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Abstract 

 Fluorescent sensors provide a powerful analytical tool for the intracellular 

detection of metal cations.  In some cases, these fluorescent metal-chelating sensors have 

helped elucidate the function of metal cations within complicated cellular systems.  

However, most measure or sense changes in the bulk concentration of a metal species 

and do not respond to those involved in a specific cellular event.  For instance, 

misregulated copper and iron are implicated in neurodegenerative disease and cancer 

because of their ability to catalytically propagate the formation of the hydroxyl radical 

through reaction with H2O2.  A fluorescent sensor that is unresponsive to metal binding 

until activation by intracellular H2O2 could potentially pinpoint the location of this 

oxidative reaction and provide an understanding of the relationship between 

copper/iron and H2O2.   

 Described here is the development of two fluorescent prochelators that show a 

selective fluorescence response to iron or copper only in the presence of H2O2.  A boronic 

ester masked spirolactam-based prochelator displays a copper-selective turn-on 

response after oxidation with H2O2 in organic solvents as determined by absorbance and 

fluorescence spectroscopy.  However, a competing mechanism occurs in aqueous 

solution due to hydrolytic instability of the masked prochelator and results in a separate 

copper-dependent turn-on response as verified by liquid chromatography-mass 

spectroscopy.  A second fluorescent prochelator design relies on metal-dependent 

fluorescence quenching after oxidation of a self-immolative boronic ester in both organic 

and aqueous solvents.  Cellular microscopy studies show that the sensor’s fluorescence 

intensity is unchanged until incubation with exogenous H2O2, which resulted in a 

decreased fluorescent signal that is restored upon competitive chelation.  Both of these 
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prochelators provide a template for future applications and designs with improved 

properties. 

 Two additional chapters describe the development of a UV-activated iron 

prochelator and a new fluorescently tagged metal chelator.  The UV-activated 

prochelator is protected with two nitrophenyl groups that are photolyzed with 350 nm 

light within 10 minutes to reveal a high affinity iron triazole-base chelator.  A chelator of 

this nature may provide protection from UV-induced iron liberation and oxidative 

stress.  A second triazole-based chelator with an embedded coumarin fluorophore was 

prepared as a potential metal sensor.  However, this design showed off-target 

fluorescence responses, thus it cannot be utilized in its current form for metal detection.   
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1. Probing Oxidative Stress: Small Molecule 
Fluorescent Sensors of Metal Ions, Reactive Oxygen 
Species, and Thiols 

 

1.1 Introduction of Small Molecule Fluorescent Sensors 

The frontiers of synthetic chemistry and molecular biology have converged to 

create the growing field of molecular imaging.  This set of powerful techniques allows 

researchers to non-invasively visualize cellular function through the use of fluorescent 

small molecules engineered to respond specifically to a cellular event or analyte.   

In general, fluorescence detection is a highly sensitive analytical tool and is an 

obvious choice for intracellular imaging.  For example, after excitation, a fluorescent 

molecule or sensor emits a bright signal that is measured against a dark background.  

This response allows for easy visualization of the molecule within cell culture or tissue 

samples even at low concentrations.  High sensitivity is a key requirement for studying 

cellular environments where the concentration of a particular analyte of interest may be 

in the low nanomolar or picomolar range.  In addition, most fluorescence imaging 

techniques display precise spatial and temporal resolution, as demonstrated by the fact 

that confocal and wide-field microscopy can resolve cellular organelles as small as one 

micrometer and acquire images on the millisecond timescale.1  

Numerous small molecule fluorescent sensors have been designed for a variety of 

purposes including labeling of cellular organelles and membranes, indication of pH, cell 

viability, detection and measurement of metal cations, and signaling of small molecules.  

At the most basic level each of these sensors contains a fluorophore that responds to a 

cellular event or analyte.  In some examples, a fluorophore is modified with a recognition 
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component that enables the dye to localize within a specific area of the cell.2  In other 

designs, the sensor’s recognition site explicitly reacts with an intracellular small 

molecule, as with the pH and metal indicators, to elicit a change in its fluorescence 

emission.2  It is the latter of these two examples that will be discussed further 

throughout the remainder of this document.   

  

1.2 Requirements of an Effective Fluorescent Sensor 

In order to successfully utilize small molecules as fluorescent sensors for cellular 

processes, several criteria must be considered.  In general, all intracellular sensors should 

be water soluble, cell-permeable and non-toxic.  In some cases, cell-permeability can be 

achieved by esterifying a functional group (e.g. hydroxyl) to eliminate any charged 

species.  The neutral molecule is more likely to pass through the cellular membrane where 

internal esterases transform the sensor to its original form, usually trapping it inside the 

cell.   

In addition, the sensor must be specific for the analyte of interest in order to limit 

off-target effects.  For instance, metal ion sensors should selectively bind to one metal 

over a host of others commonly found in a cellular system.  To ensure the binding is 

specific, the ligand denticity and geometry, the hardness or softness of the donor atoms, 

and the size of the metal ion must be considered.  In addition, the chelating ligand 

should possess a dissociation constant (Kd) or binding affinity that is within the same 

order of magnitude as the concentration of the metal ion of interest within a particular 

cellular location.  A chelator with a binding affinity that is too strong for a given area 

may disrupt the metal cation’s intracellular equilibrium by removing it from storage 

proteins or essential enzymes.  Likewise, a weaker binding affinity might not chelate any 
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of the available metal cation.  In both scenarios, the sensor would provide a false report 

on the intracellular metal concentration. 

Cells exhibit a small amount of natural fluorescence or autofluorescence from 

several highly conjugated intrinsic molecules making it difficult to distinguish lower 

fluorescent intensities from the background.  To overcome this obstacle, dyes that 

contain high extinction coefficients and quantum yields as well as dyes that have visible-

light excitation and emission wavelength should be used.  By definition, compounds 

with large extinction coefficients strongly absorb light at a given wavelength.  If the same 

molecule has a large quantum yield, it is able to efficiently convert these absorbed 

photons into emitted photons; therefore, the closer a molecule’s quantum yield is to 

unity, the brighter its emission.3  Autofluorescence is more pronounced when UV-light is 

used for excitation because several cellular components absorb in this range;3 therefore, 

fluorophores with visible-light excitation and emission wavelengths are preferred.  

Additionally, the fluorophore of choice should be photostable against constant 

illumination to eliminate photobleaching effects.   

In general, sensors that exhibit an increased emission signal (“turn-on” effect) or 

a shift in their excitation or emission profile (ratiometric response) are better suited for 

use as intracellular probes than are sensors that undergo emission quenching (“turn-

off”).  Not only is it harder to quantitatively measure this diminished fluorescence 

signal, but probes that exhibit a turn-on or ratiometric response to an analyte allow for 

high spatial resolution. Ratiometric sensors are particularly useful for calculating the 

concentration of an analyte by finding the ratio of the sensor’s fluorescent signal before 

and after reaction.  Because the ratio of two wavelengths is measured, any background 
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interference is normalized and errors due to photobleaching or variation in probe 

concentration are eliminated.  

Generally, most sensors found throughout the literature do not fulfill all of the 

criteria described above, as it is a difficult feat.  However, those that maximize their 

efforts find great success and aid in our understanding of important biological 

processes.  Sensors specific for metal cations and intracellular small molecules illustrate 

this idea.  Select members of these two classes will be discussed throughout the 

remainder of this chapter in order to emphasis their importance as molecular probes. 

 

1.3 Fluorescent Sensors for Metal Cations 

1.3.1 Fluorescent Calcium Sensors 

Fluorescent calcium sensors were first developed in the 1980s with the hopes of 

studying the regulation of intracellular calcium.  In general, calcium sensors are designed 

by tagging a fluorophore onto the backbone of a high-affinity calcium chelator.  This 

strategy allows the probe to be specific for Ca2+ over other biologically relevant metal 

cations while eliciting a calcium-dependent fluorescence response.  The chelating 

backbone of all calcium sensors resembles ethylene glycol bis(!-aminoethyl ether)-

N,N,N’,N’-tetraacetic acid (EGTA), but several modifications were made to create a 

more favored calcium chelator named 1,2-bis(o-aminophenoxy)ethane-N,N,N’,N’-

tetraacetic acid (BAPTA), Figure 1.  The BAPTA-chelating moiety includes two aromatic 

groups, which lowers the nitrogen pKas to 5-6 rendering the probe insensitive to 

physiological pH while maintaining the size and selectivity of the binding site.4  

Additionally, the calcium binding affinity of BAPTA can be tuned by incorporating 

electron-withdrawing or donating groups onto the aromatic rings.  To date, calcium 



 

 

5 

probes have affinities ranging from low µM to high pM allowing for intracellular calcium 

detection in a variety of intracellular systems.5  In addition, the aromatic rings provide 

an easy handle for the addition of various fluorescent molecules onto the BAPTA 

backbone, which leads to fluorescent sensors with excitation and emission wavelengths 

that span the UV and visible spectrum.  In each case, calcium binding evokes a shift to 

the maximum excitation or emission wavelength.  However, all calcium probes 

beneficially exhibit an increase in their emission intensity upon metal binding.  Calcium 

sensors have become widely used for visualizing the mechanisms of calcium signaling 

and its role in cellular processes.  By creating numerous derivatives, researchers are 

continuing to modulate the sensors’ affinities for calcium and tailor the excitation 

and/or emission wavelengths of the fluorescent dyes to meet the needs of their 

experiments.  

N
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OHO

BAPTA  

Figure 1: Structure of BAPTA 

 

1.3.1.1 Calcium Sensors Excited with UV Light 

Fura-2 and Indo-1 are two commercially available ratiometric calcium sensors 

that are excitable with UV light (Figure 2).  Tsien and coworkers6 created both sensors in 

order to produce a calcium sensor with enhanced fluorescent properties as compared to 

their previously reported calcium indicator, Quin-2.  Fura-2 and Indo-1 both utilize the 
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BAPTA chelator backbone, but contain fluorescent moieties that respond differently to 

UV excitation.   
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Figure 2: Structures of Ratiometric Calcium Sensors: Fura-2 and Indo-1 

 

Fura-2, named for its benzofuran-containing heterocyclic ring, has a 145 nM (Kd) 

affinity for Ca2+ and upon binding it uniquely displays a large shift in its absorption 

spectrum maximum from 360 nm (free) to 330 nm (calcium-bound).  However, its 

emission spectra maximum remains constant in the absence and presence of calcium at 

510 nm.  Due to this shift in its absorbance maximum and therefore, excitation 

wavelength, Fura-2 is classified as a ratiometric calcium sensor.  By taking the ratio of 

Fura-2’s emission intensities after excitation at the optimum wavelengths for both the 

free and bound forms, the concentration of free Ca2+ in solution can be calculated.6,7  

Fura-2 exhibits relatively high quantum yields of # = 0.23 for the free chelator and # 

=0.49 for the calcium bound state, which correlates to a 30-fold increase in its 

fluorescence intensity.3,6  

In contrast, Indo-1 binds calcium with a weaker affinity of 230 nM and shows a 

calcium-induced emission wavelength shift from 482 nm to 398 nm rather than a shift in 

the excitation wavelength.  Structurally, Indo-1 differs from Fura-2 because its BAPTA 
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backbone contains an indole heterocyclic ring.  Like Fura-2, Indo-1 shows an equally 

impressive fluorescence calcium dependent turn-on response with an increase in its 

quantum yield from 0.38 to 0.56.  Due to the shift in the emission spectrum upon metal 

complexation, Indo-1 is more useful for flow cytometry experiments where a single laser 

is used for excitation and two emission wavelengths can be monitored.8  Indo-1 is also 

useful for determining intracellular Ca2+ concentrations with laser scanning microscopy.9 

Initial experiments utilized Fura-2 or Indo-1 to calculate the exact concentration 

of calcium within multiple cellular organelles within various cell types, including smooth 

and cardiac muscle cells.  For example, Fura-2 proved to be useful for the calculation of 

the Ca2+ concentration within smooth muscle cells.  The probe visually confirmed that 

the nucleus and sarcoplasmic reticulum contained higher concentrations of calcium than 

the cytoplasm of resting smooth muscle cells and that high extracellular calcium 

concentrations caused a regulatory response within the cytoplasm, but not within the 

nucleus.10  In addition, Indo-1 was successfully used to study several parameters of 

cardiac muscle cells during contraction in tandem, including calcium concentration, 

membrane potential and cell length.11 

Other applications of Fura-2 and Indo-1 have helped visualize the transmission 

of information between neurons.  Specifically, after stimulation of a single neuron, Fura-2 

was imaged within a population of neurons as a method to detect the triggered 

activation of other neurons.12  This technique demonstrated that neuronal circuits could 

be visually identified using calcium sensors. However, a disadvantage of Fura-2 and 

Indo-1 is their required UV light excitation.  Exposure to UV light causes damage to cell 

culture samples and cellular autofluorescence.   
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1.3.1.2 Calcium Sensors Excited with Visible Light 

Calcium sensors with excitation and emission wavelengths in the visible range 

were developed to overcome the problems with UV excitations required by earlier 

designs.  Fluo-3 and Calcium Green-1 (Figure 3) are two examples of calcium sensors 

with long wavelength excitation and emissions.13,14  Like their predecessors, Fluo-3 and 

Calcium Green-1 contain BAPTA chelating-backbones tagged with fluorescent moieties 

and exhibit an increase in fluorescence emission upon calcium chelation.  Although their 

backbones are slightly modified from BAPTA, they still retain high affinities for calcium.  

Fluo-3 was shown to have a 325 nM affinity for calcium and Calcium Green-1 has a 

slightly higher affinity of 190 nM.5  Both sensors utilize fluorescein as the fluorescent tag 

with excitation and emission wavelengths near 505 nm and 530 nm, respectively.  Fluo-3 

yields a 40-fold fluorescence increase with calcium, while Calcium Green-1 exhibits a 

100-fold increase.3,13  However, ratiometric measurements cannot be used with either 

probe because calcium binding does not induce a significant shift in their emission or 

excitation wavelengths.  These sensors, unlike their UV-light-excitable counterparts, can 

be utilized in confocal laser-scanning microscopy, laser-based flow cytometry, two-

photon excitation microscopy, and total internal reflection microscopy.  In addition, 

recent advances have led to the in vivo use of calcium probes to further elucidate the 

function of calcium signaling.  For example, two-photon laser scanning microscopy now 

allows for longer wavelength calcium probes, such as Calcium Green-1, to be imaged 

with high-resolution within living mammalian brains.15,16 
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Figure 3: Structures of Calcium Sensors: Fluo-3 and Calcium Green-1 

 

1.3.2 Fluorescent Zinc Sensors 

As the second most abundant transition metal in the body, zinc plays an 

extraordinary role in many biological processes including brain function, gene 

transcription, and immune function, as well as in diseases such as Alzheimer’s, epilepsy, 

and ischemic stroke.17-21  However, many of the specifics about zinc function are not 

understood.  As with the development of calcium sensors, fluorescent zinc sensors 

create a way to track and visualize zinc function within living systems.  Described below 

are a handful of sensors chosen as representation of a substantial number of zinc 

specific sensors that have been introduced over the last two decades.  Numerous other 

examples have been extensively reviewed.22-26 

 

1.3.2.1 High Affinity Zn2+ Sensors: Zinpyr and ZnAF 

 The Zinpyr and ZnAF families of compounds represent two prominent classes of 

high affinity sensors used in applications where only trace amounts of chelatable Zn2+ 

are expected.  Both contain similar zinc-binding motifs and exhibit a zinc-specific 
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fluorescence turn-on response via a fluorescein moiety.  In addition, both utilize a photo-

induced electron transfer (PET) mechanism to detect the zinc cations.  In each case, the 

apo-sensor’s fluorescence is quenched by an electron-rich receptor capable of donating 

its electron density to the fluorophore.  The PET-induced quenching is interrupted by 

metal-complexation and fluorescence is restored. 

The basis for the Zinpyr family of sensors consists of a fluorescein core with two 

zinc specific di-2-picolylamine (DPA) chelating moieties attached to the top of its 

xanthene ring.  Zinpyr-1 was the first member in the long list of compounds, several of 

which are shown in Figure 4.  The cell-permeable Zinpyr-1 compound yields a modest 

2.2-fold fluorescence increase upon a tight 1:1 interaction with Zn2+, where the Kd was 

found to be 0.7 nM.27  However, a few drawbacks are noticed with Zinpyr-1, such as the 

modest fluorescence increase, which is due to a fluorescent background signal from the 

apo ligand.  To address this issue, subsequent analogs of Zinpyr-1 were prepared that 

lowered the pKa values of its tertiary amines in order to prohibit any proton-interference 

of the PET.  Two main strategies were applied to achieve this goal, electron-withdrawing 

groups were added to the fluorescein scaffold and an aromatic amine was substituted 

for the aliphatic amine to create Zinpyr-3 and Zinpyr-4 (Figure 4).28,29  Both 

modifications improved the probe’s fluorescence response by lowering the apo ligands’ 

quantum yields to 0.15 and 0.06 for Zinpyr-3 and Zinpyr-4, respectively.  These initial 

members of the Zinpyr family have been utilized in the investigation of Zn2+ release at 

hippocampal mossy fiber synapes,30 and in the intracellular labeling of Zn2+ within 

damaged neurons.31   
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Figure 4: Structures of Zinc Sensors: Zinpyr Family 

 

The ZnAF family of Zn2+ sensors mimics the Zinpyr compounds in that they 

contain a DPA chelating unit attached to a fluorescein molecule.  However, the main 

structural difference between the two classes is that DPA is appended to the bottom 

aryl ring of fluorescein for the ZnAF compounds.  The first generation sensors, ZnAF-1 

and ZnAF-2 differ only by the placement of the DPA group in the 5 versus the 6 

position on the aromatic ring (Figure 5).32  Both sensors display low background 

fluorescence in their apo forms with quantum yields of 0.02 and large turn-on responses 

to zinc with 17- to 51-fold enhancements.  Although their fluorescent enhancement 

greatly exceeds those of the Zinpyr class, the final emission intensities of ZnAF-1 and 

ZnAF-2 are lower.  By fluorinating the xanthene rings, ZnAF-1F and ZnAF-2F were 

created (Figure 5) and yielded even lower quantum yields in their apo forms (# = 0.004 

and 0.006, respectively) and greater than 60-fold turn-on responses making them easier 

to visualize in cellular systems.32  All derivatives of the ZnAF family have low 

nanomolar affinities for zinc.  However, the binding affinities can be tuned by seven 

orders of magnitude through replacement of the DPA chelator with differing ligands that 

vary the steric demands, chelate ring size, and number of donor atoms.33 Addition of 
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acetyl esters to the fluorescein of each ZnAF species makes them membrane-permeable.  

In this form, they have been used to image labile Zn2+ pools and study the spatio-

temporal dynamics of Zn2+ in acute rat hippocampal slices,32,34 as well as to study the 

pH dependence of Zn2+ influx in erythroleukemia cells.35 
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Figure 5: Structures of Zinc Sensors: ZnAF Family 

 

1.3.2.2 Moderate Affinity Zn2+ Sensors  

 As a prominent biological metal cation, zinc is located in multiple areas of the 

body with varying concentrations, ranging from low nanomolar to millimolar.  Because of 

this wide range of concentrations, there is a need for Zn2+ sensors with a similar range of 

binding affinities.  Zn2+ sensors with moderate binding affinities are useful for the study 

of areas with dynamic changes in Zn2+ concentrations, such as in firing neurons, where a 

lower affinity probe would allow for easy reversibility of the Zn2+ complex formation.  
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Two examples of such probes are FluoZin-1 and FluoZin-2 (Figure 6), which have zinc 

binding affinities of 7.8 and 2.1 µM, respectively.36  The structure of both probes 

employs a fluorescein derivative attached to a chelating component that is equivalent in 

structure to half of BAPTA.  FluoZin-1 expresses a 200-fold increase in fluorescence 

emission when bound to zinc, but FluoZin-2 has a slightly weaker turn-on effect showing 

only a 12-fold change.  Although they display ideal characteristics, the applications of 

these probes have been limited to the characterization of Zn2+-binding proteins.37,38 
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Figure 6: Structures of Zinc Sensors: FluoZin-1 and FluoZin-2 

 

 Other examples of moderate affinity zinc sensors include variations of the 

Zinpyr and ZnAF families.  Substitution of the pyridine donor from DPA by a thioether 

or thiophene donor produces members of the Zinspy family.  Likewise, the chelator of 

ZnAF can be modulated to create sensors with lowered zinc affinities (Figure 7).  

Members of the Zinspy family, such as Zinspy-5, exhibit low micromolar Zn2+ affinities 

and 2 to 5-fold increases in fluorescence emission.39,40  The ZnAF probes still maintain a 

greater turn-on effect, near 200-fold, due to their extremely low quantum yields in the 
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absence of zinc.33  Members of each family have been utilized to monitor Zn2+ release in 

dentate gyrus neurons in different ways.  Zinspy imaged Zn2+ release from native 

proteins triggered by S-nitrosocysteine activation39 whereas weaker and higher affinity 

ZnAF probes were used simultaneously to monitor differences in Zn2+ released from 

hippocampal slices induced by potassium neuronal depolarization.33   
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Figure 7: Structures of Moderate Affinity Zn2+ Sensors 

 

1.3.2.3 Ratiometric Zn2+ Sensors 

Although the high and moderate affinity Zn2+ sensors have found great utility in 

the study of Zn2+ biology, they possess several disadvantages.  Like any intensity-based 

sensor, variations in the emission intensity, concentration, and compartmental 

localization of the sensor can cause analysis problems.  In order to overcome these 

challenges, ratiometric probes such as FuraZin and IndoZin have been developed (Figure 

8).  Both display different excitation or emission wavelengths in the free or metal-bound 

form that can be monitored simultaneously.  This approach allows for an internal 

standard and aids in the calculation of intracellular concentrations of Zn2+. 
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FuraZin and IndoZin are analogs of the Ca2+ sensors, Fura-2 and Indo-1, which 

display shifts in their excitation or emission spectrum upon Zn2+ recognition.36  In their 

Zn2+ bound form, FuraZin exhibits a shift in its excitation wavelength while IndoZin 

undergoes a shift in its emission wavelength.  In addition, they are structurally similar to 

their predecessors but make utilize half of a BAPTA chelating unit for Zn2+ specific 

binding.  Despite some success such as demonstrating that zinc uptake into cellular 

vacuoles is dependent on the induction of the Zrc-1 gene,41 FuraZin and IndoZin have the 

drawback of being excited by UV light.   
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Figure 8: Structures of Ratiometric Zn2+ Sensors: FuraZin and IndoZin 

 

1.3.3 Fluorescent Copper Sensors 

In recent years, a broad interest in fluorescent copper sensors has developed, 

thanks in part to the success of zinc and calcium sensors.  Copper is known to be an 

essential transition metal for human life and as such it plays key roles as a redox 

cofactor within cytosolic, mitochondrial, and vesicular oxygen-processing enzymes.42,43  

Copper’s involvement in these cellular processes usually stems from its redox or 

catalytic ability; however, this property can also serve as a potential hazard to a 

biological system if copper storage and/or transport is misregulated, as has been linked 
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to several diseases such as Alzheimer’s, Menkes and Wilson’s diseases.44-46  Because of 

this delicate balance, copper uptake, transport, and storage are tightly regulated within 

the cell.  However, our knowledge of these processes is lacking, as is our understanding 

of how misregulation of copper leads to disease.  Fluorescent copper-specific sensors 

could give insight into important copper trafficking pathways and help reveal the 

factors implicated in copper-related diseases. 

In designing a copper sensor, it needs to be selective for copper over other metals, 

but also needs to be selective for one of its redox states, Cu+ or Cu2+.  This challenge is 

difficult, which explains the limited number of effective Cu+/2+ sensors despite the 

exhaustive amount of examples found throughout the literature.  There are currently only 

a few examples of Cu+ specific turn-on sensors that have been used to take intracellular 

images of labile copper pools.  Although there are numerous Cu2+ sensors, many of them 

rely on turn-off mechanisms and most that do elicit a turn-on response have problems 

with aqueous solubility.  Described below are several examples of Cu+ or Cu2+-specific 

sensors to illustrate the current developments and challenges towards intracellular 

copper sensing. 

 

1.3.3.1 Sensors Selective for Cu+ 

Creating an effective Cu+ turn-on sensor is difficult for several reasons.  First, 

Cu+ binding usually causes fluorescence quenching through electron or energy transfer47 

and secondly, Cu+ is likely to disproportionate to Cu0 and Cu2+ in aqueous solutions.  

The Farni and Chang laboratories have overcome these challenges by creating Cu+ turn-

on sensors that rely on a PET mechanism.   
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The Farni laboratory was first to introduce this technique through the design of 

CTAP-1 (Figure 9).48  CTAP-1 is water-soluble and utilizes a tetrathiaza crown ether as 

the Cu+ receptor, which is electronically decoupled from the di-substituted pyrazoline 

fluorophore.  The probe is selective for Cu+ over other biologically relevant metal cations, 

including Cu2+, and complexation disrupts the PET causing a 4.6-fold enhancement to 

the fluorescence emission (# = 0.14).  CTAP-1 identified labile copper pools localized to 

the mitochondria and Golgi apparatus through imaging experiments performed in 3T3 

mouse fibroblast cells using fluorescence microscopy and micro X-ray fluorescence 

(microXRF).  However, CTAP-1 requires UV-light excitation and displays some inherent 

background fluorescence from the apo-ligand (# = 0.03).  To rectify these problems, two 

sets of derivatives (labeled as A and B in Figure 9) were recently created to optimize the 

PET by adding electron withdrawing substituents to the 1-aryl ring.49,50  These changes 

verified that the quantum yield of the ligand could be reduced due to an enhancement in 

the PET.  After complexation to Cu+, the fluorescence enhancement increased 50-fold.  

