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Non-covalent interactions are of great interest to chemists and biologists who 

study the molecular structure and function of biological systems, as well as those who 

seek to control, undo, or improve upon the efficiency of these systems with man-made 

chemical tools.  The Iverson group has specifically applied noncovalent aromatic donor-

acceptor interactions to biotic and abiotic aqueous systems through the use of the 

electron-rich 1,5-dialkoxynaphthalene (DAN) and electron-deficient 1,4,5,8-

naphthalenetetracarboxylic diimide (NDI) moieties. 

Chapter 1 introduces and reviews the current state of self-assembly research, 

especially work conducted in aqueous media. Chapter 2 delineates the design and 

synthesis of a molecule that can self-assemble and form disulfide bonds, with the goal of 

creating higher-order structure. Chapter 3 comprises the design and synthesis of a series 

of pendant-NDI bisintercalators of DNA that are distinct from the backbone-incorporated 

intercalators previously employed in our laboratory. Chapter 4 contextualizes the term of 
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art “pi-stacking,” reviewing the current state of knowledge of specific contributions to 

this effect and commenting on the putative uniqueness of the interaction.  Theoretical and 

experimental work in the field is summarized. 

The work discussed in this dissertation serves to expand the scope of 

programmability of our DNA intercalators, to probe the higher-order assembly behavior 

of our donor-acceptor pair, and to clarify the term “pi-stacking,” lately overused, that 

imperfectly describes the interaction that gives both these systems their compelling 

binding properties.  
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Chapter 1 
 

Aromatic Interactions as a Non-Covalent Driver of Three-Dimensional 
Structure 

1.1 SHAPE AND STRUCTURE IN THE NATURAL WORLD 

The bromide, oft-used by chemists attempting to connect with non-scientists, that 

“Chemistry is all around us!” often fails to inspire. Young students learn to distinguish 

between physical and chemical changes, but often struggle to think of observable 

examples for the latter; if they assume that chemistry only explains the chemical changes, 

the idea of its ubiquity will surely ring hollow.  Perhaps the canonical A+B  C bond-

breaking and bond-making reactions that most people take away from high school 

chemistry limit a greater discussion of how atoms and molecules constantly interact 

without reacting.  

It might be more provocative to teach how much of the shape and behavior of the 

physical world, especially the exquisitely organized living world, does not depend on 

exact atomic chemical makeup or covalent reactions at all. Chemistry can explain how 

soap cleans a dish, a nicotine patch provides a cigarette-deterring dose through the skin, 

or wax resists batik dye, even though only non-covalent interactions with solvent are 

involved. It can also explain how a cooked egg becomes solid, a chemical switch in the 

eye detects light, or a healthy brain develops a prion disease, even though only changes in 

molecular shape are responsible.  Much of chemistry depends on shape, flexibility, and 

aggregate electron density; on bulk properties and molecular organization; on proximity 

and compartmentalization. And much of chemical research involves the redesign of 

chemical structures to enhance their activity as enzymes, ligands, solvents or electrical 
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conductors; as flavors, odors dyes or emulsifiers — activities that depend on molecular 

shape and electron density, not atomic identity or chemical reactivity, per se.   

This dissertation describes efforts to create molecular organization using aromatic 

molecules. The relative importance of the constituent forces that are comprised by the 

term “aromatic interactions” is still not fully understood. Chapter 2 describes the design 

and synthesis of an aromatic donor-acceptor molecule that can dynamically assemble in 

water using disulfide bonds, while Chapter 3 delineates the construction and preliminary 

evidence of binding of electron-deficient DNA-bisintercalating molecules that are 

architecturally distinct from, yet preserve important shape elements of, previous 

intercalators studied by our group. Chapter 4 is a review of theoretical and experimental 

literature on aromatic-aromatic interactions that makes the case that the term of art “pi-

stacking” overstates their universality and regularity.  Here, Chapter 1 attempts to place 

these efforts in the context of current research into noncovalent self-assembly research 

outside of our lab.  

1.2 THE RANGE OF NONCOVALENT INTERACTIONS 

Noncovalent interactions are comprised of a range of attractions that vary in 

strength based on the magnitude and permanence of the electron density and polarization 

of the molecules involved. While covalent bonds vary in strength from 50-110 kcal/mol, 

noncovalent interactions range from 0.01-0.2 kcal/mol for a single dispersion interaction 

to 4-6 kcal/mol for an ion pair. The weakness of these attractions and their sensitivity to 

small changes in intermolecular distance mean that they, unlike covalent bonds, are easily 

disrupted by increased temperature and are often subject to nearly isoenergetic 

rearrangements. Here, we briefly discuss the different types of noncovalent interactions 

in terms of their strength and their importance in self-assembly. 
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The strength of a single noncovalent interaction depends on the polarity and the 

polarizability of the atoms or groups involved, as well as on the distance between these 

groups. Even a pair of very small molecules can experience several types of interactions 

simultaneously. Molecules that are bound by noncovalent forces are often modeled in the 

gas phase, but are typically observed or designed for use in solution, where additional 

interactions with solvent molecules complicate the picture by competing with interactions 

between the molecules of interest. The “competitiveness” of a solvent is dependent on its 

polarity and polarizability, as well as its size, since solvation also depends on a solvent’s 

ability to fill small interstitial spaces.  

Coulomb’s law can be used to calculate the force exerted and the energy of 

interaction between two groups. For the simplest case of two point charges in solution, 

energy of interaction is calculated using  

! 

E = kq1q2 "r  

where k is a force constant, q1 and q2  are the charges,  ε is the solvent dielectric (a 

measure of solvent polarity and therefore of solvent “interference”), and r is the distance 

between the two charges. Unlike covalent bonds, which are generally ≤ 2 Å, noncovalent 

interactions can act over anywhere from two to tens of angstroms. However, many 

interacting regions of interest include numerous atoms and are therefore much more 

electrostatically diffuse than the simple point charge example. Therefore, the weaker of 

the noncovalent forces are insignificant above distances of about 4-5 Å (Müller-Dethlefs 

and Hobza, 2000).  Atomic ions themselves range in size and polarizability across the 

periodic table. Small molecular ions can be resonance-stabilized or experience inductive 

effects that spread electron density across their covalent structure, reducing the amount of 

electron density available for noncovalent interactions at a given functional group.  As 
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the interacting groups in question become more complex and charge density is spread 

across two or three dimensions, from ions to dipoles, to quadrupoles and nonpolar groups 

in which a dipole can be induced, greater polarizability and distribution of charge are 

accounted for by additional terms inversely proportional to r. While the energy of 

interaction for two atomic ions varies with 1/r, the extra dimension across which 

electrons are spread or induced adds an extra distance-dependent 1/r term.  The quantity 

varies by 1/r2 for an ion-dipole pair, by 1/r3 for a dipole-dipole interaction, 1/r4 for an 

induced dipole-dipole pair, and so forth. This means that all noncovalent interactions 

other than ion pairing are extremely sensitive to intermolecular distance, particularly 

dispersion interactions between two nonpolar groups, which diminish by 1/r6 as r 

increases. These weakest interactions are often omitted in standard theoretical DFT 

calculations. However, for large aromatic or biochemical systems, these additional 

dispersion energy terms should be included, as the total aggregate dispersion force can be 

significant when large surfaces that are relatively restricted in motion are brought 

together (Riley and Hobza, 2011). 

Hydrogen’s low valence means that the surfaces of macromolecules are 

covered in hydrogen “termini” that are more available to intermolecular interaction than 

sp2- or sp3-hybridized atoms.  In addition, its small size imparts it with high charge 

density when polarized. Hydrogen-bonding interactions are a specific form of dipole-

dipole interaction between an electronegative atom (particularly O or N), and a hydrogen 

already polarized by a covalent bond to another electronegative atom. Their special 

designation and primacy in biological and designed systems is attributable to their 

relative ubiquity and accessibility compared to other dipole pairs, as well as their relative 

strength. Although a single hydrogen bond is weak, on the order of 2-5 kcal/mol, a 
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localized patch of polarized hydrogens can act together to create a significantly attractive 

surface. 

Even when surface hydrogens are not polarized, their sheer number is still 

crucial to the energy of interaction.  Fully nonpolar molecules such as hydrocarbons still 

exert electrostatic influence over each other, although the forces are minute and transient.  

The atoms in nonpolar bonds still experience fluctuating “instantaneous dipoles” that can 

induce corresponding transient polarity in nonpolar neighbors in the same general way as 

ions and permanent dipoles. However, these forces, the weakest of all, can act only over 

very short distances and can quickly be overcome by an increase in thermal energy. 

In studying the behavior of molecules in solution, the relative proclivity of both 

the solutes of interest and the solvent to self-interact must be taken into account. 

“Solvophobic effects” describe the tendency of poorly solvated molecules to adopt either 

folded (intramolecular) or aggregated (intermolecular) states that minimize the amount of 

surface area exposed to solvent. Polar molecules exhibit solvophobicity towards nonpolar 

solvent and vice versa. The most commonly studied solvophobic effects are hydrophobic 

interactions. 

As with hydrogen bonding, hydrophobic interactions are privileged because of 

their ubiquity and biological relevance as much as their strength.  Water’s high dielectric 

constant and small size lead to a high energy of interaction with itself, which results in its 

high surface tension, boiling point, and inaccurate reputation as the “universal solvent.” 

Although the solubility of proteins, metabolites, and chemical messengers is imperative 

in order for life to exist, the insolubility or poor solubility of structural building blocks 

such as lipid membranes and cell walls impart permanence that is just as important. 

Hydrophobic interactions between the stacked bases of DNA are now appreciated as 

contributing at least as much stability to its structure as do the hydrogen bonds between 
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said bases; the addition of methanol to aqueous solutions of DNA destabilizes its 

structure not by disrupting hydrogen bonds but by decreasing these solvophobic 

interactions; the better solvated molecule has a less ordered structure (Riley and Hobza, 

2011). 

Molecular shape and geometric complementarity, as well as polarity, can be a 

determinant of solvophobicity. Cellulose, the β(14) homopolymer of glucose and the 

major component of plant cell walls, is composed of highly hydrophobic sugar units yet 

is highly insoluble in water due to its three-dimensional shape. Cellulose strands can form 

highly ordered layers that maximize intermolecular hydrogen bonding between the 

stackable chair conformers of the sugar rings, even though, unlike aromatic carbons, their 

sp3-hyribridized carbons are highly flexible.  Cellulose chains range from 300-10,000 

sugar units in length and are a fine example of how preorganization (a term for structural 

rigidity or design that minimizes the entropic costs of intermolecular assembly) can lead 

to cooperative effects; when two cellulose strands are near enough to each other to 

exclude the solvating layer of water between them, the number of hydrogen bonds lost 

with the solvent is outcompeted by the large set of cellulose-cellulose hydrogen bonds 

formed.  

Aromatic stacking interactions (the topic of Chapter 4) are best thought of as a 

combination of electrostatic and solvophobic interactions, aided by structural planarity 

and rigidity. In some cases, such as in our DAN/NDI aromatic donor-aromatic acceptor 

pair (Chapter 2) there are complementary quadrupole-quadrupole electrostatic 

interactions, but for many aromatic-aromatic systems, only weak electrostatic dispersion 

forces exist between the ring systems.  Cellulose, as described above, is a fine example of 

noncovalent macrostructure driven by complementary shape even though it, like water, is 

highly polar and “like” (presumably) dissolves “like.” Aromatic systems are even better 
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at driving self-assembly for two reasons. Their much higher degree of planarity and 

rigidity allows the large ring surfaces to pack even closer, maximizing dispersion 

interactions and minimizing thermally induced rotation that often disrupts them in more 

flexible nonpolar molecules. Compared to sugar rings, aromatic units are also much more 

hydrophobic, and therefore water molecules experience far less energy of interaction 

when solvating them. Every time two aromatic faces stack, “layers” of solvating water 

molecules are freed from their surface to reform more favorable hydrogen bonds with 

each other in the bulk phase.  Therefore it is not surprising that aromatic rings are 

crucially important building blocks for self-assembly.  

 

1.3 PEPTIDES AND FOLDAMERS 

Stabilization of three-dimensional structure via non-covalent interactions is 

crucial to the proper function of DNA, RNA and proteins.  RNA and proteins, in 

particular, have non-linear, non-repeating structures that are often only slightly stable; 

much of their proper function relies on conformational switching behavior in response to 

the external environment. Proteins rely on noncovalent interactions, with solvent and 

between different regions of their own chains, to create internal hydrophobic clusters that 

nucleate folding immediately following ribosomal synthesis.  Just as importantly, these 

forces direct the formation of external electrostatic binding surfaces that are key to the 

role of proteins in cells as structural elements, binders of small molecules and other 

proteins, and enzymatic catalysis. 

The same suite of noncovalent interactions are being tamed by synthetic chemists 

to create molecules with therapeutic applications and artificial systems that organize 

themselves in ways that are as sensitive, low-energy and multifacetedly controllable as 
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naturally occurring ones. The design of these systems is an iterative process. Because ion 

pairs, single hydrogen bonds and hydrophobic interactions are individually weak, 

complexes that rely on them must be designed to include large numbers of each. 

However, since these interactions are labile, and multiple minimal energy structures may 

exist and even interconvert, it can be difficult to precisely predict the equilibrium 

structures they will promote (Müller-Dethlefs and Hobza, 2000). If the sum total of the 

forces between components is too great, the entire system may prove intractably 

insoluble, whereas too few attractive elements may result in very weak assembly, or no 

detectable assembly at all.   

 

Figure 1.1 Visualization of noncovalent “surfaces” between molecules. From left to 
right, methane dimer, formic acid dimer, water dimer, benzene dimer, and 
polyalanine α-helix. Surface color varies from blue for strong attractive 
interaction to red for strong nonbonded overlap (range -0.04 to 0.02 au, 
except for helix, where range -0.06 to 0.05 au). Used with permission. 
(Johnson et al., 2010) 
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Johnson, Keinan, et al., have recently undertaken the task of visualizing 

noncovalent interactions in modeled structures, similar to the electrostatic surface 

pictures that are so useful for covalent structures (Johnson et al., 2010).  New theoretical 

tools such as these can help to pave the way for structural predictions and design (Figure 

1.1). 

The following sections present examples of self-assembled systems using 

aromatic interactions in concert with other noncovalent interactions. This chapter focuses 

on recent work in noncovalent synthesis; review of more foundational work can be found 

in introduction chapters from previous dissertations out of the Iverson lab. 

1.3.2 Secondary structure in peptides 

Waters and coworkers have studied a variety of β-hairpin structures to determine 

how this secondary structural element can be stabilized. They have also used the β-

hairpin motif to study pairwise interactions between non-neighboring amino acid 

residues, and to create recognition elements. The β-hairpin shown in Figure 1.2 includes 

two aromatic tryptophan residues that, in concert with neighboring positively-charged 

lysine residues, bind ATP (adenosine triphosphate) as well as both redox states of FMN 

(flavin mononucleotide); the more electron-deficient oxidized state binds 1.5 kcal/mol 

more strongly (Waters, 2004). 

1.3.2.1 Isopeptide foldamer helices and nonnatural amino acids 

A native peptide composed of α-amino acids adds three atoms per residue to the 

backbone and adopts a “3.6-helix.” A 13-atom distance along the backbone traverses a 

full turn of the helix, from the carbonyl of one residue to the amide hydrogen it forms an 

H-bond with in the ring below.  Gellman and coworkers added rigidity to their small  
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Figure 1.2 Di-trypytophan β-hairpin developed by Waters.  Aromatic portions of ATP 
and FMN are bound between the tryptophan sidechians; flanking lysine 
sidechains interact favorably with phosphate groups. (Waters, 2004) 

peptide foldamers, simultaneously reducing the frequency of peptide bonds, by using 

alternating β- and γ-amino acids with cyclic sidechains.  The group’s alternating β/γ-

peptides with constraining cyclopentyl and cyclohexyl sidechains are also able to form 

13-atom helices that allow very similar hydrogen-bonded ring formation (Figure 1.3). 

Molecules such as these, which are able to mimic the structures of biological molecules 

but resist enzymatic degradation, may someday be therapeutically useful. 

 

 

Figure 1.3 An example of one of Gellman’s β/γ-peptides. Hydrogen bonds between 13-
atom helical turns are indicated with arrows.  
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Amino acids recently developed by the Sanjayan lab will likely provide novel 

architectures due to the unusually rigid or rotationally restricted elements incorporated 

into their backbones (Figure 1.4) (Ramesh et al., 2010). These nonnatural amino acids 

will likely be used to synthesize homooligomers, which may have novel secondary 

structure, as well as hybrid molecules that also incorporate natural α-amino acids. The 

natural propensities of the naturally occurring elements for α-helix or β-sheet formation 

can likely be influenced by these kink-adding elements.  It will be interesting to study the 

effects of these amino acids’ rigidity, as well as the interaction of their aromatic ring 

systems. 

 

Figure 1.4 Aromatic amino acids with two-dimensional orientations of amino and 
carboxylic acid groups enforced by a rigid framework (left) or significant 
barriers to rotation (center and right). (Ramesh et al., 2010) 

 

1.4 SELF-ASSEMBLY USING AROMATIC DONOR-ACCEPTOR INTERACTIONS 

1.4.1.1 Abiotic helices, including applications 

Unlike other groups that seek to control assembly by introducing rigidity, the Huc 

lab has aimed both to develop novel architectures that fall outside the common bio-

inspired helices and turns, and to build in flexibility that allows switching behavior. 

Using oligomers of 8-amino-2-quinoline, which are known to fold into a highly stable 

helix, the researchers created oligomers of 8-amino-2-quinoline/2,6-pyiridinecarboxylate, 



 12 

effectively replacing one ring of the bicylic monomer with a methylene in every other 

aromatic unit (Delsuc et al., 2007). Although energy-minimized models predicted the 

same helical structure for the 8-amino-2-quinoline and the hybrid molecules, the 

alternating bicylic-monocylic molecules displayed an interesting alternative 

“herringbone-helical” structure in the solid state (Figure 1.5).  

The packing of each type of heterocycle with itself drives the distortion of the 

helix to accommodate perpendicular, off-set planes of stacked aromatics. This packing is 

only possible because of the additional flexibility of the new methylene unit, and is not 

completely stable —in solution, the herringbone-helix is in equilibrium with the normal 

helix. However, this work suggests that novel architectures can also achieved by building 

additional degrees of freedom into existing, well-characterized structural motifs.  

Additional studies that vary the ratio and patterning of 8-amino-2-quinoline and 2,6-

pyiridinecarboxylate units, producing oligomers up to 40 units long, have demonstrated 

that the rigidity and helical character of these systems can be tuned as desired (Sanchez-

Garcia et al., 2009).  

The Huc lab has also worked towards making abiotic foldamers water-soluble and 

therefore biocompatible. The 8-amino-2-quinoline octamers are fully water-soluble when 

derivatized with ammonium functional groups. When linked to fluorescein, these helical 

molecules built from a single monomer were able to localize the dye to the cytoplasm and 

molecules built from a single monomer were able to localize the dye to the cytoplasm and 

nucleoli of HeLa cells at comparable levels to the HIV Tat peptide, a well-characterized 

and effective biological transporter molecule (Kohmoto et al., 2008). Further studies 

demonstrated that the octamer can also enter hard-to-penetrate Jurkat cells, and 

micrographs of fluorescent vesicles suggest that the molecules enter cells via an 

endocytic mechanism (Figure 1.6) (Iriondo-Alberdi and Laxmi-Reddy, 2010).  
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Figure 1.5 Energy-minimized models of 8-amino-quinoline:2,6-pyridinedicarboxylate 
oligmers in their helical (left) and “herringbone-helical” (right) 
conformations. Top-down views of are displayed below each side-view. 
Used with permission. (Delsuc et al., 2007) 

 

            

Figure 1.6 At right, fluorescence confocal microscopy image of HeLa cells after 
incubation with Huc’s dye-linked, water-soluble 8-amino-2-quinoline 
octamer, shown at left. Used with permission. (Gillies et al., 2007) 
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Because many aromatic foldamers are not chiral, they are often capable of 

adopting both right- and left-handed helical conformations. Experiments that linked 

neighboring 8-amino-2-quinoline helices of opposite twist at their midpoint with an 

ethylene spacer demonstrated that a flexible connection such as this can promote a slow 

inversion of twist in one helix (Delsuc et al., 2011). This unique conformational 

switching behavior distinguishes these molecules from other peptide mimics and may 

provide an entry into creating and organizing stable abiotic foldamers with something 

akin to tertiary and quaternary structure, as well as a route to something like allosteric 

regulation. 

1.4.1.2 Pleated “zigzag” foldamers 

Steric effects can dictate subtle changes to helices and to zigzag patterns, a 

topology commonly seen in foldamer systems that has no biological referent.  Kohmoto 

and coworkers studied alternating anthracene-benzene-anthracene trimers with chiral 

iminodicarbonyl linkers N-substituted with various bulky groups (Kohmoto et al., 2008). 

In crystal structures, the aromatic rings were not fully stacked; angles between the planes 

varied from 8-12°, and the distance between the ring systems ranged from 3.35-3.80 Å.  

The bulkier aromatic-substituted oligomers adopted a twisted “helical-zigzag” 

conformation, while smaller isopropyl groups allow a more parallel “straight-zigzag” 

arrangement (Figure 1.7). Although crystal structures of the aromatic-substituted 

oligomers indicated equal amounts of P- and M-helical structures, solution- and solid- 

phase CD spectra were distinguishable because P- and M-helices, while differently 

“handed,” are not technically enantiomers. Again, the ability to control twist is one 

design advantage of synthetic helices and zigzags over biofoldamers. 
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Figure 1.7 “Straight-zigzag” and “helical-zigzag” conformations for Kohmoto’s S-
shaped aromatic imide foldamers. The straight-zigzag conformation 
appears at middle, and the helical-zigzag conformations are at right, 
labeled P-helical and M-helical.  Isopropyl R groups allow straight-helical 
formation, while larger aromatic R variants drive helical-zigzag formation. 
Used with permission. (Kohmoto et al., 2008) 

1.4.2 Artificial vesicle formation 

One potentially valuable, nonpeptidic “tertiary structure” is that of the vesicle.  

Although artificial micelles and vesicles have been studied much longer than other self-

assembled architectures, much progress has been made over the past decade in designing 

materials that self-assemble into these relatively large encapsulating structures, especially 

as potential drug-delivery vectors.  While biological lipid bilayers are composed of a 

polar or charged hydrophilic head group and one or two hydrophobic alkane or alkene 

tails, the lab of Zhan-Ting Li has designed a number of vesicle-forming monomers, some 

of which are, remarkably, not amphiphilic at all (Figure 1.8).  
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Figure 1.8 Cartoon representation of linear aromatic foldamer units that form columnar 
assemblies and ultimately vesicles.  Pink rectangles represent an 
alternating naphthyl-benzyl core, yellow spheres are Boc groups, and 
green tails are polyethylene glycol chains, which protrude from alternating 
sides due to steric crowding. Used with permission. (Xu et al., 2009) 

Rather, the monomers consist of an aromatic-hydrazide core rigidified by three-

center hydrogen bonding and protruding alkyl chains (You et al., 2009).  The molecular 

self-assembly here is driven by the geometric and hydrophobic stacking compatibility of 

the rigid aromatic core, rather than by hiding or exposing of hydrophilic regions. 

 

                   

Figure 1.9 Structure of crescent foldamers represented in cartoon form below.(Cai et 
al., 2008) 
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Because they do not rely on charged or hydrophilic regions to drive assembly, the 

Li lab’s crescent foldamers are capable of displaying strong self-assembly behavior in 

organic solvent (Figure 1.9). In polar solvents, complete incorporation of the crescent 

monomers into vesicles is seen, presumably because the hydrocarbon tails coil and pack 

close to the core (Cai et al., 2008). 

 

 

Figure 1.10 Crescent foldamers that form vesicles and organogels in polar and nonpolar 
organic solvent, respectively. Blue crescents represent three-center 
hydrogen-bonding stabilized aromatic cores, red spheres are amide 
linkages, and yellow tails are alkanes. Used with permission. (Cai et al., 
2008) 

Contrastingly, the molecules form organogels in hydrocarbon solvents; the purely 

hydrophobic tails extend into solution, where they can become tangled with neighbors to 

form a network of fibers (Figure 1.10). The researchers have also synthesized more 

flexible alternating naphthyl-benzyl aromatic cores appended with polyethylene glycol 

chains to show that, just as biological vesicle monomers are extremely flexible, neither is 



 18 

rigidity required for self-assembly of aromatic-based vesicles. The foldamers, prevented 

from partial, offset stacking by bulky Boc termini, are organized into columnar stacks 

with good aromatic overlap (Xu et al., 2009). These columnar structures are then thought 

to assemble into larger hollow spheres. 

Copolymers of polyethylene glycol-methacrylate and pyrenes, the latter 

derivatized onto the backbone using click chemistry, have also been used by Zhao and 

coworkers to form vesicles and micelles (Figure 1.11). Hydrophobic interactions between 

the pyrene functional groups in methanol or water drive the formation of these structures 

(Zhang et al., 2008).  

 

 

Figure 1.11 TEM images of vesicles formed by dissolution of a polyethylene/pyrene-
bearing block copolymer alone (left) and with the electron donor 4-bromo-
N,N’-dimethylaniline. Used with permission. (Zhang et al., 2008) 

Intriguingly, doping the copolymer solution with the aromatic electron donor 4-

bromo-N,N’-dimethylaniline allowed the formation of vesicles two to three times larger 

than electron-donor copolymer solutions alone, demonstrating that altering the strength 

and character of aromatic interactions can usefully tune vesicle properties. Presumably 

the more favorable electrostatic complemenarity of the donor with pyrene stabilizes the 

inner hydrophobic core, allowing longer-range non-covalent assemblies to form. 
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Recently, Liu and coworkers designed a polymer with a rigid polyimide backbone 

and di-carboxylic end groups that formed unique dimpled spheres at low concentration in 

THF (Figure 1.12). The self-assembly of these spheres depended both on the hydrogen-

bonding capability of the end groups as well as the rigidity and aromaticity of the 

backbone. Neither polyimide polymer with amino end groups, nor non-aromatic 

polybutadiene polymer with carboxylic acid end groups formed spherical aggregates (Liu 

et al., 2009). The size of the spheres and the number of dimples varied with temperature 

and polymer concentration (Figure 1.13)   

 

 

Figure 1.12 Rigid polyimide polymer with carboxy end-groups designed by Liu and 
coworkers. (Liu et al., 2009) 

 

Figure 1.13 SEM micrographs of nanoparticles with dimple-like morphology; left: 0.2% 
polymer/THF; right: 0.5% polymer/THF. Used with permission. (Liu et 
al., 2009) 
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1.4.3 Aromatic Donors and Acceptors as Electronic Materials 

Because of the favorable overlap of their molecular orbitals, aromatic donor-

acceptor pairs are the subject of much interest with regard to the development of organic 

electronics. Although a wide variety of aromatic donors that can serve as hole-transport 

(HT or p-type) materials have been synthesized, aromatic acceptors that are suitable for 

use as electron-transport (ET or n-type) materials have proved harder to develop, due to 

instability of candidate molecules in air under device operating conditions (Zhan et al., 

2011). The naphthalene diimides and other larger aromatic diimide units, in particular, 

have therefore been heavily investigated as aromatic acceptor components of electron-

transport materials due to their noteworthy air stability (Zhao and Zhan, 2011). 

