra are not 

stabilized by NH4
+ adducts.  In an effort to increase the abundance of the 

T4/porphyrinoid complexes, various ratios of T4 to A.1-A.5 were tried.  Unfortunately, 

at higher concentration of A.1-A.5, π-stacking between the macrocycle is apparently 

favored and even less evidence of complexation with T4 is observed.  A T4 to 

porphyrinoid ratio of 1 to 3 seemed to give rise to the greatest level of complexation. 
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Figure A.5 a) Three different strand orientations possible for T4.  b) Possible binding 
sites for the porphyrinoid A.1-A.5 are illustrated using the antiparallel 
basket conformation of T4.    
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The relative intensities of the various porphyrinoids in the mass spectra are 

directly related to the relative stabilities of the complexes since identical solution 

conditions were used for all spectra.  This data yields a binding strength order of A.2 > 

A.1 > A.3 > A.4 >> A.5.  To begin evaluating why the porphyrinoids of this study bind 

in this order, the sizes of A.1-A.5 were considered.  As can be inferred from Figure 

A1.3, the size of the porphyrinoid increases in the order A.1 < A.2 < A.3 < A.4 < A.5, so 

consequently, we can conclude that smaller porphyrinoid compounds bind more strongly 

to T4 than their larger congeners.  This result can be rationalized using Figure A.6, 

where a footprint is shown of each porphyrinoid above the 3 stacked quartets (the sugars 

and phosphate backbone are omitted for clarity). Porphyrinoids A.1 and A.2 provide a 

good size match for the quartet, whereas A.3 and A.4 are slightly larger and A.5 is much 

larger.  The footprint of A.5 clearly illustrates that in order for it to bind to a quartet it 

would have to interact with the phosphate backbone and sugars of the DNA strand.  

These interactions would make it very difficult for A.5 to bind to the G-quartets, a 

conclusion that is illustrated by the lack of (T4 + A.5) complexes formed in the mass 

spectra in Figure A.4.  In a similar vein, porphyrinoids A.3 and A.4 are also larger than 

the quartets being targeted and would interact slightly with the sugars upon binding, 

consistent with the fact that these two species are bound less well than A.1 and A.2.       

 

 



 

Figure A.6 The footprint of each porphyrinoid above 12 guanines in a G-quadruplex 
arrangement.  This figure is designed to show the size difference between 
the porphyrinoid and stacked G-quartets.  A.1 is octaethylporphyrin and 
A.2 is the smallest macrocycle whereas A.5 is the largest. The sugars and 
phosphate backbones are omitted for clarity.    

One exception to this size dependent binding trend is provided by A.1.  

Although octaethylporphyrin A.1 is the smallest porphyrinoid, being slightly smaller than 

cyclo[6]pyrrole A.2, it was bound less well.  Unlike A.2, and its larger congeners A.3-

A.5, porphyrin A.1 was the only neutral porphyrinoid studied (A.2-A.5 have a charge of 

+2).  It thus serves as a control to determine if charge plays a significant role in 

modulating the binding strength of porphyrinoids.  The most important interaction 

between G-quartets and porphyrinoids is thought to be π-stacking,54 but since these 

quartets have a partial negative charge it has also been suggested that positively charged 

porphyrins should bind more strongly than neutral porphyrins.55  The results of this 

study are consistent with this conclusion since A.2 is bound more strongly than A.1, even 

though this latter system is smaller and based on considerations of size alone, it was 

expected to bind better than A.2.  We thus conclude that an optimized combination of 

size and positive charge are necessary to achieve the highest level of T4/porphyrinoid 

binding.    
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A.3. 2 Ion Mobility  
In order to examine the conformational properties of the T4/porphyrinoid 

complexes and determine where A.1-A.4 bind on T4, ion mobility experiments were 

performed.  In each case, the appropriate ion for each complex was gently injected into 

the drift cell and its ATD (arrival time distribution) collected.   

A typical ATD obtained for all of the T4/porphyrinoid complexes is shown in 

Figure A.7.  Only one peak appears in the ATDs for all of the -5 and -6 complexes, and 

a single symmetric peak indicates that only one family of conformers is present in the 

distribution.  Experimental cross sections were extracted from the ATDs for each of the 

various complexes and are listed in Table A.1.   

 

 

Figure A.7 A single peak is observed in the ATD for all of the T4/porphyrinoid 
complexes analyzed in this study.  This supports the notion that each 
complex consists of only one conformation.  Here the ATD for (T4+A.1)5- 
is illustrated.     

