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 1 

 

Chapter 1:  Towards Expanded Porphyrin – Phthalocyanine Chimeras 
and Related Systems 

1.1  INTRODUCTION 

Cancer is one of the main causes of death world-wide.  In a report published by 

the World Health Organization,1 it is estimated that more than 11 million people are 

diagnosed with cancer every year.  In the same report, it is stated that cancer causes 7 

million deaths every year—or 12.5% of deaths worldwide.  The American Cancer 

Society estimates2 that in 2005 about 570,280 US residents are expected to die of cancer, 

representing more than 1,500 people per day.  These figures place cancer as the second 

leading cause of death in the US, after heart disease.  In the US, one of every four deaths 

is caused by cancer. 

Cancer treatment has been a major research objective for scientists in the fields of 

medicine, biology, chemistry and allied fields for over one hundred years.  Currently in 

the U.S., the 5-year relative survival rate for all cancers diagnosed between 1995 and 

2000 is 64%, up from 50% in 1974-1976.2  The enhanced survival rate is due to the 

progress in early detection and improved or new treatments.  The latter factor is one in 

which chemists play a pivotal role. 

Current cancer treatment methods include surgery, radiation therapy, 

chemotherapy, immunotherapy, antiangiogenesis therapy, bone marrow and peripheral 

blood stem cell transplantation, hyperthermia, and photodynamic therapy.  Of these 

treatment methods, photodynamic therapy will be described in considerable detail as 

being pertinent to the research presented in this chapter. 



 2 

Photodynamic therapy (PDT) has been proposed as a less destructive alternative 

to conventional protocols for the treatment of malignant tumors, age-related macular 

degeneration (AMD), and coronary artery disease (vulnerable plaque).  The PDT method 

employs a photosensitizer (Figure 1.1), which is a compound or a mixture of compounds 

that has high selectivity for malignant cells, good phototoxicity, and low dark toxicity.  

Most importantly the photosensitizer triggers, upon irradiation with appropriate 

wavelength light, a cascade of biological transformations inside the cell, ultimately 

resulting in the destruction of the cell.  This method seems to be very promising, because 

dangerous side effects known for chemo- and radiotherapy can be potentially avoided as 

result of the selective accumulation of the photosensitizer in neoplastic tissue. Another 

advantage of PDT is that the photosensitizer can be used to map the tumor, using its 

intrinsic fluorescence as a tracer tag. 

The normal sequence of events in PDT can be considered as follows:3 

1. administration and transport of the sensitizer (0-3 h) 

2. tissue distribution (24-72 h) 

3. differential clearance (tumor / normal tissue); endotissutal / endocellular 

rearrangement 

4. photoexcitation of sensitizer; heat deposition in irradiated tissue 

5. generation of reactive intermediates 

6. biological damage; functional and structural alterations (12 –18 h) 

7. tumor / target tissue necrosis (2 – 3 weeks) 

 

Following the above sequence of events, several factors that contribute to 

photosensitizers efficacy for PDT have been identified.  The first two factors are bio-

tolerability and bio-availability, meaning that a photosensitizer candidate should be 
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tolerated by the host body, have good solubility in biological media and be able to 

penetrate the cellular membrane. Another factor to be considered is the selective 

localization of the putative photosensitizer between cancerous and normal tissue.  This 

selectivity problem is common in cancer chemotherapy and is highlighted by cis-platin 

and its derivatives, which although very potent against tumor cells, have poor selectivity.  

To address the issue of solubility and likewise to enhance the ability to penetrate 

the cell membrane of certain photosensitizers, a number of compounds have been 

modified at the periphery of the macrocyclic core, in order to control the hydrophobicity / 

hydrophilicity and to introduce cationic or anionic character.  Ultimately it is hoped such 

changes would enhance the selectivity for various neoplastic tissues.  Although some 

success has been encountered using this approach, other strategies, like association or 

covalent attachment to serum proteins, delivery vehicles, bioconjugation protocols, 

polymer incorporation, attachment to cell surface receptor ligands, and conjugation to 

monoclonal antibodies, have been employed as well.4 

Another factor that contributes to the efficacy of a photosensitizer is its 

absorbance in the visible region.  To be effective, photosensitizer candidates are required 

to have absorbance above 600 nm (i.e., red light) and display low or no toxicity in the 

absence of light (dark toxicity).  PDT uses red light as the excitation wavelength since it 

allows optimum light penetrability.  Such wavelengths are compatible with current laser 

technologies (Figure 1.2). 

Red light (λ > 600 nm) is poorly absorbed by Photofrin®, currently the only 

porphyrinoid photosensitizer approved for cancer treatment (Figure 1.1), as a result its 

efficacy in treating deep tumors is dramatically reduced.  In an effort to overcome this 

shortcoming, efforts are ongoing to synthesize second-generation photosensitizers with 

better absorption features (i.e. λmax above 600 nm).   
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Figure 1.1: Current photosensitizers being developed for PDT.  In parentheses are the 
specified commercial names, as well as those of the pharmaceutical 
company who owns the rights to the compounds in question.  
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Figure 1.2: Depth of tissue penetration based on wavelength irradiation.5 

To date, several classes of compounds have been proposed, including chlorins, 

purpurins, expanded porphyrins, benzoporphyrins, and phthalocyanines (Figure 1.1).  All 

of these compounds have absorption maxima well above 600 nm: chlorin ~ 670 nm, 

phthalocyanine ~ 680 nm, bacteriochlorin ~ 730 nm, texaphyrin ~ 740 nm, 

naphthalocyanine ~ 770 nm.3 

The ability of a photosensitizer candidate to generate reactive intermediates is 

another feature that is required for effective use in PDT.  The efficacy of PDT is thought 

to rely on the presence of molecular oxygen at cellular level, which upon interaction with 

the excited state photosensitizer is excited from the triplet ground state (3O2) to the singlet 

excited state (1O2).  It is the oxygen singlet state along with other reactive oxygen species 

that are believed to be at the origin of the biological response.  Upon irradiation the 

photosensitizer is excited from the ground state to the singlet excited state, which is 

converted to the triplet state via an intersystem crossing process.  It has been observed3 
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that in order to be effective a photosensitizer must have a long triplet state lifetime.  The 

key chemical species responsible for cellular damage are generated via two types of 

chemical reactions.  Reactions of Type I involve the photoinduced electron transfer 

(redox reaction) between the excited photosensitizer, either in the singlet or triplet state, 

and can include oxidative quenching by oxygen to form highly reactive radical species, as 

well as reductive quenching by biomolecules with an attendant altering of their biological 

function.  Reactions of Type II rely on the photoinduced electron transfer from the triplet 

excited state of the photosensitizer to the ground triplet state of molecular oxygen to form 

singlet oxygen, which serves as the toxic agent.  Figure 1.3 depicts a simplified Jablonski 

diagram, used to explain the photoinduced generation of reactive species in the PDT 

process. 
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(type I)
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Figure 1.3: Generation of excited porphyrin states and reactive dioxygen species as 
illustrated using a Jablonski diagram.3 

With the exception of aminolevulinic acid (ALH), which acts as a prophyrin 

precursor in vivo, all the photosensitizers currently marketed or in advanced clinical trials 

can be considered as being prophyrin derivatives (cf. Figure 1.1).  In some ways, this is 
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not surprising.  The phototoxicity of hematoporphyrin derivatives was first demonstrated 

by Meyer-Betz in 1913, who injected himself with 200 mg of a hematoporphyrin and 

observed enhanced sensitivity to sun light.  A decade later Policard discovered that 

certain malignant tumors accumulated porphyrins.   These two early observations were 

confirmed 50 years later, when in the 1970’s porphyrins were found to be beneficial in 

both the detection and treatment of certain tumors.5 

Hematoporphyrin derivatives (HpD) in several formulations have been the subject 

of clinical study since 1976.  Under the trade name Photofrin®, this product was the first 

FDA approved drug for PDT cancer treatment.  Photofrin® consists of a mixture of 

hematoporphyrin derivatives that are obtained via a facile, yet not fully reproducible 

process.  The synthesis involves treatment of hematoporphyrin with a mixture of acetic 

and sulphuric acid for 30 min. at room temperature.  The product, called stage 1 HpD, is 

then dissolved in alkali, to generate the so-called stage 2 HpD, which is the actual PDT 

agent.  The stage 2 HpD contains a mixture of monomeric, dimeric and oligomeric 

porphyrin material.  Although extensive efforts have been made to identify the PDT 

active species from this mixture, a conclusive result has yet to be attained.  Although 

Photofrin® is effective in treatment of some cancer forms, it suffers from several 

drawbacks, such as low reproducibility of photodynamic properties from various 

samples, low absorbance beyond 600 nm, and residual skin phototoxicity.  In an attempt 

to solve these problems, several second-generation photosensitizers have been considered 

(Figure 1.1). 

The chlorins and benzoporphyrins have stronger absorptions at the desired 

wavelengths.  This along, with more reproducible syntheses and higher solubility in 

aqueous media, makes them attractive candidates for PDT.  Indeed, several of these kinds 
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of compounds are in clinical trials and one compound, Visudyne®, has been approved for 

use in the treatment of macular degeneration. 

Phthalocyanines have been investigated as photosensitizers due to their ability to 

absorb light in the 670 – 700 nm region.  These compounds are also attractive because of 

ease of synthesis, ability to chelate diamagnetic metals (Al, Zn) that enhance 

phototoxicity, as well as the fact that it is easy to introduce cationic or anionic 

substituents on their periphery.  Other advantages of metallo-phthalocyanines include 

their suitable retention in tumors, acceptable PDT properties and low skin toxicity.  The 

main drawbacks of these compounds include their generally poor solubility and the 

difficult (in most instances impossible) separation of the various peripherally substituted 

regioisomers. 

In the area of expanded porphyrins, texaphyrin stands out as the main 

representative in PDT.  Synthesized originally by Sessler et al. in 1987,6,7  texaphyrin has 

been investigated as a PDT agent in the form of its lutetium complex.8  Texaphyrin has  a 

roughly 20% larger macrocyclic core as compared to porphyrin, allowing it to form stable 

1:1 metal complexes with a range of large metal cations, including Lu(III).  The 

absorption maximum of texaphyrins is around 720 – 750 nm, a wavelength that is 

optimal for tissue penetration.  This, and their tumor localizing ability, makes them 

suitable for deep-tumor treatments.  Another advantage of Lu(III) texaphyrins is that the 

coordinated metal center helps them to produce singlet oxygen in good quantum yield.8  

From the synthetic point of view, texaphyrins stand out because it is relatively easy to 

synthesize water soluble derivatives. 
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1.2  RESEARCH GOAL 

As presented in the introductory part, a large number of porphyrin based 

photosensitizers have been synthesized and studied as PDT agents.  Although in the past 

20 years significant progress has been made, development of new PDT agents might 

prove useful in better understanding the determinants of PDT, and possibly lead to new 

drug candidates.  In this chapter the author’s efforts towards the synthesis of novel 

porphyrin and expanded-porphyrin – phthalocyanine hybrid macrocycles, are presented.  

Although not explicitly tested as such, they may constitute long-range PDT-candidate 

agents. 

 

1.3  PORPHYRIN – PHTHALOCYANINE HYBRID SYSTEMS – BACKGROUND 

The field of porphyrin – phthalocyanine hybrid systems is not new.  Figure 1.5 

contains the main macrocyclic frameworks found in the literature that can be described as 

porphyrin-phthalocyanine hybrids.  
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The first monoazaporphyrins (MAPs) were reported by Fischer et al. in the 

1930’s.9-11  The MAP Fischer synthesis involved the condensation of two 

dipyrromethanes, in the presence of sodium azide in water, in a sealed tube at 130 – 140 

°C for 8 – 10 days (Scheme 1.1).  The original yield reported by Fischer for this synthesis 

(< 1%)9 was substantially improved to 45 – 66% by Harris and coworkers.12,13  A high 

yield (83 – 91%) synthesis starting from the oxidized form of 1.2  in the presence of a 

phase transfer catalyst was reported by Dolphin in 1995.14 
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Scheme 1.1: Harris et al.’s improvement to Fischer’s MAP synthesis. 

Another MAP synthesis commences with the treatment of a pyridine solution of 

ferrous porphyrin 1.4 with O2 in the presence of a reducing agent to give the 

oxyporphyrin 1.5.  Oxyporphyrin 1.5 can be converted to the MAP 1.6 via a series of 

consecutive reactions, as depicted in Scheme 1.2.15-18 
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Single crystal X-ray analysis revealed that the geometry of the metal complexes 

of MAP are slightly distorted as compared to the corresponding porphyrin complexes.  In 

the case of the MAP iron(III) complex (Figure 1.6), the C-Nmeso distances (1.36 Å) were 

found to be slightly shorter than the corresponding C-Cmeso distances (1.38 Å). 

 

Figure 1.6: Top view of MAP iron(III) complex. 

Recently, Bonnett and Okolo reported the synthesis of a dibenzomonoaza-

porphyrin derivative (DBMAP), 1.8.19  The synthesis followed the Harris MAP 

synthesis13 and involved a self condensation of 1.7 in DMF at 140 °C in the presence of 

NaN3,  Scheme 1.3. 
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Scheme 1.3: Synthesis of DBMAP.19 
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Tetrabenzomonoazaporphyrin (TBMAP) was first reported by Helberger in 

1938.20   The synthesis involved the reaction of an o-halogenoacetophenone with NaCN 

in the presence of phthalonitrile.  Later, Barrett and coworkers reported21 the synthesis of 

TBMAP via two different methods.  In the first method, a mixture of MeMgI and 

phthalonitrile was heated at 200 °C for 5 min, and then treated with acid to give 1.9 in 

17% yield.  The second method involved the reaction of 1.10 with zinc dust at 330 – 340 

°C, followed by an acid wash and crystallization from quinoline which gave 1.9 in 27% 

yield.  A single crystal X-ray analysis of TBMAP 1.9 was reported by Das and Chaudhuri 

(Figure 1.7).22 
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Scheme 1.4: Synthesis of TBMAP.21 

 

Figure 1.7:  Highly distorted crystal structure of TBMAP.  The atoms marked in C/N 
indicate that each position is either C or N.22 
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An alternative synthesis of TBMAP, 1.13, along with cis- and trans- 

tetrabenzodiaza-porphyrin (c-TBDAP, 1.15, and t-TBDAP, 1.16) and 

tetrabenzotriazaporphyrin (TBTAP, 1.14) was reported by Galanin et al.23  Treatment of 

1,3-diiminoisoindoline, 1.12, with phenyl acetic acid, in the presence of MgO, yielded a 

mixture of the monoaza-, diaza-, and triaza- tetrabenzoporphyrins, from which the 

compounds were separated via column chromatography. 
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Scheme 1.5: Synthesis of TBMAP, c-TBDAP, t-TBDAP, TBTAP.23 

Mono- and di- N-methylated derivatives of MAP have been reported by 

Abeysekera et al.24  It is noteworthy that N-methylation takes place exclusively at the 

pyrrole nitrogen atoms.  In fact, no meso-N-methylation has been observed. 

In an effort to produce better photosensitizers for PDT, azachlorins and 

azabacteriochlorins have been synthesized25 starting from MAP.  Irradiation at room 

temperature of a CH2Cl2 solution of MAP 1.17a in air (589 nm, 400 W, 10 min.) gave 

three isomeric azachlorins (1.18a, 1.18b, and 1.18c) in 90% yield (cf. Scheme 1.6).  

Smith et al. reported26 the synthesis of azabacteriochlorins as the sole product of the 
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osmium tetraoxide oxidation of MAP, 1.17b.  Both groups reported a significant shift in 

the Q-band (porphyrin π → π* transition alpha band) of MAP from 615 nm to 674 nm in 

the case of 1.18, and 700 nm in the case of 1.19. 
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Scheme 1.6: Synthesis of azachlorins and azabacteriochlorin.25,26  

The first synthesis of all meso-trans-diazaporphyrin (DAP) was reported in 1935 

by Fischer and coworkers.27  Scheme 1.7 depicts the synthesis of DAP 1.20, following 

two different routes proposed by Fischer and coworkers.  In the first approach, a 

dibromodipyrromethene molecule 1.21, was reacted with ammonia at high temperature 

and pressure to yield 1.20 in 11%.  The same group reported an improved method when 

1.21 was reacted with sodium azide in boiling DMF. 
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Scheme 1.7: Synthesis of diazaporphyrin, 1.20.27-29 

This latter procedure was instrumental in the synthesis of the “free base” 1.20, as 

well as its copper complex in 33% and 85% yield, respectively.  The use of the urethane 

derivative 1.22 gave similar results.  Stuzhin et al. reported the synthesis and single 

crystal X-ray structure of an indium(III) complex of DAP, Figure 1.8(a).30   Recently, 

Kobayashi et al.31 published the single crystal X-ray structure of a europium triple-decker  

DAP complex that is characterized by an interesting D2h symmetry, Figure 1.8(b,c).  

There are no reports in the literature to date of a cis-DAP. 

 

 

Figure 1.8: X-ray structure of indium(III) complex of diazaporphyrin  (a) and of the 
triple-decker europium complex (b – side view; c – top view).30,31 

A report by Makarova et al. described the synthesis of cis- and trans- 

tetrabenzodiazaporphyrins.32  The method was elaborate and low yielding (Scheme 1.8).  

It was recently improved by Galanin and coworkers (vide supra - Scheme 1.5).23  In both 
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cases, the synthesis gave a statistical mixture of products.  Nonetheless it represents the 

only report of c-TBDAP. 
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Scheme 1.8: Synthesis of cis-TBDAP and trans-TBDAP.32 

Tetrabenzotriazaporphyrin (TBTAP) was first discovered in the form of its copper 

complex by Dent, while investigating the reaction between phthalimideneacetic acid, 

phthalonitrile and copper powder.33  Using a different procedure, Barrett and coworkers 

prepared the metal free TBTAP, Scheme 1.9.34  The Linstead-Barrett method for 

preparing TBTAP involved the reaction between phthalonitrile and methylmagnesium 

iodide, at 200 °C followed by acidic workup to produce the desired product in 40% 

yield.21,34  This method followes closely the synthesis of TBMAP (vide supra) and has 

generally remained the standard method used by other research groups35-43 for producing 

TBTAP. 
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Scheme 1.9: The Dent and Linstead-Barrett synthesis of TBTAP.33,34 
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A new synthetic route has been proposed by Galanin et al.23,44  The reaction of 

1,3-diiminoisoindoline with phenyl acetic acid, in the presence of magnesium oxide as 

template yielded a statistical mixture of TBMAP, TBDAP and TBTAP, Scheme 1.5.  An 

improved synthesis of TBTAP used 1,3-diiminoisoindoline, aliphatic carboxylic acids in 

the presence of ZnO.  This produced the desired zinc complexes in yields up to 27%. 

TBTAP has been isolated as a by-product from a slightly modified 

phthalocyanine synthesis.45  Cammidge et al. reported the synthesis of a meso-pentyl-

TBTAP from the self condensation reaction of phthalonitrile in lithium pentyloxide.  The 

product distribution was found to be dependent upon the order of reagents addition.  The 

addition of the phthalonitrile to the preformed lithium pentyloxide yielded the 

corresponding phthalocyanine quantitatively while a suspension of phthalonitrile in n-

pentanol, followed by the addition of lithium, yields the meso-pentyl-TBTAP in 23% 

yield. 

 

Figure 1.9:  Crystal structure of meso-pentyl-TBTAP.  The atoms labeled are 
disordered and are either C20 or N20.  The presence of H20 atom is in 
accord with the C20/N20 designation.45 
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Developed in the early 1990’s by Dolphin et al., porphocyanines are a class of 

expanded porphyrin – phthalocyanine hybrid systems.46-51  The initial report described the 

synthesis of porphocyanine occurring from the self condensation of a 1,9-diaminomethyl 

dipyrromethane derivative.51  Later reports described a shorter synthetic pathway that 

employed either a 1,9-diformyl50 or a 1,9-dicyano47 dipyrromethane derivative, Scheme 

1.10. 

1.30

NH2

NH2

NH

NH

N

N

NH

NH

N

N

OHC

HN

HN

OHC

NC

NH HN

CN

1.33
1.31

1.32

a. THF / CH3OH

b. O2 / CH2Cl2

a. NH4OH, NaOAc, EtOH
      
         b. Ac2O

LiAlH4, THF a. LiAlH4, THF

b. DDQ, CH2Cl2

NH3, EtOH

 

Scheme 1.10: Porphocyanine syntheses developed by Dolphin et al.47,50,51 

The X-ray structure of the monozinc complex of porphocyanine displayed a 

planar macrocycle in which the two pyridine-like pyrrole N atoms are coordinated to the 

Zn cation, while the other two pyrrole N atoms, as well as the meso-N atoms, do not 

interact with the metal center (Figure 1.10). 
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Figure 1.10:  Crystal structure of porphocyanine zinc complex.51 

Another class of expanded-porphyrin – phthalocyanine hybrid macrocycles was 

introduced by Franck et al.52,53  Specifically, two tetra pyrrolic monoaza expanded 

prophyrins 26-π (1.36) and 30-π (1.37) electron systems were synthesized from the 

acyclic precursors in the presence of ammonia, Figure 1.11.  Although the reported yields 

are low (18% and 5%, respectively), this method could prove useful for the synthesis of 

large phorphyrin-phthalocyanine hybrid macrocycles. 
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1.4  RETROSYNTHESIS OF TARGET MOLECULES 

In the literature survey presented in the previous section, it was noted that cis-

diazaporphyrins could only be synthesized only in statistical manner, i.e., without the 

ability to control the reaction outcome. This lack provided an incentive for the present 

study.  Another motivation is that expanded-prophyrin – phthalocyanine hybrid systems 

are under represented in the literature.  Therefore, the author undertook the task of 

preparing such systems (Figure 1.11) namely a cis-monobenzodiazaporphyrin (c-

MBDAP) derivative and a cis-monobenzodiazatexaphyrin (c-MBDATex). Figures 1.12 

and 1.13 depict the retrosynthetic analysis of the target compounds. 
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Figure 1.11:   Targeted porphyrin- and expanded-porphyrin – phthalocyanine hybrid 
systems. 

The c-MBDATex could be synthesized using a standard Schiff-base 

macrocyclization between an o-phenylenediamine and the corresponding 

monobenzodiazatripyrrane dialdehyde.  This synthon, in turn, could be obtained from an 

α-aminopyrrole and 1,3-diiminoisoindoline, Figure 1.12. 
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Figure 1.12:  Rethrosynthesis of c-MBDATex 
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The c-MBDAP could be synthesized via three different routes.  Routes A and B 

(Figure 1.13) involve the synthesis of two different mono-benzodiazatripyrranes, which, 

in turn, could be synthesized from an aminopyrrole derivative and 1,3-

diiminoisoindoline.  The alternative approach, route C, involves the diaminotripyrrane 

synthon which could be obtained from a reaction between an acetoxymethyl pyrrole 

derivative and a bis α-free pyrrole. 
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Figure 1.13:  Rethrosynthetic analysis of c-MBDAP.  

The retrosynthetic analysis for both target compounds requires as starting 

materials either α-nitropyrrole or α-aminopyrrole derivatives and readily or 

commercially available compounds.  The synthesis of these precursors is thus the first 

step in the synthesis of c-MBDAP and c-MBDATex. 
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1.5 SYNTHESIS OF 2-AMINO AND 2-NITROPYRROLES - BACKGROUND 

The first report of a nitropyrrole derivative was made by Ciamician in the late 

XIXth century.54  An actual synthesis of 2-nitropyrrole derivatives was unknown until 

1922 when Fischer and coworkers, reported the first rational preparation of this 

compound and, in later work, other 2-nitropyrrole derivatives.55  The procedure used by 

both Ciamician and Fischer involved treating a pyrrole derivative with concentrated nitric 

acid.  It was observed that using these conditions α-free, α-methyl, carbonyl (1.38), 

carboxy pyrrole derivatives, as well as certain dipyrromethanes can be converted to the 

corresponding nitropyrrole derivatives.  This method suffered from the downfall that 

under the standard conditions the desired products were obtained only in low yields.  In 

addition, a large number of oxidation products were observed, along with oligomeric 

materials. 

A milder method for the synthesis of 2-nitropyrroles was studied by Rinkes56,57 

and further investigated58,59 by Anderson.  The reaction conditions consisted in changing 

the nitration agent from concentrated nitric acid to the milder nitric acid / acetic 

anhydride mixture.  Under these conditions, the oxidative nature of nitric acid is 

drastically reduced, and the nitration agent is probably the acetyl nitrate, formed in situ 

from the reaction of nitric acid with acetic anhydride.  Morgan and Morrey60,61 have 

investigated in extenso these nitration conditions.  The effect of reaction temperature, 

relative concentrations of the species present in the reaction mixture, and solvent in 

influencing the formation of 2-nitropyrrole (1.41) vs. 3-nitropyrrole (1.42) has been 

reported.60-62 
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Scheme 1.12: 2-Nitropyrrole syntheses reported by Fischer,55 Morgan,60 and Duffy.63 

Duffy and Wibberley investigated the formation of diethyl 2-nitro-3,4-

pyrroledicarboxylate (1.45).  The conditions necessary for the nitration of this highly 

deactivated pyrrole (1.44) are fuming nitric acid and concentrated sulfuric acid.  These 

conditions, however, can not be applied to other more electron rich pyrroles, since they 

promote polymerization instead of nitration. 

The acetyl nitrate nitration method, was further investigated by Bray et al.64 and 

by Collins et al.,65 who used Cu(NO3)2 / Ac2O and AgNO3 / AcCl to generate the nitrating 

agent.  In both cases, the pyrroles studied were protected at position 1, with TIPS and 

Boc, respectively.  In the example reported by Bray et al., the nitration takes place 

preferentially at the 3-position (ratio 3-nitro-1-TIPS-pyrrole : 2-nitro-1-TIPS-pyrrole = 

11:1) due to the steric effect of with the TIPS group.  Recently, Varlamov et al. reported 

the synthesis, albeit in low yield (13%), of a 2-nitro-1-H-pyrrole derivative using 

Cu(NO3)2 / Ac2O.66 
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The first report of a synthesis of an α-aminopyrrole was by Fischer and 

Rothweiler, in 1924.67  The synthesis involved the reduction of a pyrrole hydrazone 

derivative (Scheme 1.13).  A similar procedure, albeit carried out on a N-methylpyrrole 

derivative, was employed by Frank and coworkers.68 
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Scheme 1.13: Synthesis of α-aminopyrrole derivatives reported by Frank68 and Hafner.69  
This procedure builds on earlier work by Fischer and Rothweiler.67 

Hafner and Keiser reported the serendipitous synthesis of a α-aminopyrrole, while 

investigating the reaction of ethoxycarbonylnitrenes with five membered ring 

heterocycles.69  The thermolysis of ethyl azidoformate (1.48) dissolved in pyrrole, 

produced ethyl 2-amino-1-pyrrolecarboxylate, 1.49  in 14% yield. 

In a seminal contribution Grob and Ankli described the synthesis of α-

aminopyrrole using a functionalized succinonitrile (1.50) and a strong base as starting 

materials (Scheme 1.14).70,71  Suausen et al. described an alternative to the Grob synthesis 

that involved the use of a tricyanovinyl derivative as the starting material.72,73  This 

method, with slight modifications at the succinonitrile or tricyanovinyl level, has been 

employed in the synthesis of a number of different substrates.73-80 
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Scheme 1.14: Synthesis of α-aminopyrrole reported by Grob70 and Wamhof.81 

Wamhoff and Wehling proposed a modification of the Grob synthesis, using 

either malononitrile or cyanoacetates (1.53) and acetylaminoacetone (1.52) as starting 

materials.  This provided 2-amino-3-cyano(or alkoxycarbonyl)-4-methylpyrrole, 1.54.81  

This synthesis is currently one of the most widely used syntheses in the literature.82-87 

An alternative method for the synthesis of aminopyrroles via a H2, Pd/C reduction 

of nitropyrrole has been described by Bialer et al. for the synthesis of β-aminopyrrole 

derivative.88  The same procedure has been successfully applied to the synthesis of α-

aminopyrroles by Duffy et al.63 and Dervan et al.89 
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Scheme 1.15: Syntheses of α-aminopyrrole reported by De Rosa90 and Townsend.91 
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In recent years, two different synthetic approaches to α-aminopyrroles have been 

pursued.  De Rosa et al. reported the synthesis of α-aminopyrrole derivatives from the 

sodium borohydride reduction of an N-(pyrrol-2yl)-phthalimide, followed by acid 

catalyzed carbamate cleavage.90,92  Townsend et al. also studied approaches to synthesis 

of 2-amino-3-cyanopyrrole based on the methods proposed by De Rosa and Wamhoff, 

respectively.93  Townsed reported the synthesis of 2-amino-3,4-dicyanopyrrole, a product 

obtained via an unprecedented nitrogen elimination from an appropriate pyrrolo[2,3-

d][1,2,3]triazines precursor.91,94 

 

1.6  SYNTHESIS OF α-AMINOPYRROLES FROM α-NITROPYRROLES 

The α-aminopyrroles needed for the synthesis of the diazatripyrrane analogue, 

Figure 1.13, the key synthon for the MBDATex and MBDAP (see the rethrosynthesis 

section), will need to comply with two main conditions: no substitution at position 1-N 

and either an α-free position for further formylation or a protected aldehyde moiety.  

From literature precedents (vide supra), it was concluded that the most suitable method 

for the synthesis of the desired α-aminopyrrole would involve reduction of the 

corresponding α-nitropyrrole derivatives.  For this purpose the α-nitropyrrole derivatives 

depicted in Figure 1.14 were synthesized using the HNO3 /Ac2O conditions described by 

Morgan et al.60-62 

Syntheses of three different kinds of α-nitropyrroles were developed.  The first 

category contains pyrroles that have position 5 (α) on the pyrrolic ring unsubstituted and 

includes pyrroles 1.41, 1.45, 160, and 1.61.  The second category includes pyrroles 1.62, 

1.63, 1.64, and 1.65 that have an ester moiety in the position 2(α) and the required nitro 

group in position 5(α).  The third category comprises pyrroles 1.66, 1.67, 1.68, and 1.69 



 27 

that have a protected aldehyde group in position 2(α), and the nitro group in position 

5(α). 
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Figure 1.14:  α-Nitropyrroles precursors. 

 

1.6.1  Synthesis of 2-nitro-5-H-pyrrole derivatives 

2-Nitropyrrole (1.41) was synthesized according to the literature procedure 

reported by Cooksey et al.62.  This approach involved the slow addition of a cold (-5 °C) 

HNO3 / Ac2O mixture to a chilled (-40 °C) solution of pyrrole in Ac2O.  The synthesis of 

1.45 was carried using the same reaction conditions as for 1.41, with the exception that 

the best results were obtained (89% yield) when the reaction was carried out at room 

temperature for a period of 20 h.  A more soluble derivative of 1.45 was synthesized from 

the corresponding pyrrole derivative 1.72, which, in turn, was synthesized from a 

procedure adopted from the literature (Scheme 1.16).95 
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Scheme 1.16: Synthesis of bis-(3,3-dimethylbutyl) 2-nitropyrrole-3,4-dicarboxylate, 
1.61. 

All attempts to synthesize 2-nitro-3,4-diethylpyrrole (1.60) failed, probably due to 

the high reactivity of 3,4-diethylpyrrole (starting material).  No products could be isolated 

from the reaction mixture due to the formation of oligomeric materials.  The reactions 

were carried out using standard conditions (HNO3 / Ac2O / -40 °C) as well as slightly 

modified conditions (HNO3 / Ac2O / -60 °C).  In both cases, different concentrations of 

nitric acid and varying reaction times were tried without success.  The use of milder 

nitration conditions (Cu(NO3)2 / Ac2O) also proved unsuccessful. 
 

1.6.2  Synthesis of alkyl 3,4-dialkyl-5-nitropyrrole-2-carboxylates 

The ethyl 3,4-diethyl-5-nitro-pyrrole-2-carboxylate (1.62) was nitrated by the 

addition of a cooled mixture of HNO3 / Ac2O to a -10 °C solution of ethyl 3,4-

diethylpyrrole-2-carboxylate; Scheme 1.17.  The desired nitropyrrole was obtained in 

54% yield.  The dinitrated compound 1.73, along with starting material in various 

quantities, was also isolated from the reaction mixture. 
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Scheme 1.17: Synthesis of ethyl 3,4-diethyl-5-nitro-pyrrole-2-carboxylate (1.62). 
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The synthesis of t-butyl 3,4-diethyl-5-nitro-pyrrole-2-carboxylate (1.63) and 

benzyl 3,4-diethyl-5-nitro-pyrrole-2-carboxylate (1.64) were carried out using identical 

conditions.  The desired products were obtained in 50 and 42% yield, respectively. 
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Scheme 1.18: Nitration of ethyl 3,4-dimethylpyrrole-2-carboxylate. 

The synthesis of ethyl 3,4-dimethyl-5-nitro-pyrrole-2-carboxylate (1.77) proved 

to be challenging.  In the synthesis of all the other analogues of 1.77, the only compounds 

isolated were product, unreacted starting material and dinitro biproducts such as 1.74.  

With 1.75 as starting material, only small amounts of product were formed along with 

two byproducts.  The major byproduct was isolated in the form of a light tan powder. The 

other byproduct, 1.78, was observed by mass spectrometry techniques.  Compound 1.76 

has been identified using 2D-NMR techniques, and its structure has been confirmed via 

single crystal X-ray analysis. 

 

Figure 1.15:  Crystal structure of 1.76.  The thermal ellipsoids are scaled to the 50% 
probability level. Most hydrogen atoms have been removed for clarity. 
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The formation of this unexpected product, 1.76, can be rationalized via the 

mechanism presented in Scheme 1.19.  Acetic anhydride probably plays the role of base 

(B) as indicated in this scheme.  The initial step in this mechanism involves a typical 

electrophilic substitution of the pyrrole ring using acetyl nitrate, leading to the expected 

mono-nitro product 1.77.  Once this compound is formed, it is proposed that acylation of 

one of the oxygen atoms of the nitro groups takes place, to give intermediate III.  The 

ensuing proposed step is considered key to the formation of the quaternary carbon center 

observed in 1.76.  It involves a nucleophilic attack at position 2 of 1.77, by the α-position 

of 1.75 (starting material).  Re-aromatization of the pyrrole B leads to the formation of 

intermadiate V.  Acylation of the second oxygen atom on the nitro group then gives 

intermediate VII.  At this stage intermediate VII gets reduced to the corresponding O-

acylated oxime, 1.76.  The reduction is probably effected by trace amounts of Zn powder, 

an impurity that is thought to be leftover from the original pyrrole synthesis.  This 

reaction has not been observed in the case of the other 3,4-alkylpyrrole esters investigated 

in the nitration reaction conditions, probably due to the use of a different, metal-free 

synthesis for the corresponding pyrrole precursors. 
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Scheme 1.19: Proposed reaction mechanism for the formation of 1.76. 
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1.6.3 Synthesis of 5-nitropyrroles with masked aldehydes in position 2. 

The synthesis of 1.66 used starts from 3,4-diethylpyrrole-2-carbaldehyde 1.79.  