Recently, the Pei lab created a donor-acceptor pair that allows exquisite geometric 

overlap, due to a simple, two-step convergent synthesis of both from a truxene tri-alcohol 

starting material (Figure 1.14) (Wang et al., 2009). These types of size- and shape-

matched aromatic units easily form crystalline microwires and are just one example of  

 

   

Figure 1.14 At left, structure and convergent synthesis of tri-alkoxyl truxene (donor) and 
truxenone (acceptor) molecules. At right, from left to right, 10 mM 
solutions of donor and acceptor, and a 1:1 charge-transfer complex 
mixture of the two. Used with permission. (Wang et al., 2009) 
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efforts to develop aromatic donor-acceptor organic optoelectronic devices. 

Semiconducting and conducting polymers composed of donor and acceptor aromatics are 

also the topic of much research (Zhao and Zhan, 2011) 

1.4.4 Other foldamer systems 

A vast array of other molecular architectures have been designed by synthetic 

chemistry labs. In light of interesting offset head-to-tail arrangements of pyrene-4,5-dione 

in the solid state, Yamauchi et al. wondered if cage-like structures, previously used by 

the lab to bind completely nonpolar aromatic molecules, could be used to order this 

aromatic dipole in solution. 

The cage structures, consisting of triangular prisms formed from palladium-

coordinated top and bottom panels and variable-length side pillars (Murase et al., 2010), 

created a microenvironment in aqueous solution that allowed two, three, four or five 

pyrene-4,5-diones to stack. Although the pairwise head-to-tail stacking inside cages that 

accomodated even numbers of pyrene-4,5-dione was expected (Figure 1.15, top), the 

cage with three pyrene-4,5-diones self-organized in such a way that the overall dipole 

moment of the guest ensemble was zero (Figure 1.14, bottom) (Yamauchi et al., 2009).  

This result was unexpected, as many stacked structures often assume a single pair-wise 

geometric conformation that maximizes the electrostatic overlap between neighboring of 

aromatic molecules. The angle of orientation has previously been shown to be sensitive to 

steric interactions or the constraints imposed by covalent linkers, but here, it is evident 

that stacked systems are sensitive to the total number of aromatic units, and align to 

minimize the overall dipole of the assembly. 
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Figure 1.15 Coordination-caged stacks of the aromatic dipole pyrene-4,5-dione. 
Chemical structures of the metal-jointed cages are at left. Crystal structure 
side and top-down views (center and right) show the dipole-cancelling 
arrangements of the guest molecule. Used with permission. (Yamauchi et 
al., 2009) 

Sessler and coworkers recently described the binding response of a tetracationic 

macrocycle (Figure 1.16, cyclo[2](2,6-di(1H-imidazol-1-yl)pyridine)[2](1,4-dimethyl 

benzene)) to a variety of diacid guests (Gong et al., 2011).  

Specifically, it was found that monocyclic aromatic terephthalic acid bound 

exclusively to the outside of the macrocycle, while 2,6-naphthalenedicarboxylic acid 

bound in a 1:1 ratio; NOESY NMR revealed that this fused biycyclic aromatic diacid 

threaded through the macrocycle’s center. The addition of Ag+ ions afforded insoluble 

“beaded” chains formed from ion-paired cation bridges (Figure 1.16). Interestingly, only 
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Figure 1.16 Tetracationic macrocycle and threading pseudorotaxane chains formed from 
dianionic 2,6-naphthalenedicarboxylic acid and Ag+ ions. Used with 
permission. (Gong et al., 2011) 

every other naphthalene donor is encircled by a macrocyclic cationic host; crystal 

structures indicate that this allows individual chains to stack themselves, such that each 

naphthalene does indeed stack with two acceptor faces; half of these donors thread 

through an encircling host, while the other half bind to hosts on chains above and below 

(Figure 1.17).  This pH-responsive system shows the promise of self-assembled 

structures that incorporate aromatic donor-acceptor interactions as one of many non-

covalent design elements used in concert. 

Wu et al. designed a dynamic catenane composed of a zinc-porphyrin tweezer 

that binds a linear ammonium unit, which itself threads through and binds a crown ether 

(Figure 1.18).  The three-part system in chloroform uses three-centered hydrogen bonds 

to fold the tweezer backbone, ammonium-zinc coordination to bind the rigid linker, and 
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ion-dipole interactions to thread the crown ether and complete the catenane structure (Wu 

et al., 2007). 

 

         

Figure 1.17 Single crystal structure of silver-linked polyrotaxane chains. The 2,6-
naphthalene core is labeled D for donor (space-filling cartoon); the 
tetracationic macrocycle is labeled A for acceptor (stick cartoon). Used 
with permission. (Gong et al., 2011)  

 

                                       

Figure 1.18 Dynamic catenane designed by Wu et al. Self-assembly without aromatic-
aromatic interactions, but with hydrogen bonds, metal coordination, and 
ammonium-crown ether ion-dipole interactions. (Wu et al., 2007) 

The Stoddart lab is perhaps the most famous research factory of “molecular 

machines,” which always incorporate aromatic donor-acceptor interactions into the forces 

by which they self-assemble and demonstrate environmentally-responsive switching 



 25 

behavior (Philp and Stoddart, 1996, Saha and Stoddart, 2006). To mention a few 

examples: Nguyen et al. created molecular valves that, when tethered to silica particles 

with ordered (MCM-41) microchannels, can open and close to trap and release guest 

molecules within the silica spheres (Nguyen et al., 2005).  The open state corresponds to 

a donor-acceptor interaction between cyclobis(paraquat-p-phenylene) and 

tetrathiafulvalene in the reduced state and between 1,5-dialkoxylnaphthalene in the 

oxidized state, achieved by treatment with iron perchlorate and ascorbic acid, 

respectively (Figure 1.19).  

                  

Figure 1.19 Cartoon representation of a molecular valve created by tethering a bistable 
rotaxane to mesoporous silica particles. Step 2 and Step 3 are oxidation 
with iron perchlorate and reduction with ascorbic acid, respectively. Used 
with permission. (Nguyen et al., 2005) 

An inversely organized rotaxane was employed by Balzani and Stoddart et al. to 

create an autonomous, light-powered nanomotor composed of five aromatic components 
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(Figure 1.20, top). Incoming photons are received by the photosensitizing unit, which is 

separated from 4,4’-bipyridinium and 3,3’-dimethyl-4,4’-bipyridinium aromatic acceptor 

units with a rigid, conjugation-breaking spacer. The molecule terminates in a 

tetraarylmethane group, which prevents the bis-p-phenylene-34-crown-10 aromatic donor 

from sliding off (Balzani et al., 2006).  

 

        

                                          

Figure 1.20 Light-powered nanomotor consisting of P (photosensitizer), S (spacer), A1 
A2 (aromatic acceptor components), R (cyclic aromatic donor) and T 
(stopper). Used with permission. (Balzani et al., 2006)  
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In the dark, the cyclic donor encircles 4,4’-bipyridinium, the more electron-

deficient acceptor unit. When excited by light, the photosensitizer unit ejects an electron 

to this donor-acceptor complex, reducing the acceptor and destabilizing the complex, 

thereby favoring shuttling of the donor to the other acceptor site (Figure 1.20, bottom). 

After the electron is transferred back to the photosensitizer, the original state is restored.  

 

1.5 DNA AND FOLDAMERS 

1.5.1 Nonnatural DNA bases 

Abiotic helices of varying rise and pitch have been synthesized, as have double 

and triple helices that self-assemble in organic solvent (Ferrand et al., 2010). Therefore, 

synthetic molecules now span the dimensional gap between small α-helical secondary 

structures analogous to peptides, and wider structures that can accommodate up to three 

interlaced helical strands (Lou et al., 2010).  

Just as a variety of nonnatural amino acids have been synthesized and 

incorporated into peptidic systems to add stability or function, novel nucleosides that 

vary in the structure of both the “sidechain” (nucleobase) and the backbone have 

generated scholarly interest.  The Kool lab, in particular, has generated an extensive set 

of synthetic bases, some of which have been used as sensitive modular fluorescent 

sensors of ions and biological molecules, and FRET donors (Kim and Kool, 2006, Teo et 

al., 2009a, Teo et al., 2009b, Dai and Kool, 2011). Additional series of size-expanded, 

non-hydrogen bonding, and fluorous bases, some of which have been designed in 

complementary pairs inspired by the natural adenine-thymine and guanine-cytosine 

paradigm, have tested the limits of what the DNA backbone can stably support and 
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probed the forces that govern normal DNA self-assembly (Lai and Kool, 2004, Krueger 

et al., 2007, Jarchow-Choy et al., 2009).  

1.5.2 DNA as a director of folding 

Unlike the complex globular structures of proteins and some RNAs, DNA has a 

highly regular double helical structure. As such, it can be used to organize abiotic 

foldamers; it can also enhance the solubility of these structures via its highly charged 

phosphate backbone.  The Häner lab has used flanking double-stranded DNA stretches to 

promote aqueous self-assembly of highly hydrophobic 1,8-substituted perylene units. The 

achiral perylenes followed, in a “seargents-and-soldiers” fashion, the right-handed twist 

of the DNA to form P-helical structures (Häner et al., 2009). Interestingly, DNA strands 

were only required on one end of the hybrid molecules in order to organize the perylenes 

(Figure 1.21). 

                             

Figure 1.21 Structures and cartoons for the hybrid DNA-oligopyrene double-helical 
molecules created by Haner and coworkers. Systems with one (top) and 
two (below) flanking DNA sequences are shown. Used with permission. 
(Häner et al., 2009) 
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However, as evidenced by the lack of a fluorescence excimer band in shorter 

molecules, at least six perylene units were required on each strand if these regions were 

to be organized, even when DNA flanked both ends of the strand. 

 

1.6 DNA INTERCALATORS AND GROOVE BINDERS 

In the cell, DNA is unwound, replicated, and transcribed by an incredibly 

complex system of binding proteins and enzymes. Chemical DNA synthesis methods 

have existed since the 1970s, but are far from meeting the efficiency of polymerase 

enzymes. However, much progress has been made in the design and synthesis of DNA 

intercalators, the small-molecule equivalent of DNA-binding proteins —proteins that also 

interact intimately with the genetic material. Transcription factors and other such proteins 

that recognize six to eight base pairs of DNA benefit from quick, cell-regulated 

deployment and destruction via cellular pathways. Synthetic DNA binders cannot be 

introduced or removed so easily, but can now at least rival proteinaceous binders in terms 

of association constants and sequence-specificity. 

Small molecules bind using a variety of non-covalent interactions at various 

locations on the DNA strand (Figure 1.22). Generally, molecules that bind to the outside 

of the helix are less likely to be tight, sequence-specific binders than molecules that 

thread through the parallel stacks of DNA bases or nestle into the major or minor grooves 

between the backbones.  Intercalators that strongly bind to a specific region of DNA have 

the potential to serve as therapeutic agents that disrupt native protein-DNA interactions.  

1.6.1 Inspiration from natural DNA binders 

Zinc-finger proteins are modular, multimeric proteins that are constitute the 

sequence-specific portion of DNA transcription factors. Each “finger” domain of a 
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trimeric or tetrameric zinc finger protein binds three base pairs at once, such that the 

entire protein can bind from nine to twelve base pairs in total. A wide variety of natural 

zinc-finger proteins have been discovered, but additional efforts by molecular biologists 

have created mutant zinc-finger domains that have specificity for as-yet untargeted three-

base sequences, helping to cover the codon space, which comprises 64 possibilities in all. 

 

                

                       

Figure 1.22 Different binding modes DNA and representative small molecules. Used 
with permission. (Moretti and Ansari, 2008, Johnson, 2010) 
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In addition to these proteins, there are 19 identified bisintercalator natural 

products, all of which are constrained peptides —monocyclic, twofold symmetric 

bicyclic, and pseudosymmetric bicyclic— synthesized by microorganismal, 

nonribosomal peptide synthetases. Their cyclic structure and internal disulfide or 

thioacetal bridge lend rigidity to the molecules and also help to prevent their degradation 

within the cell. These microbially produced intercalators are “decorated” with 

quinoxaline, or hydroxyquinaldic acid heteroaromatic units that intercalate between the 

DNA bases. Interestingly, these aromatic units are all relatively electron-rich, i.e. not 

electrostatically complementary to DNA nucleobases. Both the amino acid sequence of 

the cyclic peptide and the central cross-bridge are important for DNA sequence 

specificity; generally, microbial bisintercalators are specific for a four-base-pair 

sequence. The “TANDEM” molecule, inspired by these naturally-occuring molecules, 

has been synthesized using Fmoc-SPPS, opening the door for further, systematic 

investigation of TANDEM “mutants” (Malkinson et al., 2005, Hampshire et al., 2008) 

1.6.2 Polyamide DNA Intercalators 

The Dervan lab has been designing polyamide DNA intercalators for over a 

generation (Dervan, 1986).  These modular, somewhat water-soluble molecules are 

composed of polypyrroles, which prefer binding to A/T bases, and imidazole rings, which 

prefer G bases. Most recently, these workers have experimented with cyclic polyamides 

and substitution onto the short, flexible linker that allows polyamides to form hairpin 

structures (Chenoweth and Dervan, 2009, Chenoweth and Dervan, 2010). 

Recent DNA-polyamide cocrystal structures demonstrate the ability of these 

polyamides to distort the DNA, resulting in compression of the major groove and 

widening of the minor groove (Figure 1.23). These findings may aid in the design of 
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DNA binders that either distort the double helix less, potentially allowing for increased 

association, or more, to design binders that alter DNA shape by design.  

 

 

Figure 1.23 DNA minor- and major-groove dimensions in the absence and in the 
presence of polyamide. (a) Minor groove width in the absence (yellow) 
and presence (blue) of bound polyamide. (b) Major groove width in the 
absence (yellow) and presence (blue) of bound polyamide. Used with 
permission. (Chenoweth and Dervan, 2010) 

1.6.3 Mismatch binders 

Various intercalating molecules, including the redox-active molecules designed 

by the Barton lab, bind preferentially to “mistakes” in double-stranded DNA. These 

mismatch binders experience enhanced binding at mismatch sites, where imperfect 

hydrogen bonding or steric clashing results in decreased stability that allows extra 

“breathing” around these base pairs.  Mismatch binders often have bulky substituents or a 

cyclic structure that prevents their insertion into more stable, correctly paired sites. 
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Figure 1.24 Electron-rich cyclic mismatch bisintercalators and acyclic controls that do 
not preferentially bind mismatches. (Bahr et al., 2008) 

Bahr and coworkers have created electron-rich cyclic bisintercalators that bind 

mismatched DNA preferentially (Bahr et al., 2008). Their BisNP binds more strongly to 

pyrimidine-pyrimidine mismatches as compared to matched DNA and all other 

mismatches, while BisA-NH2 locates and binds abasic sites selectively (Figure 1.24). 

Interestingly, the acylic control molecules bind to DNA without specificity. 

1.6.4 DNA intercalators in electrochemical detection 

Gebala et al. used a bis-biotinylated intercalator that binds a streptavidin/alkaline 

phosphatase (S/AP) conjugate protein (Figure 1.23 A).  Because the intercalator 

exclusively binds dsDNA, it can be used to discriminate between single- and double-

stranded forms bound to an electrochemical array.  

Treatment of a DNA-coated electrode with the intercalator, followed by 

incubation with (S/AP) and addition of p-aminophenylphospate (pAPP) allows for 

enzymatic dephosphorylation and electrochemical oxidation of pAPP into p-aminophenol 
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and p-quinone amine, respectively, generating a signal at double-stranded sites alone 

(Figure 1.25 B). 

 

       

Figure 1.25 (A) Bis-biotinylated intercalator and (B) cartoon representation of selective 
binding to dsDNA. Used with permission. (Gebala et al., 2010) 

1.6.5 Intercalators as stabilizers of DNA structure 

Not all DNA binders are destabilizing. Proflavine and coralyne have been used to 

stabilize small, weakly hydrogen-bonded stretches of poly A/T DNA enough to allow 

chemical ligation at an artificial nick site (Figure 1.26 c).  Without coralyne, polyadenine  

 

Figure 1.26 (a) Proflavine (b) Coralyne (c) Stabilization of polythymine fragments with 
polyadenine and proflavine to allow chemical ligation (d) Coralyne 
stabilizes non-canonical double-stranded polyadenine. Used with 
permission. (Persil and Hud, 2007) 
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strands are never observed to self-associate (Persil and Hud, 2007). These molecules 

point to the potential for intercalators to template both chemical reactions and non-

covalent self-assembly that might otherwise not occur.  

In conclusion, aromatic-aromatic interactions are increasingly being used as one 

in a collection of noncovalent design elements that help to create systems, often with 

interesting functional properties, with reduced covalent synthesis requirements. Work in 

the Iverson group, discussed in the following chapters, focuses on exploiting 

electrostatically complementary aromatic donor-aromatic acceptor pairs (either 

naphthalene diimide with DNA bases or with dialkoxynaphthalene) to create unique 

three-dimensional structures. 
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Chapter 2 
 

Dynamic Combinatorial Assembly of Disulfide-Linked DAN-NDI 
Heterodimers 

2.1 CHAPTER SUMMARY 

2.1.1 Introduction 

The Iverson lab has studied oligomeric foldamers composed of various 

combinations of the DAN aromatic donor and NDI aromatic acceptor units for some 

time. NMR, ITC, and gel electrophoresis experiments have probed the strength of 

association between multimers from monomers through hexamers. However, we have 

been limited by two challenges as have sought to create larger self-assembled structures 

with a greater number of aromatic units. First, although the energy of association 

increases with the number of DAN and/or NDI units added, it does so in a less-than-

linear fashion. There are diminishing returns in the free energy gains for each successive 

DAN-NDI pairwise interaction, most likely due to the repulsion of like charges in the 

linking portions of the molecule, and/or the loss of entropy resulting from the restriction 

of flexible linkers into a single folded state. Additionally, the solid-phase synthesis 

protocols employed by our lab, chosen because of their ease of use with the commercially 

available amino acids that make up the solubilizing linkers of our foldamers, are highly 

atom-uneconomical, requiring multiple equivalents of monomer and associated coupling 

reagents with each peptide bond formation. Moreover, the efficiency of successive solid-

phase coupling steps decreases as the overall size of the molecule increases. This is 

especially true for highly hydrophobic peptides and for our aedamers, both of which have 

a tendency to adopt folded conformations that block access to the target nucleophilic 

amine during couplings. This chapter describes efforts to create new routes to larger 
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DAN/NDI molecules that circumvent the limitations of solid phase peptide-based 

synthesis. 

2.1.2 Goals 

The work described in this chapter aimed to synthesize a DAN/NDI heterodimer 

designed that could exploit aromatic donor-acceptor interactions in order to self-template 

into larger covalent structures without relying solely on amide couplings and solid-phase 

methods. More specifically, we sought to use DAN/NDI units with flanking cysteines 

that are amenable to covalent self-assembly through the formation of disulfide bonds.  

2.1.3 Approach 

A protected-dicysteinyl DAN/DNI heterodimer was synthesized by separate solid-

phase and solution-phase synthetic routes. The purified heterodimer was designed to be 

deprotected and oxidized in a single aqueous step, so that the mixture could be monitored 

by ESI-LCMS to detect the formation of the peptide and any other higher-order 

multimeric molecules.  

2.1.4 Results 

An Acm-protected dicysteine DAN-NDI heterodimer was synthesized using 

solid-phase synthesis methods from Fmoc-protected monomers. The same Fmoc-

protected monomers were also used to synthesize a version of this heterodimer (lacking a 

resin-anchoring glycine) using solution-phase steps as a proof of concept. Although the 

removal of the Acm group from the cysteine thiol was achieved in test compounds using 

molecular iodine, we were unable to deprotect the final heterodimer using this method, or 

by other published methods using silver or mercury salts, nor were were able to find an 

alternative deprotection method.  
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The dicysteine DAN-NDI heterodimer was subsequently redesigned and 

resynthesized with trityl-protected cysteines (only by a solid-phase route this time). The 

trityl-groups were removed in the course of the solid-phase synthesis, and the desired 

product was identified in the crude mixture. The heterodimer product was purified using 

reverse-phase HPLC, but the product was not isolated from the resulting fractions. 

2.2 BACKGROUND  

2.2.1 Self-assembly of donor-acceptor foldamers in the Iverson lab 

Since the design and investigation of alternating DAN-NDI oligomers that “pleat” 

in water by Scott Lokey (Figure 2.1, left) (Lokey and Iverson, 1995), we have sought to 

further exploit the aromatic pair’s complementarity to drive new folding topologies. 

Homooligomers of DAN and NDI created by Greg Gabriel display cooperative self-

assembly in water. Heteroduplex association between the donor and acceptor strands is 

additive as the number of modular units increases (Figure 2.1, center) (Gabriel and 

Iverson, 2002).  

Polyacrylamide gel experiments demonstrated a 1:1 binding between the 

homotetramers (Figure 2.2, right), as did ITC experiments carried out at 318 K. However, 

the behavior of this mixed system at 298 K did not fit a 1:1 binding model, or any other 

single binding model, leaving open the possibility that additional binding modes coexist 

at room temperature in addition to the interlaced, alternating stacks depicted above. This 

is consistent with previous work by Andy Zych, whose analysis of dimers with varying 

linker length indicated that the DAN-NDI interact by sampling a suite of parallel-stacked 

geometries, rather than one or two distinct conformations (Zych and Iverson, 2000).  
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Figure 2.1 Cartoon representations of Lokey’s alternating donor-acceptor hexamer 
(left), Gabriel’s intertwined homotetramers (center), and Gabriel’s non-
alternating “self-intercalating” heterotrimer. 

We next studied whether the interaction between DAN aromatic donors and NDI 

aromatic acceptors could drive a new, self-intercalative fold in a non-alternating trimer. 

Specifically, we chose a trimer that would “sandwich” the NDI face between two DAN 

units. We previously reported self-association for NDI an order of magnitude stronger 

than for DAN (Cubberley and Iverson, 2001), so it was expedient to minimize possible 

NDI-NDI interactions by making DAN the “bread” and NDI the “meat.” NOESY and 

TOCSY NMR indicated similar aromatic hydrogen peak shifts for the non-alternating 

DAN-DAN-NDI trimer as for an alternating DAN-NDI-DAN control molecule, 

indicating that the molecule does indeed “turn in” on itself to maximize electrostatic 
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complementarity of the faces. There were, however, slightly different splitting patterns 

for the aromatic hydrogens, indicating that the preferred DAN/NDI axis angles for the 

two molecules were different. 

 

         

Figure 2.2 Design of homooligomers of DAN and NDI, and polyacrylamide gel 
showing the 1:1 complex formed between the two molecules in titration. 
Used with permission. (Gabriel and Iverson, 2002) 

In unfolding experiments with the cationic detergent CTAB, these two trimers 

displayed very similar unfolding curves. Interestingly, a “short” negative control 

compound—consisting of a DAN-DAN-NDI trimer with one amino acid residue deleted 

from the linker connecting the two DAN units— “melted” at significantly lower 

detergent concentrations, consistent with predictions from molecular models that the 

shortened linker would prevent optimal stacking of the aromatic units (Figure 2.3). 

Markedly less hypochromism in the UV absorbance maximum of NDI (382 nm) was 

observed in UV-Vis spectra for this trimer, corroborating the importance of linker length 

for proper self-assembly. Modeling in these experiments was able to predict whether a 

linker is too short to allow face-centered stacking, because structures that arrange the 

aromatic faces in this way will have strained bond angles in the linker and higher 

calculated energies. NOESY experiments also indicated that only one of the two possible 

DAN-NDI stacks were evident in solutions with the shortened control trimer.  
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Figure 2.3 Unfolding curves for positive control DAN-NDI-DAN trimer (solid line), 
DAN-DAN-NDI trimer (open circles) and negative control DAN-DAN-
NDI trimer with amino acid deletion. (Gabriel et al., 2005) 

In earlier modeling experiments by Zych, a series of DAN/NDI molecules, whose 

linker length varied due to the incorporation of zero to four amino acids, underwent 

simulated annealing to determine the population of lowest energy structures, and the x- 

and y-offsets, as well as the angle between the units in the plane of the aromatic faces 

were plotted for each dimer (Fig. 2.4) (Zych and Iverson, 2000). It is noteworthy that the 

dimer with zero amino acids in the linker indicated the least symmetrical distribution of 

low-energy states, and the narrowest distribution of DAN/NDI-axis angles, while the 

dimers with longer linkers demonstrated wider ranges of angles with low energy 

conformations. Ultimately, our lab settled on a linker with one amino acid (2 in Figure 

2.4) as a sufficiently effective variant – linkers without amino acids (1 in Figure 2.4) 

would not allow for modular addition of solubilizing groups, and linkers with more than 

one amino acid are more synthetically costly without evident benefit.  
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Figure 2.4 Distributions of x- and y-offsets (dotted cartoons) and DAN/NDI-axis 
angles for modeled DAN-NDI dimers with varying linker lengths. The 
linkers for compounds 1-5 incorporated zero to four amino acids, for a 
linker length of 7, 10, 13, 16, and 19 atoms, respectively. Open circles are 
≥5  kcal/mol in energy above the lowest energy structure; filled circles are 
<5 kcal/mol from the lowest energy structure. (Zych and Iverson, 2000)  

Subsequent experiments by Zych sought to determine whether the analysis of a 

selection of these short-linker dimers could be extrapolated to longer alternating 

aedamers (Zych and Iverson, 2002).  2D NMR data from dimers with a no-acid linker (-

Ø-), an aspartic acid linker (-Asp-), or a constrained, cyclic pipecolic acid linker (-Inp-) 

were compared to three trimers and one tetramer that were essentially combinations of 

these. The spectra of the N-DAN-Inp-NDI-Ø-DAN-C and N-DAN-Asp-NDI-Ø-DAN-C 

trimers were strongly similar to a superposition of the corresponding dimers. However, 

similarity to the dimers was significantly lower for the N-NDI-Ø-DAN-Asp-NDI-C 

trimer, and only true for the interior aromatic units of the N-DAN-Asp-NDI-Ø-DAN-

Asp-NDI-C tetramer. Zych concluded that molecules had a different fold, and that steric 

longest linkers such as 3-5 (Figure 5e-g) have NDI signals
consistent with nearly centered DAN complexation while the
dimers with shorter and/or more rigid linkers, such as 1 and 8,
display spectra consistent with a large offset (Figure 5c,j).
The splitting of DAN signals is correspondingly influenced

by the stacking orientation in the dimers. For the monomeric
species, three pairs of equivalent protons are observed, even
when the alkoxy groups are different as in 15 (Figure 5b).
However, unsymmetrical complexation in the dimers produces
significant splittings. For example, H-6 (Figure 5c) of 1 is shifted
by about -1.0 ppm, while H-2 is only shifted by -0.3 ppm
compared to the same signals in 15. The large upfield shift
experienced by H-6 indicates that, in a significant number of
important conformers, this proton must be near the strong
shielding zone of the NDI naphthalene core while H-2 must be

Figure 10. Distribution of NDI/DAN orientation parameters for molecular modeling ensembles of dimers 1-9. Left panels: x and y offset, each
circle represents the center of the DAN unit. Right panel: NDI/DAN axis angle R. Filled circles and bars represent structures within 5 kcal/mol of
the lowest energy conformer found for that compound. Open circles and bars represent structures with energies 5 kcal/mol or more above the
lowest energy conformer. The linkage is attached to the right side of the NDI outline. See Figure 9 for definition of orientation parameters.

