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ABSTRACT
Nature provides a framework for self-assembly via molecular recognition: the sequence
of modular small units (e.g. nucleobases and amino acids) direct higher order assemblies capable
of performing the functions necessary for life, including information storage and processing,
catalysis, and photosynthesis. Supramolecular chemistry has evolved to create artificial receptors
which self-organize via molecular recognition, largely directed via metal-coordination chemistry;
however synthesis of sizable structures approaching natural systems has proved synthetically
daunting. Combining the synthetic versatility of peptide coupling chemistry with coordination
chemistry provides a platform for the facile expansion of multimetallic systems that have
implications in catalysis, artificial photosynthesis, molecular wires, and sensing.
This thesis describes the development of a new route for the synthesis of symmetric,
palindromic ligand-substituted artificial oligopeptides designed to eliminate geometric isomers
upon metal binding. A central monomeric unit with dicarboxylic acid termini substituted with
bipyridine (bpy) or pyridine (py) is reacted with amine terminated aminoethylglycine (aeg)
monomers substituted with pyridyl based ligands: bpy, py, or terpyridine (tpy) under standard
peptide coupling conditions to produce novel homo- and hetero-functional tripeptides in a one-pot
synthesis. The streamlined synthetic route allows for rapid interchange of tripeptide functionality
as well as the potential for stream-lined expansion to oligopeptide length of 5-mer, 7-mer, 9-mer,
etc.
Tripeptide sequences were designed to contain molecular recognition codes, whereby in
the presence of a tetracoordinate metal (Cu2+, Zn2+), a bidentate bpy ligand will be selfcomplementary forming a [2 x 2] complex [M(bpy)2]2+, and a tridentate tpy will be
complementary to monodentate py forming a [3 x 1] complex [M(tpy)(py)]2+. Studies included
self-assembling monofunctional bpy-tripeptide, which formed a duplex upon addition of Cu2+ .
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Addition of a series of monovalent anions showed large, polarizable coordinating anions, (I-, Br-)
and tuned the metal center environment, perturbating the Cu2+ geometry from a distorted square
planar environment, to tetragonal.
Heterotopic ligand sequences, py-bpy-py (pbp) and tpy-bpy-tpy (tbt), were synthesized
to form duplex structures from dissimilar strands, extending the metal-directed assembly and
molecular recognition properties to more sophisticated behaviors present in natural systems.
Additional tripeptides (py-py-py, ppp; bpy-py-bpy, bpb) were synthesized and used in addition
to previously synthesized tripeptides to explore binding selectivity in the presence of the Cusaturated tbt complex.
The final body of work focused on developing a functional, photoswitchable artificial
oligopeptide scaffold. Azobenzene, a reversible, photoswitchable molecule, was inserted into the
artificial oligopeptide backbone. A series of artificial oligopeptides containing bpy- and acetyl
(ac-) substituted aeg monomers connected via an azobenzene diamide (b(azo)b, ac(azo)ac,
bb(azo)bb) were synthesized. Reversible photoswitching behavior was observed for the single
strand. Addition of metal (M= Zn2+, Cu2+) resulted in two switchable structures: mono-metallic
hairpin [M(b(azo)b)]2+ and dimetallic duplex [M2(b(azo)b)]4+. Irradiation to promote
isomerization reversibly controlled the conformation.
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Chapter 1
Self-Assembly Via Molecular Recognition

1.1 Introduction

Molecular recognition and self-assembly are two prevalent strategies employed
throughout nature. Biomolecules with encoded molecular recognition units, such as
nucleic acids or amino acids, assemble into complex structures that allow for the storage
and processing of information in natural systems. Self-assembly has been defined as “the
non-covalent interaction of two or more molecular subunits to form an aggregate whose
novel structure and properties are determined by the nature and positioning of the
individual components.” 1Networks of biomolecular components have evolved to
assemble into highly organized structures which, based on their arrangements, facilitate
function. For example, multienzyme cascades2 found in biochemical synthesis pathways
and the light harvesting system in photosynthetic reaction centers3 rely on the controlled
assembly and arrangement of specific units by preprogrammed interactions.
Assembly in natural systems is governed non-covalent interactions including
hydrogen-bonding, π-stacking, ionic, and van der Waals forces. Cooperative binding has
been shown to be vital to biological processes, including enzyme specificity.4
Cooperativity occurs when the binding of one ligand influences the binding strength of a
(bio)macromolecule toward a subsequent ligand (or ligands).5 These effects are observed
as either positive, when the subsequent binding affinity of another molecule is higher
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than that for the previous; negative, when the subsequent binding affinity is lower; or
non-cooperative, which occurs when the binding affinity is identical.6

1.2 Nucleic Acid Assemblies

Deoxyribonucleic acid (DNA) encodes information based on the sequence of four
deoxynucleotides (adenine, A; thymine, T; cytosine, C; and guanine, G) and assembles
into double stranded helices using molecular recognition of the base pair (bp) units where
hydrogen bonding preferentially occurs between the complementary base pairs: A—T
and C—G. Whereas in ribonucleic acid (RNA), thymine nucleobases are replaced with
uracil (U), which allows for both Watson-Crick base pairing and non-canonical base
pairing, such as G with A or U, enabling RNA to fold into rigid structural motifs distinct
from ssDNA.7 The backbone to which nucleobases are appended is comprised of a
negatively-charged phosphate-deoxyribose (DNA) or -ribose (RNA) sugar structure. The
negative charge of the phosphodiester linkages provide stability to the biopolymer by
repelling nucleophilic species, which could potentially lead to degradation.8
Hybridization of DNA is driven by thermodynamic variables intrinsic to aqueous
environments including electrostatic, van der Waals, hydrophobic, and hydrogen bonding
interactions. DNA forms a double helix structure from complementary strands, forming
an antiparallel duplex coiled about a common axis. The most common conformer of
DNA is the B-form, which has a right-handed coil that repeats every 34 Å and a pitch of
10 bp. Two other forms of DNA exist: A-form is a right handed structure with a 11 bp
turn every 24.6 Å; and Z-form contains 12 bp per turn every 46 Å (Figure 1-1). RNA
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Figure 1-1. (left) A-, (middle) B-, and (right) Z- structures of double stranded DNA.

4

duplexes have A-form geometry. The 2’-OH in RNA ribose locks the ribose into a 3’endo chair formation that does not favor a B-helix.9
These predictable and well defined assemblies make DNA and RNA ideal and
increasingly popular building blocks for nano-biotehnological applications.9,10 By tailoring the
sequence of the Watson-Crick hydrogen bonds, more complex 1D, 2D, and 3D motifs can be
attained, such as branched junctions,11 polyhedra,12 and arrays13 (Figure 1-2). Such use of double
helical DNA began with Seeman’s construction of artificial branched DNA tiles, where four
rationally designed oligomeric nucleic acid strands self-assembled into an immobile four way
junction.14 The branched junction motif has provided the basis for DNA-constructed nanomaterials which are described as tile-based including bundles,15 nanotubes,15 2D lattice arrays,16
and 3D geometric shapes including cubes,17 tetrahedra,18 and buckyballs.19

1.2.1 Insertion of Metals into DNA

The incorporation of metals into DNA offers many advantages: these may be
useful for charge transport; redox sites for catalytic activity; as well as being able to
impart novel magnetic properties into these hybrid materials. In metallo-DNA mimics, a
“metallobase” pair is formed when an H-bonded Watson-Crick base pair is replaced by
metal-ligand interactions.20
Metals have been shown to coordinate to unmodified DNA as well as through the
insertion of artificial metal-binding ligands in the natural DNA sequence. The earliest
observed metal-binding to DNA was observed by the addition of Hg2+,21 and subsequent
studies over the past 60 years elucidated the ability of Hg2+ to form T-Hg-T intra- and
inter-strand crosslinks.22 For example, Ono et al. showed the reaction of a tri-
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Figure 1-2. DNA nanotechnology: (A) Size considerations in the design of DNA nanostructures
starting with the dimensions of a nucleobase, B-DNA, a t-junction, and a lattice array. (B) DNA
helix bundles,15 2D-arrays,16 and 3D objects.17-19 (Reprinted with permission from [23]. Copyright
2012 American Chemical Society.)
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oligonucleotide 5’-d(T3)-3’ which forms a duplex upon addition of Hg2+ ions (Figure 1-3,
A).22 The transition metal ions Zn2+, Co2+, and Ni2+ have also been shown to interact and
bind to unmodified DNA; the proposed model shows one imino proton of T and G
releases in solutions with pH > 8 for every bound divalent metal, producing a net positive
charge on the helix.24

1.2.2 Artificial Metallo-Base Pairs

Artificial ligandosides have been inserted into DNA sequences to construct nanomaterials combining the Watson-Crick hybridization properties of DNA nucleobases with
metal-ligand coordination complexes to develop mixed metal-oligonucleotide
architectures.
Tanaka and Shionoya were the first to report artificial nucleobases suitable for the
incorporation into DNA as artificial ligands. The o-phenylenediamine artificial nucleobase
coordinated to Pd2+;25 this initial ligand was modified from the diamine to 2-aminophenol26 and
catechol.27 The first successful incorporation of a metallo-base pair was reported by Meggers,
Romesberg, and Schultz, via the insertion of tridentate, planar pyridine-2,6-dicarboxylate (dipic)
and monodentate pyridine (py) into complementary positions of two oligonucleotide strands.28
Cu addition resulted in the formation of the copper base pair dipic-py with increased duplex
stabilization and resulted in a slightly distorted Cu2+ coordination as shown by x-ray
crystallography (Figure 1-4 A).
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Figure 1-3. Tri-oligonucleotide 5’-d(T3)-3’ which forms a duplex upon addition of Hg(II) ions.
(Reprinted with permission from [22i]. Copyright 2006 American Chemical Society.)
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Derivatives of the tridentate ligand explored by Schultz et al. included pyridine-2,6dicarboxamide (dipam) and 2,6-bis(ethylthiomethyl)pyridine (spy) which formed spy-Ag-spy as
well as spy-Ag-py metal-ligand interactions (Figure 1-4 B).29 Bidentate bipyridine (bpy)30 and
hydroxypyridone (hp)31 ligands have also been incorporated as metallo-base pairs into DNA and
both show a small increase in duplex stability when Cu2+ cross-links the ligands. Metal
coordination produced an increase in the Tm to 64 °C for bpy-Cu2+-bpy compared to 56.5 °C prior
to metal insertion; and for hp ligand the Tm increased by 13 °C upon metal coordination.

Multi-homometallic metallo-base pairs have also been incorporated into DNA. Five
hydroxypyridone ligands formed Cu2+ complexes in the center of the helix (Figure 1-4
C).32 A 14-bp oligonucleotide containing modified purine base pairs (purp) was designed
to create a bidentate ligand.33 The purp metallo-bases were crosslinked upon addition of
Ni2+ and produced the most thermally stable duplex compared to Co2+, Cu2+, Zn2+, Ag+,
Fe2+, Mn2+, Pd2+, and Eu3+. Carell, et al. formed the most stable metallo-base pair with
the insertion of the salen ligand (ΔTm= +32 °C) compared to the salen containing dsDNA
in the absence of metal (Tm= 35 ± 2 °C). The first component of the salen ligand,
ethylenediamine (en), reacted with the oppositely arranged salicylic aldehydes to
covalently crosslink the two salen ligands in complementary positions on the duplex
(Figure 1-4 D). Following the en cross-linkage, metal was added completing the metallo
base-pair. Multiple salen ligands have also been inserted into the DNA duplex and
addition of metal ion (Cu2+ and Mn2+) has been shown to bind cooperatively to 10 metal
ions in the 20-bp DNA duplex.34
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Figure 1-4. (A) Structure of the monomeric dipic-Cu2+-py complex: chemical scheme (left), Xray structure showing slightly distorted Cu2+ coordination with the natural bases stacked above
and below. (Reprinted with permission from [28]. Copyright 2006 American Chemical Society.)
(B) (top) Sulfur containing metal base-pairs dipam-Ag+-dipam and dipam-Ag+-py from the
Schultz group;29 (bottom) Shionoya’s pyridine-modified base can form Ag-DNA triplex structure.
(C) Hydoxypyridone base pairs forming a stack of 5 Cu2+ within the DNA duplex reported by
Shionoya.32 (D) The incorporation of the salen ligand (left) allows for the incorporation of
multiple sal-Cu2+-sal crosslinks as well as T-Hg2+-T complexes within the DNA duplex (right).36
(B-D reprinted with permission from [35]. Copyright 2007 Wiley and Sons.)
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Heterometallic metallo-base pairs have been incorporated into DNA by inserting
both bidentate hp and monodentate py on the same strands.36 Addition of tetracoordinate
Cu2+ formed the hp-Cu2+-hp coordination complex, while dicoordinate Hg2+ crosslinked
the pyridine ligands, forming py-Hg2+-py. In an alternative approach, salen ligands and
thymine were used to form sal-sal crosslinks with Cu2+ and T-T crosslinks with Hg2+
(Figure 1-4 D, right).

1.2.3 Metal Directed DNA Assemblies
Transition metals have been incorporated into DNA to create hybrid DNA-metal
nanostructures. The first description of a DNA junction was created by a transition metal
Ru(bpy)32+ linker (Fig 1-5a), which formed dimeric macrocycles branched at the metal junction.37
The bipyridine ligand was conjugated to two DNA arms. The addition of Ru2+ metal facilitated
the assembly of a complementary bpy which linked the two-arm DNA strands into the proper
orientation to form dimeric cyclic nanostructures. Subsequent assemblies were designed with 437c

or 6-37d DNA arms extending from the bpy functionality which assembled into high order

nanostructures with Ni2+ and Ru2+, respectively.
Modifications of the ends of a single strand of DNA with terpyridine (tpy) ligands have
been shown to control and drive assembly of triangular nanostructures upon addition of Fe2+.
Single strand heterodimers were first formed by addition of Fe2+. After subsequent purification
with gel electrophoresis, the target heterodimers were isolated and used to form a triangle
structure upon hybridization (Figure 1-5 B).38 Terpyridine (tpy) has also been incorporated into
both ends of DNA short sequences to create cyclic DNA structures by the addition of transition
metals (Fe2+, Zn2+, and Ni2+).39 Prior to metal insertion, the modified tpy-containing DNA strand
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Figure 1-5. (A) Ru complexes attached with symmetric DNA arms self assemble to form cyclic
structures. (Reprinted with permission from [37b]. Copyright 2004 Wiley and Sons.) (B)
Terpyridine junctions can controllably form DNA triangles with Fe2+.(Reprinted with permission
from [38]. Copyright 2005 American Chemical Society.) (C) Molecular switches to cyclize
dsDNA with Zn2+. (Reprinted with permission from [39]. Copyright 2005 American Chemical
Society.)
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hybridizes with its complement. Once metal is introduced, metal-coordination drives cycle
formation of the single strand DNA. Addition of a second equivalent of metal ion opens the cycle,
allowing for hybridization of the complementary strand (Figure 1-5C).
The ability of metal-ligand interactions to control organization of DNA based on the
coordination geometry of transition metal has been explored by the incorporation of three
different ligand environments into single strands of DNA. Using diphenylphenanthroline (dpp)
and terpyridine functionalized DNA, dpp-Cu+-dpp, dpp-Cu2+-tpy, and tpy-Fe2+-tpy complexes
were selectively formed, and mismatched ligand-metal pairs were shown to reorganize by
adjusting the oxidation state of the metal or displacement of relatively labile metal in favor of the
more stable complex (Figure 1-6 A).40 Applying the metal recognition properties of ligandmodified DNA structures, caged DNA-metal complexes have been reported akin to metal-organic
frameworks (MOFs) (Figure 1-6 B).41
Metals have also been incorporated into the backbone of DNA to produce a “G-wire”
displacing the G-quadruplexes. With bpy inserted to replace the thymines in the main chain of
d(G4T4G4), Ni2+ bound to bpy, unfolding the quadruplex and formed metal-crosslinks at the bpy
ligands of the respective DNA strands. Addition of EDTA reversed the “G-wire” back to the Gquadruplex, demonstrating the versatility and controllability of metal-modified DNA structures
(Figure 1-6 C).42

1.3 Backbone Analogs of DNA
Structural analogs of the phosphodiester backbone of DNA have been shown to interfere
with the processes of dsDNA including transcription, replication, and protein interactions, which
make these ideal targets for anti-gene therapies and genomics research. The three main backbone
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Figure 1-6. (A) Incorporation of diphenylphenanthroline (dpp) and terpyridine (tpy) into DNA
templates multiple metal centers can be selectively inserted as templates. (Reprinted with
permission from [40]. Copyright 2009 Wiley and Sons.) (B) Metal-DNA framework forming a
cage structure (Reprinted with permission from [41]. Copyright 2009 Nature Publishing.) (C) A
bipyridine modified DNA folds into a G-quadruplex, which binds Ni2+ to form a Gwire.(Reprinted with permission from [42]. Copyright 2007 American Chemical Society.)
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modifications include the incorporation of locked nucleic acids (LNA); glycol nucleic acids
(GNA); and peptide nucleic acids (PNA).

1.3.1 Locked Nucleic Acid (LNA)

Locked nucleic acids (LNAs) are a class of oligonucleotides designed to impact
the structure and stability of the oligonucleotides for applications in biotechnology and
antisense technologies. LNA is defined as an oligonucleotide comprising one or more 2’O,4’-C-methylene-β-D-ribofuranosyl nucleotide building blocks (Figure 1-7 A). The
designation of LNA is meant to depict that the bicyclic structures of the LNA nucleosides
locks the conformational flexibility of the ribose ring.43
The LNA analog was designed to afford N-type/RNA-like conformation to obtain
higher affinities for both RNA and DNA due to the increased stability of A-type helices.
LNA mimics containing partially or fully substituted LNA monomers have been shown
to strongly bind to DNA and RNA and increase the thermal stability of the duplex:44
inclusion of LNA monomers into DNA and RNA has been shown to raise the melting
temperature of the duplex by 2-10 °C per LNA (Figure 1-7 B,C) .45 LNA has also been
shown to discriminate against base mismatches by destabilizing the DNA/LNA duplex,
making the LNA platform an attractive target for optimization of oligonucleotides,
however the limitations of this backbone modification lie in the difficultly of the
synthesis.
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Figure 1-7. (A) Structures of LNA and α-L-LNA monomers. (B)Melting temperatures for
hybridization of LNA and DNA oligonucleotides to complementary RNA and DNA sequences.
LNA monomers are shown in red, DNA monomers in black, and RNA monomers in green. (C)
High-resolution NMR structures of LNA•RNA and α-L-LNA•DNA duplexes. The LNA
(LNA/DNA mix-mer)•RNA duplex at left adopts an A-conformation, whereas the α-L-LNA (αL-LNA/DNA mix-mer) •DNA duplex at right adopts a B-type conformation.44 (Reprinted with
permission from [44c]. Copyright 2004 American Chemical Society.)
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1.3.2 Glycol Nucleic Acid (GNA)

Glycol nucleic acid (GNA) is a simplified nucleic acid analog with acyclic
propylene glycol nucleosides that are connected by phosphodiester bonds and have been
shown to form stable duplexes in a Watson-Crick fashion.46 The backbone contains one
stereocenter yielding two stereoisomers (S)- and (R)-GNA which results in antiparallel
duplex formation following Watson-Crick base-pairing confirmed by X-ray
crystallography.46b GNA duplexes are more stable than analogous DNA duplexes,
resulting in an increase in Tm of 24 °C, however neither (S)- nor (R)- GNA form stable
duplexes with DNA. The high stability of GNA duplexes paired with its facile synthesis
make GNA an exciting scaffold for designing self-assembling materials.

1.3.3 Peptide Nucleic Acid (PNA)

Peptide nucleic acids (PNAs) are neutral, achiral DNA mimics that bind to
complementary DNA/RNA sequences with high affinity and sequence specificity.47 PNA
is comprised of a pseudopeptide backbone with repeating units of aminoethylglycine
(aeg) which can be synthesized via automated solid-phase synthesis using deprotection
methods and purification procedures developed for peptide syntheses.48 The PNA
structure is a hybrid between oligonucleotide and a protein resulting in an achiral,
acyclic, and charge neutral template which can form parallel or anti-parallel
homoduplexes via Watson-Crick base pairing.
Hybridization of PNA with either DNA or RNA has been shown to form duplexes
of PNA-DNA49 and PNA-RNA, 47b and triplex PNA-dsDNA50 and PNA-DNA-PNA
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(Figure 1-8).51 The lack of negatively charged phosphate groups on PNA affects the
electrostatic interactions of the hybridization resulting in duplex stabilities of PNA-PNA
> PNA-RNA > PNA-DNA > DNA-DNA.52 PNAs have been used in molecular
diagnostics as high affinity and selective probes for single-stranded DNA and RNA
which can be applied to novel gene therapy agents for specific targeting.53

1.3.4 Metals Incorporated Into DNA Backbone Analogs
Insertion of dipyridyl-functionalized 2’-amino locked nucleic acid (LNA) monomer into
complementary positions of a 9-bp DNA sequence allowed for increased stability upon
hybridization with its complement.54 Stoichiometric addition of metal (Ni2+, Cu2+, or Zn2+)
resulted in an increase in stabilization; however when excess metal was added, a decrease in
stabilization was observed.
Metal binding ligands have been incorporated into the GNA backbone and these
assembled into metal containing GNA-GNA duplexes. Two artificial base pairs previously
incorporated into DNA, hydroxypyridone (hp) and pyridopurine (purp), were previously
developed for metal-mediated base pairing in DNA33 and were incorporated into the middle of 8mer55a and 15-mer55b GNA duplexes. The initial 8-mer GNA strand contained a selfcomplementary base-pair pattern with two hp-ligands in the sequence (3’-CGHpATHCG-2’).
Cu2+-containing GNA duplexes have high stability (Tm= 78°C) with a pitch of 60Å and 16
residues per turn, as determined by X-ray crystallography. A series of transition metals (Cu2+,
Ni2+, Zn2+, Ag+, Co2+, Cd2+, Au3+, Pd2+) were added and significant stabilization was observed for
the H-Cu2+-H base pair (ΔTm= +33.2 °C) and purp-Ni2+-purp (ΔTm= 17.9 °C).55
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Figure 1-8. (A) Comparison of the PNA, DNA, and protein backbones and (B) crystal and
solution structures of duplexes of PNA with other nucleic acids. (Reprinted with permission from
[52]. Copyright 1996 Cambridge University Press.)
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Various transition metals have been incorporated into PNA via the substitution of the
metal-binding ligands bpy56 and hydroxyquinoline (hq)57 into the interior positions of the PNA.
Initial studies showed that two bipyridine ligands situated in complementary positions in the
middle of a 10 bp PNA sequence resulted in increased stability upon coordination of Ni2+ into the
duplex, compared to the unmetallated duplex modified with bipyridines. However, considering
that the incorporation of bipyridine destabilized the duplex (ΔTm= -16-19 °C), the stabilization by
M2+ is on the order of a Watson-Crick paired nucleobase. Incorporation of bpy at specific
locations and up to three adjacent bpy’s has been shown to impact the stability. When the metalbase pair was placed in the center of the duplex, the greatest amount of destabilization occurred
both prior to and after metal addition when compared to matched- natural nucleobases. When the
bpy ligand was inserted on the end of the sequence the stability was consistent with

complementary natural bases (Tm= 65 °C) and increased upon metal binding (ΔTm-= 1020 °C). Up to three adjacent bipyridines were per PNA strand were incorporated and
resulted in decreased stabilization with and without metals coordinated. Representations
of the geometry are shown in Figure 1-9.