 

 99



 100

In order to determine the structures observed in the ATDs, 300 K molecular 

dynamics calculations were carried out on the multiple complex geometries possible for 

the T4/porphyrinoid complexes (Figure A.5).  Four different starting geometries were 

used for modeling T4 in which it was either arranged as a basket, chair, propeller or 

globular conformation.  Seenisamy et al. have indicated that when a ligand binds it can 

possibly change the conformation of the quadruplex,56 so in addition to the basket and 

chair conformation, a parallel propeller and a globular conformation were also used as 

starting geometries.  Porphyrinoids can potentially bind to a quadruplex by externally 

stacking below the quartets, intercalating between the quartets or nonspecifically binding 

to some random location on the DNA strand.  Each of these binding locations was 

modeled with the basket, chair and propeller T4 conformations.  The globular 

conformation was modeled using only nonspecifically bound porphyrinoids because of its 

lack of quartets.   
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Table A.1 Experimental and Theoretical Cross Sections (Å2) for T4/Porphyrinoid 
Complexes 

 Expta Theoryb 

Complex  
Basketc       

Externally Stackedd

Chairc      

Externally Stackedd

(T4+A.1)5-

(T4+A.1)6-

854 

867 

858        

872 

860        

874 

(T4+A.2)5-

(T4+A.2)6-

864 

872 

868        

877 

872        

876 

(T4+A.3)5-

(T4+A.3)6-

862 

874 

869        

879 

870        

881 

(T4+A.4)5-

(T4+A.4)6

859 

870 

866        

881 

869        

880 

a) 1% reproducibility error, b) ≤ 2% standard deviation, c) the conformation of T4, d) the 
location of the porphyrinoids 

 

300 K dynamic analyses were performed on each different starting structure and a 

typical 300 K dynamics plot of cross section versus time is shown in Figure A.8.  One 

steady state was observed during the dynamics for each of the different possible 

complexes; however, different cross sections were observed for each complex, as 

illustrated for the -5 complexes in Table A.2.  Similar cross section values were also 

observed for the -6 complexes.  The cross sections for the basket and chair form of T4 

with the porphyrinoids externally stacked agreed very well with the experimental cross 



section (Table A.1).  However, when the porphyrinoids were intercalated or 

nonspecifically bound to the basket or chair conformation, the calculated cross sections 

were much too large to match the experimental cross sections.  When T4 was in a 

propeller conformation, the theoretical cross sections proved too large to match the 

experimental numbers, no matter how the porphyrinoids were bound.  Likewise, T4 in a 

globular conformation with nonspecifically bound porphyrinoids gave values that were 

too small to match the experimental findings.  From these results, it can be concluded 

that porphyrinoids A.1-A.4 bind to T4 via external stacking to the antiparallel basket or 

chair T4 conformation.  Alternative modes, such as intercalation or nonspecific binding 

are ruled out. 

 

 

Figure A.8 Plots of cross section versus dynamics time for (T4+2)5-.  Dynamics 
simulations were run at 300 K for 2 ns and every 5 ps a structure was saved 
and its cross section calculated.  Only one steady state is observed in the 
dynamics plot for each of the complexes studied. 
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Table A.2 Theoretical Cross Sections (Å2) for Various (T4+Porphyrinoid)5- 
Conformationsa

 Cross Sections 

T4 / Porphyrinoidb 

Conformation 
(T4+A.1)5- (T4+A.2)5- (T4+A.3)5- (T4+A.4)5-

Basket / ES 858 868 869 866 

Chair / ES 860 872 870 869 

Propeller / ES 908 912 911 914 

Basket / I 921 923 922 920 

Chair / I 918 920 925 922 

Propeller / I 956 961 958 960 

Basket / N 929 930 926 925 

Chair / N 932 929 927 924 

Propeller / N 964 967 970 968 

Globular / N 813 817 819 823 

a) ≤ 2% standard deviation, b) ES = externally stacked, I = intercalated, N = nonspecific 
 

Representative structures of (T4+A.1)5-, (T4+A.2)5-, (T4+A.3)5- and (T4+A.4)5- 

with the porphyrinoids externally stacked below the quartets and T4 in an antiparallel 

basket conformation are shown in Figure A.9.  Complexes where T4 is in a chair 

conformation look very similar to those for the basket conformation.  The quadruplex 

structure of T4 is retained in all of the complexes, with the exception of a slight 

disruption observed in the quartet directly above A.2, A.3 and A.4.  This disruption is 



probably due to the positive charge of the porphyrinoid, which appears to attract the 

oxygen atoms from the guanine residues above it.  However, all of the other quartets are 

stable and the quadruplex for T4 is intact even without cation stabilization. 