However, neither of these compounds is suitable for cellular studies because their turn-

on mechanism is sensitive to protonation and therefore pH.   
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Figure 9: Structures of Fluorescent Turn-On Sensors for Cu+: CTAP-1 
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In comparison to CTAP-1, a second water soluble, Cu+-selective sensor was 

designed by the Chang lab and named CS-1 (Figure 10).51  The sensor again utilizes a 

PET mechanism to selectively turn-on its fluorescent signal.  Cu+ binding to the 

thioether-rich binding pocket increases the fluorescence signal of the BODIPY dye by 10-

fold (# = 0.13) while the ligand alone exhibits only weak fluorescence due to efficient 

PET quenching (# = 0.016).  CS-1 was imaged in HEK 293 (human embryonic kidney) 

cells using confocal microscopy after incubation with exogenous CuCl2 in order to raise 

the intracellular concentration of Cu+.  To complement the work done with CS-1, the 

Chang laboratory recently developed a ratiometric copper sensor, RCS-1 (Figure 10).52  

RCS-1 contains the same Cu+-specific binding site attached to the 3-position of 5-

methoxy-8-mesityl-BODIPY.  Initially, RCS-1 displays two emission maxima with low 

quantum yields at 505 (# = 0.002) and 570 nm (# = 0.003).  After addition of Cu+, one 

emission band centered at 556 nm is seen with an increased quantum yield (# = 0.05) 

and a 20-fold fluorescence increase.  When HEK 293 cells were treated with RCS-1, 

exogenous levels of Cu+ could be detected.  More importantly, RCS-1 was also able to 

detect increases in endogenous Cu+ levels after intracellular liberation with ascorbate.   
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Figure 10: Structures of Fluorescent Turn-On and Ratiometric Sensors for Cu+: CS-1 
and RCS-1 
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1.3.3.2 Sensors Selective for Cu2+ 

In comparison to the number of reported Cu+ sensors, a greater volume of Cu2+ 

sensors is presented throughout the literature.  Most of them rely on fluorescence 

quenching as their detection method due to mechanisms inherent to copper’s 

paramagnetic nature.  More recently, a larger number of turn-on sensors have been 

reported because a quenching mechanism is not favorable for imaging experiments.  

However, most of these turn-on sensors are not soluble in 100% aqueous solutions at a 

physiological pH, which presents a major problem for cellular imaging.  Presented below 

are descriptions of several turn-on Cu2+ sensors in an effort to compare and contrast 

their reported properties and give insight into the latest advances.  

In order to achieve a copper-selective turn-on effect, many researchers have relied 

on the metal-induced opening of a rhodamine spirolactam ring to trigger a fluorescence 

enhancement.  Examples of this type of sensor and their properties are summarized in 

Table 1.  In their closed spirolactam form, the compounds all exhibit weak fluorescence 

emissions and are nearly colorless in solution.  Cu2+ binding shifts the equilibrium 

towards the open, fluorescent form of rhodamine and induces an increase in fluorescence 

emission.  Sensors 1, 4, 5 and 7 utilize rhodamine B as their fluorophore and show 

increases in fluorescence emission ranging from 2.6- to 10-fold.53-56  A more dramatic 22- 

to 80-fold increase is reported with the sensors comprised of rhodamine 6G (2, 3, and 

6).  However, each sensor possesses a unique metal binding site, which differentiates 

them in terms of their copper binding affinity, selectivity, and solubility, as illustrated in 

Table 1.  All of the sensors were shown to be selective for Cu2+ versus most other metals, 
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except sensor 5, which displays a Hg2+-dependent turn-on signal due to an irreversible 

desulfurization reaction.55   

Although most of these sensors report promising results, only four were 

employed to image intracellular Cu2+.  Sensors 2, 3 and 6 were imaged in EJ (lung cancer) 

cells, SPC-A-1 (lung cancer) cells and HeLa (cervical cancer) cells respectively, and 

reported detectable fluorescence responses localized to the perinuclear region of the 

cytosol in the presence of exogenous Cu2+.57-59  Similarly, sensor 7 expressed a Cu2+ 

dependent response inside murine P19 embryonic carcinoma cells as well as in 

zebrafish.56  However, the merit of this work is drawn into question based on the 

findings presented in Chapter 2 of this dissertation.  Briefly, our concern is that sensor 7 

contains a Schiff-base backbone with a boronic acid on the adjacent aryl ring, which is 

similar in structure to our pinacol boronic ester-containing FlamS sensor (Chapter 2).  

Our sensor shows alarming instability in aqueous solvents and under such conditions 

can show an irreversible Cu2+-dependent emission increase due to formation of 

fluorescein, as opposed to copper ligation.  This alternate turn-on mechanism was not 

disproved for sensor 7 and could lead to false positive results within the cellular 

environment.  Despite this potential drawback, sensor 7 is the first spirolactam-based 

sensor to be imaged within whole living organisms.   

Finally, sensor 4 is perhaps the most unique sensor of its kind because it displays 

a ratiometric signal due to the presence of two fluorescent molecules, pyrene and 

rhodamine B.54  Before interaction with Cu2+, the probe emits a fluorescent signal from 

the pyrene moiety at 550 nm.  After Cu2+ binding, the 550 nm peak is quenched while the 

rhodamine signal at 574 nm is enhanced.  Although it was not imaged in a cellular 

system, it provides a template for future ratiometric designs. 
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Table 1: Properties of Rhodamine-Based Spirolactam Cu2+ Sensors 

 Spirolactam Cu2+ Sensors Kd 
(nM) 

H2O sol. 
(10 µM) F. E.a $ex 

(nm) 
$em 

(nm) 

! 

"apo , 

! 

"
Cu

2+  

153 

O

N

O

N N

N

HO

 

14 
µM 

100% 
H2O 

9.4-
fold 520 583 n. d.d 

258 

O

N

O

N
H

N
H

N

O

 

112 50% 
CH3CNc 32-fold 495 552 n. d. 

359 

O

N

O

N
H

N
H

N

HO

OH

 

n. d. 50% 
CH3CN 22-fold 480 545 n. d. 

454 

O

N

O

N
N

N

HO

 

40 40% 
CH3CNc 

2.6-
fold 520 550b 

574 n. d. 

555 

O

N

O

N N

N
H

NH2

S

 

3.7 30% 
MeOHc 5-fold 480 578 n. d. 

657 

O

N

O

N
H

N
H

NH

N

 

48 20% 
EtOH 80-fold 530 550 n. d. 

756 

O

N

O

N N

N

BHO

OH

 

360 
µM 

0.5% 
CH3CN 8-fold 556 572 0.07, 

0.45 

aF. E. = Fluorescence Enhancement upon Cu2+ binding; bEmission peak decreases upon 
titration with Cu2+; cSoluble at 20 µM;  dn. d. = not determined 
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A separate class of fluorescent turn-on sensors, known as chemodosimeters, 

relies on Cu2+-promoted hydrolysis to irreversibly release a highly fluorescent molecule.  

Because the paramagnetic metal ion is not bound to the sensor, this method avoids 

undesired fluorescence quenching.  Table 2 displays the structures and summarizes the 

properties of several Cu2+-selective chemodosimeters.  Cu2+ is known to promote 

hydrolysis of %-amino acid esters;60,61 therefore, several sensors are based on hydrazide 

linkages that mimic an amino acid binding motif.  Most are soluble in high percentages of 

water and show strong fluorescence turn-on responses due to the release of rhodamine, 

fluorescein or coumarin derivatives, although their final quantum yields are scarcely 

reported.  In addition, all show extreme sensitivity for Cu2+ as demonstrated by their 

nanomolar detection limits.   

Sensors 8-10 take advantage of rhodamine and fluorescein’s non-fluorescent 

closed spirocyclic rings in a similar manner to the previously described sensors. 62-64  

After interaction with Cu2+ and hydrolysis of their hydrazide bond, the rings open and 

release the fluorescent component as shown in Scheme 1.  Sensor 11 hydrolyzes in a 

similar manner by utilizing its electron-rich sulfur to bind copper in order to stimulate 

the hydrolysis mechanism.  However, it can undergo a different reaction mechanism in 

response to Hg2+, wherein desulfurization of the backbone leads to the irreversible 

formation of a 1,3,4-oxadiazole.65  Despite its lack of specificity, sensor 11 is the only of 

these chemodosimeter examples used for intracellular monitoring of Cu2+.  Images of 11 

in HeLa and MCF-7 (breast cancer) cells supplemented with CuCl2 showed fluorescent 

signals in the perinuclear region of the cytosol, similar to the findings of the spirolactam 

probes.  Much like the rest of the chemodosimeters, sensor 12 hydrolyzes in the presence 

of Cu2+ to release its highly fluorescent coumarin 334 moiety.66 
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Finally, sensors 13 and 14 both possess similar fluorescein-based backbones but 

are triggered by different stimuli.  Sensor 13 contains two picolinate esters attached to 

fluorescein’s xanthene ring that are hydrolyzed by Cu2+ in order to activate its turn-on 

response.67  This unique design could be applicable for the detection of reactive copper 

species bound to intracellular ligands and biomolecules, but with open coordination 

sites.  Similarly, sensor 14 has two light-activated nitrophenyl derivatives attached to its 

xanthene ring.68  Release of these groups by UV-light yields a fluorescein derivative of 

sensor 9, which further reacts with Cu2+ to display a fluorescent signal, as previously 

described.  The mechanism of this probe was shown to be applicable in cellular studies 

where HeLa cells treated with Cu2+ and 14 displayed no fluorescence emission until 30 

seconds of exposure to UV light.  Sensors that can be triggered by external or internal 

stimuli should prove valuable in the ultimate challenge of real-time intracellular Cu2+ 

sensing due to their potential to sense copper in its bound state, as with sensor 13, or 

with high temporal and spatial release of the Cu2+ sensitive probe, as seen for sensor 14. 

 

Scheme 1: Cu2+-Promoted Hydrolysis of Rhodamine or Fluorescein-based 
Chemodosimeters 
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Table 2: Properties of Cu2+-Selective Fluorescent Chemodosimeters 

 Select 
Chemodosimeters 

Detection 
Limita 
(nM) 

H2O sol. 
(conc.) 

$ex 
(nm) 

$em 
(nm) 

! 

"apo  

! 

"
Cu

2+  

862 
O

N

O

N N

NH2

 

10 
20% 

CH3CN 
(0.5µM) 

510 578 n. d. n. d.b 

963 

O

N

O

HO OH

NH2

 

64 
1% 

EtOH 
(50 µM) 

495 516 0.02 n. d. 

1064 
O

N

O

N N

NH2

 

n. d. 
30% 

CH3CN 

(10 µM) 
580 600 n. d. 0.60 

1165 

O

N

O

N N

NH

NH

S

 

150 
30% 

CH3CN 
(20 µM)  

510 580 n. d. 0.31 

1266 
N

O O

N
N
H

OMe

 
87 

50% 
CH3CN 

(5 µM) 
450 502 n. d. n. d. 

1367 
O

O

O

O O

OO

NN

 

100 100% 489 513 n. d. n. d. 

1468 
O

N

O

O O

NO2 O2N

NH2

 

190 
20% 

DMSO 
(10 µM) 

492 516 0.0002 0.81 

aLowest concentration of Cu2+ detectable by sensor; bn. d. = not determined 
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Lastly, a third set of sensors containing naphthalimide chromophores have been 

designed that enable ratiometric detection of Cu2+.  Naphthalimide, when connected to 

an electron donor and acceptor group can undergo an internal charge transfer (ICT).  

Under certain conditions, such as metal binding, the strength of the donor/acceptor can 

be modulated causing a change in energy of the ICT and a shift in the excitation or 

emission wavelengths.3  The Qian laboratory has created several naphthalimide 

derivatives for use as Cu2+ sensors, shown in Figure 11 as sensors 15-17.  The original 

design, 15, displays a shift in its emission spectra from 525 nm to 475 nm upon addition 

of Cu2+.69  However, it exhibited only modest selectivity and was only soluble in aqueous 

solvents containing 40% alcohol.  Modifications were made to the backbone to create 

sensor 16, which displays longer excitation and emission wavelengths than the previous 

design attributed to the Cu2+-induced deprotonation of the two secondary amines 

conjugated to the naphthalimide fluorophore.70  The emission spectrum of 16 red shifts 

from 518 to 592 nm upon Cu2+ binding, but still has limited aqueous solubility.  The 

most recent design, 17, displays a 50 nm red-shift in its absorption maximum from 464 

to 514 nm due to interaction with Cu2+; although, its emission spectrum only shows 

fluorescence quenching.71  In comparison to these sensors, a separate group has created a 

ratiometric probe based on the signals produced from two fluorophores, naphthalene 

and naphthalimide (Figure 11, sensor 18).72  Upon addition of Cu2+, an enhancement to 

the naphthalene emission band at 435 nm is seen while the naphthalimide band at 510 is 

quenched.  Although this idea is attractive due to the combined use of two distinct 

fluorophores, its drawbacks are its limited aqueous solubility and required UV 

excitation.  Despite the proposed usefulness of a ratiometric sensor, none of the 

compounds discussed have been utilized for intracellular copper imaging. 
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Figure 11: Structures of Ratiometric Sensors for Cu2+ 

 

1.3.4 Fluorescent Iron Sensors 

As with copper, iron’s biological involvement is critical and yet insufficiently 

understood.  Iron, as an essential transition metal, is necessary for life and participates 

in oxygen transport and metabolism, electron transfer processes, and enzymatic 

reactions within the mitochondrial respiratory chain.73-75  However, despite its 

involvement in healthy cellular function, a disruption in the normally strict regulation of 

iron has been linked to several diseases, including Alzheimer’s and Parkinson’s 

disease.45,76  In order to combat these diseases, a better understanding is needed of iron’s 

role or the factors involved in its misregulation; fluorescent iron sensors could help 

provide this information.  Additionally, enzymes or storage proteins tightly bind the 

majority of biological iron, but there is evidence that a small percentage is considered 

“labile,” meaning that it is loosely bound to a mixture of organic anions, polypeptides or 

membrane components.77  Labile iron is considered to be in a steady-state equilibrium, 

while maintaining kinetic availability for incorporation into metalloenzymes and 

proteins.78,79  Increases in labile iron concentration are a consequence of oxidative stress 
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and UV damage, which in turn plays a larger role in the onset of disease.80,81  Iron-

specific fluorescent sensors could provide a way to monitor changes to intracellular iron 

levels, providing further insight into its location and speciation. 

The design of fluorescent iron sensors is complicated by the presence of dynamic 

redox states.  Biological iron can exist as either the ferrous (Fe2+) or ferric (Fe3+) 

oxidation state depending on the coordinated ligands and cellular reducing environment.  

In addition, both Fe2+ and Fe3+ are usually paramagnetic in nature.  An effective sensor 

should be selective for one of these oxidation states and yet overcome its tendency to 

quench a fluorescent signal.  Again, despite the many sensors presented throughout the 

literature, none fulfill all of the necessary requirements perfectly.  However, as will be 

described in the following sections, a large number of ratiometric or turn-on iron sensors 

have been presented over the last few years and provide promise for future 

developments.   

 

1.3.4.1 Commercially Available Fe3+/Fe2+ sensors 

Currently, there are two commercially available sensors used for detecting levels 

of intracellular iron, calcein and Phen Green SK (Figure 12).  Both rely on fluorescence 

quenching mechanisms and are not completely specific for iron in either of its oxidation 

states.  Calcein’s structure consists of a fluorescein backbone with an EDTA-like 

chelating moiety.  Originally, it was thought to show Fe2+-specific quenching and was 

utilized to track the release of Fe2+ from transferrin and measure changes in cytosolic 

Fe2+ concentrations due to oxidative or reductive stress.78,82,83  However, because iron 

quenches the fluorescent signal, a second competitive chelator is needed to restore the 

fluorescence and back-calculate the concentration of bound iron.  It is now known that 
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Fe3+ as well as Co2+, Ni2+ and Mn2+ also quench calcein’s emission.82,84  In addition, the 

Fe(II)-calcein complex has been shown to promote the formation of radical species which 

can degrade free calcein and cause a second off-target fluorescence decrease.85  Phen 

Green SK is the second commercially available fluorescein-based probe used for 

intracellular Fe2+ sensing.  It has shown utility in the measurement of the intracellular 

labile iron pool.79,86  But once again, Phen Green SK’s non-specific binding site leads to 

quenching from a variety of metals including Fe3+, Fe2+, Cu2+, Co2+, and Ni2+.  Although 

calcein and Phen Green SK have been used in intracellular experiments, they are likely to 

have off-target responses.  Therefore, probes that are more specific for Fe2+ or Fe3+ are 

critical for intracellular studies. 
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Figure 12: Structures of Commercially Available Iron Sensors: Calcein and Phen 
Green SK 

 

1.3.4.2 Sensors Selective for Fe2+ 

Designing a sensor with specificity for Fe2+ over Fe3+ is difficult due to its 

propensity for oxidation within aqueous and aerobic conditions.  Because of this 

challenge, there are only two fluorescent sensors selective for Fe2+, pyrene-TEMPO and 
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DansSQ (Figure 13).  Both exhibit a turn-on response to Fe2+, but utilize extremely 

different mechanisms.  Pyrene-TEMPO is a spin fluorescent probe that exists as a 

radical and exhibits a weak fluorescence emission at 430 nm.87  In the presence of Fe2+, 

the radical is reduced and pyrene’s fluorescence is restored.  The mechanism of 

fluorescence enhancement is specific to Fe2+ over other metal cations.  However, the 

reaction is conducted in acidic solutions and can proceed in the presence of other 

radicals, which limits the utility of pyrene-TEMPO in biological systems.  The second 

Fe2+ turn-on sensor, DansSQ, consists of a dansyl-styrylquinoline conjugate.  The ligand 

is weakly fluorescent due to an ICT from the quinoline nitrogen to the nitrostyryl group 

upon excitation.88  Binding of Fe2+ disrupts this transfer and a 15-fold fluorescence 

enhancement is observed at 460 nm (# = 0.075) upon excitation at 365 nm.  However, 

the probe is not completely selective for Fe2+ as it shows increased fluorescence with a 

large excess of Cu2+, Fe3+, Hg2+ and Cr3+.  Also, DansSQ is only soluble in CH3CN 

containing 10% H2O.   
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Figure 13: Structures of Turn-on Fluorescent Sensors for Fe2+ 
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1.3.4.3 Sensors Selective for Fe3+ 

In comparison to the small number of commercially available and Fe2+-specific 

sensors, the field of Fe3+ sensing is vast.  Most involve a turn-off mechanism; however, 

over the past 5 years a large number of turn-on and ratiometric sensors have emerged 

and several have been utilized in biological systems.  Representatives from each of these 

classes will be discussed further, but as was seen with the copper sensors, no single 

design has met all of the necessary criteria needed for a successful intracellular probe. 

Several fluorescent turn-off sensors have been created with greater selectivity for 

Fe3+ than was seen for calcein or Phen Green SK.  Most are fluorescently tagged 

siderophores (iron-chelating natural products) or synthetic polymer-mimics.89-94  

Although those will not be discussed within the context of small molecule fluorescent 

sensors, most show high-selectivity and sensitivity to Fe3+.  Many Fe3+ sensors are 

derived from these same basic principles, mainly that a known iron chelator is tagged or 

modified with a fluorophore.  For example, sensor 19, shown in Table 3, incorporates a 

known siderophore-binding motif comprised of a phenol substituent adjacent to an sp2 

hybridized nitrogen into its backbone.95  Despite this thoughtful design, the probe still 

shows 30% emission quenching with Cu2+ and has minimal aqueous solubility.  Sensors 

20 and 21 are representatives of a large library of sensors developed by the Hider 

laboratory.96-98  Each is constructed on a hydroxypyridinone or hydroxypyranone 

chelating backbone with a coumarin or fluorescein derivative attached and shows 

selective fluorescence quenching to Fe3+  up to 90%.  The more recent fluorescein 

derivatives, such as sensor 20, were shown to accumulate in endosomes and lysosomes 

of murine bone marrow derived macrophages.  They were also utilized in flow cytometry 

experiments to determine cellular iron concentrations.97,98  Other designs of Fe3+ turn-off 
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sensors include sensor 22, composed of an anthrecene linked to aspartic or glutamic (not 

shown) acid.  Although both amino acid-containing probes are soluble in aqueous 

solvents, they exhibit their highest sensitivity for Fe3+ at pH 5, which is below the 

physiological pH of most organelles.99 

 

Table 3: Properties of Fe3+-Selective Turn-Off Sensors 

 Fe3+ Sensors Kd 
(nM) 

% em. 
decrease 

$ex 
(nm) 

$em 
(nm) 

#apo 

1995 
S S

N N

OH HO

 

26 80% 275 375 n. d.a 

2097 
O

O

OH

O

N

N
H

OH

O

COOH

 

n. d. 77% 494 512 n. d. 

2196 
N
H

OH

O

N

O

ON O

 

n. d. 76% 416 477 0.02 

2299 NHO

HOOC

COOH

 

60 
µM 100%  363 412 0.20 

an. d. = not determined 
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Several turn-on sensors with selectivity to Fe3+ have recently been developed and 

are summarized in Table 4  Sensors 23-31 utilize the same rhodamine turn-on mechanism 

as seen for several Cu2+-specific turn-on sensors.100-106  Sensor 27 is unique because it 

hydrolyzes in the presence of Fe3+ to release the free rhodamine derivative, much like the 

previously described chemodosimeters.104  Each of the other sensors remains in its closed 

spirolactam form until interaction with Fe3+, which forces the equilibrium to the 

fluorescent ring-open form.  At first glance, it seems surprising these sensors would have 

an affinity for iron over copper.  In fact, several including sensors 23, 26, 28, and 29, do 

show increases in fluorescence emission upon introduction of Cu2+ although it is much 

smaller than the Fe3+-induced enhancements.100,103,105,106  These differences could be 

attributed to the size of the binding site.  Several sensors utilize longer alkyl chains to 

connect the donor atoms, which may help the chelator wrap more effectively around the 

slightly smaller Fe3+ cation and create a tighter binding affinity.  Two of the sensors, 23 

and 27, were the first iron turn-on sensors to be successfully used for Fe3+ imaging.  

Experiments in either PIEC (pig iliac artery endothelium) cells or Hep G2 (hepatocellular 

cancer) cells incubated with one of the sensors revealed an increase in the fluorescence 

emission after addition of exogenous Fe3+ or in cells pretreated with Fe3+, but showed no 

detectable fluorescence before addition of Fe3+.100,104 

Two reported turn-on sensors utilize macrocycles as their Fe3+ recognition sites.  

Sensor 30 contains two aza-18-crown-6 iron-chelating moieties attached to a 

coumarin.107  The aza-crowns exhibit a moderate affinity for Fe3+ (6.7 µM) and a weaker 

affinity for Cu2+ (0.42 mM).  Because of its dual affinity, the sensor displays a 15-fold 

turn-on with Fe3+, but also a 2.5-fold turn-on with Cu2+.  The second design consists of a 

mixed-donor (N,S,O) macrocycle and was originally reported to have selective affinity 
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for Fe3+ in aqueous solutions (pH of 5).108  More recently, the same macrocycle was 

incorporated into a UV-light activated Fe3+ photocage and was shown to have no 

affinity for Fe3+ in aqueous solvents.109  Although formation of the iron complex was 

confirmed in 100% CH3CN, the macrocycle’s binding affinity is compromised in oxygen-

donating solvents such as MeOH and iron is released.  The authors further described 

that the originally reported iron-dependent fluorescence increase was an off-target 

response to protonation of the ligand’s aniline nitrogen in the slightly acidic solutions.109   
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Table 4: Properties of Fluorescent Turn-On Sensors for Fe3+ 

 Fe3+ Turn-on Sensors Kd 
µM F. E.a 

H2O 
Sol. 

(10 µM) 

$ex 
(nm) 

$em 
(nm) 

! 

"
Fe

3+  

23100 
O

N

O

N N

N

 

43 112-
fold 

50% 
CH3CN 510 583 n. d. b 

24101 
O

N

O

N N

O

 

6.3 25-fold 
50:50 

MeOH:
CH3CN 

530 580 n. d. 

25102 
O

N

O

N N

NH

HO

 

n. d. 51-fold 40% 
EtOH 561 583 n. d. 

26103 

O

N

O

N
H

N
H

NH

HO

 

90 50-fold 100% 
EtOH 510 554 n. d. 

27104 

O

N

O

N
H

N
H

N

HO

NO2

 

60 45-fold 5% 
CH3CN 528 551 0.60 

28106 
O

N

O

N

N

O

N

O

N

N

N
H

 

0.32 48-fold 100% 510 575 n. d. 

