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In spite of the considerable number of expanded porphyrin systems that 

are now known, methods for synthesizing these compounds remain quite limited.  

Aspects of this dissertation address this problem.  For instance, in Chapter 2 a 

new methodology that allows, for the first time, the synthesis of quaterpyrrole-

containing expanded porphyrins is described.  Specifically, using a Cr(VI)-based 

oxidative coupling approach, three previously unknown macrocycles were 

synthesized that were inaccessible using classic approaches.  Likewise, in Chapter 

4 the use of new Fe(III)-based oxidative couplings as a very effective way to 

produce previously unknown cyclo[8]pyrroles is detailed.  The latter macrocycles, 

species of remarkable symmetry and potential utility, are prepared in high yields 

in a single synthetic step from readily available bipyrrolic precursors.  Further, a 
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modification of this strategy is presented that allows for the synthesis of linear 

quaterpyrrole, a species characterized structurally for the first time in the course 

of this work. 

The second major focus of this dissertation work was the study of 

conformational effects in oligopyrrolic macrocycles.  A remarkable range of 

conformations is seen in many expanded porphyrins.  This is not the result of 

rational design.  Rather, it is an intrinsic feature of these systems, albeit an 

unexpected one.  A desire to understand the origins of these effects has prompted 

the synthesis and study of four new expanded porphyrins.  This work is presented 

in Chapter 3, wherein the use of simple symmetry considerations in the design 

and conformational analysis of previously unknown systems is described. 



 viii

Table of Contents 

List of Tables..........................................................................................................xi 

List of Figures .......................................................................................................xii 

Chapter 1:  Introduction .......................................................................................... 1 
1.1  General background ................................................................................ 1 
1.2  Historical overview ................................................................................. 4 
1.3  Systems containing four or fewer heterocyclic subunits......................... 8 

1.3.1.  [22]Porphyrin(3.1.3.0)................................................................ 8 
1.3.2.  Tetraoxa-[22]porphryin(2.2.2.2) dication, tetraoxa-

[26]porphryin-(3.3.3.3) dication, N, N’, N’’, N’’’-
tetramethyl-[26]porphyrin(3.3.3.3) dication. ............................. 10 

1.3.3  Tetraepoxy[32]annulene(8.0.8.0), 
tetraepoxy[36]annulene(10.0.10.0), tetraepoxy-
[40]annulene(12.0.12.0) and their corresponding dications....... 13 

1.3.4  Tetraepoxy[32]annulene(6.2.6.2) and 
tetraoxa[30]porphyrin(6.2.6.2) dication ..................................... 15 

1.3.5  Tetraepoxy[36]annulene(6.4.6.4) and 
tetraoxa[34]porphyrin(6.4.6.4) dication ..................................... 17 

1.3.6  Tetraepoxy[32]annulene(4.4.4.4) and 
tetraoxa[30]porphyrin(4.4.4.4) dication ..................................... 18 

1.3.7  Tetraepoxy[26]annulene(4.2.2.2) and 
tetraepoxy[30]annulene(4.4.4.2) ................................................ 18 

1.3.8  Tetraphenyl-p-benziporphyrin .................................................. 19 
1.4  Systems containing five pyrroles .......................................................... 21 

1.4.1  Heteroatom containing sapphyrins............................................ 21 
1.4.2  N-confused heteroatom sapphyrins ........................................... 30 
1.4.3  The first sapphyrin based expanded carbaporhyrinoid.............. 32 
1.4.4  Heteroatom containing smaragdyrins........................................ 33 
1.4.5  New advances in the area of sapphyrin chemistry .................... 34 



 ix

1.4.6  N-fused pentaphyrin.................................................................. 37 
1.5  Systems containing six pyrroles ............................................................ 38 

1.5.1  Hexaphyrin(1.1.1.1.1.1) ............................................................ 39 
1.5.2  Heteroatom containing rubyrins................................................ 40 
1.5.3  [26]Hexaphyrin(1.1.1.0.1.0)...................................................... 43 

1.6  Systems containing seven pyrroles ....................................................... 45 
1.6.1  Heteroatom analogues of [30]heptaphyrin(1.1.0.1.1.0.0) ......... 45 
1.6.2  Heteroatom analogues of [30]heptaphyrin(1.1.0.1.0.1.0) ......... 47 
1.6.3  Heptaphyrin(1.1.1.1.1.1.1) ........................................................ 48 

1.7  Higher order systems containing eight or more pyrroles ...................... 48 
1.7.1  Meso substituted heteroatom analogues of [34]octaphyrin-

(1.0.1.0.1.0.1.0) .......................................................................... 49 
1.7.2  Octaphyrin(1.1.1.1.1.1.1.1) and 

Nonaphyrin(1.1.1.1.1.1.1.1.1) .................................................... 50 
1.7.3  [48]Dodecaphyrin(1.0.1.0.1.0.1.0.1.0.1.0) and 

[64]hexadecaphyrin-(1.0.1.0.1.0.1.0.1.0.1.0.1.0.1.0) ................. 52 
1.7.4  Cyclo[n]thiophenes ................................................................... 54 

1.8  Summary ............................................................................................... 55 

Chapter 2:  Quaterpyrrole containing expanded porphyrins ................................. 57 
2.1  Background ........................................................................................... 57 
2.2  [28]Heptaphyrin(1.0.0.1.0.0.0).............................................................. 60 
2.3  [32]Octaphyrin(1.0.0.0.1.0.0.0)............................................................. 67 
2.4  [24]Hexaphyrin(1.0.1.0.0.0).................................................................. 74 

2.4.1.  Metalation chemistry of [24]hexaphyrin(1.0.1.0.0.0) .............. 83 
2.5  Scope and limitations of the chromium(vi) coupling............................ 93 
2.6  Future outlook ....................................................................................... 95 

Chapter 3:  Conformational behavior of some previously unknown terpyrrole-
derived expanded porphyrins ....................................................................... 98 
3.1  Background ........................................................................................... 98 
3.2  [26]Hexaphyrin(1.1.1.1.0.0)................................................................ 101 



 x

3.3  [22]Pentaphyrin(1.1.1.0.0) .................................................................. 108 
3.3  [30]Heptaphyrin(1.1.1.1.1.0.0)............................................................ 125 
3.4  Preliminary studies: [52]dodecaphyrin(1.1.1.1.0.0.1.1.1.1.0.0).......... 133 
3.5  Summary and future outlook............................................................... 138 

Chapter 4:  Cyclo[n]pyrroles and Fe(III) based oxidative couplings.................. 143 
4.1  Background and significance .............................................................. 143 
4.2  Synthesis of Cyclo[8]pyrroles ............................................................. 144 
4.3  Basic chemistry of Cyclo[8]pyrroles................................................... 160 
4.4  Linear quaterpyrrole ............................................................................ 166 
4.5  Preliminary studies and conclusions ................................................... 173 
4.6  Future outlook ..................................................................................... 176 

Chapter 5:  Experimental Part ............................................................................. 179 

Appendix:  X-ray experimental and crystallographic data.................................. 200 

References ........................................................................................................... 218 

Vita .................................................................................................................... 227 



 xi

List of Tables 

Table 3.1  Solid state structural parameters for [26]hexaphyrin(1.1.1.1.0.0) 

105 and its bis-HCl salt H21052+•2Cl-. ........................................... 108 



 xii

List of Figures 

Figure 1.1  Historically important porphyrinoid macrocycles. .............................. 6 

Figure 1.2  Structural diversity in heterorubyrins. ............................................... 43 

Figure 2.1  Different resonance structures of porphyrin and its dication............. 63 

Figure 2.2  UV-vis spectra of H2842+•SO4
2- (__) and 84 (…)................................. 64 

Figure 2.3   Top and side view of the H2842+•SO4
2- H-bonding complex 

showing a partial atom labeling scheme.  Dashed lines indicate a 

hydrogen bonding interaction.  The thermal ellipsoids are scaled 

to the 50% probability level. ............................................................ 66 

Figure 2.4  UV-vis spectra of H2872+•2Cl- (__) and 87 (…)................................... 71 

Figure 2.5  Top and side views of H2872+•2Cl-•2MeOH with a partial atom 

labeling scheme.  Displacement ellipsoids are scaled to the 50% 

probability level.  The methyl substituents have been removed in 

the side view for clarity. ................................................................... 73 

Figure 2.6  Top and side views of H2892+•2Cl- with a partial atom labeling 

scheme.  Displacement ellipsoids are scaled to the 50% 

probability level.  This Figure was generated using data that were 

published previously.88,89 ................................................................. 75 

Figure 2.7  UV-vis spectra of H2912+•2Cl- (__) and 91 (…)................................... 77 

Figure 2.8  Views of the hydrogen bonded dimer of H2912+•2Cl- showing a 

partial atom labeling scheme.  Displacement ellipsoids are scaled 

to the 50% probability level.  The alkyl substituents have been 

removed for clarity. .......................................................................... 78 



 xiii

Figure 2.9  UV-vis spectra of H2922+•2Cl- (__) and 92 (…) in CH2Cl2. ................ 81 

Figure 2.10  Top and side views of H2922+•2Cl- showing76 a partial atom 

labeling scheme.  Displacement ellipsoids are scaled to the 50% 

probability level.  The alkyl substituents have been removed in 

the side view for clarity. ................................................................... 82 

Figure 2.11  UV-vis spectrum of 93 (__) shown in comparison to the spectra of 

H2922+•2Cl- (…) and H2912+•2Cl- (---) in CH2Cl2............................. 85 

Figure 2.12  Top and side views of 93 showing a partial atom labeling 

scheme.  Displacement ellipsoids are scaled to the 50% 

probability level.  The alkyl substituents have been removed in 

the side view for clarity. ................................................................... 87 

Figure 2.13  UV-vis spectrum of 94 recorded in CH2Cl2. .................................... 89 

Figure 2.14  Top and side views of 94 showing a partial atom labeling 

scheme.  Displacement ellipsoids are scaled to the 50% 

probability level.  The alkyl substituents have been removed in 

the side view for clarity. ................................................................... 91 

Figure 3.1  UV-vis spectra of H21052+•2Cl- (__) and 105 (…) in 

dichloromethane. ............................................................................ 104 

Figure 3.2  Top and side views of H21052+•2Cl- showing a partial atom 

labeling scheme.  Thermal ellipsoids are scaled to the 50% 

probability level.  Hydrogen atoms are drawn to an arbitrary 

scale.  Dashed lines indicate hydrogen bonding interactions......... 105 



 xiv

Figure 3.3  Top and side views of 105- showing a partial atom labeling 

scheme.  Thermal ellipsoids are scaled to the 50% probability 

level.  Hydrogen atoms shown are drawn to an arbitrary scale...... 106 

Figure 3.4 Views of H106a+•Cl-•2DMSO showing the partial atom labeling 

scheme.  Dashed lines are indicative of a hydrogen bonding 

interaction.  Thermal ellipsoids are scaled to the 50% probability 

level.  Hydrogen atoms shown are drawn to an arbitrary scale...... 111 

Figure 3.5  UV-vis spectra of H2106b2+•2Cl- (__) and 106b (…) as recorded in 

dichloromethane. ............................................................................ 114 

Figure 3.6 UV-vis spectra showing the spectral changes observed upon the 

stepwise addition of TFA to solutions of 106b in 

dichloromethane.  These are considered to reflect the stepwise 

conversion of 106b into H106b+•TFA-. ......................................... 122 

Figure 3.7 UV-vis spectra showing the spectral changes observed upon the 

stepwise addition of TFA to solutions of H106b+•TFA- in 

dichloromethane.  These are considered to reflect the stepwise 

conversion of H106b+•TFA- into H2106b2+•2[TFA-]..................... 123 

Figure 3.8  UV-vis spectrum of 106b in pure trifluoroacetic acid. .................... 124 

Figure 3.9  Top and side views of 109 showing the partial atom labeling 

scheme.  Thermal ellipsoids are scaled to the 50% probability 

level.  Hydrogen atoms shown are drawn to an arbitrary scale.  

For clarity, substituents have been removed in the side view. ....... 129 



 xv

Figure 3.10  UV-vis spectra of 109 in dichloromethane prior to (__) and after 

bubbling HCl (g) (…) through the solution..................................... 132 

Figure 3.11  Top and side views of H41134+•(SO4
2-)2 showing the partial atom 

labeling scheme.  Thermal ellipsoids are scaled to the 50% 

probability level.  For clarity, all substituents have been 

removed.  Further, the two sulfate counter-anions present in the 

two “pockets” are not shown in these views.  They are, however, 

shown in Figure 3.12. ..................................................................... 136 

Figure 3.12  View of H41134+•(SO4
2-)2 showing hydrogen bonding 

interactions.  Thermal ellipsoids are scaled to the 50% 

probability level.  For clarity, all substituents have been 

removed.  The N-O contacts, indicated by dashed lines, range 

from 2.67 to 2.77 Å. ....................................................................... 137 

Figure 3.13  Proposed macrocycles derived from known expanded 

porphyrins.  The arrows do not suggest reaction pathways.  

Rather, they are meant to suggest analogies between the systems 

in question. ..................................................................................... 139 

Figure 3.14 Schematic representation of new proposed metal complexes......... 141 

Figure 3.15  Expanded porphyrins containing benzene, pyridazine, 

tetrazine,etc. ................................................................................... 141 

Figure 4.1  Possible oxidation states of cyclo[8]pyrrole (115). ......................... 144 

Figure 4.2  Retrosynthetic analysis of cyclo[8]pyrrole. ..................................... 145 



 xvi

Figure 4.3 Top and side views of 117 showing the partial atom labeling 

scheme.  Thermal ellipsoids are scaled to the 50% probability 

level.  For clarity, bound and unbound DMSO molecules are not 

shown. ............................................................................................ 148 

Figure 4.4 Top and side views of 115b showing the partial atom labeling 

scheme.  Thermal ellipsoids are scaled to the 50% probability 

level.  For clarity, alkyl substituents have been removed in the 

side view......................................................................................... 154 

Figure 4.5 Top and side views of 115c showing the partial atom labeling 

scheme.  Thermal ellipsoids are scaled to the 50% probability 

level.  For clarity, alkyl substituents have been removed in the 

side view......................................................................................... 155 

Figure 4.6 Top and side views of 115d showing the partial atom labeling 

scheme.  Thermal ellipsoids are scaled to the 50% probability 

level.  For clarity, alkyl substituents have been removed in the 

side view......................................................................................... 156 

Figure 4.7  UV-vis spectrum of 115b recorded in dichloromethane.................. 158 

Figure 4.8  UV-vis spectrum of the free base of 115b recorded in 

dichloromethane. ............................................................................ 160 

Figure 4.9 Top and side views of 118b showing the partial atom labeling 

scheme.  Thermal ellipsoids are scaled to the 50% probability 

level.  For clarity, alkyl substituents have been removed in the 

side view......................................................................................... 163 



 xvii

Figure 4.10 UV-vis spectrum of 122 recorded in dichloromethane. ................. 170 

Figure 4.11 Top and side views of 122 showing the partial atom labeling 

scheme.  Thermal ellipsoids are scaled to the 50% probability 

level.  For clarity, most hydrogen atoms have been removed in 

the side view................................................................................... 172 
 



 1

Chapter 1:  Introduction 

1.1  GENERAL BACKGROUND 

Porphyrin (e.g., 1) undoubtedly represents one of the most widely studied 

naturally occurring macrocyclic ring systems.1  The interest in this tetrapyrrolic 

macrocycle is broadly based and derives in part from its multiplicity of biological 

functions as well as its ability to function as a metal complexing ligand par 

excellence.  This chemical richness has inspired the study of a whole range of 

porphyrin analogues in recent years.2-4  Much of the attention devoted to these 

latter systems is based on their resemblance to porphyrins and the hope that they 

will display a rich coordination chemistry that parallels that of the porphyrins.  On 

a different level, the electronic structure of various larger, or “expanded” 

porphyrin systems, in particular their similarities and differences as compared to 

porphyrins, have made them an object of study.  Here, a key objective of both 

practical and theoretical importance, has been to explore the limits of classic 

Hückel (4n + 2) π-electron aromaticity, with a related goal being to understand 

what factors render a fully conjugated macrocycle aromatic or antiaromatic.  

Another factor driving the study of conjugated expanded porphyrins in particular 

is that they often display absorbance bands that are considerably red shifted as 

compared to those of porphyrin.  This attribute, which is ascribed to an increased 

π-conjugation pathway, has led to the consideration that certain expanded 

porphyrins could find use as therapeutics for photodynamic therapy.5,6  Related 

properties, including a facilitated ease of reduction has led to one particular 
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expanded porphyrin (motexaphin gadolinium) being tested as an adjuvant for X-

ray radiation therapy.5,6  Another area of interest, this time without precedence in 

the porphyrin arena, centers around the initially unexpected finding that expanded 

porphyrins can act as anion receptors.  This has made these systems of potential 

interest for use in a variety of applications, including anion sensing and transport 

(e.g., drug delivery), as well as chromatography-based anion purifications.7 

This introduction is focused on expanded porphyrins and is divided into 

two parts, the first of which is brief and will provide some historical background 

for the benefit of the general reader.  The second part is meant to serve as an 

overview of recent accomplishments in the field, spanning about the same time 

period (early 1998 – May 2002) in which the present work was performed.  It is 

written in review style, which will hopefully allow the reader to obtain a 

contemporary view of the current state-of-the art in the field, especially when 

considered in conjunction with the results presented in Chapters 2-4.  While this 

overview is meant to be fairly comprehensive, to keep it most relevant to the 

subject of the present dissertation, only conjugated systems that bear the greatest 

formal resemblance to porphyrins will be discussed.  In all cases, the compounds 

in question will be larger than porphyrins and related tetrapyrrolic systems.  

Specifically, for inclusion in this introduction, a system must be macrocyclic and 

contain pyrrole, furan, thiophene or other heterocyclic subunits linked together 

either directly or via one or more carbon atoms in such a manner that the internal 

ring pathway contains a minimum of 17 atoms.  In accord with this definition, 

compounds such as corroles,8 isomeric porphyrins,9 N-confused porphyrins,10,11 
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doubly N-confused porphyrins,12 N-fused porphyrins etc.,13 benziporphyrin14 and 

carbaporphyrin15,16 that contain an internal ring pathway of 16 or fewer atoms are 

not included here.  Even though these latter species bear some relevance to the 

present work, they are smaller than the systems generated and studied in the 

course of the present research.  They are thus excluded, in part for reasons of 

space.  Throughout the introduction, the focus will be on synthesis, 

characterization and basic chemical properties, rather than potential applications.  

Again, this focus reflects what is most germane to the work described in this 

dissertation.  Except in those instances where the use of trivial names offers an 

heuristic advantage, Franck’s general nomenclature for porphyrinic systems will 

be used.17  According to this standard system, the name of porphyrinoids consists 

of three parts: First, a number in brackets corresponding to the number of π-

electrons in the shortest conjugation pathway, second a core name representing 

the number of pyrroles or other heterocycles in the overall system, and, third, 

numbers in parentheses following the main name refer to the number of bridging 

carbon atoms between each pyrrole subunit, starting with the largest bridge.  For 

example, porphyrin 1 would be named as [18]porphyrin(1.1.1.1), whereas 

sapphyrin 2 would be named as [22]pentaphyrin(1.1.1.1.0). 

 

H
N

N

N
H

N
H

N

N

HN

N

NH
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1.2  HISTORICAL OVERVIEW 

The beginnings of expanded porphyrin chemistry can be traced back to R. 

B. Woodward and his group.  Synthetic efforts directed towards the synthesis of 

vitamin B12 led to the discovery of sapphyrin, a pentapyrrolic macrocycle (e.g., 

2).  Its synthesis was first mentioned at the aromaticity conference in Sheffield, 

UK, 1966.  In contrast to what might have been expected, sapphyrin wasn’t 

introduced in a glamorous manner; rather, R. B. Woodward mentioned its 

serendipitous synthesis during the discussion section that followed his oral 

presentation.18  As such, sapphyrin does not appear in the formal conference 

proceedings.  A systematic synthesis of sapphyrin was not published until much 

later on, when two independent reports appeared, one by the Woodward group19 

and another, actually an earlier contribution, by Broadhurst et al.20  However, it 

was not until 1990, when an improved synthesis of sapphyrin was put forward by 

the Sessler group, that usable quantities of this macrocycle could be obtained.21  

The increased availability of sapphyrin spawned an enhanced interest in this 

macrocyle.  In fact, a recent Scifinder search for the keyword “sapphyrin” resulted 

in 147 hits, a number that reflects in microcosm some of the interest attendant to 

expanded porphyrins.  Several aspects of sapphyrin chemistry have been recently 

reviewed.7 

In addition to the synthesis and subsequent study of sapphyrin, there are 

many historical accomplishments that helped define the field of expanded 

porphyrin chemistry.  One of these was the seminal characterization of uranyl-

superphthalocyanine (3) by Marks and Day.22  This system, obtained from a 



 5

template synthesis employing phthalonitrile and uranyl-salts, aroused 

considerable excitement at the time.  Unfortunately however, all attempts to 

generalize this chemistry (i.e. produce complexes containing other metals) or to 

obtain the metal-free ligand met with failure.  While this limited the study of 

superphthalocyanine per se, its existence helped inspire a number of other 

historically important macrocycles, including pentaphyrin (e.g., 4) reported by 

Gossauer,23 the so called platyrin systems of LeGoff (e.g., 5)24 and the “stretched” 

system (6) of Franck.17,25  Another important boost to the generalized porphyrin 

analogoue area came with Vogel’s synthesis of porphycene (7) in 1986.26  This 

first of now many porphyrin isomers, represented a milestone in the chemistry of 

oligopyrrolic macrocycles and helped highlight the fact that porphyrin analogues 

need not be expanded to be interesting.  This point was subsequently underscored 

when the groups of Furuta10 and Latos-Grażyński11 independently reported the 

synthesis of so-called “inverted” or “N-confused” porphyrin (8).  More recently, it 

has been highlighted by the synthesis of a range of heteroporphyrin systems, 

including derivatives of so called carbaporphyrin.15,16  While tremendously 

interesting, these aspects of porphyrin analogue chemistry are excluded from this 

introduction, for the reasons outlined above. 
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Figure 1.1 Historically important porphyrinoid macrocycles. 

In the more focused expanded porphyrin area, the synthesis of texaphyrin 

(9) is noteworthy as an early accomplishment.5  It was the first expanded 

porphyrin to display a diverse metalation chemistry, a property that had been 

hoped for (but not seen) in the case of earlier expanded porphyrins, such as 

sapphyrin.  On a different level, Gossauer’s hexaphyrin (10)27 and Sessler’s 
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rubyrin (11)28 were important because they were the first expanded porphyrins to 

contain more than five pyrrolic subunits.  They thus served as auguries for the 

subsequent arrival of yet larger oligopyrrolic systems.  This latter promise was 

first realized in the case of turcasarin (12),29 a decapyrrolic system that adopts a 

twisted “figure eight” conformation both in solution and in the solid state.  While 

eclipsed now in terms of size, turcasarin remains of historical importance because 

it served to show that pyrrole containing macrocycles need not to be topologically 

flat in order to achieve full conjugation. 

While the above contributions are those that, in the opinion of the author, 

played the greatest role in terms of spawning the growth of the field, it is to be 

appreciated that there are many other earlier contributions of importance that, 

sadly, are simply too numerous to discuss in detail here.  The interested reader is 

referred to various reviews that detail the chemistry of oligopyrrolic macrocycles 

synthesized prior to 1998.2-4,17 
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1.3  SYSTEMS CONTAINING FOUR OR FEWER HETEROCYCLIC SUBUNITS 

Most of the work on expanded porphyrins containing four pyrroles or 

other heterocycles was done early on when the main motivation was to analyze 

the aromaticity of the resulting systems.  While most of the relevant chemistry has 

been covered in reviews,2-4,17 there are a few new examples of expanded 

porphyrin type macrocycles whose synthesis was inspired by just these kinds of 

issues. 

1.3.1.  [22]Porphyrin(3.1.3.0) 

In 1999, Paolesse, Smith and co-workers reported the synthesis of a bis-

vinylogous corrole, [22]porphyrin(3.1.3.0) (16), which they termed to be the first 

expanded corrole.30  Strictly speaking, this is not formally true since, depending 

on the definition employed, such venerable systems as sapphyrin, rubyrin and 

even porphyrin and its isomer constitute “expanded corroles”.  Nonetheless, 

macrocycle 16 represents an important new addtion to the expanded porphyrin 

family.  It was obtained in 54% yield via the oxidative coupling of 15 with 

chloranil in ethanol, using NaHCO3 or sodium acetate as a base (Scheme 1.1).  

Precursor 15, in turn, was obtained in 75% yield from the acid catalyzed 

condensation of two equivalents of 14 with 13.  Interestingly, along with the 

isolation of 16, a small amount of the corresponding bisvinylogous porphyrin was 

obtained. This was rationalized in terms of cleavage and recombination reactions 

involving 15. 
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Scheme 1.1  Synthesis of the expanded corrole 16. 

As expected for a system with a 22 π-electron periphery, the presence of a 

diatropic ring current effect was confirmed by 1H-NMR spectroscopy.  Namely, 

the inner CH-protons were found to resonate at δ = - 9.2 ppm, while the signals 

corresponding to the outer CH-protons were found to resonate at ~ 11 ppm.  The 

results are similar to what was found for the analogous bisvinylogous porphyrin.  

Further support for the aromatic nature of 16 was obtained from UV-vis 

spectroscopic analyses.  Specifically, the spectrum of 16 is characterized by a split 

Soret-type band at 468 and 496 nm, respectively, that is accompanied by two Q-

type bands of lesser intensity at 666 and 714 nm, respectively.  Unambiguous 

characterization by X-ray analysis revealed that 16-Cl is almost perfectly planar 

and exists as a dimer in the solid state.  Interestingly, the parent peak in the FAB 
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mass spectrum of 16-Cl corresponds to this dimer with the loss of one chloride 

ion. 

1.3.2.  Tetraoxa-[22]porphryin(2.2.2.2) dication, tetraoxa-[26]porphryin-(3.3.3.3) 
dication, N, N’, N’’, N’’’-tetramethyl-[26]porphyrin(3.3.3.3) dication. 

Intrigued by the exceptional spectroscopic properties of the N, N’, N’’, 

N’’’-tetramethyl-[26]porphyrin(3.3.3.3) dication described by Franck et al.,17 the 

group of Vogel was prompted to reinvestigate some of its chemical features as 

well as those of related species that he and his coworkers set out to prepare.31,32  

Here, the motivating goal was to perform a spectroscopic comparison between the 

D4h-symmetric tetraoxa[18]porphyrin dication 17 and its homologues, the all-cis-

tetraoxa-[22]porphryin(2.2.2.2) dication (18) and the tetraoxa-

[26]porphryin(3.3.3.3) dication (19). 

O O

OO
O O

OOOO

O O

17 18 19

O O

18a

O O

 

As anticipated by the authors, the synthesis of an all-cis-tetraoxa-

[22]porphryin(2.2.2.2) dication (18) proved elusive.  Rather, a compound, namely 

the cis,trans,cis,trans isomer 18a reported earlier by Märkl et al.,33 was obtained.  

Compound 18 was calculated to be 90 kcal mol-1 higher in energy than its di-trans 

isomer 18a; a crystal structure of the octaethyl derivative of the latter compound 

was reported, it revealed its almost perfect planarity.  Interesting results were 

obtained from an analysis of the UV-vis spectra of 17, 18a, and 19 in the form of 

their octaethyl analogues.  For, 17 (λmax ~ 400 nm) and 19 (λmax = 525 nm), 
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extraordinarily sharp Soret-type bands were observed.  For these latter bands, 

record extinction coefficients (ε) of 1.6 x 106 M-1 cm-1 and 1 x 106 M-1 cm-1 were 

observed for 17 and 19, respectively.  For 18a, with lower (C2h) symmetry, a split 

Soret band (λmax = 456 and 474 nm) was observed that exhibits a reduced 

extinction coefficient (~ 0.5 x 106 M-1 cm-1) as compared to 17 and 19.  It is 

noteworthy that the Q-type bands for all three systems are significantly lower in 

intensity than their corresponding Soret-type bands. 

 

O O

OO

N N

NN

20 21

2 ClO4 2 ClO4

 

Further structural and spectroscopic comparisons were drawn between the 

N, N’, N’’, N’’’-tetramethyl-[26]porphyrin(3.3.3.3) dication 20 and the octaethyl-

tetraoxa-[26]porphryin(3.3.3.3) dication 21.32  While the X-ray structure of 20 

revealed the presence of a nearly planar macrocyclic framework with only slight 

deviation from the implied D4h symmetry, corresponding structural analysis of 21 

reveal a macrocycle that is in the shape of a flat bowl.  Specifically, all four 

pyrroles rings are found to point in the same direction, being tilted up out of the 

median plane of the macrocycle by 16 - 19º.  It is these deviations from planarity 

that are proposed to account for an interesting finding, namely that the Soret type 



 12

band is lower in intensity by a factor of 0.6 than that of 20, while the energy of 

this transition remains almost the same for these two compounds. 

The 1H-NMR spectra of 20 and 21 are characterized in both cases by the 

presence of a strong diamagnetic ring current effect.  In particular, for the inner 

and outer perimeter protons, ∆δ values of 25.5 ppm and 26 ppm are observed for 

20 and 21, respectively.  Such chemical shift differences were considered 

consistent with the proposed aromaticity.  To provide support for this conclusion, 

the corresponding two- and four-electron reduction products of 20 and 21, 

generated in situ by reduction with potassium in THF, were prepared and studied.  

As expected, remarkable reversals of the chemical shifts are observed for the 

antiaromatic two-electron reduction products (28 π-electron systems) produced 

from 20 and 21.  Specifically, the signals ascribed to the inner CH-protons are 

shifted to lower fields while those for the outer CH-protons are shifted to high 

fields as compared to 20 and 21, wherein reversed ring current effects are 

observed.  As a result, the ∆δ values for the two two-electron reduced species 

formed from 20 and 21 are 14 and 13.4 ppm, respectively.  Aromaticity is 

restored for the four-electron reduction products of 20 and 21, with ∆δ values 

observed for these formal 30 π-electron species that are comparable to those of 

the parent 26 π-electron systems, 20 and 21. 
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1.3.3  Tetraepoxy[32]annulene(8.0.8.0), tetraepoxy[36]annulene(10.0.10.0), 
tetraepoxy-[40]annulene(12.0.12.0) and their corresponding dications. 

Building on the studies described immediately above, Märkl et al. 

continued to investigate the limits of antiaromaticity and aromaticity in 

tetraepoxy[4n]annulenes and their corresponding dications.  These efforts led to 

the successful synthesis of tetraepoxy[32]annulene(8.0.8.0) (22), 

tetraepoxy[36]annulene(10.0.10.0) (23), and the tetraepoxy-

[40]annulene(12.0.12.0) (24).  In all three cases, the target molecules were 

obtained via a double Wittig-type cyclization of appropriately designed 

precursors.34 

O O

O O

O O

O O

O O

O O

22 23 24  

On the basis of 1H-NMR spectroscopic analyses, it was concluded that 

macrocycles 22 and 23 exist as a mixture of several configurational isomers (only 

one of which is shown for each macrocycle).  On a different, but perhaps more 

fundamental level, these same 1H-NMR analyses served to complete the spectral 

comparison of the full homologous sequence of furan macrocycles ranging from 

tetraepoxy[20]annulene(2.0.2.0) to tetraepoxy[36]annulene(10.0.10.0) (23).  Here 

it was found that the observed paratropic character (an indicator of 
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antiaromaticity), specifically the ∆δ values between the outer and inner CH-

protons, decreases steadily on going from tetraepoxy[20]annulene(2.0.2.0) to 

tetraepoxy[32]annulene(8.0.8.0) (22).  This is expected given the increased 

conformational flexibility (e.g., deviation from planarity) associated with the 

larger systems.  Curiously and rather unexpectedly, however, the ∆δ value 

observed for tetraepoxy[36]annulene(10.0.10.0) (23) is larger than that seen for its 

smaller congener 22.  However, the authors note that there is some uncertainty 

associated with the ∆δ values for 23; thus, they did not speculate as to the 

meaning of the ∆δ differences between 22 and 23.  While further insight into the 

issue could come from an analysis of 24, the latter species proved too insoluble to 

allow for its analysis by 1H-NMR spectroscopy.  Compound 24 was, however, 

characterized by mass spectrometry and UV-vis spectroscopy and found to 

possess antiaromatic features.  In particular, it fit the trend expected by the 

authors, namely that the λmax values of furan annulenes is red-shifted by ca. 12 nm 

upon the synthetic “insertion” of each pair of -C=C- spacers. 

Oxidation of 22-24 to the corresponding aromatic dicationic species was 

accomplished with DDQ in CHCl3 or THF.  The 1H-NMR spectra of these 

dications were recorded and the resultant ∆δ values were found to increase with 

increasing ring size for what was believed to be the all E-series of isomers.  In the 

case of the largest dication, tetraoxa-[38]porphyrin(12.0.12.0), the two-electron 

oxidation product of 24, the ∆δ value amounts to 25.17 ppm.  Interestingly, for a 

different set of isomers, in particular those that contain an increased number of Z-

double bonds compared to the predominantly E arrangement shown for 22-24, the 
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basic correlation between size and ∆δ values becomes reversed.  Specifically, the 

∆δ values were found to decrease with increasing ring size.  In this series of 

macrocycles, the λmax values of the Soret-type bands were found to undergo a 

linear bathochromic shift with an increment of ∆λ of 58 nm per two additional 

double bonds.  Meanwhile, the absorptions of the most intense Q-type band of 

each of these dications were also found to increase in a linear manner with a 160 

nm increment per pair of double bonds inserted.  Taken in concert, these findings 

serve to highlight that antiaromaticity effects remain important for large 

heteroannulene systems with π-electron pathways of up to 40 electrons at least, 

while those associated with aromaticity (e.g., diatropic ring current effects) are 

important in furan annulene dications containing up to at least 38 π-electrons. 

1.3.4  Tetraepoxy[32]annulene(6.2.6.2) and tetraoxa[30]porphyrin(6.2.6.2) 
dication 

In another contribution by Märkl et al., the synthesis of 

tetraepoxy[32]annulene(6.2.6.2) (isomers 25a and 25b) is described.35  As above, 

these species were obtained via a double Wittig reaction involving in this case 

(E,E,E)-5,5’-(hexa-1,3,5-triene-1,6-diyl)bis[furan-2-carbaldehyde] and its 

corresponding bis-phosphonium salt.  Proton NMR spectroscopic studies of 

macrocycles 25a and 25b served to reveal both their antiaromatic character, as 

well as their inherent lack of conformational rigidity.35 
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DDQ oxidation of 25a and 25b gives rise to the 

tetraoxa[30]porphyrin(6.2.6.2) dication, which is obtained as a mixture of no less 

than four configurational isomers.  A 1H-NMR spectroscopic analysis of these 

latter species revealed their apparent aromaticity, with ∆δ values of 26.8, 25.8 and 

21.1 ppm being observed for the three most abundant isomers.  Further support 

for the aromatic character of this mixture came from a UV-vis spectroscopic 

analysis.  Here, the observation of Soret-type bands at 550 nm, accompanied by 

Q-type bands between 896 and 1039 nm, was considered prima facie evidence for 

the presence of at least one aromatic species. 