 

 

Figure A.9 Theoretical structures of each externally stacked T4/porphyrinoid complex 
generated after 2 ns of 300 K molecular dynamics.  The externally stacked 
complexes are the only ones that match the experimental cross sections.  
Gs are illustrated in dark blue, T and A are gray, and each porphyrinoid is 
green.  

 

The structures of T4 in a propeller conformation and those of the intercalated and 

nonspecifically bound complexes were analyzed to understand why the cross section was 

so much larger than what was seen in the case of the basket and chair externally stacked 

structures.  It has been observed by ion mobility studies that the loop arrangements on 
 104
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the propeller structure for T4 cause it to have a larger cross section than the antiparallel 

basket and chair conformations.41  Attachment of porphyrinoids to this propeller 

structure would result in larger cross sections.  Since these are not observed by 

experiment, it is inferred that T4 does not have a propeller conformation in the complexes 

studied.  When the porphyrinoids were placed between two quartets in the intercalated 

complexes, the thermal induced movement of the methyl or ethyl groups serves to break 

up most of the quartets, as shown in Figure A.10.  This causes the guanine residues to 

reposition themselves in a way that stabilizes a new, more globular structure.  This 

structure also has a larger theoretical cross section than that observed by experiment.  In 

contrast, porphyrinoids in nonspecifically bound complexes simply attach themselves to 

the phosphate backbone on the DNA strand presumably via electrostatic means.  While 

no breakage of the quartets occurs (Figure A.10), the resulting structures remain larger 

than the corresponding externally stacked structures and larger than the experimental 

cross sections.  Such considerations lead us to propose that such nonspecific binding is 

not a dominant interaction mode.  Moreover, since A.1-A.4 do not bind nonspecifically, 

it appears they are structure-selective for the quartets. 

 

 

 

 

 



 

Figure A.10 Theoretical structures for (T4+A.2)5- when A.2 is intercalated and 
nonspecifically bound.  When A.2 is intercalated, its ethyl groups serve to 
break up the G-quartets leading to the formation of a complex that is larger 
than the experimental cross section.  When A.2 is bound nonspecifically it 
is also too large to match the experimental cross section.  Similar structures 
are observed for all of the T4/porphyrinoid complexes.  Guanine residues 
are illustrated in dark blue, T and A are gray, and the porphyrinoid A.2 is 
green. 

 

A.4 CONCLUSION 
The mass spectrometry, ion mobility, and molecular dynamics results presented in 

this chapter provide insights into the interactions between cyclo[n]pyrroles and the 

human telomere G-quadruplex sequence T4.  In particular, we conclude that: 

Porphyrinoids A.1-A.4 bind to T4, but A.5 does not.  From the intensities of the 

T4/porphyrinoid complexes in the mass spectra, the order of binding affinity is A.2 > A.1 

> A.3 > A.4 >> A.5. 

An optimized combination of size and positive charge achieves the highest level 

of binding affinity.  Smaller porphyrinoid systems tend to bind more strongly as long as 

the positive charge on the macrocycle is retained. 
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Ion mobility studies illustrate that the binding of A.1-A.4 to T4 takes place via 

external stacking with T4 in either an antiparallel basket conformation, an antiparallel 
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chair conformation, or both.  No evidence of intercalation or nonspecific binding was 

seen for any of the systems included in this study. 

Given the above, we propose that modulations in macrocycle structure can 

influence how expanded porphyrins, such as A.2-A.4, interact with G-quadruplex and 

that, more specifically, these systems or analogues may have a role to play as telomerase 

inhibitors.    

 

A.5 FUTURE DIRECTIONS 
Even though a lot of work still needs to be done to confirm that cyclo[n]pyrroles 

can serve as telomerase inhibitors, including a demonstration that they bind selectively to 

quadruplex over duplex DNA and efficacy in a TRAP assay, this work provides a first 

hint that cyclo[n]pyrroles may have a role to play in cancer therapy as the result of 

telomerase inhibition. Recognizing this, efforts to prepare water-soluble cyclo[n]pyrroles 

have been made.  This work is elaborated in chapter 3.   

