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Anion Binding has recently emerged as an important field of study due to 

the role these small inorganic species play in a plethora of biological processes.  

Chapter 1 of this thesis describes the biological relevance and scientific 

justifications for studying the ability of synthetic molecules to transport or extract 

anions under interfacial conditions.  This chapter also serves to underscore the 

need to study both the thermodynamics and kinetics of anion binding as achieved 

using synthetic receptors. Methods for determining the thermodynamics of ion 

recognition are well-developed, and many equilibrium analyses of supramolecular 

binding events have been reported; however, the kinetics of such interactions are 

often neglected. Chapter 2 details the author’s efforts to address this deficiency 

with respect to anion-binding and reports progress towards quantitative kinetic 

analyses of the interaction between cyclo[8]pyrrole (C8), an expanded porphyrin, 

and two test anions.  It has been determined that stopped-flow analysis can 
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provide on and off-rates, as well as activation parameters not accessible through 

thermodynamic means.  

Initial flash photolysis kinetic studies have also revealed that C8 has the 

potential to act as a photosensitizing agent through electron donation.  This work 

is presented in Chapter 3, wherein the author discusses the construction of novel 

donor-acceptor dyads based on C8. As detailed in this chapter, time-resolved 

optical analyses have confirmed that photoinduced electron transfer occurs under 

conditions of photoexcitation and that the lifetime of the charge separated state is 

approximately 300 !s.  

Finally, Chapter 4 describes a comprehensive set of spectroscopic work 

conducted by the author involving porphyrin and porphycenes that have a RuCp* 

(Cp*: pentamethylcyclopentadienyl) fragment either coordinated to the central 

porphyrinic core or directly attached to the “"-face” of the macrocycle.  These 

systems display unique intramolecular electron transfer properties that are 

ascribed to the metallated-porphyrin core acting as an electron acceptor, as 

opposed to a donor as is normally observed with porphyrins. 
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Chapter 1: Anion Binding: Challenges, Progress, and Applications 

1.1 INTRODUCTION: ANION TRANSPORT IN BIOLOGY 

It is now fully appreciated that anion recognition is essential to life. However, in 

spite of what one might intuit, most biological anion recognition does not take place in 

water. Rather, it takes place under interfacial conditions, including the largely dehydrated 

pockets of proteins and the amphiphilic environments associated with cellular 

membranes. The associated heterogeneity of these environments has made the study of 

biological anion recognition challenging. Despite the complexity in understanding anion 

recognition, it represents a crucial area of research. The controlled movement of anions 

across phospholipid membranes is now specifically recognized as an absolute 

requirement for the disease-free survival of all higher order biological organisms.  

Anions are generally surrounded by a stabilizing solvent sphere and typically 

reject hydrophobic environments. Membranes, which are comprised of polar outer 

regions and a more hydrophobic interior, thus act inter alia as a barrier for anion flow (cf. 

Figure 1.1). Nature has devised ways to assist in this ‘active’ transport through the use of 

membrane-bound proteins that serve as channels for ferrying anions from one side of a 

cell to the other. Functional failures in these channels, and more generally an inability to 

regulate anion movement and thus to maintain certain concentrations of anions 

intracellularly and extracellularly, can have important biological consequences. The 

difference in intracellular vs. extracellular concentrations of ions can be extreme; for 

example, in the case of chloride, average intracellular and extracellular concentrations are 

4 mM and 116 mM, respectively, while for a cation like potassium, the average 

intracellular and extracellular concentrations are 139 mM and 4 mM, respectively.1 

Deviations from normal anion transport function not only underlies a variety of well-
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recognized disease states, including cystic fibrosis (CF), Bartter’s syndrome,2 Dent’s 

disease, osteopetrosis, and idiopathic epilepsy.3 Regulating anion transport also provides 

an attractive new approach to cancer chemotherapy.  

 

 

Figure 1.1: (a) Schematic of a natural lipid bilayer in which a hydrophpobic region is 
capped by polar headgroups. (b) Channel-forming and (c) carrier-based 
approaches to enhancing anion movement across membranes.  

Cystic fibrosis (CF) is the best studied of the physiological disorders that have 

been traced to problems in anion-transport. CF is also the most widespread fatal genetic 

disorder in Caucasians; approximately five percent are carriers4 and ca. 1 in 2000 are 

born with the disease.5 CF is thought to originate from a genetic mutation in the Cystic 

Fibrosis Transmembrane Regulator (CFTR), a channel that mediates transepithelial 

chloride transport. A recent comprehensive review by Verkman and Galietta covers 

therapeutics aimed at chloride transport channels and provides some examples of systems 

that might prove useful as treatments; however, this review also underscores the dearth of 

knowledge, and in general, slow progress in this field.5 One of the challenges in 
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understanding CF arises from the difficulty in gaining comprehensive understanding of 

the physiological effect of the disease on a molecular level. For instance, while two-thirds 

of CF cases are caused by one specific mutation, there are over 1,000 other known 

mutations of the 1,480-amino-acid protein that can result in a diseased state.6     

The debilitating manifestations of CF include airway distress, pancreatic failure, 

meconium ileus, male infertility and excess levels of electrolytes in sweat.7 In addition to 

genetic testing, monitoring chloride sweat concentrations is the internationally used (and 

accepted) method of diagnosing CF.8 This approach works since patients suffering from 

CF have chloride concentrations in their sweat that are 3-5 times greater than average.9  

The CFTR is the sole anion channel in the larger family of ATP-binding cassette 

(ABC) transporter ATPases. The transport of chloride in CFTR is a process controlled by 

a ‘gate’ composed of two cytoplasmic nucleotide binding domains, NBD1 and NBD2. 

When ATP binds to these domains, it acts a clip, holding them together. This causes the 

gate to ‘open,’ allowing chloride ions to flow across. The channel gate closes quickly 

(approximately 1 second) after the ATP is hydrolyzed, and the NBD1-NBD2 interaction 

is disrupted (Figure 1.2). Prior to ATP binding, there is a regulatory domain that must be 

phosphorylated by PKA (camp-dependent protein kinase).6 In cells where the CFTR is 

functioning properly, chloride ions accumulate near the entrance of the channel due to an 

area of dense positive charge that results from the presence of positively charged amino 

acids, such as arginine and lysine.10    
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Figure 1.2:   Proposed representation of the ‘gating’ mechanism operating in the CFTR.   
As can be seen in the image, upon binding ATP, the two-nucleotide binding 
domains form a dimer, and the channels open.  Hydrolysis of the bound 
ATP, releasing inorganic phosphate (Pi), destabilizes the dimer, closing the 
channel.6 

 Recently, it has come to be appreciated that mutations in the CFTR not only 

affect chloride transport, but also the transmembrane flow of other ions, including in 

particular bicarbonate (HCO3
–).11 In the pancreas, for example, without HCO3

– counter-

transport, disease symptoms become manifest, even if the Cl– transport system is 

functioning properly. Therefore, it has been suggested recently that the concurrent 

transport of both anions (albeit in opposing directions) could provide a useful approach to 

treating CF.11 

Another ion transport channel family, known as anion exchangers (AE), is 

responsible for carrying out the exchange of chloride anion for bicarbonate anion across a 

membrane. This is an extremely important biological function.  Bicarbonate, or HCO3
–, is 

an indirect product of CO2, itself a product of mitochondrial respiration. Together, these 

two species form the primary pH buffer system in our bodies (Scheme 1.1). A critical 



 
5 

difference between these two species is that CO2 is able to traverse cell membranes 

unassisted, while HCO3
– must be actively transported.  Therefore, a complex system of 

anion-transporting proteins serves to regulate the concentrations of these species in cells 

and as a consequence regulate cellular pH.  

 

 

Scheme 1.1: Formation of bicarbonate, HCO3
– from the respiration product, CO2 and 

its various pH dependent forms.  

Because of this important role, malfunctions in the HCO3
– transportation 

‘vehicles’ can result in a wide variety of disease states.12 Figure 1.3 illustrates the 

possible mechanisms for anion movement in and out of a gastric parietal cell wherein the 

exchange activity by AE2 allows for secretion of HCl into the gastric lumen.12 Quite 

recently, Josephsen et al. showed that disruption of the AE2 Cl–/HCO3
– system results in 

osteopetrosis in mice.13  

 

 

CO2    +    H2O            H2CO3              HCO3
–    +   H+             CO3
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Figure 1.3: Proposed anion movement in and out of a gastric parietal cell wherein the 
exchange activity by AE2 allows for secretion of HCl into the gastric 
lumen.12 

Given the consequence of genetic defects that result in the malfunction of 

biological anion transport, we and others have proposed that synthetic entities that can 

either form in situ channels14,15,16 or act as carriers to facilitate anion movement across 

cellular membranes could provide a basis for new therapies.17,18,19 However, efforts to this 

end (reviewed later in this chapter) have yet to transition into even the early phases of 

biological testing. Thus, the fundamental hypothesis that fixing anion function could cure 

various disease states associated with mis-regulated anion transport is still far from 

established.  

1.2 POLYPYRROLIC ANION BINDING RECEPTORS 

1.2.1 Porphyrins and Expanded Porphyrins 

The interaction of anions with porphyrins and expanded porphyrins has been well 

documented and thoroughly reviewed in the literature.20 This field gained traction in the 

early 1990’s with the first reports of the ability of diprotonated sapphyrin to bind 

fluoride, as well as bind and transport phosphates.21,22 Sapphyrin is an expanded 

porphyrin that has a cavity equipped to host small anionic guests, especially in its 

protonated form. The cyclo[n]pyrrole family is similar in that it is also an expanded 

porphyrin able to host anions in its protonated form (Figure 1.4). Porphyrins, however, 

because of their smaller cavity, are less basic. Thus, porphyrins are not easily protonated 

and usually need to be synthetically ‘elaborated’ to allow for anion binding. A survey of 

the literature involving porphyrin-based anion receptors shows a propensity for use of 

‘picket fence porphyrins’. To achieve anion recognition, the pickets are generally 
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functionalized to provide a source of hydrogen bond donors that allow for anionic guest 

recognition. Urea subunits are particularly popular in this regard.23  

 

 

Figure 1.4: Core structures of porphyrin, sapphyrin, and the cyclo[n]pyrrole, the latter 
two being molecules studied in detail by the Sessler group.    

As noted above, sapphyrins were first appreciated for their anion binding ability 

in the early 1990’s. Several X-ray crystal structures revealed the ability of the protonated 

macrocycle to bind anions; Figure 1.5 shows a sapphyrin derivative, 1.1 in its 

diprotonated form bound to two bromide anions.  This results in a complex of overall 

stoichiometry 1.1•2HBr.24  

 

        1.1 

Figure 1.5:   Top view of the single crystal X-ray structure of 1.1-2HBr (CCDC# 
213468). Hydrogens have been omitted for clarity. 
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The ability of sapphyrin to bind halide anions led to the hypothesis that it would 

act as an anion transporter and as a result, demonstrate anticancer activity. While not a 

proof of mechanism, both these expectations were independently realized. Early on, 

sapphyrin was established as being an effective halide and phosphate anion carrier (as 

judged from very simple, U-tube type aqueous I – dichloromethane – aqueous II model 

membrane systems). 22,25,26 

Sapphyrins remain the subject of on-going research since there are relatively few 

synthetic receptors capable of binding phosphates selectively and efficiently, especially 

in aqueous media. In 2003 Sessler et al. published water-soluble derivatives of sapphyrin. 

They also reported that the macrocycle can act as a fluorescent sensor for phosphate.24 

This proposed phosphate-sensing ability was based on a fluorescence quenching effect 

caused by the inherent ‘aggregation’ of sapphyrins. Upon phosphate binding, sapphyrin 

deaggregates, thus resulting in a higher concentration of the monomeric form, which is 

appreciably fluorescent. The underlying aggregation effect was studied independently 

through dilution effects. At high concentrations of sapphyrin, the UV-vis spectra 

displayed a Soret band at around 410 nm that was ascribed to higher order aggregates. 

Upon dilution, these higher aggregates break into dimers, which are characterized by a 

red-shifted Soret band at 420 nm. Further dilution results in a Soret band at 450 nm, 

characteristic of the monomeric species. The deaggregation phenomenon was also 

studied in methanol and likewise explored as a function of sapphyrin structure.   

 



 
9 

 
 

                                                      1.2 

 
 

Figure 1.6: X-ray crystal structure of a sapphyrin – bis (4-nitrophenyl)phosphate 
complex (CCDC# 296889). Hydrogens have been omitted for clarity.  

 Král et al. demonstrated that sapphyrin can also be used as a metal-free organic 

catalyst for phosphate diester hydrolysis.27 Because nucleophilic displacement plays an 

important role in this particular cleavage reaction, groups able to act as nucleophiles (R = 

a-f, Figure 1.6) were appended to the periphery of the sapphyrin macrocycle. Binding of 

the phosphodiester, bis(4-nitrophenyl)phosphate or BNPP, was established in the solid-

state through X-ray diffraction analysis and in solution through 31P NMR (Nuclear 

Magnetic Resonance) spectroscopic titrations. Rates of hydrolysis were measured by 

monitoring the amount of p-nitrophenolate (the hydrolysis product of BNPP and an anion 

characterized by a distinct UV-vis absorption at 400 nm) produced as a function of time. 

The analogous porphyrin complexes were also synthesized and studied as controls.  
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                1.3         1.4 
 

Figure 1.7: Rigidified sapphyrins that were prepared to asses the anion-binding 
properties of this core when two NH moieties were replaced by O.  
The X-ray crystal structure (CCDC# 703177) reveals a bound tosylate 
anion, which lies closer to the NH “bottom” of the macrocycle.  
Hydrogens have been omitted for clarity.28  

A new sapphyrin derivative, dioxabenzosapphyrin, 1.4 was synthesized by Sessler 

et al. with the goal of understanding the role that the pyrrolic protons play in anion 

binding.28 In this system, two oxygen atoms replace the nitrogens of the original 

bipyrrolic unit. An X-ray crystal structure was solved and revealed a bound tosylate 

counteranion, which is held closest to the portion of the macrocycle containing the NH 

groups via hydrogen bonding interactions. When this species is subject to a titration of 

fluoride anion in the form of the tetrabutylammonium (TBA) salt, the UV-vis spectrum 

undergoes changes consistent with a 1:1 binding stoichiometry. Such changes are similar 

to what is seen in the original penta-azasapphyrin parent. However, the calculated 

association constant, Ka, was found to be reduced by a factor of 170, reflecting 

presumably the difference between three NH binding sites as opposed to five. Other key 

findings were that chloride anion could still be bound by this macrocycle. However, in 

the presence of MeOH, competition with the solvent was appreciable. This was not the 

case when an all-nitrogen analogue, 1.3, was tested as a control; in this case the chloride 

anion was bound with a clean 1:1 stoichiometry.28 
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Cyclo[8]pyrrole, 1.5, is a large aromatic expanded porphyrin reported by Sessler 

et al. in 2002. It is highly basic and is thus doubly protonated under a wide range of 

conditions. The result is a doubly positively (2+) charged system that shows great 

potential for anion-binding.29 It is speculated that anions play an important role as 

templates during cyclopyrrole synthesis, as the product distribution is highly dependent 

on the choice of acid in the ferric-ion mediated oxidative couplings used to produce this 

system and its smaller congeners. The initial 2002 paper reports the use of sulfuric acid as 

the acid and the formation of the sulfate anion-complexed form of diprotonated 

cyclo[8]pyrrole as the major product (cf. Figure 1.8). A follow-up paper in 2006 reported 

that, when hydrochloric acid was used instead of sulfuric acid, three products – namely 

cyclo[6], cyclo[7], and cyclo[8]pyrrole – are formed in 15, 5 and 25% yields, 

respectively.  All of these species were isolated as the corresponding bis HCl salts.30  
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Figure 1.8: Cyclo[8]pyrrole, 1.5a!H2SO4 (CCDC# 176189).29  

1.2.2 Macrocyclic Polypyrrolic Receptors 

Many reviews have been written on the various macrocycles used for anion-

binding. Thus, a brief synopsis of only those macrocycles comprised of pyrrole subunits, 

and with direct relevance to further sections will be discussed here. Macrocyclic 

polypyrrolic receptors include the well-studied calixpyrroles, a wide variety of Schiff 

base type macrocycles, and other arrangements of pyrroles organized with the goal of 

forming a cavity for anion recognition. 

The calixpyrrole family has been extensively studied since the Sessler group first 

reported its capability to bind anions in a seminal 1996 report.31 This report includes an 

X-ray crystal structure wherein fluoride is bound to the central macrocyclic cavity.31 

Since then, this motif has been exploited in various ways to improve or enhance anion 

binding. This includes peripheral addition of electron withdrawing groups, such as 

fluorine (1.6b),32 straps added in the meso positions (1.7),33 and peripheral modification 

with TTF (tetrethiafulvalene) (1.8).34    
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          1.6         1.7                                             1.8 

Figure 1.9:   Anion-binding systems based on the calix[4]pyrrole scaffold.  

Another sizable group of macrocycles developed in the Sessler group is the so-

called Schiff-base macrocycles. Many were prepared via coupling between a di-

formylated dipyrromethane or bipyrrole subunit and a diamine to give a structure such as 

1.9 (Figure 1.10). Variations in the basic Schiff base macrocyclic approach have been 

used have been used to create systems suitable for binding oxyanions, such as acetate 

(AcO–), sulfate (SO4
2–), phosphate (PO4

2–), perchlorate (ClO4
–), perrhenate (ReO4

–), and 

the radioactive, pertechnetate (TcO4
–) anion.35,36  Sessler et al. also recently reported an 

anion-binding macrocycle that relies on dipyrromethane units as part of the core 

recognition motif, but also includes triazole moieies that participate in C-H hydrogen 

bonding interactions.37 This macrocycle, 1.10, in particular was found to bind the trianion 

pyrophosphate, another biologically relevant species, with high affinity.   
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                             1.9                   1.10 

Figure 1.10: Pyrrole-based anion-binding macrocycles.   

1.2.3 Acyclic Oligopyrrolic Anion Receptors 

The design of acyclic oligopyrrolic anion receptors is also a thriving segment in 

anion receptor development.  A big impetus for this work arose from the natural product 

prodigiosin. Prodigiosins, e.g., 1.11, are a family of naturally occurring tripyrrolic red 

pigments that were first isolated in the 1930s38 from microorganisms, including Serratia 

and Streptomyces.39 These molecules are characterized by a common 

pyrrolylpyrromethene skeleton (Figure 1.11). They have been studied extensively for 

their promising immunosuppressive40 and anticancer activity.41,42 Some prodigiosin 

derivatives have been actively pursued as drug leads, specifically as anticancer agents. 

For example, cycloprodigiosin has been found to act as an anti-tumor drug in animal 

models.43 In a 2003 study, prodigiosin was found to induce apoptosis in B-cell chronic 

lymphocytic leukemia cells taken from 32 patients, thus demonstrating for the first time 

direct activity on primary cancer cells.44 Moreover, AIDA Pharmaceuticals has recently 

announced it will begin clinical trials with a prodigiosin (the exact compound is not 

specified) for the non-invasive treatment of pancreatic cancer.45 Finally, GX15-070, or 

obataclax, is an indole-containing prodigiosin analogue,46 which overcomes the effects of 
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the MCL-1 prosurvival protein.47 This molecule is currently in clinical trials, as a stand-

alone drug candidate, and in combination with other known therapeutics for the treatment 

of a number of hematological and solid tumor cancer indications, including small cell 

lung cancer and relapsed mantle cell lymphoma.48,49 This clinical progress is obviously 

quite exciting and provides support for the notion that other anion transport agents could 

have a role to play in cancer chemotherapy drug discovery and development.  

 

 

              1.11       

Figure 1.11: Representative structures of prodigiosins, including two, cycloprodigiosin 
and GX 15-070, which are in, or are being considered for, clinical trials.   

The prodigiosins are thought, in part, to mediate their anticancer action via the 

promotion of H+/Cl– symport. This is believed to lead to cell apoptosis by neutralization 

of acidic compartments and acidification of the cytoplasm.50,45  As described earlier, 

anion transport can greatly affect pH, whether directly (symport of H+/Cl–) or indirectly 

(as shown in Figure 1.3). In both cases, the resulting disruptions in natural anion transport 

lead to apoptosis, or so-called programmed cell death.  Numerous analogues of 

prodigiosin have been developed and are recognized for their anion-binding properties.51  
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                                          1.12!HCl 

Figure 1.12: Crystal structure evidence of H+/Cl– (CCDC# 696084) interaction for an 
analogue of the natural product, differing only by replacement of the n-
pentyl group by a methyl group on an adjacent carbon.52   

 Multiple other acyclic oligopyrrolic receptors have been reported by Sessler et al. 

These include the dipyrrolylquinoxalines (1.13a-d), which incorporate chromogenic 

quinoxaline unit for sensing upon interaction with anions.53 A common strategy for 

making the pyrrolic NH a better hydrogen-bond donor (through an increase in its inherent 

acidity) is to functionalize the !-position of the pyrroles with electron withdrawing 

groups.  This strategy has been pursued with fluorinated-dipyrrolylquinoxalines (1.13d),32 

and in a pyridine-2,6-dicarboxamide system functionalized with two pyrroles bearing 

ester groups (1.14a-c).54 Acyclic pyrrolic anion-binding systems have also been 

developed by Gale et. al.; many of the latter are based on an amidopyrrole precursor 

(e.g., 1.15a-b).55 
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              1.13                          1.14     1.15 

Figure 1.13: Acyclic pyrrole-based anion-binding receptors.   

1.3 DYNAMIC APPLICATIONS OF ANION-RECEPTORS: ANION TRANSFER ACROSS 
MEMBRANES 

1.3.1 Introduction 

A cell membrane is essentially an interface analogous to that formed between two 

immiscible liquid phases. This has made so-called U-Tube experiments popular in the 

study of ion transport. A U-tube experiment consists of an hydrophobic phase flanked by 

two aqueous phases – in which transporter assisted movement of an anion from one 

aqueous phase through an organic phase to another aqueous phase can be observed 

(Figure 1.14). This type of experiment was used in the original work of Pressman et al. to 

study the cation transport ability of ionophores, such as the antibiotic valinomycin.56,57   

Then, as now, the underlying assumption is that studies done with U-tubes can 

give clues as to behavior of ion transport systems when used in a biological context or 

when exploited for extraction.  This is an area in particular where dynamics are important 

– the strength of binding must be weighed against the speed of the ‘on’ and ‘off’ 

processes.  
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Figure 1.14: Sample U-tube apparatus.   

The mechanism of anion transport whether carried out in a U-tube, or across 

phospholipid membranes can usually be described as a symport or antiport process. This 

is illustrated in Figure 1.15. 

 

 

Figure 1.15: Two mechanisms through which anions are transported across a 
membrane.  

One of the goals of this dissertation project was to study the polypyrrolic anion-

binding systems discussed above in the context of dynamic applications.  While 



 
19 

association constants or Ka represent the usual standard of analysis and characterization, 

kinetics also play an important role in regulating the binding process. We thus believe 

that kinetic analysis may be key to determining whether a receptor is actually efficient in 

terms of performing its targeted application including promoting transport through liquid-

liquid and cell membranes.  The lifetime of a complex may also be a useful predictor for 

other applications, wherein the receptor-guest complex will undergo a further 

transformation or reaction, such as electron transfer in the case of artificial photosynthetic 

mimics, or for catalysis.  The results of kinetic studies will be discussed in depth in 

Chapter 2 of this dissertation.     

1.3.2 Liquid-Liquid Membranes 

The Sessler group has looked at multiple systems in the context of transport and 

recognition under interfacial conditions.  This includes transport of nucleotide mono-

phosphates22 and fluoride using sapphyrin,25 as well as transport of nucleosides and 

nucleosides analogues with a transporter containing complementary base-pairs.58 Besides 

usefulness in predicting biological activity, there are a plethora of environmental reasons 

for removing anions from aqueous solutions through extraction or related solvent 

separation processes.59 For example, receptors that can act as sulfate anion extractants are 

highly desirable as the sulfate anion is a problematic species in the vitrification process 

proposed for the disposal of certain radioactive wastes. (Vitrification in this context refers 

to the process of storing nuclear waste in borosilicate glass, which would then be targeted 

for storage in underground facilities.) Sulfate, which has low solubility in borosilicate 

glass, separates out into another phase causing variations in the melting rate, short-

circuiting of electrodes, and corrosion of various parts.  This can lead to increases in 

waste leakage rates.59 As shown earlier in Figure 1.8, cyclo[8]pyrrole, 1.5 was isolated in 

the solid-state as coordinating sulfate in its di-protonated formally, 1.5a!H2SO4.  
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However, the originally reported short-chained forms of cyclo[8]pyrrole (1.5a and 1.5b) 

presented solubility issues. A newer derivative however, octamethyl-

octaundecylcyclo[8]pyrrole, 1.5c, originally developed as a possible precursor for liquid 

crystals, proved to be amenable to extraction studies.60 It was found that 1.5c was able to 

extract sulfate selectively in the presence of high levels of nitrate. Thus cyclo[8]pyrrole, 

1.5c, was shown to have the ability to overcome the so-called Hofmeister bias; in this 

case, the inherent propensity for nitrate to partition before sulfate. While the kinetics are 

slow, hindering the ability for near-application, this is the first example where this level 

of selectivity has been observed in a sulfate vs. nitrate extraction experiment.61  

In the above example, and others, the underlying mechanisms of extraction are 

likely to be the same – binding must occur at an interface, and, if favorable energetically, 

the anion can be stabilized in a hydrophobic regime.  Anions in an aqueous environment 

are, of course, surrounded by a stabilizing solvent sphere; this is well-recognized and is 

the basis for the Hofmeister bias. Table 1 lists relevant anions in order of difficulty to 

dehydrate.59 The value of the standard molar Gibbs energy of hydration, !Gh at 25° C is 

provided, and represents the process of transferring the ion from the gas-phase to aqueous 

solution (Eqn. 1.1).62  

 

 

 

 

 

 

 

 

X–  (g)                  X–  (aq)        (1.1)
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Table 1.1:   Ion Size and Hydration Data for Selected Anions. 

Anion, X–  Thermoch. 
Radius, nmb 

 !Gh, 
kJ!mol–1, c 

SO4
2–  0.230  – 1080 

H2PO4–  0.200  – 465 

F–  0.126  – 465 

CH3CO2
–  0.162  – 365 

Cl–  0.172  – 340 

HCO3
–  0.156  – 335 

ReO4
–  0.174  –330 

Br –  0.188  –315 

NO3
–  0.196  –300 

TcO4
–  0.171  –251 

a Condensed version of that found in the literature.62 

b Derived from lattice energies, used in order to compare multiatomic 
anions. 
c Values taken directly from reference, and are based on the choice of 
!Gh[H+] = –1056 kJ!mol–1 and on the assumption that the Gibbs 
energy of hydration is identical for tetraphenylarsonium cation and 
tetraphenyborate anion.  

 

The need to overcome hydration energies underscores the seminal nature of the 

finding that 1.5c can extract SO4
2– selectively over NO3

– from aqueous solution, despite 

the fact that that SO4
2– is much more hydrated. In any event, the fact that success was 

achieved with this receptor provides support for the notion that pyrrole-based systems 

could function as useful anion extractants and transporters.  

Other strategies to achieve transport involve use of a ‘symport’ type mechanism, 

in which a cation and anion are co-transported by a neutral carrier containing sites for 

cation and anion binding.63,64  It has also been found that easy-to-synthesize receptors, 
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such as calix[4]pyrrole (1.6), can assist in liquid-liquid anion extractions.65,66 In 2003, the 

Sessler group published results showing that the fluorinated congeners of calix[4] and 

calix[5]pyrrole could extract the cesium salts of bromide, chloride and nitrate just as 

effectively as the iodide salts into nitrobenzene solution. This is another case of 

overcoming the Hofmeister bias, and has only been reported for a few ‘neutral’ anion-

binding systems.67 In 2008, anion transfer facilitated by "-octafluoro-meso-

octamethylcalix[4]pyrrole, 1.6b, at a #-water/1,2-dichloroethane interface was probed 

rigorously using micropipet voltammetry.68 This method allowed for the determination, 

for the first time, of transfer kinetics which showed that overall, the facilitated anion 

transfer rates are 1-2 times slower than similar facilitated cation transfer rates.68 

Fluorinated calixpyrroles have also been used in the context of ‘synergism’, wherein 

these hydrogen bond donors are used in conjuction with a quaternary ammonium type 

anion extractant to enhance selectivity, in this case for sulfate. This is a strategy 

commonly used in cation extraction, but has yet to be exploited in the case of anions.66  

1.3.3 Anion Transport Across Liposome and Cell Membranes 

1.3.3.1 Synthetic Carriers 

As underscored in a recent review by Jeffery Davis, et al., considerable effort is 

currently being devoted to the generation of synthetic anion carrier systems capable of 

transporting anions across artificial (as opposed to cellular) membranes.69 Perhaps not 

surprisingly, much of this effort was inspired by the prodigiosins. In 2005, Davis and co-

workers published a report demonstrating the ability of prodigiosin to carry chloride 

anion through a model membrane.70 That same year, the Sessler Group published a report 

on prodigiosin and various structural analogues, drawing early conclusions regarding 

efficacy based on trends between thermodynamics, kinetics, and in vitro cell activity.71 
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Interestingly, it was found that the transport ability, rather than the Ka, correlated with 

biological activity – piquing our interest in terms of exploring the extent to which kinetics 

and transport are fundamental determinants that regulate function both in chemical 

models and ultimately, in vitro or in vivo.  

 

Table 1.2:   Summary of the prodigiosin analogues tested by the Sessler Group.  
Here, the binding constants for Cl– were determined by ITC, whereas the 
ranking for transport ability is based on measurements using liposomes. 
The corresponding ranking for biological activity ranking in terms of 
biological activity came from cell proliferation assays with the A549 
human lung cancer and PC3 human prostrate cell lines.71 

Since the time of these initial studies, many systems based on motifs other than 

pyrrole have demonstrated an ability to act as synthetic trans-membrane anion carriers 

under controlled chemical conditions.72,19 These motifs include the imidazole group,73,74 

steroids (cholapods),75,76 peptides,77,78,79 macrocycles such as calixarene,80,81 and 
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calixpyrrole.82,83,84,85  As noted above, with the exception of one system from Anthony 

Davis, none of these carriers has been tested in vitro or in vivo. 

In 2009, Davis and co-workers reported that prodigiosin and pre-organized 4,6-

dihydroxyisophthalamides could achieve Cl–/HCO3
– antiport.18 As described earlier, this 

pair of anions, in particular, is extremely important for the normal functioning of 

biological systems. More recently, a collaboration with Gale et al. led to the discovered 

that octafluorocalix[4]pyrrole, 1.6b, could act as a chloride/bicarbonate antiport agent, as 

inferred from both liposomal and classic U-tube model membrane experiments (See 

Section 1.5).85 This is the first simple-to-make polypyrrolic molecule displaying an ability 

to exchange the chloride anion for the more hydrophilic bicarbonate anion.  

 

 

 

             1.16      1.17                                1.6b 

Figure 1.16: Molecules studied in recent work showing an antiport mechanism for 
chloride and bicarbonate (Cl–/HCO3

–), a most important pair of anions as 
discussed in the main text.18,85   

Although also only at the stage of chemical testing, a new approach reported by 

the Smith group looks promising; it involves attaching an ionophore to a phospholipid 

moiety, which is then embedded in a membrane surface. The attached ionophore, 1.18, 

carries an anion to an acceptor located at the other side of the membrane.86 The result is a 
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hybrid between a small molecule carrier and a so-called synthetic channel (cf. Figure 

1.17).  

 

1.18 

Figure 1.17: Scheme showing the proposed relay mechanism of action for the synthetic 
anion carriers developed by Smith and co-workers.86  

1.3.3.2 Synthetic Channels 

 The use of synthetic channels is an attractive alternative to the use of small 

molecules for ion transport (Figure 1.1b).  While mostly focused on cation recognition, 

multiple literature references describing efforts to create synthetic channels have 

appeared over the past two decades, and a variety of approaches to this general problem 

have now been documented.15  

Gokel et al. published seminal work in this field, and described simple-to-make 

channels defined by three characteristics:87  1) Sufficient length to span the membrane, 

2) a polar portion to relay or stabilize the ion during passage through hydrophobic 

portion (see Figure 1.1a), and 3) polar headgroups to anchor the channel in the 

membrane and make the assembly amphiphilic.15,88  In recent work, these type of 
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molecules were dubbed “aplosspan” combining the Greek word for simple with the 

word ‘span’.89 Therefore, while the polar head groups and the relay portion, may be 

optimized to achieve specificity for particular ions (cations vs. anions, e.g., K+ over Cl–

),89 the overall theme is similar to that shown in Figure 1.18.   

 

 

         1.19 

 

         1.20 

 

         1.21 

Figure 1.18: Ion channels designed by Gokel et al.  
The top design relies on 4,13-[18]crown-6 as the polar head group, while 
the central structure (1.20) is the ‘control’ or standard to which new cation 
channels are compared.88 In this control, the central relay is a meta-
phenylenediamide, and the headgroups are diethanolamines, with biphenyl 
units in the spacer chain.89 The bottom portion of this figure shows one 
specific structure designed to achieve chloride anion transport. It is 
proposed that two of these heptapeptide molecules associate to form pores 
that allow for the transport of anions through lipid bilayers.90  

While the initial work on channel formation for ion transport focused on ‘length’, 

there are also reports of small molecules self-assembling into channels rather than acting 

as discrete ion carriers. In this context, it is important to note that differentiation between 

small molecules acting as channels, as opposed to acting as carriers, can be established in 
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a straightforward manner by use of patch clamp techniques.  This differentiation is made 

in the recent work of Gokel,91 Yang,14,92 Davis,93 and Fyles.94     

In Gokel’s work specifically, anion or chloride transport in a channel-like 

mechanism has been achieved with amphilic peptides, for example 

((C18H37)2NCOCH2OCH2CO-(Gly)3Pro(Gly)3-OCH2Ph). These particular channels, given 

the name of SCMTR (Synthetic Chloride Membrane Transporter),90,95 show anion 

permeability in phospholipid bilayers, including voltage-dependant gating. It has been 

proposed that two molecules of SCMTR associate in the bilayer to form a pore or 

channel.  Initial studies were performed using voltage-clamp methods, establishing a 

channel mechanism.90 Even more recently, Gokel and co-workers reported a small 

molecule based on the dianilide of dipicolinic acid (1.22), which according to the initial 

liposome studies also shows pore formation, presumably through aggregation of multiple 

monomers.91 

The Matile group has also made contributions to the field of anion transport 

across membranes. However, this team has used the term ‘slides’ rather than channels.96 

They utilize electron-deficient oligo-(p-phenylene)-N,N-naphthaenediimide (O-NDI) 

units that they propose stabilize anion-$ interactions.97 Specifically, it was suggested that 

when three of the O-NDIs are tethered together, the result is a rod-like system that inserts 

itself into the membrane.  Remarkably, the Matile group found that multiple chloride 

anions need to be bound concurrently in order to have transport – hence the description of 

this system as a slide, rather than a channel.   