1.4 Metal-Linked Artificial Oligopeptide
Natural and metal containing DNA, PNA, LNA, and GNA structures all rely on WatsonCrick base pairing as the main driver of assembly. A solely synthetic inorganic biomimetic
analog has been presented by Williams et al. by which metal binding ligands are appended to an
aminoethylglycine (aeg) backbone. Sequences of ligands appended from the aeg backbone can be
tethered together via solution phase peptide coupling chemistries to from oligopeptides which
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Figure 1-9. Cartoon representations of possible structures of metal-containing bipyridine-PNA
duplexes. The dark rods represent the PNA backbone, natural nucleobase are represented by the
dark plates and bipyridine by the light plates, M2+ ions are depicted as the silver spheres.
(Reprinted with permission from [56b]. Copyright 2006 American Chemical Society.)
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assemble into duplex structures via coordinative crosslinking. Molecular design is inspired by the
base-pairing motif in natural systems, however assembly proceeds based on metal coordinative
saturation and ligand denticity, not Watson-Crick base pairing. For example, in the presence of a
tetracoordinate metal, a bidentate ligand will form a [2 x 2] complex and a tridentate ligand will
be complementary to a monodentate ligand forming a [3 x 1] binding motif.59-62 The synthetic
versatility of the artificial oligopeptide technique allows for the self-assembly of multimetallic,
homo- and hetero-functional discrete structures which have potential applications in catalysis,
artificial photosynthesis, and molecular wires.
Monofunctional tripeptides consisting of three ligands, methyl-bipyridine58 or phenylterpyridine (φ-tpy),59 were the first reported ligand modified artificial oligopeptides. The addition
of Cu2+ and Fe2+ to the bpy-tripeptide created [Cu(bpy)2]2+ and [Fe(bpy)3]2+ crosslinks of the
strands (Figure 1-10, Left), respectively. Phenyl-terpyridine containing artificial oligopeptides
(n= 1-4) assembled into a duplex structure upon the addition of hexacoordinate Fe2+ and Co2+,
crosslinking the strands forming [3 x 3] crosslinks of [M(φ-tpy)2]2+ (Figure 1-10, Middle).
Three design strategies have been applied to eliminate the formation of geometric
isomers (i.e., parallel and antiparallel structures) have been developed: heterofunctional ligand
sequences,60 hairpin geometries,61 and palindromic synthetic routes.62 Heterofunctional structures
with two or more ligands have been used to encode molecular recognition and controllably form
antiparallel duplex structures. Dipeptides containing py-tpy and py- φ-tpy,60a as well as the
tripeptide sequence py-bpy-tpy (Figure 1-10, Right) formed duplex structures upon addition of
Cu2+.60b EPR studies of the Cu2+-crosslinked py-bpy-tpy tripeptide duplex revealed stronger CuCu coupling as compared to the Cu-linked dipeptides, suggesting that the metal centers are
located at distances suitable for metal-metal communication upon incorporation of the third
metal-ligand crosslink.
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Figure 1-10. (Left) Bipyridine containing artificial tripeptide crosslinks with (A) Cu 2+ and (B)
Fe2+ depicting the antiparallel and parallel geometric isomers possible upon metal coordination.
(Reprinted with permission from [58]. Copyright 2005 American Chemical Society.) (Middle)
Phenyl terpyridine containing oligopeptides of n=1-4 mers crosslinked by hexacoordinate Co2+
and Fe2+.(Reprinted with permission from [59b]. Copyright 2007 American Chemical Society.)
(Right) Heterofunctional py-bpy-tpy tripeptides crosslinked with Cu2+. (Reprinted with
permission from [60b]. Copyright 2011 American Chemical Society.)
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Inspired by RNA hairpin loops, [Ru(bpy)3]2+ has been substituted with aeg with tethered
metal-binding bpy ligands in complementary positions. Addition of tetracoordinate metals (Cu2+
and Zn2+) closed the “hairpin loop” forming heterometallic structures capable of energy and
electron transfer down the length of the complex.61 These structures capable of photo-induced
electron transfer have implications as biomimetics for artificial photosynthesis and catalysis.
The palindromic synthetic approach has been developed to create symmetric artificial
oligopeptides to eliminate isomer formation upon metal-crosslinking. Using a divergent synthetic
scheme, aeg ligand monomers are appended symmetrically to a central unit forming trifunctional
pseudopeptides in a one-pot synthesis. Homofunctional bpy and hq tripeptides have been shown
to form duplex structures upon the addition of Cu2+ and Zn2+, respectively, eliminating the
formation of geometric isomers.62
Chapter 2 details the novel palindromic synthetic approach developed herein. An
artificial tripeptide with three pendant bpy ligands on a symmetric backbone was designed and
used to make multimetallic assemblies. The tripeptide was synthesized by addition of ligandsubstituted aeg monomers to both ends of a bpy-substituted diacid. The tripeptide was treated
with Cu2+ acetate, tetrafluoroborate, and nitrate salts, and the chelation stoichiometry was
confirmed in spectrophotometric titrations. NMR spectroscopy, mass spectrometry, and analytical
HPLC separations together confirmed the identity and purity of the product, which was a
tripeptide duplex with three Cu2+ coordinative crosslinks. UV/Vis absorbance and EPR
spectroscopy were used to assess the geometry of the metal complexes and examine the effects of
coordinative anions on the coordinative geometry about the Cu centers. It was found that the
distorted square-planar geometry in the Cu duplex shifts to a tetrahedral geometry upon addition
of I- and that counteranions can be used to tune the interaction between metal complexes in
multimetallic assemblies.
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Expanding on the palindromic motif in Chapter 3, the synthesis of two complementary
heterofunctional artificial tripeptides which assemble into a heteroduplex upon the addition of
Cu2+ was presented. The tripeptides each contained three pendant pyridyl based ligands, with bpy
as the central unit and flanked by either two py or tpy ligands, respectively. The tripeptides are
designed such that three Cu2+ ions will form coordinative crosslinks by forming two
[Cu(tpy)(py)]2+ and one [Cu(bpy)2]2+ complexes, to give a heteroduplex structure. To accomplish
this, the tpy-bpy-tpy (tbt) tripeptide was first reacted with Cu2+ to give a Cu saturated single
strand [Cu3(tbt)]6+. This complex was then combined with a solution containing the
complementary py-bpy-py (pbp) tripeptide, to controllably produce the target heteroduplex. The
tripeptides and metal-linked duplex were characterized with NMR spectroscopy, mass
spectrometry, and analytical high performance liquid chromatography (HPLC).
Spectrophotometric titrations were used to determine the binding stoichiometry. Electron
paramagnetic resonance (EPR) spectroscopy, extinction coefficient analyses, and molecular
modeling were used to understand the behavior and structure of the [Cu3(tbt)]6+ single strand and
the [Cu3(tbt)(pbp)]6+ duplex. The heteroduplex provides a model system for exploring complex
binding equilibria in polyvalent structures and factors that govern self-assembly in inorganic
supramolecular species, and which will ultimately allow us to quantitatively study binding
selectivity.
Chapter 4 extended the work described in chapters 2 and 3, exploring the challenges
associated with the poly-pyridyl palindromic motif in the study of selectivity. Two additional
palindromic tripeptides were synthesized extending the palindromic library: py-tripeptide (ppp)
and bpy-py-bpy tripeptide (bpb). Spectrophotometric titrations were performed for the complex
mixture of pbp and tbt to explore the binding behavior of the complementary tripeptides. Further
studies were performed to determine the binding of mismatched tripeptide sequences (bbb, bpb,
and ppp) with the [Cu3(tbt)]6+ complex. Gel electrophoresis was investigated as a technique to
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separate and visually map mismatch versus duplex formation of artificial oligopeptide metallinked structures.
Molecules capable of orienting metal centers at close distances upon external stimuli
(photons, chemical stimuli, redox control, etc.) have implications in molecular electronics and
catalysis. In Chapter 5, an azobenzene (azo) diacid-chloride central unit and aeg decorated with
pendant bpy ligands were attached to both termini, forming OtBu-aeg(bpy)-4,4’bisazobenzeneamide-aeg(bpy)-OtBu (b(azo)b). Irradiation of the molecule at 330 nm, the π-π*
transition of the transazo , promoted isomerization to the cis-conformation. Subsequent irradiation
at the n-π* transition of the cisazo (450 nm) isomerized the molecule back to the transconformation. The molecular geometric flip was monitored via UV/Vis spectroscopy. Addition of
a tetracoordinate metal (Cu2+ and Zn2+) was shown to form a 1:1 stoichiometric complex with a
M2+ binding to the pendant bpy ligands which was monitored via spectrophotometric titrations,
NMR, MS, and EPR spectroscopy. The metal-containing b(azo)b complexes reversibly
isomerized from cis- to trans- with external stimuli and we have concluded that the isomerization
to the cis- conformation allows the bpy ligands to crosslink in the presence of M2+, forming a
metal-bis-bipyridine complex [M(bpy)2]2+. Upon irradiation with visible light, isomerization was
observed and we hypothesize this occurs as the hairpin-like configuration unfolds exposing a
[M(bpy)]2+ complex.
Chapter 6 expanded the azo-containing compounds to four bipyridine units hinged by an
azobenzene central linker, OtBu-[aeg(bpy)]2-4,4’-bisazobenzeneamide-[aeg(bpy)]2-OtBu
(bb(azo)bb). Spectrophotometric titrations displayed a 2:1 binding stoichiometry of Cu2+ to
bb(azo)bb, consistent with the data presented in Chapter 5. Based on the observed
photoswitching of both metallated b(azo)b and bb(azo)bb, we would expect a less labile, inert
metal, such as Pt2+ to exhibit slower isomerization kinetics when compared to the labile metal
centers. Future studies move to deepen our understanding and application of the functional
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properties of these novel materials, specifically in the areas of bioinspired catalyst design and
artificial metalloenzymes

1.5 Conclusions
Nature has an elegant framework for self-assembly through molecular recognition.
Modifications of sequence and length of natural DNA allows for the formation of complex
nanomaterials based on nucleic acids. Further synthetic modifications of DNA has allowed for the
incorporation of artificial base pairs which can tune the stability and binding affinity for both
natural and synthetic backbone analog nucleotides. Completely inorganic artificial oligopeptides
have been designed which show great promise for metal-directed assembly for applications in
artificial photosynthesis, molecular wires, and catalysis.
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Chapter 2
Anion Effects in Cu-Crosslinked Palindromic Artificial Tripeptides with
Pendant Bpy Ligands

2.1 Introduction
Inorganic biomimetic structures have been designed by using biological macromolecules
for inspiration.1 Inorganic analogs have the potential for encoding tunable magnetic, electronic,
chemical, and physical properties and extending these beyond the capabilities of natural systems.
To create large, functional architectures, directed self-assembly is a particularly attractive and
viable route. Nature employs molecular recognition of a finite number of discrete, modular units
in the form of amino acids and nucleobases, which encode structure and function in a bottom-up
manner for all biological processes. We aim to develop structural and functional inorganic
analogs of deoxyribonucleic acid (DNA), which use metals to crosslink artificial oligopeptides
and assemble into multimetallic architectures for functional materials.
Our group has employed an aminoethylglycine backbone with pendant heterocyclic
ligands that bind metal ions to create single-stranded,2 duplex,3 and hairpin structures.4 By using
solely chelating ligands, our systems assemble via metal-coordinative bonds rather than
hydrogen-bonding or π-π interactions of nucleic acid-base pairs. Molecular recognition between
oligopeptide strands is based on metal coordinative saturation: in the presence of tetracoordinate
metal, the complementarity of artificial bases will follow a bidentate-bidentate [2 x 2] or
tridentate-monodentate [3 x 1] pattern, analogous to that in adenine-thymine [A-T] and guaninecytosine [G-C] base pairs in DNA. Our initial work implemented solid-phase peptide synthesis to
create oligopeptide strands with N and C termini.2a-b, 3a To eliminate the formation of parallel and
antiparallel isomer duplexes and to control the alignment of the strands in metal-linked
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oligopeptide duplexes, we developed a synthetic strategy to prepare symmetric peptides. 5 The
palindromic motif eliminates the formation of parallel and antiparallel isomers, which are
possible as a result of alternating termini (Figure 2-1).
In this study, the palindromic motif has been utilized to form metal-linked duplexes after
the synthesis and characterization of the bpy-tripeptide. We then use these as model systems to
study the role and impact of the counteranion on the geometries of the metal complex crosslinks,
since this is an important factor that impacts the interactions between metal complexes within
multimetallic assemblies.

2.2 Experimental

2.2.1 Chemicals.
The syntheses of 4’-methyl-2,2’-bipyridine-4-acetic acid, 6 tert-butyl N-[2-(N-9fluorenylmethoxycarbonyl)amino-ethyl]glycinate hydrochloride (Fmoc-aeg-OtBu•HCl), 7 and
tert-butyl {N-[2-(N-9-fluorenylmethoxycarbonylamino)ethyl]-N-[2-(4’-methyl-2,2’bipyridyl)acetyl]amino}acetate [Fmoc-aeg(Bpy)-OtBu]4b (1) were performed as reported. Nhydroxybenzotriazole (HOBT) and 1-ethyl-3-(N-dimethylaminopropyl)carbodiimide
hydrochloride (EDC) were purchased from Advanced ChemTech. O-Benzotriazole-N,N,N’,N’tetramethyluronium hexafluorophosphate (HBTU) was purchased from NovaBiochem. All
solvents were used as received without further purification unless otherwise noted.
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Figure 2-1. (A) Schematic of a metal-induced duplex formation of a monofunctional, selfcomplementary tripeptide with N and C termini. (B) Schematic of metal coordination induced
parallel duplex formation with palindromic tripeptides.

36
2.2.2 Synthesis

2.2.2.1 Synthesis of Diethyl Iminodiacetate (ida)
By using a modified literature method,8 iminodiacetic acid (10.33 g, 77.7 mmol) was
added to hydrochloric acid (100 mL of 2.5 M ethanol). This solution was heated at reflux for 24 h
and then allowed to cool to room temperature. Water (ca. 200 mL) was added, and the solution
was neutralized with sodium hydrogen carbonate. The solution was extracted with
dichloromethane (3 x 75 mL), and the combined organic solutions were dried with sodium
sulfate. The solvent was removed under vacuum to yield 3.62 g of colorless oil (38.4%). MS
(ESI+): [M+H]+ calc.190.1; found 190.3. 1H NMR (400 MHz, CDCl3): δ = 1.13 (t, J = 7 Hz, 6
H), 2.10 (s, 1 H), 3.35 (s, 4 H), 4.10 (q, J= 7 Hz, 4 H) ppm (Figure 2-2).

2.2.2.2 Synthesis of Ethyl[N-2-(4’-Methyl-2,2’-bipyridyl)acetyl]iminodiacetate (EtO-Bpy-OEt)
(2)
HBTU (5.29 g, 14.0 mmol), 4’-methyl-2,2’-bipyridine-4-acetic acid (3.40 g, 14.0 mmol),
and HOBT (1.89 g, 14.0 mmol) were added to dry dichloromethane (150 mL) stirred in an ice
bath. The suspension was stirred for 15 min, DIPEA (4.6 mL, 27.9 mmol) was added, and the
yellow solution was stirred for an additional 45 min. To this was added diethyl iminodiacetate
(1.32 g, 7.0 mmol) in dry dichloromethane (50 mL), and the solution was allowed to reach room
temperature. After stirring for 24 h, the solvent was removed under vacuum, and the product was
isolated and purified by silica column chromatography with a mobile phase of methanol (5%) in
dichloromethane. Like fractions were combined, and the solvent was evaporated to yield 1.29 g
of yellow oil (46.3%). MS (ESI+): [M + H]+ calcd. 400.4; found 400.5 1H NMR (400 MHz,
CDCl3): δ = 1.2 (m, 6 H), 2.10 (s, 1 H), 2.40 (s, 3 H), 3.45 (s, 4 H), 3.7-3.8 (s, 2 H), 4.15 (m, 4
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Figure 2-2. 400 MHz 1H NMR spectra of (1) diethyl iminodiacetate and (2) EtO-Bpy-EtO in
CDCl3.

38
Hewlett-Packard), 8.60-7.18 (d, J = 64 Hz, 2 H), 7.89-8.16 (d, J = 36 Hz, 2 H), 8.3-8.5 (d, J= 41
Hz, 2 H) ppm. (Figure 2-1).

2.2.2.3 Synthesis of ethyl [N-2-(4’-methyl-2,2’-bipyridyl)acetyl]iminodiacetic Acid (2d)
According to an adapted synthesis,9 compound 2 (1.29 g, 3.2 mmol) was dissolved in
tetrahydrofuran (13 mL), and sodium hydroxide (8 mL, 2M) was added dropwise and allowed to
stir overnight. Water (25 mL) was added and extracted with dichloromethane (2 x 50 mL). The
aqueous layer was retained and cooled by stirring over ice. The pH was lowered to 7 with HCl (2
M), and the solvent was removed under vacuum to yield 1.05 g of bright yellow solid (94.7 %).
MS (ESI+) [M + H]+ calcd. 344.3, found 344.2. 1H NMR (400 MHz, MeOD) δ = 2.5 (s, 3 H), 3.27
(s, 4 H), 3.86 (s, 2 H), 7.19-7.47 (dd, J=4 Hz, J= 69 Hz, 2 H), 7.94-8.26 (d, J= 43 Hz, 2 H), 8.38.75 (dd, J= 25, J= 5 Hz, 2 H) ppm (Figure 2-3).

2.2.2.4 Synthesis of OtBu{N-[2-Aminoethyl]-N-[2-(4’-methyl-2,2’-bipyridyl)acetyl]-amino}
Acetate (1d)
This synthesis was adapted from a published procedure.10 To 1 (2.64 g, 4.4 mmol) was
added drop wise piperidine (140 mL, 20%) in acetonitrile. The solution was stirred for 30 min
and extracted with hexanes (3 x 75 mL). The acetonitrile layer was reduced under vacuum to
yield 1.65 g of yellow oil (98.6 %). MS (ESI+) [M + H]+ calcd. 385.5; found 385.2. 1H NMR (400
MHz, CDCl3): δ = 1.33 (s, 9 H), 2.33 (s, 3 H), 2.70 (t, J= 5 Hz, 2 H), 3.10-3.35 (q, J= 8 Hz, 2 H),
3.6 (m, 2H), 6.85 (t, J= 5 Hz, 1 H), 7.0-7.22 (dd, J= 5, J= 61 Hz, 2 H), 8.04-8.19 (d, J= 34 Hz, 2
H), 8.36-8.52 (dd, J= 5, J= 35 Hz, 2 H) ppm (Figure 2-3).
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Figure 2-3. 400 MHz 1H NMR spectra of (A) bpy tripeptide (3) in CDCl3; (B) deprotected
central monomer (2d) in CDCl3; and deprotected outside bpy monomer (1d) in MeOD and (C).
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2.2.2.5 Synthesis of OtBu-aeg(bpy)-ida(bpy)-aeg(bpy)-OtBu (3, bbb)
In an ice bath, 2d (0.50 g, 1.5 mmol), EDC (0.70 g, 3.7 mmol), and HOBt (0.5 g, 3.7
mmol) were added to dry dichloromethane (75 mL). The suspension was stirred for 15 min and
DIPEA (1.5 mL, 8.9 mmol) was added. The yellow solution was allowed to stir for an additional
90 min and 1d (2.2 g, 5.7 mmol) was added. The solution was allowed to react for four days, and
the volume was then reduced under vacuum. The product was purified by column
chromatography using a 10% methanol/90% dichloromethane mobile phase. Like fractions were
combined to yield 0.85 g of yellow foam (54.1%) HRMS (ESI+): [M+H]+ calcd. 1076.5358;
found 1076.5358. C59H69N11O9•CH3OH•CH2Cl2: calcd. C 61.69, H 6.39, N 12.93; found C 61.43,
H 6.36, N 12.92. NMR Data: Figures 2-3, HMQC Figure 2-4, HMBC Figure 2-5, COSY Figure
2-6, Table 2-1.

2.2.2.6 Synthesis of Cu3[3]2(BF4)6 and Cu3[3]2(PF6)6
In a 50 mL round-bottom flask, 3 (141 mg, 0.13 mmol) and copper(II) nitrate
hexahydrate (45.9 mg, 0.19 mmol) were added to methanol (ca. 10 mL) and heated at reflux
overnight. To produce the BF4 salt, the solution was cooled to room temperature, and the solvent
was evaporated under vacuum. The remaining mixture was re-dissolved in a 1:4 mixture of
methanol/water, and a saturated aqueous solution of ammonium tetrafluoroborate was slowly
added. The product was filtered and washed with methanol and diethyl ether. The olive-green
powder was dried under vacuum overnight to yield 75.6 mg (20.1%). 1H NMR (400 MHz,
CD3CN): δ= 4.67-2.57 (br. m, 44 H), 1.47-1.23 (br. s, 36 H) ppm (Figure 2-7). MS (ESI+)
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Figure 2-4. Two-dimensional C,H-correlated spectrum of 3 in CD3OD: (Top) expansion
of the aliphatic region and (bottom) full spectrum, recorded by the HMQC method. The
one-dimensional 400 MHz 1H NMR spectrum is shown on the top axes and the 300 MHz
13
C NMR spectrum is shown on the left-hand y axes.
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Figure 2-5. Two-dimensional C,H-correlation spectrum of 3 in CD3OD, recorded by the
HMBC method. The one-dimensional 400 MHz 1H spectrum is shown at the top edge
and the 300 MHz 13C spectrum is shown at the left-hand edge.

43

Figure 2-6. 400 MHz COSY spectrum of 3 in CD3OD. The one-dimensional 1H
spectrum is shown at the top and on the left.
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Table 2-1 1H/13C Chemical Shifts for Tripeptide 3.
1

H/ppm

Ch1/13
Ch2/12
Ch3/11
Ch7
Ch4/10
Ch5/9
Ch6/8
Ch14/20
Ch15/19
Ch16/18
Ch17
Ch21/22
EB1
EB2
EB3
CB1
CB2
CB3
B4
B5
B6
B7

1.43
4.28
3.94
3.67
3.32, 3.43
3.43, 3.53
4.03

8.51
8.12
7.28
8.58
8.22
7.41

2.46

13

C/ppm

25.82
49.42
37.55
40.72
46.90, 47.10
36.18, 37.64
47.57
170.74
167.81
169.99
167.81
80.86
147.63
121.19
123.77
154.35
121.11
123.54
154.35
147.93
145.12
18.74
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{[Cu3(3)2](BF4)4-CH3CN}+4 calcd. 628.9; found 631.0; {[Cu3(3)2](BF4)2-CH3CN}+2 calcd. 1357.9,
found 1359.4.
To produce the PF6 salt, a saturated solution of ammonium hexafluorophosphate was
added to precipitate the copper duplex, and the product was isolated and purified as before. For
{[Cu3(3)2](PF6)4}2+ calcd. 1461.4, found 1461.2; For {[Cu3(3)2](PF6)3}3+ calcd. 925.9, found.
925.6; {[Cu3(3)2](PF6)2}4+ calcd 658.2, found. 658.2; {[Cu3(3)2](PF6)5}+ calcd. 497.6, found
497.6. 1H NMR (400 MHz, CD3CN): δ = 4.74-2.43 (br. m, 44 H), 1.54-1.31 (br. s, 36 H) ppm
(Figure 2-7).