While the result of these efforts are not known, at least in terms of telomerase 

inhibition, it is of interest to note that Seenisamy et al. demonstrated that 5,10,15,20-

[tetra(N-methyl-3-pyridyl)]-26,28-diselenasapphyrin chloride (Se2SAP) binds selectively 

to the c-MYC G-quadruplex.56  This finding leads to the suggestion that other expanded 

porphyrins that can be protonated at physiological pH or positively charged, including 

cyclo[n]pyrroles are also worth testing as telomerase inhibitors.    
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Appendix B: X-ray experimental and crystallographic data 

X-ray crystallographic analysis described in this appendix were grown by the 

author except for the crystal of 3.9 grown by Dr. Salvatore Camiolo who was a former 

postdoctoral fellow in the Sessler group.  All structures were solved by Dr. Vincent 

Lynch. Structures described in this work but not included in this appendix are deposited 

with the Cambridge Crystallographic Data Base and can be obtained from there. A 

general experimental method (as per Dr. Vincent Lynch) used in obtaining these 

structures, as well as relevant data tables for each structure follows.  

The data were collected on a Nonius Kappa CCD diffractometer using a graphite 

monochromator with MoKα radiation (λ = 0.71073Å).  The data were collected at 153 

K using an Oxford Cryostream low temperature device.  Data reduction were performed 

using DENZO-SMN.  The structure was solved by direct methods using SIR97 and 

refined by full-matrix least-squares on F with anisotropic displacement parameters for the 

non-H atoms using SHELXL-97.  The hydrogen atoms were calculated in ideal 

positions with isotropic displacement parameters set to 1.2xUeq of the attached atom 

(1.5xUeq for methyl hydrogen atoms).  Definitions used for calculating R(F), Rw(F2) 

and the goodness of fit, S, are given below.  The data were corrected for secondary 

extinction effects.  The correction takes the form:  Fcorr = kFc/[1 + (3.0(3)x10-6)* Fc2 

λ3/(sin2θ)]0.25 where k is the overall scale factor.  Neutral atom scattering factors and 

values used to calculate the linear absorption coefficient are from the International Tables 

for X-ray Crystallography (1992).  All figures were generated using SHELXTL/PC.   
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X-ray Experimental for C72H104N8 ½ - CH2Cl2 (1.7a).  Crystals grew as pale 

yellow needles by slow evaporation from methylene chloride and methanol.  The data 

crystal was cut from a cluster of crystals and had approximate dimensions; 0.60 x 0.18 x 

0.12 mm.  A total of 418 frames of data were collected using ω-scans with a scan range 

of 0.8° and a counting time of 121 seconds per frame.  A methyl carbon of an ethyl 

group was disordered about two orientations.  The site occupancy factors for the 

affected atoms, C56 and C56a, were refined while refining a common isotropic 

displacement parameter for the two atoms.  The site occupancy factor for C56 was 

assigned the variable x while that for C56a was set to (1-x).  In this way, the site 

occupancy factor for C56 refined to 60(2)%.  In addition to this disorder, a molecule of 

solvent was found to be disordered about a crystallographic inversion center at ½, ½, 0.  

The solvent molecule appeared to be methylene chloride.  The Cl…Cl intramolecular 

contact was restrained to be 2.7Å, while the C-Cl bond length was restrained to be 

approximately equal.  The site occupancy for the atoms were fixed at ½.  The function, 

Σw(|Fo|2 - |Fc|2)2, was minimized, where w = 1/[(σ(Fo))2 + (0.02*P)2] and P = (|Fo|2 + 

2|Fc|2)/3.  Rw(F2) refined to 0.193, with R(F) equal to 0.109 and a goodness of fit, S, = 

1.50. 
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Table B.1.  Crystal data and structure refinement for 1.7a 

Empirical formula    C72.50 H105 Cl N8 

Formula weight    1124.09 

Temperature     153(2) K 

Wavelength     0.71070 Å 

Crystal system    Monoclinic 

Space group     P21/n 

Unit cell dimensions   a = 16.7530(5) Å α= 90.000(2)°. 

     b = 24.4090(6) Å β= 112.488(2)°. 

     c = 18.3380(9) Å γ = 90.0000(11)°. 

Volume    6928.6(4) Å3 

Z     4 

Density (calculated)   1.078 Mg/m3 

Absorption coefficient  0.100 mm-1 

F(000)     2452 

Crystal size    0.60 x 0.18 x 0.12 mm 

Theta range for data collection 2.93 to 25.00°. 