In contrast to what is true for synthetic carriers, there have been a few biological 

studies using ion transporters that function through a channel mechanism. However, the 

number of studies is limited.  The first example of ion movement in living cells was 

reported by Gokel in 2004. This work was conducted with the hydraphiles, or cation 
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channels (such as those shown in Figure 1.18 with three diaza-18-crown-6 units), rather 

than anion transportes.98 Later, in 2006-2007, both Gokel and Yang reported using 

epithelial cells for monitoring chloride transport using their respective synthetic chloride 

transport channels.  

The Gokel group tested their anion, or chloride transport channels (based on 

amphiphilic peptides) (Figure 1.18),95,90 using the Ussing method in mouse trachea 

epithelia.99 In the Ussing method, a layer of epithelial cells separates two aqueous layers, 

thus forming an ‘electrolyte’ barrier analogous to that found in a human airway.  

Electrodes are inserted into the solutions on the apical (outer) and basolateral (inner) 

sides to monitor electrical changes. These changes are converted to transepithelial 

potential (Vet) and epithelial layer resistance.  An increase in Vet indicates ion movement, 

which was observed in the case of heptapeptide 1.22. This finding was taken as an 

indication that this system can alter chloride transport processes in the epithelium. This 

effect was not observed for a structurally similar, but less effective transporter (The Pro-

subuniy in 1.22 is replaced by Leu) as shown in previous studies.90 Control experiments 

were carried out using the cAMP channel activator, forskolin, a compound which induces 

the same effect on transepithelial potential as the added ionophore.   

Yang and co-workers have shown that a small molecule, 1.23, based on %-

aminoxy acid units can form chloride channels and thus mediate chloride transport across 

cell membranes.14,16,92 These molecules were designed from previously reported cyclic 

peptides showing selectivity for Cl–.100,101  After demonstrating a channel mechanism via 

use of patch-clamp techniques in liposomal models, studies were carried out using 

Madin-Darby canine kidney (MDCK) epithelial cells were carried out.  The cells were 

loaded with SPQ (6-methoxy-N-(3-sulfopropyl)quinolinium), a chloride sensitive 

indicator, and then incubated in the presence of excess NO3
– in order to replace 
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intracellular chloride with nitrate.  The external buffer was then changed to a chloride 

buffer and the compound was added.  The resulting quenching of the SPQ fluorescence 

was taken as an indication that chloride anion was being transported into the cell.14 This 

work was expanded in a 2009 report, wherein the Yang group showed that this particular 

compound can, through chloride transport, modulate the cell membrane potential in both 

MDCK cells, and rat thoracic aortic smooth muscle cells.  The latter smooth muscle cells 

were used to test the effect of chloride transport induced membrane potential changes on 

other ion-channls, specifically voltage-gated Ca2+ channels.92  

 

 

                        1.22         1.23 

Figure 1.19: 1.22 are monomers developed by the Gokel group, which are proposed to 
aggregate in such a way that they form channels in situ within liposomal 
membranes. 1.23 is a monomer developed by the Yang group (Li et al.) 
that is based on an !-aminoxy acid; this system is proposed to aggregate 
so as to form a chloride pore or channel in both liposomes, and in live 
MDCK epithelial cells.92  

1.4 SUMMARY AND OUTLOOK 

As outlined in this chapter, there are many biological and environmental reasons 

for developing new anion-binding systems.  Whether developing therapeutics for disease 

states such as cystic fibrosis or extracting sulfate from aqueous media, it is clear that the 
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development and characterization of new small molecule anion-binding receptors could 

be of great importance in application-based chemistry.    

In addition to reviewing the current state of small molecule anion transport 

chemistry, a goal of this chapter was to highlight the need for kinetic data on 

supramolecular systems. Equilibrium studies can give us an estimate of the strength of 

the complex. The kinetic domain is important for ‘realization of functional goals’ and is 

considered to be the basis for achieving efficient transport.102 Methods of studying 

kinetics, and work towards determining on and off-rates conducted by the author, will be 

presented in the next chapter.   
 

1.5 EXPERIMENTAL 

The author contributed to the work discussed in Section 1.3.3.1   As part of an on-

going goal to study the kinetics of anion-binding, the author mentored an undergraduate, 

Elaine Sedenberg in an independent research project that involved monitoring chloride 

transport in a U-tube set-up as shown in Figure 1.14. This data appeared in the supporting 

information for a publication (Included in the Appendix) on the ability of 

octafluorocalix[4]pyrrole, 1.6b, to transport chloride through liposomes in collaboration 

with Philip Gale’s group at the University of Southampton.85 

Chloride anion concentration measurements were taken using an Accumet 

combination chloride electrode with a BNC connector that was attached to either a Jenco 

model 6209 or a Thermo-Orion 720a multimeter. The Thermo-Orion 720a multimeter 

was used to check the pH of all buffer solutions based on a 3-point calibration using 

standard solutions.   
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a)          b) 

 

 

Figure 1.20: Examples of a typical calibration curve obtained from the chloride 
selective electrode upon testing a range of solutions prepared from 
purchased analytical grade chloride standards.   
(a) Using the Accumet chloride electrode purchased in 2004 and Jenco 
model 6209  (b) Using the Accumet combination chloride electrode 
purchased in 2010 and attached to a Thermo-Orion 720a multimeter.  The 
second calibration curve has a slope closer to the ideal Nernstian slope of 
–59.2mV, according to the equation E = E° + 2.3!S!logA, where E = 
measured electrode potential, E° = sum of all system potentials, S = 
electrode slope, and A = chloride ion activity.   

The following experiments established, qualitatively, that chloride concentrations 

in the receiving solution were in fact increasing in the presence of transporter.  

Unfortunately, as is seen from the calibration curve in Figure1.20a, ion selective 

electrodes are extremely sensitive and over time lose their ability to measure chloride 

concentrations accurately over time.  A Sub-Nernstian slope could be indicative of 

membrane failure, membrane surface contamination, inadequate stirring, etc. A Nerstian 

slope was observed upon use of a new electrode, and was a slope that was achieved on a 

consistent basis. The electrode used in this experiment is sensitive in the range of 1 M to 

5&10–5 M, or 35,500 ppm to 1.8 ppm.   
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Experiment 1: (Using the Accumet chloride electrode purchased in 2004 and Jenco 

model 6209) 

Aqueous 1: 5 mM phosphate buffer, pH: 7.2 and 0.5 M NaCl (5 mL)  

Aqueous 2: 5 mM phosphate buffer, pH: 7.2 and 0.5 M NaNO3 (5 mL)  

Organic Carrier Layer: 1 mM octafluorocalix[4]pyrrole, 1.6b in CH2Cl2 (10 mL) 

 
 Time  E (mV)  

Initial  ~235  

5 h  247-249  

15 h  243-244  

43 h  230-232  

65 h  194  

89 h  199-200  

118 h  185-190  

142 h  193-194  

195 h  195  

 

Experiment 2: (Using the Accumet chloride electrode purchased in 2004 and Jenco 

model 6209) 

Aqueous 1: 20 mM phosphate buffer, pH: 7.2 and 0.5 M NaCl (10 mL)  

Aqueous 2: 20 mM phosphate buffer, pH: 7.2 and 0.5 M Na2SO4 (10 mL): After 24 

hours, NaHCO3 was added (bringing the concentration to 140 mM NaHCO3).  

Organic Carrier Layer: 1 mM octafluorocalix[4]pyrrole, 1.6b in CH2Cl2 (30 mL)  
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Time  E (mV)  

Initial  253  

4 h  259-260  

18 h  260  

22 h  245-246  

26 h  231-233  

30 h  231-233  

44 h  214-215  

50 h  209-210  

74 h  205-207  

 

Control:  (Using the Accumet chloride electrode purchased in 2004 and Jenco model 

6209) 

Aqueous 1: 20 mM phosphate buffer, pH: 7.2 and 0.5 M NaCl (10 mL)  

Aqueous 2: 20 mM phosphate buffer, pH: 7.2 and 0.5 M Na2SO4 (10 mL): 140 mM 

NaHCO3  

Organic Carrier Layer: CH2Cl2 (30 mL)  

 
Time  E(mV)  

Initial  248-250  

21 h  252-253  

45 h  220-230  

69 h  221-223  

93 h  220-224  
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Portions of this chapter have been submitted, and accepted as part of a book 

chapter entitled “Porphyrins and Expanded Porphyrins as Receptors,” in the reference 

manual, Supramolecular Chemistry, edited by Jonathan W. Steed and Philip A. Gale, and 

to be published by Wiley in 2011.  
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Chapter 2:  Kinetic Analysis of Anion Binding 

2.1 INTRODUCTION TO KINETICS STUDIES OF SUPRAMOLECULAR SYSTEMS 

Chapter 1 outlined the importance of in-depth studies involving fundamental 

aspects of anion-binding. It also summarized recent approaches to the use of anion-

hosting molecules in dynamic applications.  Some of the methods described in Chapter 1 

for studying transport include U-Tube type studies, liposomes, and in vitro cell studies 

using patch clamp methodology.  There are of course a host of other methods for 

studying reaction kinetics ~ one can manually mix solutions and monitor the decay or rise 

of the reactants or products, respectively.  However, most supramolecular interactions 

happen on a rapid time scale. For instance, in most titrations involving a chromophore-

containing host and a targeted analyte, the color change is instantaneous to the naked eye, 

(which can see about 20 frames per second).103 Therefore, fast methods that allow for the 

analysis of the approach to equilibrium are necessary.   

Dynamics of cation binding have already been the focus of intense investigation, 

with work in the area starting as early as the 1960s. Much of this effort was driven by a 

desire to understand the mode of action of the then newly discovered antibiotic 

ionophores such as valinomycin and the enniatins and was led by Pressman et al.104,105 

This group proposed early on that the complexes must form and dissociate rapidly in 

order to reach diffusion rates across membranes.  Similar to the ‘preliminary’ studies we 

conducted with prodigiosin, they were interested in studying the affinity of ionophores 

(macrolide actins, valinomycin, enniatin B, and 18-crown-6) for entities such as K+, Rb+, 

Cs+, and Na+ in heterogeneous media, and relating that to transport rates.  Interestingly, 

within a series of ions with a particular receptor, a rough proportionality was observed 

between ion selectivity as determined by complexation constant and transport as 
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measured by turnover in mitochondria.  However, the proportionality constants varied 

greatly within the series of receptors these researchers studied, meaning that in some 

cases weakly bound cations are in fact transported more rapidly than would be expected 

based on complexation behavior.105  

This newly discovered biological activity of, and fascination with, ionophores was 

occurring around the same time as the area of supramolecular chemistry was beginning to 

develop as a separate field. Pedersen’s work on macrocyclic polyethers (crown ethers), 

the subsequent construction of 3D macrocylclic polyethers or cryptands by Lehn, and the 

design of preorganized ligands or spherands by Cram was recognized by the 1987 Nobel 

Prize in Chemistry.106 Kinetics were appreciated as an important aspect of analysis in this 

field; in the 1970s, Eyring and co-workers sought to quantify the kinetics of cation 

binding with 18-crown-6.107 They deemed this information necessary to understand 

better, the complexation/decomplexation mechanism of this simple-yet-useful structure 

and stated their plans to move on to more complex systems such as those developed by 

Cram. Quantitative complexation and decomplexation rates were measured through a 

relaxation technique called acousto-optic ultrasonic absorption ~ essentially a 

perturbation of a system at equilibrium achieved using sound waves. The “relaxation” 

back to the initial equilibrium could be monitored and rates extrapolated from the 

resulting data.  The accessible lifetime range proved to be 1 µs to 1 ns, and thus Eyring 

and co-workers could observe, for example, kon and koff rates of 4.3 & 108 M–1s–1 and 3.7 & 

106 s–1, respectively, for K+ with 18-crown-6 in water.108 These were the rates obtained for 

a second step, wherein a model of fast conformational equilibrium is established for the 

crown ether before cation binding occurs.  Interestingly, one of the conclusions was that 

even this two-step model was not enough to describe fully the mechanism of cation 

binding.  This parallels some of the conclusion reached by Pressman, in which the 
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disconnect between affinities (selectivity) and dynamics arise from ‘steps’ in the binding 

process.  Transport is governed by a variety of steps, including formation of a complex in 

the hydrophilic realm diffusion of the resulting hydrophobic entity through the 

membrane, and release.  Any of these steps (or others) can regulate the dynamics of the 

process.105  

Incredibly, no such work exists for the kinetics of anion-binding with synthetic 

receptors. Given the biological and application based relevance of anion-recognition as 

described in Chapter 1, which we feel could rival the ionophore/cation transport of 

common antibiotics still in use today, we feel it a worthy research pursuit.  Obtaining 

kinetic information through relaxation techniques is quite common as can be seen in 

Figure 2.1, which is adapted from Figure 1 of Dynamics of guest binding to 

supramolecular systems: Techniques and selected examples in Advances in Physical 

Organic Chemistry written by Bohne and a co-worker.108 This 2008 publication provides 

a review of each of these techniques and relates them to research conducted on the topics 

of small molecule binding to DNA and cyclodextrins.  
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Figure 2.1:  Methods or techniques used to study the dynamics of supramolecular 
systems. (SPR stands for surface plasmon resonance, LFP stands for laser 
flash photolysis, and NMR stands for nuclear magnetic resonance, and TR 
stands for Time-Resolved)108 

All relaxation techniques involve some perturbation to the system as described for 

ultrasonic relaxation. Even stopped-flow perturbs two systems at equilibrium by rapid 

mixing, and the approach to the new steady state is observed as a function of time.  Other 

techniques, such as NMR (nuclear magnetic resonance) spetroscopy can be performed 

when a system is in equilibrium if the conditions allow.  In fact, NMR spectroscopy has 

been used extensively in the supramolecular literature for the monitoring of exchange 

rates (kex) of encapsulation.109,110  

One approach that might allow the kinetics of anion recognition to be probed in 

quantitative fashion involves the use of stopped-flow. This technique is frequently used 
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to study the dynamics of enzyme-substrate interactions. It has also recently begun to 

attract the attention of supramolecular chemists for the analysis of, for example, receptor-

cation binding kinetics.108, 111 However, in spite of its potential utility, this technique has 

yet to be extended to the study of anion binding.   

2.2  STOPPED-FLOW KINETIC ANALYSIS  

 

Figure 2.2:   General schematic of a stopped-flow instrument. 112   

Stopped-flow is a popular method for examining transient state kinetics of 

enzymatic reactions. It has the advantage that it can be used to study kinetic processes 

under conditions of approach to equilibrium. This allows for calculation of both on- and 

off-rates for these processes.  If the data is good, and the process is regulated by a single-

activation barrier, it becomes possible to calculate an association constant (Ka). Stopped-

flow generally only allows insights into reactions occurring on the fast millisecond 

through second time scale. It also requires a dynamic process that gives rise to a change 

in the optical signature, e.g. fluorescence, absorbance, or light scattering.  Figure 2.2 
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shows the typical set-up for a stopped-flow instrument. Both syringes are automatically 

and simultaneously engaged to release the same amount of each of the two different 

solutions into a mixing chamber with a quartz window. This results in a two-fold dilution 

of the stock solutions and a rapid mixing. After an initial period in which mixing is 

presumed to occur (typically 1-3 ms and often referred to as the “dead time”), the flow is 

stopped and the optical spectra are recorded as a function of time.112 

As noted above, one of the requirements for analysis by stopped-flow is a 

significant absorbance or fluorescence change upon anion binding. Studies were further 

limited to those systems that work in non-halogenated solvents, which can detrimentally 

affect the o-rings and other components of the set-up. While several anion-binding 

systems were screened, the most amenable in terms of meeting these conditions was that 

of cyclo[8]pyrrole, 1.5!2HCl with carboxylate or dihydrogen phosphate monoanions.   

While initial stopped-flow experimentation was carried out at the University of Texas in 

the lab of Kenneth A. Johnson, these efforts, failed to yield reliable data due to 

limitations imposed by the specific instrument set-up.  Later studies were carried out in 

conjunction with Prof. Shunichi Fukuzumi.  

2.3  LASER FLASH PHOTOLYSIS EXPERIMENTS WITH CYCLO[8]PYRROLE AND CAGED 
ANIONS 

In light of the initial stopped-flow efforts, options to study kinetics through laser 

flash photolysis (LFP) were explored, increasing the range of accessible rates to those 

close to diffusion. This method employs an intense flash of light to initiate a 

photochemical reaction, which can be analyzed through a transient absorption detector 

set-up perpendicular to the source of irradiation, similar to the set-up of a fluorimeter 

(Figure 2.3). The excitation light originates from a dye laser chosen based on the 

transition wavelength. For example, the LFP laser used by the author was a Neodymium: 
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YAG (Nd/YAG), which has a transition wavelength at 1064 nm. Upon frequency 

doubling, tripling, and quadrupling, excitation wavelengths of 532, 355 and 266 nm may 

be obtained.  This is, in part, why 355 nm is the wavelength used by the author in the 

following work.113   

 

Figure 2.3:  Simplified diagram of a set-up for laser flash photolysis.113   

For our purposes, we proposed to initiate a photochemical reaction that would 

serve to release an anion. As we conceive it, this anion would then interact quickly with 

an anion receptor to produce a spectroscopic change (Scheme 2.1) that could be followed 

by transient absorption (TA) spectroscopy. The advantage of this technique is that the 

observation of the interaction with the host molecule (absorbance or fluorescence) is 

limited only by the duration of the light pulse (and a need to produce a change in optical 

signature). While not yet applied to the study of anion binding, TA is a widely practiced 

technique and is one which is accessible through collaborator Shunichi Fukuzumi at the 

University of Osaka. For our use, it will require the fast production of anions, as noted 

above. 
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Scheme 2.1:   Proposed use (generic) of flash photolysis to study the kinetics of anion 
binding. 

The use of photoirradiation to produce anions has been known since the early 

1960’s.114 Halides, for instance, can be produced by subjecting diphenylmethyl chloride 

to irradiation at 266 nm; this produces the corresponding contact ion-pair (CIP) within 20 

picoseconds.115 Caged carboxylates, such as "-aminobutyrate (GABA) and L-glutamate 

(L-Glu), as well as phosphates (ATP), are readily available through short synthetic routes, 

and these systems have already been used to study extremely fast enzyme-substrate 

interactions.116,117,118 This precedent also led to our decision to use all ethyl-

cyclo[8]pyrrole, 1.5b!2HCl (in this chapter, 1.5b will be referred to as simply C8), in 

initial studies since this particular expanded porphyrin binds both the phosphate and 

carboxylate anions well.  

We chose to use the p-hydroxyphenacyl protecting group for several reasons.  The 

first is that it is fairly well studied as a protecting group for biological phosphates, such as 

ATP, and biological carboxylates, such as L-glutamate.  This protecting group is widely 

used because it achieves separation at wavelengths of above 300 nm, a condition that is 

important if one wants to avoid destroying other components at higher energy or lower 

wavelengths.   The release of substrate is also rapid – on the order of 108–109 s–1.  The 
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mechanism proceeds through the steps pictured in Scheme 2.2. First homolytic cleavage 

of the C-X bond occurs, followed by neighboring group assisted electron transfer. 

   

 

Scheme 2.2: Mechanism of anion release. 

Finally, test cases were easily synthesized from commercially available starting 

materials. Briefly, p-hydroxyacetophenone was treated with Cu(II)Br2 in a one to one 

mixture of EtOAc to CHCl3 at reflux. This gave the !-bromoacetophenone, 2.1 which 

was then treated with the desired carboxylic acid in the presence of KF in DMF at r.t.  

(Scheme 2.3).116 

 

 

     2.1     2.2 

Scheme 2.3: Synthesis of p-hydroxyphenacyl protected benzoate.   

The standard procedure for LFP involves preparing a UV-vis cuvette with the 

solution to be irradiated, followed by degassing or purging with N2 or Ar for 10-15 

minutes. The solutions are then checked both before and after nanosecond laser flash 
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photolysis (ns lfp) irradiation at 355 nm to monitor the equilibrium state before and after 

photorelease, and to check for decomposition of any of the species. Much to our chagrin, 

we observed spectral features at !max 482, 738, and 818 nm that matched those of the one-

electron oxidized C8, C8•+. The spectroscopic signature of this latter species was 

confirmed via spectroelectrochemistry (Figure 3.5), and through chemical oxidation 

using Fe(III)(bpy)3(PF6)3 (Figure 2.4).  

 

  

Figure 2.4:   (a) UV-vis spectra of C8 (1.1 & 10–5 M) and p-hydroxyphenacyl protected 
benzoate (2.2) (3.0 & 10-3 M) mixed in CH3CN before and after ns lfp 
irradiation at 355 nm. (b) Spectral changes observed upon subjecting C8 
to one electron chemical oxidation using Fe(III)(bpy)3(PF6)3. 

This formation of C8•+ could also be confirmed by electron paramagnetic 

resonance (EPR) spectroscopy.  Upon irradiation of C8 in the presence of 2.2, a radical 

signal appeared that matches the radical signature produced upon chemical oxidation of 

C8 with one equiv. of Fe(III)(bpy)3(PF6)3 (Figure 2.5).  No radical was observed upon 

photoirradiation of the protected benzoate (2.2) alone, or of C8 alone.  
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Figure 2.5:  (a) EPR spectrum of the radical cation of C8 formed by addition of 1 
equiv. of Fe(III)(bpy)3(PF6)3 in 1:1 CH3CN : CH2Cl2. EPR spectrum of C8 
and 2.2 (in 10x excess) in 1:1 CH2Cl2:CH3CN at 298 K at (b) one minute 
and (c) at five minutes. The EPR spectra were recorded after irradiating 
with light from a high-pressure Hg lamp for the indicated period of time 
and then closing the shutter.  

It is proposed that C8 was acting as a photosensitizer through electron donation to 

the singlet excited state of 2.2. This phenomena is documented in the literature with 

known phosensitizers such as DMA (N,N-dimethylaniline), in conjunction with 

phenacylphenylacetate (Scheme 2.4).119 The electron transfer features of C8 are described 

in Chapter 3; specifically, C8 will be presented as a key component in supramolecular 

electron transfer dyads.  
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Scheme 2.4: Mechanism of DMA-sensitized deprotection of phenacyl phenylacetate. 
119  

2.4 STOPPED-FLOW ANALYSIS OF THE INTERACTIONS OF CYCLO[8]PYRROLE WITH 
ANIONS 

Stopped-flow techniques were used to monitor the on and off rates of two test 

anions, namely acetate (AcO–) and dihydrogen phosphate (H2PO4
–), binding to 

diprotonated cyclo[8]pyrrole, [C8•2H]2+ (cf. Scheme 2.5). To the best of our knowledge, 

this is the first time the kinetic parameters associated with an anion binding event have 

been measured in quantitative terms.  

Recently, carboxylate and dihydrogen phosphate monoanions were found to bind 

to C8, as revealed through the significant UV-vis changes observed upon titration with 

the corresponding tetrabutylammonium salts. As implied above, and discussed explicitly 

in Chapter 3, the interactions with carboxylate anions has recently been exploited to 

create a supramolecular dyad capable of undergoing photoinduced electron transfer.120 

This latter work, based on the use of a pyrene butyric acid salt, prompted the present 

study. Specifically, we felt it important to characterize the ‘lifetime’ of the 

supramolecular donor acceptor, [C8•2H]2+—carboxylate complex formed in solution 

prior to photoexcitation. Understanding the kinetics of association/dissociation is also 

viewed as being critical to the analysis of other anion-recognition based ET systems.121  

In light of this potential benefit, we set out to perform stopped flow analysis of the 

interactions between a simple test carboxylate salt, tetrabutylammonium acetate 
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(TBAOAc), and the bis-HCl salt of C8 (C8•2HCl). Since it was found to provide a good 

spectral signature, an effort was also made to extend this analysis to include the 

dihydrogen phosphate anion. As detailed below, the present kinetic study also facilitated 

a determination of the system energetics, including key thermodynamic values, such as 

enthalpy (#H), entropy (#S), and free energy change (#G). This was accomplished for 

both anions through van’t Hoff analyses made using association constants (Ka) 

determined at various temperatures through either steady-state measurements, kinetic 

measurements, or a combination of both. In the case of dihydrogen phosphate, on and 

off-rates could be determined at multiple temperatures. This allowed for an Eyring 

analysis and yielded the activation parameters (!H‡, !S‡) for both the on and off-

processes. Access to these latter values is limited without quantitative kinetic data.122 

Steady state titrations were carried out between TBAOAc and C8•2HCl in 

CH3CN, resulting in large spectral changes in the UV-vis region amenable to study by 

stopped-flow (Figure 2.6a). On the basis of a Job plot analysis and curve fits, a 1:1 

binding stoichiometry was inferred (Figure 2.6b). Proton NMR spectroscopic studies 

provided support for anion binding, as opposed to deprotonation; i.e., no loss in the NH 

proton signal was seen upon treatment with excess anion (see Section 2.5). 
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Scheme 2.5:  Model used to fit the kinetic data obtained upon mixing C8•2HCl with 
TBAOAc.  

 

Figure 2.6:  (a) Steady-state spectral titration performed between C8!2HCl (1.1 & 10–5 
M) and TBAOAc in CH3CN at 298 K. (b) A Job plot was also constructed; 
it displayed a maxima at a mole fraction of 0.5, as would be expected for a 
1:1 binding stoichiometry.  

The apparent association (formally displacement) constant, Ka, for the binding of 

TBAOAc to C8•2HCl in CH3CN was determined at various temperatures through UV-vis 

spectra titrations wherein the host (C8) concentration was held constant and that of the 

guest was increased. At 298 K (rt) the Ka was found to be on the order of 2 $ 105 M–1 and 

at 243 K, the Ka was found to be on the order of 9 $ 104 M-1. This steady-state data led us 

to postulate that the binding dynamics would be governed by a one-step binding process, 
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as shown in Scheme 2.5. To test this hypothesis, stopped flow analyses were carried out 

in CH3CN monitoring the change in absorbance from 300-700 nm under conditions of 

rapid mixing. More specifically, two separate syringes were loaded with stock solutions 

of the host, C8•2HCl at 8 µM, and the guest, TBAOAc at various concentrations in 

CH3CN.  

As might be expected given the relatively high Ka value recorded for this anion, 

the kinetics of interaction with acetate proved to be extremely fast. Indeed, as had been 

observed in preliminary studies, there was no change in the spectral features of C8•2HCl 

on the ca. millisecond stopped flow time scale at room temperature. (Figure 2.15c.) 

Lowering the temperature and concentration of C8 incrementally led to viable conditions 

that gave reproducible data with good signal to noise characteristics. 
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Figure 2.7:   Spectral changes observed as function of time when C8!2HCl was mixed 
with TBAOAc in CH3CN at the temperature and concentration listed in 
(a), (b), (c) and (d). The temperature, and concentrations of both C8 and 
TBAOAc were lowered incrementally until enough data points were 
obtained for a decent fit.  
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Under these optimized experimental conditions, we made the assumption that the 

concentration of the uncomplexed anion remains approximately constant during the 

reaction, allowing us to analyze the data by pseudo-first order kinetics.  Figure 2.8a 

shows kinetic traces that can be fit to a single exponential decay as shown in equation 

2.1, where A is the amplitude of the reaction, k is the observed rate, and C is the endpoint.   

 

Y = A!e–k!t  +  C    (2.1) 

 

A plot of the observed rate, kobs yielded a straight line as would be expected for a 

one-step equilibrium process. By fitting to the equation, kobs = k1[AcO–] + k–1, the on or 

association rate constant (k1) and the off or dissociation rate constant (k–1) could be 

obtained. This gave values of k1 = (1.9 ± 0.2) $ 107 M–1 s–1 and k–1 of 200 ± 20 s–1, 

respectively. A value for the Ka, (9.5 ± 0.9) $ 104 M–1, was determined from the ratio of 

k1/k–1. This kinetically-derived association constant proved to be the same within 

experimental error as that determined by the direct titration discussed above. This 

concordance, although not a ‘proof’, serves as an important check for the kinetic 

parameters obtained via stopped flow. The off-rate of 200 s–1 corresponds to a lifetime, τ, 

of 5 ms; this is long enough to allow intra-ensemble charge separation and 

recombination, as assumed in constructing the electron transfer ensembles discussed in 

Chapter 3. 
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Figure 2.8:  (a) Kinetic traces produced by mixing C8•2HCl (4 µM final post-mixing 
concentration) with TBAOAc at the following final concentrations: 5, 10, 
20, 30, 50 µM in CH3CN at 243 K.  
The mixing time (ca. 3 ms) is shown as dotted lines in these traces. The 
solid lines represent the fit of a single exponential decay of the signal, 
giving the observed rate constant, kobs; see text for details. (b) Plot of kobs 
as a function of the concentration of guest, AcO– with a solid line showing 
the fit to kobs = k1[AcO–] + k–1, where k1 is the slope, and k–1 is the y-
intercept.   

We next analyzed the binding of dihydrogen phosphate (TBAH2PO4) to C8•2HCl. 

This tetrahedral anion, in contrast to simple carboxylates, is known to form 2:1 

complexes with protonated expanded porphyrins, although 1:1 complexes dominate 

under most solution phase conditions.123 This complexity made H2PO4
– useful as a test 

anion. The raw spectra obtained upon stopped-flow mixing at 253 K are shown in Figure 

2.9. It should be noted that all spectra obtained by stopped-flow measurements were 

taken as difference spectra in which the final spectrum was subtracted; recovery of the 

bleaching absorption at 400 nm in Figure 2.9b corresponds to the formation of the 1:2 

complex.  
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Figure 2.9:  Optical spectra obtained when C8•2HCl (10 #M) is mixed under stopped 
flow conditions with the 500 #M of TBAH2PO4 in CH3CN at 253 K from 
(a) 2-20 ms and (b) 20-500 ms. (c) Change in the spectral intensity at 425 
nm observed when C8•2HCl (10 #M) is mixed with 50, 100, 200, 400, 
500 #M of TBAH2PO4 in CH3CN at 253 K (all concentrations are final, 
post-mixing). The dotted lines are experimental data points corresponding 
to the decay in the C8 absorbance at 425 nm, while the solid lines are the 
best fits obtained using a global fitting procedure.124  
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These data provide support for the conclusion that there are at least two steps; a 

fast phase (Figure 2.9a) and a slow phase (Figure 2.9b). It was thus inferred that a 

reasonable analysis would involve a two-step binding model.  

 

 

Our proposed mechanism involves the binding of first one, and then a second 

H2PO4
– anion, as shown in equations 2.2 and 2.3; Where P represents the dihydrogen 

phosphate anion. Using a global fitting analysis for a two-step process, a k1 of (2.65 ± 

0.1) $ 105 M–1 s–1 and a k'1 of 16.6 ± 0.3 s–1 could be calculated for the first binding 

step.124 These values were then used to estimate an association constant, Ka of (1.6 ± 0.1) 

$ 104 M–1 using Ka = k1/ k'1.  The same global kinetic analysis gave k2 = (4.1 ± 0.5) $ 103 

M–1 s–1 and k'2 = (3.9 ± 0.6) s–1 for the second step. These latter values, while not well-

determined, allowed an equilibrium constant of ca. 1 $ 103 M–1 to be estimated for the 

second step. This value is an order of magnitude smaller than the Ka for the first event.  

The data were also analyzed by conventional methods, wherein kobs was plotted as 

a function of the guest concentration. This gave concordant values for the on and off rates 

for the first step as shown in Figure 2.10 and in Table 2.1 (the raw data are given in the 

Experimental Section, 2.5). Unlike acetate, the slower kinetics of interaction between 

C8•2HCl and TBAH2PO4 allowed for analysis of the dynamics over a range of 

temperatures. Figure 2.10 shows the results of such an analysis carried out at 243, 253, 

and 273 K. 

    C8    +   P                  C8   P         (2.2)

C8   P    +  P                  C8   2P       (2.3)
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Figure 2.10: Plots of the pseudo-first order rate constant vs. the concentration of guest 
for the stopped flow data involving C8!2HCl and TBAH2PO4 at 243 ("), 
253(!), and 273 (!) K, wherein the concentration of the guest is in excess 
relative to the host. In this case k1 or kon is given by the slope of the line 
and k–1 or  koff is given by the y-intercept. These values are summarized in 
Table 2.1.     
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Table 2.1:    Summary of the Calculated k1 (kon) and k–1  (koff) and the Corresponding 
Kinetically Derived Association Constants (Ka) for C8!2HCl and H2PO4

– 

T, K k1, M!1s!1 a k-1, s!1 a Ka, M!1 k1, M!1s!1 b k-1, s!1 b Ka, M!1 

298 3.9 ! 106 84 4.6 ! 104    

273 6.8 ! 105 37 1.8 ! 104 6.5 ! 105 27.3 2.4 ! 104 

253 2.6 ! 105 23 1.1 ! 104 2.6 ! 105 13.3 1.9 ! 104 

243 1.2 ! 105 10 0.9 ! 104    
a Rate constants and Ka calculated by the conventional method shown in Figure 2.10. 
b Rate constants and Ka calculated by global fitting analysis using the KinTek software.124 

 

In order to check the mechanistic assumptions on which the kinetic analysis was 

based, a steady state titration was performed at 253 K in CH3CN (cf. Figure 2.11a). This 

study was carried out under conditions identical to those used for the kinetic analysis, i.e. 

the same temperature, concentration of C8!2HCl, and solvent. This congruity allowed us 

to compare with confidence the two sets of association constants obtained from these 

disparate procedures. With the exception of several initial points ascribed to the 

formation of a 1:2 (phosphate-to-C8) complex, a binding isotherm in agreement with the 

kinetic results was obtained when the concentration of the guest was plotted vs. the 

change in absorbance for C8.77, 125 Shown in Figure 2.11b is the overlay of the expected 

binding isotherm based on a simulation using the full set of kinetic data seen in Figure 

2.9 and that obtained from an independent steady state analysis. Gratifyingly, the 

resulting binding curves match well.   
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Figure 2.11:  (a) Steady-state titration of C8!2HCl (11 µM) with increasing quantities 
of TBAH2PO4 in CH3CN at 253 K. (b) Binding isotherm for the steady 
state titration of C8!2HCl and TBAH2PO4 shown in part (a) (") and the 
simulated binding isotherm based on a global fit to the kinetic data 
recorded at 253 K (!). 