Protection of 1.79 was carried on using standard literature procedures, to give 1.80.96  

Once compound 1.80 was in hand, it was subjected to nitration using a HNO3 / Ac2O 

mixture; Scheme 1.20. 
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Scheme 1.20: Synthesis of 5-nitropyrrole derivative 1.66. 

The synthesis of 1,3-dioxolane and 1,3-dithiolane protected 5-nitropyrrole-2-

carbaldehydes, 1.68 and 1.69, relied in the use of the corresponding pyrrole aldehydes, 

1.81 and 1.82 as starting materials.  The synthesis proved to be more complicated than 

expected due to the oxidative nature of the nitration mixture.  For instance, in a typical 

reaction mixture, the 5-nitropyrrole-2-carboxylic acid and the 1-N-nitro derivatives of the 

expected products (1.83 and 1.84) were obtained.  Attempts to optimize the reaction 

conditions failed to increase the yield of the desired products above 10% for 1.83 and 

20% for 1.84, respectively. 

For the dithiolane and dioxolane protection, only compound 1.83 was investigated 

due to its relative ease of synthesis relative to 1.84 (the pyrrole-2-carbaldehyde 1.81 is 

commercially available, while 3,4-diethyl-pyrrole-2-carbaldehyde, 1.82, requires a three-

step synthesis form readily available materials). 
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Scheme 1.21: Synthesis of nitropyrrole derivatives 1.68 and 1.69.  

The reaction between 5-nitro-pyrrole-2-carbaldehyde 1.83 and ethylene glycol 

was carried out under standard Dean-Stark conditions.  The yield of the reaction was low 

(35%) because the reaction did not go to completion and the requisite column 

chromatographic separation proved tedious, as the starting material and the product were 

found to coelute under all attempted elution conditions.  Better success was achieved 

when 1.83 was reacted with ethane-1,2-dithiol.  In this case the product could be isolated 

in higher yield (62%) due to better separation from the starting material that could be 

achieved under conditions of column chromatography. 

 

1.6.4  Synthesis of other α-nitropyrrole derivatives 

3-Ethyl-2,4-dimethylpyrrole 1.85 was considered a potential building block for 

the desired diazatripyrranedialdhydes due to the known conversion of an α-methyl 

pyrrole group to the corresponding α-carbonyl.97  The commercially available pyrrole 

1.85 was thus subjected to the HNO3 / Ac2O nitration conditions, at various temperatures.  

The yields for the desired nitropyrrole 1.86 were very low, probably due to the fact that 

once formed it underwent α-methyl oxidation to give an intermediate that, reacted with 
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the solvent, to form the N-acylated compound, 1.88, Scheme 1.22.  The formation of the 

byproducts and oligomeric material varied in amount depending on the reaction 

temperature.  The best results, 10% yield for the desired product, 1.86, were obtained 

when the reaction was carried out at -15 °C.  It is interesting to note that compound 1.88 

was formed only when the reaction was carried out at temperatures lower than -35 °C. 
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Scheme 1.22: Synthesis of 3-ethyl-2,4-dimethyl-5-nitropyrrole, 1.86. 

The use of a 1,3-dithiolane protected pyrrole aldehyde, 1.89, as a starting 

nitropyrrole precursor was not successful.  Standard nitration conditions (HNO3 / Ac2O, 

and Cu(NO3)2 / Ac2O) at various temperatures led predominantly to decomposition, 

producing at best trace quantities of the desired pyrrole nitroaldehyde.  This is 

unfavourable outcome is thought to reflect deprotection of the aldehyde moiety during 

the course of reaction. 

It is worth mentioning that all attempts to effect nitration of 3,3’,4,4’-

tetraethylbipyrrole, 1.90, failed as well.  Although several different spots were observed 

by TLC analysis (silica gel, CH2Cl2:MeOH mixtures), no product was formed according 

to mass spectrometry.  The compounds formed in the reaction were unstable at room 

temperature; decomposition (as evaluated by streaking on TLC) was observed within the 

hour from the first TLC sampling. 
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Scheme 1.23: Pyrrolic substrates tested various nitration reactions. 

More success was achieved when the gem-dimethyldipyrromehtane 1.91, was 

subjected to similar nitration conditions.  In this case, the reaction was fairly clean, the 

product being produced in 67% yield, with the starting material being the only other 

compound isolated from the reaction mixture. 

 

1.6.5 Synthesis of 2-aminopyrroles and the corresponding diazatripyrrane 
derivatives 

They key step in the synthesis of c-MBDAP and c-MBDATex is the reaction 

between an α-aminopyrrole and 1,3-diiminosioindoline.  Precedence for reactions of 

aliphatic and aromatic amines with 1,3-diiminoisoindoline have been reported by 

Linstead et al.98-101 

The diethyl 2-nitropyrrole-3,4-dicarboxylate, 1.45, was reduced under an 

atmosphere of H2 in the presence of Pd/C as catalyst.  The reaction was carried out in a 

Parr hydrogenator at 55 psi.  The aminopyrrole, 1.93, obtained in this fashion was then 

reacted with 1,3-diiminisionidoline in a high boiling point solvent (n-butyronitrile, or 1-

butanol), Scheme 1.24.  Unfortunately the desired diazatripyrrane analogue, 1.94 was not 

obtained, probably due to the presence of two EWG on the β-positions of the pyrrole, 
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making the amino group to have low nucleophilicity.  From the reaction mixture was 

isolated only unsubstituted phthalocyanine, obtained from the self condensation of 1,3-

diiminoisoindoline. 
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Scheme 1.24: Synthesis of aminopyrrole 1.93 and attempted synthesis of diazatripyrrane 
1.94. 

1.6.6 Synthesis of 5-aminopyrrole-2-carboxylates and the corresponding 
diazatripyrrane derivatives 

The next choice for studying the synthesis of α-aminopyrroles and subsequent 

formation of the diazatripyrranes was ethyl 5-amino-3,4-diethylpyrrole-2-carboxylate, 

1.95.  It was believed that the presence of alkyl groups in the β-position of the pyrrole 

ring would increase the nucleophilicity of the α-amino group, making it more reactive 

towards 1,3-diiminoisoindoline. 

The first attempt to reduce the nitropyrrole 1.62 was carried out under similar 

conditions similar to those reported for 1.45 (H2, Pd / C, 55 psi).  In spite of precedence, 

the starting material was the only compound isolated from the reaction mixture.  This 

result appeared unrelated to the reaction time.  Higher H2 pressure was achieved by the 

use of a “bomb-hydrogenator” in which pressures of about 500 psi were achieved.  

Unfortunately, as in the previous experiment, only starting material was isolated. 

Since classic hydrogenation strategies proved unsuccessful, metal-acid reductions 

were attempted.  Of the many metal-acid reduction systems, the following were tested for 
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the conversion of 1.62 to 1.95: Fe / HCl; Zn / HCl; Sn / HCl; SnCl2 / HCl; and Fe / 

CH3COOH.  In all the cases, regardless of the reaction time and the temperature at which 

the reactions were carried out, a change in color (pale yellow to brown) was observed.  

However, and no product formation was observed either by mass spectrometry or TLC. 

Success was achieved when the nitropyrrole derivative 1.45 was suspended in a 

mixture (v/v) EtOH : H2O = 1 : 1.3  at 70 °C and treated with sodium dithionate.  Under 

these conditions, a new spot with high fluorescence was observed on the TLC with an Rf 

much lower than the starting material.  Immediate workup and extraction with CH2Cl2 

yielded a colorless organic layer that within minutes started to turn yellow.  TLC plate 

spotting at 5 min. intervals for a period of 30 min. showed advanced decomposition of 

the product.  This decomposition resulted first in four different compounds (four spots on 

the TLC after 5 min.) while after 30 min. about seven compounds were present as judged 

from the TLC analysis.  Similar decomposition was observed when the organic layer was 

stored in the dark at 4 °C and at -12 °C for a period longer than 30 min.  Slower 

decomposition was noticed when the work-up was performed under an argon blanket.  

The best procedure to obtain compound 1.95 involved evaporating the reaction mixture to 

dryness at 70 °C, followed by suspension in distilled water and extraction of the product 

using CH2Cl2.  The organic layer was dried over Na2SO4 (anhydr.) and evaporated to 

dryness.  It was observed that if the time for workup and product extraction was longer 

than 10 min., extensive decomposition took place.  Given its instability the aminopyrrole 

1.95 was used in reactions without further purification. 
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Scheme 1.25: Synthesis of ethyl 5-amino-3,4-diethylpyrrole-2-carboxylate, 1.95. 

The reaction between aminopyrrole 1.95 and 1,3-diiminoisoindoline was 

performed in high boiling point solvents (n-butyronitrile or 1-butanol) under argon 

atmosphere at temperatures ranging from 114 to 120 °C.  It was observed that the use of 

higher reaction temperatures led to the formation of phthalocyanines. 
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Scheme 1.26: Reaction of aminopyrrole 1.95 with 1,3-diiminoisoindoline. 
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Chromatographic workup of the reaction mixture conducted in n-butyronitrile led 

to the isolation of the desired diazatripyrrane diester 1.96 in 15% yield along with the 

monopyrrolyl-1,3-isoindoline derivative 1.97 in 37% yield.  When the reaction was 

conducted in 1-butanol, the yields for compounds 1.96 and 1.97 were lower and 

derivative 1.98 was isolated in various amounts, depending on the reaction temperature 

and reaction time. 

 

 

Figure 1.16: Top, side and stacked view of 1.96.  Dashed lines indicate hydrogen 
bonding interaction.  The thermal ellipsoids are scaled to the 50% 
probability level. Most hydrogen atoms have been removed for clarity. 



 40 

Structural confirmation for 1.96 and 1.97 was obtained from X-ray 

crystallographic analyses, the results of which are shown in Figures 1.16 and 1.17.  

Figure 1.16 provides top, side, and stacked views of 1.96.  The diazatripyrrane adopts a 

helical structure, probably due to steric congestion in the cavity.  Both enantiomers (M 

and P) are present in the unit cell.  It is interesting to point out that the structure is 

asymmetrical, with one of the meso-N atoms being of an amine type, while the other is an 

imine-type atom.  There are three hydrogen bonds present in the structure.  The two 

internal hydrogen bonds (N5H⋅⋅⋅N3, 2.71 Å, 130°; and N1H⋅⋅⋅N3, 2.80 Å, 116°) between 

the pyrrole NH-protons and the nitrogen atom of the isoindoline are believed to stabilize 

the helical geometry of the molecule.  An additional hydrogen bond interaction is 

observed between the meso-NH-proton and a solvent molecule (N4H⋅⋅⋅O1A, 3.04 Å, 

177°).  Figure 1.17 depicts the top and side view of 1.97 as a hydrogen bonded dimer, 

reflecting what is observed by X-ray crystallography.  Compound 1.97 adopts a flat 

structure, in which the pyrrole ring is in the same plane as the meso-N atom and the 

diiminoisoindoline moiety.  In this structure one intramolecular hydrogen bond is 

observed between the pyrrole NH-proton and the nitrogen atom of the isoindoline 

(N12H⋅⋅⋅N1, 2.75 Å, 123°).  Two molecules of 1.97 are assembled in a dimeric structure 

via two intermolecular hydrogen bonds between the amine NH-proton and the carbonyl 

oxygen of the ester functionality (N21H⋅⋅⋅O17, 2.88 Å, 168°).  Also to be noted is the 

non-planarity of the dimer, probably due to crystal packing forces. 
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Figure 1.17:  Top and side view of 1.97 as hydrogen bonded dimer. Dashed lines indicate 
hydrogen bonding interaction.  The thermal ellipsoids are scaled to the 50% 
probability level. Most hydrogen atoms have been removed for clarity. 

Once compound 1.96 was in hand, standard decarboxylation methods were 

attempted in order to synthesize the corresponding bis-α-free analogue.  In a typical 

procedure, the diazatripyrrane 1.96 was suspended in dry, oxygen free ethylene glycol 

and heated at 150 °C in the presence of NaOH.  The reaction did not yield the expected 

bis-α-free product.  Rather a pyrrolylamino isoindolinone, 1.100, was obtained.  This 

compound was produced along with other decomposition materials in 24% yield.  A 

similar product was isolated, albeit in much lower yield (<5%), when 1.96 was treated 

with an aqueous NaOH solution at room temperature, in a failed attempt to hydrolize the 

ester moieties in the α-positions of compound 1.96.  The latter experiment led to 
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extensive decomposition.  Similar results were obtained when 1.95 was treated either 

with NaOH in ethylene glycol or with aq. NaOH.  From these experiments, along with 

the formation of 1.98, during the synthesis of 1.96 (Scheme 1.27), it was concluded that 

both 1.96 and 1.97 are very reactive towards bases / nucleophiles, and that, as a 

consequence any attempts to employ basic conditions to effect decarboxylation were 

inherently prone to failure. 
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Scheme 1.27: Reactivity of diazatripyrrane 1.96 in basic conditions.   

Confirmation for the structure of 1.100 came from a single crystal X-ray analysis, 

the result of which is shown in Figure 1.18.  The structure of 1.100 is very similar to that 

of 1.97 in the sense that the pyrrole ring, meso-N atom, and the iminoisoindolinone 

moiety are coplanar. 

A structural difference between this isoindoline derivative and the ones described 

before (1.96 and 1.97) is the presence of a proton on the isoindolinone N atom (N1).  In 

the crystal there is one water molecule per 1.100 molecule, which is bound by two 

hydrogen bond interactions to the pyrrole NH-proton and the isoindolinone NH-proton 

(N3H⋅⋅⋅O1W, 3.01 Å, 175°; N1H⋅⋅⋅O1W, 2.79 Å, 163°).  The water molecule participates 

in the formation of a hydrogen bonded network via the stabilization of two additional 

hydrogen bonds. 
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Figure 1.18:  Top and side view and hydrogen bond network of 1.100. Dashed lines 
indicate hydrogen bonding interaction.  The thermal ellipsoids are scaled to 
the 50% probability level. Most hydrogen atoms have been removed for 
clarity. 

One of these is intramolecular and involves the hydroxyl group of the ethylene 

glycol moiety (O1WH⋅⋅⋅O4, 2.82 Å, 158°), while the second one involves the hydroxyl 

group of the ethylene glycol moiety of another molecule (O1WH⋅⋅⋅O4, 2.82 Å, 169°).  
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Two additional intermolecular hydrogen bond interactions contribute to the formation of 

the supramolecular hydrogen bonded network.  These ancillary interactions involve the 

carbonyl oxygen atom of the isoindolinone of one molecule and the hydroxyl group of 

the ethylene glycol moiety of another molecule (O4H⋅⋅⋅O1, 2.66 Å, 156°).  Of note is the 

fact that they are complementary, hence the formation of a dimeric structure. 

Since all the saponification and decarboxylation methods in basic conditions 

failed to give the desired product, acidic hydrolysis conditions were attempted.  

Unfortunately, the treatment of 1.96 and 1.97, with aqueous HCl, either at 80 °C or at 

room temperature, led to decomposition of the starting material, with the formation of a 

deep red tar composed of oligomeric materials. 

Having failed in the decarboxylation or ester hydrolysis of 1.96 either in basic or 

acidic media, a method of synthesizing a more stable analogue was sought.  Metallation 

chemistry was pursued in an effort to obtain a compound that would withstand the 

decarboxylation conditions.  Ideally, this putative metal complex would give the metal 

free, α-free diazatripyrrane after a demetallation process.  Four metals were chosen for 

study: Fe(III), Zn(II), Gd(III), and U(VI) as UO2
2+.  Of the tested metals, the trivalent 

ones (Fe, Gd) were chosen because they were expected to stabilize a bis-imino form of 

the ligand, 1.101b, while the other two (Zn, UO2) were expected to stabilize the amino-

imino form, 1.101a.  
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Scheme 1.28: Metallation chemistry of 1.96. 

A summary of the results of attempted metallation studies is presented in Scheme 

1.27.  Of the metal cations studied, Fe(III), UO2(II), and Zn(II) gave positive results 

according to UV-vis spectroscopy (Figure 1.19) and low resolution mass spectrometry.  

Gd(III), on the other hand, did not produce any metal complex as inferred from the lack 

of changes in the UV-vis spectra, as well as the absence of positive results in the mass 

spectrometry and 1H-NMR spectra.  The Fe(III) complex (1.101b, M = Fe) was observed 

by high resolution mass spectrometry, while the crude 1H-NMR spectrum of the 

UO2(AcO)2 reaction indicated the formation of a metal complex from 1.96.  

Unfortunately, attempts to purify 1.101a, M = Zn, UO2 or 1.101b, M=Fe, led to 

decomposition of the metal complexes as judged by UV-Vis and mass spectrometry. 
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Figure 1.19: UV-vis spectra of 1.96 and the presumed  Zn2+ and UO2
2+ complexes derived 

from this ligand as recorded in CH2Cl2 (1.101a, M = Zn, UO2). 

Due to the difficulties encountered with the decarboxylation of 1.96 two other 

diazatripyrrane analogues, 1.104 and 1.106, bearing different ester groups were 

investigated (cf. Scheme 1.28).  The choice of 1.104 was based on the fact that 1) it bears 

tert-butyl ester groups in the α-positions, that can be decarboxylated using neat-TFA 

decarboxylation, and 2) it is a precursor for the synthesis of c-MBDAP (Figure 1.13, 

route B).  Diazatripyrrane 1.106, on the other hand, was chosen due to literature reports 

of debenzylation of benzyl esters using H2, Pd/C, a procedure that represents a possible 

mild route to the synthesis of bis-α-free diazatripyrrane analogue. 

The corresponding α-aminopyrroles 1.102 and 1.103 were synthesized using a 

method (Na2S2O4, EtOH / H2O) similar to that described for the ethyl 5-amino-3,4-

diethyl-pyrrole-2-carboxylate, 1.95.  Compounds 1.102 and 1.103 displayed similar 

instability as 1.95 and therefore were used immediately after their synthesis, without 
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further purification.  In order to minimize the formation of side products of type 1.98, n-

BuCN was used as solvent. 
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Scheme 1.29: Synthesis of diazatripyrrane analogues 1.104 and 1.106. 

The reaction between t-butyl 5-amino-3,4-diethylpyrrole-2carboxylate, 1.102 and 

1,3-diiminiisoindoline, 1.11 led to the formation of the desired diazatripyrrane 1.104 in 

2% yield while the monosubstitution product, 1.105 was formed in 45% yield.  Several 

attempts to optimize the yield of 1.104 (increased α-aminopyrrole : diiminoisoindoline 

ratios, increased overall concentration of the reactants, changes in the reaction 

temperature) did not yield better results.  It can be postulated, based on the reaction 

mechanism (vide infra), that the nucleophilic attack of a second molecule of 1.102 on 

1.105 is sterically unfavored due to the bulkiness of tert-butyl group. 

Although 1.104 was formed in very small quantities, milligram test-reactions 

were performed, in order to assess the ability of 1.104, to form the desired c-MBDAP as 

well as to be converted into the corresponding dicarboxylic acid derivative.  Both 

reactions failed in the sense that only decomposition materials were formed, as judged by 

mass spectrometric, UV-vis and NMR spectroscopic analysis of the crude products. 
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The reaction of benzyl 5-amino-3,4-diethylpyrrole-2-carboxilate 1.103 and 13-

diiminosioindoline 1.11 led to the formation of 1.107 in 31% yield. The desired 

benzylated diazatripyrrane 1.106, although observed by high resolution mass 

spectrometry and crude NMR spectroscopic analysis, could not be isolated in pure form 

due to extensive decomposition during column chromatography purification.  All the 

attempts at debenzylation of 1.107 using H2, Pd/C proved unsuccessful regardless of the 

reaction time and H2 pressures employed. 

 

1.6.7 Synthesis of 5-aminopyrrole-2-protected carbaldehydes and their 
corresponding diazatripyrrane derivatives 

The Na2S2O4 reduction of 5-nitropyrrole having in position 2 a masked aldehyde, 

was attempted on three substrates (1.66, 1.68, and 1.69).  Of the three nitropyrroles tested 

only 1.66 gave the desired α-aminopyrrole, 1.108, as shown in Scheme 1.30. 
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Scheme 1.30: Reduction of 5-nitropyrroles, 1.66, 1.68 and 1.69. 

The reduction of 1.68 and 1.69 produced only oligomeric materials, probably due 

to the deprotection of the aldehyde group under the conditions of the reaction,  that leads 

to the subsequent formation of imine bonds between the amino and carbonyl groups. 
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The α-aminopyrrole 1.108 proved to be significantly more stable than the 

corresponding α-aminopyrroles having an ester moiety in position 2.  Structural proof for 

the α-aminopyrrole 1.108 came from a single crystal X-ray analysis.  As shown in Figure 

1.20, compound 1.108 forms hydrogen bonded ribbons in the solid state that are held 

together by two NH⋅⋅⋅O hydrogen bonds (N1H⋅⋅⋅O1, 3.11 Å, 136°; N2H⋅⋅⋅O1, 2.81 Å, 

157°). 

 

Figure 1.20:   Single crystal X-ray diffraction structure of α-aminopyrrole 1.108. Dashed 
lines indicate hydrogen bonding interactions.  The thermal ellipsoids are 
scaled to the 50% probability level. Most hydrogen atoms have been 
removed for clarity. 

Once compound 1.108 in hand, it was reacted with 1,3-diiminoisoindoline 1.11 in 

1-butanol and, separately in n-BuCN.  The first reaction yielded, as expected, the 

monosubstituted compound 1.111 along with 1-butyloxy substituted derivative 1.112.  

Unfortunately, no diazatripyrrane analogue was identified in the reaction mixture.  When 
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the solvent was n-butyronitrile, a diazatripyrrane analogue 1.113, was observed in the 

mass spectrometry, and the NMR spectrum of the crude product.  However, all attempts 

at isolation failed.  The main product of this reaction was the 1+1 analogue, 1.111, which 

was isolated in 60% yield.  The substantial amounts of 1.113 formed may be explained 

by the basicity of the reaction mixture (ammonia is a by product) acting in conjunction 

with the high temperature and long reaction times.   It is worth mentioning that along 

with the mono-condensation product 1.111, the α-aminopyrrole starting material, 1.108, 

was recovered from the reaction mixture.  The reproducible nature of this latter result, 

independent of the overall concentrations of the starting materials or variations in 

reaction temperature was taken as primary evidence for the stable nature of 1.108. 
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1.6.8  Reaction mechanism for the synthesis of diazatripyrranes from aminopyrroles 

Based on the products and byproducts isolated from the previous reactions, and 

on precedence in the phthalocyanine literature,102 the reaction mechanism presented in 

Scheme 1.32 is proposed. 

 In a first step the α-aminopyrrole performs a nucleophilic attack at position 1 of 

the 1,3-diiminoisoindoline.  This process is believed to take place in both protic (1-

butanol) and aprotic (n-butyronitrile) solvents, since no alkoxyisoindolimines have been 

identified in the reaction mixtures.  The next step involves the deprotonation of 

intermediates I using 1,3-diiminoisoindoline as the base. The third step, irreversible, 

involves the elimination of ammonia, via a couple of proton transfer reactions involving 

intermediate II and 1,3-diiminoisoindoline; this leads to the formation of 

monopyrrolylisoindolines of type III.  Depending on the solvent used, the reaction 

pathway follows either both routes A and B (protic solvents) or only route A (aprotic 

solvents).  In the case of protic solvents there is a competition between α-aminopyrrole 

and solvent molecules to perform the nucleophilic attack on position 3 of the 

diiminoisoindoline ring.  Pathway A leads to the formation of diazatripyrrane derivatives 

of type IX.  All the steps bear analogy to those postulated for the formation of mono-

pyrrolylisoindolines and involve proton transfer reactions between the substrate and 

diminoisoindoline. Pathway B leads to the formation of 1-N-pyrrolyl-3-

alkoxyisoindolimines, of type VI, via a series of proton transfer reactions followed by the 

elimination of ammonia.  When the reaction is performed in aprotic solvents the 

mechanism is straightforward and follows pathway A. 
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Scheme 1.32: Proposed mechanism for the formation of diazatripyrrane derivatives. 
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This reaction mechanism becomes less chemically relevant when a stronger 

nucleophile is present in the system, such as under the conditions used for the attempted 

decarboxylation reactions involving both the diazatripyrranes and 

monopyrrolylisoindolines.  When, for instance, hydroxide anion is present in the reaction 

mixture, it performs a nucleophilic attack on the 1 position of the isoindoline moiety 

present in the diazatripyrrane molecule.  This leads to the formation of a 

pyrrolylisoindolinone product.  This reaction is probably driven to near completion by 

high stability of the isoindolinone that is being produced. 
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Scheme 1.33: Mechanism of formation of pyrrolylisoindolinones from diazatripyrrane 
analogues. 

1.7 REACTION OF  α-AMINOPYRROLES WITH ACID CHLORIDES 

In order to understand better the reactivity of α-aminopyrroles as nucleophiles, 

several acid chlorides were chosen as substrates for test reactions.  Besides the interest in 

understanding the reactivity of α-aminopyrroles, the synthesis of such pyrrolylamides 

may produce novel anion receptors with interesting properties. 
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In a first set of reactions, aminopyrroles 1.91 and 1.114 were reacted with 

commercially available pyridine-2,6-dicarbonyl dichloride (1.115).  The reaction was 

performed in dry CH2Cl2 in the presence of Et3N, it led to the production of two diamides, 

namely 1.116 and 1.117 in 72% and 51% yield, respectively. 
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Scheme 1.34: Synthesis of bis-N,N’-(pyrrol-2-yl)-pyridine-2,6-dicarboxamides. 

 The corresponding bis-N,N’-(pyrrol-2yl)-isophthaloyl-dicarboxamides were 

prepared by fellow graduate student Natalie Barkey, who is currently pursuing anion 

binding studies with all four systems (i.e. the pyridine systems 1.116 and 1.117 and two 

isophthaloyl analogues). 

Pyrrole-2,5-dicarboxamides have received a lot of interest in the past 5 years or so 

as anion receptors.103  The synthesis of bis-N,N’-(pyrrol-2yl)-pyrrole-2,5-dicarboxamides 

can thus be considered. 

α-Aminopyrroles 1.93, 1.95, and 1.108 were reacted pyrrole-2,5-dicarbonyl 

dichloride 1.118, prepared according to literature procedures.104  In a typical procedure, 2 

eqv. of an α-aminopyrrole were reacted in dry CH2Cl2 with 1 eqv. of 1.118, in the 

presence of Et3N.  Compounds 1.119 and 1.120 were isolated in 47% and 20% yield, 

respectively.  Although the corresponding synthesis of 1.121 appears straightforward, the 

workup and column chromatographic purification proved tedious, resulting in loss of 

material on the column.  It is worth mentioning that α-aminopyrrole 1.95, was 
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synthesized according to the procedure described for the synthesis of diazatripyrrane 

(vide supra) and due to its high instability was used without further purification.  The 

reported yield was calculated starting from the nitropyrrole derivative. 

 

N
H

NH2

R R

R1

N
HCl

O

Cl

O
+ N

HNH

O

HN

O

NHR

R

R1

HN R

R

R1
1.93.   R = CO2Et, R1 = H
1.95,   R = Et, R1 = CO2Et
1.108, R = Et, R1 = CHC(CN)CO2Me

1.118

1.119.  R = CO2Et, R1 = H,  47%
1.120,  R = Et, R1 = CO2Et, 20%
1.121,  R = Et, R1 = CHC(CN)CO2Me, 5%

CH2Cl2

Et3N

 

Scheme 1.35: Synthesis of bis-N,N’-(pyrrol-2yl)-pyrrole-2,5-dicarboxamides. 

Structural proof for 1.119 came from a single crystal X-ray diffraction analysis.  

Figures 1.21 and 1.22 depict the top and side views of 1.119, and the crystal packing  

arrangement of 1.119, respectively. 

 

 

Figure 1.21: Top and side view of 1.119. Dashed lines indicate hydrogen bonding 
interaction.  The thermal ellipsoids are scaled to the 50% probability level. 
Most hydrogen atoms have been removed for clarity. 
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There are two kinds of hydrogen bonding interactions observed in the crystal 

structure of 1.119.  The first, depicted in Figure 1.21, is of an intramolecular nature and is 

formed between the pyrrole NH proton and the carbonyl oxygen of the amide moiety 

(N1H⋅⋅⋅O5, 2.73 Å, 118°; N5H⋅⋅⋅O6, 2.72 Å, 116°).  The second intramolecular 

interaction takes place between the amide NH proton and the carbonyl oxygen of the 

ester functionality on the β-position of the terminal pyrrole (N2H⋅⋅⋅O4, 2.75 Å, 126°; 

N4H⋅⋅⋅O7, 2.74 Å, 124°). 

Besides the intramolecular hydrogen bond interactions, which serve to confer a 

rigid structure to 1.119, there are six intermolecular hydrogen bond interactions.  The 

intermolecular interactions serve to assemble compound 1.119 within dual sheets in the 

crystal structure.  The dual sheet feature reflects the fact that half of a molecule is 

hydrogen bonded to one complementary molecule, while the other half is hydrogen 

bound to a different complementary molecule.  The hydrogen bonding interactions 

involve the pyrrole NH protons and the corresponding amide carbonyl oxygen atoms 

from another molecule.  Four of the hydrogen bond interactions are considered to be 

fairly strong, as evidenced by the bond lengths between 2.81 and 2.92 Å, while the other 

two are judged to be weaker and have identical lengths of 3.22 Å. 

 

 

Figure 1.22:   View of the crystal structure of 1.119 showing the crystal packing. 
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1.8 REACTIONS OF MONOPYRROLYLISOINDOLINES WITH ACID CHLORIDES 

As an extension of the work presented in Section 1.7, the reaction of mono-

pyrrolylisoindolines with acid chlorides was studied.  The requisite 

monopyrrolylisoindolines were synthesized as described in Section 1.6. 

In a typical procedure, a dry CH2Cl2 solution of monopyrrolylisoindoline was 

treated with dry pyridine-2,6-dicarbonyl dichloride, 1.118, in the presence of Et3N; 

Scheme 1.36.  The reactions were performed at room temperature, for a period ranging 

from 4 to 14 h.  After workup and column chromatography purification, compounds 

1.122 and 1.123 were obtained in 50% and 47%, respectively. 
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Scheme 1.36: Reaction of monopyrrolylisoindolines with pyridine-2,6-dicarbonyl 
dichloride. 

Structural proof for compound 1.123 came from a single crystal X-ray analysis, as 

depicted in Figure 1.23.  The crystal structure of 1.123 reveals a helical arrangement in 

the solid state, with a pitch of 3.45 Å between the two pyrrole moieties.  In the unit cell, 

both enantiomers (M and P) are present.  There are no intermolecular interactions 

between individual molecules, as judged by X-ray crystallography.  The helical structure 
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is stabilized by ten intramolecular hydrogen bonds interactions.  Of the ten hydrogen 

bonds present, four are bifurcated, formed between the pyrrole NH protons and the N 

atoms in position 2 of the isoindoline moieties (imine nitrogens), and within the nitrile 

moiety (N13H⋅⋅⋅N7, 3.30 Å, 143°; N13H⋅⋅⋅N23, 2.63 Å, 129°, and N50H⋅⋅⋅N44, 2.67 Å, 

128°; N50⋅⋅⋅N54, 3.26 Å, 143°).   

 

 

Figure 1.23: Top and side view of the single crystal X-ray structure of 1.123. Dashed 
lines indicate hydrogen bonding interactions.  The thermal ellipsoids (side 
view) are scaled to the 50% probability level. Most hydrogen atoms have 
been removed for clarity. 
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The other six hydrogen bonds that are formed consist of two sets of trifurcated 

hydrogen bonds that rely on the amide NH protons as the hydrogen bond donor atoms.  

The counterparts in these interactions are the N atoms of both nitrile functionalities, as 

well as the pyridine nitrogen atom.  These trifurcated interactions may be described using 

the following parameters: For the N24H, amide proton: N24H⋅⋅⋅N7, 3.29 Å, 157°; 

N24H⋅⋅⋅N32, 2.68 Å, 109°; N24H⋅⋅⋅N54, 3.34 Å, 107°, and: N35H⋅⋅⋅N7, 3.24 Å, 123°; 

N35H⋅⋅⋅N32, 2.69 Å, 111°; N35H⋅⋅⋅N54, 3.37 Å, 145° for the  N35H amide proton.  Due 

to their interesting helical structure, this class of compounds might display specific 

interactions with chiral substrates, containing hydrogen bond donor and acceptor 

moieties, such as amino acids. However, as of yet this possibility has not been 

investigated. 

 

1.9 SYNTHESIS OF OTHER PRECURSORS FOR AZAPROPHYRINS AND RELATED 
MACROCYCLES 

The work of Dolphin et al.14,46-49,51 has inspired the synthesis of a dicyano building 

blocks for the synthesis of target expanded-azaprophyrins, 1.124 and 1.125.  As described 

in Section 1.3, α-cyanopyrrole building blocks can lead to the formation of macrocyclic 

systems when subjected to reductive conditions. 
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Figure 1.24 Azaexpanded porphyrins, 1.124 and 1.125. 
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The bisbipyrrole precursor, 1.127, necessary for both expanded-azaprophyrin 

targets, was synthesized according to literature procedures105 from the corresponding 

bipyrrole, 1.126, as shown in Scheme 1.36.  Once compound 1.127 in hand, it was treated 

with chlorosulfonylisocyanate in a mixture of CH3CN/DMF to give compound 1.128 in 

62% yield.  The α,α’-dicyanobisbipyrrole synthesized in this way was subjected to 

LiAlH4 reduction in THF, as previously described by Dolphin and coworkers.  

Unfortunately, all the attempts to synthesize an expanded porphyrin failed, regardless of 

the amount of reducing agent used or variation in reaction time or temperature. 
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 Scheme 1.37: Synthesis of α,α’-dicyanobisbipyrrole 1.128. 

 

1.10   CONCLUSIONS AND FUTURE DIRECTIONS 

The work presented in this chapter helped us to understand better the reactivity of 

α-nitro and amino-pyrroles.  In the case of both pyrrole derivatives, the substitution 

pattern on the pyrrole moiety has a huge effect on the reactivity of these compounds, as 

well as on ease of preparation.  The synthesis of α-nitropyrroles that have alkyl 

substituents on the β-positions require shorter reaction times and lower temperatures as 

compared to β-unsubstituted pyrrole or pyrrole derivatives having electron withdrawing 

groups in the β-positions.  Highly activated pyrrole derivatives such as 3-ethyl-2,4-
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dimethylpyrrole and 3,3’,4,4’-tetraethylbipyrrole do not yield isolable quantities of 

nitrated products when tested under working conditions described in this chapter. 

α-Aminopyrroles of derived from α-nitropyrroles, cannot be reduced according to 

the literature procedures described for deactivated α-nitropyrroles.  However, the sodium 

dithionate reducing method described in this chapter proved to be a general method that 

worked regardless of the reactivity of the starting α-nitropyrrole.  The general stability of 

α-aminopyrroles is poor, again being directly correlated with the β-substitution pattern 

(electron donating groups making the aminopyrroles very unstable). 

