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ABSTRACT
The design and synthesis of molecules that mimic the assembly and molecular
recognition properties of natural systems is a strategy that can be utilized to make sizeable
structures from small modular units that would otherwise be difficult to synthesize. The
combination of peptide coupling chemistry and transition metal chemistry to create these mimetic
molecules has the potential to construct exceptionally intricate supramolecular structures for
applications in molecular wiring, catalysis, and sensing. This thesis describes synthetic
modifications to ligand-substituted oligopeptide sequences for the creation of selective strands
that interact with transition metals to form specific duplex structures, and introduces analytical
techniques that could be exploited to study the formation and structure of the resulting metallated
complexes. All of the experiments are aimed towards the conception of more elaborate, metal
containing constructs in solution.
The solution phase synthesis of artificial self-complementary di and tri peptides
composed of ligand substituted aminoethylglycine (aeg) was achieved to produce anti-parallel
metallated duplexes in the presence of tetracoordinate metals. Studies of the dipeptides, which
consist of a monodentate pyridine (py) and tridentate terpyridine (tpy) or phenyl terpyridine (Φtpy) ligand in series on the aeg backbone, exhibit a 2:2 Cu:dipeptide binding stoichiometry during
spectrophotometric titrations with Cu2+, indicative of the predicted metallated duplex. The single
strands and the Cu-linked complexes are characterized by NMR, mass spectrometry, elemental
analysis, HPLC, and absorbance spectroscopy. An artificial tripeptide has also been synthesized
that consists of py, dimethyl bipyridine (bpy), and tpy in series on the aeg backbone.
Characterization and formation of the duplex with three metal centers is investigated by various
techniques such as EPR and spectrophotometric titrations.
As an additional synthetic modification that could potentially impact the selectivity
between strands, self-complementary chiral artificial oligopeptides composed of N-heterocyclic
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bpy ligands tethered on an aminoethylvaline (aev) backbone have been made. These strands are
also designed to self-assemble in solution upon addition of a tetracoordinate metal, forming
metallated duplexes. Metal complexation between the oligopeptides forms coordinative
crosslinks (i.e. Cu(bpy)22+ or Zn(bpy)22+), which is monitored by circular dichroism (CD)
spectroscopy. The chiral single strands and complexes are characterized by NMR, mass
spectrometry, CD, elemental analysis, and HPLC.
The thermodynamic properties and binding stoichiometries of metal to ligand-substituted
oligopeptide interactions can be quantitatively determined using isothermal titration calorimetry
(ITC). These data can help in the fabrication of much longer, heterofunctional structures. High
resolution NMR is an analytical tool that can be utilized to gain essential information about the
formation and resulting structure of metal crosslinked oligopeptides. A titration of paramagnetic
Cu(II) into a solution of the heterofunctional Fmoc-aeg(py)-aeg(bpy)-aeg(tpy)-OtBu tripeptide
has been followed by NMR spectroscopy, affording a qualitative insight into the multidentate
ligand saturation dependence on the concentration of added metal ions. Substitution of a
diffusion probe in the spectrometer allows the computation of the diffusion coefficient for
isolated metallated duplex structures as a method to confirm successful duplex formation and
estimate the size of the molecules.
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Chapter 1
Nucleic Acid Mimetics
1.1 Introduction
Nature has designed exceptionally elegant and complex macromolecular structures and
systems to store information, convert food into energy, and perform every other process
fundamental for life. Essential to these processes are biopolymers, for instance ribonucleic acid
(RNA), deoxyribonucleic acid (DNA), and proteins, that organize in a well controlled manner
using relatively weak intermolecular forces including Van der Waal interactions (e.g. π-π
stacking) and hydrogen bonding. Single stranded DNA employs molecular recognition through
hydrogen bonding between complementary Watson-Crick base pairs to hybridize and form a
double stranded helix. From a synthetic standpoint, an efficient strategy for making nucleic acid
mimics is to utilize these intermolecular recognition motifs for the assembly of structures that
ultimately aim to augment the complexity and functionality of natural systems. Chemists
therefore often use a biomimetic “bottom up” strategy to synthesize artificial nucleic acids that
incorporate chemical functionality; these serve as models for understanding the impact of these
modifications on duplex structure and function, as well as for templates for the production of
purely synthetic, artificial analogs.
The molecular recognition capabilities of the natural nucleobases govern and control the
arrangement of atoms and/or molecules in three dimensional space. Strands of DNA have been
designed with specific nucleotide sequences to assemble linear geometries, and extended to a
multitude of different shapes when in duplex form.1,2 Researchers have hypothesized that
incorporation of functional redox, catalytic, magnetic, and fluorescent artificial units into nucleic
acid duplexes has the potential to expand the genetic alphabet, study biological mechanisms
through electron spin labeling and fluorophores, and enhance DNA duplex stability. In addition,
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the ability to utilize these modified molecules as functional templates for programmable selfassembly can aid in the design of novel genetic systems and practical materials such as molecular
circuitry.
We briefly describe the structure and properties of natural nucleic acids before describing
efforts to modify and mimic their physical characteristics and hybridization self-assembly motif.
Examples of analogs of nucleobase and backbone will be presented as potential synthetic
alternatives to the natural biopolymers. These analogs have the capacity to introduce new and
innovative functionalities into natural systems or even create completely synthetic supramolecular
complexes, laying the foundation for the structures discussed throughout this thesis.

1.2 Properties and Structure of DNA and RNA
Deoxyribonucleic acid (DNA) and ribonucleic acid (RNA) are single biopolymer strands
that consist of two main structural moieties: nucleobases and the sugar phosphate backbone. A
single nucleotide monomeric unit consists of a sugar, a phosphate (both of which compose the
backbone), and one of the five nucleobases. The length of these linear biopolymers is dictated by
the number of tethered nucleotides, and the information that DNA and RNA encode is a result of
the sequence of the nucleotides along the chain.

1.2.1 Nucleobases
There are five nucleobases that make up DNA and RNA strands: adenine (A), guanine (G),
cytosine (C), thymine (T), and uracil (U), the structures of which are shown in Figure 1-1. These
bases are categorized as either purines (two ring systems, A and G) or pyrimidines (single ring
systems, C, T, and U). Each purine is complementary to a specific pyrimidine based on the
number and geometry of hydrogen bonds that can be made between the two: the bases C and G
are complementary; A and T are complementary (Figure 1-1A). Base pairing in RNA, in which
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Figure 1-1. Structures of (A) DNA (red indicates the nucleobases; blue indicates the backbone)
and (B) RNA (green indicates the nucleobases; purple indicates the backbone)

4

U bases replace T, is analogously C-G and A-U (Figure 1-1B). Even with the variation in
structure of the bases, each base pair has essentially the same shape and size to fit equally well
into the center of the duplex, regardless of sequence.

1.2.2 Backbone
The support to which the nucleobases are covalently attached is a negatively charged
sugar-phosphate backbone: the deoxyribose sugar of DNA (Figure 1-1A) differs from ribose, the
sugar in RNA (Figure 1-1B), by the absence of a 2’-hydroxyl (2’-OH) group. These sugars are
connected by a phosphate group through esterification of the 3’-OH group with subsequent
bridging to the 5’-OH of an adjacent sugar. The negatively charged phosphodiester linkages are
critical to the stability of the nucleic acid duplexes by repelling nucleophilic species that could
hydrolytically degrade the biopolymer.

1.2.3 Double Helix Structure
When two nucleic acid strands have complementary nucleic acid sequence, they can
undergo hybridization to form double-stranded duplex structures. DNA forms a double stranded
helix composed of two complementary helical polynucleotide chains, aligned antiparallel, which
are coiled around a common axis. In helix form, the anionic backbone lies on the outside of the
structure with the nucleobases in the core, perpendicular to the axis and separated by a distance of
3.4 Å. This B-form helix (Figure 1-2A) has a right-handed coil that repeats itself every 34 Å with
a turn every 10 base pairs (bp), which is known as the pitch of the molecule. The diameter of the
helix is 20 Å. Two other forms naturally exist: A-form (Figure 1-2B) and Z-form (Figure 1-2C):
A-form is a right-handed helix, similar to B-form, but exhibits an 11 bp turn every 24.6 Å with a
diameter of 26 Å, while the Z-form is a left-handed helix that has a 12 bp turn every 46 Å and a
diameter of 18 Å.
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Figure 1-2. The (A) B- form, (B) A-form, and (C) Z-form structures of duplex DNA.
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RNA duplexes have A-form geometry due to the presence of the hydroxyl group at the 2’
position of the ribose sugar. While RNA can hybridize with another RNA strand to form a
double helix, RNA is predominantly single stranded with a secondary structure consisting of
hairpin loops, bulges, and internal loops. As a result, RNA intrinsically has a more complex
structure than duplex DNA.

1.2.4 Driving Forces for Hybridization
Duplex formation in DNA or RNA is dependent on multiple thermodynamic variables
innate to the biopolymers and the environment in which they reside. The combination of
intermolecular forces of varying strengths causes hybridization to be favored in aqueous solution.
The forces that influence duplex creation include electrostatic factors, Van der Waals interactions,
hydrophobic effects, and hydrogen bonding.

1.2.4.1 Electrostatics
DNA and RNA backbones are negatively charged due to the presence of the
phosphodiester linkers. Electrostatic factors play a part in duplex formation since a charged
group on one molecule will repel a similarly charged group on another molecule. The energy of
this repulsive interaction is expressed by Coulomb’s Law, which states that the electrostatic force
is proportional to the product of the molecular charge on each molecule and inversely
proportional to the square of the distance between the two molecules. While repulsion between
strands of DNA or RNA are probable during hybridization, the phosphate groups are far apart in
the double helix (> 10 Å). The strength of the repulsion is diminished by the high dielectric
constant of the aqueous environment and screening by cationic species in the solution (e.g. Na+
and Mg2+), which interact strongly with the anionic backbone.
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1.2.4.2 Van der Waals Interactions and Hydrophobic Effects
As two strands come close to one another in solution, the nucleobases exhibit attractive
Van der Waals interactions by parallel stacking of their π electron systems. The typical
separation between the planes of the base pairs is 3.4 Å, comparable to the Van der Waals contact
distance. Stacking of the nucleobases is energetically highly favorable, stabilizes the structure,
and helps de-solvate the hydrogen bond donors and acceptors needed for base pairing.
In an aqueous solution, the charge on the backbone makes the strands extremely
hydrophilic and soluble; however the aromatic nucleic acid base pairs are much more
hydrophobic. Therefore when a double stranded duplex forms, the stacked non-polar base pairs
are located at the interior of the structure, reducing contact with water and increasing contact with
each other. These net changes in intermolecular forces and balance between hydrophobic and
hydrophilic substituents add to the stability of the double helix.

1.2.4.3 Hydrogen Bonding
Hydrogen bonds created between complementary base pairs are fundamentally
electrostatic interactions since the hydrogen atom is shared between two electronegative atoms.
This occurs by the loss of solvating water molecules on the individual nucleobases, followed by
the formation of two new hydrogen bonds between complements.3 The atom to which the
hydrogen is covalently bound pulls electron density away from hydrogen, creating a partial
positive charge (δ+) on the hydrogen, which can then interact with a partially negative (δ-) atom
such as oxygen. Bond lengths range from 1.5 Å - 2.6 Å, longer than covalent bonds, making the
separation of the two non-hydrogen atoms 2.4 Å - 3.5 Å. Hydrogen bonds are much weaker than
covalent bonds (bond energies of 4 - 20 kJ/mol) and have the ability to be reversibly broken by
biochemical processes. Yet these are also strong enough to stabilize a large DNA duplex or RNA
structure when a sufficient number are formed. Hydrogen bonds are the basis for DNA molecular
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recognition and selectivity, properties that are highly coveted by supramolecular chemists;
however they do not play a significant role in the energetic factors driving the overall process of
double helix formation.

1.2.5 Primary vs. Secondary vs. Tertiary Structure
The structure of DNA, as well as proteins, is generally discussed in terms of their
solution state. The primary structure of biopolymers describes the chemical composition of the
single strand, and more specifically reports on the sequence of nucleotides (for DNA and RNA)
or amino acids (for proteins) on a strand, as depicted in Figure 1-3A. In proteins, once molecular
recognition occurs between strands or within a strand as a result of hydrogen bonding, it gives
rise to the secondary structure that can be categorized as an α helix (Figure 1-3B), a β sheet
(Figure 1-3B), a β pleated sheet, or an omega loop. The specific positions of atoms in three
dimensional space is the tertiary structure of a biomacromolecule, which is a result of the
interactions between side groups located on the biopolymer (Figure 1-3C).

1.3 Nucleobase Analogues

1.3.1 Fluorescent Analogues
Natural nucleobases are essentially non-emissive with exceedingly low fluorescence
quantum yields (ΦF < 3 x 10-4) suggesting subpicosecond excited state lifetimes.4 Incorporation
of non-natural chromophores into (or on) the bases can provide information about the local
environment by monitoring transient or steady state fluorescent emission. Emission intensity can
increase, decrease, or shift in wavelength depending upon the chromophore and its local
environment, making these fluorescent analogues tunable for specific experiments. Synthetic
fluorescent bases can be utilized as probes for nucleic acid structure, dynamics, and interactions.
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Figure 1-3. Schematic representation of the primary, secondary, and tertiary structures of
biopolymers.
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There is an extensive amount of structural variation in fluorescent nucleobase mimics because
there is no universal chromophore that is adaptable to every biopolymeric system.

1.3.1.1 Chromophore Appended to Native Nucleobase
The 5-position of the pyrimidines (Figure 1-4A) provides an ideal location for linking
chromophores to create emissive nucleobases. Typical chromophores include conjugated
aromatic systems such as pyrene tethered to the pyrimidine base via conjugated (Figure 1-4A)
and nonconjugated linkers (Figure 1-4B). One way that has been used to demonstrate this is via a
triazole using “click” chemistry.5 By appending pyrimidine to the nucleobase analogue, the
hybridization properties remain intact, and the chromophore is inserted in the major groove of the
duplex. Incorporated into a single strand, the emission of the chromophore can be enhanced,6
reduced7 or display a shift in emission wavelength8 when an exact complementary duplex forms,
which aids in the determination of mismatched base pairs. These unique nucleobase analogues
can also exhibit dramatic spectral changes as a result of coordination, electronic polarization, and
solvation. For example, Netzel et al. recognized that the emission quantum yield of a pyrenelabeled nucleoside (Figure 1-4C) decreased as the solvent dielectric decreased.9

1.3.1.2 Chromophore Directly Linked to Backbone

1.3.1.2.1 Modified Nucleobases
As noted above, the emission intensities and excited state lifetimes of the natural
nucleobases are extremely weak and short. Enhancement of these photophysical properties can
be achieved by extending the aromatic conjugation within the nucleobase. The earliest example
of such a system is 1,N6-ethenoadenine, which exhibited a large red shift of its absorbance band
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Figure 1-4. (A) Anthracene, (B) furan, and (C) pyrene fluorophores appended to the natural
nucleobases. Red designates the modification of the nucleobase.

12

outside the range normally observed for proteins and nucleic acids, and produced an increase in
the excited state lifetime compared to native adenine.10 More recent approaches include the
incorporation of aromatic rings between the pyrimidine and imidazole rings, referred to as
“xDNA” (extended DNA) and “yDNA” (wide DNA). The “xDNA” example shown in Figure 15A contains an expanded base pair that is larger by 2.4Å relative to natural base pairs due to the
linear fusion of the benzene ring. Inclusion of this modified base into DNA oligonucleotides
retained Watson-Crick hydrogen-bonding recognition; this nucleic acid mimic motif therefore
had the ability to report on the hybridization, sequence, and local environment using fluorescence
emission spectroscopy.11 Kool et al. reported “yDNA,” shown in Figure 1-5B as an alternate
geometry with fused benzene rings with a different expansion vector, which exhibited properties
similar to “xDNA.”12 While these extended bases have hydrogen-bonding similar to the natural
bases, their structural broadness restricts steric compatibility within a native duplex.
Another type of fluorescent nucleoside analogs are pteridines, which consist of two fused
heterocycles and closely resemble naturally occurring nucleobases, including the native hydrogen
bonding motif; an example structure is shown in Figure 1-5C. Pteridine emission occurs under
physiologically relevant conditions with a peak wavelength between 400 and 445 nm. This class
of fluorophores has been shown to be particularly useful for the examination of DNA/protein
interactions.13
Isomorphs are a class of fluorescent base analogues that closely resemble the native base
pair size, hydrogen-bonding face, and ability to form canonical base pairs. These nucleobase
mimics are either structural isomers of native nucleobases or more highly substituted
nucleobases. The most highly utilized fluorescent analogue is 2-aminopurine (Figure 1-6A).14
This constitutional isomer of adenine has discriminating sensitivity towards its microenvironment
and has been used to probe RNA conformation15 and as a binding reporter.16 5methylpyrimidine-2-one (m5K)17 (Figure 1-6B) and pyrrolo-C18 (Figure 1-6C) are two recently
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Figure 1-5. Examples of the extended nucleobases (A) “xDNA,” (B) “yDNA,” and (C)
Pteridines. Red designates the modification of the nucleobase.
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Figure 1-6. Examples of nucleobase isomorphs. Red signifies the modifications of the natural
nucleobases.
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described isomorphs that have been used to determine base stacking in a DNA single strand and
to monitor the formation of RNA secondary structure, respectively.

1.3.1.2.2 Aromatic Systems
In these novel structures, the natural heterocycle is replaced with a fluorescent aromatic
moiety that is typically non-polar and weakly hydrogen-bonding. First introduced by Kool et al.,
typical aromatic residues are polycyclic aromatic hydrocarbons such as pyrene, shown in Figure
1-7A.19 Other examples include coumarin20 (Figure 1-7B) and phenanthrenyl containing
chromophores21 (Figure 1-7C). These fluorophores exhibit large Stokes shifts and a wide range
of emission wavelengths and quantum yields. By removing all hydrogen-bonding sites, studies
focusing on surface area, electrostatics, polarizability, and hydrophobicity elements during
hybridization formation are enabled.

1.3.2 Non-Polar and Hydrophobic Isosteres
Isostere nucleobase mimics are designed to resemble the structural and steric
relationships of the natural bases so that the geometry of the helix is not disrupted. These are
designed with limited hydrogen-bonding capabilities, so that hydrophobic interactions are the
primary energetic driving force for hybridization. Hydrophobic forces are capable of stabilizing
non-natural base pairs, and mismatches with the natural bases are disfavored due to the required
de-solvation of hydrogen-bonding groups. Therefore it is energetically more favorable (by ~20
fold) for pair formation between hydrophobic partners versus hydrophobic-hydrophilic
mismatches.22 Isosteres have been used to study the impacts of hydrogen-bonding on helix
formation by understanding the base stacking properties within the nucleic acid duplex. It has
been suggested that isoteres expand the genetic alphabet, and provide additional synthetic options
for the creation of complementary molecules.
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Figure 1-7. Examples of aromatic substituted nucleosides where R = Backbone.
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Kool et al. have designed hydrophobic artificial bases by substituting fluorine for oxygen,
C-H groups for N-H groups, and -CH3 for –NH2 (Figure 1-8A).23 These substitutions greatly limit
the amount of hydrogen-bonding (although fluorine can hydrogen bond, an NMR titration
experiment was utilized to prove an absence of hydrogen-bonding23) and therefore allow the
study of the role of π stacking on duplex formation. It was found that hydrophobic base pairs
were typically less stable than natural base pairs in the middle of the strand, but more stable at the
strand termini.22 The hydrophobic base pairs shown in Figure 1-8B have been found to stabilize
duplex DNA relative to A:T and G:C pairs, regardless of their position in the duplex.24 Expansion
of the genetic alphabet requires the ability for replication of a non-natural nucleobase by DNA
polymerase, which was first demonstrated by Romesberg et al.25 Translesion DNA synthesis, the
ability of a DNA polymerase to mis-insert a nucleotide opposite a damaged DNA template, has
also been studied by a hydrophobic non-natural nucleobase known as 5-CE-ITP26 (Figure 1-8C).

1.3.3 Inorganic Base Pairs
Insertion of metal ions into the helix of DNA creates coordination compounds of stacked
metal centers: a composition of a metal atom or ion and one or more ligands (in inorganic
chemistry, an atom, ion, or molecule with free electrons) that donate electrons to the metal.
Ligands with two or more points of attachment to metal atoms (two points is bidentate: three
points is tri-; tetra-, penta-, hexa-, etc.) are called chelating ligands and the metal containing
compounds called chelates. Chelation is entropically driven because of the displacement of
solvent molecules, ions, etc. in favor of coordination to the ligand. For coordinative saturation
about the metal, the total denticity of the ligands must satisfy the coordination geometry of the

18

Figure 1-8. Examples of non-polar nucleobase isosteres based on the shape of (A) adenine (Z)
and thymine (F) and hydrophobic nucleobase isosteres (B) methyl methoxybenzene (MMO2) and
5-methylthioisocarbostyril (SICS) and (C) 5-Cyclohexeneindolyl-2’-deoxyriboside Triphosphate
(5-CE-ITP).
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transition metal (for example a six-coordinate metal ion requires two tridentate ligands, three
bidentate ligands, or a combination of metal binding ligands and attendant solvent molecules).
The strength of the coordinative bond lies between that of covalent bonds and hydrogen bonds,
with energies of 10-30 kcal/mol, and depends on both the ligand and the metal. Typically, as the
ligand denticity increases the binding affinity for the metal ion also increases. Using DNA as a
structural scaffold for metal ions is an intriguing strategy for the development of molecular
electronics devices, sensors, catalysts, and possibly expanding the genetic code.

1.3.3.1 Metal Interaction with Unmodified DNA
Monovalent cations, such as Na+, associate with the charged DNA backbone and stabilize
the duplex.27 Transition metal ions have also been shown to prefer binding to nucleobases; for
example mercury (Hg(II)) bridges two thymines with the release of two protons resulting in a
decrease in the overall size of the helix,28 shown in Figure 1-9A. More recently, Zn(II), Ni(II),
and Co(II) have been used to replace the imino protons of nucleobases T and G in solutions with
pH > 8, forming M-DNA or Metal DNA29 (Figure 1-9C). This observed binding motif occurs
with the release of one proton per base pair upon addition of the metal ion. It is therefore inferred
that one hydrogen bond is retained in both base pairs, as in Figure 1-9B, within the duplex.
Circular dichroism (CD) experiments also suggested that the resulting structure was most likely a
B-type helix (right handed), consistent with native DNA. Through the use of fluorophores and
subsequent quenching studies, M-DNA has been shown to shuttle electrons in a predefined
direction, making it a candidate for molecular circuitry.30
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Figure 1-9. Possible binding sites between natural nucleobases with (A) Hg(II) and (B) Zn(II)
which can result in a stacked arrangement within the helix, as predicted by a molecular model
(C).30 Reprinted from M-DNA: A Complex Between Divalent Metal Ions and DNA which
Behaves as a Molecular Wire, 294, Palok Aich, Shaunivan L. Labiuk, Les W. Tari, Louis J. T.
Delbaere, Williams J. Roesler, Kenneth J. Falk, Ronald P. Steer, Jeremy S. Lee, 477 - 485,
Copyright (1999), with permission from Elsevier.
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1.3.3.2 Ligandosides
Although it is possible for metal ions to interact with natural DNA under specific solution
conditions, metal ion affinity for binding multi-dentate ligands is much higher than for
interactions with the nucleobases. To utilize these strong interactions, metal binding ligands can
be incorporated into DNA strands, most commonly by solid phase synthetic techniques as “ligand
nucleoside” or “ligandoside” monomer units. Complementary ligandoside pairs are determined
by the total denticity of the ligandosides, i.e. [1x1], [2x2], [3x3], and [3x1] in combination with
the preferred geometry of the metal, e.g. under many conditions Cu(II) is tetracoordinate and
Co(II) is hexacoordinate.

1.3.3.2.1 Incorporation of a Single Homometallic Ligandoside Pair into DNA
Shionoya et al. introduced the first synthetic route to prepare an artificial ligandoside for
use in DNA oligonucleotides.31 A bidentate phenylenediamine group was tethered to the sugar of
a β-C-nucleoside and characterized by NMR spectroscopy and mass spectrometry. The first
report of incorporation of a ligandoside into a DNA oligonucleotide focused on tridentate dipic
and monodentate pyridine (py) ligandosides, which coordinated Cu(II)32 (Figure 1-10A). EPR
studies suggested a square-planar geometry around the metal center, which was confirmed by xray crystallography.33 The crystal structure further confirmed that the two modified DNA strands
form a Z-helix (left handed). Of several ligandoside pairs investigated, this [1+3] coordination
scheme yielded the highest stability, however none were as stable as fully complementary natural
(e.g. Watson-Crick base pairing) DNA.
Bidentate bipyridine has also been used as a ligandoside; when a Cu(II) crosslink
between DNA strands containing the bpy ligandoside formed, greater stability of the duplex was
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Figure 1-10. Complementary homometallic ligand pairs incorporated into DNA strands.
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observed as an increase in melting temperature (T m = 64oC) versus a control DNA duplex
composed solely of nucleosides (Tm = 56.5oC).34 Analogously, the bidentate hydroxypyridone
base pair (H) was shown to create neutral complexes with Cu(II) (Figure 1-10B) within the DNA
duplex, and the resulting structure verified by mass spectrometry and EPR.35 Duplex formation
was also monitored using changes in the UV-Vis absorbance, in which a stoichiometric binding
point of 1 equivalent of Cu(II) per duplex was observed. Coordination of the Cu(II) stabilized the
duplex by 13oC compared to a natural DNA duplex.