2.2.2.7 Synthesis of Cu3[3]2(CH3CO2)6
In a 50 mL round-bottom flask, compound 3 (126 mg, 0.117 mmol) and copper(II)
acetate (34.3 mg, 0.176 mmol) were stirred in methanol overnight. The solution was
recrystallized from methanol and diethyl ether, washed with H2O, collected, and dried overnight
to yield an emerald green powder, yield 151 mg (47.8%). 1H NMR (400 MHz, CD3CN) δ = 4.742.43 (br. m, 44 H), 1.54-1.31 (br. s, 36 H) ppm (Figure 2-7).

2.3 Methods
UV/Vis absorbance spectra were obtained with the double-beam spectrophotometer
(Varian, Cary 500) with a 1-cm quartz cuvette. The salt titrations were performed with a
Molecular Devices SpectraMax M2 microplate reader. Mass spectrometric analysis was
performed with a Waters LCT Premier time-of-flight (TOF) mass spectrometer. Samples
containing Cu2+ were introduced into the mass spectrometer by using direct infusion. The mass
spectrometer was scanned from m/z = 100-2500 in the positive-ion mode, with electrospray
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Figure 2-7. 1H NMR (400 MHz) spectrum of (A) [Cu332](BF4)6; (B) [Cu332](CH3CO2)6 ;
(C)[Cu332](PF6)6 in CD3CN at room temperature.
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ionization (ESI). The drying gas temperature was set to 80 °C, and the capillary voltage was 2200
V. X-band electron paramagnetic resonance (EPR) spectra were acquired with a 9.5 GHz Bruker
ESP-300 spectrometer with a liquid He cryostat at 12.9 K with 5 mW power and 10.2 G
modulation amplitude. 1H, 13C, HMQC, HMBC, and COSY NMR spectra were collected with a
400 MHz spectrophotometer (Bruker).

2.4 Results and Discussion

2.4.1 Synthesis and Characterization of Artificial Tripeptides
Our group has previously reported the synthesis of ligand-substituted artificial
oligopeptides by solution-phase techniques, which sequentially add monomers to the growing
chain terminius.3b In this paper, we present the synthesis and characterization of a new symmetric
bipyridine tripeptide by using a strategy akin to divergent dendrimer synthesis.11 Our initial report
employed a 9-fluorenylmethoxycarbonyl (Fmoc) protecting group; however, the product and
metal complexes had limited solubility.3b To increase solubility and overall yield, we have
instead used the approach shown in Scheme 2-1, in which a bpy-substituted iminodiacetic acid
(ida) backbone protected with ethyl esters (compound 2) is used as the central unit. Following
ethyl ester deprotection of 2, the terminal acids of 2d were reacted with two Fmoc-deprotected
H2N-bpy(aeg)-OtBu monomers 1d under standard coupling techniques to yield tripeptide 3 in a
facile one-pot synthesis. In contrast to the ligand-substituted artificial oligopeptides we have
previously made,2,3 tripeptide 3 is prepared by this route from monomers in a single step in
54.1% yield, a significant increase in comparison with our previously reported solid phase
peptide synthesis (24.8 %)2a and our first solution-phase tripeptide (1.19 %).3b
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Scheme 2-1. Artificial tripeptide 3 synthesis. i. 20% piperidine in ACN, 30 min; ii. NaOH in THF
overnight, 0°C; reduce to pH to 1; iii. 2 mol 1d: 1 mol 2d with EDC, HOBt, DIPEA.
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2.4.2 Synthesis and Characterization of Duplexes
Bulk-scale preparations of the Cu-containing peptide complex were performed by
reacting three molar equivalents of copper(II) nitrate with two molar equivalents of the tripeptide,
and the product was isolated by precipitation with sodium tetrafluoroborate or ammonium
hexafluorophosphate. Alternatively, the product of the reaction with copper(II) acetate was
isolated by concentration under reduced pressure, followed by recrystallization from methanol
and diethyl ether. The purity was confirmed using 1H NMR spectroscopy (Figure 2-7). Although
bound Cu2+ ions induce a paramagnetic shift of the ligand proton resonances, integration of
aliphatic peaks and comparison to the amide proton peak resonances confirms that all of the
tripeptide in solution has bound Cu2+ metal ions. HPLC was further used to assess the purity of
the Cu-containing products. As we have done previously,12 the analytical chromatograms of these
complexes and of the unmetallated tripeptide were obtained using a mobile phase of 85:15
acetonitrile with 0.1% TFA and water. The elution time of the duplexes increases with molecular
weight of the counteranion: PF6 (146 g/mol) > BF4 (86 g/mol) > CH3CO2 (59 g/mol), suggesting
these are tightly associated with the metallated oligopeptide structures. Vapor pressure
osmometry experiments provide molecular weights that are equivalent to product species with
two tripeptide strands with three bound Cu2+ ions, with some experimental variance that arises
from residual solvent present in the Cu complexes. Together, the NMR spectra, HPLC, and vapor
pressure osmometry data confirm that the predominant product of the reaction of tripeptide 3 with
Cu2+ under these conditions is [Cu332]6+.
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High-resolution electrospray mass spectrometry was used to identify the product of the
reaction and compare its observed and calculated isotopic splitting patterns. For example, in
Figure 2-8, multiple molecular ion peaks of the PF6 salt of [Cu332]x are observed and correspond
to species with charge x equal to +2 to +5. Rather than differences in the oxidation state of the
metal ions, these molecular ions differ in charge because of the number of anions associated with
the +6-charged molecular ion in the gas phase. Comparisons of these molecular ion peaks with
those in theoretical spectra confirm the identity of the species {[Cu3(3)2](PF6)4}2+,
{[Cu3(3)2](PF6)3}3+, {[Cu3(3)2](PF6)2}4+, and {[Cu3(3)2](PF6)5}+ (Figure 2-8). Analogously,
multiple molecular ion peaks are observed for the BF4 salt of the [Cu3(3)2]6+ complex. However,
despite exhaustive efforts we have been unable to observe molecular ion peaks for the analogous
acetate complex, which may be due to differences in the charge of this complex.

2.4.3 Spectrophotometric Titrations
Our molecular design was based on the hypothesis that Cu2+ ions would form
coordinative crosslinks between the pendant ligands on the tripeptides. To further investigate the
stoichiometry of the reaction, the reaction of tripeptide 3 with each of the Cu2+ salts was
monitored during spectrophotometric titrations. Figure 2-9 contains representative difference
spectra in the UV and visible regions as Cu(BF4)2 is incrementally added to a solution containing
the tripeptide. In Figure 2-9A, addition of metal ion causes a shift in the wavelength of the peak
absorbance at 670 to 722 nm, which is attributed to the d-d transition of [Cu(bpy)2]2+.13 The
titration curve in Figure 2-9B is a plot of the change in absorbance at 718 nm, which increases
and levels off at a stoichiometric Cu/peptide ratio of 1.5:1 or 3:2. This stoichiometry is consistent
with the molecular ions observed in the gas phase mass spectrometry experiments. At this point
the extinction coefficient of the species formed is calculated to be 100 M-1cm-1 at 718 nm, which
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Figure 2-8. Molecular ion peaks observed by positive ion electrospray mass
spectrometry, plotted together with the calculated mass (above) and isotopic splitting
patterns (below) for (A) [Cu332PF6]5+; (B) [Cu332 (PF6)2]4+; (C) [Cu332 (PF6)3]3+; and
(D) [Cu332 (PF6)4]2+.
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Figure 2-9. Spectrophotometric titration of the reaction of Cu2+ with the tripeptide (3) in
spectroscopic grade methanol: (A) 15 mM Cu(BF4)2 titrated in 50 µL increments into 3.16 mM
tripeptide 3. (B) Plot of the change in the absorbance at 712 nm versus molar ratio of added Cu 2+
to peptide for Cu(BF4)2 titration monitored at 718 nm (●) and Cu(CH3CO2)2 titration monitored at
920 nm (○). (C) Difference spectra acquired during the spectrophotometric titration of the
reaction of Cu2+ with 2.5 mL of 14.5 µM tripeptide 3 in methanol. Cu2+ is added in 50 µL
increments of 100 µM of Cu(BF4)2. (D) Plots are of the change in the absorbance as a function of
the relative molar ratio of added Cu2+ to 3; Cu(BF4)2 titration monitored at ● 310 nm and ● 277
nm. Cu(CH3CO2)2 titration monitored at  310 and  277 nm.
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is consistent with the value for [Cu(bpy)2]2+.14 Alternatively, titration of the tripeptide with
Cu(CH3CO2)2 (Figure 2-9B) is monitored at 920 nm and similarly contains an inflection at
Cu/peptide ≈ 1.5:1. The extinction at this point is 60 M-1cm-1 at 920 nm; the differences in
extinction of the acetate and tetrafluoroborate complexes are consistent with known differences
for [Cu(bpy)2](BF4)2 at 660 nm and [Cu(bpy)2](CH3CO2)2 at 925 nm.13 b
In contrast to the visible absorbance spectra, four isosbestic points are observed in the
UV difference spectra in Figure 2-9C. These are the result of a drastic red shift in the π-π*
transition for the bpy ligand from 278 to 302 nm upon metal ion binding,15 as well as a slight
increase followed by a decrease in intensity of the peak at 357 and 394 nm, which we
hypothesize is due to charge transfer between the bipyridine ligands.16 Titration curves (Figure 29D) at 274 and 310 nm each contain a stoichiometric point at Cu2+ tripeptide of 1.5:1, again
consistent with the formation of a trimetallic species with three [Cu(bpy)2]2+ complexes forming
crosslinks between two tripeptide strands, similar to the titration curve at 712 nm. At the
equivalence point, the extinction coefficients at 310 nm are approximately 23.0 and 15.0 x 103 M1

cm-1 for the CH3CO2 and BF4 titrations, respectively, which compare favorably with the values

measured for both duplex structures and literature reports for [Cu(bpy)2]2+ at 310 nm.15 a

2.4.4 Role of the Counteranion
The coordination geometry of [Cu(bpy)2]2+ has been shown in the literature to be
impacted by the counteranions.13,17 For example, [Cu(bpy)2](BF4)2 is known to have either a
distorted tetrahedral geometry, where BF4 does not interact with the Cu center,17 or an elongated
rhombic octahedral one, in which the BF4- anions are loosely coordinated in the axial
positions.13,18 The [Cu(bpy)2(NO3)]+ stereochemistry has been classified as cis-distorted
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octahedral,19 and [Cu(bpy)2]I2 is known to adopt a distorted trigonal bipyramidal geometry.20
Although it is known that anion effects alone cannot dictate the geometry around the Cu center21
and that steric effects can play a strong role, it is clear from the anion-dependent geometries of
these small molecule analogs that this may have an impact in our trimetallic structures. We
therefore investigated the role of the counterion on the Cu coordination geometry by monitoring
changes in the electronic absorbance spectra at the d-d Cu transition and the electron
paramagnetic resonance (EPR) spectra, since these could be used to tune structure and electronic
communication in the Cu-linked tripeptide duplexes.
To rapidly assay for impacts of the anion on the visible absorbance in this region,
titrations with a series of sodium salts (I-, Br-, Cl-, NO3-, CH3CO2-, and BF4-) were performed in a
96-well plate and measured by using a microplate reader. Spectral changes of the d-d transition of
the Cu2+ centers for the [Cu3(3)2]6+ are compared to what is known for the small molecule
[Cu(bpy)2]2+ analogs; for example, changes in absorbance at 770 nm were chosen for BF4 and 680
nm for CH3CO2 salts of the Cu complex, because of the significant spectral increase and slight
redshift in the λmax at the d-d transition region upon addition of NaI. Figure 2-10 compares the
change in absorbance per molar equivalent of added salt for each of the series of sodium salts.
These data reveal that the most extensive spectral shifts occur upon addition of NaI, which causes
increased extinction and a redshift of the peak absorbance for both CH3CO2 and BF4 complexes.
The increase in absorbance levels off at a NaI/ [Cu3(3)2]6+ ratio of approximately 6:1, suggesting
that six I- anions associate to the duplex, presumable in the Cu2+ axial positions by displacement
of more weakly associated anions, thereby affecting the coordination environment. Increased
extinction in the electronic absorbance spectra further suggests a distortion of the square-planar
coordination geometry. Table 2-2 summarizes the spectral change caused by the addition of salt
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Figure 2-10. Change in visible absorbance of solutions containing (top) 0.53 M [Cu332](BF4)6 or
(bottom) 0.52 M [Cu332](CH3CO2)6 duplexes as a function of increasing mol of salt, as indicated,
in spectroscopic grade methanol.
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Table 2-2 Absorbance data for salt titrated into [Cu332](BF4)6 (0.53 mM) and [Cu332](OAc)6
(0.52 mM) recorded in air at room temperature in spectroscopic grade MeOH for 10 mM of salt
added.
[Cu332](BF4)6
Added Salt

max
(nm)a

[Cu332]( CH3CO2)6

(M
cm-1)b

-1

715

max
(nm)a

(M-1
cm-1)b

680

NaI

770

259

761

101

NaBr

745

76

741

48

NaCl

738

45

710

35

Na(CH3CO2)

703

14

680

24

NaNO3

715

27

680

25

NaBF4

715

30

680

25
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to each Cu tripeptide complex. The degree of spectral shifts and changes in extinction are
indicative of the affinity for the Cu complexes and changes in the molecular geometry.
Redshift and intensity enhancement of the d-d bands are recognized indicators of the
transformation from square planar to tetrahedral stereochemistry, since the symmetry of the
ligand field is decreased allowing for easier d-d transitions as electric dipole transitions.22 The
electronic absorption spectral changes predict that the intensity of a d-d transition will increase as
the symmetry of the ligand field decreases. Since the d-d transition is favored as electric dipole
transitions, I- has the largest spectral impact followed by Br-. Whereas addition of CH3CO2- to the
[Cu3(3)2](BF4)6 complex induces spectral shifts, the opposite is not true. Using the data in Figure
2-10 and Table 2-2, we can compare the degree of spectral shift and change in absorbance; it
appears that the trend in the extent of anion association with the trimetallic duplex is I- > Br- >
CH3CO2- >Cl- ≈NO3- ≈ BF4-.
The observed influences of the counteranion in the absorbance spectra led us to
characterize the molecular geometries with use of EPR spectroscopy. Figure 2-11 contains the
EPR spectra of solutions containing [Cu(3)2](BF4)6 and [Cu(3)2]( CH3CO2)6; analysis of these
provides the g tensor values and hyperfine couplings listed in Table 2-3. The tensor values in the
range g∥ > 2.1> g⊥ > 2.0 and hyperfine coupling constant A∥ > 130 (cm-1/10-4) suggest that the
Cu2+ geometry is tetragonal.23 The g∥/A∥ quotient value of 135 cm for [Cu(3)2](BF4)6 is at the
upper limit of the range assigned to square planar geometry, suggesting a distortion toward
tetrahedral geometry.24 Values of the g tensor for [Cu(3)2](CH3CO2)6 are also in the range g∥ >
2.1> g⊥ > 2.0, suggesting a tetragonal coordination sphere; however, the lack of hyperfine
interaction for the [Cu(3)2( CH3CO2)6 duplex indicates that the metal centers are at a distance
greater than 6Å.25 At this distance, it is unlikely that acetate bridges the Cu centers.26
Since the addition of NaI caused the most dramatic changes in the electronic absorbance
spectra, we examined the EPR spectra of the complexes with six molar equivalents of added NaI.
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Figure 2-11. EPR spectra of 0.53 mM [Cu332](BF4)6 (solid black line) along with the same
solution containing 6 molar equivalents of NaI (dashed red line). The inset contains the EPR
spectra of 0.52 mM [Cu332](CH3CO2)6 (solid black) in methanol together with this solution
containing 6 molar equivalents of NaI (dashed blue).
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Table 2-3 Measured g tensor and hyperfine coupling constants from EPR spectra.
Complex

g||

g

A||
-4

(10 , cm-1)
[Cu332](BF4)6

2.183

2.098

161

[Cu332](BF4)6 + 6 NaI

2.198

2.094

182

[Cu332](CH3CO2)6

2.228

2.124

[Cu332](CH3CO2)6 + 6 NaI

2.203

2.107
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In Figure 2-11 (dashed lines), added NaI results in increases in g∥, g⊥, and A∥. The g∥/A∥ value
(120 cm) for [Cu(3)2](BF4)6 with NaI suggests that the soft anion I- associates with Cu in the
axial positions. The lack of hyperfine interactions for [Cu(3)2](CH3CO2)6 with NaI suggests that
the addition of I- prevents nuclear interactions of the Cu centers and deforms these toward
distorted-tetrahedral geometry.27 Insertion of anions in the trimetallic structure and distortion of
geometry is likely to cause an increase in the metal-metal distances. Because the aeg backbone is
flexible, the tripeptide is able to accommodate the I- anions. However, the dynamic motions of the
molecules have also made crystallographic-quality crystals elusive, so that in our ongoing efforts
we use the high-energy beam of the synchrotron to determine the metal-metal distances in
solution.

2.5 Conclusions
Using the symmetric bipyridine tripeptide as a platform we have investigated the
formation of [Cu(bpy)2]2+ crosslinked tripeptide duplexes and the role of the counteranion on the
resulting trimetallic structure. We find that associate with anions in the axial positions has
observable impact on the absorbance and EPR spectra, which is indicative of impacts on the
complex geometry. Because coupling between adjacent metal ions is important for electron
transfers in the structures and for long range photoinduced charge separation in chromophorelinked assemblies and molecular materials,4a,c theses studies reveal the important and flexible role
that axial ligation can play in tuning the functionality of multimetallic structures.
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Chapter 3
Recognition and Self-Assembly of Cu-Linked Artificial Tripeptide
Heteroduplexes

3.1 Introduction
In nature, arrays of biomolecules assemble into complex structures capable of the
necessary functions for life based on preprogrammed complementary interactions including basepairing in deoxyribonucleic acid (DNA), secondary structure interactions responsible for protein
folding, and the dynamic enzymatic-substrate interface.1 DNA is an exceptional model for
molecular recognition based assembly. Structural analogs of DNA, including peptide nucleic acid
(PNA),2 locked nucleic acid (LNA),3 and glycol nucleic acid (GNA)4 have been designed which
simplify the sugar-phosphate backbone and assemble in adherence to Watson-Crick hydrogen
bonding rules. For example, PNA containing all four natural nucleobases hybridizes to
complementary oligonucleotides (RNA, DNA) obeying the base-pair recognition rules of
Watson-Crick.2a
Metal coordination has also shown to be an effective route to self-assembly.5 Molecular
self-assembling geometric shapes have been designed to assemble from small, molecular units via
coordination chemistry to form 1- and 2-dimensional structures.6 Molecular machines, such as
catenanes and rotaxanes, have been designed using the tools of both molecular recognition and
metal coordination chemistry.7 Lehn et al. combined concepts of molecular recognition and selforganization to form multimetallic helicates.8 Heteroduplex formation of two dissimilar linear
tritopic ligand strands (connected via ether linkages) was shown to form a mixture of both heteroduplex and homo-duplex strands, a variety of combinations were also observed in addition to the
target heteroduplex.9
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Molecular architectures containing metals at discrete distances have the potential for use
in redox and sensitized catalysis, photoinduced charge separation and artificial photosynthesis.
Our group has sought to construct structures in which the metal ions serve dual purposes as
coordinative cross-links between aminoethylglycine (aeg) strands, but also as redox and
chromophoric centers that enable study of the spectroscopic and electrochemical properties of
multimetallic arrays. To accomplish this, design strategies inspired by nature are employed: selfassembly by molecular recognition and the use of repeating small units to form larger more
complex structures. Thus, metal coordinating ligands are tethered to an aeg backbone and reacted
with metal ions to create multimetallic single strand,10 duplex,11 and hairpin loop12 structures. In
this binding motif, the coordination geometry of the metal center and the denticity of the available
ligands drives assembly: for example, in the presence of a tetracoordinate metal such as Cu2+,
terpyridine (tpy) and pyridine (py) ligands will coordinate the Cu2+ to form [Cu(tpy)(py)]2+ in a [3
x 1] binding motif, whereas the bipyridine (bpy) ligand is “self-complementary” and forms
[Cu(bpy)2]2+ by binding in a [2 x 2] fashion.
Although all of the initial ligand modified aeg structures were comprised of selfcomplementary, monofunctional strands, both the design and understanding of the structure and
interactions in the metal-linked artificial oligopeptides has increased in complexity. Newer design
strategies have been employed in an effort to eliminate geometric isomers upon metalcoordination.13 Heterofunctional oligomers (di-13a and tri-peptides13b) were designed to form an
antiparallel duplex upon addition of Cu2+, e.g. the ligand sequence py-bpy-tpy on the aeg in Fig 31A.13b An alternative approach is the “palindromic” synthetic design, which grows amide linkages
from the central monomer and yields a tripeptide with identical termini as described in chapter 2
(Fig 3-1B).14
This paper focuses on the preparation of a unique pair of ligand-modified artificial
oligopeptides, (Fig 3-1C), which are designed to react with Cu2+ to form heteroduplex structures.
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The new heterofunctional tripeptides were synthesized using a previously reported scheme14 to
produce the pyridine-bipyridine-pyridine (pbp) tripeptide and its complement terpyridinebipyridine-terpyridine (tbt) tripeptide. The reaction of these with Cu2+ formed a novel
Cu2+crosslinked tbt/pbp duplex. Previously reported heteroduplexes have utilized a number of
different ligand pairs,9 having many present can result in a mixture of complexes and structures
therefore the synthetic route we utilized aims to control assembly to form the heteroduplex
predominately. By understanding the binding nature of these heteroduplexes, we look to design
multiple strands with hetero-functionalities that will assemble into discrete, controlled arrays of
supramolecular complexes. The synthetic nature of our molecules allows for the rapid extension
of our sequences to develop oligomers of 5-mer, 7-mer, etc. with easily exchangeable
components (i.e.: ligand/metal).
A Cu2+ saturated-tbt complex ([Cu3(tbt)]6+) was synthesized as the precursor to the target
heteroduplex [Cu3(tbt)(pbp)]6+. Duplex formation was monitored using spectrophotometric
titrations and electron paramagnetic resonance spectroscopy (EPR). Mass spectrometry, nuclear
magnetic resonance (NMR) spectroscopy, and HPLC confirmed the presence and purity of the
formed duplex. This design platform has the potential to explore the versatility of our ligand
decorated systems for selective assembly with a variety of ligand combinations.