29105 
O

N

O

N

N

NN

O

N

O

N

N

 

0.20 48-fold 
75% 

CH3CN 
(5 µM) 

510 580 0.048 

30107 

O

O

O

O

O

O

N

O

O

O

O

O

N
N
H

O

O

 

6.7  15-fold 100% 
(1 µM) 336 412 n. d. 

aF.E.  = Fluorescence Enhancement; bn. d. = not determined 
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Finally, there are a few sensors that demonstrate a ratiometric change in emission 

intensity upon Fe3+ binding (Table 5).  Sensor 31 consists of 2,4,5-triphenylimidazole 

linked to 6-phenyl-2,2’-bipyridine, which is soluble in aqueous solvents with 50% THF 

and is selective for Fe3+ aside from some quenching due to Hg2+110.  A ratiometric change 

is observed by increases at 416 and 442 nm and a decrease at 480 nm after excitation at 

375 nm.  Sensor 32 is constructed from a phenanthroimidazole dye and a bipyridyl-

chelating group.111  Fe3+ binding induces an increase in emission at 440 nm and a 

decrease at 500 nm after excitation at 352 nm.  However, other metals including Cu2+, 

Ni2+, and Fe2+ induce other various changes to the emission spectra.  The third 

ratiometric sensor (33) is based on a benzimidazole fluorescent receptor and shows a 

decrease in emission at 412 nm accompanied by an increase at 475 nm after excitation 

at 288 nm.  This sensor shows good selectivity for Fe3+; however, it is only soluble in 

aqueous conditions with 90% CH3CN.112  Although ratiometric sensors are generally 

advantageous for cellular applications, these share the disadvantage of needing UV-light 

for excitation.  In particular, sensor 33 requires an extremely low excitation wavelength 

and could not be used in a biological system. 
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Table 5: Properties of Fe3+ Ratiometric Sensors 

 Fe3+ Ratiometric Sensors Kd 
(µM) 

H2O Sol. 
(5 µM) 

$ex 
(nm) 

$em 

free 
(nm) 

$em 
Fe3+ 
(nm) 

31110 
N
H

N N

N

 

15 50% 
THF 375 501 416, 

442 

32111 
N

H
N

N N

 

n. d.a 50% 
MeOH 352 500 440 

33112 
N N

HN

N N

NH

 

34  
95% 

CH3CN 
(10 µM) 

288 412 475 

an. d. = not determined 

 

 

1.4 Fluorescent Sensors for Intracellular Detection of Small 
Molecules 

1.4.1 Fluorescent Sensors for Cellular Hydrogen Peroxide 

As an important intracellular small molecule, H2O2 plays the role of antagonist 

and protagonist.  Most often thought of in the context as a source for disease-causing 

oxidative stress and damage, emerging evidence supports the notion that H2O2 has other 

beneficial responsibilities.  Studies have shown that H2O2 production is a result of the 

activation of cell surface receptors and it acts as a second messenger for the 

determination of life span and signaling of protein function.113-116  For instance, it 
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oxidizes the cysteine residues on proteins to modulate their function by acting on sites 

found in transcription factors and protein tyrosine phosphatases.116  This process has 

downstream effects such as gene transcription, cell proliferation, differentiation, and 

metabolism.117  On the other hand, it is well understood that H2O2, as a reactive oxygen 

species (ROS), can contribute to damaging levels of oxidative stress connected to 

cancer118,119 and neurodegenerative diseases.45,120  However, our knowledge of H2O2’s 

mechanisms of production, accumulation, trafficking and function whether in healthy or 

diseased states is insufficient.  Fluorescent probes could offer the ability to monitor 

these processes in real time and with high spatial recognition, but they must be selective 

for H2O2 even in the presence of other ROS.  

In the past, molecules such as 2’,7’-dichlorodihydrofluorescein and 

dihydrorhodamine123 were used for detecting formation of H2O2.
121,122  Both probes rely 

on selective oxidation to transform a non-fluorescent species into a highly fluorescent 

one.  However, two major drawbacks were observed from these sensors.  First, the 

dihydro-compounds are highly photosensitive, which can lead to auto-oxidation and a 

false turn-on fluorescence response.123,124  Secondly, they lack selectively for H2O2 over 

other ROS, therefore an increased fluorescent signal is a measure of the total oxidants in 

the system not solely of H2O2.  Because of these problems and the desire for fluorescent 

intracellular H2O2 sensors, several new designs have emerged (Figure 14). 

To create probes with a higher selectivity for H2O2, researchers sought to utilize 

functional groups or protecting groups that would react solely to H2O2.  One such set of 

probes utilizes fluorescein protected with pentafluorobenzenesulfonyl (34a-c).125  The 

sulfonyl group acts as the H2O2-responsive component and its location at the top of the 

xanthene ring forces fluorescein into its non-fluorescent closed ring form (# = 0.008 for 
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34b).  The pentafluorobenzene ring was chosen because it enhances the sulfonate’s 

reactivity to H2O2, as demonstrated by the fast rate of deprotection for probes 35b and 

34c (k = 14 x 102 M-1s-1 and k = 15 x 102 M-1s-1, respectively).  Importantly, the probes 

showed good sensitivity to H2O2 over the hydroxyl radical (•OH), tert-butyl 

hydroperoxide (tBuOOH), peroxynitrite (ONOO–), and the superoxide radical (O2
•–), 

but showed a slight response to the nitric oxide radical (NO•) over time.  Lastly, this 

design was tested in green algae as a model for cellular H2O2 detection.  The probes’ 

selectivity for H2O2 was maintained even when the system was stressed with various 

ROS-inducing stimuli. 

Probe 35 provides a second example of an H2O2-responsive protecting group by 

utilizing a butanediol ester of p-dihydroxyborylbenzyloxycarbonyl (Dobz) to mask the 

amino functionality of a coumarin fluorophore (Figure 14).126  Reaction with H2O2 

deprotects the arylboronic ester and causes a cascade to release the Dobz group.  The 

fluorescent signal can monitor H2O2 formation down to the low micromolar range in 

slightly basic conditions ($ex = 348 nm, $em = 440 nm).  Although the arylboronic ester 

should be selective for H2O2, studies against other ROS were not performed. 

An alternate approach has been pioneered for the intracellular detection of H2O2 

through the creation of probe 36 or DPPEA-HC.  Through a PET mechanism, the lone 

pair on the phosphorous of diphenylphosphine inhibits the fluorescence of an adjoined 

7-hydroxycoumarin ($ex = 396 nm, $em = 449 nm).127  Oxidation of the phosphorous to 

diphenylphosphine oxide by H2O2 restores the fluorescence emission (# = 0.82).  The 

probe is specific for H2O2 over ONOO–, •OH, hypochlorite ion (–OCl) and alkylperoxyl 

radical (ROO•), but shows an equal response with O2
•– and NO.  However, the sensor 
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was applied to an enzymatic system consisting of xanthine, xanthine oxidase, and 

superoxide dismutase to effectively monitor the catalytic generation of H2O2. 
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Figure 14: Structures of H2O2-Responsive Probes 

 

Among the probes developed for H2O2-sensing, one family of compounds has far 

exceeded the rest.  Building off of the idea of H2O2-selective arylboronate esters found in 

probe 36, the Chang laboratory has developed a set of highly fluorescent probes.  Figure 

15 displays several of the probes and summarizes their fluorescent properties. In each 

case a pinacol boronic ester masks the phenolic oxygen on fluorescein’s xanthene ring 

rendering it non-fluorescent.  Interaction with H2O2 removes the boronate group and 

restores the fluorescence intensity.  The original design (peroxyfluor-1, PF1) utilized two 

boronate groups, but lacked the sensitivity to detect physiological signaling levels of 

H2O2.
128-130  To correct this problem, one boronate ester was omitted from the design and 

replaced with differing functional groups to create a variety of probes with excitation 

and emission wavelengths that span the visible spectrum, shown in Figure 15 as PF3, 

PY1, and PO1.131  By increasing the sensitivity of these three compounds, they were able 

to image H2O2 signals produced in RAW 264.7 macrophages during an immune response 

and in A431 (epidermoid carcinoma) cells following growth factor stimulation.  In 
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addition, the boronic ester mask shows high selectivity over O2
–, tBuOOH, NO, NO+, 

singlet oxygen (1O2), ozone (O3), OCl–, •OH, and the tert-butoxy radical (•OtBu).  The 

range of emission wavelengths allows for dual-color imaging experiments, as 

demonstrated by the use of PO1 in tandem with a green-fluorescent reporter for highly 

reactive oxygen species to monitor levels of H2O2 and HOCl simultaneously in live cells.  

In addition to this work, the lab has also developed two ratiometric probes, one utilizing 

a fluorescence resonance energy transfer (FRET)-based approach and the other an ICT 

approach to shift the emission wavelength after H2O2 interaction. (Figure 15, RPF1 and 

PL1, respectively).132,133  Finally, a bifunctional probe was created that utilized a 

triphosphonium head group to target the H2O2-selective probe to the mitochondria of 

living cells (Figure 15, MitoPY1).134  This molecule is of particular interest because it is 

the first multifunctional H2O2 probe that can visualize the localized production and 

accumulation of H2O2 in a living system.  An approach such as this could aid in our 

understanding of H2O2‘s complex role within healthy and diseased systems. 
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Figure 15: Structures of Boronate-Based Fluorescent Probes for H2O2 
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1.4.2 Fluorescent Detection of Intracellular Thiols 

Intracellular thiols such as those found in proteins or small molecules, like 

cysteine (Cys) or glutathione (GSH), respectively, play crucial roles in cellular 

antioxidant defense.  But much like their oxidative counterpart, H2O2, an increased or 

decreased level of thiols signals an imbalance in cellular redox homeostasis.  For 

instance, GSH is an antioxidant found in millimolar concentrations that protects cells 

from ROS, like H2O2, by acting as a reducing agent.135,136  Depending on the 

environmental needs, GSH can redox cycle to its oxidized form, glutathione disulfide 

(GSSG) to provide support for cell growth and function.137,138  Variations in intracellular 

GSH levels are directly linked to diseases such as cancer, Alzheimer’s and 

cardiovascular disease.139  Likewise, Cys and homocysteine (Hcy) are essential thiol-

containing amino acids utilized as reducing agents and in protein synthesis.  However, a 

cysteine deficiency causes various health problems, like liver damage and skin lesions, 

while an elevated level of Hcy is noted as a risk factor for Alzheimer’s and 

cardiovascular disease.140,141  Due to their importance in maintaining a healthy system 

and signaling the onset of disease, intracellular thiols provide an interesting target for 

fluorescent probes.   

Many of the first and most common thiol sensors are non-fluorescent derivatives 

of N-substituted maleimides, which undergo nucleophilic thiol addition across the 

carbon-carbon double bond to produce an irreversible fluorescence enhancement.  Probe 

37, N-[4-(2-benzimidazolyl)phenyl]-maleimide, was the first example to utilize this 

mechanism (Figure 16).142  However, it requires low wavelength excitation, long reaction 

times, and high percentages of organic solvents for aqueous solubility making it a poor 
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sensor.   Since that time, many new derivatives, which rely on nucleophilic addition to 

initiate a change in fluorescence, have been prepared to overcome these disadvantages. 

N
H

N

N

O

O
37  

Figure 16: Structure of N-[4-(2-benzimidazolyl)phenyl]-maleimide 

 

As compared to the original design, 37, most current sensors utilize fluorophores 

with improved photophysical properties, such as rosamine for probe 38 and coumarin 

for probes 39, 40 and 41 (Figure 17).143-145  In addition, different thiol reactive sites have 

replaced the maleimide group to increase the rate of reaction.  For example, probe 39 

contains a cis double bond that efficiently reacts with Cys through Michael addition with 

a rate of 7.0 & 104 M-1 s-1.  This rate of reaction is 20 times faster than most other thiol 

reactive probes.143  Probe 40 is of interest due to its high selectivity for Cys over Hcy and 

GSH.  Although it shows a slight increase in fluorescence with Hcy and GSH, the 

reaction with Cys proceeds with the fastest rate and produces the highest quantum yield 

(# = 0.33).144  Finally, probes 38-42 (Figure 17) were all applied to cellular imaging 

experiments, but probe 42 was also utilized in a living organism.  Zebrafish embryos 

treated with 42 exhibited a strong fluorescence response except when pretreated with N-

methylmaleimide, a thiol-reducing reagent.146  This design was the first to selectively 

image thiols within a living system.  
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Figure 17: Structures of Thiol Sensors Based on Nucleophilic Substitution 

 

Complimentary to the previous probing mechanism is a class of probes that 

undergo aromatic nucleophilic substitution.  In some cases, this leads to cleavage of a 

nitrobenzenesulfonyl ring and in others the thiol is added directly to the probe.  Each 

example leads to an irreversible fluorescence increase.  Although, there are many in the 

literature, probes 43-46 (Figure 18) are a few examples of this class of thiol-reactive 

probes.  Probe 43 shows direct addition of the thiol onto the fluorophore backbone and 

is sensitive only to Cys and Hcy.  GSH and other macromolecules produce no 

fluorescence increase reportedly because of steric hinderance.147  Similarly, GSH induces 

little or no response for probes 44-46, although they rely on thiol reaction with a 

nitrobenzenesulfonyl group for activation.  Interestingly, 44 uniquely displays a 

fluorescence response for the enzyme, acetyl-cholinesterase, over GSH and Cys through 

selective release of a resorufin dye.148  Probes 45 and 46 show the greatest change in 

fluorescence intensity due to an ICT mechanism that renders them non-fluorescent in 

their unreacted forms (# = 0.003 and 0.0087, respectively).149,150  This low background 
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fluorescence is advantageous for easy detection during cellular imaging and probes 44-46 

were successfully used for intracellular thiol recognition in a variety of cell lines.148-150 
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Figure 18: Structures of Thiol Sensors Based on Aromatic Nucleophilic Substitution 

 

Both the aromatic nucleophilic substitution and nucleophilic addition-based 

probes undergo irreversible reactions for the detection of thiols; however, these are 

unsuitable for measuring reductase activity and can potentially affect the redox 

homeostasis within a cell.  To circumvent these problems, thiol probes 47-50 were 

prepared (Figure 19).  Each sensor relies on the reduction of a disulfide bond by 

intracellular thiols to elicit a change in its fluorescence read-out.  The design of probes 

47, 48, and 49 revolves around the basis of FRET where the initial fluorescence emission 
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is from the longer wavelength acceptor fluorophore.151,152 Cleavage of the disulfide bonds 

results in an increase of the donor fluorophore’s emission.  This mechanism of action is 

reversible making it advantageous for the study of oxidation levels within a system.  

Probes 47 and 48 were applied to the in vivo analysis of thiols within zebrafish151 

whereas 49 was used in an assay to measure glutathione reductase activity.152  The 

fourth example of a redox-responsive probe, 50, displays a ratiometric change to its 

emission spectra after interaction with GSH and Cys.  Initially, the probe has an 

emission peak at 485 nm.  Following incubation with GSH or Cys, the maximum 

emission peak red shifts to 533 nm due to cleavage of the disulfide bond and subsequent 

release of the carbamate linkage from 4-aminonaphthalimide.153  Unlike, 47-49, probe 

50’s reaction with thiols is irreversible, but is the first design to utilize ratiometric 

fluorescence detection. 
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Figure 19: Structures of Redox-Based Thiol Sensors 
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1.5 Multi-Functional Fluorescent Sensors 

It is obvious that molecular sensors specific for both metal cations and small 

molecules are in high demand.  Utilization of a properly designed fluorescent sensor can 

provide unique information about cell biology, as was seen with the use of calcium 

sensors.  However, because cellular events are often controlled by multiple factors, 

imaging one specific metal cation or intracellular molecule might not provide a clear 

picture of their cellular involvement.  For example, ROS, thiols and metal ions all play a 

part in the events surrounding oxidative stress and its role in neurodegenerative diseases 

or cancer.44,76,118,120,139,154  In general, oxidative stress is caused by an imbalance in a cell’s 

production and detoxification of ROS.  Intracellular redox-active thiols, such as GSH 

exist to maintain this balance by scavenging unneeded oxidant species.  Alterations in 

GSH concentration and related enzymes are markers for diseased systems where the 

cellular equilibrium favors an oxidative environment.138,139  Under these conditions, levels 

of ROS are elevated and can produce severe cellular damage.  For instance, the hydroxyl 

radical damages lipids, proteins, and nucleic acids.155,156  The propagation of this radical 

is instigated by the reaction between H2O2 and Cu+ or Fe2+.  Within a normal cellular 

system, redox-prone Cu2+ and Fe3+ homoeostasis is highly regulated.  However, under 

conditions of oxidative stress, concentrations of loosely bound Cu2+ and Fe3+ are 

increased and further contribute to cellular damage.154  Fluorescence imaging may be one 

tool that would allow for an understanding of the connections and implications arising 

from the misregulation of each of these factors and their relation to oxidative stress.  

Although probes for intracellular thiols, ROS and Cu/Fe exist, they only respond to one 

aspect of this extremely complex set of events.  The creation of a multi-functional or 
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dual-signal sensor that reacts with two or more cellular species and could elucidate their 

relationship under a stressed system is of high interest. 

Following this idea, this dissertation will explore the development of metal 

sensors that are intracellularly triggered by oxidative stress or the external factors 

leading to oxidative stress.  More specifically, Chapter 2 describes the design of a 

spirolactam-based fluorescence turn-on copper sensor protected with an H2O2-

responsive boronic ester.  The boronate-protected prochelator is insensitive to metal 

binding; therefore, no fluorescence response is seen until activation with H2O2.  Although 

issues with aqueous stability were encountered, the sensor provides a template for the 

idea of a fluorescent prochelator for metal-induced oxidative stress.  Chapter 3 details 

the development of a second metal sensor based on a fluorescence turn-off mechanism.  

Metal binding is again triggered by H2O2 oxidation of a boronic ester and this 

prochelator was shown to be applicable to cellular imaging experiments.  Chapter 4 

describes the synthesis and preliminary results of an iron triazole-based prochelator 

protected with two nitrophenyl groups that are removable with UV-light.  This molecule 

demonstrates the potential of creating protective metal chelators that can undergo fast 

deprotection with an external stimulus that has implications to oxidative stress.  Finally, 

Chapter 5 outlines the development of a new coumarin-embedded triazole chelator and 

the complications encountered with its ability to respond solely to metal cations.  
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2. Toward the Development of Prochelators as 
Fluorescent Probes of Copper-Mediated Oxidative 
Stress

1
 

 

2.1 Background and Significance 

Copper is an essential cofactor for several enzymes; however, an imbalance in its 

cellular homeostasis can lead to uncontrolled redox chemistry and formation of toxic 

reactive oxygen species (ROS).42  Copper, like iron, can participate in Fenton chemistry 

to form hydroxyl radicals (Equation 2.1) and cause oxidative stress that leads to cell 

death.  Metal-induced oxidative stress has been linked to several neurodegenerative 

diseases, including Alzheimer’s and Parkinson’s, wherein both copper and iron have 

been implicated.45  Misregulation of cellular copper homeostasis is also linked to Menkes 

and Wilson diseases, familial amyotrophic lateral sclerosis, and prion diseases.44,46,157  

The implication that some disease states may be associated with exchange-labile pools 

of redox-active iron or copper has spurred the interest in developing fluorescent 

chemosensors to visualize their cellular distribution.   

H2O2 + Cu+ ! OH. + OH- + Cu2+    (2.1) 

Both reversible and irreversible fluorescence turn-on strategies for probing copper 

and iron have been reported and recently reviewed.23  Developing fluorescence turn-on 

sensors for Cu2+ and Fe2+/3+ is challenging due to inherent quenching from paramagnetic 

metal ions.  However, several reports suggest that selective metal-dependent opening of 

a fluorescein or rhodamine spirolactam ring can be used to achieve an increase in 

fluorescence response for metal ions including Cr3+,158,159 Hg2+,160-162 Co2+,163 Pb2+,164 

                                                        

1 Reproduced in part from Hyman, L. M.; Stephenson, C. J.; Dickens, M. G.; Shimizu, K. D.; and Franz, K. J. 
Dalton Trans., 2010, 39, 568 - 576.  Copyright 2010 The Royal Society of Chemistry. 
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Fe3+,100,106 and Cu2+.53,62,63,65,165,166  The aim of our current study is to utilize this strategy to 

create a fluorescence turn-on sensor that responds selectively to copper only under 

oxidative stress conditions. 

  Recently, our lab introduced BSIH (Figure 20) as a prochelator to prevent metal-

promoted oxidative damage in cells.167-169  The design relies on selective conversion of a 

boronic ester masking group by H2O2 to the phenol of salicylaldehyde isonicotinoyl 

hydrazone SIH, a high-affinity metal chelator.  In the masked form, the prochelator does 

not interact with metal ions, whereas activation with H2O2 releases the unmasked 

chelator that coordinates metal ions and prevents both iron and copper from catalyzing 

OH• production.  In principle, this strategy allows sequestration and inactivation of 

detrimental metal ions at the site of oxidative stress without disrupting healthy metal 

homeostasis.  Equipping a BSIH-like prochelator with a fluorescent tag would allow 

visualization of this H2O2-dependent metal sequestration.  It would be particularly 

desirable to have probes that can differentiate iron- vs. copper-mediated oxidative 

stress in order to decipher the individual roles of these metal ions.  An anthracene-

appended boronic acid prochelator was recently shown to give a fluorescence quenching 

response in the presence of Fe3+.170  Here we introduce FlamB (Figure 20) as a fluorescein-

appended prochelator that gives a selective, albeit modest, fluorescence turn-on 

response for Cu2+ following reaction with H2O2.  While it is desirable to have probes that 

operate under aqueous conditions at physiological pH, our first-generation probe 

discussed herein is not stable under these conditions, but provides a guidepost for future 

designs. 
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Figure 20: Structures of Fluorescent and Non-Fluorescent Boronic Ester Prochelators 
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2.2 Materials and Methods  

2.2.1 Materials and Instrumentation 

All chemicals were purchased from Fisher Scientific or Sigma-Aldrich and used 

without further purification.  All solvents were reagent grade and all aqueous solutions 

were prepared from nanopure water.  FlamB, FlamS, and FH stock solutions (2 mM) 

were prepared daily in DMSO.  Liquid chromatography-electrospray mass spectrometry 

(LC-MS) was performed using an Agilent 1100 Series apparatus with an LC/MSD trap 

and a Daly conversion dynode detector.  A Varian Polaris C18 (150 ! 1.0 mm) column 

was used and peaks were detected by UV absorption at 254 nm.  A linear gradient from 

10% A in B to 60% A in B was run at 40 µL/min from 2–17 min with a total run time of 

22 min, where A is MeCN/2% 10 mM ammonium acetate buffer and B is 10 mM 

ammonium acetate buffer/2% MeCN.  1H and 13C NMR spectra were recorded on a 

Varian 300 or 400 mHz NMR spectrometer; ' values are in ppm and J values are in Hz.  

Flash chromatography was done using Silicycle Silia-P flash silica gel and TLC was done 

using silica gel 60 F254 precoated plates purchased from EDM Chemicals Inc. UV-Vis 

spectra were recorded on a Cary 50 UV-Vis spectrophotometer.  Emission spectra were 

recorded on a Jobin-Yvon-Horiba Fluorolog 3 fluorimeter in a 1-cm pathlength quartz 

cell.  Excitation and emission slit widths were 5 nm and emission spectra were collected 

from 500–600 nm after excitation at 495 nm.  Elemental analysis was performed by 

Columbia Analytical Services, Tucson, AZ. 
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2.2.2 Synthesis 

Synthesis of fluorescein hydrazide (FH), fluorescein hydrizido 2-imidophenol 

(FlamS), and fluorescein hydrizido 2-imidophenylboronic ester (FlamB) was performed 

by Dr. C. J. Stephenson former graduate student from Dr. Ken Shimizu’s lab at the 

University of South Carolina. 

 

2.2.2.1 Preparation of fluorescein hydrazide (FH) 

Fluorescein (0.168 g, 0.5 mmol) was dissolved in 200 mL ethanol.  Hydrazine 

hydrate (65% in H2O; 0.146 mL, 3.0 mmol) was added dropwise and the stirred 

reaction mixture was heated at reflux for 4 h.  The solvent was removed under vacuum 

and the product was recrystallized from MeCN to give a yellow solid (0.138 g, 80% 

yield).  1H NMR spectra of the product matched the previously reported spectra63 and 

was also verified by x-ray crystallography.171  1H NMR (300 MHz DMSO-d6) ' 7.76 (dd, 

J 5.7 and 3, 1 H), 7.47 (dd, J 3.75 and 3.75, 2 H),  6.96 (dd, J 5.25 and 3.75, 1 H), 6.57 

(d, J 2.7, 2 H), 6.36–6.45 (m, 4 H), 4.36 (s, 2 H). ESI-MS: m/z 347.1 [M+H]+, calcd 346.1 

for M = C20H14N2O4; UV-Vis $max(DMSO)/nm 277 ((/dm3 mol-1 cm-1 6887). 

 

2.2.2.2 Preparation of fluorescein hydrizido 2-imidophenol (FlamS) 

FH  (0.300 g, 0.867 mmol) was dissolved in 15 mL of absolute ethanol.  Salicylic 

benzaldehyde (0.361 mL, 3.39 mmol) was added, and the stirred reaction mixture was 

heated under reflux conditions for 20 h.  The solvent was removed under vacuum, and 

the product was recrystallized from acetonitrile to yield a yellow solid (0.322 g, 82.6%).  

1H NMR (300 MHz, CD3CN) ' 10.57 (s, 2H), 9.27 (s, 1H), 7.97 (dd, J 5.1 and 1.8, 1H), 

7.62–7.66 (m, 2H), 7.21–7.30 (m, 2H), 7.17 (dd, J 5.7 and 1.8, 1H), 6.88 (dd, J 7.6 and 
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7.6, 1H), 6.72 (d, J 2.7, 2H), 6.64  (d, J 8.7, 2H), 6.53 (dd, J 8.7 and 2.4, 2H).  13C NMR 

(100 MHz, CD3CN) ' 166.289, 163.46, 158.69, 157.16, 152.14, 150.44, 150.22, 134.142, 

131.85, 129.04, 128.75, 128.12, 123.86, 123.25, 119.43, 118.92, 116.36, 112.528, 109.45, 

102.51, 65.21.  HRMS (EI): calcd for C27H18N2O5 450.1207; found 450.1216. UV-Vis 

(40% DMSO in 10 mM HEPES/100 mM NaCl, pH 7.4), $max/nm 280 ((/dm3 mol-1 cm-1 

11 718), 340 (13 907). 