As a complement to these studies, an attempt was made to prepare 

tetraepoxy[32]annulene(6.2.6.2) via the McMurry coupling of (E,E,E)-5,5’-(hexa-

1,3,5-triene-1,6-diyl)bis[furan-2-carbaldehyde].  Instead of the desired product, a 

dihydro-anlaogue of tetraepoxy[32]annulene(6.2.6.2) was obtained.  Oxidation of 

this latter species with DDQ gave a tetraoxa[30]porphyrin(6.2.6.2) dication, along 

with a small amount (3%) of what was believed to be a 

tetraoxa[31]porphyrin(6.2.6.2) radical cation.  This radical cation was 

characterized by ESR spectroscopy. 
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1.3.5  Tetraepoxy[36]annulene(6.4.6.4) and tetraoxa[34]porphyrin(6.4.6.4) 
dication 

Märkl and coworkers have also reported the synthesis of 

tetraepoxy[36]annulene(6.4.6.4).36  As seen for its smaller congener, 

tetraepoxy[32]annulene(6.2.6.2), this furan-containing annulene was obtained in 

the form of an inseparable mixture of isomers, e.g. 26a and 26b.  The observed 

paratropicity of 26a and 26b is rather low (∆δ = 2.3 – 3.3 ppm) but nevertheless 

was considered to be evidence for antiaromaticity.  To the extent such an 

interpretation is correct, 26a and 26b would represent the largest antiaromatic 

systems prepared to date. 
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Oxidation of tetraepoxy[36]annulene(6.4.6.4) (26a and 26b) results in the 

formation of the corresponding aromatic dications.  Consistent with their 

proposed aromatic nature, the 1H-NMR spectra of these dications are 

characterized by spectacular diatropic ring current effects.  Specifically, ∆δ values 

of 26.6 and 25.3 ppm are observed for these two cations, respectively, that match 

those seen in Franck’s N, N’, N’’, N’’’-tetramethyl-[26]porphyrin(3.3.3.3) 

dication 21 and his homologous N, N’, N’’, N’’’-tetramethyl-

[34]porphyrin(5.5.5.5) dication.17 
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1.3.6  Tetraepoxy[32]annulene(4.4.4.4) and tetraoxa[30]porphyrin(4.4.4.4) 
dication 

Another contribution from the Märkl group describes the synthesis of the 

antiaromatic tetraepoxy[32]annulene(4.4.4.4) and its corresponding aromatic 

tetraoxa[30]porphyrin(4.4.4.4) dication.37  As true for the other furan-containing 

annulenes prepared by Märkl and coworkers, tetraepoxy[32]annulene(4.4.4.4) 

exists as a mixture of at least three different isomers (e.g. species 27a-c), all three 

of which display antiaromaticity as judged from 1H-NMR spectroscopic analyses. 
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Exposure of this isomeric mixture to DDQ produces the expected 

corresponding mixture of tetraoxa[30]porphyrin(4.4.4.4) dications; these species 

were judged to be aromatic based on the observation of ∆δ values of ca. 25-27 

ppm. 

1.3.7  Tetraepoxy[26]annulene(4.2.2.2) and tetraepoxy[30]annulene(4.4.4.2) 

An additional recent contribution by Märkl and coworkers involves the 

synthesis of tetraepoxy[26]annulene(4.2.2.2) and tetraepoxy[30]annulene-

(4.4.4.2).38  This work is noteworthy since unlike the other tetraepoxy-annulene 

systems discussed above, 28 and 29 possess 4n + 2 π-electron pathways in their 

neutral forms.  Thus, as expected, these systems displayed diatropic ring current 
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effects in their corresponding 1H-NMR spectra with ∆δ values of 6.4 ppm and 4.3 

ppm being seen for 28 and 29, respectively.  On the other hand, as true for other 

furan-annulene systems, 1H-NMR studies of 28 and 29 revealed evidence for 

highly flexible structures and the presence of isomers. 
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While the presence of isomers complicates an analysis of 28 and 29, as it 

does for the other systems reported by the Märkl group, rather low ∆δ values are 

seen for 28 and 29 as compared to related aromatic dicationic species for which 

∆δ values of ~ 25 ppm are routinely observed.  This rather large disparity was 

rationalized by the greater planarity presumed to exist in the dications as the result 

of stabilization ostensibly provided by the positive charges.  Although such 

rationalizations can’t be discounted, a more plausible explanation could be that 

the number of accessible aromatic resonance structures for the various dicationic 

furan annulene species is much larger than for either 28 or 29, for which only two 

structures can reasonably be drawn. 

1.3.8  Tetraphenyl-p-benziporphyrin 

To date, systems that contain fewer than four heterocyclic subunits and 

which meet the operational definition of expanded porphyrin have been few in 

number.  This is particularly true for carbon-linked systems.  However, Latos-
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Grażyński and coworkers have very recently reported the synthesis of a hitherto 

unknown carbaporphyrinoid (31).39  As outlined in Scheme 1.2, the BF3•Et2O 

catalyzed reaction of the dialcohol 30 with pyrrole and aldehyde, gave rise to 

systems 31 in ca. 1% yield. 

Ar1 Ar1

HO OH
N

H
N

N

Ar1 Ar1

Ar2 Ar2

i)  pyrrole,
    Ar-CHO,
    BF3OEt2
ii) DDQ

30 31a: Ar1 = Ph, Ar2 = Ph
31b: Ar1 = p-Tol, Ar2 = Ph
31c: Ar1 = p-Tol, Ar2 = p-Tol  

Scheme 1.2  Synthesis of p-benziporphyrin 31. 

The 1H-NMR spectrum of 31, recorded at 168 K, was consistent with the 

presence of a diatropic ring current.  Specifically, it was found that the outer 

phenyl-CH protons exhibit shifts that are markedly different from those displayed 

by the corresponding inner phenyl-CH protons (7.68 vs. 2.32 ppm).  At higher 

temperatures, these two signals coalesce into a singlet, presumably as the result of 

a dynamic process involving rotation of the phenyl ring. 

X-ray crystallographic analyses of 31b and the bis-HCl salt of 31a, 

revealed that these systems are nonplanar, at least in the solid state.  In particular, 

the phenyl-subunit was found to be displaced from the mean plane of the 

macrocycle with dihedral angles of 48º and 44º being seen in the case of 31b and 

31a•2HCl, respectively. 

Macrocycle 31 represents an intriguing system and quite possible the first 

example of a potentially large family of p-phenylene-containing expanded 
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porphyrins.  While this latter promise remains to be realized, it is important to 

appreciate that the utility of 31 as a metal receptor has already been demonstrated, 

at least in preliminary fashion.  In particular, it was found that a Cd-Cl complex of 

31 could be stabilized.  In it, the metal was found to be coordinated within a 

distorted trigonal bipyramidal ligand environment, comprised of the three ring 

nitrogen atoms, the chloride counteranion, and a double bond from the phenylene 

subunit. 

1.4  SYSTEMS CONTAINING FIVE PYRROLES 

Pentapyrrolic expanded porphyrins are among the most studied 

macrocycles in the generalized expanded porphyrin area.  In fact, the first 

expanded porphyrin ever reported, sapphyrin (2), possesses five pyrroles.  Most of 

the early work involving this and other pentapyrrolic systems was carried out 

using materials bearing substituents in the β-pyrrolic positions.  While important 

studies of such systems continue, considerable effort in recent years, especially by 

the group of Chandrashekar but also by others, has been devoted to developing 

strategies that allow access to various pentapyrrolic macrocycles and heteroatom 

analogues that bear meso-substituents. 

1.4.1  Heteroatom containing sapphyrins 

As true for sapphyrin itself, many β-substituted heteroatom-containing 

sapphyrins (referred to here as heterosapphyrins) are now known.  Many of these 

were reported early on and the relevant chemistry is covered in several reviews.2-

4,7  It is only in recent years, however, that a large number of meso-substituted 

sapphyrins and heterosapphyrins have been published.  Most of these systems 
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have been prepared by either classic MacDonald condensations and or oxidative 

coupling procedures as detailed below.  Almost all these new systems fit the 

general structures 32a or 32b. 

Y

Z Z

Y

X
Ar Ar

Ar Ar

32a (X = Z = NH; Y = O, S, Se
32b (X = O, S, NH, N-CH3;
       Y = NH, Z = S, Se)  

In many of the heterosapphyrin-forming reactions, especially the ones that 

combine a partial hydrolysis of starting materials with an oxidative coupling step, 

other macrocycles such as heteroatom-containing rubyrins are also obtained.  

While many of these hexapyrrolic macrocycles are of interest in their own right 

and hence discussed explicitly later on in this chapter, to the extent such products 

are formed only as minor products during heterosapphyrin syntheses, they are 

reviewed exclusively in this section. 

In early work that helped propel the chemistry of meso-substituted 

sapphyrins to the fore, Chandrashekar reported the synthesis of the two 

bithiophene systems 36a and 36b.  As outlined in Scheme 1.3, the synthesis of 

these systems is based on the condensation between a heterotripyrrane 33 and the 

bithiophene diol 34, followed by treatment with an oxidant.40  While sapphyrins 

36 are the expected products of this condensation, other macrocycles, specifically 

35 and 37a, were obtained as well.  The presence of 35 and 37a in the product 

mixture can be rationalized by partial hydrolysis and recombination of the starting 
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materials.  Interestingly, under conditions of Brønsted acid catalysis (e.g., TFA or 

p-TsOH), the only products isolated were the diheteroporphyrins 35.  The best 

yields for 36a and 36b, 15% and 3%, respectively, were obtained when BF3•Et2O 

was used as the catalyst.  Likewise, the best yield reported for 37a is 14%; it was 

also obtained under conditions of BF3•Et2O catalysis but when 33b and 34 were 

used as the starting materials.  In all instances but one, the diheteroporphyrins 35 

proved to be the dominant products of this reaction.  It appears that the formation 

of the heterorubyrin 37a is simply the result of a condensation of 34 with pyrrole, 

a species produced in the reaction mixture as the result of acid-catalyzed 

decomposition of 33.  While such an explanation appears plausible, curiously the 

authors do not discuss the possibility of replacing 33 by simple pyrrole to produce 

37a via what would presumably be a far more efficient route.40 
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Scheme 1.3  Formation of sapphyrins 36. 
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Subsequent to Chandrashekar’s report, the group of Lee described the use 

of a very similar synthetic strategy to obtain disubstituted heterosapphyrins.41  

Specifically, they reported the synthesis of heterosapphyrin 36c as outlined in 

Scheme 1.4.  Of note here is that, in contradiction to what was found by 

Chandrashekar (see immediately above), condensation of 33c with 34a proceeded 

using para-toluene sulfonic acid as the catalyst and gave macrocycle 36c in 6.5 % 

yield, as the only reported product. 

 

S Sp-Tol p-Tol

OH HO

NH HN

O

N

S S

N

O

p-Tol p-Tol

i)  catalyst
ii) chloranil

33c

34a

+

36c
 

Scheme 1.4  Synthesis of heterosapphyrin 36c. 

An X-ray crystallographic analysis of 36c revealed, as depicted in the line 

drawing in Scheme 1.4, that the furan subunit is inverted in the solid state (i.e., 

has the furan oxygen facing out and away from the macrocyclic core).  On the 

basis of an 1H-NMR spectroscopic analysis, in which the β-pyrrolic protons of the 

furan subunit were found to resonate upfield at 0.97 ppm, the authors concluded 

that the furan subunit is also inverted in solution.  The effect of protonation on the 

conformation of 36c was not discussed. 

In another contribution by Chandrashekar et al., a different approach to 

obtaining heteroatom containing expanded porphyrins was detailed.42  This 
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approach, outlined in Scheme 1.5, involves the acid catalyzed condensation of 

38a-c with pyrrole, followed by exposure to chloranil.  It leads to the production 

of macrocycles 35, 39 and 40 in varying yields depending on the nature and 

concentration of the acid catalyst employed.  In the best example under what are 

presumably optimized conditions, reaction of 38a with pyrrole in the presence of 

one equivalent of TFA was found to give rise to 35a, 39a and 40a in yields of 

13%, 27%, and 9% yield, respectively. 
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Scheme 1.5  Preparation of sapphyrins 39. 

Latos-Grażyński and his group,43 in a report actually published slightly 

earlier than Chandrashekar’s paper,42 showed how a procedure very similar to that 

shown in Scheme 5, may be used to prepare 39a and 39c.  These two 

heterosapphyrins were obtained in approximately 1% yield each as a result of 

condensing 38a or 38c with pyrrole in the presence of BF3•Et2O followed by 
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oxidation with chloranil.  Not surprisingly, the dominant products of this reaction 

were the heteroporphyrins 35a and 35b.  However, none of the corresponding ring 

expanded products, e.g. hetero rubyrins 40a and 40c,was obtained. 

Very interesting insights into conformation were inferred from 1H-NMR 

spectroscopic studies of products 39.  For instance, in the case of the 

dioxasapphyrin 39c, chemical shifts consistent with an inversion of the pyrrolic 

subunit opposite of the bipyrrolic ring were observed, yielding a conformation 

analogous to 36c.  In contrast to what proved true for the parent tetraphenyl 

sapphyrin,44 a system that was found to exhibit the same conformation as 39c in 

the absence of added protons but “flip back” to the planar “pyrrole-in” form upon 

protonation, the heteroatom system 39c was found to retain its inverted 

conformation in both its mono- and diprotonated forms.  By contrast, 

dithiasapphyrin 39a does not show evidence of inversion in any protonation state.  

These findings serve to highlight the fact that the nature of the heteroatom plays a 

role in regulating the overall conformation of a given macrocycle. 

Another publication by Chandrashekar et al., describes the formation of 

macrocycles 35, 39 and 40 (Scheme 1.6).  The synthesis of these heteroatom-

containing macrocycles was performed using a procedure nearly analogous to that 

described above.45  However, rather than using precursors 38 in combination with 

pyrrole as the starting materials (Scheme 1.5), the heterotripyrranes 41 were used.  

While both of Chandrashekar’s papers were published at the same time,42 the 

choice of precursors is not clear in the present example.  The use of preformed 
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tripyrranes 41, presumed intermediates in the previous synthesis, leads to no 

improvement in yield. 
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Scheme 1.6  Synthesis of heterosapphyrins 39. 

One important facet of Chandrashekar’s report, however, were results 

from single crystal X-ray diffraction analyses of 39a and 39b.45  In agreement 

with what one would expect based on the NMR spectroscopic findings of Latos-

Grażyński’s group,43 system 39a was found to adopt a planar arrangement in the 

solid state with no inversion of the heterocyclic subunits being observed.  The 

same arrangement was seen in the structure of the diselena sapphyrin 39b.  The 

structures of 39a and 39b also revealed interesting supramolecular features, 

individual macrocycles were found to be held together by intermolecular CH…S 

and CH…Se hydrogen bonding interactions.  Specifically, it was the ortho and 

meta hydrogen atoms of the meso-phenyl rings and the ring heteroatoms that were 

found to be engaged in these latter interactions. 
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In a different paper, published subsequently by the same authors, that 

summarizes both findings outlined above as well as other chemistry that will be 

discussed later on, the crystal structure of a TFA salt of 39b was reported.46  In 

accord with what was inferred from NMR-spectroscopic studies, this particular 

protonated derivative 39b was found to adopt a planar conformation in the solid 

state. 

In two other related publications by Chandrashekar et al., the synthesis of 

several other heterosapphyrins was described,47,48 as well as a number of that 

were published previously (see Scheme 1.3 and structures 36 and 42 below).  As 

proved to be the case for the prior syntheses, the same byproducts (i.e., 

heterorubyrins and heteroporphyrins) were observed under the conditions used to 

obtain 36 and 42, with the yields again being somewhat variable.  Those shown 

below are the ones obtained using optimized procedures, wherein in which 36 or 

42 are the main products. 
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42a: X = S (32%)
42b: X = O (21%)
42c: X = Se (28%)
42d: X = NH (20%)
42e: X = N-CH3 (26%)  

Proton-NMR spectroscopic investigations of heterosapphyrins 36 and 42 

as implied by the line drawing structures, revealed a subunit inversion that is 
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retained in all protonation states.  This finding was underlined by two crystal 

structures, namely that of 42c and 42e, in which inversion was evident.48 

Latos-Grażyński’s group recently described the synthesis of a somewhat 

unusual unsymmetric dithiasapphyrin, namely system 43.49  It was isolated in 

approximately 1% yield as one minor constituent of a complex mixture of 

products generated by modifying the basic procedure outlined in Scheme 1.5.  

Macrocycle 43 was found to display a unique conformational behavior that differs 

from that of all other heterosapphyrins previously described.  In particular, it was 

found to exist in equilibrium between the inverted and the planar form.  This 

equilibrium, in which the inverted form is the dominant species, exists over a 

broad temperature range (193 – 342 K). 
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Chandrashekar and coworkers have reported on some preliminary efforts 

to explore the metalation chemistry of hetero-sapphyrins.  In particular, they 

described the preparation of the rhodium carbonyl complexes of dithiasapphyrin 

39a and diselenasapphyrin 39b, respectively.50  The synthesis of these complexes, 

44a and 44b, is outlined in Scheme 1.7.  Briefly, they were obtained in yields of 

82% and 62%, respectively, upon exposing 39a and 39b to [Rh(CO)2Cl]2 in the 

presence of base.  Based on NMR spectroscopical studies,it was concluded that in 

both 44a and 44b the metal center is bound to only the two nitrogen atoms of the 



 30

bipyrrolic subunit.  Unfortunately, to date no solid state data has been put forward 

to confirm this inferrence. 
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Scheme 1.7  Synthesis of the rhodium(I) complexes 44. 

1.4.2  N-confused heteroatom sapphyrins 

A very interesting contribution was published recently by the groups of 

Chandrashekar and Furuta; it involves the synthesis of heteroatom-containing 

sapphyrins in which one pyrrole ring is confused (i.e., linked through the 2- and 

4-, rather than the 2- and 5-positions).51  As outlined in Scheme 1.8, condensation 

of either hetero bipyrrole 34 or 34b with the “N-confused” tripyrrane 45 followed 

by oxidation gives rise to 46a or 46b in 24% or 30% yield, respectively.  As 

might have been anticipated based on the conformational behavior of the related 

heteroatom sapphyrins 36a-f and 42a-e, the confused pyrrolic subunit in 46a and 

46b were found to be inverted.  This finding is in agreement with an X-ray 

crystallographic analysis of 46a, wherein inversion of the so-called confused 

pyrrole subunit was confirmed in the solid state.  However, the structure of 46a 

reveals a system that is not perfectly planar; the confused pyrrolic subunit is 

slightly tilted out of the mean macrocyclic plane (dihedral angle = 25º).  Based on 
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1H-NMR spectroscopic analyses, it was concluded that in solution macrocycles 46 

are aromatic and inverted in both the free base and protonated forms.  For 

instance, in 46a, the α- and β-CH signals of the N-confused pyrrolic ring resonate 

at 2.73 and 9.79 ppm, clearly indicating the presence of a diatropic ring current. 
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Scheme 1.8  Synthesis of N-confused sapphyrins 46. 

The Chandrashekar-Furuta paper represents an important step forward in 

expanded porphyrin chemistry.  Indeed, it is likely that macrocycles 46 will prove 

to be the first members of what is expected to be a large family of N-confused 

expanded porphyrins.  However, the publication does contain an apparent 

discrepancy that the authors failed to discuss.  It involves the position of the NH-

proton.  The authors specifically claim that the proton is located on the nitrogen of 

the N-confused pyrrolic ring.  However, this would result in a structure in which 

the heterosapphyrin (either 46a or 46b) is cross-conjugated and the classic 22 π-

electron pathway, implied by the observed aromaticity and found in all 

heterosapphyrins reported to date, is absent.  Based on the reported data it is 

proposed that tautomer 46a’ (the 22 π-electron pathway is highlighted in bold) 

provides a more realistic structural representation than does 46a.  It is hoped that 

further studies will help clarify this matter. 
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1.4.3  The first sapphyrin based expanded carbaporhyrinoid 

In a publication that bears an intellectual relationship to the reports of 

Chandrashekar and Furuta summarized above, Lash et al. described an interesting 

analogue of sapphyrin in which one nitrogen atom is replaced by a CH group.52  

As outlined in Scheme 1.9, condensation of the tetrapyrrole 47 with 

diformylindene 48, followed by oxidation, was found to give rise to the azulene-

containing macrocycle 49 in 18% yield, a species that was actually isolated in its 

monoprotonated form.  Proton-NMR spectroscopic analysis of this monocation 

revealed the presence of a strong diatropic current.  Specifically, the internal CH-

proton was found to resonate at –8 ppm.  Addition of excess TFA was reported to 

result in C-protonation, giving rise to the dication of 49.  This latter species 

showed evidence of aromaticity as judged by the fact that signals for the meso-

like protons were observed at 10.4 and 11.0 ppm in the 1H-NMR spectrum, while 

the internal NH and CH2 signals were found to resonate at + 0.67, -0.56, and –

3.75 ppm.  Unfortunately, no solid state information is currently available for 

either the neutral or protonated forms of 49.  Nonetheless this contribution is 

important because it shows how CH moieties may be incorporated into the inner 

rim of an expanded porphyrin and highlights the fact that novel sapphyrin 

analogues may be prepared without recourse to meso substitution. 
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Scheme 1.9  Synthesis of “Carbasapphyrin” 49. 

1.4.4  Heteroatom containing smaragdyrins 

In work separate from that described above, Chandrashekar and coauthors 

have reported the use of a mixed oxidative coupling strategy to prepare several 

previously unknown heteroatom-containing expanded porphyrins.53  For instance, 

as outlined in Scheme 1.10, an oxidative coupling between the hetero tripyrrane 

33 and the dipyrromethane 50 gives rise to hetero smaragdyrins.  In case of the 

oxasmaragdyrin 51b (Ar = Ph), the reported yields are as high as 51%.  For the 

corresponding thiasmaragdyrins, the yields are significantly lower, i.e, 5% for 51a 

(Ar = Ph). 
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Scheme 1.10  Synthesis of heterosmaragdyrins 51. 
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The only other products from this reaction are oxa- or thiacorroles 

obtained in varying yields depending on the specific conditions.  For instance, the 

reaction conditions that give rise to oxasmaragdyrin 51b (Ar = Ph) in 51% yield 

also produces the corresponding oxacorrole in 3% yield.  The degree of control 

achieved in this reaction seems to be remarkable, as no other products that would 

be the result of self-condensation of either precursor were apparently obtained.  In 

fact, in a related paper that summarizes on some of the above findings, several 

curious results were reported, including that exposure of just 33b to the reaction 

conditions outlined above gives also rise to 51b (Ar = Ph) in 3.5% yield.46  Thus, 

the presence of 50 is not absolute requirement for success, although it is highly 

likely that it or species akin to it are formed in situ. 

In a subsequent report, the Chandrashekar group describes the utility of 

51b (Ar = Ph) as a metal complexing agent.54  Specifically, a Ni(II) complex as 

well as a [Rh(CO)2] complex of this formally trianionic ligand were described.  In 

the same report, the possibility of using the protonated form of 51b as an anion 

receptor was also discussed. 

1.4.5  New advances in the area of sapphyrin chemistry 

As it will be detailed later on in the appropriate sections, over the past few 

years, considerable effort has been devoted to modifying the classic Rothemund 

synthesis of porphyrins in order to obtain porphyrinoid systems other than 

porphyrin.  One seminal contribution in this area was made back in 1995 when 

Latos-Grażyński and coworkers reported that tetraphenylsapphyrin can be 

obtained in 1.1% yield by condensing pyrrole and benzaldehyde under 
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appropriate conditions.44  Subsequent efforts by Lindsey et al., made in the 

context of optimizing the synthesis of N-confused porphyrin (obtained in 

remarkable yields up to 40%!),55 failed to improve the yield of 

tetraphenylsapphyrin obtained from this reaction (i.e., the direct condensation of 

pyrrole and benzaldehyde).  Indeed, the maximum yield obtained by Lindsey and 

coworkers was 1.2%.56 

Chandrashekar et al. have also reported on the use of dipyrromethanes as 

potential precursors of sapphyrin.57  As outlined in Scheme 1.11, exposure of 

dipyrromethanes 50 to one equivalent of trifluoracetic acid, followed by oxidation 

with chloranil, gives rise to sapphyrins 52 in yields of up to 11% (for Ar = 

phenyl).  While other products, such as porphyrins and N-confused porphyrins 

always accompany the formation of 52, the method could provide an attractive 

alternative means of producing all-aza sapphyrins, since dipyrromethanes are 

readily available in multi-gram quantities. 
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Scheme 1.11  Synthesis of all-aza sapphyrin 52. 

In a relevant paper, Lee et al. describe an attempt to obtain all-aza 

sapphyrins via the oxidative coupling of pentapyrromethanes 53.58  However, as 

outlined in Scheme 1.12, pentapyrromethanes 53, presumed intermediates in the 
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synthesis of tetraarylsapphyrins under modified Rothemund conditions, do not 

give rise to the expected product 52 when exposed to DDQ.  Rather, phlorins such 

as 54 are formed.  The latter species is not stable when treated with acid, and 

undergoes a pyrrole elimination to produce the corresponding porphyrins. 
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Scheme 1.12  Synthesis of phlorin 54. 

The above results are rather unexpected.  Indeed, at the present time, one 

cannot rule out the appealing notion that, by varying conditions (e.g., choice of 

oxidant), good yields of sapphyrins such as 52 might still be obtainable from 53. 

Consistent with this proposal are recent results obtained by Gross and 

coworkers.59  These researchers found that pentapyrrole 53a could be converted 

into the corresponding sapphyrin quantitatively by using various oxidants 

(Scheme 1.13).  Unfortunately, even though the crude sapphyrin product obtained 

in this way could be characterized by NMR-spectroscopic means, it proved 

unstable to chromatographic workup.  Fortunately however, treatment of the 

crude sapphyrin product with [Rh(CO)2Cl]2 allowed complex 52a to be isolated in 

90% yield.  While no solid-state structural data is available for complex 52a at 
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present, the results of NMR spectroscopic analyses leave little doubt that its 

structure has been assigned correctly. 
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Scheme 1.13  Synthesis of rhodium(I) complex 52a. 

1.4.6  N-fused pentaphyrin 

A recent report by Furuta and coworkers describes the synthesis of an 

unexpected expanded porphyrin, namely N-fused pentaphyrin.60  Compound 55 

was obtained as one of a number of products produced from a modified 

Rothemund reaction.  Specifically, condensation of pentafluorobenzaldehyde with 

pyrrole in the presence of BF3•Et2O was found to produce 55 in 15% yield.  An 

X-ray structural analysis of 55a revealed the highly unusual connectivity and also 

a strong deviation from planarity.  A further, interesting feature of N-fused 

pentaphyrin is that it can exist in two stable oxidation states, namely 55a with a 

formally antiaromatic 24 π-electron periphery, and 55b that is apparently a 22 π-

electron aromatic system.  As initially prepared, 55 was isolated as a mixture of 

these two species.  Fortunately, however, as shown in Scheme 1.14, both species, 

55a and 55b, are readily interconverted by means of DDQ based oxidation or via 

sodium borohydride reduction. 
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Scheme 1.14  Redox behavior of N-fused pentaphyrin 55. 

Based on the non-planarity of 55a as observed in the solid state, it is not 

surprising that its 1H-NMR spectrum reflects the presence of an essentially 

nonaromatic species, e.g. no shifts were observed that would account for the 

presumed paratropic character of 55a.  On the other hand, the 1H-NMR spectrum 

of 55b clearly indicates the presence of an aromatic species.  For instance, the 

inner NH and CH signals appear δ = 2.19, 1.70, 1.24, and –2.26 ppm.  Furuta et 

al. suggest that it is perhaps due to the ready formation of species such as 55, that 

a meso substituted pentaphyrin has yet to be reported. 

1.5  SYSTEMS CONTAINING SIX PYRROLES 

As the number of pyrroles within a macrocylic core increases, so does the 

number of possible combinations for a given set of pyrroles and meso-bridges.  It 

is thus not surprising, therefore, that more hexapyrrolic than pentapyrrolic 

macrocycles are now known.  Many of these hexapyrrolic systems are not new, 

however, and have already been the subject of several reviews.2-4  The latest 

additions to this family are summarized below. 
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1.5.1  Hexaphyrin(1.1.1.1.1.1) 

Cavaleiro and coworkers recently described another product of a modified 

Rothemund synthesis.  By condensing pentafluorobenzaldehyde with pyrrole in a 

mixture of boiling acetic acid and nitrobenzene, these workers were able to isolate 

hexaphyrin(1.1.1.1.1.1) (56) in approximately 1% yield.61  The expected 

porphyrin was also obtained in 15% yield.  As highlighted in Scheme 1.15, 56 

displayed behavior analogous to that of N-fused pentaphyrin (55), namely an 

ability to exist simultaneously in two different oxidation states. 
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Scheme 1.15  Redox behavior of hexaphyrin 56. 

Consistent with what was seen for N-fused pentaphyrin (55), the two 

hexaphyrins(1.1.1.1.1.1), 56a and 56b are readily converted into one another.  

Oxidation of [28]hexaphyrin(1.1.1.1.1.1) 56a with DDQ produces the aromatic 

[26]hexaphyrin(1.1.1.1.1.1) 56b.  Likewise, treatment of 56b with tosyl 

hydrazone results in reduction to 56a.  The aromatic nature of 56b became 

immediately apparent upon inspection of its 1H-NMR spectrum.  For instance, the 

signals corresponding to the β-pyrrolic CH-protons of the inverted subunit were 

found to resonate at –2.43 ppm while the corresponding NH-signals were 
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observed at –1.98 ppm.  By contrast, the 1H-NMR spectrum of 56a revealed no 

signals that could be considerd in agreement with an antiaromatic ring current 

effect.  The crystal structure of 56b confirmed the inversion of the two pyrrolic 

subunits.  However, the overall structure was found to deviate from planarity 

rather substantially.  This deviation is important because it is something that could 

be serving to reduce the net overall aromaticity of 56b.  The structure of 56b is 

important on another level.  It highlights the difference between Gossauer’s early 

β-pyrrole substituted hexaphyrin, wherein “meso-inversion” was observed,27 and 

the present system, thus underscoring nicely the effects that different kinds of 

substituents (meso- vs. β-pyrrolic) can play.  Subsequent to Cavaleiro’s initial 

report, Furuta and coworkers reported an improved procedure in which 56 is 

isolated in up to 20% yield.62 

1.5.2  Heteroatom containing rubyrins 

In recent years, Chandrashekar and coworkers have described the 

synthesis of several heteroatom containing analogues of rubyrin.28  This work was 

discussed in part in the section on heterosapphyrins.  However, a more focused 

discussion is appropriate here.  One strategy of obtaining these systems is outlined 

in Scheme 1.16.  In addition to producing heteroanalogues of sapphyrin and 

porphyrin, this condensation between pyrrole and the hetero bipyrroles 34, 34b, 

and 34c, led to the formation of 37a, 37b, and 37c in yields of 28%, 24% and 

15%, respectively.63,64 
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Scheme 1.16  Formation of heterorubyrins 37a. 

By using a stepwise procedure, involving the condensation of 34 or 34c 

with excess pyrrole to produce tetrapyrrolic intermediates that in turn were 

condensed with one equivalent of either 34, 34b, or 34c, the heterorubyrins 57a, 

57b and 57c could be obtained in 23%, 28% and 20% yield, respectively.64 
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As shown earlier in Schemes 1.5 and 1.6, another approach to obtaining 

heteroatom analogues of rubyrin involves the oxidative homo-coupling of hetero 

tripyrranes.  This approach has led to the synthesis of rubyrins 40a-c.  

Alternatively, by coupling two different tripyrranes, such as 33a and 33b, in one 

instance, it proved possible to prepare unsymmetrical hetero rubyrins such as 40d 

in 25% yield, as shown in Scheme 1.17.  This particular coupling also produced a 

small quantity (2.8%) of the symmetrical product 40a. 
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Scheme 1.17  Synthesis of the unsymmetrical heterorubyrin 40d. 

A quick glance at the heterorubyrins reported to date serves to highlight 

their remarkable structural diversity.46,65  As illustrated by the macrocycles shown 

in Figure 1.2, three basic structural motifs have been identified so far.  For 

instance, as inferred from spectral and structural studies, 37b exists in a planar, 

noninverted form.  This appears to be the general structure for meso substituted 

hetero rubyrins in which the bipyrrolic subunits contain large hetero-atoms.  

Interestingly, for the systems 40a, 40b, and 40d, in which the original bipyrrolic 

subunits are preserved and at least one of the pyrrolic subunits contains one large 

hetero atom, inversion is seen.  This conclusion is supported by X-ray structural 

analyses of all three species.  A different mode of inversion is seen for 58, here, 

one pyrrole of each bipyrrolic subunit is inverted.  The latter finding is based 

solely on NMR spectroscopic analyses, and has yet to be verified by X-ray 

structural analysis.  Of further interest is the finding that all isolated hetero 

rubyrins, inverted or planar, are 26 π-electron systems and as such display 

aromatic character as inferred from their spectral features. 
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Figure 1.2 Structural diversity in heterorubyrins. 

In a separate paper that describes a series of first metalation attempts 

involving hetero rubyrins, it was reported that 40a and 40b gives rise to three 

different types of [Rh(CO)2] complexes: mono- and bimetallic complexes in 

which the inversion is retained, and a bimetallic complex wherein inversion no 

longer occurs.50  Further, a bis-[Rh(CO)2Cl] complex of 58 was reported in which 

the conformation of the starting metal-free macrocycle is retained.  The two Rh(I) 

fragments coordinate to the inverted pyrroles outside the macrocycle, with these 

neutral aza donors serving merely to complete the coordination sphere of the 

Rh(I) centers. 

1.5.3  [26]Hexaphyrin(1.1.1.0.1.0) 

A serendipitous synthesis of several heteroatom analogues of 

[26]hexaphyrin(1.1.1.0.1.0), a previously unknown isomer of rubyrin,28 was 

recently reported by the group of Chandrashekar.66  The relevant chemistry is 

summarized in Scheme 1.18.  Briefly, exposure of the heteroatom-containing 

tetrapyrroles 59 and heteroatom-tripyrranes 41 to oxidative coupling conditions 

was found to produce the expected heptaphyrins (vide infra) as the main products, 
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as well as small amounts of the hetero [26]hexaphyrins(1.1.1.0.1.0) 60 (3 – 5% 

yield).  As one might expect given the unsymmetric nature of this coupling 

procedure, heterorubyrins are also obtained in varying yields.  On the other hand, 

no products resulting from the self-coupling of tetrapyrroles 59 (e.g., linear or 

cyclic octapyrroles) were reported (see section 1.7.1). 
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Scheme 1.18   Serendipitous synthesis of hexaphyrins 60 obtained as side 
products in the synthesis of heptaphyrin 61. 

The conformations of macrocycles 60a-60d were inferred from 1H-NMR 

spectroscopic analysis.  For instance, in the case of 60a, the β-protons of the 

inverted thiophene subunit were found to resonate at –0.01 and –1.01 ppm, 

respectively.  While these values are as would be expected for a structure wherein 
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these protons are facing in towards the center of a large aromatic ring, it is 

important to appreciate that no solid state structural information is available for 

60a or its congeners 60b-d. 