1.3.3.2.2 Incorporation of Multiple Homometallic Ligandoside Pairs into DNA
Shionoya et al. have inserted multiple metal ions into the helix of DNA using one to five
hydroxypyridone (H) pairs. The structures of the multimetallic DNA mimics were assessed with
by UV-Vis absorbance, EPR, and circular dichroism (CD) spectroscopies, and with mass
spectrometry.36 Based on previous studies with ligandoside H, 35 an increase in duplex stability is
expected with an increase in metal base pairs, although this data was not reported. In a separate
study, a modified purine base pair containing a pyridyl group (purp) was created to form a
bidentate ligandoside, and inserted into 14-bp DNA oligonucleotide37 (Figure 1-11A). Addition
of Ni(II) , which crosslinked the purp ligandosides, produced the most thermally stable duplex
compared to complexes with Co(II), Cu(II), Zn(II), Ag(I), Fe(II), Mn(II), Pd(II), and Eu(III).
Using oligonucleotides containing the salen ligand (S), Carell et al. reported the stacking of 10
metal ions, representing one helical turn, in a 20-bp DNA duplex.38 To date, the S ligandoside
provided the highest stability of the metal-containing DNA oligos: structures in which two
ligands were substituted in the strands coordinated two equivalents of Cu(II) and resulted in an
elevated melting temperature of Tm ≈ 92.1oC.
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Figure 1-11. Artist rendition of various ligandosides including (A) pyridine modified purine.
Christopher Switzer, Surajit Sinha, Paul H. Kim, Benjamin D. Heuberger: A Purine-like Nickel
(II) Base Pair for DNA. Angewandte Chemie. 2005. 117. 1553 – 1556. Copyright Wiley-VCH
Verlag GmbH & Co. KGaA. Reproduced with permission. (B) 1-deezaadenine, and (C)
hydroxypyridone incorporated into DNA for the assembly of metal arrays. Yusuke Takezawa,
Wakana Maeda, Kentaro Tanaka, Mitsuhiko Shionoya: Discrete Self-Assembly of Iron(III) Ions
Inside Triple-Stranded Artificial DNA. Angewandte Chemie. 2009. 48. 1081 – 1084. Copyright
Wiley-VCH- GmbH & Co. KGaA. Reproduced with permission.
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Muller et al. successfully created a base pair between an artificial ligandoside (1deazaadenine, D) and a natural nucleoside (thymine, T) with coordinated Ag(I).39 This nonnatural pair is formed with one metal-ligand bond and one hydrogen bond (Figure 1-11B).
Duplex formation of a 20-bp DNA strand consisting of 19 D and one A with a complementary
strand of all T in the presence of Ag(I) was observed using UV-Vis absorbance and CD
spectroscopies. A concomitant increase in the melting temperature of the artificial duplex by
more than 36oC versus a complete A-T helix was observed. Incorporation of one to four H
ligands on the DNA backbone created a triple stranded complex (triplex) in the presence of a
hexacoordinate metal (e.g. Fe(II)). These hydroxypyridone strands with the phosphate backbone
are the first example of biomimetic structures that are linked by only metal ions without any
natural base pairing nucleosides to aid in hybridization (Figure 1-11C). 40

1.3.3.2.3 Incorporation of Heterometallic Ligandoside Pairs into DNA
The creation of a heterometallic DNA duplex has been demonstrated by inserting both
bidentate H and monodentate pyridine (P) on the same strand; these make coordinative crosslinks
with tetracoordinate Cu(II) (H-Cu2+-H) and dicoordinate Hg(II) (P-Hg2+-P), respectively. The
modified DNA oligonucleotide strands were designed to self-assemble a duplex by molecular
recognition (Figure 1-12A). 41 Ligand binding selectivity toward the metals was followed by UVVis absorbance, and the final heterometallic structure was characterized by mass spectrometry
and CD spectroscopy. Another approach used template-directed assembly of two complementary
strands before insertion of the metals: bidentate salen (S) and monodentate thymine (T) were
utilized to form crosslinks with Cu(II) (S-Cu2+-S) and Hg(II) (T-Hg2+-T) respectively (Figure 112B).
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Figure 1-12. Cartoon representation of the insertion of Cu(II) and Hg(I) into a DNA sequence
using (A) hydroxypyridone and pyridine, and (B) salen and thymine ligands. Reprinted by
permission from Macmillan Publishers Ltd: Nature Nanotechnology,41 copyright (2006).
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1.4 Backbone Analogues

1.4.1 Peptide Nucleic Acid (PNA)
Peptide nucleic acids (PNA) were initially developed by Nielsen et al. as a DNA-mimic
for recognition and formation of triplexes with double stranded DNA.42 Extensive studies
demonstrated that the oligopeptide motif was a good structural imitator of the ribose- and
phosphate-containing backbones of RNA and DNA. The properties of PNA provide the
possibility of research focusing on gene therapies (antisense and antigene), genetic diagnostics,
and origin of life.

1.4.1.1 Structure and Hybridization
The PNA backbone is composed of repeating N-(2-aminoethyl)-glycine (aeg) units linked
by amide bonds, and the natural nucleobases (i.e. purines (A, G) and pyrimidines (C, T)) are
attached to the aeg backbone through methylene carbonyl linkages. The PNA structure as a
whole is therefore a hybrid between an oligonucleotide and a protein43 (Figure 1-13A); the result
is an acyclic, achiral (i.e., forms both right and left helices), and charge neutral template due to
the absence of phosphate groups. This inherent lack of ionic charge however results in poor
solubility in aqueous environments compared to DNA. It has been reported that aqueous
solubility can be tuned based on the length of the oligomer and the purine:pyrimidine ratio, 44 as
well as the incorporation of a charged functionality (e.g. lysine) into the backbone.43
PNA has the ability to form homoduplexes with complementary nucleic acid oligomers in
either antiparallel or parallel fashion via Watson-Crick base pairing. The PNA-PNA duplex
adopts a regular helical conformation with base pairs virtually perpendicular to the backbone,
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Figure 1-13. (A) Comparison of the PNA, DNA and protein backbones; and (B) crystal and
solution structures of duplexes of PNA with other nucleic acids. Magdalena Eriksson, Peter E.
Nielsen, PNA-Nucleic Acid Complexes. Structure, Stability, and Dynamics, Quarterly Reviews
of Biophysics, 29, 04, 369 - 394, 2009 © Cambridge Journals, reproduced with permission.
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referred to as the P-form (Figure 1-13B). X-ray crystallography45 was used to solve the structure
of double stranded PNA: P-form duplexes are much wider (28 Å) and have an 18 base pair pitch
compared to other natural duplex structures. The PNA backbone flexibility allows it to adapt to
the structures of B-form DNA and A-form RNA. Hybridization of PNA with DNA at low to
medium ionic strength, which is driven by enthalpy and accompanied by a large entropy loss,
occurs with higher affinity than in DNA duplexes due the lack of charge repulsion between PNA
and DNA strands. The duplexes of PNA-RNA46 and PNA-DNA,44 and triplex PNA-DNAPNA45 have all been conclusively observed using either solution NMR or X-ray crystallography
(Figure 1-13B). Due to the lack of electrostatic interactions, the observed order of duplex
stability is PNA-PNA > PNA-RNA > PNA-DNA > DNA-DNA.

1.4.1.2 Applications

1.4.1.2.1 Antisense and Antigene
Since PNA can bind strongly to dsDNA and any other complementary nucleic acid such
as mRNA, it is possible to prevent translation by hindering the function of polymerases. PNAnucleic acid structures are very stable for over 48 hours, while DNA and RNA half lives are no
more than 15 minutes. However, single stranded and double stranded PNAs have only limited
ability to reach cell nuclei. To increase cellular uptake, the coupling of an anti-gene PNA to a
basic nuclear localization signal (NLS) peptide is used. These conjugates have been shown to be
taken up by mammalian cells, and subsequently block expression of specific oncogenes and
inhibit some of their biological functions.47 Efficient tumor suppression treatments are also
achievable by human telomerase inhibition through direct hybridization of complementary PNA
oligonucleotides to target mRNA.48
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1.4.1.2.2 Gene Diagnostics and Origin of Life
PNA has been used for the isolation and detection of specific nucleic acid sequences.49 It
has also been shown that PNA can act as a DNA polymerase primer;50 this observation suggests
that a negatively charged backbone is unnecessary to serve as a primer for DNA replication. This
property could aid in the use of PNA for screening of genetic mutations and prevent side products
during polymerization. A device with incorporated PNA has been reported that detects
complementary nucleic acid strands and mismatch kinetics in a solution of DNA by using a
BIAcore surface plasmon resonance detector.51 This is possible by immobilizing a PNA strand
on a surface in a nucleic acid solution and monitoring association with the surface-confined
molecules. Since the hybridization strengths of PNA to RNA and DNA are much greater in
comparison to the formation of native RNA and DNA duplexes, integration of PNA strands
increases the efficiency of the device. This work also represents the first systematic kinetic and
thermodynamic study of sequence discrimination in PNA-RNA and PNA-DNA duplexes.
It has been suggested that PNA could represent a more ‘simple’ genetic material that
preceded the existence of RNA and DNA. This theory is supported by the observation that
information can be transferred from PNA to DNA52 and RNA53 through a template-directed
primer extension reaction and the PNA strands can subsequently facilitate oligomerization.

1.4.2 Glycol Nucleic Acid (GNA)
Glycol Nucleic Acid (GNA), recently developed by Meggers et al., is a DNA mimic that
is composed of an acyclic three-carbon propylene glycol phosphodiester backbone with one
stereocenter, hence yielding two stereoisomers (S)- and (R)-GNA (Figure 1-14A).54 The
monomer units are synthesized by regioselective and stereospecific nucleophilic ring opening of
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Figure 1-14. (A) The two stereoisomers of the GNA backbone and (B) the crystal structure of a
GNA-GNA duplex. [55] - Reproduced by permission of The Royal Society of Chemistry.
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an epoxide, and bear the natural nucleobases. The bases are thus capable of undergoing WatsonCrick pairing, which results in antiparallel helix formation that was recently confirmed by X-ray
crystallography.55 Duplex formation produces an N-type helix with a pitch of 26 Å and 10 base
pairs per turn (Figure 1-14B). The thermal stability of a GNA-GNA duplex exceeds analogous
DNA (TM = 40.5oC) and RNA (TM = 42.5oC) duplexes by over 20oC. Unlike PNA, GNA cannot
form duplexes with DNA and only the (S)-GNA can crosspair with RNA.56 The authors suggest
that GNA is the most simplified phosphodiester-containing nucleic acid mimic reported to date
and is therefore a potential predecessor to RNA.

1.4.3 Locked Nucleic Acid (LNA)
In the native biopolymers of DNA and RNA, C2’-endo (S-type) and C3’-endo (N-type)
sugar conformations in the backbone give rise to B-form and A-form helixes, respectively. These
conformations provide an important guideline for the design of a backbone for strong artificial
complementary binders. Locked nucleic acid (LNA) is an analogue conceived to attain a Ntype/RNA-like conformation to obtain higher affinities for both RNA and DNA because A-form
helixes have high hybridization stabilities.

1.4.3.1 Structure and Hybridization
LNA oligonucleotides contain one or more 2’-O,4’-C-methylene linked bicyclic
ribofuranosyl nucleoside monomers locked in an N-type [3’-endo/3E] conformation, which is the
only structural difference versus DNA (Figure 1-15A). Two approaches have been described to
synthesize LNA monomers: a linear strategy that utilizes nucleotides as the starting material,57
and a convergent strategy in which a modified glycosyl donor is synthesized and then coupled
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Figure 1-15. (A) Two LNA derivatives with their respective conformations and (B) solution
structures of LNA-RNA (left) and LNA-DNA (right). Reprinted with permission from 61.
Copyright 2004 American Chemical Society.

34

with the nucleobase to produce the nucleoside.58 Subsequent tethering of monomers within DNA
and RNA is achieved through conventional automated phosphoramidite synthesis. The
resemblance to native nucleic acids makes LNA soluble in aqueous environments and deliverable
to cells using standard protocols. Many structural analogues of LNA have been synthesized, but
the most highly utilized are β-D-LNA (β-D-ribo configuration) and α-L-LNA (αD-ribo

configuration)59 (Figure 1-15A) due to their efficient binding to complementary nucleic

acids and antisense abilities.
LNA mimics of DNA provide the most stable Watson-Crick bonding: a completely
substituted LNA-LNA nine monomer unit oligonucleotide duplex has been reported to exhibit an
A-helix form and possess a TM greater than 93OC,60 which is significantly higher than the
analogous dsDNA (TM = 29OC). Nucleic acid strands that are either fully or partially substituted
with LNA monomers strongly bind to DNA and RNA; these structures have been characterized
by NMR and CD spectroscopy and X-ray crystallography. Insertion of LNA monomers in DNA
or RNA strands increases TM by 1 - 8 OC and 2 - 10OC, respectively, per monomer unit. The
native B-form of a DNA duplex can be converted to A-form by increasing the number of
incorporated LNA monomers. This modification is attributed to the forced N-type sugar puckers,
which drive an A-like geometry. An RNA-LNA duplex has an A-form helix independent of
length, similar to the parent RNA-RNA duplex (Figure 1-15B). The thermal stabilities of DNA
duplexes substituted with a single LNA pyrimidine are known to be higher than duplexes with a
single LNA purine, with an order of stability of AL << GL < TL < CL. The origin of the extreme
stability is either enthalpy or entropy driven, but not both at the same time,62 and is dependent on
the position of the monomer within the strand.63
Triplex formation, through Hoogsteen base pairing of an LNA molecule in the major
groove of dsDNA, is also achievable at neutral pH and lower. Triplex creation with triplexforming oligonucleotide (TFOs) is typically strongest at low pH due to protonation of the
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cytosine residues.64 Each LNA monomer incorporated in a nucleic acid strand increases triplex
stability and therefore enables formation at a higher pH closer to physiological conditions. It is
now known that the sequence and number of LNA nucleosides are important for efficient
binding, and guiding principles for the synthesis of strong binding strands have been suggested,
such as a modification at every third or fourth residue of the TFO.65 The optimization of
biomimetic molecules that induce strong binding to complementary nucleic acid partners is an
attractive strategy for genetic manipulation.

1.4.3.2 Applications
Similar to the PNA backbone, LNA sequences that are complementary to a specific
mRNA can be synthesized. When these strands are introduced into a cell and bind mRNA,
translation can be inhibited. LNA strands can also be recognized as substrates for RNase H, an
enzyme that breaks down the RNA strand in an RNA-DNA duplex, which is advantageous for
antisensing. However unlike PNA, and without the need of a coupled nuclear localization signal
(NLS) peptide, the charged backbone of LNA enables easy entrance into a cell. The integration
of just two or three LNA nucleosides into a natural nucleic acid strand ensures significant
stability under physiological conditions,66 which is a necessity for antisense applications. An in
vivo study of LNA modified DNA as effective antisense agents for mRNA encoding δ type opioid
receptors (DOR) in rats has been reported by Wengel et al.67 Two different 15-mer
oligonucleotides, DOR-AS-1 and DOR-AS-2 (both as LNA incorporated DNA strands, called
mixmers, and as LNA-DNA-LNA gapmers, where LNA monomers flank a central DNA segment
with ~60% LNA), were used to target different regions of the same mRNA in the brain. Both
LNA containing sequences were highly effective and potent for the inhibition of DOR stimulation
by deltorphin II and exhibited minimal toxic effects. Kjems et al. have tested DNA and LNA 20mers directed toward four target sites in the HIV-1 5’-UTR. Complete blockage of reverse
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transcription, RNA dimerization, and CA-p24 protein expression by the LNA containing gapmers
was observed at nM concentrations, which was much more effective than antisense DNA
counterparts.68 A variety of fully and partially LNA substituted DNA strands have been studied
by Corey et al. for their effect on the ribonucleoprotein telomerase.69 These molecules were
determined to be potent and selective inhibitors of telomerase, with IC50 values as low as 10 nM.
Interference with the processes of dsDNA including transcription, replication, and protein
interactions has also been studied using LNA. Strong binding between LNA and dsDNA makes
these prime candidates for antigene therapies. Partially LNA modified DNA 13-mers have been
designed for specific attachment to target dsDNA to prevent nuclear transcription factor NF-κB
(p50)-dsDNA binding.70 One sequence showed strong triplex-formation, which effectively
prevented the transcription factor binding even at physiological pH, representing the first LNA
system with this capability. Magnani et al. also created LNA-containing oligonucleotides that act
as decoys for NF- κB binding to dsDNA:71 nuclease digestion of the NF- κB was effectively
reduced by including one or two terminal LNA nucleotides. More appreciable effects were
observed when LNA nucleotides were incorporated in the middle of the strand.

1.5 Combination of Both Nucleobase and Backbone Analogues

1.5.1 PNA with Nucleobase Mimics
For analytical purposes, PNA sequences lack a unique spectroscopic identifier. The
incorporation of fluorophores into PNA strands could be used in biological sensing applications
that take advantage of PNA’s strong target binding. The aminoethyl glycine (aeg) backbone is
also useful for nanomaterials because of the chemical stability of amide bonds compared to the
phosphate and glycosidic bonds of DNA. Functionalities can be attached to the secondary amino
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group of aeg by acylation. The neutral PNA backbone does not contribute to the overall charge
of metal-containing structures. Compared to the anionic sugar-phosphate backbone of the natural
nucleic acids, aeg has the potential to expand the range of electronic and magnetic properties of
these complexes.

1.5.1.1 Fluorescent Nucleobase Analogues
Boc- and Fmoc-terminated fluorescent fluorescein PNA monomer units were
synthesized by means of solid phase synthesis, and the products had photophysical properties
comparable to non-modified fluorescein conjugates.72 2-aminopurine (2-ap) was the first
fluorophore incorporated into a PNA strand for the purpose of examining PNA-DNA
complexation via fluctuation in fluorescence emission.73 A more sophisticated sensing design
was introduced by Seitz et al. that utilized the intercalator dye thiazole orange, termed a forced
intercalation probe (FIT Probe), for the determination of base pair mismatches within a duplex.74
Mismatches between the nucleobases adjacent to the fluorophore were determined by an increase
in emission for hybridization of complementary strands and a decrease in emission with a single
nucleobase mismatch compared to the fluorophore modified single strand. Thiozole orange was
also used in tandem with the appended near-infrared dye NIR667, as depicted in Figure 1-16A.
FRET quenching occurred when the modified PNA strand was not hybridized but emission was
strongly enhanced when in duplex form .75 Substitution of natural nucleobases with fluorophores
is also a promising motif for real-time biological measurements, such as DNA quantification
through PCR analysis.76

1.5.1.2 Metal Binding Ligands
Metzler-Nolte et al. created organometallic PNA hybrids to provide an analytically
observable tag for PNA strands, including ferrocene-PNA for electrochemical detection,
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Figure 1-16. Cartoon representations of a (A) FRET pairing strategy for the detection of a
complementary nucleic acid. Elke Socher, Lucas Bethge, Andrea Knoll, Nadine Jungnick,
Andreas Herrmann, Oliver Seitz: Low-Noise Stemless PNA Beacons for Sensitive DNA and
RNA Detection. Angewandte Chemie. 2008. 47. 9555 - 9559. Copyright Wiley-VCH- GmbH &
Co. KGaA. Reproduced with permission; and (B) the possible structures resulting from metal
binding to bipyridine ligandosides in PNA strands. Reprinted with permission from 80.
Copyright 2006 American Chemical Society.
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(benzene)-chromiumtricarbonyl-PNA for IR detection of the carbonyl groups, and a bipyridylruthenium derivative for spectroscopic and electron transfer properties.77 Hybridization of these
strands with ssDNA has been shown to produce duplexes with stabilities only slightly lower
(~2OC) than an unmodified PNA-DNA system, which allows these organometallic structures to
act as markers for duplex formation.78 Functionalized PNAs should permit sensitive detection of
the PNA strands even in complex biological mixtures.
The incorporation of bipyridine (bpy) ligandosides in complementary positions on PNA
strands has been described by Achim et al.79 (Figure 1-16B). The ligandoside pair was placed in
the middle of a 10 bp sequence, and PNA-PNA duplex formation with and without added Ni(II)
was monitored with CD spectroscopy. A helix formed even in the absence of metal ion, however
the ligandoside substitution resulted in a destabilizing effect larger than a natural nucleoside
mismatch (∆T = -16 to 19OC). Addition of Ni(II) increased the stability of the ligandosidecontaining duplex, but it remained lower than the unmodified complementary dsPNA. The
position of the bpy ligandoside pair in the PNA duplex was also found to impact the stability of
the modified PNA helix.80 Placement of the bpy pair in the center of the duplex greatly
destabilized the structure, whereas a bpy at the chain termini caused a minimal change in stability
versus the dsPNA. This latter observation was attributed to the fraying of natural base pairs at the
end of any PNA sequence, and the reduction of fraying by stronger metal-ligand in the substituted
duplex. Metal-ligand bonds in the middle of the PNA duplex do not afford greater thermal
stability due to electrostatic and steric interactions between adjacent charged metal centers.

1.5.2 GNA with Nucleobase Mimics
Few examples of incorporation of non-natural functionalities have been reported for
GNA, most likely because of its limited compatibility with natural nucleic acids. Metal binding
ligands have been incorporated onto the GNA backbone and used to assemble a GNA-GNA
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helix. Hydroxypyridone (H) was found to form stable crosslinks by chelating Cu(II) within an 8bp GNA helix, resulting in high duplex stability (TM = 78oC). This metalated structure (Figure 117) exhibits a large helical pitch of 60Å with 16 residues per turn that was determined by X-ray
crystallography.81 Meggers et al. utilized the pyridopurine homo-base pair (purp) that was
previously integrated into DNA37 in GNA sequences. The properties of purp in GNA are different
compared to DNA, and have greater stabilities and metal selectivity.81 Fluorescent pyrene has
also been tethered to the GNA backbone through an acetylide bond. Stacking of the fluorophores
via duplex formation between complementary strands, results in enhancement of excimer
emission at a wavelength of 500 nm. Increase in emission is an indicator of successful duplex
formation, and incorporation of H ligands onto the GNA strands can be used as a Cu(II) “turn-on”
sensor.82

1.5.3 LNA with Nucleobase Mimics

1.5.3.1 Fluorescent Nucleobase Analogues
A 2’-N-(pyren-1-yl)carbonyl-2’-amino-LNA monomer derived from 2’-amino-LNA
(Figure 1-18A) was prepared by Wengel et al. and incorporated at various positions into a series
of 9 bp DNA/RNA complements.83 Upon hybridization and intercalation of pyrene into the
minor groove of the double helix, a large increase in the thermal stability of the duplexes was
observed, together with an increase in emission intensity up to 69-fold for two monomers
separated on a strand. Emission of the pyrene was virtually sequence-independent, however the
position of the fluorophore impacted the emission intensity. (Phenylethynyl)pyrenecarbonylfunctionalized LNA derivatives have also been synthesized to allow excitation at longer
wavelengths without irradiation of intrinsic cell fluorochromes.84
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Figure 1-17. Crystal structure of a GNA-GNA duplex with a Cu(II) mediated pyridopurine base
pair. Reprinted with permission from 81. Copyright 2008 American Chemical Society.
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Figure 1-18. Modified LNA monomers with (A) pyrene and (B) bipyridal amine.
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Single-nucleotide polymorphism (SNP) assays with LNA use the greater base pair
mismatch discrimination of LNA than DNA, which arises from the increased binding stability
and therefore melting temperature of LNA-DNA duplexes. Mismatches cause a larger change in
melting temperature for the LNA oligonucleotide. Tagging LNA strands with fluorescent
molecules is a strategy that has been employed for real-time biological assays. There have been
multiple studies using LNA for SNP analyses in PCR assays, including for example screening for
an apolipoprotein B (apoB) R3500Q mutation85 and two mutations in apolipoprotein E.86 The use
of LNA for these assays also reduces the experimental time compared to more commonly utilized
techniques such as PCR87 and heteroduplex analysis.88

1.5.3.2 Ligandosides
The design of high-affinity oligonucleotide analogues for the targeting of DNA is
important for diagnostic and therapeutic applications. Wengel et al. incorporated dipyridyl
amine-functionalized LNA monomers (Figure 1-18B) into strands of DNA to increase the
association affinity of modified oligonucleotides by addition of divalent metals.89 Stability of the
duplexes was shown to increase by the addition of 1 equivalent of either Ni(II), Cu(II), or Zn(II)
without compromising the Watson-Crick base pairing, regardless of the position of the LNA
ligandoside within the strands. Addition of an excess of metal ion was observed to have a slight
destabilizing effect compared to the duplexes with 1 equivalent of metal.

1.5.4 Inorganic Architectures
The DNA, PNA, LNA, and GNA architectures described above include the Watson-Crick
pairing of the natural nucleosides to assist in molecular recognition and duplex formation.
Williams et al. have designed purely synthetic biomimetic systems that consist solely of the
aminoethyl glycine oligopeptide backbone with attached ligandosides, so that duplex formation
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occurs only when metal-ligand crosslinks are formed. Utilizing a library of nitrogen heterocycle
ligands with varying denticities, supramolecular structures are formed using [3x1], [2x2], and
[3x3] crosslinks, depending on the valency of the metal and the denticity of the ligands. These
structures have potential applications as molecular wires, in sensing and catalytic applications,
and for artificial photosynthesis. Duplexes with oligopeptides containing three pendant bidentate
methyl bpy ligands were constructed by addition of Cu(II) (Figure 1-19A) or Fe(II), creating
[Cu(bpy)2]2+ and [Fe(bpy)3]2+ crosslinks between strands.90 Duplex formation was monitored by
UV-vis spectrophotometric titrations, and the multimetallic structures’ electronic properties were
examined using electrochemical and spectroelectrochemical techniques. Structures using
the [3x3] binding motif were studied using phenyl terpyridine (Φ-tpy) substituted oligopeptides
of varying length, which formed duplex structures in the presence of Co(II) and Fe(II), forming
[Co(Φ-tpy)2]2+ and [Fe(Φ-tpy)2]2+ crosslinks respectively.91
More recent studies with these bioinspired inorganic structures focus on the control of
the relative orientation of the oligopeptide strands to eliminate formation of parallel vs. antiparallel isomers, alternative registers, and polymers. One strategy involves mimicking the hairpin
form of RNA by substituting a [Ru(bpy)3]2+ with aeg so that the tethered ligandosides are forced
in a complementary position (Figure 1-19B). Addition of tetracoordinate metals creates
heterometallic structures that are capable of energy and electron transfer down the length of the
complex.92
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Figure 1-19. (A) A molecular model of a methyl bipyridine substituted aeg strand in duplex
form with metal crosslinks. Reprinted with permission from 90. Copyright 2005 American
Chemical Society. (B) A cartoon schematic of the hairpin motif. Reprinted with permission from
92. Copyright 2008 American Chemical Society.
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1.5.5 Overview of Thesis Research
This dissertation describes the synthesis and characterization of compounds that combine
peptide coupling chemistry and metal coordination chemistry to design architectures that create
metallated duplex structures upon self-assembly with metal ions. The precise geometrical control
of metal centers in the duplexes is an important quality for the assembly of intricate higher order
synthetic systems for potential applications in molecular wiring. In order to construct such large,
multifaceted structures from modular building units, meticulous control of each component can
be achieved by synthetic design.
Chapter 2 introduces the first evidence of a heterofunctional oligopeptide strand capable
of metallated duplex formation via self-assembly with Cu(II). The duplexes are created by
imitating the molecular recognition characteristics of double stranded DNA, which improves
control upon the placement of metal centers in supramolecular structures and makes
advancements towards more intricate architectures. Two artificial dipeptides containing both a
pendant monodentate (pyridine (py)) and tridentate (terpyridine (tpy) or phenyl terpyridine (Φtpy)) ligand on an aminoethylglycine (aeg) backbone have been synthesized. These oligopeptides
are fully characterized by one and two-dimensional NMR spectroscopy, mass spectrometry, and
elemental analysis. The ligands are chosen because they coordinate Cu2+ to form [Cu(py)(tpy)]2+
complexes; when bound to the dipeptide scaffold, Cu2+ chelation cross-links the strands to form
double-stranded duplex structures with an antiparallel arrangement. Using spectrophotometric
titrations, coordination of one Cu2+ metal per dipeptide strand is realized. Mass spectrometry,
NMR spectroscopy, vapor pressure osmometry, and HPLC confirm that the resulting structures
are the dipeptide duplex cross-linked by two metal centers.
The oligopeptides can be lengthened to three ligand units to demonstrate the capabilities
of making longer and more elaborate strands, as well as to test the hypothesis that longer strands
will create more rigid duplex structures. Chapter 3 depicts the synthesis and characterization
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artificial tripeptide composed of a monodentate pyridine, a bidentate bipyridine, and a tridentate
terpyridine, in series on an aminoethylglycine backbone. These ligands chelate three Cu(II) ions,
forming two [Cu(tpy)(py)]2+ and one [Cu(bpy)2]2+ complexes that cross-link two tripeptide
strands to give a trimetallic supramolecular structure. The tripeptide and metal-linked tripeptide
duplex are characterized with NMR spectroscopy, mass spectrometry, and analytical high
performance liquid chromatography (HPLC). Spectrophotometric titrations are used to
quantitatively examine the stoichiometry of binding. The EPR spectrum of the tripeptide complex
suggests that the metal centers are electronically coupled together, with a distance of < 6 Å
between ions. EPR and UV-vis absorbance spectroscopy, together with molecular modeling,
provide evidence that the tripeptide acts as a scaffold to hold the metal centers in close proximity.
While varying the sequence of ligands on the backbone is a method studied to improve
strand selectivity, modifications to the backbone itself can also potentially improve strand
selectivity. Chapter 4 describes the synthesis of chiral bpy tripeptides via the introduction of a
modified aminoethylvaline (aev) backbone. The tripeptides are designed as either the L or the D
isomer and composed of one or three chiral monomer units, resulting in four total tripeptides.
The single strands and metal-linked duplexes are characterized with NMR spectroscopy, mass
spectrometry, CD, vapor pressure osmometry (VPO), and analytical high performance liquid
chromatography (HPLC) with a chiral stationary phase. Duplex formation with Cu(II) and Zn(II)
is followed by CD spectroscopy and suggests that tripeptides with one valine center have a larger
chiral induction effect in the metallated duplex compared to tripeptides with three valine centers.
Besides altering the oligopeptide scaffolds through synthetic modifications, it is
important to be able to quantitatively understand the formation and structure of the metallated
duplexes. Certain analytical tools, specifically isothermal titration calorimetry (ITC) and high
resolution NMR, are capable of measuring the thermodynamic properties of duplex formation,
follow the saturation of ligands on a heterofunctional tripeptide, and determine the diffusion
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coefficients of the metal-containing structures. Preliminary studies using these analytical tools
are discussed in Chapter 5 and introduce the potential for utilizing these techniques to continue
the exploration of our artificial oligopeptide system.