The reaction of α-aminopyrroles with 1,3-diiminoisoindolines yields 

diazatripyrranes and monopyrrolylisoindolines.  Only the reactive α-aminopyrroles 

produce the desired compounds.  The azatripyrranes have very poor stability in acidic and 

basic conditions, undergoing decomposition to yield the corresponding 

monopyrrolylisoindole derivatives. 

α-Aminopyrroles and monopyrrolylisoindolines react with acid chlorides, 

producing systems containing two different kinds of hydrogen bond donor moieties.  This 

makes these species potentially interesting for anion detection applications. 

Although insight has been gained in the reactivity of α-aminopyrroles and 

derivatives described in the chapter, the successful synthesis of cis-diazaporphyrins (c-

MBDAP) and azatexaphyrins (MBDATex) was not realized.  A third, additional route to 

c-MBDAP is proposed in Scheme 1.39. 
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Scheme 1.38: Proposed synthesis of c-MBDAP. 



 62 

The synthesis of α-aminopyrroles and their reactivity towards acid chlorides 

opens the door for the synthesis of a wide variety of macrocyclic anion receptors. Such 

macrocycles are presented in Figure 1.25. 
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Figure 1.25:  Future macrocyclic targets based on the α-aminopyrrole moiety. 

This work has been part of separate collaborations between the research groups of 

Prof. Jonathan L. Sessler of University of Texas at Austin and Prof. Tomás Torres of 

Universidad Autónoma de Madrid, Spain (porphyrin – phathalocyanine chimeras) and the 

Sessler group and that of Dr. Philip A. Gale, of University of Southampton, U.K. 

(pyrrolyl-amides). 
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Chapter 2: Synthesis and Anion Binding Properties of Linear 
Polypyrrolic Systems 

2.1 INTRODUCTION 

Anions are ubiquitous in nature.  In fact, negatively charged species play a central 

role in all living organisms.  For example, DNA, a polyanion, is the genetic information-

encoding factor.  ATP and other anionic phosphate derivatives are the “energy-carriers” 

in the cells, required for processes such as biosynthesis and muscle contraction.  Proper 

concentration gradients of anions, including those of chloride, phosphate, and sulfate, are 

required to maintain cells in optimal functioning condition.  The importance of such 

small anions is highlighted by the evolutionary development of anion-specific channels in 

the cellular membrane, which regulate the anion concentration in cytoplasm.  In humans, 

for example, a slight unbalance in the anion transport through the cellular membrane 

leads to severe medical conditions such as cystic fibrosis and Dent’s disease.  Similarly, a 

slight imbalance in the anion content of an ecosystem can lead to its destruction, as can 

be seen in the phosphate-triggered eurtrophication of rivers or nitrate and sulfate 

containing acid rain.1-4 

Civilization, especially after the XIXth century technological boom, led to the 

appearance of so-called anthropogenic anions, species generated by technological 

processes, that ultimately are pollutants of the environments.  Within this latter category, 

the pertechnetate anion, due to its high radioactivity, stands out as an important player.2 

Given the important role of anions in biological systems and in everyday life, 

anion recognition has emerged as an important theme in modern supramolecular 

chemistry.1 The synthesis of artificial receptors with high affinity and selectivity for 

specific anions is an ongoing goal of researchers in the field.  In addition to their 
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academic interest, reflecting in part the inherent challenge of designing systems that can 

recognize anions of various shapes and charges with controlled specificity, there are a 

number of potential applications that are stimulating interest in this area.2-4  These extend 

from anion sensing to drug development and radioactive and non-radioactive waste 

remediation.5-19 

 

2.2 RESEARCH GOAL 

Currently, the family of linear polypyrrolic anion receptors includes the naturally 

occurring prodigiosin and its artificial analogues,20 along with dipyrrolylquinoxaline 

derivatives (DPQ),21-47 2,5-amidopyrroles,5,47,48 dipyrromethanes, dipyrromethines and 

linear tetrapyrrolic species.49  In this chapter, the author’s efforts devoted to the design, 

synthesis, and study of novel linear polypyrrolic receptors are presented.  The 

polypyrrolic frameworks that are proposed as major targets are depicted in Figure 2.1.  

Dipyrrolylpyrazine (DPPz), dipyrrolylpyridine (DPPy), dipyrrolylpyridazine (DPPdz) 

(outlined in red) and their hexapyrrolic derivatives, are proposed to be an extension of the 

work done previously with DPQs.22,28-30,32,42 
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Figure 2.1: Synthetic targets: hexapyrrolic derivatives of dipyrrolylpyrazine (DPPz), 
dipyrrolylpyridine (DPPy) and dipyrrolylpyridazine (DPPdz). 
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The choice of such target molecules was based on the fact that DPQs were shown 

to be neutral anion receptors that displayed selectivity for the fluoride anion, and also by 

the fact that increasing the number of pyrrole moieties allowed the interaction with other 

anions such as dihydrogenphosphate and chloride to be enhanced.32  The fact that DPQs, 

having the pyrrole moieties directly bound to a heteroaromatic system, enabled these 

receptors to be investigated as naked-eye sensors for specific anions provided a further 

impetus to carry out the present work. 

Given the literature precedence for molecules having similar structures, a short 

introduction for each class of compounds will be presented before discussing the results 

obtained by the author. 

 

2.3 DIPYRROLYLPYRAZINE BASED SYSTEMS 

2.3.1 Dipyrrolylquinoxalines known in the literature 

Dipyrrolylquinoxaline (DPQ) was first reported by Oddo in the early 20th 

century.50  Although its synthesis was improved by Behr et al.51 in the mid 1970’s 

(Scheme 2.1) the potential of DPQ to act as an anion receptor was not discovered until 

1999.29  Once its anion binding properties were noted, a series of derivatives were 

synthesized by Sessler et al.28,29 
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Scheme 2.1: Synthesis of dipyrrolylquinoxaline (DPQ). 

The first DPQ anion sensors reported (2.3 – 2.6)28,29 displayed a remarkable 

selectivity for F- when compared with Cl- or H2PO4
- (Ka ≈ 104 M-1 or 105 M-1 vs. Ka ≈ 10 M-
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1 in dichloromethane).  In all the cases (excluding the control receptor 2.5), addition of 

fluoride to a dimethylsulfoxide or dichloromethane solution of each receptor resulted in a 

very specific color change (for example, yellow to deep purple in the case of 2.4).  In 

contrast, under identical conditions, addition of chloride did not induce a color change for 

any of the receptors studied.  Dihydrogenphosphate also induced a naked-eye significant 

color change (yellow to brown) upon addition to a solution of 2.6 in dichloromethane. 

Early studies published by Sessler et al. revealed that modifications along the 

periphery of the DPQ system, significantly influence the anion binding properties of 

these compounds, allowing for fine tuning of the anion binding affinities.28,29  Such 

modifications can be made on the quinoxaline-phenyl ring (2.4) or on the pyrrole 

moieties (2.6, 2.7).  As a general rule, it has been observed that electron withdrawing 

groups increase the anion binding affinities of the studied DPQ systems.  This is 

demonstrated by the increase in the calculated binding affinities for the fluoride anion, 

with the addition of nitro or fluoro groups: 1.82 × 104 M-1 for 2.3, 1.18 × 105 M-1 for 2.4 

and, 6.16 × 104 M-1 for 2.6 in dichloromethane.28,29 

Another approach for the fine-tuning of anion affinity of DPQ based sensors 

involved the introduction of an electron deficient metal center onto the DPQ framework.  

Sessler et al.30 and Anzenbacher et al.22 have independently reported the synthesis of such 

DPQ-based receptors.  Compounds 2.9 and 2.10, synthesized by Sessler and coworkers, 

display higher anion binding affinities for the fluoride anion, when compared with the 

parent metal-free system, 2.8, as well as the original DPQ, 2.3, as determined via UV-vis 

titrations in dimethylsulfoxide. The positive influence of a peripheral electron 

withdrawing group on the anion binding affinities of such systems is reflected in the 

higher fluoride affinity constants: <100 M-1 for 2.3, 440 M-1 for 2.8, 1.2 × 104 M-1 for 2.9 

and, 5.4 × 104 M-1 for 2.10, in DMSO. 
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Figure 2.2:  Dipyrrolylquinoxaline-based anion receptors. 

In related work, Anzenbacher et al. reported the synthesis and anion binding 

properties of the Ru(II) complex, 2.11.  Significant enhancements in the fluoride and 

cyanide anion binding affinities of 2.11, as compared to 2.3 were observed, as determined 

via UV-vis and steady-state emission spectroscopic titrations techniques.  For example, in 

2% acetonitrile in dichloromethane, the fluoride anion affinity constants of 2.3 and 2.11 

were 1.82 × 104 M-1 and 6.4 × 104 M-1, respectively. 

Recently, Mayia et al. have reported the synthesis of a DPQ derivative, 2.18.31,35  

The interaction of receptors 2.18 and 2.32 (first synthesized and studied by the author - 

vide infra) with halide anions, along with perchlorate and dihydrogenphosphate, have 
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been investigated via UV-vis, steady-state emission spectroscopy and electrochemical 

methods.  The fluoride affinity constants in dichloromethane of 2.18 and 2.32 were 

higher than that reported for the parent DPQ, 2.3 (1.82 × 104 M-1 for 2.3, 1.6 × 104 M-1 for 

2.18 and, 1.65 × 105 M-1 for 2.32).  It was concluded, based both on the experimental data 

and molecular modeling that the increase in the anion binding affinity of 2.18 and 2.32 is 

due to the presence of the electron withdrawing groups on the pyrazine moiety. 

In 2004, Anzenbacher et al. added new members to the generalized DPQ-

derivative family, namely the highly fluorescent pyrenyl-DPQs, 2.16 and 2.17.34  The 

interaction of these compounds with fluoride, chloride, dihydrogenphosphate and 

pyrophosphate was studied using steady-state emission spectroscopy.  The anion affinity 

constants of 2.16 and 2.17 were similar to those determined for 2.3, with the exception of 

pyrophosphate anion which displayed a twofold higher in binding affinity in the case of 

2.17 as compared to 2.3.  The presence of the pyrenyl unit in these new DPQ systems 

leads to high signal amplification, making them sensitive to anion concentrations that are 

reduced by over an order of magnitude compared to those that may be detected using the 

parent DPQ system 2.3.  The same group reported the synthesis of a different set of DPQs 

with extended chromophores, including systems 2.18 and 2.24.44  These new systems 

showed affinities for fluoride and pyrophospahte anions that were enhanced compared to 

those of the parent DPQ, 2.3, as determined from steady-state emission spectroscopic 

titrations. 

Sessler et al. have investigated DPQ-based systems as possible ditopic receptors.42  

For this purpose several “crowned”-DPQs, 2.12 – 2.15, were synthesized from the 

corresponding diaminobenzocrownethers and bispyrrolyldiketone, 2.2.  The “crowned”-

DPQs were shown to bind alkali metal cations effectively, with binding affinities in good 

agreement with the ones determined for the corresponding crown ethers.  Unfortunately, 
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the fluoride anion affinities could not be determined effectively, making these systems 

unsuitable as anion – cation ditopic receptors.  
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Figure 2.3:  Polypyrrolylquinoxaline-based anion receptors. 

In an effort to obtain DPQ-based receptors with higher affinity for specific anions 

Rebek27 and Sessler32 developed a different strategy that relies on increasing the total 

number of pyrrole subunits.  In the context of this approach, Rebek et al. reported the 

synthesis of a mono- and a tetra-DPQ appended calixarene 2.20.27  Both the mono- and 

tetra-DPQ-calixarene were found to be naked-eye detectors for fluoride and acetate 

anions in dichloromentane; however, no affinity constants were reported.  It was also 

noted that systems such as 2.20 do not interact with anions in deuterated aromatic 

solvents.  This observation was explained in terms of the high solvation of the inner 

cavity of 2.20, which makes interaction with anions an energetically unfavorable process.  

Sessler et al. synthesized polypyrrolic DPQ-based systems, using a different 

strategy.  These researchers appended a dipyrromethane-type subunit to both pyrrole α-

positions present on the DPQ core.  This produced receptors 2.21 and 2.22.32  The 

synthesis of 2.21 and 2.22 started with the original DPQ, 2.3, which was converted to the 

corresponding bis-formyl derivative.  This compound was then reacted with pyrrole to 

produce 2.22, or reduced to the corresponding diol, and further reacted with pyrrole to 
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give 2.21.  Investigations of the anion binding properties of these two systems by means 

of UV-vis spectroscopy revealed that they possess higher binding affinities for all the 

studied anions (fluoride, chloride and dihydrogenphosphate) as compared to the DPQ 

parent 2.3.  For example, in the case of fluoride anion, receptors 2.22 and 2.21 showed 

binding affinities of >106 M-1, and 3.2 × 104 M-1 while the corresponding value for 2.3 

was 1.82 × 104 M-1 (both studies in dichloromethane).  The highest enhancement in 

binding affinities was observed for the dihydrogenphosphate anion: 60 M-1 for 2.3, 4.3 × 

103 M-1 for 2.21 and, 3.0 × 105 M-1 for 2.22 (again, in dichloromethane). 

A report by Matejka et al.25 was seminal in the application of DPQ-based systems 

in polymer science.  In this early report, a series of 5-nitroquinoxalines, including 5-nitro-

DPQ, 2.23, were electrochemically reduced to the corresponding 5-amino-derivatives.  

The 5-amino-DPQ obtained in this fashion was subsequently subjected to electrochemical 

polymerization conditions, leading to the formation of polymeric films on Pt 

electrodes.24,25  The authors concluded that the polymerization took place at the pyrrole 

level, leaving the quinoxaline moiety intact. 

Shishkanova et al. investigated the cation recognition properties of a series of 

polymer incorporated quinoxalines, including 5-nitro-DPQ, 2.23.21  In this work, a series 

of PVC-membranes derived from 2.23 were found to have the following cation 

selectivity: Mg2+ < Cu2+, Co2+, Pb2+, Zn2+ < Hg2+, Na+, K+ < Ag+ as judged from 

potentiometric experiments. 

In a different approach, Anzenbacher et al. synthesized DPQ-based monomers, 

2.24 and 2.25, which were subsequently used in the synthesis of polymeric materials 

having the quinoxaline moiety incorporated in the backbone.38,40 Oxidative 

electropolymerization generated poly-2.24 and poly-2.25.  The band gaps for poly-2.24 

(1.39 eV) and poly-2.25 (1.36 eV) were determined from spectroelectrochemical analysis 
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of the poly-2.24 and poly-2.25 films deposited on indium-tin oxide (ITO) electrodes.   

Both polymers showed reversible anion-specific changes, both in conductivity and in 

color. 
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Figure 2.4: Dipyrrolylquinoxaline-based building blocks for polymeric sensors. 

Sessler et al. have incorporated the DPQ motif in macrocyclic systems 2.26 – 2.28 

that have augmented anion binding affinities as the result.41  The fluoride and 

dihydrogenphosphate anion binding affinities were determined in dichloromethane 

solutions, the data being fit to the Hill equation.  The macrocyclic receptor, 2.26, was 

reported to interact in a 1:2 host : guest fashion, as determined from the Hill coefficients 

(2.2 for F- and 1.9 for H2PO4
-).  The reported logK values of these interactions were 11 

for F- and 3.8 for H2PO4
-, respectively.  Based on these experimental findings and 

supporting ab-initio molecular modeling calculations, the authors concluded that once 

one anionic species is coordinated, the subsequent capture of a second anion is facile.  In 

addition to displaying positive allosteric binding behavior in organic solutions, these 

macrocycles encapsulate chloroform molecules in the solid state.  This led the authors to 

postulate that these systems might prove useful as receptors for neutral and cationic 

species, although no work along these lines was reported. 
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Figure 2.5: Macrocyclic systems based of DPQ. 

This postulate by Sessler et al. has very recently been verified by Li and 

coworkers.45 These researchers reported the synthesis and cation binding properties of 

DPQ-based macrocycles 2.29 and 2.30.  The interaction of these macrocycles with Hg2+, 

Cu2+, Ni2+, Mn2+, Zn2+, Cd2+, Co2+, Fe2+, and Cu2+ was investigated by means of UV-vis 

and steady-state emission spectroscopic titrations.  These macrocycles displayed good 

selectivity for Hg2+ among the cations studied.  In a competition experiment, monitoring 

the fluorescence intensity of 2.29 (1.0 × 10-5 M-1 in a AcOH / NaOAc buffer solution) in 

the presence of the above cations (each 5.0 × 10-5 M), resulted in a positive response for 

the detection of Hg2+ at concentrations as low as 2.0 × 10-6 M. 

Andrioletti et al. recently synthesized52 macrocycle 2.31, which links the Schiff-

base DPQ-containing macrocycles reported by Sessler et al. and Li et al., and expanded-

porphyrins to give macrocycles with DPQ moieties incorporated within their cores.  This 

early report opens the door for a wide variety of DPQ-based expanded-porphyrin systems 

that may display interesting host : guest chemistry. 
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2.3.2 Dipyrrolylpyrazine and derivatives 

The first attempts to synthesize 5,6-bis-(1H-pyrrol-2-yl)-pyrazine-2,3-

dicarbonitrile (DPPz), 2.32, were conducted using the classical DPQ-synthesis methods 

(Scheme 2.2) in which the o-phenylenediamine moiety was replaced with 

diaminomaleonitrile (DAMN) subunit.  Unfortunately, all attempts to synthesize 2.32 via 

this method failed.  Compound 2.32 was, however, successfully synthesized in 55% yield 

from the same starting materials by using a BF3·Et2O catalyzed condensation route 

(Scheme 2.2). 
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Scheme 2.2: Synthesis of 5,6-bis-(1H-pyrrol-2-yl)-pyrazine-2,3-dicarbonitrile (DPPz) 
2.32 

The solid-state structure of the basic dipyrrolypyrazine (DPPz) core was 

determined by subjecting single crystals of 2.32 to X-ray diffraction analysis (Fig. 2.6).  

The two pyrrole NHs are pointing away from each other, as observed in the original 

dipyrrolylquinoxaline systems.42  There are two crystallographically independent 

molecules of 2.32 per asymmetric unit.  These molecules alternate along the a axis and 

are found in the form of an extended two dimensional array.  This array, and likely the 

conformations of the individual DPPz molecules, is stabilized by complementary 

hydrogen bonds between the pyrrole NH (N1) and cyano N (N18) moieties of a first 

molecule of 2.32 and the corresponding pair (N20’, N13’ respectively) of a second 

molecule.  The geometry of these interactions are:  N1-H1···N18 (related by 1-x, 1-y, 1-
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z); N···N 2.95 Å, N-H···N 161°; N1’-H1’···N18’ (related by 2-x, 1-y, 1-z); N···N 3.13 Å, 

N-H···N 165°; N13’-H13’···N20’ (related by 1-x, 2-y, 1-z); N···N 3.06 Å, N-H···N 152°. 

 

 

Figure 2.6: Top view of crystal structure of DPPz.  The thermal ellipsoids are scaled to 
the 50% probability level. 

 

 

Figure 2.7: Hydrogen bonded monodimensional array of DPPz as observed in the 
crystal structure.  Dashed lines indicate hydrogen bonding interaction.  The 
thermal ellipsoids are scaled to the 50% probability level.  Most hydrogen 
atoms have been removed for clarity. 

Vilsmeyer formylation of DPPz using 1.2 equiv. of the formylating agent 

produces the mono-formylated specie 2.34 in 62% yield.  The diformylated derivative 
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2.35 is obtained, again via a Vilsmeyer procedure, in 71% yield when 3 equiv. of the 

formylating agent are used (Scheme 2.3). 
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Scheme 2.3: Formylation of DPPz, 2.32. 

In analogy to what proved true in the DPQ series,32 once in hand, the formylated 

intermediates 2.34 and 2.35 could be reacted with pyrrole in the presence of a catalytic 

amount of TFA to give the tetra- and hexapyrrolic species 2.36 and 2.37 in yields of 50% 

and 84%, respectively.  The symmetrical tetrapyrrolylpyrazine, 2.38, is obtained by 

reducing dialdehyde 2.34 to the corresponding dialcohol following a literature procedure 

reported by Collins et al.53  The dialcohol was then reacted immediately with pyrrole in 

the presence of a catalytic quantity of TFA; this yields the desired tetrapyrrolylpyrazine, 

2.38, in 28% yield (Scheme 2.4). 

In order to probe the possible solution state conformational properties of the 

DPPzs, NOESY experiments were performed using the unsymmetric derivative 2.36.  No 

coupling was observed between the four β-pyrrolic hydrogens, indicating that the 

conformation where the two internal pyrrole moieties point away from each other likely 

exists only in the solid state.  This lack of coupling can be ascribed to the ability of the 

pyrroles in these “claw”-like systems to rotate freely in solution at room temperature.  An 

important consequence of the resulting, inferred, low barrier to rotation is that it should 

allow each pyrrole subunit present in receptors such as 2.36 to adjust their spatial 
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orientation individually so as to adopt collectively a conformation that is conducive to 

anion binding. 
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Scheme 2.4: Synthesis of tetrapyrrolic pyrazines, 2.36 and 2.38 and of a hexapyrrolic 
analogue, 2.37. 

The interaction of compounds 2.32 and 2.36 – 2.38 with TBACl was studied via 
1H-NMR spectroscopic titrations.  For solubility reasons, deuterated methylene chloride 

was chosen as the solvent.  The results of these titrations are summarized in Table 2.1.  

This first set of experiments was designed to determine which one of the studied 

receptors would interact more strongly with an anionic species.  As expected, due to the 

higher number of pyrrole rings (hydrogen bond donor moieties) present in its structure, 

compound 2.37 displays the highest affinity constant towards chloride anion (Ka = 3200 ± 

625 M-1). 

The symmetry of the receptor was also shown to play a very important role in 

anion binding, since the two tetrapyrrolic systems 2.36 and 2.38 interact with chloride in 

different stoichiometries, as determined by mole-ratio plots.  Although the number of 
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hydrogen bond donor moieties is the same (four in both instances), the symmetrical 

receptor, 2.38, interacts with Cl- in a 1:1 fashion, Ka = 640 ± 20 M-1, while the 

unsymmetrical receptor, 2.36 interacts in a 1:2 receptor : anion fashion (Ka1= 770 ± 80 M-

1 and Ka2= 2 ± 1 M-1; Figure 2.8). 

 

Table 2.1:  Affinity constants (M-1) of receptors 2.32, 2.36 – 2.38 with tetrabutyl-
ammonium chloride as determined from 1H-NMR spectroscopic titrations in 
CD2Cl2. 

Host: 2.32 2.36 2.37 2.38 

Ka (M-1)a 10 ± 0.4 770 ± 80 

2 ± 1 

3200 ± 625 640 ± 20 

Host:Guest 1:1 1:2 1:1 1:1 
a. The R2 values for the curve fits used to determine the affinity constants range 

between 0.979 and 0.999 
 

Once the superior binding ability of 2.37 was confirmed by the first set of 

experiments, its interaction, and that of its DPQ analogue 2.21, was studied with several 

biologically relevant anions, including mono- and dicarboxylates.  For this purpose the 

ditetrabutylammonium salts of several dicarboxylic acids were prepared according to 

literature procedures.54  The ensuing anion binding studies were conducted in 

dichloromethane solution using UV-vis spectrophotometric titrations.  The relative host : 

guest stoichiometries were determined via Job plots. 

As revealed by an inspection of Table 2.2, receptor 2.37 displays a higher affinity 

for acetate anion, in CH2Cl2 (Ka: 176,000 ± 11,000 M-1) compared to the other anions 

subject to study (i.e., chloride, dihydrogenphosphate, oxalate, malonate, and succinate).  

While acetate anion is neither the smallest of the anions analyzed nor the one with the 
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highest charge density, it does have a size and shape that differs from the others.  In 

particular, it is characterized by a charged carboxylate “head” that could fit in between 

the “pyrrolic claws”, as well as by a methyl “tail” that could function as a cap for the host 

– guest ensemble by isolating the complex and its anionic “head” from solvent or 

reducing interactions with the tetrabutylammonium counter cation.   

 

 

Figure 2.8:  Nonlinear least squares analysis of the data taken from 1H-NMR 
spectroscopic titrations in CD2Cl2 with TBACl of 2.32 (2.435 × 10-3 M) up 
to 16 equiv. Cl- (A), 2.36 (1.640 × 10-3 M) up to 25 equiv. Cl- (B), 2.37 
(1.105 × 10-3 M) up to 36 equiv. Cl- (C), and 2.38 (7.852 × 10-4 M) up to 27 
equiv. Cl- (D). 

Although admittedly speculative, the above rationalizations cannot be effectively 

evoked in the case of the other anions considered in this study.  Thus, a closer 
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correspondence between charge density and affinity is expected.  In fact, with the 

exception of acetate, the relative affinity of 2.37 decreases with increasing anion size as 

follows: chloride : dihydrogenphosphate : oxalate : malonate : succinate  = 914 : 562 : 

453 : 40 : 1. 

 

Table 2.2: Affinity constants (M-1) for anion binding receptors 2.37 and 2.21 as 
determined from UV-Vis spectroscopic titrations in CH2Cl2.  The anions were 
studied in the form of their tetrabutylammonium salts. 

Anion Ka (2.37:guest)a  Ka
 (2.21:guest)a 

Cl- 48000 ± 2700 5800 32 

H2PO4
- 30000 ± 1500 300000 32 

acetate 175000 ± 11000 46000 ± 4600 

oxalate 24000 ± 1300 30000 ± 2100 

malonate 2100 ± 200 21000 ± 2800 

succinate 2000 ± 150b 53000 ± 8000 
a. The R2 values for the curve fits used to determine the affinity constants range between 
0.969 and 0.998 
b. In the case of succinate + 2.37, a 2:1 binding stoichiometry is observed.  The tabulated 
value is for the first binding interaction, Ka1; the calculated equilibrium constant for the 
second binding event is 1.4 ± 0.5 M-1.  

c. From ref.32. 
 

Here, it is important to note that the binding constant for the succinate anion used 

to determine this set of ratios was taken as the square root of the product of Ka1× Ka2 since 

Job plot analysis for the interaction of 2.37 with succinate anion revealed a 2:1 binding 

stoichiometry.  By contrast, the other anions were all found to be bound in a 1:1 fashion, 

as judged from similar analyses (Table 2.2).  Needless to say, the malonate : succinate 

selectivity is much lower if the Ka for malonate is compared to the effective equilibrium 
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constant (Ka1) associated with the binding of the first anionic equivalent of succinate to 

receptor 2.37.  Using these values, a malonate : succinate selectivity of 1.1 : 1 is obtained.  

To provide a basis for comparison between this new series of receptors and the 

DPQs reported earlier, the anion recognition behavior of receptor 2.21 was also analyzed 

using the same series of anions.   

Whereas the interactions between 2.21 and both Cl- and H2PO4
- have been 

reported, its ability to bind mono- and dicarboxylate anions was not previously 

considered.  As revealed by the findings summarized in Table 2.2, this functionalized 

DPQ derivative binds carboxylate-type anions well when compared with chloride anion.  

However, in contrast to 2.37, the affinities for this class of anions were found to be nearly 

invariant to structure and a 1:1 anion-to-receptor stoichiometry was observed.  Also, in 

further contrast to what is true for 2.37, it is phosphate, not chloride, that was bound with 

highest affinity within the series of studied anions.  Figure 2.9 depicts two Job plots and 

four examples of the nonlinear least squares analysis of the data obtained from the UV-

Vis spectrophotometric titrations of 2.21 and 2.37 with TBA2oxalate and TBA2succinate.  

All additional binding affinity data for this series of titrations can be found in Appendix B. 

Comparing the two receptors 2.37 and 2.21 supports the emerging notion that 

small changes in the overall molecular architecture can have a significant influence on 

the binding capabilities of a given type of anion binding motif.  In the present instance, 

the more rigid nature of the bridging aromatic unit (quinoxaline vs. pyrazine) present in 

2.21 could render differences in anion size less important (due to e.g., existing 

preorganization imposed by the spacer).   
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Figure 2.9: Nonlinear least squares analysis of the data taken from UV-vis 
spectrophotometric titrations in CH2Cl2.  A: 2.21 (4.347 × 10-5 M) with 
TBA2oxalate (up to 8.3 equiv.), B: 2.21 (2.902 × 10-5 M)with TBA2succinate 
(up to 11.7 equiv.), C: 2.37 (4.200 × 10-5 M) with TBA2oxalate (up to 8.5 
equiv.), D: 2.37 (4.200 × 10-5 M) with TBA2succinate (up to 10.8 equiv.).  
Job plots of 2.37 in CH2Cl2 with TBA2oxalate (E) and TBA2succinate (F), 
showing 1:1 and 1:2 host : guest interactions, respectively. 
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Likewise, the larger nature of the overall host – guest ensemble could mitigate the 

beneficial effects of the protective methyl “tail” present in the acetate complex.  In any 

case, it is important to appreciate that “fine-tuning” of anion affinities and selectivities is 

possible in the context of dipyrrolylquinoxaline-type receptors. 

Molecular modeling calculations were performed, using HyperChem®, v7.1 in 

order to calculate the rotational barrier for the C2-C6 and C11-C12 bonds (numbering of 

the atoms is according with the X-ray structure).  The di-t-butyl analogues (the 

dipyrromethane-like subunit was replaced by t-butyl) of both 2.37 and 2.21 were used to 

limit the size of the system and to keep the calculations tractable.  The PM3 semi-

empirical method in conjunction with the Conformation Search module was used to 

determine the structure with the minimum energy.  The criteria for convergence was a 

difference in energy between two sequential structures below 0.01 kcal/mol·Å.  The 

results of these calculations show that the rotational barrier is 37% higher in the case of 

2.21 vs. 2.37.  This is consistent with preorganization and conformation affects being 

significant in aryl bridged dipyrrole anion receptors, and more so in the case of the larger 

dipyrrolylquinoxalines than in the smaller dipyrrolylpyrazines. 

 

2.4 DIPYRROLYLPYRIDINE BASED SYSTEMS 

2.4.1 Dipyrrolylpyridines known in the literature 

Literature reports of 2,6-dipyrrolylpyridines (DPPy) are limited.55-61  Only three 

research groups have published articles relevant to this area.  The first syntheses of DPPy 

were published in 1991, with independent reports coming from the research groups of 

Corriu55 and Anslyn.56  Although similar in structure, both the synthesis and application 
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of the two DPPy’s were quite different.  Corriu et al. used the DPPy as a building block 

for expanded porphyrins, while Anslyn et al. used a DPPy analogue as an anion receptor. 

The synthesis of DPPy proposed by Corriu and coworkers55,57 involved the 

reaction of a bis(trimethylsilyl)aminomethyl propiolate with an organocuprate reagent, 

followed by the addition of a pyridine-2,6-diacid chloride (Scheme 2.5).  The 

corresponding 1,5-dipyrrolylbenzenes have also been synthesized by this method.  The 

expanded porphyrin 2.41 can be synthesized in moderate yield (15%) using a standard 

benzaldehyde / acetic acid condensation procedure. 
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Ph Ph
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2.41  

Scheme 2.5: Synthesis of 2,6-dipyrrolylpyridine, 2.40 and of expanded prophyrin 2.41.55  

The DPPy reported by Anslyn et al., 2.43, in fact a 2,6-di(5’-amino-pyrrol-2-

yl)pyridine, was designed as a polyaza cleft receptor for 1,3-diketo-like enolates.56,58,60  

The synthesis of this receptor is similar to the one reported by Corriu et al. in the sense 

that it involves the construction of the pyrrole moiety on a pyridine starting material.  It 

differs, however, by the choice of the starting materials, a 3,3-diamino-2-propenoate and 

a dibromo-diketo-pyridine derivative 2.42, as depicted in Scheme 2.6. 
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 Scheme 2.6: Synthesis of DPPy-based receptor 2.43.56 
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More recently, Jones et al. reported the synthesis of a number of DPPys.59  The 

synthesis involves also the construction of the pyrrole ring on a 2,6-pyridine derivative, 

producing 2,6-di(5’-aryl-pyrrol-2-yl)pyridines 2.45, Scheme 2.7.  Although this method 

led to the formation of the desired DPPys in high yields (~90%), it cannot be used to 

prepare bis-α,α’-free DPPys. 

 

N

O O
O O RR

N

NH HN

2.45

R R

AcONH4

2.44 R = phenyl, 2-pyridyl  

Scheme 2.7: Synthesis of bis-α,α’-aryl-DPPy derivatives.59 

2.4.2 New synthetic routes for 2,6-dipyrroylpyridines 

The proposed synthetic route for the synthesis of DPPy is outlined in Scheme 2.8. 

It is based on the work of Wachter-Jurcsak et al.62 and Shibuya et al.63 where the phenyl 

rings have been replaced by pyrrole moieties. 
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Scheme 2.8:  Proposed synthesis of DPPy and synthesis of 2,6-diphenyl-4-(2’-pyridyl)-
pyridine, reported by Wachter-Jurcsak.62 
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The synthesis of 2,6-diphenyl-4-(2’-pyridyl)-pyridine starts with an aldol 

condensation between acetophenone 2.48 and pyridine-2-carbaldehyde 2.49, followed by 

a Michael-type addition of another molecule of acetophenone to the aldol product.  This 

gives the diketone 2.50.  The last step involves the formation of the central pyridine ring, 

via a standard ammonium acetate reaction of 2.50.  The reaction was reported to give 

good yields (70 – 90%) and was proposed as an experiment suitable for advanced 

undergraduate organic students. 

Given the high yield reported by Wachter-Jurcsak62
 for the synthesis of 2.51, the 

synthesis of DPPy was undertaken using identical conditions. Three different aromatic 

aldehydes (with high, medium and low reactivity) were tested: pentafluorobenzaldehyde, 

benzaldehyde, and pyrrole-2-carbaldehyde, while the ketone partner was acetylpyrrole, 

2.47. 

Although the corresponding reaction proved straight forward in the case of the 

phenyl analogue of DPPy, all the attempts to synthesize DPPy via this method, failed.  

Scheme 2.9 contains a summary of all the reaction conditions tested. 

During the attempts to synthesize precursor 2.46, the only reaction product 

isolated along with the starting material (2.47), was the aldol-reaction product 2.52.  

Attempts to convert 2.52 in one-pot process into the desired product 2.46, by raising the 

reaction temperature, increasing the reaction time, or using stronger bases, presumably by 

augmenting the concentration of the enolate of 2.47, failed.  At this stage, it was 

considered useful to isolate 2.52 and to use this compound as a substrate in a reaction 

with a preformed enolate of 2.47 (Scheme 2.10).  Unfortunately all attempts to obtain 

2.46, via this method also failed.  However, in all cases, an interesting byproduct, 2.53, 

was observed in various amounts.  It is proposed that 2.53 is a product of the self-

condensation of acetylpyrrole.  This latter observation led us to the conclusion that the 
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presumed Michael-type attack of the enolate formed from acetylpyrrole 2.47 on the α,β-

unsaturated ketone 2.52 takes place at a much slower rate (or not at all) than does the 

corresponding step in the case where 2.47 undergoes self condensation. 
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Scheme 2.9: Attempts to synthesized DPPy precursor 2.46 (× = reaction failed; n/a = not 
attempted) 

These intriguing results caught the attention of Guillaume Berthon-Gelloz and Dr. 