 

1.6  SYSTEMS CONTAINING SEVEN PYRROLES 

Heptapyrrolic macrocycles, in contrast to hexapyrrolic ones, have only a 

limited history.  Indeed, as of mid-1999 no report of a heptapyrrolic expanded 

porphyrin had appeared in the literature.  However, in a testament to how fast the 

field is developing, there are now five different heptapyrrolic expanded 

porphyrins that have been reported. 

1.6.1  Heteroatom analogues of [30]heptaphyrin(1.1.0.1.1.0.0) 

The first examples of several heteroatom analogues of 

[30]heptaphyrin(1.1.0.1.1.0.0) were recently prepared by Chandrashekar and 

coworkers.67  These novel macrocycles were initially obtained as side products in 

the synthesis of the heterorubyrins 63, as outlined in Scheme 1.19.  In particular, 

oxidative coupling of the hetero-tripyrranes 62a or 62b was found to give rise to 

63a or 63b in 15% yield, while the heptaphyrins 64a or 64b were isolated in 2% 

yield. 
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Scheme 1.19  Synthesis of heptaphyrins 64. 

While the formation of the unexpected heptaphyrins 64a or 64b was 

rationalized by the partial hydrolysis and recombination of the hetero-tripyrranes 

62a or 62b under the reaction conditions, it is interesting to note that no 

heptaphyrins were isolated when the meso substituent on the tripyrrane precursor 

was changed from mesityl to phenyl.  This presumably reflects on the stability 

differences of the tripyrranes involved, with the mesityl substituted tripyrranes 62 

being more readily hydrolyzed under the reaction conditions. 

A more rational synthesis for different heteroanalogues of 

[30]heptaphyrin(1.1.0.1.1.0.0) was reported in the same paper.67  As shown in 

Scheme 1.20, reaction of 65a with 59b, 59c, and 59d gave rise to 66b, 66c, and 

66d in yields of 22, 20, and 15% yield, respectively.  Compound 66a was 

obtained in 20% yield upon reaction of 65b with 59a. 
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Scheme 1.20  Synthesis of heptaphyrins 66. 

1.6.2  Heteroatom analogues of [30]heptaphyrin(1.1.0.1.0.1.0) 

In the same paper that described the different hetero-analogues of 

[30]heptaphyrin(1.1.0.1.1.0.0) (64a,b and 66a-d), Chandrashekar and co-workers 

detailed the synthesis of four different hetero-analogues of 

[30]heptaphyrin(1.1.0.1.0.1.0).67  As shown previously in Scheme 1.18, reaction 

of 41a or 41b with either 59b or 59d produced macrocylces 61a-61d, 

respectively, in yields ranging from 15 to 20%.  Curiously, despite the moderate 

yields obtained, the report does not comment on the formation of other 

macrcocyles that might be expected; e.g. products derived from the self-coupling 

of the respective precursors (see, however, sections 1.4.1 and 1.5.2). 

As stated by the authors, all hetero macrocycles were judged to be 

aromatic based on their respective spectroscopic properties.  For example, as 

reported in the supporting information of the paper,67 the CH-protons of the 
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inverted selenophene subunit in 61d were found to resonate as a singlet at –1.62 

ppm, while two singlets were seen at 0.02 and –0.47 ppm that are ascribed to the 

two different NH-signals.  Also in accord with the proposed aromatic character, 

signals ascribed to the “outer” β-CH-protons of 61d were found between 9.07 and 

10.17 ppm.  The conformations of the other heptaphyrins, as indicated in the 

respective Schemes, were assigned solely on the basis of NMR spectroscopic 

analyses.  There thus remains a need for X-ray structural data that would serve to 

confirm these conformational assignments, at least in the solid state. 

1.6.3  Heptaphyrin(1.1.1.1.1.1.1) 

A recent paper by Furuta et al. reports the synthesis of a meso-substituted 

heptaphyrin(1.1.1.1.1.1.1) derivative obtained as one product from a modified 

Rothemund procedure that involves the condesation of pyrrole with 

pentafluorobenzaldehyde (see section: 3.5.2).62  Unfortunately, little information 

regarding the exact nature of this macrocycle (e.g., its conformational properties) 

is available at present. 

 

1.7  HIGHER ORDER SYSTEMS CONTAINING EIGHT OR MORE PYRROLES 

Given the explosive growth now being seen in the expanded porphyrin 

field it is interesting that for much of the last decade, from 1994 to 1999 to be 

exact, the record for the greatest number of subunits in a polypyrrole macrocycle 

stood at ten.  The particular system in question, Sessler’s turcarsarin,29 

represented an important breakthrough because it illustrated, as did Vogel’s 

subsequent cyclic octapyrroles,68,69 that expanded porphyrins could adopt “figure 
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eight” conformations that were the complete antithesis of the flat structures one 

might have expected for conjugated heteroannulenes.  On a different level, these 

“higher order” systems, Sessler’s and Vogel’s, served to imply a new challenge 

for workers in the field: could yet bigger systems, containing a greater number of 

pyrrole type subunits be made?  As implied above, it took some time for this 

challenge to be met.  Since 1999, however, a plethora of so-called higher order or 

superexpanded systems have been reported,70 driven mostly by scientific curiosity 

and the very human impulse to reach for the limits.  In this section the chemistry 

of expanded porphyrins and heteroatom analogues, containing eight or more 

heterocyclic subunits is reviewed. 

 

1.7.1  Meso substituted heteroatom analogues of [34]octaphyrin-(1.0.1.0.1.0.1.0) 
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Scheme 1.21  Synthesis of the planar octaphyrins 67. 

The first octapyrrolic expanded porphyrin, [34]octaphyrin(1.0.1.0.1.0.1.0) 

was synthesized by Vogel et al. in 1995.69  The specific system reported had all 

16 of its β-positions “blocked” with ethyl substituents and was found to adopt a 

chiral “figure eight” conformation both in solution and in the solid state.  
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Recently, the group of Chandrashekar reported the synthesis of two heteroatom 

analogues of [34]octaphyrin(1.0.1.0.1.0.1.0), specifically 67a and 67b, that were 

found to be planar presumably as a consequence of having two β-unsubstituted 

thiophene or selenophene subunits inverted.71  The synthesis of 67a and 67b is 

summarized in Scheme 1.21.  It involves the oxidative coupling of the linear 

hetero-tetrapyrrolic precursors 59a and 59e, and gives rise to 67a and 67b, 

respectively, both of which were isolated in 5% yield. 

Curiously, the authors made no mention of other macrocycles that might 

have been expected under these reaction conditions that, based on other examples 

from the Chandrashekar group, have been shown to promote partial hydrolysis of 

the starting materials.  As inferred originally from NMR spectroscopic studies, 

tetrathia-[34]octaphyrin(1.0.1.0.1.0.1.0) 67a is believed to exist as a mixture of 

two different conformers in solution.  While the ratio in which these two 

conformers exist was not detailed, it was proposed that both contain two inverted 

thiophene subunits.  For the conformer that was assumed to be more flat, two 

sharp doublets at –5.3 and –5.89 ppm, assigned to the β-CH protons of the 

inverted thiophene rings, were seen.  In this case, direct evidence for planarity 

came from an X-ray structural analysis: the structure of 67a; in addition to 

confirming the proposed thiophene inversion, revealed a macrocycle that, except 

for the meso substituents, is almost perfectly flat. 

1.7.2  Octaphyrin(1.1.1.1.1.1.1.1) and Nonaphyrin(1.1.1.1.1.1.1.1.1) 

In 2001, Furuta et al. reported the synthesis of a variety of meso-aryl 

substituted expanded porphyrins, obtained from a modified Rothemund 
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condensation of pyrrole and pentafluorobenzaldehyde.62  Using conditions that 

involved condensation of both precursors at relatively high concentration (i.e., 67 

mM in both reactants in CH2Cl2) in the presence of 4.2 mM BF3•Et2O followed 

by oxidation with DDQ, these researchers obtained porphyrin (11-12%), N-fused 

pentaphyrin 55 (14-15%), hexaphyrin 56 (16-20%), heptaphyrin (4-5%), 

octaphyrin 68 (5-6%), nonaphyrin 69 (2-3%), and even higher homologues in 

very low yield. 
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Octaphyrin(1.1.1.1.1.1.1.1) (68) and Nonaphyrin(1.1.1.1.1.1.1.1.1) (69) 

were characterized structurally and were found to exhibit structures similar to 

those implied by their respective line drawings.  In particular, octaphyrin 68 

adopts a twisted “figure eight” conformation with near C2 symmetry, thus 

resembling the structures of other “figure eight” macrocycles.29,68,69  On the other 

hand, the structure of the nonaphyrin 69•TFA was found to exhibit a helical 

twisted conformation containing a near mirror plane with a large cleft wherein the 

TFA ion is bound. 

In agreement with the solid state structure of 68, the 1H-NMR spectrum of 

this octaphyrin shows a C2 symmetric signal pattern with signals that are in 

agreement with the proposed nonaromatic 36 π-electron system.  The 1H-NMR 
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spectral features of 69•TFA, specifically the finding of markedly different 

chemically shifts for the β-pyrrolic protons, led the authors to conclude that 69 is 

indeed an aromatic 42 π-electron system, as implied by its line drawing. 

In preliminary UV-vis experiments, the authors reported that treatment of 

68 with DDQ gives rise to spectral features (Soret-type band at λmax = 738 nm, Q-

type bands at 1264 nm) that are in agreement with an aromatic 34 π-electron 

system.  Likewise, treatment of 68 with NaBH4 in methanol led to appearance of 

spectral features that are consistent with the formation of an aromatic 38 π-

electron system. 

The present results provide an impressive illustration of just how far the 

modified Rothemund reaction can be pushed to obtain new products.  

Unfortunately, the associated chemistry is still being explored and it may be some 

time before the properties and uses of these new expanded porphyrins will be 

fully appreciated. 

1.7.3  [48]Dodecaphyrin(1.0.1.0.1.0.1.0.1.0.1.0) and [64]hexadecaphyrin-
(1.0.1.0.1.0.1.0.1.0.1.0.1.0.1.0) 

In 1999, Setsune and coworkers carried out a condensation between 

tetraethylbipyrrole (70a) and 2,6-dichlorobenzaldehyde under conditions of acid 

catalysis and in the presence of Zn2+.  They obtained a complex mixture that 

contained, among other products, [48]dodecaphyrin-(1.0.1.0.1.0.1.0.1.0.1.0) 73 

and [64]hexadecaphyrin-(1.0.1.0.1.0.1.0.1.0.1.0.1.0.1.0) 74 (Scheme 1.22).72  A 

crystal structure analysis of [48]dodecaphyrin-(1.0.1.0.1.0.1.0.1.0.1.0) 73, 

contained in the original reaction mixture in up to 6% yield, revealed the presence 

of a large cavity surrounded by a wall of a “zigzag-tracked π-conjugation 
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system”.  By employing a different synthetic strategy, namely the use of a highly 

reactive bis(azafulvene) species, Setsune also succeeded in preparing expanded 

porphyrins with up to 24 pyrroles; the largest characterized structurally, 

[64]hexadecaphyrin-(1.0.1.0.1.0.1.0.1.0.1.0.1.0.1.0), contained 16 pyrroles.73  

These systems are of tremendous scientific interest, not only due to their 

aesthetically appealing structures, but also because of their nonplanar 

conformations that can render them chiral.  They also represent the logical 

extension of Sessler’s and Vogel’s work with “figure eight” deca- and 

octapyrrolic systems and highlight the fact that as systems get larger the level of 

conformational complexity is increased, except when efforts are made to 

“remove” bridging meso atoms as described in Chapter 4 of this dissertation and 

in section 1.7.4 below. 
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Scheme 1.22  Synthesis of higher order bipyrrole containing porphyrins. 
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1.7.4  Cyclo[n]thiophenes 

In 2000, Bäuerle et al. reported the synthesis of very large thiophene-

based macrocycles.74  As outlined in Scheme 1.23, reaction of 

cyclooligothiophenediacetylene 75, obtained from thiophenediynes under 

modified Eglington-Glaser conditions with Na2S•9H2O, gave rise to 

cyclo[12]thiophene 76 in 23% yield.  Analogous reactions led to the isolation of 

cyclo[16]thiophene and cyclo[18]thiophene in yields of 7 and 27%, respectively.  

Interestingly, although the new macrocycles could be considered as (4n) π-

electron antiaromatic species, they show no obvious ring current effects, as 

judged from an analysis of their respective 1H-NMR spectra. 
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Scheme 1.23  Synthesis of cyclo[12]thiophene 76. 

Cyclo[12]thiophene 76 was calculated to have a diameter of 2.34 nm.  

Based on its unusually large core size, the authors anticipate that 

cyclo[n]thiophenes could act as host for large organic guest molecules.  For 
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instance, it was calculated that 76 could serve as a host for fullerene C60.  As of 

now, no reports of this promise being realized have appeared in the literature. 

 

1.8  SUMMARY 

While not intended to be complete, it is hoped that this introduction will 

serve to provide the reader with a contemporary review of the field, highlighting 

the fast pace in which it is advancing and the directions toward which it might 

lead in both short and long term future.  Further thoughts along the latter lines are 

provided in the appropriate sections of Chapters 2-4. 

The main part of this Chapter was prepared by the author in collaboration 

with Prof. J. L. Sessler; it will be part of a review paper to be submitted to Angew. 

Chem., Int. Ed. Engl.  Parts of the text and Schemes in Chapter 2 were reproduced 

from previous publications: a communication in the J. Am. Chem. Soc.,75 prepared 

by the author and Prof. J. L. Sessler, and a publication in Angew. Chem., Int. Ed. 

Engl.,76 prepared by the author and Prof. J. L. Sessler in collaboration with Dr. A. 

E. V. Gorden.  Chapter 3 contains material that was published in part in two 

publications in Chem. Commun.,77,78 and a full paper in Tetrahedron.79  The latter 

three publications were prepared by the author and Prof. J. L. Sessler in 

collaboration with Dr. C. Bucher.  Finally, Chapter 4 contains material that was in 

part published in Angew. Chem., Int. Ed. Engl.,80 and was prepared by this author 

in collaboration with Prof. J. L. Sessler. 

Crystals of neptunyl-[22]hexaphyrin(1.0.1.0.0.0) were obtained by Dr. A. 

E. V. Gorden and the structure was solved by Dr. B. L. Scott from the Nuclear 
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Materials Technology Divisions at the Los Alamos National Laboratories.  The 

remaining 16 crystal structures, presented in this dissertation, were solved by Dr. 

V. Lynch from this department.  In all but two instances the crystals were grown 

by the author: crystals of [30]heptaphyrin-(1.1.1.1.1.0.0) were provided by Dr. C. 

Bucher, and crystals of the quaterpyrrole-diester were prepared by F. O. Arp, an 

undergraduate researcher working under the supervision of the author. 
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Chapter 2:  Quaterpyrrole containing expanded porphyrins 

2.1  BACKGROUND 

A long sought goal in expanded porphyrin chemistry has been the 

synthesis of macrocycles containing a quaterpyrrolic subunit such as 78.81  While 

the interest in such compounds is based mainly on scientific curiosity and 

involves on the most fundamental of levels the intriguing question of whether 

such systems can be made, there are practical motivations as well.  For instance, 

by linking pyrroles directly, thus reducing the number of bridging atoms in a 

given macrocycle, one increases the pyrrole to meso-like carbon ratio.  As a 

consequence, the number of potential binding sites is increased, something that, in 

turn, could endow new types of cation coordination behavior, or allow for novel 

anion and/or neutral substrate recognition chemistry.  On a different level, the 

question of aromaticity vs. antiaromaticity in large heteroannulenes continues to 

attract considerable interest and the availability of quaterpyrrole containing 

expanded porphyrins would be particularly useful in this context.   

NH

N
H

HN

N
HN

N

N

N

77 78  

The vast majority of carbon linked expanded porphyrins reported thus far 

have been prepared using one of two generalized ring-forming procedures, and 

therefore, not surprisingly, initial attempts to obtain quaterpyrrole-containing 

macrocycles have focused on these classical methods.  The classical methods in 
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question are either 1) acid catalyzed Rothemund-2-4,82 or MacDonald-like2-4 

condensations or 2) reductive McMurry-type2-4 couplings.  A requirement for 

either of these methods is the availability of a linear α,α’-unsubstituted 

oligopyrrole or functionalized derivatives thereof.  Unfortunately, in the case of 

quaterpyrroles, the author is aware of only compounds 77 and 78 that are 

available in synthetically useful quantities.81,83  Quaterpyrrole 77 is not 

particularly attractive as a precursor for the synthesis of quaterpyrrole containing 

macrocycles as the N-methyl substituents would be hard if not impossible to 

remove once the macrocycle is formed.  Also, the presence of such substituents 

might not allow for certain macrocycles to be synthesized.  Quaterpyrrole 78 was 

recently prepared by the Sessler group.81 However, all attempts to transform 78 

into a range of macrocyclic products met with failure.  This latter inability may be 

rationalized in part by the lack of solubilizing β-substituents on 78.  

Unfortunately, this hypothesis could not be tested by experiment since the 

methodology used to generate 78 did not allow for the synthesis of fully β-alkyl 

substituted quaterpyrroles, species that presumably would possess the desired 

solubility properties. 

Based on the above observations and considerations, alternative strategies 

for obtaining quaterpyrrole-containing expanded porphyrins were sought.  After 

appropriate considerations is was proposed that, rather than synthesizing a linear 

quaterpyrrole prior to macrocycle formation, a method that would generate the 

quaterpyrrolic subunit in the ultimate (or near ultimate) macrocyclic formation 

step would be advantageous.  Once this decision was made, it became apparent 
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that a number of specific approaches could be pursued.  For instance, one 

approach might involve modification of a method that has been used in the past to 

synthesize corroles.  This method involves the formation first of a thia-bridged 

macrocycle followed by sulfur extrusion to generate a ring-constrained bipyrrolic 

functionality.8 

Another particularly attractive strategy would involve the use of an 

oxidative ring closure (intra- or intermolecular) of an α,ω-unsubstituted 

oligopyrrole.  While oxidative pyrrole  bipyrrole couplings are implicated in the 

formation of contracted porphyrins, pentaphyrins, and hexaphyrins (e.g., corroles, 

sapphyrins, and rubyrins) under Rothemund-like conditions (see Chapter 1), their 

use as part of an explicit expanded porphyrin generating strategy was relatively 

unexplored when the present work was undertaken.  This provided a specific 

motivation to focus synthetic efforts on this latter synthetic strategy. 
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Scheme 2.1:  Falk’s synthesis of bipyrrole. 

As mentioned above, when the present work was in its inception, there 

was little precedence to suggest that a direct oxidative couplings approach could 

be used to prepare expanded porphyrins.  However, the author was aware of a 

report from the Falk laboratory in Linz that described the synthesis of bipyrrole 

81 from an α-unsubstituted pyrrole (79) under conditions of Cr(VI) mediated 
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coupling.  This key carbon-carbon bond forming reaction is outlined in Scheme 

2.1, a Scheme that serves to highlight the fact that the initial product, the 

“overoxidized” bipyrrole 80 had to be reduced with NaBH4 in methanol to obtain 

the desired bipyrrole (81) in 25% overall yield.  In spite of this latter problem, it 

was decided that Cr(VI) could represent the critical reagent that would allow 

quaterpyrrole-containing macrocycles to be obtained from bipyrrolic precursors. 

As detailed in the subsections below, this indeed proved to be the case. 

 

2.2  [28]HEPTAPHYRIN(1.0.0.1.0.0.0) 

[28]Heptaphyrin(1.0.0.1.0.0.0) (84), represented at the time of its 

synthesis not only the first quaterpyrrole containing macrocycle, but also the first 

reported heptapyrrolic expanded porphyrin.75 
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Scheme 2.2 Synthesis of [28]heptaphyrin(1.0.0.1.0.0.0) (84). 
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Its synthesis is summarized in Scheme 2.2.  Here, the known diformyl 

hexamethylterpyrrole precursor 8284 was first condensed with 2.5 equiv. of 

tetramethylbipyrrole 70c85 in chloroform, containing trifluoroacetic acid as the 

catalyst, to furnish the linear oligopyrrole 83.  This key intermediate, although 

apparently stable, was not purified.  Rather, after removal of solvent it was treated 

directly with aqueous Na2Cr2O7 in trifluoroacetic acid.  Under these conditions, 

oxidative ring closure occurs as desired and affords [28]heptaphyrin(1.0.0.1.0.0.0) 

(84) after column chromatographic workup and treatment with NaOH.  The yield 

is a combined 43% for the two synthetic steps.   

[28]Heptaphyrin(1.0.0.1.0.0.0) (84) is stable in its unprotonated, so called 

free-base form and displays a bright red color when dissolved in organic solvents, 

such as dichloromethane.  Treatment with acids results in protonation of both of 

the pyridine-like nitrogen atoms and results in a color change from red to purple-

blue.  Thus, the corresponding sulfate salt H2842+•SO4
2- was obtained by washing 

a dichloromethane solution of [28]heptaphyrin(1.0.0.1.0.0.0) (84) with 1M 

aqueous sulfuric acid.  This sulfate salt appears to be very stable, as judged by the 

observation that there is little to no decomposition when solutions of H2842+•SO4
2- 

are exposed to light and air over the period of several months. 

Due to the presence of a 4n (28) π-electron system, 

[28]heptaphyrin(1.0.0.1.0.0.0) (84) and its salts are formally antiaromatic in 

nature.  Thus, one would expect to observe a pronounced ring current effect in the 
1H-NMR spectrum.  In particular, it was anticipated that the signals for the 

substituents on the periphery would resonate at higher field than those of similar 
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compounds that are not subjected to ring current effects, whereas the signals for 

the inward pointing NH substituents would be downshifted relative to these same 

sorts of control.  Accordingly, the free-base macrocycle 

[28]heptaphyrin(1.0.0.1.0.0.0) (84) and its corresponding sulfate salt were 

subjected to 1H-NMR -spectroscopic studies.  In the 1H-NMR spectrum of 84, the 

methyl substituents resonate between 1.77 and 2.08 ppm, while the signal 

corresponding to the meso-like CH-protons is found at 6.48 ppm.  These proton 

resonances are only slightly shifted upfield as compared to a related open-chain 

bis-bipyrrole methine (compound 86, section 2.3).  Unfortunately, the signals 

corresponding to the inner NH-protons were not observed. 

Proton NMR-spectroscopic studies of H2842+•SO4
2- revealed more in 

terms of an antiaromatic ring current effect as judged by the increased upfield 

shift of the peripheral methyl groups of H2842+•SO4
2- as compared to 84.  

Specifically, the CH3 signals corresponding to these groups were found to 

resonate between 1.39 and 1.71 ppm.  Additionally, the signal corresponding to 

the meso-like proton is shifted upfield to 5.42 ppm.  Furthermore, based on the 

effective C2 symmetry of H2842+•SO4
2-, one would expect to observe four 

different NH signals in an integral ratio of 2:2:2:1.  In fact, for H2842+•SO4
2-, such 

resonances are indeed observed in the lowfield 15.9-18.2 ppm spectral region. 

The above findings, in particular the observation of a stronger ring current 

effect in the case of H2842+•SO4
2- as compared to 84, may be rationalized if one 

assumes an overall more planar structure for the protonated form of 

[28]heptaphyrin(1.0.0.1.0.0.0) (H2842+•SO4
2-).  Such planarity would provide for 



 63

better orbital overlap between the individual pyrrolic subunits and greater 

effective antiaromaticity.  There is, however, a more important contribution.  

Upon protonation, the macrocycle is transformed into a system in which more 

complete π-electron delocalization is possible.  Thus, the number of available 

resonance structures is increased.  This is illustrated using porphyrin itself as an 

example (Figure 2.1).  A simple inspection of that Figure highlights tha fact that 

the difference is huge.  Analogous considerations for [28]heptaphyrin-

(1.0.0.1.0.0.0) result in two possible resonance structures for the free-base 84 

while a total of 42 (!) different resonance structures can be drawn for 

H2842+•SO4
2-.  In good agreement with this reasoning are the findings of a recent 

study in which free-base porphyrin was compared with its corresponding bis-

protonated form;86  even though the solid state structure for the latter species is 

distorted from planarity more so than the free-base porphyrin, the ring current 

effects are increased in the bis-protonated form. 
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Bis-protonated porphyrin: 12 possible resonance structures

 

Figure 2.1 Different resonance structures of porphyrin and its dication. 
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Figure 2.2 UV-vis spectra of H2842+•SO4
2- (__) and 84 (…). 

As apparent from the color of [28]heptaphyrin(1.0.0.1.0.0.0) (84) and its 

protonated congener H2842+•SO4
2- and as one would expect for a conjugated 

expanded porphyrin system containing an extended π-conjugation pathway, 

compounds 84 and H2842+•SO4
2- both display strong absorption maxima in the 

UV-vis portion of the electronic spectrum.  The UV-vis spectra of these latter 

species are shown in Figure 2.2.  The free-base 84 shows a rather broad 

absorption at λmax = 507 nm with an extinction coefficient of 56,400 M-1 cm-1.  

Protonated [28]heptaphyrin(1.0.0.1.0.0.0) (H2842+•SO4
2-), on the other hand, 



 65

shows two rather strong absorptions at λmax (ε, M-1 cm-1) 514 nm (84400) and 613 

nm (53200). 
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24 π-electrons 28 π-electrons  

Interestingly, as one might expect based on their structural similarity, the 

spectra of 84 and H2842+•SO4
2- bare great resemblance in shape and intensities of 

the transitions to the corresponding UV-vis spectra of [24]hexaphyrin(1.0.0.1.0.0) 

85 and H2852+•2Cl-.  Compared to this latter hexapyrrolic system, however, the 

actual absorption bands of [28]heptaphyrin(1.0.0.1.0.0.0) are seen to be red-

shifted in both their free-base and protonated forms.  For instance, the lowest 

energy transitions of 85 and H2852+•2Cl- are observed at λmax (ε, M-1 cm-1) 468 nm 

(45 600) and 597 nm (56 500), respectively.  This similarity in spectral features 

leads to the conclusion that the overall structure of 84 is closely related to that of 

85. 

Definite structural proof for [28]heptaphyrin(1.0.0.1.0.0.0) (84) was 

obtained from a single crystal X-ray diffraction analysis of its diprotonated 

adduct, H2842+•SO4
2-.  Figure 2.3 provides top and side views of this system.  The 

macrocycle is rather planar, with the deviations from planarity being mainly 

attributed to the numerous hydrogen bonding interactions between the NH-

protons and the oxygen atoms of the bound sulfate counter anion as well as to  



 66

N4

N3
N2

N1

N7

N6

N5

S1

O4

O3

O2

O1

 

 

Figure 2.3 Top and side view of the H2842+•SO4
2- H-bonding complex showing 

a partial atom labeling scheme.  Dashed lines indicate a hydrogen 
bonding interaction.  The thermal ellipsoids are scaled to the 50% 
probability level. 
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unfavorable interactions between the methyl-groups in the β-pyrrolic positions.  

The largest distortion from planarity is seen in the quaterpyrrolic subunit, where 

the torsional angle between the two middle pyrroles amounts to 46º.  The N…O 

contacts range from 2.668(5) to 2.961(5) Å while the H…O contacts range from 

1.768(5) to 2.174(5) Å using idealized hydrogen atom positions.  The unusually 

large cavity provides sufficient space to accommodate the sulfate counterion 

readily, a finding that suggests that this particular expanded porphyrin, like other 

polypyrrolic macrocycles, might find use as a substrate-selective anion binding 

agent. 

 

2.3  [32]OCTAPHYRIN(1.0.0.0.1.0.0.0) 

After successfully employing our new oxidative coupling procedure to the 

synthesis of [28]heptaphyrin(1.0.0.1.0.0.0) (84) via an intramolecular approach, 

we became curious if such a strategy would also allow for the formation of 

macrocycles in an intermolecular fashion.  To probe this possibility, we required a 

precursor with a geometry that would not permit intramolecular coupling. It was 

thought that the bis-bipyrrole methene 86 would be suitable in this regard since 

the inherent strain of the putative product derived from the intramolecular 

coupling of this tetrapyrrole would be excessively high.  Efforts were thus 

devoted to the synthesis of 86. 

At the time this work was undertaken, a unsubstituted bis-bipyrrole 

methene had been reported by Breitmaier.87  It was obtained via the condensation 

of 2,2’-bipyrrole with triethyl-orthoformate in CHCl3 in the presence of 
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catalytical amounts of POCl3.  This gave the desired product in 21% yield after 

chromatographic workup.  This procedure was subsequently modified by Vogel 

and coworkers to produce the all β-ethyl analogue of 86.69  Unfortunately, 

experimental details were not provided by these latter authors. 

The synthesis of the bis-bipyrrole methene 86 is outlined in Scheme 2.3.  

Briefly, it was prepared by subjecting a methanolic solution of tetramethyl 

bipyrrole 70c and triethyl-orthoformate to treatment with trifluoroacetic acid.  

After completion of the reaction, the intermediate bis-bipyrrole methene 86 was 

subject to chromatographic purification and treatment with NaOH.  This gave 86 

in 79 % yield. 
i)  MeOH,
    TFA
ii) NaOH

N
H

N
H

70c

NH

NH

HN

NHC(OC2H5)3+

86  

Scheme 2.3 Synthesis of bis-bipyrrole methene 86. 

With the requisite precursor 86 in hand, the oxidative coupling outlined in 

Scheme 2.4 was carried out.  While the successful synthesis of 87 seemed to be 

more dependent on reaction time than was true for the synthesis of 84, conditions 

were found that furnished [32]octaphyrin(1.0.0.0.1.0.0.0) (87) in 16% yield based 

on 86.  
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i)  Na2Cr2O7
    TFA
ii) NaOH
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Scheme 2.4 Synthesis of [32]octaphyrin(1.0.0.0.1.0.0.0) (87) 

As is true for its smaller congener [28]heptaphyrin(1.0.0.1.0.0.0) (84), 

[32]octaphyrin(1.0.0.0.1.0.0.0) (87) is stable as the free-base macrocycle and 

displays a red color when dissolved in organic solvents, such as dichloromethane.  

Treatment with acids results in bis-protonation of the macrocycle, which is 

accompanied by a color change from red to blue.  Thus, the corresponding bis-

chloride salt H2872+•2Cl- was obtained by washing a dichloromethane solution of 

[32]octaphyrin(1.0.0.0.1.0.0.0) (87) with 1 M aqueous HCl.  This bis-chloride salt 

appears to be very stable, as judged by the observation that there is little to no 

decomposition when solutions of H2872+•2Cl- are exposed to light and air over a 

period of several months. 

NMR-spectroscopic studies confirmed the expected symmetry of 

[32]octaphyrin(1.0.0.0.1.0.0.0) (87).  Specifically, in the 1H-NMR spectrum of 87, 

four singlets, accounting for four methyl-groups each, are found to resonate at 

1.99, 2.05, 2.07and 2.21 ppm.  The meso-like CH-signal resonates as a singlet at 

6.79 ppm, while there is only one observable broad singlet at 8.26 ppm that, on 

the basis of integration and chemical shift is assigned to 4 of the 6 expected NH-
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signals.  No signal could be observed that would account for the two remaining 

NH-protons. 

Interestingly, there are virtually no differences in the various chemical 

shifts of 87 as compared to its precursor 86.  This is true in spite of the fact that 

[32]octaphyrin(1.0.0.0.1.0.0.0) (87) possesses a 32 π-electron antiaromatic system 

that was expected to induce an upfield shift in the signals of the peripheral 

substituents and a downfield shift for the inner NH-signals.  That such shifts were 

not observed is easily rationalized if one assumes an overall structure for 87 that 

is highly distorted from planarity, effectively rendering the macrocycle non-

aromatic. 

Little change, in terms of NMR spectral features, occurred when this 

macrocycle 87 was protonated.  Specifically, in the 1H-NMR for H2872+•2Cl-, the 

peripheral methyl-groups display shifts almost identical to 87.  The signal 

corresponding to the meso-like CH-protons is shifted downfield, namely to 7.34 

ppm.  The most notable change is for the signals corresponding to the inner NH-

protons, which are now found to resonate as two sharp singlets, integrating to four 

protons each, at 11.20 and 11.87 ppm, respectively.  Again, the 1H-NMR 

spectrum supports the assumption that H2872+•2Cl- adopts a conformation that is 

highly distorted from planarity. 
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Figure 2.4 UV-vis spectra of H2872+•2Cl- (__) and 87 (…). 

Further support for the presumed highly non-planar conformation of both 

87 and H2872+•2Cl- came from their respective UV-vis spectra, shown in Figure 

2.4.  The spectrum of the free-base [32]octaphyrin(1.0.0.0.1.0.0.0) (87) is 

characterized by a single broad absorption band centered around λmax (ε, M-1 cm-1) 

526 nm (41500).  This absorption band is red-shifted by 19 nm as compared to 

that of 84 and is also less intense.  While this red-shift in absorption maximum is 

expected based on the more extended nature of the π-electron system present in 

87 as compared to 84, the lower intensity as well as the broader shape of this band 

are indicative of a less effective orbital overlap between the individual pyrrolic 
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subunits and hence a structure that is less planar.  Analogous conclusions are 

reached when the UV-vis spectrum of H2872+•2Cl- is compared to that of 

H2842+•SO4
2-.  While the shape of the spectra are similar, in the case of 

H2872+•2Cl- the bands are red-shifted, less intense and not as well resolved as 

those of H2842+•SO4
2-.  Specifically, in H2872+•2Cl- the main band is observed at 

λmax (ε, M-1 cm-1) 586 nm (67300) with a shoulder at ca. 660 nm.  A somewhat 

unusual feature of the spectrum of H2872+•2Cl- is the presence of a weak Q-type 

absorption at λmax (ε, M-1 cm-1) 863 (6140). 

Solid state structural information for H2872+•2Cl- was obtained from a 

single crystal X-ray crystallographic analysis.  The resulting structure is shown in 

Figure 2.5.  The macrocycle is H-bound by two Cl- ions and two molecules of 

methanol.  The Cl – N contacts range from 3.123(4) to 3.255(4) Å.  The system is 

seen to deviate substantially from planarity.  While this result is consistent with 

what was inferred from spectral studies as discussed above, the extent of this 

deviation is nonetheless far less than that which is observed in several other “less 

contracted” octapyrrolic macrocycles, including [32]octaphyrin(1.0.1.0.1.0.1.0),69 

[36]octaphyrin(2.1.0.1.2.1.0.1)68 and  [34]octaphyrin(1.1.1.0.1.1.1.0)68 wherein 

“figure 8” structures are observed.  Presumably, this reflects the reduced number 

of pivot-like meso carbon atoms present in H2872+•2Cl-. 
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Figure 2.5 Top and side views of H2872+•2Cl-•2MeOH with a partial atom 
labeling scheme.  Displacement ellipsoids are scaled to the 50% 
probability level.  The methyl substituents have been removed in the 
side view for clarity. 
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2.4  [24]HEXAPHYRIN(1.0.1.0.0.0) 

Another particularly interesting target macrocycle containing a 

quaterpyrrolic subunit is [24]hexaphyrin(1.0.1.0.0.0) (e.g., 88 in its unsubstituted 

form).  One reason why we were interested in the synthesis of a substituted and 

hence soluble version of 88 is the observation that it represents an isomer of 

amethyrin ([24]hexaphyrin(1.0.0.1.0.0), 85).  This latter macrocycle, already 

introduced in this chapter, has the same number of pyrroles and meso-like carbon 

bridges, as well as the same 24 π-electron system as 88.  Since amethyrin is a 

known metal ligand par excellence, stabilizing 2:1 metal complexes of rhodium, 

Zn(II), Cu(II) complex, and Ni(II), it made sense to consider 85, as a possible 

polytopic metal receptor.  However, there are no well-characterized examples for 

85 acting as a ligand for one large metal.  It is possible that the shape of the 

macrocycle, makes such binding interactions unfavorable.  