 

2.2.2.3 Preparation of fluorescein hydrizido 2-imidophenylboronic ester (FlamB)  

To a solution of FH (0.200 g, 0.578 mmol) in absolute ethanol (15 mL) was 

added 2-formylphenylboronic acid pinacol ester (0.391 mL, 1.77 mmol).  The reaction 

mixture was stirred for 10 min at rt at which time TLC showed that the FH starting 

material had fully reacted.  The solvent was removed under vacuum, and the product 

was recrystallized from toluene as a yellow solid. (0.288 g, 89 %). 1H NMR (400 MHz, 

CD3CN) ' 9.72 (s, 1H), 7.93 (d, J 6.8, 1H), 7.76 (d, J 7.9, 1H),  7.71 (d, J 7.4, 1H) 7.57-

7.62 (m, 2H), 7.42 (dd, J 7.0 and J 7.0, 1H), 7.35 (dd, J 7.2 and J 7.2, 1H), 7.29 (s, 2H), 

7.15 (d, J 6.4, 1H) 6.73 (d, J 2.4, 2H), 6.64 (d, J 8.4, 2H), 6.50 (dd, J  8.8 and J 2.4, 2H), 

1.32 (s, 12H).  13C NMR (100 MHz, CD3CN) ' 165.40, 159.15, 153.96, 151.56, 151.56, 

141.40, 136.75, 134.82, 132.03, 130.28, 130.18, 129.01, 125.25, 124.54, 124.35, 112.98, 

112.87, 104.05, 85.21, 25.12.  HRMS (EI): Calcd for C33H29BN2O6 560.2125; found 

560.2138. UV-Vis $max(DMSO)/nm 325 ((/dm3 mol-1 cm-1 16 417). 

 

2.2.2.4 Preparation of [Cu2Cl(FlamS)2]2Cl2 

A 50 mM aqueous solution of NaOH (1.334 mL) was added dropwise to a 

refluxing solution of FlamS (0.030 g, 0.067 mmol) and CuCl2•2H2O (0.0114 g, 0.067 

mmol) in 20 mL EtOH.  After refluxing for 1 h, the solvent was removed and the residue 
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was taken up in acetone and filtered.  The acetone was removed and the residue was 

taken up in 50% MeOH and 50% EtOH.  Slow evaporation gave amber, ellipsoid-

shaped crystals in 30% yield.  ESI-MS: m/z 512.0 [M]+ and 530.0 [M+H2O]+, calcd 

512.04 for M = C27H17CuN2O5; UV-Vis $max(40% DMSO in 10 mM HEPES/100 mM 

NaCl, pH 7.4)/nm 503 ((/dm3 mol-1 cm-1 27 622); Anal. Calcd. for 

C27H17ClCuN2O5·NaOH: C, 55.11; H, 3.08; N, 4.76; found C, 54.84; H, 3.21; N, 4.42. 

 

2.2.3 Kinetics 

The rate of oxidation of FlamB to FlamS was investigated under pseudo first-

order conditions of excess H2O2.  In a typical study, 3 mL of a 40 µM solution of FlamB 

in DMSO were loaded into a quartz cuvette.  H2O2 (50 % wt solution in H2O) was 

added to a final concentration of 3 mM.  The reaction was monitored up to 2 h and 

spectra were collected at 2 min time intervals.  The negative slope of the linear fit of 

ln(Abs) at $max of FlamB (325 nm) vs. time plot provided the observed rate constant 

(kobs). 

 

2.2.4 Quantum Yield 

Stock solutions were prepared of 1 mM FlamS in DMSO and 1 mM 

[Cu(Glycine)2] in HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid) buffer 

(10 mM, pH = 7.4) containing 40% (v/v) DMSO. Dilutions of [Cu(FlamS)]+ at 1, 2, 3, 4, 

and 5 µM were prepared in the HEPES/DMSO mixed solvent using 10 equivalents of 

[Cu(Glycine)2].  Absorbance and emission measurements were taken in triplicate.  

Excitation was performed at 495 nm and collected emission was normalized to the 

HEPES/DMSO mixed solvent blank and then integrated from 500 to 600 nm.  A plot of 

the integrated fluorescence intensity vs. the absorbance at 495 nm for each concentration 
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was prepared and the positive slope of the linear fit was calculated.  The data were 

compared to a fluorescein standard in 0.1 M NaOH using the following equation, where 

#R is the quantum yield of the standard (0.95), Grad is the slope of the absorbance vs. 

emission line found for [CuFlamS]+, GradR is the slope found for the fluorescein 

standard, ) is the refractive index of the [CuFlamS]+ solution (1.3938) and )R is the 

refractive index of the fluorescein solution (1.33): 

# = #R  (Grad/GradR)  ()2/)R
2) 

 

2.2.5 X-ray Data Collection and Structure Solution Refinement 

FlamS crystals were obtained by slowly cooling a concentrated acetonitrile 

solution.  FlamB crystals were grown by slow evaporation of hexanes and methanol and 

Cu-FlamS crystals resulted from slow evaporation of methanol and ethanol.  All crystals 

were mounted on a Cryoloop and held in place by hardened Karo syrup.  Dr. Marina 

Dickens, former graduate student in the Franz Laboratory, collected and analyzed the 

data for all crystal structures. 

X-ray intensity data from a colorless prism of FlamS was measured at 150(2) K 

on a Bruker SMART APEX diffractometer (Mo K% radiation, $ = 0.71073 Å).2  Raw area 

detector data frame integration was performed with SAINT+ v6.45.  Final unit cell 

parameters were determined by least-squares refinement of 6388 reflections from the 

data set.  Direct methods structure solution, difference Fourier calculations and full-

matrix least-squares refinement against F2 were performed with SHELXTL v6.14.  The 

compound crystallizes in the space group P21/n as determined by the pattern of 

systematic absences in the intensity data.  The asymmetric unit consists of one 

C27H18N2O5 molecule and a total of two acetonitrile-d3 molecules of crystallization.  One 
                                                        

2 Bruker Analytical X-ray Systems, Inc., Madison, Wisconsin, USA. 
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of the two CD3CN molecules (N4, C30, C31) is disordered over two independent 

positions with refined populations A/B = 0.661(3) / 0.339(3) (constrained to sum to 

unity).  Atoms of these groups were refined isotropically, and C31A/C31B was refined 

with common atomic coordinates and displacement parameters.  All other non-hydrogen 

atoms were refined with anisotropic displacement parameters.  Hydrogen atoms bonded 

to carbon were placed in geometrically idealized positions and included as riding atoms.  

The oxygen-bound hydrogen atoms were located in difference maps and refined freely.  

The deuterium atoms were accounted for during refinement to give the correct F.W. and 

d(calc). 

Data for FlamB and Cu-FlamS were collected at 296 K and 100 K, respectively, on a 

Bruker Kappa Apex II CCD diffractometer equipped with a graphite monochromator 

and a Mo K% fine-focus sealed tube ($ = 0.71073Å) operated at 1.75 kW power (50 kV, 

35 mA).  The detector was placed at a distance of 5.0 cm from the crystal.  A total of 

2655 frames were collected with a scan width of 0.5º and an exposure time of 10.0 and 

30.0 sec/frame.  The frames were integrated with the Bruker SAINT v7.12A software 

package using a narrow-frame integration algorithm.  Empirical absorption corrections 

were applied using SADABS v2.10 and the structure was checked for higher symmetry 

with PLATON v1.07.  The structure was solved by direct methods with refinement by 

full-matrix least-squares based on F2 using the Bruker SHELXTL Software Package. All 

non-hydrogen atoms were refined anisotropically.  Hydrogen atoms of sp2 hybridized 

carbons and nitrogens were located directly from the difference Fourier maps; all others 

were calculated.  The asymmetric unit of FlamB contains one C33H29BN2O6 molecule 

along with one H2O and one CH3OH.  The asymmetric unit of Cu-FlamS consists of one 

[Cu2Cl(FlamS)2]Cl unit, where the outer-sphere chloride appears at two positions at half 

occupancy, both of which are disordered over two positions with refined populations of 
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0.3/0.2 and 0.35/0.15.  There is also a NaOH with the Na at half occupancy and a 

disordered water molecule.  

 

2.3 Results 

2.3.1 Synthesis and Structure of FlamB and FlamS 

In order to create a fluorescent prochelator, we sought to embed a fluorophore 

directly within the backbone of our parent BSIH prochelator architecture.  The 

isonicotinic acid hydrazide used to synthesize BSIH and SIH was therefore replaced by 

fluorescein hydrazide (FH) and reacted with either 2-formylphenyl boronic ester or 

salicylaldehyde to give FlamB and FlamS, respectively.  The name FlamB derives from 

fluorescein–lactam–boronate.  Salicylaldehyde fluorescein hydrazone was recently 

published as a colorimetric logic chemosensor172 and herein referred to as FlamS, where 

the S derives from salicylaldehyde.  The condensation reactions to synthesize FlamB and 

FlamS were carried out in refluxing ethanol and the products were isolated by 

recrystallization from toluene or acetonitrile, respectively, in greater than 80 % yields.  

The chemical structure of FlamB is similar to a recently published boronic acid 

version, where the boronic acid functionality was reported to interact directly with Cu2+ 

to effect a fluorescence response.56  In contrast to that design, the pinacol ester of FlamB 

was installed to prevent metal interactions of the prochelator probe prior to its 

activation by H2O2 and conversion to FlamS.  Once converted to FlamS, metal chelation 

through the phenolic O, imine N, and carbonyl O would initiate opening of the 

spirolactam ring with a concomitant increase in fluorescence emission.53 

Both compounds are isolated in their non-fluorescent forms where the 

spirolactam ring is closed, as verified by the X-ray crystal structures shown in Figures 21 

and 22.  Tables 6 and 8 contain summaries of the crystal data, intensity collection and 
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structure refinement parameters for FlamS and FlamB, respectively.  Likewise, bond 

lengths and angles are listed in Tables 7 and 9.  Similarities are found in the X-ray 

crystal structures of FlamB and FlamS when compared to BSIH and SIH.  As with BSIH, 

the boron atom is anti to the imine N2 atom and the configuration around the C21=N2 

bond is E.  Similar to SIH, FlamS retains the E conformation, but the phenolic OH is syn 

to the imine nitrogen.  However, unlike SIH, FlamS is not pre-arranged for metal 

chelation, as the carbonyl and phenolic O atoms are on opposite faces.  In both FlamB 

and FlamS structures, the xanthene ring is perpendicular to the ligand backbone, with a 

slight bend in the xanthene unit.  In FlamS the 3-ring unit bends away from the phenol, 

whereas in FlamB the concave bend cradles the boronic ester. 

 

 

Figure 21: X-Ray Crystal Structure of FlamS 

ORTEP diagram showing 50% thermal ellipsoid probability with full atom numbering 
scheme for FlamS.  Hydrogen atoms and two acetonitrile molecules omitted for clarity. 
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Table 6: Crystal Data and Structure Refinement for FlamS 

Identification code  sp97m  

Empirical formula  C31 H18 D6 N4 O5  

Formula weight  538.58  

Temperature  150(2) K  

Wavelength  0.71073 Å  

Crystal system  Monoclinic  

Space group  P 21/n  

Unit cell dimensions a = 14.8323(6) Å %= 90°. 

 b = 9.7901(4) Å "= 99.2450(10)°. 

 c = 18.5178(7) Å * = 90°. 

Volume 2654.04(18) Å3  

Z 4  

Density (calculated) 1.348 Mg/m3  

Absorption coefficient 0.092 mm-1  

F(000) 1112  

Crystal size 0.36 x 0.30 x 0.10 mm3  

Crystal color and habit colorless plate  

Diffractometer Bruker SMART APEX CCD diffractometer  

Theta range for data collection 1.64 to 26.37°.  

Index ranges -18<=h<=18, -12<=k<=12, -23<=l<=23 

Reflections collected 43720  

Independent reflections 5427 [R(int) = 0.0455]  

Observed reflections  
(I > 2sigma(I)) 4481  

Completeness to theta = 26.37° 100.00%  

Absorption correction None  

Solution method SHELXS-97 (Sheldrick, 1990)  

Refinement method SHELXL-97 (Sheldrick, 1997)  

Data / restraints / parameters 5427 / 0 / 368  

Goodness-of-fit on F2 1.039  

Final R indices [I>2sigma(I)] R1 = 0.0433, wR2 = 0.1064  

R indices (all data) R1 = 0.0537, wR2 = 0.1131  

Largest diff. peak and hole 0.558 and -0.434 e.Å-3  
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Table 7: Bond Lengths [Å] and Angles [°] for FlamS 

C(1)-N(1)  1.5029(18) C(17)-C(18)  1.395(2) 

C(1)-C(20)  1.5129(19) C(18)-C(19)  1.378(2) 

C(1)-C(2)  1.5146(19) C(18)-H(18)  0.9500 

C(1)-C(9)  1.5155(19) C(19)-C(20)  1.3955(19) 

C(2)-C(3)  1.383(2) C(19)-H(19)  0.9500 

C(2)-C(7)  1.385(2) C(21)-N(2)  1.2847(19) 

C(3)-C(4)  1.389(2) C(21)-C(22)  1.453(2) 

C(3)-H(3)  0.95 C(21)-H(21)  0.9500 

C(4)-C(5)  1.395(2) C(22)-C(27)  1.395(2) 

C(4)-H(4)  0.9500 C(22)-C(23)  1.405(2) 

C(5)-C(6)  1.383(2) C(23)-O(5)  1.358(2) 

C(5)-H(5)  0.9500 C(23)-C(24)  1.395(2) 

C(6)-C(7)  1.391(2) C(24)-C(25)  1.380(3) 

C(6)-H(6)  0.9500 C(24)-H(24)  0.9500 

C(7)-C(8)  1.475(2) C(25)-C(26)  1.380(3) 

C(8)-O(1)  1.2353(17) C(25)-H(25)  0.9500 

C(8)-N(1)  1.3637(18) C(26)-C(27)  1.379(2) 

C(9)-C(14)  1.389(2) C(26)-H(26)  0.9500 

C(9)-C(10)  1.395(2) C(27)-H(27)  0.9500 

C(10)-C(11)  1.383(2) N(1)-N(2)  1.3762(16) 

C(10)-H(10)  0.9500 O(3)-H(3A)  0.84(2) 

C(11)-C(12)  1.394(2) O(4)-H(4A)  0.91(2) 

C(11)-H(11)  0.9500 O(5)-H(5A)  0.92(3) 

C(12)-O(3)  1.3614(18) N(3)-C(28)  1.134(3) 

C(12)-C(13)  1.382(2) C(28)-C(29)  1.447(4) 

C(13)-C(14)  1.387(2) C(29)-D(29A)  0.9800 

C(13)-H(13)  0.9500 C(29)-D(29B)  0.9800 

C(14)-O(2)  1.3735(17) C(29)-D(29C)  0.9800 

C(15)-O(2)  1.3800(17) N(4A)-C(30A)  1.130(3) 

C(15)-C(20)  1.3847(19) C(30A)-C(31A)  1.417(4) 

C(15)-C(16)  1.387(2) C(31A)-D(31A)  0.9800 

C(16)-C(17)  1.381(2) C(31A)-D(31B)  0.9800 

C(16)-H(16)  0.9500 C(31A)-D(31C)  0.9800 

C(17)-O(4)  1.3609(17) N(4B)-C(30B)  1.134(7) 

    

N(1)-C(1)-C(20) 109.29(11) C(12)-C(11)-H(11) 120.60 

N(1)-C(1)-C(2) 99.90(11) O(3)-C(12)-C(13) 116.37(14) 

C(20)-C(1)-C(2) 111.69(11) O(3)-C(12)-C(11) 123.22(14) 

N(1)-C(1)-C(9) 109.95(11) C(13)-C(12)-C(11) 120.40(13) 

C(20)-C(1)-C(9) 110.74(11) C(12)-C(13)-C(14) 119.49(14) 

C(2)-C(1)-C(9) 114.68(12) C(12)-C(13)-H(13) 120.30 

C(3)-C(2)-C(7) 120.70(13) C(14)-C(13)-H(13) 120.30 

C(3)-C(2)-C(1) 128.67(13) O(2)-C(14)-C(13) 114.71(13) 
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Table 7 continued 
C(7)-C(2)-C(1) 110.53(12) O(2)-C(14)-C(9) 123.48(13) 

C(2)-C(3)-C(4) 117.78(14) C(13)-C(14)-C(9) 121.80(13) 

C(2)-C(3)-H(3) 121.10 O(2)-C(15)-C(20) 122.94(13) 

C(4)-C(3)-H(3) 121.10 O(2)-C(15)-C(16) 114.77(12) 

C(3)-C(4)-C(5) 121.42(15) C(20)-C(15)-C(16) 122.30(13) 

C(3)-C(4)-H(4) 119.30 C(17)-C(16)-C(15) 119.07(13) 

C(5)-C(4)-H(4) 119.30 C(17)-C(16)-H(16) 120.50 

C(6)-C(5)-C(4) 120.69(14) C(15)-C(16)-H(16) 120.50 

C(6)-C(5)-H(5) 119.70 O(4)-C(17)-C(16) 122.24(13) 

C(4)-C(5)-H(5) 119.70 O(4)-C(17)-C(18) 117.51(12) 

C(5)-C(6)-C(7) 117.54(14) C(16)-C(17)-C(18) 120.25(13) 

C(5)-C(6)-H(6) 121.20 C(19)-C(18)-C(17) 119.27(13) 

C(7)-C(6)-H(6) 121.20 C(19)-C(18)-H(18) 120.40 

C(2)-C(7)-C(6) 121.85(14) C(17)-C(18)-H(18) 120.40 

C(2)-C(7)-C(8) 109.35(12) C(18)-C(19)-C(20) 121.93(13) 

C(6)-C(7)-C(8) 128.72(14) C(18)-C(19)-H(19) 119.00 

O(1)-C(8)-N(1) 125.90(13) C(20)-C(19)-H(19) 119.00 

O(1)-C(8)-C(7) 128.17(13) C(15)-C(20)-C(19) 117.19(13) 

N(1)-C(8)-C(7) 105.91(12) C(15)-C(20)-C(1) 121.96(12) 

C(14)-C(9)-C(10) 117.23(13) C(19)-C(20)-C(1) 120.82(12) 

C(14)-C(9)-C(1) 121.27(13) N(2)-C(21)-C(22) 120.48(14) 

C(10)-C(9)-C(1) 121.41(13) N(2)-C(21)-H(21) 119.80 

C(11)-C(10)-C(9) 122.29(14) C(22)-C(21)-H(21) 119.80 

C(11)-C(10)-H(10) 118.90 C(27)-C(22)-C(23) 118.70(15) 

C(9)-C(10)-H(10) 118.90 C(27)-C(22)-C(21) 118.05(15) 

C(10)-C(11)-C(12) 118.77(14) C(23)-C(22)-C(21) 123.22(15) 

C(10)-C(11)-H(11) 120.60 O(5)-C(23)-C(24) 118.33(16) 

O(5)-C(23)-C(22) 122.17(15) C(14)-O(2)-C(15) 118.51(11) 

C(24)-C(23)-C(22) 119.50(16) C(12)-O(3)-H(3A) 110.5(16) 

C(25)-C(24)-C(23) 120.26(17) C(17)-O(4)-H(4A) 109.2(12) 

C(25)-C(24)-H(24) 119.90 C(23)-O(5)-H(5A) 106.7(15) 

C(23)-C(24)-H(24) 119.90 N(3)-C(28)-C(29) 179.6(3) 

C(24)-C(25)-C(26) 120.82(16) C(28)-C(29)-D(29A) 109.50 

C(24)-C(25)-H(25) 119.60 C(28)-C(29)-D(29B) 109.50 

C(26)-C(25)-H(25) 119.60 D(29A)-C(29)-D(29B) 109.50 

C(27)-C(26)-C(25) 119.24(17) C(28)-C(29)-D(29C) 109.50 

C(27)-C(26)-H(26) 120.40 D(29A)-C(29)-D(29C) 109.50 

C(25)-C(26)-H(26) 120.40 D(29B)-C(29)-D(29C) 109.50 

C(26)-C(27)-C(22) 121.47(17) N(4A)-C(30A)-C(31A) 176.5(3) 

C(26)-C(27)-H(27) 119.30 C(30A)-C(31A)-D(31A) 109.50 

C(22)-C(27)-H(27) 119.30 C(30A)-C(31A)-D(31B) 109.50 

C(8)-N(1)-N(2) 130.37(12) D(31A)-C(31A)-D(31B) 109.50 

C(8)-N(1)-C(1) 113.97(11) C(30A)-C(31A)-D(31C) 109.50 

N(2)-N(1)-C(1) 115.35(11) D(31A)-C(31A)-D(31C) 109.50 

C(21)-N(2)-N(1) 120.51(12) D(31B)-C(31A)-D(31C) 109.50 
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Figure 22: X-Ray Crystal Structure of FlamB 

ORTEP diagram showing 50% thermal ellipsoid probability with full atom numbering 
scheme for FlamB.  Hydrogen atoms and H2O and CH3OH omitted for clarity. 
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Table 8: Crystal Data and Structure Refinement for FlamB 

Identification code  md81  

Empirical formula  C34 H35 B N2 O8  

Formula weight  610.45  

Temperature  296(2) K  

Wavelength  0.71073 Å  

Crystal system  Triclinic  

Space group  P-1     

Unit cell dimensions a = 9.6200(3) Å %= 100.699(2)°. 

 b = 12.0315(4) Å "= 107.549(2)°. 

 c = 14.4614(5) Å * = 99.854(2)°. 

Volume 1521.39(9) Å3  

Z 2  

Density (calculated) 1.333 Mg/m3  

Absorption coefficient 0.094 mm-`  

F(000) 644  

Crystal size 0.32 x 0.15 x 0.08 mm3  

Crystal color and habit bronze prism  

Diffractometer Bruker SMART Apex II  

Theta range for data collection 2.99 to 24.85°.  