Figure 11. Schematic representation of DAN offset relative to NDI.
(a) “Large” x offset. (b) “Small” x offset.
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clashing of linkers that contained amino acids could force this alternate fold. It should 

also be noted, though, that the oligomers with multiple NDI units were the ones that gave 

unexpected results. 

Because the foldamer molecules described above were not ordered enough to give 

complete structural information, many of the experiments that followed that work, but 

preceded the work described in this chapter, attempted to synthesize cyclic aedamers that 

could be used in either X-ray diffraction or NMR analysis. However, another factor 

important to the formation and stability of these structures is the loss of entropy 

experienced by the system as faces form stacks and the flexible linkers are, thusly, 

restricted. As described below (section 2.2.3), excess linker length can make significant 

reductions to the free energy gains of self-assembly – another factor that our modeling 

studies do not take into account.   

2.2.2 Challenges and limitations to solid-phase-based aedamer synthesis 

A more efficient synthesis of large self-assembled covalent molecules was one 

goal of the work in this chapter. Although solid phase peptide synthesis methods have 

been used by our lab to create both aromatic electron donor acceptor foldamers 

(aedamers) and DNA polyintercalators, we are currently challenged by the limitations of 

this method; while the typical limit of solid phase protocols is on the order of 30-35 

amino acids, workers in our lab typically encounter significantly lowered coupling 

efficiency as early as the fourth or fifth non-natural residue. This low efficiency is not 

surprising given the tendency of our aromatic units to self-associate in polar solvents, and 

has not been dramatically improved through experimentation with automated microwave-

assisted solid-phase methods. Generally, the problem is partially circumvented through 
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costly double or triple couplings, which consume six and nine equivalents of our 

monomers, respectively. 

Chenoweth, Harkin and Dervan recently reported an improvement in the 

efficiency of their synthesis of pyrrole-imidazole polyamides that bind DNA (Chenoweth 

et al., 2009). Though the Dervan lab’s initial synthesis a generation ago used a solution-

phase route to polyamides, these workers had switched to solid-phase methods in the 

intervening years, in order to avoid multiple purification steps along the way. Now, 

through judicious solvent and protecting group choices, they have developed a new 

solution-phase route to complex polyamide cores with masses on the order of ~1200 

g/mol. This route has allowed them to scale their synthesis and subsequent experiments 

significantly, and inspired us to similarly look outside of an exclusively solid-phase route 

to larger foldamer structures.  

2.2.3 DAN-NDI catenane dynamic combinatorial chemistry  

We have followed a recent spate of reports from the lab of Jeremy Sanders with 

interest. These workers have used dynamic combinatorial chemistry to create small 

libraries of cyclic and catenated DAN-NDI covalent structures that are passively formed 

through air oxidation of dicysteinyl monomers with varying linker lengths (Figure 2.5) in 

aqueous solvent (Au-Yeung et al., 2009). The percent composition of these mixtures can 

be biased with increased ionic strength, which enhances the hydrophobic effect and 

promotes the formation of stacked structures (Au-Yeung et al., 2009). As with our 

foldamers described above, the component donor and acceptor molecules are solubilized 

by carboxylic acids. The addition of positively charged DAN, NDI, or other electron-

deficient aromatic templating molecules also increased the relative amount of multimeric 

structures (Au-Yeung et al., 2009). 
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Figure 2.5 Dicysteinyl NDI and DAN monomers used by the Sanders lab DCL. Names 
at right correspond to the (Small, Medium, Large) length of the amino acid 
linker through the thiol. For DAN monomers, inter-oxygen distance is also 
indicated. 

A major point of interest for us in this body of work was the ability of these 

mixed systems of donors and acceptors to form unexpected non-alternating stacks.  To 

date, Coungnon and coworkers have detected three other four-member catenated stacks, 

depicted in Figure 2.6. The formation of these structures runs counter to our expectations 

about the behavior and arrangement of the aromatic monomers in water. Even more 

surprisingly, NMR analysis of one catenane (DAAD, Fig. 2.6) revealed that not only does 

this molecule place two electron-deficient units next to each other in the center, but at 

room temperature, these center aromatic units alternate between a conformation in which 

all four aromatics are parallel and a conformation —termed a “Gemini catenane” by the 

authors— in which the parallel NDI units adopt a t-shaped interaction with the exterior 

DAN units (Figure 2.7) (Au-Yeung et al., 2010)! 
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Figure 2.6 Catenated stacks achieved via dynamic combinatorial synthesis by Sanders 
and coworkers.  DDDD and AAAA have not yet been isolated. Used with 
permission. (Cougnon et al., 2011) 

 

Figure 2.7 “Gemini catenane” conformation characterized by Sanders and coworkers. 
Used with permission. (Au-Yeung and Pantoş…, 2010) 

The second important finding in this series of reports is the importance of linker 

length on the equilibrium stability of all of these structures. These workers were in many 

cases able to bias the library composition by using monomers with linkers too short to 

form threadable homodimers, which prevented formation of the expected alternating 

stacks. Incidentally, this linker biasing is still not strong enough to drive the formation of 

an all-electron-rich DDDD catenane. Creation of the DAAD catenane (Fig 2.7), for 

example, employed S,S-NDI to prevent threadable NDI homodimers. Importantly, the 
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Gemini conformation of DAAD was only observed with L2,6DAN, the longest DAN 

monomer in the set. An all-parallel stacked conformation was stable when either 

S2,6DAN and L1,5DAN were used. That is to say, the arrangement of the aromatic faces 

in our donor and acceptor pair seem to be exquisitely sensitive both to the postion 

substitution pattern of the donor alkoxy groups and to the length of the linker (Au-Yeung 

et al., 2010).  

In fact, the linker for the stable parallel S2,6DAN catenane is 9 atoms long, and 

the Gemini linker is 11 atoms long (albeit, both with two large sulfur atoms), while the 

linker we have always employed between our DAN and NDI units is 10 atoms long. It is 

possible that the inconclusive room temperature ITC data described above in section 

1.2.1 might have been complicated by just such a Gemini or other non-face-centered 

interaction as allowed by a linker longer than the minimal length required for full parallel 

stacking. The Sanders lab work, much of it published as the experiments in this chapter 

were being carried out, have refocused our attention on the many remaining questions 

surrounding the lowest-energy states for our donor-acceptor pair and how “extra” linker 

length may allow alternative aromatic stacking patterns or have entropic costs that affect 

the stability of the large structures we are trying create.  

2.2.4 Design of the DAN/NDI dicysteinyl heterodimer 

Rather than use dynamic combinatorial chemistry to form catenanes, we sought to 

determine whether such a system could be used to “self-template” a dicysteinyl DAN-

NDI heterodimer into larger, disulfide-linked foldamers with an alternating donor-

acceptor pattern in water (Fig. 2.8, left). This system would consist of a single molecular 

building block, and depending on buffer conditions and concentration, we expected to see 

cyclic heterodimer with an intramolecular disulfide bond (Fig. 2.8, right) in addition to 
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any such large structures. If this product predominates, we also hoped that doping with 

various amounts of a cysteine-NDI monomer might “trap” one end of the heterodimer, 

preventing cyclization and promoting the formation a subsequent intermolecular disulfide 

bond with a third molecule, and so on.  

As with the Sanders experiments, an ESI-LCMS equipped with a UV-Vis detector 

should be sufficient to monitor the progress of the formation of oxidized products.  

 

 

Figure 2.8 Cartoon representation of the dicysteinyl DAN-NDI heterodimer in a 
reduced state (center). Possible states for the oxidized form include cyclic 
heterodimers (left) and extended alternating DAN-NDI pleated structures 
(right). 
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2.2.5 Deprotection and oxidation of Cys(Acm) groups 

In their experiments, the Sanders lab employed simple symmetrical diacid 

monomers and trityl-protected cysteines that were deprotected with acid immediately 

before use. We chose a different protecting group for two reasons. First, our dicysteinyl 

donor-acceptor heterodimer is larger and not readily soluble in organic solvent, leading 

us to eschew flash chromatography in favor of an aqueous HPLC purification step. 

Rather than use a trityl group that would be removed during the acidic resin cleavage step 

—leading to a free-thiol product that would begin to be air-oxidized as soon as it was 

collected off the HPLC— we chose to use an acid-stable group that would remain intact 

through the purification step. 

In their work, the Sanders researchers dissolved the free-thiol products in water, at 

which point these groups began to oxidize and form disulfide bonds, even while the 

aromatic-aromatic intereactions were still equilibrating (Au-Yeung et al., 2009). 

Although this air oxidation was monitored till no further change was observed, this does 

not mean that the range of products seen was truly at equilibrium. As with proteins with 

multiple disulfide-bonded states, the thiols in our system (and the Sanders system) have 

different redox states, and disulfide exchange to arrive at thermodynamic equilibrium 

may not occur (Gilbert, 1995). Allowing the bonds to form immediately upon dissolution 

may allow for the formation of kinetically trapped states, which we sought to avoid.  

The most recent publication from the Sanders group on this topic confirms this 

hypothesis. When pre-oxidized library components were mixed, there was no disulfide 

exchange to form the known thermodynamic products unless substoichiometric amounts 

of DTT were added. In addition, when libraries formed from free, reduced components 

were oxidized for 5 days, no change in the composition of the libraries was detected after 

day 1. However, when substoichiometric amounts of DTT were used to reinitiate 
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disulfide exchange, a notable change in the library composition, to favor the 

thermodynamic product, was detected (Wang et al., 2006). Use of a building block that 

does not form bonds until equilibrium aggregates have formed would preclude the need 

for such a disulfide exchange reinitiation step. 

With this second consideration in mind, we chose to use an Acm-protected 

cysteine, which would allow the molecule to achieve spatial equilibrium in water before 

the sulfhydryl groups were exposed and available to form bonds with each other. Several 

Acm removal methods exist, but many require organic and/or strongly acidic solvents, 

heavy metals, or the addition of a quenching reagent to the reaction mixture that would 

complicate the LCMS analysis. The use of molecular iodine to simultaneously remove 

the Acm group and facilitate immediate disulfide formation through successive 

substitution steps seemed the most parsimonious choice. There is literature precedent for 

quick aqueous deprotection using this method, and the oxidation process could be 

quenched as necessary by the addition of acscorbic acid (Muttenthaler et al., 2010) or by 

removal of iodine by extraction with an excess of diethyl ether; the molecules of interest 

are not soluble in ether and remain in the aqueous sample (Zhang et al., 2008). 

 

2.3 RESULTS 

2.3.1 Synthesis of cysteinyl DAN and NDI monomers 

Amino acid-donor and amino acid-acceptor monomers were synthesized in line 

with previous routes employed by our lab. Typical NDI-amino acid monomers synthesis 

begins with formation of naphthalene diimides from mono-N-Boc-protected ethylene 

diamine and β-alanine as the desired N- and C-termini of the molecule, respectively. The 

Boc group is removed from the product, which is then coupled to an Fmoc-protected 
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amino acid to install a base-labile-protected amino group and add any additional desired 

functionality. In this case, in order to minimize the length of the flexible C-terminal 

linker that will also form disulfide bonds, a difunctionalized NDI amino carboxylic 

monomer was prepared using an equimolar mixture of mono-N-Boc-protected ethylene 

diamine 2.1 and H2N-Cys(Acm)-OH (Scheme 2.1).  

 

 

Scheme 2.1 Synthesis of Fmoc-Asp(otBu)-NDI-Cys(Acm)-OH monomer. 

Although our lab has recently employed the microwave synthetic route developed 

by Pengo et al. with success (Pengo et al., 2006), microwave-assisted reactions using the 

Acm-protected cysteine sometimes produced an uncharacterized black insoluble 

byproduct and suffered from low yields of the desired diimide. We therefore resorted to 

conventional heating over multiple days to achieve diimide formation in 2-propanol and 

triethylamine under reflux conditions to afford the desired product 2.2. Following 

removal of the Boc-group, commercially available Fmoc-Asp(otBu)-OH was coupled to 



 55 

the H2N-NDI-Cys(Acm)-OH monomer to give monomer 2.3 with base-labile protection 

of the amine and enhanced aqueous solubility when fully deprotected.  

  

 

Scheme 2.2 Synthesis of Fmoc-Cys(Acm)-DAN-OH monomer. 

The design of the DAN monomer, unlike the NDI monomer, requires a Cys(Acm) 

amino acid N-terminal to the alkoxynaphthalene moiety. As we wished to preserve the 

alkoxy character of this aromatic donor, and to allow enough linker length to allow a 

DAN and NDI linked through their respective cysteinyl sulfurs, we chose to not to 

shorten or eliminate the linker of this monomer as we did for 2.2. The DAN amino acid 

2.6 was prepared via SN2 substitution of 1,5-dihydroxynaphthalene, mono-N-Boc-

protected 3-bromopropyl amine 2.4, and ethyl-4-bromobutyrate (Scheme 2.2). The Boc 

group of the asymmetric diether product 2.5 was removed and coupled to commercially 

available Fmoc-Cys(Acm)-OH.  
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2.3.2 Solid-phase synthesis of the DAN/NDI discysteinyl heterodimer 

The acceptor monomer 2.3 was coupled onto glycinyl-Wang resin, followed by 

2.6, using standard methods. Deprotection was achieved using 20% piperidine in DMF 

and monomers were coupled with the aid of PyBop and DIEA (Scheme 2.3). The glycine  

residue appended at the C-terminus of the peptide by using this commercially available 

resin should not be important to the desired folding behavior but allows us to skip the 

coupling of the first amino acid. Typical protocols for this reaction involve the formation 

of a symmetrical anhydride and call for ten molar equivalents of the desired first amino 

acid; coupling efficiencies for our bulky amino acid would likely be even lower than for 

natural amino acids. The heterodimer was cleaved using a 95:5 TFA:water cleavage 

cocktail and the crude product was HPLC-purified to give 2.7. 

 

       

Scheme 2.3 Solid-Phase Synthesis of Acm-protected dicysteine DAN-NDI foldamer. 

2.3.3 Solution-phase synthesis of the DAN/NDI discysteinyl heterodimer 

We also synthesized a version of the dicysteinyl heterodimer without the C-

terminal glycine by a completely solution-phase route. Although numerous such routes 

might be envisioned, we chose to simply use the same Fmoc-amino acid building blocks 
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we had in hand. A Boc- or other protection strategy could easily be used instead. A 

pentafluorophenyl ester of 2.6 was prepared using pentafluorophenol and DCC. The 

Fmoc group of 2.3 was removed using a stoichiometric amount of DBU and an excess of 

hexanethiol in THF to scavenge the resulting dibenzylfulvene byproduct (Sheppeck et al., 

2000). The resulting activated ester and amine were coupled with the same conditions 

used to prepare 2.3 and 2.6, and the Fmoc-deprotection step was repeated, this time in 

DMF. Treatment with 1:1 TFA:DCM afforded the fully deprotected product 2.8, which 

was purified by HPLC. 

 

 

Scheme 2.4 Solution-Phase Synthesis of Acm-protected dicysteine DAN-NDI foldamer. 
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2.3.4 Cysteine deprotection and oxidation 

In preliminary experiments, methanolic solutions of iodine were used to remove 

the Acm group from the same commercially available Fmoc-Cys(Acm)-OH used to 

prepare 2.6. Next, removal of the Acm group was tested on H2N-Cys(Acm)-DAN-OH 

and H2N-NDI-Cys(Acm)-OH monomers, which were prepared by deprotecting small 

samples of 2.3 and 2.6. The deprotection of H2N-Cys(Acm)-DAN-OH proceeded 

similarly to Fmoc-Cys(Acm)-OH, whereas oxidation time, equivalents of iodine, and/or 

exposure to water had to be taken with H2N-NDI-Cys(Acm)-OH to avoid the formation 

of the sulfonic acid upon deprotection.  

However, treatment of both 2.7 and 2.8 with these oxidizing conditions failed to 

remove the Acm groups. Iodine treatment of mixtures of H2N-NDI-Cys(Acm)-OH with 

either 2.7 and 2.8 indicated the previously observed NDI-S-S-NDI dimers as well as 

NDI-sulfonic acid byproducts, while 2.7 and 2.8 persisted in solution. Alternative 

deprotection treatment with silver acetate followed by dithiothreitol was attempted to 

remove the Acm group but leave the sulfhydyl group in a reduced state (this deprotection 

route risked the potential loss of foldamer product in the formation of silver-DTT 

precipitates, which are filtered from solution before analysis). This method of Acm 

removal gave a complex mixture of products, none of which were the expected dithiol 

heterodimer. Similar unsatisfactory results were seen with mercuric (II) acetate. A search 

for a suitable substitute deprotection method for the iodine in our initial protocol was 

unsuccessful. 
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2.4 REDESIGNED DAN/NDI DICYSTEINYL HETERODIMER 

2.4.1 Design of the new heterodimer 

Following the challenges in removing the Acm group, we redesigned the 

dicysteinyl heterodimer with trityl protecting groups. We also took the opportunity to 

mimic some additional design elements from the Sanders experiments: the new 

heterodimer is a diacid rather than a linear N-to-C peptide, and the linker was shortened 

from ten to eight atoms by using a S1,5DAN (Fig. 2.5). Modeling experiments conducted 

by Brian Ikkanda did not indicate any enhancement of angle strain from this shortening 

(Fig. 2.9). 

 

Figure 2.9 Hyperchem model of the redesigned dicysteinyl form of the DAN-NDI 
heterodimer (left) and oxidized cyclic form (right) (Brian Ikkanda). 

2.4.2 Synthesis of the redesigned heterodimer and monomeric caps 

Microwave methods where used to synthesize both the NDI monomer “cap” 

(Scheme 1.5) and the SPPS NDI monomer used in the heterodimer synthesis (Scheme 

2.7). The same heating cycles used in Scheme 2.1 were used, while the “handles” 

incorporated were H-Cys(Trt)-OH and ß-alanine, and H-Cys(Trt)-OH and Allyl 2-

aminoethylcarbamate (see Scheme 3.2 in the follwing chapter). For the NDI diacid 

monomer “cap,” the trityl group was removed with 10% triethyl silane in TFA, and the 
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product 2.10 purified by reverse phase HPLC. For the SPPS monomer, the alloc group 

was removed with tetrakis(triphenylphosphine)palladium (0) in an excess of dimethyl 

malonate scavenger, and the resulting amine was coupled to Fmoc-Glu(otBu)-OH using 

2,6-lutidine and OxymaPure to give 2.16. 

 

            

Scheme 2.5 Synthesis of “chain-terminating” HO-NDI-Cys-OH monomer 2.10. 

 

         

Scheme 2.6 Synthesis of “chain-terminating” HO-DAN-Cys-OH monomer 2.13. 

The DAN monomer “cap” was achieved using methods similar to Scheme 2.2, but 

using two equivalents of methyl bromoacetate to yield a shortened, symmetrical 
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dialkoxyl ether. Basic removal of the methyl ester groups yielded the simple SPPS DAN 

diacid monomer 2.12. This step was followed by coupling to H-Cys(Trt)-OH with 

COMU and DIEA. The trityl group was removed by treatment with 7% triethylsilane in 

TFA and the SPPS DAN monomer 2.13 product was purified via reverse phase HPLC. 

 

 

Scheme 2.7 Synthesis of Fmoc-Glu(otBu)-NDI-Cys(Trt)-OH monomer 2.16. 

Solid-phase synthesis again employed Fmoc-Gly-Wang resin, which was 

deprotected with 2% DBU in DMF. The SPPS NDI monomer 2.16, SPPS DAN monomer 

2.12, and H-Cys(Trt)-OH were successively coupled using PyBop and DIEA. Note that 

we used two steps to incorporate DAN and Cys(Trt) rather than using 2.13, to avoid 

incorporation of that asymmetrical monomer in both directions. The product was cleaved 

from the resin with a cocktail of 95% TFA: 2.5% H2O: thioanisole and detected as part of 

a complex mixture in a crude LCMS trace. This crude mixture was purified by reverse 

phase HPLC but the desired product was not detected in any of the collected fractions. 
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Scheme 2.8 Solid-phase synthesis of discysteinyl DAN-NDI heterodimer 2.17. 

 

2.5 CONCLUSIONS 

This chapter summarizes the design and synthesis of a DAN-NDI heterodimer 

with protected cysteine linkers intended to be used to investigate the formation of larger 

disulfide-bonded foldamer structures; we hoped these studies might aid us our search for 

less synthetically demanding routes to large aedamers with a stable folded structure. 

 Our effort to create a dynamic system that could be “turned on” by deprotection 

of the thiol groups (so that the aromatic units could pre-arrange in aqueous solution 

before disulfide bonds formed) was complicated by our inability to remove the Acm 

group using standard methods or to find a suitable replacement for these methods. Our 

redesigned system showed promise but we were unable to isolate the desired compound. 

In the future, the system could be resynthesized using another alternative protecting 

group; a hydrazine-sensitive group recently reported by Shen would meet our criteria, but 

would require numerous synthetic steps and is a bulky bicyclic molecule (Shen et al., 

2011). Alternatively, thioacetate amino acids, analogous to the tetraethylene glycol 

thioacetate linkers prepared by Wang and Wang, could be used if a solution-phase 
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method, such as that employed in section 2.3.3 was employed without basic deprotection 

steps (Wang et al., 2006). However, the system could simply be resynthesized using 

Scheme 2.5-2.8, purified, concentrated, reduced, and allowed to air-oxidize to give a 

mixture of products resin-linked or soluble reducing agents can be used to control the 

redox state of the system with easy removal. 

 

2.6 EXPERIMENTAL METHODS 

2.6.1 General 

All commercially available chemicals were purchased from Aldrich, Fisher 

Scientific, Novabiochem/EMD/Merck, and Bachem. For NMR characterization, 

monomer samples were dissolved in CDCl3 or d6-DMSO and filtered. 1D-NMR spectra 

were collected on a Varian Unity Plus 400 MHz spectrophotometer and analyzed using 

MestReC (Mestrelab, v. 4.7.0.0). For MS analysis, samples were dissolved in MeOH to 

micromolar concentrations and injected onto either an IonSpec QFT-ESI 9.4T FT-ICR 

system, where experimental m/z values were determined via internal calibration with 

NaTFA ions (for ESI-MS results) or a a Micromass Autospec Ultima magnetic sector 

mass spectrometer (for CI-MS results). A Waters dual analytical/semi-preparative HPLC 

with Empower 2 software, 600 pump and controller, 2996 photodiode array, and a Grace-

Vydac C18 peptide/protein analytical reverse-phase column was used for reverse phase 

chromatographic purification. For LCMS analysis of deprotected molecules, samples 

were injected using an autosampler onto an Agilent 1200 Series HPLC connected to an 

Agilent 6130 single quadrupole mass spectrometer employing multimode electrospray 

ionization (positive and negative ESI) and photodiode array detection at 386 and 298 nm. 

The data was processed and analyzed using ChemStation software. A 4- or 12-minute 
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HPLC gradient from 5-95% solvent B (where solvent A is 0.1% formic acid in water and 

solvent B is 0.1% formic acid in acetonitrile) was used with a Gemini C18, 5 micron, 2 x 

50 mm column with 2 x 4 mm guard column (Phenomenex).  

 
tert-butyl 2-aminoethylcarbamate (BocN-ethylene diamine) (2.1). 83 mL ethylene 

diamine (1.238 mol) was dissolved in 250 mL methylene chloride in a 500-mL round 

bottom flask and cooled to 0°C. A 500-ml addition funnel was greased, connected to the 

flask, and filled with 46.6 g di-tert-butyl dicarbonate (0.213 mol) dissolved in 120 mL 

methylene chloride. The dicarbonate solution was added dropwise over 16 hours and left 

to stir an additional 6 hours. The solvent was removed in vacuo and the residue was 

dissolved in 200 mL water. The aqueous solution was filtered to remove the doubly 

protected amine as a soapy white solid, and the filtrate was extracted with (5 x 200) ml 

DCM, which was dried with Na2SO4 and filtered. The product was concentrated in vacuo 

to give a clear thick oil that solidified over two weeks as a soapy, pale yellow solid. 

(Yield 85%). 13C NMR (500 MHz, CDCl3) ∂ = 156.32, 78.96, 42.82, 41.46, 28.29 ppm; 

1H NMR (500 MHz, d6-DMSO) ∂ = 5.50 (br, 1H), 2.97 (q, 2H), 2.59 (t, 2H), 1.61 (s, 1H), 

1.24 (s, 9H) ppm; CI-MS (positive mode) calc’d for C7H17N2O2 [MH+] 161.13, found 

161.13. 