[24]Hexaphyrin(1.0.1.0.0.0) on the other hand, to the extent it can be made, 

would be expected to possess a more circular structure that might allow for the 

complexation of one large metal center. 

NH
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NH

NH

NH

Cl

Cl
H
NN

HN

N

NH

NH

88 H2892+  2Cl-  

Based on our recent successful synthesis of [28]heptaphyrin(1.0.0.1.0.0.0) 

84 from a linear heptapyrrolic intermediate, it was immediately clear that a linear 

hexapyrrolic precursor would be needed for the synthesis of a 
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[24]hexaphyrin(1.0.1.0.0.0).  While not previously considered as potential 

candidates for an oxidative ring closure, such hexapyrrin precursors, e.g. 

H2892+•2Cl-, are readily available as they have already been prepared by this 

group.88,89  One interesting observation that was made in this context is the solid 

state structure of H2892+•2Cl-; as shown in Figure 2.6, it was characterized by an 

almost perfectly flat structure, forming two pockets in which the chloride 

counterions are bound.88,89 

N1

N2

Cl1

N3

N3a N2a

Cl1b
N1a

 

Figure 2.6 Top and side views of H2892+•2Cl- with a partial atom labeling 
scheme.  Displacement ellipsoids are scaled to the 50% probability 
level.  This Figure was generated using data that were published 
previously.88,89 

For the actual synthesis of [24]hexaphyrin(1.0.1.0.0.0), we decided not to 

use the precursor hexapyrrin H2892+•2Cl-, as it is known from recent studies that 

expanded porphyrin type macrocycles that contain no meso-like substituents and 

which lack a full complement of β-alkyl substituents generally display very poor 

solubilities in common organic solvents.89  This phenomenon, which likely 

reflects favorable π-stacking interactions makes their purification and 

characterization difficult.  Therefore, we focused on the synthesis of an all β-alkyl 
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analogue of H2892+•2Cl-, compound 91, as system that had also been prepared 

previously, albeit not in an efficient way.89 

An improved synthesis of hexapyrrin H2912+•2Cl- developed by the author 

is shown in Scheme 2.5.  Condensation of bipyrroledialdehyde 90 with two 

equivalents of bis-α-free bipyrrole 70b in the presence of HCl, gives rise to 

H2912+•2Cl- in 85% yield subsequent to recrystallization from 

dichloromethane/hexanes. 

 

N
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H
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H
NN

HN

N

NH

NH

2

+

EtOH
HCl

 2HCl70b

90 H2912+  2Cl-  

Scheme 2.5 Synthesis of hexapyrrin H2912+•2Cl-. 

The 1H-NMR spectral features of H2912+•2Cl- are typical of what one 

would expect for a linear oligopyrrolic macrocycle that is not influenced by 

aromatic or antiaromatic ring current effects.  For instance, the alkyl groups that 

are directly attached to the β-pyrrolic positions resonate between 2.2 and 2.8 ppm.  

The signal that is assigned to the bridging meso-like CH-proton appears at 7.2 

ppm, while the signal for the α-pyrrolic protons appears at 6.1 ppm.  The 

remaining resonances for the six NH-protons are found as three distinct singlets at 

11.4, 11.7, and 12.5 ppm, respectively. 
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Figure 2.7 UV-vis spectra of H2912+•2Cl- (__) and 91 (…). 

The UV-vis spectra of H2912+•2Cl- (__) and 91 are shown in Figure 2.7.  

While the spectrum of H2912+•2Cl- is characterized by a strong absorption at λmax 

(ε, M-1 cm-1) 524 nm (105,000) and a weaker absorption at 795 nm (17,600); the 

spectrum of 91, obtained by bubbling ammonia through a dichloromethane 

solution of H2912+•2Cl-, shows rather weak absorptions at λmax (ε, M-1 cm-1) 378 

nm (17400), 476 nm (33,700), and 655 nm (27,000).   
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Figure 2.8 Views of the hydrogen bonded dimer of H2912+•2Cl- showing a 
partial atom labeling scheme.  Displacement ellipsoids are scaled to 
the 50% probability level.  The alkyl substituents have been removed 
for clarity. 



 79

Curiously, while the respective UV-vis spectra of H2912+•2Cl- and 

H2892+•2Cl- show considerable similarity, the low energy transition is much more 

intense for the latter species.  In fact, for H2892+•2Cl- the intensity of the low 

energy transition almost equals that of the corresponding high energy transition.  

This unexpected observation led us to conclude that there might be structural 

differences between these two hexapyrrins.  Such a conclusion is reasonable given 

the different β-substitutents present on H2912+•2Cl- and H2892+•2Cl-. 

To gain further insight into structural aspects of H2912+•2Cl-, an X-ray 

structural analysis was performed, the result of which is shown in Figure 2.8.  

Interestingly, the solid-state structure of H2912+•2Cl- was found to be very 

different than that of H2892+•2Cl-.  A dimer is formed that is held together by 

hydrogen bonding interactions of a pyrrolic subunit that is hydrogen bound to a 

chloride counter-anion that formally “belongs” to another hexapyrrin.  There are 

two such interactions; overall, every chloride anion is bound by three hydrogen 

bonds, with the relevant NH--Cl bond length range from 2.27 to 2.38 Å. 

With the requisite precursor hexapyrrin H2912+•2Cl- in hand, the synthesis 

of [24]hexaphyrin(1.0.1.0.0.0) was attempted.  As outlined in Scheme 2.6, 

exposure of H2912+•2Cl- to oxidative conditions, specifically Na2Cr2O7 in 

trifluoroacetic acid, followed by chromatographic workup, treatment with HCl 

and recrystallization, gave rise to the bis-hydrogenchloride salt of 

[24]hexaphyrin(1.0.1.0.0.0) (H2922+•2Cl-) in 77% yield. 
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Scheme 2.5 Synthesis of [24]hexaphyrin(1.0.1.0.0.0) H2922+•2Cl-. 

[24]Hexaphyrin(1.0.1.0.0.0) (H2922+•2Cl-), possessing 24 π-electrons, is 

antiaromatic as judged from an analysis of its 1H-NMR (CD2Cl2) spectrum.  

Consistent with the expectation that the macrocycle experiences a strong magnetic 

ring current effect, remarkable downfield shifts for the inner NH protons are 

found, with resonances being observed at 23.7, 23.9 and 24.2 ppm in a 1:1:1 ratio.  

Additionally, the resonance for the outer meso-like CH protons is shifted upfield 

to 3.4 ppm as compared to 7.2 ppm for H2912+•2Cl-.  The resulting ∆δ, 20.8 ppm, 

provides a good indication of the antiaromaticity of H2922+•2Cl-.  Such 

antiaromaticity is also apparent when the signals corresponding to the peripheral 

alkyl groups are considered; these are shifted upfield as compared to H2912+•2Cl- 

and resonate between 0.41 ppm and 1.4 ppm. 
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Figure 2.9 UV-vis spectra of H2922+•2Cl- (__) and 92 (…) in CH2Cl2. 

The UV-vis spectrum of H2922+•2Cl- is shown in Figure 2.9.  The 

spectrum displays three bands at λmax (ε, M-1 cm-1) 384 nm (24,000), 497 nm 

(59,000) and 597 nm (25,000).  However, no Q-like transitions are observed.  The 

spectrum of the free-base [24]hexaphyrin(1.0.1.0.0.0) 92, obtained by washing a 

dichloromethane solution of H2922+•2Cl- with 1M aqueous sodium hydroxide, is 

characterized by a split Soret-type band at λmax (ε, M-1 cm-1) 425 nm (20,000) and 

466 nm (34,000). 
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Figure 2.10 Top and side views of H2922+•2Cl- showing76 a partial atom labeling 
scheme.  Displacement ellipsoids are scaled to the 50% probability 
level.  The alkyl substituents have been removed in the side view for 
clarity. 
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Definitive proof for the assigned structure of H2922+•2Cl- was obtained 

from an X-ray crystallographic analysis, the result of which is shown in Figure 

2.10.  The macrocycle is hydrogen bound to the two chloride counteranions, 

which are located above and below the plane, the NH--Cl distances range from 

2.34 to 2.66 Å.  Deviations from planarity are mainly attributed to unfavorable 

interactions between the alkyl-groups present in the β-positions of the 

macrocycle, as well as to the twisting of the pyrroles necessary to allow for 

efficient hydrogen bonding to the chloride counter anions.  Overall, the macrocyle 

is rather planar, which might explain the extreme downfield position of the NH-

resonances observed in the 1H-NMR. 

As expected from symmetry considerations and as found from the X-ray 

crystallographic analysis, [24]hexaphyrin(1.0.1.0.0.0) (H2922+•2Cl-) displays a 

structure that is much more circular than that of its isomer amethyrin 

([24]hexaphyrin(1.0.0.1.0.0), 85).  We were thus encouraged to explore its ability 

to coordinate large metal ions within its cavity. 

 

2.4.1.  Metalation chemistry of [24]hexaphyrin(1.0.1.0.0.0) 

Actinides are one particularly attractive class of metal ions for 

complexation, and it was thus decided to focus our attention on this set of cations.  

The synthesis of a uranium complex of [24]hexaphyrin(1.0.1.0.0.0) (H2922+•2Cl-) 

is shown in Scheme 2.6.  Addition of UO2(OAc)2•2H2O to a 

methanol/dichloromethane solution of H2922+•2Cl-in the presence of a base 
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(triethylamine) was found to yield the uranyl-complex 93 in 74% isolated yield.  

Under the latter reaction conditions, the macrocycle undergoes oxidation to 

produce what is formally an aromatic [22]hexaphyrin(1.0.1.0.0.0) dianionic 

ligand.  Such oxidations, where changes in the oxidation state of the ligand from 

antiaromatic 24 π-electrons to aromatic 22 π-electrons upon metalation, are quite 

unusual. 
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HN

N
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NH  2HCl

H2922+  2Cl- 93

UO2(OAc)2  2H2O,
Et3N, MeOH, 
CH2Cl2

 

Scheme 2.6 Synthesis of Uranyl-[22]hexaphyrin(1.0.1.0.0.0) 19. 

Support for the notion that 92 undergoes oxidation upon metalation came 

from various spectroscopic analyses.  Most significant in this latter respect are the 

results from of a 1H-NMR spectroscopic analysis.  These studies revealed that 

formation of the uranyl-complex 93, with its proposed 22 π-electron aromatic 

periphery, is accompanied by a dramatic change in the 1H-NMR spectrum 

(CD2Cl2) when compared to H2922+•2Cl-.  For instance, the signal ascribed to the 

meso CH-protons, appearing at 3.4 ppm in H2922+•2Cl-, upon the formation of 93 

is shifted downfield to 10.1 ppm.  The signals of the methyl groups on the outer 

periphery of the macrocycle are shifted downfield from 0.77, 0.82 and 1.03 ppm, 

in the case of H2922+•2Cl- and to 3.63, 3.71, 3.79 ppm, in the case of 93.  These 
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findings are consistent with the ring current effects becoming “reversed” as 

oxidation occurs and aromaticity is induced. 
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Figure 2.11 UV-vis spectrum of 93 (__) shown in comparison to the spectra of 
H2922+•2Cl- (…) and H2912+•2Cl- (---) in CH2Cl2. 

Further support for the proposed aromaticity of 93 came from UV-Vis 

spectroscopic studies (Figure 2.11).  The UV-Vis spectrum of H2922+•2Cl-, 

recorded in CH2Cl2 and discussed earlier displays three Soret-like bands at λmax 

(ε, M-1 cm-1) 384 nm (24,000), 497 nm (59,000) and 597 nm (25,000), with no Q-

like transitions.  The uranyl-complex 93, on the other hand, displays a sharp, 

Soret-like transition at λmax (ε, M-1 cm-1) 530 nm (330,000) accompanied by two 
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Q-like bands at λmax (ε, M-1 cm-1) 791 nm (56,000) and 832 nm (81,000). The 

extinction coefficient of the main transition is also increased by a factor of 5.6.   

Also included in Figure 2.11 are the spectra of H2922+•2Cl- and 

H2912+•2Cl-.  The spectra of the latter two species are drawn to scale, thus 

allowing for a direct comparison between all three species.  One very interesting 

observation comes immediately into mind, namely that the UV-vis spectrum of 

H2912+•2Cl- appears to be an average of the spectra of H2922+•2Cl- and 93, not 

only in terms of the wavelength of the Soret-like absorption, but also in terms of 

the strength of the absorptions, e.g. the extinction coefficients.   

The structure assigned to 19 was confirmed by an X-ray crystallographic 

analysis with the resulting ORTEP diagram shown in Figure 2.12.  In 19, the 

uranium center is bound to two trans oxo ligands and the six pyrrolic nitrogens of 

the macrocycle, with the latter donor set completely encapsulating the cation 

around an equatorial plane.  The uranyl center is shifted towards the 

quaterpyrrolic subunit; as such, the coordination environment of the uranium is 

best described in terms of a distorted hexagonal bipyramid.  The U-O bond 

distance of 1.760(2) Å is typical for a UO2
2+ unit,90-93 indicating that no reduction 

of the metal center occurred upon complexation.  The average U-N distance of 

2.63(1) Å is comparable to those found in the hexa-coordinate uranyl complex of 

alaskaphyrin (2.63(3) Å).91,92  On the other hand, these distances are longer than 

those found in penta-coordinate uranyl complexes stabilized by pentaphyrin90 and 

oxosapphyrin93 for which average U-N bond distances, 2.52(1) and 2.54(1) Å,  
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Figure 2.12 Top and side views of 93 showing a partial atom labeling scheme.  
Displacement ellipsoids are scaled to the 50% probability level.  The 
alkyl substituents have been removed in the side view for clarity. 
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respectively, were observed.  The N-U-N bond angles in complex 93 range from 

57.9(1) to 65.2(1)° with an average of 61.0(2)°.  The sum of the N-U-N bond 

angles, at 366°, is consistent with the fact that the pyrrolic nitrogens deviate from 

planarity, presumably as a result of a need to accommodate a metal center that is 

slightly too small. 

The author’s studies of the actinide metalation chemistry of 

[24]hexaphyrin(1.0.1.0.0.0) (H2922+•2Cl-) were limited to 238U, a species that is 

considerably less radioactive than most other actinide isotopes.  Given this 

limitation, Dr. Anne Gordon, a former graduate student in this group, took up the 

task of exploring further the actinide metalation chemistry of H2922+•2Cl- in 

collaboration with Dr. Web Keogh and other scientists from the Nuclear Materials 

Technology Divisions at the Los Alamos National Laboratories.  A neptunyl 

complex, 94, analogous to 93, was obtained by treating H2922+•2Cl- with a 

solution of neptunyl(V) chloride in the presence of base (Scheme 2.7). 
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Scheme 2.7 Synthesis of neptunyl-[22]hexaphyrin(1.0.1.0.0.0) 94. 
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The UV-Vis spectrum exhibited by this complex (Figure 2.13) also 

features a sharp, Soret-like band seen at 531 nm, but it is accompanied by a single 

broad Q-like transition at 830 nm, rather than bands at 791 and 832 nm as in the 

case of 93.  Perhaps as a consequence of these small differences, solutions of 94 

in CH2Cl2 solution are a rose, whereas those of 93 are an intense, bright pink.  

The extinction coefficients of 94 were not determined in this study, thus a more 

quantitative comparison to the uranyl-complex 93 is not possible at the present. 
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Figure 2.13 UV-vis spectrum of 94 recorded in CH2Cl2. 
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Figure 2.14 shows the ORTEP diagram of the Np(V)-hexaphyrin complex, 

94.  The structure of this complex also reveals distortion in the ligand, albeit to a 

lesser extent than in the corresponding uranium system 93. These differences are 

readily apparent upon comparing the side-on views shown in Figures 2.10 and 

2.11.  Presumably, the reduced distortion in the case of 94 is due to a better 

intrinsic fit between the hexaaza ligand core and the larger NpO2
+ cation. 

Nonetheless, as in the uranium complex, the neptunium center is contained within 

a roughly hexagonal bipyramidal structure.  The metal center is once again 

displaced toward the quaterpyrrolic subunit.  In this instance, the nitrogen atoms 

are close to planar (N-Np-N = 362°); however, the outer ring of the ligand is 

forced to twist slightly.  The oxo ligands have two unique Np-O bond lengths.  

Np-O1 is 1.762(1) Å and Np-O2 is 1.826(1) Å.  These distances are short for the 

NpO2
+ ion, for which bond lengths of ~1.85 Å are typically seen in simple metal 

salts.94,95  On the other hand, they are nearly identical to that seen in the Np(V) 

crown ether complex, [NpO2(18-crown-6)]+, for which a Np-O distance of 

1.800(5) Å was observed.96  

The charge balance of the lattice system, containing a triethylammonium 

cation, supports the proposal that the neptunium center remains pentavalent in 94.  

Furthermore, the presence of this cation could explain the distinct difference 

between the two Np-O distances observed in 94. Specifically, a short N…O 

contact (2.70(2) Å), typical of hydrogen bonding, is seen between the nitrogen 

atom of the triethylammonium cation and O2.  The Np-N bond lengths range from 

2.649(1) to 2.880(1) Å with an average of 2.77(2) Å, ~0.14 Å longer than that of  
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Figure 2.14 Top and side views of 94 showing a partial atom labeling scheme.  
Displacement ellipsoids are scaled to the 50% probability level.  The 
alkyl substituents have been removed in the side view for clarity. 
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its uranyl analogue, 93.  The presence of these longer bonds, including four 

shorter Np-N bonds with an average length of 2.70(2) Å, is reasonable given the 

larger size of the neptunyl cation.  It is also consistent with what is seen in one of 

the few structurally characterized macrocyclic neptunyl complexes, namely that 

of [NpO2(18-crown-6)]+, mentioned above.96  In this case, the average 

neptunium(V) crown ether Np-O distance (2.59(1) Å), was found to be longer 

than the comparable U-O (2.55 Å) distance found in the corresponding uranyl 

crown ether complex.97 

To summarize, a facile synthesis of a new hexapyrrolic expanded 

porphyrin, namely [24]hexaphyrin(1.0.1.0.0.0) (H2922+•2Cl-) has been achieved.  

This system, an isomer of amethyrin, is the smallest macrocycle currently known 

that contains a quaterpyrrole fragment.  In its oxidized, aromatic form, it is 

capable of complexing actinide ions, specifically uranyl (UO2
2+) and neptunyl 

(NpO2
+), and it represents the first crystallographically characterized neptunium 

complex stabilized by a macrocycle with an all-aza donor set.  The relatively high 

stability seen for both 93 and 94, with little evidence of decomposition being seen 

in CH2Cl2 solution over the course of several weeks as judged by UV-Vis 

spectroscopic analysis, leads to the suggestion that these kinds of systems could 

see application in direct, coordination-based remediation systems.  Furthermore, 

the systems H2912+•2Cl-, H2922+•2Cl-, and 93 provided for the rather unique 

opportunity to compare atropic, paratropic and diatropic effects in very similar 

systems. 
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Thus far, all attempts to oxidize H2922+•2Cl- directly to an aromatic 22 π-

electron macrocycle have failed.  This has proved to be the case even though a 

wide variety of oxidants such as Na2Cr2O7, FeCl3, and DDQ were tried.  

Alternatively, de-metalation attempts of 93, using acids such as 1 M HCl or 1 M 

H2SO4 did not result in the isolation of the corresponding metal free 22 π-electron 

macrocycle.  Rather decompostion, or in favorable cases, recovery of the 

antiaromatic macrocycle 92 was observed. 

 

2.5  SCOPE AND LIMITATIONS OF THE CHROMIUM(VI) COUPLING 

While the methodology described above was successfully employed for 

the synthesis of the first quaterpyrrole containing macrocycles 84, 87 and 92, 

certain limitations were observed.  Among the substrates that have failed to 

produce macrocycles when exposed to these conditions were bipyrrole 70c, 

terpyrrole 95 and dipyrromethane 96.  Instead, decomposition was observed.  

Also, the attempted coupling of the mono-α-free bipyrrole 97 failed to give the 

corresponding linear quaterpyrrole (see Chapter 4 for a solution of this problem). 
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The failure of 70c and 95 to produce macrocycles is probably best 

ascribed to the low degree of pre-organization in these systems (see Chapter 4).  

Dipyrromethanes (e.g. 96) on the other hand are known to be somewhat acid 
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sensitive, thus other methods are required for the controlled oxidative coupling of 

these species. 

A limitation of a different kind was encountered while trying 

unsuccessfully to produce a pentaphyrin(1.1.0.0.0) 99, which represents an isomer 

of the known pentapyrrolic species [20]pentaphyrin(1.0.1.0.0) 98 (orangarin).98  

Orangarin, although hardly subject to study, is very interesting because of its 

apparent antiaromaticity (for the protonated form of 98 the NH-signals resonate at 

~30 ppm in the 1H-NMR!) and thus is a very attractive target as well.  Especially 

interesting would be the synthesis of a [18]pentaphyrin(1.1.0.0.0) 99 as it would 

exhibit the same basic connectivity and π-electron system of texaphyrin, e.g. 9, 

which is in turn well known for its rich lanthanide binding chemistry and its 

potential as a therapeutic.5,6 
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Unfortunately while rather unsuspected, the synthesis of the precursor 

required to prepare 99 proved difficult.  Attempted condensation of 

diformylpyrrole 100 with two equivalents of bipyrrole 70a failed to provide the 

linear pentapyrrole 101 under various conditions.  Thus this line of investigation 

was abandoned. 
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Scheme 2.8 Attempted synthesis of the precursor 101. 

2.6  FUTURE OUTLOOK 

In order to obtain the desired pentapyrrolic precursor for 

[18]pentaphyrin(1.1.0.0.0), a different route is suggested.  The readily available 

precursor 102 is known to react with pyrrole to form a tripyrrane.99  It is thus 

expected that reaction of 102 with bipyrrole 70a would give rise to 103, as 

outlined in Scheme 2.9.  Subsequent oxidative coupling of 103 would give rise to 

the desired pentaphyrin(1.1.0.0.0).  While the increase of steric bulk due to the 

phenyl groups is expected to be rather minor, the presence of this group in the 

meso-position might add an overall stabilizing effect in that it might lessen the 

extent to which nucleophilic attack on the meso position might occur. 
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Scheme 2.9  Proposed synthesis of intermediate 28. 
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Another subject ripe for further studies is the non-actinide metalation 

chemistry of [24]hexaphyrin(1.0.1.0.0.0) 92.  While preliminary studies have 

shown that 92 gives rise to a mono-Zn complex when treated with base in the 

presence of ZnCl2, the exact nature of this complex has yet to be determined.  

More interesting yet is the potential of 92 to form complexes with lanthanides, a 

possibility that warrants further investigations. 

Another candidate for metalation studies is [32]octaphyrin(1.0.0.0.1.0.0.0) 

(87), as other octapyrrolic macrocycles such as [32]octaphyrin(1.0.1.0.1.0.1.0), 

[36]octaphyrin(2.1.0.1.2.1.0.1) and [34]octaphyrin(1.1.1.0.1.1.1.0) have been 

shown to readily form mono- and or bimetallic complexes of medium sized (e.g. 

3d) metals.100,101  However, for an exhaustive study, an improved synthesis of 87 

would be desirable.  The latter requirement could be achieved by adopting the 

procedure detailed in Chapter 4. 

Finally, the presence of sulfate anion, as implicated in the X-ray structure 

of [28]heptaphyrin(1.0.0.1.0.0.0) (H2842+•SO4
2-), leads to the proposal that this 

particular macrocycle might be an attractive candidate for anion binding studies.  

The present work has focused mainly on the synthesis of previously unknown 

systems and the development of new methodologies, thus only preliminary 

experiments were performed.  One finding that underscores the potential utility of 

84 as an potentially effective anion binder was the observation that addition of a 

large excess of triethylamine to a dichloromethane solution of H2842+•SO4
2- does 

not result in the formation of free-base 84; rather, the anion complex H2842+•SO4
2-

appears to be perfectly stable under these conditions. 
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Another line of investigation would involve the development of new 

oxidative coupling methods.  Here, some important preliminary work has been 

performed.  It is detailed in Chapter 4. 



 98

Chapter 3:  Conformational behavior of some previously 
unknown terpyrrole-derived expanded porphyrins 

3.1  BACKGROUND 

One of the most intriguing aspects of expanded porphyrin chemistry is the 

vast structural diversity that is seen within this general class of compounds.2-4  

While porphyrin itself is remarkably flexible given its size, aromaticity, and 

pyrrole-based composition, there are nonetheless limits to its ability to undergo 

conformational changes.102  On the other hand, expanded porphyrins, with their 

attendant larger frameworks enjoy a greater conformational freedom.  As a result, 

a range of structural motifs including “figure eight” and other twisted forms, have 

been characterized in recent years.2-4 

Over the course of the last two decades, considerable attention has been 

devoted to the synthesis of new oligopyrrolic systems.  In spite of this effort, the 

factors that influence non-planarity and conformational structure remain poorly 

understood.  Particularly prominent in this context is the role of aromaticity.  

Here, one of the complicating factors is that, in contrast to what is true for 

porphyrins, many expanded porphyrins are nonaromatic or even formally 

antiaromatic.  Further compounding the problem is the fact that for all conjugated 

polypyrrolic macrocycles, numerous oxidation states can be considered, the large 

majority of which contain either (4n + 2) π-electron or 4n π-electron peripheries.  

Finally, as a result of deviations from planarity, systems with either (4n + 2) or 4n 

π-electron peripheries can become essentially nonaromatic, as judged from their 
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respective 1H-NMR spectral characteristics.  This is true for systems such as 

turcasarin ([40]decaphyrin(1.0.1.0.0.1.0.1.0.0)),29 

[32]octaphyrin(1.0.1.0.1.0.1.0),69 [36]octaphyrin(2.1.0.1.2.1.0.1],68 and 

[34]octaphyrin(1.1.1.0.1.1.1.0),68 macrocycles that have been found to exhibit 

“figure eight” structures in the solid state and in solution.  Another octapyrrolic 

macrocycle, namely [32]octaphyrin(1.0.0.0.1.0.0.0)75 described in Chapter 2, does 

not exhibit a “figure eight” type structure.  It does, however, deviate strongly from 

planarity and is, therefore, best considered as being nonaromatic. 

Quite recently, expanded porphyrins capable of achieving a planar 

arrangement by virtue of having one or two pyrrolic subunits “inverted” (i.e. with 

their NH moieties “flipped out”) have been reported.  One of the first systems of 

this type to be analyzed in detail is tetraphenylsapphyrin (52b).  While inverted in 

the free-base form, upon protonation this macrocycle undergoes a conformational 

change to adopt a “normal” structure with all five nitrogens pointing inward.44,103  

More recently structural evidence was put forward in support of the contention 

that hexaphyrin 65b exhibits a bis-inverted structure.61  Interestingly, the original 

hexaphyrin (10a), reported by Gossauer in 1983,104 was suggested as adopting a 

different conformation wherein the two meso-CH protons point in towards the 

center of the cavity.  This proposal, which would not require the inversion of 

pyrrolic subunits bearing large substituents (e.g., R = CH2CH2CO2CH3 in the case 

of 10a) would nonetheless provide for an overall planar structure that would give 

rise to typical aromatic features, as is indeed seen by experiment.104  By contrast, 

inversion is seen in the case of so-called heteroatom analogues of rubyrin, 
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[26]hexaphyrin(1.1.0.1.1.0).28  While rubyrin 11a itself, synthesized with all β-

pyrrolic positions substituted, yielded a solid state structure for its stable bis-

protonated form with all six nitrogens pointing inward, (hetero)-rubyrins, (e.g. 40 

with X = S or Se, respectively) display bis-inverted conformations under 

appropriate conditions.46  Another mode of inversion has also been reported very 

recently.  It involves dioxorubyrin 58, a system wherein two pyrroles within a 

bipyrrolic subunit are inverted.65 
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Given the fact that the large majority of macrocyclic systems containing 

inverted pyrrolic subunits have been obtained as the result of serendipity, rather 

than rational design, we became intrigued by the question of whether it would be 

possible to create a system that would be inverted at a particular, pre-chosen 

pyrrolic site.  Here, we reasoned that assembly of an expanded porphyrin-type 
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macrocycle wherein some of the pyrrolic subunits are β-substituted while others 

are not, might allow this goal to be attained. 

3.2  [26]HEXAPHYRIN(1.1.1.1.0.0) 

In accord with above design considerations and based on an analysis of 

CPK-models, [26]hexaphyrin(1.1.1.1.0.0) was chosen as a synthetic target; it was 

expected to adopt a conformation wherein one pyrrolic subunit (only) is inverted. 

As suggested by the chemistry summarized in Scheme 3.1, the substituted 

[26]hexaphyrin(1.1.1.1.0.0) (105) can be obtained from the acid catalyzed 

condensation of a 1:1 mixture of the diphenyltripyrrane 104105 with the 

diformylhexamethylterpyrrole 82.84  Carrying out this condensation in ethanol 

under conditions of reflux in the presence of air and an excess of para-

toluensulfonic acid (4 molar equivalents), followed by chromatographic workup 

and treatment with NaOH, provides 105 in 46% yield as the sole isolable 

product.77 
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Scheme 3.1 Synthesis of [26]hexaphyrin(1.1.1.1.0.0) 
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[26]Hexaphyrin(1.1.1.1.0.0) (105) constitutes the first true isomer of 

rubyrin.28  While other porphyrin analogues bearing the same combination of four 

meso-like carbon atoms and six heterocyclic subunits are known, in particular the 

bronzaphyrins,106 in all cases at least one of the six pyrrolic units present in 

rubyrin has been replaced by a furan or a thiophene. 

Macrocycle 105 is aromatic as judged from the 1H-NMR (DMSO- d6) 

spectra of the protonated and free-base forms, respectively.  The dihydrochloride 

salt, H21052+•2Cl-, (obtained by washing a dichloromethane solution of 105 with 

1M HCl), in particular, shows a strong magnetic ring current effect.  Here, upfield 

shifts for the inner NH protons are found, with resonances observed at -0.75, -

0.14 and 0.05 ppm in a 1:2:2 ratio.  One more upfield resonance, namely at –2 

ppm is also observed.  On the basis of a two-dimensional C-H correlation 

experiment, this signal is ascribed to a CH proton.  Indeed, the upfield position of 

this resonance is considered prima facie evidence for the inverted nature of 

H256b2+•2Cl-.  Such behavior has been reported for N-confused porphyrins where 

“inversion” is enforced.10,11 

The COSY spectrum of H21052+•2Cl- shows a correlation between the 

peak at –2 ppm with one at 15 ppm, a signal that was found to correspond to the 

outer NH proton.  The ∆δ-value of 17 ppm between these two signals provides 

strong support for the aromatic nature of the inverted macrocycle.  Also, the CH 

protons of the meso-positions were found to resonate at 11.4 ppm while two 

doublets at 9.2 and 9.8 ppm, respectively, were found to correspond to the two 

outer β-pyrrole CH protons.  Interestingly, in the 1H-NMR spectrum of the free-
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base macrocycle 105 the ∆δ-value between the β-CH protons of the inverted 

pyrrole (δ = 3.5 ppm) and the NH signal (δ = 9.8 ppm) of the same pyrrole is 

reduced to 6.3 ppm.  The CH protons of the meso-positions resonate at 8.5 and the 

two doublets which correspond to the two outer β-pyrrole CH protons are shifted 

to 7.3 ppm and 8 ppm, respectively.  The reduced aromatic effect for the free-base 

form of macrocycle 105 can be rationalized in terms of a lower number of fully 

conjugated π-electron peripheries (i. e. fewer aromatic resonance structures can be 

drawn).  It is also possible that 105 is subject to a greater distortion from planarity 

than H21052+•2Cl-.  Nevertheless, the critical point is that 105 is still considered to 

be inverted; the ∆δ-value between the outer and inner β-CH protons amounts to 5 

ppm as the result of an extant but weak ring current effect. 

The NOESY spectrum supports the assignment of an inverted structure to 

the free-base form of 105.  A correlation is found between the β-CH protons of 

the inverted pyrrole with the NH proton of the middle pyrrole of the terpyrrole 

subunit.  Additionally, the outer NH proton clearly interacts with the ortho-H 

protons of the meso-phenyl substituents, findings which can only be rationalized 

in terms of an inverted structure. 

The UV-vis spectra of 105 and H21052+•2Cl-, shown in Figure 3.1, support 

the assumption that the free-base form of 105 is subject to a greater deviation 

from planarity than its bishydrochloride salt, H21052+•2Cl-.  In particular the 

extinction coefficients are found to be reduced by a factor of 2 – 2.5 in the case of 

the free-base.  A split Soret-type band with a λmax (ε, M-1 cm-1) at 502 nm 

(61,100) and 531 nm (73,400) is seen for 105, accompanied by a single broad Q-
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type band with a λmax (ε, M-1 cm-1) of 782 nm (20,200).  The UV-vis spectrum of 

H21052+•2Cl- is also characterized by a split Soret-like band with λmax (ε, M-1 cm-

1) values of 533 nm (173,000) and 556 nm (156,000) and two Q-type transitions at 

λmax (ε, M-1 cm-1) = 733 nm (10,400) and 877 nm (30,200), respectively. 
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Figure 3.1 UV-vis spectra of H21052+•2Cl- (__) and 105 (…) in dichloromethane. 

Definitive proof for the assigned structure of [26]hexaphyrin(1.1.1.1.0.0) 

was obtained from single crystal X-ray crystallographic analyses of H21052+•2Cl- 

and 105.  The results of these studies are shown in Figures 3.2 and 3.3, 

respectively. 
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Figure 3.2 Top and side views of H21052+•2Cl- showing a partial atom labeling 
scheme.  Thermal ellipsoids are scaled to the 50% probability level.  
Hydrogen atoms are drawn to an arbitrary scale.  Dashed lines 
indicate hydrogen bonding interactions. 
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Figure 3.3 Top and side views of 105- showing a partial atom labeling scheme.  
Thermal ellipsoids are scaled to the 50% probability level.  
Hydrogen atoms shown are drawn to an arbitrary scale. 
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In the crystal structure of H21052+•2Cl-, shown in Figure 3.2, in addition to 

the two bound chloride counteranions, there is one molecule of water incorporated 

into the structure.  Several hydrogen bonding interactions, indicated by dashed 

lines, are found between the pyrrolic NH protons and the water and the chloride 

anions, respectively.  These might, at least to some extent, account for the partial 

deviation from planarity.  Another hydrogen bonding interaction is found between 

the water and a molecule of tetrahydrofuran (not shown).  The middle pyrrole of 

the terpyrrole subunit is tilted out of the plane, minimizing the interactions 

between the β-methyl groups (see Table 3.1). 