A comparison between the kinetically derived association constants for C8 and 

H2PO4
– obtained at various temperatures was carried out. On this basis, it was inferred 

that the Ka value decreases with decreasing temperature. This is indicative of an 

endothermic reaction, and a largely positive entropy contribution. This is common for 

ion-pairing events, wherein desolvation occurs to afford a largely positive entropy 

change.126  

On the other hand, the complex itself is highly unrestrained (e.g., not held in a 

particular configuration). Given the planar structure of C8 and the 2+ charge, such an 

inference seems reasonable.  
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Figure 2.12: Van’t Hoff analysis for C8 with (a) H2PO4
–and (b) AcO–; here, lnKa is 

plotted as a function of 1/T.  This is based on the equation lnKa = (!S/R) – 
(!H/RT), which yields !H/R as the slope and !S/R as the y-intercept. 

These data also allowed for van’t Hoff analyses (Figure 2.12), from which #H 

and #S values of 4.4 kcal!mol–1! and 36 cal!K–1!mol–1" respectively, were determined 

using equation 2.4:127  

 

lnKa = (!S/R) – (!H/RT)  (2.4) 

 

A similar decrease in Ka as a function of temperature was also seen for TBAOAc, 

where the van’t Hoff plot yielded a #H value of 2.8 kcal!mol–1 and a #S value of 33.7 

cal!K–1!mol–1 (Figure 2.12b).      
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Figure 2.13: Eyring plots constructed using the (a) on-rates and (b) off-rates from Table 
1. This plot is based on the following equation:  ln(k/T) = [ln(kB/h) + 
!S‡/R] – !H‡/(RT). 

Finally, the activation parameters for both the association and dissociation 

processes were determined from Eyring plots (Figure 2.13). Here, the on and off-rates 

were analyzed separately as a function of temperature and fit to equation 2.5: 128  

 

ln(k/T) = [ln(kB/h) + !S‡/R] – !H‡/(RT)   (2.5)  

 

The resulting values are included in Table 2.2. In the case of dihydrogen 

phosphate, the activation enthalpy (#H‡
ass) and entropy (!S‡

ass) for the association of 

dihydrogen phosphate with C8 were determined to be !H‡
ass = 8.3 kcal!mol'1 and !S‡

ass 

= -3.0 cal!K'1!mol'1, respectively (cf. Figure 2.13a). The #H‡ and !S‡ values for the 

dissociation were also determined; !H‡
diss = 4.6 kcal!mol'1 and !S‡

diss = –34 

cal!K'1!mol'1, respectively (cf. Figure 2.13b). These values allowed a ‘check’ for #H = 

!H‡
ass – !H‡

diss = 3.7 kcal!mol–1 and #S = !S‡
ass – !S‡

diss = 31 cal!K'1!mol'1 to be carried 

out. The standard free energy, !G was then calculated to be –5.5 kcal!mol'1 at 298 K.  In 

accordance with expectations, these kinetically-derived values were found to agree well 
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within experimental error to those determined by the van’t Hoff analysis described above 

(i.e., #H = 4.4 kcal!mol–1 and !S = 36 cal!K–1!mol–1, and at 298 K, !G = –6.3 kcal!mol–

1). 
 

Table 2.2:   Kinetic and Thermodynamic Parameters for the Binding of Indicated 
Guest in CH3CN.a 

 

 

  AcO–  H2PO4
– 

#H (kcal!mol–1)b  2.8  4.4 

#S  (cal!K–1!mol–1)b  33.7  36 

#G (kcal!mol–1)c  –7.2  –6.3 

#H‡
ass (kcal!mol'1)d    8.3 

!S‡
ass (cal!K'1!mol'1)d,e    –3.0 

#G‡
ass (kcal!mol'1)f    9.2 

!H‡
diss (kcal!mol'1)d    4.6 

!S‡
diss (cal!K'1!mol'1)d    –34 

#G‡
diss (kcal!mol'1)f    14.7 

#H (!H‡
ass – !H‡

diss) 

(kcal!mol'1) 

 

   3.7 

#S (!S‡
ass – !S‡

diss) 

(cal!K'1!mol'1)e 

   31 

#G (!G‡
ass – !G‡

diss) 

(kcal!mol'1) 

   –5.5 
a Error for the listed values is estimated to be (10% unless otherwise noted.  
b Calculated from van’t Hoff analysis shown in Figure 6.  
c Calculated using the Gibbs-Helmholtz Equation #G = #H – T#S at 298 K.   
d Calculated from Eyring analysis shown in Figure 7.  
e  Estimated error: 33%. 
f Calculated using the Gibbs-Helmholtz Equation #G‡ = #H‡ – T#S‡ at 298 K.   
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The present kinetic studies provide support for the notion that observable 

differences can underlie the binding of different guests. For instance, even under 

conditions designed to slow the reaction (low temperature, dilute conditions), the 

interaction between C8 and acetate achieves equilibrium in about 10 ms in CH3CN to 

give a 1:1 complex. Furthermore, no evidence of additional complexation is seen under 

any of the tested conditions using this particular anion. On the other hand, in the case of 

dihydrogen phosphate, a 2:1 complex is formed with kinetics that are much slower than 

those associated with the formation of the initial, dominant 1:1 complex. Based on the 

notable differences seen for these two test anions we propose that kinetic analyses will 

have an important role to play in the advanced characterization of new anion binding 

agents. 

Sections of this chapter have been accepted for publication as an article entitled 

“Stopped-Flow Kinetic Analysis of the Interaction of Cyclo[8]pyrrole with Anions”  in 

the Journal of the American Chemical Society, 2010, ASAP.   

2.5 EXPERIMENTAL 

Preliminary stopped-flow studies were performed on a KinTek stopped-flow 

instrument in the laboratory of Kenneth A. Johnson at the University of Texas at Austin. 

Low-temperature stopped-flow studies were performed on a UNISOKU RSP-601 

stopped-flow spectrometer equipped with a MOS-type highly sensitive photodiode array 

in the laboratory of Shunichi Fukuzumi at the University of Osaka, Japan.  The rates were 

determined through monitoring the decrease in spectral intensity at 425 nm, 

corresponding to a reduction in the concentration of unbound C8!2HCl.  UV-vis-NIR 

absorption spectra were recorded on a Hewlett Packard 8453 spectrophotometer and 

Shimadzu UV-3100PC attached with a UNISOKU thermostat cell holder. All 

experiments were performed in spectroscopic grade acetonitrile, which was purchased 



 
62 

commercially and used without further purification. C8•2HCl was prepared as previously 

described in the literature by Sung Kuk Kim of the Sessler Group.29 

2.5.1 Thermodynamic and Kinetic Analysis: 

There are two different equations that may be used depending on concentration of 

the solution and the strength of binding, or the Ka, association constant.   A rule of thumb 

adopted by the author, from Johnson et al., is that the hyperbola is only valid in cases 

where the host concentration is less than the dissociation constant, or Kd, divided by five. 

This is because the hyperbolic derivation of the fraction bound from mass balance 

equations assumes that the amount of guest added is equal to the amount of free guest. 

(The amount of bound guest is insignificant as compared to the amount of substrate).  In 

terms of Ka, the value typically used for describing host-guest interactions, the equation, 

2.6, is fraction bound:  

 

% = [G] Ka / 1 + Ka  (2.6) 

 

The second equation (2.7) is a solution to the quadratic equation, in which no 

simplifying assumptions are made.   

 

% = ((H0 + G0 + (1/Ka)) -  ((H0 + G0 + (1/Ka))2 – 4!H0!G0)^0.5 ) / 2!H0  (2.7) 

 

Both equations must relate the fraction bound to the observed signal, which is 

given by equation 2.8, where % is defined as above. 

 

y = y0 + #y * %    (2.8) 
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  Since, in the following cases, the y-axis is plotted as the difference between the 

initial absorbance, y0 and the recorded absorbance after addition of guest, y, the fit is 

simply #y ! %, where #y is the overall change.    

 

             a)           b) 

    

Figure 2.14: The binding isotherms corresponding to steady-state spectral titrations 
performed between C8!2HCl (1.1 & 10–5 M) and TBAOAc in CH3CN.  
The change in absorbance at 1149 nm was plotted as a function of guest 
concentration and fit to a quadratic 1:1 binding isotherm (Eqn. 2.7 and 
2.8) at (a) 298 K with a resulting Ka of ~ 2 & 105 M–1 and (b) at 243 K with a 
resulting Ka of ~ 9 & 104 M–1. 
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a)        b) 

 

c) 

 

Figure 2.15: (a) The steady-state spectral titration performed between C8!2HCl (1.1 & 
10–5 M) and TBABzO in CH3CN at rt. (b) Change in absorbance at 1149 
nm was plotted as a function of guest concentration and fit to a quadratic 
1:1 binding isotherm (Eqn. 2.7 and 2.8) at 298 K.  (c) Absorbance at 426 
nm observed by stopped-flow kinetic studies carried out at rt on a KinTek 
instrument with a final concentration of C8!2HCl at 1.8 & 10–5 M with the 
indicated equiv. of TBABzO in CH3CN.  No ‘approach’ to equilibrium 
was observed.  
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                                       c) 

   

Figure 2.16: (a) Absorbance at 426 nm observed by stopped-flow kinetic studies 
carried out at rt (~298 K) on a KinTek instrument with a final 
concentration of C8!2HCl at 18 µM in CH3CN with the indicated equiv. 
of TBAH2PO4.  Only partial approach to equilibrium was observed. (b) 
Decay at 425 nm as a function of time as observed at 273 K in stopped-
flow experiments wherein C8!2HCl (11 µM in CH3CN) was mixed with 
52, 105, 210, 420, and 530 µM of TBAH2PO4.    (c) Decay at 425 nm as a 
function of time as observed in stopped-flow experiments conducted at 
243 K wherein C8!2HCl (11 µM in CH3CN) was mixed with 52, 105, 
210, 420, and 530 µM of TBAH2PO4. 
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b) C8 (1 mM) in CDCl3 titrated with TBAH2PO4

 

 

 

 
c) C8 (1 mM) in CDCl3 titrated with TBAOH 
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d) C8 (1 mM) in CDCl3 mixed with D2O 
 

 

Figure 2.17: 1H NMR spectral titrations wherein C8!2HCl was treated with TBAOAc 
(a), TBAH2PO4 (b), TBAOH in MeOH (c), and D2O (d).  Due to poor 
solubility in CH3CN at the concentration required for NMR studies, all 
titrations were carried out in CDCl3.  
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Figure 2.18: Crystal structure of the bis-ReO4
- anion complex of the diprotonated form 

of C8. This figure was presented in the doctoral dissertation of Patricia J. 
Melfi. 

2.5.2 Synthesis of Caged Anions: 

2-Bromo-4-hydroxyacetophenone (2.1):117 Following a procedure outlined in the 

literature,117  commercially available 4-hydroxyacetophenone  (5.13 g, 0.038 moles) was 

dissolved in a 1:1 mixture of EtOAc/CHCl3 (100 mLs).  CuBr2 (15.1 g, 0.068 moles) was 

added.  Upon reflux, the solution gradually changed from green to purple over the course 

of 30 mins. After reflux overnight, the mixture was allowed to cool to room tempterature, 

filtered, and evaporated. The solid was dissolved in EtOAc and washed with water. The 

organic layers were collected and dried over Na2SO4. The crude product (7.78 g) was 

purified by column chromatography (silica gel; 10% EtOAc in CH2Cl2, eluent).  The 

second fraction to elute from the column proved to be the product. After evaporation of 

the solvent, 3.6 g was recovered (44% yield). 1H NMR (400 MHz, rt, CD3CN) ) 4.58 (s, 

2H), 6.93 (d, J = 8.8 Hz, 2H), 7.91 (d, J = 8.8 Hz, 2H). This data matches the 1H NMR 
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spectra reported in the literature. Thus, this material was used for the ensuing step as 

described below.   

2-(Benzoyloxy)-1-(4-hydroxyphenyl)-ethanone (2.2):129 2-Bromo-4-

hydroxyacetophenone (0.5 g, 2.3 mmol) was added to DMF (10 mL).  KF (0.4 g, 6.9 

mmol) was added to the reaction mixture, followed by benzoic acid (0.28 g, 2.3 mmol).   

After 30 minutes, the starting material had all reacted as determined by TLC analysis.  

The reaction was stopped, and the mixture extracted with Et2O and washed multiple 

times with water to remove the DMF. The combined organic layers were dried over 

Na2SO4. The drying agent was removed by filtration, and the filtrate was concentrated 

under reduced pressure to yield a yellow solid.  The crude material was purified by 

column chromatography over silica gel by eluting with a 70:30 mixture of 

hexanes:EtOAc. After evaporation of the solvent, the product was obtained as a white 

solid (0.32 g, 54% yield). 1H NMR (400 MHz, rt, CD3CN) ) 5.56 (s, 2H), 6.94 (d, J=8Hz, 

2H), 7.54-7.57 (m, 2H), 7.67-7.69 (m, 1H), 7.91 (d, J = 8Hz, 2H), 8.08-8.11 (m, 2H). 13C 

NMR (100 MHz, rt, CD3CN) ) 66.87, 115.76, 129.01, 129.73, 130.63, 132.86 133.70, 

161.27, 198.22. HR ESI-MS: (M+1)+ m/z 257.0808 (calc. for C15H13O4: 257.0811).  
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Chapter 3: Supramolecular Electron Transfer Complexes 

3.1 SUPRAMOLECULAR ELECTRON TRANSFER SYSTEMS  

Electron transfer (ET) reactions are of fundamental importance to many key 

biological processes and have thus been vigorously pursued in both theoretical and 

application based research.  Recent decades have borne witness to an explosion in 

research devoted to mimicking natural photoinduced electron transfer processes, such as 

those associated with the early events in photosynthesis.130,131  

Many synthetic electron transfer systems have relied on the use of covalently 

tethered electron donors and acceptors. An alternative strategy, wherein the donors and 

acceptors are linked through non-covalent forces, has also received attention of late.132 

This approach is attractive in terms of its versatility, flexibility in design, and ease of 

synthesis.133 The first work presented in this chapter involves a report of cyclo[8]pyrrole, 

an octapyrrolic expanded porphyrin, used in an electron transfer dyad formed through 

anion binding interactions. Sessler Group Member, Sung Kuk Kim, completed the 

synthesis of the cyclo[8]pyrrole discussed in the section. Electrochemical meaurements 

were carried out by the group of Prof. Karl Kadish at the University of Houston, while 

the author completed the photophysical analysis under the supervision of Dr. Kei Ohkubo 

and Prof. Shunichi Fukuzumi at Osaka University. This will be followed with a brief 

synopsis of the work carried out by the author on a thermal electron transfer 

supramolecular system involving TTF-calix[4]pyrrole, 1.8 and an electron deficient 

acceptor, bisimidazolium quinone.121c This latter effort involved collaboration with fellow 

graduate student, Jung Su Park, among others.  
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3.2 EXPANDED PORPHYRINS AND ANION BINDING IN ELECTRON TRANSFER  

While a number of supramolecular motifs have been explored for formation of 

electron transfer dyads, few examples exist wherein 1) an expanded porphyrin is utilized 

as the donor or acceptor, and 2) anion binding is used to hold the complex together.134 

The Sessler group was the first to detail such a system.  This early system relied on the 

pentapyrrolic expanded porphyrin, sapphyrin (described in Chapter 1) and involved 

collaboration with the Wasielewski group, known for its expertise in artificial 

photosynthesis.131a In the case of sapphyrin, it was hypothesized that a readily accessible 

carboxyl substituted porphyrin would act as the anionic substrate for the binding of 

sapphyrin and would also serve as a high energy donor to sapphyrin.  Support for this 

hypothesis came from fluorescence studies, wherein titration of sapphyrin into a solution 

of the porphyrin carboxylate resulted in a ‘quenching’ effect.  The fluorescence was 

restored upon adding the competing solvent, methanol. Donor-acceptor interactions were 

also probed by femtosecond laser flash photolysis (fs lfp). Upon photoexcitation at 417 

nm, energy transfer was observed via a mechanism of excitation transfer from the excited 

state of the porphyrin to the sapphyrin (Figure 3.1a).121b The rates of energy transfer to 

sapphyrin from two different variations of the carboxyl porphyrin, one in its di-

protonated form, and one coordinated to Zn, proved to be 4.3 & 1010 and 1.1 & 1011 s–1 in 

CH2Cl2 respectively.  

Later, the Sessler group was able to show efficient interactions, presumably 

between the $-face of the sapphyrin and a single-walled nanotube (SWNT), wherein 

electron transfer was observed to occur from the SWNT to sapphyrin (Figure 3.1b).135 

These ensembles were studied by several techniques, including UV-vis-NIR 

spectroscopy, fluorescence spectroscopy, and femtosecond laser flash photolysis. On this 

basis, the face-to-face binding model shown in Figure 3.1b was inferred. Femtosecond 
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laser flash photolysis studies provided support for the notion that this system undergoes 

intramolecular electron transfer following photoexcitation, as evidenced by the 

observation of optical signatures for both the radical anion of sapphyrin and the radical 

cation of SWNTs. It was thus proposed that electrons from the valence band of the 

SWNT are excited into the conduction band, followed by transfer to the HOMO of 

sapphyrin.  

a)      b) 

    
 

Figure 3.1:   (a) First example of photoinduced energy transfer utilizing an expanded 
porphyrin and anion-binding as key components in a donor-acceptor dyad. 
(b) Graphical representation of the intramolecular electron transfer from 
the SWNT to sapphyrin proposed to occur upon photoirradiation at 775 
nm. 

Most recently, in collaboration with the Guldi group from the University of 

Erlangen, we published a system based on fullerenes appended with dendritic arms 

capped with carboxylates that provided the means for interaction with sapphyrin. As seen 

in Figure 3.2, this set of components was thought to allow for formation of donor 

acceptor ensembles with 1:1 (Sap/C60–1) and 1:2 (Sap/C60–2) (fullerene to macrocycle) 
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stoichiometries. Under photoirradiation, intra-ensemble electron transfer from the 

sapphyrin to the fullerene was observed.  It is worth noting that, in the case of Sap/C60–2, 

the lifetime of the charge-separated state is longer than in the case of Sap/C60–1; this was 

rationalized in terms of the two sapphyrin moieties being better able to delocalize the 

resulting charge than a single sapphyrin.121d  

 

 

Figure 3.2:   Fullerenes appended with dendrimers and capped with anionic carboxylate 
groups for the formation of complexes with sapphyrin and the creation of 
electron transfer ensembles.  

Another recent non-covalent ET system, developed by D’Souza, is predicated on 

the anion-binding ability of oxoporphyrinogens, the porphyrin-like structure with a bound 

fluoride anion in Figure 3.3. Although not technically porphyrins, the compounds have an 

extended $-system and are highly colored species. These systems also happen to be 

highly sensitive to anion coordination, especially by the fluoride anion. Even when two 

internal nitrogens are alkylated, there was still a strong chromogenic response to 

anions.136 D’Souza and co-workers proposed incorporation of this oxoporphyrinogen into 
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a supramolecular electron transfer donor-acceptor ensemble with two distinct binding 

sites as shown in Figure 3.3. One site is composed of “jaws” like Zn-porphyrins for the 

binding of bis(4-pyridyl)-substituted fullerene (Py2C60) and the second is the 

oxoporphyrinogen which can act as a receptor for anions.121a It was found that 

complexation of anions by the oxoporphyrinogen (OP) resulted in a lower oxidation 

potential (by ~600 mV). This allows for stabilization of the purported Zn-porphyrin 

radical cation (ZnP!+) that would be produced following photoexcitation– essentially by 

sharing the positive charge. This effect was expected to lower the driving force for charge 

recombination. Femtosecond and nanosecond laser flash photolysis experiments were 

carried out for OP!Py2C60 alone, OP(F–)!Py2C60, and OP(X–)!Py2C60 (X– being anions 

other anions other than fluoride) to determine lifetimes of the corresponding charge-

separated states. It was found that, compared to other anions, fluoride resulted in a 

90~fold enhancement in the lifetime of the charge separated state produced from 

OP!Py2C60. 



 
75 

 

OP(F–)!Py2C60 

Figure 3.3:   Oxoporphyrinogens which, although not technically expanded porphyrins, 
have the same molecular structure with an extended $-system resulting in 
highly colored species that are also highly sensitive to anion 
coordination.136 

3.3 CYCLO[8]PYRROLE AS AN ELECTRON DONOR 

As mentioned in previous chapters, cyclo[8]pyrrole, 1.5, first reported by the 

Sessler group in 2002, is a system that has shown promise in a variety of applications, 

including as a sulfate anion extractant.61 The photophysical and electrochemical 

properties of cyclo[8]pyrrole have been reported, whereas its anion binding properties are 

the subject of Chapters 1 and 2 of this dissertation. A high affinity has been observed for 

carboxylate anions, leading us to consider that this particular expanded porphyrin could 

be used to construct an anion-binding based supramolecular electron transfer system.  
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In Chapter 2, we pointed out that cyclo[8]pyrrole (C8) could act as an electron 

donor, or as a photosensitizer, interacting with an excited state of a p-hydroxyphenacyl 

protected carboxylate derivative. We thus thought it possible to construct a 

supramolecular dyad using C8 and another good electron donor or acceptor ~ similar to 

the sapphyrin and carboxylate appended Zn-porphyrin described above.  

To test this idea, tetrabutylammonium 1-pyrenebutyrate, Py, was chosen as the 

anionic, electron acceptor “partner”. Figure 3.4 shows the spectral changes observed 

upon carrying out a UV-vis spectroscopic titration between these two species, as well as 

the resulting binding isotherm. From these spectral changes, an association constant, Ka, 

of (2.6 ± 0.3) $ 105 M-1 could be calculated for the formation of C8–Py.112 
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a)  

  

b)      c) 

 

 

Figure 3.4:  (a) Proposed complex formation. (b) UV-vis titration of 
tetrabutylammonium 1-pyrenebutyrate, Py into cyclo[8]pyrrole, C8 at 1.5 
& 10–5 M in CH3CN at 298 K. (c) Curve fit (line) to a 1:1 binding isotherm 
produced from the change in absorbance at 1155 nm (points). 

Cyclic voltammetry for the species involved revealed that the two-electron 

reduction potential of C8 in CH3CN is -0.05 V vs SCE, while the oxidation potential is 

0.46 V vs. SCE. In the presence of one equivalent of Py, both the oxidation and reduction 

potentials of C8 are decreased slightly to 0.44 and -0.03 V vs SCE, respectively. In the 

presence of C8, the reduction potential of Py is decreased from -2.18 to -2.14 V vs SCE, 
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while the oxidation potential is increased from 1.24 to 1.28. Spectral monitoring of the 

one- electron electrochemical oxidation of cyclo[8]pyrrole, or chemical oxidation using 

Fe(bpy)3
3+ (bpy = 2,2'-bipyridine), reveals the presence of new spectral features 

characterized by  !max at 482, 738, and 818 nm (Chapter 2, Figure 2.4). The same spectral 

features are observed upon electrochemical oxidation as seen in Figure 3.5.  

 

 

Figure 3.5:  Thin-layer UV-visible spectral changes of C8 obtained during the first 
controlled potential oxidation at 0.65 V vs SCE in CH2Cl2, 0.1 M TBAP. 

Transient absorption spectra were recorded after photoexcitation of C8 and Py 

alone (Figure 3.6a-b), and in a 1:1 ratio in CH3CN (Figure 3.6c).  Based on the absorption 

maxima, there is clear evidence for formation of C8•+ (but NOT C8•–). Such an 

observation is consistent with photoinduced electron transfer taking place from C8 to the 

singlet excited state of Py (1Py*) to produce the CS state, C8•+–Py•–; this happens even 

though the energy of the C8•+–Py•– (2.58 eV) product is higher than that of C8•––Py•+ 

(1.31 eV).  The transient absorption due to Py•– appears at 480 nm and is overlapped with 

features due to C8+•.  The CS state decays to the triplet excited state (3C8*) rather than to 

the ground state, as inferred from the fact that the transient spectrum of the ensemble 

recorded at 900 µs in Figure 3.6c agrees with that observed for 3C8* produced following 

photoexcitation of C8 alone, Figure 3.6a. 
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a)      b) 

   

  c)  

 

Figure 3.6:   (a) Transient absorption spectra of 1.2 $ 10–5 M C8 in deaerated CH3CN at 
298 K (b) Transient absorption spectra of 1.2 $ 10–5 M Py in deaerated 
MeCN at 298 K (c) Transient absorption spectra of C8 and Py, in a 1:1 
ratio at 5.0 & 10–5 M in deaerated MeCN at 298 K taken at 10 µs (#) and 
900 µs (") after laser photoexcitation (355 nm, 25 mJ per pulse).  
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Fitting the decay at both 470 and 740 nm to a single exponential results in a 

charge recombination rate (kcr) of (3.3 ± 0.1) $ 103 s–1, a value that corresponds to a 

lifetime for the charge separated state ("cr) of 300 µs (Figure 3.7). Changing the laser 

power has no affect on the rates, as underscored by the invariance of the first-order plots 

included in Figure 3.7c. Such findings provide support for the proposal that 

intramolecular electron transfer takes place within the supramolecular complex. As 

expected, the use of pyrene-1-butyric acid, instead of the carboxylate form (i.e., Py) in 

conjunction with C8 under otherwise identical conditions, yielded none of the peaks 

characteristic of C8•+ following photoirradiation.  
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a) b) 

 

c) 

 

 

Figure 3.7:  Decay profiles at (a) 470 nm and (b) 740 nm obtained from the transient 
absorption spectra of Figure 3.6. (c) First-order plots of the spectral 
changes at 740 nm.  

The formation of C8•+ following photoexcitation in the presence of Py is 

particularly interesting given the fact that pyrene typically acts as a good electron 
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donor.137 The charge reversal seen in the present “umpolung” system has also been 

reported for electron transfer from electron donors to 1Py*.138   In the specific case of C8-

Py, the proposed path is similar, namely excitation of a 1:1 solution of C8 and Py at 355 

nm affords first the singlet excited state of pyrene, 1Py* (3.46 eV); this is then followed 

by electron transfer from C8 to form the CS state, C8•+–Py•–. The CS rate constant was 

determined to be 5.1 & 106 s–1 from the decrease in the fluorescence lifetime of C8–Py 

(140 ns), as compared to that of the reference pyrene (480 ns); see Figure 3.8.139  This is 

calculated based on the following equation 3.1:  

 

 

   

 

 

 

(3.1) 

 

 

Figure 3.8:  Fluorescence decays of Py (!ex = 360 nm, !obs = 392 nm) and Py-C8 (!ex = 
360 nm, !obs = 376 nm) in deaerated CH3CN at 298 K. 
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        a)            b) 

   

Figure 3.9:  (a) Transient absorption spectra of (a) C8-Py (2.5 x 10–4 M) and (b) Py 
(2.5 x 10–4 M) in deaerated CH3CN at 298 K taken at 100 ps after 
femtosecond laser excitation at 355 nm. 

Slow CS was confirmed by femtosecond laser flash photolysis measurements. 

Little difference was seen in the transient absorption spectra between to 1Py* (Figure 

3.9a) and in C8–Py (Figure 3.9b), indicating that CT does not occur on this timescale. 

That this pathway is followed, rather than an alternative one leading to the formation of 

C8•––Py•+, is rationalized by the Marcus theory of electron transfer.  This widely-cited 

semi-empirical formalism predicts that kET should increase with increasing driving force, 

but will then decrease after a certain point, falling off further as the driving force enters 

the so-called inverted region.140 More precisely, the first order rate-constant for electron 

transfer from a donor to an acceptor at a fixed distance and orientation is described by eq 

3.2 and is a function of *, the reorganization parameter, –!GET, the driving force of the 

electron transfer reaction, and V, the electronic coupling matrix element. In our case, 

application of this theory leads to the prediction that the charge separation rate to produce 

the lower energy CS state (C8•––Py•+), with a larger driving force of 2.15 eV, (and hence, 

deeply in the Marcus inverted region) should be much slower than the CS rate required to 
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produce the higher energy CS state C8•+–Py•– (characterized by a driving force of 0.88 

eV) This is shown in Figure 3.10.   

   

        (3.2) 

 

 

 

Figure 3.10: Driving force dependence of the logarithm of the charge separation and 
charge recombination rates for photoinduced electron transfer in C8-Py in 
CH3CN.  The solid lines are drawn as the best fit line to eq 3.2 using the 
values of ! = 0.85 eV and V = 0.13 cm–1.   

After initial photoinduced charge separation, recombination occurs via decay to 

the triplet excited state, 3C8*, which then returns to the ground-state extremely slowly, 

with a lifetime that exceeds 200 ms (Figure 3.11). This mode of recombination is also 

rationalized by the slower back electron transfer to the ground state as compared to the 

triplet excited state in the Marcus inverted region.  The energy level diagram 

summarizing the steps described for the C8-Py system is shown in Figure 3.12. 
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Figure 3.11: Decay of the purported 3C8* state back to the ground state as inferred from 
he changes in the spectral signature at 740 nm seen following nanosecond 
laser flash photolysis at 355 nm of a mixture of Py and C8 in a 1:1 ratio at 
1.2 $ 10–5 M in deaerated CH3CN at 298K. 

 

Figure 3.12: Energy level diagram summarizing the proposed photochemical events 
that occur within the supramolecular dyad C8-Py following 
photoexcitation.  
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electron transfer. Specifically, we have provided evidence that supports the conclusion 

that when the anionic pyrene derivative Py, is used photoexcitation produces a CS state 

of C8•+–Py•– that is higher in energy than the alternative CS, C8•––Py•+. This high-energy 

CS state decays with a lifetime of 300 µs to give a long-lived triplet state. Formation of 

such a high energy and long-lived CS state justifies further studies with C8 in 

conjunction with other potential electron acceptors, as well as efforts to create more 

elaborate ensembles wherein anion recognition is used in combination with other non-

covalent interactions to link together multiple donor and acceptor subunits.  

Work along these lines is in progress.  Specifically, the synthesis of various 

carboxylate ‘partners’ for binding and ET analysis with cyclo[8]pyrrole has been carried 

out.  Scheme 3.1 shows the facile synthesis of a mono-carboxylated porphyrin.141,142 

Treatment of commercially available 5-(4-methoxycarbonylphenyl)-10,15,20-

triphenylporphyrin with Zn(OAc)2 in MeOH under reflux conditions affords the Zn 

congener, 3.1, and saponification of the ester under basic conditions yields the carboxylic 

acid 3.2 ([5-(4-carboxyphenyl)-5,15,20-triphenylporphyrinato]zinc) in quantitative yield.    

 

 

              3.1       3.2 

Scheme 3.1: Synthesis of [5-(4-carboxyphenyl)-5,15,20-triphenylporphyrinato]zinc, 
3.2.   

Upon treatment of 3.2 with one equiv. of tetrabutylammonium hydroxide in 

MeOH, the anion salt was obtained, and a spectral titration with C8 was carried out 
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(Figure 3.13).  Based on the titration and the change in absorbance at 1139 nm, a Ka of 

1.5 & 104 M–1 is calculated by fit of a 1:1 hyperbolic binding equation described in 

Chapter 2.  It is interesting to note here that this binding affinity is on the same order as 

that for benzoate at 2.9 & 104 M–1 (Chapter 2, Figure 2.15).  The binding constants for 

both of these anions is an order of magnitude smaller than that of acetate, or related Py-

butyrate anions (For both, Ka ~ 2 & 105 M–1).  This reduction in affinity is ascribed to the 

bulkiness of the attached aryl group.    

 

 

Figure 3.13: (a) UV-vis titration of tetrabutylammonium 3.2 (TBAZnPCO2) into 
cyclo[8]pyrrole, C8, at 1.1 & 10–5 M in CH3CN at 298 K. (b) Curve fit 
(line) to a 1:1 hyperbolic binding isotherm produced from the change in 
absorbance at 1139 nm (actual data as points). 

The synthesis of a trans-A2B2-tetraarylporphyrin was also carried out for study in 

the formation of future CT or ET sandwich type complexes, or even supramolecular 

polymers. The highest yielding route to construct porphyrins with this peripheral pattern 

is to synthesize a dipyrromethane first, specifically, one that is not susceptible to 

scrambling in the subsequent acid-catalyzed condensation. Therefore, based on the work 

of Lindsey and coworkers, 5-mesityldipyrromethane143 was chosen as the initial target 

because it is well-established that use of a bulky aryl group, such as mesityl, in the meso 
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position practically eliminates scrambling.144,145 Briefly, formation of dipyrromethane 3.4 

was carried out under standard acid-catalyzed conditions via condensation between 

excess pyrrole and mesityl aldehyde. In this step, the choice of Lewis acid greatly 

affected the ease of purification and yield, a subject detailed in great length by Lindsey 

and co-workers for easing the industry-scale synthesis of 3.4.146 Another acid catalyzed 

condensation, between 3.4 and methyl-4-formyl benzoate, followed by oxidation with 

DDQ (2,3-Dichloro-5,6-dicyano-1,4-benzoquinone), then gave 5,15-bis(4-

methylesterphenyl)10,20-bis(mesityl)porphyrin, 3.5.147  Metalation with Zn(OAc)2 yields 

3.6,148 and saponification yields the [5,15-bis(4-carboxyphenyl)10,20-

bis(mesityl)porphyrinato]zinc, 3.7.  
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   3.5     3.6        3.7 

Scheme 3.2: Synthesis of [5,15-bis(4-carboxyphenyl)10,20-
bis(mesityl)porphyrinato]zinc, 3.7. 

 

3.4 EPR AND KINETIC ANALYSES OF THE THERMAL ELECTRON TRANSFER IN A 
REVERSIBLE SUPRAMOLECULAR DONOR-ACCEPTOR ENSEMBLE 

While the major theme of this chapter has been on photoinduced electron transfer, 

separately, the author has been involved in an effort to develop model systems that will 

allow for the control of thermal electron transfer reactions. In a biological context, 

thermal ET systems provide a counterpart to photosynthesis and are involved most 

notably in oxidative phosphorylation.149,150    

This project, was led primarily by Jung Su Park, fellow Sessler Group Member, 

under the guidance of Prof. Jonathan L. Sessler, and Christopher W. Bielawski.  Mr. Park 

found that upon mixing a good electron donor, namely tetrathiafulvalene calix[4]pyrrole 

(1.8 or TTF-C4P) with a good electron acceptor, namely a bisimidazolium quinone, 

BIQ2+2X–, electron transfer could be induced only in the presence of a coordinating anion. 