3.2 Experimental

3.2.1 Chemicals
The syntheses of 4′-methyl-2,2′-bipyridine-4-acetic acid;15 4’-methyl-2,2’-6’,2”terpyridine;16 pyridacyl pyridinium iodide,17 4’-acetic acid-2,2’:6’,2”-terpyridine;13 a tert-butyl N-
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Figure 3-1. Schematic representations of (A) hetero-functional tripeptide that forms antiparallel
duplex; (B) homofunctional, palindromic tripeptide; (C) a heteroduplex from bifunctional,
complementary tripeptides.
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[2-(N-9-fluorenylmethoxycarbonyl)aminoethyl] glycinate hydrochloride (Fmoc-aegOtBu·HCl);18 tert-butyl{N-[2-(N-9-Fluorenylmethyoxycarbonylamino)ethyl] -N-[pyridyl])acetyl]amino}acetate (Fmoc-aeg(py)-OtBu) (1); 10a diethyl iminodiacetate ethyl [N-2-(4’-methyl2,2’-bipyridyl)acetyl]iminodiacetate (2);14 and ethyl [N-2-(4’-Methyl-2,2’bipyridyl)acetyl]iminodiacetic acid (2d);14 tert-butyl{N-[2-(N-9Fluorenylmethyoxycarbonylamino)ethyl]-N-[2,2’;6’,2” terpyridyl])-acetyl]amino} acetate (Fmocaeg(tpy)-OtBu) (3)13 a were followed as reported. N-hydroxybenzotriazole (HOBT) and 1-ethyl3-(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 solvents were used as received without further purification
unless otherwise noted. Fmoc deprotection was performed using previously published methods.19

3.2.2 Synthesis

3.2.2.1 Synthesis of OtBu-aeg(py)-ida(bpy)-aeg(py)-OtBu (pbp)
A 0.373 g amount of 2d (0.11 mmol), 0.624 g of EDC (0. 33 mmol), 0.44 g of HOBT
(0.33 mmol), and 1.1 mL of DIPEA (0.65 mmol) were combined in 75 mL of dry
dichloromethane and allowed to stir for 1 hr. Following FMOC-deprotection of 1, 1.28 g of H2Naeg(py)-OtBu (1d) (0.43 mmol) was added and allowed to stir for 5 days. The remaining
solution was extracted with water (25 mL x 3) and the organic fractions combined and dried over
solid Na2SO4. Solvent was removed under reduced pressure. Silica column chromatography was
used to purify the product using a mobile phase ramping from 0 to 20% methanol in
dichloromethane. Like fractions were combined and dried, producing a yellow foam (0.153 g,
35% yield). (ESI+) calculated [M+H]+ = 894.4514 found [M+H]+ = 894.4487. 1H NMR (400
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MHz, CDCl3): = 1.38 (s, 17.9 H), 2.40-3.33 (s, 3.0 H), 3.31-4.09 (m, 12.3 H), 3.69-4.09 (m, 10.3
H), 7.0-7.04 (d, J = 4.6 Hz, 0.8 H), 7.04-7.08 (d, J = 5.4 Hz, 2.3 H), 7.08-7.15 (m, 3.8 H), 7.677.74 (t, J = 5 Hz, 0.5 H), 8.15 (s, 0.9 H), 8.19 (s, 0.9 H), 8.32- 8.38 (m, 1.1 H), 8.38- 8.47 (m, 3.9
H), 8.48- 8.57 (m, 1.1 H) (Figures 3-2, 3-3, 3-4). C47H59N9O9• CH2Cl2•H2O Elemental Anal Calc:
57.83 C, 6.37 H, 12.6 N; Found 57.36 C, 6.7 H, 12.6 N.

3.2.2.2 Synthesis of OtBu-aeg(tpy)-ida(bpy)-aeg(tpy)-OtBu (tbt)
A 0.173 g amount of 2d (0.05 mmol), 0.290 g of EDC (0.15 mmol), 0.204 g of HOBT
(0.15 mmol), and 0.5 mL of DIPEA (0.3 mmol) were combined in 75 mL of dry dichloromethane
and allowed to stir for 1 hr. Following FMOC-deprotection of 3, 0.677 g H2N-aeg(tpy)-OtBu (3d)
(0.15 mmol) was added and allowed to stir for 5 days. The remaining solution was extracted with
water (25 mL x 3), and the organic fractions were combined and dried over solid Na2SO4. Solvent
was removed under reduced pressure. Silica column chromatography was used to purify the
product with a mobile phase ramping from 0 to 30% methanol in dichloromethane. Like fractions
were combined and dried, which produced a yellow foam (0.176 g, 29%). HRMS (ESI+) [M+H]+
calcd: 1202.5576; found: 1202.5518. 1H NMR (400 MHz, CDCl3) 1.4 (s, 18 H), 2.4 (s, 3.5 H), 2.8
(s, 2.0 H), 3.2-4.4 (m, 24.6 H), 7.0-7.4 (m, 5.8 H), 7.5-8.0 (m, 4.6 H), 8.1-8.8 (m, 10.6 H)
(Figures 3-5, 3-6, 3-7). Elemental Analysis C67 H71 N13• C2H8O2 • H4O2: Calc 63.63 C; 6.42 H;
13.98 N; Found: 63.71 C; 6.36 N; 13.99 N.
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Figure 3-2. 1H NMR (400 MHz) of pbp tripeptide in CDCl3

72

Figure 3-3. 1H-1H COSY 2D NMR (400 MHz) of pbp tripeptide in CDCl3.
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Figure 3-4. HMBC and HMQC 2D NMR (400 MHz) of pbp tripeptide in CDCl3.
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Figure 3-5. 1H NMR (400 MHz) of tbt tripeptide in CDCl3.
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Figure 3-6. 400 MHz 1H-1H COSY 2D NMR of tbt tripeptide in CDCl3.
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Figure 3-7. 1H-13C HMBC and HMQC 2D NMR (400 MHz) of tbt tripeptide in CDCl3. Carbon
spectral were recorded using an 850 MHz NMR.
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3.2.2.3 Synthesis of [Cu3(OtBu-aeg(tpy)-ida(bpy)-aeg(tpy)OtBu)(H2O)4](ClO4)6 (Cu3(tbt)6+)
Using an adapted synthesis for the formation of heteroleptic [Cu(tpy)]2+ small molecule
complexes,20 20.92 mg of 5 (17.4 mmol) and 25.78 mg Cu(ClO4)26H2O (69.6 mmol) were
separately each dissolved in 5 mL of 3:2 H2O:EtOH. The Cu2+ solution was added dropwise to a
solution of tbt and allowed to stir overnight under mild reflux conditions. A light green
precipitate formed, and ~1 mL of diethyl ether was added. The solid was collected using a fine
fritted filter (20.1 mg, 56% yield). ). 1H NMR (360 MHz, CD3CN) δ = 2.1-4.3 (br. m, 24 H); 1.94
(CD3CN); 1.42 (s, 18 H) (Figure 3-8).

3.2.2.4 Synthesis of [Cu3(OtBu-aeg(tpy)-ida(bpy)-aeg(tpy)OtBu)(OtBu-aeg(py)-ida(bpy)aeg(py)-OtBu)](ClO4)6 (Cu3(tbt)(pbp)6+)
Using an adapted synthesis for the formation of mixed [Cu(py)(tpy)] 2+ small molecule,20
20.1 mg of Cu3(tbt)6+ (9.7 mmol) was suspended in 4 mL of acetone. An 8.9 mg amount of 4 (9.7
mmol) was dissolved in 4 mL of acetone and the two solutions combined. The resulting solution
was brought to reflux and 20 mg of NaClO4 was added. The solvent was removed under reduced
pressure and sonicated in H2O with 10% v/v methanol, producing a dark green precipitate, which
was then washed with chloroform and dried overnight. For mass spectral analysis, the complex
was dissolved in 1:4 MeOH: H2O solution, followed by the dropwise addition of a saturated
aqueous solution of NH4PF6. The product precipitated immediately and was filtered, washed with
H2O, diethyl ether, and chloroform. (ESI+) [[Cu3(tbt)(pbp)](PF6)4]2+ calcd: 1433.3; found:
1433.3.

1

H NMR (400 MHz, CD3CN) 2.8-4.5 (m, 44 H); 2.17 (H2O); 1.93 (CD3CN); 1.41 (s,

36.8 H) (Figure 3-9).
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3.3 Methods

3.3.1 Instrumentation and Analysis
UV-visible absorbance spectra were obtained with a double-beam spectrophotometer (Varian,
Cary 500) with a 1 cm quartz cuvette. Mass spectrometric analysis was performed on a Waters
LCT Premier time-of-flight (TOF) mass spectrometer. Samples were introduced into the mass
spectrometer using direct infusion via a syringe pump. The mass spectrometer was scanned from
100-2500 m/z in positive ion mode using electrospray ionization (ESI).

The drying gas

temperature was 80°C and the capillary voltage was 2200V. X-band electron paramagnetic
resonance (EPR) spectra were acquired with a 9.5 GHz Bruker ESP-300 spectrometer with a
liquid He cryostat at 12.9 K using 5 mW power, and 10.2 G modulation amplitude.1H,

13

C,

HMQC, HMBC, and COSY Nuclear Magnetic Resonance (NMR) spectra were collected on a
400 MHz spectrophotometer (Bruker).

3.3.2 Spectrophotometric Titrations
Titrations were performed using methanolic solutions of known concentrations of an
equimolar mixture of tripeptide and Cu(NO3)2 as well as acetonitrile solutions of micromolar
concentrations of pbp titrated into [Cu3(tbt)]6+. Increments of 50 L of ~150 M tripeptide were
titrated into 2.5 mL of 27- 37 M copper saturated tripeptide. Solutions were background
subtracted using the double beam of the spectrometer.
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Figure 3-8. 360 MHz 1H-NMR of [Cu3(tbt)(H2O)4](ClO4)6 in CD3CN.
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Figure 3-9. 400 MHz 1H-NMRof [Cu3(tbt)(pbp)](PF6)6 in CD3CN.
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Scheme 3-1. Palindromic synthetic route for the formation of bifunctional oligopeptides.
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3.3.3 Molecular Modeling
The solution phase structures of [Cu3(tbt)(H2O)4]6+ and [Cu3(tbt)(pbp)]6+ were
computed using HyperChem (Version 6, Hyper Cube, Inc.) with a MM+ force field. The steepest
decent algorithm and a termination condition with a rms gradient of 0.1 kcal mol-1 Å-1 were used
during the optimization.

3.4 Results and Discussion

3.4.1 Synthesis and Characterization of the Tripeptides
Our group has previously reported the synthesis of mono-functional bipyridine tripeptides
using a divergent synthetic approach.11b, 14 Herein is reported the synthesis of two novel
bifunctional tripeptides containing pyridine, bipyridine and terpyridine on an amide backbone,
which were synthesized using the general approach shown in Scheme 3-1. The central monomeric
unit, a diethylester-protected iminodiacetate (ida) backbone with a pendant bipyridine ligand (2)
was deprotected to expose the terminal dicarboxylic acids (2d). Two molar equivalents of Fmocdeprotected H2N-(L)(aeg)-OtBu (L=py, 1d or tpy, 3d) monomer were combined with 2d in a onepot synthesis under standard peptide coupling conditions to form amide bonds. Following
purification, the tripeptides pbp and tbt were produced with yields of 29 - 35% in gram scale
quantities. High-resolution electrospray ionization mass spectrometry was used to identify the
products. For both the pbp and the tbt tripeptides, the observed molecular ion peak matched the
expected mass/charge ratio: [Mpbp +H]+ m/z: calculated 894.4487, 894.4514 found; [Mtbt+H]+
m/z: calculated 1202.5576, found: 1202.551.
NMR spectroscopy was further used to identify the products. In the spectrum of the pbp
tripeptide, the relative integration areas of the peaks corresponding to the protons on the aromatic
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pyridyl rings, the bpy methyl and tert-butyls are consistent with predicted values based on the
structure in Scheme 3-1. Normalizing the spectrum to the integrated area of the methyl peak of
the central bpy unit (3 H), which appears as a singlet at ~2.5 ppm, the observed proton peak
integrations 14 aromatic, 22 aliphatic, 3 methyl, and 18 tert-butyl, are consistent with the
tripeptide structure as shown in Scheme 3-1. In comparison, the 1H NMR spectrum of the tbt
tripeptide has the peak integrations 23 aromatic, 22 aliphatic, 3 methyl, and 19 tert-butyl protons,
again consistent with the structure.
Analysis of the 1H-1H COSY spectra reveal coupling between the protons on the pybased ligands as well as between protons on the oligoamide backbone. Coupling of the protons
on the bpy ligand is correlated with the proton closest to the N at 8.5 ppm to neighboring protons
at 7.05 to 8.2 ppm; the chemical shift attributed to the proton closest to the N in the pyridyl in
pbp appears at 8.5 and 8.4 ppm and correlates to 7.0 ppm. For the tbt tripeptide, the chemical
shifts at 8.8 to 8.6 ppm are attributed to the tpy protons closest to N; and overlap of peaks occurs
between tpy and bpy peaks at 8.5 ppm coupling to the main group of peaks at 7.05/8 ppm. The
1

H-1H correlations of aromatic protons to the bpy CH3 at 2.5 ppm allows for identification of bpy

regions where the tpy overlaps between tpy and bpy proton shifts in the overlapping aromatic
region. These data, together with 13C-1H HMQC and 13C-1H HMBC, elemental analysis, and mass
spectrometry, confirm the identity of the two tripeptides.
The purities of the tripeptides were assessed using analytical HPLC and elemental
analyses. In Figure 3-10, the chromatogram of the pbp contains a single sharp peak at 3.55 min;
likewise the tbt HPLC chromatogram contains a single, but broader, peak that begins to elute at
3.43. The observed broadening is attributed to aggregation due to favorable Van der Waals
interactions of the neutral, aromatic rings in the tbt tripeptide in the polar conditions of the
mobile phase. The slightly earlier elution time is hypothesized to be due to π-stacking and
aggregation of the tbt into a more condensed structure. In separate experiments, the results of the

84

200000
180000
160000
140000

Intensity

120000
100000
80000
60000
40000
20000
0

2

3

4

5

6

Time (min)
Figure 3-10. HPLC chromatograms monitored at 283 nm, 0.5 mL/min flow rate, C18 analytical
column, 85/15 acetonitrile/H2O (0.1% TFA). Micromolar samples dissolved in acetonitrile of pbp
(black solid), tbt (red dash), [Cu3(tbt)]6+ (green dash), [Cu3(tbt)(pbp)]6+ (blue dot) were injected
individually.
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measured elemental analyses are consistent with the calculated and values for both pbp and tbt.
In both cases, solvents were found to be present in the isolated materials, typical of hygroscopic
artificial peptides in our library of compounds.

3.4.2 Synthesis and Characterization of Metallated Peptides.
The goal of these experiments was to identify the conditions under which the metallinked tripeptide heteroduplex, [Cu3(tbt)(pbp)]6+, could be formed. A procedure was therefore
modeled after the synthesis of the heteroleptic small molecule [Cu(py)(tpy)]2+ in which the first
step is formation and isolation of [Cu(tpy)(H2O)]2+, followed by the subsequent addition of
pyridine.20 The pK values for pyridine heterocyclic ligands binding to Cu2+ increases from 2.59
(monopyridyl) to 7.02 (pentapyridyl).21 Therefore, although it would be feasible to approach the
equilibrium beginning from a solution of pbp, this was ruled out in favor of the higher affinity of
the bi-22 and tri-23 dentate ligands in the tbt tripeptide (Figure 3-11).An adapted bulk preparation
was therefore used to form a copper-saturated tbt single strand ([Cu3(tbt)]6+) from tbt under
excess Cu2+ conditions: by introducing the tbt strand to a solution containing an excess of Cu2+,
the relative concentrations in this environment shift the equilibrium in favor of the metallated
single tbt strand and disfavor formation of the Cu cross-linked tbt, (i.e.; [Cu3(tbt)2]6+).
Following isolation of the metallated tbt, the extinction coefficient of the product at 310
nm was determined to be 13.8 103 M-1cm-1. This value is consistent with the formation of a single
[Cu(bpy)]2+ complex per strand, for which the extinction coefficient is known to be 15.1 x 103 Mcm-1,24 rather than [Cu(bpy)22+], which has ε = 26.1 x 103 M-1cm-1.24 The extinction coefficients at

1

327 nm and 340 nm for [Cu3(tbt)]6+ are 14.4 and 13.9 x 103 M-1cm-1, respectively, are consistent
with small molecule [Cu(tpy)]2+ at the π-π* transition (ε327nm = 14.1 x 103 M-1cm-1; ε340 nm = 14.5 x
103 M-1cm-1) (Figure 3-11, Table 3-1). This measurement suggests that under excess Cu2+
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Table 3-1 Small molecule binding affinities
Complex

pK

Ref

[Cu(py)]2+

2.59

[21]

[Cu(bpy)]2+

8.1

[22]

[Cu(tpy)]2+

>8

[23a]

[Cu(bpy)2]2+

5.5

[22]

[Cu(tpy)(py)]2+

1.81

[23b]
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Figure 3-11. (Left) Small molecule extinction coefficient spectra of [Cu(bpy) 2]2+ (black, solid);
[Cu(tpy)]2+ (green, dash); [Cu(tpy)(py)]2+ (blue, dash-dot); linear combination of small molecule
[Cu(bpy)2]2+ plus [Cu(tpy)(py)]2+ (red, dot) all recorded in spectroscopic grade acetonitrile.
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Table 3-2 Extinction Coefficient Data
ε 310 nm

ε 327 nm

ε 340 nm

(x 103, M-1cm-1)

(x 103, M-1cm-1)

(x 103, M-1cm-1)

[Cu3(tbt)]6+

13.8

14.4

13.9

[Cu3(tbt)(pbp)]6+

23.5

16.8

15.1

[Cu(tbt)(pbp)]6+a

21.8

16.4

14.8

Complex

All measurements were recorded in spectroscopic grade acetonitrile. a Extinction
coefficients determined at the 1:1 equivalence point of the spectrophotometric
titration of pbp into [Cu(tbt)]6+.
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Figure 3-12. Extinction coefficient spectra recorded in spectroscopic grade acetonitrile
[Cu3(tbt)]6+ (black solid); [Cu3(tbt)(pbp)]6+ (green dash); titration equivalence point of pbp to
[Cu3(tbt)]6+ (blue dot). (Inset) Extinction coefficient spectra of pbp (black solid); tbt (red dash)
in spectroscopic grade methanol.
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conditions, there is no coordinative intra-strand crosslinking at the central bipyridine monomer
and the tbt tripeptide forms the trimetallic structure [Cu3(tbt)]6+ (Table 3-1). In addition, 1H
NMR spectrum reveals a paramagnetic shift of the aromatic protons, consistent with Cu2+ bound
to each of the pyridyl ligands (Figure 3-8).
It is predicted that addition of the complementary pbp tripeptide to [Cu3(tbt)]6+ would
result in the formation of the Cu crosslinked double-stranded, trimetallic heteroduplex
[Cu3(tbt)(pbp)]6+. To test this, one equivalent of [Cu3(tbt)]6+ was reacted with one molar
equivalent of pbp tripeptide in dilute, room temperature conditions, and allowed to stir. The
product was isolated via evaporation under reduced pressure, re-dissolved in 10% v/v
methanol/water solution and precipitated with diethyl ether. Positive ion electrospray mass
spectrometry of the product of this reaction reveals the presence of the crosslinked duplex: the
molecular ion peak for the species [[Cu3(tbt)(pbp)](PF6)4]2+ is observed at m/z of 1433.3, and
corresponds to the theoretical value of 1433.3. However, perchlorate anion clusters appear in the
spectrum, even after aqueous NH4PF6 is used to precipitate the product.
Additional confirmation of identity may be gained from NMR spectroscopy; in these
structures the Cu2+ centers induce paramagnetic shift of all py, bpy, and tpy ligand protons
outside of the spectral window and the peaks in the aliphatic region of the 1H NMR spectrum are
severely broadened. (Figure 3-9). Comparison of the integrated areas for the aliphatic protons (44
H) to the tert-Butyl protons (36 H) are consistent with a structure containing both the tbt and pbp
tripeptides.
The measured extinction coefficients of the Cu-tripeptide reaction products are compared
in Table 3-2, and show that these are consistent with the stepwise formation of first [Cu3(tbt)]6+
followed by the double-stranded duplex upon addition of pbp (Fig 3-1C). The [Cu3(tbt)(pbp)]6+
product has an extinction coefficient at 310 nm of 23.5 x 103 M-1cm-1, consistent with a bisbipyridine complex that is most likely a [Cu(bpy)2]2+ crosslink at the central monomer. The
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extinction coefficients at 327 nm and 340 nm are 16.8 and 15.1 x 103 M-1cm-1 (Figure 3-12),
respectively, and are consistent with the mathematical linear combination of the small molecule
spectra of [Cu(bpy)2+] plus [Cu(tpy)(py)2+] (Figure 3-11). HPLC was further used to assay the
purity of the structures by comparison of the chromatograms of the unmetallated oligopeptide
strands with the two Cu-containing species. The HPLC data (Figure 3-10) shows that the metal
containing complexes are retained on the column longer than the unmetallated tripeptide strands.
The saturated single strand, [Cu3(tbt)]6+, elutes at a longer retention time than the duplex, which
may be due to the additional conformational freedom in the structure, or additional interactions of
the tripeptide and the coordinatively unsaturated Cu centers with the solid phase.25

3.4.3 Spectrophotometric Titrations.
Spectrophotometric titrations allow for the quantitative monitoring of products formed
from the incremental addition of pbp to the [Cu3(tbt)]2+ using UV/vis spectroscopy. These
changes in the electronic absorbance transitions are used for the determination of the
stoichiometric point of binding (Figure 3-13). Due to the spectral overlap of the small molecule
Cu2+ species and complex equilibria in the presence of both tripeptides with multiple binding
sites, spectrophotometric titrations were conducted by monitoring changes in the absorbance
spectra of [Cu3(tbt)]6+ upon addition of the complementary pbp strand (Figure 3-13).
Figure 3-13 shows the spectral changes that result from addition of the pbp tripeptide
into a solution containing [Cu3(tbt)]2+. The change in absorbance at 310 nm, the π-π*
[Cu(bpy)2]2+, incrementally increases and levels at a stoichiometric point of approximately 1 mol
of pbp to 1 mol of [Cu3(tbt)]2+; and with an extinction coefficient of 21.1 M-1cm-1 (ε, x 103)
consistent with a [Cu(bpy)2]2+ species (Figure 3-13). Formation of the [Cu(bpy)2]2+ complex
implies formation of a coordinative crosslink between two tripeptides at the central bpy
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Figure 3-13. Spectrophotometric titration of methanolic solutions of pbp (153 µM) added to
[Cu3(tbt)]6+ (27 µM). (A.) The change in absorbance of [Cu3(tbt)]6+as a function of added pbp.
(B.) Titration plot monitoring changes of absorbance at 310 nm versus concentration of titrant
(pbp) as well as mol ratio of pbp to [Cu(tbt)]6+.
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monomer—under the experimental conditions, the most likely product is [Cu3(tbt)(pbp)]6+ and
not [Cu3(pbp)2]6+. Indeed, the absorbances at 327 and 340 nm, which are characteristic of
[Cu(tpy)(py)]2+, change modestly in intensity, consistent with the analogous small molecule
spectra, as well as the linear combination of the small molecule spectra (Figure 3-11). The
spectral data during the titration are consistent with the hypothesis that the [Cu3(tbt)]6+ will
assemble in a 1:1 stoichiometry with its pbp complement to form [Cu3(tbt)(pbp)]6+, and the
extinction coefficient spectra at the titration equivalence point compares favorably to the
extinction coefficient of the bulk prepared formed duplex (Figure 3-12). This suggests that the
bulk-prepared product and titration products are the same species.