1.6 Conclusion
A considerable amount of research has focused on the creation and use of nucleobase and
backbone analogs, many of which are not discussed in this overview of representative examples
of the field. Consideration of the specific properties and behaviors of natural biopolymers,
including hybridization, has been an essential component in the design of our biomimetic
structures. Combining our expanding library of multidentate ligands with a new variety of
backbones will spur the design and synthesis of a wide range of oligopeptides with inherent
tunability for the construction of supramolecular structures with specialized functions.
Incorporation of metal complexes into the center of a double stranded duplex is an exciting
approach toward the construction of molecular circuitry, sensors, and catalysts. As our collection
of biomimetic structures continues to expand and evolve, it is anticipated that these will impact a
broad range of applications.
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Chapter 2
Cu(II) Cross-Linked Antiparallel Dipeptide Duplexes Using Heterofunctional
Ligand-Substituted Aminoethylglycine
2.1 Introduction
An important aspect of designing potentially useful molecular materials for sensors,
catalysis, artificial photosynthesis, and molecular wires that rival the utility and complexity of
biological systems is the ability to control the placement of predetermined building blocks in
specific geometries. Molecular recognition and self-assembly are commonly used to create
complex supramolecular structures. For example, using modified DNA to direct the arrangement
of functional species is of interest because sequence-specific base pairing produces well-defined
double-stranded geometries that can be used as structural scaffolds. A key consideration in the
molecular design of modified DNAs is to elicit recognition at precise locations, to induce folding
into hairpin loops, or to place tags in specific positions with respect to each other. Modified
DNA, for example, has been used to direct the assembly of two- and three-dimensional DNA
lattices1,2 and nanoparticle crystals.3,4
The insertion of electron donors and acceptors into oligonucleotides at well-defined
locations has enabled the study of electron transfer in duplex DNA.5 The substitution of natural
base pairs with redox active species (e.g. inorganic complexes) is potentially useful for creation
of molecular circuitry. Incorporation of multiple metal centers into the core of duplex DNA by
replacement of nucleobases with bidentate ligands has been previously reported.6 Heterometallic
DNA structures based on differential coordination affinity to bidentate and monodentate ligands
on the sugar phosphate backbone have recently been described.7 Studies with the synthetic
analogs peptide nucleic acid (PNA)8 and glycol nucleic acid (GNA)9 scaffolds similarly utilize
pendant ligands to form metal coordinative cross-links. In each of these cases, metal insertion
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impacted the stability of the duplex; however molecular recognition was achieved in part by
hydrogen bonding of complementary nucleobases.
Previous work in our group has described the synthesis of artificial oligopeptides
consisting of an aminoethylglycine (aeg) backbone with pendant ligands for the coordination to
and cross-linking by transition metal ions.10 The use of a neutral and flexible aeg backbone
prevents the inherent electrostatic repulsion between anionic strands of DNA, precludes
electrostatic attraction of metal cations to the backbone, has a broader range of solvent
compatibility, and eliminates the irreversible oxidative electrochemistry of natural nucleic acids.
Molecular recognition and duplex formation, which were first shown by Gilmartin et al.,10a are
dependent solely on the robust metal to ligand bonds without reliance on nucleic acid hydrogen
bonding. In these examples, the oligopeptides were substituted with repeating units of the same
ligand (bpy or Φ-tpy) on the aeg backbone. Although metal-coordination based self-assembly of
double stranded duplexes was demonstrated, we recognized that both the parallel and antiparallel
isomers were likely to form in solution. In addition, as the oligopeptide chains are lengthened to
make larger and more complex architectures, there is increased possibility of chain misalignment
and alternative register formation, as illustrated in Figure 2-1 A. To combat these issues we have
designed heterofunctional oligopeptides that mimic self-complementary sequences of DNA: the
aeg dipeptide contains both pendant monodentate (pyridine) and tridentate (terpyridine or phenyl
terpyridine) ligands. In the presence of a four-coordinate transition metal ion (e.g. Cu(II)) the
ligands would be expected to coordinate two metals to gain coordinative saturation, forming the
antiparallel dipeptide duplex depicted in Figure 2-1 B. These dipeptide strands are the first selfcomplementary sequences containing two different ligands in our library.
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Figure 2-1. A) Schematic of metal-induced duplex formation of a monofunctional, selfcomplementary dipeptide that can form parallel/anti-parallel isomers and registers. B) Schematic
of metal coordination induced anti-parallel duplex assembly of a heterofunctional, selfcomplementary dipeptide.
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In this initial study, we explore the use of this binding motif to form metal-linked
dipeptide duplexes, and describe the synthesis and characterization of two new heterofunctional
artificial dipeptides. The purities of the Cu-containing dipeptides were confirmed by high
performance liquid chromatography (HPLC), and the products identified using
spectrophotometric titrations, vapor pressure osmometry, and mass spectrometry. These results
are consistent with dipeptide duplexes each linked by two Cu(II) ions. These structures
demonstrate a method for creating supramolecular inorganic complexes that imitate the molecular
recognition of self-complementary DNA sequences, which improves control over the geometry of
the duplex structures and points the way toward formation of larger and more complex
architectures.

2.2 Experimental Section

2.2.1 Chemicals
All chemicals were reagent grade and used as received unless otherwise noted. Nhydroxybenzotriazole (HOBt) and 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide
hydrochloride (EDC) were purchased from Advanced ChemTech. O-Benzotriazole-N,N,N’,N’
tetramethyl-uronium-hexafluorophosphate (HBTU) was purchased from NovaBiochem. All other
chemicals were purchased from Aldrich. 4’-Methyl-2,2’-bipyridine-4-acetic acid,11 (4[2,2’;6’,2”]Terpyridin-4’-yl-phenyl)-acetic Acid,10d fmoc-aeg-OtBu•HCl,12 fmoc-aeg(py)OH•HCl,10a fmoc-aeg(bpy)-OtBu,13 fmoc-aeg(Φ-tpy)-OtBu,10d 4’-Methyl-2,2’:6’,2”-terpyridine,14
and pyridacyl pyridinium iodide15 were synthesized as previously reported. Water was purified
with a Nanopure water system (Barnstead, 18.2MΩ).
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2.2.2 Instrumentation and Analysis
Positive-ion electrospray mass spectrometry (ESI+) was performed at the Penn State
Mass Spectrometry Facility using a Mariner mass spectrometer (Perseptive Biosystems). All
NMR spectra were collected on 300, 360, or 400 MHz spectrophotometers (Bruker). UV-Vis
absorption spectra were obtained using a double-beam spectrophotometer (Varian, Cary 500).
Elemental analysis was conducted by Galbraith Laboratories. Solution molecular weights were
estimated using a Wespro Vapro model 5520 vapor pressure osmometer using 10 - 25 mmol/kg
solutions in acetonitrile (ACN). A standard calibration curve was obtained using solutions of
known concentration of tetrabutylammonium hexafluorophosphate in ACN.
Analytical-scale high performance liquid chromatography (HPLC) was performed with a
Varian system equipped with two quaternary pumps (Model 210), an autosampler (Model 410), a
UV-Vis detector (Model 320), a fraction collector (Model 701), and a Thermo Scientific Betasil
Silica-100 column (150 mm x 4.6 mm with 5 m particle size). Dipeptides 3 and 4, and their
Cu(II)-containing products, were introduced in 5.0 L injection size and analyzed using a flow
rate of 0.4 mL/min. The eluent contained 0.1% trifluoroacetic acid (TFA) in a mixture of
acetonitrile (ACN), water, and saturated aqueous potassium nitrate in a 6:3:1 volume ratio,
respectively. Elution of the compounds was monitored at 264 nm.

2.2.3 Synthesis

2.2.3.1 General Procedures for Peptide Deprotections. Briefly, a sample of fmoc-protected
oligopeptide was stirred for 30 min in a 20% piperidine solution in acetonitrile. The reaction was
extracted with hexanes (3 x 20mL) and the acetonitrile layer was flash evaporated. The residue
was dissolved in dichloromethane (30mL) and flash evaporated twice, yielding the pure amine.
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Conversely, terminal acid formation was accomplished by deprotection of the t-butyl terminus of
the oligopeptide using a 1:1 CF3CO2H : DCM mixture. The solution was stirred for 1h at 25oC
and the solvent flash evaporated. The residue was washed with Et2O, resulting in the acidterminated product.

2.2.3.2 (4’-Methyl-2,2’:6’,2”-terpyridinyl)-acetic Acid (1). Using a modification of a previously
reported synthesis,16 an oven-dried flask was purged and re-filled 3x with N2, after which THF
(25mL) was added. While the solvent was stirred at -15oC, 2,2,6,6-tetramethyl piperidine (0.77
mL, 4.4 mmol) and methyl lithium (2.5 mL, 3.9 mmol) were added and the solution stirred for 15
min. A de-aerated solution of 4’-methyl-2,2’:6’2”-terpyridine (0.87 g, 3.5 mmol) dissolved in a
minimal amount of THF was added and stirred for 30 min. CO2 (g) was then bubbled into the
reaction for 1 h. The resulting solid was collected and dissolved in 1 M HCl (20 mL). Ethanol
(EtOH, 30 mL) was added to the solution and the solvent volume was reduced via flash
evaporation until a brown solid began to precipitate. After cooling in the freezer overnight, a
brown solid was collected. Yield = 400 mg (40%). 1H NMR (400 MHz, DMSO-d6): δ 8.97 (s,
4H); 8.68 (s, 2H); 8.54 (t, J = 6 Hz, 2H); 7.95 (t, J = 6 Hz, 2H); 3.98 (s, 2H).

2.2.3.3 Fmoc-aeg(tpy)-OtBu (2). A solution of compound 1 (0.300 g, 1.0 mmol), EDC (0.20 g,
1.0 mmol), HOBt (0.14 g, 1.0 mmol), and DIPEA (0.52 mL, 3.2 mmol) in DCM (50 mL) was
stirred at 0oC for 15 min. The mixture was added to fmoc-aeg-OtBu (0.34 g, 0.79 mmol)
dissolved in DCM (25 mL) and stirred at 25oC for 48 h. The solution was extracted with water (3
x 30 mL), and the aqueous fractions were combined and back-extracted with DCM (25 mL). The
organic solutions were combined and dried over solid Na2SO4. Solvent was removed via flash
evaporation, resulting in a yellow oil which was purified on a silica gel column eluting with a
solvent gradient (100% DCM to 5% MeOH in DCM). The first yellow band was collected, like
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fractions were combined, and the solvent removed under vacuum yielding a yellow solid. Yield
= 394 mg (75%). 1H NMR (400 MHz, chloroform-d): δ 8.64 (d, J = 9 Hz, 2H); 8.56 (d, J = 9 Hz,
2H); 8.33 (s, 1H); 8.31 (s, 1H); 7.90-7.78 (m, 2H); 7.67 (d, J = 7 Hz, 2H); 7.58 (m, 2H); 7.40 (t, J
= 7 Hz, 2H); 7.34-7.27 (m, 4H); 4.44 (d, J = 7 Hz, 1H); 4.33 (d, J = 7 Hz, 1H); 4.25 (t, J = 7 Hz,
1H); 4.07-3.83 (m, 4H); 3.68-3.62 (m, 2H); 3.53 (m, 1H); 3.28 (m, 1H); 1.48 (s, 9H). MS (ESI+)
[M + H+] Calcd 670.7, Found 670.4.

2.2.3.4Fmoc-aeg(py)-aeg(tpy)-OtBu (3). The fmoc was cleaved from compound 2 using the
above protocol, giving aeg-(tpy)-OtBu. A mixture of fmoc-aeg(py)-OH (0.30 g, 0.61 mmol),
EDC (0.12 g, 0.61 mmol), HOBt (0.082 g, 0.61 mmol), and DIPEA (0.31 mL, 1.9 mmol) was
suspended in DCM (60 mL) and allowed to stir for 15 min at 0oC. The solution was added to
aeg-(tpy)-OtBu (0.21 g, 0.47 mmol) dissolved in DCM (15 mL) and stirred at 25oC for 48 h. The
reaction was extracted with water (3 x 30mL), the aqueous fractions combined and back-extracted
with DCM (20 mL). The combined organic fractions were dried over Na2SO4, and the solvent
was flash evaporated to give a light orange solid. The solid was purified by chromatography on a
silica gel column eluting a solvent gradient (100% DCM to 5% MeOH in DCM). Like fractions
were combined and flash evaporated to yield a light orange solid. Yield = 170 mg (41%). 1H
NMR (400 MHz, chloroform-d): δ 8.67-8.61 (m, 2H); 8.58 (d, J = 7 Hz, 2H); 8.39 (d, J = 6 Hz,
2H); 8.33 (s, 2H); 7.89-7.81 (m, 2H); 7.73 (d, J = 8 Hz, 2H); 7.66-7.50 (m, 2H); 7.37-7.27 (m,
6H); 7.06 (d, J = 6 Hz, 2H); 4.41-4.30 (m, 2H); 4.24-4.11 (m, 1H); 4.07-3.90 (m, 4H); 3.90-3.65
(m, 4H); 3.65-3.45 (m, 4H); 3.45-3.22 (m, 4H); 1.47 (s, 9H). HR MS (ESI+) [M + H]+ Calcd
889.3969, Found 889.4037. Elemental Anal. Fmoc-aeg(py)-aeg(tpy)-OtBu • H2O Calc: 67.53
C; 6.00 H; 12.35 N; Found: 67.3 C; 6.00 H; 12.2 N.
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2.2.3.5 Fmoc-aeg(py)-aeg-(Φ-tpy)-OtBu (4). The Fmoc was cleaved from Fmoc-aeg-(Φ-tpy)OtBu using the above procedure, giving aeg-(Φ-tpy)-OtBu. A mixture of Fmoc-aeg(py)-OH(0.27
g, 0.801 mmol), EDC (0.15 g, 0.801 mmol), and HOBt (0.10 g, 0.801 mmol) was suspended in
DCM (35 mL) and allowed to stir for 15 min at 0 °C. To this, DIPEA (0.38 mL, 2.20 mmol) was
added and the reaction was stirred for 1 h at 0 °C. This was then transferred to the solution of aeg(Φ-tpy)-OtBu (0.30 g, 0.66 mmol) in DCM (15 mL) and the mixture was stirred for 48 hours at
25oC. The solution was extracted with water (3 x 20 mL), the aqueous fractions combined and
back-extracted with DCM (20 mL). The organic layer was dried over Na2SO4, separated from the
drying agent, and flash evaporated to give a yellow oil. The oil was chromatographed on a silica
gel column, eluting with a solvent gradient (100% DCM to 10% MeOH in DCM). Like fractions
were combined and the solvent was removed under vacuum to yield a yellow solid. Yield = 213
mg (38.3 %). 1H NMR (360 MHz, chloroform-d): δ 8.73-8.67 (m, 4H); 8.65 (d, J = 7 Hz, 2H);
8.44 (d, J = 5 Hz, 2H); 7.91-7.80 (m, 4H); 7.71 (d, J = 8 Hz, 2H); 7.55 (d, J = 8 Hz, 2H); 7.40 (d,
J = 7 Hz, 2H); 7.36-7.33 (m, 4H); 7.29-7.20 (m, 2H); 7.11 (d, J = 5 Hz, 2H); 4.40-4.25 (m, 2H);
4.22-4.10 (m, 1H); 4.07-3.88 (m, 4H); 3.88-3.71 (m, 4H); 3.71-3.54 (m, 4H); 3.54-3.30 (m, 4H);
1.47 (d, 9H). HR MS (ESI+) [M + H]+ Calcd 964.4339, Found 964.4350. Elemental Anal. Fmocaeg(py)-aeg(Φ-tpy)-OtBu • H2O Calc: 69.64 C; 5.95 H; 11.40 N. Found: 69.51 C; 5.95 H;
11.41 N.

2.2.3.6 General Procedure for Reaction and Isolation of Cu(II) Complexes. A solution of the
peptide was prepared in MeOH and combined with a solution containing a slight molar excess of
Cu(NO3)2 • 2.5 H2O, stirred, and heated at 40oC for 24 h. The solvent was removed under
reduced pressure and the solid was dissolved in a 1:4 MeOH:H2O solution. A saturated solution
of NH4PF6 was added, producing a blue to green precipitate. The solid was collected by filtration
and rinsed with H2O and Et2O. [Cu2(3)2](PF6)4 MS (ESI+) (Fig 3, S14) [[Cu2(3)2](PF6)2]2+ calcd
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1097.3, found 1097.3; [[Cu2(3)2](PF6)]3+calcd 683.2, found 683.2. 1H NMR (400 MHz, ACN-d3):
δ 7.90-7.25 (br m, 16H); 4.40-2.10 (br m, 38H); 1.35 (br s, 18H). [Cu2(4)2](PF6)4 MS (ESI+)
(Figure 2-11) [[Cu2(4)2](PF6)2]2+ Calcd 1173.3, found 1173.4; [[Cu2(4)2](PF6)]3+ Calcd 733.9,
found 734.0. 1H NMR (400 MHz, ACN-d3): 8.00-7.25 (br m, 24H); 4.60-2.55 (br m, 38H); 1.45
(br s, 18H).

2.2.4 Spectrophotometric Titrations
Titrations were performed using methanolic solutions of known concentrations of monoor dipeptide and Cu(NO3)2. For measurements of visible wavelength absorption, ~ 10 mM peptide
solutions were used; in the UV region, solutions of ~ 10 µM peptide were used. Solutions were
background subtracted using the double beam of the spectrometer. Titrations either incrementally
added metal ion to peptide solution or peptide to metal ion solution, as indicated below.

2.3 Results and Discussion

2.3.1 Synthesis and Characterization of Artificial Dipeptides
Incorporation of a tridentate ligand, in this case terpyridine or phenyl terpyridine, in
series with the monodentate ligand pyridine onto the aminoethylglycine (aeg) scaffold creates a
bifunctional peptide with variable affinity for metal ions. To coordinatively saturate Cu(II), the
tridentate tpy and monodentate py ligands are expected to form [Cu(tpy)(py)]2+ complexes in a
distorted square planar geometry.17 Thus, the motif for molecular recognition to form an
antiparallel dipeptide duplex uses ligands with coordinatively “complementary” denticities with
respect to the tetracoordinate metal ion: the dipeptides have been designed to self-assemble into
duplexes upon chelation with tetracoordinate metals such as Cu(II). The two tridentate ligands
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selected for these studies have differing length attachments to the backbone, which would impact
the relative locations of the Cu crosslinks (vide infra).
The termini of the aminoethylglycine backbone have been protected with Fmoc and tbutyl ester as in previous studies. 10 Since the Fmoc group is base labile and the t-butyl ester
group is acid labile, selective deprotection followed by extension of the peptide chain was
achieved from both termini. Solution phase synthesis of these dipeptides was used to enable
bidirectional chain lengthening in future studies as well as to increase yields compared to solid
phase synthesis. The purification techniques used in solution based synthesis allow for isolation
of greater amounts of product than solid phase methods.10a
For the synthesis of a dipeptide with pendant pyridine and either terpyridine or phenyl
terpyridine ligands, Fmoc-aeg(py)-OtBu and Fmoc-aeg(Φ-tpy)-OtBu monomers were prepared
according to previous work.10b,d Analogously, terpyridine acetic acid was prepared using
modified syntheses and coupled to the aeg backbone with our standard conditions (Scheme 21).10d The Fmoc protecting group was selectively removed from the tridentate monomers under
mild basic conditions, resulting in primary amine termini. This method was chosen to reduce the
aromatic bulkiness of the monomers and maximize the coupling yield. Shown in Scheme 2-2, the
tridentate monomers (aeg(tpy)-OtBu or aeg(Φ-tpy)-OtBu) were separately combined with acidterminated pyridine monomer (Fmoc-aeg(py)-OH) and EDC/HOBt coupling reagents. In both
cases, the dipeptide product was purified by column chromatography, and purity assessed by
HPLC. Figure 2-2 contains the chromatograms of dipeptides 3 and 4 (red lines), which contain a
single, sharp peak indicative of a single, pure species. Additional confirmation of purity by
elemental analysis, and identity by NMR spectroscopy and positive ion electrospray mass
spectrometry (vide infra), are used to fully characterize the dipeptides. The overall reactions
produced 41% yield for Fmoc-aeg(py)-aeg(tpy)-OtBu (3) and 38% yield for fmoc-aeg(py)-aeg(Φ-
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Scheme 2-1. Terpyridine monomer synthetic strategy; i) HBTU, HOBt, DIPEA; ii) 20%
piperidine in ACN.
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Scheme 2-2. Dipeptide synthetic strategy; i) EDC, HOBt, DIPEA.
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A

B

Figure 2-2. High performance liquid chromatograms using a silica column (150 mm x 4.6 mm
with 5 m particle size) and 6:3:1 mixture of ACN:H2O:KNO3 with 0.1% TFA and a flow rate of
0.4 mL/min. Injection volume is 5 µL. A) [Cu2(3)2] (black line) versus 3 (red line); B) [Cu2(4)2]
(black line) versus 4 (red line).
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tpy)-OtBu (4) dipeptides, both of which are higher yields and in larger quantities than those
obtained for the solid-phase peptide synthesis of Φ-tpy substituted dipeptides (i.e., 23%).10d
The 1H NMR spectra of the dipeptides yielded the anticipated relative proton integrations
(i.e. 9 t-butyl protons, 18 aliphatic protons, and 22 aromatic protons for dipeptide 3, and 9 t-butyl
protons, 18 aliphatic protons, and 26 aromatic protons for dipeptide 4). The protons assigned to
the Fmoc protecting group, as well as the pyridine ligand, appear at the same positions in both
NMR spectra (see Figure 2-3 and Figure 2-4). Protons on the heterocyclic terpyridine ring in each
of the tridentate ligands have similar resonances, but the phenyl ring shifts the terpyridine protons
slightly downfield, whereas proximity to the backbone shifts these slightly more upfield in
dipeptide 4.
Structural characterization of the dipeptides was therefore further confirmed using 1H-1H
COSY, 13C-1H HMQC, and 13C-1H HMBC. The COSY spectra clearly show the couplings
between aromatic protons and between neighboring protons on the aminoethyl glycine backbone.
For example, in the COSY spectrum of compound 3, shown in Figure 2-5, the presence of the
pyridine ligand is confirmed in both dipeptides by the presence of a peak corresponding to two
protons at 7.1 ppm (Figure 2-3, peak k) correlated to a second peak corresponding to the two
protons at 8.4 ppm (Figure 2-2, peak l). The terpyridine protons closest to the nitrogens ~ 8.8
ppm (Figure 2-3, peak q) couple with their neighboring protons ~ 7.3 ppm (Figure 2-3, peak p)
and enabled the assignments for the other terpyridine protons in the COSY spectrum. The final
two protons on the terpyridine rings located at 8.3 ppm (Figure 2-3, peak m) in the 1D 1H NMR
spectrum exhibited no coupling in the COSY spectrum since these are electronically isolated. In
contrast, the COSY spectrum of molecule 4, as seen in Figure 2-6, contains a peak corresponding
to two protons at 7.9 ppm (Figure 2-4, peak m) that couples with a second peak corresponding to
two protons around 7.3 ppm (Figure 2-4, peak n); these are assigned to the phenyl ring on the
ligand. In both COSY spectra, there is correlation between the protons of the Fmoc protecting
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Figure 2-3. 400 MHz 1H NMR spectrum of 3 in CDCl3. Inset: Labeled structure of 3.
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Figure 2-4. 400 MHz 1H NMR spectrum of 4 in CDCl3. Inset: Labeled structure of 4.
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Figure 2-5. 400 MHz Two-Dimensional Correlation (COSY) NMR spectrum of 3 in CDCl3.
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Figure 2-6. 400 MHz Two-Dimensional Correlation (COSY) NMR spectrum of 4 in CDCl3.
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Figure 2-7. 400 MHz Two-Dimensional Heteronuclear Multi-bond Correlation (HMBC) NMR
spectrum of 3 in CDCl3.
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Figure 2-8. 400 MHz Two-Dimensional Heteronuclear Multi-bond Correlation (HMBC) NMR
spectrum of 4 in CDCl3.
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Figure 2-9. 400 MHz Two-Dimensional Heteronuclear Multiple Quantum Coherence (HMQC)
NMR spectrum of 3 in CDCl3.
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Figure 2-10. 400 MHz Two-Dimensional Heteronuclear Multiple Quantum Coherence (HMQC)
NMR spectrum of 4 in CDCl3.
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group (4.1-4.4 ppm, Figure 2-3 and Figure 2-4 peaks e, f) and the bridging ethyl group (3.2-3.7
ppm, Figure 2-3 and Figure 2-4 peaks i, j, h, g). Taken together, the HMBC (Figure 2-7 and
Figure 2-8) and HMQC (Figure 2-9 and Figure 2-10) spectra conclusively confirm the identity of
the dipeptides.
Mass spectrometry was used for additional characterization of the dipeptides. High
resolution molecular ion peaks were observed for dipeptide 3 ((M + H)+ m/z: calculated 889.3969
m/z, found 889.4037 m/z) and dipeptide 4 ((M + H)+ m/z: calculated 964.4339 m/z, found
964.4350 m/z) and further confirm their identities. Elemental analysis affirmed the purity of the
two dipeptides, which were observed to be hygroscopic.