This work is summarized in the following Science paper.  
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 The author of this dissertation completed the following experiments at Osaka 

University under the guidance of Dr. Kei Ohkubo, and Prof. Shunichi Fukuzumi.  One of 

the key contributions of the author was definitive identification of the electron transfer 

products as the one-electron oxidized TTF-C4P and one-electron reduced species.  One 

way this was done was through chemical oxidation.  Figure 3.14 shows the titration of 

TTF-C4P with tris(4-bromophenyl)ammoniumyl hexachloroantimonate (BAHA), a 

chemical oxidant that is soluble in CH2Cl2.  The spectral features at *max = 426 nm, 751 

nm and ~2000 nm match those observed in the UV-vis titrations carried out by Jung Su 

Park, when TTF-C4P is mixed with BIQ2+2X–, where X– = Cl–, MeSO4
–, or Br–.   
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Figure 3.14: UV-vis spectra of one-electron oxidized TTF-C4P. 
Titration of TTF-C4P, 1.8 (2 & 10–5 M in CH2Cl2) with up to one equiv. of 
chemical oxidant, tris(4-bromophenyl)ammoniumyl 
hexachloroantimonate.  

The generation of organic radical products was further confirmed by electron 

paramagnetic resonance (EPR); this was possible in this case because the radical products 

were found to be persistent in solution.   EPR characterization was carried out for each of 

the radical products: a one-electron oxidized TTF-C4P, TTF-C4P!+ and a one-electron 

reduced BIQ2+, BIQ!+.  In the case of TTF-C4P, one electron oxidation was achieved 

through treatment of TTF-C4P with tris(4-bromophenyl)ammoniumyl 

hexachloroantimonate, resulting in a signal at g = 2.0083 (Figure 3.15a).  Separately, 

formation of BIQ!+ was achieved through electrochemical reduction, more specifically, 

through application of a potential at 0 V vs. SCE (or 45 mV vs Ag/AgCl).  The resulting 

spectrum (Figure 3.15b) showed a signal at g = 2.0056.  
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      a)      b) 

    

 

Figure 3.15: EPR spectra of one-electron oxidized TTF-C4P (a) and one-electron 
reduced BIQ2+2X– (b). 
(a) TTF-C4P in CH2Cl2 recorded at ambient temperature in the presence of 
one equiv. of the chemical oxidant, tris(4-bromophenyl)ammoniumyl 
hexachloroantimonate and (b) BIQ2+2MeSO4

– after subjecting it to 
electrochemical reduction in CHCl3 in the presence of THAPF6. Dr. Kei 
Ohkubo of Osaka University generated the EPR spectral simulations.  

After identification of the individual radical products, the author carried out full 

titrations wherein the BIQ2+2X– was added to a solution of TTF-C4P at 1.2 & 10–4 M in 

CHCl3. As is seen in Figure 3.16, both species were ‘checked’ by EPR spectroscoscopy 

before mixing.  However, upon mixing TTF-C4P and BIQ2+2X– radical species were 

clearly formed, with the degree of ET depending on the counter anion, X– of BIQ2+2X– 

(Figure 3.17). 
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Figure 3.16: EPR spectra of a mixture of TTF-C4P and BIQ2+2MeSO4
– (1 equiv.) at 1.1 

& 10–4 M in CHCl3 at rt.   

a) BIQ2+2MeSO4
–  b) BIQ2+2Cl–       c) BIQ2+2Br–    

 

d) BIQ2+2BF4
–    e) BIQ2+2PF6

– 

 

Figure 3.17: Comparison of EPR spectra wherein TTF-C4P is mixed with 1 equiv. of 
BIQ2+2X–, for X– = MeSO4

– (a), Cl– (b), Br– (c), BF4
– (d), and PF6

– (e) in 
CHCl3.   

The molar quantity of radical could be determined through measurement of a 

known quantity of the radical standard, DPPH (2,2-di(4-tert-octylphenyl)-1-
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picrylhydrazyl).  Briefly, a known quantity of DPPH was analyzed under identical EPR 

instrument conditions to those used for the studied radical species.  Upon integration of 

the spectrum, a spectrum similar to that obtained by NMR spectroscopy is obtained. The 

area under the curve is related to the concentration of the radical.  Further integration 

allow inferences regarding molarity and stoichiometry to be drawn as shown in Figure 

3.18.   Using this method, the percent conversion of TTF-radical for a given amount of 

BIQ2+ could be calculated, at least with an accuracy that permits a reliable comparison 

within the series and is summarized in Table 3.1. 

a)     b)   

 

Figure 3.18: Plot of the double integral of the EPR spectra recorded after adding 1 
equiv. (a) and 2 equiv. (b) of the indicated BIQ2+ salt to a 1.2 & 10–4 M 
solution of TTF-C4P in CHCl3.  

The double integral plot also provides the proportion of one radical species to 

another, or stoichiometry.  The similar heights of each component labeled (i) and (ii) in 

Figure 3.18a and Figure 3.18b respectively, provides support for the proposed 1:1 

stoichiometry discussed in the main text of the Science paper. 
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Table 3.1:   The molar quantity of radical  formation upon addition of 2 equiv. of 
BIQ2+2X– to TTF-C4P at 1.2 & 10–4 M in CHCl3.  

Reversibility of this system is also one of the key aspects presented in the Science 

paper; anions switch electron transfer on, and cations can effect reversal of this electron 

flow leading to a recovery of the initial states.  EPR spectroscopy was able to support this 

effect, and this data is shown in Figures 2a and 2b of the Science text.    

The author of this dissertation also carried out initial kinetic studies. Figure 3.19 

shows the raw spectra for mixing experiments between TTF-C4P and BIQ2+2MeSO4
–.  

The rise in absorbance at 750 nm, representative of TTF-C4P!+, as a function of time 

could be fit to a single exponential, to yield the observed rate constant, kobs, under pseudo-

first order conditions.  

 

Anion, X– [TTF-C4P!+], M  % Conversion* 

MeSO4
– 1.1 ! 10–4 92  

Cl– 8.1 ! 10–5 68 

Br– 5.9 ! 10–5 49 

BF4
– 3.6 ! 10–5 30 

PF6
– 1.2 ! 10–5 10 

*Calculated using 1.2 & 10–4 as 100% conversion. 
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Figure 3.19: Transient absorbance spectra for the ‘third point’ presented in Figure 3.20 
below, i.e. a mixture of TTF-C4P 1.0 $ 10–4 in CHCl3 containing 1.0 $ 10–

5 M BIQ2+2MeSO4
– at rt.  

In this case kobs is fit against [TTF] using the equation shown in Figure 3.21 in 

order to extract values for the electron transfer rate constant, ket and the equilibrium 

constant for acceptor binding, K. This equation was based on the equilibrium shown in 

Scheme 3.3.   Overall, this analysis yields values of ket = 9.3 ± 0.4 s–1, K = (1.63 ± 0.2) $ 

108 M–2 (Figure 3.20). 

 

 

Scheme 3.3: For the purpose of kinetic analysis, the formation of a 2:1 donor acceptor 
charge-transfer (CT) complex intermediate was considered.  

2 TTF-C4P      +      BIQ2+                           [TTF-C4P]2BIQ2+                      TTF-C4P      +    BIQ     +   TTF-C4P
ketk1

k–1                                                                           CT complex
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Figure 3.20: Plot of the observed rate constant (kobs) TTF-C4P oxidation vs. the 
concentration of TTF-C4P (abbreviated [TTF]) in mixing experiments 
where the concentration of BIQ2+2MeSO4– was held constant at 1.0 $ 10-5 
M in CHCl3.  

In summary, for this publication, the author carried out essential analysis that 

provided critical support for the inferences drawn by Mr. Park based on his initial 

crystallographic and optical spectral analysis.   

3.5 EXPERIMENTAL  

Cyclo[8]pyrrole (C8 or 1.5!2HCl) was synthesized by Sung Kuk Kim according 

to known literature methods. Tetrabutylammonium 1-pyrenebutyrate (Py) was obtained 

by stirring one equiv. of 1-pyrenebutyric acid, purchased from Sigma-Aldrich, with one 

equiv. of tetrabutylammonium hydroxide in MeOH. The TBA-salt was then dried under 

vacuum with heating at 50° C for a period of at least 12 hrs before use. Titrations were 

carried out by adding known quantities of a solution of Py in high concentration into a 

solution of C8.  The solution of Py used to effect the titration contained same 

concentration of C8 as used in the titration so to avoid the need to account for dilution 
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effects during the titration. The data were then fit to a 1:1 binding equation relating the 

signal to the fraction bound as described in the experimental section of Chapter 2.  

Absorption Spectroscopy:  Nanosecond time-resolved transient absorption 

measurements were carried out by the author in the laboratory of Prof. Shunichi 

Fukuzumi at Osaka University.  The laser system in question provided by UNISOKU 

Co., Ltd.  The photodynamics were monitored by continuous exposure to a xenon lamp 

(150 W) as a probe light and a photomultiplier tube (Hamamatsu 2949) as a detector.  

Transient spectra were recorded using fresh solutions in each laser excitation.  The 

solution was deoxygenated by argon purging for 15 minutes prior to measurements.  

Electrochemical Measurements: Cyclic voltammetry was carried out with an 

EG&G Princeton Applied Research (PAR) 173 potentiostat/galvanostat.  A homemade 

three-electrode cell was used for cyclic voltammetric measurements and consisted of a 

glassy carbon working electrode, a platinum counter electrode, and a homemade 

saturated calomel reference electrode (SCE).  UV-visible spectroelectrochemical 

experiments were performed with a home-built thin-layer cell that had a light transparent 

platinum net working electrode. Potentials were applied and monitored with an EG&G. 

PAR Model 173 potentiostat.  Time-resolved UV-visible spectra were recorded with a 

Hewlett-Packard Model 8453 diode array spectrophotometer. 

EPR spectra. Data acquisition was carried out by the author under the guidance 

of Dr. Kei Ohkubo at Osaka University, on a JEOL JES-RE1XE spectrometer at 4K and 

298 K.  The magnitude of modulation was chosen to optimize the resolution and signal-

to-noise (S/N) ratio of the observed spectra under non-saturating microwave power 

conditions. The g values were calibrated using an Mn2+ marker.  The hyperfine coupling 

constants were determined by computer simulation using a Calleo EPR Version 1.2 

program coded by Calleo Scientific on a personal computer. 
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Stopped-flow measurements. Low-temperature stopped-flow studies were 

performed on a UNISOKU RSP-601 stopped-flow spectrometer equipped with a MOS-

type highly sensitive photodiode array in the laboratory of Shunichi Fukuzumi at the 

University of Osaka, Japan. 

 

 

Figure 3.21: Cyclic voltammograms of (a) C8 alone, (b) C8 and Py in a 1:1 ratio and 
(c) 1-pyrenebutyrate alone in CH3CN containing 0.1 M TBAP. 

Portions of this chapter have been published, or accepted for publication as 

follows: 

An article entitled “”Umpolung” Photoinduced Charge Separation in an Anion-

bound Supramolecular Complex” has appeared in the Journal of the American Chemical 

Society, 2008, 130, 15256-15257. (See Appendix) 
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A book chapter entitled “Porphyrins and Expanded Porphyrins as Receptors,” in 

the reference manual, Supramolecular Chemistry, edited by Jonathan W. Steed and Philip 

A. Gale, and to be published by Wiley in 2011.  
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Chapter 4: Spectroscopic Studies of Novel Porphyrin and Porphycene 
Assemblies  

4.1 INTRODUCTION 

Porphyrins and expanded porphyrins are attractive scaffolds from which a 

plethora of useful molecular entities can be constructed. Nature herself utilizes these 

versatile compounds for a multitude of functions ranging from the light harvesting 

antennae in photosynthesis to respiration and electron transfer. Porphyrins and related 

compounds, such as porphycenes, have thus been objects of intense exploration and study 

for more than a century.151,152 This focus has provided a foundation of knowledge that is 

facilitating current efforts to prepare porphyrinic frameworks with specific size, structure, 

solubility, and electronic features. 

A salient feature of porphyrins and related compounds is that they contain three 

positions for further functionalization. Two are on the periphery and are known as the 

meso- and  "-pyrrolic positions, respectively. (cf. Figure 4.1).  

 

 
 

Figure 4.1:  Porphyrins as scaffolds. 

The third point available for functionalization is the coordinated metal center; in 

many cases, the addition of apical ligands allows for the attachment of ancillary groups.  

There are extensive literature examples involving the synthesis of porphyrins with 
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substituents in the meso- or "-pyrrolic positions; additionally, metalation and 

complexation reactions involving porphyrins are also well documented.152,153   

Less common, but potentially more useful is utilization of the #-face of one of the 

pyrrolic units of the porphyrin (or related compound) for coordination of a 

metallocene.154 While some of these complexes have been reported, this literature tends 

to focus solely on synthetic and structural details with a complete study of the redox and 

photophysical properties of such systems largely ignored. Thus, a renewed effort toward 

synthesizing these types of molecules was undertaken in the Sessler group. This endeavor 

was facilitated by a joint research venture with the Fukuzumi group (Osaka University, 

Osaka, Japan) whose expertise allowed for extensive characterization of the 

photophysical properties of these systems.  It was found that found that 

[Ru(CH3CN)3(Cp*)][PF6] (Cp* = pentamethylcyclopentadienyl) is useful in the synthesis 

of metallocene species on pyrrolic macrocycles including calix[4]pyrroles,155 Schiff-base 

macrocycles,156 porphyrins157 and porphycenes.158 In the latter two cases, the optical 

properties exhibited by these conjugated, aromatic compounds were deemed interesting 

enough to warrant a thorough spectroscopic analysis, the results of which are presented in 

this chapter. A former post-doctoral researcher in the Sessler Group, Dr. Luciano Cuesta, 

completed the synthesis of the compounds discussed in the section. Electrochemical 

meaurements were carried out by the group of Prof. Karl Kadish at the University of 

Houston, while the author completed the photophysical and EPR analysis under the 

supervision of Dr. Kei Ohkubo and Prof. Shunichi Fukuzumi at Osaka University.    
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4.2 (PENTAMETHYLCYCLOPENTADIENYL)RUTHENIUM "-COMPLEXES OF 
METALLOPORPHYRINS 

4.2.1 Introduction 

As previously described, porphyrins and metalloporphyrins provide an extremely 

versatile synthetic base for a variety of materials applications. In particular, porphyrin–

metallocene conjugates have a great potential in solar energy conversion,159,160,161 

activation of small molecules,162 porphyrin-assisted electron transfer,163,164 and 

development of molecular devices.165,166 One of the limitations to using porphyrins in 

photoinduced electron transfer (PET) arises from the tendency of porphyrins to act as 

electron donors, rather than as electron acceptors.167,168 Attempts have been made to 

modulate the direction of electron transfer, however this has only been accomplished 

through coordination of a metal center that is subsequently reduced. Therefore, strictly 

speaking, porphyrin ring reduction has still not been achieved by PET.169,170 This work 

serves to show that ring reduction may be achieved through intramolecular photo-

induced electron transfer by coordination of strong electron donors, such as a 

metallocene, directly to the $-electron framework of the macrocycle.  Connecting 

metallocenes to porphyrins is, in itself, not a new concept.  Other groups have linked 

metallocenes through spacers at the porphyrin meso– or !- positions171,172,173,131g  through 

direct C–C bonds at meso positions,174,175,176,177 or even through axial coordination of a 

pyridylmetallocene.178 Recently a porphyrin containing a cyclopentadiene fused pyrrole 

was reported, and similar metalloporphyrins to those described in this work have also 

been known synthetically, but their photoinduced electron transfer features were not 

reported.179  
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                                                        4.1 

4.2.2 Spectral Features 

The UV-vis spectra of these bimetallic compounds display bands that appear 

broadened and red-shifted relative to those for the respective metalloporphyrins (Figure 

4.2).  Although a number of contributing factors exist, such spectral shifts are taken as an 

indication of effective electronic communication between the organometallic moieties 

and the macrocyclic cores.   

a)    b)    c) 

 

Figure 4.2: a) Absorption spectra of 4.1a (blue) and Ni(OEP) (red) in THF b) Absorption 
spectra of 4.1b (blue) and Cu(OEP) (red) in THF. c) Absorption spectra of 
4.1c (blue) and Zn(OEP) (red) in THF.   

Further evidence of a potentially strong electronic perturbation caused by $-

complexation to the porphyrin core is the fact that all the “mixed” ruthenocene-porphyrin 

molecules give rise to very weak fluorescence (Figure 4.3).  The presumption that the 

coupling of these systems is indeed strong has led us to propose that the porphyrinic 
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cores in systems 4.1a-c might act as electron acceptors following photoexcitation.  As 

will be described below, support of this notion came from photophysical analyses. 

a)    b)    c) 

 

Figure 4.3: (a) Fluorescence spectra of 4.1a (blue) and Ni(OEP) (red) in THF b) 
Fluorescence spectra of 4.1b (blue) and Cu(OEP) (red) in THF. c) 
Fluorescence spectra of 4.1c (blue) and Zn(OEP) (red) in THF.   

4.2.3 EPR Spectroscopy 

The complex of 4.1b and its one-electron oxidation product were characterized by 

EPR (electron paramagnetic spectroscopy). In order to predict the site of oxidation, cyclic 

voltammetry and spectroelectrochemical analyses were carried out. 

Spectroelectrochemistry of porphyrins can be used to provide clues as to whether the site 

of reduction or oxidation is metal-centered or ring centered.  If the intensity of Soret band 

is strongly affected, the site of electron movement is ring centered; conversely, if the 

absorptivity undergoes little or no change, the site is metal-centered.180 In the case of 

4.1b, clear electrochemical differences were observed between the precursor, Cu(OEP) 

and the [Ru(Cp*)]+ appended version. Compound 4.1b undergoes a total of three well-

resolved oxidations, the first of which is ascribed to the ruthenium (See Supplemental 

Figures 4.20 and 4.21).  Thus, in EPR we expect to see the paramagnetic CuII in the 

neutral species due to one unpaired electron in its 3d9 configuration, while upon oxidation 
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we expect production of a CuII-RuIII complex, wherein the unpaired electrons from each 

metal center can interact.   

As expected, the original spectrum of the neutral compound shows a typical 

pattern and g values of a CuII porphyrin.181 Upon oxidation with [Ru(bpy)3][PF6]3 the EPR 

spectrum provides clear evidence of strong electronic communication between the two 

electroactive fragments as judged by the large spin-spin coupling observed between the 

CuII and RuIII centers.  The zero-field splitting constant (D = 530 G) is dependent on the 

distance between two electrons with parallel spins. This distance can be calculated based 

on the D-value using equation 4.1, where D is the zero-field splitting constant, g is the g-

value, "B is Bohr magneton (9.2741 & 10–24 J T–1), and r is the distance between the two 

unpaired electrons (in Å).   

The calculated distance is in close agreement with the 3.732(2) Å separation 

between the CuII and RuII centers as revealed by the X-ray diffraction structure solved by 

Dr. Vincent Lynch from a crystal grown by Dr. Luciano Cuesta and is shown in Figure 

4.4b. 
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a)            b) 

 

Figure 4.4:   (a) EPR spectrum of 4.1b produced by one-electron oxidation using 
[Ru(bpy)3][PF6]3 in frozen CH2Cl2 at –150°C. (b) Crystal structure of 4.1b 
showing the distance between the two metal centers. 
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4.2.4 Laser Flash Photolysis 

Femtosecond laser excitation of 4.1b afforded a set of transient absorption spectra 

with absorption bands at * = 510, 650, and 720 nm, whereas no transient absorption was 

observed for Cu(OEP) at 2.5 ns after laser excitation (Figure 4.5).  

a)             b)  

  

Figure 4.5:   (a) Transient absorption spectra of 4.1b in THF, taken 50 (red) and 2500 
ps (blue) after femtosecond laser pulse irradiation by a 410 nm laser at 298 
K. (b) Transient absorption spectra of Cu(OEP) in THF taken 50 (red) and 
2500 ps (blue) after femtosecond laser pulse irradiation by a 410 nm laser 
at 298 K.    

The transient absorption bands at * = 650 and 720 nm, with bleaching at * = 750 

nm, was assigned to the radical anion of Cu(OEP) through comparison with the spectrum 

of the one-electron reduced species of 4.1b (Figure 4.21).  The transient absorption band 

at 510 nm is assigned to the one-electron oxidized species of 4.1b, in which the Ru center 

is oxidized.   It has also been reported in literature that the absorption spectrum of 

[Ru(Cp)2]+ exhibits a shoulder absorption peak at around 500 nm. Thus, the observed 

spectral features support production of a charge-separated (CS) state.  The lifetime of the 

CS state has been determined to be 63 ns through monitoring of the single exponential 

decay of the transient absorption at * = 510 nm. This absorption is produced as a result of 

irradiation at 426 nm by nanosecond laser flash photolysis (Figure 4.6).   
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a)         b)  

 

Figure 4.6: (a) Transient absorption spectra of 4.1b upon nanosecond laser 
photoexcitation at 426 nm in THF at 0.02 #s (red), 0.10 #s (blue), 0.30 #s 
(green). (b) Corresponding decay time profile of the absorbance feature at 
510 nm shown in (a).   

Similar transient absorption spectra were observed after femtosecond laser 

excitation of 4.1a and, again, a charge-separated state wherein the porphyrin acts as the 

photo-acceptor was achieved (Figure 4.7). For comparison, Figure 4.7 includes the 

precursor to 4.1a, Ni(OEP), that exhibits no absorbance in the region of 700-800 nm.  

Spectroelectrochemical analyses also reveal similar spectral features upon reduction 

processes as seen in Figure 4.7c-d. The lifetime of the CS state of 4.1a was determined to 

be 180 ps, through monitoring the single exponential decay of the transient absorption at 

* = 770 nm. 

 

–0.04

–0.02

0

0.02

0.04

400 500 600 700 800

!
 A

bs
or

ba
nc

e

Wavelength, nm

–0.005

0

0.005

0.010

0.015

0.020

0.025

0 0.2 0.4 0.6 0.8 1

!
 A

bs
or

ba
nc

e:
 5

10
 n

m
Time, µs

k
CR

 = 15.9 x 106s–1

" =  63 ns



 
113 

       

Figure 4.7:   Transient absorption spectra of (a) the precursor to 4.1a, [Ni(OEP)] and 
(b), 4.1a in THF after femtosecond laser pulse irradiation at 410 nm at the 
indicated time intervals.  (b) Spectroelectrochemical data for (c) the first 
and (d) the second  reduction of 4.1a in CH2Cl2 at rt.  

In the case of 4.1c, the femtosecond laser flash photolysis results in the generation 

of similar spectral features as seen in the case of the parent compound, Zn(OEP), as 

shown in Figure 4.8. The spectra obtained upon subjecting both species to nanosecond 

laser flash photolysis is similar and are thus, proposed to result from the decay of the 

triplet excited state of Zn(OEP).  Presumably, a CS is formed and decays to the triplet, 

with the subsequent decay of the triplet being what we observed (Figure 4.9).   
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Figure 4.8:   Transient absorption spectra of (a) the precursor to 4.1c, Zn(OEP), and (b) 
4.1c in THF after femtosecond laser pulse irradiation at 410 nm recorded 
at the indicated time intervals.  

 

Figure 4.9: Transient absorption spectra of (a) the precursor to 4.1c, [Zn(OEP)], and 
(b) 4.1c in THF after nanosecond laser pulse irradiation at 410 nm 
recorded at the indicated time intervals. 
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4.2.5 Summary 

Spectroscopic studies, coupled with the electrochemical measurements carried out 

by Prof. Karl Kadish and his group at the University of Houston, demonstrate that direct 

coordination of a [Ru(Cp*)]+ fragment to the $-electron face of several 

metallooctaethylporphyrins engenders a strong interaction between the metallic centers. 

Specifically, we have observed photoinduced electron transfer from the ruthenocene unit 

to the singlet excited state of the metalloporphyrin upon laser flash photolysis.  This is a 

‘reversal’ of the behavior normally observed for metalloporphyrins, which typically act 

as electron donors.  This is, therefore, a novel result demonstrating that ET properties of 

porphyrins can be tuned to achieve unusual effects. Because it allows for the control of 

electronic features and the direction of photo-induced electron flow, this finding may 

prove useful in the development of photovoltaic devices.    

4.3 (PENTAMETHYLCYCLOPENTADIENYL)RUTHENIUM SITTING-ATOP AND "-
COMPLEXES OF METALLOPORPHYCENES 

4.3.1 Introduction  

Porphycene, the first and most stable of the nitrogen-in porphyrin isomers, was 

prepared in 1986 by Vogel and coworkers.182 Since then, this planar, aromatic 

macrocycle, formally [18]porphyrin-(2.0.2.0), has attracted enormous attention, due to 

both its interest to theorists and its potential for practical utility.183,184 Considering the 

dominant role that metalloporphyrins have played in the development of porphyrin 

chemistry, it is not surprising that the coordination chemistry of porphycenes has been 

closely studied. This motivation has resulted, in part, from a curiosity vis-à-vis of the 

metal complexation characteristics of these systems. Unique physical and optical 

properties, including strong absorptions in the red region of the UV-vis spectrum have 

made metalloporphycenes appealing molecules for use in biomedical and materials 
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applications.185,186,187,188,189 In fact, porphycene complexes have been investigated in the 

context of multiple applications, including catalysis,190,191 protein mimicry,192,193,194,195,196,197 

material chemistry,198 and photodynamic therapy (PDT).199 Moreover, 

metalloporphycenes have been the subject of numerous physiochemical studies due to 

their intriguing chemical, optical, electronic, spectroscopic or photochemical 

properties.200,201,202,203,204,205,206,207,208 Therefore, metalloporphycene studies that reveal inter 

alia new metal complexation features, are likely to be of both fundamental interest and 

potential practical utility.  

The previous section of this chapter describes modulation of the inherent optical 

and electronic properties of certain metalloporphyrins via the direct coordination of a 

[RuCp*]+ fragment (Cp* = pentamethylcyclopentadienyl) to the $-electron “face” of the 

macrocycle.157 The fusion of the [RuCp*]+ fragment to one or more pyrrolic subunits 

serves to enhance the ability of the constituent porphyrin macrocycles to act as an 

electron acceptor.  This, in turn, permits photoinduced electron transfer from the 

[RuCp*]+ moiety to the ligated porphyrin,157 as described in detail in an earlier section.  

Since metalloporphycenes are reported to be, in general, better electron acceptors than the 

corresponding metalloporphyrins,209 the fusion of a [RuCp*]+ fragment to the pyrrole of a 

metalloporphycene has the potential to lead to systems that are even more conducive to 

photoinduced charge transfer. As detailed below direct “fusion” of a metallocene 

complex onto the porphycene &-electron framework (4.3, 4.4) has been achieved.  This 

preparative chemistry, carried out by Dr. Luciano Cuesta, led the author to conduct a 

detailed study of the optical features of these new systems. Thus, these complexes as well 

as a new class of “sitting–atop” semi-sandwich complexes, 4.2 were studied.  

The “sitting–atop” complexes derived from the metal-free porphycenes, 

accomodate the [RuCp*]+ fragment in the N4 core. Femtosecond and nanosecond laser 
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flash photolysis analyses revealed that photoinduced electron transfer from the 

ruthenocene moiety (acting as a donor) to the singlet excited state of the 

metalloporphycenes (acting as acceptors) takes place following photoexcitation.  This 

work was complemented by complete electrochemical analyses carried out in Houston by 

the Kadish group.  

 

 

        4.2             4.3           4.4 

4.3.2 EPR Spectra  

Compounds of general structure 4.3 are amenable to study by EPR due to the 

coordinated CuII cation. The EPR spectrum for 4.3b recorded in CH2Cl2 at 4K is shown in 

Figure 4.10 together with the computer simulated spectrum that allowed us to determine 

the g and A tensor trace values. Although the EPR spectrum revealed features that are 

typical for square planar CuII complexes with dx2–y2 ground state: gz  > gx, gy, the g and A 

values are quite different from those of CuII porphyrins. 181,210,211 Firstly, there is no axial 

symmetry: gz  ' gx, Ax ' Ay, as is expected given the breaking of the symmetry caused by 

the appended [RuCp*]+. Secondly, the gz value (2.375) is unusually large compared to 

those of CuII porphyrins (typically 2.189 for Cu(TPP)).181 The g and A values depend on 
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the energy differences between d orbitals and the gz value, and is described by eq. 4.2, 

where !, which is inherently negative, is the spin-orbit coupling constant of the free Cu2+ 

ion and #z = E(x2–y2) – E(xy).211,212,213,214 

 

gz = 2.0023 – 8!/ #z (4.2) 

 

Thus, the large gz value results from the small energy gap between dx2–y2 and dxy as 

compared with that of Cu(TPP), and is ascribed to the appended [RuCp*].+ This increases 

the ionic character of the Cu-N bond of the pyrrolide unit fused to the [RuCp*]+.  The 

increase in ionic character of the Cu-N bond results in a decrease in the covalent 

character of the complex, thus leading to a decrease in the #z value. Theoretically, the 

small #z value is expected to decrease the (Az( value, and increase the (Ay( value.214-215 

This is why the observed Ay value (110 G) is unusually large compared the Az and Ax 

values of 85 and 50 G respectively. Normally, Cu(TPP) exhibits a large Az value (208 G) 

but small Ax and Ay values  (32 G).181   

The solution EPR spectrum of 4.3b recorded at 298 K and the corresponding 

computer simulation are shown in Figure 4.10c and Figure 4.10d, respectively.  The 

isotropic g and A values agree well with the average values of those presented in Figure 

4.10a: g  = (gx + gy + gz)/3; a(Cu) = (Ax + Ay + Az).  Such agreement provides support for 

the EPR parameters determined in Figure 4.10b.  In addition to the hyperfine splitting due 

to Cu nuclear spin, superhyperfine splitting resulting from three of four nearly equivalent 

nitrogens of the ligand is observed at each signal with a different Iz value for the Cu 

nuclear spin (Figure 4.10c). However, it is to be noted that the splittings at higher Iz 

values (Iz =3/2 and 1/2) are not resolved due to line broadening. This is consistent with 

the spin density on the nitrogen of the pyrrole fused with [RuCp*]+ being much smaller 
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than that present on the remaining three pyrrolic nitrogens.  Thus, the fusion of a 

[RuCp*]+ fragment to the pyrroles of CuII porphycenes results in significant changes in 

the EPR parameters. The distribution of the unpaired electron of 4.3a has also been 

calculated by DFT methods carried out at the B3LYP/Lanl2DZ level. The SOMO orbital 

of 4.3a is localized on the copper and the four nitrogens of the macrocycle, as shown in 

Figure 4.22. 
 

 

Figure 4.10: EPR spectra of [(OEPc)Cu(RuCp*)](PF6) (4.3b) in deaerated CH2Cl2 (a) at 
4 K and (c) at 298 K. (b), (d) The simulated spectra.  

Upon subjecting the complex to a one-electron oxidation using [Ru(bpy)3][PF6]3, 

a significant change is observed in the EPR spectra: in fact, this change is similar to that 

seen in the case of 4.1b, as presented earlier.  Specifically, a pattern characterized by a 

large spin-spin coupling for the triplet state is observed. These features, which are 

expected in the case of an interaction between CuII and RuIII, provide additional evidence 

for a first oxidation process that is centered on the ruthenium.  These results also support 

the existence of strong electronic communication between the two electroactive 

fragments. Again, the distance between the two parallel spins can be evaluated based on 
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the g-value (2.0446) and the zero-field splitting constant, D, at 545 and 560 for 4.3a and 

4.3b, respectively.  The calculated distance of 3.70 Å in the case of 4.3a, falls within the 

expected range, considering the observed solid-state Cu-Ru distance for this molecule is 

3.612 Å  (Figure 4.23).  

 

Figure 4.11: EPR spectra recorded in CH2Cl2 at 4 K for (a) [OEPc)Cu(RuCp*)](PF6) 
(4.3b) after the addition of one equiv. of Ru(bpy)3

3+ and (b) 
[(EtioPc)Cu(RuCp*)](PF6) (4.3a) after the addition of one equiv. of 
Ru(bpy)3

3+.  

4.3.3 Photodynamic Properties  

The UV-vis spectra of complexes 4.2a-c can be considered as “standard,” 

displaying an intense split Soret-like absorption band and two less intense Q-type bands. 

Porphycene Q-bands are, in general, lower in energy, or red-shifted and more intense as 

compared to those of the porphyrins. These spectral features make porphycenes attractive 

as potential PDT agents.198,216,199 The difference in the spectral characteristics of 

porphyrins and porphycenes is attributed to a difference in the symmetry; porphyrins are 

more symmetrical than their porphycene isomers.199 While metalation increases the 

overall symmetry of a porphycene, there is still a symmetry difference between 4.2a and 

4.2b, both of which both have eight )-alkyl groups and 4.2c, which has four )-alkyl 

groups.   
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In light of the above considerations, we considered it prudent to investigate the 

emissive properties of the “sitting-atop” porphycenes 4.2a-c when excited at a 

wavelength that falls within the Q-band region. Briefly, when 4.2a and 4.2b are excited at 

560 nm, both show two to three peaks between 600 and 700 nm, while 4.2c, exhibits one 

major peak in this range. As mentioned previously, porphycenes can display remarkable 

differences in properties, both redox and photophysical, due to small changes in )-

substitution, a disparity that is also observed in the case of emissive properties.217  
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Figure 4.12: (a) UV-vis and fluorescence spectra of 4.2a (excitation at 560 nm) 
recorded in PhCN. (b) UV-vis and fluorescence spectra of 4.2b (excitation 
at 560 nm) recorded in PhCN. (c) UV-vis and fluorescence spectra of 4.2c 
(excitation at 560 nm) recorded in PhCN. 

The quantum yields, *f, for 4.2a-c, were also investigated, but proved to be too 

small for accurate determination.  Still, while the emission is weak, it turned out to be 

possible, to measure the lifetime of 4.2a: upon irradiation of the Q-type band at 540 nm, 

the emission was monitored at 613 nm, and the lifetime was determined to be 4.2 ns 

(Figure 4.13). 