Single crystals of 105 were obtained from dichloromethane/hexanes.  The 

resulting X-ray structure is shown in Figure 3.3.  One feature of this structure is 

that 105 crystallizes under these conditions without any additional solvent being 

incorporated into the structure.  This stands in contradiction to what is commonly 

seen for similar systems (including H21052+•2Cl-) that readily incorporate 

hydrogen bound and/or “gap-filling” solvent molecules into their crystal lattices.  

The structure of 105 further deviates from that of H21052+•2Cl- in that a greater 

degree of distortion for the middle pyrrole of the terpyrrole subunit is seen in the 

free-base form (see Table 3.1 for a detailed comparison of structural parameters).  

This latter subunit is tilted out of the plane in both instances; however, this 

distortion is greater for the free-base form.  This might explain the reduced ring 

current effect observed for 105 as compared to H21052+•2Cl-.  On the other hand, 

the overall deviation from planarity for the tripyrrane subunit is less in the case of 

105 than it was in the case of H21052+•2Cl-. 
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 105 H21052+•2Cl- 
angles   
C22-C23-C24 126.0º 133.4º 
C27-C28-C1 122.2º 120.9º 
C4-C5-C6 121.7º 119.8º 
C9-C10-C11 126.4º 132.7º 
   
torsion angles   
N3-C14-C15-N4 46.0º 41.3º 
N4-C18-C19-N5 46.5º 34.1º 
N6-C27-C1-C2 19.5º 16.8º 
C27-C28-C1-C2 5.1º 16.8º 
C3-C4-C5-C6 9.6º 15.5º 
C4-C5-C6-N2 17.5º 20.6º 

Table 3.1 Solid state structural parameters for [26]hexaphyrin(1.1.1.1.0.0) 105 
and its bis-HCl salt H21052+•2Cl-. 

3.3  [22]PENTAPHYRIN(1.1.1.0.0) 

The above success then led us to attempt the synthesis of 

[22]pentaphyrin(1.1.1.0.0) (106a).  This smaller analogue of 105 is an isomer of 

smaragdyrin.19,107  Unlike [26]hexaphyrin(1.1.1.1.0.0) 105, this kind of 

macrocycle was known at the outset of this work, but only in a form wherein all 

the β-pyrrolic sites of the macrocycle are substituted with alkyl groups.108  By 

using a dipyrromethane with pyrroles that lack substituents in the β-positions, we 

intended to study whether this particular pentapyrrolic macrocycle, like its 

hexapyrrolic congener 105, would be capable of undergoing inversion at one of 

its pyrrolic sites, presumably one of the less sterically demanding β-unsubstituted 

pyrroles.  To the extent this was found to occur, it would support the contention 

that the all β-substituted version, characterized only in the form of its HCl salt, 



 109

would not be able to undergo such an inversion presumably as the result of 

[22]pentaphyrin(1.1.1.0.0) being unable to accommodate inward pointing alkyl 

groups. 

Initial efforts to obtain [22]pentaphyrin(1.1.1.0.0) (106a) were made using 

a synthetic procedure analogous to that used to prepare 105.  Specifically, a 

mixture of diformylhexamethylterpyrrole, 8284 5-phenyldipyrromethane, 96109 

and 4 equivalents of para-toluensulfonic acid was heated at reflux in ethanol for a 

period of 12 hours while being left open to air.  To our surprise, however, we 

were unable to isolate any of the desired product under these reaction conditions 

(Scheme 3.2). 
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Scheme 3.2 Unsuccessful attempt to synthesize 106a. 

Accordingly, the approach and conditions used successfully to synthesize 

the all-β-substituted version of [22]pentaphyrin(1.1.1.0.0) were employed.  

Specifically, as outlined in Scheme 3.3, 1,9-bisformyl-5-phenyldipyrromethane 

(107a),110 hexamethylterpyrrole (95),98 and an excess of HCl were reacted under 

an inert atmosphere using chloroform as the solvent, followed by 

chromatographic workup.  In this instance, the desired product, 
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phenylisosmaragdyrin 106a, could be isolated in 44% yield in the form of its HCl 

salt (H106a+•Cl-). 
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Scheme 3.3 Synthesis of [22]pentaphyrin(1.1.1.0.0). 

Unfortunately, H106a+•Cl- proved to be only poorly soluble in most 

common organic solvents, such as dichloromethane, chloroform, acetonitrile and 

methanol.  This hampered efforts at characterization.  However, in d7-DMF 

satisfactory 1H-NMR spectral data could be obtained for H106a+•Cl- that are in 

agreement with the proposed structure.  Additionally, single crystals of 

H106a+•Cl- suitable for X-ray crystallographic characterization could be obtained 

by recrystallization from DMSO.  The resulting structure is shown in Figure 3.4. 
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Figure 3.4 Views of H106a+•Cl-•2DMSO showing the partial atom labeling 
scheme.  Dashed lines are indicative of a hydrogen bonding 
interaction.  Thermal ellipsoids are scaled to the 50% probability 
level.  Hydrogen atoms shown are drawn to an arbitrary scale. 
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As illustrated in the top portion of Figure 3.4, the protonated macrocycle 

H106a+•Cl- interacts with the chloride counteranion that is located above the 

mean pentaaza plane.  There are three hydrogen bonding interactions, namely 

between N5H-Cl (2.33(2) Å), N4H-Cl (2.28(2) Å), and N2H-Cl (2.46(2) Å).  Two 

molecules of dimethylsulfoxide per macrocyclic unit are incorporated into the 

structure, only one of which is hydrogen bound to the macrocycle (c. f. side view 

given in Figure 3.4).  There are two hydrogen bonding interactions involving this 

latter DMSO molecule, namely N1H-O (2.15(2) Å) and N3H-O (2.04(3) Å). 

On the basis of its proposed structure, H106a+•Cl- is expected to be a (4n 

+ 2) π-electron system and hence potentially aromatic.  Nonetheless, the angles 

across the meso positions deviate substantially from 120º; they amount to 133.1º 

(C17-C18-C19), 131.4º (C22-C23-C1) and 132.1º (C4-C5-C6), respectively, 

indicating that the molecule experiences a severe ring strain.  In spite of this, the 

overall molecule is rather planar as would be expected for an aromatic system.  

The main deviation from planarity involves the middle pyrrole of the terpyrrolic 

subunit, as indicated by torsion angles of 20.9º and 22.3º for N2-C9-C10-N3 and 

N3-C13-C14-N4, respectively.  On the other hand, the dipyrromethane subunit is 

rather planar, with torsion angels of 3.2º (N5-C22-C23-C1) and 12.8º (C22-C23-

C1-N1) being observed. 

The structure of H106a+•Cl- can be compared to that of H21052+•2Cl- 

which was described previously.  In this latter instance, pyrrole inversion, 

something not seen for H106a+•Cl-, is observed.  This leads to the conclusion that 

removal of the β-pyrrolic alkyl groups in the dipyrromethene portion of 
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[22]pentaphyrin(1.1.1.0.0) is not, in and of itself, sufficient to induce pyrrole 

inversion, at least not at this protonation state and under these solid phase 

conditions.  Accordingly, other protonation states were studied.  Doing this, 

however, would require an analogue of 106a that was more soluble. 

In order to obtain a more soluble version of [22]pentaphyrin(1.1.1.0.0) 

(H106a+•Cl-), the meso-phenyl group was replaced by a meso-mesityl group; it 

was hoped that such a replacement would serve to break up the various π-stacking 

interactions thought to account for the low solubility of the macrocycle.  The 

requisite 1,9-bisformyl-5-mesityldipyrromethane (107b) was obtained from 5-

mesityldipyrromethane111 using the common Vilsmeier-type conditions employed 

recently in the synthesis of 1,9-bisformyl-5-phenyldipyrromethane (107a).110  

With 107b in hand, mesityl-isosmaragdyrin (H106b+•Cl-) could readily be 

obtained in 38% yield, using the same procedure used to prepare H106a+•Cl- 

(Scheme 3.3).  As expected, the solubility of H106b+•Cl- improved as compared 

to H106a+•Cl-, with moderate solubility being observed in chloroform and 

dichloromethane.  On the other hand, the solubility in DMSO was found to be 

reduced.  The solubilities are similar for both the HCl salt (H106b+•Cl-) and the 

free-base form (106b), the latter being obtained upon treatment of H106b+•Cl- 

with aqueous NaOH. 

The UV-vis spectra of H106b+•Cl- and 106b, shown in Figure 3.5, are in 

accord with what one would expect for a smaller analogue of 

[26]hexaphyrin(1.1.1.1.0.0).  The free-base 106b displays three strong 

absorptions, namely at λmax (ε, M-1 cm-1) = 391 nm (50,600), 458 nm (71,600), 
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and 473 nm (75,300), that are considered to be Soret-type bands.  Three weaker 

Q-like bands at λmax (ε, M-1 cm-1) = 638 nm (17,500), 659 nm (15,600), and 720 

nm (31,600) are also observed.  The UV-vis spectrum of H106b+•Cl- is less 

complex and is characterized by a molar absorbtivity that is approximately twice 

as large as that of 106b.  Specifically, one sharp Soret-type band is seen at λmax (ε, 

M-1 cm-1) = 447 nm (150,000) and a single, less intense Q-type band is seen at 

λmax (ε, M-1 cm-1) = 868 nm (12,000). 
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Figure 3.5 UV-vis spectra of H2106b2+•2Cl- (__) and 106b (…) as recorded in 
dichloromethane. 

Further evidence that the new macrocyclic system 106b is best considered 

as being aromatic came from 1H-NMR spectral studies.  For instance, in the case 
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of the free-base 106b, the 1H-NMR (CDCl3) spectrum reveals signals at 3.71, 

3.79, and 3.90 ppm, respectively, that are ascribed to the three different methyl 

groups attached to the β-pyrrolic positions.  The downfield shifts of these 

resonances are typical of what is seen for alkyl groups attached to an aromatic 

periphery.  Two doublets, corresponding to the β-pyrrole protons of the 

dipyrromethane subunit, are also seen at 8.78 and 9.49 ppm, respectively.  The 

meso-like protons are found to resonate as one singlet at 10.38 ppm, in accord 

with what is expected based on symmetry considerations.  The downfield position 

of this signal is indicative of an aromatic ring current effect.  Unfortunately, in 

this instance, no resonances could be observed for another set of marker signals 

whose chemical shift values can provide evidence of aromaticity or 

antiaromaticity, namely the pyrrolic NH protons.  Presumably, the inability to 

observe these latter signals reflects a fast equilibrium between different putative 

tautomers of the macrocycle.  Consistent with such a supposition, is the finding 

that the two ortho-methyl groups of the mesityl substituents are magnetically 

equivalent on the NMR time scale and resonate as one singlet at 1.84 ppm.  Since 

it appears reasonable to assume that the mesityl substituent is unable to rotate at 

room temperature, the observation of a singlet implies either a very flat overall 

macrocyclic structure or substantial conformational flexibility, with the result that 

the ortho-methyl groups of the mesityl substituent become chemically equivalent 

in a time averaged sense. 

The room temperature 1H-NMR spectrum (CDCl3) of the protonated 

macrocycle H106b+•Cl- was also recorded and again found to be in accord with 
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not only the proposed structure but also its (4n +2; n = 5) π-electron aromatic 

formulation.  For instance, the pyrrolic methyl groups were found to resonate 

between 3.75 and 3.84 ppm, while the expected doublets of the β-pyrrole protons 

of the dipyrromethane subunit were observed as two broad, unresolved singlets at 

8.85 and 9.54 ppm, respectively.  Another singlet at 10.53 ppm was also 

observed; it is ascribed to the two meso-like protons.  Finally, in contrast to what 

proved true for the free-base form of the macrocycle 106b, all the expected NH 

resonances could be observed.  Specifically, three singlets in the ratio of 1:2:2 and 

integrating to five protons were seen at -5.42, -2.84, and -2.11 ppm, respectively.  

Such upfield shifts for these signals are in accord with the proposed aromatic 

formulation and its attendant ring current effect. 

Besides the observation of NH signals, one noteworthy difference between 

the 1H-NMR spectra of H106b+•Cl- and 106b is that in the case of H106b+•Cl-, 

the two ortho-methyl groups of the mesityl substituents give rise to two separate 

singlets at 1.59 and 2.14 ppm, respectively.  This lack of equivalence provides 

support for the contention that not only is the mesityl group unable to rotate but 

also that the macrocyle as a whole is locked into a single conformation.  

Presumably, this is a consequence of interacting with, and binding to, the chloride 

counteranion; this, it is suggested, serves to stabilize in solution a structure 

analogous to that seen in the solid state of H106a+•Cl- (Figure 3.4), at least on the 

NMR time scale. 

To date, in contrast to what is seen for the [26]hexaphyrin(1.1.1.1.0.0), 

system 105, there has been no indication that either form of 106 (i.e. H106b+•Cl- 
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or 106b) displays any tendency to adopt a conformation in which one pyrrolic 

subunit is inverted.  On the other hand very interesting results were obtained when 

trifluoroacetic acid (TFA) was added stepwise to a solution of free-base 

[22]pentaphyrin(1.1.1.0.0) (106b) in CDCl3. These changes, described in more 

detail below, include possible indications of pyrrole inversion at very high TFA 

concentrations. 

When less than one equivalent of trifluoroacetic acid is added to a solution 

of 106b in CDCl3, the 1H-NMR spectrum reflects the coexistence of both the free-

base and the protonated forms (106b and H106b+•TFA-).  The addition of one full 

equivalent of trifluoroacetic acid then leads, as expected, to the disappearance of 

signals ascribable to the free-base form, and a growing in of spectral features 

ascribable to H106b+•TFA-.  These latter features, importantly, are virtually 

identical to those observed for H106b+•Cl-.  However, when a little bit more 

trifluoroacetic acid is added (bringing the total to slightly more than 1 molar 

equivalent), extreme line broadening is observed.  This is rationalized in terms of 

a fast exchange process involving binding and release of the TFA- counteranion.  

This effect reaches its maximum at the point where a total of two equivalents of 

trifluoroacetic acid have been added to the initial sample of 106b.  Indeed, at this 

juncture, practically no signals are observed.  The subsequent addition of one 

further equivalent of trifluoroacetic acid (three equiv. total) then results in the 

restoration of some peaks, albeit ones that remained extremely broad. 

Once five or more equivalents (up to approximately 14 molar equiv.) of 

TFA are added, a spectrum consistent with the formation of a new species is 
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observed.  On the basis of its NMR spectral features, this new species has been 

assigned the structure H2106b2+•2[TFA-] (Scheme 3.4).  Consistent with this 

assignment, the 1H NMR spectrum is characterized by features that one would 

fully expect for a nonaromatic system with little or no internal symmetry.  For 

instance, six pyrrolic methyl signals are observed between 2.11 and 2.45 ppm, a 

region that implies that they are not experiencing any aromatic ring current effect.  

Five singlets between 10 and 13 ppm, whose chemical shift varies slightly 

depending on the precise amount of trifluoroacetic acid added, are also observed. 

These signals, ascribed to NH protons, resonate in a region that is very typical for 

“normal” pyrrole NH protons.  Thus, this finding also supports the proposed 

nonaromatic structure for H2106b2+•2[TFA-].  Four doublets corresponding to the 

β-pyrrolic protons are also seen at 6.41, 6.66, 6.68, and 6.85 ppm.  One of these 

latter (that at 6.41 ppm) was not resolved but was assigned as such based on a 

COSY spectral analysis.  In any event, the chemical shift of these signals supports 

the contention that they do not experience any type of aromatic, or even 

antiaromatic ring current effect. 

In addition to the above, one singlet is found at 6.55 ppm.  It integrates to 

one proton and is assigned to a meso-like CH resonance.  Another singlet 

integrating to two protons and ascribed to a “meso”- CH2 signal is also seen at 

4.23 ppm.  The observation of this CH2 group is consistent with the proposed 

protonation at the meso position (second overall protonation), and accounts in 

large measure for the structure of H2106b2+•2[TFA-] being assigned as depicted in 

Scheme 3.4.  Still, in spite of this meso protonation, compound H2106b2+•2[TFA-] 
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appears flat (or time-averaged flat) as judged from the fact that the two ortho-

methyl groups of the mesityl substituent are now magnetically equivalent; 

specifically, two singlets in the ratio of 2:1 are observed at 1.92 and 2.36 ppm, 

respectively, for the two mesityl methyl groups.  As expected, these signals show 

a crosspeak in the COSY spectrum. 
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When an even larger excess of trifluoroacetic acid is added (i.e., 100 

molar equiv. or more), the 1H NMR spectrum changes again.  Now, nine different 

methyl groups are observed, some of which are shifted to lower fields as 

compared to their presumed non-aromatic precursor H2106b2+•2[TFA-].  The 

signal at 4.23 ppm that was ascribed to the “meso” CH2 group in 

H2106b2+•2[TFA-] is no longer present.  On the other hand, one singlet integrating 

to one proton only, is observed at 8.2 ppm; it is assigned to a meso-CH proton.  

Four doublets, ascribed to the β-pyrrolic protons, are also observed.  These latter 

signals are shifted downfield as compared to H2106b2+•2[TFA-].  The simplest 

(and favored) rationalization of these findings involves the generation of a species 

with an inverted “meso-carbon” such as 107.  For a species like this, one would 

expect to observe a signal for the inner meso CH proton that is shifted very far 

upfield as compared to the outer meso-CH proton.  Unfortunately, however, a 

signal of this type could not be detected with any degree of certainty.  Nor could 

signals corresponding to the NH protons be seen.  While these signals may be 

hidden in the alkyl reagion, an inability to detect them unambiguously means that 

the structure assigned as 107 must be considered tentative at present. 
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The spectrum of 106b + TFA gains further complexity when only slightly 

more trifluoroacetic acid is added to the solution in which 107 is considered to be 

the dominant species.  This added complexity makes it extremely difficult to 

assign signals in the methyl region.  Further, while the four doublets for the β-

pyrrolic protons of 107 are seen to decrease in intensity, new signals are also seen 

to appear.  These latter consist of two doublets at around 9.5 ppm and two 

doublets at approximately 5 ppm, all equal in intensity.  While highly speculative 

at this stage of investigation, the presence of two sets of doublets, one shifted to 

higher field and one to lower field, is consistent with a structure such as 108, that 

has an inverted pyrrolic subunit.  Given the rather small ∆δ of the two sets of 

doublets, however, one would expect 108 to be highly distorted from planarity. 

To shed further light on the changes seen upon varying the concentration 

of trifluoroacetic acid, we performed a UV-vis titration starting with the free-base 

106b.  The results of this titration are summarized in Figures 3.6 and 3.7, 

respectively.  Figure 3.6 shows the stepwise conversion of the free-base 106b to 

the monoprotonated species H106b+•TFA-, observed upon the addition of 

increasing quantities of TFA.  Supporting the assumption of two species for the 

most part are coexisting over the course of this titration, a near isosbestic behavior 

is seen.  Further, and importantly, the final spectrum, assigned to H106b+•TFA-, is 

virtually identical to that of H106b+•Cl-. 
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Figure 3.6 UV-vis spectra showing the spectral changes observed upon the 
stepwise addition of TFA to solutions of 106b in dichloromethane.  
These are considered to reflect the stepwise conversion of 106b into 
H106b+•TFA-. 

The solution of H106b+•TFA- produced as the result of the above titration 

also provides the starting point for the addition of further trifluoroacetic acid, as 

shown in Figure 3.7.  Under the conditions of this second titration, the spectrum 

corresponding to H106b+•TFA- is seen to evolve gradually into a different one, 

specifically one considered to reflect the formation of the non-aromatic species 

H2106b2+•2[TFA-].  In support of this latter conclusion is the finding that under 

these conditions, Q-type bands are no longer observed.  Likewise, the intensity of 
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the maximal Soret-like absorption is considerably decreased as compared to 

H106b+•TFA-.  This latter band is also considerably broadened, a finding that is 

very much consistent with the presence of a nonaromatic species. 
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Figure 3.7 UV-vis spectra showing the spectral changes observed upon the 
stepwise addition of TFA to solutions of H106b+•TFA- in 
dichloromethane.  These are considered to reflect the stepwise 
conversion of H106b+•TFA- into H2106b2+•2[TFA-]. 

Figure 3.8 shows the spectrum of 106b measured in pure trifluoroacetic 

acid.  This spectrum is clearly different from those assigned to H106b+•TFA- and 

H2106b2+•2[TFA-].  In particular, it displays a small band around 700 nm that 

somewhat resembles a Q-type band.  Such a band is, of course, expected were, as 
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is being suggested, an aromatic species being formed at higher TFA 

concentrations.  Unfortunately, these UV-vis experiments, at least at their present 

level of analysis, do not allow an assignment of whether pyrrole inversion has or 

has not occurred.  On the other hand, they certainly do not rule it out. 
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Figure 3.8 UV-vis spectrum of 106b in pure trifluoroacetic acid. 

To summarize the above findings, the synthesis and characterization of the 

terpyrrole-derived pentapyrrolic and hexapyrrolic macrocycles 105 and 106, 

containing aryl-substituted dipyrromethane and diaryl substituted tripyrrane 

subunits, respectively, have been described.  The larger species displays structures 

with an inverted pyrrole in both its free-base and diprotonated forms.  By contrast, 
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the smaller pentapyrrolic species 106 does not appear to contain an inverted 

pyrrole, at least in its well characterized free-base and monoprotonated forms.  On 

the other hand, in the presence of excess trifluoroacetic acid, species are observed 

that, depending on the exact concentration of TFA, are either i) non-conjugated 

(H2106b2+•2[TFA-]) or ii) aromatic with inverted “meso” carbons or iii) pyrrolic 

subunits (107 and 108, respectively).  While definite proof for the existence of 

these latter two structural variants (i.e. 107 and 108) will require further study, the 

available data serves, at the very least, to underscore the fact that the protonation 

and conformational behavior of initially aromatic species such as 106b is very 

complex. 

3.3  [30]HEPTAPHYRIN(1.1.1.1.1.0.0) 

The successful synthesis of [22]pentaphyrin(1.1.1.0.0) (106) and 

[26]hexaphyrin(1.1.1.1.0.0) (105) was described above.  The common feature of 

106 and 105 is the presence of a terpyrrolic subunit that is linked to an 

oligopyrrolic building block; a dipyrromethene unit in the case of 106 and a 

tripyrrane unit in the case of 105.  Because the precursors to these building blocks 

are conveniently obtained by the condensation of pyrrole with benzaldehyde 

under appropriate conditions,112 and higher homologues such as tetrapyrrane 110 

are available as well, we were keen to attempt the synthesis of 

[30]heptaphyrin(1.1.1.1.1.0.0) (109) which would represent the next higher 

homologue in the series of pyrrane-terpyrrole containing expanded porphyrins.  

Based on CPK-models we expected 109 to adopt a conformation wherein two of 

the seven pyrrolic subunits  are inverted. 



 126

H
N

NH HN

PhPh

H
N

NN

105

H
N

NNH

HNNH

Ph

106a

H
N

N

Ph

N
H

N

Ph

Ph N

HN

HN

109  

The synthesis of [30]heptaphyrin(1.1.1.1.1.0.0) (109) is outlined in 

Scheme 3.5.  Compound 109 is obtained from the acid catalyzed condensation of 

a 1:1 mixture of the diformylhexamethylterpyrrole (82)84 with the tetrapyrrane 

110.112  Carrying out this condensation in ethanol at room temperature and open 

to air with a 4-fold molar equivalent excess of p-toluensulfonic acid, followed by 

chromatographic workup, provides 109 in 16% yield.  Additionally, as a result of 

partial hydrolysis of the precursor tetrapyrrane 110 under the reaction conditions, 

[26]hexaphyrin(1.1.1.1.0.0) (105) was also isolated in approximately 15% yield.  

Such a finding, namely the formation of a smaller macrocycle due to a partial 

hydrolysis of starting material, is commonly observed in expanded porphyrin 

chemistry.2-4 
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Scheme 3.5 Synthesis of [30]heptaphyrin(1.1.1.1.1.0.0) (109). 
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The structure of [30]heptaphyrin(1.1.1.1.1.0.0) (109), as it is shown in 

Scheme 3.5, was assigned based on NMR-spectroscopic observations.  Namely, 

the 1H-NMR spectrum in CDCl3 displayed peaks that are not in agreement with 

the originally anticipated bis-inverted conformation.  A peak observed at –4.2 

ppm was correlated to a 13C signal at 3.8 ppm by means of a HETCOR 

experiment.  Based on this correlation and the integration of the peak, the signal 

was assigned to two methyl-groups pointing inward toward the center of an 

aromatic macrocycle.  Two more singlets at 3.6 and 4.4 ppm, respectively, and 

integrating to six protons each, were assigned to two magnetically distinct methyl 

groups, establishing the partial inversion of the β-substituted terpyrrole. 

Another striking feature observed in the 1H-NMR spectrum of 109 is the 

presence of three sets of multiplets at 0.48 (2H), 3.67 (2H) and 4.93 ppm (1H).  

Based on HETCOR and COSY experiments, these signals were assigned to the 

respective ortho-, meta- and para-protons of one phenyl ring.  The considerable 

upfield shift of these proton signals as compared to those for a “normal” phenyl 

ring, leads to the suggestion that this particular phenyl-group experiences a strong 

ring current effect due to the aromatic macrocycle, and more specifically to the 

propoasal that it is placed “inside” the ring.  Additionally, the finding that the 

ortho-proton is subject to the strongest upfield shift led us to conclude that the 

overall conformation of 109 is likely to deviate substantially from planarity.  All 

remaining signals in the 1H-NMR spectrum of 109 are also in good agreement 

with the proposed structure as depicted in Scheme 3.5.  Four sets of doublets 

between 8.43 and 8.94 ppm, integrating to two protons each, are assigned to the 
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four magnetically distinct β-pyrrolic protons, providing further support for the 

assumption that none of the β-unsubstituted pyrrolic subunits is inverted.  A 

singlet at 9.71 ppm is ascribed to the two meso-like CH-protons, while a broad 

singlet at 16.56 ppm is assigned to the NH-signal of the inverted pyrrole.  Again, 

the position of these latter two signals support the contention that 109 is aromatic.  

The signals corresponding to the two remaining phenyl groups are found to 

resonate as broad peaks between 7.81 – 8.03 and at 9.04 ppm.  Unfortunately, the 

expected signals for the remaining inner NH-protons could not be detected. 

Further characterization of [30]heptaphyrin(1.1.1.1.1.0.0) (109) was 

achieved from a single crystal X-ray diffraction analysis.  The resultant structure 

is shown in Figure 3.9.  To our surprise, it is characterized by the presence of a 

‘figure eight’ motif as seen in several octa- and decapyrrolic expanded 

porphyrins.29,100  The terpyrrolic subunit folds in the same way as in the 

decapyrrolic macrocycle turcasarin.29  By contrast, the tetrapyrrane subunit, which 

completes the circle, adopts a conformation very similar to what has been 

reported for octaphyrin(1.1.1.1.1.1.1.1).62  In agreement with the chirality of 109 

observed in the solid state as a result of the ‘figure eight’ motif, both enantiomeric 

forms of the macrocylce are seen in the crystal lattice (only one of which is shown 

in Figure 3.9). 



 129

N4

N5

N3
N6 N7

N2

N1

 

 

Figure 3.9 Top and side views of 109 showing the partial atom labeling scheme.  
Thermal ellipsoids are scaled to the 50% probability level.  
Hydrogen atoms shown are drawn to an arbitrary scale.  For clarity, 
substituents have been removed in the side view. 
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The structure of 109 seen in the solid state thus appears to differ from the 

more symmetric structure observed in solution.  One rationale for this discrepancy 

could be dynamic motion.  If one takes into account the presence of two different 

enantiomeric ‘figure eight’ forms of this macrocycle, then what is seen in solution 

could be just the result of a rapid equilibrium between these two forms with the 

structure depicted in Scheme 3.5 representing a time averaged conformation.  

However, low temperature 1H-NMR spectroscopic analyses, carried out in CDCl3 

at 213 K, revealed little change in the spectral features as compared to the room 

temperature spectrum.  However, two signals of equal intensity were observed at 

–0.45 and –0.96 ppm in the low temperature spectrum of 109; these are ascribed 

to NH-signals of the two tautomeric forms in fast exchange.  On the other hand, 

substantial differences would be expected were the two enantiomeric ‘figure 

eight’ forms being frozen out.  We thus propose that the ‘flat’ conformation is 

really the preferred structure in solution, and what is seen in the solid state is 

simply the result of crystal packing effects. 

Two other possible explanations for the disparity between the solid state 

structure and what is inferred on the basis of the NMR spectroscopic studies were 

also considered and ruled out.  First, we were concerned that in CDCl3 compound 

109 was undergoing protonation as the result of adventitious solvent-borne 

impurities.  This possibility, which would have the effect of having the specie 

studied in solution being different from that in the crystalline phase, was 

discounted on the basis of the fact that an 1H-NMR spectrum recorded in DMSO-

d6 proved concordant with that recorded in CDCl3  Further, the addition of either 
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K2CO3 or solid NaOH to the DMSO-d6 solution resulted in little qualitative 

change in the spectrum (other than a significant reduction in the signal to noise 

level). 

The second possibility involved the idea that facile oxidation or reduction 

of 109 would result in a different heptaphyrin-(1.1.1.1.1.0.0) being present in 

solution.  This possibility, however, was ruled out based on the structure itself; 

four pyrrolic NH-hydrogens have been located, supporting the contention that 109 

is indeed a 30 π-electron macrocycle. 

The UV-vis spectrum of 109, shown in Figure 3.10, further supports the 

assumption that the macrocycle is aromatic.  Specifically, one Soret-type band is 

seen at λmax (ε, M-1 cm-1) = 640 nm (75,200), with less intense Q-type bands being 

seen at λmax (ε, M-1 cm-1) = 834 nm (9400), 919 nm (9000), and 1077 nm (13600), 

respectively.  The shape of the spectra and the intensity of the Soret-type bands 

are similar in the case of both 105 and 109, with the bands for the larger 

heptapyrrolic system (109) being red shifted as compared to the smaller 

macrocycle (105).  Interesting spectral changes are induced when HCl gas is 

bubbled through the solution of 109.  As shown in Figure 3.10, spectral features 

appear that are in agreement with the formation of a protonated form of 109.  For 

this putative HCl salt of 109, a Soret-type band is seen at λmax (ε, M-1 cm-1) = 601 

nm (240800), accompanied by two Q-type absorptions at λmax (ε, M-1 cm-1) = 857 

nm (12000) and 979 nm (29300). 
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Figure 3.10 UV-vis spectra of 109 in dichloromethane prior to (__) and after 
bubbling HCl (g) (…) through the solution. 

While three different protonation states can be considered for 109, the 

exact nature of the protonated species whose spectrum is shown in Figure 3.10 

remains unknown.  However, the presence of a strong and sharp Soret-like 

absorption, as well as the observation of two Q-type transitions strongly supports 

the assumption that 109 preserves its aromatic character when protonated this 

way.  Unfortunately, the highly insoluble nature of this protonated form of 109 

has precluded all attempts at further characterization. 
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In spite of an inability to characterize the protonated form (or forms) of 

109, the approach reported here does provide access to a new class of terpyrrole-

containing heptapyrrolic macrocycles, namely [30]heptaphyrin-(1.1.1.1.1.0.0) 

(109).  Probably the most striking feature of 109 is the inversion of a β-substituted 

pyrrolic subunit under solution phase conditions.  While β-unsubstituted pyrroles 

are commonly found to be inverted in expanded porphyrins, to the best of our 

knowledge such behavior has not yet been reported for their substituted 

congeners.  Additionally, the finding that one phenyl group is ‘pointing inward’ 

toward the center of the macrocyclic ring is rather unique for molecules of this 

type.  Finally it is worth noting that [30]heptaphyrin-(1.1.1.1.1.0.0) (109) is the 

smallest oligopyrrolic macrocyclic system reported to date that displays a ‘figure 

eight’ structure, at least in the solid state. 

3.4  PRELIMINARY STUDIES: [52]DODECAPHYRIN(1.1.1.1.0.0.1.1.1.1.0.0) 

One critical design criteria in the synthesis of [26]hexaphyrin(1.1.1.1.0.0) 

(105) was the use of the β-unsubstituted tripyrrane 104, as the product was 

expected to adopt a conformation wherein the middle pyrrole of the tripyrrane 

subunit (only) is inverted.  This was in fact found to be true. 

Subsequently, we became curious if the reaction would still proceed if the 

all-β-substituted tripyrrane 111113 were substituted for the diphenyltripyrrane 104 

used initially (c.f. Scheme 3.1).  Accordingly, as outlined in Scheme 3.6, the 

synthesis of 114 was attempted.  To our surprise, the same conditions that readily 

rendered 105, gave rise to the unsymmetric [22]pentaphyrin(1.1.1.0.0) 112 in 

7.5% yield as the only isolable product.  This finding may be rationalized by 
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partial hydrolysis of 111 under the reaction conditions, something that has 

frequently been found in expanded porphyrin forming reactions.104  To the extent 

such a rationalization is correct, it would underscore the fact that the 

corresponding diphenyltripyrrane 104 is more stable under these conditions.  

Consistent with such a proposal, in the synthesis of 105, no products were found 

that would require a partial hydrolysis of 104. 
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Scheme 3.6  Unexpected synthesis of [22]pentaphyrin(1.1.1.0.0) 112.  This 
product was obtained as the result of an attempted synthesis of an 
all-β-substituted [26]hexaphyrin(1.1.1.1.0.0). 

[22]Pentaphyrin(1.1.1.0.0) 112 was unambiguously characterized by the 

spectral properties of its HCl salt H112+•Cl-.  This salt was obtained easily by 

treating the free-base 112 with aqueous HCl.  In agreement with its unsymmetric 

nature, the 1H-NMR spectrum of H112+•Cl- shows five singlets at –3.79, –2.66, –

2.63, –1.48, and –1.44 ppm, that are assingned to the five NH-protons, 

respectively.  Three signals are expected for the meso-like CH-protons and 

appropriate resonances are seen at 9.91, 10.13, and 10.16 ppm, respectively.  

Further, signals in the alkyl region in agreement with the structure of H112+•Cl- 

are also observed. 
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The reaction of Scheme 3.6 was then performed under milder conditions.  

Rather than holding the reaction mixture under reflux open to air (Scheme 3.6), it 

was stirred at room temperature while bubbling air through the reaction mixture.  