2.3.2 Synthesis and Characterization of Duplexes
Addition of Cu(II) to each dipeptide is expected to cause formation of [Cu(py)(tpy)]2+
complexes, resulting in coordinative crosslinks between the strands. To form the duplexes, the
peptide strands must coordinate two metal ions and align in an anti-parallel fashion, as in Figure
2-1 B. Copper has initially been used for duplex self-assembly because it is sufficiently labile to
allow the formation of the most thermodynamically stable structure to be obtained under mild
heating.10a Addition of Cu(II) to a methanolic solution of the dipeptides while refluxing resulted
in methanol-soluble product, which was then isolated by diluting the solution with water and
precipitating the complex with ammonium hexafluorophosphate. To assess the purity of the
resulting Cu-containing products, HPLC was used and the chromatograms compared to the
unmetallated dipeptides; Figure 2-2 shows these chromatograms obtained under identical
conditions. The individual chromatograms of dipeptides 3 and 4, and those of the Cu(II)containing products, contain a single, sharp peak. We note the presence of a small side peak in the
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chromatogram of both 4 and its Cu complex, but in such a low relative quantity that it represents
a very minor impurity. Because the eluent (0.1% TFA in 6:3:1 ACN: H2O: aqueous saturated
KNO3) is highly polar, in comparison with the pure peptides, the metallated products elute at an
earlier time because of their greater charge.18 In the chromatograms of the metallated dipeptides,
we do not observe a peak at a time expected for pure dipeptide, and the peak widths are
approximately the same for metallated versus unmetallated molecules. These HPLC data
therefore confirm the presence of a single Cu-containing product following the reaction of Cu(II)
with each of the dipeptides. Separate vapor pressure osmometry experiments of the Cu complexes
in acetonitrile solutions provide molecular weights that are consistent with the dipeptide duplexes
linked by two metal ions (2200 – 2900 g/mol), although imprecision in these values results in part
from varying amounts of residual solvent present in the Cu complexes.
Therefore we employed positive ion electrospray mass spectrometry (ESI+ MS) to
confirm the identities of the products. Using conditions for the mass spectrometric experiments
from Gatlin et al.,19 mass spectra were obtained as shown in Figure 2-11. Molecular ion peaks
corresponding to the +2 and +3 duplexes were found for each of the metallated compounds with
associated PF6- anions: the +2 peaks are identified as the species [Cu2(3)2(PF6)2]2+ or
[Cu2(4)2(PF6)2]2+, whereas the +3 peaks are [Cu2(3)2(PF6)]3+ and [Cu2(4)2(PF6)]3+.13b These
observed peaks confirm the duplex identities. Similar to our prior reports,10a,b although the mass
spectra are complex and a significant number of fragments are observed, we do not observe
molecular ion peaks for higher order structures (e.g. [Cun(peptide)n(PF6)x]2n-x) or monometallic
species (e.g. [Cu(peptide)(PF6)x]2-x). Although it is possible that the former of these would likely
be more difficult to ionize and therefore not appear in the mass spectra, it is important to note that
only a single peak is observed in each of the chromatograms. For a single, higher order structure
to form in solution and then decompose in the gas phase into only the [Cu2(peptide)2]4+ structure
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Figure 2-11. Positive ion electrospray mass spectra of (A) [Cu2(4)2]4+ and (B) [Cu2(3)2]4+ , which
are observed together with associated PF6- anions (as indicated). The theoretical isotope
patterns for the +2 and +3 charged ions (containing two and one PF6- anion, respectively) are
shown for comparison.
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(with associated anions), and not [Cu(peptide)]2+ or [Cu3(peptide)3]6+, etc.), is unlikely. Therefore,
we use the sum of the data to conclude that even if higher order polymeric structures form in the
reaction solution, these are present in extremely small quantities, are most likely insoluble and
therefore not detected by HPLC or mass spectrometry, and the majority of the reaction product is
the dipeptide duplex linked by two metal ions.
Finally, we acquired 1H NMR spectra of these compounds because the presence of Cu(II)
results in a paramagnetic shift of the ligand protons to which it coordinates, and broadens nearby
protons. An absence of ligand protons in the 1H NMR spectra of [Cu2(3)2]4+ and [Cu2(4)2]4+
(Figure 2-12 and Figure 2-13) verified that the Cu(II) was coordinated to both py and tpy ligands
(in 3) or py and Φ-tpy ligands (in 4). Although the aminoethylglycine backbone is flexible,
because of the short dipeptide length, the two ligands are spaced closely and are not able to
coordinate to the same metal ion.10a,b The NMR results confirm that the Cu ion is not solely
coordinated to the tridentate ligands, but also binds py close in its coordination shell. To
accomplish this, the Cu ions must crosslink ligands on separate strands. Taken together, the
HPLC, NMR, vapor pressure osmometry, and mass spectrometry data point toward the formation
of the species containing two dipeptides cross-linked by two metal ions, as depicted in Figure 2-1
B.

2.3.3 Metal Coordination to Dipeptides
The above experiments demonstrated the self-assembly of the di-Cu linked dipeptide
duplexes. To begin to understand how these structures form in the presence of copper, a series of
spectrophotometric titrations were also performed. Dipeptides 3 and 4 were first studied using
UV-visible spectrophotometry to give quantitative measures of their extinction coefficients
(Table 2-1). The UV-vis spectra of the non-metallated dipeptides are dominated by absorbances
due to the πtpy-π*tpy and the πΦ-tpy-π*Φ-tpy transitions at 260-310 nm in 3 and 240-290 nm in 4,
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Figure 2-12. 400 MHz 1H NMR spectrum of [Cu2(Fmoc-aeg(py)-aeg(tpy)-OtBu)2] in d3-ACN.
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Figure 2-13. 400 MHz 1H NMR spectrum of [Cu2(Fmoc-aeg(py)-aeg(Φ-tpy)-OtBu)2] in d3-ACN.
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Table 2-1. UV-vis absorbance data for the monomers and dipeptides.
Molecule
λabsmax a, nm (ε, 103 M-1 cm-1)
py monomer
264 (34.5), 278 (19.7)
tpy monomer (2)
276 (36.1), 300 (23.3)
Ф-tpy monomer
255 (60.1), 267 (65.2), 275 (66.1)
264 (34.3), 276 (33.7), 300 (20.3)
3
255 (53.7), 267 (56.8), 278 (57.7)
4
a
Wavelength of the maximum absorbance of the peak.
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respectively, which are consistent with other terpyridine and phenyl terpyridine systems.20 The
pyridine ligand also has a πpy-π*py transition absorbance at 264 nm, but it is not easily identified
because this region of the spectrum contains many overlapping peaks. Upon Cu(II) coordination
to the dipeptides, the π-π* absorption bands of the ligands shift to 310-350 nm and a band appears
in the visible region at ~ 650 nm.
Spectrophotometric titrations at higher concentrations were performed so that the low
energy transition (650 nm) could be monitored. Figure 2-14 contains the difference spectra
obtained during the titration of compounds 3 or 4 into a solution containing Cu(II). Since neither
dipeptide absorbs light in this region of the visible spectrum, this peak is assigned to the d-d
transition of the resulting Cu(II) complex.10b In the Figure 2-14 insets, plots of the incremental
change in absorbance at the peak maxima are plotted versus the relative ratio of peptide to Cu(II),
and show an increase in absorbance as dipeptide is added. In the case of 4, the maximum
absorbance occurs at a mole ratio of ~ 1:1 dipeptide:Cu(II) and then slightly decreases. In
contrast, the titration curve of 3 in Figure 2-14 A has a maximum absorbance at ~0.75:1
dipeptide:Cu(II) and falls with additional aliquots of dipeptide. These stoichiometric points are
consistent with either a single Cu(II) coordinated to a single dipeptide, or two Cu(II) ions linking
two dipeptide strands. Because of the steric hindrance imparted by the close proximity of the two
ligands on each strand, and using our understanding of the products of the dipeptide reactions
with Cu(II) (vide supra), we conclude from these data that the [Cu2(peptide)2]4+ structures are
formed at the ~ 1:1 stoichiometric point. In the Cu(II) titrations of both 3 and 4, we hypothesize
that the decrease in absorbance after this stoichiometry points to the formation of [Cu(tpy)] 2+ and
[Cu(py)]2+ complexes at the expense of metal-linked duplex. That is, addition of extra ligand
shifts the equilibrium from [Cu(tpy)(py)]2+ to (primarily) [Cu(tpy)(H2O)]2+ and [Cu(py)(H2O)3]2+;
the later occurrence in the titration curve of 4 suggests that this Cu-linked duplex is more stable
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Figure 2-14. Spectophotometric titrations of the reaction of Cu2+ with dipeptides: (A) 7.64 mM
dipeptide 4 titrated in 50 µL increments into a 2.0 mL volume of 1.91 mM Cu(NO3)2; and (B)
addition of 50 µL increments of 9.55 mM dipeptide 3 into 2.0 mL of 1.91 mM of Cu(NO3)2 . All
solutions are in methanol. Insets: change in the absorbance at 650 nm as a function of the relative
molar ratio of added peptide to Cu2+.
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than for 3, and therefore larger amounts of Cu(II) are required to dis-associate the structure.
Ongoing experiments aim to specifically measure association constants and stabilities.
Using lower concentrations to examine the UV region of the spectrum provides insight
into the changes observed ligand-centered transitions, and approaches the complexation equilibria
from the opposite direction. Separate titrations of Cu(II) into solutions of the dipeptides reveal
isosbestic points at 270 and 310 nm for reaction with 3, and at 240 and 290 nm for reaction with
4. The difference spectra in Figure 2-15 show that as Cu(II) is added to the solution of dipeptide,
the absorbance of the free ligand decreases and a concomitant increase in the metal-coordinated
ligand absorbance is observed. Plotting the intensity of the new absorbance peak versus the
molar ratio of Cu(II) to dipeptide results in the titration plots shown in Figures 2-15 C and 2-15 D
which increase and reach a constant absorbance at a ~1:1 ratio of Cu/dipeptide. This
stoichiometric ratio is again associated with two Cu(II) ions linking two dipeptides. At select
wavelengths, the absorbance continues to vary beyond the duplex stoichiometric point as
additional Cu(II) is added, consistent with the hypothesis that beyond this point other complexes
(e.g. [Cu(tpy)(H2O)]2+ and [Cu(py)(H2O)3]2+) could be forming.
For comparison, spectrophotometric titrations of Cu(II) into solutions containing unlinked
ligand-modified aeg monomers at the identical concentrations to the experiments in Figure 2-15
were also performed, and these are shown in Figure 2-16. The difference spectra acquired for
these titrations contain isosbestic points at the same wavelengths as the dipeptide counterparts
(Figure 2-15). Decreasing absorbance is observed at wavelengths associated with unmetallated
ligand in both Figures 2-15 C and 2-15 D and 2-16 C and 2-16 D as the ligands coordinate to
Cu(II). Concomitant absorbance increases are observed at new wavelengths that are attributed to
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Figure 2-15. Difference spectra acquired during the spectophotometric titration of the reaction of
Cu2+ with: (A) 2.0 mL of 10 µM dipeptide 4; and (B) 2.0 mL of 10 µM dipeptide 3 in methanol.
Cu2+ is added in 50 µL increments of 40 µM of Cu(NO3)2. (C) and (D) are plots of the change in
the absorbance at the indicated wavelength as a function of the relative molar ratio of added Cu2+
to 6 and 5, respectively. Blue symbols correspond to ∆A values on left axis; red symbols on right
axis.
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Figure 2-16. Titration of a 2.0 mL methanolic solution containing (A) 10 µM Fmoc-aeg(py)-OH
and 10 µM 2 and (B) a 2.0 mL solution containing 10 µM Fmoc-aeg(py)-OH and 10 µM Fmocaeg(Φ-tpy)-OtBu , with 25 µL increments of 50 µM of Cu(NO3)2. Plots of the change in
absorbance at the indicated wavelengths as a function of the relative molar ratio of added Cu2+ to
peptides: (C) Fmoc-aeg(py)-OH and 2; (D) Fmoc-aeg(py)-OH and Fmoc-aeg(Φ-tpy)-OtBu .
Blue symbols correspond to ∆A values on left axis; red symbols on right axis.
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metal complex formation. Comparison of the extinction coefficients ( ) obtained for the unlinked
ligands vs. metallated dipeptide is listed in Table 2-2. These data show that is approximately
twice as large in the Cu-containing dipeptide, indicative of two Cu(II) centers per dipeptide
duplex.
The titration plots in Figures 2-16 C and 2-16 D has an inflection point, suggesting a
similar bonding motif of Cu(II) with the ligands (e.g. [Cu(py)(tpy)]2+). However, when the
monomers are unlinked, the rise of the titration curve is shallower than in Figure 2-15, and the
inflection point occurs beyond the expected 1:1 molar ratio of Cu(II) to peptide. This result
suggests a higher binding affinity when the ligands are tethered on the dipeptide, consistent with
positive cooperativity. Because of the extensive overlap and complexity of the absorbance
spectra, continuing studies are underway to quantify the apparent cooperative effects and binding
affinities during formation of the dipeptide duplexes. In addition to quantitatively understanding
the association constants for the formation of the metal-linked duplexes, our longer term
objectives include examining the role of artificial peptide length on stability, and testing the
specificity and selectivity of recognition between strands analogous to sequence-specific DNA
hybridization.
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Table 2-2. UV-vis absorbance data for Cu complexes.
Complex
[Cu(py)(tpy)]2+

λabsmax a, nm (ε, 103 M-1 cm-1)
282 (30.8), 326 (15.0), 338 (14.1)

[Cu2(3)2]4+
[Cu(py)(Ф-tpy)]2+

282 (43.7), 326 (28.5), 338 (24.7)
275 (61.5), 290 (53.6), 332 (24.6)

[Cu2(4)2]4+

275 (74.5), 290 (84.8), 332 (47.5)

a

Wavelength of the maximum absorbance of the peak.
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Chapter 3
Assembly of a Trifunctional Artificial Peptide Into an Anti-Parallel Duplex
with Three Cu(II) Crosslinks
3.1 Introduction
The control of the geometries and spacing of functional complexes is an important aspect
in the design of inorganic supramolecular structures. Molecular recognition and self-assembly,
such as in DNA and proteins, are approaches commonly used to create complex synthetic
molecular architectures. Substitution of nucleobases in DNA1, PNA2, and GNA3 with redox
active inorganic complexes has been described as a method for preparing functional selfassembled structures. However, nucleic acids’ irreversible redox chemistry4 and affinity for metal
ions5 place limits on their utility for some of their potential applications as molecular wires and
barcodes, sensors, and artificial enzymes.
Our approach has been to direct self-assembly of polymetallic supramolecular structures
with artificial peptides because these are charge neutral and redox inactive. We have initially
focused on the synthesis of homofunctional oligopeptides containing solely pendant bpy or Φ-tpy
ligands.6a,b More recently we have sought to exert better control over structural arrangement by
preventing strand misalignment and parallel/antiparallel isomer formation in the duplexes.
Chapter 2 reported the synthesis of two “self-complementary” heterofunctional dipeptides
(Figure 3-1A).

These are designed to create double-stranded duplexes crosslinked by two

[Cu(tpy)(py)]2+ complexes, yielding an antiparallel strand alignment.6d We predict that as the
length of the oligopeptide increases, the resulting metal-linked duplex should become more rigid,
giving rise to stronger electronic interactions between adjacent metal centers. To maintain the
self-complementary motif in Figure 3-1A and lengthen the strand, incorporation of an additional
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Figure 3-1. Anti-parallel self-assembling scheme of pendant (A) monodentate-tridentate and (B)
monodentate-bidentate-tridentate ligands in series on an aeg backbone due to the addition of a
tetracoordinate metal (blue circles).
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functional group is necessary (Figure 3-1B). Inserting a third type of ligand further has the
potential to introduce increasing electronic complexity, observed as changes in the spectroscopy,
electrochemistry, etc.
Herein we describe a self-complementary hetero- trifunctional oligopeptide that is
designed to form anti-parallel duplexes upon coordination of three Cu(II) ions (Figure 3-1B). We
utilize this structure to demonstrate the methodology for making longer and more complex
architectures, and for testing the hypothesis that longer sequences provide additional rigidity and
metal-metal interactions. The tripeptide was synthesized to contain tethered monodentate py,
bidentate bpy, and tridentate tpy ligands in series on an aeg backbone (Scheme 3-1). In the
presence of Cu(II), possible complexes are [Cu(tpy)(py)]2+,6d [Cu(bpy)2]2+,7 [Cu(tpy)2]2+,8
[Cu(tpy)(bpy)]2+, [Cu(bpy)(py)]2+, and [Cu(bpy)(py)2]2+.9 Although the oligopeptide is flexible,
the distance between the ligands on the backbone is not sufficient for adjacent sites on the chain
to coordinate to the same metal ion. Formation of these complexes would form coordinative
crosslinks between oligopeptide strands; however, only formation of solely [Cu(tpy)(py)]2+ and
[Cu(bpy)2]2+ complexes would yield a product with three metal ions and two antiparallel
tripeptide strands. It has been shown previously that metal coordination based self-assembly into
closed cycles is a thermodynamically driven, dynamic process whereby components assemble
and disassemble until the most exergonically favorable configuration is obtained. 10

We

hypothesize that the lability of Cu(II) enables the entropically favored tripeptide duplex to form in
a fashion similar to the previously described dipeptides.6d Therefore, in this chapter we examine
the binding of Cu(II) to the heterotrifunctional oligopeptide and compare the properties of the
resulting structure to the shorter Cu-linked dipeptide duplex in efforts to improve and understand
oligopeptide-directed self-assembly of multimetallic architectures.
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Scheme 3-1. Synthesis of tripeptide. i) HBTU, HOBt, DIPEA, η: 33%; ii) 1:1 TFA:DCM, η:
80%; iii) EDC, HOBt, DIPEA, η: 21%.
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3.2 Experimental Section

3.2.1 Chemicals
All chemicals were reagent grade and used as received unless otherwise noted. NHydroxybenzotriazole (HOBt) and 1-ethyl-3-(3-dimethyllaminopropyl)carbodiimide
hydrochloride (EDC) were purchased from Advanced ChemTech. O-Benzotriazole-N,N,N’,N’tetramethyl-uronium-hexafluorophosphate (HBTU) was purchased from NovaBiochem. All other
chemicals were purchased from Aldrich. 4’-Methyl-2,2’-bipyridine-4-acetic acid,11 Fmoc-aegOtBu•HCl,12 Fmoc-aeg(py)-OH•HCl,6a Fmoc-aeg(bpy)-OtBu,6b 4’-Methyl-2,2’:6’,2”terpyridine,13 pyridacyl pyridinium iodide,14 4’-acetic acid-2,2’:6’,2”-terpyridine,6d Fmocaeg(tpy)-OtBu,6d Fmoc-aeg(py)-aeg(tpy)-OtBu,6d Aquo(2,2’,2”-terpyridine)copper(II)
Diperchlorate,8 and Pyridine(2,2’,2”-terpyridine)copper(II) Diperchlorate8 were synthesized,
isolated, and characterized as previously reported. Water was purified using a Nanopure water
system (Barnstead, 18.2MΩ). Fmoc deprotection and terminal acid formation were performed
using previously published methods.6d

3.2.2 Instrumentation and Analysis
Positive-ion electrospray mass spectrometry (ESI+) was performed at the Penn State
Mass Spectrometry Facility using a Mariner mass spectrometer (Perseptive Biosystems). All
NMR spectra were collected on 300, 360, or 400 MHz spectrophotometers (Bruker). Solution
molecular weights were estimated using a Wespro Vapro model 5520 vapor pressure osmometer
using 10-25 mmol/kg solutions in acetonitrile (ACN). A standard calibration curve was obtained
using solutions of known concentration of tetrabutylammonium perchlorate in ACN. The UV-vis
absorbance spectra were obtained using a double-beam spectrophotometer (Varian, Cary 500) and
background subtracted using the reference cell of the double-beam spectrophotometer. X-band
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EPR spectra were obtained using a 9.51 GHz Bruker eleXsys 500 spectrometer equipped with a
liquid helium cryostat; all experiments were performed at 12 K with a modulation frequency of
100 kHz, modulation amplitude of 5 G, and a microwave power of 0.1 µW. Cu(II)
concentrations were experimentally determined using a Cu(II) standard.
Analytical-scale high performance liquid chromatography (HPLC) was performed with a
Varian system equipped with two quaternary pumps (Model 210), an autosampler (Model 410), a
UV-vis detector (Model 320), and a Thermo Scientific Betasil Silica-100 column (150mm ×
4.6mm with 5μm particle size).

The tripeptide and its Cu(II)-containing product (2.0 μL

injections) were separately analyzed using a flow rate of 0.5 mL/min. The eluent contained 0.1%
trifluoroacetic acid (TFA) in a mixture of acetonitrile (ACN), water, and saturated aqueous
potassium nitrate in a 6:3:1 volume ratio, respectively. Elution of the compounds was monitored
at 300 nm.

3.2.3 Synthesis
3.2.3.1 Fmoc-aeg(py)-aeg(bpy)-OtBu (1). Fmoc-aeg(py)-OH•HCl (1.36 g, 2.7 mmol), HBTU
(1.04 g, 2.7 mmol), HOBt (0.37 g, 2.7 mmol), and DIPEA (2.1 mL, 0.012 mol) were combined in
DCM (100 mL) and stirred for 15 min at 0°C. The mixture was added to aeg(bpy)-OtBu (0.70 g,
1.8 mmol) dissolved in DCM (25 mL) and stirred at 25oC for 48 h. The solution was extracted
with water (3 x 25 mL) and back extracted with DCM (25 mL). The organics were dried over
Na2SO4, the solids removed, and the solvent was flash evaporated to yield a yellow oil. The oil
was purified on a silica gel column, eluted with a solvent gradient (100% DCM to 5% MeOH in
DCM), and yellow fractions were dried to give a pale yellow solid. Yield = 0.500 g (33%). 1H
NMR (360 MHz, chloroform-d): δ 8.61-8.50 (m, 2H); 8.41(m, 2H); 8.28-8.16 (m, 2H); 7.73 (d, J
= 7 Hz, 2H); 7.59 (t, J = 7 Hz, 2H); 7.37 (t, J = 7 Hz, 2H); 7.27 (m, 3H); 7.19-7.12 (m, 3H); 4.40-
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4.25 (d, J = 6 Hz, 2H); 4.25-4.15 (t, J = 4 Hz, 1H); 4.07-3.86 (m, 4H); 3.77-3.67 (m, 4H); 3.633.48 (m, 4H); 3.46-3.30 (m, 4H); 2.42 (s, 3H); 1.44 (m, 9H). MS (ESI+) [M + H] + calcd 825.95,
found 826.4.

3.2.3.2 Fmoc-aeg(py)-aeg(bpy)-aeg(tpy)-OtBu (2). A solution of Fmoc-aeg(py)-aeg(bpy)-OH
(0.400 g, 0.52 mmol), EDC (0.010 g, 0.52 mmol), HOBt (0.070 g, 0.52 mmol), and DIPEA (0.26
mL, 1.6 mmol) in DCM (40 mL) was stirred at 0oC for 15 min. The mixture was added to
aeg(tpy)-OtBu (0.18 g, 0.40 mmol) dissolved in DCM (10 mL) and stirred at 25oC for 48 h. The
solution was extracted with water (3 x 20 mL) and back extracted with DCM (20 mL). The
organics were dried over Na2SO4 and the solvent removed via flash evaporation, giving a yellow
solid. The solid was purified on a silica column with a solvent gradient (100% DCM to 30%
MeOH in DCM), a pale yellow band was collected and dried to give a yellow solid. Yield =
0.100 g (21%). 1H NMR (400 MHz, chloroform-d): δ 8.62-8.60 (m, 4H); 8.54-8.52 (m, 1H);
8.45-8.42 (m, 3H); 8.30 (s, 1H); 8.25 (s, 1H); 8.16-8.12 (m, 2H); 7.81 (m, 2H); 7.70 (m, 2H);
7.54 (t, J = 7 Hz, 2H); 7.34 (m, 2H); 7.30-7.22 (m, 4H); 7.13 (m, 1H); 7.06 (m, 2H); 6.99 (m,
1H); 4.35-4.20 (m, 2H); 4.17-4.10 (m, 1H); 4.07-3.82 (m, 6H); 3.80-3.63 (m, 6H); 3.60-3.37 (m,
6H); 3.36-3.05 (m, 6H); 2.38 (s, 3H); 1.43 (m, 9H). HR MS (ESI+) [M + H] + calcd 1199.5467,
found 1199.5448. Elemental Analysis. Fmoc-aeg(py)-aeg(bpy)-aeg(tpy)-OtBu • H2O • CH2Cl2
Calc: 63.64 C; 5.73 H; 12.91 N; Found: 64.08 C; 5.68 H; 12.92 N.

3.2.3.3 Reaction with Cu(II). A solution of tripeptide 2 was dissolved in methanol and combined
with 1.5 equiv of Cu(NO3)2 • 2.5 H2O, stirred, and heated at 40oC for 24 h. The solvent was
removed under reduced pressure and the residue was dissolved in 10 mL of 1:4 methanol:water.
A saturated aqueous solution of NH4PF6 was added, immediately producing a light blue colored
precipitate. The solid was collected by filtration and rinsed with methanol and ether.
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[Cu3(2)2](PF6)x(NO3)y MS (Figure 3-9) (ESI+): [[Cu3(2)2](PF6)3(NO3)]2+ calcd 1542.9, found
1542.7; [[Cu3(2)2](PF6)2(NO3)]3+ calcd 980.3, found 980.2; [[Cu3(2)2](PF6)(NO3)]4+ calcd 699.0,
found 698.9; [[Cu3(2)2](NO3)]5+ calcd 530.2, found 530.1. 1H NMR (Figure 3-11) (400 MHz,
ACN-d3): δ7.90-7.25 (br m, 16H); 4.70-2.60 (br m, 54H); 1.35 (br s, 18H).

3.2.4 Spectrophotometric Titrations. Titrations were performed using solutions of tripeptide
and Cu(NO3)2 in methanol; concentration of the tripeptide solution was quantitatively determined
using the (separately determined) extinction coefficient. For measurements of visible wavelength
absorbance, ~ 1 mM peptide solutions were used; in the UV region solutions of ~ 5 µM peptide
were used. Titrations either incrementally added metal to peptide or peptide to metal, as indicated
below. Solutions were stirred for 10 minutes prior to measurement of the absorbance spectrum.