 

Figure 4.13: Phosphorescence lifetime of 4.2a (excitation at 540 nm) recorded in PhCN 
at 298 K. 

Femtosecond laser flash photolysis of 4.2a afforded the transient absorption 

spectra shown in Figure 4.14, the time profile of which can be fit to a single exponential 

decay at 560 nm. This decay process is assigned to an intersystem crossing from the 

singlet to a triplet excited state with the rate constant, kISC = (1.1 + 0.03) & 1011 s–1. 
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Figure 4.14: (a) Transient absorption spectra of 4.2a in PhCN recorded at the indicated 
times after femtosecond laser pulse irradiation by a 395 nm laser at 298 K.  
(b) Decay time profile of the absorbance feature at 560 nm with a first-
order plot as the inset. 

Unlike the “sitting-atop complexes,” the bimetallic species (4.3a-c and 4.4a-c) 

display an exceptionally intense broad Q-type band around 870 nm. The presence of 

these extremely red shifted bands in the bimetallic species can be interpreted as another 

indication of effective electronic communication between the organometallic moieties 

and the macrocyclic cores. See Figures 4.15 and 4.16 for the UV-vis spectra of all 

derivatives of 4.3a-c and 4.4a-c, respectively, that include the respective metalated 

porphycene precursors.   It is important to point out once again, that the higher intensity 

absorption and red shift of the Q-type bands of porphycenes, when compared with those 

of porphyrins, make the porphycenes attractive “alternative sensitizers” for PDT.198 

Therefore, functionalization by $-coordination not only enhances this desirable feature, 

but may also offer a convenient means for enhancing the photophysical properties of 

these known macrocycles without the need for new covalent syntheses. 
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Figure 4.15: UV-vis spectra of the copper species (4.3a-c) recorded in CH2Cl2. 
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Figure 4.16: UV-vis spectra of the nickel species (4.4a-c) in CH2Cl2. 

In order to explore further the photophysical properties and possible internal 

electronic communications the present complexes might facilitate, femtosecond and 

nanosecond laser flash photolysis methods (fs lfp, and ns lfp) were employed.  The 

dynamics varied greatly for both the parent compounds in each series, namely Ni-

porphycenes vs. Cu-porphycenes, as these dynamics were also seen to vary greatly 

depending on the nature of the porphycene precursors employed to obtain series 4.3a-c 
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and 4.4a-c, respectively.  To the best of the author’s knowledge, there is no reported 

transient spectroscopy data for CuII-porphycenes.   

Irradiation of the Soret band for Cu(OEPc) (the ruthenium free precursor) at 390 

nm by fs lfp gives rise to transient absorption features characterized by an extremely fast 

decay. This can be attributed to an intersystem crossing from the 2S1 (doublet) to the 
2T1/4T1 (quartet) states as the result of an expected exchange interaction between an 

unpaired d+ electron in CuII and a porphycene $-electron (Figure 4.17). The rate constant 

for this presumed process, kISC, was (5.8 + 0.6) x 1010 s-1 at 480 nm.   Reported lifetimes 

for this intersystem crossing in the case of CuII porphyrins are on the order of 8 ps or 

more.218 The long lived-state corresponding to the remaining absorption at 3000 ps can 

thus be assigned to the 4T1 state.   

 

 

Figure 4.17: Transient absorption spectra of the ruthenium-free precursor to 4.3b, 
Cu(OEPc) recorded in CH2Cl2 at the indicated times after femtosecond 
laser pulse irradiation by a 390 nm laser at 298 K  

In the case of 4.3b, which is a Cu(OEPc) with a [RuCp*]+ fragment fused to the 

&-system,  transient absorption studies revealed the presence of a signal in the NIR 
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region.  This broad absorption, from 950-1200 nm, is proposed to be the CS (charge-

separated) state based on spectroelectrochemistry, wherein one-electron reduction confers 

a broad absorption to wavelengths extending into the NIR region is seen (Figure 4.24).  

The decay of this spectral feature is ascribed to a two- step process that can be fit to a 

double exponential, as can be seen in Figure 4.18.   The first step in this process, involves 

a fast decay at 500 nm and formation of the absorbance in the NIR region. The events at 

these two spectral regions are seen to correlate well with one another. This spectral 

evolution can be assigned to an intramolecular electron transfer (ET) from the 

ruthenocene moiety to the ring, with the rate constant, kET = (3.1 + 0.3) & 1010 s–1.  The 

second, slower step is attributed to charge recombination (CR), kCR = (8.8 + 0.4) & 108 s–1, 

from which a lifetime for the charge-separated state of " = 1.1 ns is inferred.   

 

 

Figure 4.18: (a) Transient absorption spectra of 4.3b in CH2Cl2 after femtosecond laser 
pulse irradiation by a 420 nm laser at 298 K. (b) Decay time profile of the 
absorbance features at both 500 nm (") and 1000 nm (▴).   

Interestingly, features of the transient spectra are similar to those seen in the case 

of the ruthenocene fused NiII porphycenes, 4.4a-c, although a much faster decay is 
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observed.  Again, the broad absorption feature exhibited in the NIR region (Figure 

4.19b), matches that seen in the spectroelectrochemical analyses of the first reduction 

process for all studied compounds.  UV-vis spectra of the one-electron reduced species of 

4.4a also reveal a slight increase in a broad absorption at 540 and 700 nm.  The parent 

compound, corresponding to 4.4a, namely NiII porphycene, shows spectral features 

presumed to be derived from the S1 excited &–localized state, with a broad absorption 

from 450 – 515 nm.  These features are subject to bleaching until 630 nm, where a strong 

positive absorption, with a maximum at 640 nm, is observed (Figure 4.19a).  There are no 

observable absorption features in the NIR region observable upon femtosecond laser 

excitation of the ruthenium free precursor of the NiII porphycenes that give rise to 4.4a-c 

(Figure 4.19, and Figures 4.26 and 4.27). 

 

 

Figure 4.19: Transient absorption spectra seen upon femtosecond laser pulse irradiation 
at 298K in CH2Cl2 of (a) the ruthenium –free NiII porphycene precursor to 
4.4a (390 nm) and (b) complex 4.4a (420 nm). 

In summary, new and unprecedented metalloporphycene complexes, wherein the 

[RuCp*]+ fragment is either “sitting-atop” the N4 core or directly coordinated to the $-
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electron “face” of the macrocycles, have been fully characterized via optical means.  The 

“sitting-atop” complexes containing the metallic fragment bound to the N4 core exhibit an 

exceptional electrochemical behavior where the site of electron transfer processes can be 

“modulated” as a function of the "-pyrrolic substituents. In the case of the hybrid 

“ruthenocene–porphycene” complexes, an electronic connection between the [RuCp*]+ 

fragment and the $-system of the metalloporphycenes is inferred. This effective 

communication allows for a photoinduced electron transfer from the ruthenocene unit to 

the porphycene core as in the metalloporphyrins described in the first part of this chapter. 

We thus think these systems will be of interest for studying orthogonal $ conjugation 

effects, wherein coupling of various species above or below the average conjugation 

plane is used to modulate the inherent aromatic properties of compounds with canonical 

4n + 2 $-electron pathways.  In the present instance, where the linkage normal to the 

aromatic plane involves a redox active species, the resulting modulations in electronics 

could make the products in question of interest as so-called electron reservoirs or as 

photodynamic therapy agents with improved optical and excited state properties.   

 

Portions of this chapter were published previously and appear in the following articles:  

1) “(Pentamethylcyclopentadienyl)-ruthenium $-Complexes of 

Metalloporphyrins: Platforms with Novel Photo- and Electrochemical Properties” written 

primarily by the author of this dissertation and visiting post-doctoral fellow, Luciano 

Cuesta. The authors on the this publication are Luciano Cuesta, Elizabeth Karnas, 

Vincent M. Lynch, Jonathan L. Sessler, Wiroaj Kajonkijya, Weihua Zhu, Min Zhang, 

Zhongping Ou, Karl M. Kadish, Kei Ohkubo, Shunichi Fukuzumi.   In Chemistry: A 

European Journal. 2008, 14, 10206-10210. 
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2) “Metalloporphycenes: Synthesis and Characterization of 

(Pentamethylcyclopentadienyl)ruthenium “Sitting-Atop” and “$-complexes” written 

primarily by the author of this dissertation and visiting post-doctoral fellow, Dr. Luciano 

Cuesta.  The authors on this publication are Luciano Cuesta, Elizabeth Karnas, Vincent 

M. Lynch, Ping Chen, Jing Shen, Karl M. Kadish, Kei Ohkubo, Shunichi Fukuzumi, and 

Jonathan L. Sessler. In Journal of the American Chemical Society. 2009, 131, 13538-

13547.   

4.4 EXPERIMENTAL 

4.4.1 General Information 

Dr. Luciano Cuesta carried out all synthetic work, and grew crystals for X-ray 

analysis.  

Femtosecond laser flash photolysis was conducted by the author under the 

guidance of Dr. Kei Ohkubo at Osaka University using a Clark-MXR 2010 laser system 

and an optical detection system provided by Ultrafast Systems (Helios). Typically, 5000 

excitation pulses were averaged to obtain the transient spectrum at a set delay time. The 

kinetic traces at appropriate wavelengths were assembled from the time-resolved spectral 

data.  

Nanosecond laser flash photolysis or time-resolved transient absorption 

measurements were carried out using the laser system provided by UNISOKU Co., Ltd. 

The photodynamics were monitored by continuous exposure to a xenon lamp (150 W) as 

a probe light and a photomultiplier tube (Hamamatsu 2949) as a detector. Transient 

spectra were recorded using fresh solutions for each laser excitation experiment.  The 

solutions were deoxygenated by argon purging for 15 min prior to measurements.  
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EPR spectra. Data acquisition was carried out by the author under the guidance 

of Dr. Kei Ohkubo at Osaka University, on a JEOL JES-RE1XE spectrometer at 4K and 

298 K.  The magnitude of modulation was chosen to optimize the resolution and signal-

to-noise (S/N) ratio of the observed spectra under non-saturating microwave power 

conditions. The g values were calibrated using an Mn2+ marker.  The hyperfine coupling 

constants were determined by computer simulation using a Calleo EPR Version 1.2 

program coded by Calleo Scientific on a personal computer. 

Theoretical Calculations. Density-functional theory (DFT) calculations were 

carried out by Dr. Kei Ohkubo (Osaka University) on an 8CPU workstation (PQS, 

Quantum Cube QS8-2400C-064).  Geometry optimization of 4.3a was carried out using 

the Becke3LYP functional and Lanl2dz basis set as implemented in the Gaussian 03 

program Revision C.02.  Graphical outputs of the computational results weregenerated 

with thse Gauss View software program (ver. 3.09) developed by Semichem, Inc.  

Electrochemistry. The group of Prof. Karl M. Kadish at the University of 

Houston carried out all electrochemical measurements. Cyclic voltammetry was carried 

out with an EG&G Princeton Applied Research (PAR) 173 potentiostat/galvanostat. A 

homemade three-electrode cell was used for cyclic voltammetric measurements and 

consisted of a glassy carbon working electrode, a platinum counter electrode, and a 

homemade saturated calomel reference electrode (SCE). UV-visible 

spectroelectrochemical experiments were performed with a home-made thin-layer cell 

that had a light transparent platinum net working electrode.S3  Potentials were applied and 

monitored with an EG&G PAR Model 173 potentiostat.  Time-resolved UV-visible 

spectra were recorded with a Hewlett-Packard Model 8453 diode array 

spectrophotometer. 
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4.4.2 Supplementary Figures for (Pentamethylcyclopentadienyl)ruthenium #-
Complexes of Metalloporphyrins  

a)      b) 

 

Figure 4.20: Cyclic voltammograms of (a) 4.1a-c and (b) metalloporphyrin precursors 
in CH2Cl2 containing 0.1 M TBAPF6. 
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Figure 4.21: (a) Spectroelectrochemical data for the oxidation of 4.1b in CH2Cl2 at 
room temperature. (b) Spectroelectrochemical data for the reduction of 
4.1b in THF at room temperature. 
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4.4.3 Supplementary Figures for (Pentamethylcyclopentadienyl)ruthenium Sitting-
Atop and #-Complexes of Metalloporphycenes 

 

 

 
 
 

Figure 4.22: DFT calculations for 4.3a.  These results lead to the conclusion that dx2-y2 
is the ground-state orbital.  
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Note: on this basis, we expect the HOMO for the molecule to be the RuCp* (for photo-

induced electron transfer to ring). However, these calculations do not account for solvent 

stabilization in solution, which leads to electron-transfer oxidation occurring at the 

RuCp* center.    
 

 

Figure 4.23: X-ray crystal structure of 4.3a showing the distance between the Ru-Cu 
centers. This crystal was grown by Dr. Luciano Cuesta.  

 

 

Figure 4.24: UV-visible spectral changes of 4.3a and 4.3b during the first reduction in 
CH2Cl2, 0.1 M TBAPF6. 
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a)      b) 

 

Figure 4.25: (a) Transient absorption spectra of 4.3a  recorded in CH2Cl2 taken at the 
indicated times after femtosecond laser pulse irradiation by a 420 nm laser 
at 298 K. (b) Transient absorption spectra of the ruthenium-free precursor 
to 4.3a, (EtioPc)Cu in CH2Cl2 taken at the indicated times after 
femtosecond laser pulse irradiation by a 390 nm laser at 298. 

a)           b) 

 

Figure 4.26: (a) Transient absorption spectra of 4.4b recorded in CH2Cl2 taken at the 
indicated times after femtosecond laser pulse irradiation by a 420 nm laser 
at 298 K. (b) Transient absorption spectra of the ruthenium-free precursor 
to 4.4b, Ni(OEPc) in CH2Cl2 taken at the indicated times after 
femtosecond laser pulse irradiation by a 390 nm laser at 298 K.   
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a)          b) 

 

Figure 4.27: (a) Transient absorption spectra of 4.4c recorded in CH2Cl2 taken at the 
indicated times after femtosecond laser pulse irradiation by a 420 nm laser 
at 298 K. (b) Transient absorption spectra of the ruthenium-free precursor 
to 4.4c, Ni(TPrPc) in CH2Cl2 taken at the indicated times after 
femtosecond laser pulse irradiation by a 390 nm laser at 298 K. 
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Recent decades have borne witness to an explosion in research
devoted to mimicking natural photoinduced electron transfer processes,
such as those associated with the early events in photosynthesis.1,2

Many of the systems reported in this context have relied on the use of
covalently tethered electron donors and acceptors. An alternative
strategy, wherein the donors and acceptors are linked through nonco-
valent forces, has also received attention of late.2a,3 This latter approach
is attractive in terms of its versatility, flexibility in design, and ease of
synthesis. While a number of supramolecular motifs have been
explored for this purpose, there are only a few examples where anion
binding is used to connect the donor and the acceptor;4 to the best of
our knowledge, none of these involve the use of an expanded porphyrin
as the anion binding element.5

Here, we report that the combination of diprotonated [30]octaphy-
rin(0.0.0.0.0.0.0.0) (cyclo[8]pyrrole; C8; Figure 1) and a pyrene
carboxylate anion produces a supramolecular ensemble, C8-Py (Py:
denoted the pyrene moiety) that, upon photoexcitation, yields a charge-
separated (CS) state. This CS state has two unprecedented novel
features: One is the unusual direction of electron transfer to form
C8•+-Py•-, a CS that is higher in energy than the alternative putative
CS species, C8•--Py•+, while the other feature is the long CS lifetime
of C8•+-Py•- (300 µs), a species that decays to a long-lived triplet
state (lifetime g200 ms) before returning to the ground-state.

Cyclo[8]pyrrole, was first reported by us in 2002,6 and is a system
that has shown promise in a variety of applications, including use as
a sulfate anion extractant.7 The photophysical and electrochemical
properties of cyclo[8]pyrrole have been reported previously,5,8 whereas
its anion binding properties are the subject of an ongoing investigation.
In preliminary studies, a high affinity has been observed for carboxylate
anions, leading us to consider that this particular expanded porphyrin
could be used to construct an anion-binding-based supramolecular
electron transfer system. To test this idea, tetra-n-butylammonium
1-pyrenebutyrate, Py, was chosen as the anionic, electron acceptor
“partner”. Figure 1 shows the UV-vis titration between these two
species, as well as the resulting binding isotherm. From these spectral
changes, an association constant, Ka, of (2.6 ( 0.3) ! 105 M-1 could
be derived9 for the formation of C8-Py.

The two-electron reduction potential of C8 in MeCN is -0.05 V
vs SCE, while the oxidation potential is 0.46 V vs SCE.8a In the
presence of 1 equiv of Py, both the oxidation and reduction potentials
of C8 are decreased slightly to 0.44 and -0.03 V vs SCE, respectively.
In the presence of C8, the reduction potential of Py is decreased from
-2.18 to -2.14 V vs SCE, while the oxidation potential is increased
from 1.24 to 1.28 (cf. Supporting Information, Figure S1). Spectral

monitoringoftheone-electronelectrochemicaloxidationofcyclo[8]pyrrole
or chemical oxidation using Fe(bpy)3

3+ (bpy ) 2,2!-bipyridine) reveals
the presence of new features with !max at 482, 738, and 818 nm (cf.
Figures S2, S3).

Transient absorption spectra were recorded after photoexcitation of
C8 and Py alone (cf. Figure S4), and in a 1:1 ratio in MeCN (cf.
Figure 2). On the basis of the absorption maxima there is clear evidence
for formation of C8•+ (but NOT C8•-). Such an observation is
consistent with photoinduced electron transfer taking place from C8

† The University of Texas.
‡ University of Houston.
§ Osaka University.

Figure 1. (a) Proposed complex formation; (b) UV-vis titration of tetra-n-
butylammonium 1-pyrenebutyrate, Py into cyclo[8]pyrrole, C8 at 1.5 ! 10-5

M in MeCN at 298 K. Inset: Curve fit (line) to a 1:1 binding isotherm produced
from the change in absorbance at 1155 nm (points).

Figure 2. Transient absorption spectra of C8 and Py, in a 1:1 ratio at 5.0 !
10-5 M in deaerated MeCN at 298 K taken at 10 µs (!) and 900 µs (b) after
laser photoexcitation (355 nm, 25 mJ per pulse).

Published on Web 10/25/2008

10.1021/ja806813x CCC: $40.75 " 2008 American Chemical Society15256 9 J. AM. CHEM. SOC. 2008, 130, 15256–15257
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to the singlet excited-state of Py (1Py*) to produce the CS state,
C8•+-Py•-; this happens even though the energy of C8•+-Py•- (2.58
eV) is higher than that of C8•--Py•+ (1.31 eV). The transient
absorption due to Py•- appears at 480 nm and is overlapped with
features due to C8+•. The CS state decays to the triplet excited state
(3C8*) rather than to the ground state, as inferred from the fact that
the transient spectrum of the ensemble recorded at 900 µs in Figure 2
agrees with that observed for 3C8* produced following photoexcitation
of C8 alone (Figure S4).

Fitting the decay at both 470 and 740 nm to a single exponential
results in a charge recombination rate (kcr) of (3.3 ( 0.1) ! 103 s-1,
a value that corresponds to a lifetime for the charge-separated state
(!cr) of 300 µs (Figure 3). Changing the laser power has no affect on
the rates, as underscored by the invariance of the first-order plots
included in Figure 3. Such findings provide support for the proposal
that intramolecular electron transfer takes place within the supramo-
lecular complex. As expected, the use of pyrene-1-butyric acid, instead
of the deprotonated form (i.e., Py) in conjunction with C8 under
otherwise identical conditions, yielded none of the peaks characteristic
of C8•+ following photoirradiation.

The formation of C8•+ following photoexcitation in the presence
of Py is particularly interesting given the fact that pyrene typically
acts as a good electron donor.10 The charge reversal seen in the present
“umpolung” system has also been reported for electron transfer from
electron donors to 1Py*.11 In the specific case of C8-Py, the proposed
path is similar, namely excitation of a 1:1 solution of C8 and Py at
355 nm affords first the singlet excited-state of pyrene, 1Py* (3.46
eV); this is then followed by electron transfer from C8 to form the
CS state, C8•+-Py•- (Figure 2). The CS rate constant was determined
to be 5.1 ! 106 s-1 from the decrease in the fluorescence lifetime of
C8-Py (140 ns) as compared to that of the reference pyrene (480
ns); see Figure S5. The slow CS was confirmed by femtosecond laser
flash photolysis measurements, where little change was observed in
the transient absorption due to 1Py* in C8-Py (see Figure S6). That
this pathway is followed, rather than an alternative one leading to the
formation of C8•--Py•+, is rationalized by the Marcus theory of
electron transfer, which predicts that the charge separation to produce
the lower energy CS state (C8•--Py•+), with a larger driving force
of 2.15 eV, is deeply in the Marcus inverted region; this makes the
CS rate much slower than the CS rate required to produce the high
energy CS state C8•+-Py•-, which lies in the Marcus normal region
and which is characterized by a driving force of 0.88 eV.12 After initial
photoinduced charge separation, recombination occurs via decay to
the triplet excited state, 3C8*,13 which then returns to the ground-
state extremely slowly, in a time exceeding 200 ms (cf. Figure S8).
This mode of recombination is also rationalized by the slower back
electron transfer to the ground-state as compared to the triplet excited-
state in the Marcus inverted region.12-15

In summary, we have shown that anion binding to an appropriately
chosen expanded porphyrin, namely C8, can be used to create a

noncovalently linked dyad capable of electron transfer. In the present
system, which is predicated on the use of an anionic pyrene derivative,
photoexcitation produces a CS state of C8•+-Py•- that is higher in
energy than the alternative CS state, C8•--Py•+. This high energy
CS state decays with a lifetime of 300 µs to give a long-lived triplet
state. Formation of such a high energy and long-lived CS state justifies
further studies with C8 in conjunction with other potential electron
acceptors, as well as efforts to create more elaborate ensembles wherein
anion recognition is used in combination with other noncovalent
interactions to link together multiple donor and acceptor subunits. Work
along these lines is in progress.
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(Pentamethylcyclopentadienyl)ruthenium p-Complexes of
Metalloporphyrins: Platforms with Novel Photo- and Electrochemical
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Porphyrins and metalloporphyrins provide an extremely
versatile synthetic base for a variety of materials applica-
tions.[1] In particular, porphyrin–metallocene conjugates
have a great potential in such areas as solar energy conver-
sion,[2] activation of small molecules,[3] porphyrin-assisted
electron transfer,[4] or development of molecular devices.[5]

While extensively studied in these various contexts, one po-
tential limitation of porphyrins and metalloporphyrins in
photoinduced electron-transfer reactions is that they gener-
ally act as electron donors rather than acceptors.[6] Although
there have been some studies involving electron-transfer-de-
rived reduction of metalloporphyrins,[7,8] in most cases the
site of electron capture is not the porphyrin ring but rather
a coordinated redox active metal center.[7,8] This limitation
can be overcome by using strong electron donors, such as
metallocenes, that may permit the porphyrin-ring-centered

reduction of metalloporphyrins by photoinduced electron
transfer. However, for this strategy to be effective a strong
electronic interaction between the metallocene and porphy-
rin units is required and this has rarely been observed. In
most cases, the metallocene is simply linked to the macrocy-
cle through different spacers at the porphyrin meso or b po-
sitions,[9] through direct linkages through C!C bonds at the
meso positions,[10] or by axial coordination of pyridylferro-
cene.[11] A more effective strategy might involve direct
fusion of a metallocene complex onto the porphyrin p-elec-
tron framework and while such compounds have been
known synthetically for a decade, little has been done to
expand this synthetic approach or investigate the electronic
communication between the metal centers.[12] Recently, the
fusion of a cyclopentadiene ring onto one of the pyrroles of
a porphyrin was studied in an effort to enhance such elec-
tronic communication, and yielded encouraging results.[13]

However, the photoinduced electron transfer of this or
other metallocene–porphyrin complexes has yet to be ex-
plored.[14] It thus remains an open question whether the
direct fusion strategy can be used to “convert” a porphyrin
ring from a photodonor into a photoacceptor.

Here we report the synthesis and characterization of
three new hybrid metalloporphyrin–ruthenocene com-
pounds, in which a metal–cyclopentadienyl fragment is
linked to a porphyrin core by direct coordination, and by
using a combination of cyclic voltammetry, UV/Vis spectro-ACHTUNGTRENNUNGelectrochemistry, ESR spectroscopy, and femtosecond and
nanosecond laser flash photolysis analyses, we show that
photoinduced electron transfer from the ruthenocene
moiety (acting as a donor) to the singlet excited state of
metalloporphyrins (acting as an acceptor) takes place effi-
ciently following photoexcitation.

Recently, we found that [Ru ACHTUNGTRENNUNG(CH3CN)3ACHTUNGTRENNUNG(Cp*)] ACHTUNGTRENNUNG[PF6] (Cp*=
pentamethylcyclopentadienyl) is an excellent precursor for
the formation of multi-metallocene species based on non-
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conjugated tetrapyrrolic ligands.[15] The reaction between
this semi-sandwich complex and the zinc(II), copper(II), or
nickel(II) metallooctaethylporphyrins provides the corre-
sponding mixed porphyrin–metallocene compounds in good
yields (see Scheme 1 and the Supporting Information for de-
tails).

The new bimetallic complexes were isolated as air-stable
dark green solids and characterized by elemental analysis,
mass spectrometry, and NMR or EPR spectroscopies; in ad-
dition, complexes 2 and 3 were characterized by means of
X-ray diffraction in the solid state (see Figure 1).[16] The
single-crystal X-ray analyses of 2 and 3 support the pro-
posed formation of sandwich-type structures, and further
reveal that the Cp* ligand and the porphyrin rings are

almost parallel. This latter finding stands in contrast with
the previous ruthenium–arene–porphyrin complexes report-
ed by Rauchfuss, systems in which the [Ni ACHTUNGTRENNUNG(OEP)] macrocy-
cle (OEP=octaethylporphyrin) was found to be severely
nonplanar upon coordination, whereas the [Zn ACHTUNGTRENNUNG(OEP)] mac-
rocycle was found to be closer to planarity.[12]

The UV/Vis spectra of these bimetallic compounds dis-
play bands that are broadened and redshifted relative to
those for the respective metalloporphyrins. Although a
number of factors could contribute to this, it is a potential
indication of effective electronic communication between
the organometallic moieties and the macrocyclic cores. Fur-
ther evidence of a possibly strong electronic perturbation
caused by p-complexation to the porphyrin core is the fact
that all the “mixed” ruthenocene–porphyrin molecules give
rise to only very weak fluorescence (see Figure S1 in the
Supporting Information). The presumption that this cou-
pling was indeed strong led us to propose that porphyrinic
cores in systems 1–3 would act as electron acceptors follow-
ing photoexcitation. As described below, this was estab-
lished through photophysical analyses.

As a prelude to the photophysical analyses, the electro-
chemical properties of system 1–3 were examined by cyclic
voltammetry (Figure 2). NiII compound 1 shows three well-
resolved oxidations located at E1/2=1.08, 1.23, and Ep=
1.51 V and two reductions located at E1/2=!0.78 (Ep=
!0.83 V) and E1/2=!1.34 V. A comparison of these data
with the electrochemical behavior of [NiII ACHTUNGTRENNUNG(OEP)] (Figure S2
in the Supporting Information) reveals that fusion of the or-

ganometallic fragment results in
a dramatic change in the elec-
tronic properties of the macro-
cycle, as judged by the increase
in the number of electrochemi-
cal events and the evident shifts
in the potentials.

The UV/Vis spectral changes
observed during the oxidation
or reduction of metalloporphyr-
ins have been often used to de-
terminate the site of electron
transfer. If the intensity of the
Soret band is strongly affected,
the process is generally ring-
centered; if the absorptivity of
the Soret band undergoes little
or no change, the electron-
transfer reactions can be as-
signed as metal-centered.[17]

Changes in the Soret band
upon oxidation and reduction
(Figures S3 and S4, respectively,
in the Supporting Information)
were monitored by spectroelec-
trochemistry. These analyses re-
vealed virtually no change and
thus provided support for the

Scheme 1. Synthesis of bimetallic complexes 1, 2, and 3.

Figure 1. Side and top views of a) 2 and b) 3, showing partial atom labeling schemes. Displacement ellipsoids
are scaled to the 30% probability level. Hydrogen atoms and PF6 counterions have been removed for clarity.
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conclusion that the first two oxidations and the second re-
duction at 1 are metal-centered.[18] Accordingly, the third ox-
idation and the initial reduction must be localized on the
porphyrin p-system. The first metal-centered oxidation can
be assigned to the ruthenocene moiety; this assignment is
consistent with the ESR spectroscopy result described
below. It is also in good agreement with the results found by
Kadish, Smith, and co-workers for b,b’-fused ruthenocene-
porphyrins[13] and with the fact that ruthenocene itself un-
dergoes an initial one-electron oxidation.[19]

CuII complex 2 undergoes three well-resolved oxidations
located at E1/2=1.10, 1.21, and Ep=1.55 V. Three reductions
located at Ep=!0.83, E1/2=!1.38, and !1.82 V are also ob-
served (see Figure 2). These data reveal a considerable dif-
ference between this compound and its precursor [CuII-ACHTUNGTRENNUNG(OEP)] (Figure S2 in the Supporting Information), which
gives evidence for the important effect caused by the incor-
poration of the [RuACHTUNGTRENNUNG(Cp*)]+ fragment in the system. Analy-
ses of the UV/Vis spectral changes during time-resolved
controlled potential oxidation and reduction (see Figures S5
and S6 in the Supporting Information) leads us to suggest
that the first oxidation is metal-centered; in analogy to com-
pound 1, they have been ascribed to the ruthenium center.

ZnII complex 3 also displays a rich electrochemistry,
namely, two oxidations and three reductions; unfortunately,
these processes lack electrochemical reversibility on the
time scale of cyclic voltammetry (see Figure 2).

Complex 2 and its one-oxidation product were further
characterized by ESR spectroscopy. The original spectrum
of 2 shows the typical pattern and g values of a CuII porphy-
rin,[20] whereas the ESR spectrum of the mono-oxidized spe-
cies with [Ru ACHTUNGTRENNUNG(bpy)3] ACHTUNGTRENNUNG[PF6]3 (Figure 3; bpy=2,2’-bipyridine)
provides clear evidence for the presence of strong electronic
communication between the two electroactive fragments, as
judged by the large spin–spin coupling observed between
the CuII and RuIII centers. Because the zero-field splitting

constant (D=530 G)[21] depends on the distance between
two electrons with parallel spins, the distance between the
two spins can be evaluated from the D value to be 3.74 !.[22]

This is in close agreement with the separation between the
CuII and RuIII centers as revealed by X-ray diffraction analy-
sis (i.e., 3.732(2) !).

Femtosecond laser excitation of 2 afforded the transient
absorption spectra with absorption bands at l=510, 650,
and 720 nm, as shown in Figure 4, whereas no transient ab-
sorption was observed for [Cu ACHTUNGTRENNUNG(OEP)] at 2.5 ns after the
laser excitation (see Figure S7 in the Supporting Informa-
tion). The transient absorption bands at l=650 and 720 nm
with bleaching at l=750 nm can clearly be assigned to the
[Cu ACHTUNGTRENNUNG(OEP)] radical anion after comparison with the spec-
trum of the one-electron reduced species of 2 (see Figure S5
in the Supporting Information). The transient absorption
band at l=510 nm is assigned to the one-electron oxidized
species of 2 in which the Ru center is oxidized (Figure S6 in
the Supporting Information).[23] Thus, photoinduced electron
transfer occurs to produce a charge-separated (CS) state.
The lifetime of this CS state was determined to be 63 ns by

Figure 2. Cyclic voltammograms of the investigated compounds in
CH2Cl2, with 0.1m TBAPF6 (TBA= tetrabutylammonium) as the support-
ing electrolyte.

Figure 3. ESR spectrum of 2 produced by oxidation using [Ru ACHTUNGTRENNUNG(bpy)3]-ACHTUNGTRENNUNG[PF6]3 in frozen CH2Cl2 at !150 8C.

Figure 4. Transient absorption spectra of 2 in THF, taken 50 (c) and
2500 ps (c) after femtosecond laser pulse irradiation by a 410 nm laser
at 298 K.
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monitoring the single exponential decay of the transient ab-
sorption at l=510 nm produced as the result of nanosecond
laser flash photolysis (Figure 5).

Similar transient absorption spectra were observed after
femtosecond laser excitation of 1 and 3 ; once again, a CS
state that involved the porphyrin acting as a photoacceptor
was produced (see Figure S8 in the Supporting Informa-
tion).[24] The lifetime of the CS state of 1 was determined to
be 180 ps (Figure S9 in the Supporting Information). In the
case of 3, the CS state decays to the triplet excited state of
[Zn ACHTUNGTRENNUNG(OEP)], a species in which the characteristic features
were detected by nanosecond laser flash photolysis of 3
(Figure S10 in the Supporting Information).

In summary, a series of fused metalloporphyrin–rutheno-
cene compounds has been synthesized by direct coordina-
tion of a [Ru ACHTUNGTRENNUNG(Cp*)]+ fragment to the p-electron “face” of
several metallooctaethylporphyrins. The optical and electro-
chemical properties of this new family of compounds are
consistent with the presence of a strong electronic interac-
tion between the fused organometallic moiety and the por-
phyrin core. These strong interactions, in turn, allow for effi-
cient photoinduced electron transfer from the ruthenocene
unit to the singlet excited state of the metalloporphyrin
after laser flash photolysis. The result is a CS state in which
the porphyrin macrocycle acts as an electron acceptor and
the ruthenocene moiety acts as a donor. Because this ap-
proach allows for an effective “reversal” of the normal char-
acter of metalloporphyrins, we think it provides a promising
new approach to the creation of photovoltaic devices that
could prove useful in a number of areas.

Experimental Section

Detailed synthetic procedures and characterization of 1–3 are given in
the Supporting Information.

Cyclic voltammetry was carried out by using an EG&G Princeton Ap-
plied Research (PAR) 173 potentiostat/galvanostat. A homemade three-
electrode cell was used for cyclic voltammetric measurements and con-

sisted of a glassy carbon working electrode, a platinum counter-electrode,
and a homemade saturated calomel reference electrode (SCE). UV/Vis
spectroelectrochemical experiments were performed by using a home-
made thin-layer cell with a light-transparent platinum net working elec-
trode. Potentials were applied and monitored by using an EG&G PAR
Model 173 potentiostat.[25] Time-resolved UV/Vis spectra were recorded
by using a Hewlett-Packard Model 8453 diode array spectrophotometer.