 

3-(acetamidomethylthio)-2-(7-(2-(tert-butoxycarbonylamino)ethyl)-1,3,6,8-tetraoxo-

7,8-dihydrobenzo[lmn][3,8]phenanthrolin-2(1H,3H,6H)-yl)propanoic acid (Boc-

NDI-Cys(Acm)-OH) (2.2). A 1:1 mixture of TFA:DCM was prepared (32 mL); 7.6 g 
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Boc-Cys(Acm)-OH (0.026 mol) was dissolved in the liquid and left to stir at room 

temperature for 30 minutes. The reaction mixture was concentrated in vacuo, and an 

excess of methanol (70 mL) was added to form the methyltrifluoroacetate/methanol 

azeotrope, which was reconcentrated in vacuo. The resulting foamy solid was dried under 

high vacuum overnight. A 500-mL round-bottom flask was filled with 250 mL 2-

propanol, 7.0 g 1,4,5,8-naphthalene tetracarboxylic dianhydride (0.026 mol), 4.1 g 2.1 

(0.026 mol) and 7.3 mL triethylamine (0.026 mol). The mixture was heated at reflux at 

85°C for 20 hours. The H2N-Cys(Acm)-OH residue was dissolved in minimal 2-propanol 

and added to the reaction mixture, as was an additional 7.3 mL triethylamine. The 

reaction mixture was heated at reflux for an additional 16 hours, then cooled to 0°C. The 

mixture was filtered to remove the side product (Boc-NDI-Boc) and concentrated in 

vacuo. The resulting brown residue was purified using flash chromatography (0-5% 

MeOH: 10% TEA: 90-85% DCM). The desired fractions were pooled and concentrated 

in vacuo, dissolved in a minimal amount of MeOH, and poured into a beaker of 

vigorously stirring cold diethyl ether (200 mL). The ether suspension was acidified to pH 

4 with acetic acid, and the resulting precipitate was filtered and washed with additional 

cold diethyl ether to yield a mustard yellow solid (Yield 33%). 13C NMR (500 MHz, d6-

DMSO) ∂ = 170.38, 170.22, 162.88, 162.51, 131.27, 130.62, 127.16, 106.23, 104.98, 

63.88, 53.73, 53.01, 29.12, 28.36, 22.95 ppm; 1H NMR (500 MHz, d6-DMSO) ∂ = 8.72 

(dd, 4H), 8.49 (t, 1H), 6.92 (t, 1H), 5.88 (dd, 2H), 4.42 (dd, 2H), 4.14 (t, 2H), 3.98 (dd, 

2H), 3.41 (dd, 2H), 3.25 (q, 2H), 1.83 (s, 3H), 1.13 (s, 9H) ppm; CI-MS (positive mode) 

calc’d for C27H29N4O9S [MH+] 585.17, found 585.16. 
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2-(7-(2-(2-(((9H-fluoren-9-yl)methoxy)carbonylamino)-4-tert-butoxy-4-

oxobutanamido)ethyl)-1,3,6,8-tetraoxo-7,8-dihydrobenzo[lmn][3,8]phenanthrolin-

2(1H,3H,6H)-yl)-3-(acetamidomethylthio)propanoic acid (Fmoc-Asp(OtBu)-NDI-

Cys(Acm)-OH) (2.3). A solution containing 3.0 g (0.0051 mol) of 2.2 was dissolved in 

18 mL of DMF was prepared in a 50-mL round bottom flask. OxymaPure (0.75 g, 0.0051 

mol) and Fmoc-Asp(otBu)-OH (2.81 g, 0.0049 mol) were added to the solution, followed 

by 2.37 mL of 2,6-lutidine (0.0204 mol). The orange solution was stirred at room 

temperature for 20 hours and then poured into 350 mL of ethyl acetate. The solution was 

washed with 350 mL 0.2 M citric acid buffer, and this aqueous layer was removed and 

back extracted with an additional 350 mL of ethyl acetate. The organic layers were 

combined and washed with 0.2 M citric acid buffer (350 mL), water (500 mL) and brine 

(5 x 300 mL). The organic layer was dried with MgSO4 and concentrated in vacuo to 

yield a dark orange residue. The crude product was purified by flash chromatography 

(3:97 MeOH:DCM) shiny flaky yellow-orange solid (Yield 46%). 13C NMR (500 MHz, 

d6-DMSO) ∂ = 171.31, 169.99, 169.71, 163.01, 162.59, 156.05, 144.14, 141.01, 140.99, 

128.01, 127.41, 125.59, 120.40, 80.39, 66.11, 66.08, 49.03, 46.94, 37.80, 28.09, 28.01, 

23.00 ppm; 1H NMR (500 MHz, d6-DMSO) ∂ = 8.75 (dd, 4H), 8.5 (t, 1H) 8.05 (t, 1H), 

7.83 (d, 2H), 7.63 (dd, 2H), 7.45 (d, 1H), 7.34 (q, 2H), 7.25 (dt, 2H) 5.91 (dd, 1H), 4.44 

(dd, 1H), 4.11-4.21 (complex, 4H), 3.99 (dd, 1H), 3.59-3.50 (complex, 1H), 3.22-3.44 

(complex, 4H) 1.84 (s, 3H), 1.25 (s, 9H) ppm; ESI-MS (positive mode) calc’d for 

C45H4N3O12S [MH+] 878.26, found 878.27. 
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tert-butyl 3-bromopropylcarbamate (BocN-Bromopropylamine) (2.4). 24.8 g of 3-

Bromopropyl amine hydrobromide (0.114 mol) was dissolved in 200 mL methylene 

chloride in a 500-mL round bottom flask and cooled to 0°C. 24.8 g di-tert-butyl 

dicarbonate (0.114 mol) was dissolved in 100 mL methylene chloride and added to the 

flask. 50 mL triethylamine (0.286 mol) was added dropwise to the solution via addition 

funnel over 12 hours and left to stir an additional 6 hours. The reaction solution was 

washed with (3 x 100) ml 5% NaHCO3 followed by (3 x 100) ml brine, dried with 

Na2SO4, filtered, and concentrated in vacuo. The resulting oil was sonicated in minimal 

hexanes and frozen at -20°C overnight. The product was collected as long white crystals; 

the recrystallization steps were repeated to collect additional product. (Yield 86%) 13C 

NMR (500 MHz, CDCl3) ∂ = 155.92, 79.46, 39.01, 32.70, 30.77, 28.37 ppm; 1H NMR 

(500 MHz, CDCl3) ∂ = 4.60 (br, 1H), 3.44 (t, 2H), 3.26 (t, 2H), 2.03 (p, 2H), 1.44 (s, 9H) 

ppm; CI-MS (positive mode) calc’d for C8H17NO2Br [MH+] 239.13, found 239.04.  

  

4-(5-(3-(tert-butoxycarbonylamino)propoxy)naphthalene-1-yloxy)butanoic acid 

(Boc-DAN-OH) (2.5). 8.8 g 1, 5-dihydroxynaphthalene (0.055 mol) was added to 250 

mL MeCN in a 500-mL round bottom flask with stirring. The flask was purged with 

argon, and 7.9 mL ethyl 4-bromobutyrate (0.055 mol), 13.1 g 2.4 (0.055 mol) and 19 g 

K2CO3 (0.138 mol) were added to the mixture. The reaction was heated to 60°C at reflux 

under argon for 18 hours. The mixture was cooled to room temperature and the solvent 

was evaporated in vacuo to give a sticky purple solid. The residue was dissolved in 500 
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mL methylene chloride and filtered through celite, and the resulting solution was 

concentrated in vacuo and purified on a 100% DCM flash column as the second of UV 

active spots that turned visibly yellow, not brown, on the TLC plate overnight. The ethyl 

ester product was concentrated as a greenish-gold oil. The oil was dissolved in a 150 mL 

of a 1:1 MeCN: 1 M aqueous NaOH and heated to 90°C at reflux for 90 minutes. The 

MeCN was removed in vacuo and the remaining basic solution was diluted with 75 mL 

water and carefully acidified to pH 2 with 4 M HCl. The resulting precipitate was 

collected and dried in vacuo overnight to give a lightweight, beige-pink solid. (Yield 

25%) 13C NMR (500 MHz, CDCl3) ∂ = 175.00, 156.16, 154.23, 126.50, 125.17, 114.13, 

105.37, 67.02, 65.954, 38.08, 38.03, 30.79, 29.64, 28.47, 24.66 ppm; 1H NMR (500 MHz, 

CDCl3) ∂ = 7.71 (dd, 2H), 7.24 (dt, 2H), 6.75 (dd, 2H), 4.09 (t, 2H), 3.27 (t, 2H), 2.49 (t, 

2H), 2.13 (p, 2H), 2.01 (p, 2H), 1.35 (s, 9H) ppm; CI-MS (positive mode) calc’d for 

C22H29NO6 [MH+] 404.21, found 404.20. 

 

4-(5-(3-(2-(((9H-fluoren-9-yl)methoxy)carbonylamino)-3-(acetamidomethylthio) 

propanamido)propoxy)naphthalen-1-yloxy)butanoic acid (Fmoc-Cys(Acm)-DAN-

OH) (2.6). 3.0 g of 2.5 (0.0074 mol) was added to a 100-mL round bottom flask and 

dissolved in 30 mL of a 1:1 TFA: DCM solution with stirring for 30 minutes. The 

solution was concentrated in vacuo using 3 x 30 mL MeOH to form an azeotrope, and the 

resulting brown residue was further dried under high vacuum overnight. The residue was 

dissolved in 50 mL DMF with stirring, and 4.1 g Fmoc-Cys(Acm)-OPfp (0.0071 mol), 

3.4 mL 2, 6-lutidine (0.030 mol) and1.13 HOBt (0.0074 mol), or in later procedures, an 



 69 

equivalent molar amount of ethyl 2-cyano-2-(hydroxyimino)acetate, were added to the 

solution. The reaction stirred at room temperature for 15 hours. The solution was then 

diluted into 200 mL EtOAc and washed with 200 mL 0.2 M citric acid buffer (pH 6.5). 

The aqueous layer was extracted with 300 mL EtOAc and the organic layers were 

combined and washed with 1 x 300 mL 0.2 M citric acid buffer (pH 6.5), 1 x 500 mL 

H2O, and (3 x 500) mL brine. The organic layer was dried with Na2SO4, filtered, and 

concentrated in vacuo. (Yield 45%). 3C NMR (500 MHz, CDCl3) ∂ = 169.64, 162.75, 

154.37, 142.98, 139.83, 137.84, 129.36, 127.73, 126.38, 125.81, 121.82, 120.47, 113.91, 

110.24, 105.24, 104.78, 67.84, 60.19, 55.28, 36.23, 32.31, 31.20, 29.35, 25.50, 23.04, 

14.44 ppm; 1H NMR (500 MHz, CDCl3); 1H NMR (500 MHz, CDCl3) ∂ = 8.50 (t, 1H), 

8.08 (t, 1H), 7.86 (d, 2H), 7.69 (t, 2H), 7.63 (d, 1H), 7.28-7.41 (complex, 8H), 6.94 (t, 

2H) 5.55 (d, 1H), 4.09-4.25 (complex, 10H), 3.16 (d, 4H), 2.03-2.16 (p, 2H), 2.03-1.95 

(p, 2H), 1.84 (s, 3H) ppm; ESI-MS (positive mode) calc’d for C38H41N3O8S [MNa+] 

722.24, found 722.25. 

 

3-(4-(5-(3-(3-(acetamidomethylthio)propanamido)propoxy)naphthalen-1-

yloxy)butanamido)-4-(2-(7-(3-(acetamidomethylthio)-1-(carboxymethylamino)-1-

oxopropan-2-yl)-1,3,6,8-tetraoxo-7,8-dihydrobenzo[lmn][3,8]phenanthrolin-

2(1H,3H,6H)-yl)ethylamino)-4-oxobutanoic acid (H2N-Cys(Acm)-DAN-Asp(OtBu)-

NDI-Cys(Acm)-Gly-OH)(2.7). Fmoc-Gly Wang resin (0.584 g, 0.38 mmol eq) was 

added to a 10-mL fritted syringe (Torviq) and swelled in DMA for one hour. The swelled 

resin was subjected to two rounds of deprotection using 5 mL 2% DBU in DMF with 
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stirring on a test tube rotary mixer for 10 minutes each. The resin was rinsed (3 x 5 mL 

DMF: 3 x 5 mL i-PrOH: 3 x 5 DMF) and the first amino acid was coupled: 1.0 g of 3.3 

(1.14 mmol), 0.43 g HATU (1.14 mmol) and 400 µL were dissolved in 3 mL DMA and 

added to the resin, which was stirred on the rotary mixer for 130 minutes, and rinsed (see 

above). The resin was subjected to two rounds of deprotection using 5 mL 20% 

piperidine in DMA for 10 minutes each and rinsed (see above). The second amino acid 

was coupled: 0.822 g of 3.6 (1.14 mmol), 0.43 g HATU (1.14 mmol) and 400 µL were 

dissolved in 3 mL DMA and added to the resin, which was stirred on the rotary mixer for 

130 minutes, and rinsed (6 x 5 mL DMF: 3 x 5 mL i-PrOH). The resin was dried under 

high vacuum for 20 minutes and the dry beads were added to 12 mL of a 2% thioanisole: 

5% H2O: 93% TFA cleavage cocktail in a 25-mL round-bottom flask and stirred at room 

temperature for 2 hours. The cleavage cocktail was filtered and the cleaved beads stirred 

in an additional 12 mL of TFA to rinse. The acidic fractions were pooled and 

concentrated in vacuo, and 25 mL of MeOH was added to form an azeotrope that was 

also removed in vacuo. The resulting solid was dried under vacuum overnight, dissolved 

in a 1:1 water:MeOH mixture, and clarified through a 0.2-µm RC syringe filter. The 

peptide solution was purified by HPLC. ESI-MS (positive mode) calc’d for 

C51H59N9O16S2 [MH2]2+ 558.675, found 558.676. 

 

(R)-4-(2-(7-((R)-2-(acetamidomethylthio)-1-carboxylatoethyl)-1,3,6,8-tetraoxo-7,8-

dihydrobenzo[lmn][3,8]phenanthrolin-2(1H,3H,6H)-yl)ethylamino)-3-(4-(5-(3-((S)-3-
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(acetamidomethylthio)-2-ammoniopropanamido)propoxy)naphthalen-1-yloxy) 

butanamido)-4-oxobutanoate acid (H2N-Cys(Acm)-DAN-Asp(OtBu)-NDI-Cys(Acm)-

OH) (2.8) To a 50-mL round bottom flask was added 1.5 g 2.3 (1.7 mmol). The solid was 

dissolved in 25 mL THF and the flask was sealed before 2.4 mL hexanethiol (17 mmol) 

was added to the solution. Next, 25 µL of 1,8-diazabicycloundec-7-ene was added, and 

the solution was left to stir for 90 minutes, at which point the reaction was complete as 

monitored by LCMS. The reaction mixture was concentrated in vacuo and the resulting 

gray-black residue was sonicated in 200 mL diethyl ether to remove hexanethiol, and 

then sonicated in 100 mL benzene to remove dibenzylfulvene bound to NDI, and the 

resulting yellow powder was filtered and air-dried and this H2N-NDI-Cys(Acm)-OH 

product was used directly in the next peptide coupling step. A 2.3 g sample of 2.6 (3.3 

mmmol) and 0.726 g of pentafluorophenol (3.9 mmol) was dissolved in 50 mL ethyl 

acetate. The solution was cooled to 0°C and a solution of 0.804 g of 

dicyclohexylcarbodiimide in 25 mL ethyl acetate was added dropwise to the solution, 

which was then allowed to warm to room temperature and stirred overnight. The 

dicyclohexyurea precipitate was filtered off and the resulting solution was concentrated 

in vacuo and this Fmoc-Cys(Acm)-DAN-OH product was used directly in the next step. 

To a 50-mL round bottom flask was added 1.4 g H2N-NDI-Cys(Acm)-OH (1.71 mmol) 

and 1.77 g Fmoc-Cys(Acm)-DAN-OH (2.05 mmol), and 35 mL DMF. The solution was 

purged with argon and 0.29 g OxymaPure (2.05 mmol) was added to the solution, 

followed by dropwise addition of 2,6-lutidine (1.0 mL, 8.62 mmol). The reaction was left 

to stir at room temperature for 16 hours, after which the the solution was poured into 450 
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mL ethyl acetate to precipitate the product as a milky lavender swirl. The product was 

filtered, as a sticky purple resin that was redissolved by sonicating the filter paper in 

methanol, and the methanol was removed in vacuo to give the crude Fmoc-Cys(Acm)-

DAN-Asp(otBu)-NDI-Cys(Acm)-OH product (1.4 g, 1.0 mmol, yield 61%).  The purple 

residue was dissolved in 25 mL THF, to which was also added 1.4 mL hexanethiol (10 

mmol). The flask was sealed, 156 μL of 1,8-diazabicycloundec-7-ene was added, and the 

solution was left to stir at room temperature for 90 minutes, at which point it was poured 

into 400 mL of cold diethyl ether with stirring. The product precipitates as a powder that 

turned from gray to purple with continued stirring. The product was filtered and collected 

as a dark purple crust (Fmoc-Cys(Acm)-DAN-Asp(otBu)-NDI-Cys(Acm)-OH). The 

solid was dissolved in a 1:1 DCM:TFA solution (10 mL) and stirred at room temperature 

for 30 minutes. The solution was concentrated in vacuo and the residual TFA was 

evaporated via the formation of an azeotrope with methanol to give a dark purple solid. 

This solid was dissolved in a 70 mL of a 1:1 mixture of methanol and water for 

purification via reverse-phase HPLC. The crude product was separating using a gradient 

(where A: 0.1% aqueous TFA and B: 0.1% TFA in acetonitrile) of 95%A:5%B to 85% 

A:15%B over 5 minutes, 85%A:15%B to 60%A:40%B over 40 minutes, and 

60%A:40%B to 100%B. The desired product eluted at approximately 23-26 minutes as 

the first major peak with an A298:A286 ratio of ~2:3. The eluted fractions were pooled, 

frozen, and lyophilized to give a purple webbed solid (34.5 mg, overall 2% yield for these 

steps). ESI-MS (positive mode) calc’d for C49H53N8O15S2 [MH+] 1057.31, found 1057.31. 
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Deprotection/Oxidation of Cys(Acm) Protecting Groups Samples of the 

cysteine-containing molecules of interest were dissolved either in dry methanol, aqueous 

sodium phosphate, or aqueous sodium nitrate. Deprotection solutions comprised 

molecular iodine dissolved in dry methanol, silver acetate and/or mercuric acetate in 

0.1:50:50 TFA:water:acetonitrile. Iodine oxidations were carried out by adding two to 

eight molar equivalents of iodine (with respect to the number of cysteines) to the 

protected molecule sat room temperature in capped vials. These oxidations were 

quenched by adding 10 volumes of diethyl ether; depending on the solvent composition 

of the reaction mixture, water was added to back extract the foldamer molecules of 

interest. Silver acetate or mercuric acetate deprotections were tested using 30 or 300 

molar equivalents of the salt (with respect to the number of cysteines) and quenched by 

the addition of 30 or 300 equivalents of aqueous dithiothreitol. The samples were filtered 

to remove silver-dithiothreitol precipitates. 

 

(R)-2-(7-(2-carboxyethyl)-1,3,6,8-tetraoxo-7,8-dihydrobenzo[lmn][3,8] phenan- 

throlin-2(1H,3H,6H)-yl)-3-(tritylthio)propanoic acid (HO-NDI-Cys(Trt)-OH) (2.9) 

To a 3-necked 250-mL round-bottom flask was added 125 mL DMF and 0.83 g (9.3 

mmol) β-alanine. The mixture was sonicated for 45 minutes and 1.3 mL (9.3 mmol) 

TEA, and 2.5 g 1,4,5,8- naphthalene tetracarboxylic acid (9.3mmol) were added to the 

suspension. The light brown mixture was heated to 140°C in a microwave at 600 W, 

which oscillated on and off to maintain a constant temperature for 10 minutes. An 

additional 1.3 mL (9.3 mmol) TEA and 3.39 g H-Cys(Trt)-OH (9.3 mmol) were added to 

the hot mixture and the microwave cycle was carried out two additional times. The 

resulting mixture was concentrated in vacuo and purified via silica flash chromatography 

using a step gradient of 10% TEA/ 90% DCM to 10% TEA/10% methanol/ 80% DCM. 
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The desired fractions were dissolved in a minimal amount of methanol and poured into 

400 mL of cold water, which was then acidified to pH 2. The precipitate was filtered and 

air-dried. (Yield 10%) 13C NMR (500 MHz, CDCl3) ∂ = 172.30, 171.89, 144.34, 144.11, 

130.71, 127.90, 63.88, 53.73, 43.55, 29.32, 28.36 ppm; 1H NMR (500 MHz, CDCl3) ∂ = 

8.56-8.69 (s, 4H), 7.05-7.21 (complex, 15H), 4.19 (t, 1H), 3.86 (br, 2H), 3.36 (q, 2H), 

2.87 (q, 2H), 2.48 (m, 2H) ppm; ESI-MS (positive mode) calc’d for C39H28N2O8SNa+ 

[MNa] + 707.15, found 707.15.  

 

(R)-2-(7-(2-carboxyethyl)-1,3,6,8-tetraoxo-7,8-dihydrobenzo[lmn][3,8] phenan- 

throlin-2(1H,3H,6H)-yl)-3-mercaptopropanoic acid(HO-NDI-Cys-OH) (2.10) A 0.4-g 

sample of 2.9 (0.58 mmol) was dissolved in 5 mL TFA and stirred under nitrogen for 90 

minutes. Then, 0.5 mL triethylsilane was added to the mixture, which became cloudy, 

and stirred for an additional 30 minutes. The solution was concentrated in vacuo, 

redissolved in 10 mL diethyl ether, and filtered. The filtrate was diluted with 20 mL of 

hexane and the resulting pale yellow precipitate was collected. 13C NMR (500 MHz, d6-

DMSO) ∂ = 170.38, 170.22, 131.27, 130.62, 127.16, 106.23, 104.98, 53.73, 53.01, 29.12, 

22.95 ppm; 1H NMR (500 MHz, d6-DMSO) ∂ = 8.72 (dd, 4H), 7.08-7.14 (complex, 15H), 

4.14 (t, 2H), 3.98 (d, 2H), 3.41-3.52 (complex, 2H) 2.95 (t, 1H) ppm; ESI-MS (negative 

mode) calc’d for C20H13N2O8S- [M-H]- 441.05, found 441.05 

 

Dimethyl 2,2'-(naphthalene-1,5-diylbis(oxy))diacetate (MeO-DAN-OMe) (2.11) A 

500-mL round-bottom flask was filled with 250 mL of acetone and purged with argon. A 

21.5-g aliquot (0.104 mol) of methyl bromoacetate was dissolved in the liquid and 6.9 g 

(0.104 mol) of 1,5-dialkoxynaphthalene and 19.1g (0.043 mol) were added with vigorous 

stirring to form a brown suspension. The suspension was heated to reflux at 60°C for 8 
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hours. The resulting brown-purple solution was cooled to room temperature and filtered 

to remove salts. The solution was diluted with 250 mL diethyl ether and washed with 125 

mL 1M HCl, 100 mL water, and (3 x 100) mL brine. The washed solution was dried with 

MgSO4 and concentrated in vacuo to yield a gray-yellow solid. (Yield 84%). 13C NMR 

(500 MHz, CDCl3) ∂ = 169.35, 153.35, 126.10, 126.00, 115.11, 107.26, 65.49, 52.33 

ppm; 1H NMR (500 MHz, CDCl3) ∂ = 7.82 (d, 2H), 7.42 (t, 2H), 5.00 (s, 4H), 3.75 (s, 

6H) ppm; ESI-MS (positive mode) calc’d for C16H16O6Na+ [MNa]+ Exact Mass: 327.08, 

found 327.08. 

 

2,2'-(naphthalene-1,5-diylbis(oxy))diacetic acid (HO-DAN-OH) (2.12) To a 250-mL 

round-bottom flask was added 100 mL THF and 15.8 g 2.11 (0.052 mol). The compound 

was dissolved, 100 mL of 1M KOH was added, and the mixture was heated to reflux at 

75°C for 90 minutes. The resulting solution was cooled to room temperature and poured 

into 200 mL of 1M HCl to precipitate a yellow solid. The solid was filtered, washed with 

cold water, and rinsed with cold diethyl ether. (Yield 84%). 13C NMR (500 MHz, CDCl3) 

∂ = 170.35, 153.63, 126.35, 125.82, 115.07, 106.04, 65.25 ppm; 1H NMR (500 MHz, 

CDCl3) ∂ = 7.82 (d, 2H), 7.42 (t, 2H), 6.93 (d, 2H), 4.88 (s, 4H), 3.41 (br, 2H) ppm; ESI-

MS (negative mode) calc’d for C14H11O6
- [M-H]– 275.06, found 275.06. 

 

2-(2-(5-(carboxymethoxy)naphthalen-1-yloxy)acetamido)-3-mercaptopropanoic acid 

(HO-DAN-Cys-OH) (2.13) To a 50-mL round-bottom flask was added 1.0 g (3.6 mmol) 

2.12 dissolved in 25 mL of DMF. The solution was purged with argon and 0.65 mL (3.5 

mmol) of DIEA was added. A 1.5-g (3.5 mmol) portion of COMU (1-Cyano-2-ethoxy-2-

oxoethylidenaminooxy)dimethylamino-morpholino-carbenium hexafluorophosphate) was 

added and the resulting orange solution was cooled to 0°C with stirring. Then, 1.3 g of H-
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Cys(Trt)-OH was added to the solution, and an additional 0.65 mL (3.5 mmol) of DIEA 

was added dropwise. The solution was stirred for one hour at 0°C, warmed to room 

temperature, and stirred for an additional three hours, after which the mixture was poured 

into 600 mL of water and acidified to pH 2 with 4 M HCl. The resulting yellow 

precipitate was filtered, air-dried, and sonicated in 50 mL 1:1 hexane:ethyl acetate to give 

a viscous, insoluble yellow mass that air-dried into a yellow crust. This solid was 

dissolved in 10 mL TFA and stirred at room temperature for 90 minutes, after which 0.7 

mL triethylsilane was added to the mixture, which turned a cloudy pale purple. The 

suspension was stirred for an additional 30 minutes and concentrated in vacuo to give a 

whitish purple solid. The solid was triturated with diethyl ether to give a yellow solid. 

The crude product was purified via silica gel flash chromatography using a 3-6% 

methanol in DCM gradient. (Yield 64%) 13C NMR (500 MHz, d6-DMSO) ∂ = 171.35, 

169.52, 146.88, 146.76, 127.54, 119.93, 82.05, 66.1 ppm; 1H NMR (500 MHz, d6-

DMSO) ∂ = 7.84 (d, 2H), 7.37 (m, 2H), 6.78 (d, 2H), 4.65 (s, 2H), 4.61 (s, 2H), 4.55 (t, 

1H), 3.00 (m, 2H), ppm; ESI-MS (negative mode) calc’d for Chemical Formula: 

C17H16NO7S- 378.07, found 378.07. 

 

(R)-2-(7-(2-(allyloxycarbonylamino)ethyl)-1,3,6,8-tetraoxo-7,8-dihydrobenzo[lmn] 

[3,8]phenanthrolin-2(1H,3H,6H)-yl)-3-(tritylthio)propanoic acid (Alloc-NDI-

Cys(Trt)-OH) (2.14) To a three-neck 500-mL round-bottom flask was added 225 mL of 

DMF and 3.4 g of 3.4 (24 mmol). The reaction mixture was sonicated for 5 minutes to 

dissolve the viscous solid, and 5.0 g of 1,4,5,8- naphthalene tetracarboxylic acid (19 

mmol), 4.8 g H-Cys(Trt)-OH (14 mmol) were added to the solution along with 5.2 mL 

TEA (37 mmol). The light brown mixture was heated to 140°C in a microwave at 600 W, 

which oscillated on and off to maintain a constant temperature, for 2 cycles of 12 minutes 
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each. The resulting solution was concentrated in vacuo to give a dark brown tarry residue 

that was purified via silica gel flash chromatography using a 5% TEA: 5% methanol: 

90% DCM mobile phase. The desired collected fractions were concentrated in vacuo, 

redissolved in a minimal amount of methanol, and poured into 350 mL cold water with 

vigorous stirring. The resulting filtrate was collected via filtration and air-dried. (Yield 

14%). 13C NMR (500 MHz, CDCl3) ∂ = 169.95, 156.62, 156.20, 133.91, 129.51, 128.32, 

126.92, 117.62, 65.32, 53.45, 45.44, 43.72, 31.34 ppm; 1H NMR (500 MHz, CDCl3) ∂ = 

8.70 (s, 4H), 7.10-7.32 (complex, 15H), 5.73-5.79 (m, 1H), 5.51-5.55 (dd, 2H), 5.05-5.20 

(dd, 2H), 4.36 (q, 2H), 4.18 (t, 2H), 3.36 (m, 2H), 3.15 (dd, 1H), 2.95 (t, 1H) ppm; ESI-

MS (negative mode) calc’d for C42H32N3O8S- [M-H]- 738.19, found 738.19. 