Index ranges -11<=h<=9, -14<=k<=14, -17<=l<=17 

Reflections collected 23306  

Independent reflections 5114 [R(int) = 0.0419]  

Observed reflections (I > 2sigma(I)) 3547  

Completeness to theta = 24.85° 96.9 %  

Absorption correction Semi-empirical from equivalents  

Max. and min. transmission 0.9925 and 0.9704  

Solution method SHELXS-97 (Sheldrick, 2008)  

Refinement method SHELXL-97 (Sheldrick, 2008)  

Data / restraints / parameters 5114 / 0 / 416  

Goodness-of-fit on F2 1.330  

Final R indices [I>2sigma(I)] R1 = 0.0598, wR2 = 0.1703  

R indices (all data) R1 = 0.0886, wR2 = 0.1878  

Largest diff. peak and hole 0.423 and -0.311 e.Å-3  
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Table 9: Bond Lengths [Å] and Angles [°] for  FlamB 

B(1)-O(6)  1.348(4) C(7)-C(12)  1.382(4) 

B(1)-O(5)  1.373(4) C(8)-C(9)  1.381(4) 

B(1)-C(23)  1.547(4) C(8)-H(8A)  0.93 

N(1)-C(20)  1.372(3) C(9)-C(10)  1.392(4) 

N(1)-N(2)  1.373(3) C(10)-C(11)  1.374(4) 

N(1)-C(13)  1.490(3) C(10)-H(10A)  0.93 

N(2)-C(21)  1.278(3) C(11)-C(12)  1.382(4) 

O(1)-C(4)  1.354(3) C(11)-H(11A)  0.93 

O(1)-H(1A)  0.82 C(12)-C(13)  1.513(4) 

O(1W)-H(1G)  1.04(7) C(13)-C(14)  1.515(4) 

O(1W)-H(1F)  0.72(4) C(14)-C(19)  1.374(4) 

O(2)-C(6)  1.379(3) C(14)-C(15)  1.385(4) 

O(2)-C(7)  1.390(3) C(15)-C(16)  1.385(4) 

O(2W)-C(1W)  1.398(5) C(15)-H(15A)  0.93 

O(2W)-H(2W)  0.82 C(16)-C(17)  1.373(5) 

O(3)-C(9)  1.349(4) C(16)-H(16A)  0.93 

O(3)-H(3B)  0.82 C(17)-C(18)  1.371(4) 

O(4)-C(20)  1.232(3) C(17)-H(17A)  0.93 

O(5)-C(28)  1.470(4) C(18)-C(19)  1.391(4) 

O(6)-C(29)  1.483(4) C(18)-H(18A)  0.93 

C(1)-C(2)  1.382(4) C(19)-C(20)  1.466(4) 

C(1)-C(6)  1.387(4) C(21)-C(22)  1.472(4) 

C(1)-C(13)  1.506(4) C(21)-H(21A)  0.93 

C(1W)-H(1W1)  0.96 C(22)-C(27)  1.386(4) 

C(1W)-H(1W2)  0.96 C(22)-C(23)  1.404(4) 

C(1W)-H(1W3)  0.96 C(23)-C(24)  1.403(4) 

C(2)-C(3)  1.372(4) C(24)-C(25)  1.363(4) 

C(2)-H(2A)  0.93 C(24)-H(26A)  0.93 

C(3)-C(4)  1.393(4) C(25)-C(26)  1.366(5) 

C(3)-H(3A)  0.93 C(25)-H(25A)  0.93 

C(4)-C(5)  1.374(4) C(26)-C(27)  1.375(4) 

C(5)-C(6)  1.387(4) C(26)-H(24A)  0.93 

C(5)-H(5A)  0.93 C(27)-H(23A)  0.93 

C(7)-C(8)  1.377(4) C(28)-C(30)  1.512(5) 

C(28)-C(31)  1.534(5) C(31)-H(31B)  0.96 

C(28)-C(29)  1.545(5) C(31)-H(31C)  0.96 

C(29)-C(32)  1.503(5) C(32)-H(32A)  0.96 

C(29)-C(33)  1.547(5) C(32)-H(32B)  0.96 

C(30)-H(30A)  0.96 C(32)-H(32C)  0.96 

C(30)-H(30B)  0.96 C(33)-H(33A)  0.96 

C(30)-H(30C)  0.96 C(33)-H(33B)  0.96 

C(31)-H(31A)  0.96 C(33)-H(33C)  0.96 
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Table 9 continued 

O(6)-B(1)-O(5) 113.0(3) C(2)-C(3)-H(3A) 120.6 

O(6)-B(1)-C(23) 127.2(3) C(4)-C(3)-H(3A) 120.6 

O(5)-B(1)-C(23) 119.7(3) O(1)-C(4)-C(5) 118.9(3) 

C(20)-N(1)-N(2) 118.6(2) O(1)-C(4)-C(3) 121.2(3) 

C(20)-N(1)-C(13) 113.5(2) C(5)-C(4)-C(3) 119.9(3) 

N(2)-N(1)-C(13) 127.8(2) C(4)-C(5)-C(6) 120.0(3) 

C(21)-N(2)-N(1) 118.9(2) C(4)-C(5)-H(5A) 120 

C(4)-O(1)-H(1A) 109.5 C(6)-C(5)-H(5A) 120 

H(1G)-O(1W)-H(1F) 115(5) O(2)-C(6)-C(5) 116.7(2) 

C(6)-O(2)-C(7) 116.8(2) O(2)-C(6)-C(1) 122.1(2) 

C(1W)-O(2W)-H(2W) 109.5 C(5)-C(6)-C(1) 121.2(3) 

C(9)-O(3)-H(3B) 109.5 C(8)-C(7)-C(12) 121.8(3) 

B(1)-O(5)-C(28) 106.5(3) C(8)-C(7)-O(2) 116.2(2) 

B(1)-O(6)-C(29) 106.2(3) C(12)-C(7)-O(2) 122.0(2) 

C(2)-C(1)-C(6) 117.2(2) C(7)-C(8)-C(9) 120.2(3) 

C(2)-C(1)-C(13) 123.0(2) C(7)-C(8)-H(8A) 119.9 

C(6)-C(1)-C(13) 119.7(2) C(9)-C(8)-H(8A) 119.9 

O(2W)-C(1W)-H(1W1) 109.5 O(3)-C(9)-C(8) 117.7(3) 

O(2W)-C(1W)-H(1W2) 109.5 O(3)-C(9)-C(10) 123.4(3) 

H(1W1)-C(1W)-H(1W2) 109.5 C(8)-C(9)-C(10) 118.9(3) 

O(2W)-C(1W)-H(1W3) 109.5 C(11)-C(10)-C(9) 119.7(3) 

H(1W1)-C(1W)-H(1W3) 109.5 C(11)-C(10)-H(10A) 120.1 

H(1W2)-C(1W)-H(1W3) 109.5 C(9)-C(10)-H(10A) 120.1 

C(3)-C(2)-C(1) 122.9(3) C(10)-C(11)-C(12) 122.2(3) 

C(3)-C(2)-H(2A) 118.6 C(10)-C(11)-H(11A) 118.9 

C(1)-C(2)-H(2A) 118.6 C(12)-C(11)-H(11A) 118.9 

C(2)-C(3)-C(4) 118.7(3) C(11)-C(12)-C(7) 117.2(3) 

C(11)-C(12)-C(13) 123.2(2) C(24)-C(23)-B(1) 115.0(2) 

C(7)-C(12)-C(13) 119.6(2) C(22)-C(23)-B(1) 128.0(2) 

N(1)-C(13)-C(1) 111.9(2) C(25)-C(24)-C(23) 122.3(3) 

N(1)-C(13)-C(12) 112.3(2) C(25)-C(24)-H(26A) 118.8 

C(1)-C(13)-C(12) 110.0(2) C(23)-C(24)-H(26A) 118.8 

N(1)-C(13)-C(14) 99.9(2) C(24)-C(25)-C(26) 119.7(3) 

C(1)-C(13)-C(14) 110.0(2) C(24)-C(25)-H(25A) 120.1 

C(12)-C(13)-C(14) 112.4(2) C(26)-C(25)-H(25A) 120.1 

C(19)-C(14)-C(15) 120.9(3) C(25)-C(26)-C(27) 120.2(3) 

C(19)-C(14)-C(13) 111.1(2) C(25)-C(26)-H(24A) 119.9 

C(15)-C(14)-C(13) 128.0(3) C(27)-C(26)-H(24A) 119.9 

C(14)-C(15)-C(16) 117.8(3) C(26)-C(27)-C(22) 120.7(3) 

C(14)-C(15)-H(15A) 121.1 C(26)-C(27)-H(23A) 119.7 

C(16)-C(15)-H(15A) 121.1 C(22)-C(27)-H(23A) 119.7 

C(17)-C(16)-C(15) 121.0(3) O(5)-C(28)-C(30) 109.0(3) 

C(17)-C(16)-H(16A) 119.5 O(5)-C(28)-C(31) 107.3(3) 

C(15)-C(16)-H(16A) 119.5 C(30)-C(28)-C(31) 111.8(3) 

C(18)-C(17)-C(16) 121.5(3) O(5)-C(28)-C(29) 101.1(3) 

C(18)-C(17)-H(17A) 119.3 C(30)-C(28)-C(29) 114.7(3) 
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Table 9 continued 
C(16)-C(17)-H(17A) 119.3 C(31)-C(28)-C(29) 112.2(3) 

C(17)-C(18)-C(19) 117.7(3) O(6)-C(29)-C(32) 109.3(3) 

C(17)-C(18)-H(18A) 121.1 O(6)-C(29)-C(28) 100.8(3) 

C(19)-C(18)-H(18A) 121.1 C(32)-C(29)-C(28) 115.7(3) 

C(14)-C(19)-C(18) 121.1(3) O(6)-C(29)-C(33) 108.7(3) 

C(14)-C(19)-C(20) 108.9(2) C(32)-C(29)-C(33) 111.2(3) 

C(18)-C(19)-C(20) 130.0(3) C(28)-C(29)-C(33) 110.5(3) 

O(4)-C(20)-N(1) 124.7(2) C(28)-C(30)-H(30A) 109.5 

O(4)-C(20)-C(19) 128.9(2) C(28)-C(30)-H(30B) 109.5 

N(1)-C(20)-C(19) 106.5(2) H(30A)-C(30)-H(30B) 109.5 

N(2)-C(21)-C(22) 119.7(2) C(28)-C(30)-H(30C) 109.5 

N(2)-C(21)-H(21A) 120.2 H(30A)-C(30)-H(30C) 109.5 

C(22)-C(21)-H(21A) 120.2 H(30B)-C(30)-H(30C) 109.5 

C(27)-C(22)-C(23) 120.0(2) C(28)-C(31)-H(31A) 109.5 

C(27)-C(22)-C(21) 120.4(2) C(28)-C(31)-H(31B) 109.5 

C(23)-C(22)-C(21) 119.5(2) H(31A)-C(31)-H(31B) 109.5 

C(24)-C(23)-C(22) 117.0(3) C(28)-C(31)-H(31C) 109.5 

H(31A)-C(31)-H(31C) 109.5 H(32B)-C(32)-H(32C) 109.5 

H(31B)-C(31)-H(31C) 109.5 C(29)-C(33)-H(33A) 109.5 

C(29)-C(32)-H(32A) 109.5 C(29)-C(33)-H(33B) 109.5 

C(29)-C(32)-H(32B) 109.5 H(33A)-C(33)-H(33B) 109.5 

H(32A)-C(32)-H(32B) 109.5 C(29)-C(33)-H(33C) 109.5 

C(29)-C(32)-H(32C) 109.5 H(33A)-C(33)-H(33C) 109.5 

H(32A)-C(32)-H(32C) 109.5 H(33B)-C(33)-H(33C) 109.5 
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2.3.2 Absorbance and Fluorescence Response of FlamS with Cu2+ 

FlamS is insoluble in purely aqueous solution but dissolves in organic solvents 

such as methanol, DMSO, and acetonitrile.  Due to these solubility limitations, solutions 

of FlamS were first prepared in DMSO and then diluted in buffer.  When dissolved in 10 

mM HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid) buffer at pH 7.4 

containing 40%  (v/v) DMSO, FlamS forms a colorless solution.  An orange/yellow color 

appears upon addition of Cu2+ salts and an intense band is seen at 500 nm in the 

absorbance spectrum.  Figure 23a shows the absorbance spectra as a function of added 

Cu2+.  No additional spectral changes are observed when more than 1 equivalent of Cu2+ 

is added, suggesting the formation of a 1:1 coordination complex.  Analysis of 1:1 FlamS 

and CuSO4 solutions in MeOH by electrospray ionization mass spectrometry gives a 

molecular ion peak of 512.0 m/z, which is consistent with formation of [Cu(FlamS)]+. 

The appearance of the 500 nm absorption band indicates that the spirolactam 

ring is open and predicts that a corresponding fluorescence emission should turn on 

when solutions of Cu2+ and FlamS are excited near 500 nm.  Such behavior is consist 

with the well discussed off/on fluorescence switch utilized in several rhodamine and 

fluorescein-based metal cation probes where the spirolactam ring is closed and colorless 

in solution until a metal ion binds, opening the ring and producing a fluorescent signal.62  

The emission spectra shown in Figure 23b reveal only a modest doubling in emission 

intensity.  The fluorescence enhancement due to spirolactam ring opening therefore 

appears to be counterbalanced by quenching due to Cu2+, thereby giving only a moderate 

overall change in emission intensity.  The quantum yield measurements bear this out, 

with a low value for the Cu-bound form in mixed aqueous solution (+ = 0.004), which 

indicates that the fluorescence is essentially quenched.  Even though the emission 

intensity is lower in the absence of Cu2+, the quantum yield of FlamS alone is actually 
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higher (+ = 0.06).  This apparent discrepancy arises because quantum yield calculations 

take into account the integrated fluorescence emission as well as the absorbance at the 

excitation wavelength, which is negligible for FlamS without Cu2+, but has a significant 

contribution for the Cu2+ complex.   

The binding of Cu2+ to FlamS is reversible, as shown by a competition experiment 

where an equivalent of ethylenediaminetetraacetic acid (EDTA), a hexadentate metal 

chelator, added to a buffered solution of [Cu(FlamS)]+ shows complete restoration of 

the absorbance spectrum of FlamS.  The corresponding fluorescence spectra show that 

addition of EDTA causes the expected decrease in emission, although the level does not 

return to the original spectrum of FlamS (Figure 24).  The origin of this residual 

fluorescence intensity is not clear, but may indicate a small fraction of the Cu-bound 

form still present or a fluorescent decomposition product.  In either case, its 

concentration is too low to provide any signal in the absorbance spectrum. 

Unlike the absorption spectra seen in aqueous solution, solutions of 

[Cu(FlamS)]+ in organic solvent do not show a feature at 500 nm.  Figure 25 compares 

the spectra of crystalline [Cu(FlamS)]+ dissolved in methanol or a methanol/water 

mixture.  A copper complex clearly forms in organic solvent, as indicated by the yellow 

color of the solution and the band at 417 nm; however, the absence of signal at 500 nm 

indicates that the spirolactam ring is closed under these conditions.  As predicted, 

based on the absorbance spectra, no change in fluorescence is observed for FlamS upon 

addition of copper in organic solvent.  Introduction of water to this solution leads to 

electron redistribution and subsequent proton transfer to produce the ring-open form, 

which restores the 500 nm absorbance peak and corresponding fluorescence 

enhancement. 
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Figure 23: Absorbance and Emission Spectra of FlamS 

(a) Absorbance spectra of 40 µM FlamS in HEPES buffer (10 mM, pH = 7.4) containing 
40% (v/v) DMSO titrated with CuSO4 up to 1.25 equivalents.  
 
(b) Emission spectra of 10 µM FlamS in the same solvent conditions with 1 equivalent of 
CuSO4. $ex= 495 nm. 
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Figure 24: Absorbance and Emission Spectra of FlamS Titrated with Cu2+ and EDTA 

(a) Absorbance and (b) emission spectra of the addition of 2 equivalents of EDTA to a 
10 µM solution of FlamS containing 20 µM CuSO4 in 60/40 HEPES/DMSO solution (10 
mM, pH = 7.4).  $ex = 495 nm. 
 

(b) 

(a) 
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Figure 25: Absorbance and Emission Spectra of [Cu(FlamS)]+ in Organic and 
Aqueous Solvents 

(a) Absorbance and (b) emission spectra of 10 µM [Cu(FlamS)]+ in methanol and in 
HEPES buffer (10 mM, pH = 7.4) containing 10% (v/v) methanol.  $ex = 495 nm. 
 

 

(b) 

(a) 
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2.3.3 Structure of Cu-bound FlamS 

Reactions in methanol of FlamS with one equivalent of CuCl2 as the copper 

source and NaOH as a base yielded brown, ellipsoid-shaped crystals grown by slow 

evaporation from a methanol/ethanol mixed solvent.  The X-ray crystal structure in 

Figure 26 shows that the complex crystallizes in a tetranuclear arrangement composed of 

a dimer of [Cu2Cl(FlamS)2]Cl units.  Table 10 contains a summary of the crystal data, 

intensity collection and structure refinement parameters for [Cu2Cl(FlamS)2]2Cl2.  Bond 

lengths and angles are listed in Table 11.  The structure validates the overall 1:1 

ligand:metal ratio.  Each square pyramidal Cu(II) center is coordinated by a carbonyl O, 

imine N, and phenolic O of one FlamS molecule, with a phenolic O from an adjacent Cu–

FlamS unit acting as a bridging ligand between two Cu centers to complete their square 

pyramid bases.  A Cl- ligand occupies the apical position, and bridges to a Cu center of 

the second dimer to form the tetranuclear structure.  Two outer-sphere Cl- ions are 

present to balance the charge.  As predicted from the solution experiments in organic 

solvent, the structure of the complex isolated from methanol/ethanol has the 

spirolactam ring in the closed form. 
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Figure 26: X-Ray Crystal Structure of [Cu2Cl(FlamS)2]2Cl2 

ORTEP structural diagram showing 50% probability ellipsoids and partial atom 
numbering schemes for Cu(II)-bound FlamS. (a) Orientation showing the full tetranuclear 
arrangement of [Cu2Cl(FlamS)2]2

2+ (two outer-sphere Cl- anions not shown). (b) 
Truncated orientation rotated forward 90° from (a) with two FlamS units deleted for 
clarity to highlight the coordination spheres around the Cu centers.  The two units are 
related by a 2–fold rotation axis where the atoms labeled XX_2 are symmetry generated. 
 

 

(a) 

(b) 
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Table 10: Crystal Data and Structure Refinement for [Cu2Cl(FlamS)2]2Cl2 

Identification code  Monoc  

Empirical formula  C27 H17.5 Cl Cu N2 Na0.5 O5.5  

Formula weight  565.67  

Temperature  100(2) K  

Wavelength  0.71073 Å  

Crystal system  Monoclinic  

Space group  C2/c    

Unit cell dimensions a = 17.948(3) Å %= 90°. 

 b = 36.076(6) Å "= 120.278(6)°. 

 c = 17.331(2) Å * = 90°. 

Volume 9691(3) Å3  

Z 16  

Density (calculated) 1.551 Mg/m3  

Absorption coefficient 1.062 mm-1  

F(000) 4604  

Crystal size 0.45 x 0.25 x 0.18 mm3  

Crystal color and habit bronze faceted prism  

Diffractometer Bruker SMART Apex II  

Theta range for data collection 2.64 to 23.96°.  

Index ranges -20<=h<=20, -41<=k<=35, -19<=l<=19 

Reflections collected 34579  

Independent reflections 6948 [R(int) = 0.0670]  

Observed reflections (I > 2sigma(I)) 4691  

Completeness to theta = 23.96° 91.7%  

Absorption correction Semi-empirical from equivalents  

Max. and min. transmission 0.8318 and 0.6465  

Solution method SHELXS-97 (Sheldrick, 2008)  

Refinement method SHELXL-97 (Sheldrick, 2008)  

Data / restraints / parameters 6948 / 0 / 701  

Goodness-of-fit on F2 1.100  

Final R indices [I>2sigma(I)] R1 = 0.0736, wR2 = 0.1942  

R indices (all data) R1 = 0.1091, wR2 = 0.2127  

Largest diff. peak and hole 0.927 and -1.070 e. Å-3  
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Table 11: Bond lengths [Å] and angles [°] for [Cu2Cl(FlamS)2]2Cl2 

Cu(1)-O(5)#1  1.913(4) O(5A)-C(23A)  1.327(7) 

Cu(1)-N(2)  1.930(5) O(5A)-Cu(2)#1  1.921(4) 

Cu(1)-O(5)  1.943(4) O(5)-C(23)  1.336(7) 

Cu(1)-O(4)  2.041(4) O(5)-Cu(1)#1  1.913(4) 

Cu(1)-Cl(1)  2.5331(17) C(1A)-C(2A)  1.361(10) 

Cu(1)-Cu(1)#1  2.8981(14) C(1A)-C(6A)  1.403(10) 

Cu(2)-O(5A)#1  1.921(4) C(1A)-H(1AB)  0.9500 

Cu(2)-N(2A)  1.938(5) C(1)-C(2)  1.348(10) 

Cu(2)-O(5A)  1.949(4) C(1)-C(6)  1.385(10) 

Cu(2)-O(4A)  2.081(4) C(1)-H(1B)  0.9500 

Cu(2)-Cl(1)  2.4911(17) C(2)-C(3)  1.399(11) 

Cu(2)-Cu(2)#1  2.9403(15) C(2)-H(2A)  0.9500 

N(1)-C(20)  1.352(8) C(2A)-C(3A)  1.403(11) 

N(1)-N(2)  1.361(7) C(2A)-H(2AA)  0.9500 

N(1)-C(7)  1.489(7) C(3A)-C(4A)  1.311(11) 

N(1A)-C(20A)  1.349(9) C(3)-C(4)  1.329(11) 

N(1A)-N(2A)  1.395(7) C(4A)-C(5A)  1.392(12) 

N(1A)-C(7A)  1.502(8) C(4A)-H(4AA)  0.9500 

N(2)-C(21)  1.291(8) C(4)-C(5)  1.395(10) 

N(2A)-C(21A)  1.272(8) C(4)-H(4A)  0.9500 

O(1A)-C(3A)  1.363(10) C(5)-C(6)  1.381(9) 

O(1A)-H(1AA)  0.8400 C(5A)-C(6A)  1.403(10) 

O(1)-C(3)  1.379(9) C(6A)-C(7A)  1.477(10) 

O(1)-H(1A)  0.8400 C(6)-C(7)  1.516(9) 

O(2)-C(5)  1.358(8) C(7)-C(8)  1.512(9) 

O(2)-C(13)  1.377(8) C(7)-C(14)  1.530(9) 

O(2A)-C(5A)  1.353(9) C(7A)-C(14A)  1.505(10) 

O(2A)-C(13A)  1.386(11) C(7A)-C(8A)  1.534(9) 

O(3)-C(11)  1.357(9) C(8)-C(13)  1.375(9) 

O(3)-H(3A)  0.8400 C(8)-C(9)  1.385(9) 

O(3B)-C(11A)  1.390(13) C(8A)-C(13A)  1.366(11) 

O(3B)-H(3BA)  0.8400 C(8A)-C(9A)  1.371(11) 

O(4A)-C(20A)  1.242(8) C(9)-C(10)  1.377(10) 

O(4)-C(20)  1.242(7) C(9)-H(9A)  0.9500 

C(9A)-C(10A)  1.365(13) C(18)-C(19)  1.391(9) 

C(9A)-H(9AA)  0.9500 C(18)-H(18B)  0.9500 

C(10)-C(11)  1.388(10) C(19A)-C(20A)  1.457(9) 

C(10)-H(10A)  0.9500 C(19)-C(20)  1.458(8) 

C(10A)-C(11A)  1.361(15) C(21)-C(22)  1.454(8) 

C(10A)-H(10B)  0.9500 C(21)-H(21A)  0.9500 

C(11)-C(12)  1.364(10) C(21A)-C(22A)  1.435(9) 

C(11A)-C(12A)  1.341(15) C(21A)-H(21B)  0.9500 

C(12)-C(13)  1.404(10) C(22)-C(23)  1.397(8) 



 

76 

Table 11 continued 
C(12)-H(12A)  0.9500 C(22)-C(27)  1.409(9) 

C(12A)-C(13A)  1.424(11) C(22A)-C(27A)  1.406(10) 

C(12A)-H(12B)  0.9500 C(22A)-C(23A)  1.416(9) 

C(14)-C(15)  1.380(8) C(23)-C(24)  1.400(8) 

C(14)-C(19)  1.395(9) C(23A)-C(24A)  1.382(9) 

C(14A)-C(19A)  1.390(10) C(24)-C(25)  1.353(9) 

C(14A)-C(15A)  1.394(9) C(24)-H(24A)  0.9500 

C(15A)-C(16A)  1.376(11) C(24A)-C(25A)  1.391(10) 

C(15A)-H(15A)  0.9500 C(24A)-H(24B)  0.9500 

C(15)-C(16)  1.394(10) C(25)-C(26)  1.385(10) 

C(15)-H(15B)  0.9500 C(25)-H(25A)  0.9500 

C(16A)-C(17A)  1.408(12) C(25A)-C(26A)  1.408(10) 

C(16A)-H(16A)  0.9500 C(25A)-H(25B)  0.9500 

C(16)-C(17)  1.379(10) C(26)-C(27)  1.380(9) 

C(16)-H(16B)  0.9500 C(26)-H(26A)  0.9500 

C(17A)-C(18A)  1.385(10) C(26A)-C(27A)  1.348(10) 

C(17A)-H(17A)  0.9500 C(26A)-H(26B)  0.9500 

C(17)-C(18)  1.380(9) C(27)-H(27A)  0.9500 

C(17)-H(17B)  0.9500 C(27A)-H(27B)  0.9500 

C(18A)-C(19A)  1.391(10) Na(4)-O(4X)  1.473(10) 

C(18A)-H(18A)  0.9500 O(4X)-H(4X)  0.8400 

    

O(5)#1-Cu(1)-N(2) 169.36(18) O(5)-Cu(1)-O(4) 161.14(17) 

O(5)#1-Cu(1)-O(5) 81.02(19) O(5)#1-Cu(1)-Cl(1) 99.59(12) 

N(2)-Cu(1)-O(5) 89.99(18) N(2)-Cu(1)-Cl(1) 88.97(14) 

O(5)#1-Cu(1)-O(4) 103.72(17) O(5)-Cu(1)-Cl(1) 111.59(12) 

N(2)-Cu(1)-O(4) 83.06(19) O(4)-Cu(1)-Cl(1) 85.89(12) 

O(5)#1-Cu(1)-Cu(1)#1 41.67(12) C(5A)-O(2A)-C(13A) 118.4(7) 

N(2)-Cu(1)-Cu(1)#1 128.19(14) C(11)-O(3)-H(3A) 109.5 

O(5)-Cu(1)-Cu(1)#1 40.90(12) C(11A)-O(3B)-H(3BA) 109.5 

O(4)-Cu(1)-Cu(1)#1 136.54(12) C(20A)-O(4A)-Cu(2) 105.9(4) 

Cl(1)-Cu(1)-Cu(1)#1 119.27(4) C(20)-O(4)-Cu(1) 106.8(4) 

O(5A)#1-Cu(2)-N(2A) 167.8(2) C(23A)-O(5A)-Cu(2)#1 131.8(4) 

O(5A)#1-Cu(2)-O(5A) 80.7(2) C(23A)-O(5A)-Cu(2) 129.3(4) 

N(2A)-Cu(2)-O(5A) 89.6(2) Cu(2)#1-O(5A)-Cu(2) 98.9(2) 

O(5A)#1-Cu(2)-O(4A) 103.44(18) C(23)-O(5)-Cu(1)#1 131.9(3) 

N(2A)-Cu(2)-O(4A) 82.8(2) C(23)-O(5)-Cu(1) 130.2(3) 

O(5A)-Cu(2)-O(4A) 157.6(2) Cu(1)#1-O(5)-Cu(1) 97.43(19) 

O(5A)#1-Cu(2)-Cl(1) 101.80(13) C(2A)-C(1A)-C(6A) 123.4(7) 

N(2A)-Cu(2)-Cl(1) 89.07(16) C(2A)-C(1A)-H(1AB) 118.3 

O(5A)-Cu(2)-Cl(1) 115.51(13) C(6A)-C(1A)-H(1AB) 118.3 

O(4A)-Cu(2)-Cl(1) 85.53(14) C(2)-C(1)-C(6) 122.4(7) 