3.3 Results and Discussion

3.3.1 Synthesis and Characterization of the Tripeptide
As part of our efforts to examine interactions and electron transfers between metal
centers linked within an artificial oligopeptide scaffold,6 the length of the self-complementary
single strand has been extended to three monomer units to create larger multimetallic structures.
Following the self-aligning oligopeptide design strategy, a tripeptide is designed similar to the
dipeptides but with a bidentate methyl bipyridine monomer unit inserted between monodentate
pyridine and tridentate terpyridine ligands.6d The synthesis of the tripeptide employs a scheme
and conditions that are similar to the previously described dipeptides.6d Using Fmoc and tertbutyl protection of the aeg backbone termini, the selective deprotection products6 of the
monomers Fmoc-aeg(py)-OtBu, Fmoc-aeg(bpy)-OtBu, and Fmoc-aeg(tpy)-OtBu were reacted to
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synthesize the target artificial oligopeptide. Scheme 1 shows the stepwise method for making the
tripeptide. Dipeptide 1 was synthesized by coupling the amine terminus of the bpy monomer to
the acid terminus of the py monomer with HBTU, HOBt and DIPEA. Following isolation and
purification of the dipeptide, the acid terminus was deprotected with TFA and reacted with the
amine terminus of the tpy monomer using EDC, HOBt, and DIPEA to give tripeptide 2 in 21%
yield. Tripeptide 2 was purified by column chromatography, and analyzed by analytical HPLC
and elemental analysis. The chromatogram of the tripeptide (shown in Figure 3-2) contains a
sharp peak at 4.18 min and small peaks of minor intensity (~ 3.7, 3.9, and 4.6 min); these latter
features collectively represent ~10% of the sample. Because elemental analysis separately
verified the purity of the tripeptide, the small peaks in the chromatogram may be a result of
aggregation of the neutral tripeptide in the polar conditions of this separation. High resolution
electrospray ionization mass spectrometry was used to identify the product by evaluation of the
molecular ion peak with respect to the theoretical mass/charge ratio for the tripeptide ([M+H] +
m/z: calculated 1199.5467 m/z, found 1199.5448 m/z).
Integration of the peaks in the 1H NMR spectrum of 2 enables comparison of the aromatic
and aliphatic regions as an initial confirmation of purity. In the spectrum of tripeptide 2, the
observed proton integrations 28 aromatic, 27 aliphatic, 3 methyl and 9 tert-butyl protons are
consistent with the tripeptide structure as shown in Scheme 3-1. The fully assigned 1H NMR
spectrum of dipeptide 1 (Figure 3-3) and assigned 1-D and 2-D spectra for the previously
reported Fmoc-aeg(py)-aeg(tpy)-OtBu dipeptide aid in the interpretation of the tripeptide 2
spectra since the proton resonances in the aromatic region appear at similar chemical shifts
(Figure 3-3 – Figure 3-8).
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Figure 3-2. High performance liquid chromatograms using a silica column (150 mm × 4.6 mm
with 5 μm particle size) and 6:3:1 mixture of ACN/H2O/KNO3 with 0.1% TFA and a flow rate of
0.5 mL/min, and monitoring absorbance at 300 nm. Injection volume is 2 μL of ~1 mg/mL
[Cu3(2)2]6+ (solid line) versus 2 (dashed line).
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Figure 3-3. 400 MHz 1H NMR spectrum of 1 in CDCl3.
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Figure 3-4. 400 MHz 1H NMR spectrum of 2 in CDCl3.
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Figure 3-5. 400 MHz 13C NMR spectrum of 2 in CDCl3.
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Figure 3-6. (A) Full spectrum and (B) aromatic region of the 400 MHz Two-Dimensional
Correlation (COSY) NMR of 2 in CDCl3.
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Figure 3-7. (A) Full spectrum and (B) aromatic region of the 400 MHz Two-Dimensional
Heteronuclear Multi-bond (HMQC) NMR of 2 in CDCl3.
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Figure 3-8. (A) Full spectrum and (B) aromatic region of the 400 MHz Two-Dimensional
Heteronuclear Multi-bond Correlation (HMBC) NMR of 2 in CDCl3.
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Analysis of the 1H-1H COSY spectrum of 2 (Figure 3-6) shows coupling between
neighboring protons on each ligand as well as between protons on the aeg backbone. The py
ligand is identified through the coupling of the two protons at 7.06 ppm (Figure 3-4, peak l) with
the two protons at 8.44 ppm (Figure 3-4, peak k). The tpy protons that are adjacent to the
nitrogens appear at 8.61 ppm (Figure 3-4, peak x) and couple with neighboring protons at 7.26
ppm (Figure 3-4, peak w), allowing recognition of the other correlations between tpy protons in
the COSY spectrum. Remaining correlations between protons at 6.99 ppm (Figure 3-4, peak p)
and 8.39 ppm (Figure 3-4, peak q), in addition the protons at 7.13 ppm (Figure 3-4, peak s) and
8.53 ppm (Figure 3-4, peak r), are attributed to coupling of between protons on the bpy ligand.
While other protons at 8.14 ppm (Figure 3-4, peak n) and 8.26 ppm (Figure 3-4, peak m) have
been ascribed to bpy, and the protons at 8.30 ppm (Figure 3-4, peak t) belong to tpy, none show
coupling in the COSY spectrum since they are electronically isolated. Additional couplings
between protons on the fmoc protecting group (7.31 - 7.75 ppm and 4.10 - 4.40 ppm, Figure 3-4
peaks a - f) and the aeg backbone (3.15 - 4.00 ppm, Figure 3-4 peaks g - j) are also observed.
These data, together with the 13C-1H HMQC (Figure 3-7), 13C-1H HMBC (Figure 3-8) spectra,
and mass spectrometry, confirm the identity of the tripeptide and purity is affirmed using HPLC
and elemental analysis.

3.3.2 Synthesis of Cu(II) Complex
Addition of Cu(II) to the tripeptide is expected to result in coordination to the ligands
pendant on the oligopeptide, and when possible, do so in such a way as to achieve coordinative
saturation. With three different ligands on the aeg scaffold, there are many possible Cu(II)
complexes that can form (vide supra), including [Cu(tpy)(py)]2+6d and [Cu(bpy)2]2+.7 To
investigate oligopeptide-directed assembly of multimetallic structures, the tripeptide was
therefore reacted with Cu(II). The resulting light blue product was isolated by precipitation with
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ammonium hexafluorophosphate, and analytical HPLC was used to confirm purity of the product.
Figure 3-2 shows that under identical conditions, the Cu(II) complex elutes in a shorter amount of
time than the pure (unmetalated) tripeptide. With this mobile phase, earlier elution is indicative of
higher ionic charge in solution. In the chromatograms of both the tripeptide and its Cu(II)
complex, the presence of a single peak confirms the purity of the tripeptide and a single Cu(II)containing product. Vapor pressure osmometry (VPO) was employed to gauge the average
molecular weight of the copper complex in an acetonitrile solution. Using calibration curves that
we have previously employed,6d an average molecular weight of 4.1 x 103 g/mol was determined;
this value is consistent with a metal complex containing three copper centers bound to two
tripeptides.
To identify the Cu(II)-tripeptide product, ESI+ mass spectrometry was used. Figure 3-9
contains the mass spectrum that was acquired under sufficiently mild ionization conditions such
that multiple molecular ion peaks are observed, similar to previously published results.6d A base
molecular ion peak is observed at 698.9 m/z for a +4 charge species; by comparison with the
theoretical isotopic splitting patterns of possible products, this peak is attributed to the product
[[Cu3(2)2](PF6)(NO3)]4+. An example of the excellent agreement between theoretical and
experimental peaks is shown in the Figure 3-9 inset for a +3 charged species. Similar analysis of
additional major peaks in the mass spectrum shows that these are due to the molecular ion
[Cu3(2)2]6+ associated with varying numbers of anions: [[Cu3(2)2](PF6)3(NO3)]2+,
[[Cu3(2)2](PF6)2(NO3)]3+, and [[Cu3(2)2](NO3)]5+(see Figure 3-10). In addition to this series of
peaks, other minor peaks are observed that are due to associated acetonitrile molecules (as
indicated in Figure 3-9). One minor peak appears at 434.5 m/z and is identified as a +3 charged
fragment corresponding to the monometallic {[Cu(2)(CH3CN)]2+ + H+}species. The major peaks
observed in the mass spectrum suggest that in the gas phase the molecular ion [Cu3(2)2]6+ is most
stable with mixed anions and that the NO3- anion is associated more tightly. It is possible that
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Figure 3-9. Positive ion electrospray mass spectrum of [Cu3(2)2]6+, which is observed together
with associated PF6- and NO3- anions as indicated. The inset is the theoretical and observed
isotope patterns for the +3 charged ion [Cu3(2)2(PF6)2 (NO3)]3+. Asterisks (*) indicate a fragment
with at least one associated CH3CN molecule.
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Figure 3-10. Molecular ion peaks observed by positive ion electrospray mass spectrometry,
plotted together with the calculated mass and isotopic splitting patterns for [Cu3(2)2]6+. M2+ =
[[Cu3(2)2](PF6)3(NO3)]2+; M3+ = [[Cu3(2)2](PF6)2(NO3)]3+; M4+ = [[Cu3(2)2](PF6)(NO3)]4+; M5+ =
[[Cu3(2)2](NO3)]5+.

112

given the high charge of the complex, the solution structure similarly contains associated anions
and solvent molecules.
Taken together, the VPO, HPLC and mass spectrometry data are consistent with a single
supramolecular complex consisting of three Cu(II) ions and two tripeptides, that is, [Cu3(2)2]6+.
The 1H NMR spectrum of the Cu(II) complex (Figure 3-11) reveals severe peak broadening due
to the presence of paramagnetic Cu(II), but because of these paramagnetic shifts, demonstrates
that all three ligands (py, bpy, and tpy) are coordinated to Cu(II). To coordinatively saturate the
three Cu(II) centers with six available ligands on two tripeptide strands, the most likely structure
of [Cu3(2)2]6+ is one in which the chains are oriented anti-parallel as in Figure 3-1B. Although
other Cu(II) complexes can form from the pendant ligands, the structure that is consistent with all
of the above data is one that contains two [Cu(tpy)(py)]2+ and one [Cu(bpy)2]2+ complex
crosslinks. Obtaining this product, instead of polymers or offset orientations, is most likely driven
by entropic factors, similar to observations in molecular rectangles, triangles, boxes, and so
forth.10

3.3.3 Spectrophotometric Titration of Tripeptide
The identities of the coordinative cross-links between two tripeptide strands, together
with the binding stoichiometry, are evaluated using the UV and visible spectra acquired during
titration of the tripeptide with Cu(II). The UV-visible absorbance spectrum of the tripeptide
shown in Figure 3-12 is dominated by strong absorption by the pendant ligands and terminal
Fmoc group in the UV region. Fmoc absorbs at wavelengths between 240 and 270, overlapping
the py, bpy, and tpy absorption peaks that are due to π-π* transitions. The Figure 3-12A inset
compares the measured extinction spectra of the py, bpy, and tpy monomers with the tripeptide;
the tripeptide spectrum is not equivalent to a linear sum of the monomers because there is one
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Figure 3-11. 400 MHz 1H NMR spectrum of [Cu3(2)2] in d3-ACN.
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Figure 3-12. (A) UV-vis absorbance spectra of the titration of 2.0 mL 7.79 µM tripeptide 2 with
50 µL injections of 38.9 µM Cu(NO3)2 in methanol. Inset: Extinction spectra of the py monomer
(___); bpy monomer (_ _ _); tpy monomer (- - -); tripeptide 2 (-●-); and Cu tripeptide complex
[Cu3(2)2](PF6)6 (--)in acetonitrile solutions. (B) Titration curves for the addition of Cu2+ into 2.0
mL 7.79 µM tripeptide 2, monitored at 276 nm ( ); 300 nm (●); 313 nm () and 340 nm (■).
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terminal Fmoc group appended to each of the four species. However, the π-π* transition peaks are
known to shift to longer wavelengths when metal is coordinated,15,16 and the extinction spectrum
of the Cu(II) complex of the tripeptide (isolated above) shows that the new peaks appear at λ >
310 nm.
Addition of Cu(II) to the tripeptide during a spectrophotometric titration causes complex
changes in the spectrum that are the result of having three different ligands and several possible
metal-ligand complexes within the structure (e.g. [Cu(bpy)]2+, [Cu(bpy)2]2+; [Cu(tpy)(bpy)]2+,
etc.). In Figure 3-12 A, a titration with Cu(II) results in the appearance of several isosbestic
points. When the amount of added Cu(II) is less than 10 µM, isosbestic points appear at 257 and
310 nm; continued addition of Cu(II) results in three new isosbestic points at 231, 297 and 323
nm (Figure 3-13). We quantitatively examine changes in absorbance at wavelengths longer than
310 nm because the oligopeptide does not absorb in this region, but new bands appear during the
titration. Titration curves generated from these data are shown in Figure 3-12B and contain
inflection points at [Cu2+] ~ 6.5 and 18 µM. The first of these is at approximately a 0.8:1
Cu/tripeptide ratio. At this molar ratio, the species formed has an extinction coefficient at 340 nm
of 12800 M-1 cm-1, comparable to that for [Cu(tpy)]2+ and [Cu(tpy)(py)]2+ (i.e. 14500 and 12600
M-1 cm-1, respectively, as shown in Figure 3-14 A). There are no significant absorption bands by
bpy or py complexes of Cu(II) at wavelengths above 330 nm.2 The inflection point at low
concentrations of added Cu(II) therefore suggests saturation of the available tpy sites; however,
we cannot distinguish between formation of [Cu(tpy)]2+ and [Cu(tpy)(py)]2+. The inflection point
observed at 313 nm with 18 µM added Cu(II) is due to formation of a product with extinction
coefficient 10870 M-1 cm-1. Both [Cu(bpy)]2+ and [Cu(tpy)]2+ have extinction coefficients
consistent with this value, and it is likely that at high concentrations of Cu(II), the equilibria shift
toward these species.17,18 Additional changes at shorter wavelengths in the spectrum occur during
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Figure 3-13. UV-vis absorbance spectra of the titration of 2.0 mL 7.79 µM tripeptide 2 with 50
µL injections of 38.9 µM Cu(NO3)2 in methanol, divided into low and high concentrations of
added Cu(II) to highlight the isosbestic points. Top panel: low concentrations of Cu(II). Bottom
panel: spectra following continued addition of Cu(II).
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Figure 3-14. Extinction spectra of methanolic solutions in the (A) UV region and (B) visible
region of: (―) [Cu(tpy)(H2O)](ClO4)2; (---) [Cu(tpy)(py)](ClO4)2; and (-●-) [Cu(bpy)2](NO3)2.
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the titration, but because of overlap with absorbance of the unmetallated oligopeptide these
cannot be quantitatively analyzed.
The tripeptide does not absorb in the visible region of the spectrum, but the combination
of tripeptide with Cu(II) causes the growth of a broad absorption band centered at 670 nm, as
shown in Figure 3-15. Initial absorption in this region is typically assigned to the d-d transition
of Cu(II); however the peak that evolves during the titration has a maximum absorbance
wavelength that is consistent with a charge transfer band of [Cu(bpy)2]2+ (λmax ~ 700 nm),
[Cu(tpy)]2+ (λmax ~695 nm) and [Cu(tpy)(py)]2+ λmax ~650 nm) (see Figure 3-14 B), so that
formation of these cannot be distinguished in the visible region. However the observed peak
maximum is suggestive of a mixture of [Cu(bpy)2]2+ with a geometric distortion to a compressed
tetrahedron,19 because of the steric hindrance between the 3,3’ protons,20 and [Cu(tpy)(py)]2+ with
a coplanar geometry.19
Given the above experimental data, it is likely in the spectrum in Figure 3-15 that the λmax
of 670 nm is a result of both [Cu(tpy)(py)]2+ and [Cu(bpy)2]2+ cross-links. Quantitative analysis of
the titration curves was again performed to identify the product(s). The titration curves in the
Figure 3-15 inset monitored at all wavelengths have inflection points at 1.7 mM added tripeptide,
which is equivalent to a molar ratio of 1.1:1 Cu (II):tripeptide 2. At this stoichiometric point, the
calculated extinction coefficient of the product(s) at 670 nm is determined to be 82 M-1 cm-1.
Because at this wavelength, ε for [Cu(bpy)2]2+, [Cu(tpy)]2+, and [Cu(tpy)(py)]2+ are 95.5, 76.6,
and 72.6 M-1 cm-1, respectively, the result is consistent with formation of each of these during the
titration but cannot distinguish between them. In Figure 3-14B, the experimentally measured
extinction of the trimetallic tripeptide duplex agrees well with the calculated spectrum of two
[Cu(tpy)(py)]2+ plus one [Cu(bpy)2]2+, with some deviation at long wavelengths that reflects the
geometry of the [Cu(bpy)2]2+.19
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Figure 3-15. UV-vis absorbance difference spectra of the titration of 9.87 mM tripeptide 2
titrated in 50 µL increments into a 2.0 mL volume of 1.91 mM Cu(NO3)2 in methanol. Inset:
Titration curves during this titration, monitored at 520 nm (); 570 nm ( ); 670 nm (-●-); and
900 nm (●).
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3.3.4 Electron Paramagnetic Resonance Spectroscopy
Electron paramagnetic resonance (EPR) spectroscopy is used to further confirm the
identities of the Cu(II) complex cross-links in the tripeptide duplex, and to investigate the
coordination environment of the Cu(II) centers. We hypothesized that the longer oligopeptide
strand with three metal ion cross-links would provide a stiffer scaffold (versus a dipeptide duplex
with two Cu(II) crosslinks) and therefore force greater metal-metal interactions. The measured
EPR spectrum of the Cu(II) complex of the tripeptide was therefore compared to that of a
dimetallic dipeptide analog, [Cu2(Fmoc-aeg(py)-aeg(tpy)-OtBu)2](PF6)4.6d EPR spectra in frozen
acetonitrile solutions were obtained for the two complexes (Figure 3-16), providing insight into
the coupling and local environment of the Cu(II) in each molecule. Comparing the integrated area
of the peaks to a Cu(II) standard solution, the spectra in Figure 3-16 are the result of Cu(II)
concentrations of 2.1 and 3.6 mM, consistent with the concentrations of 1.0 mM [Cu2(Fmocaeg(py)-aeg(tpy)-OtBu)2](PF6)4 and 1.1 mM [Cu3(2)2]6+, respectively. Parameters listed in the
inset table include values of g║ > 2.1 > g┴ > 2.0,21 suggesting that the lone pair electrons are in the
dx2-y2 ground state7 and signifying that the dominant geometry in the metallated tripeptide duplex
is square planar.
The difference in line widths of the low-field hyperfine resonances (17.4 mT for
[Cu2(Fmoc-aeg(py)-aeg(tpy)-OtBu)2](PF6)4 and 16.5 mT for [Cu3(2)2]6+) offers initial evidence
that the Cu(II) in the two duplexes have different environments. The shape of the spectrum of
[Cu2(Fmoc-aeg(py)-aeg(tpy)-OtBu)2](PF6)4 is similar to the spectra of the small molecules
([Cu(bpy)2]2+ and [Cu(tpy)(py)]2+, Figure 3-17 A and 3-17 B). However, the EPR spectrum of
[Cu3(2)2]6+ is drastically different, and is not equivalent to the linear combination of the spectra of
[Cu(bpy)2]2+ and [Cu(tpy)(py)]2+ (Figure 3-17 C). Instead, significant line broadening in the
[Cu3(2)2]6+ spectrum suggests the Cu(II) centers are extensively interacting rather than
electronically isolated: because A║ is significantly < 150 x 10-4 cm-1, this hyperfine splitting value
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Figure 3-16. EPR spectra of 1 mM frozen solutions of the two Cu peptide complexes in ACN.
Inset: EPR parameters calculated from spectra.
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Figure 3-17. EPR spectra of (A) [Cu(bpy)2]2+, (B) [Cu(tpy)(py)]2+, and (C) the mathematical
combination of these spectra (2x[Cu(tpy)(py)]2+ + [Cu(bpy)2]2+) in frozen 0.5mM ACN solutions.
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suggests coupling between Cu(II) ions in [Cu3(2)2]6+ as a result of being held closer than 6 Å.22
Even though tethering the positively charged metal centers close to one another would result in
electrostatic repulsion, the EPR spectra clearly demonstrate that extension of the oligopeptide to
three monomer units creates a rigid enough scaffold to overcome some of this force. Association
with anions may also attenuate electrostatic effects.

3.3.5 Molecular Modeling
In context with all of the available analytical data, the spectrophotometric titrations, and
EPR spectra provide strong evidence for the formation of a tripeptide duplex linked by three
Cu(II) complexes that are two [Cu(tpy)(py)]2+ and one [Cu(bpy)2]2+. To visualize the solution
structure of the Cu(II)-linked tripeptide duplex, molecular modeling incorporating all of the
available characterization information was performed. In Figure 3-18, a molecular model was
generated using a full geometry optimization performed in vacuum using HyperChem (Version 6,
HyperCube Inc.) with the MM+ force field. The steepest decent algorithm and a termination
condition with a rms gradient of 0.1 kcal mol-1 Å-1 were employed during the optimization. The
resulting tripeptide duplex structure consists of distorted square planar and compressed
tetrahedral geometries of the [Cu(tpy)(py)]2+ and [Cu(bpy)2]2+ cross-links, respectively. This
calculation shows a structure with a metal-metal separation distance of ~ 5Å, consistent with the
coupling observed in the EPR spectrum, although conformational flexibility in solution
potentially makes the separation distance dynamic.
Our continuing efforts aim to identify the appropriate conditions with which these
supramolecular structures will form crystallographic quality crystals. The synthetic methodology
used to prepare the tripeptide can be applied to prepare longer structures for added rigidity, which
may be necessary to drive crystallization. The studies here provide the necessary foundation to
enable characterization of the multimetallic structures and use this understanding
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Figure 3-18. Molecular model calculated with a MM+ force field [Cu3(2)2]6+, with the Cu(II)
centers are shown in green.
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to apply the molecular design motif and artificial oligopeptides to build supramolecular structures
of increasing complexity and function.
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Chapter 4
Duplex Formation of Bipyridine-Substituted Aminoethylvaline Tripeptides
with Cu(II) and Zn(II)

4.1 Introduction
The self-assembly of supramolecular structures by molecular recognition is a method
capable of creating intricate, functional structures from small modular building blocks. Natural
systems such as DNA have the ability to make duplex structures based on nucleotide strand
sequence, and can thermodynamically determine the most favorable binding partner in a mixture
of different strands. This type of selective assembly is an ideal motif for the creation of
functional materials such as molecular wires, catalysts, and sensors. Therefore the synthesis of
artificial strands that exhibit inherent discriminatory properties could have the capability of
making elaborate and useful molecular structures.
Our utilization of a complementary ligand binding motif, in conjunction with peptide
coupling chemistry, has the ability to construct multimetallic supramolecular complexes in the
presence of tetracoordinate and hexacoordinate metals, such as Cu(II) and Fe(II) respectively.1
Initial studies with homofunctional oligopeptide strands report successful formation of predicted
duplex structures; however these designs have the potential of multiple strand configurations
(parallel vs. antiparallel) and strand misalignment in the metallated complexes, which will reduce
their selective abilities in solution.1a,d One method of increasing the selectivity between
complementary strands, as discussed in chapters 2 and 3, is the design and synthesis of
heterofunctional strands, which can exert better control of metallated duplex formation to prevent
strand misalignment and parallel/antiparallel strand alignment.
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Selective metal binding between partner strands can also be achieved by the introduction
of chirality into the strands. Lehn et al. initially showed that strands consisting of chiral linkers
between bpys are capable of organizing into strictly right-handed helicates when bound to
copper.2 The use of chiral templates has also been shown to construct helicates of bpy strands.3
The chiral units incorporated into the strands affect the single strand conformations in solution,
resulting in specific conformations that are favored over others and drive duplex selectivity. This
effect is also realized in chiral peptide nucleic acid (PNA) where the stability of structures is
dependent on the number of chiral monomers, their position in the strand, and on the nature of the
side chain.3 Specific positions on the backbone substituted with chiral functionalities have been
shown to preorganize the strands into right handed helixes prior to complexation, therefore
making these strands much stronger and selective binders.5
This chapter will study the duplex formation between homofunctional tripeptide strands
of bpy substituted aminoethylglycine with varying numbers of chiral monomer units. The chiral
units are substituted either at the α or γ carbon of the backbone, as shown in Figure 4-1, with
D/L

valine. The valine side group was chosen because of its neutral charge to prevent any

interactions with the metal ions during duplexation. We will focus on the impact of the number
of chiral centers and the location of D/Lval substitution on duplex formation. Chiral oligopeptides
provide another route towards the creation of selective strands, and can also be used as a method
for tagging the strands and duplexes for experiments such as NMR. The introduction of chirality
into our oligopeptides also increases the number of analytical techniques that can be utilized for
characterization.
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Figure 4-1. Chemical structures of the aminoethylglycine (aeg) backbone and the α and γ
substituted aminoethylvaline (aev) backbones.
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4.2 Experimental Section
4.2.1 Chemicals
All chemicals were reagent grade and used as received unless otherwise noted. NHydroxybenzotriazole (HOBt) was purchased from Advanced ChemTech. O-BenzotriazoleN,N,N’,N’-tetramethyl-uronium-hexafluorophosphate (HBTU) was purchased from
NovaBiochem. All other chemicals were purchased from Aldrich. 4’-Methyl-2,2’-bipyridine-4acetic acid,6 Fmoc-aeg-OtBu•HCl,1a and Fmoc-aeg(bpy)-OtBu1e were synthesized previously.
Water was purified from a Nanopure water system (Barnstead, 18.2MΩ). Fmoc deprotection,
terminal acid formation, and bulk Cu(II) complexation were performed through methods
described in chapter 3.

4.2.2 Instrumentation and Analysis
Nominal positive-ion electrospray mass spectrometry (ESI+) was performed with an
Applied Biosystems API 150EX LC/MS system and accurate measurements were performed at
the Penn State Mass Spectrometry Facility using a Waters LCT Premier time-of-flight (TOF)
mass spectrometer. 1H NMR spectra were collected on a 300, 360, or 400 MHz spectrometer
(Bruker). Solution molecular weights were estimated using a Wespro Vapro model 5520 vapor
pressure osmometer using 10–25 mmol/kg solutions in acetonitrile (ACN). A standard calibration
curve was obtained using solutions of known concentration of tetrabutylammonium perchlorate in
ACN.
Analytical-scale HPLC was performed with a Varian system equipped with two
quaternary pumps (Model 210), an autosampler (Model 410), a UV-Vis detector (Model 320), a
fraction collector (Model 701), and a cellulose tris(4-methylbenzoate) (Chiralcel OJ-R) column
(15 cm × 0.46 cm I.D.). The compounds were analyzed using a flow rate of 0.5 mL/min and
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detection was carried out at 265 nm. Samples were dissolved in acetonitrile (1 mg/mL) and were
injected using loop injection (2 µL). The eluent contained 0.1% trifluoroacetic acid (TFA) in a
mixture of acetonitrile, water, and saturated potassium nitrate in a 6:3:1 volume ratio,
respectively.
Circular dichroism titrations and measurements were performed on a Jasco J-810
spectrophotomer with a Jasco ATS-429S autotitrator attachment. Spectra were collected from
400 nm to 215 nm with an accumulation of two scans per spectrum.