3.4.4 Electron Paramagnetic Resonance (EPR) Spectroscopy
EPR spectroscopy provides an opportunity to probe metal-center geometry in the absence
of a crystal structure. We have previously shown that EPR spectra of Cu2+-linked artificial
oligopeptides is indicative of electronic coupling of the metal centers, based on the line-shape,
peak-broadening, and hyperfine coupling parameters as compared to small molecule analogues.26
We therefore sought to conduct analogous experiments with the compounds here to examine
differences in coordinative geometry and coupling in the single strand versus heteroduplex
structures. Figure 3-14 contains the EPR spectra of the [Cu3(tbt)]6+ and [Cu3(tbt)(pbp)]6+
complexes in frozen acetonitrile solutions. The line shapes in the spectra of [Cu3(tbt)(pbp)]6+ are
broadened and the intensity dampened compared to that for [Cu3(tbt)]6+ and the small molecule
analogs.13b Together, these indicate a greater degree of electronic coupling of the metal centers
when the second pbp tripeptide is bound to the complex. This observation suggests that the
formation of the heteroduplex locks the metal centers in closer proximity than in the structurally
less constrained [Cu3(tbt)]6+. The g-tensor values obtained from fitting these spectra are listed as
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Table 3-3 EPR g-tensor Values

2400

A//
g / A//
(x10-4, M-1cm-1) //

Complex

g//

g⊥

[Cu3(tbt)]6+

2.14

2.06

175

122

[Cu3(tbt)(pbp)]6+

2.13

2.05

167

127

2600

2800

3000

3200

3400

3600

3800

4000

Magnetic Field (Gauss)
Figure 3-14. Frozen EPR spectra measured in acetonitrile of 3 mM [Cu3(tbt)]6+ (black) and
[Cu3(tbt)(pbp)]6+ (red).
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in Table 3-3; both the g// > g⊥ and g///A// values suggest that the Cu(II) centers are in a distorted
square planar geometry.26

3.4.5 Molecular Models
Considering the available analytical data, the spectrophotometric titrations and EPR data
provide strong evidence for duplex formation of [Cu3(tbt)(pbp)]6+. For [Cu3(tbt)(H2O)]6+, the
structure shown consists of Cu2+ saturating each binding site of tbt. The flexibility of the
backbone allows for rotation about the CH2 bonds in the backbone, consistent with previously
reported single strand models11 b and 13.6 Å distances between the two [Cu(tpy)]2+ complexes.
For the duplex, the resulting tripeptide duplex structure contains copper centers at ~5.3 Å with a
compressed tetrahedral geometry, consistent with the results of the EPR and UV/vis spectroscopy
(Figure 3-15).

3.5 Conclusions
Creating molecular architectures that assemble into heteroduplex structures with multiple
metal ion crosslinks expands the potential library of unique structures that are feasible within this
synthetic framework. The [Cu3(tbt)(pbp)]6+ trimetallic complex provides a model system to
study the complex binding equilibria and factors that govern self-assembly in inorganic
supramolecular structures. Ultimately, these and other related artificial tripeptides will allow us to
quantitatively study binding selectivity. Preliminary spectrophotometric titration experiments in
mixtures containing both pbp and tbt (i.e. not beginning with the metallated single strand)
suggest that duplex formation readily occurs but that additional analyses and unique
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Figure 3-15. Molecular model calculated with MM+ force field (A) [Cu3(tbt)]6+and (B)
[Cu3(tbt)(pbp)]6+ with Cu(II) centers shown in green.
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spectroscopic tags will be needed to discern complex equilibria in the presence of two or more
heterofunctional tripeptides. These studies and syntheses are ongoing with the ultimate aim of
gaining control over the simultaneous assembly of more than duplex.
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Chapter 4
Expanding the Library of Palindromic Tripeptides: Toward Selectivity
Studies

4.1 Introduction
One of the great challenges in supramolecular chemistry has been the design of
complementary systems which form heteroleptic duplex structures based on the coordination
requirements of ligand/metal pairs with specificity that exist as exclusive species in solution.1 The
expansion of the “palindromic library” of artificial tripeptide strands has allowed for a series of
sequence match/mismatch combinations to be prepared to enable study of the effects on ligand
sequence on the selectivity of our systems for heteroleptic supramolecular assembly.
The palindromic motif affords great synthetic versatility to expand the library of artificial
oligopeptide sequences. As detailed in chapters 2 and 3, this one-pot, gram scale synthetic
approach allows for the creation of variety of tripeptides. By changing the metal binding ligand of
the central monomeric unit to pyridine, a series of new tripeptides have been synthesized
containing three pyridines (ppp) and bipyridine-pyridine-bipyridine (bpb) (Figure 4-1)
expanding the previous library containing a bipyridine central monomeric unit (bbb, pbp, and
tbt).
In chapter 3, we described the synthesis of two tripeptides: tbt and pbp. It was shown
that upon addition of metal, these complementary tripeptides assembled into a heteroleptic duplex
structure based on the encoded molecular recognition of the metal binding units and sequence.
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Figure 4-1. Palindromic tripeptides ppp and bpb.
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To begin to study binding selectivity and specificity, single stranded ppp, bbb, and bpb
were added to the [Cu3(tbt)]6+ complex while monitoring via spectrophotometric titrations. While
binding of mismatched strands was observed, the lack of a signature electronic absorbance
transition for the complementary pbp binding presented a challenge for discerning selectivity.
This highlights a need in future systems to contain different types of responses indicating metal
binding (i.e.: fluorescence, quenching) or the development of new techniques to map mismatch
versus complement formation.
The main challenge of designing poly-pyridyl ligand constructs is the lack of distinct ππ* transitions in the electronic absorbance spectra. To attempt to circumvent this issue, a polyacrylamide gel-electrophoresis (PAGE) system was designed to attempt to map ligand sequences.
By reversing the polarity of the electrophoresis, the positively charged metal complexes are
hypothesized to migrate toward the negative pole. While preliminary results showed promise, the
visualization of the artificial oligopeptides and metal-linked species lacked consistency and
reproducibility.

4.2 Experimental

4.2.1 Chemicals
The syntheses of 4′-methyl-2,2′-bipyridine-4-acetic acid;2 tert-butyl N-[2-(N-93

fluorenylmethoxycarbonyl)aminoethyl] glycinate hydrochloride (Fmoc-aeg-OtBu·HCl); and
tert-butyl {N-[2-(N-9-fluorenylmethoxycarbonylamino)ethyl]-N-[2-(4’-methyl-2,2’bipyridyl)acetyl]amino}acetate [Fmoc-aeg(Bpy)-OtBu];4 tert-butyl{N-[2-(N-9Fluorenylmethyoxycarbonylamino)ethyl]-N-[pyridyl])-acetyl]amino}acetate (Fmoc-aeg(py)OtBu) (1)5 were followed as reported. N-hydroxybenzotriazole (HOBT) and 1-ethyl-3-(3-
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dimethylaminopropyl)carbodiimide hydrochloride (EDC) were purchased from Advanced
ChemTech. O-Benzotriazole-N,N,N′,N′-tetramethyl-uronium-hexafluorophosphate (HBTU) was
purchased from NovaBiochem. 4-pyridyl acetic acid was purchased from TCI Chemicals.
Pyronin Y was purchased from Amresco; glycerol from Sigma Aldrich; and acrylamide:
bisacrylamide (37.5 : 1, 40% w/w) from Calbiochem. All solvents were used as received without
further purification unless otherwise noted. Fmoc deprotection was performed using previously
published methods.6

4.2.2 Synthesis

4.2.2.1 Synthesis of Ethyl [N-2-(Pyridyl)acetyl]iminodiacetate (EtO-Py-OEt)
4-pyridine-acetic acid (2.5 g, 10.2 mmol), HBTU (4.44 g, 11.7 mmol), and HOBT (1.58
g, 11.7 mmol) were added to dry dichloromethane (150 mL) stirred in an ice bath. The suspension
was stirred for 15 min, DIPEA (3.9 mL, 23.4 mmol) was added, and the yellow solution was
stirred for an additional 45 min. To this was added diethyl iminodiacetate (1.1 g, 5.85 mmol) in
dry dichloromethane (50 mL), and the solution was allowed to reach room temperature. After
stirring for 24 h, the solvent was removed under vacuum, and the product was isolated and
purified by silica column chromatography with a mobile phase ramping from dichloromethane
(100%) to methanol (5%) in dichloromethane. Like fractions were combined, and the solvent was
evaporated to yield 1.606 g of yellow oil (88%). (ESI+) calculated [M+H]+ 309.34; found
[M+H]+ 309.3. 1H NMR (300 MHz, CDCl3) = 1.25 (m, 6.25 H), 3.7 (s, 2.1 H), 4.1 (m, 8.3 H),
7.1 (m, 2.0 H), 8.4 (m, 2.1 H).
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4.2.2.2 Synthesis of Ethyl [N-2-(Pyridyl)acetyl]iminodiacetic Acid (py-ida)
According to an adapted synthesis,7 compound EtO-Py-OEt (1.6 g, 5.21 mmol) was
dissolved in tetrahydrofuran (33 mL), and sodium hydroxide (20 mL, 2 M) was added dropwise
and allowed to stir for 1 hr in an ice bath. Water (25 mL) was added and extracted with
dichloromethane(2 x 50 mL). The aqueous layer was retained and cooled by stirring over ice. The
pH was lowered to 7 with HCl (2 M) at 0°C, and the solvent was removed under vacuum. The
yellow solid was re-dissolved in minimal MeOH and a white precipitate was filtered to remove
any excess NaCl. Solvent was removed under N2, slowly overnight and then placed under
vacuum for 24 h to yield 1.13 g of a pale yellow solid (88%). (ESI+) calculated [M+H] += 253.23
found [M+H]+= 253.3. 1H NMR (300 MHz, MeOD) 3.7 (s, 2.3 H), 4.1 (m, 4.7 H), 7.4 (d, J= 18
Hz, 2 H), 8.5 (d, J= Hz2 H)

4.2.2.3 Synthesis of OtBu-aeg(py)-ida(py)-aeg(py)-OtBu (3, ppp)
A mixture of 0.65 g of py-ida (2.58 mmol), 1.48 g of EDC (7.73 mmol), 1.04 g of HOBT (7.73
mmol), and 2.6 mL of DIPEA (15.5 mmol) were combined in 100 mL of dry dichloromethane
and allowed to stir for 1 hr. Following FMOC-deprotection of 1, 2.27 g of H2N-aeg(py)-OtBu
(1d) (7.73 mmol) was added and allowed to stir for 5 days. The remaining solution was
extracted with water (x 3, 25 mL) and organic fractions combined and dried over Na2SO4. Solvent
was removed under reduced pressure. Silica column chromatography was used to purify the
product using a mobile phase ramping from 0 to 20% methanol in dichloromethane, like fractions
were combined, producing a tan colored foam (0.686 g, 25% yield). HRMS (ESI+) calculated
[M+H]+ 803.4092, found [M+H]+ 803.4095. 1H NMR (300 MHz, CDCl3) 1.3-1.5 (s, 18 H), 3.3-
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Figure 4-2. 400 MHz 1H NMR spectra of ppp tripeptide in CDCl3.
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Figure 4-3. Two-dimensional 1H-1H correlation spectrum (COSY) of ppp tripeptide in CDCl3.
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Figure 4-4. Two-dimensional 1H-13C correlation spectrum of ppp tripeptide in CDCl3 recorded
by the methods: HMQC (top) and HMBC (bottom).
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4.2 (m, 18.6 H), 7.2-7.3 (m, 5 H), 8.5 (s, 4.3 H) Elemental Analysis: C41H54N8O9•2CH3OH calcd
C 59.6; H 7.21; N 12.92; found C 59.21; H 6.86; N 12.95.

4.2.2.4 Synthesis of OtBu-aeg(bpy)-ida(py)-aeg(bpy)-OtBu (4, bpb)

Py(ida) (0.139 g, 0.544 mmol), EDC (0.313 g, 1.63 mmol), and HOBt (0.216,
1.63 mmol) were combined in 100 mL of dry dichloromethane and stirred at 0°C. DIPEA
(0.54 mL) was added and stirred for 15 min. Bpy-H2N (0.93 g, 2.43 mmol) was added and stirred
for 48 h. The resulting solution was extracted with H2O (3 x, 20 mL), the organic fractions
combined and dried with Na2SO4, and the solvent was removed under reduced pressure. The
resulting oil was purified using silica column chromatography with a mobile phase ramping from
100% DCM to 20% MeOH in DCM. Like fractions were combined resulting in 0.125 g (23.5 %
yield) 1H NMR (300 MHz, CDCl3) 1.3-1.5 (s, 18 H), 2.45 (s, 6 H), 3.3-4.2 (m, 20 H), 7.2-7.3 (d,
6 H), 8.2-8.5 (m, 9 H). (ESI+) calculated [M+H]+ 985.14, found [M+H]+ 985.6. Elemental
analysis: C53H64N10O9•4H2O•2CH3OH calcd. C 58.9; H 7.2; N 12.5; found C 58.5; H 6.02; N
12.5.

4.3 Methods

4.3.1 Spectrophotometric Titrations
Titrations were performed using methanolic solutions of known concentrations of an
equimolar mixture of tripeptide (pbp and tbt) and Cu(NO3)2 ; as well as acetonitrile solutions of
micromolar concentrations of bbb, ppp, and bpb titrated into [Cu3(tbt)]6+. Increments of 50 L
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Figure 4-5. 400 MHz 1H spectra of bpb tripeptide in CDCl3.
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Figure 4-6. 400 MHz 1H-1H COSY spectra of bpb tripeptide in CDCl3.
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Figure 4-7. 400 MHz 1H-13C multi nuclear correlation spectroscopy (top) HMQC and (bottom)
HMBC for bpb tripeptide in CDCl3.
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of ~150 M tripeptide were titrated into 2.5 mL of 27- 37 M copper saturated tripeptide.
Solutions were background subtracted using the double beam of the spectrometer.

4.3.2 Gel Electrophoresis
Artificial oligopeptides and metal containing artificial oligopeptides were resolved
electrophoretically on 17% acryl: bisacryl (37.5:1) gel containing phosphate buffer (pH 4)
utilizing a Biorad Mini-PROTEAN Tetra Cell apparatus. Bulk sample buffer was prepared with
Pyronin Y (0.2 %) tracking dye, glycerol (2.5 mL), H2O (4.55 mL) and phosphate buffer (2.5
mL). Tripeptides and metal-containing artificial oligopeptide injection samples were dissolved in
200 µL of acetonitrile for sample preparation and combined with the sample buffer to produce a
20% v/v acetonitrile solution. Migration of samples was adjusted to proceed from positive to
negative pole, inverted from traditional PAGE procedures, at 150 V for 80 minutes. Upon
completion, the gel was removed and stained using Coomassie Blue (1% Coomassie, 10%
MeOH, 10% CH3COOH) and destained (40% MeOH, 10% CH3COOH) over night.

4.4 Results and Discussion

4.4.1 Synthesis and Characterization of ppp and bpb
Synthesis of the palindromic artificial tripeptides followed the same procedure detailed in
chapters 2 and 3. The versatility of the palindromic motif allows for facile modification of the
sequence and position of metal binding ligands. The diethylester protected iminodiacetate central
backbone was functionalized with pyridyl-acetic acid via amide coupling chemistries, as shown
for the bipyridine central monomer in chapter 2. Upon deprotection of the ethyl esters under
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basic conditions, the dicarboxylic acid termini were exposed allowing for coupling of H2Naeg(L)-OtBu (L= py or bpy) to form the tripeptides ppp and bpb. Characterization of the target
products were confirmed by NMR spectroscopy, MS, and elemental analyses.
The relative integration ratios of the peaks in the ppp tripeptide 1H NMR spectra are
consistent with the predicted ratios (Figure 4-2): 18 tert-Butyl, 22 aliphatic, and 12 aromatic
proton values. The assignments of the chemical shifts were determined from a combination of
two-dimensional NMR techniques (COSY, HMBC, and HMQC). The most down-field protons at
~8.5 ppm (6 H) are assigned to the protons adjacent to the N-pyridyl and the chemical shift at
~7.25 ppm (6 H) assigned to subsequent pyridyl protons. For the bpb tripeptide, the methyl group
of the bipyridine was used as an internal reference which provides the ratio of integrations
aromatic (16 H), backbone (22 H), methyl (6 H), and tert-Butyl (18 H) which are consistent with
the predicted ratios. Full assignments are detailed in Figure 4-5.
Extinction coefficient spectra for ppp and bpb are shown in Figure 4-8. The ppp
tripeptide contains a peak at 257 nm (ε= 8.1, x 103 M-1cm-1) attributed to the π-π* electronic
transition of the bpy ligand, and the shoulder at 264 nm (ε= 6.6, x 103 M-1cm-1) is attributed to the
n-π* transition.8 The observed peak at 366 nm (ε= 4.1, x 103 M-1cm-1) is attributed to charge
transfer between stacked aromatic ligands, as observed with the bbb tripeptide.7b The bpb
tripeptide contains the π-π* electronic transitions of the bpy and py ligands at 283 nm (ε= 32.2, x
103 M-1cm-1) and 241 nm (ε= 28.3, x 103 M-1cm-1), respectively. The weaker transitions at 373 nm
(ε= 1.13, x 103 M-1cm-1) can be attributed to the charge transfer between the stacked aromatic
ligands, which is to a lesser extent compared to the ppp and bbb tripeptide.
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Figure 4-8. Extinction coefficient spectra recorded in spectroscopic grade methanol for ppp
(black) and bpb (red).
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4.4.2 Spectrophotometric titration
The addition of Cu2+ to an equimolar mixture of tbt and pbp was monitored using
spectrophotometric titrations (Figure 4-9). Upon binding Cu2+ the π-π* transitions of the
aromatic N-heterocycles shift from ~ 283 nm, to 300 and 310 nm which are assigned to π-π*
transition of Cu(bpy)22+; and 327 and 340 nm which are assigned to the π-π* transitions of
[Cu(tpy)]2+ and [Cu(tpy)(py)]2+. Figure 4-9 shows the titration curve during the addition of Cu2+
to the tripeptide solutions, monitored at each π-π* transition. At 310 nm, the absorption increases
and levels off when a complex with an extinction coefficient of 22 M-1cm-1 (ε x 103), is formed.
This is consistent with the extinction coefficient reported Cu(bpy)22+ species.9 The equivalence
point occurs at approximately 1.5 Cu2+: 1 tripeptide, consistent with three Cu2+ ions forming
coordinative crosslinks between two tripeptide strands. An equivalence point is reached at low
Cu2+ concentration (14 µM) for the transitions attributed to Cu2+ binding to terpyridine, monitored
at 327 nm and 340 nm, which is consistent with the large binding affinity and chelate effect
afforded by [Cu(tpy)]2+ complex formation.10
Figure 4-10 compares the extinction coefficient spectra determined at the equivalence
point of 1.5 mol Cu2+ titrated into 1 mol of tripeptide (24 µM Cu2+ added) to the analogous small
molecule extinction coefficient spectra of [Cu(bpy)2]2+, [Cu(tpy)]2+, and [Cu(tpy)(py)]2+,
respectively. The observed extinction of the titration product is consistent with the linear
combination of the small molecules, suggesting the species formed at the equivalence point is a
tripeptide duplex crosslinked by 3 Cu2+ ions.
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Figure 4-9. Spectrophotometric titration of 50 µL additions of Cu(NO3)2 (200 µM) titrated into
equimolar tbt and pbp mixture (50 µM) in spectroscopic grade acetonitrile. Titration plots are
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4.4.3 Exploring binding selectivity of palindromic oligopeptides
The goal of the tbt and pbp design was to be able to explore binding selectivity of our
systems. Considerations of the thermodynamic properties of the small molecule complexes
suggest that [Cu(tpy)(py)]2+ (ΔGf = -19.2 kcal/mol; ΔH= -19.05 kcal/mol) and [Cu(bpy)2]2+ (ΔGf
= -18.6 kcal/mol; ΔH= -16.7 kcal/mol) are favored over [Cu(bpy)(py)]2+ (ΔGf = -13.6 kcal/mol;
ΔH= -14.7 kcal/mol).11 While the formation of [Cu(tpy)(bpy)]2+ has been observed and possesses
favorable thermodynamic properties (ΔGf = -23.8 kcal/mol; ΔH= -18.7 kcal/mol),11 the reported
small molecule crystal structures contain a distorted square pyramidal coordination with
terpyridine ligands arranged with 90° N-Cu-N bond angles with the bipyridine ligands
coordinated at 120°.12 The tethering of ligands sequentially on our oligopeptide scaffold may
make the realization of these structures less favorable due to steric crowding.
Spectrophotometric titrations were performed monitoring the changes in absorbances as a
function of incremental addition of non-complementary ppp, bbb, and bpb into the Cu2+
saturated tbt. Based on the physical characteristics of the small molecule complexes, potential
solution phase titration products are illustrated in Figure 4-11. The addition of ppp to
[Cu3(tbt)]6+ resulted in two isosbestic points at 270 nm and 345 nm. While changes in absorbance
at various wavelengths resulted in no equivalence points (Figure 4-12), the presence of isosbestic
points indicates that there is a molecular transformation from one species to another. We would
anticipate binding to occur due to the open coordination sites on the [Cu3(tbt)]6+ complex.
Addition of pbp resulted in an increase in absorbance at 310 nm which can be attributed to the
free bipyridine on the single pbp strand displacing any bound ppp tripeptide to saturate the
unsaturated central [Cu(bpy)]2+ which we hypothesize would be bound to a pyridine from ppp
addition (Figure 4-13). Due to the lack of spectral changes upon addition of the ppp tripeptide,
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Figure 4-11. Cartoon representations of potential solution phase titration product mismatches of
(A) ppp; (B) bbb; and (C) bpb into [Cu3(tbt)]6+.
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Figure 4-12. (A) Spectrophotometric titration of ppp (226 µM) into [Cu3(tbt)]6+ (37.7 µM). (B)
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we are unable to confirm any binding of the single ppp strand to the Cu-saturated single tbt
strand.
The addition of bbb to [Cu3(tbt)]6+ resulted in a change in absorbance at the copperbipyridine π-π* transition resulting a species with an extinction coefficient of 32.0 (x 103, M-1cm1