Michael T. Huggins, fellow colleagues in the Sessler group.  Following discussions, three 

different reaction conditions were put forward as possible solutions to the DPPy synthesis 

problem:  protection of the pyrrole NH with either BOC or acetyl groups; and molten-

state synthesis using acetylpyrrole and N-BOC-acetylpyrrole.  Unfortunately, none of 

these conditions (molten state reactions performed by Guillaume Berthon-Gelloz, N-

BOC-acetylpyrrole peformed by Dr. Michael T. Huggins) led to the formation of the 

desired product, diketone 2.46, regardless of the base used in the reaction mixture.  
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Acidic reaction conditions were also investigated; however, no product was isolated from 

the reaction mixtures. 
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Scheme 2.10:  Attempted condensations between acetylpyrrole 2.47 and the α,β-
unsaturated ketone 2.52 (× = reaction failed). 

As a consequence of these unsuccessful attempts at obtaining precursor 2.46, a 

different route for its synthesis was proposed.  It is shown in Scheme 2.11.  It involves a 

double acylation performed on two distinct pyrroles, by commercially available glutaryl 

chloride.  Using these conditions, compound 2.55 was obtained, by fellow graduate 

student Won-Seob Cho.  With 2.55 in hand, Won-Seob Cho reacted it with ammonium 

acetate, in an attempt to synthesisze a DPPy, 2.56.  Unfortunately, these reactions failed, 

probably due to the low acidity of the C3 methylene hydrogen atoms. 
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Scheme 2.11:  Synthesis of diketone 2.55. 
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In an attempt to solve the C3 methylene acidity problem, a substituted derivative 

of 2.54 was chosen as the next starting material.  The synthesis used 3-(4-

chlorophenyl)glutaric acid, 2.57, and a chlorinating reagent.  Although a wide range of 

chlorinating reagents (C2O2Cl2, SOCl2, POCl3, PCl5) and reaction conditions were used, 

the only product isolated was the anhydride 2.59. 
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Scheme 2.12:  Attempts to synthesize 3-(4-chlorophenyl)glutaroyl dichloride, 2.58. 

Having failed in all attempts to synthesize DPPy following the pyridine-ring 

construction route, a pyrrole-synthesis based pathway was proposed (Scheme 2.13).  This 

approach is similar to the ones published, in the sense that it uses a pyridine-2,6-

dicarbonyl derivative.  However, it differs in the specifics of the pyrrole synthesis. 
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Scheme 2.13:  Synthesis of DPPy, 2.65. 

As shown in Scheme 2.13, N,N-dimethylhydrazine, 2.60, may be condensed with 

glyoxal, 2.61, to give 2.62 in 82% yield.  Schiff-base 2.62, was then reacted with 2,6-

diacetylpyridine, 2.63, under aldol condensation conditions to give intermediate 2.64, in 
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74% yield.  DPPy, 2.65, was synthesized following a reductive cleavage of the N-N 

hydrazine bond,71 with subsequent formation of the pyrrole moieties.  The reaction yield 

was disappointingly low (< 2%), probably due to the formation of a large number of 

byproducts. 

The synthesis of DPPy proved to be difficult, with the desired product formed in 

very low yields.  Therefore, no attempts at synthesizing the corresponding hexalpyrrolic 

derivatives were made. 

  

2.5 DIPYRROLYLPYRIDAZINE-BASED SYSTEMS 

2.5.1 Pyrrolylpyridazines known in the literature 

3,6-Di(pyrrol-2-yl)pyridazine, DPPdz, the next compound of interest, has not 

apparently been reported in the literature.  The closest analogues to DPPdz are the 3,4-

diazanorcaradienes (2.66) reported by Saüer et al., Scheme 2.14.64,65   The synthesis 

reported by Saüer and coworkers involved a Diels-Alder reaction of the appropriate 

tetrazines, 2.67, with a cyclopropene derivative. 
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Scheme 2.14:  Synthesis of 3,4-diazanorcaradienes (2.66) and monopyrrolylpyridazines 
2.69 and 2.70.64-66 
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The monopyrrolyl analogue (MPPdz) of DPPdz is, however, known.  In 1963 

Rosseels reported the synthesis of MPPdz derivative 2.74 from the reaction between N-

methyl-2-pyrrolyllithium (2.71) and 3,6-dichloropyridazine (2.73), Scheme 2.15.67  This 

method was later studied by Jones et al.  It is interesting to mention that although Jones et 

al. have investigated a wide range of conditions in their attempts to synthesize DPPdz, 

only MPPdz derivatives were formed.68,69  In the late 1990’s, Saüer et al. reported in 

conjunction with their study of the Diels-Alder reaction of tetrazines with alkynes, the 

synthesis of a MPPdz, Scheme 2.14.66 
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Scheme 2.15:  Synthesis of monopyrrolylpyridazines (MPPdz). 

Recently, Kirche et al. proposed a new route for the synthesis of MPPdz 

derivatives.  The novelty of this approach lays in the fact that it relies on the synthesis of 

the pyridazine ring, from appropriate building blocks, Scheme 2.15.  The synthesis 

involves a rhodium catalyzed tandem reductive aldol condensation followed by hydrazine 

trapping of the corresponding diketone.  The method although promising, gave the 

MPPdz in 30% yield, and it is unclear whether it can be used for a DPPdz derivative. 
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2.5.2 Synthesis of dipyrrolylpyridazines. 

The synthesis of 3,6-di(pyrrol-2-yl)pyridazines was carried out using an extension 

of the conditions reported by Jones et al.  It was felt that by improving the electronic 

properties of the starting materials and by a fine-tuning of the reactions conditions, a 

DPPdz might be successfully synthesized. 

In the synthesis initially proposed by Rosseels and then developed by Jones, the 

key step involves nucleophilic attack at position 3 of 3,4-dichloropyridazine by a pyrrole 

bearing a negative charge on the α-position. 3,4-Diethylpyrrole was chosen as the 

starting material due to its higher electron density as compared to regular pyrrole.  In a 

typical procedure, 3,4-diethylpyrrole (2.79) was reacted at room temperature with 1.2 

equiv. of methylmagnesium chloride to yield the 3,4-diethylpyrrol-N-ylmagnesium 

chloride, 2.80.  The Grignard reagent 2.80 was then reacted in situ with 3,6-

dichloropyridazine, 2.73.  The reaction was first carried out in dry THF at reflux 

conditions, without yielding the desired product, 2.82.  When the solvent was replaced by 

dry toluene, and consequently the reaction temperature was raised to 111°C, DPPdz, 2.82 

was formed in 50% yield, along with the corresponding MPPdz, 2.81, in 30% yield. 
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Scheme 2.16:  Synthesis of mono- and dipyrrolylpyridazines. 
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When replacing 3,4-diethylpyrrole, 2.79, with pyrrole, 2.1, the same procedure 

led to the formation of a single product, MPPdz, 2.75.  However, the use of dry xylenes 

as solvent and longer reaction times (36 h), led to the formation of DPPdz 2.83 in 15% 

yield, as shown in Scheme 2.16. 

In an effort to synthesize α-substituted DPPdz derivatives, ethyl 3,4-

diethylpyrrole-2-carboxylate, 2.84, was used as starting material (Scheme 2.17).  The 

synthetic procedure was slightly modified, such that the methylmagnesium chloride 

solution was added dropwise to a solution of 2.84 and 2.73.  By employing this addition 

sequence, it was hoped to avoid the self condensation of the Grignard derivative of 2.84.  

Unfortunately, the undesired product, 2.85 formed by such a condensation was the only 

pyrrole-containing material isolated from the reaction mixture with almost quantitative 

recovery of 2.73.  Structural proof for compound 2.85 came from a single crystal X-ray 

diffraction analysis.  Figure 2.10 depicts the top and side view of 2.85. 
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Scheme 2.17:  Self condensation of ethyl 3,4-diethylpyrrole-2-carboxylate, 2.84.  

Vilsmeyer formylation of DPPdz, 2.82, using 3 equiv. of the formylating agent 

produces the diformylated species, 2.86, in 61% yield.  During the formylation reaction 

two other compounds were formed in various yields, 2.87 and 2.88.  It is worth 

mentioning that the formation of 2.88 was quite unexpected and to the best of our 

knowledge, has not been detected in other dipyrrolylheterocyclic systems (Scheme 2.18). 
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Figure 2.10: Top and side view of crystal structure 2.85.  The thermal ellipsoids are 
scaled to the 50% probability level.  Most hydrogen atoms have been 
removed for clarity.  

N

N

NH

NH

+

2.86, 61%

N

N

NH

NH

N

N

NH

NH

CHO

CHO

CHO

N
N

N
H

HN

OHC

N
N

H
N

N

OHC

+

2.82 2.87 2.88

1. POCl3 / DMF

2. CH3COONa

 

Scheme 2.18:  Vilsmeyer formylation of DPPdz, 2.82. 

 Structural proof for compound 2.86 came from a single crystal X-ray diffraction 

analysis.  Figure 2.11 depicts the top and side view of 2.86 revealing that this species 

exists in the form of a hydrogen bonded dimer in the solid state.  Compound 2.86 adopts 

a slightly twisted conformation (dihedral angle = 15°C).  The two molecules of 2.86 

making up the dimer are assembled via two sets of two intermolecular hydrogen bonds 

each.  Each set consists of a weak C17H···O28 interaction (3.12 Å, 132°) between the 
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carbonyl CH-proton and the carbonyl oxygen of another molecule, and a N4H···O27 

hydrogen bond (2.92 Å, 174°) between a pyrrole NH-proton and a carbonyl oxygen of a 

second molecule.  Also to be noted is the non-planarity of the dimer, probably due to the 

off-set formation of the hydrogen bond dimer. 

 

 

Figure 2.11: Top and side view of crystal structure of diformyl-DPPdz, 2.86.  Dashed 
lines indicate hydrogen bonding interaction.  The thermal ellipsoids are 
scaled to the 50% probability level.  Most hydrogen atoms have been 
removed for clarity. 
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In analogy to what proved true in the DPQ32 and DPPz series (vide supra), once in 

hand, the formylated intermediate 2.86 was reacted with pyrrole in the presence of a 

catalytic amount of TFA to give the hexapyrrolic species 2.89, Scheme 2.19.  Compound 

2.89 was identified in the reaction mixture via 1H-NMR spectroscopy and both low and 

high-resolution mass spectrometry. 

 

2.84

N NN
H

N
H

OHC CHO

N NN
H

N
H

HN

HN
NH

NH

N
H

2.1

2.89

TFAcat.

 

Scheme 2.19: Synthesis of hexapyrrolic analogue 2.89. 

Unfortunately, this product proved to be very unstable, and all the attempts to 

isolate it from the reaction mixtures have failed, due to extensive decomposition during 

column chromatography.  Along the same lines, decomposition was noted when the crude 

mixture was kept either at room temperature or at -4°C for periods of time longer than 1h. 

 

2.6 MACROCYCLIC SYSTEMS CONTAINING DIPYRROLYLPYRAZINES AND 
DIPYRROLYLPYRIDAZINES. 

2.6.1 Di- and Octapyrrolyl phthalocyanine derivatives. 

Phthalocyanines, due to their high absorptivity at longer wavelengths (λ > 650 

nm), were thought to be suitable candidates for combining with pyrrole based anion 

receptors.  When such receptors are incorporated into the macrocycle framework, was 

expected that signal augmentation would be observed in the event of anion binding. 

Dipyrrolylpyridazine, DPPz, 2.32, possesses two nitrile functionalities in an ortho 

relationship, making it a perfect candidate for incorporating into a phthalocyanine 
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derivative.  In a typical synthesis, DPPz 2.32 was heated at reflux in DMAE with 0.25 

equiv. of ZnCl2.  Following extensive washing with CH2Cl2, compound 2.90 was isolated 

in 48% yield as a green powder. 
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Scheme 2.20:  Synthesis of octapyrrolyloctaazaphthalocyanine, 2.90. 

In order to evaluate the relative importance of each pyrrolic unit in terms of anion 

recognition, two different dipyrrolyldiazaphthalocyanines, 2.91 and 2.92, were 

synthesized.  The synthetic procedure used to obtain these materials followed published 

methods.70  Such an approach was expected to produce a statistical mixture from whence 

less highly functionalized analogues of 2.90 could be isolated.  In a typical procedure, a 

mixture of DPPz, 2.32, 3 equiv. of 1,2-dicyanobenzene, 2.94, or 4-t-butyl-1,2-

dicyanobenzene, 2.95, and 4 equiv. of ZnCl2 were suspended in N,N-

dimethylaminoethanol (DMAE) at reflux for a period of 12 – 24 h.  The reaction mixture 

was subject to work up via column chromatography. Using similar conditions, efforts 

were made to synthesize the fluorinated derivative 2.93.  Unfortunately, the reaction 

mixture did not contain any functionalized phthalocyanine as judged by UV-Vis 

spectroscopy and mass spectrometry. 
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Scheme 2.21:  Synthesis of dipyrrolyldiazaphthalocyanines, 2.91 and 2.92. 

Once compounds 2.90, 2.91 and 2.92 were in hand, preliminary studies of their 

putative interaction with anions were undertaken.  Due to the poor solubility of both 2.90 

and 2.91, only compound 2.92 was further investigated for its interaction with anions (Cl-

, Br-, I-, CN-, AcO-, NO3
-, HSO4

-, H2PO4
-).  The anion binding studies were performed in a 

1:2 methanol : dichloroethane solution of 2.92, via UV-Vis spectrophotometric titration 

methods using the corresponding TBA salts.  The binding stoichiometries were 

determined using the Job plot method (Figure 2.12).  The concentration of the solutions 

were kept below 4.0 × 10-5 M, due to the fact that at greater concentrations non-linearity 

in the Beer’s Law plot (a simple test of aggregation) was observed, Figure 2.12A.  All the 

additional graphs pertinent to this data set can be found in Appendix B. 

All the anionic species displayed an interaction with dipyrrolylphthalocyanine 

2.92.  The results of the non-linear least square fit of the data are summarized in Table 

2.3.   A quick inspection of Table 2.3 reveals that the iodide anion displays the lowest 

interaction with 2.92, followed by cyanide, dihydrogenphosphate, and acetate anions, 

respectively.  All the other anions displayed affinity constants of the order of 105 M-1, 
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while the afore mentioned anions affinity constants are on the order of 102, 103, and 104 

M-1, respectively. 

Table 2.3: Affinity constants (M-1) for dipyrrolylphthalocyanine 2.92, as determined 
from UV-Vis spectroscopic titrations carried out in 1:2 MeOH : C2H4Cl2.  
The anions were studied in the form of their tetrabutylammonium salts. 

Anion Ka (M-1)a 

Cl- 108,000 ± 6,000 

Br- 252,000 ± 16,000 

I- 350 ± 40 

CN- 2,200 ± 500 

AcO- 25,000 ± 3,000 

NO3
- 106,000 ± 20,000 

HSO4
- 200,000 ± 26,000 

H2PO4
- 5,300 ± 480 

a. The R2 values for the curve fits used to determine the affinity constants fall in the 
range between 0.964 and 0.998. 

 

During the study of these systems, it was observed that without exception, all the final 

solutions obtained after completing a UV-Vis titration lost their color within 1 hour.  Two 

possible explanations, photobleaching and precipitation, have been put forth in an attempt 

to rationalize this observation.   Of these two rationales, precipitation is more plausible 

due to the fact that solution-discoloration was observed even when the solutions were 

kept in the dark and that upon evaporation to dryness, and re-solvation, a similar 

spectrum, albeit of lower intensity, was recorded.  It is worth mentioning that this 

phenomenon has not been observed for solutions of pure 2.92, but only of solutions of 

2.92 containing anions. 
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Figure 2.12: Dilution study of 2.92 in MeOH:C2H4Cl2 1:2 solution (panel A).  UV traces 
of 2.92 recorded with different concentrations of TBAH2PO4 (B).  Nonlinear 
least squares analysis of the data taken from UV-vis spectrophotometric 
titrations in MeOH:C2H4Cl2 1:2 solutions, C: 2.92 (1.428 × 10-5 M) with 
TBAOAc (up to 8.2 equiv.), D: 2.92 (1.428 × 10-5 M) with TBABr (up to 
13.3 equiv.), E: 2.92 (1.428 × 10-5 M) with TBAH2PO4 (up to 9.77 equiv.).  
Job plot of 2.92 in MeOH:C2H4Cl2 1:2 solution with TBAH2PO4 (panel F). 
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Due to these observations, the data obtained for the UV-Vis spectrophotometric 

titrations, which are summarized in Table 2.3 cannot be used to quantify the interactions 

between 2.92 and the various anions in this study.  The influence of this anion-induced 

precipitation is time dependent and may vary with the anionic species present.  Another 

factor that should be considered is that the UV-Vis spectroscopic titrations are not 

automated.  Therefore, the time needed to complete each titration varies extensively.  It is 

unclear at present whether the observed interaction between 2.92 and the anions is due to 

the presence of pyrrole moieties, acting as hydrogen bond donors, or is due to the 

presence of the metal center.  Control experiments involving the use of an all t-butyl 

analogue of 2.92 failed to give good reproducibility.  Thus, this question remains an open 

one at present.  

 

2.6.2 DPQ based Schiff-base macrocycles. 

The field of DPQ Schiff base macrocycles was initiated by Sessler et al. with the 

report of macrocycles 2.26 – 2.28,41 and has been recently broadened with the report of Li 

et al. of macrocycles 2.29 and 2.3045 (Scheme 2.5).  In both reports, a DPQ-dialdheyde 

derivative was reacted with the corresponding diamine (1,9-diaminoanthracene – Sessler; 

or a 1,3-diaminopropane or 1,4-diaminobutane – Li).  In an attempt to understand better 

the Schiff-base macrocyclization in the DPQ series, macrocycles of types 2.97 – 2.99 

(Scheme 2.22) were put forth as targets of interest. 

The first macrocyclic target chosen to be synthesized, generalized structure 2.97, 

proved to be the most challenging.  The proposed synthesis involved a condensation of 

DPQ dialdehyde 2.100 and o-phenylenediamine (2.101, R = H) or 4,5-dimethyl-o-

phenylenediamine (2.101, R = Me).  The reaction was performed in various toluene – 

methanol mixtures, in the presence of a Brönsted acid catalyst. 
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Scheme 2.22:  Proposed DPQ Schiff-base macrocycles. 

Regardless of the reaction time and temperature, and not withstanding variations 

in the catalyst and solvent, macrocycles of type 2.97 failed to yield to synthesis; the only 

reaction products being isolated were the DPQ-bis-benzimidazole derivative, 2.102 and 

the open chain Schiff-base product 2.103.  The formation of the latter product was 

studied by Dr. Amandine Didier of the Sessler group, and was shown to be formed 

preferentially when the reaction was performed in methanol, at room temperature. 
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Scheme 2.23:  Reaction of diformyl-DPQ, 2.100 with o-phenylene diamines. 
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The formation of 2.102 and 2.103, without the formation of 2.97, may be 

explained by the unfavorable geometry of the final product, as well as by the fact the bis-

benzimidazoles of type 2.102, represent very stable species, that once formed, are 

unreactive in the conditions studied. 

The synthesis of Schiff-base macrocycles of type 2.98 did not suffer from these 

downfalls, and macrocycles 2.104 – 2.106, were synthesized from diformyl-DPQ, 2.100 

and the corresponding diamine derivative, Scheme 2.24. 
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Scheme 2.24:  Synthesis of Schiff-base DPQ containing macrocycles 2.102 – 2.104. 

All the reactions were carried out at room temperature, in 10% MeOH in toluene 

mixtures, using catalytic amounts of HCl.  Immediate product formation was observed 

upon the addition of HCl.  The macrocyclic products precipitated out from the reaction 

mixtures and were isolated through filtration.  The isolated products displayed high 

purity, as judged by 1H-NMR spectroscopic analysis, with the exception of 2.105, the 

most soluble macrocycle in the series.  Attempts to purify this compound via column 

chromatography resulted in macrocycle decomposition.  

  Using similar conditions, Dr. Amandine Didier synthesized DPQ-containing 

Schiff-base macrocycles 2.99-2.113, as shown in Scheme 2.25. 
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Scheme 2.25:  DPQ-containing Schiff-base macrocycles. 

 

2.6.3 DPPdz based Schiff-base macrocycles. 

As both a proof of concept and an effort to extend and generalize the emerging 

area of pyrrole-containing Schiff-base macrocycles, the synthesis of DPPdz-incorporating 

system was attempted.  This work also represents an extension of the DPQ containing 

Schiff-base macrocycles.  Due to the presence of three different kinds of nitrogen atoms 

in their structure, it was thought that these macrocycles may display interesting 

metallation properties.  
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Scheme 2.26:  Synthesis of DPPdz incorporating Schiff-base macrocycle, 2.114. 
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The proof-of-concept synthesis of macrocycle 2.114 used a 4,5-dimethyl-o-

phenylenediamine and DPPdz dialdehyde, 2.84 as starting materials.  The Schiff-base 

macrocyclization was performed in toluene – methanol mixture, using HCl as catalyst, 

Scheme 2.26.  The product precipitated readily from the solution and was isolated via 

filtration. 

The successful synthesis of macrocycle 2.114 may open the door for a new class 

of dipyrolylpyridazine containing macrocycles that may display interesting host : guest 

chemistry. 

 

2.7 CONCLUSIONS 

The work presented in this chapter has helped provide a better understanding of 

the reactivity of dipyrrolylheterocyclic systems.  During these studies a series of novel 

anion receptors based on dipyrrolylpyrazines was developed.  In particular the 

hexapyrrolylpyrazine, 2.37, showed remarkable selectivity for small dicarboxylate anions 

over larger dicarboxylate substrates when compared to hexapyrrolylquinoxaline, 2.21.  

The synthesis of dipyrrolylpyridines proved to be more challenging, and an efficient 

method for the synthesis of such building blocks is yet to be achieved.  Although 

dipyrrolylpyridazine was successfully synthesized, the corresponding tetra- and 

hexapyrrolic analogues have so far proved elusive.  A less reactive hexapyrrolic 

derivative 2.116, based on 2.83, is proposed as a new target for future synthesis.  It 

should be obtainable following the methods described in this chapter. 

Several phthalocyanine derivatives based on dipyrrolylpyrazine were successfully 

synthesized.  However, due to poor solubility, the interaction with anions of only one 

(2.92) of the three analogues prepared was studied.  The exact mode of interaction of 2.92 

with the various target anions is still unknown.  In order to understand better this 
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interaction, a more soluble Zn-phthalocyanine derivative is proposed as a future target 

(2.117).  The use of different metals as templating agents might also provide data that 

sheds light on the anion – macrocycle interactions. 
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Scheme 2.27:  Proposed anion receptors based on DPPz and DPPdz. 
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Several Schiff-base macrocycles incorporating dipyrrolylquinoxaline and 

dipyrrolylpyridazine were synthesized.  These macrocycles enlarge the polypyrrolic 

Schiff-base macrocycles family, and might display interesting anion binding properties 

and metallation chemistry.   

The presence of three different types of nitrogen atoms in the macrocyclic core of 

2.120 and 2.121 makes them of potential interest as ligands that might be able to stabilize 

dinuclear complexes.  The general solubility problem can be addressed by using diamino 

building blocks with solubilizing groups, as illustrated in Scheme 2.28. 

The synthesis of DPPz-based phthalocyanines has been part of a collaboration 

between the research groups of Prof. Jonathan L. Sessler of University of Texas at Austin 

and Prof. Tomás Torres of Universidad Autónoma de Madrid.   
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Chapter 3:  Synthesis and Anion Binding Properties of Pyridine-2,6-
dicarboxamide and Thiophene-2,5-dicarboxamide oligopyrrolic 

macrocycles  

3.1 INTRODUCTION 

The importance of anions in every day life has been highlighted in the 

introduction of Chapter 2.  The potential benefit of anion receptors was also discussed in 

that chapter, at least in a general sense.  Here, the role that anion receptors might have to 

play in a specific problem involving nuclear waste remediation will be presented in some 

detail. 

Intensive use of nuclear energy and the Cold War era has left a worrisome legacy 

of radioactive waste.  The radioactive waste consists of spent nuclear fuel, or process 

chemicals used in the production of plutonium for use in nuclear weapons.  A 

classification system has been proposed by the International Atomic Energy Agency 

(IAEA) placing radioactive waste into one of three classes: high level waste (HLW), 

intermediate level waste (ILW), or low level waste (LLW).1  The HLW is composed of 

highly radioactive liquid separated during the chemical reprocessing of irradiated fuel, 

containing mainly fission products, as well as some actinides, and any other waste that 

generates significant quantities of heat by the radioactive decay.  The ILW is waste that 

requires shielding against radiation, and needs little or no provision for heat dissipation.  

Consequently, the LLW contains wastes with low radionuclide content which does not 

require shielding during transportation and handling.1  This classification is, however 

general and does not contain references to the lifetime of the radionuclides present in 

waste.  For this reason, the ILW and LLW have each been split into two different 
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categories, long lived wastes (LL) and short lived wasted (SL), thus providing a more 

direct indication of their radioactive content.  It is worth mentioning that due to its high 

content of radioactive nuclei, the HLW almost always falls into the LL waste category.  

The IAEA recommends that wastes that generate more than 2 kW/m3 should be 

considered HLW, while ILW and LLW should be comprised of wastes that generate less 

than 2 kW/m3.  The LL wastes have a radioactivity higher than 400 Bq/g, while the SL 

wastes have the overall radioactivity it below 400 Bq/g, with no individual waste package 

having more then 4000 Bq/g.  (The radiation content of waste is generally measured in 

units of Bq, referring to number of disintegration per second, or Ci, that are used for 

measuring samples with high radioactivity; 1Ci represents 3.7 × 1010 Bq). The IAEA 

recommendation for treatment of HLW, ILW and LLW-LL involves concentration of the 

wastes to a minimal amount followed by disposal in geological formations at a depth of 

several hundred meters.  In the case of LLW-SL, near-surface burial in remote areas is 

considered acceptable.1 

There are no clear data in terms of world-wide quantities of nuclear waste.  It is, 

however, known that all the countries that utilize nuclear thermo-electrical power plants 

have generated a significant amount of radioactive waste.  The countries that have 

developed nuclear weapons, a technological process that produces HLW in high 

quantities, have significantly more waste than other countries, compounding the problem 

of disposal. Hecker, from Los Alamos National Laboratory (LANL), estimates that 

Russia and the U.S. have produced the largest quantities of nuclear waste, and that Russia 

has released reprocessed waste in the environment to the order of 1.7 × 109 Ci, while the 

U.S. have about 1 × 109 Ci in storage.2   

In the U.S., the Department of Energy (DOE) is responsible for the maintenance, 

disposal, and remediation of radioactive waste.  There are several sites in which the HLW 
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and LLW is stored and processed: Fernald Environmental Management Project, Hanford 

Site, Idaho National Engineering and Environmental Laboratory, Los Alamos National 

Laboratory, Nevada Test Site, Oak Ridge National Laboratory, and the Savannah River 

Site.   Of these, the Hanford Site is by far the largest LLW processing and storage area.  

The Hanford site, located in southeastern Washington State, played a pivotal role in the 

Manhattan Project.  Today, on the perimeter of the Hanford Site, there are more than 1.9 

× 105 m3 of liquid HLW in 177 underground storage tanks, 2.1 × 103 tons of spent nuclear 

fuel, 11 tons of plutonium in various forms, about 7.5 × 105 m3 buried of stored solid 

waste and 1 × 106 m3 of contaminated ground water.  The waste is stored in more than 

1700 waste sites and about 500 contaminated facilities, spread out over 208 square 

kilometers.3  

 

 

Figure 3.1: Anion concentrations in LLW tanks 241-AN-102, 241-AN-103 and 241-AN-
107 of the Hanford Site.4-8 

The Hanford Site waste tanks contain solids (sludge), liquids (supernatant), and 

salt cake (dried salts that dissolve in water to form supernatant).  The radioactive waste 
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contains, besides the radioactive species (mostly cationic), almost every other element in 

the periodic table in some form or another.  The anionic content of these wastes is varied, 

but mostly composed of nitrate, sulfate, phosphate, and halide anions, where the nitrate 

anion represents more than 80% of the total anionic content by weight/volume (Figure 

3.1).3-14 

In order to protect the environment and meet DOE regulations, the tank waste is 

to be remediated through treatment and immobilization.5  In the case of the Hanford tank 

waste, the DOE’s preferred alternative to direct remediation is to pretreat the waste by 

separating it into low-activity waste (LLW; called LAW in most U.S. government 

reports) and high-level waste (HLW), followed by immobilization of the LLW for on-site 

disposal and immobilization of the HLW for ultimate disposal in a national geological 

repository.13,14  The radioactive waste stored at all other national sites is to be treated in 

similar manner.  The nuclear waste national geological repository closest to being 

accepted for receipt of processed waste is a man-made underground silo in Yucca 

Mountain, Nevada. 

The method of choice for final immobilization and storage in the Yucca Mountain 

national repository involves vitrification.13,14  This selection was made based on the 

chemical and physical stability of glass, ease of handling and transportation, and lower 

cost as compared to the incorporation of radioactive waste in other solid matrices.14-19  A 

thermo-electrical technological process was proposed for the vitrification of nuclear 

waste.4,10,11,14 

During an early feasibility investigation of the vitrification process it was 

determined that the sulfate anion present in the waste, although at a low concentration, 

poses a serious threat to the health of the operators and produces quick corrosion of the 

melters.3,6-8,10-12  During the vitrification process, the sulfate present in the radioactive 
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waste mixtures forms molten conductive layers of sulfur through the vitreous mass, 

allowing electric discharges in the melter.  In addition, the presence of sulfate led to 

formation of the highly toxic and corrosive sulfur trioxide gas during the vitrification 

process.3  Due to the high volumes of nuclear waste that need to be processed, as well as 

the high cost of developing an alternative vitrification method, sulfate removal from 

nitrate-rich wastes was put forth as the most attractive solution to this problem.  

Accordingly, considerable effort has been devoted of late to the synthesis of receptors 

that might allow the removal of sulfate from nitrate-rich mixtures by selective binding, 

anion exchange, extraction, precipitation, or other means.6-8,10  While some of these show 

considerable promise, this problem is far from solved.4,5 

 

3.2 RESEARCH GOAL 

As presented briefly in Chapter 2, the synthesis of anion receptors with high 

specificity for a given anionic target remains a challenging problem in supramolecular 

chemistry.  This is especially true in the case of receptors that display high sulfate vs. 

nitrate selectivity.  On the other hand, such systems, were they available might provide a 

solution to the problem of removing sulfate from  nuclear waste as discussed above. 

This chapter will present author’s work in conjunction with Evgeny Katayev and 

Valdimir Roznyatovskyi, visiting students in the Sessler group from Moscow State 

University.  As detailed below, these efforts were directed towards the design, synthesis 

and study of pyridine-2,6-dicarboxamides and thiophene-2,5-dicarboxamides 

polypyrrolic macrocycles, Scheme 3.1.  It was hoped and expected that some of these 

systems would function as sulfate anion selective receptors, while, the full ensemble of 

products, when considered in concert, would help map out the molecular determinants of 

anion specificity. 
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Scheme 3.1:  Proposed macrocyclic anion receptors. 

The choice of targets shown in Scheme 3.1 is not arbitrary.  Rather, it reflects an 

awareness of the anion recognition properties of the individual constituent subunits.  For 

instance, pyridine-2,6-dicarboxamides are well known anion binding motifs that were 

shown to interact, when incorporated in macrocycles, strongly with the sulfate anion.20,21  

While less studied in this regard, thiophene-2,5-dicarboxamides also show promise for 

anion recognition.22,23  The mono- (Scheme 3.1, n = 0, m = 0) and oligopyrrolic 

components (i.e. dipyrromethane, n = 1, m = 1; bipyrrole, n = 0, m = 1; tripyrrane, n = 1, 

m = 2) are key components of well known anion receptors,24 such as the prodigiosins,25,26 

calixpyrroles,27,28 calixbipyrroles,29,30 and sapphyrins.31   It was, therefore, thought that 

combined systems, incorporating these elements within a single macrocyclic framework, 

would give rise to effective anion receptors. 

 

3.3 PYRIDINE-2,6-DICARBOXAMIDE AND THIOPHENE-2,5-DICARBOXAMIDE BASED 
ANION RECEPTORS IN LITERATURE 

3.3.1 Pyridine-2,6-dicarboxamide 

Pyridine-2,6-dicarboxamides were first introduced as anion binding motifs by 

Anslyn32,33 and Crabtree.34  Anslyn et al. reported the synthesis of a cage system that 
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incorporates three pyridine-2,6-dicarboxamides moieties, Scheme 3.2.32,33  This C-3 

symmetric bicyclic cyclophane was found to enhance the affinity, in organic media, for 

acetate and nitrate vs. cyanide, dihydrogenphosphate, hydrogensulfate, perchlorate and 

halides anions.  It was reported that the only host-guest interactions present involved a 

series of neutral hydrogen-bonds. 
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Scheme 3.2:  Synthesis of C-3 symmetric bicyclic cyclophane, 3.5. 

Crabtree et al. reported the synthesis of a simpler, yet very efficient, anion 

receptor based on pyridine-2,6-dicarboxamides, Scheme 3.3.  In this case, receptor 3.8 

showed good selectivity for fluoride anion over the other halide anions (2.8 × 104 for 

fluoride, 1.5 × 103 for chloride, 57 for bromide and < 20 for iodide).  Information about 

the anion binding properties of receptor 3.9 was not reported. 

Following a similar synthetic procedure, Sun and Lees reported35,36 the synthesis 

of a luminescent receptor, 3.10, that interacts with a wide variety of anions (CN-, F-, Cl-, 

Br-, I-, AcO-, H2PO4
-, NO3

-, ClO4
-).  In the halide series, in contrast to what was found for 

receptor 3.8, the dirhenium receptor 3.10, showed enhanced binding; however, a dramatic 

decrease in the selectivity was also observed (Ka = 3.82 × 105 M-1 for fluoride, 3.99 × 104 

M-1 for chloride, 3.90 × 104 M-1 for bromide and 1.49 × 105 M-1 for iodide in CH2Cl2). 
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Scheme 3.3:  Synthesis of receptors 3.8 and 3.10.  

Binding affinity values (Ka), comparable to the ones obtained in the halide series, 

were determined for cyanide and acetate anions, while the other anions studied were 

found to interact much more weakly with 3.10.  The overall binding affinity order was 

determined to be: CN- > F- > I- > Cl- ≈ Br- ≈ OAc- >> H2PO4
- > NO3

- > ClO4
-. 

Fang et al. reported the synthesis of two acyclic pyridine-2,5-dicarboxamide 

based receptors, 3.11 and 3.12.37  The interaction of these receptors with certain anions 

(F-, Cl-, Br-, SCN-, AcO-, NO3
-, ClO4

-, HSO4
-,  H2PO4

-, PO4
3-) was investigated using 1H-

NMR spectrometric and steady-state emission spectrophotometric titration methods.  