4.2.3 Synthesis

4.2.3.1 3-(Fmoc-amino)-1,2-propanediol. Fmoc-OSu (9.26g, 27 mmol) suspended in a 4:1
dioxane:water mixture (75 mL) was added to a solution of 3-amino-1,2-propanediol (3.0 g, 33
mmol) dissolved in a 4:1 (v:v) dioxane:water mixture (75 mL) and the reaction stirred overnight
at 25oC for 24 hrs. The solvent was removed by flash evaporation and dissolved in ethyl acetate
(150 mL). The solution was extracted successively with 5% (w/v) citric acid (3 x 50 mL), 10%
(w/v) sodium bicarbonate (3 x 50 mL), and brine (3 x 50 mL). The organics were dried over
Na2SO4 and the solvent was flash evaporated yielding a white solid. Yield = 8.1 g (94%). 1H
NMR (400 MHz, DMSO-d6): δ 7.91 (d, J = 7 Hz, 2H); 7.73 (d, J = 7 Hz, 2H); 7.44 (t, J = 7 Hz,
2H); 7.35 (t, J = 7 Hz, 2H); 7.22 (t, J = 6 Hz, 1H); 4.71 (d, J = 5 Hz, 1H); 4.52 (t, J = 6 Hz, 1H);
4.29 (d, J = 6 Hz, 2H); 4.23 (t, J = 6 Hz, 1H); 3.50 (sex, J = 6 Hz, 1H); 3.31 (t, J = 7 Hz, 2H);
3.15-3.09 (m, 1H); 2.98-2.91 (m, 1H).

4.2.3.2 Fmoc-Aminoacetaldehyde. Adapted from a previously published method,7 3-(Fmocamino)-1,2-propanediol (10.1 g, 32 mmol) was suspended in H2O (125 mL) and acetone was
added under vigorous stirring until the diol dissolved. Potassium m-periodate (7.42 g, 32 mmol)
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was added and the reaction was stirred at 25oC under nitrogen for 2 hrs. The mixture was filtered
and the water was removed via flash evaporation resulting in a white solid. The solid was
dissolved in ethyl acetate (100 mL) and extracted with H2O (3 x 50 mL). The organics were
dried over Na2SO4 and the solvent was flash evaporated yielding a white solid. Yield = 7.3 g
(80%). 1H NMR (400 MHz, DMSO-d6): δ 9.68 (s, 1H); 7.79 (d, J = 7 Hz, 2H); 7.62 (d, J = 7 Hz,
2H); 7.43 (t, J = 7 Hz, 2H); 7.34 (t, J = 7 Hz, 2H); 5.46 (br, 1H); 4.46 (d, J = 7 Hz, 2H); 4.26 (t, J
= 7 Hz, 1H); 4.19 (d, J = 7 Hz, 2H).

4.2.3.3 Fmoc-αD/Lval-aeg(bpy)-OtBu. Fmoc-D/Lval-OH (1.01 g, 3.0 mmol), HBTU (1.13 g, 3.0
mmol), HOBt (0.40 g, 3.0 mmol), and DIPEA (2.29 mL, 14 mmol) were combined in DCM (125
mL) and stirred at 0oC for 20 min. Aeg(bpy)-OtBu (0.76 g, 2.0 mmol) dissolved in DCM (25
mL) was added and the reaction was stirred at 25oC for 48 hrs. The mixture was extracted with
H2O (3 x 75 mL) and then back extracted with DCM (25 mL). The organics were dried over
Na2SO4 and the solvent was flash evaporated giving a brown oil. The oil was purified on a silica
column with a solvent gradient (100% DCM to 3% MeOH in DCM), a pale yellow band was
collected and dried to give a yellow solid. Yield = 0.60 g (43%). 1H NMR (400 MHz,
chloroform-d): δ 8.61-8.58 (m, 2H); 8.28-8.17 (m, 2H); 7.73 (d, J = 8 Hz); 7.56 (d, J = 8 Hz, 2H);
7.39-7.34 (m, 2H); 7.28-7.22 (m, 3H); 7.14-7.09 (m, 1H); 4.40-4.26 (m, 2H); 4.20-4.15 (m, 1H);
4.08-4.05 (m, 2H); 3.95 (m, 1H); 3.68-3.60 (m, 2H); 3.59-3.50 (m, 2H); 3.46-3.40 (m, 2H); 2.42
(s, 3H); 2.15 (sep, 1H); 1.45 (s, 9H); 1.0-0.88 (m, 6H). MS (ESI+) [M + H]+ calcd 705.8, found
706.3.

4.2.3.4 Fmoc-aeαD/Lv-aeg(bpy)-OtBu. NH2-aeD/Lv(bpy)-OtBu (1.0 g, 2.1 mmol) and Fmocaminoaldehyde (0.48 g, 1.7 mmol) were combined in MeOH (40 mL) and stirred at 25oC for 10
min. Acetic acid (0.20 mL, 2.2 mmol) and NaBH3CN (0.15 g, 1.7 mmol) were added
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sequentially and the reaction was stirred for 1 h at 25oC. The solvent was flash evaporated and
the residue was dissolved in ethyl acetate (50 mL) and extracted with saturated NaHCO3 (3 x 30
mL) and brine (3 x 30 mL). The organics were dried over Na2SO4 and the solvent was flash
evaporated yielding a clear oil. Yield = 1.4 g (74%). 1H NMR (300 MHz, chloroform-d): δ 8.638.50 (m, 2H); 8.34-8.23 (m, 2H); 7.75 (d, J = 7 Hz, 2H); 7.60 (d, J = 7 Hz, 2H); 7.42-7.35 (m,
2H); 7.31-7.25 (m, 3H); 7.21-7.11 (m, 1H); 4.39-4.34 (m, 2H); 4.17-4.14 (m, 1H); 4.10-4.08 (m,
2H); 3.98 (m, 1H); 3.71-3.65 (m, 4H); 3.61-3.54 (m, 4H); 3.41-3.23 (m, 4H); 2.41 (s, 3H); 2.12
(sep, 1H); 1.49-1.47 (m, 9H); 1.00-0.83 (m, 6H). MS (ESI+) [M + H]+ calcd 748.9, found 750.2.

4.2.3.5 Fmoc-aeαD/Lv(bpy)-aeg(bpy)-OtBu. 4’-Methyl-2,2’-bipyridine-4-acetic acid (0.26 g, 1.1
mmol), HBTU (0.41 g, 1.1 mmol), HOBt (0.14 g, 1.1 mmol), and DIPEA (0.35 mL, 2.1 mmol)
were suspended in DCM (50 mL) and stirred at 0oC for 20 min. Fmoc-aeαD/Lv-aeg(bpy)-OtBu
(0.40 g, 0.53 mmol) dissolved in DCM (25 mL) was added and the reaction was stirred for 48 hrs
at 25oC. The mixture was extracted with H2O (3 x 50 mL) and back extracted with DCM (25
mL). The organics were dried over Na2SO4 and the solvent was flash evaporated leaving a
yellow oil. The oil was purified on a silica column with a solvent gradient (100% DCM to 10%
MeOH in DCM), a pale yellow band was collected and dried to give a yellow solid. Yield = 0.30
g (59%). 1H NMR (400 MHz, chloroform-d): δ 8.58-8.41 (m, 4H); 8.33-8.11 (m, 4H); 7.68 (d, J
= 7 Hz, 2H); 7.53 (d, J = 7 Hz, 2H); 7.32-7.26 (m, 2H); 7.23-7.17 (m, 4H); 7.08-6.98 (m, 2H);
4.36-4.29 (m, 2H); 4.16 (d, J = 5 Hz, 1H); 4.00-3.91 (m, 5H); 3.87-3.71 (m, 4H); 3.65-3.54 (m,
4H); 3.42-3.33 (m, 4H); 2.38-2.31 (m, 6H); 2.12 (sep, 1H); 1.43-1.33 (m, 9H); 0.92-0.67 (m, 6H).
MS (ESI+) [M]+ calcd 959.1, found 959.5.

4.2.3.6 Fmoc-aeg(bpy)-aeαD/Lv(bpy)-aeg(bpy)-OtBu (1). Fmoc-aeg(bpy)-OH (0.71 g, 1.3 mmol),
HBTU (0.49 g, 1.3 mmol), HOBt (0.17 g, 1.3 mmol), and DIPEA (1 mL, 6.0 mmol) were
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suspended in DCM (125 mL) and stirred at 0oC for 20 min. AeαD/Lv(bpy)-aeg(bpy)-OtBu (0.60 g,
0.86 mmol) dissolved in DCM (25 mL) was added and the reaction stirred for 48 hrs at 25oC.
The mixture was extracted with H2O (3 x 100 mL) and back extracted with DCM (25 mL). The
organics were dried over Na2SO4 and the solvent was flash evaporated giving a yellow oil. The
oil was purified on a silica column with a solvent gradient (100% DCM to 15% MeOH in DCM),
a yellow band was collected and dried to give a yellow solid. Yield = 0.40 g (36%). 1H NMR
(400 MHz, chloroform-d): δ 8.58-8.42 (m, 6H); 8.29-8.13 (m, 6H); 7.69-7.67 (m, 2H); 7.57-7.51
(m, 2H); 7.32-7.21 (m, 7H); 7.10-7.03 (m, 3H); 4.32-4.29 (m, 2H); 4.15-4.11 (m, 1H); 4.03-3.90
(m, 7H); 3.86-3.74 (m, 6H); 3.65-3.54 (m, 6H); 3.40-3.25 (m, 6H); 2.39-2.35 (m, 9H); 2.12 (sep,
1H); 1.44-1.35 (m, 9H); 0.95-0.69 (m, 6H). HR MS (ESI+) Fmoc-aeg(bpy)-aeαLv(bpy)aeg(bpy)-OtBu [M + H]+ calcd 1269.6249, found 1269.6270; Fmoc-aeg(bpy)-aeαDv(bpy)aeg(bpy)-OtBu [M + H]+ calcd 1269.6249, found 1269.6155. Elemental Analysis Fmocaeg(bpy)-aeαLv(bpy)-aeg(bpy)-OtBu · 3H2O · CH2Cl2 Calc: 63.10 C; 6.30 H; 11.93 N; Found:
63.16 C; 6.18 H; 11.57 N; Fmoc-aeg(bpy)-aeαDv(bpy)-aeg(bpy)-OtBu · 2H2O · CH2Cl2 Calc:
63.92 C; 6.23 H; 12.09 N; Found: 64.37 C; 6.54 H; 12.07 N.

4.2.3.7 Fmoc-aeαD/Lv-OtBu. NH2-D/Lval-OtBu (1.0 g, 4.8 mmol) and Fmoc-aminoaldehyde (1.12
g, 4.0 mmol) were combined in MeOH (40 mL) and stirred at 25oC for 10 min. Acetic acid (0.30
mL, 5.2 mmol) and NaBH3CN (0.25 g, 4.0 mmol) were added sequentially and the reaction was
stirred for 1 h at 25oC. The solvent was flash evaporated and the residue was dissolved in ethyl
acetate (50 mL) and extracted with saturated NaHCO3 (3 x 30 mL) and brine (3 x 30 mL). The
organics were dried over Na2SO4 and the solvent was flash evaporated yielding a clear oil. Yield
= 1.5 g (86%). 1H NMR (300 MHz, chloroform-d): δ 7.75 (d, J = 7 Hz, 2H); 7.60 (d, J = 7 Hz,
2H); 7.42-7.35 (t, J = 7 Hz, 2H); 7.31-7.25 (t, J = 7 Hz, 2H); 4.39-4.34 (m, 2H); 4.17-4.14 (m,
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1H); 3.35-3.26 (m, 1H); 3.19-3.08 (m, 1H); 2.83-2.75 (m, 2H); 2.60-2.50 (m, 1H); 1.95 (sep, 1H);
1.45 (s, 9H); 1.00-0.83 (m, 6H). MS (ESI+) [M + H]+ calcd 438.6, found 439.3.

4.2.3.8 Fmoc-aeαD/Lv(bpy)-OtBu. 4’-Methyl-2,2’-bipyridine-4-acetic acid (1.67 g, 6.8 mmol),
HBTU (2.59 g, 6.8 mmol), HOBt (0.92 g, 6.8 mmol), and DIPEA (2.26 mL, 13.7 mmol) were
suspended in DCM (150 mL) and stirred at 0oC for 20 min. Fmoc-aeαD/Lv-OtBu (1.5 g, 3.4
mmol) dissolved in DCM (25 mL) was added and the reaction was stirred for 48 hrs at 25oC. The
mixture was extracted with H2O (3 x 50 mL) and back extracted with DCM (25 mL). The
organics were dried over Na2SO4 and the solvent was flash evaporated leaving a yellow oil. The
oil was purified on a silica column with a mobile phase of 5% MeOH in 100% DCM and a pale
yellow band was collected and dried to give a yellow solid. Yield = 1.2 g (55%). 1H NMR (300
MHz, chloroform-d): δ 8.58-8.41 (m, 2H); 8.33-8.11 (m, 2H); 7.68 (d, J = 7 Hz, 2H); 7.53 (d, J =
7 Hz, 2H); 7.32-7.26 (m, 2H); 7.23-7.17 (m, 5H); 7.08-6.98 (m, 1H); 4.43-4.29 (m, 2H); 4.254.10 (m, 1H); 3.91-3.83 (m, 1H); 3.66-3.58 (m, 2H); 3.40-3.21 (m, 2H); 3.20-3.16 (m, 2H); 2.412.35 (m, 3H); 2.16 (sep, 1H); 1.43-1.33 (m, 9H); 0.92-0.67 (m, 6H). MS (ESI+) [M + H]+ calcd
648.8, found 649.4.

4.2.3.9 Fmoc-D/Lval-aeαD/Lv(bpy)-OtBu. Fmoc-D/Lval-OH (0.60 g, 1.8 mmol), HBTU (0.67 g, 1.8
mmol), HOBt (0.24 g, 1.8 mmol), and DIPEA (1.36 mL, 8.2 mmol) were combined in DCM (75
mL) and stirred at 0oC for 20 min. AeαD/Lv(bpy)-OtBu (0.50 g, 1.2 mmol) dissolved in DCM (25
mL) was added and the reaction was stirred at 25oC for 48 hrs. The mixture was extracted with
H2O (3 x 75 mL) and then back extracted with DCM (25 mL). The organics were dried over
Na2SO4 and the solvent was flash evaporated giving a brown oil. The oil was purified on a silica
column with a solvent gradient (100% DCM to 10% MeOH in DCM), a pale yellow band was
collected and dried to give a yellow solid. Yield = 0.50 g (57%). 1H NMR (360 MHz,
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chloroform-d): δ 8.55-8.43 (m, 2H); 8.31-8.12 (m, 2H); 7.65 (d, J = 8 Hz); 7.52-7.44 (m, 2H);
7.33-7.26 (m, 2H); 7.21-7.17 (m, 5H); 7.05-7.02 (m, 1H); 4.34-4.17 (m, 2H); 4.14-4.10 (m, 1H);
4.04-3.94 (m, 2H); 3.83-3.78 (m, 2H); 3.52-3.42 (m, 2H); 3.34-3.28 (m, 2H); 2.34 (s, 3H); 2.09
(sep, 2H); 1.35 (s, 9H); 0.94-0.67 (m, 12H). MS (ESI+) [M + H]+ calcd 747.4, found 748.4.

4.2.3.10 Fmoc-aeαD/Lv-aeαD/Lv(bpy)-OtBu. NH2-D/Lval-aeαD/Lv(bpy)-OtBu (0.30 g, 0.57 mmol)
and Fmoc-aminoaldehyde (0.13 g, 0.48 mmol) were combined in MeOH (25 mL) and stirred at
25oC for 10 min. Acetic acid (0.036 mL, 0.62 mmol) and NaBH3CN (0.030 g, 0.48 mmol) were
added sequentially and the reaction was stirred for 1 h at 25oC. The solvent was flash evaporated
and the residue was dissolved in ethyl acetate (30 mL) and extracted with saturated NaHCO3 (3 x
25 mL) and brine (3 x 25 mL). The organics were dried over Na2SO4 and the solvent was flash
evaporated yielding a yellow solid. Yield = 0.35 g (93%). 1H NMR (360 MHz, chloroform-d): δ
8.65-8.51 (m, 2H); 8.34-8.20 (m, 2H); 7.75 (d, J = 7 Hz, 2H); 7.58 (d, J = 7 Hz, 2H); 7.40-7.38
(m, 2H); 7.33-7.26 (m, 3H); 7.21-7.11 (m, 1H); 4.46-4.40 (m, 2H); 4.23-4.10 (m, 1H); 3.93-3.84
(m, 2H); 3.74-3.71 (m, 2H); 3.58-3.50 (m, 4H); 3.41-3.23 (m, 4H); 2.45 (s, 3H); 2.14 (sep, 2H);
1.46-1.44 (m, 9H); 1.00-0.78 (m, 12H). MS (ESI+) [M + H]+ calcd 791.0, found 791.5.

4.2.3.11 Fmoc-aeαD/Lv(bpy)-aeαD/Lv(bpy)-OtBu. 4’-Methyl-2,2’-bipyridine-4-acetic acid (0.25 g,
1.0 mmol), HBTU (0.38 g, 1.0 mmol), HOBt (0.14 g, 1.0 mmol), and DIPEA (0.33 mL, 2.0
mmol) were suspended in DCM (75 mL) and stirred at 0oC for 20 min. Fmoc-aeαD/LvaeαD/Lv(bpy)-OtBu (0.40 g, 0.51 mmol) dissolved in DCM (25 mL) was added and the reaction
was stirred for 48 hrs at 25oC. The mixture was extracted with H2O (3 x 50 mL) and back
extracted with DCM (25 mL). The organics were dried over Na2SO4 and the solvent was flash
evaporated leaving a yellow oil. The oil was purified on a silica column with a solvent gradient
(100% DCM to 10% MeOH in DCM), a pale yellow band was collected and dried to give a
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yellow solid. Yield = 0.34 g (59%). 1H NMR (400 MHz, chloroform-d): δ 8.63-8.35 (m, 4H);
8.29-8.04 (m, 4H); 7.68 (d, J = 7 Hz, 2H); 7.50-7.38 (m, 2H); 7.27-7.20 (m, 2H); 7.19-7.16 (m,
4H); 7.05-6.89 (m, 2H); 4.32-4.26 (m, 2H); 4.17-4.06 (m, 1H); 3.98-3.80 (m, 2H); 3.78-3.66 (m,
4H); 3.57-3.33 (m, 4H); 3.32-3.20 (m, 4H); 2.38-2.24 (m, 6H); 2.14 (sep, 2H); 1.41-1.24 (m, 9H);
0.92-0.67 (m, 12H). MS (ESI+) [M + H]+ calcd 1001.2, found 1001.8.

4.2.3.12 Fmoc-aeαD/Lv(bpy)-aeαD/Lv(bpy)-aeαD/Lv(bpy)-OtBu (2). Fmoc-aeαD/Lv(bpy)-aeαD/Lv(bpy)OH (1.32 g, 1.4 mmol), HBTU (0.53 g, 1.4 mmol), HOBt (0.19 g, 1.4 mmol), and DIPEA (1.08
mL, 6.06mmol) were suspended in DCM (125 mL) and stirred at 0oC for 20 min. AeαD/Lv(bpy)OtBu (0.40 g, 0.94 mmol) dissolved in DCM (25 mL) was added and the reaction stirred for 48
hrs at 25oC. The mixture was extracted with H2O (3 x 100 mL) and back extracted with DCM
(25 mL). The organics were dried over Na2SO4 and the solvent was flash evaporated giving a
yellow oil. The oil was purified on a silica column with a solvent gradient (100% DCM to 25%
MeOH in DCM), a yellow band was collected and dried to give a yellow solid. Yield = 0.70 g
(55%). 1H NMR (400 MHz, chloroform-d): δ 8.69-8.44 (m, 6H); 8.46-8.14 (m, 6H); 7.73-7.66
(m, 2H); 7.61-7.40 (m, 2H); 7.38-7.15 (m, 7H); 7.14-7.06 (m, 3H); 4.45-4.27 (m, 2H); 4.23-4.10
(m, 1H); 4.08-3.93 (m, 3H); 3.91-3.74 (m, 6H); 3.68-3.54 (m, 6H); 3.46-3.21 (m, 6H); 2.46-2.27
(m, 9H); 2.15 (m, 3H); 1.39-1.23 (m, 9H); 1.14-0.60 (m, 18H). HR MS (ESI+) FmocaeαLv(bpy)-aeαLv(bpy)-aeαLv(bpy)-OtBu [M + H]+ calcd 1353.7188, found 1353.7190; FmocaeαDv(bpy)-aeαDv(bpy)-aeαDv(bpy)-OtBu [M + H]+ calcd 1353.7188, found 1353.7198.
Elemental Analysis Fmoc-aeαLv(bpy)-aeαLv(bpy)-aeαLv(bpy)-OtBu · 2H2O Calc: 68.28 C; 6.96
H; 12.09 N; Found: 68.28 C; 6.96 H; 11.88 N; Fmoc-aeαDv(bpy)-aeαDv(bpy)-aeαDv(bpy)-OtBu ·
2H2O · CH2Cl2 Calc: 65.16 C; 6.70 H; 11.93 N; Found: 65.58 C; 6.74 H; 11.95 N.

138

4.2.4 Circular Dichroism Titrations
All titrations were performed by adding 20, 50 µL aliquots of 0.14 mM Cu(ClO4)2 or
Zn(ClO4)2 into 15 µM tripeptide in acetonitrile. The solutions were allowed to stir for 5 min in
between each injection. The resulting data was smoothed by a negative exponential algorithm
and plotted in SigmaPlot 2001.

4.3 Results and Discussion

4.3.1 Synthesis and Characterization of Tripeptides
The tripeptides are constructed by tethering together three bpy monomer units to create a
homofunctional self-aligning peptide strand capable of duplex formation in the presence of a
tetracoordinate metal. Since the same ligand is used in series on the backbone, the peptide
strands can align parallel or anti-parallel in the duplex, as discussed in chapter 2. To combat this
possibility, we have previously designed self-aligning heterofunctional oligopeptides, as
described in chapters 2 and 3. However to determine the comprehensive influence on duplex
formation by the addition of chirality, and to probe whether a preferential alignment of the strands
can be influenced strictly by backbone modifications, a self-complementary oligopeptide that can
form a duplex with either a parallel or anti-parallel strand alignment is advantageous.
The synthesis of the α-substituted D/Lval tripeptides utilizes solution phase peptide
coupling along with an Fmoc and tert-butyl protection scheme with subsequent deprotections,
similar to the previously synthesized oligopeptides in chapters 2 and 3. Unlike the achiral
oligopeptides we have synthesized, we cannot simply tether together the discrete monomer units
to construct the target tripeptides. To create a bpy tripeptide with one α-substituted D/Lval center,
an amine deprotected bpy monomer was coupled to the Fmoc protected D/Lval with HBTU, HOBt,
and DIPEA followed by a reductive amination between the Fmoc-acetaldehyde and free amine, as
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shown in Scheme 4-1, to help prevent racemization during the peptide coupling steps. After
coupling an additional bpy on to the backbone to form the dipeptide, an acid deprotected bpy
monomer was coupled to the free amine on the dipeptide with HBTU, HOBt, and DIPEA, and
after purification by column chromatography, resulted in tripeptides 1 in a 36% yield.
The synthetic scheme of the bpy tripeptides with three α-substituted D/Lval centers
(Scheme 4-2) is analogous to the synthesis of 1. The amine deprotected chiral bpy monomer is
first coupled to Fmoc D/Lval with HBTU, HOBt, and DIPEA, followed by the reductive amination
with Fmoc-aminoaldehyde and subsequent coupling with bpy acetic acid, to produce a bpy
dipeptide with two α-substituted D/Lval moieties. An acid deprotected α-substituted D/Lval
monomer is lastly attached to the deprotected amine of the chiral bpy dipeptide, resulting in
tripeptides 2 in a 55% yield.
One-dimensional and two-dimensional NMR spectroscopy experiments were used to
elucidate both the purity and identity of the tripeptides. Tripeptides 1 (L and D isomers) have the
identical 1H NMR spectra, and the observed proton integrations of 26 aromatic, 27 aliphatic, 9
bpy methyl, 9 tert-butyl, and 6 valine methyl (Figure 4-2) are consistent with the expected
number of protons. The 1H NMR spectrum for both isomers of 2 is also in agreement with the
predicted proton count of 26 aromatic, 27 aliphatic, 9 bpy methyl, 9 tert-butyl, and 18 valine
methyl (Figure 4-3). The 1H-1H COSY, 13C-1H HMQC, and the 13C-1H HMBC spectra (Figure 44 – Figure 4-11) confirm the successful synthesis of tripeptides 1 and 2 with three bpys on a
Fmoc and tert-butyl termini protected strand. The assigned proton shifts for all NMR
experiments are consistent with a similar bpy tripeptide previously synthesized.8
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Scheme 4-1. Synthesis of bpy tripeptide with one α-substituted D/Lvaline center. i) HBTU, HOBt,
DIPEA, η: 43%; ii) 20% piperidine in ACN, η: 89%; iii) Fmoc-aminoacetaldehyde, NaBH3CN,
CH3COOH, η: 74%; iv) Bipyridine acetic acid, HBTU, HOBt, DIPEA, η: 59%; v) Fmocaeg(bpy)-OH, HBTU, HOBt, DIPEA, η: 36%.
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Scheme 4-2. Synthesis of bpy tripeptide with three α-substituted D/Lvaline centers. i) 20%
piperidine in ACN, η: 89%; ii) Fmoc D/Lval, HBTU, HOBt, DIPEA, η: 57%; iii) Fmocaminoacetaldehyde, NaBH3CN, CH3COOH, η: 93%; iv) Bipyridine acetic acid, HBTU, HOBt,
DIPEA, η: 59%; v) 1:1 TFA:DCM, η: 90%; vi) HBTU, HOBt, DIPEA, η: 55%. The resulting
two tripeptides include strictly either three Lval centers or three Dval centers.
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Figure 4-2. 400MHz 1H NMR spectrum of 1 in CDCl3.
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Figure 4-3. 400MHz 1H NMR spectrum of 2 in CDCl3.
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Figure 4-4. 400MHz 13C NMR spectrum of 1 in CDCl3.
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Figure 4-5. (A) Full spectrum and (B) aromatic region of the 400 MHz COSY NMR of 1 in
CDCl3.
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Figure 4-6. (A) Full spectrum and (B) aromatic region of the 400 MHz HMQC NMR of 1 in
CDCl3.
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Figure 4-7. (A) Full spectrum and (B) aromatic region of the 400 MHz HMBC NMR of 1 in
CDCl3.
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Figure 4-8. 400 MHz 13C NMR spectrum of 2 in CDCl3.
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Figure 4-9. (A) Full spectrum and (B) aromatic region of the 400 MHz COSY NMR of 2 in
CDCl3.
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Figure 4-10. (A) Full spectrum and (B) aromatic region of the 400 MHz HMQC NMR of 2 in
CDCl3.
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Figure 4-11. (A) Full spectrum and (B) aromatic region of the 400 MHz HMBC NMR of 2 in
CDCl3.
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Elemental analysis used to initially gauge the purity of the α-substituted tripeptides, but
reveals their hygroscopic nature, which has also been observed in the other oligopeptides
described in chapters 2 and 3. The purity and % ee of the tripeptides was further determined by
analytical HPLC utilizing a chiral stationary phase. It was hypothesized that this analytical
technique could effectively separate the two isomers of 1 and 2, but with the chosen mobile phase
(6:3:1 volume ratio of acetonitrile, water, and saturated potassium nitrate with 0.1% TFA), it is
apparent that it is extremely difficult to distinguish between tripeptide isomers due to their similar
elution times (Figure 4-12). However the all Dval tripeptide 2 displays an overlap of two peaks
(Figure 4-12 D), which could represent two isomers in the prepared sample. Optimization of the
mobile phase, specifically altering the pH, could result in the successful separation of these
molecules. High resolution electrospray ionization mass spectrometry was used to identify the
product by evaluation of the molecular ion peak with respect to the theoretical mass/charge ratio
for the tripeptides (Fmoc-aeg(bpy)-aeαLv(bpy)-aeg(bpy)-OtBu [M + H]+ m/z: calculated
1269.6249, found 1269.6270; Fmoc-aeg(bpy)-aeαDv(bpy)-aeg(bpy)-OtBu [M + H]+ m/z:
calculated 1269.6249, found 1269.6155; Fmoc-aeαLv(bpy)-aeαLv(bpy)-aeαLv(bpy)-OtBu [M +
H]+ m/z: calcd 1353.7188, found 1353.7190; Fmoc-aeαDv(bpy)-aeαDv(bpy)-aeαDv(bpy)-OtBu [M
+ H]+ m/z: calcd 1353.7188, found 1353.7198).