Femtosecond laser flash photolysis was conducted by using a Clark-
MXR 2010 laser system and an optical detection system provided by Ul-
trafast Systems (Helios). Typically, 5000 excitation pulses were averaged
to obtain the transient spectrum at a set delay time. The kinetic traces at
appropriate wavelengths were assembled from the time-resolved spectral
data. Nanosecond time-resolved transient absorption measurements were
carried out b using the laser system provided by UNISOKU Co. The
photodynamics were monitored by continuous exposure to a xenon lamp
(150 W) as a probe light and a photomultiplier tube (Hamamatsu 2949)
as a detector. Transient spectra were recorded by using fresh solutions in
each laser excitation. The solution was deoxygenated by argon purging
for 15 min prior to measurements.

The ESR spectrum of oxidized 2 was recorded by using a JEOL JES-
RE1XE spectrometer. The singly oxidized products was produced by a
one-electron oxidation of the 2 with [Ru ACHTUNGTRENNUNG(bpy)3] ACHTUNGTRENNUNG(PF6)3. The g value and
zero-field splitting constant were calibrated by using Mn2+ markers.

The X-ray data were collected at 153 K on a Nonius Kappa CCD diffrac-
tometer using a graphite monochromator with MoKa radiation (l=
0.71073 !) and equipped with an Oxford Cryostream low temperature
device.
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Abstract: Unprecedented porphycene complexes, containing a [RuCp*] (Cp*: pentamethylcyclopentadienyl)
fragment accommodated in the central N4 core or directly bonded to the “!-face” of the macrocycle have
been prepared and fully characterized, including via single crystal X-ray diffraction analysis. The optical
and electrochemical properties of these new families of compounds were examined in detail, revealing
fluorescence in the case of the “sitting-atop” complexes for which the lifetime was determined. For both
metal (M ) Cu, Ni) porphycene derivatives with a “fused” ruthenocene moiety, strong electronic
communication was observed through efficient photoinduced electron transfer from the ruthenocene unit
to the macrocycle after laser flash photolysis, affording a charge-separated state. This ruthenocene-
macrocycle communication was also confirmed by observation of strong spin-spin coupling in the EPR
spectra of the one-electron oxidized species; this allowed for calculation of the distance between the two
metal centers.

Introduction

Porphycene, the first and also most stable of the nitrogen-in
porphyrin isomers, was prepared in 1986 by Vogel and
co-workers.1 Since then, this planar, aromatic macrocycle,
formally [18]porphyrin-(2.0.2.0), has attracted enormous atten-
tion due to both theoretical interest and exceptional practical
utility.2 Considering the dominant role that metalloporphyrins
have played in the development of porphyrin chemistry, it is
not surprising that the coordination chemistry of porphycenes
has been closely studied, motivated, in part, from a curiosity
vis-à-vis their metal complexation characteristics. Unique physi-
cal and optical properties, including strong absorptions in the

red region of the UV-vis spectrum have made metallopor-
phycenes appealing molecules for use in biomedical applications
and in the design of new materials.3,4 In fact, these complexes
have been investigated in the context of many applications,
including catalysis,5 protein mimicry,6 material chemistry,7 and
photodynamic therapy.8 Moreover, metalloporphycenes have
been the subject of numerous physiochemical studies due to a
multitude of intriguing chemical, optical, electronic, spectro-
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scopic or photochemical properties.9 Therefore, metallopor-
phycene studies, which reveal inter alia new metal complexation
features, are likely to be of both fundamental interest and
potential practical utility.

Recently, we reported an approach that allows for modulation
of the inherent optical and electronic properties of certain
metalloporphyrins that is based on direct coordination of a
[RuCp*]+ fragment (Cp* ) pentamethylcyclopentadienyl) to
the !-electron “face” of these porphyrins.10 The fusion of a
[RuCp*]+ fragment to one or more pyrrolic subunits serves to
enhance the ability of the constituent porphyrin macrocycles to
act as an electron acceptor. This, in turn, permits photoinduced
electron transfer from the [RuCp*]+ moiety to the ligated
porphyrin,10 even though metalloporphyrins normally act as
electron donors rather than acceptors in photoinduced electron-
transfer reactions.11-14 Since metalloporphycenes are reported
to be better electron acceptors than the corresponding metal-
loporphyrins,15 the fusion of a [RuCp*]+ fragment to the pyrrole
of a metalloporphycene could lead to systems that are even more
conducive to photoinduced charge transfer. However, to date,
the direct “fusion” of a metallocene complex onto the por-
phycene !-electron framework has yet to be reported.

We report herein the synthesis and full characterization of a
series of metalloporphycene-ruthenocene fused compounds,
including their respective X-ray crystal structures, wherein a
[RuCp*]+ fragment is linked to a porphycene core via direct
coordination. Femtosecond and nanosecond laser flash photoly-
sis analyses have revealed that photoinduced electron transfer
from the ruthenocene moiety (acting as a donor) to the singlet
excited state of the associated metalloporphycenes (acting as
acceptors) takes place efficiently following photoexcitation. We
also report the synthesis, X-ray crystal structure and full

characterization of a new class of “sitting-atop” semisandwich
complexes derived from metal-free porphycenes wherein the
[RuCp*]+ fragment is accommodated in the N4 core. To the
best of our knowledge, these latter species are without prece-
dence in the porphycene chemistry literature. These compounds
and the metalloporphycene-ruthenocene fused complexes were
examined by means of cyclic voltammetry, UV-vis spectro-
electrochemistry, EPR spectroscopy and laser flash photolysis.

Results and Discussion

Synthesis and Crystal Structures. As depicted in Scheme 1
and detailed in the Experimental Section, [RuCp*(NCMe)3]PF6

reacts with the free-base porphycene, affording the series of
complexes 1 (see Scheme 1). The new species were isolated in
moderate yields as air-stable dark blue solids and characterized
by NMR (1H and 13C) spectroscopy, elemental analysis and mass
spectrometry after chromatographic purification.

The structures of 1b and 1c were also analyzed by single
crystal X-ray diffraction analysis and the resulting solid state
structures (shown as ORTEP drawings) are presented in Figure
1. The crystal structures reveal that the [RuCp*]+ fragment is
bound to the macrocycle in an out-of-plane coordination mode,
with the metal centers displaced from the plane described by
the N4 core by 0.889 Å and 0.884 Å, respectively. This results
in so-called “sitting-atop” complexes. In these complexes, the
porphycene macrocycles are clearly distorted, displaying a
significant deviation from planarity, with the pyrrolide units
tilted up to accommodate the metallic fragment. The ruthe-
nium(IV) ion is bound to the four porphycene nitrogen atoms
and the four Ru-N distances are identical within experimental
error. The core of the "5-Cp* ligand is slightly ruffled in 1b
and 1c, with the methyl groups being visibly twisted up. This
observation is rationalized in terms of steric congestion between
the #-substituents and the Cp* rings within these complexes.
An analysis of the 1H NMR and 13C NMR spectra of 1a, and
1c reveals the expected set of signals for these symmetric
compounds; however, pronounced upfield shifts are observed
in the proton resonances signals of the Cp* methyl groups (see
Experimental Section, Supporting Information), a fact attributed
to strong ring currents in the porphycene core. To the extent
such a rationale is correct, this result indicates that, in spite of
displaying considerable deviation from planarity, the porphycene
macrocycle retains its aromatic character upon metalation.

On the basis of charge considerations, the formal oxidation
state of the ruthenium center in the family of complexes 1 is
+4; therefore these molecules are not only the first examples
of ruthenium porphycenes characterized by single crystal X-ray
diffraction, they are also the first reported ruthenium por-
phycenes with a central metal ion in the tetravalent oxidation
state. Although Ru(II) and Ru(III) metalloporphycenes (as
opposed to the Ru(IV) complexes of general structure 1) have
been previously reported,16 precise X-ray diffraction-derived
structural details were not provided.

The ability of porphycenes to stabilize central metals ions in
high oxidation states is already well-recognized, with examples
including complexes of Sn(IV),9e,17 Ge(IV), Mo(V)18 and
osmium(VI).16a However, none of these previously reported high
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E.; Fowler, P. W. Org. Biomol. Chem. 2003, 1, 1785–1789. (h) Vdovin,
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oxidation state metal complexes rely on the use of a !5-
cyclopentadienyl semisandwich coordination mode, as is true

in complexes 1a-c. Indeed, we believe these latter species are
without precedent, not only in porphycene chemistry, but within

Scheme 1. Synthesis of Complexes 1-3

Figure 1. Side views of the complexes 1b (a), 1c (b), 2a (c), and 3a (d) showing partial atom labeling schemes. Displacement ellipsoids are scaled to the
50% probability level for all complexes. Hydrogen atoms and PF6 counteranions have been removed for clarity.
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the broader context of the porphyrin literature. Our own tests
of whether analogous reactions could be carried out with
porphyrins failed to afford semisandwich complexes analogous
to 1. While these failures could be attributed to a number of
factors, one likely explanation is that the lower flexibility of
the porphyrin framework precludes formation of a RuCp*-
“sitting-atop” complex. On the other hand, it is important to
note that Sc(III)19 and Zr(III)20 !5-cyclopentadienyl semisand-
wich porphyrin complexes have been prepared; however, they
were obtained using a totally different synthetic strategy than
was used to obtain the complexes of 1. Specifically, the electron-
deficient nature of early transition metal porphyrin complexes
were exploited to effect metathesis reactions involving the axial
ligands.

The [RuCp*(NCMe)3]PF6 complex also reacts with Ni(II) or
Cu(II) metalloporphycenes as shown in Scheme 1. Such
reactions yield a family of sandwich complexes 2 and 3 (see
Scheme 1), where the ruthenium fragment is directly "-coor-
dinated to one of the pyrrolide subunits so as to produce hybrid
“porphycene-ruthenocene” systems. The exceptional ability of
this precursor to “coordinate” to the "-surface of the tetrapyrrolic
ligand was recently exploited by our group in the case of
metallocene-type species based on metalloporphyrins10 and
calix[4]pyrrole,21 as well as by Rauchfuss and co-workers in
the case of phthalocyanines.22

The bimetallic complexes 2 and 3 were isolated as dark green
solids in good yield after chromatographic purification (see
Experimental Section). Both series of complexes are air stable
and also relatively stable in noncoordinating solvents, such as
CH2Cl2. This contrasts to what is seen in coordinating solvents
such as MeCN, PhCN or DMSO where competition for binding
at the [RuCp*]+ fragment takes place, leading to a decreased
stability of the compound and ultimately dissociation of the
ligand.

The bimetallic complexes 2 and 3 were initially characterized
using NMR (1H and 13C) and/or EPR spectroscopy, elemental
analysis and mass spectrometry. Single-crystal X-ray diffraction
studies of 2a and 3a were also carried out (see Figure 1); these
latter analyses confirm that a single [RuCp*]+ fragment is bound
to one of the four pyrrolide subunits via "-coordination, while
the Ni(II) or Cu(II) ion remains coordinated within the N4 core
of the macrocycle. In contrast to what proved true for complexes
of general structure 1, the macrocyclic rings of 2 and 3 are
perfectly planar, with the Cp* ligand being roughly parallel to
the mean macrocycle plane. As expected, the central N atom,
which is bound to two metal centers (the Ru(II) of [RuCp*]+

and the Ni(II) or Cu(II) in the macrocycle), displays an elongated
N-Ni or N-Cu bond as compared with nitrogen-metal bond
distances of similar porphyrin or porphycene macrocycles not
having a fused [RuCp*]+ group.

The loss of symmetry, caused by attachment of the [RuCp*]+

moiety to one pyrrolide subunit in 2 and 3 is clearly evident in
the 1H and 13C NMR spectra of these compounds, which display
the expected number set of signals, including nonequivalent
resonances for the #-pyrrolic substituents and the meso protons.

Particularly revealing is the resonance at 6.61 ppm seen in the
1H NMR spectrum of 2c. This signal, a singlet, is attributed to
the #-H of the pyrrolide moiety bound to the [RuCp*]+

fragment. The upfield shift in this resonance relative to the other
#-protons is ascribed to the ring current of the Cp* ligand.

The EPR spectra of the compounds 3 all show the charac-
teristic patterns and g values of a Cu(II) porphycene as described
in a later section of the manuscript. However, this “normal”
Cu(II) porphycene signature is of interest because it arises for
a novel set of heterobimetallic complexes, namely 3, wherein
the "-surface of the porphycene has been exploited as a binding
site for metallic fragments.

Electrochemistry. The electrochemistry of tetraphenylpor-
phycenes and octaethylporphycenes has been well-characterized
in the literature.9c,d,15,23-25 As is true for porphyrins, these
compounds, when dissolved in nonaqueous media, undergo two
reversible one-electron reductions and two reversible one
electron oxidations, all centered at the conjugated macrocycle,
to give "-anion radicals and dianions and "-cation radicals and
dications, respectively. Metal-centered one-electron oxidations
have also been reported for porphycene derivatives of NiII, CoII

and RuII, while metal-centered one-electron reductions of the
FeIII and MnIII derivatives of porphycene are also known.9c,d,23-25

Unlike the case of porphyrins, there have been no reports of
FeII/I or CoII/I porphycene reactions, a result best rationalized in
terms of the metal(I) ion not being able to fit within the
macrocyclic cavity.

The tetrapropylporphycenes are easier to reduce and harder
to oxidize than the octaethylporphycenes,9d,15,25 although the
difference in redox potentials between the two series of
compounds is not large. Generally, these differences amount
to 100 mV or less, with the exact value depending upon the
solvent, type of supporting electrolyte and specific central metal
ion. Similar electrochemical HOMO-LUMO gaps are observed
for compounds in the two series of porphycene macrocycles,9d,25

with the average value being reported as 1.85 ( 0.15 V. This
compares to the 2.25 ( 0.15 V generally observed for most
metalloporphyrins12,13,26 with similar substituents, i.e. com-
pounds in the series of octaethylporphyrins (OEP) and tetra-
phenylporphyrins (TPP).

The decreased electrochemical HOMO-LUMO gap of met-
alloporphycenes as compared to metalloporphyrins is due almost
exclusively to a change in the LUMO energy and the easier
reduction of the porphycene. For example, (OEPc)ZnII is reduced
and oxidized at -1.12 and 0.66 V in PhCN9d as compared to
(OEP)Zn where the same electrode reactions occur at -1.61
and 0.63 V in DMSO.26 In a similar manner, (OEPc)Cu is
reduced and oxidized at -1.05 and 0.83 V in PhCN9d as
compared to -1.46 and 0.79 V for (OEP)Cu in DMSO.26

The metalloporphycenes 1-3 in the present paper were
initially examined by cyclic voltammetry in both PhCN and
CH2Cl2 containing 0.1 M TBAP or TBAPF6. Greater complex
stability was found for the oxidized and reduced forms in the
nonbinding CH2Cl2 and this solvent was then used for all further
electrochemical measurements. For these studies, TBAPF6 was

(19) Arnold, J.; Hoffman, G. C. J. Am. Chem. Soc. 1990, 112, 8620–8621.
(20) Kim, H.-J.; Jung, S.; Jeon, Y- M.; Whang, D.; Kim, K. Chem.

Commun. 1997, 220, 2201–2202.
(21) Cuesta, L.; Gross, D.; Lynch, V. M.; Ou, Z.; Kajonkijya, W.; Ohkubo,

K.; Fukuzumi, S.; Kadish, K. M.; Sessler, J. L. J. Am. Chem. Soc.
2007, 129, 11696–11697.

(22) Contakes, S. M.; Beatty, S. T.; Dailey, K. K.; Rauchfuss, T. B.; Fenske,
D. Organometallics 2000, 19, 4767–4774.

(23) D’Souza, F.; Boulas, P. L.; Kisters, M.; Sambrotta, L.; Aukauloo,
A. M.; Guilard, R.; Kadish, K. M. Inorg. Chem. 1996, 35, 5743–
5746.

(24) Gisselbrecht, J. P.; Gross, M.; Vogel, E.; Scholz, P.; Broring, M.;
Sessler, J. L. J. Electroanal. Chem. 2001, 507, 244–249.
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used as the supporting electrolyte since PF6
- is less coordinating

than ClO4
-. The UV-vis spectral changes obtained during

oxidation and reduction of each complex were also monitored
by thin-layer spectroelectrochemistry to determine the stability
of the electrogenerated product, the reversibility of the electron
addition or abstraction processes, and the probable site of the
electron transfer.

Cyclic voltammograms of the three “sitting-atop” complexes
in CH2Cl2, 0.1 M TBAPF6 were measured at 295 K (Figure 2)
and at 203 K (Table 1). Similar potentials were expected for
1a and 1b due to the similar macrocycle substituents and this
was indeed observed. More difficult oxidations and easier
reductions were expected for 1c and this is also observed (Figure
2c).

The absolute difference in potentials between the first and
second one-electron oxidation processes in CH2Cl2 range from
460 mV in the case of 1c to 510 - 530 mV in the case of 1a
and 1b when 0.1 M TBAPF6 is used as the electrolyte. However,
smaller separations are seen for the same compounds in CH2Cl2

containing 0.1 M TBAP as the supporting electrolyte. This
difference reflects the easier second oxidation, a result which

can be ascribed to a stronger association of the doubly oxidized
species with the ClO4

- anion of the supporting electrolyte as
compared to PF6

-. A similar effect was earlier described in the
literature for a series of Ni(II) porphyrins.27

The Ru center of compounds 1a-c is tetravalent and the two
oxidations of these compounds are therefore assigned to ring-
centered electron abstractions. UV-vis spectra of the singly
oxidized compounds 1a-1c are shown in Figure 3. Inspection
of this figure reveals that upon oxidation, these complexes give
rise to a broad band in the near-IR region and a decrease in the
intensity of the Q-band at 613 to 624 nm, in agreement with
the conclusion that the oxidation processes are macrocycle rather
than metal centered.

The behavior of the “sitting-atop” complexes is more
complicated in the case of reduction. Two reversible one-
electron additions are seen at 203 K for all three compounds
(see Table 1). The potential separation between the two E1/2

values for reduction is about 400 mV, a value slightly larger
than the 350-390 mV observed for two one-electron reductions
of (OEPc)M and (TPrPc)M, where M are any of a number of
divalent transition metal cations under the same solution
conditions. There is no evidence for reduction of the Ru(IV)
center at low temperature and the two reductions of 1a-c are

(27) Kadish, K. M.; Lin, M.; Van Caemelbecke, E.; De Stefano, G.;
Medforth, C. J.; Nurco, D. J.; Nelson, N. Y.; Krattinger, B.; Muzzi,
C. M.; Jaquinod, L.; Xu, Y.; Shyr, D. C.; Smith, K. M.; Shelnutt,
J. A. Inorg. Chem. 2002, 41, 6673–6687.

Figure 2. Cyclic voltammograms of compounds 1a-c in CH2Cl2 containing
0.1 M TBAPF6.

Table 1. Half-Wave Potentials (V vs SCE) of “Sitting-Atop” Ru
Porphycene in Different Solvents Containing 0.1 M TBAPF6

ox red

solvent temp (K) cpd second first first second HOMO-LUMO gap

CH2Cl2 295 1a 1.43 0.92 -0.83 -1.30a,b 1.75
1b 1.44 0.91 -0.82 -1.27a,b 1.73
1c 1.48 1.02 -0.68 -1.10 1.70

203 1a 1.34 0.80 -0.89 -1.32 1.69
1b 1.37 0.86 -0.82 -1.25 1.68
1c 1.41 0.94 -0.75 -1.15 1.69

PhCN 295 1b 1.42 0.91 -0.79a,b 1.70

a Peak potential at a scan rate of 0.1 V/s. b Further reductions
involving putative decomposition products are observed.

Figure 3. UV-visible spectral changes of 1a, 1b, and 1c observed during
the first one-electron oxidation in CH2Cl2 containing 0.1 M TBAPF6.
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assigned to formation of a ! radical anion, followed by
formation of the dianion on the cyclic voltammetry time scale.

Interestingly, the spectral changes after the first one-electron
reductions are different for 1c as compared to 1a and 1b.
Compound 1c has four "-propyl substituents while 1a and 1b
have eight "-alkyl substituents. The Soret band of the two
complexes with eight alkyl groups (1a and 1b) remains virtually
unaffected during the first reduction. In contrast, 1c shows a
loss in Soret band intensity accompanied by appearance of a
broad radical signal in the visible region (Figure 4). These results
lead us to suggest that two different reduction products are being
formed. This conclusion is supported by the cyclic voltammetric
data in Figure 2, which shows a reversible reduction of 1c and
a chemical reaction following reduction in the case of 1a and
1b. There are also multiple overlapping redox processes at more
negative potentials for the latter two compounds. The nature of
the chemical reaction following formation of the monoanion
of 1b was elucidated from electrochemical and spectroelectro-
chemical measurements carried out in PhCN. In this solvent,
the chemical reaction is more rapid than in CH2Cl2, and the
product of the reaction exhibits two well-defined one-electron
reductions at -1.39 and -1.81 V (Figure 5).

Controlled potential reduction of 1b in a thin-layer spectro-
electrochemical cell gave a final product with well-defined
absorption features at 385 and 617 nm. These observations and
the overall spectrum leads us to suggest the formation of
(OEPc)RuII with an unreduced macrocycle. In this context it is
noteworthy that the UV-visible spectra of (OEPc)Cu and
(OEPc)FeII, which have bands at 395 and 626 nm and at 378

and 623 nm, respectively, are not substantially different than
that of (OEPc)RuII.9d

A series of singly reduced (OEPc)MII derivatives have been
shown to have two near-IR bands at 735-776 and 851-874
nm,9d and an identical spectral pattern is seen after the second
reduction of (OEPc)RuCp*(PF6) in a thin-layer cell. This leads
us to suggest that the reduction at -1.39 V involves (OEPc)Ru,
a species that is formed as shown in Scheme 2. A further
reduction of [(OEPc)Ru]- to give [(OEPc)Ru]2- then occurs at
-1.81 V, as illustrated in Figure 5.

Apparently, the presence of eight versus four alkyl electron-
donor groups can sufficiently affect the electronic properties of
the “sitting-atop” metalloporphycenes 1, such that 1c is more
favorably disposed to accept an electron at the !-ring system
without loss of the axial ligand. Another aspect related to the
presence of eight versus four alkyl groups is the obvious increase
in steric repulsion, which can influence the degree of planarity
upon coordination. Changes in planarity are known to alter the
electrochemistry of porphyrins and related ligands.9e,17 However,
the solid state structures of 1b and 1c have been elucidated by
X-ray diffraction studies (Figure 1) and comparable deviations
from planarity are observed in both cases. In the coordination
chemistry of porphycenes, it is well-known that the choice of

Figure 4. UV-visible spectral changes of 1a, 1b, and 1c observed during
the first reduction in CH2Cl2 containing 0.1 M TBAPF6 as the supporting
electrolyte.

Figure 5. UV-vis spectral changes of (OEPc)RuCp*(PF6) 1b observed
during the first and second reductions in PhCN containing 0.2 M TBAPF6

(inset: cyclic voltammogram of reductions).

Scheme 2
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peripherial substituents can play an important role in defining
the properties of the final complexes, both for steric and
electronic reasons;2a,9e,17 therefore, it is not surprising, that the
electron transfer features can be “altered” as a function of the
!-groups present on the porphycene ring.

The hybrid ruthenocene-porphycene systems 2 and 3 were
also investigated by cyclic voltammetry and this data is
summarized in Table 2. The Ni(II) complexes 2a, 2b, and 2c,
unfortunately, decompose after oxidation losing the [RuCp*]+

fragment, as inferred from the CV and spectroelectrochemistry
data. In the case of the three Cu(II) derivatives (3), the
complexes were stable enough under the electrochemical
conditions to display reversible processes, namely, two oxida-
tions located at E1/2 ) 1.06 and 1.34 V for 3a, 1.11 and 1.34 V
for 3b, and 1.14 and 1.30 V for 3c. Two reductions are also
seen at E1/2 ) -0.47 and -0.93 V for 3a, -0.48 and -0.96 V
for 3b, and -0.38 and -0.83 V for 3c. Analysis of these
processes by means of thin-layer spectroelectrochemistry was
possible (for the reduction, see Figures S39 and S40, Supporting
Information), but decomposition of the singly or doubly oxidized
species resulted. Based on recently reported data for related
porphyrin systems,10 the first oxidation is assigned to the
ruthenium center, an assignment consistent with the EPR data
described below. The electrochemical behavior of the sandwich
complexes 2 and 3 revealed a considerable difference, specif-
ically a greater ability to accept an electron, when compared
with their precursors as seen in Figure 6. This is consistent with
the presence of significant electronic communication between
the organometallic moiety and the macrocycle.

EPR Spectra. Compounds of general structure 3 are amenable
to study by EPR due to the coordinated Cu(II), which has one
unpaired electron in its 3d9 configuration. The EPR spectrum for
3b recorded in CH2Cl2 at 4 K is shown in Figure 7a together with
the computer simulation spectrum (Figure 7b), which allowed us
to determine the g and A tensor trace values. Although the EPR
spectrum revealed features that are typical for square planar Cu(II)
complexes with dx2-y2 ground state: gz > gx, gy, the g and A values
are quite different from those for Cu(II) porphyrins.28-30 First of
all there is no axial symmetry: gz * gx, Ax * Ay, as is expected
from the broken symmetry due to the appended [RuCp*]+. In
addition, the gz value (2.375) is unusually large compared to those
of Cu(II) porphyrins (typically 2.189 for (TPP)Cu).29 The g and A
values depend on the energy differences between d orbitals and
the gz value is given by eq 1,

where ", which is inherently negative, is the spin-orbit coupling
constant of the free Cu2+ ion and !z ) E(x2 - y2) - E(xy).30-33

Thus, the large gz value results from the small energy gap between
dx2-y2 and dxy as compared with that of Cu(TPP) due to the
appended [RuCp*]+, which increases ionic character of the Cu-N
bond of the pyrrolide unit fused to the [RuCp*]+. The increase in
ionic character of the Cu-N bond results in a decrease in the
covalent character, leading to a decrease in the !z value. Theoreti-
cally the small !z value is expected to decrease the |Az| value, but
to increase the |Ay| value.33,34 This is why the observed Ay value
(110 G) is unusually large compared the Az and Ax values of 85
and 50 G respectively, whereas normally, Cu(TPP) exhibits a large
Az value (208 G) but small Ax and Ay values (32 G).29

The solution EPR spectrum of 3b recorded at 298 K and the
corresponding computer simulation are shown in Figure 7c and
Figure 7d, respectively. The isotropic g and A values agree well
with the average values of those observed in Figure 7a: g ) (gx

(28) Brown, T. G.; Hoffman, B. M. Mol. Phys. 1980, 39, 1073–1109.
(29) Cunningham, K. L.; McNett, K. M.; Pierce, R. A.; Davis, K. A.; Harris,

H. H.; Falck, D. M.; McMillin, D. R. Inorg. Chem. 1997, 36, 608–
613.

(30) Shao, J.; Steene, E.; Hoffman, B. M.; Ghosh, A. Eur. J. Inorg. Chem.
2005, 160, 9–1615.

(31) Assour, J. M. J. Chem. Phys. 1965, 43, 2477–2489.
(32) Wertz, J. E.; Bolton, J. R. Electron Spin Resonance; Chapman and

Hall: New York, 1986; Chapter 11, pp 258-312.
(33) Mabbs, F.; Collison, D. Studies in Inorganic Chemistry 16: Electron

Paramagnetic Resonance of d Transition Metal Compounds; Elsevier:
London, 1992.

(34) A contribution of 3dz2 is also important to change the Ax and Ay values.
See: Calle, C.; Schweiger, A.; Mitrikas, G. Inorg. Chem. 2007, 46,
1847–1855.

Table 2. Half-Wave Potentials (V vs SCE) of Hybrid
Ruthenocene-Porphycene Complexes in CH2Cl2

ox red

metal cpd second first first second HOMO-LUMO gap

Nia 2a 1.11c -0.43 -0.89 1.54
2b 1.11c -0.42 -0.89 1.53
2c 1.19c -0.35 -0.80 1.54

Cub 3a 1.34 1.06 -0.47 -0.93 1.53
3b 1.34 1.11 -0.48 -0.96 1.59
3c 1.35 1.14 -0.38 -0.83 1.52

a Containing 0.1 M TBAP as supporting electrolyte. b Containing 0.1
M TBAPF6 as supporting electroylte. c Peak potential for irreversible
reaction. Product of chemical reaction is oxidized at E1/2 ) 1.20 to 1.36
V and reduced at Epc ) 0.79 to 0.88 V (see Figure 6).

gz ) 2.0023 - 8"/!z (1)

Figure 6. Cyclic voltammograms of (a) (OEPc)Ni, (b) [(OEPc)Ni(RuCp*)]-
(PF6) 2b (c) (OEPc)Cu and (d) [(OEPc)Cu(RuCp*)](PF6) 3b in CH2Cl2

containing 0.1 M TBAP.
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+ gy + gz)/3; a(Cu) ) (Ax + Ay + Az). Such agreement provides
support for the EPR parameters determined in Figure 7b. In
addition to the hyperfine splitting due to Cu nuclear spin,
superhyperfine splitting due to three of four nearly equivalent
nitrogens of the ligand is observed at each signal with a different
Iz value for the Cu nuclear spin, as seen in Figure 7c. However,
it is to be noted that the splittings at higher Iz values (Iz ) 3/2
and 1/2) are not resolved due to line broadening. This is
consistent with the spin density on the nitrogen of the pyrrole
fused with [RuCp*]+ being much smaller than that present on
the other three pyrrolic nitrogens. Thus, the fusion of a [RuCp*]+

fragment to the pyrroles of Cu(II) porphycenes results in
significant change in the EPR parameters. The distribution of
the unpaired electron of 3a was also calculated by DFT methods
carried out at the B3LYP/Lanl2DZ level (see Experimental
Section, Supporting Information). The SOMO orbital of 3a is
localized on the copper and the four nitrogens of the macrocycle,
as shown in Figure S35 (Supporting Information).

Upon subjecting the complex to a one-electron oxidation
using Ru(bpy)3

3+, a significant change occurs in the EPR spectra,
specifically, a pattern characterized by a large spin-spin
coupling for the triplet state is observed. These features, which
are what would be expected in the case of a Cu(II) and Ru(III)
interaction are taken as clear evidence that the first oxidation is
centered on the ruthenium center. These results also support
the notion that strong electronic communication occurs between
the two electroactive fragments. The distance between the two
parallel spins could be evaluated from both the g-value (2.0446)
and the zero-field splitting constant, D, at 545 and 560 for 3a
and 3b, respectively. The calculated distance of 3.70 Å in the
case of 3a, falls within the expected range, considering the
observed solid-state Cu-Ru distance for 3a is 3.612 Å.

Photodynamic Properties. The UV-vis spectra of complexes
1a-c can be considered as “standard”, displaying an intense
split Soret-like absorption band and two less intense Q-type
bands. Porphycene Q-bands are, in general, lower in energy, or
red-shifted and more intense as compared to those for porphy-
rins, and this feature makes porphycenes attractive as potential
PDT (photodynamic therapy) agents.7,35 This difference in
spectra is attributed to the difference in symmetry; porphyrins
are more symmetrical than their porphycene isomers.35 While
metalation increases the overall symmetry of a porphycene, there
is still a symmetry difference between 1a and 1b, which both
have eight !-alkyl groups and 1c, which has four !-alkyl groups.

In light of the above considerations, we considered it
important to investigate the emissive properties of the “sitting-
atop” porphycenes 1a-c when excited at a wavelength that falls
within the Q-band region. In fact, both emission and excitation
spectra are included in ESI (Figures S2, S5, S8, Supporting
Information). Briefly, when 1a and 1b are excited at 560 nm,
both show two-three peaks between 600 and 700 nm while 1c,
also excited at 560 nm, shows one major peak in this range. As
mentioned, porphycenes can display remarkable differences in
properties, redox and photophysical, due to small changes in
!-substitution, and this disparity is also seen in the case of
emissive properties.36 The quantum yields, !f, for 1a-c, were
also investigated, but proved to be too small for accurate
determination. Even though the emission is weak, it turned out
to be possible, to measure the lifetime of 1a. Upon irradiation
of the Q-type band at 540 nm, the emission was monitored at

(35) Stockert, J. C.; Canete, M.; Juarranz, A.; Villanueva, A.; Horobin,
R. W.; Borrell, J. I.; Teixido, J.; Nonell, S. Curr. Med. Chem. 2007,
14, 997–1026.

(36) Sobolewski, A. L.; Gil, M.; Dobkowski, J.; Waluk, J. J. Phys. Chem.
A 2009, 113, 7714–7716.

Figure 7. EPR spectra of [(OEPc)Cu(RuCp*)](PF6) (3b) in deaerated CH2Cl2 (a) at 4 K and (c) at 298 K. (b), (d) Simulated spectra.

Figure 8. EPR spectra recorded in CH2Cl2 at 4 K of (a) [(OEPc)Cu(RuCp*)](PF6) (3b) after the addition of 1 equiv of Ru(bpy)3
3+ and (b)

[(EtioPc)Cu(RuCp*)](PF6) (3a) after the addition of 1 equiv of Ru(bpy)3
3+.
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613 nm, and the lifetime was determined to be 4.2 ns (Figure
S3, Supporting Information). Femtosecond laser flash photolysis
afforded the transient absorption spectra shown in Figure 9a,
of which the time profile at 560 nm could be fit to a single
exponential decay. This decay process is assigned to an
intersystem crossing from the singlet to a triplet excited state
with the rate constant, kISC ) (1.1 ( 0.03) ! 1011 s-1.

Unlike the “sitting-atop” complexes, the bimetallic species
(2a-c and 3a-c) display an exceptionally intense broad Q-type
band around 870 nm (see Figure 10 for the spectra for the etio-
derivatives 2a and 3a; see the Supporting Information for the
remaining spectra). The presence of these extremely red-shifted
bands can be interpreted as another indication of effective
electronic communication between the organometallic moieties
and the macrocyclic cores. Again, the higher intensity absorption
and red shift of the Q-type bands of the porphycenes, when
compared with those of porphyrins, make the porphycenes
attractive “alternative sensitizers” for PDT,7,35 an application
where functionalization by !-coordination might offer a con-
venient means for enhancing the photophysical properties of
these known macrocycles without the need for new covalent
syntheses.