Both receptors displayed a remarkable selectivity for H2PO4
- and PO4

3-, as compared with 

the other anions studied.  In a series of competition experiments using 3.12 in the 

presence of 50 equiv. of fluoride or acetate anion, the addition of phosphate anions led to 

a significant change in the fluorescence emission.  The authors concluded that 3.12 could 

be used as a phosphate sensor in complex anionic mixtures.  
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Scheme 3.4:  Acyclic pyridine-2,5-dicarboxamide based receptors. (Pic =  picrate anion).   

Another florescent sensor based on pyridine-2,5-dicarboxamide, compound 3.13 

was synthesized by Rurack et al.38  While in the case of 3.12, the addition of anion led to 

a quenching of the fluorescence intensity, an increase in the emission spectra was noted 

upon the addition of acetate and dihydrogenphosphate anions to a DMSO – water 

solution of 3.13.  However, the determined binding affinities were low, being 55 M-1 and 

74 M-1 for acetate and dihydrogenphosphate, respectively. 

Zeng et al. reported the synthesis of two neutral receptors, 3.14 and 3.15.39,40 

These receptors displayed selectivity for acetate and dihydrogenphosphate over p-

nitrophenoxide, mono(p-nitrophenylene)phosphate and chloride anions.  The anion 

interactions were determined via 1H-NMR spectrometric titrations for 3.14 and steady-

state emission spectrophotometry for 3.15.  As in the case of receptor 3.13, an increase in 

the fluorescence intensity was observed upon the addition of anions to chloroform 

solutions of 3.15. 
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In a recent report, Schmuck and Machon, described the synthesis of a series of 2-

(guanidiniocarbonyl)pyridines, 3.16 – 3.18, as amino acid receptors.41  In this case the 

carboxylate salts of the following amino acids were studied: N-Ac-Gly-O-, N-Ac-L-Phe-

O-, N-Ac-L-Val-O-, and N-Ac-L-Ala-O-.  The studies were performed in water/DMSO-d6 

(40% v/v) using 1H-NMR spectrometric titration techniques.  Of the three receptors 

studied, 3.16 displayed slightly higher affinities for all the amino acid carboxylates.  For 

example, the determined binding affinities for N-Ac-L-Val-O- were 330 M-1 for 3.16, 240 

M-1 for 3.17, and 160 M-1 for 3.18.  Based on both these experimental findings and 

supporting molecular modeling calculations, the authors concluded that there was some 

unfavorable electronic repulsion between the pyridine nitrogen atom lone pair and the 

carboxylate moieties. 

Jurczak and coworkers have reported a large number of macrocyclic receptors 

based on pyridine-2,5-dicarboxamide (Scheme 3.5).42-47  In an early report, Szumna and 

Jurczak reported the synthesis of macrocyclic receptors 3.23 and 3.31.  In the solid state, 

receptor 3.31 was found to bind two chloride anions along with two water molecules 

inside the macrocyclic cavity through 12 hydrogen bond interactions.  Subsequently, the 

same authors reported the synthesis and anion affinities of the acyclic receptor 3.19 and 

of the macrocyclic receptor 3.23.  The anion binding studies were carried out in DMSO-

d6 using 1H-NMR spectroscopic techniques.  Receptor 3.23 displayed enhanced affinity 

for acetate (Ka = 2.6 × 103 M-1) and dihydrogenphosphate (Ka = 1.7 × 103 M-1) anions over 

fluoride, chloride, and p-nitrophenoxyde anions (Ka = 8.3 × 102 M-1, 65 M-1, and 67 M-1, 

respectively), while the acyclic receptor 3.19 displayed only moderate interactions (Ka < 

50 M-1) with the same test anions. 
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Scheme 3.5: Macrocyclic receptors developed by Jurczak and coworkers. 

In later reports,44,45 Jurczak et al. described the synthesis of analogous macrocyclic 

receptors 3.20 – 3.22 and 3.24 – 3.30.  The anion affinities of 3.24 and 3.26 were studied 

using 1H-NMR spectroscopic titration techniques.  It was found that compound 3.24 

displayed the strongest interaction with anions as compared to 3.23 and 3.26.  The 

authors concluded that macrocycle 3.24 had a core size that was optimal for interacting 

with chloride, acetate, benzoate, hydrogensulfate, and dihydrogenphosphate anions. 

Recently, Chmielewski and Jurczak reported the synthesis and anion binding 

properties of a hybrid pyridine-2,5-dicarboxamide – isophthalamide macrocycle, 3.32.  In 

this case, quantitative analyses revealed a small increase in the anion affinity of 3.32 

relative to its all-pyridine analogue 3.24.  The all-benzene analogue, wherein both 

pyridine-2,5-dicarboxamide subunits of 3.24 were replaced with isophthalamide moieties, 

showed the smallest anion binding affinity constants when compared with 3.24 and 3.32. 

The authors concluded that intramolecular amide NH ··· pyridine N hydrogen bonds are 

beneficial for the anion interaction of macrocycles of 3.24 type.  However a small 

adverse effect was noted when two pyridine moieties were present in the macrocycle, 
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probably due to electrostatic repulsions between the anion and the lone pair of the 

pyridine nitrogen atoms.  

Bowman-James and coworkers enlarged the field of pyridine-2,6-dicarboxamide 

based receptors with the development of macrocyclic systems 3.33 – 3.36 (Scheme 

3.6).20,21,48-51  In an early account,48 Bowman-James et al. reported the synthesis of 

macrocyclic receptors 3.33 and 3.34.  The interaction of these macrocycles with several 

anions (F-, Cl-, Br-, I-, NO3
-, ClO4

-, HSO4
-, H2PO4

-) was investigated via 1H-NMR 

spectroscopic titrations techniques conducted in DMSO-d6.  The cationic macrocycle, 

3.34, was found to interact the strongest with all the studied anions through a 

combination of hydrogen bonds and electrostatic interactions.  Both macrocycles showed 

enhanced affinity for dihydrogen posphate (logK = 4.04 for 3.33 and 5.32 for 3.34) over 

the other studied anions (the logK values corresponding to the interaction with all other 

anionic species were found to be below 2.71 for 3.33 and 4.75 for 3.34). 

 

N
OO

HN

N
XX

NH HN

N
XX

NH HN

N N

N
OO

NH HN

N
OO

NH HN

N N

N
XX

NH HN

N
XX

NH HN

N N

N XX

NH HN

3.33; X = O
3.33-T; X = S

3.34 3.35; X = O
3.35-T; X = S

N
OO

NH HN

NH N OO

NH HN

N N
R

R

3.36:  R = lone pair
3.37:  R = Me  

Scheme 3.6:  Macrocyclic receptors developed by Bowman-James and coworkers.   

The synthesis of the bicyclic compound 3.35 was also reported by Bowman-

James et al.49   The anion binding properties were studied using similar techniques as the 

ones employed for 3.33 and 3.34.  Receptor 3.35 displayed a strong interaction with 
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fluoride (logK > 5), followed by chloride, acetate, and dihydrogenphosphate anions (the 

determined logK were 3.47, 3.38, and 3.30, respectively).  Lower logK values, indicating 

a weaker interaction, were recorded in the case of nitrate, hydrogensulfate and bromide 

anions (1.93, 1.83, and 1.60, respectively).  The authors also reported crystal structures 

for 3.35·HCl,49 [3.35·F][TBA]49,50 and 3.35·H2SO4;51 all revealed the presence of a 

hydrogen bonded network involving the receptor and the anionic species. 

Thiocarbamide analogues of 3.33 and 3.35 (3.33-T and 3.35-T) were also 

prepared and studied by Bowman-James and coworkers.20  This modification led, in the 

case of 3.33, to a lowering in selectivity.  The logK values for the interaction with 

fluoride, hydrogensulfate, and dihydrogenphosphate anions of the thio-containing version 

of receptor 3.33 (3.33-T) were very similar, while the parent compound 3.33 displayed 

selectivity for dihydrogenphosphate anion.  In the case of 3.35-T, the binding affinities 

for various test anions proved to be lower than those recorded in the case of 3.35, making 

thio-3.35 a less effective anion receptor. 

Recently, Bowman-James et al. reported the synthesis and anion binding 

properties of 3.36 and 3.37, systems that represent expanded analogues of 3.35.21  The 

bicyclic receptor 3.36 showed an exceptionally high interaction with the fluoride anion 

(Ka > 105 M-1) as determined via 1H-NMR spectroscopic titrations performed in DMSO-

d6.  Out of the other anions studied (Cl-, Br-, NO3
-, HSO4

-, H2PO4
-), hydrogensulfate 

displayed the strongest interaction with 3.36.  The charged receptor, 3.37, displayed 

selectivity for the dihydrogenphosphate anion over chloride, bromide, nitrate and 

hydrogensulfate anions.  The association constant of 3.37 with the fluoride anion was not 

determined due to technical problems.  Crystal structures of the chloride and sulfate 

complexes of 3.36 were reported along with those for the chloride and oxalate complexes 

of 3.37. 
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Scheme 3.7:  Pyridine-2,6-dicarboxamide based macrocyclic receptors. 

Baer et al. described the synthesis and anion binding properties of two 

metalloreceptors, 3.38 and 3.39.52  The two macrocycles were found to interact only with 

tetrafluoroborate anion.  The anion affinity in CD3CN, was determined via 1H-NMR and 
19F-NMR spectroscopic titration techniques.  The affinity of 3.38 for tetrafluoroborate 

anion was found to be twice as large as that of 3.39.  The authors concluded that this 

difference reflected differences in the size of the phosphine ligands.  In particular, it was 

suggested that the n-butyl phosphines in 3.39 are more sterically encumbering then the 

ethyl phosphine subunits present in 3.38, a difference that adversely affects the access of 

the anion to the macrocyclic core. 

Pyridine-2,6-dicarboxamide was used to form a pseudo-cyclopeptide, 3.40, by 

Cheng et al.53  On the basis of the spectroscopic changes, specifically differences in the 

Cotton effect, observed upon addition of host molecules, receptor 3.40 was found to 

interact with both anionic (F-, Cl-, Br-, I-, NO3
-, AcO-, H2PO4

-) and cationic species (Li+, 

Na+, K+, Mg2+, Ca2+, Ba2+).  The overall order determined for the cation binding affinity, 

in acetonitrile, was: Ca2+ > Ba2+ > Li+ > Mg2+ > Na+ > K+.  The anion binding affinity 

order, determined under identical conditions, was: F- > H2PO4
- > Br- > OAc- >> NO3

- > 
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Cl-.  Based on the two trends observed in the cation and anion binding affinities of 3.40, 

the authors concluded that the observed cation binding relies on the polarizability of the 

cation, while the anion binding is dependent on the polarizability of the anion as well as 

the strength of the hydrogen bond interactions between the host and anions. 

Costero et al. reported the synthesis of a series of pyridine-2,5-dicarboxamide 

based macrolactams, 3.41 – 3.43.54  The interaction of these receptors with anions was 

studied via 1H-NMR spectroscopic techniques and qualitative UV-vis studies in 

acetonitrile.  Of the studied anions (F-, Cl-, Br-, I-, AcO-, HSO4
-, H2PO4

-) only fluoride 

produced a dramatic color change (pale yellow to orange).  Based on 2D-NMR 

experiments, the authors proposed that the binding of fluoride anion by 3.41 takes place 

via two sequential processes.  The first process is fast and consists of the formation of  

[3.41·F][TBA] (k1 = 15.29 M-1 min-1), while the second process is much slower (k2 = 6 × 

10-3 M-1 min-1) and leads to the formation of [3.41-·TBA+][TBA+·H2F-] via the 

deprotonation of one of the amide functionalities present in 3.41.  Additional experiments 

were carried out using other basic anions (t-BuO-, HO-, and AcO-); however, the 

corresponding complexes did not undergo deprotonation. 

Ungaro et al. reported the synthesis and anion binding study of a cyclic 

peptidocalixarene that incorporates a pyridine-2,5-dicarboxamide, 3.44.55  The affinity 

constants of this receptor towards several anions (Cl-, NO3
-, AcO-, PhCO2

-, p-MeOPhCO2
-

) and amino acid carboxylates (N-Ac-Gly-O-, N-Ac-L-Phe-O-, N-Ac-D-Phe-O-, N-Ac-L-

Ala-O-, N-Ac-D-Ala-O-) were determined via 1H-NMR spectroscopic titrations carried 

out in acetone-d6. 
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Scheme 3.8:  Macrocyclic receptors reported by Ungaro55 and Anslyn.56 

Among the anion studied, 3.44 displayed a strong preference for carboxylate 

anions, particularly for benzoate anion.  The association constants, Ka, were 4.01 × 104 M-

1 for benzoate, 3.33 × 104 M-1 for p-methoxybenzoate, 1.05 × 104 M-1 for acetate, 2.80 × 

103 M-1 for chloride and 2.00 × 102 M-1 for nitrate.  In the amino acid carboxylate anion 

series, macrocycle 3.44 displayed the strongest interaction with N-Ac-D-Phe-O- (Ka = 

1.05 × 104 M-1) followed by N-Ac-L-Phe-O- (Ka = 7.90 × 103 M-1), N-Ac-Gly-O- (Ka = 

6.20 × 103 M-1), N-Ac-D-Ala-O- (Ka = 5.70 × 103 M-1), and N-Ac-L-Ala-O- (Ka = 4.90 × 

103 M-1). 

Recently, Anslyn et al. reported the synthesis of two metal containing receptors, 

3.45 and 3.46, that were found to lower the pKa of 1,3-diketone species by as much as 12 

pKa units.56  However, the interaction of these molecules with anions was not 

investigated. 

Based on a recent report by Capitan-Vallvey et al.,57 the pyridine-2,5-

dicarboxamide based receptors appear to have “real-life” practical application, In their 

account, the original Anslyn nitrate receptor 3.5 was immobilized in a plasticized 

polymeric membrane, that constituted the basis of a disposable optical sensor for nitrate.  

The reported response time was 5 min, with reversibility over a wide dynamic 
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concentration range between 26 µM to 63 mM of nitrate in the presence of other naturally 

occurring anions.  The optical disposable sensor was developed for the analysis of nitrate 

in different types of natural waters (river, well, spring) and proved to have a good sensor-

to-sensor and same-sensor-multiple-samples reproducibility. 

 

3.3.2 Thiophene-2,5-dicarboxamide 

The only reports22,23 of thiophene-2,5-dicarboxamide based anion receptors come 

from Gale and coworkers who synthesized and studied the anion binding properties of 

3.47 – 3.50.   
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Scheme 3.9:  Thiophenedicarboxamide receptors reported by Gale et al.22,23 

The interaction of 3.47, 3.48 and of their 2,4-dicarboxamide analogues, 3.50 and 

3.51, with fluoride, chloride, benzoate, and dihydrogenphosphate anions were determined 

via 1H-NMR spectroscopic titrations in DMSO-d6.  Of the four receptors studied, 3.50 

was found to interact the strongest with all the studied anions, followed by 3.51, 3.47, and 

3.48, respectively.  All the receptors displayed an enhanced affinity for 

dihydrogenphosphate; the calculated affinity constants with H2PO4
- were 1.6 × 103 M-1 for 

3.50, 1.5 × 102 M-1 for 3.51, 48 M-1 for 3.47, and 13 M-1 for 3.47.23  The fluoride affinity 

of receptors 3.47, 3.48, 3.50, and 3.51 were not determined due to a complicated binding 

curve profile.  Confirmation for a complex binding of fluoride by 3.48 came from a 

single crystal X-ray structure, reported22 by the authors, in which a 2:2 complex was 
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formed in the solid state, involving the amide NH protons and the β-hydrogen atoms of 

the thiophene moiety. 

 

3.4 SYNTHESIS AND STUDY OF 2,6-DIAMIDOPYRIDINE DIPYRROMETHANE HYBRID 
MACROCYCLES 

3.4.1 First generation hybrid macrocyclic anion receptor 

The bis(2-aminophenyl)pyridine-2,6-dicarboxamide, 3.55, is one of the key 

intermediates required for the synthesis of 2,6-diamidopyridine dipyrromethane hybrid 

macrocycles.  The synthesis of this compound followed the procedure reported by Picard 

et al.58 and is described in Scheme 3.10.  In accord with this procedure, pyridine-2,6-

dicarbonyl dichloride, 3.3, was reacted with 1,3-thiazolidine-2-thione, 3.52, to form in 

good yield the bis(2-mercaptothiazolide)pyridine, 3.53.  Intermediate 3.53 was then 

reacted with o-phenylenediamine, 3.54, at room temperature to give in moderate yields, 

the desired precursor, 3.55.  This method proved to be tedious and slightly inefficient (1 

week reaction time; 23% overall yield; 2 steps from commercially available starting 

materials).   

During the study of these macrocyclic systems, a new, better procedure was 

discovered by Evgeny Katayev who performed the synthesis of macrocycles 3.59 – 3.62 

and with whom the author collaborated through out the entire project.  The new synthesis 

is summarized in Scheme 3.11.  Briefly, commercially available o-phenylenediamine 

3.54 was converted to the corresponding mono-BOC protected derivative 3.56 by 

dissolution in a dioxane – water mixture containing 2 equiv. of HCl, followed by the 

addition of (BOC)2O and Na2CO3.  The mono-BOC protected o-phenylenediamine 3.56 

was then reacted with pyridine-2,6-dicarbonyl dichloride to yield compound 3.57. 
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Scheme 3.10:  Synthesis of bis(2-aminophenyl)pyridine-2,6-dicarboxamide, 3.54, 
according to the procedure described by Picard et al.58 

Following deprotection with TFA in dichloromethane, intermediate 3.55 was 

obtained in high purity.  Using this procedure, we were able to synthesize compound 3.55 

in three steps from commercially available precursors, in one day, in 80% overall yield. 
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Scheme 3.11:  Improved synthesis of precursor 3.55. 

The synthesis of the first 2,6-diamidopyridine dipyrromethane hybrid macrocycle 

3.59 is summarized in Scheme 3.12.  For its synthesis, diformyl dimethyldipyrrolmethane 

was prepared according to previously reported, standard procedures of the Sessler 

group.59  Reaction of 3.55 with diformyl dimethyldipyrrolmethane, 3.58, in the presence 

of a Brønsted acid catalyst yielded the target compound, 3.59, as the corresponding acid 

salt.  The best results (yields on the order of 90%) were obtained using triflouroacetic 

acid in methanol, followed by treatment with triethylamine.  Under these conditions, no 
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precipitation of the “acid salt” of 3.59 was observed.  By contrast, the use of other acid 

catalysts (HCl, CH3COOH, HNO3, H2SO4, and H3PO4) led to precipitation and yielded 

protonated salts of 3.59 contaminated with various oligomeric products.  As a general 

rule, these precipitates displayed low solubility and could not be readily purified.  

Analytically pure samples of 3.59 were obtained via recrystallization from ethyl acetate / 

diethylether mixtures. 
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Scheme 3.12:  Synthesis of macrocyclic receptor 3.59. 

 The interactions of 3.59 with several representative anions were studied in 

acetonitrile solution using UV-vis spectrophotometric titration techniques.  The host-

guest stoichiometries were determined via Job plots or mole-ratio plots (Figure 3.2).  

Standard curve fitting protocols60 were used in both cases.  All the anions were used as 

their tetrabutylammonium salts.  The results of these titrations are summarized in Table 

3.1. 

Inspection of Table 3.1 reveals that receptor 3.59 binds hydrogensulfate in a 

strong, 1:1 fashion in acetonitrile.  By contrast, it displays no detectable affinity for 

nitrate anion.  Weak binding interactions were also seen in the case of cyanide, chloride, 

and bromide. 
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Table 3.1: Affinity constants for the binding of anions by receptor 3.59 as determined 
from UV-Vis spectroscopic titrations carried out in CH3CN.  The anions were 
studied in the form of their tetrabutylammonium salts. 

Anion Ka (M-1)a 

Br- b 

NO3
- b 

Cl- 2000 ± 23 

CN- 12000 ± 2500  

CH3COO- 38,000 ± 3000 

HSO4
- 64,000 ± 2600 

H2PO4
- 342,000; 26,000c 

a. The R2 values for the curves fits used to determine the affinity constants range between 
0.959 and 0.999. b no apparent binding is observed, as reflected in the lack of changes 
observed in the UV-vis spectra upon the additions of the anion in question.  c Stepwise, 
2:1 (anion : receptor) binding observed; the values refer to those for the first and second 
binding events, respectively.  All the additional graphs pertinent to this data set can be 
found in Appendix B. 

 

This is rationalized in terms of the geometries of these anions (spherical: Cl-, Br-; 

linear: CN-; trigonal planar: NO3
-; and tetrahedral: HSO4

-, H2PO4
-) and leads us to propose 

that 3.59 has a deep cavity that favors the formation of well-oriented, directional 

NH···anion hydrogen bonds.  Consistent with this supposition is the finding that acetate 

and phosphate, anions not particularly germane to the LLW remediation problem, are 

bound with appreciable affinity.  In fact this latter anion interacts with receptor 3.59 in a 

strong, stepwise 2:1 (anion-receptor) fashion. 
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Figure 3.2: Nonlinear least squares analysis of the data taken from UV-vis spectrophoto-
metric titrations in acetonitrile.  A: UV traces of 3.59 (1.846 × 10-5 M) with 
TBAHSO4, B: 3.59 (1.846 × 10-5 M) with TBAHSO4 (up to 2.7 equiv.), C: 
3.59 (1.750 × 10-5 M) with TBACl (up to 15.2 equiv.), E: 3.59 (2.215 × 10-5 
M) with TBAH2PO4 (up to 0.65 equiv.), first binding event, F: 3.59 (2.215 × 
10-5 M) with TBAH2PO4 (up to 17.9 equiv.), second binding event.  Job plot 
of 3.59 with TBAHSO4 (D) showing 1:1 host : guest interactions. 
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Such a sequential binding process is thought to reflect the presence of a second 

binding site external to the macrocycle core that is not directly involved in sulfate 

recognition.  Support for this conclusion comes from molecular modeling calculations 

(vide infra) and the fact that the equilibrium constant for the second phosphate binding 

process is not appreciably reduced upon the addition of excess hydrogensulfate.  In 

particular, when a standard UV-vis titration involving dihydrogenphosphate was carried 

out in acetonitrile solution containing receptor 3.59 and 10 molar equivalents of 

hydrogensulfate, no evidence of a 2:1 binding process was seen.  Rather, spectroscopic 

changes analogous to those seen at high dihydrogenphosphate concentration in the 

absence of sulfate are observed; fitting these changes to a 1:1 binding profile gave a Ka of 

15,000 M-1.   

 

Figure 3.3: Nonlinear least squares analysis of the data taken from UV-vis spectrophoto-
metric titrations in acetonitrile.  Left: 3.59 (2.640 × 10-5 M) with TBAHSO4 
(up to 33.1 equiv.) after addition of 11 equiv. of TBAH2PO4.  Right: 3.59 
(2.215 × 10-5 M) with TBAH2PO4 (up to 37.1 equiv.) after addition of 10 
equiv. of TBAHSO4. 

An analogous, albeit reversed, competition study was also performed wherein 

hydrogensulfate was titrated into an acetonitrile solution containing 3.59 and 11 molar 

equivalents of dihydrogenphosphate.  Fits to the observed UV-vis spectroscopic changes 

confirmed the low binding affinity (Ka = 170 M-1) of hydrogensulfate to the presumed 
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secondary binding site present in 3.59 (Figure 3.3).In summary, macrocycle 3.59 displays 

high selectivity for tetrahedral anions over spherical, linear, or trigonal planar anions.  It 

is thus a good candidate for sulfate extraction from nitrate rich mixtures.  However, it 

suffers from the disadvantage that it binds dihydrogenphosphate more strongly than 

hydrogensulfate, albeit with a 2:1 binding stoichiometry. 
 

3.4.2 Fine tuning the anion binding properties of hybrid macrocyclic anion 
receptors. 

In order to design a better hydrogensulfate receptor we performed density 

functional theory (DFT) calculations on a series of related macrocycles.  Previous 

experience in the expanded porphyrin field coupled with these molecular modeling 

studies led us to choose macrocycle 3.60 as our synthetic target.  In this macrocycle, the 

pyridine-2,6-dicarboxamide backbone is retained, while the dipyrromethane subunit is 

modified.  Such a modification, it was thought, would allow the basic structure of the 

system, and hence its anion binding properties, to be further tuned via reduction (3.61) 

and oxidation (3.62). 
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Scheme 3.13:  Second-generation 2,6-diamidopyridine dipyrromethane hybrid 
macrocycles. 
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The strong affinity for tetrahedral anions, such as sulfate and phosphate, displayed 

by 3.59 is most readily explained in terms of the geometrical complementarities between 

the hydrogen bonding sites of the receptor and the bound tetrahedral anions.  Such a 

conclusion, while not rigorously proved, is consistent with the prior findings of Bowman-

James et al. made in the context of studying related macrocyclic frameworks.20,21,48-51,61  

However, such a generalized explanation fails to account for the relatively high affinity 

and 2:1 binding stoichiometry seen in the case of dihydrogenphosphate.  The existence of 

two binding sites for this particular anion could reflect the inherent flexibility of 3.59, 

especially within the dipyrromethane subunit, that, in turn, might allow NH hydrogen 

bond donors to orient is such a way that multiple, disparate NH-anion interactions are 

possible.  To the extent such a rationalization is correct, macrocycle 3.60 should display a 

greater selectivity for hydrogensulfate relative to dihydrogenphosphate.  This is because 

the conformation of 3.60 should be “frozen” as the result of substituting the β-positions 

of the pyrrole unit and “inserting” a tolyl group into the “meso-like” position of the 

dipyrromethane subunit. 

To provide support for the above suggestions, we performed molecular modeling 

of macrocycles 3.59 and 3.60 and their respective dihydrogenphosphate complexes.  

Modeling studies were performed at the DFT level in the gas phase, using the 

PRIRODA-04, software developed by Dimitri Laikov of the Ustynyuk Group at Moscow 

State University.65  Optimized structures of the free ligands 3.59 and 3.60 appeared to be 

unsymmetrical.  Ligand 3.60 can exist in two different conformations, where the tolyl and 

pyridine fragments are either in trans or cis positions relative to the o-phenylene rings.  

The modeling indicates the trans conformation has the lower energy.  Therefore, all 

subsequent modeling studies were carried out starting with 3.60 in this conformation. 
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Optimization of the 1:1 dihydrogenphosphate complexes formed from receptors 

3.59 and 3.60 revealed in both cases the existence of two binding sites for each ligand, an 

“endo” site (under the macrocycle) and an “exo” site (above the macrocycle), as shown in 

Figure 3.4.  While the binding geometries are similar in both cases, the difference in 

energies between the exo and endo coordination modes of 3.59 and 3.60 are 1.48 

kcal/mol and 18.45 kcal/mol, respectively, in favor of the exo site (Figure 3.4).  

Interestingly, the modeling indicates that for both receptors only three oxygen atoms of 

the dihydrogenphosphate anion are involved in hydrogen bonding interactions, (A and B 

in Figure 3.4, inset), while the fourth one is directed away from the binding sites.  A 

similar arrangement is observed in the solid state of 3.60·H2SO4, as inferred from the 

single crystal X-ray diffraction analysis (Figure 3.6).  

The structures 3.59·H2PO4 (C and D, Figure 3.4) and 3.60·H2PO4 (I – exo binding 

pocket) are characterized by strong hydrogen bonding interactions between one of the 

OH groups of the dihydrogenphosphate anion and the two amide-NHs and an imine 

fragment.  In the structure 3.60·H2PO4 (H - endo) a different binding mode is observed, 

where the two pyrrole fragments lie in the same plane and are coordinated to the bound 

dihydrogenphosphate anion, albeit weakly as the result of steric interactions involving the 

methyl and tolyl substituents.  Optimization of the complexes containing two bound 

anions revealed two reasonable binding modes in the case of compound 3.59 but only one 

likely mode in the case of compound 3.60.  Of the 1:2 binding modes predicted for 3.59 

and dihydrogenphosphate, structure F is the more stable, being 2.36 kcal/mol lower in 

energy than structure E.  This prediction is not surprising since structure F incorporates 

the same binding mode for the “first” bound anion as does the most stable (predicted) 1:1 

complex.  The second bound dihydrogenphosphate anion in the 1:2 complex is calculated 
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as being bound to one of the amide NH protons.  The predicted structure of 3.60 (G) with 

two dihydrogenphosphate anions, follows the same pattern. 

 

 

Figure 3.4: Optimized geometries and corresponding binding energies for the mono- (A, 
B, C, D, H, I) and bis- (E, F, G) dihydrogenphosphate complexes of ligand 
3.59 (A, C, D, E, F) and 3.60 (G, H, I).  The binding energies were 
calculated using ΔE = E°(complex) – E°(host) – n·E°(guest), where n = 
number of anions coordinated by the receptor. 

The above results lead to several key predictions.  First, they underscore the fact 

that the dipyrromethane fragment in 3.59 is very flexible.  In particular, the pyrrole rings 

can rotate along the C-C bond between the pyrrole ring and the meso carbon, with the net 

result that two coordination sites, exo and endo, are produced that differ little in energy 

both before and after H2PO4
- complex formation.  A second, related prediction is that, 

macrocycle 3.60, being less flexible, gives rise to an exo coordination site that is lower in 

energy than the corresponding endo alternative, at least when bound to 
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dihydrogenphosphate.  Therefore, a 1:2 binding mode with dihydrogenphosphate is 

unlikely to be observed in the case of 3.60.  A third prediction arising from these 

calculations is that, because of the same steric considerations, receptor 3.60 will bind the 

first (and presumably only) equivalent of dihydrogenphosphate less well than 3.59. 
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Scheme 3.14:  Synthesis of diformylpyrromethane precursor, 3.65. 

The pyrrolic precursor 3.65, required for the synthesis of macrocycles 3.60 – 3.62, 

was synthesized using standard conditions, Scheme 3.14.59  Specifically, ethyl 4-methyl-

3-n-propylpyrrole-2-carboxylate was reacted with 4-methylbenzaldehyde in 

dichloromethane in the presence of methanesulfonic acid as a catalyst.  The 

corresponding dipyrromethane derivative was subject to decarboxylation under basic 

conditions and subsequently formylated using triethyl orthoformate in trifluoroacetic 

acid.  This gave 3.65 in 90% overall yield. 

The synthesis of macrocycle 3.60 follows closely the one reported for 3.59.  

Namely, the H2SO4 salt of macrocycle 3.60 was then synthesized by heating a methanolic 

solution of 3.55 and 3.65 at reflux for 15 min in the presence of 2.2 equiv. of H2SO4 

(Scheme 3.15).  Compound 3.60 was obtained as the “free base” by quenching the 

reaction mixture with excess of triethylamine.  The overall yield for the last two, 

condensation and deprotection, steps was 90%. 
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Scheme 3.15:  Synthesis of receptor 3.60. 

For the synthesis of macrocycles 3.61 and 3.62, the free base form of 3.60 was 

used as the starting material (Scheme 3.16).  While the synthesis of 3.61 proved to be 

straightforward via reduction with NaBH4 in a CH2Cl2-MeOH mixture, the oxidation of 

3.60 to form 3.62 proved challenging.  Initial attempts were made using the standard 

organic oxidizing agents, 2,3-dichloro-5,6-diocyanoquinone (DDQ) and chloranil.  

Although a wide range of reaction conditions were tested, neither DDQ nor chloranil 

yielded the desired macrocycle 3.62.  Rather, only starting material or decomposition 

products were obtained.  Ferrocenium hexafluorophosphate, an oxidant that was used 

successfully in the synthesis of metal-free texaphyrin,62 showed promise, as inferred from 

mass spectrometric analysis.  However, it too failed to yield isolable quantities of 3.62 

once the crude reaction mixtures were subject to work-up and attempted purification.  On 

the other hand, the use of manganese based oxidants in acetonitrile allowed this 

transformation to be carried out successfully.  For instance, in initial studies it was found 

that treatment of 3.60 with MnO2 in CH3CN at room temperature for 12 h yielded the 

desired product (3.62) in 35% yield.  Using similar conditions, but switching to a stronger 

oxidant, KMnO4, improved the yield to 75%. 
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Scheme 3.16:  Synthesis of macrocycles 3.61 and 3.62, via reduction and oxidation of 
3.60, respectively. 

Compounds 3.60 – 3.62 were characterized using standard spectroscopic 

techniques.  Here, the UV-vis spectral features proved especially diagnostic.  Whereas, 

macrocyles 3.59 and 3.60 give rise to very similar absorption profiles, with λmax at 300 

nm and 340 nm (Figure 3.5), the reduced macrocycle 3.61 displays a λmax at 244 nm, 

while compound 3.62 displays two absorptions at 306 nm and 535 nm, respectively. 

 

Figure 3.5: UV-vis spectra of macrocycles 3.59 – 3.62 in CH3CN.  For 3.59: λmax [nm] (ε 
in M-1 cm-1) 300 (19000); 3.60: λmax [nm] (ε in M-1 cm-1) 340 (32000); 3.61: 
λmax [nm] (ε in M-1 cm-1) 244 (28000); 3.62: λmax [nm] (ε in M-1 cm-1) 306 
(30000), 535 (21000). 
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Proof for the proposed structures of macrocycles 3.60 and 3.62 came from single-

X-ray diffraction analyses of their diprotonated and neutral forms, respectively.  X-ray 

diffraction analysis (Figure 3.6) revealed that 3.60⋅H2SO4 adopts an up-down picket 

fence (Z-shape) structure, with the pyridine moiety and the 4-methylphenyl group acting 

as the “pickets”.  The two imine nitrogens, N1 and N15 are protonated and participate in 

hydrogen bond interactions with the bound (formal) SO4
- anion.  Two of the oxygen 

atoms of SO4
2- are hydrogen bonded in an unsymmetrical bifocal manner to a pyrrole NH 

and a protonated imine NH as follows: N1···O2 (2.70 Å, 178°), N4···O2 (2.78 Å, 155°), 

N10···O4 (2.75 Å, 150°), and N15···O4 (2.72 Å, 160°).  The complex is stabilized by an 

additional hydrogen bond between the amide NH proton and the SO4
2- anion, N22···O3 

(2.89 Å, 145°).  An interesting observation is that the fourth oxygen atom of the sulfate 

anion is not involved in hydrogen bonding interactions with atoms from the macrocycle 

but rather with a water molecule. 

 

Figure 3.6: Side view of 3.60⋅H2SO4.  Solvent molecules and most hydrogen atoms have 
been removed for clarity.  Thermal ellipsoids are scaled to the 50% 
probability level. 
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In the case of 3.62, X-ray diffraction analysis (Figure 3.7) revealed an L shaped 

structure in which the pyridine moiety is orthogonal to the plane formed by N3, N4, N5, 

and N6.  The 4-methylphenyl group is also orthogonal both to the N3, N4, N5, N6 plane, 

and the pyridine ring.  Interestingly, the two –CH=N– moieties adopt an endo – exo 

arrangement with respect to the inner macrocyclic core.  There are two hydrogen bonds 

present in the molecule.  One is between a pyrrole NH proton and the pyrrole imine-like 

nitrogen, N4···N5 (2.70 Å, 138°), while the other is between an amide NH proton and a 

solvent (CH3CN) molecule, N7···N1A (3.08 Å, 134°). 