 

(R)-2-(7-(2-aminoethyl)-1,3,6,8-tetraoxo-7,8-dihydrobenzo[lmn][3,8]phenanthrolin-

2(1H,3H,6H)-yl)-3-(tritylthio)propanoic acid (H2N-NDI-Cys(Trt)-OH) (2.15) To an 

oven-dry 250-mL round-bottom flask was added 125 mL anhydrous THF and 2.5 g of 

2.14 (3.4 mmol). The solution was purged with argon, 2.7 mL (24 mmol) of 

dimethylmalonate was added, and the solution was repurged. Then, 400 mg of 

tetrakis(triphenylphosphine) palladium (0.34 mmol) was added to the flask and the 

suspension was stirred for 24 hours under argon. After this time, the crude product 

precipitates, so the solution was filtered and purified via silica gel flash chromatography 

using a 15% acetone/85% DCM mobile phase. (Yield 58%). 13C NMR (500 MHz, 

CDCl3) ∂ = 207.27, 129.45, 127.93, 126.70, 53.45, 31.34, 9.07 ppm; 1H NMR (500 MHz, 

CDCl3) ∂ = 8.67 (s, 4H), 7.17-7.32 (complex, 15H), 4.01-4.18 (complex, 2H), 3.38 (m, 

2H), 1.99 (t, 2H), 1.19 (br, 2H) ppm; ESI-MS (positive mode) calc’d for C38H30N3O6S+ 

[MH]+ 656.19, found 656.19. 
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(2R)-2-(7-(2-(2-(((9H-fluoren-9-yl)methoxy)carbonylamino)-5-tert-butoxy-5-oxo-

pentanamido)ethyl)-1,3,6,8-tetraoxo-7,8-dihydrobenzo[lmn][3,8]phenanthrolin-

2(1H,3H,6H)-yl)-3-(tritylthio)propanoic acid (Fmoc-Glu(otBu)-NDI-Cys(Trt)-OH) 

(2.16) To a 100-mL round-bottom flask was added 40 mL N-Methylpyrrolidone and 1.3 

g 2.15 (2.0 mmol). OxymaPure (0.3 g, 2 mmol) and Fmoc-Glu(otBu)-OPfp (1.1 g, 1.9 

mmol) were added with stirring, and finally 1 mL 2,6-lutidine (8 mmol) was added. The 

mixture was stirred at room temperature for 12 hours and then poured into 500 mL water 

with stirring to precipitate the crude product. The suspension was filtered, and the crude 

product was purified using silica gel gradient flash chromatography using a mobile phase 

gradient of 4-8% methanol in DCM. The desired fractions were pooled and concentrated 

in vacuo. (Yield 38%) 13C NMR (500 MHz, CDCl3) ∂ = 171.93, 171.70, 162.56, 144.29, 

144.06, 135.98, 129.21, 128.48, 127.90, 127.07, 120.39, 83.37, 55.38, 27.94 ppm; 1H 

NMR (500 MHz, CDCl3) ∂ = 8.65 (s, 4H), 8.04 (t, 1H), 7.79 (d, 1H), 7.62-7.76 (complex, 

8H), 7.13-7.41 (complex, 15H), 5.51 (dd, 2H), 3.28 (t, 2H) 3.16-3.23 (m, 3H), 2.22-2.27 

(m, 4H), 2.11-2.17 (m, 4H), 1.34 (ds, 9H) ppm; ESI-MS (positive mode) calc’d for 

C62H54N4O11NaS+ [MNa] +1085.32, found 1085.32. 

 

4-(2-(5-(2-(1-carboxy-2-mercaptoethylamino)-2-oxoethoxy)naphthalen-1-

yloxy) acetamido)-5-(2-(7-(1-(carboxymethylamino)-3-mercapto-1-oxopropan-2-yl)-

1,3,6,8-tetraoxo-7,8-dihydrobenzo[lmn][3,8]phenanthrolin-2(1H,3H,6H)-yl) 

ethylamino)-5-oxopentanoic acid (HO-Cys-DAN-Glu-NDI-Cys-OH) (2.17) A 0.39-g 

sample of Fmoc-Gly-Wang resin was swelled in DMF for one hour. The resin was 

deprotected with 2% 1,8-Diazabicyclo[5.4.0]undec-7-ene (DBU) in DMF for two 5-

minute cycles and rinsed (all rinsing steps are 3 x 10 mL DMF, 3 x 10 mL DCM, 3 x 10 

mL DMF). The resin was coupled with 0.80 g 2.16 (0.76 mmol), 0.39 g PyBop (0.76 



 79 

mmol), and 263 µL DIEA (1.5 mmol) in N-methylpyrrolidone (NMP) for two hours, 

rinsed, subjected to another Fmoc deprotection step, and rinsed. Next, 0.40 g of 2.12 (1.4 

mmol) was dissolved in NMP along with 0.39 g PyBop (0.76 mmol), and 263 µL DIEA 

(1.5 mmol), and the solution was applied to the resin with stirring for 150 minutes, 

followed by a rinsing step (no Fmoc deprotection is necessary following this step). 

Finally, H-Cys(Trt)-OH (0.27 g, 0.76 mmol), PyBop (0.39 g, 0.76 mmol) and DIEA (500 

µL, 2.87 mmol) was dissolved in NMP and applied to the resin, followed by a rinsing 

step. The product was cleaved from the resin by stirring in 95 % TFA / 2.5% H2O /  2.5% 

thioanisole for one hour, followed by an additional cleavage in TFA for one hour. The 

acidic fractions, sans resin, were concentrated in vacuo and triturated with cold diethyl 

ether to give an orange-red paste. The crude product was dissolved in 3 mL of a 1:2 

acetonitrile: water solution and subjected to reverse phase HPLC, where 0.1% TFA in 

water was the aqueous phase, and 0.1% TFA in acetonitrile was the organic phase. 

ESI-MS (positive mode) calc’d for C43H40N6O16S2 960.19, not found. 
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Chapter 3 
 

Design and Synthesis of DNA Bisintercalators with a Peptide Backbone 
and Pendant-NDI Sidechains 

3.1 CHAPTER SUMMARY 

3.1.1 Introduction 

The Iverson lab currently employs a diamino acid with an in-line, backbone-

incorporated NDI unit in the solid-phase synthesis of its threading DNA 

polyintercalators. Specifically, all the intercalators we have studied use an Fmoc-

Lys(Boc)-NDI-OH monomer; flanking poly-glycine or poly-β-alanine linkers lend the 

overall molecule its long-range sequence specificity. This chapter describes the creation 

of a new NDI-amino-acid monomer with an alternative backbone structure, the synthesis 

of a series of peptides that incorporate this intercalator, and preliminary evidence of these 

peptides’ ability to selectively bind DNA. 

3.1.2 Goals 

Alone, the naphthalenediimide aromatic intercalator unit has only a preference for 

insertion into double-stranded DNA between purine-purine steps. The unique, six-base-

pair double-stranded DNA sequences preferred by our NDI bisintercalators, then, are 

primarily determined by interactions between DNA and the hydrogen-bonding, distance-

optimized peptide strands that link the two electron-deficient NDI units together. This 

chapter describes the design and synthesis of a new mode of linkage, which preserves a 

peptidic backbone (and therefore the solid-phase synthetic route) but incorporates the 

NDI units into an amino acid sidechain. Oligomers of this molecule have a “comb” or 

“pendant” structure. Ongoing footprinting studies, carried out by other Iverson lab 

members and described here briefly with what specificity, these intercalators bind DNA, 
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and they are promising enough to develop further, either by synthetic or molecular 

biology routes. 

3.1.3 Approach 

A series of six peptide-linked NDI bisintercalators were designed and modeled in 

silico. We used the solution-phase NMR structures of the 3GK and 3BK bisintercalators 

previously studied by our lab as a starting point. Three intercalators were based on the 

3GK linker. These linkers were 18 atoms in length, and, based on the number of free 

amino groups, varied in charge under neutral pH conditions from +2 to +4. Three 

additional linkers were based on the 3BK linker. These linkers were 21 atoms in length, 

and varied in total charge at neutral pH from +2 to +4.  

3.1.4 Results 

The initial synthetic approach involved the synthesis of a single non-natural 

amino acid that incorporated the NDI unit into the sidechain, but deprotection/ 

reprotection to yield the Fmoc-protected amino acid suffered from low yields. An 

alternative protection scheme yielded a new NDI-amino acid using the dipeptide-NDI 

monomer strategy previously employed in our lab. The full, deprotected molecules were 

synthesized using standard Fmoc-SPPS methods and purified using reverse phase HPLC. 

The purified molecules are currently being DNA footprinted by Amy Rhoden Smith to 

determine binding selectivity and affinity. 
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3.2 BACKGROUND 

3.2.1 NDI polyintercalators in the Iverson lab 

3.2.1.1 Major groove bisintercalator 

The first polyintercalator designed by our lab, described by Lokey and coworkers, 

was based on molecular dynamics simulations, which indicated that a linker composed of 

four amino acids would best span a four-base-pair stretch of DNA (Lokey et al., 1997). 

Lysine was chosen as one of the four amino acids to build in electrostatic 

complementarity with the DNA, and glycine was used in the other three positions for the 

sake of simplicity. In order to simplify the solid phase portion of the synthesis, an Fmoc-

aa-NDI-OH amino acid was prepared via solution phase methods, such that a 

bisintercalator could be synthesized in three coupling steps (in this case Fmoc-Lys-NDI-

OH, Fmoc-(aa)3-OH, and Fmoc-Lys-NDI-OH).  

DNase I footprinting studies and 1H NMR studies of the H2N-Lys-NDI-(Gly)3-

Lys-NDI-Gly-OH bisintercalator showed a preference for binding to the palindromic 

sequence d(CGGTACCG)2 (Fig 3.1, 3GK) (Guelev et al., 2001), and provided evidence 

that the amino acid linker lies in the major groove of the DNA. Additionally, the 

solution-phase NMR structures indicate that the 3GK bisintercalator spans four base 

pairs between intercalating NDI units. Muller and Crothers described a “nearest-

neighbor” principle in their 1960s studies of actinomycin that explains how aromatic 

intercalators push apart the base–pair “rungs” of the DNA “ladder” so that multi-

intercalation between adjacent base pairs is never seen. (Müller and Crothers, 1968) 

Nevertheless, bisintercalation that spans two base pairs is quite common; the wider reach 

of our four-base-pair spanning linker allows us to access longer sequences of DNA. 
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3.2.1.2 Minor groove bisintercalator 

With a single sequence-specific bisintercalator in hand, a library of ~360 

bisintercalators was synthesized and investigated for new sequence specificities. The 

same Fmoc-Lys-NDI-OH monomer was used, while the remaining amino acids were 

varied to include amino acids (some nonnatural) that contributed additional backbone 

length (β-alanine, diglycine), hydrogen-bonding capability (diglycine, asparagine, 

glutamine, tyrosine, threonine), rigidity (proline, isonipecotic acid), and aromaticity 

(histidine, tyrosine) (Guelev et al., 2000). Surprisingly, the most promising bisintercalator 

from that library was one of the simplest possible molecules, H2N-Lys-NDI-(β-Ala)3-

Lys-NDI-OH, i.e. a variant of the 3GK molecule where each glycine was replaced by a 

β-alanine (also called 3-aminopropanoic acid) (Figure 3.1, 3BK).  

            

Figure 3.1 Structure and preferred DNA binding sites for H2N-Lys-NDI-(β-Ala)3-Lys-
NDI-OH (3BK, top) and H2N-Lys-NDI-(Gly)3-Lys-NDI-Gly-OH (3GK, 
bottom) 
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This peptide, while free of functional groups that might add unique binding 

capability, is unique among library members for its three additional methylene units. The 

only longer sequence allowed by the library options would have incorporated two β-Ala 

and one Gly-Gly dipeptide, added in a single coupling step. Perhaps more importantly, 

3BK is the most flexible of all library members, and displays the most altered placement 

of hydrogen bond donors and acceptors along the backbone, as compared with 3BK. 

DNase I footprinting studies determined that the non-palindromic sequence 

d(CGATAAGC)d(GCTTATCG) was bound most tightly by this molecule (Guelev et 

al., 2002). Detailed 1H NMR structural studies provided evidence that this bisintercalator, 

with its longer linker, was able to fit within the narrower minor groove of DNA. 

3.2.1.3 Selection of DNA sequences used in footprinting 

Previous work in our lab has used “random” sequences of DNA to search for 

preferred binding sites for our polyintercalators. Rather than being truly random, these 

sequences are often selected for ease of cloning and amplification; the plasmids pBR322 

(231 bp fragment) (Guelev et al., 2000), and pMoPac16 (467 bp fragment) (Holman et 

al., 2011) have been employed to demonstrate preference for a single sequence. In other 

footprinting work out of our lab, specific, shorter DNA sequences including the preferred 

site have been chemically synthesized; neither are these sequences “random” (four 5’-

GGNNCC-3’ sequences with spacers, 77 bp fragment (Guelev et al., 2001); 3GK and 

3BK sequences with spacers, 69 bp fragment (Chu et al., 2009)) In addition to not being 

truly random, these fragments are also not long enough to search the entire sequence 

space for a binding site of six base pairs. There are 2,080 unique sequences in a six-base 

stretch of DNA, and although many of these are rare and likely unstable in the context of 

genomic DNA, this is still a great many more sequences than the 469-bp-long fragment 
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we have used can incorporate. This narrower focus was perhaps justified in the past due 

to an exhibited preference for six-base-pair sequences of the form 5’-GNNNNC-3’. But 

in fact, when 3GK was footprinted anew with the short synthetic 69-bp fragment distinct 

from the initial “random” plasmid DNA used to initially characterize its binding, a new, 

unanticipated preferred palindromic sequence (5’-AGTACT-3’) outside of that subset 

was revealed (Chu et al., 2009). In this work, therefore, we sought a more systematic 

strategy for searching the DNA sequence space.  

Since two of the three six-base-pair sequences described above are palindromic, 

we conceived that a search of DNA containing all the palindromic six-base-pair 

sequences would be a good starting place for characterizing the binding of our new 

bisintercalators. Fortuitously, the lab of Keith Fox has designed just such a DNA 

footprinting substrate(Hampshire and Fox, 2008). In their design, two fragments, HexA 

and HexB, together contain all 64 palindromic six-base-pair sequences (Figure 3.2).  

 

 

 

Figure 3.2 HexA and HexB sequences. The top strand is the “For” strand, the bottom 
strand the “Rev” strand, and the 64 palindromic sequences are underlined. 

sequences clearly will not be possible because the minimum
lengths of fragments that contain all of the pentanucleo-
tides and hexanucleotides are 516 and 2114 base pairs,
respectively [22], although all possible pentanucleotide
sequences were obtained previously using a series of six
overlapping oligonucleotides [23]. However, because many
sequence-selective DNA binding agents are (pseudo)sym-
metrical, we reasoned that it would be useful to construct
footprinting substrates that contain all 64 symmetrical
hexanucleotide sequences. Because this still would generate
a long fragment, we have divided these sites into two frag-
ments (HexA and HexB), each of which has been cloned in
both orientations into the pUC19 polylinker (Fig. 1).

In this article, we demonstrate the utility of these frag-
ments by probing the sequence selectivity of the bifunctional
intercalator TANDEM,which is a synthetic derivative of the
quinoxaline group of antibiotics. TANDEM is known to
bind AT-rich DNA sequences [24–26] and is selective for
the dinucleotide TpA [13,27–34]. However, several studies
have suggested that TpA alone does not define the binding
sequence and that a!nity for this dinucleotide is a"ected
profoundly by the flanking pairs [13,24,29,33]. Our previous
work with fragmentsMS1 andMS2, which contain all of the
tetranucleotide sequences, confirmed this selectivity and
demonstrated that it binds best to the tetranucleotide
sequenceATAT, showing only weak interactionwith TTAA
and GTAC [13]. In this article, we use the HexA and HexB
fragments to systematically examine how longer sequences
a"ect the interaction of this ligand with TpA.

Materials and methods

Chemicals and enzymes

TANDEM was provided by Mark Searcey (School of
Chemical Sciences and Pharmacy, University of East
Anglia) and was prepared as described previously [35]. This
was stored at –20 !C as a 5 mM solution in dimethyl sulf-
oxide and was diluted to working concentrations immedi-

ately before use. Oligonucleotides were kindly provided
by Tom Brown (School of Chemistry, University of South-
ampton). DNase I was purchased from Sigma–Aldrich
(Poole, UK) and was stored at –20 !C at a concentration
of 7200 U/ml in 20 mM NaCl containing 1 mM MgCl2.

HexA and HexB

The sequences of HexA and HexB are shown in Fig. 1
and were designed to contain all 64 symmetrical hexanu-
cleotide sequences between them. Because footprinting
fragments that have been cloned into pUC polylinker sites
often are isolated by cleaving with EcoRI/PstI or HindIII/
SacI, we designed the inserts so that HexA contains the
sites for EcoRI (GAATTC) and PstI (CTGCAG) but not
HindIII (AAGCTT) and SacI (GAGCTC), whereas HexB
contains the sites for HindIII and SacI but not EcoRI and
PstI. For each sequence, the upper strand was synthesized
with an extra 20 bases at each end for simple PCR ampli-
fication and to facilitate subsequent cleavage with BamHI.
A 20-mer oligonucleotide was annealed to the 3 0 end of this
sequence and extended with Taq DNA polymerase to pre-
pare the full double-stranded sequence. This product was
isolated by gel electrophoresis, cut with BamHI, and cloned
into the BamHI site of pUC19. Successful clones were iso-
lated as white colonies from agar plates supplemented with
carbenicillin and 5-bromo-4-chloro-3-indoyl-b-D-galacto-
pyranoside (X-Gal)1/isopropyl b-D-1-thiogalactopyrano-
side (IPTG). Clones with these sequences in the reverse
orientation were obtained by cutting the forward clones
with BamHI and religating the mixture. These reverse
clones were obtained as light blue colonies from X-Gal/
IPTG-containing plates. (These inserts are multiples of 3
base pairs, and the insertion does not completely inactivate

HexA
5’-GGATCCCGGGATATCGATATATGGCGCCAAATTTAGCTATAGATCTAGAATTCCGGACCGCGGTTTAAACGTTAACCGGTACCT
3’-CCTAGGGCCCTATAGCTATATACCGCGGTTTAAATCGATATCTAGATCTTAAGGCCTGGCGCCAAATTTGCAATTGGCCATGGA

AGGCCTGCAGCTGCGCATGCTAGCGCTTAAGTACTAGTGCACGTGGCCATGGATCC-3’
TCCGGACGTCGACGCGTACGATCGCGAATTCATGATCACGTGCACCGGTACCTAGG-5’

HexB
5’-GGATCCGGCCGATCGCGAGCTCGAGGGCCCTAATTAGCCGGCAATTGCAAGCTTATAAGCGCGCTACGTATACGCGTACGCGCG
3’-CCTAGGCCGGCTAGCGCTCGAGCTCCCGGGATTAATCGGCCGTTAACGTTCGAATATTCGCGCGATGCATATGCGCATGCGCGC

TATATACATATGTACATGTCGACGTCATGATCAATATTCGAATTAATGCATGGATCC-3’
ATATATGTATACATGTACAGCTGCAGTACTAGTTATAAGCTTAATTACGTACCTAGG-5’

Fig. 1. Sequences of the synthetic inserts for fragments HexA and HexB. In each case, the top strand is visualized when the forward sequence is labeled at
the 3 0 end, whereas the bottom strand is visualized for the reverse sequence. The symmetrical hexanucleotides are indicated by the bars.

1 Abbreviations used: X-Gal, 5-bromo-4-chloro-3-indoyl-b-D-galactopy-
ranoside; IPTG, isopropyl b-D-1-thiogalactopyranoside (IPTG); EDTA,
ethylenediaminetetraacetic acid.

Preferred binding sites for TANDEM / A.J. Hampshire, K.R. Fox / Anal. Biochem. 374 (2008) 298–303 299
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The Fox lab kindly donated HexAFor and HexBFor plasmids (as well as the 

reverse plasmids HexARev and HexBRev for ease of isotopic labeling and identification 

of both early and late regions of the sequences), and preliminary footprinting data using 

HexAFor and HexARev, carried out by Amy Rhoden Smith, are presented in this chapter. 

 

3.2.2 Tetraintercalators with a threading architecture 

Over the past decade, our lab has developed DNA tetraintercalators that are 

modular hybrids of the sequence-specific bisintercalators described above. We have 

investigated longer molecules with additional linker and intercalator units in our search 

for molecules with increased affinity and specificity for DNA, especially longer DNA 

sequences. 

Two tetraintercalator designs have helped us probe the specificity of the two 

linkers, especially 3BK, whose bisintercalator binds a non-palindromic sequence. The 

first tetraintercalator, AA(K-3BK)2, was easily synthesized by adding a single additional 

on-resin di-peptide coupling step with adipic acid to the solid phase synthesis of 3BK. 

Two resin-linked strands of bisintercalator are thusly coupled in a head-to-head fashion; 

that is to say, two N-termini are coupled by a single adipic acid, so that each 

tetraintercalator is symmetrical and has two amidated carboxyl termini. This adipic acid 

linker is synthetically convenient and is expected to occupy the same space in the DNA 

major groove between the second and third NDI units that the 3GK linker would. The 

linker has a few important differences: there are fewer hydrogen-bonding contacts, and 

the symmetrical nature of the molecule means that the two 3BK linkers actually point in 

opposite directions (hence our palindromic naming of the molecule as AA(K-3BK)2 here) 

(Figure 3.2, top).  
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Another tetraintercalator, 3BK-3GK-3BK, has been synthesized in our lab by 

Amy Rhoden Smith using conventional unidirectional solid-phase couplings. This 

tetraintercalator possesses one C- and one N-terminus and spans the major groove with 

the optimized 3GK linker; the peptide directionality is not disrupted (Figure 3.2, bottom).  

 

Figure 3.3 Symmetrical adipic acid-linked tetraintercalator AA(K-3BK)2 (top) and 
unidirectional 3BK-3GK-3BK (bottom) tetraintercalator. Adipic acid is 
indicated in maroon and arrows point in the direction of the C-terminus.  

DNA footprinting studies revealed a distinct 14-base-pair sequence to be 

preferred by each molecule. The symmetrical tetraintercalator binds most strongly to a 

palindromic sequence that is a hybrid of the minor groove and major groove sequences 

(Figure 3.2, top). The sequence is a combination of the four-base-pair middles of the 

published six-base-pair sequences found to bind best to “inverted 3BK,” 3GK, and 3BK: 

(C + TATT + CATG + AATA + G).  

Interestingly, the six-base-pair sequence preferred by 3BK is in fact preserved by 

these overlapping sites (CTATTC + AT + GAATAG) but the same cannot be said for the 
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center six-base-pair portion (i.e. the GGTACC sequence does not appear in the center). In 

this case, the minor groove linkers appear to drive the selectivity of this molecule. This is 

unsurprising for two reasons. First, we have no evidence that adipic acid flanked with two 

NDI units would have the same preferred sequence as 3GK, because of the hydrogen-

bonding and directionality differences described above (an adipic acid NDI 

bisintercalator has never been studied). In addition, we know that the minor groove-

binding linker 3BK is more spatially constrained by the narrowness of the groove than 

the major groove-binding linker; footprinting studies indicated that the 3BK 

bisintercalator binds with higher specificity than does 3GK. This 14-base-pair sequence  

 

Figure 3.4 Preferred 14-base-pair DNA binding sites for the symmetrical adipic acid-
linked tetraintercalator AA(K-3BK)2 (top) and unidirectional 3BK-3GK-
3BK (bottom) tetraintercalator. The directionality of minor groove binding 
sites is indicated with light orange arrows. 
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shows the potential for modularity in polyintercalators; three consecutive binding sites 

are predictably targeted to a molecule that incorporates the corresponding linkers of 

appropriate length for each.  

Studies of the AA(K-3BK)2 intercalator led us to investigate the non-palindromic 

tetraintercalator, which contains only optimized linkers and should have a preferred 

binding sequence that is a truer hybrid of the 3BK and 3GK bisintercalator binding sites. 

Amy Rhoden Smith synthesized 3BK-3GK-3BK using standard linear solid phase 

methods and subjected these molecules to DNase I footprinting studies. 

As expected, when the minor-groove-binding linker is reversed (Figure 3.3, 

orange arrows at left), the orientation of the first minor groove binding site DNA 

sequence is consequently flipped (Figure 3.3, peach arrows and orange letters at left). 

There is also a change in the last base pair at the end of this sequence; the 

hydrogen-bonded pair TA is replaced by a GC pair (Fig. 3.3, green rectangles). It 

is possible that the inclusion of the optimized 3GK linker drives this change to the 

preferred sequence, as the new sequence matches the specificity of the major-groove-

binding bisintercalator (Figure 3.1 and 3.3, purple letters). However, it is also true that 

NDI units and intercalating aromatics in general show a preference for GC-rich DNA, 

and other unknown factors may also affect this change in specificity.  

Notably, this tetraintercalator binds less tightly to DNA than does the symmetrical 

tetraintercalator (unpublished results). It may be that the additional rigidifying peptide 

bond of 3GK (five vs. four) constrains the major groove linker significantly more than 

the adipic acid linker; although 3GK is distance-optimized as a bisintercalator, the actual 

threading and positioning of NDI units of a polyintercalator may require additional linker 

length. This idea may be an important general consideration for any future 
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polyintercalator designs, including any trimers or tetramers that incorporate the new 

linkers described in this chapter. 

Overall, the successful modular binding of these tetraintercalators, and the tight 

binding of the symmetrical version, begs the question of what the most fruitful expansion 

this family of sequence-specific NDI molecules would be. While these results are 

encouraging, the fact is that currently we can target only one unique sequence each for 

the major groove and minor groove. For example, we might synthesize an additional 

tetramer with a major-minor-major threading pattern (i.e. using a 3GK-3BK-3GK linker 

sequence). However, this molecule would likely bind its sequence with lower affinity 

than our other tetraintercalators because two 3GK units (the lower-affinity linker of the 

two), are used.  

Threading intercalators with more than four NDI units, which may bind long 

stretches of DNA with high affinity, might also be synthesized. These molecules are 

synthetically challenging due to low coupling efficiency of our NDI monomer in solid-

phase synthesis, and only allow us to access repeats of old sequences, rather than actually 

accessing new sequences. In addition, with our current NDI monomer design, we can 

only synthesize completely linear molecules that adopt a threading pattern. As such 

molecules increase in length, more and more significant rearrangement of the DNA is 

required to fully intercalate the multiple aromatic units. Although this topology is 

responsible, at least in part, for the tight binding of the tetramers, barriers to more 

extensive rearrangement may prevent complete binding of longer oligomers. 

A peptide linker that incorporated NDI through a sidechain might bind to DNA 

like a “comb” rather than a “thread” and would bind from a single “side” or groove. Non-

threading (or “classically” linked) trisintercalators that incorporate acridine units have 

been synthesized and studied, but detailed structural studies have not been carried out by 
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Takenaka and coworkers (Wakelin, 1986, Takenaka and Takagi, 1999). The same group 

also synthesized and characterized what they termed a “bis-threading intercalator” that 

utilized an NDI-amino acid of their design that placed the NDI unit at the end of a lysine 

sidechain (Nojima et al., 2003). Titration experiments with calf thymus DNA yielded 

data that led to a calculated binding constant of 2.1 x 106 M-1 and indicated that both 

electron-deficient units were intercalated. 

 

Figure 3.5 Structure of Takenaka’s “bis-threading” intercalator (Nojima et al., 2003). 

Changing the backbone architecture while preserving as many structural elements 

as possible from the 3GK and 3BK linkers, which have been characterized in complex 

with DNA, will hopefully simplify such structural studies in our case. It may be that such 

a linker does not bind with as high affinity for DNA as our optimized 3GK and 3BK 

linkers. Nevertheless, at this point in our exploration of DNA binding intercalators, new 

linkers that allow us to access a wider array of groove-binding topologies and thereby a 

greater number of unique DNA sequences might be more useful than additional high-

affinity linkers that still require a threading pattern. 