In this instance (Scheme 3.7), the desired β-substituted 

[26]hexaphyrin(1.1.1.1.0.0) 114 was obtained in trace amounts.  Interestingly, 

however, the main product isolated under these conditions, is the previously 

unknown [52]dodecaphyrin(1.1.1.1.0.0.1.1.1.1.0.0) 113; it is obtained in yields up 

to 66%.   
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Scheme 3.7  Synthesis of [26]hexaphyrin(1.1.1.1.0.0) 114 and 
[52]dodecaphyrin(1.1.1.1.0.0.1.1.1.1.0.0) 113. 
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Figure 3.11 Top and side views of H41134+•(SO4
2-)2 showing the partial atom 

labeling scheme.  Thermal ellipsoids are scaled to the 50% 
probability level.  For clarity, all substituents have been removed.  
Further, the two sulfate counter-anions present in the two “pockets” 
are not shown in these views.  They are, however, shown in Figure 
3.12. 
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Unambiguous proof for the structure of 

[52]dodecaphyrin(1.1.1.1.0.0.1.1.1.1.0.0) 113 was obtained from a X-ray 

diffraction analysis of its bis-sulfate salt H41134+•(SO4
2-)2.  The resulting structure 

is shown in Figures 3.11 and 3.12.  It is characterized by the presence of an 

unusually large “figure eight” type motif.  The two large resulting pockets are 

occupied with the two sulfate counteranions (shown in Figure 3.12), which 

presumably are forming hydrogen bonding interactions with the pyrrole 

hydrogens. 

 

Figure 3.12 View of H41134+•(SO4
2-)2 showing hydrogen bonding interactions.  

Thermal ellipsoids are scaled to the 50% probability level.  For 
clarity, all substituents have been removed.  The N-O contacts, 
indicated by dashed lines, range from 2.67 to 2.77 Å. 
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While both of the new macrocycles, [26]hexaphyrin(1.1.1.1.0.0) 114 and 

[52]dodecaphyrin(1.1.1.1.0.0.1.1.1.1.0.0) 113 are still awaiting full 

characterization, the above findings help highlight the fact that the choice of β- vs. 

meso-substituted precursors can have a significant effect on the outcome of these 

kinds of macrocycle forming reactions.  Indeed, a subsequent reinvestigation of 

the reaction outlined in Scheme 3.1 failed to reveal even trace quantities of a 

meso-substituted [52]dodecaphyrin(1.1.1.1.0.0.1.1.1.1.0.0) analogous to 113. 

 

3.5  SUMMARY AND FUTURE OUTLOOK 

If anything can be learned from the findings in this chapter, it is that 

simple modeling is not necessarily sufficient when trying to predict the 

conformation of a previously unknown expanded porphyrin.  This is especially 

true as the size of the macrocyle and thus its conformational freedom increases.  

On the other hand, it is doubtful that the unprecedented conformation of 

[30]heptaphyrin(1.1.1.1.1.0.0) (109) (inversion of a β-substituted pyrrole in the 

presence of β-unsubstitued pyrroles) would have been predicted even if more 

sophisticated modeling systems would have been used.  Thus there remains a 

need for further experimental work in this area.  Such work could allow for the 

synthesis of new expanded porphyrins and, in the opinion of this author, the 

discovery of many more “unexpected results”.  Such findings, in turn, could 

provide the basis for the development of yet-improved theoretical models. 
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Figure 3.13 Proposed macrocycles derived from known expanded porphyrins.  
The arrows do not suggest reaction pathways.  Rather, they are 
meant to suggest analogies between the systems in question. 

On a different level, the fact that so many interesting conformations have 

been seen in the expanded porphyrins prepared to date provides an inspiration for 
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the design of new functional systems.  Specifically, the particular pyrrolic subunit 

known to be inverted in a given system, may be replaced by a N-confused pyrrole 

(i.e. a 2,4-linked pyrrole) or any other heterocycle (e.g. pyrazole, oxadiazole, 

triazole, etc.) that would increase functionality inside the macrocycle.  Specific 

illustrations of this proposal are given in Figure 3.13. 

Specifically, macrocycles A-C are known to exhibit inversion at the 

positions indicated in Figure 3.13.  Substitution of these pyrrolic subunits for N-

confused pyrroles should provide for new systems, represented by prototypical 

targets A’, B’ and C’, in which the nitrogen of the inverted and N-confused 

pyrrole is actually pointing inside the ring.  The heteroatom analogue of N-

confused sapphyrin 46, discussed in Chapter 1, may be considered as the first 

example of such a system. 

In an alternate modification, the inverted pyrroles of the macrocycles A-C 

could be replaced by different heterocycles, such as pyrazole (X = CH), 1,2,4-

triazole (X = N) or 1,3,4-oxadiazole (X = O).  This results in the prototypical 

targets A’’, B’’ and C’’.  For X = O, it is appreciated that the π-conjugation 

pathway and the oxidation states for A’’, B’’ and C’’ shown in Figure 3.13 would 

need to be changed in order to avoid a formal positive charge on the oxygen.  

Systems A’, B’, C’, A’’, B’’ and C’’ are expected to display a rich coordination 

chemistry, acting potentially as binucleating ligands for redox active transition 

metal cations.  For example, it is proposed that different oxidation states of the 

same metal could be stabilized by different macrocycles with the same general 

framework (compounds I-IV, Figure 3.14). 
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Figure 3.14 Schematic representation of new proposed metal complexes. 

Further, the design principles detailed above can be expanded to a variety 

of other structures (see Figure 3.15), some of which include macrocycles that are 

expected to stabilize tri-nuclear metal complexes, such as macrocycles E and F.   
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Figure 3.15 Expanded porphyrins containing benzene, pyridazine, tetrazine,etc. 
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For the sake of briefness, the proposed macrocycles will not be discussed 

in detail.  Rather, they are given here so as to illustrate a first set of prototypical 

systems that could easily be expanded on further.  It is the belief of this author 

that some if not all of the proposed compounds in Figures 3.12-14, bearing 

solubilizing substituents, will be synthesized and characterized in the near future.  

Indeed, as discussed in Chapter 1, a first porphyrin analogue containing a 1,4-

linked benzene (31) was recently reported by Latos-Grazynski.39 
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Chapter 4:  Cyclo[n]pyrroles and Fe(III) based oxidative 
couplings 

4.1  BACKGROUND AND SIGNIFICANCE 

One of the unexpected surprises to emerge from the study of novel, 

synthetic porphyrin analogues is the finding that large expanded porphyrins, those 

containing 8 or more pyrroles, are often not flat but rather adopt “figure eight” 

and other twisted conformations in spite of being highly conjugated.29,62,68,69,72,73  

As illustrated by many of the examples discussed in Chapter 1, large, flat 

expanded porphyrins can be obtained when one or more of the pyrrolic rings are 

inverted.  However this leads to systems that lack the classic "all-NH-in" structure 

of porphyrins.67,71  Because of this, it remains a challenge at present to produce 

large aromatic expanded porphyrins that display the classic disk-like structure of 

simple porphyrins (1). 
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One structure that might allow this elusive goal to be met is 

cyclo[8]pyrrole (115; [30]octaphyrin(0.0.0.0.0.0.0.0)).  This target can be derived, 

at least in theory, by replacing all four meso-carbon bridges of porphyrin (1) with 

four additional pyrrolic rings.  To the extent it is produced in this way, 

cyclo[8]pyrrole would possess an extended 30 π-electron periphery that, in 
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analogy to the 18 π-electron system of porphyrin, would be aromatic in a Hückel 

(4n + 2) π-electron sense (c.f. structures 1 and 115). 

4.2  SYNTHESIS OF CYCLO[8]PYRROLES 

The synthesis of cyclo[8]pyrrole (115) has been a long term goal in our 

group; in addition to its highly aesthetic appeal it is expected to display a rich 

chemistry.  For instance, the unusually large cavity present in 115 might enable it 

to act as a versatile anion acceptor, metal complexing ligand or as host for various 

neutral substrates.  Another intriguing aspect of cyclo[8]pyrrole (115) is the 

possible existence of multiple oxidation states, something that would relate to the 

ongoing issues of aromaticity/antiaromaticity as they relate to large oligopyrrolic 

systems (c.f. Chapters 1 and 3 for an introduction to this topic). 
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Figure 4.1 Possible oxidation states of cyclo[8]pyrrole (115). 
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A retrosynthetic analysis of 115 leads to the consideration that it could be 

“split up” by disconnection of one or more of the α-α’ bonds between the 

individual pyrrolic subunits.  Such considerations lead to the thought that, at least 

in principle, cyclo[8]pyrroles could be made from linear oligopyrrolic fragments, 

such as a linear octipyrrolic unit, two quaterpyrrolic units, four bipyrrolic units, or 

ultimately eight pyrrolic units (Figure 4.2). 
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Figure 4.2 Retrosynthetic analysis of cyclo[8]pyrrole. 

To date, however, the preparation of higher order fused oligopyrrolic 

systems, including α-α’ unsubstituted quaterpyrroles, has proved elusive (see 

Chapter 2).81  Therefore, we decided to concentrate our efforts on a simple one-

pot strategy that would involve the direct coupling of bipyrrolic fragments.  

Accordingly, several readily available substituted and unsubstituted bipyrroles 

were subject to a wide range of potential coupling conditions. 
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After unsuccessful attempts to obtain cyclo[8]pyrroles by exposing 

bipyrroles to the Cr(VI) based oxidative coupling procedure detailed in Chapter 2, 

efforts were devoted to exploring alternate approaches.  One method considered 

involves condensing bipyrrole 70 with SCl2 and subjecting the putative thia-

bridged macrocyclic intermediates (e.g. 116) to subsequent sulfur extrusion as 

outlined in Scheme 4.1.  This is a well-known method to construct corroles8 and it 

was also applied early on to the preparation of heterosapphyrins.20,114  Macrocycle 

116 (Scheme 4.1), resulting from a “4+4” reaction of bipyrrole 70 with SCl2, is 

only one of the possible products that could arise from this reaction.  Exposure of 

116 to heat was then expected to result in sulfur extrusion thereby producing the 

cyclo[8]pyrrole 115. 
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Scheme 4.1  Proposed synthesis of 115 involving reaction of bipyrrole 70 
with SCl2. 

Because of the high reactivity of SCl2 we decided to use a fully β-alkyl 

substituted bipyrrole, as it is known that SCl2 also reacts at unsubstituted β-

pyrrolic positions, to the extent such are present on a pyrrole.115  Further, to the 

extent the chemistry of Scheme 4.1 could be made work it was thought that the 
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presence of the β-substituents would aid in solubility.  Accordingly, bipyrrole 70b 

was reacted with SCl2, at –78 ºC in tetrahydrofuran, as outlined in Scheme 4.2.  

Surprisingly, none of the putative thia-bridged macrocycles could ever be 

isolated, e.g. substituted analogues of 116.  Rather, while probing different 

conditions, varying amounts of the unprecedented bis-dithia bridged macrocycle 

117 were obtained. 
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Scheme 4.2 Synthesis of macrocycle 117. 

The first “clue” that compound 117 was being formed under the reaction 

conditions came from mass spectrometric analysis.  Subsequently, both 1H-NMR 

and 13C-NMR spectroscopic studies were carried out and gave results in 

agreement with structure 117.  The formation of 117 can be rationalized by the 

presence of S2Cl2, a decomposition product of SCl2.  However, distillation of SCl2 

(and presumably removing S2Cl2) prior to the reaction did not result in a marked 

change in yield, macrocycle 117 was still obtained. 
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Figure 4.3 Top and side views of 117 showing the partial atom labeling scheme.  
Thermal ellipsoids are scaled to the 50% probability level.  For 
clarity, bound and unbound DMSO molecules are not shown. 
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Unambiguous proof for the structure of 117 was obtained from an X-ray 

diffraction analysis.  The resulting structure is shown in Figure 4.3.  At first 

glance, at least when viewed from the “top”, compound 117 resembles porphycen, 

the first reported isomer of porphyrin.26  However, it is lacking the flat, fully 

conjugated structure of the porphycenes.  Specifically, the two pyrrole subunits of 

each bipyrrolic unit are tilted against each other, with a torsion angle of 46.7º 

being observed for N2-C5-C4-N1.  Another relevant torsion angle is that of C8-

S9-S10-C11, which amounts to 90º.  The S-S bond length is 2.1 Å, while a bond 

length of 1.73 Å is observed for the S-C bond. 

In addition to macrocycle 117, very small amounts of what is believed to 

be a cyclo[12]pyrrole, were isolated.  The latter species, a blue compound, has so 

far only been characterized on the basis of mass spectrometric data (HRMS (CI): 

m/z 1285.8914 (HM+), calculated for C84H109N12: 1285.8898). 

In spite of the intriguing results obtained using the route shown in Scheme 

4.2, especially the formation of the unprecedented bis-dithia bridged macrocycle 

117, this chemistry was abandoned and it was decided to explore different 

approaches in order to obtain the desired cyclo[8]pyrroles.  It was decided to 

explore further oxidative coupling procedures but to focus on approaches other 

than the Cr(VI) based method detailed in Chapter 2.  Thus, initially DDQ and 

chloranil were explored as putative coupling-inducing oxidants.  This choice 

reflected the fact that, to date DDQ and chloranil have been used to prepare a 

range of expanded and contracted porphyrins, via, for the most part, α-α’ 

couplings of dipyrromethanes and tripyrranes.40,42,46,53,57,66,116,117  Unfortunately, 
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however, when bipyrroles were used as starting materials no macrocyclic 

products could be obtained, even though a full complement of reaction conditions 

was tested.  Accordingly, it was decided to go back to exploring the use of 

transition metal based oxidants.  Here, success was encountered using FeCl3 as 

the oxidant.  Ferric chloride has been used frequently to prepare so called 

polypyrrole,118 the polymeric material of interest to, inter alia, electrochemists.  It 

has also been employed to aromatize macrocycles.119,120  However, to the best of 

the author’s knowledge, FeCl3 has never been used to produce expanded 

porphyrin-type coupling products. 
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Scheme 4.3 Synthesis of cyclo[8]pyrroles. 

Initial studies showed that cyclo[8]pyrroles (115) may be obtained in trace 

amounts when solutions of bipyrrole in dichloromethane are treated with an 

aqueous solution of ferric chloride.  After several rounds of optimization it was 

arrived at a highly efficient one-step synthesis of cyclo[8]pyrroles (115) that is 

based on the use of FeCl3 as the oxidant and readily accessible α,α’-unsubstituted 
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bipyrroles as the only organic precursors (Scheme 4.3).  A detailed discussion of 

this procedure now follows. 

While the FeCl3-induced oxidative coupling of bipyrroles produces 

cyclo[8]pyrroles of general structure 115 under a range of conditions, it was 

found that the best yields are obtained under carefully optimized biphasic 

conditions (bipyrrole in CH2Cl2; FeCl3 in 1 M H2SO4).  In one test experiment, 

the coupling was performed in ethanol.  Interestingly, slow addition of bipyrrole 

to a solution of FeCl3 in acidified ethanol gave rise to cyclo[8]pyrroles in yields 

very similar to those obtained when FeCl3 in acidified ethanol was added slowly 

to a solution of bipyrrole in ethanol.  In this former optimized procedure (Scheme 

4.3), the rate of addition is carefully controlled so as to ensure a very low 

concentration of bipyrrole in the organic phase at all times; thus, a syringe pump 

containing a solution of bipyrrole was employed.  Also, the stirring speed is kept 

low, so as to minimize the extent to which the two phases are allowed to mix.  

While the yield for cyclo[8]pyrrole formation goes down at higher stirring speeds 

or faster addition rates, the yield of a blue product, which is not observed under 

the optimized reaction conditions outlined above, increases.  This blue product is 

tentatively assigned to be a cyclo[12]pyrrole, based on a MALDI mass 

spectrometric analysis.  Unfortunately, this product begins to precipitate shortly 

after elution from the column and is poorly soluble in common organic solvents.  

This has so far precluded its full characterization. 

Using the above optimized conditions, the yields of cyclo[8]pyrroles, 

isolated in the form of their dihydrogen sulfate salts, are remarkable good, being 
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above 70% in the case of 115a-c as indicated in Scheme 4.3.  Such yields are 

noteworthy in the area of expanded porphyrin chemistry and rival the best yields 

seen in the synthesis of β-substituted octaalkylporphyrins.121  On the other hand, 

the yields observed for 115d are significantly lower (15%).  While a variety of 

factors could account for this finding, it is currently rationalized in terms of the 

lack of full β-substitution which would allow competing β-β’ or β-α-coupling 

reactions.  Consistent with this proposal is the finding that simple unsubstituted 

bipyrrole does not give rise to isolable quantities of cyclo[8]pyrrole, even when 

subjected to FeCl3-based oxidation under the best optimized of conditions.  This 

problem is compounded by issues of solubility.  Indeed, at present, we cannot rule 

out an alternative explanation that involves the formation of quaterpyrrolic or 

other intermediates that lack sufficient solubility to carry on the reaction. 

The NMR-spectra of the cyclo[8]pyrrole dihydrogen sulfate salts 115a-d 

are characterized by their unusually high symmetry.  Based on the positions of the 

signals observed in their respective 1H-NMR spectra, 115a-d are judged to be 

aromatic.  Specifically, for the spectrum of 115a recorded in CDCl3 at room 

temperature, the signal corresponding to the NH protons resonates at 0.64 ppm, 

clearly upfield from “normal” pyrrolic NH protons.  The only two remaining 

signals, a triplet at 1.63 ppm and an unresolved quartet at 4.17 ppm, are assigned 

to the single chemically distinct (i.e., magnetically degenerate) ethyl group.  

While unresolved at room temperature, the quartet at 4.17 ppm corresponding to 

the CH2CH3 protons displays a chemical shift that is typical for a methylene 

group attached directly to the periphery of an aromatic expanded porphyrin-type 
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macrocycle.  At low temperature (223 K, CDCl3), this CH2CH3 signal is nearly 

resolved as a distinct quartet, while the NH resonance shifts to –0.2 ppm. 

The 1H-NMR spectra of cyclo[8]pyrroles 115b-d are similar to that of 

115a.  However, in addition to the expected differences in the alkyl region, 

including the observation of a β-CH signal at 9.9 ppm in the case of 115d, a 

noticeable trend in the position of the NH resonances is observed.  Specifically, at 

room temperature in CDCl3, the NH signal for 115b is seen to resonate at –0.64 

ppm, while the corresponding signals for 115c and 115d are observed at –0.84 

and –1.63 ppm, respectively.  These differences are interpreted in terms of the 

latter, less sterically hindered systems being better able to adopt conformations 

that lie closer to true planarity. 

Also underscoring the high symmetry of 115a-d, and hence their inferred 

near-planarity, are their respective 13C-NMR spectra.  Here, the prototypic 

spectrum is that of 115c, which displays only three distinct signals.  Such a 

limited number of signals is quite unusual for a molecule with 48 carbon atoms 

and a molecular weight of 841.  Excluding perturbations due to the sulfate 

counteranion, this leaves 115c with an effective D8h symmetry in solution. 

Consistent with the proposal that cyclo[8]pyrroles 115 are flat or nearly 

flat were the results of single crystal X-ray diffraction analyses of 115b-d (all 

three of which are dihydrogen sulfate salts).  The resulting structures are shown in 

Figures 3.4, 3.5, and 3.6, respectively.  All structures reveal a very flat, essentially 

planar macrocyclic system with a sulfate anion centrally bound within the cavity. 
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Figure 4.4 Top and side views of 115b showing the partial atom labeling 
scheme.  Thermal ellipsoids are scaled to the 50% probability level.  
For clarity, alkyl substituents have been removed in the side view. 
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Figure 4.5 Top and side views of 115c showing the partial atom labeling 
scheme.  Thermal ellipsoids are scaled to the 50% probability level.  
For clarity, alkyl substituents have been removed in the side view. 
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Figure 4.6 Top and side views of 115d showing the partial atom labeling 
scheme.  Thermal ellipsoids are scaled to the 50% probability level.  
For clarity, alkyl substituents have been removed in the side view. 
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The solid state structures of 115b and 115c are very similar.  In both 

instances, eight hydrogen bonding interactions are inferred from the NH—O bond 

distances which range from 1.91 to 2.49 Å in the case of 115b and from 1.83 to 

2.49 Å in the case of 115c.  The result are structures wherein all four oxygen 

atoms of the sulfate counter anion interact with all eight pyrrole NH sites present 

in the middle of what is formally a diprotonated receptor.  Interestingly, for 115b 

and 115c both, two sulfate-derived oxygen atoms are seen to be linked to three 

pyrrolic NH-protons respectively, via hydrogen bonds, while the other two 

oxygen atoms of the sulfate counteranion are linked to a single pyrrole, 

respectively, via one hydrogen bonding interaction only.  Perhaps as a 

consequence of these interactions, the overall macrocyclic structure of 115b and 

115c is characterized by an up-down arrangement of adjacent pyrrolic subunits.  

The extent of this deviation from ideal planarity is slightly different for the two 

macrocycles.  For 115b, the torsional angles between these neighboring pyrrolic 

subunits range from 23 to 39º while the equivalent torsional angles for 115c range 

from 23 to 34º, leaving 115c with a slightly more planar overall structure. 

Interesting differences are seen in the solid state structure of 115d (Figure 

4.6), when compared to the structures of 115b and 115c (all of which are 

dihydrogen sulfate salts).  As in the latter two structures, all eight pyrrolic NH 

hydrogen atoms are involved in hydrogen bonding interactions with the oxygen 

atoms of the sulfate counteranion.  However, the mode of binding is quite 

different.  Every sulfate oxygen atom is involved in two hydrogen bonding 

interactions with two NH protons of neighboring pyrrolic subunits.  This results in 
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only two distinct hydrogen bonding distances that amount to 1.89 and 1.97 Å, 

respectively.  The different nature of the hydrogen bonding seen in 115d is 

reflected in a different overall structure for the macrocycle.  In this instance, the 

original bipyrrolic subunits are nearly planar, with an observed torsional angle of 

only 1.9º between the two pyrroles of each bipyrrolic subunit.  The only other 

distinct torsional angle, that between two neighboring bipyrrolic subunits, 

amounts to 18.9º.  This leaves 115d with an overall more planar structure as 

compared to 115b and 115c, a structure that is further characterized by an up-

down arrangement of bipyrrolic subunits. 

0

5 104

1 105

1.5 105

400 600 800 1000 1200 1400

E
xt

in
ct

io
n 

co
ef

fic
ie

nt
 [ε

, M
-1

, c
m

-1
]

Wavelength [nm]  

Figure 4.7 UV-vis spectrum of 115b recorded in dichloromethane. 
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The UV-vis spectrum of 115b is shown in Figure 3.7.  It is characterized 

by a relatively weak Soret-type absorbance at 431 nm with an extinction 

coefficient of 79,800 mol-1•cm-1 and an intense, red-shifted Q-type band at 1112 

nm (ε = 132,200 mol-1•cm-1).  Both the intensity and the position of the latter band 

are remarkable given that Q-type absorption bands in porphyrinoids, including 

aromatic expanded systems, are generally far less intense than the corresponding 

Soret transitions and are rarely as far red-shifted as seen in the present instance.  

Indeed, the author is aware of only three other expanded porphyrin systems, 

namely the doubly cationic hexathiarubyrin of Vogel,4 and the recently described 

octaphyrin(1.1.1.1.1.1.1.1) (68) and nonaphyrin(1.1.1.1.1.1.1.1.1) (69) of 

Furuta,62 that display Q-type bands at or above 1000 nm.  None displays 

anywhere near the intensity of 115b. 

It was found that washing a solution of 115b with 1 M aqueous NaOH, 

produces spectral changes that are consistent with the formation of the 

corresponding free-base.  The resulting spectrum is shown in Figure 3.8.  It is 

characterized by a weak Soret-type absorbance at λmax (ε in mol-1•cm-1) = 349 nm 

(36200), accompanied by a very weak absorption at λmax (ε in mol-1•cm-1) = 455 

nm (15700) and a very broad Q-type absorption at λmax (ε in mol-1•cm-1) = 857 nm 

(26900).  Treating this species with 1 M H2SO4 served to restore completely the 

spectral features of 115b.  Likewise, treatment with 1 M H3PO4 led to formation 

of a species tentatively formulated as the corresponding hydrogenphosphate 

complex.  On the other hand, it was found that the sulfate anion observed in the 
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solid state structure of 115b is retained after washing a dichloromethane solution 

of this dihydrogen sulfate salt with water (pH 7; 3 x). 
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Figure 4.8 UV-vis spectrum of the free base of 115b recorded in 
dichloromethane. 

 

4.3  BASIC CHEMISTRY OF CYCLO[8]PYRROLES 

In order to explore in more detail the properties of cyclo[8]pyrroles, some 

preliminary studies of its chemical behavior were made.  Given the unusually 

large cavity of cyclo[8]pyrroles (e.g., in 115c the nitrogen-nitrogen distance 
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between the two most widely separated pyrroles amounts to a spectacular 7.8 Å), 

we were intrigued by the possibility of substituting some or all of the pyrrolic 

nitrogen atoms by alkyl groups.  As outlined in Scheme 4.4, this substitution 

proved possible in a very straightforward manner.   
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Scheme 4.4  Nitrogen substitution of cyclo[8]pyrrole. 

Specifically, exposure of 115c to sodium hydride in THF, followed by 

addition of excess methyl iodide, resulted in formation of the fully methylated 

cyclo[8]pyrrole 118a, as judged by TLC and mass spectrometry.  Unfortunately, 

full characterization of 118b (a white solid!) was compounded by its poor 

solubility.  However, when performing a reaction analogous to that outlined 

above but using ethyl iodide as the electrophile, species 118b was obtained in 

70% yield.  Interestingly, it was found that this product was reduced in the course 

of the reaction, yielding a fully reduced 32 π-electron species.  Even more 

surprising was the very fact that 118b was obtained as a white, microcrystalline 

solid with no absorption between 400 and 1100 nm!  This finding contradicts the 
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expectation that a fully conjugated 32 π-electron system would be highly colored.  

However, there is one obvious explanation that could account for the lack of any 

absorption.  If 118b were highly distorted from planarity, the torsion angles 

between individual pyrrolic subunits could be sufficiently large to interrupt any 

conjugation pathways between them. 

In agreement with such an assumption are the findings from an 1H-NMR 

spectroscopic study of 118b.  Here, the shifts observed that are typical of what 

would be expected for a nonaromatic, as opposed to a formally antiaromatic 

system containing a bone fide 32 π-electron conjugation pathway.  Specifically, 

the singlet corresponding to the only chemically distinct β-methyl group resonates 

at 2.02 ppm, the triplet for the CH2CH3 protons is seen at 0.61 ppm, and the 

quartet corresponding to the CH2CH3 protons resonates at 3.26 ppm, reflecting the 

fact that this group is bound to a heteroatom. 

Consistent with the proposal that the all-N-ethyl cyclo[8]pyrrole 118b is 

highly distorted from planarity is the result of a single crystal X-ray diffraction 

analysis.  The resulting structure is shown in Figure 4.9; as expected it is 

characterized by an up-down arrangement of adjacent pyrrolic subunits, with 

torsional angles ranging from 58.7 to 63.5º. 
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Figure 4.9 Top and side views of 118b showing the partial atom labeling 
scheme.  Thermal ellipsoids are scaled to the 50% probability level.  
For clarity, alkyl substituents have been removed in the side view. 
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This latter structure, taken in concert with the structures of 115b-d, 

reflects the remarkable conformational freedom of cyclo[8]pyrroles. 

After successfully demonstrating that cyclo[8]pyrroles are large enough to 

allow for fully n-alkyl substitution at the inner nitrogens, we were curious to 

explore whether even larger groups could be attached.  In fact, exposure of 115c 

to sodium hydride in THF, followed by addition of excess benzyl bromide and 

heating under conditions of reflux, allowed for the isolation of the fully 

benzylated cyclo[8]pyrrole 118c in 77% yield (Scheme 4.4). 

The results of NMR spectroscopic studies are in full agreement with the 

proposed structure of 118c.  Namely, the features seen in the 1H-NMR spectrum 

confirm the presence of a highly symmetric, nonaromatic species.  Specifically, 

the singlet corresponding to the only chemically distinct β-methyl group resonates 

at 1.68 ppm, while the CH2-protons of the benzyl group resonate at 5.09 ppm.  

The remaining three multiplets of the phenyl rings are seen in the area typical for 

such protons, namely between 6.3 and 7 ppm.  Unfortunately, solid state structural 

information for 118d is currently not available.  However, it is highly likely that, 

as seen for 118b, an alternating up-down arrangement of the benzyl groups will 

exist in the case of 118d. 

The ease of which cyclo[8]pyrroles can be substituted on all eight of 

pyrrolic nitrogen positions is quite remarkable when compared with porphyrin.  

While a tetra-N-benzyl substituted porphyrin is completely unknown, at least to 

the best of our knowledge, the corresponding tetra-N-methyl porphyrin has been 

reported.  It was synthesized, however, not from porphyrin directly, but rather by 
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an indirect method that involved formation of the tetra-N-methyl porphyrinogen 

and subsequent oxidation.122 

One interesting feature of the N-substitution of cyclo[8]pyrrole is the 

finding that in all cases reduction of the initial 30 π-electron aromatic 

cyclo[8]pyrroles occurs to give the corresponding 32 π-electron, and thus 

formally antiaromatic, species.  In light of this observation, we were eager to 

explore the possibility of stabilizing this reduced cyclo[8]pyrrole state using 

species that were not N-substituted.  Toward this end, the reduction outlined in 

Scheme 4.5 was attempted.  After mixing 115c with ethanol and an excess of 

sodium borohydride and briefly heating the resulting mixture under reflux, the 

initial yellow color was seen to disappear and a nearly clear, colorless solution 

was obtained, a finding that was interpreted in terms of successful reduction to 

119.  Unfortunately, however, all attempts to isolate 119 under aerobic conditions 

met with failure, as the 32 π-electron system 119 readily reoxidizes to the 

aromatic 30 π-electron system. 
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Scheme 4.5   Reduction of cyclo[8]pyrrole 115c.  The presumed product, 119, 
is unstable and is readily reoxidized back to the starting material 
115c. 
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4.4  LINEAR QUATERPYRROLE 

In order to explore further the extent to which the present coupling 

procedure can be generalized, attempts were made to couple substrates other than 

bis α-free bipyrroles.  In particular, we were curious to see if the present 

procedure would allow for the preparation of a fully β-alkyl substituted 

quaterpyrrole.  Such species have proved elusive synthetic targets81 but are 

potentially useful intermediates in the synthesis of super expanded porphyrins.  In 

order to stop the oxidative coupling of a bipyrrolic starting material at the stage of 

a quaterpyrrole, it was anticipated that one α-position of the bipyrrole would have 

to be substituted.  Accordingly, the requisite precursor 97 was prepared as 

indicated in Scheme 4.6.  Briefly, heating bipyrrole 120 in ethanol/water in the 

presence of one equivalent of NaOH, and subsequently treatingt the crude product 

mixture with trifluoroacetic acid followed by chromatographic purification, was 

found to give rise to the desired mono-α-free bipyrrole 97 in 70.4% yield.  Due to 

the nature of the reaction, some recovered starting material 120 (16.5%), as well 

as some of the bis-α-free bipyrrole 70a (2.7%), was obtained.  This procedure, 

although apparently being used here for the first time to produce 97, has 

precedence in the literature.123 
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Scheme 4.6  Formation of mono α-free bipyrrole. 
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With the requisite precursor 97 in hand, the oxidative coupling was 

attempted using conditions similar to the ones that successfully rendered 

cyclo[8]pyrroles.  As outlined in Scheme 4.7, the reaction proved more complex 

than expected.  Initially, upon exposure of the colorless solution of 97 in CH2Cl2 

to FeCl3 in 1M aqueous sulfuric acid, the solution turned red. 
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Scheme 4.7   Oxidation of mono-α-free bipyrrole 97 with FeCl3 under acidic 
conditions. 

On the basis of several studies detailed below, the red color is attributed to 

the “overoxidized” quaterpyrrole 122.  Interestingly, under no circumstances 

could the initial target 121 be detected.  Thus, it is concluded, that the second 

oxidation step, namely the conversion of the putative intermediate 121 into 122, 

proceeds much faster than the initial oxidative coupling step.  To the extent this is 

true, the chemistry of Scheme 4.7 bears direct analogy to Falk’s bipyrrole 
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synthesis outlined in Scheme 2.1.  Unfortunately, the reaction turned out to be 

much more complex than that.  For instance, before all the starting material 97 is 

consumed, a thin layer chromatographic analysis shows several new spots in 

addition to those ascribed to 97 and 122.  One of these products is believed to 

correspond to the unprecedented system 123.  This structure was assigned based 

on the observation of a peak in the mass spectrum that is in agreement with its 

calculated molecular weight.  The formation of 123 is feasible if one assumes 

addition of starting material 97 to the double bond present in 122.  However, 

compound 123 has yet to be fully characterized.  Further, even after probing a 

range of conditions involving FeCl3 as the oxidant, a “clean” conversion of 97 

into 122 could not be achieved. 
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Scheme 4.8   Oxidation of mono-α-free bipyrrole 97 with K3Fe(CN)6 under 
basic conditions. 
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We thus focused our attention on the use of different oxidants.  It was 

reasoned, that an oxidizing agent that could operate under basic or near neutral 

conditions might be of advantage as some of the side reactions that are apparently 

occurring with FeCl3 as oxidant could be acid catalyzed.  Among other oxidants, 

the use of potassium ferricyanide (K3Fe(CN)6) was considered.  As shown in 

Scheme 4.8, the reaction of 97 with K3Fe(CN)6 under basic conditions does in 

fact proceed to yield the desired quaterpyrrole 122.   

Unfortunately, however, as seen when FeCl3 was used as the oxidant, the 

reaction does not stop at the stage of the quaterpyrrole 122.  The latter will react 

further prior to complete consumption of starting material 97 to give, among other 

products, a not yet fully characterized species that is thought to be compound 124.  

One a more positive note, the present reaction appears to be more susceptible to 

optimization than that based on FeCl3.  While this optimization process is not yet 

complete, at present, the most reproducible conditions consist of dissolving the 

starting material 97 in a minimal amount of hexanes and then exposing it to 

biphasic oxidative coupling conditions.  The product 122, which is less soluble in 

hexanes than the starting material, partially precipitates under the reaction 

conditions.  In one reaction run under these conditions, quaterpyrrole 122 was 

obtained in 22% yield, while the starting material 97 was recovered in 54% 

(effective yield of 122: 50%).  Longer reaction times does not appear to lead to an 

improvement; in fact, the yield of quaterpyrrole appears to be almost constant as 

long as starting material remains present in the reaction medium.  Meanwhile, the 

longer the reaction is allowed to run, the more decomposition products appear to 
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build up.  To circumvent this latter problem the use of a saturated bicarbonate 

solution (in which potassium ferricyanide is very soluble) is being explored, In 

any event, once isolated, quaterpyrrole 122 seems to be reasonably stable, a 

property that has permited for its full characterization as detailed below. 
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Figure 4.10 UV-vis spectrum of 122 recorded in dichloromethane. 

As with most oligopyrrolic materials, compound 122 gave a well behaved, 

easily interpretable 1H-NMR spectrum.  In fact, the first hint that the product from 

the oxidative coupling of 97 was the “overoxidized” quaterpyrrole 122 rather than 

the “normal” quaterpyrrole 121 came from 1H-NMR spectroscopic studies.  In 
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particular, the product of this reaction designed to produce 121 was characterized 

by the presence of only one NH-resonance at 9.29 ppm.  The observation of this 

peak is reasonable for 122 but not 121.  Further diagnostic is the absence of a 

signal that would be ascribable to an α-CH proton.  As expected, based on the 

symmetry of compound 122, five quartets corresponding to five chemically 

distinct CH2CH3-protons are also present in the 1H-NMR spectrum.  Signals for 

the CH2CH3-protons are also seen.  In this case, three of the five expected triplets 

are seen to overlap. 