), consistent with a Cu(bpy)32+ species, at the equivalence point of 0.72 mol bbb to 1 mol

[Cu3(tbt)]6+ (Figure 4-14).20 This combination is hypothesized to form a misaligned complex with
one bipyridine, presumably bpy coordination of the bipyridine monomers from bbb coordinating
to the central bpy of [Cu3(tbt)]6+ forming one [Cu(bpy)2]2+ (Figure 4-11 B). In order to probe
whether the complementary pbp would displace the bbb, addition of pbp to a solution
containing 1 molar equivalent of bbb to [Cu3(tbt)]6+ resulted in a slight increase in absorbance at
310 nm (Figure 4-15), which could be attributed to the coordination of the free bipyridine of pbp
coordinating to the [Cu(tpy)]2+ open coordination site, however further experiments would be
necessary to rule out any other conformations.
The final tripeptide explored for binding selectivity was the bpb tripeptide. The design of
this tripeptide can be hypothesized to form a misaligned duplex structure depicted in Figure 4-10
C. Addition of bpb to the Cu-saturated tbt did not result in an equivalence point at the bpy π-π*
transition (Figure 4-16), rather a continual increase in absorbance at 310 nm, perhaps forming a
chain-like misaligned structure (Figure 4-11 C). Upon addition of 1 molar equivalent bpb to the
[Cu3(tbt)]6+ complex, we observe an increase in extinction at 310 nm (36.0 x 103, M-1cm-1), and
further titrations of the complement, pbp, in increments of 0.5 molar equivalents did not result in
an increase in extinction (Figure 4-17).
These studies highlight the importance of having intrinsic binding indicators for each
ligand pair. With the spectral overlap of the pyridyl ligands, combined with the absence of a
spectral signature upon the binding of py to either bpy or tpy, future systems should be designed
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Figure 4-14. (A) Spectrophotometric titration of bbb (224 µM) into [Cu3(tbt)]6+ (37.3 µM). (B)
Titration plot monitoring changes in absorbance at 310 nm as a function of added bbb.
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Figure 4-16. (A) Spectrophotometric titration of bpb (722 µM, 10 µL) into [Cu3(tbt)]6+ (18.3
µM). (B) Titration plot monitoring change in absorbance at 310 nm.
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such that each binding event contains characteristic transitions monitored with multiple
spectroscopies (i.e. fluorimetry). Ongoing systems have been developed incorporating
hydroxyquinoline (hq) into the palindromic scaffold, taking advantage of the fluorescent nature of
the Zn(hq)22+ complex.13

4.4.4 Gel Electrophoresis of Artificial Oligopeptides
To attempt to characterize merely in mixtures without spectroscopic tags, gel
electrophoresis is a technique commonly applied to separate and purify biomolecules. Polymer
gels, consisting of polyacrylamide (proteins) and agarose (oligonucleotides), submerged
in buffer solutions are subjected to an electric field. Molecules separate based on electrophoretic
mobility,




E

(1)

which is defined by the observed rate of migration of a component (ν) divided by the electric field
strength (E) in a given medium.
Utilizing adapted procedures for PAGE,14 samples were prepared to contain an overall
20% v/v acetonitrile/water with Pyronin Y, a net positively charged dye that is used to identify
the migration of the solvent front. Electrophoresis was performed in a positive to negative
polarity due to the positively charged nature of the metal-linked artificial oligopeptide complexes.
Coomassie blue was used to stain the gel for band identification. Lanes 1-5 (Figure 4-18) contain
palindromic tripeptides (pbp, ppp, bpb, bbb, tbt) without metals. Staining of the compounds in
lanes 1-4 is weakly observed, as compared to the staining of lane 5, which contains
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Lane

Compound

1
ppp
2
pbp
3
bpb
4
bbb
5
tbt
6
Mix of 1-5
7 & 9 [Cu3(bbb)2]6+
8 & 10 [Cu3(pbp)(tbt)]6+

Figure 4-18. Electrophoretic separation of artificial oligopeptides (lanes 1-6) and metalcontaining artificial oligopeptides (lanes 7-10).
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the tbt tripeptide. Coomassie blue is an intercalating dye, which in natural systems π-stacks with
aromatic moieties in proteins and DNA. The increased staining of the tbt tripeptide can be
attributed to the increase π-nature of the terpyridine ligands as compared to pyridine and
bipyridine. Based on the pKa values of the pyridyl ligands, the nitrogens on the ligands are
predicted to be partially protonated, thus promoting an overall net positive charge on the
tripeptides to promote migration. Lane 6 contains a mixture of the tripeptides. Streaking of the
compounds is observed, with the tbt band highly resolved. Metal containing complexes are
shown to migrate closer to the solvent front as compared to the single strands, with [Cu3(bbb)2]6+
(lanes 7 & 9) closely trailing the [Cu3(tbt)(pbp)]6+ complex. The biggest challenge with this
technique is developing a staining technique which can reproducibly visualize tripeptides which
contain pyridyl ligands in addition to terpyridine. Solubility of the artificial oligopeptides and
metallated complexes in the aqueous phosphate buffer is another challenge which would need to
be addressed in future studies, which is the main factor affecting the reproducibility of this
technique.

4.5 Conclusions and future studies
The palindromic motif provides a rapid synthetic route for the formation of a wide variety
of tripeptide ligand combinations. Exploring heteroduplex formation and selectivity is of great
interest to the supramolecular community. The route of saturating a single tripeptide strand
[Cu3(tbt)]6+ allows for control of assemblies to promote the formation of a desired target,
however identification of mismatched sequences we have described is limited based on the nature
of the metal-binding ligands chosen. Future studies will look to expand the ligand library to
include ligands, such as hydroxyquinoline, which have specific, unique spectroscopic
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characteristics in to discern dynamic solution phase composition from complex mixtures of ligand
pairs.
Isothermal titration calorimetry (ITC) can be used to study dynamic binding and
thermodynamic properties of these systems. In biological systems, calorimetry is often used to
determine the solution interactions and thermodynamic properties of biomolecules and ligands
free of labels that may later function or structure.15 Heat released or absorbed as a function of
binding is measured and can be integrated to determine the binding affinity (Ka), stoichiometry
(n), and binding enthalpy (ΔH). These values can be used to calculate the free energy (ΔG) and
entropy (ΔS) of the system. The experimental range of ITC experiments is limited to ~103 < Ka <
~108 (see the MicroCal VP-ITC Microcalorimeter User’s Manual MAU130030 Rev. A), which
can only report on the lower-limit of the binding constant, as seen for [Cu(tpy)]2+ complexation
with Ka > 108.16
In order to probe kinetics of reactions with half-lives of less than 10 s, continuous flow
methods must be applied. The study of binding kinetics in our systems will require a stoppedflow apparatus when considering the reported rates of binding for small molecule poly-pyridyl
complexes with Cu2+ on the order of 107 M-1s-1. For the stopped-flow technique, streams of
artificial oligopeptide and metal-ion will be mixed rapidly, and the flow of the mixed solution
suddenly stopped.17 The reaction progress will be monitored by absorbance spectroscopy at a
position slightly beyond the mixing point. However, in our systems there is an expectation that
positive cooperative binding may influence the binding kinetics, reducing the experimental time
scale.18 These experiments will provide evidence to compare the spectroscopic and structural
products formed at short time scales (~ ms) which is likely in the kinetic controlled regime,
compared to the products formed at longer time scales (~ min) as observed for the
spectrophotometric titration products which likely is in the equilibrium region of the reaction.
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The initial proof of concept work applying gel electrophoresis separations to map
artificial oligopeptides and their metallated counterparts has much potential for rapid
determination of matched versus mismatched duplex pairs. More work needs to be conducted to
explore optimal separation parameters; including mixed organic-aqueous buffer conditions
eliminate solubility concerns as well as development of visualization protocols unique to our
pyridyl systems. One possibility is the use of a metal containing stain, such as an iron-based stain.
The binding of Fe2+ to free bipyridine ligands produces a strong metal-to-ligand charge transfer
(MLCT) band, ideal for our bpy containing oligopeptides.
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Chapter 5
Metal-Containing Photoregulated Artificial Oligopeptides with Pendant
Bipyridine Ligands Linked by Azobenzene

5.1 Introduction
Photochromic molecules have the ability to change conformation upon stimulation with
light. Some natural systems, such as enzymes, have been shown to undergo dynamic
conformational changes allowing substrate binding to occur resulting in catalysis.1 Azobenzene
switches have been inserted into various biopolymers, such as nucleic acids, peptides, and
enzymes, which allow for rapid conformational control2 and catalytic activity enhancement or
inhibition in enzymes.3
Azobenzene and its derivatives undergo reversible cis-trans photoisomerization
following excitation of the n-π* (S1, ~450 nm) and π-π* (S2, ~330 nm) states. At equilibrium in
the dark, the photostationary state (PSS) persists as the trans conformation. Irradiation of the π-π*
band (UV) promotes the transition from the photostationary state to the cis conformation.
Subsequent conversion to the trans isomer can proceed through a thermal relaxation pathway or
via irradiation with blue light at the n-π* electronic transition. The reversible, controllable nature
of azobenzene conformation makes it an ideal target for application as a molecular switch, and it
has been incorporated into a variety of materials, including polymers,4 surface modified
materials,5 molecular machines,6 and metal-ion chelators.7
We have developed a series of artificial oligopeptide structures which append metalbinding ligands to a polyaminoethylglycine (aeg) backbone. Upon addition of transition metal
ions, our artificial oligopeptides assemble into multi-metallic single stranded8 and duplex
structures.9 Based on the denticity of the ligand and coordination number of metal, assembly has
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been shown to proceed by cross-linking the ligands in manner inspired by the hydrogen bonding
and molecular recognition intrinsic to that of nucleobases in DNA (i.e. A-T, C-G binding). In the
presence of a tetracoordinate metal, a bidentate ligand will form a [2 x 2] binding geometry and a
tridentate ligand will be complementary to a monodentate ligand [3 x 1]. A series of design
strategies have been developed to eliminate the formation of geometric isomers (i.e., parallel and
antiparallel structures): heterofunctional ligand sequences,10 hairpin geometries,11 and
palindromic synthetic routes.12
In efforts to further control and modulate metal-directed assembly, a photochromic
switch has been inserted into the oligopeptide sequence. Addition of an amine-terminated
bipyridine functionalized aeg-monomer to 4,4’-diacidchloride functionalized azobenzene formed
an amide linked OtButyl-aeg(bpy)-4,4’-bisazobenzeneamide-aeg(bpy)OtButyl (b(azo)b)
pseudopeptide. Tetra-coordinate metal ions (Cu2+ and Zn2+) were added while the geometry of
the azo-containing artificial oligopeptide was held in the cis- or trans- geometry via external light
stimuli. M2+ ions bound to the cis/transb(azo)b pseudopeptide, forming a 1:1 complex, which was
confirmed via spectrophotometric titrations, NMR, mass spectrometry, and elemental analysis.
Following complex formation, light stimulates a reversible isomerization which we propose
cycles between a hairpin-like geometry with M2+ crosslinking the bipyridine ligands and the
azobenzene in its cis conformation. This is rapidly switched to the trans isomer, unzipping the
hairpin. The significance of the dynamic structure-function relationship of natural systems has led
us to develop of a functional, photoswitchable metal-binding artificial-oligopeptide, with
potential applications as molecular switches, logic gates, molecular sensing, and catalysis.
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Figure 5-1. (A) Molecular structure of the b(azo)b dipeptide. (B) Cartoon representation of the
b(azo)b dipeptide. Azobenzene is represented in red; bipyridine by the black semi-oval, blue
balls are metals. Upon stimulation with light the cis azobenzene transitions to the trans
conformation reversibly. Upon addition of a 1:1 mol ratio of metal to b(azo)b, two proposed
structures can form) a metal-linked hairpin or ultimately a dimetallic duplex.
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5.2 Experimental

5.2.1 Chemicals
Syntheses of 4′-methyl-2,2′-bipyridine-4-acetic acid,13 tert-butyl N-[2-(N-9fluorenylmethoxycarbonyl)aminoethyl] glycinate hydrochloride (Fmoc-aeg-OtBu·HCl),14 Fmoc-

aeg(bpy)OtBu,15 H2N-aeg(bpy)OtBu,16 FMOC-aeg(Ac)OtBu17 were followed as reported. Nhydroxybenzotriazole (HOBT) and O-Benzotriazole-N,N,N′,N′-tetramethyl-uroniumhexafluorophosphate (HBTU) were purchased from Oakwood Chemicals. Nitrobenzoic acid was
purchased from Alpha Aesar. All solvents were used as received without further purification
unless otherwise noted. Deprotection of Fmoc was followed according to a previously published
procedure.18

5.2.2 Synthesis

5.2.2.1 Synthesis of 4-4’ Bis(carboxylic acid)azobenzene. (Azo-(CO2H)2)
Using a modified procedure,19 nitrobenzoic acid (5.0 g, 29.8 mmol) was suspended in 75
mL of H2O and stirred. NaOH (15.0 g, 0.399 mol) was then added, which changed the solution
color from pale yellow to orange, and stirred under mild heating conditions (not refluxing).
Separately, a solution of glucose (33.34 g, 0.185 mol) in H2O (50 mL) was heated to 50°C while
stirring. The glucose solution was added drop wise to the nitrobenzoic acid solution, resulting in a
color change to bright yellow to brown upon complete addition of glucose. A light stream of N2
was passed over the reaction for 3 hours. The resulting dark brown suspension was frit filtered,
producing a rust orange solid which was dissolved in 100 mL of H2O and acidified with glacial
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acetic acid (10 mL), producing a salmon pink color precipitate, which was dried via
lyopholization overnight. (5.29 g, 65% yield). 1H NMR (DMSO-d6) = 8.21-8.12 (d, J= 9 Hz,
4H), 8.06-7.96 (d, J= 9 Hz, 4H).

5.2.2.2 Synthesis of OtBu-aeg(acetyl)-4,4’-bisazobenzeneamide-aeg(acetyl)-OtBu (ac(azo)ac)
Azo-(CO2H)2 (0.4245 g, 1.57 mmol) was lightly refluxed overnight in 100 mL of 4%
thionyl chloride in DCM. The resulting orange solid was frit filtered, rinsed with DCM and was
combined with H2N-aeg(Ac)-OtBu (1.359 g, 6.28 mmol) and triethylamine (0.57 mL) in 50 mL
of dry DCM while stirring at 0°C for 5 h. HOBt (0.425 g, 3.14 mmol), HBTU (1.19 g, 3.14
mmol), and DIPEA (2.6 mL) were added along with 50 mL of dry DCM and allowed to stir
overnight. The orange solution was extracted with H2O (4 x 50 mL) and the organics were
combined, dried over Na2SO4 and the solvent was removed under reduced pressure. The product
was purified via silica column chromatography using a 100% DCM to 2.5% MeOH in DCM
mobile phase. The product eluted as a yellow-orange band. Like fractions were combined,
resulting in 0.427 g (39% yield). HRMS (ESI+): [M+H]+ calcd 3667.3455; found 667.3455. 1H
NMR (360 MHz, CDCl3) = 7.87-7.85 (d, , J= 9 Hz, 4.0 H); 7.48-7.46 (d, J= 8 Hz, 2.6 H); 6.8
(s, 1.3 H), 4.05 (s, 1 H); 3.86 (m, 4.1 H), 3.69-3.37 (m, 5.6 H), 3.22 (s, 2 H), 2.09-1.78 (m, 5.8
H), 1.52-1.20 (m, 18 H) ppm (Figure 5-2).

5.2.2.3 Synthesis of OtBu-aeg(bpy)-4,4’-bisazobenzeneamide-aeg(bpy)-OtBu (b(azo)b)
Azo-(CO2H)2 (0.369 g, 1.36 mmol) was lightly refluxed overnight in 100 mL of 4%
thionyl chloride in DCM to produce Azo-(COCl)2. The product was filtered and rinsed with

139

Figure 5-2. 1H-NMR (400 MHz, d6-DMSO) of ac(azo)ac.
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DCM. Separately, H2N-aeg(bpy)OtBu was dissolved in 50 mL of dry DCM to which
triethylamine (2 mL, 3.6 mmol) was added and stirred at 0°C. Azo-(COCl)2 from the initial step
was added and stirred for 5 hours. HOBt (0.369 g, 2.73 mmol), HBTU (1.04 g, 2.73 mmol), and
DIPEA (2.3 mL, 1.37 mmol) were added and stirred overnight. The solvent was then removed
under reduced pressure and the product was purified by silica column chromatography using a
gradient mobile phase of 100% DCM to 2.5% MeOH in DCM. The product eluted as an orangered band, like fractions were combined resulting in 0.96 g (70 % yield). HRMS (ESI+): [M+H]+
calcd 1003.4830; found 1003.4866. 1H NMR (400 MHz, CDCl3) = 8.67-8.35 (m, 3.5H); 8.358.03 (m, 3.7H); 8.03-7.92 (m, 4.1H); 7.92-7.70 (m, 3.5); 7.28 (s, CDCl3); 7.24-7.02 (m, 3.5H);
4.19-3.89 (m, 3.6); 3.89-3.52 (m, 12.4); 3.15 (q, J= 8 Hz; 2.0H); 2.81 (s, 2.2); 2.52-2.29 (m, 6H);
1.55-1.32 (br. m, 31.6). Elemental Analysis C56H62N10O8•H2O calcd: 65.87 C, 6.32 H, 13.72 N; found: 64.93 C, 6.27 H, 13.6 N (Figures 5-3 – 5-7).

5.2.2.4 Synthesis of {Cu(cisOtBu-aeg(bpy)-4,4’-bisazobenzeneamide-aeg(bpy)-OtBu)} (PF6)2
(Cucisb(azo)b)
A solution of b(azo)b (35.6 mg, 35.5 µmol) was stirred in 8 mL of MeOH while irradiated under
visible light (300 W, UG11) for 10 min. Cu(NO3)2•2.5 H2O (8.3 mg, 35.5 µmol) was added with
2 mL of MeOH and stirred for 2 h. The solvent was removed under reduced pressure and
completely dissolved in 3 mL of 1:4 MeOH: H2O. A saturated solution of NH4PF6 in water was
added drop wise producing a yellowish-green precipitate which was frit-filtered and rinsed with
H2O and Et2O and lyophilized overnight to produce 31.5 mg of Cucis b(azo)b 65.3 % yield. 1H
NMR (400 MHz, CD3CN) δ= 8.47-6.64 (br. m, 8.1 H); 4.47-2.7 (br. m, 12.1 H), 1.5 (s, 18 H)
ppm (Figure 5-8). (ESI+) {Cu(b(azo)b)}2+ calcd: 532.7; observed: 532.7; {Cu(b(azo)b)(PF6)}+
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Figure 5-3. 1H NMR (400 MHz) of b(azo)b in d6-DMSO.
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Figure 5-4. Variable Temperature 1H NMR (300 MHz) of b(azo)b in d6-DMSO. (1) 25°C, (2)
40°C, (3) 55°C, (4) 70°C, (5) 85°C, (6) 100°C, (7) 107°C, (8) 25°C after temperature ramp.
Zoomed in view of the aromatic (bottom) and tert-butyl (bottom) chemical shifts.
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Figure 5-5. 1H COSY NMR (400 MHz) of b(azo)b in d6-DMSO.
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Figure 5-6. 1H-13C HMBC NMR (400 MHz) of b(azo)b in d6-DMSO.
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Figure 5-7. 1H-13C HMQC NMR (400 MHz) of b(azo)b in d6-DMSO.
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calcd: 1210.4; observed 1210.4. Elemental analysis: C56H66CuF12N10O10P2 calcd: C 48.3; H 4.78,
N 10.06; Cu 4.6 found: C 45.66; H 4.67; N 9.5; Cu 4.6.

5.2.2.5 Synthesis of {Cu (transOtBu-aeg(bpy)-4,4’-bisazobenzeneamide-aeg(bpy)-OtBu) } (PF6)2
(Cutransb(azo)b)
A solution of b(azo)b (37.4 mg, 37.3 µmol) was stirred in 8 mL of MeOH while irradiated under
visible light (300 W, LP455) for 10 min. Cu(NO3)2•2.5 H2O (8.7 mg, 37.3 µmol) was added with
2 mL of MeOH and stirred for 2 h. The solvent was removed under reduced pressure and
completely dissolved in 3 mL of 1:4 MeOH: H2O. A saturated solution of NH4PF6 in water was
added drop wise producing a brownish-green precipitate which was frit-filtered and rinsed with
H2O and Et2O and lyophilized overnight to produce 35 mg of the Cutrans b(azo)b at 69.1 %
yield. 1H NMR (400 MHz, CD3CN) δ= 8.5-6.8 (br. m, 8 H); 4.5-2.8 (br. m, 12 H), 1.5 (s, 18 H)
(Figure 5-8). (ESI+) {Cu(b(azo)b)}2+ calcd: 532.7; observed: 532.7; {Cu(b(azo)b)(PF6)}+ calcd:
1210.4; observed 1210.5. Elemental analysis: C56H66CuF12N10O10P2 calcd: C 48.3; H 4.78, N
10.06; Cu 4.6 found: C 46.6; H 4.11; N 9.7; Cu 4.7.

5.2.2.6 {Zn (transOtBu-aeg(bpy)-4,4’-bisazobenzeneamide-aeg(bpy)OtBu) } (PF6)2
(Zntransb(azo)b)
A solution of b(azo)b (24.4 mg, 24.3 µmol) was stirred in 6 mL of MeOH while
irradiated under visible light (300 W, LP455) for 10 min. Zn(NO3)2•6 H2O (9.19 mg, 30.9 µmol)
was added with 2 mL of MeOH and stirred for 2 h. The solvent was removed under reduced
pressure and completely dissolved in 3 mL of 1:4 MeOH: H2O. A saturated solution of NH4PF6 in
water was added drop wise producing a pale orange precipitate which was frit-filtered and rinsed
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Figure 5-8. 1H NMR (400 MHz) Cutransb(azo)b (A) and Cucisb(azo)b (B) in CD3CN.
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with H2O and Et2O and lyophilized overnight to produce 13.2 mg of the Zntransb(azo)b at 40.1 %
yield. 1H NMR (400 MHz, CD3CN) δ= 8.88-6.85 (br. m, 20.5 H); 4.39-3.25 (br. m, 16.1 H); 2.752.35 (br. m, 6 H), 1.6-1.4 (s, 17 H) (Figure 5-9). (ESI+) {Zn(b(azo)b)}2+ calcd. 533.2, observed
533.2; and {Zn(b(azo)b)(NO3)}+ calcd. 1126.4, observed 1125.4. . Elemental analysis:
C56H62F12N10O8P2Zn C 49.51; H 4.6; N 10.31; Zn 4.81; found: C 47.56; H 4.59; N 9.84; Zn 4.13.