In order to explore further the photophysical properties and
the possible internal electronic communications the present
complexes might facilitate, femtosecond and nanosecond laser
flash photolysis methods (fs lfp, and ns lfp) were employed.
The dynamics varied greatly for both the parent compounds in
each series, namely Ni-porphycenes vs Cu-porphycenes; they
were also seen to vary greatly depending on the nature of the
porphycene precursors employed to obtain series 2a-2c and
3a-3c, respectively. To the best of the authors’ knowledge,

there is no reported transient spectroscopy data for CuII-
porphycenes.

Irradiation of the Soret band for OEPc-Cu(II) (the ruthenium
free precursor) at 390 nm by fs lfp shows transient absorption
with extremely fast decay, with the rate constant, kISC ) (5.8 (
0.6) ! 1010 s-1 at 480 nm. This can be attributed to an
intersystem crossing from the 2S1 (doublet) to the 2T1/4T1

(quartet) states due to an expected exchange interaction between
an unpaired d" electron in Cu(II) and a porphycene !-electron
(Figure S29, Supporting Information). Reported lifetimes for
this intersystem crossing in the case of Cu(II) porphyrins are
on the order of 8 ps or more. This compares well with the OEPc-
Cu(II) porphycene on the basis of the above measurements.37

(Figure S29, Supporting Information) The long-lived-state seen
as the remaining absorption at 3000 ps can thus be assigned to
the 4T1 state.

In the case of 3b, transient absorption studies, now with a
[RuCp*]+ fragment fused to the !-electron face of the copper
porphycene, revealed the presence of a signal in the NIR region.
This broad absorption from 950-1200 nm is proposed to be
the CS (charge-separated) state based on spectroelectrochem-
istry, wherein upon one-electron reduction, a broad absorption
to wavelengths extending into the NIR region is seen (Figure
S40, Supporting Information). There are clearly two steps that
can be fit to a double exponential, and the fit at two separate
wavelengths correlate well to one another as can be seen in
Figure 11. The first step, involving a fast decay at 500 nm and
formation of the absorbance in the NIR region, can be assigned
to intramolecular electron transfer (ET) from the ruthenocene
moiety to the ring - with the rate constant, kET ) (3.1 ( 0.2) !
1010 s-1. The second, slower step is attributed to charge
recombination (CR), kCR ) (8.8 ( 0.2) ! 108 s-1, from which
a lifetime for the charge-separated state of # ) 1.1 ns is inferred.

Interestingly, features of the transient spectra are similar to
those seen in the case of the ruthenocene fused Ni(II) por-
phycenes, 2a-c, although a much faster decay is observed
(Figures S12, S16, S20, Supporting Information). Again, the
broad absorption exhibited in the NIR region (Figure 12b),
matches that seen in the spectroelectrochemistry experiment for
the first reduction of all compounds, 2a-2b (Figure S39,
Supporting Information). UV-vis spectra of the one-electron
reduced species of 2a also reveal a slight increase in a broad
absorption at 540 and 700 nm (Figure S39, Supporting Informa-
tion). The parent compound corresponding to 2a, namely Ni(II)

(37) For a discussion of copper(II) porphyrins and quartet states, see: Asano-
Someda, M.; van der Est, A.; Kruger, U.; Stehlik, D.; Kaizu, Y.;
Levanon, H. J. Phys. Chem. A 1999, 103, 6704–6714.

Figure 9. (a) Transient absorption spectra of 1a in PhCN taken at the indicated times after femtosecond laser pulse irradiation by a 395 nm laser at 298 K.
(b) Decay time profile of the absorbance feature at 560 nm with a first-order plot as the inset.

Figure 10. UV-vis spectra of 2a and 3a in CH2Cl2.
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porphycene, shows spectral features presumed to be derived
from the S1 excited state, !-localized, with a broad absorption
from 450 to 515 nm. These features are subject to bleaching
until 630 nm, where a strong positive absorption, with a
maximum at 640 nm, is seen. There are no observable absorption
features in the NIR region during femtosecond laser excitation
of the ruthenium free precursor Ni(II) porphycenes giving rise
to 2a-c, as can be seen in Figure 12a, and Figures S17 and
S21 (Supporting Information).

Conclusions

In summary, new and unprecedented metalloporphycene
complexes, wherein the [RuCp*]+ fragment is “sitting-atop” the

N4 core or directly coordinated to the !-electron “face” of the
macrocycles, have been synthesized. These complexes were
characterized by single crystal diffraction analysis, optical
spectroscopy, and electrochemical means. The “sitting-atop”
complexes containing the metallic fragment bound to the N4

core exhibit an exceptional electrochemical behavior where the
site of electron transfer processes can be “modulated” as a
function of the "-pyrrolic substituents. This modulation and
indeed the complexes themselves are to the best of the authors’
knowledge without precedent in the porphyrin literature.

In the case of the hybrid “ruthenocene-porphycene” com-
plexes, an electronic connection between the [RuCp*]+ fragment
and the !-system of the metalloporphycenes alters the intrinsic
electronic properties of the metalloporphycenes in a dramatic
way. Specifically, evidence for a very strong interaction between
the macrocycle and the “fused” organometallic fragment is seen.
This effective communication allows for a photoinduced electron
transfer from the ruthenocene unit to the porphycene core, as
recently noted in the case of metalloporphyrins.10 We thus think
these systems will be of interest for studying orthogonal
!-conjugation effects, wherein coupling of various species above
or below the average conjugation plane is used to modulate the
inherent aromatic properties of compounds with canonical 4n
+ 2 !-electron pathways. In the present instance, where the
linkage normal to the aromatic plane involves a redox active
species, the resulting modulations in electronics could make the
products in question of interest as so-called electron reservoirs
or as photodynamic therapy agents with improved optical and
excited state properties. Explorations of these possibilities are
currently underway.
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Figure 11. (a) Transient absorption spectra of 3b in CH2Cl2 after femtosecond laser pulse irradiation by a 420 nm laser at 298 K. (b) Decay time profile
of the absorbance features at both 500 nm (•) and 1000 nm (2).

Figure 12. Transient absorption spectra upon femtosecond laser pulse
irradiation at 298 K in CH2Cl2 of (a) the ruthenium-free Ni(II) porphycene
precursor to 2a (excitation wavelength 390 nm) and (b) complex 2a
(excitation wavelength 420 nm).
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A ‘Texas-sized’ molecular box that forms an
anion-induced supramolecular necklace
Han-Yuan Gong, Brett M. Rambo, Elizabeth Karnas, Vincent M. Lynch and Jonathan L. Sessler*

The ‘blue box’ (cyclobis(paraquat-p-phenylene) or CBPQT41), developed by Stoddart and colleagues, forms effective
charge transfer complexes with a variety of electron-rich species and has been used to support the formation of a wide
range of interlocked structures. However, little effort seems to have been devoted to generalizing the blue box concept.
We describe a new flexible tetracationic macrocycle—a ‘Texas-sized’ molecular box. This positively charged receptor is
capable of binding the mono-terephthalate anion, forming pseudorotaxanes. These pseudorotaxanes self-assemble into
short supramolecular pseudo-oligorotaxanes in solution and more extended pseudo-polyrotaxanes in the solid state. The
supramolecular oligomers formed in solution are environmentally responsive; they undergo deaggregation as the overall
concentration of the cationic and anionic constituents is reduced, the temperature is increased, or the protonation state of
the threading mono-terephthalate anion is changed.

Macrocyclic structures provide a well-defined host environ-
ment for guest inclusion, and have therefore been used
in the design of complex structures such as catenanes1–3,

rotaxanes4,5, pseudorotaxanes6–8 and various macromolecular
materials in which a covalent polymeric structure is threaded
through the centre of a ring component9–12. These unique com-
pounds continue to attract attention not only as complex synthetic
targets, but also as ‘smart materials’ (for example, molecular
machines and molecular electronic switching devices)13–16. One of
the most important building blocks used to create non-covalent
organic frameworks is the famous Stoddart ‘blue box’ (cyclobis(para-
quat-p-phenylene) or CBPQT4!)17–19. This electron-deficient mol-
ecular receptor has a high affinity for a variety of p-donors. It has
been used to stabilize a wide range of molecular and supramolecular
structures, including rotaxanes20,21, pseudorotaxanes22,23, caten-
anes24,25, polypseudorotaxanes26, pseudo[n]polyrotaxanes27, and
electrochemically switchable molecules28–30.

However, in spite of its obvious utility, the blue box concept has yet
to be truly generalized. Alterations have been made to the core of
CBPQT4!, including the synthesis of constitutional isomers31, the
generation of chiral tetracationic cyclophanes32 and the incorporation
of biphenylene linkers33–35, to produce a big blue box (that is, cyclobis
(paraquat-4,4!-biphenylene)). Dioxyarene-based spacers have also
been incorporated into the blue box, and used to self-assemble [n]cate-
nanes that incorporate as many as seven macrocyclic components36.
However, isolation of the free tetracationic cycles as PF6

2 salts (that
is, not as an interlocked structure) in good yields can be challenging,
often requiring the use of pre-synthesized templates33,35. The majority
of the systems used in the construction of catenane or rotaxane
structures are based on bipyridinium; however, systems using other
linkers such as diazapyrenium37 and bis(pyridinium)ethylene38 have
been reported.

These efforts lead us to suggest that the availability of alternative
and easy-to-prepare charged building blocks would permit access to
inter alia novel interlinked materials and new non-covalent poly-
mers. We report here the synthesis of a first-generation ‘Texas-
sized’ molecular box, a flexible tetracationic imidazolium-based
macrocycle (14!) that is easily generated as the PF6

2 salt in

relatively high yields (58% yield). Given its size, and to distinguish
it from the original blue box, we have decided to colour this new
system burnt orange. As detailed below, this new molecular box is
useful in (i) creating anion-induced pseudorotaxanes, (ii) stabilizing
self-assembled pseudo-oligorotaxanes in solution, and (iii) support-
ing more extended ‘supramolecular-necklace’ (that is, pseudo-
polyrotaxane) structures in the solid state.

The tendency of [2]pseudorotaxanes to pack into extended arrays
in the solid state has been well documented39. This behaviour is often
observed in [2]pseudorotaxanes that are assembled via the
ammonium ion/crown ether recognition process, which then
organize into superstructures through p–p interactions or hydrogen
bonding40–44. Similarly, [2]pseudorotaxanes that self-assemble in the
solid state to form pseudo-polyrotaxanes have also been generated
from protonated 1,2-bis(4,4!-bipyridinium)ethane-24-crown-8-
ether motifs45. In a somewhat different vein, metal ions have been
used to organize cucurbituril (CB[6]) into polyrotaxanes46.
However, to the best of our knowledge the system we describe here
represents the first example of the anion-induced assembly of
pseudorotaxane aggregates in both solution and the solid state.

Results and discussion
Ourmolecular box, tetracation 14!, contains four imidazoliummoieties
and is thus based on subunits that have attracted attention recently for
their anion-binding ability47,48. Tetracation 14! was prepared as
shown in Fig. 1. Briefly, an Ullmann-type coupling reaction was used
to generate the key trimeric fragment 2,6-di(1H-imidazol-1-yl) pyridine
(2) in 96% yield. Subsequently, cyclization of trimer 2 with 1,4-bis-bro-
momethylbenzene gave the corresponding tetrabromide salt
(14!.4Br2), which was readily converted to the tetrahexafluoro-
phosphate salt (14!.4PF6

2; cyclo[2](2,6-di(1H-imidazol-1-yl)pyridine)
[2](1,4-dimethylenebenzene) hexafluorophosphate) in 58% yield
through exposure to aqueous ammonium hexafluorophosphate.

Macrocycle 14! acts as a ‘Texas-sized’ version of the Stoddart
blue box, CBPQT4!; it is a tetracationic macrocyclic structure that
contains several aromatic p-surfaces (that is, benzene and pyridine).
However, in contrast to CBPQT4!, macrocycle 14! is flexible and
contains a larger central cavity.
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Initial support for the conformational flexibility of 14! came
from the isolation of two crystallographically distinct 14!.4PF6

2

salts (Fig. 2). The first structure (analysed by single-crystal X-ray
analysis) is characterized by the presence of a boat-like confor-
mation of the macrocyclic core (Fig. 2a), whereas the second struc-
ture contains this same framework but exists in the form of a ‘partial
chair’ (Fig. 2b). The flexible nature of these structures is reminiscent
of Alcalde’s dicationic imidazolium-based cyclophanes49. Further
evidence for the flexibility of this new molecular box came from
1H NMR spectroscopic analyses. Although only one set of high-
resolution signals was seen in the one-dimensional spectrum (as
expected for a rapidly interconverting structure), the nuclear
Overhauser enhancement spectroscopy (NOESY) NMR spectrum
revealed couplings that were consistent with the presence of more
than one conformer in solution (see Supplementary Information).

Terephthalic acid and its anions were chosen to test the inter-
actions of macrocycle 14! with electron-rich aromatic rings. This
putative substrate is relatively rigid and can exist in three protona-
tion states. Proton NMR titrations of 14! with terephthalic acid
demonstrated no spectral response (all titrations were carried out
in DMSO-d6). A strong affinity (Ka" 3.3+0.1! 103 M21; 1:1
binding) for the di-terephthalate anion (studied as the HTEA!,
triethylammonium salt) was observed from similar analyses.
However, two-dimensional NOESY NMR spectroscopy revealed
that the di-terephthalate anion was bound to the outer periphery
of macrocycle 14! (see Supplementary Information).

Very different binding behaviour was seen in the case of the mono-
terephthalate anion (HTEA! salt). Here, a Ka of 2.1+0.1! 103 M21,
corresponding to the formation of a 1:1 complex with 14!, was
calculated. A NOESY NMR analysis carried out using 1 molar
equivalent of the anion revealed that the mono-terephthalate
anion was incorporated into the centre of the macrocycle. Such a
finding is consistent with the formation of a pseudorotaxane
species in solution (Fig. 3) under these conditions. On the basis of
spectral curve fitting and Job plot analyses, we suggest that in the

presence of more than 1 molar equivalent of the mono-terephthalate
anion, a dimeric species, (14!)2.(mono-terephthalate anion)3, is
built up from one guest and two pseudorotaxane ‘monomers’. An
association constant Ka of 2.4+0.2! 105 M22 was estimated for
this equilibrium (see Supplementary Information). Furthermore,
peaks ascribable to this self-assembled species, as well as other
host–guest aggregates, are observed when this mixture is subject
to Fourier transform ion cyclotron resonance mass spectrometry
(FT-ICR-MS) analysis (see Supplementary Information).

The formation of pseudorotaxane monomers in solution, as well
as their subsequent self-association into dimeric superstructures, led
us to explore the organization of these systems at higher concen-
trations but in the absence of additional mono-terephthalate guests.
The spectral changes of [14!.mono-terephthalate anion] on increas-
ing the solution concentration of both species (anion and macrocycle
in a 1:1 ratio) were used to determine the association constants cor-
responding to the formation of the resulting dimeric ([(14!).(mono-
terephthalate anion)]2; Ka1" 1.3+0.2! 102 M21) and trimeric
([(14!).(mono-terephthalate anion)]3; Ka2" 8.8+2.1! 101 M21)
structures. At very high concentrations, insoluble species, presumably
polydisperse aggregates, are formed.

To explore further the spontaneous organization of [14!.mono-
terephthalate] into higher-order oligomeric aggregates in solution,
vapour pressure osmometry (VPO) analyses were carried out50. A
number average molecular weight (Mn) of 2.28 (+0.32)! 103 was
obtained in DMF. DMF was used instead of DMSO for the VPO
studies, because the latter solvent interfered with reliable detection.
Importantly, the NOESY NMR spectral response seen in DMF-d6
was the same as previously observed in DMSO-d6 (see above).
The Mn value obtained from the VPO analysis corresponds to the
average formation of a dimeric species, namely [(14!).(mono-tere-
phthalate anion)]2. It thus provides additional support for the
notion that oligomeric structures are formed in solution when
14! and the mono-terephthalate anion are mixed in DMF solution.
Given the components involved, we suggest that this oligomeric
structure is a short pseudo-oligorotaxane.

Additional evidence that 14! can stabilize pseudorotaxane and
self-assembled oligomeric structures in the presence of the mono-
terephthalate anion came from a single-crystal X-ray diffraction
analysis of [14!.mono-terephthalate] (Fig. 4). The resulting struc-
ture revealed a chair-like conformation for the macrocycle, with
the mono-terephthalate anion bound within the central cavity
(Fig. 4a,b). As in the case of the Stoddart blue box, the structure
seems to be stabilized by a combination of electrostatic and hydro-
gen-bonding interactions. The observed inter-ring distance (3.5 Å)
is consistent with the presence of CH...p hydrogen bonds between
the aromatic hydrogen atoms of the anion and the perpendicular
benzene rings of the box-like macrocycle; presumably, these inter-
actions also contribute to the overall stability of the structure.

Further analysis of the packing diagram reveals the existence of a
pseudo-polyrotaxane structure in the solid state (Fig. 4c), stabilized
by multiple supramolecular forces, including hydrogen bonds and
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N NN
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Figure 1 | Synthesis of the tetracationic imidazolium macrocycle 141. a,b, Reaction conditions: 2,6-dibromopyridine (1 equiv.), 1H-imidazole (2.2 equiv.),
K2CO3 (3 equiv.) and CuI (0.15 equiv.) in DMSO, 90 8C, 12 h, 96% (a); 1,4-bis-bromomethylbenzene (1 equiv.), 2 (1 equiv.), in CH3CN, reflux, 24 h, 58% (b).

a b

Figure 2 | Two crystallographically independent single-crystal X-ray
structures of 141.4PF6

2. Some of the counter anions and solvent
molecules have been omitted for clarity. a, Side view showing the boat-like
conformation of 14!, in which one of four PF6

2 counter anions is held
between the opposing aromatic faces. b, View showing the partial
chair conformation.
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possible anion–p interactions, as well as those involving the con-
stituent anions, cations and p-surfaces. The net result is a highly
organized, self-assembled polymeric structure that is best con-
sidered as being a supramolecular necklace. The shortest distance
between H(3) and H(4) on neighbouring pseudorotaxane units is
2.60 Å, giving rise to an interaction that could be detected using
NOESY NMR spectroscopic analysis (see Supplementary
Information). The present system thus bears analogy to, but differs
fundamentally from, previously reported polymeric intercalated
structures in that the aggregation of the pseudorotaxane monomers
is driven by anion-induced self-assembly. A further defining feature
of our supramolecular oligomer is that it is highly responsive to the
environment. It undergoes deaggregation as the concentration is
reduced, the temperature is increased or the protonation state of
the threading mono-terephthalate anion is changed.

Conclusions
In summary, the ‘Texas-sized’ molecular box reported here supports
the formation of new interlocked entities, including anion-derived
pseudorotaxane monomers that persist in solution, and further
aggregate to form pseudo-oligorotaxanes at higher concentrations
as well as anion-induced pseudo-polyrotaxanes in the solid state.

The unusual nature of these latter species underscores the utility
of thinking ‘beyond the blue box’ to generate new electron-deficient
components for use in the creation of interlocked non-covalent enti-
ties, including various oligomeric materials that may not be accessi-
ble using more classic bipyridinium-derived receptor systems.

Methods
See the Supplementary Information for detailed experimental conditions and
procedures, NMR spectroscopic analyses, computational calculations and single-
crystal X-ray structures with CCDC nos. 752164, 752165 and 752332, which contain
the supplementary crystallographic data for this paper. These data can be obtained
free of charge from the Cambridge Crystallographic Data Centre at www.ccdc.cam.
ac.uk/data_request/cif.
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There is intense current interest in the development of synthetic
transmembrane transporters for biologically relevant ionic species.
Approaches to this challenge have included the development of
channels1 that span the lipid bilayer and ionophores2 capable of
binding ions and facilitating their diffusion across the membrane.
There has been particular interest recently in anion transport, since
misregulation of this process is a hallmark of diseases such as cystic
fibrosis.3 Our groups together with our collaborators have developed
transmembrane chloride transporters that function by HCl cotrans-
port4 and chloride/nitrate antiport processes.5 We recently discov-
ered that meso-octamethylcalix[4]pyrrole (1) functions as a mem-
brane transport agent for cesium chloride ion pairs but not sodium,
potassium, or rubidium chloride, presumably because of the ability
of calixpyrrole anion complexes to bind large charge-diffuse cations
such as cesium in the calixpyrrole cup-shaped cavity formed by
the pyrrole rings when binding chloride.6 Here, we report the anion
transport properties of meso-octamethyloctafluorocalix[4]pyrrole (2)
and show that, in contradistinction to the limited anion transport
properties of the parent macrocycle, the fluorinated system (which
has a higher affinity for anionic guests than the parent macrocycle
1 because of the presence of the electron-withdrawing fluorine
substituents)7 is an effective chloride anion transporter that functions
with a variety of monovalent countercations. It operates via an anion
antiport mechanism that allows for the exchange of, among others,
(1) chloride for nitrate and, more importantly, (2) chloride for the
more hydrophilic (and physiologically relevant) bicarbonate anion.
To the best of our knowledge, the latter has not been achieved to
date using simple synthetic pyrrole-based anion receptors.

Compounds 1 and 2 were prepared by literature methods.7 In
order to study the transport properties of compound 2, we prepared
a series of unilamellar 1-palmitoyl-2-oleoylphosphatidylcholine
(POPC) vesicles loaded with group-1 metal chloride salts and
suspended them in an external NaNO3 solution. A sample of
calix[4]pyrrole 2 (4 mol % carrier to lipid) was added as a dimethyl
sulfoxide (DMSO) solution and the resultant Cl- efflux monitored

using a chloride-selective electrode.8 After 5 min, the vesicles were
lysed by addition of detergent, and the final reading of the electrode
was used to calibrate 100% release of chloride. The results are
shown in Figure 1.

The results show little cation dependence of the rate of chloride
efflux from the vesicles in the case of compound 2. We have
previously shown in analogous experiments performed with com-
pound 1 that no chloride efflux occurs from vesicles containing
NaCl, KCl, or RbCl under the same conditions. On the other hand,
chloride is released by compound 1 from vesicles containing CsCl
via an ion-pair transport mechanism (Figure 1).6 The lack of cation
dependence of the rate of release of chloride by compound 2 is
evidence consistent with an anion antiport process in which chloride
and nitrate anions are exchanged across the lipid bilayer membrane
by the fluorinated calixpyrrole. 1,2-Dipalmitoylphosphatidylcholine
(DPPC) mobility assays at 37 and 45 °C and classic U-tube experi-
ments provide support for the notion that compound 2 functions as
a discrete molecular carrier (see the Supporting Information).9 The
concentration at 50% efflux (EC50) at 270 s was measured for com-
pound 2 and found to be 3.1 mol % carrier to lipid with nitrate as
the external anion.

To further investigate the nature of this mechanism, the above
series of experiments was repeated with the vesicles suspended in
sodium sulfate solution instead of in sodium nitrate. Sulfate is
significantly more hydrophilic than nitrate [!Gh(SO4

2-) ) -1080
kJ mol-1; !Gh(NO3

-) ) -300 kJ mol-1]10 and cannot pass through
the lipid bilayer membrane. The results (shown in Figure 2) reveal
that compound 2 does not release chloride under these conditions
independent of whether the vesicles are made up using sodium,

† University of Southampton.
‡ University of Texas at Austin.
§ Universidad de Burgos.

Figure 1. Chloride efflux promoted by 0.04 molar equiv of 1 ([) across
unilamellar POPC vesicles loaded with 489 mM cesium chloride and by 2
in unilamellar POPC vesicles loaded with 489 mM sodium (9), potassium
(b), rubidium (2), and cesium (1) chloride salts buffered at pH 7.2 with
5 mM phosphate. The vesicles were dispersed in 489 mM NaNO3 buffered
at pH 7.2 with 5 mM phosphate. At the end of the experiment, detergent
was added to lyse the vesicles and calibrate the ISE to 100% chloride release.
Each point represents the average of three trials.
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potassium, rubidium, or cesium chloride. Such a finding supports
the hypothesis that receptor 2 functions as a chloride/nitrate anion
antiport agent.

Recently, it has been shown by Davis, Gale, and Quesada11 that
the natural product prodigiosin and preorganized 4,6-dihydroxy-
isophthalamides function as chloride/bicarbonate antiport agents.
Bicarbonate is more hydrophilic than nitrate [!Gh(HCO3

-) )-335
kJ mol-1]8 and hence is a greater challenge to transport through a
lipid bilayer. To the best of our knowledge, this has not been
achieved to date using simple synthetic pyrrolic receptors. In order
to test whether compound 2 could achieve countertransport of
bicarbonate, vesicles containing NaCl were prepared and suspended
initially in a solution of Na2SO4. Compound 2 in DMSO solution
was added to this suspension. At this point, no evidence of chloride
release was seen. After 120 s, NaHCO3 was added to the solution,
at which point chloride efflux from the vesicles was observed to
commence. We take this as evidence that this compound functions
as a chloride/bicarbonate antiport agent (Figure 3). A model study
with compound 1 under identical experimental conditions demon-
strated that this compound does not function as a chloride/
bicarbonate antiporter. DMSO was added without calixpyrrole, and

no chloride was released (Figure 3), demonstrating that the solvent
does not disrupt the structure of the vesicles. The EC50 value at
600 s for compound 2 was found to be 5.7 mol % carrier to lipid
with bicarbonate as the external anion (see the Supporting Informa-
tion for more details).

In 2008, Moyer, Sessler, and Bowman-James demonstrated that
compound 2 can overcome Hofmeister bias in liquid-liquid
extraction processes.12 In this study, we have shown that this
receptor can function not just as an extractant but also as an effective
chloride transporter capable of effecting antiport against the highly
hydrophilic bicarbonate anion. Such behavior stands in marked
contrast to that seen with 1. This structure-based disparity leads us
to predict that it should be possible to design further-improved anion
extractants and carriers based on the calixpyrrole framework. Work
along these latter lines is currently in progress.
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Figure 2. Chloride efflux promoted by 0.04 molar equiv of 1 ([) across
unilamellar POPC vesicles loaded with 489 mM cesium chloride and by 2
in unilamellar POPC vesicles loaded with 489 mM sodium (9), potassium
(b), rubidium (2), and cesium (1) chloride salts buffered at pH 7.2 with
5 mM phosphate. The vesicles were dispersed in 162 mM Na2SO4 buffered
at pH 7.2 with 5 mM phosphate. At the end of the experiment, detergent
was added to lyse the vesicles and calibrate the ISE to 100% chloride release.
Each point represents the average of three trials.

Figure 3. Chloride efflux promoted by 0.04 molar equiv of 1 (b) and 2
(1) across unilamellar POPC vesicles loaded with 489 mM NaCl buffered
at pH 7.2 with 20 mM phosphate upon addition of a NaHCO3 pulse to
make the extravesicular bicarbonate concentration 40 mM. The vesicles
were dispersed in 162 mM Na2SO4 buffered at pH 7.2 with 20 mM
phosphate. At the end of the experiment, detergent was added to lyse the
vesicles and calibrate the ISE to 100% chloride release. Each point represents
the average of three trials.
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A new approach to creating noncovalent charge transfer ensembles is described. It is based on two components
that are linked through anion-receptor interactions. The first component is sapphyrin, a pentapyrrolic expanded
porphyrin, which is capable of carboxylate anion recognition and more importantly can act as a photodonor
when irradiated in the presence of a suitable electron acceptor. The second component is the electron acceptor
and consists of one of two different C60 fullerene cores functionalized with multiple carboxylate anion groups
arranged in a dendritic fashion. Depending on the specific choice of the fullerene carboxylate anion dendrimer
employed in ensemble construction, 1:1 or 1:2 complexes are formed when the C60 cores are titrated with
sapphyrin. The resulting noncovalent arrays undergo sapphyrin-to-fullerene electron transfer when irradiated
with 387 nm light. This gives rise to charge separated states with lifetimes of ca. 470 and 600 ps in the case
of the 1:1 and 1:2 sapphyrin-fullerene ensembles, respectively.

Introduction

Photoinduced electron transfer (ET) is one of the most
fundamental and widely studied of all reactions. Its importance
in photosynthesis and in the development of charge-separating
devices has inspired the design and analysis of many so-called
model systems where specific aspects of what are often complex,
multistep processes can be studied in detail.1 While a large
number of these model system have been constructed using
covalent methods, we have focused on the development of so-
called noncovalent approaches, wherein one or more supramo-
lecular interactions is used to link the various redox active
components that make up the overall electron transfer ensemble.1,2

This strategy is attractive because it reduces the need for labor
intensive synthesis and permits a greater flexibility in terms of
changing the various components that make up a given putative
charge separating system. One specific means of generating
noncovalent electron transfer systems is via the use of expanded
porphyrins, such as the pentapyrrolic macrocycle, sapphyrin
(Sap), and the octapyrrolic macrocycle, cyclo[8]pyrrole (Scheme
1), which are capable of binding certain anions, including
carboxylate anions, in their protonated forms.3-5 Whereas a large
number of covalent and noncovalent assemblies of porphyrin
and fullerene capable of undergoing efficient photoinduced
electron transfer have been documented in the literature,1,2

considerably less attention has been devoted to the use of
expanded porphyrins3-5 in the context of ET modeling. Ex-
panded porphyrins are attractive for this purpose because they
could potentially be used to create systems with lower inherent
energy loss. Expanded porphyrins typically display absorption

features that are red-shifted compared to porphyrins. This means
that they are able to absorb a greater range of the solar spectrum
and are expected to have excited state energetics more closely
aligned with systems, such as C60, that are typically used as
acceptors. In spite of these potential benefits, expanded por-
phyrins have yet to be exploited extensively as photodonors in
ET model systems. In fact, we are aware of only a single, very
recent report where an expanded porphyrin (cyclo[8]pyrrole)
has been used for this purpose.4 In particular, sapphyrin, the
oldest and perhaps best studied of all the expanded porphyrins,
has yet to be successfully employed in this regard.

Sapphyrin is characterized by a first excited singlet state that
is lower than that of porphyrins by about 0.20 eV, thus making
it of particular interest for study as a potential photodonor. In
early work, Wasielewski and Sessler were able to demonstrate
energy transfer within a carboxylate anion linked porphyrin-
sapphyrin hybrid ensemble (Scheme 1).3 However, in this
system, the sapphyrin functions as an energy acceptor, rather
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* Corresponding authors. E-mail: guldi@chemie.uni-erlangen.de;
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SCHEME 1: Carboxylate Anion Linked Porphyrin-
Sapphyrin and Carboxylate Anion Tethered
Cyclo[8]pyrrole-Pyrene Ensembles
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than a photodonor, leaving open the question of whether it could
be used in the latter regard. Unfortunately, the relatively low
affinity for carboxylate anions demonstrated by sapphyrin (Ka

) 103 M-1 in CH2Cl2) rendered difficult the construction of
well-defined charge-transfer (as opposed to energy-transfer)
ensembles, wherein tests of whether sapphyrin could function
as a photodonor could be carried out. One approach to
overcoming this low affinity is to use a different expanded
porphyrin. In fact, recent studies involving cyclo[8]pyrrole, for
which a higher carboxylate anion affinity is obtained (Ka ) 106

M-1 in CH3CN), have served to show that photoinduced charge
transfer can be achieved within a carboxylate anion tethered
cyclo[8]pyrrole-pyrene hybrid (C8-Py, Scheme 1).4 However,
we also reasoned that if the basic sapphyrin-anion recognition
process could be enhanced it might prove possible to achieve
photoinduced charge separation in sapphyrin-based systems.
Here, we show that the use of polycarboxylate dendrons,
containing C60 fullerene acceptors at their cores, allows for the
construction of a viable, sapphyrin-based electron transfer model
system capable of effecting photoinduced charge separation.
Specifically, we show that (i) two previously reported dendritic
acceptors, namely C60-1 and C60-2 (Scheme 2),2b,6 give rise to
1:1 and 1:2 complexes when mixed with sapphyrin in an
aqueous buffer and that (ii) irradiation of these systems with
387 and 468 nm light leads to photoinduced sapphyrin-to-
fullerene charge transfer; this produces [sapphyrin]•+/
[fullerene]•- charge separated states with lifetimes of ca. 470
and 600 ps in the case of the 1:1 and 1:2 complexes,
respectively. To the best of our knowledge, this is the first time
sapphyrin has been successfully used as a photodonor in an ET
model system.

Experimental Methods

Sapphyrin (Sap),7 C60-1,2b and C60-26 were all prepared as
described previously. Phosphate buffer with pH 7.2 was used
as solvent. In addition, Tween 20 (i.e., 1 vol %) was added to
the phosphate buffer. UV-vis spectra were recorded with a
Varian Cary 50. Steady state fluorescence studies were carried

out with a Fluoromax 3 (Horiba), and all of the spectra were
corrected for the instrument response. The femtosecond transient
absorption studies were performed with laser pulses (1 Khz,
150 fs pulse width) from an amplified Ti:Sapphire laser system
(model CPA 2101, Clark-MXR Inc.).

Results and Discussion

The synthesis of the dendritic acceptors C60-1 and C60-2 has
previously been reported.2b,6 Use of C60-1 and C60-2, containing
multiple carboxylate anion functionality at neutral pH, was
expected to enhance the effective interaction between sapphyrin
and the C60-containing acceptor subunit. However, this same
dendritic structure could potentially complicate the sapphyrin-
fullerene interactions, particularly with regard to the sapphyrin-
fullerene binding stoichiometry. Therefore, the first part of the
investigation focused on absorption assays, which were designed
to probe the interactions between Sap and the two fullerene
derivatives of this study (i.e., C60-1 and C60-2, respectively;
Scheme 3).

To maintain a neutral pH and to guarantee sufficient solubil-
ity, a surfactant, namely, Tween 20, was used in combination
with a phosphate buffer. The phosphate buffer ensured depro-
tonation of the carboxylic acids of C60-1 and C60-2 and further
enhanced solubility. However, it was appreciated that the
phosphate anions (H2PO4

- and HPO4
2-) would compete for the

sapphyrin anion-receptor site.8c Nevertheless, the hope and
expectation was that the multivalent nature of C60-1 and C60-2
would suffice to overcome this latter competition and enforce
good sapphyrin-fullerene interactions. As detailed below, the
experimental evidence proved consistent with this expectation.