 

Figure 3.7: Side view of 3.62.  A molecule of CH3CN is hydrogen bonded to one of the 
amide NH (N7).  Most hydrogen atoms have been removed for clarity.  
Thermal ellipsoids are scaled to the 50% probability level. 

Anion binding studies were performed using UV-vis spectroscopic titrations. To 

maintain consistency with previously reported results, the measurements were carried out 

in CH3CN using the tetrabutylammonium salts of the anions being studied.  Binding 

stoichiometries were determined using the Job plot method (Figure 3.8).  Table 3.2 
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summarizes these findings, along with the data obtained for 3.59.  All the additional 

graphs pertinent to this data set can be found in Appendix B. 

An inspection of Table 3.2, reveals that the nature of the macrocycle and its 

geometry play crucial roles in modulating the observed anion affinities.  Receptors 3.59 

and 3.60 display selectivity for tetrahedral anions.  However, the dihydrogenphosphate – 

hydrogensulfate selectivity is reversed.  This fact can be explained in terms of the 

different structures involved.  Whereas macrocycle 3.59 possesses a larger cavity and, 

presumably, a more flexible geometry, due to the presence of the gem-dimethyl moiety, 

in receptor 3.60 the presence of the tolyl group in the meso position, acts as a “pseudo 

lid” for the macrocycle cavity.  This group is also expected to freeze the conformation of 

the macrocycle as the result of steric interactions involving the methyl groups in the 4,4’ 

positions of the dipyrromethane subunit.  Another factor that could affect the anion 

binding selectivity of macrocycles 3.59 and 3.60 are the minor electronic effects resulting 

from the changes in the β-pyrrolic substitution patterns.  However DFT calculations (vide 

supra) lead us to conclude that the changes in the rigidity of the macrocycle are mainly 

responsible for the change in selectivity observed.  Receptor 3.59 is also found to bind 

dihydrogenphosphate in a 2:1 anion:host mode, while 3.60 binds this same anion with a 

1:1 binding stoichiometry, as judged by Job plot studies.  Such a change in stoichiometry 

is predicted based on these same geometric considerations and is supported by the DFT 

calculations (vide supra).  The same reasoning, higher rigidity combined with higher 

steric demand, also provides a rationale for why 3.60 displays greater selectivity for 

hydrogensulfate, as compared to 3.59, under identical conditions of study. 
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Table 3.2: Affinity constants (M-1) for the binding of anions by receptors 3.59 – 3.60 as 
determined from UV-vis spectroscopic titrations carried out in CH3CN at 230 

C.  The anions studied were in the form of their tetrabutylammonium salts. 

Receptor 

Anion 

3.59b 3.60 3.61 3.62 

Br- c c c 2760 ± 380 

NO3
- c c c c 

Cl- 2000 ± 20 c 116000 ± 11000 c 

CH3COO- 38000 ± 3000 12600 ± 450 67000 ± 9900 c 

HSO4
- 64000 ± 2600 108000 ± 17000 4700 ± 960 c 

H2PO4
- 342000; 26000d 29000 ± 1900 15500 ± 1750 c 

a The R2 values for the curves fits used to determine the affinity constants range between 
0.979 and 0.997. b Cf. section 3.4.1. c No apparent binding as reflected in the lack of 
changes observed in the UV-vis spectral titrations upon anion addition. d Stepwise, 2 : 1 
(anion : receptor) binding is observed; the values refer to those for the first and second 
binding events, respectively. 
 

Macrocycle 3.61 displays a relatively strong interaction with chloride anion and 

weaker interactions with the rest of the test anions.  This selectivity is probably a 

reflection of the “hydrogen rich” nature of this receptor, which makes its inner cavity 

better suited for the binding of smaller, spherical anions.  System 3.61, linked via a series 

of single C–C and C–N bonds, is also rather flexible.  Thus, in contrast to its congeners, 

receptor 3.61 is not expected to provide as good control over the directionality of its 

hydrogen-bond donor moieties.  Such features are expected to make it more suitable for 

the coordination of spherical anions. 
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Figure 3.8: Nonlinear least squares analysis of the data taken from UV-vis spectrophoto-
metric titrations in acetonitrile.  A: 3.60 (1.760 × 10-5 M) with TBAH2PO4 
(up to 12.4 equiv.), C: 3.60 (1.760 × 10-5 M) with TBAHSO4 (up to 13.4 
equiv.), D: 3.61 (1.295 × 10-5 M) with TBACl (up to 15.2 equiv.), E: 3.61 
(1.972 × 10-5 M) with TBAHSO4 (up to 11.0 equiv.), F: 3.62 (2.325 × 10-5 
M) with TBABr (up to 10.6 equiv.).  Job plot of 3.60 with TBAH2PO4 (B) 
showing 1:1 host : guest interactions. 
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Macrocycle 3.62 is the most rigid of the anion receptors considered in this study.  

As observed from the single crystal X-ray analysis (vide supra) the dipyrromethene unit 

is flat, a fact that is consistent with the presence of an extended conjugation pathway and 

a strong absorption band (λmax= 535 nm) in its UV-vis spectrum.  On the other hand, as 

the result of oxidation, receptor 3.62 has fewer hydrogen bond donor atoms than 3.60 or 

3.61.  Not surprisingly, therefore, it is a weaker anion binding agent.  In fact, receptor 

3.62 binds only bromide in acetonitrile, and weakly at that.  It displays no interaction 

with the other anions studied, as judged from the UV-vis titrations. 

The pyridine-2,6-dicarboxamide-dipyrromethane macrocyles 3.59 – 3.62 

represent a new class of anion receptors with tunable properties.  As the Ka values in 

Table 3.2 confirm, modifications in the basic structure of the macrocyclic can have a 

dramatic effect on the anion binding affinities and selectivities.  The straightforward 

synthesis of these systems means they may find use in “real world” applications, 

including in sulfate anion extraction protocols. 

 

3.4.3 Synthesis of 2,6-diamidopyridine dipyrromethane hybrid macrocycles with 
high solubility 

For applications in nuclear waste remediation, a more organic soluble version of 

these macrocycles was necessary.  It was envisioned that solubilizing groups could be 

appended on the o-phenylenediamine, pyridine-2,6-dicarboxamide, or pyrrole subunits.  

The first synthetic efforts were directed towards a more soluble version of 3.59, bearing 

solubilizing groups on the o-phenylenediamine moiety. 

The synthesis of macrocycle 3.70 started with commercially available 4-hydroxy-

2-nitroaniline, 3.66, which was converted to the O-alkylated derivative, 3.67, by 

treatment with 1-bromo-2-ethylhexane and potassium carbonate in acetonitrile.  The 
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reaction was performed on multigram scale (5g of 3.66) to yield 3.67 in 58% yield.  

Based on the starting material recovered (3.66) the reaction yield was 81%.  Once 

compound 3.67 was in hand, it was reacted with 3.3 to give precursor 3.68 in excellent 

yield (97%).  These high yields were obtained even when the reaction was performed on 

a multigram scale.  
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Scheme 3.17:  Synthesis of precursor 3.68, bearing solubilizing groups. 

The precursor 3.68, was reduced to the corresponding diamine, 3.69, via Pd/C 

catalyzed hydrogenation in 90% yield.  Macrocycle 3.70 was synthesized following the 

procedure reported for 3.59 (vide supra), but employing 3.69 and 3.58 as starting 

materials (Scheme 3.18).  Macrocycle 3.70, although successfully formed, as judged by 

crude 1H-NMR, and HR-MS, was not, however, isolated in pure form, due to its 

instability under conditions of column chromatography.  No recrystallization conditions 

for 3.70 were found, probably due to the similar solubility of the desired product and the 

oligomeric byproducts formed. 

Another approach for the synthesis of soluble versions of 3.59 involved 

modification of the pyridine-2,6-dicarboxamide moiety.  The synthesis of such 

derivatives starts with commercially available, chelidamic acid, 3.71, which is converted 

to the corresponding dimethyl-4-bromopyridine-2,6-dicarboxylate, 3.72, in 69% yield, 

Scheme 3.19. 



 155 

 

R'

O

NH R'

O

NH

N

O

O

3.68:  R' = NO2

3.69:  R' = NH2

N

HN

N

NH

NH HN

N
OO

O

O

HN

HN

+

3.58

a. MeOH, 2.5 eqiv. TFA

b. Et3N

O O

R =

R

R

R R

3.70
H2, Pd/C, EtOH

90%  

Scheme 3.18:  Synthesis of macrocycle 3.70. 

Once compound 3.72 was in hand, it was subjected to Sonogashira coupling 

conditions.  Using the appropriate alkyne substrates, 3.72 was converted to the 

corresponding 4-alkynylpyridine-2,6-dicarboxylates, 3.73 and 3.74 in excellent yields 

(98% and 95%, respectively).  Palladium catalyzed hydrogenation of 3.73 and 3.74 gave 

the corresponding 4-alkylpyridine-2,6-dicarboxylates 3.75 and 3.76 in 89% and 92% 

yields, respectively. 
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Scheme 3.19:  Synthesis of 4-alkynyl- and 4-alkylpyridine-2,6-dicarboxylates. 

The 4-alkynyl, and 4-alkylpyridine-2,6-dicarboxylates may be used as starting 

materials for the synthesis of macrocycles of type 3.59 or 3.60 with increased solubility.  

Studies in this direction are currently underway in the laboratories of Prof. Ustynyuk at 

Moscow State University. 
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3.5 SYNTHESIS AND STUDY OF 2,5-DIAMIDOTHIOPHENE DIPYRROMETHANE HYBRID 
MACROCYCLES 

In an effort to understand more completely the determinants of tetrahedral anion 

selectivity of the pyridine-based macrocycles, replacement of the central 2,6-

diamidopyrridine moiety by another known anion receptor subunit, namely 2,5-

diamidothiophene, was investigated.  Such a substitution was expected to result in a more 

flexible macrocyclic receptor and one that would interact with a wider range of anions. 
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Scheme 3.20:  Synthesis of precursor 3.79. 

The bis(2-aminophenyl)-thiophene-2,5-dicarboxamide 3.79 (Scheme 3.20) is the 

central precursor for the synthesis of macrocycles 3.80 and 3.82 (Scheme 3.21).  It was 

prepared using an extension of the procedure introduced by Picard et al.58  Specifically, 

2,5-thiophene dicarboxylic acid was converted into the corresponding diacid chloride, 

3.77, by treatment with SOCl2.22,23  Compound 3.77 was then condensed with 1,3-

thiazolidine-2-thione to give the diamide 3.78 in 74% yield.  Reaction of 3.78 with o-

phenylenediamine in dichloromethane then afforded compound 3.79 in 78% yield.  In 

analogy to what was done previously, precursor 3.79 was then condensed with the 

diformyldipyrromethane 3.58 in the presence of 2.5 equiv. of H2SO4 to give 3.80·H2SO4 

in 90% yield.  In a similar manner, macrocycle 3.82·HCl was synthesized in 83% yield 

via the condensation of 3.79 with diformylbipyrrole 3.81 in the presence of 2.5 equiv. of 
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HCl.  Both macrocycles were converted to their respective “free base” forms by treating 

methylene chloride solutions of the corresponding acid salts with triethylamine.  The 

overall yields for the deprotonation steps were 81% and >99% for 3.80 and 3.82, 

respectively.  Vladimir Roznyatovskyi of Moscow State University performed the 

synthesis of macrocycles 3.80 and 3.82 and collaboragted with the author collaborated 

through out the entire project. 
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Scheme 3.21:  Synthesis of macrocycles 3.80 and 3.82. 

Proof for the proposed structures of macrocycles 3.80 and 3.82 came from single 

crystal X-ray diffraction analyses carried out using their neutral forms.  On this basis it 

was determined that compound 3.80 adopts a conformation in the solid state in which the 

two phenyl groups in the β-positions of the thiophene are held above the effective 
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macrocyclic cavity (Figure 3.9).  Presumably as a consequence, the sulfur atom of the 

thiophene is forced to point out from the central macrocyclic core.   

 

Figure 3.9: Two views of 3.80.  Three molecules of acetone are hydrogen bonded to 
3.80.  Most hydrogen atoms have been removed for clarity.  Thermal 
ellipsoids are scaled to the 50% probability level. 

The presence of several solvent molecules (acetone) is also seen in this structure.  

One of these is bound within the central cavity of the macrocycle via an N4H···O3 (2.92 

Å, 175º) hydrogen bond from one of the pyrrole rings, as well as a weak C37H···O3 (3.33 

Å, 141º) hydrogen bond from one of the β-phenyl rings of the thiophene.  A second 

bound acetone molecule is coordinated via a hydrogen bond involving the other pyrrole 

moiety (i.e., N3H···O4 = 3.18 Å, 127º).  Finally, a third acetone molecule is coordinated 

through two weak C22H-O5 (3.57 Å, 168º) and C24H···O5 (3.59 Å, 135º) hydrogen 

bonds involving the imine CH and an o-phenylene CH proton.  In addition to these 
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effects, the structure reveals that both amide NH protons are hydrogen bound to the 

Schiff base nitrogen atoms N1H···N2 (2.68 Å, 111º) and N6H···N5 (2.66 Å, 113º).  

 

 

Figure 3.10: Top and side view of 3.82.  The solvent molecules and most hydrogen 
atoms have been removed for clarity.  Thermal ellipsoids are scaled to the 
50% probability level. 

The X-ray structure of 3.82 provides support for the notion that it contains a more 

rigid framework than 3.80 (Figure 3.10).  In this case, the bipyrrole unit forces the 

macrocycle to adopt an “all-in” structure, wherein all the N and S atoms point in towards 
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the center of the ring.  There are two internal hydrogen bonds in this structure, between 

the amide NHs and the Schiff base nitrogen atoms: N1H···N2 (2.66 Å, 109º) and 

N6H···N5 (2.72 Å, 97º).  Also to be noted is the twist (dihedral angle = 53º) present in the 

bipyrrole moiety.  This twisting could reflect unfavorable steric interactions between the 

4,4’-methyl groups, but mostly likely is due to presence of intramolecular hydrogen 

bonding interactions involving the pyrrole NH protons and the amide carbonyl oxygen 

atom of another molecule. 

A second X-ray structure of 3.82 was solved from single crystals obtained via 

slow evaporation of a methylene chloride – acetone mixture  (Figure 3.11).  In this case, 

macrocycle 3.82 exists in the form of a dimer in the solid state.  One acetone molecule is 

hydrogen bonded to each molecule of 3.82.  The geometries of these interactions are: 

N6H···O1A (2.96 Å, 174°) and N4H···O1A (3.09 Å, 172°).  Compared to the previous 

structure of 3.82, in this case there is only one intramolecular hydrogen bond between the 

amide NHs and the Schiff base nitrogen atoms: N3H···N2 (2.62 Å, 112°), while the twist 

in the bipyrrole moiety has decreased to 46°. 

Macrocycles 3.80 and 3.82 were investigated as potential anion binding agents.  

Towards this end, their interactions with various tetrabutylammonium salts were studied 

via UV-Vis spectrophotometric titrations.  For reasons of solubility, involving both the 

anion salts and the macrocycles themselves, these studies were conducted in 

dichloroethane.  Binding stoichiometries were determined using Job plots (Figure 3.12).  

Table 3.3 summarizes the associated findings.  All the additional graphs pertinent to this 

data set can be found in Appendix B. 
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Figure 3.11: Top and side view of 3.82.  Two molecules of acetone are hydrogen bonded 
to 3.82.  Most hydrogen atoms have been removed for clarity.  Thermal 
ellipsoids are scaled to the 50% probability level. 

A quick inspection of this table reveals that, as a general rule, macrocycle 3.80 

displays a higher affinity for the various test anions studied than does 3.82.  There are 

two notable exceptions, namely bromide and acetate anion.  In the case of these two 

anions, the association constants were found to be very similar (e.g., for acetate, Ka = 

3200 ± 600 and 3600 ± 300 M-1 for 3.80 and 3.82, respectively).  In attempting to 
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rationalize these findings, it is useful to note that macrocycle 3.80 displays the strongest 

interaction with hydrogensulfate, chloride and nitrate anions, followed by 

dihydrogenphosphate, bromide and acetate, respectively. 

 

Table 3.3: Affinity constants (M-1) for the binding of anions by receptors 3.80 and 3.82 
as determined from UV-vis spectroscopic titrations carried out in C2H4Cl2 at 
23 °C.  The anions were studied in the form of their tetrabutylammonium 
salts.a  Binding stoichiometries are 1:1 unless otherwise noted. 

Anion 3.80 3.82 Anion 

Volume (Å3)b 

Cl- 16,600 ± 900 3,300 ± 300 24.8 

Br- 7,100 ± 1000 7,100 ± 900 31.5 

AcO- 3,200 ± 600 3,600 ± 300 17.8 

NO3
- 15,400 ± 2100 1,000 ± 300 24.0 

HSO4
- 18,900 ± 1000 7,400 ± 800 28.7 

H2PO4
-  9,500 ± 400 c 33.5 

aThe R2 values for the curves fits used to determine the affinity constants range between 
0.989 and 0.998. bFrom ref. 63.  c No clean fit to the binding profile could be made. 
 

This selectivity, as well as the generally higher affinity this system displays 

relative to 3.82, is ascribed to its greater inherent flexibility.  This flexibility allows it to 

interact with anions of very different geometry, such as hydrogensulfate (tetrahedral), 

nitrate (trigonal planar), and chloride (spherical), while showing, naturally, a preference 

for those it can best accommodate. 
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Figure 3.12: Nonlinear least squares analysis of the data taken from UV-vis 
spectrophoto-metric titrations in dichloroethane.  B: 3.80 (2.647 × 10-5 M) 
with TBAH2PO4 (up to 14.4 equiv.), C: 3.80 (1.352 × 10-5 M) with TBANO3 
(up to 10.9 equiv.), D: 3.82 (1.755 × 10-5 M) with TBACl (up to 16.0 
equiv.), E: UV traces of 3.82 (1.755 × 10-5 M) with TBABr, F: 3.82 (1.755 × 
10-5 M) with TBABr (up to 13.1 equiv.).  Job plot of 3.80 with TBAH2PO4 
(A) showing 1:1 host : guest interactions. 
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A comparison of the anion affinities with anion volume leads to the conclusion 

that macrocycle 3.80 favors anions with volumes ranging between 24.0 and 28.7 Å3.63  In 

contrast, macrocycle 3.82 interacts most strongly with the larger anions included in the 

set used for this study.  For instance, the ca. 2:1 selectivity for chloride over bromide seen 

in the case of 3.80, is essentially reversed in the case of 3.82.  Such observations are 

considered consistent with the fact macrocycle 3.82 contains a core that is large and fairly 

rigid, as inferred from the X-ray analysis.  In other words, receptor 3.82, in contrast to 

3.80, possesses a well-defined cavity that cannot change its size easily to interact with 

anions of higher charge density and smaller dimensions. 

 

3.6 CONCLUSIONS 

The pyridine-2,6-dicarboxamide-dipyrromethane macrocycles 3.59 – 3.62 

represent a new class of tunable anion receptors.  Slight alterations of the macrocyclic 

structure can have a dramatic effect on the anion binding affinities and selectivities.  The 

anion affinity properties of these macrocycles, lead us to propose systems 3.59 and 3.60 

as possible candidates for use in “real world” applications, for example sulfate anion 

extraction protocols for nuclear waste remediation.  Although the initial steps in the 

synthesis of more soluble versions of 3.59 have so far failed to yield viable products, 

more investigations in these directions are warranted due to the interest that such 

macrocycles might stimulate in broader chemical community.64 

Future directions for this project could include the synthesis of more soluble 

sulfate selective receptors based on the 3.59 / 3.60 macrocyclic framework, as well as 

their attachment to solid (e.g., resin) supports of such systems for potential anion sensing 

and extraction (Scheme 3.22). 
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Scheme 3.22:  Proposed future pyridine-2,6-dicarboxamide dipyrromethane hybrid 
macrocycles. 

The thiophene-containing polypyrrolic Schiff-base macrocycles prepared in the 

context of this work represent, to the best of our knowledge, the first members of a 

potentially large class of easy-to-synthesize anion receptors.  Studies of the anion binding 

behavior of these systems revealed a dramatic difference between the more flexible 

macrocycle (3.80) and an otherwise similar rigid analogue, 3.82.  This work, viewed in 

the light of the analogous pyridine macrocyclic receptors, serves to highlight further how 

subtle changes in design can be translated into useful differences in anion selectivity.  

Future thiophene-2,5-dicarboxamide dipyrromethane hybrid targets might include 

systems that incorporate other polypyrrolic building blocks, as well as solubilizing groups 

(Scheme 3.23). 

The synthesis of macrocycles incorporating heterocycles other than pyridine and 

thiophene might be useful in better understanding the factors influencing the anion 

binding properties of these systems. 
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Scheme 3.23:  Future thiophene-2,5-dicarboxamide dipyrromethane hybrid macrocycles. 

Following a similar route, as described in this chapter may allow of furane, 

pyrrole, pyrazole, biimidazole, and pyridazine containing hybrid macrocycles to be 

synthesized (Scheme 2.24). 
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Scheme 3.24:  Other heterocyclicdicarobxamide dipyrromethane hybrid macrocycles. 

This work has been part of a collaboration between the research groups of Prof. 

Jonathan L. Sessler of University of Texas at Austin and Prof. Yuri A. Ustynyuk of 

Moscow State University.  



 167 

 

3.7 REFERENCES 

 

(1) Classification of radioactive waste: a safety guide, Report: International Atomic 
Energy Agency, Vienna: 1994. 

(2) Hecker, S. S., In Challanges in Plutonium Science; Cooper, N. G., Ed. Los 
Alamos National Laboratory: Los Alamos, 2002; pp 2-36. 

(3) Fioravanti, M.; Makhijani, A. Containing the Cold War Mess: Restructuring the 
Environmental Managment of the U.S. Nuclear Weapons Complex, Report: 
IEER, 1997. 

(4) Crawford, C. L.; Ferrara, D. M.; Schumacher, R. F.; Bibler, N. E. Vitrification of 
Low-Activity Radioactive Waste Streams and a High-Level Radioactive Waste 
Stream in Support of the Hanford River Protection Program, Report: WSRC-
MS-2002-00449, Westinghouse Savannah River Company: 2002. 

(5) Allen, R. W.; Josephson, G. B.; Westsik, J. H.; Nickola, C. L. Tanks Focus 
Area Site Needs Assessment, Report: PNNL-13518, Pacific Northwestern 
National Laboratory: 2001. 

(6) Kurath, D. E.; Bontha, J. R.; Blanchard Jr., D. L.; Fiskum, S. K.; Rapko, B. M. 
Ion Exchange Studies for Removal of Sulfate from Hanford Tank Waste Envelope 
C (241-AN-107) Using SuperLig 655 Resin, Report: PNWD-3053, Pacific 
Notrhwestern national Laboratory: 2000. 

(7) Fiskum, S. K.; Kurath, D. E.; Rapko, B. M. Development and Demonstration of a 
Sulfate Precipitation process for Hanford waste Tank 241-AN-107, Report: 
PNWD-3050, Battelle, Pacific Notrhwestern Division: 2000. 

(8) Lumetta, G. J.; Klinger, G. S.; Kurath, D. E.; Sell, R. L.; Darnell, L. P.; 
Greenwood, L. R.; Soderquist, C. Z.; Steele, M. J.; Urie, M. W.; Wagner, J. J. 
Removal of sulfate ion from AN-107 by evaporation, Report: PNWD-3036, 
Battelle, Pacific Northwestern Division: 2000. 

(9) Norato, M. A.; Campbell, S. G.; Crowder, M. L.; Geeting, M. W.; Kessinger, G. 
F.; Pierce, R. A.; Walker, D. D. High level waste demonstration of the caustic-
side solvent extraction process with optimized solvent in the 2-CM centrifugal 
contactor apparatus using tank 37H/44F supernate, Report: WSRC-TR-2002-
00243, R., Westinghouse Savannah River Company: 2002. 



 168 

(10) Vienna, J. D.; Schweiger, M. J.; Smith, D. E.; Smith, H. D.; Crum, J. V.; Peeler, 
D. K.; Reamer, I. A.; Musick, C. A.; Tillotson, R. D. Glass formulation 
development for INEEL sodium-bearing Waste, Report: PNNL-12234, Pacific 
Northwestern National Laboratory: 1999. 

(11) Li, H.; Langowski, M. H.; Hrma, P. R.; Schweiger, M. J.; Vienna, J. D.; Smith, D. 
E. Minor component study for simulated High-Level nuclear waste glasses, 
Report: PNNL-10996, Pacific Northwestern National Laboratory: 1996. 

(12) Langowski, M. H. The incorporation of P, S, Cr, F, Cl, I, Mn, Ti, U, and Bi into 
simulated nuclear waste glasses: literature study, Report: PNNL-10980, Pacific 
Northwestern National Laboratory: 1996. 

(13) Gelston, G. M.; Jarvis, M. F.; von Berg, R.; Warren, B. R. Risk information in 
support of cost estimates for the baseline environmental managment report, 
Report: PNL-10608, Pacific Northwestern National Laboratory: 1995. 

(14) Merrill, R. A.; Whittington, K. F.; Peters, R. D. Viotrification of high sulfate 
wastes, Report: PNL-SA-24672, Pacific Northwest Laboratory: 1994. 

(15) Pirlet, V., J. Nucl. Mater. 2001, 298, 47-54. 

(16) Ojovan, M. I.; Ojovan, N. V.; Startceva, I. V.; Tchuikova, G. N.; Golubeva, Z. I.; 
Barinov, A. S., J. Nucl. Mater. 2001, 298, 174-179. 

(17) McKeown, D. A.; Muller, I. S.; Gan, H.; Pegg, I. L.; Kendziora, C. A., J. Non-
Cryst. Solids 2001, 288, 191-198. 

(18) Kim, C.-W.; Day, D. E., J. Non-Cryst. Solids 2003, 331, 20-31. 

(19) Jahagirdar, P. B.; Wattal, P. K., Waste Manage. (Tucson, Ariz.) 1998, 18, 265-
273. 

(20) Hossain, M. A.; Kang, S. O.; Llinares, J. M.; Powell, D.; Bowman-James, K., 
Inorg. Chem. 2003, 42, 5043-5045. 

(21) Kang, S. O.; Powell, D.; Bowman-James, K., J. Am. Chem. Soc. 2005, ASAP. 

(22) Coles, S. J.; Gale, P. A.; Hursthouse, M. B.; Light, M. E.; Warriner, C. N., 
Supramol. Chem. 2004, 16, 469-486. 

(23) Gale, P. A.; Hursthouse, M. B.; Light, M. E.; Warriner, C. N., Collect. Czech. 
Chem. Commun. 2004, 69, 1301-1308. 

(24) Sessler, J. L.; Camiolo, S.; Gale, P. A., Coord. Chem. Rev. 2003, 240, 17-55. 



 169 

(25) Sessler, J. L.; Eller, L. R.; Cho, W.-S.; Nicolaou, S.; Aguilar, A.; Lee, J. T.; 
Lynch, V. M.; Magda, D. J., Angew. Chem., Int. Ed. Engl. 2005, 44, 5989-5994. 

(26) Fuerstner, A., Angew. Chem., Int. Ed. Engl. 2003, 42, 3582-3603. 

(27) Gale, P. A.; Anzenbacher, P.; Sessler, J. L., Coord. Chem. Rev. 2001, 222, 57-
102. 

(28) Gale, P. A.; Sessler, J. L.; Král, V., Chem. Commun. 1998, 1-8. 

(29) Sessler, J. L.; An, D.; Cho, W.-S.; Lynch, V.; Marquez, M., Chem. Commun. 
2005, 540-542. 

(30) Sessler, J. L.; An, D.; Cho, W.-S.; Lynch, V., Angew. Chem., Int. Ed. Engl. 2003, 
42, 2278-2281. 

(31) Sessler, J. L.; Davis, J. M., Acc. Chem. Res. 2001, 34, 989-997. 

(32) Bisson, A. P.; Lynch, V. M.; Monahan, M.-K. C.; Anslyn, E. V., Angew. Chem., 
Int. Ed. Engl. 1997, 36, 2340-2342. 

(33) Niikura, K.; Bisson, A. P.; Anslyn, E. V., J. Chem. Soc., Perkin Trans. 2 1999, 
1111-1114. 

(34) Kavallieratos, K.; Bertao, C. M.; Crabtree, R. H., J. Org. Chem. 1999, 64, 1675-
1683. 

(35) Sun, S.-S.; Lees, A. J., Chem. Commun. 2000, 1687-1688. 

(36) Sun, S.-S.; Lees, A. J.; Zavalij, P. Y., Inorg. Chem. 2003, 42, 3445-3453. 

(37) Liao, J.-H.; Chen, C.-T.; Fang, J.-M., Org. Lett. 2002, 4, 561-564. 

(38) Kovalchuk, A.; Bricks, J. L.; Reck, G.; Rurack, K.; Schulz, B.; Szumna, A.; 
Weisshoff, H., Chem. Commun. 2004, 1946-1947. 

(39) Zeng, Z.-Y.; He, Y.-B.; Wei, L.-H.; Wu, J.-L.; Huang, Y.-Y.; Meng, L.-Z., Can. 
J. Chem. 2004, 82, 454-460. 

(40) Zeng, Z.-Y.; Xu, K.-X.; He, Y.-B.; Liu, S.-Y.; Wu, J.-L.; Wei, L.-H.; Meng, L.-
Z., Chinese J. Chem. 2004, 22, 1372-1376. 

(41) Schmuck, C.; Machon, U., Chem.-Eur. J. 2005, 11, 1109-1118. 

(42) Szumna, A.; Jurczak, J., Eur. J. Org. Chem. 2001, 4031-4039. 



 170 

(43) Szumna, A.; Jurezak, J., Helv. Chim. Acta 2001, 84, 3760-3765. 

(44) Szumna, A.; Gryko, D. T.; Jurczak, J., Heterocycles 2002, 56, 361-368. 

(45) Chmielewski, M.; Jurczak, J., Tetrahedron Lett. 2004, 45, 6007-6010. 

(46) Chmielewski, M. J.; Dobrzycki, L.; Jurczak, J.; Wozniak, K., Cryst. Growth Des. 
2005, 5, 1339-1341. 

(47) Chmielewski, M. J.; Jurczak, J., Tetrahedron Lett. 2005, 46, 3085-3088. 

(48) Hossain, M. A.; Kang, S. O.; Powell, D.; Bowman-James, K., Inorg. Chem. 2003, 
42, 1397-1399. 

(49) Kang, S. O.; Llinares, J. M.; Powell, D.; VanderVelde, D.; Bowman-James, K., J. 
Am. Chem. Soc. 2003, 125, 10152-10153. 

(50) Kang, S. O.; VanderVelde, D.; Powell, D.; Bowman-James, K., J. Am. Chem. Soc. 
2004, 126, 12272-12273. 

(51) Kang, S. O.; Hossain, M. A.; Powell, D.; Bowman-James, K., Chem. Commun. 
2005, 328-330. 

(52) Baer, A. J.; Koivisto, B. D.; Cote, A. P.; Taylor, N. J.; Hanan, G. S.; 
Nierengarten, H.; Van Dorsselaer, A., Inorg. Chem. 2002, 41, 4987-4989. 

(53) Huang, H.; Mu, L.; He, J.; Cheng, J.-P., Tetrahedron Lett. 2002, 43, 2255-2258. 

(54) Costero, A. M.; Jose Banuls, M.; Jose Aurell, M.; Ward, M. D.; Argent, S., 
Tetrahedron 2004, 60, 9471-9478. 

(55) Sansone, F.; Baldini, L.; Casnati, A.; Lazzarotto, M.; Ugozzoli, F.; Ungaro, R., 
Proc. Natl. Acad. Sci. U. S. A. 2002, 99, 4842-4847. 

(56) Zhong, Z.; Postnikova, B. J.; Hanes, R. E.; Lynch, V. M.; Anslyn, E. V., Chem.-
Eur. J. 2005, 11, 2385-2394. 

(57) Capitan-Vallvey, L. F.; Arroyo-Guerrero, E.; Fernandez-Ramos, M. D.; Santoyo-
Gonzalez, F., Anal. Chem. 2005, 77, 4459-4466. 

(58) Picard, C.; Arnaud, N.; Tisnes, P., Synthesis 2001, 1471-1478. 

(59) Sessler, J. L.; Cho, W.-S.; Dudek, S. P.; Hicks, L.; Lynch, V. M.; Huggins, M. T., 
J. Porphyr. Phthalocya. 2003, 7, 97-105. 



 171 

(60) Connors, K. A. Binding Constants; John Wiley & Sons: New York, 1987. 

(61) Llinares, J. M.; Powell, D.; Bowman-James, K., Coord. Chem. Rev. 2003, 240, 
57-75. 

(62) Hannah, S.; Lynch, V. M.; Gerasimchuk, N.; Magda, D.; Sessler, J. L., Org. Lett. 
2001, 3, 3911-3914. 

(63) Marcus, Y.; Brooke Jenkins, H. D.; Glasser, L., J. Chem. Soc., Dalton Trans. 
2002, 3795-3798. 

(64) Freemantle, M., Chem. Eng. News 2004, 82, 8. 

(65) Laikov, D. "PRIRODA-04" DFT calculation software, Moscow State University, 
2004.  

 

 



 172 

 

Chapter 4:  Experimental Section 

Spectroscopic grade acetone, acetonitrile, dichloromethane, dichloroethane, and 

methanol used for UV-vis spectrophotometric titrations were obtained from Fischer 

Scientific.  All the NMR solvents were purchased from Cambridge Isotope laboratories, 

Inc.  The anion tetrabutylammonium salts were purchased from Fluka, with the exception 

of tetrabutylammonium acetate, purchased from Aldrich.  The tetrabutylammonium salts 

were dried in a vacuum oven (~ 0.05 mmHg) at 40 °C for 12 – 16 h before a set of 

titrations and were stored in a dessicator.  All the other reagents were purchased from 

Acros, Aldrich, Lancaster and TCI and used as supplied unless otherwise specified.  Dry 

acetonitrile, diethyl ether, dimethylformamide, methanol, teteahydrofurane, and toluene 

were obtained using a Seca Solvent System.  Dry methylene chloride was obtained via 

distillation from calcium hydride.  TLC analyses were carried out using Whatman K6F 

silicagel 60Å, 250 µm plates.  1H-NMR spectroscopic titrations were recorded on a 

Varian Unity+ 300 MHz or Varian Mercury 400MHz spectrometers.  1H-NMR and 13C-

NMR spectra used in the characterization of products were recored on either Varian 

Inova 500MHz, Varian Mercury 400MHz, Varian Unity+ 300 MHz, Bruker AV 

300MHz, Bruker AC 200 MHz, GE QE-300 MHz spectrometers.  Chemical shifts are 

reported in δ ppm, and are referenced to the solvent.  Low resolution CI, EI and FAB 

mass spectra were recorded on a Finnigan MAT TSQ 70 mass spectrometer.  High 

resolution CI and FAB mass spectra were recorded on a Micromass ZAB2-E or Autospec 

spectrometers.  Elemental analyses were performed by Atlantic Microlabs.  UV-vis 

spectra were recorded on a Beckman DU-640 spectrophotometer.  The X-ray data were 

collected on a Nonius Kappa CCD diffractometer using a graphite monochromator with 
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MoK radiation (λ = 0.71073 Å).  All the syntheses reported in the experimental chapter 

were performed by the author. 