To this end, we designed new peptide bisintercalators that maintain linker length 

but alter linker flexibility, hydrogen-bonding capability, and molecular architecture in the 

hopes of finding new six-base-pair binding sites, or at the very least enabling comb-like 

intercalators that allow modularity that is not limited to threading polyintercalaltors that 

must switch grooves with each step.  
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3.3 RESULTS 

3.3.1 Sidechain-linked NDI-amino acid design and synthesis 

3.3.1.1 Fmoc-Lys(NDI-Boc)-OH monomer 

Initially, we designed a synthetic route to create an NDI monomer for SPPS 

wherein the aromatic unit was attached to a single lysine via the amino sidechain. The 

original route involved the use of a mono-Boc-protected ethylene diamine, used in other 

intercalator syntheses as an N-terminal nucleophile for peptide coupling. In our design, 

this terminus was intended to thread through DNA and provide electrostatic 

complementarity to the DNA backbone (in Takenaka’s bisintercalator, a longer, dimethyl 

substituted amine that contributed no charge, but also required no deprotection step, was 

used) (Takenaka and Takagi, 1999). Lysine, free at the ε-amino group but Cbz-protected 

at the α-amino site and therefore stable to our microwave protocol under basic 

conditions, served as the other nucleophilic handle in the asymmetric diimide formation 

reaction. Subsequent hydrogenolysis of the Cbz group and reprotection with Fmoc-OSu 

in the initial synthetic route would afford Fmoc-Lys(NDI-Boc)-OH suitable for use in 

SPPS (Scheme 3.1).  

 It proved difficult to remove the Cbz group under atmospheric pressure. Standard 

hydrogenolysis methods including treatment with H2 and 10% Pd/C or 10% Pd(OH) in 

methanol, ethanol, or THF were unsuccessful; neither the addition of sodium hydroxide 

nor solvent mixtures using up to 100% acetic acid aided the Cbz deprotection, but merely 

decreased the solubility of 3.1. Finally, treatment of 3.1 with Pd(OH)2/50 bar H2 in a Parr 

high-pressure reaction vessel afforded 3.2. Even so, the subsequent Fmoc protection of 

the newly accessible α-amino group was low-yielding. With this in mind, as well as the 
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small pressure vessel size, which limited our ability to scale up Cbz deprotection, we 

sought an alternative route to the pendant-NDI amino acid. 

 

 

Scheme 3.1 Synthesis of nonnatural Fmoc-Lys(NDI-Boc)-OH amino acid monomer 

3.3.1.2 Fmoc-Gly-Lys(NDI-Alloc)-OH monomer 

Although we had specifically avoided base-labile Fmoc-Lys-OH as our amino 

acid nucleophile due to the basic conditions of the microwave diimide formation step, use 

of Boc-functionality at the α-amino position was only undesirable in that it was not 

orthogonally protected with respect to the ethylene diamine nucleophile. We therefore 

created a new protection scheme wherein ethylene diamine was protected on one end 

with the acid- and base-stable Alloc group, thereby allowing the use of Boc-Lys-OH in 

our microwave synthetic step (Scheme 3.2).  
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Boc deprotection proceeded smoothly, at which point, rather than attempting 

another low-yielding Fmoc-protection step, we chose to insert an Fmoc-protected amino 

nucleophile by coupling the NDI monomer to commercially available Fmoc-Gly-OPfp.  

 

 

Scheme 3.2 Synthesis of alternative nonnatural Fmoc-Gly-Lys(NDI-Alloc)-OH amino 
acid monomer. 

This Fmoc-Gly-Lys(NDI-Alloc)-OH dipeptidic NDI monomer is somewhat less 

modular than our planned Fmoc-Lys(NDI-Boc)-OH building block. Future investigations 

into optimizing and diversifying intercalators that incorporate it may require the solution-

phase synthesis of a variety of Fmoc-aa-Lys(NDI-Alloc)-OH monomers – generation of 

a library of peptides that included sequences with every amino acid in the N-adjacent 

position would be quite time-consuming. However, if the poor yields of 3.3 are any 

indication of the solvent accessibilty of the Lys(NDI) α-amino group to a bulky 

electrophile, it is likely preferable to perform this slow coupling step in solution rather 
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than on the solid resin, where our group has often seen low coupling efficiency in NDI-

amino acid coupling steps. 

3.3.2 Sidechain-linked NDI bisintercalator design and synthesis 

In choosing a set of pendant-NDI molecules to synthesize, we sought to mimic as 

many design elements of our previously studied NDI bisintercalators as possible, in order 

to preserve distance and charge parameters that have proven amenable to selective 

binding of DNA. Bisintercalators 3.7, 3.8 and 3.9 are modeled on the major groove 

bisintercalator 3GK (Figure 3.1). Note that although the overall backbone structure of the 

molecules is quite different, so that the N- and C-termini of the peptide branch off of the 

“thread” that includes the NDI units, the distance between diimide nitrogens is still 18 

atoms; the linkers for 3.7, 3.8, and 3.9 are slightly longer due to two fewer peptide bonds 

(which have shortened double bond character). Also note that although backbone 

hydrogen bonds in 3GK and 3BK are thought to make important contacts with DNA 

bases, and there are two fewer peptide bonds in the new linkers, the new N- and C-

termini of the backbone, which hang off the linker, do offer the opportunity for additional 

new contacts.  

At the same time, the four-methylene lysine sidechain design of the pendant-NDI 

monomer does eliminate the hydrogen-bonding contacts in the linker that are nearest the 

diimide, and which are thereby brought deepest into the DNA molecule upon 

intercalation. This absence may be important for the altered binding patterns we see. 

Bisintercalators 3.10, 3.11 and 3.12 were designed to match the linker length of 

the 3BK bisintercalator. As with 3.7, 3.8 and 3.9, use of the pendant-NDI monomer 

means that there are N- and C-terminal “branches” and fewer peptide bonds along the 

backbone. However, because the 3BK bisintercalator incorporates β-amino acids, we  
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Figure 3.6 Bisintercalators with 18 atoms between diimide units. 

faced a slightly different arithmetic problem in deciding how to make a linker that 

matched its 21-atom-length.  While 3GK takes its 18 atoms from (2 [NDI linker] × 3 

atoms each) + (4 [4 α-amino acids] × 3 atoms each), and our 3GK analogs 3.7, 3.8 and 

3.9 use 18 atoms from (2 [pendant-NDI linker] × 6 atoms each) + (2 [2 α-amino acids] × 

3 atoms each), there is no way to use both β-amino acids and our pendant NDI to create 

linkers 21 atoms long. 
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Figure 3.7 Bisintercalators with 21 atoms between diimide units. 

Fortunately, the answer to our very simple equation: 

(2 [NDI linker] × 3 atoms each) + (3[β-aa] × 4 atoms each) + (1[α-aa] × 4 atoms)  

= 21 atoms = (2[pendant NDI linker] x 6 atoms each) + ( x units × y atoms per x)  

is to incorporate 3 α-amino acids between the NDI units for 3.10, 3.11 and 3.12. Note 

that while 3BK, like 3GK, has five peptide bonds along the length of the linker, 3.10, 

3.11 and 3.12 have four, since the NDI linkers are longer but each intervening amino acid 

is shorter than 3BK’s nonnatural β-alanines. Therefore, all of the new bisintercalators 3.7 

– 3.12 should be very slightly longer than 3βK and 3GK, and also slightly more flexible. 

This feature is especially important for 3.10, 3.11 and 3.12, because the minor groove to 
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which their linker might be expected to bind is narrower than the major groove and thus 

likely requires a more extended linker conformation.  

In order to investigate the importance of overall charge, as well as charge 

position, to DNA binding, each of the two sets of bisintercalators includes three 

differently charged variants. The N-acetylated intercalators 3.7 and 3.10 match the net 

charge of 3GK and 3βK, while 3.8 and 3.11 have the same number of positively charged 

amino groups. Lastly, 3.9 and 3.12 place a free lysine chain in the middle linker space, 

although the different backbone design makes matching the exact placement of 3GK and 

3βK impossible. These six intercalators therefore vary a number of factors involved in 

DNA binding, including linker length, hydrogen bonding contacts, overall charge, and 

charge distribution in a way that may help us to determine their relative importance. 

3.3.3 Modeling of the sidechain-NDI bisintercalators 

The proposed structures of 3.7 – 3.12 were modeled using Hyperchem by Maria 

Lambousis. The NMR structures of the major-groove-binding bisintercalator with its 

preferred binding site (for 3.7 – 3.9) and the minor-groove-binding bisintercalator with its 

preferred binding site (for 3.10 – 3.12) were used as a starting point; the necessary 

changes along the linker length were made and geometry optimized first, followed by the 

additional N- and C- termini “branches.” No significant deviations from the bond angles 

or bond lengths from the parent NMR structures were evident. 
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Figure 3.8 Hyperchem model of 3.7 bound to the major groove of the palindromic 
sequence 5’-CGGTACCG-3’/3’-GCCATGGC-5’ (the sequence preferred 
by the G3K bisintercalator). The C-terminal amide of the peptide is at 
lower near right. (Maria Lambousis) 
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Figure 3.9 Hyperchem model of 3.9 bound to the major groove of the palindromic 
sequence 5’-CGGTACCG-3’/3’-GCCATGGC-5’ (the sequence preferred 
by the G3K bisintercalator). The C terminal amide of the peptide is at 
middle far left. (Maria Lambousis) 
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Figure 3.10 Hyperchem model of 3.10 bound to the minor groove of the sequence 5’-
CGATAAGC-3’/3’-GCTTATCG-5’ (the sequence preferred by the ß3K 
bisintercalator). The C terminal amide of the peptide is at upper near right. 
(Maria Lambousis) 
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Figure 3.11 Hyperchem model of 3.12 bound to the minor groove of the sequence 5’-
CGATAAGC-3’/3’-GCTTATCG-5’ (the sequence preferred by the ß3K 
bisintercalator). The C terminal amide of the peptide is at upper deep far 
center. (Maria Lambousis) 
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Scheme 3.3 Solid-phase synthesis of NDI bisintercalators 3.7 - 3.12. 

3.3.4 Sidechain-linked NDI bisintercalator synthesis 

Synthesis of the bisintercalators proceeded without complication using protocols 

established by our lab (Guelev et al., 2001, Chu et al., 2009), and modified by the 

inclusion of an Alloc deprotection step between the final coupling step and the final 

Fmoc deprotection and TFA cleavage steps. Removal of the Alloc group was achieved 

using three equivalents of tetrakis(triphenylphosphine)palladium(0) and six equivalents 
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of thiosalicyclic acid as an allyl scavenger (Gomez-Martinez et al., 1999). The six 

resulting bisintercalators were purified using reverse phase HPLC and stored as 

lyophilized powders at -20°C. 

 

3.4 DISCUSSION 

3.4.1.1 Changes to lysine sidechains in the linker 

Our intercalating molecules have always included, as a portion of the threading 

linker, one lysine residue per NDI unit. This positively charged amino acid allows for 

favorable electrostatic interactions between the intercalators and the phosphate backbone 

and enhances the water solubility of the molecule. While the original 4-amino acid linker 

placed the lysine at the beginning (N-terminal position) of the sequence (Lokey et al., 

1997), linkers with C-terminal lysine residues are the only ones for which detailed DNA 

footprint studies have been carried out (Guelev et al., 2000). Therefore, it is unknown 

whether the specific position of the lysine residue in the sequence is important for 

sequence-specificity.  

In the small collection of bisintercalators described here, the position of the 

positively charged lysine sidechain is, by necessity, in a different position with respect to 

the NDI unit; the extended alkyl chain of the pendant NDI means that the free lysine 

sidechain cannot be as close, through bonds, to the NDI as in the threading 

bisintercalators. In addition, in the new molecules, the free n-terminus is expected to act 

in a similar fashion to the lysine sidechain, in the sense that the primary amine enhances 

solubility, provides electrostatic complementarity to the DNA backbone, and “hangs off” 

the main thread of the bisintercalator. In two of the six bisinercalators, the first two 

features have been removed by acetylating the N-terminus, and it will be interesting to 
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see if these groups, and the alternatively placed lysine sidechains, alter the sequence 

specificity of 3.7-3.12.  

The redesign of the bisintercalator also results in an increase in the number of free 

ends of the molecule. The comb-like structure of the bisintercalator means that, in 

addition to the N- and C-termini, an additional terminus is incorporated into the molecule 

with each NDI unit that is added. In the intercalators described here, an ethylene diamine 

is incorporated; the ammonium moiety enhances solubility and complementarity 

analogously to a lysine residue. However, this functional group can easily be changed in 

the future through the incorporation of an alternative primary amine at the microwave 

diimidation step. Such alternative pendant-NDI molecules could be used to study, for 

example, the importance of this positively charged group by replacement with a neutral 

or negatively charged group, or the effect of a bulky endgroup on the threading and 

binding of the molecule.  

Alternatively, this “handle,” with the Alloc protection scheme described here, 

might also be selectively deprotected on the resin to allow for cyclization through the 

amino groups, or even for peptide couplings at these amines that could afford hybrid 

threading-pendant polyintercalators with new comb/thread architectures that can occupy 

any desired pattern of minor and major groove sequences. 

The steric bulk of the molecule is somewhat increased, due to the more highly 

branched design. Although our modeling of these molecules did not indicate any angle 

strain as a result of crowding, it is possible that binding could be impede by distortions 

that these branches impose on the DNA structure. 

Looking far ahead, this Lys-(ε-NDI) monomer, although larger than an amino 

acid-sidechain-NDI monomer previously synthesized by Valerie Bradford, is 

significantly simpler to synthesize and more soluble in a variety of solvents. Although on 
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the high end of the range of nonnatural amino acids already incorporated into living 

systems in terms of size and aromaticity, the monomer or a similar variant may be 

suitable for in vivo studies using expanded tRNA/amino acyltRNA synthetase methods 

(Chen et al., 2009, Young and Schultz, 2010, Young et al., 2010).  

3.4.1.2 Preliminary DNA Footprinting data 

To date, Amy Rhoden Smith has conducted DNA footprinting studies for 3.7-

3.12, over a range of concentrations with HexAFor and HexARev (Fig. 1.12-1.16). 

Although we await the complete picture that will be afforded by footprints on HexBFor 

and HexBRev, there is preliminary evidence that 3.7-3.12 have a preference for 

sequences that include 5’-GGCC-3’ (surprisingly unlike the preferred 3GK and 3BK 

sequences, and surprisingly similar to each other, despite the differences in linker length 

of 3.7-3.9 and 3.10-3.12). As yet, we have not identified more specific preferred 

sequences for any of the bisintercalators, but there does seem to be a trend towards 

enhanced binding with greater positive charge, and enhanced binding for the longer 21-

atom linker molecules 3.10-3.12. 

3.5 CONCLUSIONS 

Six variants of a pendant-NDI bisintercalator, comprising two different linker 

lengths and three charge states, were designed, modeled, and synthesized. DNA 

footprinting studies are currently underway to determine sequence specificity and kinetic 

parameters for these molecules. Currently, the footprinting studies indicate that 3.7-3.12 

demonstrate significant binding to DNA with specificities that require further 

investigation. The NDI-as-sidechain design of the intercalator monomer described here is 

amenable, in a way that our previous NDI-as-backbone monomer was not, to in vivo 

experiments that incorporate an NDI amino-acid into ribosomally produced peptides 
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using an evolved amino acyl tRNA synthetase. A pendant-NDI lysine monomer without 

protecting groups, of the type required for such feeding experiments will be trivial to 

synthesize compared to the SPPS-targeted monomer used here. Additionally, NDI 

polyintercalators that include three or more pendant-NDI units, or combinations of 

pendant- and backbone-NDI units, can be synthesized and probed for their affinity and 

specificity. In the immediate future, completion of footprinting studies, and NMR 

experiments that probe the mode of binding of one or more of these six intercalators, can 

shed further light on the mechanism that leads to a binding pattern so distinct from our 

previously studied bisintercalators. 

 

3.6 EXPERIMENTAL METHODS 

3.6.1 General 

All commercially available chemicals were purchased from Aldrich, Fisher 

Scientific, Novabiochem/EMD/Merck, and Bachem unless otherwise indicated. For 

NMR characterization, monomer samples were dissolved in CDCl3 or d6-DMSO and 

filtered. 1D-NMR spectra were collected on a Varian Unity Plus 400 MHz 

spectrophotometer and analyzed using MestReC (Mestrelab, v. 4.7.0.0). For MS analysis, 

samples were dissolved in MeOH to micromolar concentrations and injected onto either 

an IonSpec QFT-ESI 9.4T FT-ICR system, where experimental m/z values were 

determined via internal calibration with NaTFA ions (for ESI-MS results) or a Micromass 

Autospec Ultima magnetic sector mass spectrometer (for CI-MS results). A Waters dual 

analytical/semi-preparative HPLC with Empower 2 software, 600 pump and controller, 

2996 photodiode array, and a Grace-Vydac C18 peptide/protein analytical reverse-phase 

column was used for reverse phase chromatographic purification 
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3.6.2 Preliminary DNA Footprinting Gel Data 

 

            

Figure 3.12 Preliminary footprinting gels with radiolabeled sequence HexAFor and the 
three 18-atom-linker pendant-NDI bisintercalators. Concentrations at top 
are nM, (Amy Rhoden Smith) 
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Figure 3.13 Preliminary footprinting gels with radiolabeled sequence HexAFor and the 
three 21-atom-linker pendant-NDI bisintercalators. Concentrations at top 
are nM, (Amy Rhoden Smith) 
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Figure 3.14 Preliminary footprinting gels with HexAFor sequence and three selected 
bisintercalators at a 0 – 200 nM concentration range. Concentrations at top 
are nM, (Amy Rhoden Smith) 
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Figure 3.15 Preliminary footprinting gels with HexARev sequence and three selected 
bisintercalators. Concentrations at top are nM, (Amy Rhoden Smith) 
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Figure 3.16 Preliminary footprinting gels with HexARev sequence and three selected 
bisintercalators at a 0 – 200 nM concentration range. Concentrations at top 
are nM, (Amy Rhoden Smith) 
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2-(benzyloxycarbonylamino)-6-(7-(2-(tert-butoxycarbonylamino)ethyl)-1,3,6,8-

tetraoxo-7,8-dihydrobenzo[lmn][3,8]phenanthrolin-2(1H,3H,6H)-yl)hexanoic acid 

(3.1) (Z-Lys-(NDI-BOC)-OH). 7.3 g (0.026 mol) of Z-Lys-OH was dissolved in 300 mL 

of 2-propanol in a 500-mL round bottom flask. 7.0 g (0.026 mol) of naphthalene 

dianhydride and 7.3 mL (0.026 mol) of triethyl amine were added, and the resulting 

mixture was heated at reflux for 17 hours at 90°C to yield a dark brown liquid. 4.1 g of 

3.1 (0.026 mol) and an additional 7.3 mL (0.026 mol) of triethylamine were added to the 

mixture and subjected to heating under reflux at 90°C for an additional 17 hours, during 

which a pearlescent precipitate formed in the reaction vessel. The mixture was cooled on 

ice with stirring and filtered to remove this precipitate (the product of a double 

substitution with 3.1). The residue was concentrated in vacuo purified on a 3% 

MeOH/5% TEA/92% DCM flash column. Fractions containing the product were pooled, 

rotavapped, redissolved in MeOH and poured into a beaker of diethyl ether acidified with 

acetic acid. Water was added and the mixture was stirred overnight, allowing the ether to 

evaporate. The product, a pale beige solid, was filtered and dried under vacuum (Yield 

29%). 13C NMR (500 MHz, d6-DMSO) ∂ = 174.35, 163.09, 162.95, 156.24, 137.39, 

130.78, 128.74, 128.07, 126.51, 126.49, 77.963, 65.766, 65.050, 45.766, 28.488, 8.903 

ppm; 1H NMR (500 MHz, d6-DMSO) ∂ = 8.60 (t, 4H), 7.50 (d, 1H), 7.35-7.28 (comp, 

5H), 6.90 (t, 1H) 4.97 (d, 2H), 4.13 (t, 2H), 4.00 (t, 2H), 3.91-3.97 (comp, 2H), 3.25 (q, 

2H), 1.69-1.78, (comp, 1H), 1.63 (p, 2H), 1.38 (q, 2H), 1.19 (s, 9H) ppm; ESI MS 

(negative mode) calc’d for C35H35N4O10
- ([M-H]-) 671.24, found 671.24. 
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2-amino-6-(7-(2-(tert-butoxycarbonylamino)ethyl)-1,3,6,8-tetraoxo-7,8-

dihydrobenzo[lmn][3,8]phenanthrolin-2(1H,3H,6H)-yl)hexanoic acid (H2N-Lys-

(NDI-BOC)-OH) (3.2). A 0.5 g (0.8 mmol) sample of 3.1 was added to a 50-mL round 

bottom flask, dissolved in 25 mL dry methanol and purged with argon. The flask was 

opened and 0.25 g (0.0016 mol) Pd(OH)2 was added. The flask was vented with two 

disposable needles, added to a high-pressure vessel (Parr series 4760) and subjected to 50 

bar H2 overnight.  The reaction mixture was filtered through celite, concentrated in 

vacuo, and triturated in diethyl ether. (Yield 57%). 13C NMR (500 MHz, d6-DMSO) ∂ = 

161.93, 130.67, 126.74, 77.92, 68.69, 36.22, 34.12, 31.19, 28.47, 27.86, 22.19 ppm; 1H 

NMR (500 MHz, d6-DMSO) ∂ = 8.61 (s, 4H), 6.92 (t, 1H), 4.12 (t, 4H), 3.26 (q, 4H), 

2.53 (t, 4H), 1.17 (s, 9H) ppm; low res ESI MS (positive mode) calc’d for C27H30N4O8
+ 

([MH]+) 539.2, found 539.2. 

 

2-(((9H-fluoren-y-l)methoxy)carbonylamino)-6-(7-(2-(tert-butoxycarbonylamino) 

ethyl)1,3,6,8-tetraoxo-7,8-dihydrobenzo[lmn][3,8]phenanthrolin-2(1H,3H,6H)-yl) 

hexanoic acid (Fmoc-Lys-(NDI-BOC)-OH) (3.3). A 0.5 g sample of 3.2 (0.74 mmol) 

was dissolved in 60 mL of a 1:1 water:dioxane mixture, purged with argon and cooled to 

0°C. Fmoc-OSu (0.38 g, 1.12 mmol) and sodium bicarbonate (0.33 g, 1.48 mmol) were 

added to the solution and the mixture was stirred overnight. An additional 200 mL of 

water was added to the solution, which was then extracted with 500 mL ethyl acetate. 

The organic layer was back extracted with an additional 200 mL of sodium bicarbonate 
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and the aqueous layers were combined and acidified with stirring using 1 M HCL to pH 

2. The cloudy acidic suspension was reextracted with 500 mL ethyl acetate, and the 

organic layers were combined, dried with sodium sulfate, and concentrated in vacuo 

(Yield 12%); low res ESI MS (positive mode) calc’d for C42H39N4O10
- ([M-H]-) 759.3, 

found 759.0. 

 

Allyl 2-aminoethylcarbamate (Alloc-ethylenediamine) (3.4). 50 mL (0.75 mol) of 

ethylenediamine was dissolved in 100 mL of methylene chloride in a 500-mL round 

bottom flask and cooled to 0°C. 20 ml of allyl chloroformate (0.19 mol) was dissolved in 

175 mL of methylene chloride and purged with argon. The chloroformate solution was 

poured into an addition funnel, and added dropwise with stirring over 17 hours. The 

reaction mixture was concentrated in vacuo, dissolved in 200 mL cold water, and filtered 

to remove the diprotected amine as a fluffy white solid. The filtrate was extracted with (5 

x 200) mL methylene chloride and concentrated in vacuo to give a clear, thin oil (Yield 

61%). 13C NMR (500 MHz, CDCl3) ∂ = 156.62, 132.93, 117.40, 65.32, 53.45, 43.72 ppm; 

1H NMR (500 MHz, CDCl3) ∂ = 5.89-5.76 (comp, 1H), 5.68 (br, 1H), 5.20 (dd, 1H), 5.15 

(dd, 1H), 4.44 (comp, 2H), 3.172 (q, 2H), 3.11 (t, 2H), 1.19 (br, 2H) ppm; CI MS 

(positive mode) calc’d for C6H13N2O2 [MH+] 145.10, found 145.10. 

 

6-(7-(2-(allyloxycarbonylamino)ethyl)-1,3,6,8-tetraoxo-7,8-dihydrobenzo[lmn][3,8] 

phenanthrolin-2(1H,3H,6H)-yl)-2-(tert-butoxycarbonylamino)hexanoic acid (Boc-

(Lys-NDI-Alloc)-OH) (3.5). 4.6 g (0.019 mol) of Boc-Lys-OH was dissolved in 275 mL 
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of DMF in a 500-mL three-neck round bottom flask. 5.0 g (0.019 mol) of naphthalene 

dianhydride and 3.25 mL (0.019 mol) of triethylamine were added, and the resulting 

mixture was heated in a microwave at 600 W oscillating on and off to maintain a 

temperature of 140 °C for 12 minutes. 2.7 mL of 3.4 (0.019 mol) and an additional 3.25 

mL (0.019 mol) of triethylamine were added to the mixture and subjected to heating 

under the same microwave conditions. The dark brown liquid was concentrated in vacuo 

to give a brown paste. The brown residue was subjected to flash chromatography (5% 

MeOH: 5% TEA: 90% DCM) and the desired fractions (the first spot on TLC, after the 

di-alloc diimide TEA salt which appears as a dark line at the methanol front) were 

concentrated in vacuo to give a yellow-tan powder. The powder was dissolved in minimal 

methanol and poured into 250 mL cold diethyl ether. The ether mixture was acidified to 

pH 4 with acetic acid, and the resulting precipitate was filtered and rinsed with (2 x 50) 

mL diethyl ether, and air dried to give a pale, airy peach solid (Yield 45%). 13C NMR 

(500 MHz, d6-DMSO) ∂ = 174.60, 164.03, 162.73, 156.04, 134.08, 130.74, 126.40, 

78.36, 69.08, 63.14, 53.76, 45.69, 36.22, 31.17, 29.91, 28.57, 23.63; 1H NMR (500 MHz, 

d6-DMSO) ∂ = 10.25 (br, 1H), 8.60 (s, 4H), 7.27 (t, 1H), 7.04 (d, 1H), 5.70-5.82 (m, 1H), 

5.18 (dd, 1H), 5.07 (dd, 1H), 4.34 (d, 2H), 4.14 (t, 2H), 4.03 (t, 2H), 3.82-3.90 (m, 1H), 

3.32 (q, 2H), 3.04 (q, 2H), 1.56-1.66 (m, 2H), 1.33-1.47 (p, 2H), 1.33 (s, 9H); ESI MS 

(negative mode) calc’d for C31H33N4O10 [M-H]- 621.22, found 621.22. 