O(5A)#1-Cu(2)-Cu(2)#1 40.91(13) C(2)-C(1)-H(1B) 118.8 

N(2A)-Cu(2)-Cu(2)#1 128.32(16) C(6)-C(1)-H(1B) 118.8 

O(5A)-Cu(2)-Cu(2)#1 40.20(12) C(1)-C(2)-C(3) 118.5(7) 

O(4A)-Cu(2)-Cu(2)#1 136.98(13) C(1)-C(2)-H(2A) 120.8 
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Table 11 continued 
Cl(1)-Cu(2)-Cu(2)#1 119.07(4) C(3)-C(2)-H(2A) 120.8 

Cu(2)-Cl(1)-Cu(1) 119.21(6) C(1A)-C(2A)-C(3A) 118.9(7) 

C(20)-N(1)-N(2) 116.8(5) C(1A)-C(2A)-H(2AA) 120.6 

C(20)-N(1)-C(7) 114.3(5) C(3A)-C(2A)-H(2AA) 120.6 

N(2)-N(1)-C(7) 128.7(5) C(4A)-C(3A)-O(1A) 118.6(7) 

C(20A)-N(1A)-N(2A) 116.3(5) C(4A)-C(3A)-C(2A) 120.6(8) 

C(20A)-N(1A)-C(7A) 115.0(5) O(1A)-C(3A)-C(2A) 120.6(7) 

N(2A)-N(1A)-C(7A) 128.6(5) C(4)-C(3)-O(1) 117.7(8) 

C(21)-N(2)-N(1) 122.0(5) C(4)-C(3)-C(2) 121.9(7) 

C(21)-N(2)-Cu(1) 128.7(4) O(1)-C(3)-C(2) 120.4(7) 

N(1)-N(2)-Cu(1) 108.7(4) C(3A)-C(4A)-C(5A) 120.1(8) 

C(21A)-N(2A)-N(1A) 121.6(5) C(3A)-C(4A)-H(4AA) 119.9 

C(21A)-N(2A)-Cu(2) 129.6(4) C(5A)-C(4A)-H(4AA) 119.9 

N(1A)-N(2A)-Cu(2) 108.6(4) C(3)-C(4)-C(5) 118.5(7) 

C(3A)-O(1A)-H(1AA) 109.5 C(3)-C(4)-H(4A) 120.8 

C(3)-O(1)-H(1A) 109.5 C(5)-C(4)-H(4A) 120.8 

C(5)-O(2)-C(13) 119.2(5) O(2)-C(5)-C(6) 122.1(6) 

O(2)-C(5)-C(4) 116.1(7) C(9)-C(10)-H(10A) 120.1 

C(6)-C(5)-C(4) 121.8(6) C(11)-C(10)-H(10A) 120.1 

O(2A)-C(5A)-C(4A) 115.2(7) C(11A)-C(10A)-C(9A) 120.3(10) 

O(2A)-C(5A)-C(6A) 121.9(7) C(11A)-C(10A)-H(10B) 119.8 

C(4A)-C(5A)-C(6A) 122.9(7) C(9A)-C(10A)-H(10B) 119.8 

C(5A)-C(6A)-C(1A) 113.8(7) O(3)-C(11)-C(12) 119.1(7) 

C(5A)-C(6A)-C(7A) 124.0(6) O(3)-C(11)-C(10) 121.6(7) 

C(1A)-C(6A)-C(7A) 122.2(6) C(12)-C(11)-C(10) 119.3(7) 

C(5)-C(6)-C(1) 116.9(6) C(12A)-C(11A)-C(10A) 121.0(9) 

C(5)-C(6)-C(7) 120.6(6) C(12A)-C(11A)-O(3B) 116.7(12) 

C(1)-C(6)-C(7) 122.4(6) C(10A)-C(11A)-O(3B) 122.3(11) 

N(1)-C(7)-C(8) 111.7(5) C(11)-C(12)-C(13) 120.6(7) 

N(1)-C(7)-C(6) 110.2(5) C(11)-C(12)-H(12A) 119.7 

C(8)-C(7)-C(6) 111.5(5) C(13)-C(12)-H(12A) 119.7 

N(1)-C(7)-C(14) 98.3(5) C(11A)-C(12A)-C(13A) 118.9(10) 

C(8)-C(7)-C(14) 112.3(5) C(11A)-C(12A)-H(12B) 120.6 

C(6)-C(7)-C(14) 112.2(5) C(13A)-C(12A)-H(12B) 120.6 

C(6A)-C(7A)-N(1A) 112.2(5) O(2)-C(13)-C(8) 123.7(6) 

C(6A)-C(7A)-C(14A) 114.5(5) O(2)-C(13)-C(12) 115.8(6) 

N(1A)-C(7A)-C(14A) 98.0(5) C(8)-C(13)-C(12) 120.5(6) 

C(6A)-C(7A)-C(8A) 110.2(6) C(8A)-C(13A)-O(2A) 124.3(7) 

N(1A)-C(7A)-C(8A) 109.5(5) C(8A)-C(13A)-C(12A) 120.1(8) 

C(14A)-C(7A)-C(8A) 111.9(5) O(2A)-C(13A)-C(12A) 115.5(8) 

C(13)-C(8)-C(9) 118.1(6) C(15)-C(14)-C(19) 120.3(6) 

C(13)-C(8)-C(7) 119.1(5) C(15)-C(14)-C(7) 127.7(6) 

C(9)-C(8)-C(7) 122.8(6) C(19)-C(14)-C(7) 112.0(5) 

C(13A)-C(8A)-C(9A) 118.8(7) C(19A)-C(14A)-C(15A) 120.4(7) 

C(13A)-C(8A)-C(7A) 121.0(7) C(19A)-C(14A)-C(7A) 112.3(6) 

C(9A)-C(8A)-C(7A) 120.2(7) C(15A)-C(14A)-C(7A) 127.3(7) 
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Table 11 continued 
C(10)-C(9)-C(8) 121.7(7) C(16A)-C(15A)-C(14A) 116.9(8) 

C(10)-C(9)-H(9A) 119.2 C(16A)-C(15A)-H(15A) 121.6 

C(8)-C(9)-H(9A) 119.2 C(14A)-C(15A)-H(15A) 121.6 

C(10A)-C(9A)-C(8A) 120.9(10) C(14)-C(15)-C(16) 117.1(6) 

C(10A)-C(9A)-H(9AA) 119.6 C(14)-C(15)-H(15B) 121.4 

C(8A)-C(9A)-H(9AA) 119.6 C(16)-C(15)-H(15B) 121.4 

C(9)-C(10)-C(11) 119.8(6) C(15A)-C(16A)-C(17A) 122.8(7) 

C(15A)-C(16A)-H(16A) 118.6 C(23)-C(22)-C(21) 124.5(6) 

C(17A)-C(16A)-H(16A) 118.6 C(27)-C(22)-C(21) 116.7(5) 

C(17)-C(16)-C(15) 122.2(6) C(27A)-C(22A)-C(23A) 119.2(6) 

C(17)-C(16)-H(16B) 118.9 C(27A)-C(22A)-C(21A) 116.3(5) 

C(15)-C(16)-H(16B) 118.9 C(23A)-C(22A)-C(21A) 124.5(6) 

C(18A)-C(17A)-C(16A) 120.3(7) O(5)-C(23)-C(22) 121.1(5) 

C(18A)-C(17A)-H(17A) 119.8 O(5)-C(23)-C(24) 120.7(5) 

C(16A)-C(17A)-H(17A) 119.8 C(22)-C(23)-C(24) 118.1(6) 

C(16)-C(17)-C(18) 121.2(6) O(5A)-C(23A)-C(24A) 120.2(5) 

C(16)-C(17)-H(17B) 119.4 O(5A)-C(23A)-C(22A) 121.4(5) 

C(18)-C(17)-H(17B) 119.4 C(24A)-C(23A)-C(22A) 118.3(6) 

C(17A)-C(18A)-C(19A) 116.6(8) C(25)-C(24)-C(23) 121.3(6) 

C(17A)-C(18A)-H(18A) 121.7 C(25)-C(24)-H(24A) 119.3 

C(19A)-C(18A)-H(18A) 121.7 C(23)-C(24)-H(24A) 119.3 

C(17)-C(18)-C(19) 116.7(6) C(23A)-C(24A)-C(25A) 122.0(6) 

C(17)-C(18)-H(18B) 121.7 C(23A)-C(24A)-H(24B) 119 

C(19)-C(18)-H(18B) 121.7 C(25A)-C(24A)-H(24B) 119 

C(14A)-C(19A)-C(18A) 122.9(6) C(24)-C(25)-C(26) 122.4(6) 

C(14A)-C(19A)-C(20A) 107.8(6) C(24)-C(25)-H(25A) 118.8 

C(18A)-C(19A)-C(20A) 129.2(7) C(26)-C(25)-H(25A) 118.8 

C(18)-C(19)-C(14) 122.4(6) C(24A)-C(25A)-C(26A) 118.5(7) 

C(18)-C(19)-C(20) 130.8(6) C(24A)-C(25A)-H(25B) 120.7 

C(14)-C(19)-C(20) 106.7(5) C(26A)-C(25A)-H(25B) 120.7 

O(4A)-C(20A)-N(1A) 123.4(6) C(27)-C(26)-C(25) 116.9(7) 

O(4A)-C(20A)-C(19A) 130.0(6) C(27)-C(26)-H(26A) 121.6 

N(1A)-C(20A)-C(19A) 106.6(5) C(25)-C(26)-H(26A) 121.6 

O(4)-C(20)-N(1) 122.3(5) C(27A)-C(26A)-C(25A) 120.5(7) 

O(4)-C(20)-C(19) 129.4(6) C(27A)-C(26A)-H(26B) 119.7 

N(1)-C(20)-C(19) 108.3(5) C(25A)-C(26A)-H(26B) 119.7 

N(2)-C(21)-C(22) 123.8(5) C(26)-C(27)-C(22) 122.5(6) 

N(2)-C(21)-H(21A) 118.1 C(26)-C(27)-H(27A) 118.7 

C(22)-C(21)-H(21A) 118.1 C(22)-C(27)-H(27A) 118.7 

N(2A)-C(21A)-C(22A) 123.6(6) C(26A)-C(27A)-C(22A) 121.3(6) 

N(2A)-C(21A)-H(21B) 118.2 C(26A)-C(27A)-H(27B) 119.4 

C(22A)-C(21A)-H(21B) 118.2 C(22A)-C(27A)-H(27B) 119.4 

C(23)-C(22)-C(27) 118.7(5) Na(4)-O(4X)-H(4X) 109.5 
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2.3.4 Metal Specificity of FlamS 

The sensitivity of the fluorescence turn-on response to other biologically relevant 

metal cations was examined.  Aqueous solutions of Fe3+, Fe2+, Ni2+, Zn2+, Mn2+, Cd2+, 

Hg2+, Pb2+, Co2+, Ag+, Ca2+ and Mg2+ were titrated into solutions of FlamS and changes 

to the emission and absorbance spectra were monitored.  Up to 2 equivalents of the 

transition metals were added, while Ca2+ and Mg2+ were titrated into FlamS solutions in 

concentrations up to 5 mM.  Following these titrations, one equivalent of Cu2+ was 

added to the FlamS-metal solutions to ensure restoration of the turn-on emission 

response.   

Figure 27 shows the data plotted as a bar graph with emission intensities 

normalized to that of the Cu2+-bound FlamS.  None of the other metal ions tested gives a 

positive fluorescence response between 500–600 nm when excited at 495 nm.  Likewise, 

no changes are seen in the absorbance spectrum of FlamS upon addition of these metal 

ions (Figure 28).  Fluorescence emission at 520 nm (Figure 27) and the absorbance band 

at 500 nm (Figure 28) are restored once Cu2+ is added back into the system for most of 

the metals.  In the unique cases of Hg2+ and Fe2+, full restoration of the emission signal is 

not seen.  In the case of Hg2+, this could be due to a quenching effect of the metal in 

solution, as full recovery of the spirolactam’s absorbance band at 500 nm is seen once 

Cu2+ is added to the system.  However, the band at 500 nm is not fully restored when 

Cu2+ is added to a FlamS-Fe2+ solution, possibly indicating a competition for binding 

which lowers the copper response.  The results of the metal specificity studies verify 

that opening of the spirolactam ring is sensitive only to Cu2+. 



 

80 

0

0.2

0.4

0.6

0.8

1

1.2

1.4

Cu
2+

Fe
3+

Ni
2+

Zn
2+

Mn
2+

Ca
2+

Mg
2+

Cd
2+

Hg
2+

Pb
2+

Fe
2+

Co
2+

Ag
+

+ Cu
N

o
rm

a
liz

e
d
 I
n
te

n
s
it
y
 (

5
2
0
 n

m
)

 

Figure 27: Bar Graph of Copper Selective Fluorescence Response of FlamS over 
Other Metal Cations 

Light gray bars: Normalized fluorescence response at 520 nm of 10 µM solutions of 
FlamS to addition of various metal ions in HEPES buffer (10 mM, pH 7.4) containing 
40% (v/v) DMSO.  Metal stock solutions were prepared in H2O from ferric ammonium 
citrate, FeCl2, NiCl2, ZnCl2, MnCl2, CdSO4, Hg(OAc)2, Pb(NO3)2, CoCl2 and AgNO3 and 
added to a final concentration of 20 µM, or 5 mM for CaCl2 and MgCl2.  
 
Red bars: Fluorescence response after addition of 20 µM CuSO4 to the FlamS–Mn+ 
solutions. $ex = 495 nm. 
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Figure 28: Absorbance spectrum of FlamS Titrated with Various Metal Cations 

Aqueous solutions of Fe3+, Fe2+, Ni2+, Zn2+, Mn2+, Cd2+, Hg2+, Pb2+, Co2+, Ag+, Ca2+ and 
Mg2+ were titrated into solutions of 20 µM FlamS in 60/40 HEPES/DMSO (10 mM, pH 
= 7.4).   Up to 2 equivalents of the transition metals were added, while Ca2+ and Mg2+ 
were titrated up to concentrations of 5 mM.  Minimal changes are seen to the FlamS 
absorbance spectra with metal cations, with the exception being Cu2+, which shows an 
intense band at 500 nm indicating an open spirolactam ring. 
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2.3.5 Spectral Response of FlamB 

To confirm that the boronic ester mask prevents the prochelator from interactions 

with copper, solutions of FlamB were titrated with Cu2+ and monitored 

spectrophotometrically.  As predicted, no new spectral features appear in the UV-Vis 

spectrum of FlamB in DMSO when titrated with Cu2+ (Figure 29a).  Likewise, the 

fluorescence spectrum of FlamB in organic solvent, which is nearly completely quenched, 

does not change upon addition of Cu2+ (Figure 29b).  These results are consistent with 

the design that the prochelator has little to no affinity for copper in its masked form. 
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Figure 29: Absorbance and Emission Spectra of FlamB titrated with Cu2+ 

No metal-dependent spectral changes are observed with the absorbance (a) or emission 
spectra (b) when FlamB (20 µM or 6 µM, respectively) is titrated with Cu2+ up to 3 
equivalents (shown above) in organic solvent (shown here: DMSO). $max = 495 nm. 
 

(b) 

(a) 
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While the lack of metal binding of FlamB is a promising feature for the 

prochelator probe, FlamB itself is not stable in aqueous solution.  Figure 30 shows the 

absorbance spectra of FlamB dissolved in 60/40 HEPES buffer/DMSO over time.  The 

decrease in the absorbance peak at 325 nm demonstrates the instability of FlamB in 

buffered solution at pH 7.4, with a half-life of 12 min.  The hydrolysis of FlamB into its 

hydrazide and aldehyde components is nearly complete after 1.5 h in the HEPES 

buffer/DMSO mixed solvent, as verified by the identification of the hydrolysis product 

fluorescein hydrazide (FH) by the LC-MS analysis shown in the middle panel of Figure 

31.  In contrast, FlamS remains intact under the same conditions, as seen in the bottom 

panel of Figure 31.  Analysis of the chromatography trace shows that after 1.5 h, less 

than 2% of FH is released from solutions of FlamS. 
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Figure 30: Absorbance spectra of FlamB Hydrolysis 

The decrease in absorbance at 325 nm of FlamB (20 µM) shows its instability in aqueous 
solution (HEPES buffer, 10 mM, pH = 7.4, containing 40% DMSO).  The spectra 
represent the first 30 min following dissolution. 
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Figure 31: Liquid Chromatography Traces of FH, FlamB, and FlamS Prepared in 
HEPES Buffer 

Chromatography traces for samples of 300 µM FH (top), FlamB (middle), and FlamS 
(bottom) that were analyzed 1.5 h after preparation in HEPES buffer (10 mM, pH = 7.4) 
containing 40% (v/v) DMSO.  Mass spectra corresponding to the LC traces confirm the 
presence of FH in the FlamB sample, indicating that almost the entire sample has 
hydrolyzed.  Mass spectra extracted from the ion chromatograms associated with these 
LC traces are shown below in Figure 32. 
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Figure 32: Mass Spectra of FH, FlamB, and FlamS Prepared in HEPES Buffer 

Positive-mode mass spectra extracted from the ion chromatograms associated with the 
LC traces in Figure 31.  Primary ion values of m/z are calculated in all cases for [M + 
H+] and z = 1.  Mass spectra corresponding to the FH peak eluting at 13.6 min, calcd: 
347.1, found: 347.1; FlamS peak eluting at 19.3 min, calcd: 451.1, found: 451.1; 
hydrolyzed FlamB peak elutes at 13.7 min and has mass corresponding to FH, calcd: 
347.1, found: 347.1. 
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We had initially observed that an aqueous solution of FlamB titrated with Cu2+ 

yields a strong increase in fluorescence emission.  However, this fluorescence increase is 

not a result of FlamB itself, but rather of the hydrolyzed product FH.  As has been 

shown by others and confirmed here (Figure 33), FH reacts selectively with Cu2+ to give a 

greater than 16-fold emission increase.62,63  Scheme 2 shows the proposed mechanism, 

where Cu2+ binding to FH in aqueous solution opens the spirolactam ring and cleaves the 

amide bond to release highly fluorescent fluorescein.  The interaction between FH and 

Cu2+ is irreversible, as verified by the lack of competition with EDTA (Figure 33).  This 

result further supports the conclusion that FlamB hydrolyzes rapidly in aqueous 

solution. 
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Figure 33: Fluorescence Spectra of FH titrated with Cu2+ and EDTA 

 Emission spectra of FH (10 µM) in 60/40 HEPES/DMSO (10 mM, pH = 7.4) titrated 
with 1 equivalent of CuSO4 and EDTA.  $max = 495 nm. 
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Scheme 2: Fluorescent Enhancement of FlamB via Two Alternative Pathways 
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(A) FlamB oxidation followed by Cu2+ binding and spirolactam ring opening to give 
modestly fluorescent [CuCl(FlamS)] (drawn as the neutral monomer unit of the 
tetranuclear arrangement seen in the X-ray crystal structure), or (B) hydrolysis of FlamB 
to FH followed by reaction with Cu2+ to yield highly fluorescent fluorescein.  FH also 
converts to fluorescein upon interaction with H2O2. 
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2.3.6 Conversion of FlamB to FlamS with H2O2 

Because of the instability of FlamB in aqueous solution, the oxidative conversion 

of FlamB to FlamS by H2O2 was monitored in organic solvent.  Figure 34 shows the UV-

Vis traces arising from the reaction of FlamB with excess H2O2 in DMSO.  The clean 

conversion is characterized by a shift in the absorbance peak at 325 nm to 334 nm.  The 

absorbance data fit a pseudo first-order process to give kobs = 2.3 x 10-4 s-1.  The 

products from the reaction were confirmed to be FlamS by NMR analysis (with 

characteristic peaks at 6.47, 6.64, 6.78, and 7.22 ppm in d-DMSO) and a product 

consistent with released boronate pinacol ester, where the signal for the pinacol methyl 

protons (1.15 ppm) are shifted from that seen in either FlamB (1.25 ppm) or the free 

pinacol diol (1.07 ppm).  

Further confirmation that the product of FlamB oxidation by H2O2 in organic 

solvent is FlamS is the observation that addition of Cu2+ to the reaction solution results 

in formation of [Cu(FlamS)]+, as shown in Figure 35.  Because the experiment is done in 

organic solvent, the copper complex is in the ring-closed form that lacks the absorption 

band at 500 nm and is non-fluorescent.  Addition of water to the DMSO solution 

converts it to the ring-open form with a 2-fold fluorescence-enhanced spectrum. 
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Figure 34: Absorbance Spectra of FlamB with H2O2 in DMSO 

Conversion of FlamB (40 µM) to FlamS by oxidation with H2O2 (3 mM) in DMSO 
monitored for 2 h. 
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Figure 35: Absorbance Spectra of FlamB Oxidized with H2O2 and Titrated with Cu2+ 

Addition of Cu2+ (40 µM) to a solution of FlamB (40 µM) oxidized with H2O2 (3 mM) 
for 2 h in DMSO. 
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2.4 Discussion 

In order to design a fluorescence sensor that could distinguish toxic copper that 

is participating in damaging redox activity from healthy cellular copper, we sought a 

molecular scaffold that would lack fluorescence and metal-binding properties until 

conditions of metal-catalyzed oxidative stress were encountered.  Scheme 2 shows the 

mechanism of how we envisioned the prochelator probe FlamB to operate to give a 

fluorescence turn-on response in the presence of both H2O2 and Cu2+.  Fusing an aryl 

boronic ester to fluorescein through an aroyl hydrazone linkage creates the prochelator 

FlamB, where the closed spirolactam ring prevents fluorescence and the boronic ester 

prevents metal coordination.  The aryl boronic ester also provides the oxidative stress 

trigger, since its conversion to the phenol of FlamS requires H2O2, a key ingredient in the 

Fenton reaction that leads to metal-catalyzed oxidative stress (Eq. 2.1).  Once 

unmasked, FlamS is available for metal binding.  Work by others53,172 and reproduced 

here shows the FlamS chelator to be specific for Cu2+, even in the presence of other metal 

ions like Fe3+, Fe2+, Ni2+, Zn2+, Mn2+, Cd2+, Hg2+, Pb2+, Co2+, Ag+, Ca2+ and Mg2+. 

We have shown here that each of the steps indicated in Scheme 2 pathway (A) is 

indeed feasible, but unfortunately not under the same solution conditions.  In particular, 

the hydrazone linkage of FlamB is sensitive to hydrolysis in aqueous solution and 

decomposes into its hydrazide and aldehyde components within minutes.  

Aroylhydrazones are known to be unstable under certain solution conditions, especially 

in cell culture media and plasma, although they are generally stable in simple buffered 

solutions.173-175  In our previous studies with SIH and BSIH, we found that both 

compounds are stable in phosphate buffer at pH 7.4, but SIH decomposes within hours 

in cell culture media at 37 °C, while BSIH remains intact over 24 h in the same 
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conditions.169  The current result that FlamB is unstable in aqueous solution is therefore 

in stark contrast to the stability of its non-fluorophore parent compound BSIH.   

The consequence of the hydrolytic decomposition shown in Scheme 2 pathway 

(B) is the loss of H2O2-dependent chelator activation that is part of the intended design 

in pathway (A).  The fluorescein hydrazide (FH) product is known to interact readily 

with Cu2+ as shown in pathway (B) to yield fluorescein as the final product.62,63  FH-to-

fluorescein conversion also occurs via reaction with H2O2, as recently demonstrated.171  

Fluorescein has an intense fluorescence emission with a high quantum yield, so even a 

small amount of released fluorescein would overwhelm the weak emission provided by 

[Cu(FlamS)]+.   

In organic solvents, the spirolactam ring of the Cu2+-bound form remains closed 

and the complex is non-fluorescent.  Addition of water leads to rearrangement of the 

complex and opening of the ring, thus activating fluorescence.  In our hands, we see a 

modest 2-fold fluorescence enhancement caused by Cu2+ binding to FlamS.  The fact that 

the strong band at 500 nm in the absorbance spectrum does not correlate with a 

correspondingly large increase in the fluorescence emission spectrum suggests that while 

the spirolactam ring is indeed in the open amide form, the presence of Cu2+ quenches 

emission to leave only residual intensity with a quantum yield of 0.004.  In contrast to 

our results, a rhodamine analog of FlamS was shown to give a more significant 9-fold 

enhancement in buffered aqueous solution at pH 7.0, although a quantum yield was not 

reported.53  

A compound related to FlamB containing a rhodamine instead of fluorescein core 

and a boronic acid in place of the pinacol boronic ester has also been reported.56  The 

B(OH)2 unit is proposed to bind Cu2+ directly to facilitate spirolactam ring opening to 

give an 8-fold fluorescence enhancement and an increase in quantum yield from 0.07 in 

the absence of Cu2+ to 0.45 in the presence of 100-fold excess Cu2+.56  The quantum yield 
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of the metal-free form is consistent with our results for FlamS and FlamB, but the 

significant increase in quantum yield for the copper complex is distinctive.  The structure 

of the Cu2+ complex of the boronic acid rhodamine probe is not known, but given the 

significant quenching effect that Cu2+ has on the ring-open amide form of FlamS, it 

would be interesting to understand how the boronic acid version achieves the much 

larger fluorescence enhancement.  No indications of hydrolytic decomposition of the 

boronic acid rhodamine hydrazone probe were reported, although it should be noted 

that samples of metal and probe were prepared in acetonitrile prior to dilution into 

buffer for fluorescence measurements.  Hydrolysis of the probe would not be noted in 

this case, as pre-assembly of the Cu2+ complex stabilizes the compound against 

hydrolysis. 