 Bis-(3,3-dimethylbutyl) pyrrole-3,4-dicarboxylate (1.72). 

Sodium hydride (60% in mineral oil; 0.56g, 14.1 mmol) was 

suspended in 15ml of dry diethylether.  The suspension was cooled 

to 0 °C. A solution of bis-(3,3-dimethylbutyl) fumarate (1.71) (1.73g, 

6.1 mmol) and TOSMIC (1.26g, 6.5 mmol) in 15 ml DMF:Et2O (1:2) 

was added dropwise to the cooled (0 °C) suspension of NaH in Et2O. 

After the addition was completed (30 min), the reaction mixture was stirred at room 

temperature for 3h.  The reaction mixture was quenched with sat. NH4Cl (60 ml), and 

was extracted 4 times (50 ml each) with Et2O.  The organic layer was dried over Na2SO4, 

and concentrated to a thick brown oil.  The product was obtained in pure form after 

recristallization from EtOH, in the form of tan crystals.  Following a second 

recrystallization product was obtained in 85% yield as off-white crystals. 1H NMR (400 

MHz, CDCl3) δ (ppm) = 0.96 (m, 18H, CH3), 1.65 (t, 2H, CH2), 4.30 (t, 2H, OCH2), 7.34 

(d, 1H, pyrrole α-CH), 8.77 (broad s, 1H, NH). 13C NMR (100 MHz, CDCl3) δ (ppm) = 

163.58, 124.98, 119.31, 62.05, 41.83, 29.84, 29.63.  HRMS (CI+): calcd for C18H30NO4 

[M + H]+ 324.2174; found m/z: 324.2185. 

 

Bis-(3,3-dimethylbutyl) 2-nitropyrrole-3,4-dicarboxylate (1.61) 

Concentrated nitric acid (0.15 ml, d = 1.4 g/l, 3.29 mmol) 

was added in small portions to 3.4 ml of cooled (-5 °C, brine / ice 

bath) acetic anhydride.  The mixture was stirred at this temperature 

for a period of 45 min, after which it was added dropwise to a 

cooled solution of 1.72 (348 mg, 1.64 mmol) in 5 ml acetic anhydride.  After the addition 
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was completed (30 min.) the mixture was stirred for 20 min. at -5 °C, after which was 

warmed up at room temperature whereupon it was stirred for an additional 15 h.  The 

reaction mixture was diluted with ice and quenched with NaHCO3 (pH ~ 5).  The aqueous 

mixture was extracted with Et2O (5 × 15 ml).  The organic layer was neutralized with 

NaHCO3 (pH ~ 8), dried with brine and Na2SO4 and concentrated in vacuo.  The crude 

product was purified by column chromatography using a 0.5% MeOH in CH2Cl2 mixture 

as the eluent.  This gave product 1.61 as an off white powder (330 mg, 79%).  1H NMR 

(400 MHz, CDCl3) δ (ppm) = 0.96 (m, 18H, CH3), 1.63 (t, 2H, CH2), 1.70 (t, 2H, CH2), 

4.30 (t, 2H, OCH2), 4.46 (t, 2H, OCH2), 7.47 (s, 1H, pyrrole α-CH), 9.87 (bs, 1H, NH). 
13C NMR (100 MHz, CDCl3) δ (ppm) = 163.28, 161.94, 133.87, 125.49, 118.29, 116.35, 

64.57, 63.06, 41.62, 41.24, 29.69, 29.65, 29.51. 

 

Ethyl 3,4-diethyl-5-nitropyrrole-2-carboxylate (1.62) 

The nitration mixture was formed as described in the synthesis 

of compound 1.61.   The ethyl 3,4-diethylpyrrole, 1.73 (1.5g, 7.6 

mmol) was dissolved in 50 ml acetic anhydride, and cooled at -10 °C.  

The nitrating mixture (35.4 ml) was added dropwise to the pyrrole 

solution over a period of 20 min. while maintaining the reaction mixture at temperatures 

between -10 and -5 °C.  Upon the addition of the nitration mixture, the reaction turned 

deep red.  After the addition was completed, the reaction mixture was stirred at this 

temperature for a period of 2 h, and then warmed to room temperature, where it was 

stirred for an additional 30 min.  The reaction mixture was diluted with ice, and quenched 

with NaHCO3 (pH ~ 5).   The aqueous solution was extracted with Et2O (5 × 50 ml).  The 

organic phase was neutralized with aqueous NaHCO3 (pH ~ 8) dried with brine, Na2SO4, 

and concentrated in vacuo. The crude product was purified by column chromatography 
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using an eluent gradient of  0.5% - 1.5% MeOH in CH2Cl2 mixtures.  The third fraction 

of the column contained the product, which was isolated as deliquescent light-yellow 

solid (996 mg, 54%). 1H NMR (400 MHz, CDCl3) δ (ppm) = 1.16 (m, 6H, CH3), 1.40 (t, 

3H, CH3), 2.75 (q, 2H, CH2), 2.82 (q, 2H, CH2), 4.39 (q, 2H, OCH2), 9.81 (bs, 1H, NH). 
13C NMR (75 MHz, DMSO–d6) δ (ppm) = 159.72, 135.55, 131.92, 127.69, 121.52, 

120.13, 60.66, 58.89, 17.28, 17.16, 15.59, 14.32, 13.98. 

 

Ethyl 5-(2-(ethoxycarbonyl)-3,4-dimethyl-5-one-O-acetyloxime-2,5-dihydro-

pyrrol-2-yl)-3,4-dimethylpyrrole-2-carboxylate (1.76) 

The nitration of ethyl 3,4-dimethylpyrrole, 1.75, was 

preformed in identical conditions as the one described for 1.62.  

The crude product was purified by column chromatography, and 

was isolated as off white plates m.p. = 186°C decomp.  1H NMR (500 MHz, CDCl3) δ 

(ppm) = 1.29-1.34 (m, 6H, CH3), 1.79 (s, 3H, CH3), 1.81 (d, 3H, CH3), 1.89 (d, 3H, CH3), 

2.16 (s, 3H, CH3), 2.20 (s, 3H, CH3), 4.26-4.31 (m, 4H, CH2), 5.95 (bs, 1H, NH), 9.12 

(bs, 1H, NH). 13C NMR (125 MHz, CDCl3) δ (ppm) = 168.90, 168.79, 161.36, 161.19, 

144.79, 127.97, 127.42, 125.40, 118.57, 118.30, 77.84, 62.99, 60.06, 19.75, 14.50, 13.98, 

11.34, 10.20, 8.94, 8.89. HRMS (CI+): calcd for C20H28N3O6 [M + H]+ 406.1978; found 

m/z: 406.1992 

 

Methyl 2-cyano-3-(3,4-diethyl-5-nitropyrrol-2-yl)acrylate (1.66) 

The synthesis of 1.66 follows closely the procedures previously described (vide 

supra) for its analogues.  Identical nitrating mixture and molar ratio of the reagents were  

used.  However, the reaction was performed at -5 °C, for 3h, followed by 1h stirring at 

room temperature.  The reaction was diluted with ice, quenched with NaHCO3, and 
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extracted with Et2O.  The concentrated crude product was a dark 

brown deliquescent solid, which was further purified via column 

chromatography (gradient eluent 0.5% – 2.5% MeOH in CH2Cl2).  

The product was isolated in 45% yield as a yellow-brown solid, 

containing a mixture of two regio isomers 1.66a and 1.66b in a 3:1 

molar ratio as judged by NMR.  No separation conditions were found 

for the separation of the two isomers.  1H NMR (400 MHz, CDCl3) 

major component: δ (ppm) = 2.65 (t, 3H, CH3), 2.84 (t, 3H, CH3), 

4.36-4.38 (m, 4H, CH2), 5.29 (s, 3H, OCH3), 8.05 (s, 1H, CH), 10.50 (bs, 1H, NH); minor 

component: δ (ppm) = 2.64 (m, 3H, CH3), 2.83 (m, 3H, CH3), 4.41-4.43 (m, 4H, CH2), 

7.44 (s, 1H, CH), 11.55 (bs, 1H, NH). 13C NMR (100 MHz, CDCl3) δ (ppm) = 164.37, 

161.89, 139.99, 138.55, 138.42, 138.37, 128.00, 127.63, 124.32, 123.73, 117.00, 99.75, 

98.86, 63.53, 63.90, 17.77, 17.68, 17.21, 16.85, 14.24, 14.10, 13.96. HRMS (CI+): calcd 

for C13H15N3O4 [M + H]+ 278.1140; found m/z: 278.1134.  

 

3-Ethyl-2,4-dimethyl-5-nitropyrrole (1.86) 

3-Ethyl-2,4-dimethyl pyrrole 1.85 (1.5 ml, d=0.913 g/l; 11.11 

mmol) was dissolved in 50 ml acetic anhydride and cooled at -15 °C.  To 

this solution was added dropwise, during 30 min period, 25.2 ml of cooled 

nitration mixture (24 ml Ac2O, 1.2 ml HNO3, d = 1.42 g/l).  The resulting mixture was 

stirred at -15 °C for 30 minutes, then warmed to room temperature during a 10 min. 

period.   The reaction mixture was subsequently diluted with ice, quenched with NaHCO3 

(pH ~ 5) and extracted with Et2O (4 × 50 ml).  The organic phase was dried further 

neutralized with aqueous NaHCO3 (pH ~ 8), dried with brine and Na2SO4, and 

concentrated in vacuo. The crude product was purified by column chromatography using 
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an eluent gradient of  0.5% - 1.5% MeOH in CH2Cl2 mixture.  Due to poor separation in 

these conditions, two other column chromatographic separations were employed (0.5% 

MeOH in CH2Cl2 and 1.1% MeOH in CH2Cl2).  The product was isolated after the third 

column separation in 10% yield having 90% purity as judged by 1H-NMR.  The impurity 

consisted of 1.87. 1H NMR (400 MHz, CDCl3) δ (ppm) = 1.02 (t, 3H, CH3), 2.25 (s, 3H, 

CH3), 2.33 (s, 3H, CH3), 2.35 (q, 2H, CH2), 9.66 (bs, 1H, NH).  HRMS (CI+): calcd for 

C8H13N2O2 [M + H]+ 169.0977; found m/z: 169.0976. 

 

 

2-nitro-5-(2-(5-nitropyrrol-2-yl)propan-2-yl)-pyrrole (1.92) 

Dipyrromethane 1.91 (1g, 5.74 mmol) was dissolved in 15 ml 

acetic anhydride and cooled at -5 °C.  To this solution was added 

dropwise a cooled nitration mixture prepared from 15.6 ml acetic 

anhydride and 0.6 ml nitric acid (d = 1.5 g/l).  The resulting mixture was stirred at -5 °C 

for 30 minutes, then it was allowed to warm-up to room temperature, whereupon was 

allowed to stir for an additional 2 h.  The reaction mixture was subsequently diluted with 

ice, quenched with NaHCO3 (pH ~ 5) and extracted with Et2O (4 × 25 ml).  The organic 

phase was dried further neutralized with aqueous NaHCO3 (pH ~ 8), dried with brine and 

Na2SO4, and concentrated in vacuo.  The crude product was purified by column 

chromatography (silica, 1.5% MeOH in CH2Cl2 mixture eluent).  The product was 

isolated in 67% yield in the form of light-yellow powder. 1H NMR (400 MHz, CDCl3) δ 

(ppm) = 1.69 (s, 6H, CH3), 6.18-6.21 (m, 2H, pyrrole H), 7.01-7.03 (m, 2H, pyrrole H), 

7.24 (d, 2H, pyrrole H), 9.60 (bs, 2H, NH). 13C NMR (100 MHz, CDCl3) δ (ppm) = 

143.44, 137.40, 112.44, 108.69, 36.41, 28.08. HRMS (CI+): calcd for C11H13N4O4 [M + 

H]+ 265.0936; found m/z: 265.0939. 
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General procedure for the reduction of α-nitropyrroles to α-aminopyrroles: 

In a typical procedure 50 mg of nitropyrrole was suspended in 2.3 ml of water : 

ethanol (1.3 : 1 v/v) mixture.  The reaction mixture was heated at 75 °C, in air, 

whereupon sodium dithionate was added (5 – 10 eqv.).  The reaction mixture was 

maintained, in air, at this temperature until the reaction mixture lost coloring significantly 

(i.e. yellow to colorless, yellow-brown to pale yellow).  The reaction flask was connected 

to an argon inlet, removed from the oil bath and the solvent removed using a rotary 

evaporator.  The resulting solid was suspended in deionized water by means of 

sonication, and transferred to a separating funnel.  The α-aminopyrrole was extracted 

with dichloromethane.  During this process exposure to air was kept at minimal levels.  

The organic layer was dried with brine and Na2SO4.  The aminopyrrole solution was 

evaporated to dryness and the aminopyrrole was used as such without subsequent 

purification or characterization.  In the case of the aminopyrrole with relatively high 

stability, 1.93, 1.108 and 1.114, 1H-NMR characterizations were performed. 

 

 

Methyl 3-(5-amino-3,4-diethylpyrrol-2-yl)-2-cyanoacrylate 

(1.108)  
1H NMR (400 MHz, CDCl3) δ (ppm) = 1.06 (m, 6H, CH3), 2.38 

(m, 2H, CH2), 2.55 (m, 2H, CH2), 3.79 (s, 3H, CH3), 4.89 (bs, 2H, 

NH2), 7.51 (s, 1H, CH), 9.38 (bs, 1H, NH).  
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Bis-(3,3-dimethylbutyl)-2-aminopyrrole-3,4-dicarboxylate 

(1.114) 
1H NMR (400 MHz, CD3OD) δ (ppm) = 1.01-10.2 (m, 18H, 

CH3), 1.67-1.71 (m, 4H, CH2), 4.25-4.31 (m, 4H, OCH2), 6.84 (s, 1H, 

pyrrole α-CH), 7.04 (s, 1H, NH). HRMS (CI+): calcd for C18H31N2O4 [M 

+ H]+ 339.2283; found m/z: 339.2282. 

 

(Z)-ethyl 3,4-diethyl-5-(3-(ethyl 3,4-diethylpyrrol-2-yl-5-carboxylate)-isoindol-

1-ylideneamino)-pyrrole-2-carboxylate (1.96) and (Z)-ethyl 5-(3-aminoisoindol-1-

ylideneamino)-3,4-diethylpyrrole-2-carboxylate (1.97) 

The ethyl 5-amino-3,4-diethyl-1H-pyrrole-2-carboxylate 

1.95 (123 mg, 0.575 mmol ) and 1,3-diimino-isoindoline 1.11 (27 

mg, 0.186 mmol) were suspended in 5 ml butyronitrile.  The reaction 

mixture heated at reflux under argon atmosphere for 14h. After 

removing the volatile components of the reaction mixture using a 

rotary evaporator, the resulting crude product was subject to column 

chromatography (silica gel, gradient eluent: 2% - 4% MeOH in 

CH2Cl2).  The desired products were obtained as the 2nd (1.96) and 

4th  fraction (1.97) of the column. 1.96: 1H NMR (200 MHz, CDCl3) 

δ (ppm) = 1.03-1.25 (m, 12H, CH3), 1.67 (t, 6H, CH3), 2.54-2.77 (m, 8H, CH2), 4.19 (q, 

4H, OCH2), 7.61-7.64 (m, 2H, phenylene CH), 8.01-8.04 (m, 2H, phenylene CH), 10.43 

(bs, 1H, NH), 10.53 (bs, 1H, NH). 13C NMR (50 MHz, CDCl3) δ (ppm) = 162.70, 161.31, 

158.24, 147.08, 140.00, 137.60, 135.84, 133.30, 130.93, 122.12, 115.15, 59.84, 18.76, 

16.95, 15.67, 15.58.  HRMS (CI+): calcd for C30H38N5O4 [M + H]+ 532.2923; found m/z: 

532.2902. 1.97: 1H NMR (400 MHz, CDCl3) δ (ppm) = 1.21 (m, 6H, CH3), 1.42 (t, 3H, 
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CH3), 2.75 (m, 4H, CH2), 4.41 (q, 2H, OCH2), 7.43 (dd, 1H, phenylene CH), 7.51 (dd, 

1H, phenylene CH), 7.72 (d, 1H, phenylene CH), 7.79 (d, 1H, phenylene CH), 10.82 (bs, 

1H, NH). 13C NMR (50 MHz, CDCl3) δ (ppm) = 169.79, 163.01, 159.88, 141.28, 138.88, 

133.25, 133.00, 131.05, 129.18, 126.61, 122.12, 120.09, 60.21, 18.59, 16.86, 16.25, 

15.86, 14.47. HRMS (CI+): calcd for C19H23N4O2 [M + H]+ 339.1821; found m/z: 

339.1820.  

 

2-hydroxyethyl-3,4-diethyl-5-(3-oxoisoindolin-1-ylideneamino)-pyrrole-2-

carboxylate (1.100) 

Compound 1.96 (20 mg, 0.037 mmol) was dissolved in 

ethylene glycol. Argon was bubbled through the solution for a period 

of 1h.  Sodium hydroxide powder (3 mg, 0.075 mmol) was added to 

the reaction mixture, followed by argon purging of the solution for an 

additional 30 min.  The reaction mixture was heated at reflux and 

stirred in these conditions for 1h and 15 min. After removing the volatile components of 

the reaction mixture using a rotary evaporator, the resulting crude product was subject to 

column chromatography (silica gel, gradient eluent: 0.5% - 2% MeOH in CH2Cl2). The 

product was isolated in 24% yield from the 2nd fraction, in the form of a yellow powder. 
1H NMR (200 MHz, CDCl3) δ (ppm) = 1.04-1.27 (m, 6H, CH3), 2.47 (q, 2H, CH2), 2.68 

(q, 2H, CH2), 3.83-3.88 (m, 2H, CH2O), 4.28-4.33 (M, 2H, OCH2), 7.53-7.91 (m, 4H, 

phenylene CH), 9.46 (bs, 1H, NH). HRMS (CI+): calcd for C19H22N3O4 [M + H]+ 

356.1610; found m/z: 356.1609.  

  

 

 

N
H

N
O

O
HN

OOH

1.100



 181 

Methyl 3-(5-(3-aminoisoindol-1-ylideneamino)-3,4-diethylpyrrol-2-yl)-2-cyano-

acrylate (1.111) 

Compound 1.108 (123 mg, 0.510 mmol) and 1,3-

diiminoisoindoline (28 mg, 0.193 mmol) were dissolved in 10 ml n-

butanol.  The reaction mixture was heated with stirring at reflux for 

a period of 14h. After removing the volatile components of the 

reaction mixture using a rotary evaporator, the resulting crude 

product was subject to column chromatography (silica gel, eluent: 2% MeOH in CH2Cl2). 

The product was isolated in 51% yield from the 2nd fraction, in the form of a orange 

powder. 1H NMR (400 MHz, acetone-d6) δ (ppm) = 1.10-1.21 (m, 6H, CH3), 2.59-2.65 

(m, 4H, CH2), 3.76 (s, 3H, CH3), 7.58-7.63 (m, 2H, phenylene H), 7.75 (s, 1H, CH), 7.80 

(d, 1H, phenylene CH), 8.03 (d, 1H, phenylene CH), 12.96 (bs, 1H, NH). 13C NMR (100 

MHz, CDCl3) δ (ppm) = 170.23, 164.87, 146.97, 140.30, 139.61, 133.04, 126.27, 122.35, 

121.62, 111.29, 89.54, 83.30, 52.20, 17.00, 15.62. HRMS (CI+): calcd for C21H22N5O2 [M 

+ H]+ 376.1773; found m/z: 376.1762.  

 

N2,N6-bis(diethyl pyrrol-2-yl-3,4-di-carboxylate)-pyridine-2,6-dicarboxamide 

(1.116) 

α-Aminopyrrole 1.114 (372 mg, 1.1 

mmol) was dissolved in 100 ml dry CH2Cl2. To 

this mixture pyridine-2,6-dicarbonyl dichloride, 

1.115 (110 mg, 0.52 mmol) and catalytic 

triethylamine (2 drops) were added.  The reaction mixture was stirred at room 

temperature for a period of 4h.  The reaction mixture was washed with deionized water 

(25 ml).  The organic layer was dried with brine and Na2SO4, and subsequently was 
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concentrated to give a brown solid.  The crude product was subject to column 

chromatography (silica gel, eluent: 2% MeOH in CH2Cl2). The product was isolated in 

51% yield in the form of a off-white powder. 1H NMR (400 MHz, CDCl3) δ (ppm) = 0.84 

(s, 18H, CH3), 0.96 (s, 18H, CH3), 1.60-1.72 (m, 8H, CH2), 4.23-4.28 (m, 8H, OCH2), 

7.11 (d, 2H, pyrrole α-CH), 8.16 (dd, 1H, pyridine CH), 8.36 (d, 2H, pyridine CH), 11.04 

(bs, 2H, pyrrole NH), 11.92 (bs, 2H, amide NH). 13C NMR (100 MHz, CDCl3) δ (ppm) = 

164.59, 163.66, 162.35, 148.46, 139.33, 136.33, 125.82, 119.54, 115.01, 98.40, 62.38, 

62.09, 41.84, 41.58, 29.70, 29.61, 29.49, 29.42. Anal. calcd for C43H61N5O10·CH3OH·H2O: 

C, 61.59; H, 7.87; N, 8.16; found C, 61.75; H, 7.68; N, 7.93. 

 

3,4-Diphenyl-N2,N5-di(diethyl pyrrol-2-yl-3,4-dicarboxylate)-pyrrole-2,5-

dicarboxamide (1.119) 

α-Aminopyrrole 1.91 (200 mg, 0.88 mmol) 

was dissolved in 20 ml dry CH2Cl2. To this mixture a 

CH2Cl2 solution of 3,4-diphenylpyrrole-2,5-

dicarbonyl dichloride, 1.118 (0.42 mmol) and catalytic triethylamine (5 drops) were 

added.  The reaction mixture was stirred at room temperature for a period of 8h.  The 

reaction mixture was washed with deionized water (25 ml).  The organic layer was dried 

with brine and Na2SO4, and subsequently was concentrated to give a brown solid.  The 

crude product was subject to column chromatography (silica gel, eluent: 3% MeOH in 

CH2Cl2). The product was isolated in 47% yield in the form of a off-white powder. 1H 

NMR (400 MHz, CDCl3) δ (ppm) = 1.19 (t, 6H, CH3), 1.29 (t, 6H, CH3), 3.99 (q, 4H, 

CH2), 4.23 (t, 4H, CH2), 6.99-7.00 (m, 2H, pyrrole α-CH), 7.16-7.18 (m, 4H, phenyl H), 

7.28-7.30 (m, 6H, phenyl H),  10.03 (bs, 2H, amide NH), 11.27 (bs, 2H, pyrrole NH). 13C 
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NMR (100 MHz, CDCl3) δ (ppm) = 164.52, 163.77, 159.23, 136.71, 130.99, 128.96, 

128.44, 119.13, 114.20, 97.62, 60.62, 59.94, 14.27. 

N2,N6-bis((pyrrol-2-ylimino)-isoindol-1-yl)pyridine-2,6-dicarboxamide (1.123) 

Compound 1.111 (11 mg, 0.048 mmol) was 

dissolved in 10 ml dry CH2Cl2. To this mixture pyridine-2,6-

dicarbonyl dichloride, 1.115 (3.6 mg, 0.017 mmol) was 

added.  The reaction mixture was heated with stirring at 

reflux for a period of 24h.  After removing the volatile 

components of the reaction mixture using a rotary 

evaporator, the resulting crude product was subject to 

column chromatography (alumina, eluent: 1% MeOH in CH2Cl2).  The product was 

isolated in 47% yield as a blue powder. 1H NMR (400 MHz, CDCl3) δ (ppm) = 0.85 (m, 

6H, CH3), 1.06 (m, 6H, CH3), 2.45 (m, 4H, CH2), 2.74 (m, 4H, CH2), 2.85 (s, 6H, OCH3), 

7.34 (s, 2H, CH), 7.56 (m, 4H, phenylene CH), 8.04 (m, 2H, phenylene CH), 8.26 (dd, 

1H, pyridine CH), 8.66 (d, 2H, pyridine CH), 8.90 (m, 2H, phenylene CH), 11.77 (s, 2H, 

amide NH),  12.71 (bs, 2H, pyrrole NH). 13C NMR (100 MHz, acetone –d6) δ (ppm) = 

166.43, 163.88, 162.18, 159.96, 148.20, 144.47,  140.96, 139.67, 138.76, 135.54, 132.97, 

131.26, 131.01, 130.59, 128.16, 127.18, 125.31, 122.55, 119.38, 88.53, 51.46, 29.83, 

17.49, 16.98, 16.90, 16.00.  HRMS (CI+): calcd for C49H44N11O6 [M + H]+ 882.3476; 

found m/z: 882.3454. 

 

2,2'-Bipyrrole,5-[[5-(4-ethyl-3-methylpyrrol-2-yl-5-carbonitrile)-3-ethyl-4-

methylpyrrol-2-ylidene]methyl]-4,4'-diethyl-3,3'-dimethyl-5'-carbonitrile (1.128) 

Bisbipyrrole 1.127 (0.5 g, 1.13 mmol) was dissolved under dry conditions in a 

solvent mixture containing dry acetonitrile (10 ml) and dry dimethylformamide (2 ml). 
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The reaction mixture was cooled to –50C and then 0.1 ml of chlorosulfonylisocyanate. 

The reaction was stopped after 30 min by the dropwise addition of 

the reaction mixture to a cooled solution of sodium bicarbonate. The 

blue precipitate was isolated by filtration and dried under high 

vacuum to yield 0.356 g (62%) of the compound: 1H-NMR: 

(300MHz, Acetone-d6): d 1.18 (m  12H) , 2.19 (s 3H), 2.22 (s 3H), 

2.60 (q 4H), 2.77 (q 4H) , 6.89 (s 1H) MS (CI +/-) m/e calculated for 

C31H36N6: 493.3079, found 493.3079; 493 (100% M+). 

  

5,6-Bis-(1H-pyrrol-2-yl)-pyrazine-2,3-dicarbonitrile, 2.32.  

To a CH2Cl2 solution (50 ml) of 1,2-bis-(1H-pyrrol-2-yl)-

ethane-dione 2.2 (100 mg, 0.53 mmol) excess (2 equiv.) BF3·Et2O was 

added.  After 5 min. of stirring, diaminomaleonitrile (144 mg, 1.33 

mmol) was added, as a powder, in small portions to the upper solution.  The resulting 

mixture was heated to, and maintained at reflux with stirring for 12 h.  After cooling and 

follow-up evaporative removal of the volatile components, the crude product was purified 

by column chromatography using a 9:1 CH2Cl2:EtOAc mixture as the eluent.  This gave 

product 2.32 as a yellow powder with a green tint (75 mg, 55%).  m.p. = 186°C decomp.  
1H NMR (400 MHz, acetone –d6) δ (ppm) = 6.25-6.27 (m, 2H, pyrrole H), 7.09-7.11 (m, 

2H, pyrrole H), 7.20-7.22 (m, 2H, pyrrole H), 11.22 (broad s, 2H, NH). 13C NMR (100 

MHz, acetone –d6) δ (ppm) = 111.06, 114.97, 115.59, 125.84, 126.58, 127.33, 144.54. 

HRMS (CI+): calcd for C14H9N6 [M + H]+ 261.0888; found m/z: 261.0893. Anal. calcd for 

C14H8N6: C, 64.61; H, 3.10; N, 32.29; found C, 64.40; H, 3.24; N, 32.15. 
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5-(5-Formyl-1H-pyrrol-2-yl)-6-(1H-pyrrol-2-yl)-

pyrazine-2,3-dicarbonitrile, 2.34. 

Phosphorus oxychloride (0.28 ml; 3 mmol) was added to 0.7 

ml (9 mmol) of DMF and cooled to 0°C.  The resulting mixture was 

stirred at this temperature for 5 min, then allowed to warm to room temperature 

whereupon it was stirred for an additional 10 min.  1,2-Dichloroethane (7 ml) was added 

to the mixture followed by a dropwise addition of a solution of 2.32 (650 mg, 2.5 mmol) 

in 40 ml 1,2-dichloroethane.  When the addition was complete (ca 40 min.) the mixture 

was heated to reflux and maintained there for 30 min.  After cooling the reaction mixture 

to 0°C, 5 ml of saturated NaOAc were added in one batch.  The mixture was then heated 

at reflux for an additional hour.  Upon cooling once again, the organic phase was 

separated and washed with water, an aqueous solution of NaHCO3, and brine.  After 

removing the volatile components from the organic phase using a rotary evaporator, the 

resulting crude product was subject to column chromatography (silica gel, eluent: 1 % 

MeOH in CH2Cl2).  The desired products were obtained as the 3rd fraction of the column.  

Evaporation to dryness yielded 2.34 (446 mg, 62%) in the form of orange powder. m.p. = 

212-214°C.  1H NMR (400 MHz, CDCl3) δ (ppm) = 6.32-6.34 (m, 1H, pyrrole H), 6.96-

6.99 (m, 1H, pyrrole H), 7.15-7.18 (m, 2H, pyrrole H), 7.29-7.31 (m, 1H, pyrrole H), 9.64 

(broad s, 1H, NH), 9.67 (s, 1H, CHO), 10.13 (borad s, 1H, NH). 13C NMR (100 MHz, 

CDCl3) δ (ppm) = 111.06, 114.97, 115.59, 125.84, 126.58, 127.33, 144.54. HRMS (CI+): 

calcd for C15H9N6O [M + H]+ 289.0838; found m/z: 289.0844.  

 

5,6-Bis-(5-formyl-1H-pyrrol-2-yl)-pyrazine-2,3-dicarbonitrile, 2.35.  

Phosphorus oxychloride (0.7 ml; 7.5 mmol) was added to 1.3 ml (16.8 mmol) of 

DMF and cooled to 0°C.  The resulting mixture was stirred at this temperature for 5 min, 
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then allowed to warm to room temperature whereupon it was stirred for an additional 10 

min.  1,2-Dichloroethane (7 ml) was added to the mixture followed 

by a dropwise addition of a solution of 2.32 (650 mg, 2.5 mmol) in 

40 ml 1,2-dichloroethane.  When the addition was complete (ca 40 

min.) the mixture was heated to reflux and maintained there for 30 

min.  After cooling the reaction mixture to 0°C, 7 ml of saturated NaOAc were added in 

one batch.  The mixture was then heated at reflux for an additional hour.  Upon cooling 

once again, the organic phase was separated and washed with water, an aqueous solution 

of NaHCO3, and brine.  After removing the volatile components from the organic phase 

using a rotary evaporator, the resulting crude product was subject to column 

chromatography (silica gel, eluent: 1 % MeOH in CH2Cl2).  The desired products were 

obtained as the 5th fraction of the column.  Evaporation to dryness yields 2.35 (560 mg, 

71%) as yellow powder. m.p. = 232°C decomp. 1H NMR (400 MHz, acetone –d6) δ(ppm) 

= 6.80 (2, 2H, pyrrole H, J = 4.0 Hz), 7.08 (d, 2H, pyrrole H, J = 4.0 Hz), 9.75 (s, 2H, 

CHO), 12.00 (broad s, 2H, NH). 13C NMR (100 MHz, acetone –d6) δ(ppm) = 114.0, 

114.9, 115.7, 119.3, 129.2, 132.4, 136.6, 145.2, 180.2. HRMS (CI+): calcd for C15H9N6O 

[M + H]+ 289.0838; found m/z: 289.0844. 

 

5-{5-[Bis-(pyrrol-2-yl)-methyl]-pyrrol-2-yl}-6-(pyrrol-

2-yl)-pyrazine-2,3-dicarbonitrile, 2.36.   

Compound 2.34 (50 mg, 0.173 mmol) was suspended in 

3 ml (43.20 mmol) of freshly distilled pyrrole.  To this mixture, 

9 µl (1.52 mmol)  of TFA were added.  The reaction mixture was then stirred at room 

temperature for 2 h after which time the excess pyrrole was removed in vacuo.  The crude 

product was then purified by column chromatography over silica gel using 0-5% MeOH 
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in CH2Cl2as the eluent.  The product was isolated as the 5th fraction and yield a deep-red – 

black powder after evaporative removal of the solvent (35 mg, 50%).  m.p. = 118-120°C.  
1H NMR (400 MHz, CDCl3) δ (ppm) = 5.60 (s, 1H, CH), 6.06-6.09 (m, 4H, pyrrole H), 

6.17-6.19 (m, 2H, pyrrole H), 6.26-6.28 (m, 1H, pyrrole H), 6.73-6.74 (m, 2H, pyrrole 

H), 7.06-7.07 (m, 1H, pyrrole H), 7.26-7.28 (m, 1H, pyrrole H), 7.29-7.31 (m, 1H, 

pyrrole H), 8.09 (broad s, 2H, NH), 9.44 (broad s, 1H, NH), 9.57 (broad s, 1H, NH). 13C 

NMR (100 MHz, CDCl3) δ (ppm) = 37.7, 107.2, 108.7, 110.3, 111.3, 113.6, 113.8, 115.4, 

116.4, 117.9, 124.9, 125.7, 126.3, 129.4, 139.9, 142.7. HRMS (CI+): calcd for C23H17N8 

[M + H]+ 405.1576; found m/z: 405.1567. Anal. calcd for (C23H16N8)3•CH2Cl2•CH3OH: C, 

64.10; H, 4.09; N, 25.27; found C, 63.70; H, 3.93; N, 25.01. 

 

5,6-Bis-[5-(pyrrol-2-ylmethyl)-pyrrol-2-yl]-pyrazine-2,3-dicarbonitrile, 2.38.   

Compound 2.35 (50 mg; 0.158 mmol) was dissolved in 

5 ml dry THF.  A 0.83 M solution of lithium pyrrolidinoborane 

(0.28 ml; ca. 0.237 mmol) was added dropwise at room 

temperature.  Once the addition was complete, the reaction 

mixture was stirred at room temperature for an additional 6 h.  

The reaction was then quenched with 1 ml H2O. After removing the solvent using a 

rotary evaporator, the resulting diol (whose production was confirmed by MS) was 

suspended without any further purification in 2 ml of freshly distilled pyrrole (28.80 

mmol).  To this mixture, 9 µl of TFA (1.52 mmol) were added.  The mixture was then 

stirred at room temperature for an additional 2 h.  After removal of the solvent using a 

rotary evaporator, the crude product was purified by column chromatography over silica 

gel using 0-5% MeOH in CH2Cl2 as the eluent.  Compound  5 was isolated as the 

dominant fraction and obtained in the form of a reddish-orange powder (18.6 mg, 28 %) 
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after removal of the solvent.  1H NMR (500 MHz, acetone –d6) δ (ppm) = 4.68 (s, 4H, 

CH2), 6.17-6.18 (m, 2H, pyrrole H), 6.26-6.28 (m, 2H, pyrrole H), 7.05-7.06 (m, 2H, 

pyrrole H), 7.16-7.17 (m, 2H, pyrrole H), 7.21-7.22 (m, 2H, pyrrole H), 10.99 (broad s, 

2H, NH), 11.20 (broad s, 2H, NH). 13C NMR (125 MHz, acetone –d6) δ (ppm) = 57.6, 

109.1, 111.2, 115.2, 115.7, 116.5, 125.9, 126.4, 126.9, 127.7, 141.9, 144.7. MS (CI+): 

calcd. for C24H19N8 [M + H]+ 419, found m/z: 419. 