Index ranges    -19<=h<=19, -26<=k<=29, -21<=l<=21 

Reflections collected   23125 

Independent reflections  12154 [R(int) = 0.1934] 

Completeness to theta = 25.00° 99.6 %  

Absorption correction   None 

Refinement method   Full-matrix least-squares on F2 

Data / restraints / parameters  12154 / 22 / 758 

Goodness-of-fit on F2   1.475 



Final R indices [I>2sigma(I)]  R1 = 0.1093, wR2 = 0.1674 

R indices (all data)   R1 = 0.3029, wR2 = 0.1932 

Extinction coefficient   3.0(3)x10-6 

Largest diff. peak and hole  0.564 and -0.498 e.Å-3 

 

Figure B.1.  Single crystal X-ray structure of 1.7a showing the atom labeling scheme. 
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X-ray Experimental for C54H78N6 (1.8):  Crystals grew as colorless lathes by 

slow evaporation from dichloromethane and methanol.  The data crystal was a long 

lathe that had approximate dimensions; 0.40 x 0.17 x 0.05 mm.  A total of 430 frames of 

data were collected using ω-scans with a scan range of 1° and a counting time of 124 

seconds per frame.  The function, Σw(|Fo|2 - |Fc|2)2, was minimized, where w = 

1/[(σ(Fo))2 + (0.085*P)2 + (0.555*P)] and P = (|Fo|2 + 2|Fc|2)/3.  Rw(F2) refined to 

0.233, with R(F) equal to 0.0844 and a goodness of fit, S, = 1.02.  The data were 

checked for secondary extinction effects but no correction was necessary.  
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Table B.2.  Crystal data and structure refinement for 1.8 

Empirical formula    C54 H78 N6 

Formula weight    811.22 

Temperature     153(2) K 

Wavelength     0.71073 Å 

Crystal system    Triclinic 

Space group     P-1 

Unit cell dimensions   a = 8.539(2) Å  α = 71.128(2)°. 

     b = 12.486(2) Å β = 79.311(2)°. 

     c = 12.616(2) Å γ = 72.827(2)°. 

Volume    1210.0(4) Å3 

Z     1 

Density (calculated)   1.113 Mg/m3 

Absorption coefficient  0.065 mm-1 

F(000)     444 

Crystal size    0.40 x 0.17 x 0.05 mm 

Theta range for data collection 3.38 to 25.12°. 

Index ranges    -8<=h<=10, -14<=k<=14, -14<=l<=14 

Reflections collected   7077 

Independent reflections  4227 [R(int) = 0.0868] 

Completeness to theta = 25.12° 97.7 %  

Absorption correction   None 

Refinement method   Full-matrix least-squares on F2 

Data / restraints / parameters  4227 / 0 / 272 

Goodness-of-fit on F2   1.017 



Final R indices [I>2sigma(I)]  R1 = 0.0844, wR2 = 0.1815 

R indices (all data)   R1 = 0.2483, wR2 = 0.2326 

Extinction coefficient   none 

Largest diff. peak and hole  0.216 and -0.181 e.Å-3 

 

Figure B.2.  Single crystal X-ray structure of 1.8 showing the atom labeling scheme.   
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X-ray Experimental for C72H88N8O16 - SO4 (3.9):  Crystals grew as brown, 

octahedral prisms by slow evaporation from methylene chloride and hexane.  The data 

crystal was a prism that had approximate dimensions; 0.24 x 0.24 x 0.20 mm.  A total of 

341 frames of data were collected using ω-scans with a scan range of 1° and a counting 

time of 226 seconds per frame.  One of the ester side chains was found to be disordered 

about two primary orientations.  The methyl carbon of the ester, C18, appeared to be 

only moderately affected by the disorder and it was refined with full occupancy.  The 

remaining atoms, C16, C17, O3 and O4, were used to model the disorder.  The site 

occupancy of these atoms were assigned a variable, x, while the alternate set of atoms 

comprising the disordered group, C16a, C17a, O3a and O4a, had site occupancy factors 

set to 1-x.  A common isotropic displacement parameter was used for both sets of 

atoms.  The site occupancy factor for the major component comprised of C16, C17, O3 

and O4 refined to 68(2)%.  In subsequent refinement cycles, the atoms were refined 

anisotropically while restraining their displacement parameters to be approximately 

isotropic.  The geometry of the two groups were restrained to be approximately equal 

throughout the course of the refinement.  The function, Σw(|Fo|2 - |Fc|2)2, was 

minimized, where w = 1/[(σ(Fo))2 + (0.02*P)2] and P = (|Fo|2 + 2|Fc|2)/3.  Rw(F2) 

refined to 0.256, with R(F) equal to 0.116 and a goodness of fit, S, = 5.94.   
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Table B.3.  Crystal data and structure refinement for 3.9. 