4.3.2 Synthesis and Characterization of Metallated Complexes
In bpy aeg tripeptides, we have observed that these react with Cu(II) to readily form
double stranded duplexes with three [Cu(bpy)2]2+ crosslinks.8 Tripeptides 1 and 2 were reacted
with Cu(II) and isolated with ammonium hexafluorophosphate to investigate the resulting
metallated complexes. The purity of the compounds were studied by HPLC and revealed
Gaussian peaks for a majority of the samples and similar elution times to that of the single strands
with the same mobile phase (Figure 4-12), which is not typically observed with aeg complexes as
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Figure 4-12. Overlay of separate HPLC runs of (A) L1, (B) D1, (C) L2, and (D) D2 α-substituted
tripeptide single strands (―) and complexes (―).
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discussed in chapters 2 and 3. Also, comparable overlapping HPLC traces for the Dval tripeptide
2 complex (Figure 4-12 D) to the single strand could be the creation of two isomeric duplexes,
but additional optimization of the mobile phase, possibly by altering the pH, is necessary to
potentially separate and analyze the two complexes.
VPO was employed as a technique to determine the average molecular weight of the
metallated species in solution and provide additional evidence that only duplex structures
consisting of three metal ions and two oligopeptide strands form. Measured values of 4400 4850 g/mol using the calibration curve previously employed from chapter 2 suggest that the
hypothesized duplexes are the major product in solution. The 1H NMR experiments for each
tripeptide 1 and 2 Cu(II) complex reveal broadened spectra, similar to the results in chapters 2
and 3, due to the presence of the paramagnetic species, and confirm that all bpy ligands are
saturated with Cu(II) based on the proton integrations (Figure 4-13 – Figure 4-16). Mass
spectrometry is a method we typically use to identify the metal containing product, but
unfortunately we have been unsuccessful in gaining sufficient resolution for the mass
spectrometry measurements, which could be a result of the high concentration and low volatility
of the hexafluorophosphate anions remaining in the instrument after each injection.
Although not every characterization measurement has provided substantiating evidence,
there is adequate evidence to suggest that metallated duplexes are created. Nevertheless there are
challenges remaining to determine whether the strands are aligned parallel or antiparallel and
could potentially be resolved by optimization of the HPLC mobile phase.
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Figure 4-13. 400 MHz 1H NMR spectrum of [Cu3(Fmoc-aeg(bpy)-aeαLv(bpy)-aeg(bpy)-OtBu)2]
in d3-ACN.
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Figure 4-14. 400 MHz 1H NMR spectrum of [Cu3(Fmoc-aeg(bpy)-aeαDv(bpy)-aeg(bpy)-OtBu)2]
in d3-ACN.
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Figure 4-15. 400 MHz 1H NMR spectrum of [Cu3(Fmoc-aeαLv(bpy)-aeαLv(bpy)-aeαLv(bpy)OtBu)2] in d3-ACN.
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Figure 4-16. 400 MHz 1H NMR spectrum of [Cu3(Fmoc-aeαDv(bpy)-aeαDv(bpy)-aeαDv(bpy)OtBu)2] in d3-ACN.
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4.3.3 Circular Dichroism (CD) Spectroscopy
Ligand substituted aminoethylglycine oligopeptides are inherently achiral, do not produce
a CD spectrum, and remain achiral when metal ions are added (Figure 4-17). However, backbone
modifications with chiral moieties in a tripeptide strand has a strong influence on the molecular
conformation in solution and produce a CD signature, as seen in Figure 4-18 and Figure 4-19.
The positive absorbance for the three Dval substituted single strand and the negative absorbance
for the three Lvaline substituted single strands are consistent with prior reports.4 The absorption
band from 215 – 250 nm is indicative of the overlapping π-π* absorbance of the amide bonds,9
bpy, and possibly the Fmoc protecting group.
A titration of Cu(II) into a solution of the α-substituted single strand with one Dval or one
val exhibits a slight absorbance decrease and a red shift of the peak absorbance in the 215 – 250

L

nm region as a result of free bpy binding with Cu(II) to eventually form three [Cu(bpy)2]2+
crosslinks between two tripeptide strands (Figure 4-18 A and B). The red shift is likely a result of
a conformational change of either the bpys or the amide bonds of the two achiral monomer units
for successful duplex creation. An absorbance band between 300 and 325 nm appears as Cu(II) is
added and binds to the bpys, shown in Figure 4-18 A and B, signifying that one chiral monomer
unit in the strand has the ability to induce chirality into at least one of the [Cu(bpy)2]2+ complexes
within the duplex structure. The plot of the peak absorbance at 310 nm after each injection point
versus the concentration ratio of Cu(II) to tripeptides 1 (Figure 4-18 A and B insets) has a
maximum absorbance at ~1.5 (i.e. 3 Cu(II) : 2 tripeptides 1), indicative of duplexation. The
absorbance then returns to a value closer to the single strand as a result of the duplex breaking
apart when Cu(II) is added beyond the equivalence point, forming [Cu(bpy)2+]. The titration of
Zn(II) into a solution of each isomer of tripeptide 1 shows similar absorbance trends in
comparison to the Cu(II) titration (Figure 4-19 A and B) and can also be used to confirm duplex
creation.
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Figure 4-17. CD titration spectra of achiral bpy tripeptide upon the addition of Cu(ClO4)2.
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Figure 4-18. CD spectra of the single strand (―) and at 1.5 eq of added Cu(II) (―) of (A) αL1,
(B) αD1, (C) αL2, and (D) αD2, during the titration of Cu(ClO4)2 into the val α-substituted
oligopeptides. Inset: Titration absorbance data at 310 nm plotted versus mol Cu / mol peptide.
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Figure 4-19. CD spectra of the single strand (―) and at 1.5 eq of added Cu(II) (―) of (A) αL1,
(B) αD1, (C) αL2, and (D) αD2, during the titration of Zn(ClO4)2 into the val α-substituted
oligopeptides. Inset: Titration absorbance data at 310 nm plotted versus mol Cu / mol peptide.
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The single strands with three valine residues in the backbone, at the same concentration
as the single strands with one val residue, show a larger absorbance between 215 – 250 nm,
implying that they induce more chirality on the bpy ligands. Based on these results compared to
the tripeptides with one valine, it is probable that only the bpy ligand directly attached to the
chiral monomer unit is conformationally influenced by the D/Lval moiety in the single strands. It
was initially hypothesized that as the number of chiral centers increases and the fact that there is
an added chiral effect in the single strand, that there would be a larger induction of chirality due
to metal binding. However, as shown in Figure 4-18 C and D, the absorbance between 215 and
250 nm is greatly reduced and there is no absorbance band centering around 310 nm, indicative of
metal-bound bpy at the stoichiometry of a duplex. These oligopeptide strands 2 are in fact
capable of forming duplexes as confirmed by the titration with Zn(II) (Figure 4-19 C and D), so
the achiral quality of the duplex could be a result of the alignment of the strands which might be
the result of the conformations of the bpy ligands before the addition of metal ions.
It is curious that Zn(II) has the ability to induce chirality on the bpy ligands in the duplex
composed of tripeptides 2, while Cu(II) does not. This observation could potentially be explained
as a result of an anion effect, since both Zn(bpy)2 and Cu(bpy)2 complexes are capable of
interacting with a nitrate anion, creating an unsymmetrical bicapped square-pyramidal. In the Xray crystal structures of the complexes, the nitrate anion is found to be held closer to the metal
center in the Zn(II) complex10 (2.20 Å) than in Cu(II) complex11 (2.83 Å), which therefore forces
the two bpy ligands from a compressed tetrahedral geometry into a more square planar geometry,
and consequently influence the overall chirality of the metallated duplexes.
A preliminary experiment to ascertain the selectivity of α-carbon substituted D/Lval
oligopeptides was performed by the addition of Cu(II) into a solution of 1:1 (mol:mol) D:L
tripeptides 1. It is evident by the spectra shown in Figure 4-20 that there is no induction of
chirality at any point during the addition of Cu(II). This lack of chirality is expected for the
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combination of strands before metal addition, since the equal concentration of molecules with
opposite handedness would create a null absorbance. As Cu(II) is added and metallated species
are formed, there are a total of four structures with either a parallel or antiparallel strand
alignments that can occur at the equivalence point for the formation of a duplex (Figure 4-21 and
Figure 4-22). Figure 4-21B and Figure 4-22B are the only two potential strand alignments and
valine orientations that would result in a chiral duplex structure. Since a null absorbance is
observed at every injection of Cu(II) suggests that the resulting complex, or combination of
complexes, is overall achiral in solution. While strand alignment is likely the major contributor
in the chirality of the duplex, it is difficult to determine exactly which duplexes are created
without the optimization of the chiral HPLC method or a similar technique to successfully
distinguish between chiral (both D and L isomers) and achiral metallated duplexes.

4.4 Future Directions
Substitution of the backbone with a chiral amino acid residue can influence the
conformations and assembly of the appended bpy ligands. While this effect is evident in the
previously discussed α-substituted tripeptides, it is important to study substitutions at different
sites along the backbone to determine which site has the most influence on duplex formation.
Substitution at the γ carbon (Figure 4-1) will be an interesting comparison because similar amino
acid substituted PNA single strands can preorganize into an alpha helix without having to be in a
duplex.5 The ability to design ligand substituted oligopeptides that have a specific conformation
in solution before the addition of metal ions could greatly increase selectivity between similar
strands. Preliminary experiments include the synthesis and characterization of Fmoc-aeg(bpy)-
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Figure 4-20. CD titration spectra of 1:1 (mol:mol) L1:D1 tripeptides with Cu(ClO4)2: (―) no
Cu(II) added, (―) first Cu(II) injection, and (―) last Cu(II) injection .
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Figure 4-21. Cartoon representation of the potential (A) parallel strand alignment (achiral
structure) and (B) anti-parallel strand alignment (chiral structure) between two of the same
strands, either Lval or Dval substituted tripeptides, in a metallated duplex. Blue spheres are
representative of Cu(II) ions.
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Figure 4-22. Cartoon representation of the potential (A) parallel strand alignment (chiral
structure) and (B) anti-parallel strand alignment (achiral structure) between a Dval substituted
strand and a Lval substituted strand in a metallated duplex. Blue spheres are representative of
Cu(II) ions.
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aeγLv(bpy)-aeg(bpy)-OtBu, followed by the analysis of its duplex formation properties measured
by CD spectroscopy.

4.4.1 Synthesis

4.4.1.1 Fmoc-Lval-N(Me)OMe . Adapted from a previously published method.12 Fmoc-Lval-OH
(2.0 g, 5.9 mmol), EDC (1.4 g, 7.4 mmol), HOBt (1.0 g, 7.4 mmol), and DIPEA (1.2 mL, 7.4
mmol) were combined in DCM (75 mL) and stirred for 5 min at 0oC. N,ODimethylhydroxylamine hydrochloride salt (0.72 g, 7.4 mmol) was added to the solution along
with more DIPEA (1.2 mL, 7.4 mmol) and the ice bath was removed. The reaction mixture was
allowed to stir for 24 hours. The solution was extracted with 1 M HCl (2 x 50 mL), saturated
NaHCO3 solution (2 x 50 mL), and saturated NaCl solution (2 x 50 mL). The organics were dried
over Na2SO4 and the solvent was flash evaporated yielding a colorless, viscous oil. Yield = 2.0 g
(89%). 1H NMR (400 MHz, chloroform-d): δ 7.78 (d, J = 7 Hz, 2H); 7.65 (t, J = 7 Hz, 2H); 7.42
(t, J = 7 Hz, 2H); 7.34 (t, J = 7 Hz, 2H); 5.73 (d, J = 6 Hz, 1H); 4.72 (m, 1H); 4.48-4.34 (m, 2H);
4.26 (t, J = 5 Hz, 1H); 3.80 (s, 3H); 3.25 (s, 3H); 2.14-2.05 (oct, 1H); 1.05-1.00 (m, 6H).

4.4.1.2 Fmoc-Lval-CHO. Fmoc-Lval-N(Me)OMe (2.0 g, 5.2 mmol) was dissolved in dry DCM
(100 mL and stirred at -78oC under N2. 1M DIBAL in hexanes (10.5 mL, 10.5 mmol) was slowly
added and the reaction was stirred for 8h at -78oC. The mixture was quenched with saturated
NaHSO4 (20 mL) and allowed to stir for 10 min. The solution was extracted with EtOAc (3 x 50
mL). The combined organic layers were washed with 1M HCl (2 x 50 mL), saturated NaHCO3
solution (2 x 50 mL), water (2 x 50 mL), and saturated NaCl solution (2 x 50 mL). The organics
were dried over Na2SO4 and the solvent was flash evaporated yielding a colorless, viscous oil.
Yield = 1.6 g (95%). The crude product was immediately used for the synthesis of 4.4.1.4.
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4.4.1.3 Fmoc-gly-aeg(bpy)-OtBu. Fmoc-gly-OH (1.86 g, 6.2 mmol), HBTU (2.37 g, 6.2 mmol),
HOBt (0.84 g, 6.2 mmol), and DIPEA (4.81 mL, 29 mmol) were combined in DCM (250 mL)
and stirred at 0oC for 20 min. Aeg(bpy)-OtBu (1.6 g, 4.2 mmol) dissolved in DCM (50 mL) was
added and the reaction was stirred at 25oC for 48 hrs. The mixture was extracted with H2O (3 x
75 mL) and then back extracted with DCM (25 mL). The organics were dried over Na2SO4 and
the solvent was flash evaporated giving a brown oil. The oil was purified on a silica column with
a solvent gradient (100% DCM to 5% MeOH in DCM), a pale yellow band was collected and
dried to give a yellow solid. Yield = 1.6 g (58%). 1H NMR (300 MHz, chloroform-d): δ 8.568.41 (m, 2H); 8.24-8.11 (m, 2H); 7.67-7.60 (m, 2H); 7.53-7.46 (m, 2H); 7.32-7.27 (m, 2H); 7.257.20 (m, 3H); 7.08-6.97 (m, 1H); 4.31-4.28 (m, 2H); 4.16-4.13 (m, 1H); 3.96-3.90 (m, 2H); 3.843.73 (m, 2H); 3.66-3.64 (m, 2H); 3.61-3.54 (m, 2H); 3.37-3.34 (m, 2H); 2.36 (s, 3H); 1.30 (s,
9H). MS (ESI+) [M + H]+ calcd 663.8, found 664.4.

4.4.1.4 Fmoc-aeγLv-aeg(bpy)-OtBu. NH2-gly-aeg(bpy)-OtBu (0.90 g, 2.0 mmol) and Fmoc-LvalCHO (0.55 g, 1.7 mmol) were combined in MeOH (60 mL) and stirred at 25oC for 10 min.
Acetic acid (0.13 mL, 2.2 mmol) and NaBH3CN (0.11 g, 1.7 mmol) were added sequentially and
the reaction was stirred for 1 h at 25oC. The solvent was flash evaporated and the residue was
dissolved in ethyl acetate (50 mL) and extracted with saturated NaHCO3 (3 x 30 mL) and brine (3
x 30 mL). The organics were dried over Na2SO4 and the solvent was flash evaporated yielding a
clear oil. Yield = 0.93 g (73%). 1H NMR (300 MHz, chloroform-d): δ 8.61-8.48 (m, 2H); 8.318.18 (m, 2H); 7.74 (d, J = 7 Hz, 2H); 7.60 (d, J = 7 Hz, 2H); 7.36-7.33 (m, 2H); 7.29-7.27 (m,
3H); 7.15-7.10 (m, 1H); 4.44-4.30 (m, 2H); 4.24-4.15 (m, 1H); 4.12-4.08 (m, 2H); 3.99 (m, 1H);
3.77-3.65 (m, 4H); 3.59-3.36 (m, 4H); 3.28-3.18 (m, 4H); 2.42 (s, 3H); 2.14 (sep, 1H); 1.46-1.41
(m, 9H); 0.93-0.82 (m, 6H). MS (ESI+) [M + H]+ calcd 748.9, found 749.5.
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4.4.1.5 Fmoc-aeγLv(bpy)-aeg(bpy)-OtBu. 4’-Methyl-2,2’-bipyridine-4-acetic acid (0.52 g, 2.1
mmol), HBTU (0.81 g, 2.1 mmol), HOBt (0.29 g, 2.1 mmol), and DIPEA (0.71 mL, 4.3 mmol)
were suspended in DCM (125 mL) and stirred at 0oC for 20 min. Fmoc-aeγLv-aeg(bpy)-OtBu
(0.80 g, 1.1 mmol) dissolved in DCM (25 mL) was added and the reaction was stirred for 48 hrs
at 25oC. The mixture was extracted with H2O (3 x 50 mL) and back extracted with DCM (25
mL). The organics were dried over Na2SO4 and the solvent was flash evaporated leaving a
yellow oil. The oil was purified on a silica column with a solvent gradient (100% DCM to 10%
MeOH in DCM), a pale yellow band was collected and dried to give a yellow solid. Yield = 0.73
g (71%). 1H NMR (300 MHz, chloroform-d): δ 8.62-8.39 (m, 4H); 8.27-8.11 (m, 4H); 7.72 (d, J
= 7 Hz, 2H); 7.53 (d, J = 7 Hz, 2H); 7.38-7.31 (m, 2H); 7.29-7.19 (m, 4H); 7.15-7.02 (m, 2H);
4.39-4.29 (m, 2H); 4.22-4.13 (m, 1H); 4.03-3.92 (m, 5H); 3.87-3.73 (m, 4H); 3.66-3.56 (m, 4H);
3.46-3.33 (m, 4H); 2.43-2.37 (m, 6H); 1.77 (sep, 1H); 1.45-1.37 (m, 9H); 0.90-0.75 (m, 6H). MS
(ESI+) [M]+ calcd 959.1, found 959.5.

4.4.1.6 Fmoc-aeg(bpy)-aeγLv(bpy)-aeg(bpy)-OtBu (3). Fmoc-aeg(bpy)-OH (0.54 g, 0.98 mmol),
HBTU (0.37 g, 0.98 mmol), HOBt (0.13 g, 0.98 mmol), and DIPEA (0.75 mL, 4.6 mmol) were
suspended in DCM (125 mL) and stirred at 0oC for 20 min. aeγLv(bpy)-aeg(bpy)-OtBu (0.48 g,
0.65 mmol) dissolved in DCM (25 mL) was added and the reaction stirred for 48 hrs at 25oC.
The mixture was extracted with H2O (3 x 100 mL) and back extracted with DCM (25 mL). The
organics were dried over Na2SO4 and the solvent was flash evaporated giving a yellow oil. The
oil was purified on a silica column with a solvent gradient (100% DCM to 15% MeOH in DCM),
a yellow band was collected and dried to give a yellow solid. Yield = 0.60 g (72%). 1H NMR
(360 MHz, chloroform-d): δ 8.56-8.33 (m, 6H); 8.23-8.05 (m, 6H); 7.69 (d, J = 7 Hz, 2H); 7.557.49 (m, 2H); 7.34-7.28 (m, 2H); 7.24-7.17 (m, 2H); 7.15-7.00 (m, 6H); 4.34-4.24 (m, 2H); 4.184.14 (m, 1H); 3.98-3.80 (m, 7H); 3.77-3.65 (m, 6H); 3.63-3.51 (m, 6H); 3.40-3.22 (m, 6H); 2.37-
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2.33 (m, 9H); 1.70 (sep, 1H); 1.43-1.34 (m, 9H); 0.86-0.69 (m, 6H). MS (ESI+) [M + H]+ calcd
1269.5, found 1270.5.

4.4.2 Results and Discussion

4.4.2.1 Synthesis and Characterization of a γ-Substituted Tripeptide
As a preliminary proof of concept for the study of γ-substituted oligopeptides, a tripeptide
with one Lvaline residue has been synthesized. The synthetic scheme is similar to that of the αsubstituted with exception to the steps that include the incorporation of the chiral center into the
structure (Scheme 4-3). Fmoc-Gly is first coupled to an amine deprotected bpy monomer with
HBTU, HOBt, and DIPEA. A reductive amination is then performed between the amine
deprotected product and an Fmoc-Lval aldehyde to create the chiral portion of the molecule.
After the coupling with bpy acetic acid to produce a dipeptide, an acid terminated bpy monomer
is coupled to the resulting dipeptide to form tripeptide 3 at a 72% yield. The 1H NMR spectrum
of tripeptide 3 shows proton integrations of 26 aromatic, 27 aliphatic, 9 bpy methyl, 9 tert-butyl,
and 6 valine methyl (Figure 4-23), which accounts for all protons in the compound. Nominal
mass spectrometry data also suggests that the tripeptide has been successfully synthesized ([M +
H]+ calculated 1269.5, found 1270.5).
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Scheme 4-3. Synthesis of a bpy tripeptide with one γ-substituted valine center. i) HBTU, HOBt,
DIPEA, η: 58%; ii) 20% piperidine in ACN, η: 85%; iii) Fmoc-Lval-CHO , NaBH3CN,
CH3COOH, η: 73%; iv) Bipyridine acetic acid, HBTU, HOBt, DIPEA, η: 71%; v) Fmocaeg(bpy)-OH, HBTU, HOBt, DIPEA, η: 72%.
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Figure 4-23. 360 MHz 1H NMR spectrum of 3 in CDCl3.
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4.4.2.2 CD Spectroscopy
CD spectroscopy has been employed to study the duplex formation of 3 with Cu(II). The
single strand has a slight absorbance centered on 230 nm and shows an inversion of handedness
compared to the α-substituted Lval 1 (Figure 4-24). The α-substituted 1 tripeptides exhibit a
larger absorbance magnitude in the 215 – 250 nm region compared to 3, suggesting that one
amino acid α-carbon substitution in a tripeptide has more of an influence on the solution
conformation of the bpy ligands. The addition of Cu(II) introduces a CD signature between 300 –
325 nm representing metal-to-ligand binding with the same handedness as tripeptide 1 (Figure 424) and the absorbance max at 310 nm of each Cu(II) addition can be plotted versus the molar
ratio of Cu(II) to 3 to confirm duplex formation (Figure 4-24 inset). At the equivalence point for
duplexation, the absorbance bands at 235 nm and 256 nm in the CD spectrum are indicative of an
alpha helix.5 It is apparent that the alpha helix form is a result of binding three Cu(II) ions to two
tripeptide 3 strands, which is observed by the appearance of the absorbance band at 256 nm
during the titration (Figure 4-24). While the magnitude of chiralty is not as large as the analogous
α-substituted tripeptide, there are encouraging results that the secondary structure of an alpha
helix arising from metal binding could aid in increasing the selectivity between strands. There is
also evidence that the incorporation of chiral centers into a strand is directly proportional to the
ability to form alpha helices.5
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Figure 4-24. CD spectra of the single strand (―) and at 1.5 eq of added Cu(II) (―) of L3
tripeptide with Cu(ClO4)2. Inset: Titration absorbance data at (-▲-) 256 nm (-●-) 310 nm plotted
versus mol Cu / mol peptide.
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Chapter 5
Isothermal Titration Calorimetry and NMR as Techniques to Investigate the
Formation and Structure of Metallated Oligopeptide Duplexes
5.1 Introduction
This final chapter will address some analytical techniques that provide additional
information about the formation and the resulting structure of metal crosslinked oligopeptides.
Isothermal titration calorimetry (ITC) is a technique that measures the heat absorbed or released
due to molecular interactions and can be used to determine the thermodynamic properties of such
interactions. Nuclear magnetic resonance (NMR), while typically used for characterization
purposes, can be utilized as an additional method to examine the formation of metallated
duplexes as well as investigate the diffusion coefficients of the duplexes with the incorporation of
a diffusion probe. These analytical techniques have the potential to aid in the design of longer,
more selective oligopeptides for the creation of highly intricate supramolecular structures.

5.2 Determining the Thermodynamic Properties of Metal Crosslinking between Artificial
Oligopeptides using Isothermal Titration Calorimetry
To create larger and functional architectures with the previously discussed oligopeptide
methodology, there is a necessity for data-based predictions to aid in molecular design. As a
result it is essential to quantify the thermodynamic factors that drive assembly of the metallated
oligopeptides. Calorimetry is an approach commonly used to assess the solution interactions and
thermodynamic properties of biomolecules and ligands free of labels that may alter function or
structure.1 Isothermal titration calorimetry (ITC) is a technique used to quantitatively determine
the thermodynamic parameters of these interactions.
ITC is performed by titrating a ligand of interest into a solution of an expected target
molecule, such as a protein or DNA, at constant temperature. The resulting molecular
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interactions will release or absorb heat (depending on whether the reaction is exothermic or
endothermic), providing a measurement of the heat per injection of ligand. The integration of
these heats can be used to extract affinity (Ka), stoichiometry (n), and binding enthalpy (∆H)
using an appropriate binding model. These values can then be utilized to calculate the free
energy (∆G) and entropy (∆S) of the system.
Titration calorimetry is typically used for the study of the interactions involving
biological molecules to aid in drug development,2 comprehend protein interactions,3 and examine
enzyme kinetics.4 ITC has also been extensively used in studying the interactions between metal
ions and biological samples, such as proteins, as a method to help understand metal homeostasis
and detoxification.5 In metallosupramolecular chemistry, Würthner and co-workers have utilized
ITC to 2,2’:6’,2”-terpyridine (tpy) to determine ∆H values and lower limit of binding constants
due to the interaction with multiple transition metals including Cu(II).6 Unfortunately, the
experimental range of ITC experiments is limited to ~103 < Ka < ~108 (see the MicroCal VP-ITC
Microcalorimeter User’s Manual MAU130030 Rev. A), and therefore the technique can only
offer the lower binding limit of multidentate ligand to metal binding events. However
competitive binding is a possible solution to extract accurate binding constants in these systems
and will be discussed further in this section.
We present the use of ITC as a method for determining the thermodynamic properties of
self-assembling oligopeptide inorganic supramolecular structures. The complexity of
supramolecular systems can make experiments such as these a challenge to use and interpret.
Therefore it is ideal to use short oligopeptides (i.e. monomers, di-, and tripeptides) because they
are expandable and reconfigurable, making their properties applicable to larger systems. As a
result we have initially followed the binding of monodentate py with [Cu(tpy)]2+. Cu(II) has been
chosen for these experiments because it is substitutionally reactive and will rapidly bind to
nitrogen containing heterocycles on a time scale compatible with ITC. We also investigate the
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formation of the oligopeptide duplexes using self-complementary strands, specifically bpy
substituted molecules with one to two monomer units, since each of the ligand sites is equivalent.
It is hypothesized that the termolecular processes, in which a free metal ion chelates two ligand
strands, will create more complex ITC data and potentially point towards the presence of
cooperativity between ligand sites on the same strand.