 

5,6-Bis-{5-[bis-(pyrrol-2-yl)-methyl]-pyrrol-2-yl}-pyrazine-2,3-dicarbonitrile, 

2.37.   

Compound 2.35 (27 mg, 0.085 mmol) was suspended 

in 3 ml (43.20 mmol) of freshly distilled pyrrole.  To the 

resulting mixture, 9 µl of TFA (1.52 mmol) were added.  The 

reaction mixture was then stirred at room temperature for 2 h, 

after which time the excess pyrrole was removed in vacuo and the crude product was 

purified by column chromatography over silica gel using 0-5% MeOH in CH2Cl2 as the 

eluent.  The product was isolated as the 5th fraction and obtained in the form of a deep-red 

– black powder after removal of the solvents (39 mg, 84%).  m.p. = 116-118°C. 1H NMR 

(500 MHz, CD2Cl2) δ(ppm) = 5.59 (s, 2H, CH), 6.04-6.05 (m, 4H, pyrrole H), 6.07-6.09 

(m, 2H, pyrrole H), 6.16-6.17 (m, 4H, pyrrole H), 6.73-6.75 (m, 4H, pyrrole H), 7.25-

7.26 (m, 2H, pyrrole H), 8.17 (broad s, 2H, NH), 9.44 (broad s, 2H, NH). 13C NMR (125 

MHz, CD2Cl2) δ(ppm) = 38.0, 107.5, 109.0, 110.5, 114.4, 116.6, 118.3, 125.7, 126.4, 

130.2, 140.4, 143.2. . HRMS (CI+): calcd for C32H25N10 [M + H]+ 549.2263; found m/z: 

549.2272. Anal. calcd for C32H24N10·0.5CH2Cl2: C, 62.56; H, 4.14; N, 22.11; found C, 

62.88; H, 4.43; N, 21.81. 
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3-Chloro-6-(3,4-diethylpyrrol-2-yl)pyridazine (2.81) and 3,6-Bis(3,4-

diethylpyrrol-2-yl)pyridazine (2.82) 

3,4-Diethylpyrrole, 2.79 (2 g, 16.23 mmol) was dissolved, 

under argon atmosphere, in 35 ml dry toluene.  To this solution was 

added 6 ml of 3.0M MeMgBr during a 40 min period.  The reaction 

mixture was stirred at room temperature for 30 min. whereupon a 

solution of 3,6-dichloropyridazine (0.8 g, 5.41 mmol) in 65 ml  of 

try toluene was cannulated during 20 min. period.  When the 

addition was complete, the  reaction mixture was heated at reflux and maintained at this 

temperature during 24h.  The reaction mixture was quenched with deionized water and 

washed with toluene (2 × 10 ml) and dichloromethane (3 × 20 ml).  The two organic 

layers were dried separately (brine and Na2SO4) and the solvent removed using a rotary 

evaporator.  The two batches of the crude product were combined and purified via 

column chromatography using silica and 0.5 – 1.5% MeOH in CH2Cl2 as the eluent.  The 

two products were isolated as yellow powders after removal of the solvent from the 

second fraction (2.81, 30 % yield) and third fraction (2.82, 52 % yield).  2.81: 1H NMR 

(400 MHz, CDCl3) δ(ppm) = 1.21-1.27 (m, 6H, CH3), 2.50 (q, 2H, CH2), 2.70 (q, 2H, 

CH2),  6.76 (d, 1H, pyrrole α-CH), 7.40 (d, 1H, pyridazine-CH), 7.59 (d, 1H, pyridazine-

CH), 9.54 (bs, 1H, NH).  13C NMR (100 MHz, CDCl3) δ(ppm) = 152.31, 152.28, 128.08, 

127.39, 127.03, 123.94, 122.53, 118.54, 18.25, 17.99, 15.11, 14.77. 2.82: 1H NMR (400 

MHz, CDCl3) δ(ppm) = 1.22-1.27 (m, 12H, CH3), 2.50 (q, 4H, CH2), 2.74 (q, 4H, CH2),  

6.72 (d, 2H, pyrrole α-CH), 7.60 (s, 2H, pyridazine-CH), 9.48 (bs, 2H, NH).  13C NMR 

(100 MHz, CDCl3) δ(ppm) = 149.27, 126.81, 125.09, 123.51, 121.83, 116.87, 18.72, 

18.52, 15.78, 15.29. HRMS (CI+): calcd for C20H27N4 [M + H]+ 323.2235; found m/z: 

323.2243. 
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5-(6-(3,4-diethyl-5-formylpyrrol-2-yl)pyridazin-3-yl)-3,4-diethyl-pyrrole-2-

carbaldehyde (2.84) 

Phosphorus oxychloride (0.4 ml; 4.28 mmol) was 

added to 0.65 ml (8.4 mmol) of DMF and cooled to 0°C.  

The resulting mixture was stirred at this temperature for 10 

min, then allowed to warm to room temperature whereupon 

it was stirred for an additional 10 min.  1,2-Dichloroethane (3 ml) was added to the 

mixture followed by a dropwise addition of a solution of 2.82 (300 mg, 0.930 mmol) in 

20 ml 1,2-dichloroethane.  When the addition was complete (ca 20 min.) the mixture was 

heated to reflux and maintained there for 1 h.  After cooling the reaction mixture to 0°C, 

5 ml of saturated NaOAc were added in one batch.  The mixture was then heated at reflux 

for an additional hour.  Upon cooling once again, the organic phase was separated and 

washed with water, an aqueous solution of NaHCO3, and brine.  After removing the 

volatile components from the organic phase using a rotary evaporator, the resulting crude 

product was subject to column chromatography (silica gel, eluent: 2 % MeOH in 

CH2Cl2).  The desired products were obtained as the 3rd fraction of the column.  

Evaporation to dryness yields 2.84 (214 mg, 61%) as yellow powder. 1H NMR (400 

MHz, CDCl3) δ(ppm) = 1.24-1.30 (m, 12H, CH3), 2.76-2.83 (m, 8H, CH2), 7.83 (s, 2H, 

phenylene CH), 9.79 (s, 2H, CHO), 10.39 (bs, 2H, NH). 13C NMR (100 MHz, CDCl3) 

δ(ppm) = 178.34, 150.00, 137.50, 129.63, 128.80, 128.00, 123.79, 17.77, 17.56, 16.78, 

15. 
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Octapyrrolyl phthalocyanine (2.90) 

Dipyrrolylpyrazine, 2.32 (250 mg, 0.960 mmol) and zinc chloride (33 mg, 0.24 

mmol) were suspended in 10 ml dimethylaminoethanol.  

The reaction mixture was heated at reflux for a period of 

24 hours.  After removal of the solvent using a rotary 

evaporator, the crude product was purified by extensive 

washing with CH2Cl2 (5 × 50 ml).  Compound 2.90 was 

obtained in 48 % yield (127 mg) after removal of the 

solvent. 1H NMR (400 MHz, DMSO-d6) δ(ppm) = 6.31-

6.33 (m, 8H, pyrrole CH), 6.47 (bs, 8H, pyrrole H), 7.21 (d, 8H, pyrrole H), 11.97 (bs, 

8H, NH). 13C NMR (125 MHz, DMSO-d6) δ(ppm) = 150.61, 146.38, 146.06, 129.23, 

121.95, 111.80, 109.43. HRMS (CI+): calcd for C32H25N10 [M + H]+ 549.2263; found m/z: 

549.2272.  

 

Dipyrrolyl-tri-t-butyl phthalocyanine (2.92) 

Dipyrrolylpyrazine, 2.32 (250 mg, 0.960 mmol), 

zinc chloride (33 mg, 3.84 mmol) and 4-t-butyl-1,2-

dicyanobenzene, 2.95 (530 mg, 2.88 mmol) were suspended 

in 10 ml dimethylaminoethanol.  The reaction mixture was 

heated at reflux for a period of 24 hours.  After removing 

the volatile components from the organic phase using a 

rotary evaporator, the resulting crude product was passed through a silica plug, and then 

subject to column chromatography.  The column chromatographic purification required 

four individual separations performed on silica.  From each column separation the 2nd 

fraction was isolated and concentrated using a rotary evaporator and then loaded on the 
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next column. The column chromatographic separations used 5% MeOH in CH2Cl2, 4% 

MeOH in CH2Cl2, 2:1 petroleum ether : dioxane, and 94:4:1:1 CH2Cl2 : petroleum ether : 

MeOH : dioxane.  The desired product was obtained as the 2nd fraction of the column last 

column.  Evaporation to dryness yields 2.92 (59 mg, 7%) as blue-green powder.  HRMS 

(CI+): calcd for C50H44N12Zn [M + H]+ 878.3072; found m/z: 878.3053. 

 

DPQ-incroporating macrocycle 2.106 

Diformyl-dipyrrolylquinoxaline 2.100 (98 mg, 0.38 mmol) was dissolved in 60 ml 

of methanol : toluene mixture (1: 1.4 v/v).  4,4’-Benzidine 

dihydrochloride 2.109 (94 mg, 0.34 mmol) was added in one portion 

to the reaction mixture.  A red precipitate formed immediately after 

the benzidine addition.  The reaction was allowed to stir at room 

temperature for 30 min.  Compound 2.106 was isolated through 

filtration and extensive washing with CH2Cl2, toluene, and MeOH.  

The final product was obtained as the acid salt (2.106·2HCl) in 56 % 

yield (87 mg) in the form of a deep red powder. 1H NMR (400 MHz, 

DMSO-d6) δ(ppm) = 6.29 (bs, 4H, pyrrole H), 6.88 (bs, 4H, pyrrole 

H), 7.32 (d, 4H, phenylene H), 7.73 (d, 4H, phenylene H), 7.84 (bs, 

4H, quinoxaline H), 8.10 (bs, 4H, quinoxaline H), 8.61 (s, 4H, 

N=CH), 12.19 (bs, 4H, NH). 13C NMR (125 MHz, DMSO-d6) δ(ppm) = 144.61, 132.95, 

127.49, 127.09, 121.61, 121.41.  HRMS (CI+): calcd for C60H41N12 [M + H]+ 929.3577; 

found m/z: 929.3590. 
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DPPdz-incorporating macrocycle 2.114 

Diformyl-dipyrrolylpyridazine 2.84 (50 mg, 0.132 

mmol) was dissolved in 40 ml of methanol : toluene mixture 

(1: 3 v/v).  4,5-Dimethyl-o-phenylenediamine 2.115 (20 mg, 

0.145 mmol) and concentrated HCl (3 drops) were added to 

the reaction mixture.  The reaction was allowed to stir at 

room temperature for a period of 4 hours.  Compound 2.114 

was isolated through filtration and extensive washing with 

toluene, MeOH, and CH2Cl2.  The final product was obtained 

as the acid salt (2.114·2HCl) in 33 % yield (22 mg) in the form of a brown powder. 1H 

NMR (400 MHz, DMSO-d6) δ(ppm) = 1.04-1.18 (m, 12H, CH3), 2.26 (s, 12H, CH3), 2.73 

(q, 8H, CH2), 2.91 (q, 8H, CH2), 7.00 (s, 4H, phenylene H), 8.24 (s, 4H, pyridazine H), 

8.47 (d, 4H, N=CH). HRMS (CI+): calcd for C60H41N12 [M + H]+ 957.5768; found m/z: 

957.5764. 

 

N2,N6-bis(4-(2-ethylhexyloxy)-2-nitrophenyl)pyridine-2,6-

dicarboxamide  (3.69) 

Compound 3.67 (1.5 g, 5.62 mmol) were dissolved in 250 ml 

dry CH2Cl2.  To this solution was added in one portion pyridine-2,6-

dicarbonyl dichloride 3.3, (0.575 g, 2.81 mmol).  The reaction 

mixture was stirred at room temperature over a period of 14h.  The 

reaction mixture was washed with a saturated aqueous solution of 

NaHCO3, dried with brine and over Na2SO4.  After removal of the 

solvent using a rotary evaporator, compound 3.68 was obtained in 97 

% yield (1.8 g) in the form of a deep red oil.  1H NMR (400 MHz, 
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CD2Cl2) δ(ppm) = 0.84-0.99 (m, 12H, alkyl), 1.26-1.49 (m, 16H, alkyl), 1.67-1.69 (m, 

2H, alkyl), 3.76 (d, 2H, OCH2), 6.28-6.31 (m, 4H, phenylene H), 7.16 (d, 2H, phenylene 

CH), 8.06 (dd, 1H, pyridine H), 8.36 (d, 2H, pyridine H), 9.50 (bs, 2H, NH). 13C NMR 

(100 MHz, CD2Cl2) δ(ppm) = 162.07, 158.73, 148.57, 142.71, 138.84, 126.84, 124.80, 

116.41, 104.94, 102.98, 70.54, 39.38, 30.49, 29.10, 23.83, 23.14, 13.96, 10.94. HRMS 

(CI+): calcd for C34H46N5O8 [M + H]+ 664.3346; found m/z: 664.3330. 

 

 

Dimethyl 4-(5-methylhex-1-ynyl)pyridine-2,6-dicarboxylate (3.74) 

A 30 ml thick-walled pressure flask was charged with 

bromoderivative 3.72 (1g, 3.65 mmol), 5-methyl-1-hexyne (1.53 ml, 

11.67 mmol), PPh3 (64 mg, 0.244 mmol), Pd(OAc)2 (27 mg, 0.123 mmol), 

CuI (7 mg, 0.038 mmol), 4.3 ml Et3N and 15 ml dry CH2Cl2.  The reaction 

mixture was heated with stirring at 41 °C for a period of 2h, then diluted 

with CHCl3 (50 ml), washed with aqueous HCl (0.5M) until pH ~ 6 was 

reached.  The organic layer was dried over Na2SO4 anh. After removing the volatile 

components from the organic phase using a rotary evaporator, the resulting crude product 

was subject to column chromatography (silica gel, eluent: 10 % hexanes in CH2Cl2).  The 

desired product were obtained as the 1st fraction of the column.  Evaporation to dryness 

yields 3.74 (0.994 g, 94%) as a white powder. 1H NMR (400 MHz, CDCl3) δ(ppm) = 

0.91 (d, 6H, CH3), 1.49 (q, 2H, CH2), 1.70-1.74 (m, 1H, CH), 2.44 (t, 2H, CH2), 3.98 (s, 

6H, OCH3), 8.19 (s, 2H, pyridine CH). 13C NMR (100 MHz, CDCl3) δ(ppm) = 164.75, 

148.16, 135.28, 129.89, 99.44, 53.17, 36.90, 27.18, 22.03, 17.46. HRMS (CI+): calcd for 

C16H20N1O4 [M + H]+ 290.1392; found m/z: 290.1381. 

 

N
OO

OO

3.74
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ANION BINDING STUDIES 

 

UV-Vis Anion Recognition Studies: 

 

Stock solutions of the host molecule being studied were made up in 

dichloroethane with the final concentrations being between 3.309 × 10-6 M and 2.653 × 

10-5 M.  The hosts in question were synthesized using the procedures described above.  

For instance, 2.5 mg of receptor 3.82 were dissolved in 10 ml of dichloroethane 

(spectrophotometric grade) yielding a 3.316 × 10-4 M stock solution. This first stock 

solution was then diluted 12.5 times to give the titration stock solution with a 

concentration of 2.653 × 10-5 M. 

Stock solutions of the guest were prepared by dissolving 10 - 100 equivalents of 

the tetrabutylammonium salt of the anion in question in 1.5 - 2.5 ml of the stock solution 

of the host, prepared as described above.  A special remark needs to be made regarding 

tetrabutylammonium dihydrogenphosphate, which, due to its low solubility in 

dichloroethane, was dissolved in 4.5-5 ml of the host stock solution, prepared as 

described above.  Making up the anion source solutions in this way allowed the binding 

studies to be carried out without having to make mathematical corrections to account for 

the changes in host concentration. 

The general procedure for the UV-Vis binding studies involved making sequential 

additions of titrant (anionic guest) using Hamilton® pipettes to a 2 ml aliquot of the host 

stock solution in a spectrometric cell.  UV-Vis spectroscopic data were then collated and 

combined to produce plots that showed the changes in host spectral features as a function 

of changes in the concentration of the guest.  
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Calculations of Equilibrium Constants, Ka: 

 

Equilibrium constants were calculated using equation 4.5 of Connors1 where [L] = 

[anion].  The resulting equation, of the form, y = B × Ka × x / (1 + Ka × x), was computer 

fit using the Origin version 7.5 software package, where x = [anion], y = ΔA, B = Δε × b, 

Ka = the equilibrium constant.  The change in absorbance, ΔA, was calculated at a λ value 

where the spectral change was maximal.  

 

Job Plot Construction: 

 

A stock solution of the host was prepared as described for the Ka determination 

experiments.  The guest stock solution was prepared by dissolving 1 - 2 equivalents of the 

tetrabutylammonium salt of the anion subject to study in the same solvent 

(dichloroethane) as the one used for the host stock solution.  

The general procedure for the UV-Vis Job titrations involved making sequential 

additions of titrant (anionic guest) using Hamilton® pipettes to a 1.5 ml aliquot of the 

host stock solution in a spectrometric cell.  The data were then collated and combined to 

produce data files from which so-called Job plots could be constructed.  These latter were 

produced as described by Connors,1 namely by plotting the molar fraction of guest (XG) 

as a function of [host] × ΔA.  The plots themselves were generated using the Origin 

version 7.5 software package, or Kaleidagraph version 4.01.  The change in absorbance, 

ΔA, was calculated at a λ value where the spectral change was maximal.  In accord with 

accepted practice, the maxima of the resulting graph was considered indicative of the 
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stoichiometry of the host:guest complex, namely a maximum where XG = 0.5 was 

considered indicative of a 1:1 host:guest complex stoichiometry. 

 

 

References: 

 
1. Connors, K. A., Binding Constants. John Wiley & Sons: New York, 1987. 
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Appendix A:  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 3.60, 3.62 grown by Evgeny Katayev and 

3.80 and 3.82 – first structure, grown by Vladimir Roznyatovskyi, visiting students from 

Moscow State University that worked under the supervision of the author. All crystal X-

ray diffraction structures were solved by Dr. Vincent Lynch of this department, with the 

exception of 3.60, 3.62, 3.80, and 3.82 that were solved by Dr. V. N. Khrustalev of the 

A.N.Nesmeyanov Institute of Organoelement Compounds in Moscow, and 1.119 that was 

solved by Dr. M. E. Light of the University of Southampton, U.K.  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. 

X-ray Experimental for C20H27N3O6 (1.76):  Crystals grew as thin, colorless 

lathes by slow evaporation from dichloromethane and cyclohexane.  The data crystal was 

a long lathe that had approximate dimensions; 0.65 x 0.12 x 0.03 mm.  The data were 

collected on a Nonius Kappa CCD diffractometer using a graphite monochromator with 

MoKα radiation (λ = 0.71073Å).  A total of 414 frames of data were collected using ω-

scans with a scan range of 0.7° and a counting time of 136 seconds per frame.  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 Table 1.  Data reduction 

were performed using DENZO-SMN.1  The structure was solved by direct methods using 

SIR972 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 were 
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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 + (0.02*P)2] and P = (|Fo|2 + 2|Fc|2)/3.  Rw(F2) 

refined to 0.222, with R(F) equal to 0.121 and a goodness of fit, S, = 1.17.  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 + (15.1(11)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.  (1997).  Z. Otwinowski and W. Minor, Methods in 

Enzymology, 276: Macromolecular Crystallography, part A, 307 – 326, C. 
W. Carter, Jr. and R. M. Sweet, Editors, Academic Press. 

2) SIR92.  (1993).  A program for crystal structure solution. Altomare, A., 
Cascarano, G., Giacovazzo, C. & Guagliardi, A.   J. Appl. Cryst. 26, 343-
350. 

3) Sheldrick, G. M. (1994).  SHELXL97.  Program for the Refinement of 
Crystal Structures.  University of Gottingen, Germany. 

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 (1992). Vol. C, Tables 

4.2.6.8 and 6.1.1.4, A. J. C. Wilson, editor, Boston: Kluwer Academic 
Press. 

6) Sheldrick, G. M. (1994).  SHELXTL/PC (Version 5.03).  Siemens 
Analytical X-ray Instruments, Inc., Madison, Wisconsin, USA. 
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Table A1.  Crystal data and structure refinement for 1.76. 

Empirical formula  C20 H27 N3 O6 

Formula weight  405.45 

Temperature  150(2) K 

Wavelength  0.71073 Å 

Crystal system  Triclinic 

Space group  P-1 

Unit cell dimensions a = 8.7107(5) Å α= 88.090(2)°. 

 b = 15.6352(9) Å β= 88.849(3)°. 

 c = 15.8755(13) Å γ = 77.927(4)°. 

Volume 2113.0(2) Å3 

Z 4 

Density (calculated) 1.275 Mg/m3 

Absorption coefficient 0.095 mm-1 

F(000) 864 

Crystal size 0.65 x 0.12 x 0.03 mm 

Theta range for data collection 2.92 to 24.99°. 

Index ranges -10<=h<=10, -18<=k<=18, -17<=l<=18 

Reflections collected 11654 

Independent reflections 6605 [R(int) = 0.2201] 

Completeness to theta = 24.99° 88.7 %  

Absorption correction None 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 6605 / 0 / 524 

Goodness-of-fit on F2 1.168 

Final R indices [I>2sigma(I)] R1 = 0.1211, wR2 = 0.1729 

R indices (all data) R1 = 0.3523, wR2 = 0.2225 

Extinction coefficient 5.1(11)x10-6 

Largest diff. peak and hole 0.377 and -0.388 e.Å-3 
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Figure A1.  View of the molecule 1 in 1.76 showing the atom labeling scheme.  
Displacement ellipsoids are scaled to the 50% probability level.     
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Table A2.  Crystal data and structure refinement for 1.96. 

Empirical formula  C33 H43 N5 O5 

Formula weight  589.72 

Temperature  153(2) K 

Wavelength  0.71073 Å 

Crystal system  Monoclinic 

Space group  P21/n 

Unit cell dimensions a = 17.6787(4) Å α= 90°. 

 b = 7.9953(2) Å β= 110.797(2)°. 

 c = 24.285(9) Å γ = 90°. 

Volume 3209.0(12) Å3 

Z 4 

Density (calculated) 1.221 Mg/m3 

Absorption coefficient 0.083 mm-1 

F(000) 1264 

Crystal size 0.54 x 0.11 x 0.08 mm 

Theta range for data collection 3.10 to 27.49°. 

Index ranges 0<=h<=22, 0<=k<=10, -31<=l<=29 

Reflections collected 7334 

Independent reflections 7334 [R(int) = 0.0000] 

Completeness to theta = 27.49° 99.5 %  

Absorption correction None 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 7334 / 0 / 401 

Goodness-of-fit on F2 1.166 

Final R indices [I>2sigma(I)] R1 = 0.0913, wR2 = 0.1543 

R indices (all data) R1 = 0.1755, wR2 = 0.1889 

Extinction coefficient 1.06(9)x10-5 

Largest diff. peak and hole 0.436 and -0.279 e.Å-3 
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Figure A2.  View of 1.96 showing the atom labeling scheme.  Displacement ellipsoids are 
scaled to the 30% probability level.  The hydrogen atoms have been drawn to an arbitrary 
size.  Dashed lines are indicative of H-bonding interactions.  The geometry of these 
interactions are:  N4-H4…O1a, N…O 3.046(3)Å, H…O 2.18(3)Å, N-H…O 178(3)°;   N1-
H1…N3, N…N 2.803(4)Å, H…O 2.32(4)Å, N-H…O 117(3)°;   N5-H5…N3, N…N 
2.713(4)Å, H…O 2.05(4)Å, N-H…O 130(3)°.    
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Table A3.  Crystal data and structure refinement for 1.97. 
Empirical formula  C20 H24 Cl2 N4 O2 

Formula weight  423.33 

Temperature  153(2) K 

Wavelength  0.71073 Å 

Crystal system  Triclinic 

Space group  P-1 

Unit cell dimensions a = 7.2745(4) Å α= 80.461(4)°. 

 b = 10.0983(7) Å β= 89.390(4)°. 

 c = 15.525(2) Å γ = 70.534(4)°. 

Volume 1059.19(17) Å3 

Z 2 

Density (calculated) 1.327 Mg/m3 

Absorption coefficient 0.329 mm-1 

F(000) 444 

Crystal size 0.50 x 0.04 x 0.04 mm 

Theta range for data collection 2.97 to 25.00°. 

Index ranges -8<=h<=8, -10<=k<=12, -18<=l<=18 

Reflections collected 6859 

Independent reflections 3670 [R(int) = 0.1443] 

Completeness to theta = 25.00° 98.3 %  

Absorption correction None 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 3670 / 0 / 265 

Goodness-of-fit on F2 1.043 

Final R indices [I>2sigma(I)] R1 = 0.0844, wR2 = 0.1489 

R indices (all data) R1 = 0.2558, wR2 = 0.2019 

Largest diff. peak and hole 0.381 and -0.418 e.Å-3 
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Figure A3.  View of 1.97 showing the atom labeling scheme.  Displacement ellipsoids are 
scaled to the 50% probability level.  The hydrogen atoms are drawn to an arbitrary size.   
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Table A4.  Crystal data and structure refinement for 1.100. 
Empirical formula  C19 H23 N3 O5 

Formula weight  373.40 

Temperature  153(2) K 

Wavelength  0.71073 Å 

Crystal system  Monoclinic 

Space group  P21/n 

Unit cell dimensions a = 5.0459(1) Å α= 90°. 

 b = 21.3075(6) Å β= 90.202(1)°. 

 c = 17.2323(4) Å γ = 90°. 

Volume 1852.73(8) Å3 

Z 4 

Density (calculated) 1.339 Mg/m3 

Absorption coefficient 0.098 mm-1 

F(000) 792 

Crystal size 0.45 x 0.05 x 0.05 mm 

Theta range for data collection 3.04 to 27.51°. 

Index ranges -6<=h<=6, -26<=k<=27, -17<=l<=22 

Reflections collected 11557 

Independent reflections 4233 [R(int) = 0.0633] 

Completeness to theta = 27.51° 99.2 %  

Absorption correction None 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 4233 / 0 / 265 

Goodness-of-fit on F2 1.062 

Final R indices [I>2sigma(I)] R1 = 0.0544, wR2 = 0.1213 

R indices (all data) R1 = 0.1283, wR2 = 0.1406 

Extinction coefficient 1.5(2)x10-5 

Largest diff. peak and hole 0.241 and -0.212 e.Å-3 
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Figure A4.  View of 1.100 showing the atom labeling scheme.  Displacement ellipsoids 
are scaled to the 50% probability level.  The hydrogen atoms have been drawn to an 
arbitrary size.  Dashed lines are indicative of H-bonding interactions.  The geometry of 
these interactions are:  N1-H1…O1w, N…O 2.790(3)Å, H…O 1.84(3)Å, N-H…O 163(2)°;  
O1w-H1wa…O4; O…O 2.820(3)Å, H…O 1.93(3)Å, O-H…O 159(3)°.  
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 Table A5.  Crystal data and structure refinement for 1.108. 

Empirical formula  C13 H17 N3 O2 

Formula weight  247.30 

Temperature  153(2) K 

Wavelength  0.71073 Å 

Crystal system  Monoclinic 

Space group  P21/c 

Unit cell dimensions a = 10.5504(10) Å α= 90°. 

 b = 9.0899(8) Å β= 96.867(4)°. 

 c = 13.5949(14) Å γ = 90°. 

Volume 1294.4(2) Å3 

Z 4 

Density (calculated) 1.269 Mg/m3 

Absorption coefficient 0.088 mm-1 

F(000) 528 

Crystal size 0.22 x 0.20 x 0.04 mm 

Theta range for data collection 2.97 to 25.00°. 

Index ranges -12<=h<=12, -9<=k<=10, -16<=l<=16 

Reflections collected 3999 

Independent reflections 2273 [R(int) = 0.0875] 

Completeness to theta = 25.00° 99.7 %  

Absorption correction None 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 2273 / 0 / 174 

Goodness-of-fit on F2 1.252 

Final R indices [I>2sigma(I)] R1 = 0.1189, wR2 = 0.1647 

R indices (all data) R1 = 0.1945, wR2 = 0.1888 

Largest diff. peak and hole 0.306 and -0.346 e.Å-3 
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Figure A5.  View of 1.108 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 1.123. 

Empirical formula  C49 H43 N11 O6 

Formula weight  881.94 

Temperature  153(2) K 

Wavelength  0.71073 Å 

Crystal system  Triclinic 

Space group  P-1 

Unit cell dimensions a = 12.7239(4) Å α= 65.588(2)°. 

 b = 13.6559(5) Å β= 69.964(2)°. 

 c = 15.0447(7) Å γ = 67.954(2)°. 

Volume 2151.24(14) Å3 

Z 2 

Density (calculated) 1.362 Mg/m3 

Absorption coefficient 0.093 mm-1 

F(000) 924 

Crystal size 0.35 x 0.16 x 0.12 mm 

Theta range for data collection 3.03 to 25.00°. 

Index ranges 0<=h<=15, -14<=k<=16, -16<=l<=17 

Reflections collected 7477 

Independent reflections 7477 

Completeness to theta = 25.00° 98.8 %  

Absorption correction None 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 7477 / 0 / 612 

Goodness-of-fit on F2 1.050 

Final R indices [I>2sigma(I)] R1 = 0.0621, wR2 = 0.1211 

R indices (all data) R1 = 0.1187, wR2 = 0.1466 

Extinction coefficient 7.4(10)x10-6 

Largest diff. peak and hole 0.267 and -0.264 e.Å-3 
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Figure A6.  View of 1.123 showing the atom labeling scheme.  Displacement ellipsoids 
are scaled to the 50% probability level.  Most hydrogen atoms have been removed for 
clarity.   
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Table A7.  Crystal data and structure refinement for 2.86. 

Empirical formula  C22 H26 N4 O2 

Formula weight  378.47 

Temperature  153(2) K 

Wavelength  0.71073 Å 

Crystal system  Triclinic 

Space group  P-1 

Unit cell dimensions a = 7.3009(3) Å α= 81.587(2)°. 

 b = 9.6113(5) Å β= 84.030(2)°. 

 c = 14.1626(8) Å γ = 87.169(2)°. 

Volume 977.19(9) Å3 

Z 2 

Density (calculated) 1.286 Mg/m3 

Absorption coefficient 0.084 mm-1 

F(000) 404 

Crystal size 0.25 x 0.06 x 0.04 mm 

Theta range for data collection 3.03 to 25.00°. 

Index ranges -8<=h<=8, -11<=k<=11, -14<=l<=16 

Reflections collected 5651 

Independent reflections 3412 [R(int) = 0.0695] 

Completeness to theta = 25.00° 99.2 %  

Absorption correction None 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 3412 / 0 / 262 

Goodness-of-fit on F2 0.941 

Final R indices [I>2sigma(I)] R1 = 0.0585, wR2 = 0.0977 

R indices (all data) R1 = 0.1682, wR2 = 0.1251 

Extinction coefficient 1.2(2)x10-5 

Largest diff. peak and hole 0.252 and -0.197 e.Å-3 
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Figure A7.  View of 2.86 showing the atom labeling scheme.  Displacement ellipsoids are 
scaled to the 50% probability level.   
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Table A8.  Crystal data and structure refinement for 2.85. 

Empirical formula  C18 H22 N2 O2 

Formula weight  298.38 

Temperature  153(2) K 

Wavelength  0.71073 Å 

Crystal system  Triclinic 

Space group  P-1 

Unit cell dimensions a = 4.4465(4) Å α= 75.944(6)°. 

 b = 7.5888(7) Å β= 81.316(5)°. 

 c = 12.0992(11) Å γ = 76.074(3)°. 

Volume 382.54(6) Å3 

Z 1 

Density (calculated) 1.295 Mg/m3 

Absorption coefficient 0.085 mm-1 

F(000) 160 

Crystal size 0.44 x 0.14 x 0.11 mm 

Theta range for data collection 2.99 to 24.99°. 

Index ranges -5<=h<=5, -8<=k<=8, -14<=l<=14 

Reflections collected 2053 

Independent reflections 1250 [R(int) = 0.0337] 

Completeness to theta = 24.99° 93.0 %  

Absorption correction None 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 1250 / 0 / 145 

Goodness-of-fit on F2 1.019 

Final R indices [I>2sigma(I)] R1 = 0.0468, wR2 = 0.1032 

R indices (all data) R1 = 0.0819, wR2 = 0.1208 

Extinction coefficient 8(2)x10-5 

Largest diff. peak and hole 0.262 and -0.199 e.Å-3 
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Figure A8.  View of 2.85 showing the atom labeling scheme.  Displacement ellipsoids are 
scaled to the 50% probability level.  The molecule lies around 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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Table A9. Crystal data and structure refinement details for C38H37N5O10 . 0.5C3H6O. 
(1.119) 
 

 
Identification code  2005sot0609     
Empirical formula  C39.50H40N5O10.50 
Formula weight  752.77 
Temperature  120(2) K 
Wavelength  0.71073 Å 
Crystal system  Triclinic 
Space group  P−1  
Unit cell dimensions a = 9.8674(16) Å α = 102.14(2)° 
 b = 11.449(3) Å β = 105.57(2)° 
 c = 17.359(6) Å γ  = 95.79(2)° 
Volume 1820.9(8) Å3 
Z 2 
Density (calculated) 1.373 Mg / m3 
Absorption coefficient 0.101 mm−1 
F(000) 792 
Crystal Prism; Pale Yellow 
Crystal size 0.4 × 0.1 × 0.1 mm3 
θ range for data collection 2.97 − 27.48° 
Index ranges −12 ≤ h ≤ 12, −14 ≤ k ≤ 14, −22 ≤ l ≤ 22 
Reflections collected 25281 
Independent reflections 8258 [Rint = 0.0753] 
Completeness to θ = 27.48° 98.9 %  
Absorption correction Semi−empirical from equivalents 
Max. and min. transmission 0.9900 and 0.9608 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 8258 / 30 / 498 
Goodness-of-fit on F2 1.039 
Final R indices [F2 > 2σ(F2)] R1 = 0.0771, wR2 = 0.1817 
R indices (all data) R1 = 0.1674, wR2 = 0.2240 
Largest diff. peak and hole 1.132 and −1.101 e Å−3 
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Appendix B:  UV-visible titration data 

UV-vis titration data taken in CH2Cl2 of receptors 2.37 and 2.21. 
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UV-vis titration data taken in CH2Cl2 of receptor 3.59 

 

 

UV-vis titration data taken in CH3CN of receptors 3.60 and 3.61 
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UV-vis titration data taken in CH3CN of receptors 3.61 and 3.62 
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UV-vis titration data taken in CH3CN of receptors 3.80 and 3.82 
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