 

6-(7-(2-(allyloxycarbonylamino)ethyl)-1,3,6,8-tetraoxo-7,8-dihydrobenzo[lmn][3,8] 

phenanthrolin-2(1H,3H,6H)-yl)-2-(tert-(butoxycarbonylamino)hexanoic acid (Fmoc-
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Gly-Lys(NDI-Alloc)-OH) (3.6). 3.0 g (4.8 mmol) of 3.5 was added to a 100-mL flask 

and dissolved in 20 mL 1:1 TFA:DCM. The orange solution stirred for 30 minutes at 

room temperature and then concentrated in vacuo. Methanol (40 mL) was added to form 

the methyltrifluoroacetate/methanol azeotrope, reconcentrated in vacuo, and dried under 

high vacuum overnight. The dry residue was dissolved in 40 mL N-methyl 2-pyrrolidone, 

and the following were added: 0.68 g Oxyma Pure (ethyl cyanoglyoxylate-2-oxime, 4.8 

mmol), 2.12 g Fmoc-Gly-OPfp (4.6 mmol) and 2.24 mL 2,6-lutidine (19.3 mmol). The 

solution was stirred at room temperature for 20 hours, at which point it was poured into 

methylene chloride (350 mL). The resulting mixture was extracted with 0.2 M citric acid 

buffer (350 mL), which was then re-extracted with an additional portion of methylene 

chloride (350 mL). The organic fractions were combined and washed with the following: 

0.2 M citric acid buffer (350 mL), water (350 mL), and brine (5 x 350 mL). The organic 

fraction was dried with Na2SO4 and concentrated in vacuo to give a sticky orange resin 

that was subjected to flash chromatography (1-2% MeOH:2% AcOH:95-96% DCM). 13C 

NMR (500 MHz, d6-DMSO) ∂ = 173.95, 172.48, 169.52, 163.51, 162.82, 157.04, 156.01, 

144.19, 141.04, 134.09, 130.72, 128.75, 127.46, 126.80, 125.77, 120.46, 117.06, 66.15, 

64.56, 52.23, 46.99, 43.54, 38.48, 31.32, 30.53, 29.43, 27.46, 23.36, 17.65; 1H NMR (500 

MHz, d6-DMSO) ∂ = 8.59 (s, 4H), 8.07 (d, 1H), 7.82 (d, 2H), 7.66 (d, 2H), 7.53 (t, 2H), 

7.39 (t, 2H), 7.29 (t, 2H), 5.72-5.81 (m, 1H), 5.17 (dq, 1 H), 5.06 (dq, 1H), 4.35 (dt, 2H), 

4.12-4.23 (complex, 6H), 3.99 (t, 2H), 3.63 (t, 2H), 3.29 (complex, 4H), 1.75 (p, 2H) 1.63 

(p, 2H), 1.39 (p, 2H); ESI MS (positive mode) calc’d for C43H39N5O11Na+ [MNa]+ 824.25, 

found 824.25.  



 120 

 

Solid Phase Synthesis All six pendant-NDI bisintercalators were synthesized using 

standard Fmoc solid phase synthesis methods beginning with Rink Amide MBHA resin 

(Novabiochem, loading 0.64 mmol/g), commercially available Fmoc-Gly-OH and Fmoc-

Lys-OH amino acids, and the Fmoc-Gly-Lys(NDI-Alloc)-OH monomer 3.6. The resin 

was added to 5-mL fritted syringes (Torviq) and swelled in DMA for 45 minutes. 

Coupling steps proceded by rotary shaking the resin in a DMF solution containing 3 eq 

protected amino acid, 3 eq PyBOP, and 6 eq DIEA. Deprotection steps were carried out 

by shaking the resin in a DMF solution containing 2% DBU. Capping steps, including 

both intermediate capping steps used to prevent the formation of deletion side products as 

well as the terminal amine capping step that followed the final deprotection step for 3.8 

and 3.11, were carried out by shaking the resin in a DMF solution containing 15 eq acetic 

anhydride and 15 eq DIEA. Between steps, the resin was rinsed with (3 x 5) ml DMF, (3 

x 5) ml DCM, and (3 x 5) ml DMF. Immediately prior to cleavage, the Alloc protecting 

groups were removed from the NDI sidechains by shaking the resin in a solution 

composed of chloroform:acetic acid:NMM (37:2:1) with 2 eq thiosalicylic acid and 3 eq 

tetrakis(triphenylphosphine)palladium(0). The peptides were then rinsed with (3 x 5) ml 

0.5% (v/v) DIEA in DMF, (3 x 5) ml 0.5% (w/v) sodium dimethyldithiocarbamate in 

DMF, and 0.5% (v/v) DIEA in DMF and then rinsed with (6 x 5) ml DMF and (6 x 5) ml 

DCM. The resin was dried in vacuo and then subjected to cleavage with (3 x 5) ml 95% 

TFA/5% H2O cleavage cocktail; each round of cleavage was shaken for 1 hour. The 
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resulting solutions were concentrated in vacuo and an excess of methanol (70 mL) was 

added to form the methyltrifluoroacetate/methanol azeotrope, which was reconcentrated 

in vacuo. The resulting sticky orange-brown residues were sonicated in diethyl ether and 

stored at -20ºC overnight. The diethyl ether was decanted and the remaining brown 

powders were dissolved in a 1:1 mixture of MeOH and 0.1% TFA in water. 

HPLC purification Solutions of 3.7-3.12 were clarified using a 0.2-µm RC syringe filter 

and subjected to reverse-phase HPLC purification using a gradient of 10 to 40 % solvent 

B in solvent A over 45 minutes, where solvent A is 0.1% TFA in water and solvent B is 

acetonitrile. 

 

2-(7-((5S,14S)-14-(2-acetamidoacetamido)-1-amino-5-(4-(7-(2-ammonioethyl)-1,3,6,8-

tetraoxo-7,8-dihydrobenzo[lmn][3,8]phenanthrolin-2(1H,3H,6H)-yl)butyl)-

1,4,7,10,13-pentaoxo-3,6,9,12-tetraazaoctadecan-18-yl)-1,3,6,8-tetraoxo-7,8-

dihydrobenzo[lmn][3,8]phenanthrolin-2(1H,3H,6H)-yl)ethanaminium (H2N-Gly-

Lys(NDI)-Gly-Gly-Lys(NDI)-Gly-CONH2 ) (3.7). ESI MS (positive mode) calc’d for 

([MH2]2+/2) C52H57N13O14
2+ 543.71, found 543.71.   

 

(4S,13S)-17-amino-4,13-bis(4-(7-(2-ammonioethyl)-1,3,6,8-tetraoxo-7,8-

dihydrobenzo[lmn][3,8]phenanthrolin-2(1H,3H,6H)-yl)butyl)-2,5,8,11,14,17-

hexaoxo-3,6,9,12,15-pentaazaheptadecan-1-aminium (Ac-Gly-Lys(NDI)-Gly-Gly-

Lys(NDI)-Gly-CONH2 ) (3.8). ESI MS (positive mode) calc’d for C54H58N13O15
+ 1128.42, 
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found 1128.42. 

 

(4S,7S,13S)-17-amino-7-(4-ammoniobutyl)-4,13-bis(4-(7-(2-ammonioethyl)-1,3,6,8-

tetraoxo-7,8-dihydrobenzo[lmn][3,8]phenanthrolin-2(1H,3H,6H)-yl)butyl)-

2,5,8,11,14,17-hexaoxo-3,6,9,12,15-pentaazaheptadecan-1-aminium (H2N-Gly-

Lys(NDI)-Lys-Gly-Lys(NDI)-Gly-CONH2 ) (3.9). ESI MS (positive mode) calc’d for 

C56H66N14O14
2+ ([MH2]2+/2) 579.24, found 579.24. 

 

2,2'-(7,7'-((5S,17S)-17-(2-acetamidoacetamido)-5-(2-amino-2-oxoethylcarbamoyl)-

7,10,13,16-tetraoxo-6,9,12,15-tetraazahenicosane-1,21-diyl)bis(1,3,6,8-tetraoxo-7,8-

dihydrobenzo[lmn][3,8]phenanthroline-7,2(1H,3H,6H)-diyl))diethanaminium (H2N-

Gly-Lys(NDI)-Gly-Gly-Gly-Lys(NDI)-Gly-CONH2 ) (3.10). ESI MS (positive mode) 

calc’d for C54H60N14O15
2+ ([MH2]2+/2) 572.22, found 572.22. 

 

2,2'-(7,7'-((5S,17S)-5-(2-amino-2-oxoethylcarbamoyl)-17-(2-ammonioacetamido)-

7,10,13,16-tetraoxo-6,9,12,15-tetraazahenicosane-1,21-diyl)bis(1,3,6,8-tetraoxo-7,8-

dihydrobenzo[lmn][3,8]phenanthroline-7,2(1H,3H,6H)-diyl))diethanaminium (Ac-

Gly-Lys(NDI)-Gly-Gly-Gly-Lys(NDI)-Gly-CONH2 ) (3.11). ESI MS (positive mode) 

calc’d for C56H62N14O16
2+ ([MH2]2+/2) 593.23, found 593.22. 

 

2,2'-(7,7'-((5S,11S,17S)-5-(2-amino-2-oxoethylcarbamoyl)-17-(2-ammonioacetamido) 

-11-(4-ammoniobutyl)-7,10,13,16-tetraoxo-6,9,12,15-tetraazahenicosane-1,21-
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diyl)bis(1,3,6,8-tetraoxo-7,8-dihydrobenzo[lmn][3,8]phenanthroline-7,2(1H,3H,6H)-

diyl))diethanaminium (H2N-Gly-Lys(NDI)-Gly-Lys-Gly-Lys(NDI)-Gly-CONH2 ) 

(3.12). ESI MS (positive mode) calc’d for C58H71N15O15
4+ ([MH2]2+/2) 607.75, found 

607.75. 
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Chapter 4 
 

“Pi-Stacking” in Water: What It Is and What it Isn’t 

4.1 CHAPTER SUMMARY 

 How is misinformation propagated in scientific discourse? The fraudulent 

discovery of the Piltdown Man in the 1910s drew much attention. In our time, the 

fabricated experiments of the Hwang Woo-suk lab in the last decade (Hwang, 2004) 

affected public perception of the scientific enterprise, the physicist Alan Sokal created a 

postmodern “test” of rigor in the critical theory field through deliberate submission of 

unsubstantiated claims to the journal Social Text. 

More frequent than these rare events, good faith efforts in research may arouse 

popular hope and attention before they are fully accepted by the scientific community. 

“Water memory” (Davenas et al., 1988) and “cold fusion” (Fleischmann et al., 1989) are 

two terms that were introduced into the scientific literature to describe unique phenomena 

only to later be discredited. The chemical biology findings of Felisa Wolfe-Simon 

regarding arsenic-tolerant bacteria, widely promulgated by NASA, came under heavy 

scrutiny and are still being validated by peers (Wolfe-Simon et al., 2010).  

Far more often in science, however, a term that describes a bona fide force or 

relationship in nature may be misused, diluted, or stretched beyond its precise definition 

or jurisdiction. By our appraisal, researchers of late have used the terms “pi stacking” and 

“pi-pi interactions” to explain binding, folding, or aggregation behavior in molecules 

with aromatic functionality, but this use is sometimes unwarranted. The phrases are 

commonly used, often interchangeably, to describe situations in which two or more 

aromatic rings are aligned in some fashion. “Pi stacking” or “pi-pi interactions” are often 

cited as a specific type of intermolecular interaction between aromatic molecules, with 
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the tacit understanding that they are distinct from other noncovalent forces such as 

electrostatic attractions, solvation/desolvation effects and induced electrostatic 

interactions (London dispersion forces). But is this really the case? And if much of what 

is called “pi stacking” has uniquely aromatic character, but is not due to pi cloud electron 

density, nor to parallel stacking, should the terms “pi stacking” or “pi-pi interactions” be 

discarded as imprecise terminology? 

This chapter seeks to answer a set of questions related to the terms “pi stacking” 

and “pi-pi interactions.” In light of current research, we wondered: is it still appropriate 

or accurate to privilege all instances in which aromatic rings are near each other in space 

as exhibiting “pi stacking” or “pi-pi interactions”? What evidence is there that are special 

effects attributable to the structural features of aromatic molecules that promote 

intermolecular stacking, specifically the small one- or two-ring systems we synthesize 

and study most often? In other words, is there any significant attraction between aromatic 

species that transcends the suite of electrostatic attractions, desolvation/solvent effects, 

and induced-electrostatic (London dispersion) forces that influence the association of all 

molecules?  

 

4.2 BACKGROUND 

Several reviews on the interactions of aromatic molecules, focused on both 

theoretical (Tsuzuki and Uchimaru, 2006, Lee et al., 2007) and experimental studies of 

stacking (Waters, 2002), have already been written. Here, we summarize the 

experimental and theoretical evidence and conclude that “pi stacking” or “pi-pi 

interactions” are misleading terms - terms that should either be reserved for very specific 

cases or maybe even dropped from common usage altogether. 
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We are not the first to suggest that the phrases “pi-stacking” and “pi-pi 

interactions” are widely overused and deserve clarification. Grimme has argued for a 

more precise definition that reserves the application of the terms to large, multi-ring 

aromatic systems, a position that we also favor (vide infra). (Grimme, 2008). Marsili et 

al. suggested as much in their work investigating aromatic interactions in over 6,000 

solved protein structures (Marsili et al., 2008). Egli, in the course of reviewing nucleic 

acid-intercalator interactions, alternatively proposed that the terms should be even more 

broadly defined to include any near-space interaction involving aromatic rings, even 

when they do not interact in a parallel fashion, and even when the other functional group 

involved is not aromatic (Egli, 2010). 

4.2.1 Electrostatics 

Influential papers by Hunter and Sanders in the early 1990s established some 

“ground rules” for understanding and anticipating aromatic-aromatic interactions, largely 

based on electrostatic arguments (Hunter and Sanders, 1990, Hunter, 1993, McGaughey 

et al., 1998, Chakrabarti and Bhattacharyya, 2007). The authors noted that pi electron 

density on most aromatic rings creates a quadrupole moment, with partial negative charge 

above both aromatic faces and a partial positive charge around the periphery. Two such 

ring-dense quadrupoles in proximity should eschew face-centered parallel stacking in 

favor of perpendicular edge-to-face interactions or off-centered parallel stacking. The 

exception to this general rule occurs when a molecular pair is subject to what are called 

aromatic donor-acceptor interactions; one of the simplest examples would the face-

centered pairing of benzene with perfluorobenzene (Williams et al., 1992). In this 

situation, strongly electron-withdrawing groups attached to an aromatic molecule reverse 

the directionality of its quadrupole moment, creating a central area of electron deficiency 
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surrounded by high electron density on the periphery (Figure 4.1, top right). This 

reversed quadrupole moment is complementary to that of more electron-rich aromatic 

molecules (Figure 4.1, top left), and an alternating, face-centered parallel stacking 

arrangement between the two is thus favored. In these situations, the stacked arrangement 

is accompanied by mixing of pi orbitals between the molecules. In some cases, mixing 

creates a new absorbance band due to excitation of an electron from the HOMO pi orbital 

of the electron-rich aromatic to the LUMO pi orbital of the electron-deficient species, a 

phenomenon that is the basis for the aromatic donor-acceptor name.  

A number of research groups have used aromatic donor-acceptor interactions to 

create a wide variety of supramolecular architectures and assemblies (Claessens and 

Stoddart, 1997, Nepogodiev and Stoddart, 1998, Percec et al., 2002, Reczek and Iverson, 

2006, Reczek et al., 2006, Petitjean et al., 2008, Lehn, 2010). We will refer often to 

aromatic donor-acceptor interactions in the following sections as a specific designation 

for alternating, face-centered stacking of electron-deficient and electron-rich aromatics. 

Although one could consider aromatic donor-acceptor interactions to be a special type of 

“pi stacking” or “pi-pi interaction,” we think the aromatic donor-acceptor term stands on 

its own to fully describe situations in which electron-deficient and electron-rich aromatic 

molecules stack. 
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Figure 4.1   An electrostatic view of aromatic interactions. Schematics qualitatively 
describe aromatic quadrupole moments in electron-rich DAN, and 
electron-deficient NDI. Modes of stacking, emphasizing areas of 
electrostatic attraction or repulsion, are presented. Electrostatic potential 
surfaces were plotted from DFT calculations (B3LYP using 6-31G*) using 
Spartan (Wavefunction, Inc); for these surfaces, electron density increases 
from blue to red.  

4.2.2 Desolvation/Solvent Effects 

In their comprehensive review, Diederich, Castellano and Meyer focused on 

solvent effects related to interactions between aromatic molecules (Meyer et al., 2003). In 

the course of their own thermodynamic investigations of cyclophanes with substituted 

benzene derivatives, the authors encountered a “nonclassical hydrophobic effect,” a term 

previously used by Gellman and Newcomb when reporting a surprising difference in the 

aqueous self-stacking behaviors of bis-adenine and bis-naphthyl molecules connected by 

a flexible linker (Gellman, 1998). The authors attributed the greater propensity of the 
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heteroaromatic molecule to self-stack to interactions above and beyond the traditional 

desolvating energy of nonpolar molecules in water.   

The classical description of hydrophobic interactions involves favorable T∆S° and 

a small ∆H°, with an additional temperature-dependent enthalpic component. In 

Diderich’s water/methanol cyclophane experiments, the favorable host-guest interaction 

was primarily due to a large negative ∆H°, while the T∆S° term was also negative (and 

therefore unfavorable). Thermodynamic parameters like these have since been described 

for many other aromatic systems. When solvent-solvent interactions are stronger than 

solvent-aromatic interactions, the surfaces of the aromatic molecules are excluded from 

solvent and are thereby driven toward each other. This surface-minimization 

phenomenon is especially true in more polar solvents. 

4.2.3 Shape and Pi Cloud Polarizability  

Polarizability is an important consideration in the argument for privileging pi-pi 

interactions; aromatic pi clouds are delocalized and therefore relatively polarizable, 

which may allow them to be subject to increased induced electrostatic intermolecular 

attractions (i.e. London dispersion forces) as compared to non-aromatic molecules. 

However, as measured by Ritchie and coworkers and highlighted by Daugherty, benzene 

is actually less polarizable than cyclohexane (Craven et al., 1989, Ma and Dougherty, 

1997). Therefore, individual dispersion forces are not stronger in aromatic molecules. 

However, because aromatic rings are flat and rigid, a relatively large contact surface is 

shared when these molecules stack in a face-centered parallel geometry, but only in an 

“all-or-nothing” fashion that minimizes the number of favorable low-energy states. The 

large increase in contact surface area that is created when two molecules are fully stacked 

increases the induced electrostatic attraction, but a small translational or angular change 
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in position forces many atoms out of alignment at once. So while aromatics may not be 

more polarizable than cyclic aliphatics, they may experience greater gains in dispersion-

force induced stabilization due to the “preorganization” of C-H bonds that their flat, rigid 

shape affords.  

The crux of an overall examination into whether or not there are significant, 

distinct “pi-stacking” or “pi-pi interactions,” then, comes down to the relative importance 

of induced electrostatic dispersion forces due to the two unique aromatic considerations 

—the electron polarizability and the fixed quadrupole moments of these extended flat 

surfaces — compared to the overall electrostatic and desolvation/solvent effects that 

apply to all molecules more or less equally. 

 

4.3 BENZENE AND TOLUENE 

4.3.1 Experimental description benzene and toluene interactions 

Benzene and toluene, the prototypical aromatic molecules, have been examined in 

both the solid and liquid states. In the solid state, benzene is seen predominantly in a 

perpendicular edge-to-face arrangement, while solid toluene forms off-center parallel 

stacks with an alternating staggered arrangement in which the methyl groups make 

contact with pi orbitals of adjacent molecules.  A recent study collected small angle 

neutron diffraction data from benzene and toluene in the liquid state (Headen et al., 

2010). This work revealed the structural complexities associated with aromatic 

interactions, especially the disordering effect of the methyl substituent, which disrupts the 

high-order structure of toluene as compared with benzene. Few additional conclusions 

could be drawn about liquid toluene, other than a very weak preference for some type of 

parallel arrangement at distances less than five angstroms. The edge-to-face “t-shaped 
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dimer” of benzene was found to be disfavored relative to parallel offset pairs and the “y-

shaped” edge-to-face configuration, where two hydrogen atoms from one benzene point 

towards the aromatic plane of the other (Figure 4.2).  

 

 

Figure 4.2   Possible aromatic stacking arrangements. (a) Parallel face-centered. (b) 
Parallel offset. (c) Perpendicular t-shaped. (d) Perpendicular y-shaped. (e) 
Parallel offset for toluene (Headen et al., 2010).  

4.3.2 Theoretical investigations of benzene and toluene  

Sherrill has carried out a comprehensive set of calculations on benzene and 

substituted derivatives (J. Phys. Chem. A 2006, 110, 10656-10668). This work described 

computationally demanding CCSD(T) calculations with large basis sets including 

multiple polarization and diffuse functions to account for the large number of electrons in 

the contact regions between interacting aromatics. Their calculations predict that the T-

shaped and parallel offset dimers are the most stable and nearly isoenergetic, while the 

face-centered parallel stack is less favored than either of these. When considering 

benzene trimers, their calculations were consistent with experimental observations 

indicating that a cyclic trimer with all edge-to-face interactions is the most stable.  

Overall, these extensive ab initio calculations on the simplest aromatic system, benzene, 

predict that the dimer and trimer configurations with maximum “pi stacking” or “pi-pi 

interactions,” namely the face-centered stacked arrangement, are not the most 

energetically stable, and that these predictions are consistent with experimental results. A 
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reasonable conclusion from theory then, is that pi electron polarization and induced 

electrostatic interactions do not dominate benzene stacking interactions. These authors 

also pointed out that, despite their finding that polarization effects are not dominant for 

benzene stacking, polarization is important when considering substituted benzene 

interactions, and that using an electrostatic model alone is misleading. 

Gervasio et al. reviewed a growing consensus that toluene is a more appropriate 

baseline model for biological aromatics, as it is substituted (albeit very simply). Toluene 

therefore possesses a dipole, introducing asymmetry that makes stacking in an offset 

mode more favorable compared to t-shaped patterning (Gervasio et al., 2002). These 

findings have been recapitulated several times; both Rogers et al. and Tsuzuki et al., 

conducted their own more recent MP2 and CCSD(T)/MP2 calculations and used them to 

rank stacked toluene dimers with decreasing minimum geometry optimization in the 

order antiparallel < crossed < parallel << t-shaped (Tsuzuki et al., 2005, Rogers et al., 

2006). Consistent with calculations of benzene, face-centered stacking is not the most 

stable configuration for toluene either. By inference, pi electron polarization and induced 

electrostatic interactions do not appear to be dominant for toluene. It is worth mentioning 

that even these high level calculations must ignore solvent effects due to computing 

power limitations.  

 

4.4 EXPERIMENTAL STUDIES OF AROMATIC-AROMATIC INTERACTIONS 

A “molecular torsion balance,” designed Wilcox and coworkers, is an elegant 

system that has been used by a number of research groups to measure aromatic 

interactions experimentally. It was initially used to “weigh” the strength of a single edge-

to-face interaction against the entropic cost of ordering the “edge” ring over the “face” 
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ring (Paliwal et al., 1994). This value was compared to those of torsion balances with 

bulky aliphatic groups, whose “folded” state over the face ring was even more highly 

preferred (Fig. 4.3) (Kim et al., 1998).  These results discount the idea of a special, 

stabilizing pi stacking or pi-pi interaction that is separate from hydrophobicity, at least in 

the edge-to-face interaction in the solvents tested.  

                                

Figure 4.3 Wilcox’s molecular torsion balance. Ring b was replaced by aliphatic 
groups in control experiments, and the effects of electron withdrawing and 
donating groups at positions x and y were investigated. Used with 
permission. (Nakamura and Houk, 1999) 

Houk and coworkers sought to add theoretical data to this argument, carrying out 

a variety of force-field calculations on the synthesized molecules with chloroform 

solvation effects applied. Although the calculated energies were 0.2-0.5 kcal/mol too 

high, the experimental trends were replicated, including data indicating that the 

preference for a folded versus an unfolded state for a t-butyl substituent over an aromatic 

face is comparable to that of a second aromatic substituent (Nakamura and Houk, 1999). 

Years later, Cockroft and Hunter posited that the chloroform desolvation effects 

swamped out any electrostatic component in the Wilcox chloroform experiments, and 

contrasted those results to others carried out in benzene by Diederich and coworkers that 

did show a significant electrostatic-based preference for folding (Cockroft and Hunter, 

2006). However, when the experiments were repeated for both torsion balance molecules 
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in both solvents, the results were still contradictory; the simple equation proposed could 

not predict at what point electrostatic effects are large enough to overcome solvent-driven 

energetic effects (Fischer et al., 2008). 

Rashkin and Waters used a different architecture, testing substituted N-benzyl-2-

(2-fluorophenyl)-pyridinium bromide (Rashkin and Waters, 2002). While the Wilcox 

torsion balance precluded a parallel interaction between the two aromatic rings, the 

Waters molecules either “fold” into an offset stacked arrangement or “unfold” to 

maximize the distance between rings. The data revealed increased rotational barriers to 

unfolding when electron-withdrawing groups were present on one ring, indicating the 

important role played by electrostatic (i.e. aromatic donor-acceptor) interactions. The 

authors also note that direct substituent-substituent interactions need to be considered in 

stacked geometries, not just the donating or withdrawing effects of these groups on the 

ring systems. 

                     

Figure 4.4 Representative “chemical double mutant cycle designed by Hunter and 
coworkers to study the aromatic-aromatic interaction unique to system A. 
Used with permission. (Cockroft et al., 2005) 
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The Hunter research group has used hydrogen-bonded “zipper” complexes with 

two pairs of pendant hydrophobic groups whose interaction can enhance the overall 

stability of the assembly in CDCl3.  By “mutating” each of the four groups individually 

and generating a thermodynamic cycle, the group derived information about the 

stabilizing effect of aromatic interactions (Hunter et al., 2003) and about the additional 

attractive interaction contributed by various substituted aromatic groups versus saturated 

aliphatics (Fig. 4.4) (Cockroft et al., 2005). The solution-phase NMR data suggested that 

in the sandwich conformation is preferred in organic solvent and the interaction is 

strengthened as the difference in aromatic electron density between the two rings 

increases. These findings were interpreted as consistent with the Hunter-Sanders model 

of stacking interactions dominated by electrostatic attraction, (in other words, aromatic 

donor-acceptor interactions). Consistent with the high relative importance of aromatic 

donor-acceptor considerations, a series of simple 2D NMR experiments using 1,8-

diphenylnapthalenes was reported by Cozzi et al. These researchers demonstrated that the 

free energy of aromatic interactions can be enhanced with successive fluorine 

substitutions to one aromatic ring, which increase the quadrupolar electrostatic difference 

with an electron-rich neighbor (Cozzi et al., 1995). 