5.2.1 Experimental Section

5.2.1.1 Chemicals
All chemicals were reagent grade and used as received unless otherwise noted. NHydroxybenzotriazole (HOBt) was purchased from Advanced ChemTech. O-BenzotriazoleN,N,N’,N’-tetramethyl-uronium-hexafluorophosphate (HBTU) was purchased from
NovaBiochem. All other chemicals were purchased from Aldrich. 4’-Methyl-2,2’-bipyridine-4acetic acid,7 Fmoc-aeg-OtBu•HCl,8a Fmoc-aeg-(bpy)-OtBu,8c Fmoc-aeg(bpy)-aeg(bpy)-OtBu,8d
Fmoc-aeg(py)-OtBu,8a and [Cu(tpy)(H2O)](ClO4)29 were synthesized previously. Fmoc and
OtBu deprotections have been previously described.8e Water was purified from a Nanopure water
system (Barnstead, 18.2 MΩ).

5.2.1.2 Instrumentation and Analysis
Isothermal titration calorimetry experiments were performed on a Microcal VP-ITC
instrument and analyzed using the Microcal, LLC ITC (Origin 7) software. All samples were
dissolved in distilled HPLC grade acetonitrile with the reference cell containing only distilled
HPLC grade acetonitrile. Measurements were conducted at 25.4°C. Each of the 50 additions
consisted of an aliquot of 4 µL with an injection duration of 4.4 sec and an interval of 300 sec
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between each addition. The resulting binding curves were fit using the single site binding model
incorporated in the MicroCal, LLC Origin software add-on.

5.2.2 Results and Discussion
We have previously shown that monodentate pyridine substituted oligopeptides from one
to ten monomer units in length will bind one to ten “complementary” metallated tridentate tpy
complexes, for example [Cu(tpy)]2+.8b Since these structures require only one binding event from
a monodentate ligand to coordinatively saturate the Cu(II) and construct the desired product, it is
the simplest assembling system within our motif, and a logical starting system for ITC
experiments. Pyridine monomer titrated into [Cu(tpy)(H2O)]2+ results in the binding curve shown
in Figure 5-1 and binding data shown in Table 5-1. One binding event is observed that occurs at
a molar ratio of 0.7:1 Fmoc-aeg(py)-OtBu to [Cu(tpy)]2+, a ∆H of -2.1 kcal/mol, and a binding
constant magnitude of ~ 106. While the binding constant is consistent with known literature
values (i.e. Ka ≈ 106),10 the molar ratio and ∆H is smaller than predicted6 (i.e. N = 1 and ∆H ≈ -7
kcal/mol) and could be a function of the solvent used or even precipitation out of solution at the
chosen concentrations.
Investigating the creation of self-assembling supramolecular structures consisting of
multiple metals and two strands by ITC is hypothesized to produce more intricate binding curves
that involve multiple binding events. Preliminary titration attempts of Fmoc-aeg(bpy)-OtBu, the
simplest self-assembling molecule in our library, into Cu(II) salts with varying supporting anions
(i.e. Cl-, Br-, and NO3- ) resulted in shallow, unpredictive binding curves with non-definitive
binding events. These data suggest there is a strong anion influence on ligand binding within the
experimental parameters of the ITC. While these Cu(II) salts would most likely create the
thermodynamically predicted structures after heating, it is ideal to keep consistency amongst all
duplexation analyses and perform the experiments at room temperature. Therefore Cu(ClO4)2
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Figure 5-1. (A) Titration of 5 mM Fmoc-aeg(py)-OtBu into 1 mM [Cu(tpy)(H2O)]2+ in
acetonitrile and (B) the proposed binding mechanism, where Cu(II) is represented by the blue
sphere.
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Table 5-1. Summary of the ITC results for the various ligand substituted systems studied with
Cu(II).a
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was found to be the best Cu(II) salt for the ITC experiments because of the weak or noncoordinating nature of ClO4- compared to the other anions tested.
The titration of Fmoc-aeg(bpy)-OtBu into Cu(ClO4)2 resulted in a binding curve with two
distinct binding events (Figure 5-2 A), one with saturation occurring at a 1:1 molar ratio, the
second at a molar ratio of 1:2 with a decreased ∆H. The system also exhibits a smaller binding
constant for the second binding event in comparison to the first, as stated in Table 5-1. The
decrease in ∆H and Ka for the second binding event is attributed to the Jahn-Teller distortion that
occurs in bis-chelate Cu(II) complexes,11 in which each bpy ligand is held at a slightly different
distance from the metal center, and therefore contributes differently to the enthalpy of each
binding event. This thermodynamic difference inherent to Cu(II) complexes is advantageous for
ITC experiments since it is possible to distinguish between multiple binding events, unlike
systems with Zn(II) for example which have no binding enthalpy differences.6 The resulting data
suggests a metal binding mechanism in which one bpy monomer unit is completely saturated with
Cu(II), forming [Cu(Fmoc-aeg(bpy)-OtBu)]2+, followed by creation of [Cu(Fmoc-aeg(bpy)OtBu)2]2+, as described in Figure 5-2 B.
Increasing the strand length by only one monomer unit is expected to generate a more
convoluted binding curve during experiments with Cu(II). It would be ideal and extremely
informative to have the ability to distinguish between every binding event that occurs during
duplex formation with each ligand (4 total). Cu(ClO4)2 has been titrated into Fmoc-aeg(bpy)aeg(bpy)-OtBu (Figure 5-3) as an attempt to probe this system. It is apparent that there is
additional complexity in the resulting binding curve due to lengthening the strands by only one
monomer unit to the extent where it becomes difficult to determine the actual number of binding
events that occur. Before the molar ratio of 1:1 (i.e. two strands and two metals) is reached, there
are potentially one or two other observed binding events at the molar ratios of 0.35 and 0.50.
Comparing ∆H in this experiment to the first bpy binding of the Fmoc-aeg(bpy)-OtBu
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Figure 5-2. (A) Titration of 5.08 mM bpy monomer injected into 0.25 mM Cu(ClO4)2 in
acetonitrile and (B) the proposed binding mechanism based on the experimental data, where blue
spheres represent Cu(II) ions.
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Figure 5-3. Titration of 4.34 mM Cu(ClO4)2 added into 0.22 mM Fmoc-aeg(bpy)-aeg(bpy)-OtBu
in acetonitrile.
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experiment, which is three times larger, could result from the creation of a tris bpy complex due
to the much higher concentration of Fmoc-aeg(bpy)-aeg(bpy)-OtBu versus the concentration of
added Cu(II). Thus it is extremely difficult to fit the data and extract a sufficient binding
mechanism for this specific system.
The complexity of this experiment can be depicted in the square scheme shown in Figure
5-4. This diagram shows the complex equilibria for a dipeptide with binding sites A and B (A =
B for bpy substituted dipeptides), which forms a dimetallic dipeptide duplex by formation of
[M(A)(B)] species. In order to attempt to observe the binding to each bpy ligand and simplify the
data analysis, future work should consist of saturating the bpy dipeptide strand with copper first
and titrating bpy monomer into that complex, so that only the highlighted scheme is studied. It
would then be interesting to perform the same experiment, but substituting Fmoc-aeg(bpy)aeg(bpy)-OtBu for Fmoc-aeg(bpy)-OtBu, to investigate any cooperativity effect that could arise
due to the tethering of monomer units together.
Investigations have also involved the reverse titration of Fmoc-aeg(bpy)-aeg(bpy)-OtBu
into Cu(ClO4)2, shown in Figure 5-5 A. This addition sequence should allow the saturation of the
bpy sites on the single strand at a molar ratio of 0.5:1 (i.e. one Fmoc-aeg(bpy)-aeg(bpy)-OtBu to
two Cu(II) ions), as to create the structure in the upper left of the highlighted square scheme in
Figure 5-4, before the addition of the second equivalence of Fmoc-aeg(bpy)-aeg(bpy)-OtBu.
Two binding events, one at a 0.5:1 molar ratio with a Ka of ~108 and the other at a 1:1 molar ratio
with a Ka of ~107 of Fmoc-aeg(bpy)-aeg(bpy)-OtBu to Cu(II), are apparent in the experiment and
insinuate a binding mechanism as shown in 5-5 B. The measured ∆H of -22 kcal/mol at the first
binding and -15 kcal/mol for the second binding are more exothermic compared to the measured
∆H for the binding events in the Fmoc-aeg(bpy)-OtBu experiment (Table 5-1), implying that
multiple bpy ligands are interacting with Cu(II) at each binding event. The observation of only
two events unfortunately suggests that it is impossible to differentiate between all four metal to
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Figure 5-4. Reaction scheme for binding equilibria in a dipeptide with two pendant ligands, A
and B, with a metal ion (M) to form [M(A)(B)] crosslinks between the two strands.
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Figure 5-5. (A) Titration of 2.17 mM Fmoc-aeg(bpy)-aeg(bpy)-OtBu injected into 0.22 mM
Cu(ClO4)2 in acetonitrile and (B) a cartoon representation of a potential binding mechanism based
on the experimental data, where blue spheres represent Cu(II) ions.
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bpy bindings in this specific experiment. In order to possibly measure the metal interactions with
each bpy ligand on a dipeptide, it will be necessary to titrate Fmoc-aeg(bpy)-OtBu or Fmocaeg(bpy)-aeg(bpy)-OtBu into a separately isolated metal saturated dipeptide as previously
discussed.

5.2.3 Future Directions
One aspect of ITC that limits its capability for providing the most accurate
thermodynamic values is the restricted window in which precise binding constants can be
determined (~103 < Ka < ~108). While this range of binding constants is manageable for a wide
range of biological molecular interactions, the magnitude of binding constants as a result of metal
to multidentate ligand interactions is typically > 108.10 A potential method of extracting larger
binding constants with the ITC technique is performing competition experiments. For example a
more precise binding constant of metal interactions to a multidentate ligand could be determined
by first saturating a ligand with a known smaller binding value, such as a monodentate ligand,
with a metal ion of interest and titrate the resulting molecule with the tighter binding,
multidentate ligand. As the latter is added, displacement of the ligand with the lower affinity
followed by association with the tighter binding partner produces a titration curve that can be
analyzed to give the binding constant of the multidentate ligand.
It will also be necessary to understand the thermodynamic properties of heterofunctional
strands, specifically with self-complementary oligopeptide model systems such as those discussed
in chapters 2 and 3. These structures are intriguing because the varying denticities of the ligands
results in non-equivalent sites along the strand (sites A and B are not equivalent in regards to
Figure 5-4): metal coordination to py, bpy, and tpy will have different changes in enthalpy and
entropy.12 Tuning the sequence of ligands on the oligopeptide backbone may allow the design of
molecules that exhibit advantageous properties for the formation of convoluted species such as
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sequential binding, positive cooperativity, and negative cooperativity. As an initial proof of
concept experiment of Fmoc-aeg(py)-aeg(Φtpy)-OtBu titrated into Cu(ClO4)2, shown in Figure 56, it appears as if there are two separate binding events. However it is very difficult to determine
a binding mechanism from data that cannot distinguish between each ligand in the molecule and
will therefore require information obtained from the homofunctional strand experiments as a
model to extract assembly thermodynamic parameters from heterofunctional systems. Altering
the length and pendant ligands in short oligopeptides will ultimately allow the ability to put
together the analytical and predictive framework necessary for enabling analysis and design of
larger, supramolecular systems with multisite binding.
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Figure 5-6. Titration of 1.72 mM Fmoc-aeg(py)-aeg(Φtpy)-OtBu added into 0.172 mM
Cu(ClO4)2 in acetonitrile.
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5.3 High Resolution 850 MHz NMR Experiments
Throughout this thesis, NMR has been utilized as a tool strictly for molecular
characterization. However it is possible to use NMR as an additional technique to probe the
successful formation of the duplex structures, especially with a high resolution, 850 MHz
spectrometer. The line broadening effect, due to the presence of paramagnetic species, is a
characteristic in NMR spectroscopy that can be taken advantage of to learn about the order in
which the ligands become saturated with metal ions. Also, the insertion of a diffusion probe into
the NMR instrument allows the study of mass transport of the metallated structure in solution,
which can be used to distinguish between a duplex composed of only two strands and higher
order polymeric complexes. The following two sections describe some uses of NMR
spectroscopy that can be used to study metal bound ligand substituted oligopeptides.

5.3.1 Experimental Section

5.3.1.1 Chemicals
Acetonitrile-d3 (99.8% D) was purchased from VWR. Fmoc-aeg(py)-aeg(bpy)-aeg(tpy)OtBu, [Cu2(Fmoc-aeg(py)-aeg(tpy)-OtBu)2](PF6)4, [Zn2(Fmoc-aeg(py)-aeg(Φtpy)-OtBu)2](PF6)4,
and [Cu3(Fmoc-aeg(py)-aeg(bpy)-aeg(tpy)-OtBu)2](PF6)6 were synthesized according to
previously reported preparations.8e-f

5.3.1.2 Instrumentation and Analysis
HMQC 2D spectra were obtained on a Bruker AV-3-850 NMR spectrometer.
Translational diffusion measurements were carried out on a Bruker AV-3-850 NMR spectrometer
equipped with a water cooled Diff30 5mm probe single tuned for 1H observation and
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GREAT1/60 high power gradient amplifiers. The 1H resonance frequency was 850.23 MHz, and
the maximum available pulsed magnetic field gradient strength was 1855 Gauss per cm. Variable
amplitude calibrated bipolar sine shaped gradient pulses were used in the longitudinal eddy
current delay (LED) stimulated echo pulse sequence developed by Wu et al.13 Temperature
control was achieved with a temperature bath calibrated to 25.0 C ± 0.1 C. Samples were
equilibrated in the probe for at least 15 minutes prior to diffusion measurements. By performing
least squares fitting of the Gaussian decay plot of integrated peak intensity versus variable
gradient strength, the diffusion coefficients of the samples were calculated using the Bruker T 1/T2
analysis software.
The titrations were performed by adding 2 µL injections of 60.8 mM Cu(NO3)2 into 4.06
mM Fmoc-aeg(py)-aeg(bpy)-aeg(tpy)-OtBu in acetonitrile-d3. The diffusion measurements were
performed on 60 mM solutions of the metallated duplexes in acetonitrile-d3.

5.3.2 Titration of Cu(NO3)2 into Fmoc-aeg(py)-aeg(bpy)-aeg(tpy)-OtBu
As a continuation of understanding the binding properties of the library of multidentate
ligands that has been employed for the synthesis of the structures discussed in chapters 2 and 3, a
NMR titration of paramagnetic ions into a solution of the self-complementary heterofunctional
oligopeptides can help to determine the order of ligand saturation. It is hypothesized that the
ligands with the largest denticities, in this case the tridentate tpy and Φtpy, will saturate first,
since they exhibit the highest binding constants compared to the bidentate (bpy) and monodentate
(py) ligands.10 These types of studies will aid in the design of much longer and intricate ligand
substituted oligopeptide strands for more selective binding.
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5.3.2.1 Results and Discussion
Cu(NO3)2 has been titrated into a solution of Fmoc-aeg(py)-aeg(bpy)-aeg(tpy)-OtBu
(synthesis and characterization previously described in chapter 3) as an attempt to study the
order in which the metal binding ligands saturate on the same strand. Each Cu(II) injection into
the tripeptide solution was followed by HMQC NMR experiments. The 2-D HMQC NMR
experiment, which correlates the interaction between 1H and 13C atoms separated by one bond,
provides sufficient spacing of the aromatic peaks in the spectrum, resulting in much easier
analysis of the signals for specific ligand protons versus 1-D NMR experiments. Overlaying the
resulting spectra at each injection volume can provide a clear picture as to the extent of metal
binding to the ligands.
The concentrations were chosen such that the equivalence point of duplex formation (1.5
mol Cu(II) / mol tripeptide) would occur at the addition 40 µL of the Cu(II) solution. Initial
studies show that injections of 5 µL at the decided concentrations prove to be too large, as there
was unexpected precipitation of a blue solid and all the ligands on the oligopeptide strand still in
solution appear mostly saturated after the first injection (Figure 5-7). The saturation at such a low
concentration of Cu(II) (< 0.2 mol Cu(II) / mol tripeptide) is a function of the exchange rate of a
labile metal: at room temperature the exchange rate of Cu(II) from a bound to unbound state is
extremely high and faster than the NMR time scale, t1/2 < 0.1 min,14 which explains the
appearance of complete saturation of all ligands at only 10 µL of Cu(II) solution added since the
metal ions have the opportunity to bind and rebind to any ligand in solution.
Even though the high exchange rate of Cu(II) limits the scope of the experiment,
information can still be extracted within the addition of Cu(II) up to 10 µL. The initial injection
of 2 µL shows very little effect on the spectrum besides a slight broadening and overall
magnitude loss due to the presence of the paramagnetic species, as shown in Figure 5-8 and
Figure 5-9. Once 6 µL Cu(II) is added, there is significant broadening and a loss of some peaks.
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Figure 5-7. Overlay of the aromatic region of the HMQC spectra after 0 µL (blue), 5 µL (gold),
and 10 µL (green) injections of Cu(NO3)2 into Fmoc-aeg(py)-aeg(bpy)-aeg(tpy)-OtBu in
acetonitrile-d3. Inset: 1-D slice stack of the aromatic region of the HMQC spectra after the
specified injection volumes.
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Figure 5-8. Overlay of HMQC spectra after 0 µL (blue), 2 µL (orange), 6 µL (green), and 10 µL
(red) injections of Cu(NO3)2 into Fmoc-aeg(py)-aeg(bpy)-aeg(tpy)-OtBu in acetonitrile-d3. Inset:
1-D slice stack of the HMQC spectra after the specified injection volumes.
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Figure 5-9. Overlay of the aromatic region of the HMQC spectra after 0 µL (blue), 2 µL
(orange), 6 µL (green), and 10 µL (red) injections of Cu(NO3)2 into Fmoc-aeg(py)-aeg(bpy)aeg(tpy)-OtBu in acetonitrile-d3. Inset: 1-D slice stack of the aromatic region of the HMQC
spectra after the specified injection volumes.
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Certain peaks corresponding to protons on the tpy ligand (8.6 ppm and 7.86 ppm, Figure 5-9)
have completely disappeared in this window, suggesting that there is preferential binding to a
higher concentration of the tpy ligands compared to the others. The aromatic bpy protons located
at 8.56 ppm, 8.25 ppm, and 7.15 ppm (Figure 5-9), as well as the protons of the appended methyl
group (1.3 ppm, Figure 5-8) exhibit a significant lowering in intensity, but are still apparent in the
spectrum, suggesting that the bpy is the second most saturated ligand. While the peak intensities
associated to the py protons (8.35 ppm and 7.15 ppm, Figure 5-9) lessen, both are still significant
enough to show that py is bound the least by Cu(II). Once the volume reaches 10 µL, all peaks
attributed to the ligands are paramatically shifted out of this region, leaving just the presence of
the Fmoc protecting group proton peaks at 7.74 ppm, 7.55 ppm, 7.34 ppm, and 7.22 ppm shown
in Figure 5-9. As expected, the peaks corresponding to the non-binding Fmoc protecting group
are unaffected by the Cu(II) ions even up to the addition of 30 µL of Cu(II) (Figure 5-10). The
smaller Cu(II) injection sizes also prevent precipitation up 10 µL of Cu(II), which allows the
most accurate analysis of all species in solution.
The d9 paramagnetic Cu(II) ions can help determine where metal binding occurs, and
within the magnetic field of the NMR, considerable line broadening affects the protons in the
neighborhood of the paramagnetic center (typically within a couple angstroms).15 While this
broadening is a severe limitation for high-resolution NMR characterization experiments, it can
provide essential information for inorganic supramolecular chemistry of which ligands are bound
to the paramagnetic center (i.e. Cu(II)) at specific concentrations. It could potentially be more
beneficial to perform similar experiments with diamagnetic and inert metals like Pt(II) or Pd(II)
to prevent peak broadening, slow down the exchange rate, and allow the titration to proceed
closer to the calculated equivalence point. While the spectra will not exhibit the clear
disappearance of peaks like with a paramagnetic species such as Cu(II), the resulting shifting of
peaks due to metal binding could be analyzed.
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Figure 5-10. HMQC spectrum after the addition of 30 µL of Cu(NO3)2 into Fmoc-aeg(py)aeg(bpy)-aeg(tpy)-OtBu in acetonitrile-d3. Inset: zoomed in aromatic region.
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5.3.3 Diffusion Experiments
The large binding constants characteristic of metal to ligand interactions increases the
possibility of the assembly of higher order structures due to strand misalignment as discussed in
chapter 2. To help probe the resulting metallated species, solution phase diffusion measurements
can be employed to distinguish between duplexes and higher order polymeric constructs, since
the metallated peptide duplex exhibits much smaller dimensions compared to polymeric species.
The inherent smaller size of duplexes would therefore have a faster mass transport (i.e. diffusion)
in comparison to a polymer, as described in the Stokes-Einstein equation16:

in which D is the diffusion coefficient, kB is Boltzman’s constant, η is the hydrodynamic radius of
the molecule, and α is the viscosity of the solvent. Based on this equation, the diffusion values
determined in the same solvent can be related to the magnitude of molecular radii. Diffusion
experiments have been previously performed on ligand substituted aminoethylglycine complexes
with cobalt and iron by electrochemical methods,8g but NMR diffusion experiments have not yet
been attempted on these systems.
Nuclear Magnetic Resonance (NMR) experiments are common methods of determining
diffusion coefficients since they are easy to perform, are completely non-invasive, and allow the
simultaneous measurement of diffusion in multi-component systems consisting of molecules with
distinguishable NMR signatures.17 One such method is LED bipolar stimulated echo sequence
(BPLED) (Figure 5-11 a). The

delay between the bipolar gradient pulses is kept constant as the

field gradient is incremented. The effects of the two pulsed gradients cancel each other out and
the spins refocus resulting in an echo signal, as shown in Figure 5-11 b. The echo amplitudes of
the integrated peak intensities are therefore dependent on the extent of diffusion experienced by
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Figure 5-11. a) The BPLED pulse sequence. G is the amplitude of the pulsed gradient, δ its
duration, and ∆ the separation between the leading edges of the pulsed gradients. The effect of
the absence (b) and the presence (c) of diffusion on the phase shift and signal intensity in a
BPLED experiment is also shown. William S. Price: Pulsed-field gradient nuclear magnetic
resonance as a tool for studying translational diffusion: Part 1. Basic Theory. Angewandte
Chemie. 1997. 9. 299 – 336.18 Copyright Wiley-VCH Verlag GmbH & Co. KGaA. Adapted with
permission.
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the molecules during the

delay, delay, and LED delay . By fitting the Gaussian decay plot of

intensity versus gradient strength, the diffusion coefficients of the samples can be extracted.
These experiments in deuterated solvents have been utilized as a different and
complementary technique to study duplex structures as a comparison to the previously reported
values of similar structures.8g The diffusion coefficients can then be used to calculate the
hydrodynamic radii of the measured molecules, to provide a general size of the complexes in
solution.

5.3.3.1 Results and Discussion
Chapters 2 and 3 discuss the design, synthesis, and characterization of heterofunctional
oligopeptides that self-assemble to form metallated duplexes in a strictly anti-parallel strand
alignment. A significant challenge with peptide strands that include multiple multidentate metal
binding ligands is the possibility of misalignment, resulting in the formation of higher order,
polymeric structures. Due to the extreme difficulty of obtaining a crystal structure to definitively
prove the strict formation of double stranded complexes between only two oligopeptide strands, it
is necessary to perform an exhaustive array of experimental techniques to provide confirmation.
A common technique of determining the size of a molecule in solution is the measurement of its
diffusion coefficient or mass transfer rate. The complexes [Cu2(Fmoc-aeg(py)-aeg(tpy)OtBu)2](PF6)4, [Zn2(Fmoc-aeg(py)-aeg(Φtpy)-OtBu)2](PF6)4, and [Cu3(Fmoc-aeg(py)-aeg(bpy)aeg(tpy)-OtBu)2](PF6)6, that were created using the oligopeptide sequences discussed in chapters
2 and 3, have been studied by BPLED NMR diffusion experiments.
The diffusion coefficient for each complex is determined by following the signal of the
unbound tert-butyl protecting group and given in Table 5.2. The measured diffusion values are
within an order of magnitude of mass transport rates of similar metallated oligopeptide constructs
previously ascertained8g and small molecule inorganic complexes.19 As hypothesized, the
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[Cu3(Fmoc-aeg(py)-aeg(bpy)-aeg(tpy)-OtBu)2](PF6)6 complex exhibits the smallest measured D,
i.e. the lowest mass transfer rate, since it is composed of the longest oligopeptide amongst the
three complexes. [Zn2(Fmoc-aeg(py)-aeg(Φtpy)-OtBu)2](PF6)4 has the second smallest diffusion
coefficient with a magnitude closer to that of the [Cu3(Fmoc-aeg(py)-aeg(bpy)-aeg(tpy)OtBu)2](PF6)6 complex. This result suggests that the extra phenyl ring, present in the Φtpy
ligand, influences the creation of a bigger structure with a larger hydrodynamic radius in solution
compared to the [Cu2(Fmoc-aeg(py)-aeg(tpy)-OtBu)2](PF6)4 complex, which has the fastest mass
transport rate.
BPLED NMR experiments have proven to be another invaluable tool to distinguish
between duplex structures and polymeric structures and can be utilized in future studies. The
mass transport rates decrease with increasing size of the ligands as well as the length of the
oligopeptide strands, which result in an increase in hydrodynamic radius (Table 5-2), as predicted
in equation 1. The diffusion values suggest that the majority of the metal bound oligopeptides in
solution are double-stranded duplex structures. If any polymeric species are indeed present in
solution, their concentrations are so low as to not affect the diffusion measurements.
This technique also has the potential to determine the diffusion coefficients of a mixture
of different single strands and duplexes. It would be necessary to synthetically alter the strands
with a distinguishable proton moiety, for example exploiting the backbone modification
chemistry introduced in chapter 4, in order to incorporate an NMR tag into the molecules. It
might be possible then to perform a titration with a paramagnetic metal into a mixture of
distinctive single strands and follow the proton shifts of the non-binding side group, as a method
to study the resulting metallated structures in solution at specific concentrations of metal.
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Table 5-2. Measured diffusion coefficients and calculated hydrodynamic radii for selected
metallated oligopeptide duplexes.
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5.4 Conclusions
Peptide coupling chemistry in combination with metal coordination chemistry has the
potential to create large and intricate supramolecular structures. As the oligopeptide building
blocks become more structurally varied and longer in length, the ability to correlate the
quantitative measurements performed on smaller structures will make oligopeptide design easier
and their properties more predictive. Therefore it is essential to study the formation of various
smaller structures, in this case from monomers to tripeptides, through a diverse set of techniques
to allow for accurate predictions in the assembly of larger species.
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