As one might expect based on the conjugated character of quaterpyrrole 

122, the system displays an intense purple-red color when dissolved in organic 

solvents.  The UV-vis spectrum of 122 is shown in Figure 4.10; it is characterized 

by a broad band that is centered around λmax (ε, M-1 cm-1) = 502 nm (37,900).  The 

presence of a single broad band in the UV-vis spectrum of 122 leads us to suggest 

that this compound displays considerable conformational freedom in solution. 

Unambiguous proof for the synthesis of 122 came from a single crystal X-

ray diffraction analysis.  The resulting solid state structure is shown in Figure 

4.11.  It is characterized by its almost perfect planarity.  Relevant torsional angles 

are O2-C9-C1-N1 (0.7º), N1-C4-C5-N2 (3.4º), and N2-C8-C8a-CN2a (0.0º).  The 

distance (1.38 Å) between C8 and C8a supports the presence of a double bond 

between these two linking carbon atoms.  In comparison, the bond length of C4-

C5 was found to be 1.45 Å. 
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Figure 4.11 Top and side views of 122 showing the partial atom labeling scheme.  
Thermal ellipsoids are scaled to the 50% probability level.  For 
clarity, most hydrogen atoms have been removed in the side view. 

As revealed by a recent search of the Cambridge Crystallographic 

Database, compound 122 represents the first linear quaterpyrrole that is 

characterized structurally.  In fact, the database contains only four records of any 

compound with quaterpyrrolic subunits, all of which are structures that were 

described in Chapter 2.   
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4.5  PRELIMINARY STUDIES AND CONCLUSIONS 

One aspect of this dissertation that has not yet been discussed in any detail 

involves the question of why this author has not used DDQ or chloranil to 

perform the various oxidative coupling reactions that have made the generation of 

new oligopyrrolic products possible.  These two oxidants have been used by 

several groups to obtain other kinds of porphyrin analogues, in particular meso-

substituted macrocycles (e.g., see Chapter 1).46,116,124-126  In fact, many of the early 

efforts of this author involved the use of these reagents but universally met with 

failure.  In one instance some insight into in what might be the cause for this lack 

of success was obtained.  Specifically, in the course of trying to prepare 

quaterpyrrole 121 from the mono-α-free bipyrrole 97 by means of a chloranil 

mediated oxidative coupling reaction, a new product was obtained that is 

tentatively assigned as 125 (Scheme 4.9).  Analogous results were obtained when 

DDQ was used instead of chloranil. 
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Scheme 4.9  Unexpected formation of 125. 

While compound 125 was never subject of full characterization, it 

nevertheless underscores nicely one effect β-alkyl substitution has on pyrrolic 

compounds: it renders them very electron rich and thus increases their 
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nucleophilicity.  In fact, inspection of its structure reveals that compound 125 is 

the result of a nucleophilic attack of 97 on the quinone system of chloranil.  This 

observation could serve to explain why quinones fail to induce oxidative coupling 

in electron rich oligopyrrolic systems: they lead to unwanted side reactions. 

In contrast to quinone-based oxidants, high valent transition metal 

mediated oxidative couplings offer a number of advantages, particularly for 

electron rich oligopyrrolic systems.  To date, as the author hopes has been 

demonstrated by the present work, they have led to a range of unprecedented 

products.  Further, considerable room for further exploration and optimization 

remains.  For instant, test experiments have shown that the Cr(VI) based 

couplings used early on in this work (Chapter 2) can be replaced by the more user 

friendly biphasic approach detailed in this chapter.  Specifically, it was found that 

the coupling reaction used to produce [24]hexaphyrin(1.0.1.0.0.0) H2922+•2Cl- in 

accord with Scheme 2.5 can in fact be performed under biphasic conditions using 

potassium ferricyanide in saturated bicarbonate solution as the oxidant.  While 

details, such as yields etc. have yet to be worked out, they are part of an ongoing 

research effort to develop this chemistry in the Sessler group.  

Perhaps underscoring best the possible degree of control one can achieve 

as the result of being able to perform oxidative couplings under various pH 

conditions are the results of some other preliminary experiments.  As shown in 

Scheme 4.10, oxidative coupling of 70a (dissolved in dichloromethane) with 

potassium ferricyanide in saturated sodium bicarbonate appears to result in the 

formation of 126.  While this species, the main reaction product, has so far been 
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characterized only by mass spectrometry, it is noteworthy that higher order 

coupling products such as sexipyrroles, etc. are also appear to be present in the 

product mixture. 
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Scheme 4.10   Oxidative coupling of bis-α-free bipyrrole 70a with potassium 
ferricyanide. 

In summary, a new biphasic oxidative coupling procedure has been 

introduced that allows the efficient synthesis of the hitherto unknown 

cyclo[8]pyrroles.  These systems display features that are consistent with Hückel-

type [4n + 2] aromaticity and as large, flat macrocycles with an “NH-in” 

arrangement of the pyrrolic nitrogen atoms, can be considered as new “true” 

porphyrin analogues.  The observation that these latter systems effectively bind 

sulfate in solution and in the solid state leads us to propose that cyclo[8]pyrroles 

could emerge as interesting anion receptors.  A range of other applications, 

including uses as optical storage and signaling devices, based on their unusually 

strong red-shifted Q-like absorption can also be envisioned  Work to develop this 

promise is currently ongoing in the Sessler group. 
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4.6  FUTURE OUTLOOK 

In the opinion of the author, the range of coupling conditions presented in 

this Chapter as well as further modifications thereof will allow a large variety of 

previously unknown systems to be synthesized.  Additionally, the use of the 

present methods might allow for more effective and/or simpler syntheses of 

macrocycles or oligopyrrolic systems that are currently known, e.g. the 

quaterpyrrole-containing macrocycles described in Chapter 2. 

One big challenge that remains is the synthesis of cyclo[n]pyrroles using 

simple pyrroles (e.g., 3,4-diethylpyrrole) as starting materials.  Given the very fact 

that polypyrroles can be made, it is reasonable to assume that this latter goal can 

be achieved by performing a broad survey.  Here, it is believed that by exploring a 

wide range of reaction conditions, including choice of oxidant, added acid or 

base, solvent system, rate of addition, temperature, etc., success will eventually be 

encountered.  A very successful example of such a survey-type approach to 

optimization was recently published by Lindsey et al.; the yield of N-confused 

porphyrin in the Rothemund synthesis of porphyrin was increased from trace 

amounts up to ~ 40%, with N-confused porphyrin being the major product from 

this reaction!127 

Further, the synthesis and characterization of higher order 

cyclo[n]pyrroles has yet to be achieved.  Although experimental evidence 

consistent with the formation of cyclo[12]pyrrole has been obtained, a more 

soluble analogue will be needed to allow for complete charcterization.  One 

obvious solution to this problem is to increase further the solubility of the starting 
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bipyrrole.  However, another possible solution involves the use of more 

solubilizing anions.  This latter point leads directly to another study worth 

pursuing, namely probing the effect the acid catalyst (and its conjugate base) has 

on the cyclization of bipyrroles.  As of now, it can not be determined with 

certainty whether or not the sulfate anion plays a role as template in the formation 

of cylco[8]pyrroles.  However, preliminary experiments that have shown HCl 

capable of supporting the synthesis of these species, leading the author to discount 

this possibility.  Still, in other cases, the anion could prove important. 

Some other cyclo[n]pyrroles that might be worth pursuing as synthetic 

targets are shown below.  Scheme 4.11 outlines the synthesis of a cyclo[9]pyrrole 

(127) and a sexipyrrole (128).  Here, it is hoped that careful choice of conditions 

will allow one or both of these targets to be obtained. 
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Scheme 4.11  Proposed synthesis of cyclo[9]pyrrole 127 and a sexipyrrole 128. 
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Some other attractive targets, namely heteroatom containing 

cyclo[8]pyrroles, are shown below.  Macrocycles 129a-c, which might be 

possible to prepare form furans, thiophenes and selenophenes, respectively, or 

from bifurans, bithiophenes and biselenophenes, respectively, might function as 

“supercrown” ethers, in that they could form complexes with very large cations.  

The possibilities are endless and not limited to these heterocycles (e.g., see future 

outlook in Chapter 3 for other heterocycles to be used).  Further, since each of 

these “replacement” heterocycles supports a recognition chemistry that is 

different from pyrrole, and will endow the systems with redox and spectroscopic 

properties that are unique, it becomes clear that structures 129 represent a 

schematic summary of what could emerge as an important new subfield in the 

expanded porphyrin area. 

X

X

XX

XX

XX

129a: X = O
129b: X = S
129c: X = Se  

On a very different level, cyclo[n]pyrroles could be used as “starting 

materials” to produce new scaffolds, inspired by the up/down arrangement seen in 

N-substituted cyclo[8]pyrroles.  To the extent this promise is realized, these 

species could act as building blocks for a large number of supramolecular 

structures.   
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Chapter 5:  Experimental Part 

General: 1H and 13C NMR spectra were measured at 25 ºC on a Varian 

Unity Plus spectrometer at 300 MHz, on a Varian Unity Innova at 500 MHz, or 

on a Bruker AC at 250 MHz.  UV/Vis spectra were recorded on a Beckman DU-

650 or a Carey 500 spectrophotometer.  Low resolution CI mass spectra were 

obtained on a Finnigan MATTSQ 700 mass spectrometer.  High resolution CI 

mass spectra were obtained on a VGZAB2-E mass spectrometer.  For slow 

continuous additions, a Sage syringe pump (model M365) was employed.  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. 

Chemical shifts are reported in parts per million (ppm, δ) and are 

referenced to the residual solvent.  Coupling constants are reported in Hertz (Hz).  

Spectral splitting patterns are designated as s: singlet, d: doublet, t: triplet, q: 

quartet, m: multiplet (chemically equivalent H’s), and comp: complex multiplet 

(chemically non-equivalent H’s), br: broad. 

 

2,3,6,7,10,11,14,15,19,20,23,24,27,28-Tetradecamethyl-

[28]heptaphyrin(1.0.0.1.0.0.0). (84) 3,4,3’,4’-Tetramethyl-2,2’-bipyrrole (70c) 

(70 mg, 0.372 mmol) and 5,5’-diformyl-3,3,3’,4’,3’’,4’’-hexamethyl-2,2’:5’,2’’-

terpyrrole (82) (50 mg, 0.148 mmol) were dissolved in 200 mL of chloroform.  
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Five drops of TFA were added and the resulting mixture was stirred overnight.  

The solution was evaporated to dryness and the remaining residue dissolved in 30 

mL of TFA.  At this juncture, 115 mg of Na2Cr2O7•2H2O, dissolved in 1 mL of 

water, were added to the solution.  After stirring 12 hours, the TFA was distilled 

off under reduced pressure and 30 mL of chloroform along with 20 mL of water 

were added.  After allowing the phases to separate, the organic phase was 

evaporated to dryness and the remaining residue purified by column 

chromatography, using silica gel and a mixture of dichloromethane, ethyl acetate 

and methanol (73:25:2) as the eluent.  The blue band was collected and the 

solvent removed in vacuo.  The residue was taken up in 100 mL of chloroform 

and the resulting solution washed with 10% aqueous NaOH (3 × 20 mL) before 

being dried over anhydrous Na2SO4.  It was then taken to dryness with the aid of a 

rotary evaporator to afford 43 mg of 84 as a brownish solid (43%, 2 steps): 1H-

NMR (500 MHz, CDCl3) δ [ppm] 1.770 (6 H, s, CH3), 1.869 (6 H, s, CH3), 1.890 

(6 H, s, CH3), 1.953 (6 H, s, CH3), 2.006 (6 H, s, CH3), 2.079 (12 H, s, CH3), 

6.482 (2 H, s, meso-H); 13C-NMR (125 MHz, CDCl3) δ [ppm] 9.83, 9.97, 10.06, 

10.38, 10.46, 11.50, 11.81, 115.44, 121.16, 122.08, 122.83, 123.28, 123.78, 

124.44, 126.48, 133.14, 135.4, 136.63, 138.55, 141.37, 152.62; 144.84; λmax [nm] 

(ε in mol-1•l-1) 401 (20800), 507 (56400); HRMS (CI) calcd for C44H50N7 

676.4128, found 676.4137.  For the SO4
2- salt of the protonated macrocycle 

(H2842+•SO4
2-) (prepared by washing a CHCl3 solution of 84 with diluted sulfuric 

acid (2 × 20 mL)): 1H-NMR (500 MHz, CDCl3) δ [ppm] 1.388 (6 H, s, CH3), 

1.485 (6 H, s, CH3), 1.541 (6 H, s, CH3), 1.688 (6 H, s, CH3), 1.693 (6 H, s, CH3), 
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1.696 (6 H, s, CH3), 1.708 (6 H, s, CH3), 5.422 (2 H, s, meso-H), 15.928 (2 H, s, 

NH), 17.208 (1 H, s, NH), 18.071 (2 H, s, NH), 18.200 (2 H, s, NH); 13C-NMR 

(125 MHz, CDCl3) δ [ppm] 9.66, 9.70, 9.77, 10.12, 10.64, 11.34, 11.92, 116.17, 

120.69, 121.36, 123.49, 123.94, 125.06, 128.52, 128.66, 130.35, 130.72, 131.60, 

140.03, 142.79, 144.27, 148.67; λmax [nm] (ε in mol-1•l-1) 379 (18400), 514 

(84400), 613 (53200).  Anal. Found: C, 62.64; H, 6.25; N, 11.25. Calcd for 

C91H110N14O9S2 (H2842+•SO4
2-•0.5MeOH+•CH2Cl2) C, 62.46; H, 6.34; N, 11.21.  

HRMS (CI) calcd for C44H52N7O4S1 774.3802, found 774.3801. 

 

Bis-(3,3’,4,4’-tetramethyl-2,2’-bipyrrole)methine (86). 3,4,3’,4’-

Tetramethyl-2,2’-bipyrrole 70c (1 g, 5.3 mmol) was dissolved in 50 mL of 

methanol, followed by addition of triethyl orthoformate (0.9 mL, 5.4 mmol).  Five 

drops of TFA were added and the resulting mixture was stirred overnight.  The 

solvent was then removed in vacuo and the residue purified using a silica gel 

column with a mixture of dichloromethane, ethylacetate and methanol (79:20:1) 

being used as the eluent.  The blue-purple band was collected and evaporated to 

dryness.  The residue was dissolved in 50 mL of chloroform and washed with first 

10% aqueous NaOH (2 × 30 mL) and then brine (1 × 20) before being dried over 

anhydrous sodium sulfate.  Removal of solvent under reduced pressure then 

yielded 807 mg (79%) of 86 as a purple solid. 1H-NMR (300 MHz, CDCl3) δ 

[ppm] 2.049 (6 H, s, CH3), 2.062 (6 H, s, CH3), 2.151 (6 H, s, CH3), 2.166 (6 H, s, 

CH3), 6.585 (2 H, s, a-pyrrole H), 6.657 (1 H, s, meso-H), 8.133 (2 H, bs, NH); 
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13C-NMR (75 MHz, CDCl3) δ 9.71, 10.34, 11.05, 114.18, 117.11, 118.96, 120.04, 

123.26, 123.61, 134.76, 138.53, 145.39; MS (CI) 387 (H86+). 

 

2,3,6,7,10,11,14,15,19,20,23,24,27,28,31,32-Hexadecamethyl- 

[32]octaphyrin(1.0.0.0.1.0.0.0) (87). Bis-(3,3’,4,4’-tetramethyl-2,2’-

bipyrrole)methine (86) (100 mg, 0.26 mmol) was dissolved in 50 mL of TFA.  

Immediately, Na2Cr2O7•2H2O (31 mg, 0.1 mmol) dissolved in 3 mL of water was 

added and the resulting mixture stirred for 3 hours.  The solvent was distilled off 

under reduced pressure and the resultant residue was dissolved in 50 mL of 

chloroform before being transferred into a separatory funnel.  The solution was 

washed with 10% aqueous NaOH (2 x 25 mL) before being evaporated to dryness 

under reduced pressure.  The solid residue obtained in this way was purified using 

silica gel chromatography using dichloromethane containing 0.5 % methanol and 

0.2% triethylamine as the eluent.  The red band was collected and washed with 

10% aqueous NaOH (2 × 30 mL).  The organic phase was dried over anhydrous 

Na2SO4 and the solvents removed in vacuo to yield 16 mg (16%) of 87. 1H-NMR 

(300 MHz, CD2Cl2) δ [ppm] 1.993 (12 H, s, CH3), 2.046 (12 H, s, CH3), 2.065 (12 

H, s, CH3), 2.209 (12 H, s, CH3), 6.788 (2 H, s, meso-H), 8.263 (4H, bs, NH); 13C-

NMR (75 MHz, CD2Cl2) δ [ppm] 9.95, 10.18, 11.01, 11.20, 115.52, 118.54, 

119.44, 122.51, 123.07, 125.19, 135.71, 139.22, 146.92; UV-vis λmax [nm] (ε in 

mol-1•l-1) 526 (41500); HRMS (CI) calcd for C50H57N8 769.4706, found 769.4701.  

For H2872+•2Cl- (prepared by washing a CHCl3 solution of 87 with 1M HCl (2 × 

20 mL)): 1H-NMR (500 MHz, DMSO-d6) δ 1.920 (12 H, s, CH3), 2.035 (12 H, s, 
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CH3), 2.068 (12 H, s, CH3), 2.358 (12 H, s, CH3), 7.341 (2 H, s, meso-H), 11.198 

(4 H, s, NH), 11.874 (4 H, s, NH); 13C-NMR (125 MHz, DMSO-d6) δ [ppm] 9.84, 

10.11, 10.75, 11.13, 118.90, 119.84, 121.82, 124.22, 124.81, 129.51, 142.76, 

144.84; λmax [nm] (ε in mol-1•l-1) 371 (20600), 461 (22600), 586 (67300), 863 

(6140).  Anal. Found: C, 67.43; H, 7.10; N, 12.57. Calcd for C209H266N32Cl10O8 

(H2872+•2Cl-•2MeOH+•0.25CH2Cl2) C, 67.68; H, 7.23; N, 12.08.  HRMS (CI) 

calcd for C50H57N8 (H87+) 769.4706, found 769.4709. 

 

2,7,11,16,20,25-hexaethyl-3,6,12,15,21,24-hexamethyl-hexapyrrin 

dihydrogen chloride salt (H2912+•2Cl-).  A mixture of 4,4’-diethyl-5,5’-

diformyl-3,3’-dimethyl-2,2’-bipyrrole 90 (1g, 3.67 mmol) and 4,4’-diethyl-3,3’-

dimethyl-2,2’-bipyrrole 70b (1.6g, 7.34 mmol) was dissolved in 2500 mL of 

ethanol.  One mL of conc. HCl, dissolved in 9 mL of ethanol was added and the 

reaction mixture was allowed to stir at room temperature overnight.  The solvent 

was removed in vacuo on a rotary evaporator.  The residue was recrystallized 

from CHCl3/hexanes to give H2912+•2Cl- as dark microcrystalline solid (2.7g, 

85% yield).  1H-NMR (300 MHz, CD2Cl2) δ[ppm] 1.1 (t, JHH = 7.4 Hz, 6H, 

CH2CH3), 1.26 (comp, 12 H, CH2CH3), 2.21 (s, 6H, CH3), 2.22 (s, 6H, CH3), 2.24 

(s, 6H, CH3), 2.43 (q, JHH = 7.5 Hz, 4H, CH2CH3), 2.77 (comp, 8H, CH2CH3), 

6.06 (d, JHH = 2 Hz, 2H, α-pyrrole-H), 7.15 (s, 2H, meso-H), 11.41 (br, 4H, NH), 

12.12 (br, 2H, NH); 13C-NMR (75 MHz, CD2Cl2) δ 11.5, 12.2, 12.8, 14.0, 15.5, 

15.9, 18.6, 18.8, 114.2, 119.9, 123.8, 124.4, 125.3, 128.3, 128.5, 129.0, 131.2, 
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136.1, 143.6, 149.6, 150.2; λmax [nm] (ε in mol-1•l-1) 524 (105,000), 795 (17,600); 

HRMS (FAB+) calcd for C44H56N6: 669.4644, found 669.4634. 

 

2,7,10,15,19,24-hexaethyl-3,6,11,14,20,23-hexamethyl-

[24]hexaphyrin(1.0.1.0.0.0) (H2922+•2Cl-).  The hexapyrrin H2912+•2Cl- (59.5 

mg, 0.08 mmol) was dissolved in 20 mL of trifluoroacetic acid.  Immediately, a 

solution of Na2Cr2O7•2H2O (24.7 mg, 0.083 mmol) in 1 mL water was added and 

the resulting mixture was stirred overnight.  The solution was added to a mixture 

of CHCl3 (50 mL) and water (100 mL).  After phase separation, the aqueous 

phase was extracted with CHCl3 (3 x 20 mL) and the combined organic phases 

were then washed twice with a saturated aqueous sodium bicarbonate solution.  

After evaporation of the solvent, the remaining residue was subjected to a column 

chromatographic workup, using silica gel as the stationary phase and a mixture of 

CH2Cl2, methanol, and triethylamine (99/0.5/0.5; v/v/v) as the eluent.  The dark 

yellow band was collected and the solvent removed in vacuo.  The remaining 

residue was dissolved in CHCl3 (50 mL) and the resulting solution washed with 1 

M HCl (3 x 20 mL).  After evaporation to dryness and recrystallisation from 

CH2Cl2/hexanes, H2922+•2Cl- (45.7 mg, 77%) was obtained in form of a dark 

microcrystalline solid.  1H-NMR (500 MHz, CD2Cl2) δ [ppm] 0.48 (t, JHH = 7.5 

Hz, 6H, CH2CH3), 0.56-0.61 (m, 12 H, CH2CH3), 0.77 (s, 6H, CH3), 0.82 (s, 6H, 

CH3), 1.03 (s, 6H, CH3), 1.30 (q, JHH = 7.5 Hz, 4H, CH2CH3), 1.35-1.41 (m, 8H, 

CH2CH3), 3.39 (s, 2H, meso-H), 23.66 (s, 2H, NH), 23.86 (s, 2H, NH), 24.19 (s, 

2H, NH);  13C-NMR (125 MHz, CD2Cl2) δ [ppm] 9.48, 9.57, 10.58, 13.09, 13.82, 
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14.13, 16.47, 17.11, 17.19, 119.59, 123.94, 126.22, 128.98, 132.04, 132.26, 

133.24, 134.91, 137.50, 140.49, 148.90, 152.32, 157.75;  HRMS (CI): m/z 

667.4495 (M+ - H+, -2Cl-), calcd for C44H55N6 667.4488, m/z 704.4323 (M+ - Cl-), 

calcd for C44H57N6Cl 704.4333;  UV-Vis (CH2Cl2): λmax [nm] (ε in mol-1•l-1) 384 

(24000), 497 (59000), 597 (25000). 

 

Uranyl-2,7,10,15,19,24-hexaethyl-3,6,11,14,20,23-hexamethyl-

[22]hexaphyrin(1.0.1.0.0.0) (93).  H2922+•2Cl- (35.6 mg, 0.048 mmol) was 

dissolved in CH2Cl2 and methanol (15 mL each).  One mL of triethylamine was 

then added, an addition that caused the color to change from purple to dark 

yellow.  At this juncture, UO2(OAc)2•2H2O (53 mg, 0.15 mmol) was added and 

the resulting mixture was stirred overnight, open to air.  The resulting deep red 

solution was evaporated to dryness on the rotary evaporator. The residue was then 

subject to column chromatographic purification, using neutral alumina as the 

stationary phase and a mixture of CH2Cl2/hexanes (2/3, v/v) as the eluent.  The 

red band was collected and the solvent removed in vacuo.  After recrystallization 

from CH2Cl2/MeOH, 93 (33 mg, 74% yield) was obtained as a dark 

microcrystalline solid with a metallic luster.  1H-NMR (500 MHz, CD2Cl2) δ 

[ppm] 1.92 (t, JHH = 7.5 Hz, 6H, CH2CH3), 1.98 (t, JHH = 7.5 Hz, 6H, CH2CH3), 

2.00 (t, JHH = 7.5 Hz, 6H, CH2CH3), 3.63 (s, 6H, CH3), 3.71 (s, 6H, CH3), 3.79 (s, 

6H, CH3), 3.91 (q, JHH = 7.5 Hz, 4H, CH2CH3), 4.15 (q, JHH = 7.5 Hz, 4H, 

CH2CH3), 4.23 (q, JHH = 7.5 Hz, 4H, CH2CH3), 10.10 (s, 2H, meso-H); 13C-NMR 

(125 MHz, CD2Cl2) δ [ppm] 15.52, 16.17, 16.87, 17.34, 17.64, 18.29, 20.46, 
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20.47, 21.73, 106.96, 134.92, 135.68, 138.96, 144.82, 145.57, 146.80, 147.87, 

148.27, 151.20, 151.76, 152.11, 152.68;  HRMS (CI): m/z 933.4585 (M+), calcd 

for C44H51N6O2
238U 933.4581;  UV-Vis (CH2Cl2): λmax [nm] (ε in mol-1•l-1) 530 

(330000), 791 (56000), 832 (81000). 

 

Neptunyl-2,7,10,15,19,24-hexaethyl-3,6,11,14,20,23-hexamethyl-

[26]hexaphyrin(1.0.1.0.0.0) (94).  H212+•2Cl- (5.0 mg, 0.007 mmol) was placed 

in 5 mL MeOH. A 0.3 M solution of neptunyl(V) chloride in 1 M HCl was added 

(160 mL, 0.036 mmol).   To this, 4 drops (approx. 80 µL) of triethylamine was 

added.  The excess solvent was evaporated to dryness and the remaining reddish 

solid was recrystallized from CH2Cl2/hexane.  The resulting dichromic (red/green) 

crystals were analyzed by single crystal X-ray diffraction methods.  After 

isolation of the complex via column chromatography using CH2Cl2/MeOH as the 

eluent and activated alumina as the solid support, the resulting product (0.9 mg, 

0.001 mmol) was dissolved in 8 mL CH2Cl2.  Diluting this solution 3:7 in CH2Cl2, 

generated the solution used for the UV-Vis spectroscopic studies. UV-Vis 

(CH2Cl2): λmax [nm] (ε in mol-1•l-1) 531 (120000), 830 (40000). 

 

18,23-Diphenyl-2,3,6,7,10,11-hexamethyl-[26]hexaphyrin(1.1.1.1.0.0) 

(105).  56 mg (148 µmol) of the tripyrrane 104 together with 50 mg (148 µmol) of 

the diformyl-terpyrrole 82 were suspended in 230 mL of ethanol.  The resulting 

mixture was heated until complete dissolution of both components occurred.  At 

this juncture, 120 mg (ca. 4 molar equiv.) of para-toluenesulfonic acid was added, 
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and the solution heated under reflux for an additional 12 hours, open to air.  After 

allowing the solution to cool to room temperature, the solvent was evaporated off 

under reduced pressure.  The solid residue was dissolved in dichloromethane and 

subject to column chromatography, using silica gel as the stationary phase and 

dichloromethane (containing 5% methanol) as the eluent.  The pink-red band was 

collected and the solvent removed under reduced pressure.  The remaining solid 

was redissolved in 50 mL chloroform and washed with 1M aqueous NaOH (2 x 

10 mL).  After drying the organic phase over anhydrous Na2SO4, removal of 

solvent in vacuo yielded 46 mgs (46% yield) of 105 in the form of a dark 

microcrystalline powder.  1H-NMR (500 MHz, d6-DMSO) δ [ppm] 2.11 (s, 6H, 

CH3), 2.70 (s, 6H, CH3), 2.84 (s, 6H, CH3), 3.52 (d, JHH = 1.8 Hz, β-pyrrole CH), 

7.26 (d, JHH = 4.2 Hz, 2H, β-pyrrole CH), 7.48 (m, 2H, phenyl-H), 7.67 (m, 4H, 

phenyl-H), 7.90 (bs, 4H, phenyl-H), 7.98 (d, JHH = 4.2 Hz, 2H, β-pyrrole CH), 

8.53 (s, 2H, meso-H), 9.76 (s, 1H, NH); 13C-NMR (125 MHz, d6-DMSO) δ [ppm] 

10.48, 11.55, 11.86, 110.34, 114.6, 124.16, 125.48, 125.88, 126.66, 127.22, 

128.55, 129.77, 132.27, 132.92, 134.37, 138.13, 138.97, 140.23, 143.16, 135.49; 

UV-vis (CH2Cl2) λmax [nm] (ε in mol-1•l-1) 502 (61100), 531 (73400), 782 

(20200); HRMS (CI): m/z 677.3399 (HM+), calcd for C46H41N6 677.3393.  

H21052+•2Cl- was obtained by washing a chloroform solution of 105 with 1 M 

aqueous HCl (2 x 10 mL).  1H-NMR (500 MHz, d6-DMSO) δ [ppm] –1.99 (s, 2H, 

β- pyrrole CH), -0.75 (s, 1H, NH), -0.14 (s, 2H, NH), 0.05 (s, 2H, NH), 3.35 (s, 

6H, CH3), 3.73 (s, 6H, CH3), 3.79 (s, 6H, CH3), 7.89-7.92 (m, 2H, phenyl-H), 

8.14-8.17 (m, 4H, phenyl-H), 8.93 (bs, 4H, phenyl-H), 9.17 (d, JHH = 4.3 Hz, 2H, 
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β-pyrrole CH), 9.84 (d, JHH = 4.3 Hz, 2H, β-pyrrole CH), 11.35 (s, 2H, meso-H), 

15.03 (s, 1H, NH); 13C-NMR (125 MHz, d6-DMSO) δ [ppm] 12.16, 14.04, 14.77, 

111.31, 112.34, 118.18, 123.37, 124.92, 125.46, 127.18, 128.52, 128.74, 129.31, 

131.43, 131.50, 133.11, 135.43, 137.79, 139.73, 141.33, 144.54; UV-vis (CH2Cl2) 

λmax [nm] (ε in mol-1•l-1) 533 (173000), 556 (156000), 733 (10400), 877 (30200). 

 

1,9-Bisformyl-5-mesityldipyrromethane (107b).  In a 50 mL round 

bottom flask equipped with a reflux condenser and a septum, dry DMF (5 mL) 

was cooled with stirring for 10 minutes in an external ice water bath under argon.  

Freshly distilled POCl3 (1 mL) was then added slowly via syringe. The ice bath 

was removed and the reaction mixture was stirred at room temperature for 20 

minutes.  The resulting yellow solution was cooled using an external ice water 

bath before addition of 1 g (3.78 mmol) of meso-(mesityl)dipyrromethane 

dissolved in 10 mL of dry DMF. After addition, the reaction mixture was heated 

to 80º C for an hour.  The resulting reddish mixture was then allowed to cool to 

room temperature at which point saturated aqueous NaOAc (30 mL) was added.  

The reaction mixture was reaheated to 80º C for a period of 15 minutes and 

subsequently added to 300 mL of ice water. The solid, that precipitated out as the 

result of this addition was isolated by filtration and washed with water until the 

pH of the washings were neutral.  Yield of 107b: 0.9g (74%).  1H NMR (250 

MHz, CDCl3): δ [ppm] 2.04 (s, 6H); 2.26 (s, 3H); 5.93 (s, 1H); 6.09 (m, 2H); 6.86 

(s, 2H), 6.88 (m, 2H); 9.23 (s, 2H); 9.55 (bs, 2H);  13C NMR (250 MHz, 

CDCl3): δ [ppm] 20.5; 20.7; 38.9; 110.9; 122.0; 130.4; 130.9; 132.0; 137.2; 137.5; 
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140.3; 178.1;  HRMS (CI): m/z 321.1606, calcd for C20H20N2O2 (M+1)+: 

321.1603. 

 

18-Phenyl-2,3,6,7,10,11-hexamethyl-[22]pentaphyrin(1.1.1.0.0) (106a).  

In a 500 mL round bottom flask, 1,9-bisformyl-5-phenyldipyrromethane (107a) 

(50 mg, 0.18 mmol) and hexamethylterpyrrole 95 (50.5 mg, 0.18 mmol) were 

dissolved in 300 mL of chloroform.  Argon was bubbled through the resulting 

solution for about 15 min.  Two drops of concentrated HCl in 2 mL of ethanol 

were then added and the reaction mixture stirred for 10 hours while maintaining it 

under a positive argon atmosphere.  The reaction vessel was then opened to the air 

and stirring was continued for an additional two hours.  The solvent was then 

evaporated off under reduced pressure and the remainings were subject to 

purification via column chromatography (silica gel; 2 % methanol in 

dichloromethane eluent).  The green fractions were combined and the volume of 

solvent was reduced to approximately 20 mL, using a rotary evaporator.  The 

resulting solution was placed in a fridge overnight, and the resulting green 

microcrystalline material was filtered off and washed with a small amount of 

dichloromethane.  Drying under vacuum yielded 44 mg (44% yield) of 

H106a+•Cl-.  1H-NMR (500 MHz, d7-DMF) δ [ppm] –2.32 (bs, 3H, NH), -1.87 

(bs, 2H, NH), 3.72 (s, 6H, CH3), 3.78 (bs, 6H, CH3), 3.87 (s, 6H, CH3), 7.93 (bs, 

3H, phenyl-H), 8.15-8.5 (bm, 2H, phenyl-H), 8.68 (bs, 2H, β-pyrrole-H), 9.75 (bs, 

2H, β-pyrrole-H), 10.79 (bs, 2H, meso-H). 
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18-Mesityl-2,3,6,7,10,11-hexamethyl-[22]pentaphyrin(1.1.1.0.0) 

(106b).  Using a procedure identical to that described above, 1,9-bisformyl-5-

mesityldipyrromethane (107b) (190 mg, 0.59 mmol) was condensed with 

hexamethylterpyrrole 95 (167 mg, 0.59 mmol) to produce 106b.  In this instance, 

chromatographic workup (silica gel; 0.5% methanol in dichloromethane, eluent) 

yielded the product as a green band.  Collection and recrystallization from 

dichloromethane/hexanes then provided 135 mg (38% yield) of a green 

microcrystalline solid (H106b+•Cl-).  1H-NMR NMR (300 MHz, CDCl3) δ [ppm] 

–5.42 (bs, 1H, NH), -2.84 (bs, 2H, NH), -2.11 (bs, 2H, NH), 1.59 (s, 3H, mesityl-

CH3), 2.14 (s, 3H, mesityl-CH3), 2.73 (s, 3H, mesityl-CH3), 3.75 (s, 12H, pyrrole-

CH3), 3.84 (s, 6H, pyrrole-CH3), 7.37 (s, 1H, mesityl-H), 7.47 (s, 1H, mesityl-H), 

8.85 (bs, 2H, β-pyrrole-CH) 9.54 (bs, 2H, β-pyrrole-CH) 10.53 (bs, 2H, meso-

CH); 13C-NMR (75 MHz, CDCl3) δ [ppm] 12.15, 14.07, 14.41, 20.25, 21.53, 

99.74, 102.86, 120.66, 121.75, 123.23, 124.65, 125.97, 126.86, 128.39, 130.21, 

132.13, 137.49, 138.34, 141.31; HRMS (CI): m/z 601.2977 (M+), calcd for 

C38H40N5Cl1 601.2972, m/z 566.3282 (M+-Cl), calcd for C38H40N5 566.3284; UV-

vis (CH2Cl2) λmax [nm] (ε in mol-1•L-1) 447 (150000), 868 (12000).  The free-base 

form, 106b, was obtained by washing a CH2Cl2 solution of the corresponding HCl 

salt H106b+•Cl- with 1 M aqueous NaOH (3x).  Drying of the resulting solution 

over anhydrous Na2SO4 and concentration of the solution to a minimal volume on 

the rotary evaporator led to crystallization of the free-base 106b in the form of 

blue crystals, which were collected via vacuum filtration.  1H-NMR NMR (300 

MHz, CDCl3) δ [ppm] 1.84 (s, 6H, mesityl-CH3), 2.70 (s, 3H, mesityl-CH3), 3.71 
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(s, 6H, pyrrole-CH3), 3.79 (s, 6H, pyrrole-CH3), 3.90 (s, 6H, pyrrole-CH3), 7.38 

(s, 2H, mesityl-H), 8.78 (d, JHH = 4.5 Hz, 2H, β-pyrrole-CH), 9.49 (d, JHH = 4.5 

Hz, 2H, β-pyrrole-CH), 10.38 (s, 2H, meso-CH); 13C-NMR (75 MHz, CDCl3) δ 

[ppm] 12.12, 14.64, 21.03, 22.11, 30.93, 97.16, 101.27, 120.63, 121.49, 122.52, 

124.60, 126.00, 126.58, 127.95, 129.82, 131.57, 131.99, 137.08, 138.21, 140.00; 

HRMS (CI): m/z 566.3286 (M+), calcd for C38H40N5 566.3284; UV-vis (CH2Cl2) 

λmax [nm] (ε in mol-1•L-1) 391 (50600), 458 (71600), 473 (75300), 638 (17500), 

659 (15600), 720 (31600). 