5.2.2.7 {Zn(cisOtBu-aeg(bpy)-4,4’-bisazobenzeneamide-aeg(bpy)OtBu)} (PF6)4 (Zncisb(azo)b)
A solution of b(azo)b (24.6 mg, 24.5 µmol) was stirred in 8 mL of MeOH while
irradiated under ultraviolet light (300 W, UG11) for 10 min. Zn(NO3)2•6 H2O (7.9 mg, 26.6
µmol) was added with 2 mL of MeOH and stirred for 2 h. The solvent was removed under
reduced pressure and completely dissolved in 3 mL of 1:4 MeOH: H2O. A saturated solution of
NH4PF6 in water was added drop wise producing a light orange precipitate which was frit-filtered
and rinsed with H2O and Et2O and lyophilized overnight to produce 13.6 mg of Zncis b(azo)b
40.8 % yield. . 1H NMR (400 MHz, CD3CN) δ= 8.88-6.85 (br. m, 20.1 H); 4.39-3.25 (br. m, 15.9
H); 2.75-2.35 (br. m, 6 H), 1.6-1.4 (s, 18 H) (Figure 5-9). (ESI+) {Zn(b(azo)b)}2+ calcd 533.2,
observed 533.3; {Zn(b(azo)b)(NO3)}+ calcd 1126.13, observed 1125.36; {Zn(b(azo)b)(PF6)}+
calcd 1211.3, observed 1211.3. Elemental analysis: C56H66F12N10O10P2Zn calcd: C 49.51; H 4.6;
N 10.31; Zn 4.81; found: C 49.76; H 4.89; N 10.33; Zn 3.9.
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Figure 5-9. 1H NMR (400 MHz) of Zncisb(azo)b (A) and Zntransb(azo)b (B) in CD3CN.
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5.3 Methods

5.3.1 Photoisomerization
Photoisomerization experiments were conducted by irradiating a solution of azocontaining product with a Newport Oriel Arc Lamp (300 W) with an Edmund Optics UG11
bandpass filter (λmax= 334 nm, 90% T) or a Newport colored-glass long-pass filter (λ >455 nm),
respectively. (Fig. 5-10). Micromolar spectroscopic grade methanolic solutions of the azocontaining complexes were irradiated for 5-10 minutes and scans were taken using a Cary 500
UV-visible spectrometer.

5.3.2 Spectrophotometric Titrations.
Titrations were performed by using spectroscopic grade acetonitrile solutions of known
concentrations of azo-containing dipeptides (ac(azo)ac, b(azo)b), Cu(NO3)2•2.5 H2O, and
Zn(NO3)2•6H2O. For the ultraviolet measurements, dipeptide concentrations ranged from 13.820.25 µM with injections of 50 µL injections of M2+ at concentrations of 63-163 µM. The
geometric isomers of cis b(azo)b and trans b(azo)b were controlled by irradiating the stirring
solution in between injections for 10 minutes under ultraviolet (UG11 band-pass filter) or visible
(long pass 455nm filter), respectively.

5.3.3 Electrochemistry
Electrochemical data were collected with a CH Instruments model 660A potentiostat with
a picoamp booster. Solutions were prepared from doubly distilled acetonitrile and thoroughly
deoxygenated. Voltammetry was obtained using a 0.062 cm radius glassy carbon working
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Figure 5-10. Experimental set-up for photoisomerization.
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electrode, 2 mm diameter Pt wire counter electrode, and 22 gauge Ag wire quasireference
electrode with 0.2 M tetrabutyl ammonium perchlorate (TBAP) as the supporting electrolyte.
Separate cyclic voltammograms of ferrocene (1 mM) in acetonitrile were used to standardize the
potential vs. SCE.20 The area of the electrode was determined using potential step
chronoamperometry of 10.1 mM K4Fe(CN)6•3H2O in H2O with 0.5 M KNO3 (0.5 M) as
supporting electrolyte with a known diffusion coefficient of 7.4 x10-6 cm2/s20 and this value was
used for subsequent diffusion coefficient determinations.

5.4 Results and Discussion

5.4.1 Synthesis and Characterization of Photoswitching Oligopeptides
Ongoing efforts in our research group have sought to develop functional structures
capable of long range electron transfer and catalysis. We have developed complex artificial
oligopeptides which assemble into multimetallic complexes, based on encoded molecular
recognition of pendant ligands. The ability to modulate the metal center environment with a
photochromic switch extends our capabilities to control assembly. An azobenzene central unit
functionalized with dicarboxylic acid at the 4,4’- positions can be readily converted to a diacid
chloride by refluxing in 4% thionyl chloride in dichloromethane.19 Reaction of the acid chloride
with the amine terminated aminoethylglycine monomer with pendant bpy or acetyl functionality
resulted in a dipeptide R-azo-R (1, 2) (Scheme 5-1). A series of NMR techniques have been used
to characterize the tripeptides including variable temperature 1H, 1H-1H COSY, 1H-13C HMBC
and HMQC NMR experiments. For b(azo)b, the aromatic chemical shifts included the protons
associated with the azobenzene and bipyridine. Shifts at 8 and 7.8 ppm are strongly correlated in
the COSY spectrum and are assigned to the proton shifts of the azobenzene (Fig. 5-11). The
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Scheme 5-1. Synthesis of OtButyl-aeg(R)-4,4’-bisazobenzeneamide-aeg(R)OtButyl (R1=
ac(azo)ac; R2= b(azo)b)
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Figure 5-11. 1H-1H COSY NMR spectrum in d6-DMSO, zoomed in the aromatic region to
identify correlated peaks of b(azo)b.
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protons adjacent to the N on bipyridine are most downfield at 8.6-8.35 ppm. These are correlated
to bipyridine peaks at 8.35-8.03 and 7.28 ppm, which are shown to correlate to the methyl groups
of the bipyridines at 2.5-2.35 ppm. The multiplet that appears at 2.5-2.35 ppm is assigned to the
bpy-methyl, and coalesces into a singlet at temperatures of 55°C and higher (Fig. 5-4). This
suggests the presence of rotomers at low temperatures, resulting in the splitting of the methyl
peak that is predicted to be a singlet. The tert-butyl groups at 1.5-1.35 ppm also appear as a
multiplet at low temperatures and integrate to 18 protons. These peaks coalesce at temperatures of
100°C and higher to the predicted singlet (Fig. 5-3 to 5-7). After the final temperature spectra was
recorded, the temperature was allowed to return to 25 °C and the spectra remained identical to the
initial prior to temperature change.
The aromatic protons for the ac(azo)ac dipeptide were assigned to the azobenzene
chemical shifts, which correspond to two doublets at 8 ppm and 7.5 ppm. The integrations of the
backbone (4.3- 3.3 ppm) and tert-butyl groups (1.5 ppm) were consistent with structure, 12 and
18 H, respectively. The acetyl group appeared at 2 ppm and integrated to 6 H (Figure 5-2).

5.4.2 Photoisomerization
The photochemical isomerization of azobenzene makes this molecule an attractive
candidate for incorporation into molecules as molecular switches. The electronic transitions of the
azobenzene molecules must be taken into consideration when determining the wavelength to
promote isomerization. The trans species posses a strong band in the UV region at approximately
330 nm (ε ~ 22 x 103 M-1cm-1), which is attributed to the π-π* transition; while a weaker band
was present in the visible region at 450 nm (ε ~ 400 M-1cm-1) and corresponds to the n-π*
transition.21 For the cis species, the π-π* transitions were observed at 250 nm (ε ~ 11 x 103 M-1cm) and 270 nm (ε ~ 5 x 103 M-1cm-1) and the visible n-π* transition at 450 nm (ε ~ 1.5 x 103 M-

1
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1

cm-1).21 The interconversion of cis to trans was controlled by irradiation at 330 nm, which

promoted the formation of the cis species; and 455 nm which promoted the formation of the trans
species. Back-isomerization from the cis to the trans state can also proceed thermally, with the
photostationary state of the trans species persisting, however we chose to drive isomerization
using external stimuli to more rapidly modulate the geometry of our compounds.
Methanolic solutions of ac(azo)ac and b(azo)b were irradiated for 10-20 min with a UV
band pass filter (330 nm, 90% T, UG11 filter) to isomerize the molecules from trans to cis. The
same solution was irradiated for 10 min with a visible light long pass filter (λ > 455 nm) to return
the molecule to the trans conformation and following each irradiation, the UV/Vis spectra were
taken. The characteristic extinction changes at the π-π* electronic transition of azobenzene (330
nm) were monitored and indicate isomerization: as absorbance decrease the molecule undergoes a
change to the cis conformation (Fig. 5-12). The π-π* electronic transition at 283 nm was
assigned to the free bpy ligands (ε283 nm = 31.6 x 103 M-1cm-1) and this peak does not undergo any
significant changes in absorbance as a function of isomerization. These results in Figure 5-12
inset, that the absorbance reversibly switches and therefore the molecule isomerizes reversibly
over this time scale.

5.4.3 Synthesis and Characterization of Metallated Dipeptides
Bulk scale preparations of the metal containing complexes were synthesized by reacting
one molar equivalent of M2+ with the trans/cisb(azo)b dipeptide. In each case the product was
isolated via precipitation using ammonium hexafluorophosphate. Purity was initially assessed
using 1H-NMR; the spectra in Fig. 5-8 are similar, reflecting the chemical similarity of the two
species. Cu2+-containing complexes often induce a paramagnetic shift in the protons bound
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Figure 5-12. (A) Monitoring the change in the absorbance spectra upon irradiation with 300 W
light using a 455 long pass filter for cis trans and a UG11 band pass filter of 90% T at 330 nm
for transcis : (A) ac(azo)ac (14.6 µM); (B) b(azo)b (25.3 µM) recorded in spectroscopic grade
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measurement was taken.
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closely to the paramagnetic ion, this includes shifts associated with the nearby bipyridine ligands.
Integration ratios of the proton chemical shifts were consistent with a complex formed containing
1 mol of Cu2+ bound to 1 mol of BAB. However this method cannot distinguish between hairpin
Cu(b(azo)b) and duplex Cu2(b(azo)b)2 structures. Cu2+ complexes formed under either visible
(trans) or UV (cis) conditions contained the same ratios of aliphatic and azobenzene protons.
Although these were significantly broadened and integrated to 1 aromatic to 1.5 aliphatic to 2.25
tert-butyl protons, consistent with a 1:1 complex. The protons adjacent to the carbonyl connecting
the [Cu(bpy)2]2+ to the aeg backbone were shifted outside of the 1H window and thus not
observed. The Zn2+ complexes synthesized in the cis and trans conformations were analyzed
analogously analyzed using 1H NMR spectroscopy (Fig. 5-9). In these complexes, the integration
ratios of the aromatic protons (3.3 H) were assigned to the bipyridine and azobenzene protons
(8.8 to 6.8 ppm). The methyl groups on the bipyridine ligands, integrated to 1 proton and
appeared between 2.75-2.35 ppm. The aliphatic and tert-Butyl groups integrated to 3.2 and 3.3
protons, respectively. These data are also consistent with a Zn2+ complex formed in a 1:1 ratio
with 2. Elemental analysis was also in agreement with the NMR data: Zn2+ and Cu2+ bound to the
b(azo)b artificial oligopeptide in a 1:1 ratio.
High-resolution mass spectrometry was used to identify the product of the reactions and
compare the measured and calculated isotopic splitting patterns. For each isomer’s bulk prepared
sample, the predominant peaks in the mass spectrum included {Cu(b(azo)b)}2+ and
{Cu(b(azo)b)(PF6)}+ (Fig. 5-13). The cis bulk preparation (Fig. 5-14) contained the same two
predominant peaks. An alternative configuration has been hypothesized by dimetallic duplex
could be formed which crosslinks two b(azo)b strands (Fig 5-1c). The +2 complexes of a duplex
formed during the cis and trans bulk preparation have been observed in the mass spectra trace,
however their abundance compared to the hairpin structure is significantly less, with the peaks
appearing in the baseline of the spectra. (Figures 5-15). The observation of the low-abundance of
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Figure 5-13. Positive mode electrospray ionization mass spectrometry of Cu(b(azo)b) prepared
under UV light irradiation. Inset plots show the {Cu(b(azo)b)}2+ calculated and observed
molecular ion peak (m/z 532) and {Cu(b(azo)b)(PF6)}+ (m/z 1209) for the single metalcontaining complex.
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Figure 5-14. Positive mode electrospray ionization mass spectrometry of Cu(b(azo)b) prepared
under visible light irradiation. Inset plots show the {Cu(b(azo)b)}2+ calculated and observed
molecular ion peak (m/z 532) and {Cu(b(azo)b)(PF6)}+ (m/z 1209).
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Figure 5-15. Positive mode electrospray ionization mass spectrometry of Cu(b(azo)b ) prepared
under visible (trans bulk prep) and UV (cis bulk prep) irradiation. Showing the molecular ion
peak for a dimetallic duplex: {Cu2(b(azo)b)2(CH3CN)4(PF6)2}2+.
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Figure 5-16. Positive mode electrospray ionization mass spectrometry of Zn(b(azo)b) prepared
under UV light irradiation. Inset plots show the {Zn(b(azo)b)}2+ calculated and observed
molecular ion peak (m/z 533); {Zn(b(azo)b)(NO3)}+ (m/z 1125) and {Zn(b(azo)b)(PF6)}+ (m/z
1210).
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Figure 5-17. Positive mode electrospray ionization mass spectrometry of Zn(b(azo)b) prepared
under visible light irradiation. Inset plots show the {Zn(b(azo)b)}2+ calculated and observed
molecular ion peak (m/z 533) and {Zn(b(azo)b)(NO3)}+ (m/z 1125).
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Table 5-1. Spectroscopic data of the bulk prepared Zn2+ and Cu2+ complexes.
Cutrans
b(azo)b

Cucis
b(azo)b

Zntrans
b(azo)b

Zncis
b(azo)b

λ, nm
(ε x103 M-1cm-1)
748 (0.14)

733 (0.16)

460 (0.61)

446 (0.79)

456 (0.72)

446 (0.89)

341 (22.3)

342 (20.7)

337 (26.3)

335 (24.0)

310 (38.2)

310 (37.8)

310 (45.2)

310 (44.6)

All measurements were recorded in spectroscopic grade acetonitrile.
Molecular weight of the mono-metallic complex was used to determine
the concentration.
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multi-metallic Cu2(b(azo)b)2 complexes can be a result of lower ionization efficiency of the
larger, multiply charged di-copper complex versus the mono-copper complex. The Zn2+ prepared
complexes with both cis- and trans- b(azo)b (Figures 5-16, 5-17) resulted in isotopic
splitting patterns consistent with {Zn(b(azo)b)}2+; {Zn(b(azo)b)(NO3)}+; and
{Zn(b(azo)b)(PF6)}+, however no multi-nuclear Zn2+ complexes are observed.
The visible d-d spectroscopic transitions were observed for the Cu2+ metal center and
appeared at 733 and 748 nm for the cis and trans products, respectively. The red-shift of the d-d
transition for the trans-product is a recognized indicator of a metal-center environment with
decreased symmetry.22 Absorbances within this region are consistent with a compressed
tetrahedral geometry of the Cu2+ metal center.23 Table 5-1 contains the electronic absorbance data
for the bulk prepared complexes. Based on NMR, MS, and elemental analysis data, the molecular
weight of the mono-metallic 1:1 complex was used to determine the solution concentration.
The consistencies of the cis versus trans prepared bulk preparations may be attributed to
the synthetic route. After precipitation with NH4PF6, the total solution volume was reduced under
pressure and heating, increasing the probability for isomerization from cis to trans.

5.4.4 Electrochemistry
The electrochemical characterization of the metallated Cu2+-complexed azo-containing
oligopeptides was restricted to the region attributed to the Cu(bpy)22+/1+ E1/2 ~ -0.32 V (v SCE).24
It is known that azobenzene is reduced to hydrazobenzene at potentials of ~ -1.2 V (v SCE)
which is electrochemically and chemically irreversible, and therefore. Representative cyclic
voltammograms and linearized current-time transients are shown in Figure 5-18 and the formal
potentials reported in Table 5-2 for each Cu2+ complex. The peak currents for the cathodic and
anodic reactions are equivalent, indicating that the reductions is chemically reversible. The
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Figure 5-18. Cyclic voltammograms of deoxygenated metallated oligopeptides Cutrans b(azo)b
(0.81 mM, black) and Cucis b(azo)b (1.6 mM, red) recorded at a scan rate of 25 mV/s in 0.2 M
TBAP in acetonitrile, glassy carbon working electrode, silver quasi reference electrode, and Pt
wire counter electrode. (Inset) Linearized current-time transients resulting from an applied
potential step of -0.55 V for the bulk prepared metallated oligopeptides Cutrans b(azo)b () and
Cucis b(azo)b () with linear regressions
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Table 5-2. Electrochemical Data
[Cu(bpy)2]2+/1+

Cutb(azo)b
Cucb(azo)b
a

E1/2
(V) a
-0.25
-0.28

ΔEp
(mV) b
330
255

D x 106
(cm2/s) c
1.2
4.7

Formal potential measured as average peak potential for the
reaction in V vs. SCE, measured using a potential scan rate of
50 mV/s. b. Difference in the cathodic and anodic peak
potentials in cyclic voltammogram, measured at a potential scan
rate of 50 mV/s. c. Calculated from the slopes of the Cottrell
plots from chronoamperometry and analyzed using eq 1.
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average peak splitting (ΔEp) were 220-290 mV, indicative of electrochemical irreversibility
which is consistent with Cu2+/1+ reduction in bpy complexes.24 To determine the diffusion
coefficient of the complexes, potential step chronoamperometry was used to analyze the mass
transport rate. Figure 5-18 contains the linearized current-time transients that were the result of a
large overpotential to the mass-transport limited region of the first reduction wave (-0.55 V vs.
SCE). The linearity of these plots is indicative of diffusion-controlled reactions and was used to
calculate the diffusion coefficients of each molecule by use of the Cottrell equation.20

nFAD01/ 2C0*
i
 1/ 2t 1/ 2

(1)

The measured diffusion coefficients were calculated to be 1.2 x 10-6 and 4.7 x 10-6 cm2/s
for the Cutrans b(azo)b and Cucis b(azo)b complexes, respectively. Mass transport of molecules is
inversely proportional to their size and is described by the Stokes-Einstein equation25:

D

k BT
6a

(2)

where kB is Boltzman’s constant; T is the absolute temperature; η is the solution viscosity; and a
is the hydrodynamic radius of the molecule. From the diffusion coefficient measurement, the
hydrodynamic radius can be roughly estimated and suggests that the Cucis b(azo)b is ~ two fold
greater than the Cutrans b(azo)b. Compared to the diffusion coefficient of ferrocene with a radius
of ~2 Å in acetonitrile (10-5 cm2/s),20 the calculated values compare favorably to the predicted
values for a molecule of the size of the Cu-crosslinked hairpin loop, versus a linear trimetallic
artificial oligopeptide duplex crosslinked via three Cu(bpy)22+ linkages (5 x 10-7 cm2/s).8
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5.4.5 Spectrophotometric Titrations of Cu2+ and Zn2+ into cis/transb(azo)b
We hypothesized that two potential geometries are possible upon coordination of Cu2+:
(1) a hairpin loop-like configuration by which M2+crosslinks the two pendant bpy ligands on one
b(azo)b strand when the azobenzene is in the cis-conformation; or (2) a dimetallic duplex
containing two Cu2+ ions crosslinking the two b(azo)b strands, most likely when the azobenzene
is in the trans-conformation (Figure 5-1). To ensure the complete isomerization, the solution was
stirred under light of the appropriate wavelength between UV/visible absorbance scans.
Spectrophotometric titrations of M2+ (Cu2 and Zn2+) titrated into cisb(azo)b B resulted in two
isosbestic points at 250 nm and 290 nm. Titration plots monitored the change in absorbance as a
function of added M2+ and a stoichiometric point was observed when monitored at 280 nm and
310 nm of approximately 1:1 mol M2+ to mol cisb(azo)b (Fig 5-19 a, b; 5-20 a, b). The peak at
280 nm, assigned the π- π* transition of free bpy, decreased as metal bound to the ligand; a new
peak appeared at 310 nm, assigned to the π-π* M(bpy)22+. At the equivalence point, the extinction
coefficient for the species formed at 310 nm for Cu2+ and Zn2+ were 24.6 and 28.9 x 103 M-1cm-1
(Table 5-3), respectively and are shown at the inset plots of Figures 5-19a and 5-20a. These
values were consistent with the formation of Cu(bpy)22+ and Zn(bpy)22+ and compare favorably to
the reported extinction coefficients.26 Together these data suggest that binding of M2+ to
cis

b(azo)b created a hairpin loop-like structure in solution by formation of a metal bis(bpy)

complex.
Titrations of M2+ into transb(azo)b were performed by irradiating the solution with visible
light which promoted the configuration to predominately trans species. The titration of Cu2+ into
trans

b(azo)b resulted in two new peaks appearing at 250 nm and 310 nm, while the peaks 280 nm

and 330 nm decrease. Each of these absorbance changes occurs at a stoichiometric point of 1 mol
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Figure 5-19. Spectrophotometric titration: A.) Difference spectra of Cu(NO3)2 (163 µM) titrated
into cisb(azo)b (20 µM) (inset) Equivalence point extinction coefficient spectra. (B.) Titration
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Figure 5-20. Spectrophotometric titration: (A) Difference spectra of the titration of Zn(NO3)2
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Table 5-3. Extinction coefficients of the titration product.
Mol:Mol
Ratio
2+

1:1 Cu

2+

1:1 Zn

λ
(nm)

trans

cis

b(azo)b
3

-1

b(azo)b

-1

310

(ε x 10 , M cm )
32.2
24.6

340

18.4

8.8

450

0.7

0.7

310

33.8

28.9

340

17.9

11.4

450

1.0

1.0

173
Cu2+ to 1 mol transBAB (Fig 5-19 c, d; 5-20 c, d). At the equivalence point, the extinction
coefficient at 310 nm was 32.2 x 103 M-1cm-1. The decrease and subsequent increase at 330 nm
and 255 nm, respectively, suggested the isomerization of the complex from trans to cis upon
addition of metal; however the magnitude of these changes suggested that not all of the azo
functionality has isomerized. For the single strand b(azo)b, the change in extinction from trans to
cis at 330 nm was observed to be -6 x103 M-1cm-1. During the Cu2+ titration, the decrease in
extinction was -4 x 103 M-1cm-1 and -5.3 x 103 M- 1cm-1 for Zn2+. For Zn2+ titrated into trans
b(azo)b, the trends are consistent with the Cu2+ titration, with extinction coefficients at the
equivalence point at 310 nm of 33.8 x 103 M-1cm-1 which was consistent with the formation of
Zn(bpy)22+.26 The increased extinction at 310 nm as compared to a M(bpy)22+ complexes in the
cis-conformation; combined with the decrease in extinction at the transazo π-π* (340 nm) and
increase at 250 nm (cisazo π-π*) suggests that the addition of metal induced isomerization of the
trans

azo to cisazo produced metal complexes predominately in the hairpin cis-like configuration,

with any remaining trans-species forming a duplex structure containing 2 moles of M2+ ion per 2
moles of b(azo)b. Figure 5-21 depicts the possible equilibrium considerations for the multiple
configurations.
Compared with bulk prepared samples, these data are consistent with the NMR and MS
data, suggesting that one molar equivalent of M2+ coordinatively crosslinked the pendant
bipyridine ligands, with a smaller portion of the system in the trans-duplex conformation. This is
consistent with the electrospray ionization MS, where molecular ion peaks attributed to the
hairpin loop are in the greatest percent abundance, however the presence of molecular ion peaks
corresponding to the multiple metal centers are also observed at significantly lower abundances
(Figures 5-15). Control experiments were performed by titrating M2+ into cis/transac(azo)ac results
confirmed there was no spectral changes attributed to M2+ binding to the aminoethylglycine
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Figure 5-21. Representation of equilibrium considerations during the spectrophotometric
titration.
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backbone or azobenzene moiety when the bipyridine ligands were replaced with non-coordinating
acetyl units (Figure 5-22). The photoswitching of the 1:1 equivalence point product of both the
cis and trans irradiated b(azo)b resulted in a change in absorbance at 330 nm, indicative of
reversible isomerization. Spectral overlap of the trans- versus cis- b(azo)b at 310 nm contributes
to the net change in extinction as a function of metal binding to the bipyridine. The extinction of
the unmetallated transb(azo)b at 310 nm is 22.1 (x 103 M-1cm-1) versus 11.0 (x 103 M-1cm-1) for
cis

b(azo)b. This suggests that in the trans conformation, M2+ results in a net extinction of less

than what was observed, 10.1 and 11.8 x 103 M-1cm-1 for Cu2+ and Zn2+, respectively.
Isomerization to the cis conformation results in a net increase in extinction at 310 nm. The
decreased extinction when irradiated with visible light suggests that the M2+ is bound to one bpy,
forming a mono [M(bpy)]2+ species. Upon isomerization to the cis conformation, net extinction
increased, consistent with an increase we would hypothesize for the closing of the hairpin-loop
forming [M(bpy)2]2+ species. We hypothesize cycled isomerization on the time scale of the
experiment (t > 10 min) results in the opening/closing of the hairpin-loop.