 

2.5 Summary and Conclusions 

By masking a copper sensor with a boronic ester, we have made progress in 

developing a strategy for probing metal-mediated oxidative stress by fluorescence.  Our 

design utilizes hydrogen peroxide to unmask a metal chelator, which upon copper 

binding produces a modest fluorescence turn-on response.  Metal-dependent opening of 

a fluorescein or rhodamine spirolactam ring has become a popular strategy for achieving 

metal-selective fluorescence turn-on responses.  Our results, however, indicate that such 

a boost in fluorescence is actually greatly minimized, at least in the case of Cu2+, such 

that the overall gain in intensity is unlikely to be bright enough for cellular applications.   

Our results further emphasize the need to carefully monitor for alternative 

pathways of fluorescence increase.  Hydrolysis of FlamB results in formation of 

fluorescein hydrazide, which produces a greater than 16-fold increase in fluorescence 

emission due to formation of fluorescein upon interaction with Cu2+ or H2O2.  The 
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instability of FlamB therefore provides an alternative, unintended pathway to 

fluorescence that derives from degradation of the original probe rather than a direct 

interaction of the probe with its target metal ion.  Even if the compound were stable in 

simple aqueous buffers, exposure to cell culture media is known to have a dramatic 

influence on the stability of hydrazone-containing compounds.  Our results highlight the 

importance of determining the stability of hydrazone compounds in appropriate 

solution conditions, since the mechanism of fluorescence change may be unintended.  

Despite this alternate pathway for FlamB, we verified that oxidation by H2O2 followed 

by subsequent copper binding occurs in organic solvents.  Our results provide a template 

for future probe designs with improved properties.  
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3. A Fluorescent Prochelator Triggered by H2O2 that 
Detects Metal-Induced Oxidative Stress in Cells 

 

3.1 Background and Significance 

Mounting evidence has drawn attention to the link between metal-mediated 

oxidative stress and a number of diseases, including Alzheimer’s, Parkinson’s and 

macular degeneration.76,176,177  Metals, such as iron have been shown to exacerbate levels 

of oxidative stress in these diseases by catalytically producing dangerous reactive 

oxygen species (ROS).  One specific example includes iron’s ability to react with 

naturally occurring H2O2 to produce the highly reactive hydroxyl radical, which causes 

damage to lipids, nucleic acids, and proteins.155,156  Areas of misregulated iron 

homeostasis are the most susceptible to this type of oxidative stress, as is found in the 

brains of neurodegenerative diseased patients.   

In order to better understand the relationship between iron and H2O2 and their 

role in disease, we have sought to develop a fluorescent probe for iron-induced oxidative 

stress.  Recently, a growing interest has emerged in the design of fluorescent sensors for 

biologically relevant metal cations.  However, there are very few examples of iron-

specific probes78,86,94,106 and an even smaller number that sense redox active metals within 

an oxidative environment.170,178  Our previously described FlamB compound (Chapter 2) 

is one such example where H2O2 is used to activate a fluorescent copper sensor.179   

By again utilizing our boronic ester prochelator strategy, we sought to create a 

sensor that would detect iron within areas of dangerously high concentrations of H2O2.  

Our lab has described numerous examples of H2O2-activated prochelators, which utilize 

boronic ester masks.168,180  These masked prochelators possess little affinity for metal 

cations until high concentrations of H2O2 are available to selectively remove the boronic 
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ester and reveal a high affinity chelator.  The advantage of this technique is that 

potentially harmful metals are chelated or sequestered, while biologically essential 

metals are left in the system.  Recently, several groups have employed a self-immolative 

boronic ester as a protecting group or mask for H2O2 responsive small molecules, 

dendritic chains, and metalloproteinase inhibitors.181-184  Cleavage of the self-immolative 

protecting group is initiated by nucleophilic attack on the boronic ester by H2O2, 

followed by hydrolysis of the borate intermediate to yield phenoxide ion.  A “head to 

tail” disassembly through a 1,6-benzyl elimination then releases the masked component 

and quinone methide as a side product, which is quickly hydrated to form 4-

hydroxybenzyl alcohol (Scheme 3).   

To expand the scope of our boronic ester prochelators, we sought to incorporate 

the self-immolative boronic ester into a fluorescent iron-prochelator and compare its 

properties against the same chelator masked directly with a boronic ester.  Both 

compounds can be triggered by H2O2 and thus allow for detection of iron under 

oxidative stress conditions. 

 

Scheme 3: Mechanism of the Release of a Self-Immolative Boronic Ester with H2O2 
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3.2 Materials and Methods 

3.2.1 Materials and Instrumentation 

All chemicals were purchased from Fisher Scientific or Sigma-Aldrich and used 

without further purification unless otherwise noted; (2-formylphenyl)boronic acid 

pinacol ester was purchased from Combi-Blocks, Inc.  All solvents were reagent grade 

and all aqueous solutions were prepared from nanopure water.  Flo-SIH and Flo-BIH 

stock solutions were prepared daily in 10 mM HEPES/100 mM NaCl buffered to a pH 

of 7.00.  Flo-B stock solutions were prepared daily in MeOH and FloB-SI solutions were 

prepared in DMSO.  Dilutions of Flo-B were prepared in 10 mM HEPES and 

absorbance/fluorescence measurements were taken within 5 minutes.  250 µM 

[Fe3+(NTA)] stock solutions were prepared by first making a 250 µM nitrilotriacetic acid 

(NTA) solution in 10 mM HEPES/100 mM NaCl (pH = 7.00) with excess FeCl2.  The 

solution was allowed to sit overnight in order to form the equilibrated 1:1 metal to 

ligand complex and was then filtered to eliminate excess iron.     

Liquid chromatography-electrospray mass spectrometry (LC-MS) was 

preformed on an Agilent 1100 Series LC/MSD trap spectrometer with a Daly 

conversion dynode detector.  A Varian Polaris C18 (150 x 1.0 mm) column was used 

and peaks were detected by UV absorption at 310 nm.  For FloB-SI stability studies, a 

linear gradient from 30% A in B to 80% A in B was run at 40 µL/min from 2-17 min 

with a total run time of 25 min where A is MeCN/2% H2O with 0.3% formic acid and B 

is H2O/2% MeCN with 0.3% formic acid.  For FloB-SI oxidation studies, a linear 

gradient from 20% A in B to 30% A in B was run at 40 µL/min from 2-17 min with a 

total run time of 22 min where A is MeCN/2% 10 mM ammonium acetate buffer and B 

is 10 mM ammonium acetate buffer/2% MeCN.  1H and 13C NMR spectra were recorded 
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on a Varian Inova 400 or 500 mHz NMR spectrometer; ! values are in ppm and J values 

are in Hz.  UV-Vis spectra were recorded on a Cary 50 UV-Vis spectrophotometer.  

Emission spectra were recorded on a Jobin-Yvon-Horiba Fluorolog 3 fluorimeter in a 1-

cm pathlength quartz cell.  Excitation and emission slit widths were 2 nm and emission 

spectra were collected from 500–600 nm after excitation at 495 nm.  

 

3.2.2 Synthesis 

3.2.2.1 Preparation of 4(5)-Hydrazino-2-(6-hydroxy-3-oxo-3H-xanthen-9-yl)-benzoic 
acid (FluorHydra) 

As shown in Scheme 4, hydrazine monohydrate (0.43 mmol, 21 µL) was added 

into 10 mL CH2Cl2 and 4 mL of DMF.  A 0.2 mL portion of N-methylmorpholine was 

added and the solution was stirred at room temperature.  5(6)-carboxyfluorescein 

(0.244 g, 0.645 mmol) was dissolved in 4 mL of DMF and then added to the hydrazine 

solution.  The mixture was stirred for 10 min.  PS-carbodiimide resin (0.86 mmol, 1 g) 

was added directly to the reaction and the solution was stirred for 18 h.  The reaction 

was vacuum filtered to remove the resin and washed with CH2Cl2.  The solvent was 

removed and the resulting orange oil was used without further purification.  LC-MS 

analysis of the solution confirmed that the product was obtained in >90% purity.  ESI-

MS: m/z 391.0 [M+H]+, calcd 390.09 for M = C20H14N2O6. 

 

Scheme 4: Synthesis of FluorHydra 
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3.2.2.2 Preparation of 4(5)-(2-Hydroxy-benzylidene-hydrazinocarbonyl)-2-(6-hydroxy-
3-oxo-3H-xanthen-9-yl)-benzoic acid (Flo-SIH) 

A solution of FluorHydra (0.133 mmol) was prepared in 8 mL of MeOH and 

heated to 60 °C.  Salicylaldehyde (0.133 mmol, 14.0 µL) was added dropwise and 

stirred for 20 min.  The flask was cooled over ice to yield an orange precipitate.  The 

product was washed with ether and collected via vacuum filtration (0.0368 g, 56%).  1H 

NMR (400 MHz, (CD3)2SO) ! 11.16 (s, 1H), 11.07 (s, 1H), 10.26 (s, 1H), 10.19 (s, 2H), 

8.71 (s, 1H), 8.58 (s, 1H), 8.33 (dd, J = 8.11 and 1.18, 1H), 8.27 (dd, J = 8.00 and 0.76, 

1H), 8.16 (d, J = 8.02, 1H), 7.81 (s, 1H), 7.66 (dd, J = 7.75 and 1.84, 1H), 7.61 (dd, J = 

7.74 and 1.38, 1H), 7.52 (td, J = 4.18, 1.68, 1.68, 1H), 7.47 (d, J = 8.06, 1H), 7.24-7.31 

(m, 2H), 6.99 (d, J = 8.39, 1H), 6.96 (dd, J = 6.23 and 2.89, 2H), 6.91 (d, J = 9.32, 1H), 

6.71-6.88 (m, 3H), 6.67-6.52 (m, 7H).  HR-MS (ESI): m/z 495.1196 [M + H]+, calcd 

494.1187 for C28H18N2O7; UV-Vis (10 mM HEPES/100 mM NaCl, pH 7.0) nm (M-1cm-1): 

495 (42,347). 

 

3.2.2.3 Preparation of 4(5)-(Benzylidene-hydrazinocarbonyl)-2-(6-hydroxy-3-oxo-3H-
xanthen-9-yl)-benzoic acid (Flo-BIH) 

A solution of FluorHydra (0.133 mmol) was prepared in 3 mL of MeOH and 

heated to 60 °C.  Benzaldehyde (0.133 mmol, 13.6 µL) was added dropwise and stirred 

for 10 minutes.  The flask was cooled over ice and 1 M HCl was added dropwise until 

an orange precipitate formed.  The resulting precipitate was washed with ether and 

collected by vacuum filtration (0.0222 g, 35%).  1H NMR (500 MHz, (CD3)2SO) ! ppm 

12.20 (s, 1H), 11.99 (s, 1H), 8.57 (s, 1H), 8.53 (s, 1H), 8.40 (s, 1H), 8.33 (d, J = 7.81, 

1H), 8.27 (d, J = 7.95, 1H), 8.15 (d, J = 8.02, 1H), 7.80 (s, 1H), 7.77 (d, J = 6.94, 1H), 

7.69 (dd, J = 6.37 and 2.73, 1H), 7.46 (m, 7H), 6.69-6.73 (m, 4H), 6.55-6.66 (m, 7H).  
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HR-MS (ESI): m/z 479.1242 [M + H]+, calcd 478.1238 for C28H18N2O6; UV-Vis (10 mM 

HEPES/100 mM NaCl, pH 7.0) nm (M-1cm-1): 495 (57,859). 

 

3.2.2.4 Preparation of 2-(6-Hydroxy-3-oxo-3H-xanthen-9-yl)-4(5)-[2-(4,4,5,5-
tetramethyl-[1,3,2]dioxaborolan-2-yl)-benzylidene-hydrazinocarbonyl]-benzoic acid 
(Flo-B) 

A solution of FluorHydra (0.133 mmol) was prepared in 2 mL of THF and 

heated to 60 °C.  (2-formylphenyl)boronic acid pinacol ester (0.133 mmol, 29.3 µL) was 

added dropwise and stirred for 10 minutes.  The flask was then cooled over ice and 

deionized H2O was added to form a dark brown oil.  The oil was washed with ether to 

produce an orange precipitate, which was collected by vacuum filtration (0.0618 g, 

77%).  1H NMR (400 MHz, (CD3)2SO) ! 12.24 (s, 1H), 12.11 (s, 1H),  8.95 (s, 1H), 8.83 

(s, 1H), 8.49 (s, 1H), 8.26 (m, 1H), 8.20 (d, J = 7.39 Hz, 1H), 8.12 (d, J = 7.98 Hz, 1H), 

8.02 (d, J = 8.03 Hz, 1H), 7.93 (dd, J = 15.65, 8.07 Hz, 1H), 7.69 (m, 2H), 7.52 (m, 2H), 

7.40 (m, 3H), 6.66 (m, 4H), 6.55 ( m, 7H),  1.32 (s, 12H), 1.27 (s, 12H).  HR-MS (ESI): 

m/z 604.2117 [M + H]+, calcd 603.2126 for M =  C34H29BN2O8 (
10B); UV-Vis (10 mM 

HEPES/100 mM NaCl, pH 7.0) nm (M-1cm-1): 495 (46,054). 

 

Scheme 5: General Synthesis of Flo-BIH, Flo-SIH, and Flo-B 
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3.2.2.5 Preparation of 2-(4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-
yl)benzyloxy)benzaldehyde (1) 

4-bromomethylphenyl boronic acid, pinacol ester (0.30 g, 1.01 mmol) and 

salicylaldehyde (106 µL, 1.01 mmol) were dissolved in 5 mL of anhydrous DMF.  

Potassium carbonate (0.69 g, 5.05 mmol) was added and the reaction was stirred for 18 

h at room temperature.  The solvent was removed via rotary evaporation and the 

resulting solid was taken up in CH2Cl2 and extracted with H2O (3 ! 10 mL).  The organic 

layer was washed with brine (3 ! 10 mL), dried over MgSO4, filtered and solvent 

removal yielded a crystalline white solid (0.280 g, 82% yield).  1H NMR (400 MHz, 

CDCl3) " 10.57 (s, 1H), 7.85 (t, J  = 7.4, 3H), 7.54-7.49 (m, 1H), 7.44 (d, J = 7.0, 2H), 

7.03 (dd, J = 14.6 and 7.8, 2H), 5.22 (s, 2H), 1.35 (s, 12H).  13C NMR (100 MHz, CDCl3) 

" 189.74, 189.71, 160.98, 139.16, 135.97, 135.21, 128.44, 126.43, 125.15, 121.06, 

113.07, 83.94, 70.34, 24.91.  

 

3.2.2.6 Preparation of 2-(6-Hydroxy-3-oxo-3H-xanthen-9-yl)-4(5)-[2-(4-(4,4,5,5-
tetramethyl-1,3,2-dioxaborolan-2-yl)benzyloxy)-benzylidene-hydrazinocarbonyl]-
benzoic acid (FloB-SI) 

A solution of FluorHydra (0.5 mmol) was prepared in 6 mL of acetonitrile with a 

catalytic amount of glacial acetic acid and heated to 80 °C.  1 (0.182 g, 0.47 mmol) was 

dissolved in 0.5 mL acetonitrile and added dropwise to the FluorHydra solution.  After 

stirring for 1 hr, the solvent was removed by rotary evaporation and the product was 

isolated by silica gel column chromatography with 8:2 EtOAc:Hexanes (0.128 g, 38% 

yield).  1H NMR (400 MHz, (CD3)2SO) " 12.16 (s, 1H), 12.00 (s, 1H), 10.18 (s, 4H), 8.87 

(s, 1H), 8.72 (d, J = 6.22 Hz, 1H), 8.60-8.58 (m, 1H), 8.55 (s, 1H), 8.31 (d, J = 8.07 Hz, 

1H), 8.25 (d, J = 8.06 Hz, 1H), 8.13 (d, J = 8.08 Hz, 1H), 7.93 (d, J = 7.54 Hz, 1H), 7.86 

(d, J = 7.71 Hz, 1H), 7.77 (s, 1H), 7.73 (d, J = 7.23 Hz, 2H), 7.69 (d, J = 7.19 Hz, 1H), 

7.53 (d, J = 7.30 Hz, 2H), 7.45 (dd, J = 11.89, 7.92 Hz, 3H), 7.20 (d, J = 8.43 Hz, 1H), 
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7.12 (d, J = 8.39 Hz, 1H), 6.95-7.00 (m, 2H), 6.70 (s, 4H), 6.56-6.60 (m, 7H), 5.26 (s, 

2H), 5.21 (s, 2H), 1.29 (s, 24H).  HR-MS (ESI): m/z 710.2543 [M + H]+, calcd 709.2545 

for M = C41H35BN2O9 (
10B); UV-Vis (10 mM HEPES/100 mM NaCl, pH 7.0) nm (M-1cm-

1): 495 (52,756). 

 

Scheme 6: Synthesis of FloB-SI 
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3.2.2.7 Preparation of 2-(6-Hydroxy-3-oxo-3H-xanthen-9-yl)-4(5)-[2-(4-(4,4,5,5-
tetramethyl-1,3,2-dioxaborolan-2-yl)benzyloxy)-benzylidene-hydrazinocarbonyl]-
benzoic acid, 3,6-diacetate (AcFloB-SI) 

A solution of FloB-SI (0.050 g, 0.070 mmol) and triethylamine (TEA, 49 µL, 0.35 

mmol) was prepared in 6 mL anhydrous CH2Cl2 with 0.5 mL anhydrous DMF.  The 

reaction was cooled to 0 °C and acetyl chloride (11 µL, 0.154 mmol) was added 

dropwise.  After 10 min, the reaction was warmed to room temperature and stirred for 

an additional 30 min.  The solvent was then removed by rotary evaporation and the 

remaining solid was dissolved in CH2Cl2, washed with NaHCO3 (3 ! 10 mL) and brine, 

and then dried over MgSO4.  Removal of the solvent yielded a dull yellow powder (36.8 

mg, 66 % yield).  1H NMR (400 MHz, CD3CN) " 10.00 (s, 1H), 8.79 (s, 1H), 8.48 (s, 

1H), 8.30-8.18 (m, 2H), 8.13 (d, J = 8.11, 1H), 8.06 (d, J = 8.16, 1H), 7.98 (d, J = 8.08, 

1H), 7.83 (d, J = 7.58, 4H), 7.56 (d, J = 7.69, 1H), 7.43 (d, J = 7.59, 3H), 7.31 (t, J = 8.01, 
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8.01, 2H), 7.20-7.24 (m, 1H), 7.17 (d, J = 7.77, 2H), 7.10 (s, 3H), 6.92 (t, J = 7.44, 7.44, 

3H), 6.81 (d, J = 7.97, 5H), 6.68-6.62 (m, 1H), 6.54 (d, J = 4.86, 2H), 11.61 (s, 1H), 5.07 

(s, 2H), 4.96 (s, 2H), 2.31 (s, 6H), 2.29 (s, 6H), 1.34 (s, 12H), 1.30 (s, 12H).  MS (ESI): 

m/z 795.4 [M + H]+, calcd 794.26 for C45H39BN2O11. 

 

Scheme 7: Synthesis of AcFloB-SI 
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3.2.2.8 Preparation of 4(5)-(Benzylidene-hydrazinocarbonyl)-2-(6-hydroxy-3-oxo-3H-
xanthen-9-yl)-benzoic acid, 3,6-diacetate (AcFlo-BIH) 

A solution of Flo-BIH (0.050 g, 0.104 mmol) and TEA (73 µL, 0.52 mmol) was 

prepared in 5 mL anhydrous CH2Cl2 with 0.5 mL anhydrous DMF.  The reaction was 

cooled to 0 °C and acetyl chloride (16 µL, 0.23 mmol) was added dropwise.  After 10 

min, the reaction was warmed to room temperature and stirred for an additional 20 min.  

The solvent was then removed by rotary evaporation and the remaining solid was 

dissolved in CH2Cl2, washed with NaHCO3 (3 ! 10 mL) and brine, and then dried over 

MgSO4.  Removal of the solvent via rotary evaporation revealed a dull yellow colored 

solid (36.3 mg, 62 % yield).  1H NMR (400 MHz, CDCl3) " ppm 11.56 (s, 1H), 10.65 (s, 

1H), 8.56 (s, 1H), 8.35 (d, J = 7.97, 1H), 8.27 (d, J = 7.76, 1H), 8.21 (d, J = 2.83, 1H), 

8.05 (d, J = 8.05, 1H), 8.01 (s, 1H), 7.89 (s, 1H), 7.57 (d, J = 6.74, 3H), 7.52 (d, J = 7.11, 
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1H), 7.35-7.24 (m, 6H), 7.13 (s, 2H), 6.83 (s, 5H), 6.72 (s, 2H), 6.64 (s, 1H), 2.36 (s, 

6H), 2.32 (s, 6H).  MS (ESI): m/z 563.2 [M + H]+, calcd 562.13 for C32H22N2O8. 

Scheme 8: Synthesis of AcFlo-BIH 
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3.2.3 Quantum Yield Determination 

Stock solutions of 40 µM Flo-SIH, 100 µM Flo-BIH, and 250 µM [Fe3+(NTA)] 

were prepared in 10 mM HEPES/100 mM NaCl (pH = 7.0).  Stock solutions of 1 mM 

Flo-B and 2 mM FloB-SI were prepared in MeOH and DMSO, respectively.  Dilutions of 

Flo-SIH, Flo-BIH, Flo-B, and FloB-SI were prepared in HEPES at concentrations such 

that their absorbance at 495 nm equaled 0.02, 0.04, 0.06, 0.08, and 0.1.  Dilutions of the 

Flo-SIH-Fe complex were prepared at 0.5, 1, 1.5, 2, and 2.5 µM in HEPES with 3 

equivalents of [Fe(NTA)].  Excitation was performed at 495 nm and collected emission 

was normalized to the HEPES blank and then integrated from 500 to 600 nm.  A plot of 

the integrated fluorescence intensity vs. the absorbance at 495 nm for each concentration 

was prepared and the positive slope of the linear fit was calculated.  The data were 

compared to a fluorescein standard in 0.1 M NaOH using the following equation, where 

!R is the quantum yield of the standard (0.95), Grad is the slope of the absorbance vs. 

emission line found for each compound, GradR is the slope found for the fluorescein 

standard, " is the refractive index of the sample solutions (1.33) and "R is the refractive 

index of the fluorescein solution (1.33): 

! = !R  (Grad/GradR)  ("2/"R
2) 
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3.2.4 Method of Continuous Variation (Job’s Plot) 

Solutions of Flo-SIH and Fe(ClO4)3 at varying ratios were prepared in 10 mM 

HEPES/100 mM NaCl (pH = 7.00) such that the total combined concentration of Flo-

SIH and Fe3+ in each sample was held constant at 1 µM.  Samples were excited at 495 

nm and the emission intensity at 520 nm was measured.  The mole fraction of Fe3+, 

!(Fe3+), was plotted vs. adjusted fluorescence intensity.  The adjusted fluorescence 

intensity is equal to the fluorescence intensity of the sample minus the intensity of the 

Fe3+, multiplied by the mole fraction of Fe3+. 

 

3.2.5 Cell Culture 

All cell culture reagents including minimal essential medium (MEM), Dulbecco’s 

modified eagle medium (DMEM), fetal bovine serum (FBS), Penicillin Streptomycin (pen-

strep), and trypsin-EDTA (0.25%) were purchased from Gibco.  HeLa cells were 

cultured in complete growth medium containing DMEM supplemented with sodium 

pyruvate, 10% (v/v) FBS and 1% (v/v) pen-strep.  The cells were incubated at 37 °C 

with a fully humidified atmosphere containing 5% CO2.   

 

3.2.6 Fluorescence Microscopy Experiments 

Live cell microscopy images were imaged on a Zeiss Axio Observer widefield 

fluorescence microscopy under 40" magnification using a Plan Neofluar objective lens.  

A GFP filter set (Zeiss no. 38HE; BP470/40, FT 495, BP525/50) was used to collect 

fluorescence emission data.  Quantification and image processing were performed with 

MetaMorph.  All microscope settings, including transmission density, brightness, 

contrast and scan speed were held constant. 
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For each experiment, cells were seeded into a 12-well MatTek glass bottom plate 

and grown to ~70-80% confluence. To treat the cells with the fluorescent compounds, 

the growth medium was removed and the cells were washed with 1 mL phosphate 

buffered saline (PBS) and 1 mL of MEM was added to each well.  Aliquots of AcFloB-SI 

and AcFlo-BIH were added directly from DMSO stock solutions to a final concentration 

of 1 or 5 µM.  Cells were returned to incubator at 37 °C.  After 30 mins, the cells were 

again washed with 1 mL of PBS and 1 mL of MEM was added to each well.  For 

samples treated with H2O2, 10 µL of a 10 mM solution prepared in MEM were added 

directly to the wells and the cells were then incubated at 37 °C for 30 min.  