 

Nonaromatic species tentatively assigned as H2106b2+•2[TFA-].  1H- 

NMR (500 MHz, CDCl3) δ [ppm]  1.92 (s, 6H, mesityl-CH3), 2.11 (s, 3H, 

pyrrole-CH3), 2.27 (s, 3H, pyrrole-CH3), 2.30 (s, 3H, pyrrole-CH3), 2.31 (s, 3H, 

pyrrole-CH3), 2.36 (s, 3H, mesityl-CH3), 2.42 (s, 3H, pyrrole-CH3), 2.45 (s, 3H, 

pyrrole-CH3), 4.23 (s, 2H, “meso”-CH2) 6.41 (bs, 1H, β-pyrrole-CH), 6.55 (s, 1H, 

meso-H), 6.66 (d, JHH = 3.7 Hz, 1H, β-pyrrole-CH), 6.68 (d, 1H, JHH = 2.8 Hz, β-

pyrrole-CH),  6.85 (d, JHH = 3.7 Hz, 1H, β-pyrrole-CH), 6.95 (s, 2H, mesityl-H), 

10.05 (s, 1H, NH), 10.22 (s, 1H, NH), 10.67 (s, 1H, NH), 11.59 (s, 1H, NH), 

12.11 (s, 1H, NH); 13C-NMR (125 MHz, CDCl3, extracted from hmbc and hmqc 

projection) δ [ppm] 9.09, 9.84, 11.35, 12.28, 13.04, 19.05, 20.93, 25.81, 103.21, 

119.37, 120.49, 121.62, 122.00, 124.63, 125.56, 126.50, 127.26, 128.38, 129.89, 

130.07, 130.82, 131.58, 132.89, 133.83, 135.14, 137.96, 139.84, 143.22, 144.16, 

145.85, 146.42, 147.73. 
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18,23,28-Triphenyl-2,3,6,7,10,11-hexamethyl-

[30]heptaphyrin(1.1.1.1.1.0.0) (109): A suspension of 38 mg (113 µmol) of the 

diformyl-terpyrrole 82 in 200 mL of ethanol was heated until complete 

dissolution of 82 was achieved.  The resulting solution was allowed to cool down 

to room temperature.  At this juncture, 60 mg (113 µmol) of the tetrapyrrane 110 

was added, followed by addition of 92 mg (ca. 4 molar equiv.) of para-

toluenesulfonic acid, and the resulting solution was stirred at room temperature 

for 20 hours, open to air.  Subsequently, the solution was neutralized by adding an 

excess (0.5 mL) of triethylamine followed by solvent removal under reduced 

pressure.  The solid residue was subjected to column chromatography, using silica 

gel as the stationary phase and dichloromethane (containing 7% methanol) as the 

eluent.  At first, a pink-red band was collected (105; ~ 15%), followed by elution 

of a blue band.  The blue band was collected and the solvent removed under 

reduced pressure.  The remaining solid was recrystallized from 

dichloromethane/hexanes.  Filtration and drying in vacuo yielded 15 mgs (16% 

yield) of 109 in the form of a dark microcrystalline powder.  1H-NMR (500 MHz, 

CDCl3) δ [ppm] –4.18 (s, 6H, CH3), 0.48 (m, 2H phenyl-ortho-H), 3.59 (s, 6H, 

CH3), 3.67 (m, 2H phenyl-meta-H), 4.38 (s, 6H, CH3), 4.93 (m, 1H phenyl-para-

H), 7.81 – 8.03 (comp, 8H, phenyl-H), 8.43 (d, JHH = 4.7 Hz, 2H, β-pyrrole-H), 

8.62 (d, JHH = 4.2 Hz, 2H, β-pyrrole-H), 8.90 (d, JHH = 4.6 Hz, 2H, β-pyrrole-H), 

8.94 (d, JHH = 4.1 Hz, 2H, β-pyrrole-H), 9.04 (bs, 2H, phenyl-H), 9.71 (s, 2H, 

meso-CH), 16.56 (s, 1H, NH);  13C-NMR (125 MHz, CDCl3) δ [ppm] 3.82, 11.70, 

13.95, 107.44, 110.05, 121.48, 123.96, 124.11, 126.30, 127.16, 127.54, 127.85, 
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128.40, 128.75, 130.05, 131.68, 131.98, 134.28, 137.15, 139.02, 140.62, 141.01, 

141.31, 142.76, 148.68, 150.31; HRMS (CI): m/z 831.4054 (M+), calcd for 

C57H49N7 831.4049;  UV-vis (CH2Cl2) λmax [nm] (ε in mol-1•L-1) 317 (28200), 402 

(32200), 640 (75200), 689 (27100), 834 (9400), 919 (9000), 1077 (13600).  For 

HCl salt: 601 (240800), 857 (12000), 979 (29300). 

 

2,3,6,7,10,11,15-heptamethyl-16,20,21-triethyl-

[22]pentaphyrin(1.1.1.0.0) (112).  67 mg (148 µmol) of the tripyrrane 111 

together with 50 mg (148 µmol) of the diformyl-terpyrrole 82 were suspended in 

230 mL of ethanol.  The resulting mixture was heated until complete dissolution 

of both components occurred.  At this juncture, 120 mg (ca. 4 molar equiv.) of 

para-toluenesulfonic acid was added, and the solution heated under reflux for an 

additional 12 hours, open to air.  After allowing the solution to cool to room 

temperature, the solvent was evaporated off under reduced pressure.  The solid 

residue was dissolved in dichloromethane and subject to column chromatography, 

using silica gel as the stationary phase and dichloromethane (containing 1% 

methanol) as the eluent.  The green band was collected and washed with 1M 

aqueous HCl (2 x 10 mL).  After drying the organic phase over anhydrous 

Na2SO4, removal of solvent in vacuo yielded 19.5 mg (7.5% yield) of a green 

microcrystalline solid (H112+•Cl-). 1H-NMR (500 MHz, CDCl3) δ [ppm] –3.79 (s, 

1H, NH), –2.66 (s, 1H, NH), –2.63 (s, 1H, NH), –1.48 (s, 1H, NH), –1.44 (s, 1H, 

NH), 1.90 – 1.98 (comp, 9H, CH2CH3), 3.55 (s, 6H, CH3), 3.64 (s, 6H, CH3), 3.70 

(s, 6H, CH3), 3.72 (s, 3H, CH3), 4.16 – 4.22 (comp, 6H, CH2CH3), 9.91 (s, 1H, 
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meso-CH), 10.13 (s, 1H, meso-CH), 10.16 (s, 1H, meso-CH); 13C-NMR (125 

MHz, CDCl3) δ [ppm] 12.04, 12.11, 13.79, 14.08, 16.79, 17.42, 17.96, 20.15, 

20.23, 20.32, 84.61, 96.11, 120.00, 120.04, 120.74, 120.82, 121.98, 125.33, 

125.45, 125.95, 125.98, 129.74, 130.46, 130.53, 130.85, 135.17, 136.40, 137.14, 

137.55, 137.61, 141.46. 

 

General Procedure for the oxidative coupling of bipyrroles 

A 1 L round bottom flask was charged with a stir bar, 500 mL of 

dichloromethane, and a solution of 2.7 g of FeCl3•6H2O (10 mmol) in 100 mL of 

1 M sulfuric acid.  The resulting biphasic mixture was stirred at 300 RPM, while 

the bipyrrole (1 mmol), dissolved in 50 mL of dichloromethane, was added slowly 

via syringe pump over a period of 9 hours, with the needle submerged into the 

organic phase.  After completion of the addition, the reaction mixture was stirred 

for 5 more hours.  Subsequently, the phases were separated and the organic phase 

was dried over anhydrous sodium sulfate.  Following filtration, the solvent was 

removed in vacuo to yield the crude product.  The crude products were purified 

via column chromatography on silica gel using dichloromethane containing 

methanol (2 – 5%) as the eluent.  The yellow band was collected and the solvent 

removed in vacuo.  The solid residue was recrystallized from 

dichloromethane/methanol to yield 115a-d as dark microcrystalline powders. 

 

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

hexadecaethyl[30]octaphyrin(0.0.0.0.0.0.0.0)]sulfate (115a)  77% yield; 1H-
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NMR (500 MHz, CDCl3) δ [ppm] 0.64 (s, 8H, NH), 1.63 (t, JHH = 7.5 Hz, 48H, 

CH2CH3), 4.17 (bs, 32H, CH2CH3); 13C-NMR (125 MHz, CDCl3) δ [ppm] 16.13, 

21.92, 126.26, 128.43; HRMS (CI): m/z 1065.6710 (MH+), calcd for 

C64H89N8O4S1 1065.6727. 

 

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

octamethyl-[30]octaphyrin-(0.0.0.0.0.0.0.0)]sulfate (115b)  79% yield; 1H-

NMR (300 MHz, CDCl3) δ [ppm] –0.64 (s, 8H, NH), 2.07 (t, JHH = 7.5 Hz, 24H, 

CH2CH3), 3.76 (s, 24H, CH3), 4.17 (q, JHH = 7.5 Hz, 16H, CH2CH3); 13C-NMR 

(75 MHz, CDCl3) δ [ppm] 15.90, 15.99, 22.17, 123.87, 125.34, 126.44, 129.27; 

HRMS (CI): m/z 952.5399 (M+), calcd for C56H72N8O4S1 952.5397; UV-vis 

(CH2Cl2) λmax [nm] (ε in mol-1•L-1) 431 (79800), 1112 (132200). 

 

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

hexadecamethyl[30]octaphyrin(0.0.0.0.0.0.0.0)]sulfate (115c)  74% yield.  1H-

NMR (300 MHz, CDCl3) δ [ppm] –0.84 (s, 8H, NH), 3.58 (s, 48H, CH3); 13C-

NMR (75 MHz, CDCl3) δ [ppm] 15.63, 123.89, 125.87; HRMS (CI): m/z 

841.4214 (MH+), calcd for C48H57N8O4S1 841.4224. 

 

Dihydrogen[2,7,10,15,18,23,26,31-octapropyl-

[30]octaphyrin(0.0.0.0.0.0.0.0)]sulfate (115d)  15% yield; 1H-NMR (300 MHz, 

CDCl3) δ [ppm] –1.63 (s, 8H, NH), 1.31 (t, JHH = 7.3 Hz, 24H, CH2CH2CH3), 

2.50 – 2.63 (m, 16H, CH2CH2CH3), 4.78 (t, JHH = 7.9 Hz, 16H, CH2CH2CH3), 
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9.89 (d, JHH = 2 Hz, 8H); 13C-NMR (75 MHz, CDCl3) δ [ppm] 14.74, 25.42, 

33.34, 114.53, 124.80, 128.10, 133.48; HRMS (CI): m/z 953.5461 (MH+), calcd 

for C56H73N8O4S1 953.5476. 

 

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-octaethyl-[32]octaphyrin(0.0.0.0.0.0.0.0) (118b).  

Under an argon atmosphere, cyclo[8]pyrrole 115c (42.1 mg, 50 µmol) was 

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

130 mg, 3.25 mmol) was added and it was stirred at room temperature for 30 

minutes.  At this juncture, ethyl iodide (320 µL, 4 mmol) was added and the 

solution heated under reflux for 12 hours.  After allowing the solution to cool to 

room temperature, 10 mL of aqueous 1M 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.  Subsequent solvent removal followed by 

recrystallization from CH2Cl2/methanol yielded 118b in form of a white 

microcrystalline powder (34 mg, 70%).  1H-NMR (300 MHz, CDCl3) δ [ppm] 

0.61 (t, JHH = 6.9 Hz, 24H, CH2CH3), 2.02 (s, 48H, CH3), 3.22 (q, JHH = 6.9 Hz, 

16H, CH2CH3); 13C-NMR (75 MHz, CDCl3) δ [ppm] 10.06, 15.80, 39.49, 119.23, 

122.79; HRMS (CI): m/z 969.7211 (HM+), calcd for C64H89N8 969.7210. 
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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) (118c).  

Under an argon atmosphere, cyclo[8]pyrrole 115c (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 allowing the solution to cool to 

room temperature, 10 mL of aqueous 1M 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.  Subsequent solvent removal followed by 

recrystallization from CH2Cl2/methanol yielded 118c in form of an off-white 

powder (66 mg, 70%).  1H-NMR (300 MHz, CDCl3) δ [ppm] 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 [ppm] 

9.82, 48.91, 121.08, 123.96, 126.50, 126.67, 127.76, 138.17 

 

5-Ethoxycarbonyl-3,3’,4,4’-tetraethyl-2,2’-bipyrrole (97).  A 500 mL 

round bottom flask was charged with bipyrrolediester 120 (5g, 12.9 mmol), 200 

mL of ethanol and a solution of NaOH (568 mg, 14.2 mmol) in 40 mL of water.  

The resulting mixture was heated at reflux over 12 hours.  The solvents were then 
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removed under reduced pressure and the resulting solid residue dried before being 

dissolved in a minimal amount of TFA (ca. 25 mL).  The resulting solution was 

stirred for 30 minutes, prior to addition of dichloromethane (100 mL) and water 

(100 mL).  The resulting phases were separated and the aqueous phase extracted 

further with dichloromethane (2 x 100 mL).  The combined organic phases were 

washed with 1M NaOH (2 x 100 mL) prior to being dried over anhydrous sodium 

sulfate.  Solvent removal and chromatography on silica gel using CH2Cl2/hexanes 

(1:1) as eluent yielded the desired product 97 in 70.4% yield.  Additionally, 

bipyrrole 70a (2.7%) and recovered starting material (16.5%) were obtained.  For 

97: 1H-NMR (300 MHz, CDCl3) δ [ppm] 1.04-1.11 (comp, 6H, CH2CH3), 1.18-

1.27 (comp, 6H, CH2CH3), 1.33 (t, JHH = 7.2 Hz, 3H, CH2CH3), 2.41-2.56 (comp, 

6H, CH2CH3), 2.78 (q, JHH = 7.4 Hz, 2H, CH2CH3), 4.26 (q, JHH = 7.2 Hz, 2H, 

CH2CH3), 6.59 (d, JHH = 2.0 Hz, 1H, pyrrole-α-CH), 7.93 (s, 1H, NH), 8.77 (s, 

1H, NH); 13C-NMR (75 MHz, CDCl3) δ [ppm] 14.33, 14.37, 15.72, 15.78, 16.32, 

17.56, 17.88, 18.35, 18.45, 59.73, 114.82, 117.69, 119.55, 123.64, 124.99, 125.53, 

125.82, 133.41, 161.35. 

 

3,4,3',4',3'',4'',3''',4'''-Octaethyl-1H,1'''H-[2,2';5',2'';5'',2''']-

quaterpyrrole-5,5'''-dicarboxylic acid diethyl ester (122).  The mono-α-free 

bipyrrole 97 (100 mg, 0.31 mmol) is dissolved in a minimal amount of hexanes 

(ca. 5 mL).  A solution of potassium ferricyanide (500 mg) in 20 mL of sat. 

NaHCO3 was added and the resulting biphasic mixture stirred overnight.  After 

addition of CH2Cl2 (20 mL), phase separation and chromatographic purification 



 199

(silica gel; CH2Cl2/1% methanol), quaterpyrrole 122 was obtained as a dark 

microcyrystalline solid (38 mg, 38%).  1H-NMR (500 MHz, CDCl3) δ [ppm] 

1.18-1.23 (comp, 18H, CH2CH3), 1.28 (t, JHH = 7.6 Hz, 6H, CH2CH3), 1.38 (t, JHH 

= 7.1 Hz, 6H, CH2CH3), 2.73 (q, JHH = 7.6 Hz, 4H, CH2CH3), 2.80 (q, JHH = 7.5 

Hz, 4H, CH2CH3), 3.04 (q, JHH = 7.4 Hz, 4H, CH2CH3), 3.17 (q, JHH = 7.4 Hz, 

4H, CH2CH3), 9.29 (s, 2H, NH); 13C-NMR (125 MHz, CDCl3) δ [ppm] 14.38, 

14.69, 15.73, 16.03, 16.58, 17.88, 18.23, 19.24, 19.91, 60.43, 121.55, 127.61, 

133.91, 134.13, 141.87, 150.70, 154.60, 161.00, 164.70; HRMS (CI): m/z 

629.4069 (HM+), calcd for C38H53N4O4 629.4067; UV-vis (CH2Cl2) λmax [nm] (ε 

in mol-1•L-1) 502 (37,900). 
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Appendix:  X-ray experimental and crystallographic data 

All crystals for X-ray crystallographic analyses described in this appendix 

were grown by the author except for the crystal of 122 that was grown by Forrest 

O. Arp, an undergraduate student working under the supervision of the author.  

All eight crystal X-ray diffraction structures were solved by Dr. Vincent Lynch of 

this department.  Structures described in this work but not included in this 

appendix have been deposited with the Cambridge Crystallographic Data Base 

and can be obtained from there.  A general experimental method as provided by 

Dr. Lynch used in obtaining these structures, along with relevant data tables for 

each structure now 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.  Details 

of crystal data, data collection and structure refinement are listed in the Tables 

below.  Data reduction were performed using DENZO-SMN.1  The structures 

were solved by direct methods using SIR922 and refined by full-matrix least-

squares on F2 with anisotropic displacement parameters for the non-H atoms 

using SHELXL-97.3  The hydrogen atoms on carbon were calculated in ideal 

positions with isotropic displacement parameters set to 1.2xUeq of the attached 

atom (1.5xUeq for methyl hydrogen atoms).  The function, Σw(|Fo|2 - |Fc|2)2, was 

minimized, where w = 1/[(σ(Fo))2 + (0.0534*P)2 + (3.0956*P)] and P = (|Fo|2 + 

2|Fc|2)/3.  Rw(F2) refined to 0.146, with R(F) equal to 0.0560 and a goodness of 
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fit, S, = 1.04.  Definitions used for calculating R(F),Rw(F2) and the goodness of 

fit, S, are given below.4  The data were corrected for secondary extinction effects.  

The correction takes the form:  Fcorr = kFc/[1 + (3.5(6)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).5  All figures were generated using 

SHELXTL/PC.6   

 
X-ray references 

 
1 DENZO-SMN  Z. Otwinowski and W. Minor, Methods in Enzymology, 

276: Macromolecular Crystallography, part A, 307 – 326, C. W. Carter, Jr. 
and R. M. Sweets, Editors, Academic Press, 1997. 

2 SIR92.  A program for crystal structure solution. Altomare, A., Cascarano, 
G., Giacovazzo, C. & Guagliardi, A. J. Appl. Cryst. 1993, 26, 343-350. 

3 Sheldrick, G. M.  SHELXL97.  Program for the Refinement of Crystal 
Structures.  University of Göttingen, Germany, 1994. 

4 Rw(F2) =  {Σw(|Fo|2 - |Fc|2)2/Σw(|Fo|)4}1/2 where w is the weight given 
each reflection. 

 R(F) =  Σ(|Fo| - |Fc|)/Σ|Fo|} for reflections with Fo > 4(σ(Fo)). 
 S =  [Σw(|Fo|2 - |Fc|2)2/(n - p)]1/2, where n is the number of reflections and 

p is the number of refined parameters. 
5 International Tables for X-ray Crystallography Vol. C, Tables 4.2.6.8 and 

6.1.1.4, A. J. C. Wilson, editor, Boston: Kluwer Academic Press, 1992. 

6 Sheldrick, G. M.  SHELXTL/PC (Version 5.03).  Siemens Analytical X-
ray Instruments, Inc., Madison, Wisconsin, USA, 1994. 
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Table A1.  Crystal data and structure refinement for H2912+•2Cl-. 

 
Empirical formula   C93H122Cl5N12O 

Formula weight   1601.28 

Temperature    123(2) K 

Wavelength    0.71073 Å 

Crystal system    Triclinic 

Space group     P-1 

Unit cell dimensions   a = 13.0258(2) Å, α = 78.014(1)° 

     b = 15.2720(2) Å, β = 79.211(1)° 

     c = 25.7193(4)  Å, γ = 69.979(1)° 

Volume, Z    4664.68(12) Å3, 2 

Density (calculated)   1.140 Mg/m3 

Absorption coefficient  0.206 mm-1 

F(000)     1714 

Crystal size    0.32 x 0.24 x 0.13 mm 

Theta range for data collection 3.01 to 27.50° 

Limiting indices   -16<=h<=16, -19<=k<=19, -33<=l<=31 

Reflections collected   36535 

Independent reflections  20846 [R(int) = 0.0315] 

Completeness to theta = 27.50° 97.3 % 

Refinement method   Full-matrix least-squares on F2 

Data / restraints / parameters  20846 / 14 / 992 

Goodness-of-fit on F2   1.329 

Final R indices [I>2sigma(I)]  R1 = 0.0686, wR2 = 0.1557 

R indices (all data)   R1 = 0.1058, wR2 = 0.1663 

Extinction coefficient   1.6(3)x10-6 

Largest diff. peak and hole  0.627 and -0.340 e.Å-3 
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Figure A1.   View of hexapyrrole 1 of H2912+•2Cl- showing the atom labeling 
scheme.  Displacement ellipsoids are scaled to the 50% probability 
level.  Hydrogen atoms shown are drawn to an arbitrary size.  The 
methyl carbon atoms, C44 and C44a, represent two orientations of 
a disordered methyl group.  The site occupancy factor for C44 
refined to 58(2)%. 
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Table A2.  Crystal data and structure refinement for H2922+•2Cl-. 

 
Empirical formula   C47H62Cl8N6 

Formula weight   994.63 

Temperature    123(2) K 

Wavelength    0.71073 Å 

Unit cell dimensions   a = 13.8282(3) Å, α = 69.8700(10)° 

     b = 14.1808(3) Å, β = 65.1040(10)° 

     c = 15.7156(3) Å, γ = 72.2490(10)° 

Volume, Z    2577.88(9) Å3, 2 

Density (calculated)   1.281 Mg/m3 

Absorption coefficient  0.475 mm-1 

F(000)     1044 

Crystal size    0.25 x 0.22 x 0.20 mm 

Theta range for data collection 2.9 to 30.0° 

Limiting indices   -19<=h<=19, -19<=k<=19, -21<=l<=22 

Reflections collected   25773 

Independent reflections  14953 [R(int) = 0.0316] 

Reflections observed   10586 [I>2(sigma(I))] 

Refinement method   Full-matrix least-squares on F2 

Data / restraints / parameters  14953 / 3 / 505 

Goodness-of-fit on F2   1.233 

Final R indices [I>2sigma(I)]  R1 = 0.0657, wR2 = 0.1510 

R indices (all data)   R1 = 0.0931, wR2 = 0.1617 

Extinction coefficient   2.6(8) x 10-6 

Largest diff. peak and hole  0.59 and -0.57 e.Å-3 
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Figure A2  View of H2922+•2Cl- showing the atom labeling scheme.  Thermal 
ellipsoids are scaled to the 50% probability level.  Hydrogen atoms 
shown are drawn to an arbitrary scale.  Dashed lines indicate close 
N-H…Cl interactions.  The geometry of these interactions are:  N1-
H1a…Cl1, N…Cl 3.231(2)Å, N…Cl 2.365(2)Å, N-H…Cl 161.5(1)°; 
N3-H3a…Cl1, N…Cl 3.413(2)Å, N…Cl 2.515(2)Å, N-H…Cl 
175.5(1)°; N6-H6a…Cl1, N…Cl 3.224(2)Å, N…Cl 2.350(2)Å, N-
H…Cl 163.8(1)°; N2-H2a…Cl2, N…Cl 3.537(2)Å, N…Cl 2.660(2)Å, 
N-H…Cl 164.9(1)°; N4-H4a…Cl4, N…Cl 3.154(2)Å, N…Cl 
2.344(2)Å, N-H…Cl 149.7(1)°; N5-H5a…Cl2, N…Cl 3.221(2)Å, 
N…Cl 2.378(2)Å, N-H…Cl 155.9(1)° 
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Table A3.  Crystal data and structure refinement for 113. 

 
Empirical formula   C88H108N12O8S2•½ (CH2Cl2)•C4H10O 

Formula weight   1642.57 

Temperature    153(2) K 

Wavelength    0.71073 Å 

Crystal system    Monoclinic 

Space group    P21/c 

Unit cell dimensions   a = 28.2093(5) Å, α = 90° 

     b = 16.7252(3) Å, β = 99.552(1)° 

     c = 21.2078(3) Å, γ = 90° 

Volume, Z    9867.2(3) Å3, 4 

Density (calculated)   1.106 Mg/m3 

Absorption coefficient  0.138 mm-1 

F(000)     3516 

Crystal size    0.35 x 0.22 x 0.14 mm 

Theta range for data collection 3.0 to 25.0° 

Limiting indices   -33<=h<=33, -15<=k<=19, -25<=l<=25 

Reflections collected   27073 

Independent reflections  17330 [R(int) = 0.0445] 

Completeness to theta = 25.05° 99.1 % 

Refinement method   Full-matrix least-squares on F2 

Data / restraints / parameters  17330 / 0 / 991 

Goodness-of-fit on F2   1.268 

Final R indices [I>2sigma(I)]  R1 = 0.0810, wR2 = 0.1724 

R indices (all data)   R1 = 0.1443, wR2 = 0.1895 

Largest diff. peak and hole  0.494 and -0.289 e.Å-3 
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Figure A3. View of 113 showing partial atom labeling scheme.  Thermal 
ellipsoids are scaled to the 30% probability level.  Hydrogen atoms 
shown are drawn to an arbitrary scale.  Dashed lines indicate an N-
H…O hydrogen bonding interaction. 
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Table A4.  Crystal data and structure refinement for 117. 

 
Empirical formula   C36H60N4O4S8 

Formula weight   869.36 

Temperature    153(2) K 

Wavelength    0.71073 Å 

Crystal system    Monoclinic 

Space group    P21/n 

Unit cell dimensions   a = 15.9670(3) Å, α = 90° 

     b = 19.1060(5) Å, β = 119.0531(11)° 

     c = 16.5190(4) Å, γ = 90° 

Volume, Z    4405.27(18) Å3, 4 

Density (calculated)   1.311 Mg/m3 

Absorption coefficient  0.446 mm-1 

F(000)     1856 

Crystal size    0.23 x 0.15 x 0.12 mm 

Theta range for data collection 2.91 to 27.49° 

Limiting indices   -20<=h<=20, -24<=k<=21, -21<=l<=21 

Reflections collected   17043 

Independent reflections  9859 [R(int) = 0.0724] 

Completeness to theta = 25.05° 97.4 % 

Refinement method   Full-matrix least-squares on F2 

Data / restraints / parameters  9859 / 0 / 405 

Goodness-of-fit on F2   1.291 

Final R indices [I>2sigma(I)]  R1 = 0.101, wR2 = 0.170 

R indices (all data)   R1 = 0.177, wR2 = 0.184 

Largest diff. peak and hole  0.469 and -0.406 e.Å-3 
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Figure A4. View of 117 showing the atom labeling scheme.  Displacement 
ellipsoids are scaled to the 50% probability level. 

 

 



 210

Table A5.  Crystal data and structure refinement for 115c 

 
Empirical formula   C50H60N8O4S 

Formula weight   1010.92 

Temperature    153(2) K 

Wavelength    0.71073 Å 

Crystal system    Monoclinic 

Space group    P21/n 

Unit cell dimensions   a = 10.3767(1) Å, α = 90° 

     b =  18.2979(2) Å, β = 90.623(1)° 

     c = 25.9507(3)  Å, γ = 90° 

Volume, Z    4927.02(9) Å3, 4 

Density (calculated)   1.363 Mg/m3 

Absorption coefficient  0.336 mm-1 

F(000)     2128 

Crystal size    0.19 x 0.15 x 0.04 mm 

Theta range for data collection 2.91 to 27.49° 

Limiting indices   -13<=h<=12, -23<=k<=23, -33<=l<=31 

Reflections collected   32391 

Independent reflections  11232 [R(int) = 0.0601] 

Completeness to theta = 25.05° 99.4 % 

Refinement method   Full-matrix least-squares on F2 

Data / restraints / parameters  11232 / 31 / 655 

Goodness-of-fit on F2   1.130 

Final R indices [I>2sigma(I)]  R1 = 0.0624, wR2 = 0.1278 

R indices (all data)   R1 = 0.1121, wR2 = 0.1433 

Largest diff. peak and hole  0.691 and -0.643 e.Å-3 
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Figure A5. View of 115c showing the atom labeling scheme.  Displacement 
ellipsoids are scaled to the 50% probability level. 
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Table A6.  Crystal data and structure refinement for 115d. 

 
Empirical formula   C56H72N8O4S 

Formula weight   953.28 

Temperature    153(2) K 

Wavelength    0.71073 Å 

Crystal system    Tetragonal 

Space group    I41/a 

Unit cell dimensions   a = 17.7765(3) Å, α = 90° 

     b = 17.7765(3) Å, β = 90° 

     c = 15.8470(4)  Å, γ = 90° 

Volume, Z    5007.71(17) Å3, 4 

Density (calculated)   1.264 Mg/m3 

Absorption coefficient  0.120 mm-1 

F(000)     2128 

Crystal size    0.12 x 0.10 x 0.06 mm 

Theta range for data collection 3.04 to 27.48° 

Limiting indices   -22<=h<=23, -16<=k<=16, -19<=l<=20 

Reflections collected   5203 

Independent reflections  2859 [R(int) = 0.0426] 

Completeness to theta = 25.05° 99.7 % 

Refinement method   Full-matrix least-squares on F2 

Data / restraints / parameters  2859 / 0 / 229 

Goodness-of-fit on F2   1.022 

Final R indices [I>2sigma(I)]  R1 = 0.0482, wR2 = 0.0902 

R indices (all data)   R1 = 0.1032, wR2 = 0.1078 

Largest diff. peak and hole  0.163 and -0.279 e.Å-3 
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Figure A6.   View of 115d showing the atom labeling scheme.  Displacement 
ellipsoids are scaled to the 50% probability level.  Most hydrogen 
atoms have been removed for clarity.  The complex resides on a 
crystallographic four-fold inversion center at 0, 1/4 , 5/8.  Dashed 
lines are indicative of H-bonding interactions. 
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Table A7.  Crystal data and structure refinement for 118b. 

 
Empirical formula   C64H88N8 

Formula weight   969.42 

Temperature    153(2) K 

Wavelength    0.71073 Å 

Crystal system    Orthorhombic 

Space group    Pbcn 

Unit cell dimensions   a = 12.6903(1) Å, α = 90° 

     b = 28.1058(3) Å, β = 90.° 

     c = 17.2872(2) Å, γ = 90° 

Volume, Z    6165.84(11) Å3, 4 

Density (calculated)   1.044 Mg/m3 

Absorption coefficient  0.061 mm-1 

F(000)     2112 

Crystal size    0.33 x 0.30 x 0.20 mm 

Theta range for data collection 2.94 to 27.49° 

Limiting indices   -11<=h<=16, -36<=k<=35, -22<=l<=17 

Reflections collected   30974 

Independent reflections  7067 [R(int) = 0.0368] 

Completeness to theta = 25.05° 99.7 % 

Refinement method   Full-matrix least-squares on F2 

Data / restraints / parameters  7067 / 0 / 326 

Goodness-of-fit on F2   1.044 

Final R indices [I>2sigma(I)]  R1 = 0.0560, wR2 = 0.1320 

R indices (all data)   R1 = 0.0843, wR2 = 0.1462 

Largest diff. peak and hole  0.315 and -0.272 e.Å-3 

 



 215

Figure A7.   View of 118b showing the atom labeling scheme.  Displacement 
ellipsoids are scaled to the 50% probability level.  The hydrogen 
atoms have been removed for clarity.  The macrocycle lies around 
a crystallographic two-fold rotation axis at 0, y, ¼.  Atoms with 
labels appended by a ‘ are related by –x, y, ½-z. 
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Table A8.  Crystal data and structure refinement for 122. 

 
Empirical formula   C38H52N4O4 

Formula weight   628.84 

Temperature    153(2) K 

Wavelength    0.71073 Å 

Crystal system    Triclinic 

Space group    P-1 

Unit cell dimensions   a = 7.8283(1) Å, α = 89.465(1)° 

     b = 10.6260(2) Å, β = 75.808(1)° 

     c = 11.1050(2) Å, γ = 72.908(1)° 

Volume, Z    854.04(2) Å3, 1 

Density (calculated)   1.223 Mg/m3 

Absorption coefficient  0.079 mm-1 

F(000)     340 

Crystal size    0.33 x 0.18 x 0.14 mm 

Theta range for data collection 2.93 to 27.50° 

Limiting indices   -10<=h<=8, -13<=k<=13, -14<=l<=14 

Reflections collected   6239 

Independent reflections  3844 [R(int) = 0.0176] 

Completeness to theta = 25.05° 97.8 % 

Refinement method   Full-matrix least-squares on F2 

Data / restraints / parameters  3844 / 0 / 313 

Goodness-of-fit on F2   1.044 

Final R indices [I>2sigma(I)]  R1 = 0.0410, wR2 = 0.0917 

R indices (all data)   R1 = 0.0623, wR2 = 0.1023 

Largest diff. peak and hole  0.22 and -0.19 e.Å-3 
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Figure A8.   View of 122 showing the atom labeling scheme.  Displacement 
ellipsoids are scaled to the 50% probability level.  The molecule 
resides on a crystallographic inversion center at ½, ½, ½.  Atoms 
with labels appended by a ‘ are related by 1-x, 1-y, 1-z. 
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