5.4.6 Photoswitching of the Metallated b(azo)b
The insertion of the photochromic switch into the artificial oligopeptide backbone allows
for the ability to modulate the azo-moiety both prior to and after metal insertion. A UV/vis
spectra was taken of the bulk prepared trans complex (Cutrans/cisb(azo)b) at its photostationary
state (green) and was then irradiated with UV light (UG11 filter) for 10 minutes and a decrease in
the band at 330 nm was observed (Fig. 5-23). Subsequent sequential irradiations with visible
(LP455) and UV (UG11) exhibited a switching behavior consistent with the cis conformation
under UV conditions and the trans conformation under visible light conditions. Our proposed
switching mechanism is shown in Fig. 5-23. On the time scale of the irradiation, we propose that
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Figure 5-23. (top) The proposed photoswitching mechanism with M2+ represented by the blue
ball bound to the transb(azo)b followed by irradiation to the cis-hairpin complex. UV/Vis
monitored photoswitching of bulk-prepared Cutransb(azo)b (left) and Cucisb(azo)b (right). For
Cutransb(azo)b, the photostationary state (purple) is followed by irradiation of the complex for 10
min with UV light (dark blue) followed by irradiation with visible light (royal blue); UV light
(green); visible light (yellow); UV light (orange). (Right) For Cucisb(azo)b, the photostationary
state (purple) is followed by irradiation of the complex for 10 min with visible light (dark blue)
followed by irradiation with UV light (royal blue); visible light (green); UV light (yellow); visible
light (orange). Inset plots monitor the change in absorbance at 330 nm for each irradiation cycle
recorded at 10 min increments.
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the labile Cu2+ ions are able to flip between an open/closed hairpin-loop with the metal forming a
bis-bpy complex in the cis conformation, to mono-bpy Cu2+ complex when the azobenzene
moiety is promoted to the trans configuration. For the bulk prepared cis-complex, we observe a
similar trend. Upon subsequent irradiations with visible and UV light, the switching behavior
persisted (Figure 5-23).
Thermal isomerization was monitored in the dark for Cucisb(azo)b complex after
irradiation with UV light for 20 minutes (Figure 5-24). First order behavior was observed with
rate constant (kcis-trans) of 8.3 x 10-4 hr-1 compared to the commonly observed rate, kcis-trans 0.01 h-1
for azo-containing short- peptides.27 The reported values for dissociation and formation constants
for Cu(bpy)22+ (kd= 0.19 s-1 ; kf > 107 M-1s-1)28 along with the favorable thermodynamic
characteristics are consistent with our proposed mechanism. Future experiments to determine the
temperature dependent thermal, dark isomerization kinetics to determine Arrhenius activation
energies of the thermal isomerization pathway, however outside the scope of this work focusing
on the light induced behavior of the materials.

5.4.7 Electron Paramagnetic Resonance Spectroscopy (EPR)
To probe metal center geometry of Cu2+, electron paramagnetic resonance spectroscopy
(EPR) was collected at the equivalence point of the titration products (Fig. 5-25). The observed
cis- and trans- products contained two distinct overlapping signals. Mathematical spectral
subtraction allowed for deconvolution of the two distinct metal centers environments and it was
determined that in both samples, 33% of the products were in the alternate isomer configuration.
The tensor values g//>g⊥ were comparable in both samples, which suggests that the geometry is in
a tetragonal environment, consistent with the visible d-d electronic transitions observed (Table 54). The titration products compare favorably to small molecule
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Figure 5-24. Thermal, dark-isomerization of Cucisb(azo)b (16.4 µM) in spectroscopic grade
acetonitrile. The complex was irradiated starting with UV light prior to absorbance measurements
for 20 min. (Inset) The change in absorbance at 330 nm was monitored as a function of time.

180

2400

2600

2800

3000

3200

3400

3600

Magnetic Field [G]

Figure 5-25. Frozen X-Band EPR spectra of: equivalence point Cu2+ added to cis(azo)b (black)
and transb(azo)b (red) in methanol. Deconvoluted subtracted spectra resolving the two components
present in the initial spectra of cisb(azo)b with the transb(azo)b subtracted (green) and transb(azo)b
with the cisb(azo)b subtracted (yellow).

Table 5-4. EPR Data at 1:1 Cu2+ to b(azo)b mole ratio.
Cu2+
Equivalence
Point

A//1
A//2
g / A//
(x 10-4,cm-1) //1
(x 10-4, cm-1)

g

g//1

g//2

2.07

2.09

2.15

153.0

136.4

148.1

144.8

b(azo)b

2.08

2.09

2.13

140.0

149.2

187.8

113.3

b(azo)b
(trans sub)

2.07

2.09

153.1

136.5

2.09

2.13

148.6

143.2

cis

b(azo)b

trans

cis

trans

b(azo)b
(cis sub)

g//2 / A//2
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Cu(bpy)2+, with distinct hyperfine interactions of isolated Cu2+ centers.29 These interactions would
be expected when our product forms a hairpin loop with one Cu2+ ion. The spectra are consistent
with metal ions in two distinct electronic environments, likely the monometallic and dimetallic
isomers that are present. For the bulk prepared sample, the broadening and presence of signals at
g-tensor values less than 2.0 suggest that there is metal center interaction between Cu2+ centers.30
The data presented for the bulk-prepared sample (Figure 5-26, Table 5-5) suggest that the
presence a mixture of multi-nuclear [Cu2(b(azo)b)2]4+ complexes in addition to [Cu(b(azo)b)]2+
provides the Cu-Cu interactions which disrupt the metal center environment. These data are
consistent with the data obtained from the bulk-prepared samples in mass-spectral analysis which
show molecular ion peaks attributed to multi-nuclear species.
Molecular modeling combined with the available analytical data, the spectrophotometric
titrations and EPR provide strong evidence for a 1:1 M2+ to b(azo)b complex formation
producing a cis-hairpin like duplex (Figure 5-27 A). The observed dimetallic duplex in the mass
spectrometry experiments is shown in Figure 5-27 B with metal centers at approximately 10 Å.

5.5 Conclusions
The insertion of a photoswitchable azobenzene unit into the artificial oligopeptide
scaffold adds a degree of complexity and a point of geometric control modulated by light. We
have demonstrated with these complexes the ability to rapidly control the arrangements of labile
metal centers, and with this synthetic approach we can readily expand the pseudo-peptide to
include multiple and heterofunctional ligands. This motif allows us to probe binding behavior of
our metal linked assemblies. This the facile expansion of the number of metal-binding ligands
flanking the azobenzene make this an ideal system to study the effects of number or coordinative
cross-links on the unzipping process observed during isomerization (i.e. kinetics, cooperativity).
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Figure 5-26. Frozen X-Band EPR spectra of bulk prepared Cu(b(azo)b)with the UV preparation
in red and the visible preparation in black.
Table 5-5. EPR data from the bulk preparation method.

g∥
g⊥
A∥

Bulk Preparation Conditions
UV
Vis
2.35
2.35
2.074
2.074
109.6
109.6
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Figure 5-27. Molecular model calculated with MM+ force field (A) [Cu(b(azo)b)]2+and (B)
[Cu2(b(azo)b)2]4+ with Cu2+ centers shown in green and azobenzene moieties highlighted in the
red box.
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Insertion of a less labile metal, such as Pt2+, would help discern the process of
isomerization, as we hypothesize the Pt2+ would lock the conformation and not allow
isomerization back to the trans configuration upon irradiation. By developing an artificial, metal
binding oligopeptide with a photochromic switch we can conformationally control the location of
multiple metal centers (i.e. active sites) to begin exploring our systems as biomimetic
metalloenzymes.
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Chapter 6
Functional Artificial Oligopeptides: Expansion of the Azo-Containing Motif
and Future Directions

6.1 Introduction
The palindromic approach to synthesizing azo-containing artificial oligopeptides
produces symmetric ligands flanking the azo-central unit. The symmetric nature allows for rapid
expansion to multiple ligand units in a one pot synthesis. Starting with a central azobenzene
diacid chloride unit, two molar equivalents of an amine terminated aminoethylglycine (aeg)
dipeptide with pendant metal-binding bipyridine (bpy) ligand were reacted to form OtButyl[aeg(bpy)]n-4,4’-bisazobenzeneamide-[aeg(bpy)]nOtButyl (n=2, bb(azo)bb; n=1 b(azo)b)
photoswitchable artificial oligopeptide. NMR, mass spectrometry, and electronic absorbance
spectroscopy were used to characterize bb(azo)bb. Photoswitching behavior was monitored upon
irradiation at 330 nm (cis) and >455 nm (trans); photoregulation of the isomers were reversibly
and rapidly interconverted. Spectrophotometric titrations were performed to monitor the changes
in absorbance as a function of added Cu2+ while irradiated to the cis and trans conformers,
separately; and result in a stoichiometric point of 2 moles of Cu2+ to 1 mole of bb(azo)bb,
consistent with our observed results of the b(azo)b azo-containing artificial oligopeptide
described in chapter 5.
The design of the bb(azo)bb offers an ideal system for the fundamental study of
photoswitching behavior with metals. The addition of adjacent bipyridines add steric bulk and we
hypothesize will result in kinetic effects of photo-induced isomerization. The metal containing
b(azo)b was shown to adopt cis-hairpin like configuration when irradiated with UV light and
upon isomerization to trans, an unzipping behavior was concluded from the observed reversible
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nature of the isomerization. For the metallated bb(azo)bb complex, studies of the kinetics of
isomerization would elucidate photocontrollable behavior of these systems. Previous work
focused on tetracoordinate, labile metals, Cu2+ and Zn2+. Based on the observed photoswitching,
we would expect a less labile, inert metal, such as Pt2+ to exhibit slower isomerization kinetics
when compared to the labile metal centers. This would provide even further evidence of our
concluded dynamic behavior upon isomerization. Future studies move to deepen our
understanding and application of the functional properties of these novel materials, specifically in
the areas of bioinspired catalyst design and artificial metalloenzymes.

6.2 Synthesis

6.2.1 Chemicals
Syntheses of 4′-methyl-2,2′-bipyridine-4-acetic acid,1 tert-butyl N-[2-(N-9fluorenylmethoxycarbonyl)aminoethyl] glycinate hydrochloride (Fmoc-aeg-OtBu·HCl),2 Fmoc-

aeg(bpy)OtBu,3 H2N-aeg(bpy)OtBu,4 FMOC-aeg(Ac)OtBu5, FMOC-[aeg(bpy)]2OtBu6 were
followed as reported. N-hydroxybenzotriazole (HOBT) and O-Benzotriazole-N,N,N′,N′tetramethyl-uronium-hexafluorophosphate (HBTU) were purchased from Oakwood Chemicals.
Nitrobenzoic acid was purchased from Alpha Aesar. All solvents were used as received without
further purification unless otherwise noted. Deprotection of Fmoc was followed according to a
previously published procedure.7
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6.2.2 Synthesis

6.2.2.1 Synthesis of OtBu-[aeg(bpy)]2-4,4’-bisazobenzeneamide-[aeg(bpy)]2-OtBu (bb(azo)bb)
Azo-(CO2H)2 (0.269 g, 0.994 mmol) was lightly refluxed overnight in 100 mL of 4%
thionyl chloride in DCM to produce Azo-(COCl)2. The product was filtered and rinsed with
DCM. Separately, H2N-[aeg(bpy)]2OtBu (2.76 g, 3.98 mmol) was dissolved in 50 mL of dry
DCM to which triethylamine (2.6 mL, 2.58 mmol) was added and stirred at 0°C. Azo-(COCl)2
from the initial step was added and stirred for 5 hours. HOBt (0.269 g, 1.99 mmol), HBTU (0.754
g, 1.99 mmol), and DIPEA (1.64 mL, 9.94 mmol) were added and stirred overnight. The solvent
was then removed under reduced pressure and the produced was purified by silica column
chromatography using a gradient mobile phase of 100% DCM to 5% MeOH in DCM. The
product eluted as an orange-red band, like fractions were combined resulting in 0.306 g (19 %
yield). (ESI+) [M+Na] calcd 1645.75, found 1645.7. 1H NMR (400 MHz, CDCl3) = 8.8-8.32 (m,
7.7 H); 8.3-7.69 (m, 13.4 H); 7.69-7.33 (m, 3.2 H); 7.33-6.81 (m, 7.61 H); 4.1-2.6 (m, 30 H); 2.5
(s, 12.86 H), 1.45 (s, 18.02 H) ppm.

6.3 Methods

6.3.1 Photoisomerization
Photoisomerization experiments were conducted as reported in chapter 5. Micromolar
spectroscopic grade methanolic solutions of the azo- containing complexes were irradiated for 510 minutes and scans were taken using a Cary 500 UV-visible spectrometer.
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Figure 6-1. 1H NMR (400 MHz) of bb(azo)bb in CDCl3.
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Figure 6-2. Two dimensional 1H-1H COSY 400 MHz NMR of bb(azo)bb in CDCl3.
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Figure 6-3. HMBC and HMQC two-dimensional 1H-13C NMR (400 MHz) of bb(azo)bb in
CDCl3.

194
6.3.2 Spectrophotometric Titrations.
Titrations were performed using spectroscopic grade acetonitrile solutions of known
concentrations bb(azo)bb (7.3-7.9 µM), Cu(NO3)2•2.5 H2O (300 µM). For the ultraviolet
measurements, 20 µL injections of M2+ were injected into solutions of BBABB. The geometric
isomers of cis bb(azo)bb and trans bb(azo)bb were controlled by irradiating the stirring solution in
between injections for 10 minutes under ultraviolet (UG11 band-pass filter) or visible (long pass
455nm filter), respectively.

6.4 Results and Discussion

6.4.1 Synthesis and characterization of BBABB
The reported synthesis of the azo-containing artificial oligopeptide in chapter 5 was used
to expand the sequence to include two aeg(bpy) units flanking the azobenzene central unit.
Synthesis of OtButyl-[aeg(bpy)]2-H2N proceeded using a previously reported procedure.6
Reaction of a four-fold excess of the bpy-dipeptide with (azo)-(COCl2)2 in the presence of EDC,
DIPEA, HOBt, and HBTU resulted in the target OtButyl-[aeg(bpy)]2-4,4’-bisazobenzeneamide[aeg(bpy)]2OtButyl (bb(azo)bb) in 19% yield. One dimensional 1H and 13C NMR combined with
two-dimensional 1H-1H COSY, 1H-13C HMBC and HMQC spectrometry were used to assign the
chemical shifts of bb(azo)bb. Proton peaks at 1.45 ppm (18 H) and 2.4 ppm (12 H) were
assigned to the tert-butyl and methyl groups off of the four pendant bipyridine ligands. COSY
spectra showed a strong correlation of the peaks at 8.25 to 7.95 ppm and are assigned to the
azobenzene aromatic protons. The remaining aromatic signals were assigned to the bipyridine
protons. The ratios of aliphatic, aromatic, bpy-CH3, and tert-butyl are consistent with the target
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molecule. Positive mode electrospray ionization mass spectrometry showed the molecular ion
peak for [M+Na]: 1645.75 (calculated) and 1645.7 (found).
The extinction coefficient spectra of bb(azo)bb (Figure 6-4) compare favorably to the
azo-containing artificial oligopeptides (b(azo)b, ac(azo)ac) reported in chapter 5. The
photostationary state contains peak assigned to the π-π* of transazo at 333 nm (ε= 30.6 x 103 Mcm-1), consistent with b(azo)b (330 nm, ε= 25.6 x 103 M-1cm-1) and ac(azo)ac (329 nm, ε= 33.7

1

x 103 M-1cm-1). The bpy π-π*appears at 283 nm with the extinction of bb(azo)bb (ε= 56.6 x 103
M-1cm-1) nearly double that of b(azo)b (ε= 34.2 x 103 M-1cm-1).

6.4.2 Photoisomerization
The photoswitching behavior of bb(azo)bb was monitored using UV/vis spectroscopy
considering the spectroscopic characteristics reported in chapter 5. The characteristic extinction
changes at the π-π* electronic transition of azobenzene at 330 nm were monitored which indicate
isomerization (Fig. 6-5) in which the extinction coefficient modulates by 18.9 M-1cm-1 over
multiple cycles of isomerization. These results show that switching is reversible and controllable
via external stimuli. The π-π* electronic transition at 283 nm is attributed the bpy ligands (εBBABB
56.9 x 103 M-1cm-1) and does not undergo any significant changes in absorbance as a function of
isomerization.

6.4.3 Spectrophotometric titrations
Spectrophotometric titrations allow for monitoring changes in absorbance upon added
metal. The spectrophotometric titration of M2+ into b(azo)b in chapter 5 resulted in a
stoichiometric point of 1:1 mol BAB to 1 mol M2+, by the b(azo)b adopting a hairpin like
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Figure 6-4. Extinction coefficient spectra of azo-containing compounds: transac(azo)ac (black),
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geometry when irradiated to the cis conformation. The metallated structure had a reversible openclosed geometry upon subsequent irradiation. Based on these results, we hypothesize that the
expansion of the azobenzene motif to contain two additional bipyridine monomers flanking the
central azo-group would result in a titration equivalence point of 2 moles of Cu2+ per 1 mole of
bb(azo)bb. Irradiation of the azobenzene-oligopeptide between UV/Vis absorbance scans
ensured the geometric conformation, cis or trans.
Figure 6-6 contains the difference spectra of the titration of Cu2+ into cis/transbb(azo)bb.
The decrease of the peak at 280 nm is the π-π* transition of free bipyridine, which disappears as a
result of metal binding. Simultaneously, a new peak appears at 300-310 nm, which is attributed to
the π-π* transition of Cu2+ coordinated bpy, which reaches a stoichiometric point of 2 moles of
Cu2+ to 1 mole of bb(azo)bb both when irradiated with visible and UV light promoting the trans
and cis isomers, respectively. These preliminary results are promising and lay the ground work
further analysis of these systems. 6.5 Future Direction

6.5.1 Toward a deeper understanding of the azo-containing artificial oligopeptides
Future work would look to compare bb(azo)bb and b(azo)b complexes. In chapter 5 it
was proposed isomerization when the azobenzene central unit is in the cis- configuration, a metal
structure persisted crosslinking the bipyridine forming a [M(bpy)2]2+ complex. The isomerization
to trans, disrupts the coordination, unfolding the hairpin with metal bound to one of the pendant
ligands. For bb(azo)bb, we would expect the addition of a second complementary metal binding
unit would effectively slow the kinetics of isomerization processes both for the unmetallated and
metallated structures. The addition of the second metal-binding pair in sequence would be
hypothesized to be enthalpically favored (ΔH= -16.7 kcal/mol) per each Cu(bpy)22+. The energy
needed to be overcome for the cis-trans isomerization is on that order, (ΔG‡= 18.5 kcal/mol).8 In
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addition of multiple Cu2+ and Zn2+ metal centers, a more inert, less labile metal, such as Pt2+,
would be studied for both coordination to and isomerization with the metallated b(azo)b and
bb(azo)bb. We would expect Pt2+ to prevent back isomerization to the trans- species if the
pendant ligands zip into a crosslink as hypothesized. By simply interchanging the metal center,
we can control the isomerization properties of this system, preventing unzipping, and thus alter
the kinetics. It has been shown that displacement reactions of reactions of Pt2+ are very
sensitive to the coordination of the first ligand to Pt2+ (i.e.: hetero- versus homo- functional
complexes) and increased steric hindrance is accompanied by a decrease in rate of replacement.9
While there are many advantages to the palindromic synthetic approach, heterofunctional
ligands could be inserted into the artificial oligopeptide motif by synthetically altering the
azobenzene linker with an amino acid azobenzene (Figure 6-7). With the vast amount of literature
available for the insertion of azobenzene into natural polypeptides, synthesis of an azobenzene
amino acid has been presented in which the carboxylic acid termini is protected using BOC and
the amine is protected using FMOC, allowing for the differential deprotection of the azo-amino
acid for incorporation into our solution phase synthetic scheme.10

6.5.2 Design of biomimetic artificial enzymes via artificial oligopeptide framework
In addition to structural importance, metals often operate as the work horse for catalytic
function in natural systems. Metal ions are found in over one-third of natural proteins and are
essential to many biological processes, including hydrolytic chemistry, respiration and
photosynthesis.11 Enzymes often outperform synthetic catalysts by employing highly efficient
substrate recognition and orientation, stabilization of reactive intermediates and other second
sphere interactions that are still not fully understood.12 Studies of synthetic mimics of enzyme
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active sites have indicated that second-sphere substrate interactions are very important for the
catalytic proficiency of enzymes.13 The design of small molecule metallo-enzyme mimics are
accompanied by inherent limitations, including aqueous solubility compatibility and absence of
second sphere substrate interactions, however are often a more accessible and scalable
synthetically when compared to biosynthesis. The adaptability (e.g. insertion of chirality into the
backbone), scalability (ideal for high through-put screening approaches), and facile synthesis of
the artificial oligopeptide motif poise our structures for design strategies for metalloenzymatic
mimics.
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Figure 6-7. Azobenzene amino acid.
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