Prior to studying the product(s) formed upon the addition of
C60-1 or C60-2 to sapphyrin, the absorption features of Sap in
the medium were analyzed. Upon adding sapphyrin to the
phosphate buffer containing Tween 20, the presence of Soret-
band maxima at 425 and 450 nm were observed; Q-band
maxima at 620 and 670 nm were also seen. On the basis of
considerable prior work, the 450 nm absorption feature is
considered to reflect the monomer, while the hypsochromically
shifted peak at 425 nm is assigned to a sapphyrin-sapphyrin
dimer.8

Figure 1 documents that upon adding variable concentrations
of C60-1 or C60-2 the following changes are discernible: First,
clear isosbestic points emerge at 434 and 457 nm. These points
of equal absorbance attest to clean transformations of Sap (i.e.,
initial point of the titration) into Sap/C60-1 and Sap/C60-2 (i.e.,
end-point of the titration). Second, at 260 and 330 nm, C60-1
or C60-2 centered features are seen to emerge; they grow linearly
as the concentration of the C60 acceptor increases. Most
important, however, are the changes associated with the Soret
and Q-bands of Sap. Here, in the case of the Soret bands at
425 and 450 nm, a gradual decrease in the intensity is seen.
This diminution is accompanied by a red shift in the absorption
maximum and an overall broadening of the spectral features.
The longer wavelength region containing the Q-band absorption
shows slight, but broad, increases. Such changes are consistent
with an electronic interaction between the electron donor (i.e.,
Sap) and the electron acceptors (i.e., C60-1 and C60-2), promoted
by a combination of !-! (donor-acceptor) and charge transfer
interactions made possible as the result of carboxylate
anion-sapphyrin binding.

Treating the absorption changes at 450 nm for Sap/C60-1 in
the concentration range from 0 to 5 ! 10-6 M with an
exponential fitting function allowed an association constant to
be calculated. Good fits to the data were observed if the

SCHEME 2: Structures of C60-1 and C60-2
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formation of a 1:1 complex was assumed, and with this
assumption a Ka value of 8.8 ! 105 M-1 was calculated for the
formation of the Sap/C60-1 complex. In contrast, with C60-2,
good fits to the experimental values were obtained when a 2:1,
rather than 1:1, binding stoichiometry was assumed; in this case,
Ka values of 1.3 ! 106 and 2.1 ! 105 M-1 were calculated for
the stepwise formation of the 1:1 and 2:1 complexes, respec-
tively. While the extent to which the 1:1 complex is formed
appears not to be impacted by the nature of the fullerene
derivative (i.e., C60-1 versus C60-2), the binding constants are
virtually identical for the binding of the first Sap in both
casessit is nevertheless noteworthy that the second Sap binds
less strongly than the first. In the case of C60-1, there is no
evidence that a second Sap is bound, whereas in the case of
C60-2, Ka2 is an order of magnitude less than Ka1. At present, it
is not possible to detail the extent to which the reduced affinity
seen for the binding of a second sapphyrin subunit reflects steric
effects, repulsive electrostatic interactions, entropic effects, or
some combination thereof. Nevertheless, the fact that clean

stoichiometries are observed, in spite of the multiplicity of
anionic residues present on both C60-1 and C60-2, was considered
helpful; it was expected to reduce the complexity of the ensuing
photophysical analyses.

Prior to analyzing the properties of the presumed 1:1 and
2:1 complexes formed from Sap and C60-1 and C60-2, respec-
tively, efforts were made to confirm the binding stoichiometries.
Toward this end, Job plots were constructed from the UV-vis
absorption data. As can be seen from an inspection of the upper
trace in Figure 2, a maximum is seen at a mole fraction value
of 0.5 in the Job plot produced when C60-1 was allowed to
interact with Sap. Such a finding is consistent with the formation
of a 1:1 complex. On the other hand, a similar analysis carried
out in the case of Sap + C60-2, lower trace in Figure 2, revealed
a maximum at 0.68, rather than at 0.5, as would be expected
for a 2:1 Sap to C60-2 complex.

Initial insights into the excited state interactions between the
photo- and redox-active constituents present in the ensembles
made up from Sap and C60-1 and C60-2 came from steady-state
and time-resolved fluorescence experiments. In the steady-state
fluorescence experiments, the change in the Sap fluorescence
intensity was monitored as varying concentrations of C60-1 and
C60-2 were added to solutions of Sap in phosphate buffered
Tween 20. With irradiation carried out at 434 nm (to excite the
Sap chromophore selectively), strong quenching of the Sap
emission was observed as the concentration of C60-1 or C60-2
was increased. Such quenching is consistent with electron
transfer from the photoexcited Sap to the singlet ground states
of the fullerene cores present in C60-1 and C60-2. Figure 3
displays the Sap fluorescence in the absence and the presence
of varying concentrations of C60-1. For Sap/C60-1 and Sap/
C60-2, saturation points (for the quenching) were reached after
the addition of about 1 equiv of C60-1 or C60-2. At this point,
the quenching of the excited state donor fluorescence is
essentially quantitative (i.e., g90%).

The gradual quenching of the Sap steady-state fluorescence
intensity was further used to quantify the association between
Sap and C60-1 and C60-2. Emission intensity data collected at
680 nm were plotted versus the concentration of C60-1 or C60-

SCHEME 3: Possible Interactions between Sap and C60-1 or C60-2

Figure 1. Absorption spectral changes observed for Sap (4.55 ! 10-6

M, room temperature, H2O, pH 7.2, 0.05 M Na2HPO4, Tween 20) upon
the addition of fullerene C60-1 (0, 0.27, 0.53, 0.79, 1.29, 1.76, 2.21,
2.64, 3.05, 3.45, 3.75, and 4.19 ! 10-6 M).
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2, as appropriate. A nonlinear curve fitting according to eq 1
allowed the association constants for the formation of the
complexes Sap/C60-1 and Sap/C60-2 to be estimated.

In eq 1, I0 refers to the initial fluorescence intensity; c0 is the
total sapphyrin concentration; cD is the total concentration of
the added fullerene; and KS is the association constant.

Overall, remarkably good agreement was found between the
values derived from the fluorescence quenching experiments

in which Ka ) 1.5 ! 106 M-1 (i.e., Sap + C60-1) and Ka1 )
3.3 ! 105 M-1 (i.e., Sap + C60-2)sand those obtained from
the absorption analysessvide supra. Unfortunately, in the case
of the fluorescence quenching experiments, only the changes
associated with the Sap fluorescence could be easily followed;
this rendered estimation of Ka2 was difficult, and thus only the
formation of the initial 1:1 complex formation was considered
during the evaluation of the experimental data. (Analyzing the
monomer versus dimer fluorescence at 450 and 425, respec-
tively, gave rise to the same calculated association constants:
1.5 ! 106 M-1 from analysis of the monomer band and 1.8 !
106 M-1 for the dimer band.)

To probe the nature of the interactions between Sap and either
C60-1 or C60-2, we carried out additional experiments in which
solutions of different ionic strengths were employed. In
particular, different concentrations of NaClsranging up to 10-2

Mswere added. The association constantssSap/C60-1sde-
creased from 1.1 ! 106 M-1 in the absence of NaCl to 3.2 !
105 M-1 when 10-2 M NaCl was present. While not a proof,
this is consistent with the interactions between the two
components being mediated by sapphyrin-anion binding, rather
than, for instance, solvatophobic or direct fullerene-sapphyrin
donor-acceptor interactions.

The fluorescence quantum yields at the plateau values (i.e.,
where the quenching is about 90%) were then used to evaluate
the dynamics of the excited state deactivation process. Assuming
the mechanism of quenching involves excited sapphyrin-to-
fullerene charge transfer, the efficient quenching of fluorescence
seen for the proposed Sap/C60-1 and Sap/C60-2 complexes is
correlated with a fast electron transfer event. This transfer occurs
with rate of 1.9 ! 1010 s-1 relative to the intrinsic decay of the
singlet excited state of Sap, namely, intersystem crossing, for
which a rate constant of 1.8 ! 108 s-1 is established.

Quenching of the Sap emission was also evident in the time-
resolved fluorescence experiments. Whereas the fluorescence
decay of Sap in the absence of C60-1 or C60-2 is exclusively
monoexponential with an intrinsic rate of 1.8 ! 108 s-1, upon
addition of C60-1 or C60-2 the decays were best fitted by a
biexponential fitting function (i.e., a fast decaying and a slow
decaying component with rates of 6.7 ! 109 s-1 and 1.8 ! 108

s-1, respectively). In accord with the above observations, we
ascribe the fast decaying component to a process involving
intraensemble electron transfer deactivation of the excited state
sapphyrin species produced upon photoexcitation of complexes
Sap/C60-1 and Sap/C60-2.

Figure 4. Transient absorption spectra of Sap (3.8 ! 10-5 M) recorded
in argon-saturated aqueous solutions (pH 7.2, 0.05 M Na2HPO4, Tween
20) following femtosecond flash photolysis (!exc ) 387 nm) using
different time delays between 1.6 and 2892 ps.

Figure 2. Upper trace: Job plot corresponding to the interaction of
Sap and C60-1 with the experimental points fit using a nonlinear fitting
function. Lower trace: Job plot corresponding to the interaction of Sap
and C60-2 with the experimental points fit using a fourth power fit.

Figure 3. Room temperature fluorescence spectra (!exc ) 461 nm) of
Sap (1.75 ! 10-6 M, H2O, pH 7.2, 0.05 M Na2HPO4, Tween 20)
observed for varying concentrations of C60-1 (0, 0.33, 0.65, 1.3, 2.0,
2.6, and 3.9 ! 10-6 M). Inset: plot of I/I0 for the Sap emission observed
at 680 nm versus concentration of C60-1.
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Time-resolved transient absorption measurements provided
further details about the excited state interactions and bolstered
the case for the proposed electron transfer process. Specifically,
upon subjecting Sap to excitation at 387 nm a strong bleaching
of the Sap Soret bands was observed at both 425 nm (i.e., dimer)
and 450 nm (i.e., monomer), as can be seen from inspection of
Figure 4. This quenching is accompanied by a new transition
that develops in the red portion of the spectrum, i.e., a broad
feature between 450 and 600 nm. Further, bleaching of the
Q-bands at 620 and 670 nm is also observed. We assign these
features to the Sap singlet excited state. A multiwavelength
analysis of the singlet excited state decay leads to intersystem
crossing rate of !108 s-1.

In the case of both Sap/C60-1 (Figure 5) and Sap/C60-2, the
Sap singlet excited state features that are formed following
photoexcitation were seen to evolve rapidly (i.e., t1/2 ) 41 ( 3
ps) into those associated with a broadly absorbing species. In
the visible region, the one-electron oxidized radical cation of
the Sap donor evolves with maxima at 440 and 830 nm, while
in the near-infrared region the signature (i.e., 1040 nm) of the
one-electron reduced radical anions of the C60-1 or C60-2
acceptors is seen.9 Taken in concert, these findings, shown in
Figure 5, are consistent with a Sap•+/C60

•- radical ion pair being
formed successfully in both cases.

In agreement with the thermodynamics calculated for the
Sap•+/C60

•-energy levels (i.e., 1.75 V, using -0.67 V versus
SCE as the first one-electron reduction potential of C60

10 and
+1.08 V versus SCE as the first one-electron oxidation of
sapphyrin5) which are presumably lower than those of the triplet
excited states of Sap and C60, charge recombination then leads
to the recovery of the ground state for both the radical species
Sap•+/C60-1•- and Sap•+/C60-2•-. However, not surprisingly, the
charge recombination kinetics are dependent on the specific
complex in question. The radical ion pair formed from the
complex Sap/C60-2 (i.e., Sap•+/C60-2•-) is notably stabilized (t
) 602 ( 10 ps) compared to that in Sap/C60-1 (i.e., t ) 474 (
10 ps). Charge delocalization between the two Sap moieties
might be responsible for this difference.

Conclusion

This work highlights the utility of expanded porphyrins,
specifically sapphyrin, for use as photodonors in electron transfer
systems. By using dendrimers with multiple supramolecular
guest “sites”, we effectively increase the extent of complexation
between appropriately chosen electron acceptors and donors.

In the specific case of protonated sapphyrin and polycarboxylate
fullerene dendrimers, we have shown not only that good binding
is seen but also that photoinduced electron transfer takes place
from the excited state of sapphyrin to fullerene in buffered
aqueous media. This stands in contrast with earlier work,
wherein sapphyrin was found to act as the energy3 or electron
acceptor.5 The present results lead us to suggest that fine-tuning
the components of the donor-acceptor pair to improve the
degree of supramolecular interaction can create effective anion-
bound, noncovalent charge separating systems. They also
highlight the versatility and usefulness of exploring expanded
porphyrins in the context of supramolecular electron transfer
systems. We believe that by using other combinations of
expanded porphyrins and redox active partners it should prove
possible to modulate in a controlled manner not only the
direction but also the extent of electron transfer within nonco-
valent donor-acceptor ensembles. With this long-range goal
in mind, work is now in progress to generate new dendritic
fullerene systems and to test their interactions with a variety of
expanded porphyrins. The results of these efforts, designed to
create functioning light harvesting materials that operate over
a greater range of the solar spectrum than permitted by simple,
well-studied porphyrin chromophores alone, will be reported
in due course.
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Abstract: The on and off rates corresponding to the binding of two test anions (acetate, AcO-, and
dihydrogen phosphate, H2PO4

-, studied as their tetrabutylammonium salts) to diprotonated cyclo[8]pyrrole
have been determined in CH3CN using stopped-flow analyses carried out at various temperatures. For
dihydrogen phosphate, this afforded the activation enthalpies and entropies associated with both off and
on processes. The different dynamic behavior seen for these test anions underscores the utility of kinetic
analyses as a possible new tool for the advanced characterization of anion receptors.

Introduction

Anion binding has emerged as an important subdiscipline
within the broader field of supramolecular chemistry.1-4

Considerable work has been devoted to the synthesis of new
anion receptors and to the characterization of their complexes
at equilibrium.1-7 Yet, few studies have addressed the problem
of anion binding dynamics. To date, some insights into the
dynamics of receptor-anion interactions (i.e., on and off rates)

have been obtained via the use of NMR exchange techniques.8,9

However, the accessible time scales are limited, and the nature
of the process in question must be inferred.

While not well studied, dynamic considerations touch on a
number of issues that are critical to both biological and synthetic
anion recognition, including apparent receptor-substrate speci-
ficities, especially those observed under conditions of slow
receptor-anion exchange, as well as the rates of through-
membrane ion transport and the viability of liquid-liquid
extraction processes.10 Both extraction and through-membrane
transport are dynamic phenomena, meaning the actual utility
of an otherwise promising receptor system is likely to be limited

† The University of Texas.
‡ Yonsei University.
§ Osaka University.
| Ewha Womans University.
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if either ion uptake or release is too slow.9-11 The same is true
for ion-selective electrodes.12 These potential limitations provide
a specific incentive to understand the kinetics of anion recognition.

One approach that might allow the kinetics of anion recogni-
tion to be probed in quantitative fashion involves the use of
stopped-flow. This technique is frequently used to study the
dynamics of enzyme-substrate interactions. It has also recently
begun to attract the attention of supramolecular chemists for
the analysis of, for example, receptor-cation binding kinetics.11

However, despite its potential utility, this technique has yet to
be extended to the study of anion binding. Here, we report the
use of the stopped-flow technique to monitor the on and off
rates of two test anions, acetate (AcO-) and dihydrogen
phosphate (H2PO4

-), binding to diprotonated cyclo[8]pyrrole
([C8 ·2H]2+; cf., Scheme 1). To the best of our knowledge, this
is the first time the kinetic parameters associated with an anion
binding event have been measured in quantitative terms.

Cyclo[8]pyrrole (C8), an expanded porphyrin reported by our
group in 2002, is able to interact with oxyanions, specifically
the sulfate dianion, as was inferred from a single-crystal X-ray
diffraction analysis.13 Follow-up work focused on the application
of an organic-solubilized version of C8 as a possible sulfate
extractant. The diprotonated form of this cyclo[8]pyrrole was
found to display selectivity for sulfate over nitrate under
conditions of aqueous-organic extraction, even in the presence
of high concentrations of the latter species.14 However, this same
work also led to the inference that the utility of C8 as an
extractant was limited by the kinetics of anion exchange. More
recently, carboxylate and dihydrogen phosphate monoanions
were found to bind to C8 in its diprotonated form ([C8 ·2H]2+),
as revealed through the significant UV-vis changes upon
titration with the corresponding tetrabutylammonium salts. The
interactions with carboxylate anions have recently been exploited
to create a supramolecular dyad capable of undergoing photo-
induced electron transfer.15 This latter work, based on the use
of a pyrene butyric acid salt, prompted the present study.
Specifically, we felt it important to characterize the “lifetime”
of the supramolecular donor-acceptor, [C8 ·2H]2+-carboxylate,

complex formed in solution prior to photoexcitation. Under-
standing the kinetics of association/dissociation is also viewed
as being critical to the analysis of other anion-recognition-based
ET systems.16

In light of this potential benefit, we set out to perform
stopped-flow analysis of the interactions between a simple test
carboxylate salt, tetrabutylammonium acetate (TBAOAc), and
the bis-HCl salt of C8 (C8 ·2HCl). Because it was found to
provide a good spectral signature, an effort was also made to
extend this analysis to include the dihydrogen phosphate anion.
As detailed below, the present kinetic study also facilitated a
determination of the system energetics, including key thermo-
dynamic values, such as enthalpy (!H), entropy (!S), and free
energy change (!G). This was accomplished for both anions
through van’t Hoff analyses made using association constants
(Ka) determined at various temperatures through either steady-
state measurements, kinetic measurements, or a combination
of both. In the case of dihydrogen phosphate, on and off rates
could be determined at multiple temperatures. This allowed for
an Eyring analysis and yielded the activation parameters (!Hq,
!Sq) for both the on and the off processes. Access to these latter
values is limited without quantitative kinetic data.1

Results and Discussion

Steady-state titrations were carried out between TBAOAc and
C8 ·2HCl in CH3CN, resulting in large spectral changes in the
UV-vis region amenable to study by stopped-flow (Figure 1a).
On the basis of a Job plot analysis and curve fits, a 1:1 binding
stoichiometry was inferred (Figure 1b). Proton NMR spectro-
scopic studies provided support for anion binding, as opposed
to deprotonation; that is, no loss in the NH proton signal was
seen upon treatment with excess anion (see Figure S2).

The apparent association (formally displacement) constant,
Ka, for the binding of TBAOAc to C8 ·2HCl in CH3CN was
determined at various temperatures through UV-vis spectral
titrations wherein the host concentration is held constant upon
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223. (b) Bohne, C. Langmuir 2006, 22, 9100–9111.
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Avdrievsky, A.; Sessler, J. L. J. Am. Chem. Soc. 1999, 121, 2281–
2289. (c) Park, J. S.; Karnas, E.; Ohkubo, K.; Chen, P.; Kadish, K. M.;
Fukuzumi, S.; Bielawski, C. W.; Hudnall, T. W.; Lynch, V. M.;
Sessler, J. L. Science 2010, 329, 1324–1327. (d) Grimm, B.; Karnas,
E.; Brettreich, M.; Ohta, K.; Hirsch, A.; Guldi, D. M.; Torres, T.;
Sessler, J. L. J. Phys. Chem. B 2009, 113, in press. ( e) Honda, T.;
Nakanishi, T.; Ohkubo, K.; Kojima, T.; Fukuzumi, S. J. Am. Chem.
Soc. 2010, 132, 10155–10163.
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Soc. 2003, 125, 6872–6873.

Scheme 1. Model Used To Fit the Kinetic Data Obtained upon Mixing C8 ·2HCl with TBAOAc
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addition of guest. At 298 K (room temperature), the Ka was
found to be on the order of 2 ! 105 M-1, and at 243 K, the Ka

was found to be on the order of 9 ! 104 M-1 (see Figure S1).
This steady-state data led us postulate that the binding dynamics
would be governed by a one-step binding process, as shown in
Scheme 1. To test this hypothesis, stopped-flow analyses were
carried out in CH3CN monitoring the change in absorbance from
300-700 nm under conditions of rapid mixing. More specifi-
cally, two separate syringes were loaded with stock solutions
of the host, C8 ·2HCl, at 8 µM, and the guest, TBAOAc, at
various concentrations in CH3CN. As is typical in a stopped-
flow setup, both syringes are automatically and simultaneously
engaged to release the same amount (100 µL) of each of the
two different solutions into a mixing chamber with a quartz
window. This results in a 2-fold dilution of the stock solutions
and a rapid mixing. After an initial period in which mixing is
presumed to occur (typically 1-3 ms and often referred to as
the “dead time”), the flow is stopped, and the optical spectra
are recorded as a function of time.18

As might be expected given the relatively high Ka value
recorded for this anion, the kinetics of interaction with acetate
proved to be extremely fast. Indeed, to observe any change in

the spectral features of C8 ·2HCl on the ca. millisecond stopped-
flow time scale, low temperature (243 K) analyses had to be
carried out, and relatively low host concentrations (4 µM) had
to be employed. Under these conditions, time-dependent optical
changes were observed for a variety of TBAOAc concentrations,
as shown in Figure 2 (for the actual time-dependent spectral
changes, see Figure S4).

Each kinetic trace obtained could be fit to a single exponential
decay as shown in Figure 2. This gave an observed rate constant,
kobs, which was then plotted versus the concentration of
guest.18,19 A straight line was obtained, as would be expected
for a one-step equilibrium process. By fitting to the equation,
kobs ) k1[AcO-] + k-1, the on rate constant (k1) and off rate
constant (k-1) could be obtained. This gave values of k1 ) (1.9
( 0.2) ! 107 M-1 s-1 and k-1 of 200 ( 20 s-1, respectively. A
value for the Ka, (9.5 ( 0.9) ! 104 M-1, was determined from
the ratio of k1/k-1. This kinetically derived association constant
proved to be the same within experimental error as that
determined by the direct titration discussed above. This con-
cordance, although not a “proof”, serves as an important check
for the kinetic parameters obtained via stopped flow. The off

(18) Kinetic Analysis of Macromolecules; Johnson, K. A., Ed.; Oxford
University Press: New York, 2003.

(19) Under the present experimental conditions, the concentration of
uncomplexed anion remains approximately constant during the reac-
tion, allowing us to analyze the kinetic data by pseudo-first-order
kinetics.

Figure 1. (a) Steady-state spectral titration performed between C8 ·2HCl (1.1 ! 10-5 M) and TBAOAc in CH3CN at 298 K (TBA ) tetrabutylammonium).
(b) A Job plot was also constructed; it displayed a maxima at a mole fraction of 0.5, as would be expected for a 1:1 binding stoichiometry.

Figure 2. (a) Kinetic traces produced by mixing C8 ·2HCl (4 µM final postmixing concentration) with TBAOAc at the following final concentrations: 5,
10, 20, 30, 50 µM in CH3CN at 243 K. The mixing time (ca. 3 ms) is shown as dotted lines in these traces. The solid lines represent the fit of a single
exponential decay of the signal, giving the observed rate constant, kobs; see text for details. (b) Plot of kobs as a function of the concentration of guest, AcO-,
with a solid line showing the fit to kobs ) k1[AcO-] + k-1, where k1 is the slope, and k-1 is the y-intercept.
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rate of 200 s-1 corresponds to a lifetime, !, of 5 ms; this is
long enough to allow intraensemble charge separation and
recombination as assumed in the previous electron transfer
study.15

We next analyzed the binding of dihydrogen phosphate
(TBAH2PO4) to C8 ·2HCl. This tetrahedral anion, in contrast
to simple carboxylates, is known to form 2:1 complexes with
protonated expanded porphyrins, although 1:1 complexes domi-
nate under most solution phase conditions.20-22 This complexity
made H2PO4

- useful as a test anion. The raw spectra obtained
upon stopped-flow mixing at 253 K are shown in Figure 3.23

These data provide support for the conclusion that there are at
least two steps: a fast phase (Figure 3a) and a slow phase (Figure
3b). It was thus inferred that a reasonable analysis would involve
a two-step binding model. Our proposed mechanism involves
the binding of first one, and then a second H2PO4

- (P), as shown
in eqs 1 and 2 (Figure 3d).

Using a global fitting analysis for a two-step process, a k1 of
(2.65 ( 0.1) ! 105 M-1 s-1 and a k-1 of 16.6 ( 0.3 s-1 were

calculated for the first binding step.24 These values were then
used to estimate an association constant, Ka, of (1.6 ( 0.1) !
104 M-1. The same global kinetic analysis gave k2 ) (4.1 (
0.5) ! 103 M-1 s-1 and k-2 ) (3.9 ( 0.6) s-1 for the second
step. These latter values, while not well-determined, allowed
an equilibrium constant of ca. 1 ! 103 M-1 to be estimated for
the second step. This value is an order of magnitude smaller
than the Ka for the first event.

The data were also analyzed by conventional methods,
wherein kobs was plotted as a function of the guest concentration.
This gave concordant values for the on and off rates for the
first step as shown in Figure 4 and in Table 1 (the raw data are
given in Figures S4-S7). Unlike acetate, the slower kinetics
of interaction between C8 ·2HCl and TBAH2PO4 allowed for
analysis of the dynamics over a range of temperatures. Figure
4 shows the results of such an analysis carried out at 243, 253,
and 273 K.

To check the mechanistic assumptions on which the kinetic
analysis was based, a steady-state titration was performed at
253 K in CH3CN (cf., Figure 5a). This study was carried out
under conditions identical to those used for the kinetic analysis,
that is, the same temperature, concentration of C8 ·2HCl, and
solvent. This congruity allowed us to compare with confidence
the two sets of association constants obtained from these
disparate procedures. With the exception of several initial points
ascribed to the formation of a 1:2 (phosphate-to-C8) complex,
a binding isotherm in agreement with the kinetic results was
obtained when the concentration of the guest was plotted versus

(20) Iverson, B. L.; Shreder, K.; Král, V.; Sansom, P.; Lynch, V.; Sessler,
J. L. J. Am. Chem. Soc. 1996, 118, 1608–16.

(21) Král, V.; Furuta, H.; Shreder, K.; Lynch, V.; Sessler, J. L. J. Am.
Chem. Soc. 1996, 118, 1595–1607.

(22) The crystal structure of C8 with a singly charged tetrahedral oxyanion
(cf., Figure S3) revealed a 2:1 complex with the two anions held above
and below the plane of the relatively flat macrocycle.

(23) Note that all the spectra obtained by stopped-flow measurements were
taken as difference spectra in which the final spectrum was subtracted;
recovery of the bleaching absorption at 400 nm in Figure 2b
corresponds to the formation of the 1:2 complex.

(24) Johnson, K. A.; Simpson, Z. B.; Blom, T. Anal. Biochem. 2009, 387,
20–29.

Figure 3. Optical spectra obtained when C8 ·2HCl (10 µM) is mixed under stopped-flow conditions with the 500 µM of TBAH2PO4 in CH3CN at 253 K
from (a) 2-20 ms and (b) 20-500 ms. (c) Change in the spectral intensity at 425 nm observed when C8 ·2HCl (10 µM) is mixed with 50, 100, 200, 400,
500 µM of TBAH2PO4 in CH3CN at 253 K (all concentrations are final, postmixing). The dotted lines are experimental data points corresponding to the
decay in the C8 absorbance at 425 nm, while the solid lines are the best fits obtained using a global fitting procedure.24 (d) Equations used for the global
fitting analysis shown in part (c), wherein “P” represents H2PO4

-.
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the change in absorbance for C8.25 Shown in Figure 5b is the
overlay of the expected binding isotherm based on a simulation
using the full set of kinetic data seen in Figure 3 and that
obtained from an independent steady state analysis. Gratifyingly,
the resulting binding curves match well.

A comparison between the association constants for C8 and
H2PO4

- obtained at various temperatures was carried out. On
this basis, it was inferred that the kinetically derived Ka value
decreases with decreasing temperature. This is indicative of an
endothermic reaction, wherein there is a largely positive entropy
contribution. This is common for ion-pairing events, wherein
desolvation occurs to afford a largely positive entropy change.26,27

On the other hand, the complex itself is highly unrestrained
(e.g., not held in a particular configuration). Given the planar
structure of C8 and the 2+ charge, such an inference seems
reasonable.

These data also allowed for van’t Hoff analyses, from which
!H and !S values of 4.4 kcal mol-1 and 36 cal K-1 mol-1,
respectively, were determined.28 A similar decrease in Ka as a
function of temperature was also seen for TBAOAc, where the

van’t Hoff plot yielded a !H value of 2.8 kcal mol-1 and a !S
value of 33.7 cal K-1 mol-1 (Figure 6b, Table 2).

Finally, the activation parameters for both the association and
the dissociation processes were determined from Eyring plots

(25) For similar analyses, see: (a) Choi, K.; Hamilton, A. D. J. Am. Chem.
Soc. 2003, 125, 10241–10249. (b) Hossain, M. A.; Llinares, J. M.;
Powell, D.; Bowman-James, K. Inorg. Chem. 2001, 40, 2936–2937.
(c) Kubik, S.; Goddard, R.; Kirchner, R.; Nolting, D.; Seidel, J. R.
Angew. Chem., Int. Ed. 2001, 40, 2648–2651.

(26) Valik, M.; Král, V.; Herdtweck, E.; Schmidtchen, F. P. New J. Chem.
2007, 31, 703–710.

(27) Jadhav, V. D.; Herdtweck, E.; Schmidtchen, F. P. Chem.-Eur. J. 2008,
14, 6098–6107.

(28) Anslyn, E. V.; Dougherty, D. A. Modern Physical Organic Chemistry;
University Science Books: Sausalito, CA, 2006.

Figure 4. Plots of the pseudo-first-order rate constant versus the concentra-
tion of guest for the stopped-flow data involving C8 ·2HCl and TBAH2PO4

at 243 (9), 253 (b), and 273 (2) K, wherein the concentration of the guest
is in excess relative to the host. In this case, k1 or kon is given by the slope
of the line, and k-1 or koff is given by the y-intercept. These values are
summarized in Table 1.

Table 1. Summary of the Calculated k1 (kon) and k-1 (koff) and the
Kinetically Derived Association Constants (Ka) for C8 ·2HCl and
H2PO4

-

T, K k1, M-1 s-1a k-1, s-1a Ka, M-1 k1, M-1 s-1 k-1, s-1b Ka, M-1

298 3.9 ! 106 84 4.6 ! 104

273 6.8 ! 105 37 1.8 ! 104 6.5 ! 105 27.3 2.4 ! 104

253 2.6 ! 105 23 1.1 ! 104 2.6 ! 105 13.3 1.9 ! 104

243 1.2 ! 105 10 0.9 ! 104

a Rate constants and Ka calculated by the conventional method shown
in the graph above. b Rate constants and Ka calculated by global fitting
analysis using the KinTek software.18

Figure 5. (a) Steady-state titration of C8 ·2HCl (11 µM) with increasing
quantities of TBAH2PO4 in CH3CN at 253 K. (b) Binding isotherm for the
steady-state titration of C8 ·2HCl and TBAH2PO4 shown in part (a) (9)
and the simulated binding isotherm based on a global fit to the kinetic data
recorded at 253 K (b).

Table 2. Kinetic and Thermodynamic Parameters for the Binding
of Indicated Guest in CH3CNa

AcO- H2PO4
-

!H (kcal mol-1)b 2.8 4.4
!S (cal K-1 mol-1)b 33.7 36
!G (kcal mol-1)c -7.2 -6.3
!Hass

q (kcal mol-1)d 8.3
!Sass

q (cal K-1 mol-1)d,e -3.0
!Gass

q (kcal mol-1)f 9.2
!Hdiss

q (kcal mol-1)d 4.6
!Sdiss

q (cal K-1 mol-1)d -34
!Gdiss

q (kcal mol-1)f 14.7
!H (!Hass

q - !Hdiss
q) (kcal mol-1) 3.7

!S (!Sass
q - !Sdiss

q) (cal K-1 mol-1) 31
!G (!Gass

q - !Gdiss
q) (kcal mol-1) -5.5

a Error for the listed values is estimated to be e10% unless otherwise
noted. b Calculated from van’t Hoff analysis shown in Figure 6.
c Calculated using the Gibbs-Helmholtz equation !G ) !H - T!S at
298 K. d Calculated from Eyring analysis shown in Figure 7. e Estimated
error: 33%. f Calculated using the Gibbs-Helmholtz equation !Gq )
!Hq - T!Sq at 298 K.
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(Figure 7). Here, the on and off rates were analyzed separately as
a function of temperature and fit to the following equation: ln(k/T)
) [ln(kB/h) + !Sq/R] - !Hq/(RT).29 The resulting values are
included in Table 2. In the case of dihydrogen phosphate, the
activation enthalpy (!Hass

q) and entropy (!Sass
q) for the association

of dihydrogen phosphate with C8 were determined to be !Hass
q

) 8.3 kcal mol-1 and !Sass
q ) -3.0 cal K-1 mol-1, respectively

(cf., Figure 6a). The !Hq and !Sq values for the dissociation were
also determined: !Hdiss

q ) 4.6 kcal mol-1 and !Sdiss
q ) -34 cal

K-1 mol-1, respectively (cf., Figure 6b). These values allowed a
“check” for !H ) !Hass

q - !Hdiss
q ) 3.7 kcal mol-1 and !S )

!Sass
q- !Sdiss

q) 31 cal K-1 mol-1 to be carried out. The standard
free energy, !G, was then calculated to be -5.5 kcal mol-1 at
298 K. In accord with expectations, these kinetically derived values
were found to agree well within experimental error with those
determined by the van’t Hoff analysis described above (i.e., !H
) 4.4 kcal mol-1 and !S ) 36 cal K-1 mol-1, and at 298 K, !G
) -6.3 kcal mol-1).

Conclusion

The present kinetic studies provide support for the notion
that observable differences can underlie the binding of different
guests. For instance, even under conditions designed to slow

the reaction (low temperature; dilute conditions), the interaction
between C8 and acetate achieves equilibrium in about 10 ms
in CH3CN to give a 1:1 complex. Furthermore, no evidence of
additional complexation is seen under any of the tested
conditions using this particular anion. On the other hand, in
the case of dihydrogen phosphate, a 2:1 complex is formed with
kinetics that are much slower than those associated with the
formation of the initial, dominant 1:1 complex. On the basis of
the notable differences seen for these two test anions, we propose
that kinetic analyses will have an important role to play in the
advanced characterization of new anion binding agents.
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Figure 6. Van’t Hoff analysis for C8 with (a) H2PO4
- and (b) AcO-; here, ln Ka is plotted as a function of 1/T. This is based on the equation ln Ka ) (!S/R)

- (!H/RT), which yields !H/R as the slope and !S/R as the y-intercept.

Figure 7. Eyring plots constructed using the (a) on rates and (b) off rates from Table 1. This plot is based on the following equation: ln(k/T) ) [ln(kB/h) + !Sq/R] -
!Hq/(RT).
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