Empirical formula    C72 H88 N8 O20 S 

Formula weight    1417.56 

Temperature     293(2) K 

Wavelength     0.71073 Å 

Crystal system    Tetragonal 

Space group     I41/a 

Unit cell dimensions   a = 17.0910(2) Å α= 90°. 

     b = 17.0910(2) Å β= 90°. 

     c = 24.3460(4) Å γ = 90°. 

Volume    7111.52(17) Å3 

Z     4 

Density (calculated)   1.324 Mg/m3 

Absorption coefficient  0.125 mm-1 

F(000)     3008 

Crystal size    0.24 x 0.24 x 0.20 mm 

Theta range for data collection 2.91 to 24.99°. 

Index ranges    -20<=h<=20, -14<=k<=14, -27<=l<=28 

Reflections collected   6157 

Independent reflections  3132 [R(int) = 0.0276] 

Completeness to theta = 24.99° 99.8 %  

Max. and min. transmission  0.9754 and 0.9706 

Refinement method   Full-matrix least-squares on F2 

Data / restraints / parameters  3132 / 62 / 265 

Goodness-of-fit on F2   5.734 



Final R indices [I>2sigma(I)]  R1 = 0.1160, wR2 = 0.2553 

R indices (all data)   R1 = 0.1359, wR2 = 0.2564 

Extinction coefficient   1.0(5)x10-6 

Largest diff. peak and hole  0.744 and -0.693 e.Å-3 

 

Figure B.3.  Single crystal X-ray structure of 3.9 showing the atom labeling scheme. 
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X-ray Experimental for C32H36N2O4 (3.11):  Crystals grew as colorless prisms 

by slow evaporation from ethanol.  The data crystal was cut from a larger crystal and 

had approximate dimensions; 0.20 x 0.20 x 0.19 mm.  A total of 401 frames of data 

were collected using ω-scans with a scan range of 1° and a counting time of 42 seconds 

per frame.  The hydrogen atoms on nitrogen and oxygen were observed in a ∆F map and 

refined with isotropic displacement parameters.  The function, Σw(|Fo|2 - |Fc|2)2, was 

minimized, where w = 1/[(σ(Fo))2 + (0.04*P)2] and P = (|Fo|2 + 2|Fc|2)/3.  Rw(F2) 

refined to 0.135, with R(F) equal to 0.0570 and a goodness of fit, S, = 0.989.   

 

Table B.4.  Crystal data and structure refinement for 3.11 

Empirical formula    C32 H36 N2 O6 

Formula weight    544.63 

Temperature     153(2) K 

Wavelength     0.71073 Å 

Crystal system    Monoclinic 

Space group     P21/n 

Unit cell dimensions   a = 12.5963(3) Å α= 90°. 

     b = 15.3045(3) Å β= 96.536(1)°. 

     c = 14.7231(4) Å γ = 90°. 

Volume    2819.87(12) Å3 

Z     4 

Density (calculated)   1.283 Mg/m3 

Absorption coefficient  0.089 mm-1 

F(000)     1160 

Crystal size    0.20 x 0.20 x 0.19 mm 



Theta range for data collection 3.00 to 27.50°. 

Index ranges    -16<=h<=16, -18<=k<=19, -19<=l<=19 

Reflections collected   11732 

Independent reflections  6406 [R(int) = 0.1078] 

Completeness to theta = 27.50° 98.9 %  

Absorption correction   None 

Refinement method   Full-matrix least-squares on F2 

Data / restraints / parameters  6406 / 0 / 378 

Goodness-of-fit on F2   0.989 

Final R indices [I>2sigma(I)]  R1 = 0.0570, wR2 = 0.1013 

R indices (all data)   R1 = 0.2300, wR2 = 0.1349 

Extinction coefficient   2.8(6)x10-6 

Largest diff. peak and hole  0.237 and -0.230 e.Å-3 

 

Figure B.4.  Single crystal X-ray structure of 3.11 showing the atom labeling scheme. 
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