 

4.5 SUPRAMOLECULAR SYSTEMS DRIVEN BY AROMATIC-AROMATIC INTERACTIONS  

A number of labs have developed systems that utilize aromatic donor-acceptor 

interactions in a quest for molecular self-assembly of complex architectures, including 

foldamers and polymers. The Stoddart lab has created several generations of remarkable 

rotaxanes and catenanes functionalized with a variety of aromatic donor-acceptor units 

(Philp and Stoddart, 1996, Saha and Stoddart, 2006, Stoddart, 2009). 
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Often, final structures are synthesized in the presence of a templating aromatic 

acceptor or donor (Zhao et al., 2009, Au-Yeung et al., 2010). Redox sensitive donor-

acceptor driven molecular switches, of both the “on/off” and “A/off/B” type, have been 

created using a number of “donor-acceptor building blocks.” These comprise the 

electron-deficient CBPQT4+ moiety, the conjugated, but not aromatic, bispropargyl 

group, the permanently electron-rich DNP group, and the variably electron-rich TTF 

group (Spruell et al., 2009). Later systems have incorporated metal-organic frameworks 

that allow more rigid, right-angled structures, (Li et al., 2010), or bulky “speed bumps” 

and “caps” to slow the switching process driven by a redox shift in the most favorable 

donor-acceptor pair (Coskun et al., 2008). The helical foldamer systems of Moore and 

coworkers, which feature long range pi-systems that extend through conjugated 

backbones, bind a variety of aromatic small-molecule guests in an interior cavity created 

upon folding (Prince et al., 2000, Tanatani et al., 2001, Stone and Moore, 2004, 

Smaldone and Moore, 2007).   

As discussed in Chapter 3, our lab has created peptide-linked aromatic donor-

acceptor foldamers that self-assemble in a stable pleated fashion at room temperature that 

are referred to as “aedamers” (Lokey and Iverson, 1995, Lokey et al., 1997, Nguyen and 

Iverson, 1999, Zych and Iverson, 2000, Cubberley and Iverson, 2001, Gabriel and 

Iverson, 2002, Gabriel et al., 2005, Bradford and Iverson, 2008) We and others have used 

the donor-acceptor interaction to assemble heteroduplexes (Gabriel and Iverson, 2002, 

Zhou et al., 2005), mesophases (Reczek et al., 2006, Alvey et al., 2010) and functional 

polymers (Reczek and Iverson, 2006). 

Self-assembled polymers that incorporate electron-rich DNP into the backbone 

have also been investigated, leading to highly multimeric chains onto which cyclic 

aromatic acceptors can be threaded. These cyclic donors allow for a large-scale 
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compression of the polymer into a pleated arrangement enabled by long-range donor-

acceptor “stacks” (Zhang et al., 2008). Other aromatic donor-acceptor polymer systems 

are starting to appear (see also Chapter 1) (Olson et al., 2010).  

The picture emerging from these supramolecular systems so far is that aromatic 

units are useful building blocks for folding and assembly when electron-rich and 

electron-deficient aromatic units are utilized to form alternating donor-acceptor stacks. 

Thus, as opposed to a general phenomenon encompassing all aromatic molecules, face-

centered stacking has only proven reliable in the special case of aromatic donor-acceptor 

interactions, a phenomenon that is rationalized in a qualitative sense by the Hunter-

Sanders electrostatics-focused rules. 

 

4.6 AROMATIC-AROMATIC INTERACTIONS IN PEPTIDES AND PROTEINS 

4.6.1 Peptides and pseudopeptides, including amyloids  

The non-covalent interactions of aromatic side chains have been extensively 

studied in peptide systems, and have received extra attention lately due to their possible 

role in amyloid formation.  For example, Trpzip β-hairpins are 12- to 16-residue peptides 

that form β-turn structures with high stability matched in nature only by much larger 

protein domains (Cochran et al., 2001, Yang et al., 2004).  The four tryptophan resides of 

each Trpzip, first thought to be arranged in two pairs of parallel stacks, were later 

structurally characterized using NMR as having a t-shaped arrangement. 

The Waters lab studied alpha-helix stability in peptides including the nonnatural 

amino acids homophenylalanine, biphenylalanine, and pentafluorophenylalanine.  These 

nonnatural residues stabilized helices when incorporated at the C-terminus and at the i 

and i+4 positions (Butterfield et al., 2002), but the perfluorinated derivative, whose 
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aromatic ring was thereby highly electron-deficient, was not more stabilizing than 

phenylalanine. This result was ascribed to side chain conformational restriction that did 

not allow for parallel stacking.  Fujita and coworkers synthesized an artificial triazine-

based hydrophobic bowl-shaped host that hearkens back to Nolte’s catechol-binding 

molecular clips (Sijbesma et al., 1993).  Although very short hexapeptides typically pay 

too high an entropic cost to form a-helices in solution, CD spectra indicated that in the 

presence of the host (but not in its absence), hexapeptides with aromatic tryptophan 

resides at the i position do adopt a helical conformation. Association with the host 

increased by an order of magnitude when an additional aromatic residue was inserted at 

position i+4 (Fig. 4.5) (Dolain et al., 2010).  

 

       

Figure 4.5 Cartoon representation of aromatic triazine host “bowl” for ordering α-
helices. Used with permission. (Dolain et al., 2010)  

The Urbach lab has used the supramolecular pair of cyclic curcurbit[8]uril (Q8) 

and methyl viologen (MV) to develop a peptide recognition system; aromatic interactions 

are used to explain the stability of 1:1:1 Q8:MV:N-Trp complexes, where N-Trp denotes 

any of several short peptides with tryptophan at the N-terminus (Bush et al., 2005, 

Heitmann et al., 2006). 

The term amyloid refers to highly ordered aggregates of amphiphilic peptides that 

self-assemble to form fibrils (Sipe and Cohen, 2000, Maji et al., 2009). Aromatic residues 

appear to facilitate amyloid-like behavior by peptides. In fact, Gazit reviewed amyloid-
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like peptides, and noted that phenylalanine is especially prevalent in these systems. This 

observation is in keeping with the previous finding that Phe, of the four aromatic 

sidechains, exhibits the greatest preference for self-interaction (Gazit, 2007). Another 

recent report has described several biologically relevant but non-gelling pentapeptides 

that were transformed into amyloid-like hydrogels simply by capping with synthetic 

aromatic groups (Ma et al., 2010). Much additional work is being carried out to finely 

tune the properties of short peptides with aromatic protecting groups (Ghandehari et al., 

1997, Zhang et al., 2003, Mahler et al., 2006, Toledano et al., 2006, Shi et al., 2011, 

Zhang et al., 2011) 

Aromatic-aromatic interactions have been exploited to drive the formation of 

hydrogels in small synthetic folding molecules as well (Chen et al., 2009, Duan and Liu, 

2009, Murayama and Kato, 2010, Tibbitt et al., 2010). Recently, we designed and 

synthesized a suite of four amphiphilic foldamers based on our alternating aromatic 

donor-acceptor stacks. In these molecules, the linking amino acids alternated between 

negatively charged aspartic acid and hydrophobic leucine, isoleucine, norleucine, or 

valine (Fig. 4.6). When folded in water, the foldamers are amphiphilic in a direction 

perpendicular to the axis of the aromatic stack. Upon heating, three of the foldamer 

solutions irreversibly form a hydrogel, with a concomitant full or partial loss of the 

characteristic charge transfer absorbance band and appearance of strong circular 

dichroism signals. This transition suggests a second, thermodynamically more stable 

arrangement for these foldamers that is highly ordered and multimeric, reminiscent of 

amyloid structure (Bradford and Iverson, 2008). 
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Figure 4.6 Hydrogelator (1, 2, 3) and control (4, 5) hexamers composed of alternating 
amino-acid-linked DAN:NDI units. SEM micrograph of dried gel of 2 is at 
right. Used with permission. (Bradford and Iverson, 2008) 

4.6.2 Aromatic-aromatic interactions across the protein landscape 

The non-covalent interactions of aromatic side chains in the interior space of 

proteins have now been studied for over two decades. Many groups have recapitulated 

the pioneering work of Burley and Petsko, who first surveyed 34 structures from the 

Protein Data Bank to give a sense of the through-space interactions between the four 

naturally occurring aromatic amino acids; their early findings include a preference for 

“edge-to-face,” i.e., perpendicular or “not-far-from-perpendicular” geometries, and a high 

incidence of aromatic “networks” of three or more nearby aromatic residues (Burley and 

Petsko, 1985). More recent efforts either examine a specific set of interactions in greater 

detail (Hunter et al., 1991), or update the work by accessing a more recent, and much 

larger database of known protein structures. For example, McGaughey et al. analyzed 

505 proteins and determined that an offset parallel-stacked conformation was on average 

1.0 kcal/mol more stabilizing than a t-shaped geometry (McGaughey et al., 1998, 

Chakrabarti and Bhattacharyya, 2007). In light of their quite different electrostatic 

potentials, it is not surprising that each aromatic-aromatic interaction has a distinct 

character. Meurisse, Thomas and Brasseur published a series of detailed papers 
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characterizing aromatic interactions one amino acid at a time, and were one of the first to 

include His-X interactions. (Thomas et al., 2002, Thomas et al., 2002, Meurisse et al., 

2003, Meurisse et al., 2004) Overall, there was no clear overall preference for either the 

“stacked” or “t-shaped” arrangements that could not be explained by distance and 

backbone-anchoring constraints. Only phenylalanine experiences the most favorable 

aromatic interactions when paired with itself; tyrosine, histidine and tryptophan all prefer 

heterologous arrangements. Research on the strength and significance of aromatic-

aromatic interactions in proteins often includes mention of and comparison with cation-

aromatic, anion-aromatic, and sugar-aromatic interactions, which can be equal in number 

and magnitude (Waters, 2004, Marsili et al., 2008).  

Most recently, increased computing power has allowed the Sastry lab to study 

extended aromatic networks in proteins with three or more aromatic residues; the vast 

majority of these networks are “connected” by t-shaped, rather than parallel pairwise 

geometries (Chourasia et al., 2011). The authors, therefore, refer to the noncovalent 

interactions at work here as “C-H···pi” interactions, using a term, becoming more and 

more common, that distinguishes them from pi stacking or pi-pi interactions. However, 

this preference is partially due, somewhat tautologically, to the large distance cutoff used 

to search for interactions. The authors also noted that, in general, proteins with less 

secondary structure were more likely to have extended aromatic networks; the networks, 

therefore, may contribute a heretofore unappreciated stabilizing effect on less ordered 

proteins, molecules which are biologically persistent and relevant but poorly understood.  

Beyond just interactions within the same protein, aromatic residues have been 

found to be important in the intermolecular interactions of proteins as well. For example, 

Clackson and Wells demonstrated that although the interface of the human growth 

hormone hGH and its receptor hGHbp is extensive, comprising ~30 residues, replacing 
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either one of its two tryptophan residues nullifies a “hot spot” that is responsible for 75% 

of the binding free energy, far more than any other sidechain, even those involved in ion-

pairing interactions (Clackson and Wells, 1995). The Trp-Trp arrangement does not 

appear to fit the offset or t-shaped geometries thought to be most stabilizing (Alsina et al., 

1998) suggesting that hydrophobic interactions unrelated to stacking are dominant. 

Ultimately, studies of both peptides and proteins indicate that the non-covalent 

interactions of aromatic side chains are important for folding, stability, and 

intermolecular stability, but there is no preponderance of evidence for the kind of face-

centered stacking implied by the terms “pi stacking” or “pi-pi interactions.” 

 

4.7 AROMATIC-AROMATIC INTERACTIONS IN NUCLEIC ACIDS AND DNA  

Nucleic acids, for example B-form DNA, represent perhaps the quintessential 

stacked aromatic assemblies. The DNA bases are decorated with various functional 

groups, including highly polarizing carbonyl groups, and electrostatic interactions 

between the base quadrupole moments are thought to be important for stacking 

(Stamatiadou et al., 1972, Fellers et al., 1999). The electronic character of the bases is 

likely crucial to understanding other biological processes such as base repair (Copeland et 

al., 2008). The efforts of Kool and coworkers hae emphasized the importance of overall 

size and the hydrophobic effect for base stacking of nucleic acids (Moran et al., 1997, 

Matray and Kool, 1998, Kool, 2000, Strässler et al., 2009). They have created a number 

of base substitutes including novel “expanded” base-pair systems. These systems include 

xDNA (Liu et al., 2005) and xRNA (Hernández and Kool, 2011), which incorporates 

nucleobases identical to the A, C, G, T and U found in nature, but with an additional 

phenyl ring inserted either between the two aromatic purine rings, or fused to the 
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pyrimidine ring such that the new phenyl ring forms the glycosidic bond with the 

backbone sugar (Strässler et al., 2009). A recent review details the various aromatic 

molecules whose aromatic-aromatic interaction strength rivals or betters those that occur 

in nature; a number of these abiotic bases have been incorporated into living organisms 

and successfully bypassed by polymerases (Krueger and Kool, 2009).  

DNA-amino acid side chain interactions are important for protein-dependent 

processes such as enzymatic DNA repair. The Tschumper lab mined the Protein Data 

Bank for structures that exhibited phenylalanine-adenine interactions (Rutledge et al., 

2008) and were able to categorize these into six distinct structures, all of which are 

stacked in a completely face-centered geometry. Many different research groups have 

published work supporting the idea that there is a lack of a deep energetic minimum for 

stacked structures between amino acids, nucleic acids, or combinations of the two; many 

suggest that this relative freeness allows residues to interact favorably despite being 

highly restricted by their polymeric backbones (Cysewski and Czyżnikowska-Balcerak, 

2007). 

 

4.8 THEORETICAL INVESTIGATIONS BEYOND BENZENE AND TOLUENE 

Although large aromatic ring systems are still computationally prohibitive, the 

Tschumper lab has carried out detailed CCSD(T) calculations on a variety of limited pi 

systems, beginning with N2 and C2H2, to demonstrate that conventional MP2 calculations 

overestimate attractive interactions, and that at least triple excitation effect corrections 

(the “T” in CCSD(T)) are required for reasonable estimates (Hopkins and Tschumper, 

2004). By using a combination of high-level CCSD(T) studies of diacetylene and 

cyanide, coupled with MP2 calculations performed on homo- and heterodimers of 
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benzene and triazine, they conclude that mixed dimer systems do show unique 

electrostatic effects that make them more energetically favorable than indicated by 

previous studies of usually heterocycle-free homodimer calculations (Hopkins and 

Tschumper, 2005, Bates et al., 2008). The Sherrill group has instead relied on detailed 

SAPT calculations on pairs of benzene and pyridine, and concluded that while dispersion 

is the largest stabilizing factor in parallel-offset stacks (in their work, preferred over t-

shaped pairs), exchange-repulsion often cancels much of this factor, making the 

contribution of electrostatics relevant once more (Sinnokrot and Sherrill, 2006). They 

also observe that the introduction of heteroatoms into an aromatic system shrinks its 

volume and makes it less polarizable; heteroatoms also make the orientation of the 

monomers more energetically important, as they introduce asymmetry and therefore 

increase the number of possible pairwise conformations to investigate (Hohenstein and 

Sherrill, 2009). 

Several theory-focused groups are beginning to investigate the interactions 

between extended aromatic systems. DFT calculations performed by Rochefort and 

Wuest modeled the ordered arrangement of substituted benzene rings, particularly 

benzoic acids on a graphite layer (Rochefort and Wuest, 2008). Rajesh et al. used MP2 

theory to demonstrate the parallel-offset geometry preferred by gas phase aromatic amino 

side chains in proximity to graphene at distances of 3.21-3.50 Å (Rajesh et al., 2009). 

This geometry was consistent with previous studies of nonheteromatic benzene and 

naphthalene layered onto graphene (Chakarova-Käck et al., 2006), and extended to 

aromatic side chains stacked with carbon nanotubes as well, though the interplanar 

distances were slightly greater, and the interactions slightly weaker due to the curved tube 

surface. 
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Recent work that models very large aromatic hydrocarbon systems has revealed 

that the magnitude of calculated attraction increases predictably with increasing hydrogen 

number, from coronene dimers up through C150H30 dimer “sheets” (Grimme et al., 2007, 

Zhao and Truhlar, 2008, Bjork et al., 2010). However, these large, purely hydrocarbon 

molecules are electronically quite different from the biological aromatics for which the 

“pi-stacking” term, in our estimation, is most commonly applied. 

 

4.9 EXPERIMENTAL AROMATIC DONOR-ACCEPTOR INTERACTIONS 

The above literature survey has approached the non-covalent interactions between 

aromatic molecules from a variety of experimental and theoretical perspectives. Our 

research occupies a unique middle-space; we work in aqueous solution, but with aromatic 

molecules distinct from biological macromolecules, termed foldamers, that also undergo 

complex assembly dictated by noncovalent interactions (Cubberley and Iverson, 2001). 

By employing the electron rich 10-atom-aromatic 1,5-dialkoxynaphthalene, or DAN, 

moiety in concert with the 16-atom-aromatic 1,4,5,8-naphthalenediimide, or NDI, unit, 

we are able to study an aromatic-aromatic interaction with a high degree of electrostatic 

complementarity and in medium-sized ring systems that exceed the limit suggested by 

Grimme.  

A variety of spectroscopic (diagnostic NMR chemical shift changes, the presence 

of a charge transfer absorbance in the visible region, significant hypochromism in the UV 

region) as well as crystallographic measurement has verified that DAN and NDI stack in 

an alternating, face-centered arrangement as predicted for aromatic donor-acceptor 

molecular pairs. The key question, of what factor or factors are the most energetically 

important for NDI-DAN stacking in solution, remains unanswered. Based on previous 
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discussions, the most important possibilities to be considered are their complementary 

electrostatics (the Hunter-Sanders framework) or solvation/desolvation effects (i.e. the 

hydrophobic effect in polar solvents).  

These effects are expected to behave differently as solvent polarity is 

systematically changed from non-polar to polar solvent. In particular: 

1. Electrostatic interactions are expected to increase in non-polar (low dielectric) 

solvent, but decrease in more polar (high dielectric) solvent. In addition, if electrostatics 

dominate, there should be a significant difference between the highly favored DAN-NDI 

alternating stacking due to complementary quadrupoles (i.e. aromatic donor acceptor 

interactions) and the less favored DAN-DAN or NDI-NDI self-stacking. 

2. Solvation/desolvation effects, on the other hand, are expected to increase 

dramatically with increasing polarity, in constrast to the trend expected for electrostatic 

interactions. If solvation/desolvation effects alone drive association, then in polar 

solvents such as water, association should depend primarily on the buried contact surface 

area, so that to a first approximation, there should be little difference between DAN-NDI 

alternating stacking and DAN-DAN or NDI-NDI self-stacking, assuming the units stack 

in a face-centered fashion.  

To a first approximation, it will be possible to identify the most significant 

energetic driving force for the stacking of NDI and DAN by synthesizing broadly soluble 

derivatives and measuring their interactions in solvents of various polarities. 

Table 5.1 lists the previously published NMR studies by our lab on the 

interactions of DAN, NDI, and 1:1 DAN:NDI mixtures in solvents of various polarities. 

When plotted using the polarity parameter ET(30), the data reveal a striking correlation 

between an increasing strength of interaction and increasing solvent polarity (Figure 4.3). 

In other words, the dominant energetic interaction appears to be solvation/desolvation, 
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i.e. the hydrophobic effect. Notably, hydrogen-bonding solvents have a somewhat steeper 

slope than the other solvents, indicating that hydrogen bonding is particularly important 

for aromatic stacking. 

 

                 

Table 4.1 Self-association constants for mixtures of DAN (donor) and NDI 
(acceptor) mixtures calculated using HOSTEST dimerization models. 
Free energy values generated from these data is used to create Figure 4.7. 
Used with permission. (Cubberley and Iverson, 2001) 

                          

Figure 4.7 The polarity parameter ET(30) plotted against calculated free energy change 
values for the 1:1 donor:acceptor complexes measured in Table 5.1; 1-9 
represent the experimental solvent conditions from the table. 
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arrangement, which adopts an off-center parallel stacking geometry in the solid state. The 

Ka of the NDI:DAN dimer is ten times greater still (Cubberley and Iverson, 2001) and 

exhibits an alternating, face-centered parallel stacking geometry in the solid state. Note 

that the solid state structural trends, and by inference the geometries in solution, are 

exactly those predicted from electrostatic considerations. 

The picture that emerges from these studies is that the driving force for aromatic 

associations in polar solvents is primarily derived from the hydrophobic effect, but the 

extent of this driving force is presumably derived from the geometry of association (i.e. 

amount of buried hydrophobic surface area), which is dependent on electrostatic 

complementarity. The DAN-NDI quadrupole moments are complementary in a face-

centered, stacked arrangement that buries maximum non-polar surface area, thereby 

leading to the maximum observed association. The NDI-NDI off-centered stacking 

observed in the solid state qualitatively predicts an intermediate level of buried 

hydrophobic surface area and therefore intermediate association, while the DAN-DAN 

edge-to-face interaction buries the least hydrophobic surface area and qualitatively 

predicts the lowest association constant. 

The polar protic solvents exhibit a steeper slope in Figure 4.7 compared to 

nonpolar and aprotic solvents. If we note that the strongest intermolecular interaction per 

unit volume in polar protic solvents, by far, is hydrogen bonding between solvent 

molecules, it makes sense to think about aromatic stacking interactions in these solvents 

as an equilibrium arrangement that maximizes the number of hydrogen bonds between 

those solvent molecules, but also balances aromatic geometries that are energetically 

highly variable upon close approach due to electrostatics. 

Both the observed solvent dependence and specificity for alternating DAN-NDI 

associations run counter to those predicted if induced electrostatic interactions are 
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dominant. In other words, for the DAN-NDI system, the parameter most closely 

associated with the terms “pi stacking” and “pi-pi interactions” appears to play an 

insignificant role in aromatic stacking interactions over the range of solvents examined. 

On the other hand, the electrostatic considerations linked to aromatic donor-acceptor 

interactions appear to provide a qualitatively accurate prediction of which aromatic units 

will exhibit the strongest associations. In terms of energetic driving force for association, 

the hydrophobic effect reigns supreme in highly polar solvents, especially hydrogen 

bonding, protic media. 

 

4.10 CONCLUSIONS  

The terms “pi stacking” and “pi-pi interactions” are currently used in a number of 

chemical areas, including the supramolecular field, to infer the existence of an 

energetically important interaction between aromatic pi clouds that favors parallel 

stacking. 

Our own studies using electron-rich DAN and electron-deficient NDI derivatives 

are consistent with these themes but demonstrate the dominant energetic role 

solvation/desolvation plays, especially in hydrogen-bonding solvents. In addition, they 

reinforce the fact that complementary electrostatics are the key to determining the 

geometry of association. We hypothesized that a specific, consistent, favorable 

alignment, in which the proximity of electron-rich and electron-poor areas is optimal, has 

a major influence on the magnitude of the solvation/desolvation effects. This principle 

extends to single-species systems. Electron-rich aromatics adopt t-shaped pairwise 

interactions because the quadrupolar “middle layer” of the sigma system is relatively 

electron-deficient, compared to the top and bottom layers where pi density is 
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concentrated, and is therefore the best option for complementarity with those layers. This 

middle layer extends in space beyond the pi layers, so the most favourable interaction 

positions an electron-rich face nearest an edge, where there is little pi density.  

Crystals of hexafluorobenzene, an electron-deficient aromatic molecule without a 

dipole, adopt a herringbone structure due to pairwise edge-to-face interactions. This 

observation is a reminder that when we speak of “electron-deficient” and “electron-rich” 

aromatics, we are speaking in relative terms, and that an “electron-deficient aromatic” 

molecule is still more electron-dense compared with, say, a saturated version of itself. Its 

pi system, of course, is still an area of electron richness. As evidenced by the 

hexafluorobenzene crystal, it is not a partially positive patch that aligns in parallel offset 

stacks to interact with the electron-dense fluorines. 

However, aromatic species with net dipoles or otherwise unequal distribution of 

charge density have the potential to interact more favorably. While the molecules are 

holistically electron-rich, arrangements such as the face-centered stacking of our DAN 

and NDI combat pi-pi repulsion, which is ubiquitous, with positive pi interaction energy 

between the pi and sigma systems. Therefore, attributing aromatic stacking, when it does 

happen, to a “pi” or “pi-pi” phenomenon, is incorrect. As discussed in previous sections, 

face-centered parallel stacking, the geometry favored if dispersion forces are enhanced in 

aromatics, is not all that common. In our opinion, it is unnecessarily confusing to call 

arrangements that are not parallel (either perpindicular, or some angle in between) 

“stacked.” In effect, neither half of the term “pi-stacking” is being used in a literal sense 

in much of the recent literature and discussion where it appears. 

Taken together then, the literature offers little justification for the use of the terms 

“pi stacking” or “pi-pi stacking” to describe interactions between commonly encountered 

aromatic molecules. Systems that involve complementary electrostatics between electron-
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rich and electron-deficient aromatics are a key exception. This situation is exemplified by 

the DAN-NDI system, and is appropriately and descriptively referred to as an aromatic 

donor-acceptor interaction.  

The present literature review of theoretical and experimental studies involving 

commonly encountered aromatic molecules failed to uncover any compelling evidence 

for significantly enhanced dispersion forces, except perhaps for large graphene-like 

systems (vide infra), or for a significant preponderance of parallel-stacked pairs that are 

not electronically complementary. Instead, electrostatic considerations, as described 

qualitatively by Hunter and Sanders, but rarely discussed by papers that casually attribute 

molecular arrangements to “pi-stacking,” accurately predict the geometry of interacting 

aromatics. Solvation/desolvation effects appear to be also important in a wide variety of 

contexts. 

Grimme asked the same question we do. Deemphasizing the importance ascribed 

by Hunter and Sanders to eletrostatic attraction, he compares fused aromatic and 

saturated hydrocarbon rings in investigating pi-pi interactions, noting their decreasing 

solubility in organic solvent with increasing size. Grimme notes that calculations on 

saturated cyclic hydrocarbons also yield stacked structures, though they could not 

properly be called planar. Grimme ultimately concludes that there is a special “additional 

attraction,” due to the orbital-dependent, rather than long-range, atom-pairwise dispersion 

component but that it only becomes significant in multi-ring systems with greater than 

ten carbons7. This small favorable attraction in pi-pi systems is only at work in parallel 

stacks, not in t-shaped systems, as evidenced by the shorter molecular distances common 

to stacks as compared to t-shaped pairs. Geometrically, the completely rigid flatness of 

aromatic molecules allows the close distances required for this additional interaction to 

be operable. 
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For the small, biologically relevant ring systems tested and explored in the 

majority of papers, however, an arrangement that “looks” like it is “stacked” may not 

actually experience this extra stabilizing effect, but rather simply benefit from the close 

packing afforded by flat ring systems. 

Consistent with the conclusions of Grimme, we make the caveat that larger fused 

ring systems will have additional pi electron density and their flat surfaces will facilitate 

close contact over larger areas. It is reasonable to expect, therefore, that there is a size 

limit for fused aromatics beyond which geometrically favored dispersion forces do 

become important enough to deserve a “pi stacking” or “pi-pi interaction” label. 

Nevertheless, such a size domain is considerably larger than commonly encountered 

aromatic systems (outside the world of graphene sheets, spheres and tubes). A precise 

size cutoff for these interactions awaits future theoretical and experimental studies. 

As additional large, conjugated ring systems are modeled computationally, a more 

nuanced picture of aromatic-aromatic interactions is taking shape —one that 

accommodates variations in polarizability and electron density due to heteroaromatic and 

substituent effects. The terms “pi stacking” and “pi-pi interactions” are not misnomers, 

but they do imply a preferred face-to-face geometry and the presence of large, 

dominating dispersion forces between aromatic molecules whose ubiquity is not backed 

up by theory or experiment. We conclude that the terms “pi stacking” and “pi-pi 

interactions” should not be used for aromatic molecules of the size usually encountered in 

synthetic or biological systems. If a true “aromatic donor-acceptor interaction” exists in 

such a system, this term is sufficient and yet more precise to encompass the “specialness” 

implied by those terms.  
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