 

3.3 Results 

3.3.1 Synthesis, Nomenclature, and Structure of Flo-SIH, Flo-BIH, 
Flo-B, and FloB-SI 

The synthetic design of the Flo-series is again based on the parent BSIH/SIH 

prochelator/chelator design, as introduced with FlamB.  To create the fluorescent 

prochelator, the parent compound is tagged with the fluorophore rather than imbedding 

it into the chelate, as with FlamB (Chapter 2).  The isonicotinic acid hydrazide used to 

synthesize BSIH and SIH was replaced by 5(6)-carboxyfluorescein, hydrazide 

(FluorHydra) and reacted with 2-formylphenyl boronic ester, salicylaldehyde, 

benzaldehyde or salicylaldehyde equipped with a self-immolative pinacol boronic ester 

to produce Flo-B, Flo-SIH, Flo-BIH, or, FloB-SI, respectively (Figure 36).  All four 

compounds were synthesized by Schiff-base condensation reactions carried out in 

refluxing solutions of MeOH, THF, or MeCN.  Each was isolated as a mixture of two 

structural isomers (positional isomers on the fluorescein phenyl ring at positions 5 and 

6). 
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The fluorescent prochelators contain either a pinacol boronic ester, Flo-B or a 

self-immolative pinacol boronic ester, FloB-SI.  As shown previously, masking a metal 

chelator directly with a boronic ester renders the prochelator ineffective at binding metal 

ions until activation with H2O2.
167-169  Likewise, self-immolative boronic esters have been 

used as protecting groups for phenolic oxygens and can be specifically removed with 

H2O2.
126,185  Under the appropriate conditions, Flo-B or FloB-SI will be converted to the 

chelator, Flo-SIH, a fluorescently tagged version of an SIH derivative.  The pinacol 

boronic ester of Flo-B and the self-immolative boronic ester mask the phenolic oxygen of 

Flo-SIH.  Once unmasked by H2O2, iron binding is anticipated to occur at the phenolic 

oxygen, imine nitrogen, and carbonyl oxygen and cause a decrease in the fluorescence 

emission of the fluorescein-tagged Flo-SIH.  Flo-BIH is a non-chelating control compound 

because it lacks the phenolic oxygen, one of the required donor atoms for iron chelation.   
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Figure 36: Structures of Flo-SIH, Flo-B, Flo-BIH, and FloB-SI 
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3.3.2 Absorbance Response of Flo-SIH, Flo-BIH, Flo-B, and FloB-SI to 
Fe3+ 

All four of the compounds have modest solubility in aqueous solutions.  

Therefore, stock solutions were prepared directly in 10 mM HEPES buffer at pH 7.0 for 

Flo-SIH and Flo-BIH.  Flo-B and FloB-SI solutions were prepared by adding stock 

solutions into 10 mM HEPES buffer and contained less than 1% MeOH or DMSO.  Due 

to the fluorescein component, each solution yields a green/yellow hue, and a strong 

absorbance peak centered at 495 nm is observed.  The extinction coefficient for each 

compound is greater than 40,000 cm-1M-1, which is expected due to the highly fluorescent 

nature of fluorescein.   

Iron-binding studies were carried out using an iron-NTA solution as the Fe3+ 

source.  Other iron (III) salts, such as Fe(NO3)3, FeCl3, or Fe(SO4), undergo fast 

hydrolysis to form the aquated iron (III) species, which is insoluble in water.  However, 

the tetradentate chelator, NTA, forms a hydrolysis-stable and therefore water-soluble 

complex with iron.  In addition, NTA’s affinity for iron in buffered solutions at pH = 7.0 

(log K = 10.84) is weak enough that the Flo-SIH chelator was able to remove the iron 

from its source during the following titration experiments.   

Addition of up to 1 equivalent Fe3+ into a 20 µM solution of Flo-SIH introduces 

changes to the absorbance spectra.  Decreases at 290 and 325 nm and an increase at 380 

nm are seen as shown in Figure 37.  A color change from green/yellow to dark orange 

was also observed upon the addition of Fe3+ into the solution.  However, addition of 

[Fe3+(NTA)] into solutions of Flo-B, FloB-SI and Flo-BIH produce negligible changes to 

the absorbance spectra, Figures 38, 39 and 40, and no visible changes to the solution 

occur.  These titrations were repeated with an iron source bound to lower affinity 

ligands, ferric ammonium citrate ([Fe3+(NH4
+)citrate]), and verified that no response is 

seen.  Both prochelators as well as the control compound lack the phenolic oxygen found 
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in Flo-SIH, which suggests that it is required for Fe binding, as was seen previously with 

BSIH.167 
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Figure 37: Absorbance Spectra of Flo-SIH Titrated with [Fe3+(NTA)] 

Absorbance spectra of 20 µM Flo-SIH in 10 mM HEPES buffer (100 mM NaCl, pH = 
7.0) titrated with [Fe3+(NTA)] up to 1 equivalent.  Metal-dependent spectral changes 
were instantaneous upon iron addition.  
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Figure 38: Absorbance Spectra of Flo-B Titrated with [Fe3+(NTA)] 

Absorbance spectra of 20 µM Flo-B in 10 mM HEPES buffer (100 mM NaCl, pH = 7.0) 
titrated with [Fe3+(NTA)] up to 1.25 equivalents.   
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Figure 39: Absorbance Spectra of Flo-BIH Titrated with [Fe3+(NTA)] 

Absorbance spectra of 20 µM Flo-BIH in 10 mM HEPES buffer (100 mM NaCl, pH = 
7.0) titrated with [Fe3+(NTA)] up to 1.25 equivalents.   
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Figure 40: Absorbance Spectra of FloB-SI Titrated with Fe3+ 

Absorbance spectra of 20 µM FloB-SI in 10 mM HEPES buffer (100 mM NaCl, pH = 
7.0) titrated with [Fe3+(NTA)] up to 1 equivalent.   
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3.3.3 Fluorescence Response of Flo-SIH, Flo-BIH, Flo-B, and FloB-SI 
to Fe3+ 

All four compounds were shown to be highly fluorescent in aqueous conditions.  

1 µM solutions excited at 495 nm show a strong emission peak centered at 520 nm.  In 

addition, high quantum yields were observed for each, ! = 0.62, 0.56, 0.59, and 0.63 for 

Flo-B, Flo-SIH, Flo-BIH, and FloB-SI, respectively.  Since the fluorescein is an appendage 

off the chelator, its free carboxylic acid remains open at physiological pH and is unlikely 

to cyclize into the non-fluorescent lactone version.  This feature results in a high 

fluorescent output for each of the compounds.   

Because Fe3+ is a paramagnetic metal cation, it was anticipated that the 

fluorescent signal of Flo-SIH would quench upon binding.  As expected, when Fe3+ was 

titrated into a solution of Flo-SIH, a decrease in the emission signal at 520 nm was seen.  

Adding up to 3 equivalents of Fe3+ yields a dramatic 70% decrease in the emission 

output (Figure 41) and lowers the quantum yield to 0.21.  This “turn-off” response is 

reversible with Desferrioxamine (DFO), a hexadentate iron chelator.  Figure 42 

demonstrates that the quenched signal of a 1 µM solution saturated with 8 equivalents 

of [Fe3+(NTA)] is nearly restored when equilibrated with 8 µM DFO for 5 minutes.  The 

prochelators, Flo-B and FloB-SI, and the non-chelating control, Flo-BIH, experience no 

significant changes when Fe3+ is added to the solution as either [Fe3+(NTA)] or 

[Fe3+(NH4
+)citrate].  Figure 43 compares the effect of Fe3+ on all four compounds.   
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Figure 41: Emission Spectra of Flo-SIH Titrated with [Fe3+(NTA)] 

Emission spectra of 1 µM Flo-SIH in 10 mM HEPES (100 mM NaCl, pH = 7.0) titrated 
with 20 equivalents [Fe3+(NTA)].  No further spectral changes are observed after 3 
equivalents of [Fe3+(NTA)].  !ex = 495 nm. 
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Figure 42: Reversibility of Iron(III)-Induced Fluorescence Quenching of Flo-SIH with 
DFO  

Emission spectra of 1 µM Flo-SIH in 10 mM HEPES (100 mM NaCl, pH = 7.0) are 
shown in the absence and presence of 8 equivalents of [Fe3+(NTA)].  Fe3+ quenches the 
emission of Flo-SIH by 70%.  The Flo-SIH emission signal is restored after 8 µM of the 
high affinity chelator DFO is added and solution is equilibrated for 5 minutes.  !ex = 495 
nm. 
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Figure 43: Bar Graph Comparing the Fluorescence Responses of Flo-SIH, Flo-B, Flo-
BIH, and FloB-SI to Fe3+ 

1 µM solutions of Flo-SIH, Flo-BIH, Flo-B, and FloB-SI were prepared in 10 mM HEPES 
buffer (100 mM NaCl, pH = 7.0).  The maximum emission at 520 nm was normalized to 
1 for each sample.  3 µM [Fe3+(NTA)] was added to each and the emission at 520 nm 
was recorded and compared to the initial emission intensity.  Flo-SIH is the only 
compound that shows significant changes with Fe3+.  !ex = 495 nm. 
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3.3.4 Method of Continuous Variation (Job’s Plot) 

In order to determine the metal:chelator ratio of Fe3+and Flo-SIH, the method of 

continuous variation was used.  Solutions of Fe(ClO4)3 and Flo-SIH were prepared and 

the total solution concentration was held constant at 1 µM.  The fluorescence emission 

of Flo-SIH at 520 nm decreases with increasing mole fractions of Fe3+.  A plot of 

adjusted fluorescence intensity vs. !(Fe3+) is shown in Figure 44, where adjusted 

fluorescence intensity is equal to the fluorescence intensity of the sample solution minus 

the intensity of Fe3+ alone, multiplied by the mole fraction of Fe3+ and !(Fe3+) is the mole 

fraction of Fe3+.  Figure 44 shows a maximum at 0.5 mole fractions of Fe3+ indicating a 

1:1 Flo-SIH to Fe3+ complex.   
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Figure 44: Job's Plot of Flo-SIH and Fe3+ 

Job’s Plot of Flo-SIH and Fe3+ indicating the formation of a 1:1 complex.  !(Fe3+) is the 
mole fraction of Fe3+ and the adjusted fluorescence intensity is equal to the fluorescence 
intensity of the sample solution minus the intensity of Fe3+ alone, multiplied by the mole 
fraction of Fe3+.  All spectra were collected in 10 mM HEPES buffer (100 mM NaCl, pH 
= 7.0). "ex = 495 nm. 
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3.3.5 Metal Dependent Quenching of Flo-SIH 

The selectivity of Flo-SIH for iron was examined by titrating excess amounts of 

other biologically relevant metal cations into the chelator solution.  Aqueous solutions of 

MnCl2, NiCl2, CuCl2, ZnCl2, NaCl, MgCl2 and CaCl2 were titrated into 1 µM solutions of 

Flo-SIH and changes to the fluorescence were monitored.  Mn2+, Ni2+, Cu2+, and Zn2+ were 

studied up to concentrations of 20 µM, while Na+, Mg2+ and Ca2+ were titrated into Flo-

SIH solutions in concentrations up to 10 mM.  Following these titrations, 20 equivalents 

of [Fe3+(NTA)] were added to the Flo-SIH solution containing the competing metal to 

interrogate if iron could still induce fluorescence quenching in the presence of the 

competitor metal.    

The bar graph in Figure 45 illustrates the results of the metal competition 

experiment.  Data for each condition are normalized to the fluorescence intensity of the 

emission band at 520 nm of the 1 µM Flo-SIH sample (green bars).  Most of the metal 

cations tested showed little turn-off response between 500-600 nm when excited at 495 

nm, as depicted by the striped bars and addition of an equal amount of Fe3+ showed a 

greater decrease in the fluorescence emission signal (white bars).  Ni2+ and Zn2+ show a 

modest quenching effect with Flo-SIH, but the addition of Fe3+ is able to further decrease 

the emission response of the chelator.  However, Cu2+ yields a similar turn-off response 

to Fe3+ and the two cannot be differentiated by fluorescence alone.  In addition, titration 

of these metal cations into a solution of Flo-SIH showed changes to the absorbance 

spectrum (Figures 46, 47 and 48). 
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Figure 45: Bar Graph Depicting the Metal Dependent Quenching of Flo-SIH to Iron 
Over Other Metal Cations 

Green bars: Normalized fluorescence intensity at 520 nm of 1 µM solutions of Flo-SIH in 
HEPES buffer (10 mM, pH = 7.00).   
 
Striped bars: Normalized fluorescence response after the addition of various metal 
cations.  Metal stock solutions were prepared in H2O from MnCl2, NiCl2, CuSO4, and 
ZnCl2 and added to a final concentration of 20 µM, or 10 mM for NaCl, MgCl2, and 
CaCl2.   
 
White bars: Fluorescence response after the addition of 20 µM [Fe3+(NTA)] to the Flo-
SIH-Mn+ solutions.  !ex = 495 nm. 
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Figure 46: Absorbance Spectra of Flo-SIH Titrated with Cu(Gly)2 

Absorbance spectra of 30 µM Flo-SIH in 10 mM HEPES buffer (100 mM NaCl, pH = 
7.00) titrated with Cu(Gly)2 up to 1 equivalent.   
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Figure 47: Absorbance Spectra of Flo-SIH Titrated with NiCl2 

Absorbance spectra of 30 µM Flo-SIH in 10 mM HEPES buffer (100 mM NaCl, pH = 
7.00) titrated with NiCl2 up to 1 equivalent. 
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Figure 48: Absorbance Spectra of Flo-SIH Titrated with ZnCl2 

Absorbance spectra of 20 µM Flo-SIH in 10 mM HEPES buffer (100 mM NaCl, pH = 
7.00) titrated with ZnCl2 up to 1 equivalent. 
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3.3.6 Stability of Flo-B and FloB-SI in Aqueous Solutions and Cellular 
Media 

Based on the instability of the imine bond seen with the previously discussed 

fluorescent prochelator, FlamB (Chapter 2), solutions of Flo-B and FloB-SI were 

prepared in buffered solvents and cell culture media and monitored over time by UV-Vis 

spectroscopy.  As shown in Figure 49, Flo-B exhibits no spectral changes in either 10 mM 

HEPES buffer or minimal essential media (MEM) over a 24 hr period.  Likewise, FloB-SI 

shows minimal spectral changes when monitored in the same solvents (Figure 50).  

Further analysis of the buffered solution by LC-MS after 1 hr of preparation shows one 

peak with a m/z = 629.2, corresponding to that of the boronic acid form of FloB-SI, 

Figure 51.  Loss of the pinacol ester is not unexpected for the boronate group due to the 

equilibrium that exists between the ester and acid species in aqueous solution.186,187   



 

124 

 

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

250 300 350 400 450 500 550 600

A
b

s

wavelength (nm)
 

0

0.4

0.8

1.2

1.6

250 300 350 400 450 500 550 600

A
b

s

wavelength (nm)
 

Figure 49: Absorbance Spectra of Flo-B in HEPES Buffer and Cell Culture Media 

(a) Absorbance spectra of 20 µM Flo-B prepared in 10 mM HEPES (100 mM NaCl, pH 
= 7.00).  The solution was monitored for 1 hr.  No spectral changes were observed 
suggesting that the compound remains intact in aqueous solution. 

 
(b) Absorbance spectra of 25 µM Flo-B prepared in MEM and incubated at 37 °C.  The 
absorbance spectrum was collected every hour for 8 hr and again after 24 hr.  Minimal 
changes are observed suggesting that the compound is stable in MEM. 

(a) 

(b) 
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Figure 50: Absorbance Spectra of FloB-SI in HEPES Buffer and Cell Culture Media 

(a) Absorbance spectra of 20 µM FloB-SI prepared in 10 mM HEPES (100 mM NaCl, 
pH = 7.00).  The solution was monitored for 1 hr.  No spectral changes were observed 
suggesting that the compound remains intact in aqueous solution. 

 
(b) Absorbance spectra of 20 µM FloB-SI prepared in MEM and incubated at 37 °C.  
The absorbance spectrum was collected every hour for 6 hr and again after 24 hr.  
Minimal changes are observed suggesting that the compound is stable in MEM. 

(b) 

(a) 
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Figure 51: Chromatography Traces of FloB-SI Solutions Prepared in MeOH and 
HEPES 

Chromatography traces for FloB-SI prepared in MeOH (1) and 10 mM HEPES (2) (100 
mM NaCl, pH = 7.00).  The solutions were allowed to sit for 1 h before LC-MS analysis.  
The traces illustrate that FloB-SI losses its pinacol ester when prepared in aqueous 
solutions as confirmed by a m/z of 629.1 under peak 2 eluting at 12 min.  However, the 
hydrazone backbone is stable to hydrolysis.  In organic solutions, FloB-SI’s pinacol ester 
is stable to hydrolysis showing only a small percentage of the boronic acid product.  The 
pinacol ester peak elutes at 17 min and contains a m/z of 711.4.  Mass spectra 
extracted from the ion chromatograms associated with these LC traces are shown below 
in Figure 52. 
 

1 

2 
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Figure 52: Mass Spectra of FloB-SI Solutions Prepared in MeOH and HEPES 

Positive-mode mass spectra extracted from the ion chromatograms associated with the 
LC traces in Figure 51.  Primary ion values of m/z are calculated in all cases for [M + 
H+] and z = 1.  Mass spectra 1 corresponds to FloB-SI prepared in HEPES and shows 
the prochelator in its boronic acid form, eluting at 12.2 min, calcd: 629.16, found: 629.1; 
2 corresponds to FloB-SI prepared in MeOH and shows the intact, boronic ester 
compound, eluting at 17.0 min, calcd: 711.24, found: 711.4. 
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3.3.7 Oxidation of Flo-B to Flo-SIH with H2O2 in Organic Solvents 

The ability of Flo-B to oxidize in the presence of H2O2 to reveal Flo-SIH, depicted 

in Scheme 9, was first studied by 1H-NMR.  A 10 µM solution of Flo-B was prepared in 

d-DMSO and 10 equivalents of H2O2 were added.  The sample was monitored by 1H-

NMR for 4 hours.  At 0 hours, two singlet peaks are observed for the pinacol methyl 

protons, at 1.35 and 1.30 ppm.  The peaks are attributed to the two structural isomers 

of Flo-B.  After 4 hours of incubation with H2O2, a shift is seen in the signal for the 

pinacol methyl protons to 1.15 ppm (Figure 53).  This signal is consistent with released 

boronate pinacol ester, as it is shifted from that of the free pinacol diol (1.07 ppm).  The 

oxidized Flo-B solution was analyzed further by UV-Vis and fluorescence spectroscopy.  

The absorbance spectrum of the oxidized sample matched that of Flo-SIH, displaying 

peaks at 290, 325, and 495 nm (Figure 54a).  In addition, the fluorescence spectrum of 

the NMR sample showed quenching upon addition of Fe3+ (Figure 54b) in a manner 

similar to that of Flo-SIH.  Finally, analysis of the sample by electrospray ionization 

mass spectrometry revealed a molecular ion peak of 495.1 m/z confirming the presence 

of the Flo-SIH chelator.   

 

Scheme 9: Oxidation of Flo-B by H2O2 
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Figure 53: 1H-NMR Spectra at 0, 2, and 4 Hours of Flo-B Oxidized with H2O2  

A 10 µM sample of Flo-B was prepared in d-DMSO.  10 equivalents of H2O2 were 
added and the sample was monitored by 1H-NMR for 4 hours.  A decrease in the peaks 
at 1.35 and 1.30 ppm coincide with the appearance of the released pinacol peak at 1.15 
ppm. 
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Figure 54: Absorbance and Fluorescence Spectra of Flo-B Oxidized with H2O2 in 
DMSO 

(a) Absorbance spectrum of the 1H-NMR sample from Figure 53 of oxidized with 10 
equivalents of H2O2.  Sample was diluted to a final concentration of 6 µM with 10 mM 
HEPES (100 mM NaCl, pH = 7.00). 
 
(b) Fluorescence emission spectra of the 1H-NMR sample from Figure 53 diluted to a 
final concentration of 1 µM with 10 mM HEPES (100 mM NaCl, pH = 7.00).  The 
sample was then titrated with 5 equivalents of [Fe3+(NTA)].  !ex = 495 nm. 

(a) 

(b) 
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3.3.8 Oxidation of Flo-B to Flo-SIH in Aqueous Solutions 

Even though the oxidation of Flo-B was successful in DMSO, this result could 

not be repeated in aqueous conditions. As shown in Figure 55, the addition of 1 mM 

H2O2 to a 20 µM solution of Flo-B in 10 mM HEPES buffer (100 mM NaCl, pH = 7.00) 

leads to a decrease in the absorbance band at 290 nm and an increase of the 260 nm 

band.  No spectral changes were observed above 400 nm.  However, the final 

absorbance spectrum does not match that of Flo-SIH, as was expected.  Upon titration 

of [Fe3+(NTA)] into this solution, no changes were observed suggesting that no metal 

complexation took place (Figure 56a).  Similarly, no fluorescence quenching is seen after 

addition of H2O2 and Fe3+ into an aqueous solution of Flo-B (Figure 56b). 
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Figure 55: Absorbance Spectra of Flo-B Treated with 1 mM H2O2 

Absorbance spectra of 20 µM Flo-B prepared in HEPES buffer (10 mM, pH = 7.00) with 
1 mM H2O2.  Spectral changes were monitored for 2 hours. 



 

132 

 

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

250 300 350 400 450 500 550 600

A
b

s

wavelength (nm)
 

0

1 10
6

2 10
6

3 10
6

4 10
6

5 10
6

500 520 540 560 580 600

F
lu

o
re

s
c
e

n
c
e

 I
n

te
n

s
it
y

wavelength (nm)
 

Figure 56: Absorbance and Fluorescence Spectra of Flo-B Titrated with [Fe3+(NTA)] 
After Reaction with H2O2 in Aqueous Solutions 

(a) Absorbance spectra of 20 µM Flo-B prepared in 10 mM HEPES buffer (100 mM 
NaCl, pH = 7.00) after reaction for 2 hours with 1 mM H2O2.  Solution was titrated with 
6 equivalents of [Fe3+(NTA)]. 
 
(b) Emission spectra of 1 µM Flo-B prepared in 10 mM HEPES buffer (100 mM NaCl, 
pH = 7.00) after reaction for 2 hours with 1 mM H2O2.  Solution was titrated with 20 
equivalents of [Fe3+(NTA)].  !ex = 495 nm. 

(b) 

(a) 
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3.3.9 Conversion of FloB-SI to Flo-SIH with H2O2 

The reactivity of the self-immolative boronic ester with H2O2 was tested to 

ensure that the prochelator could efficiently be converted to the chelator.  UV-Vis 

spectroscopy was first utilized to monitor the reaction in a buffered solution.  As shown 

in Figure 57, an increase in the absorbance band at 287 nm and a slight shift of the 324 

nm band are seen when FloB-SI is incubated with 3 mM H2O2 for 1 hr.  Although these 

changes are minor, the resulting spectrum matches that of Flo-SIH.  Further spectral 

changes are observed when Fe3+ is titrated into the FloB-SI and H2O2 solution (Figure 

58), unlike when Fe3+ was added to a solution containing only FloB-SI, as previously 

shown in Figure 40.  The reaction was repeated and changes were monitored by 

fluorescence (Figure 59).  As expected, minimal change to the emission intensity is seen 

after addition of H2O2 into a FloB-SI solution.  However, after titration of Fe3+ a 50% 

decrease in emission intensity is observed. 

LC-MS was used to further investigate the reaction between FloB-SI and H2O2.  

Solutions of Flo-SIH and FloB-SI were prepared in buffered solvents and analyzed by 

LC-MS.  Their chromatographic traces were compared to that of a FloB-SI solution 

incubated with H2O2 for 1 hr.  There is only one peak in the reaction’s chromatographic 

trace (Figure 60).  Mass spec analysis of this peak confirms that Flo-SIH is the product 

of the prochelator’s reaction with H2O2 (Figure 61).   
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Figure 57: Absorbance Spectra of FloB-SI Reacted with H2O2 for 1 hr 

Absorbance spectra of 15 µM FloB-SI prepared in 10 mM HEPES (100 mM NaCl, pH = 
7.00) with 3 mM H2O2 monitored for 1 hr.   
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Figure 58: Absorbance Spectra of FloB-SI Reacted with H2O2 and Titrated with Fe3+ 

Absorbance spectra of 15 µM FloB-SI (blue line) prepared in 10 mM HEPES (100 mM 
NaCl, pH = 7.00).  The solution was reacted with 3 mM H2O2 for 1 hr (green line) and 1 
equivalent of [Fe3+(NTA)] was added to the solution (black dotted line).   
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Figure 59: Fluorescence Spectra of FloB-SI Titrated with [Fe3+(NTA)] after Reaction 
with H2O2 

Emission spectra of 1 µM FloB-SI prepared in 10 mM HEPES buffer (100 mM NaCl, pH 
= 7.00) before and after reaction with 3 mM H2O2.  After 1 h, [Fe3+(NTA)] was titrated 
into the solution up to 3 equivalents and showed a 50% decrease in the fluorescence 
emission. !ex = 495 nm. 
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Figure 60: Chromatography Traces and Mass Spectra Monitoring the Oxidation of 
FloB-SI with H2O2 

Chromatography traces (left) of 200 µM Flo-SIH (1), FloB-SI (2), and FloB-SI + 3 mM 
H2O2 (1*) prepared in 10 mM HEPES buffer (100 mM NaCl, pH = 7.00).  Each trace 
contains two peaks due to the mixture of structural isomers produced with each 
compound.   
 
Positive-mode mass spectra (right) extracted from the ion chromatograms associated 
with the LC traces.  Primary ion values of m/z are calculated in all case for [M + H+] 
and z = 1.  Mass spectra and LC trace 1 corresponds to the Flo-SIH peaks eluting at 
11.2 and 13.8 min, calcd: 495.1, found 495.2; 2 corresponds to the boronic acid form of 
FloB-SI eluting at 17.5 and 18.1 min, calcd: 629.2, found 629.2; 1* corresponds to the 
product formed when FloB-SI is reacted with 3 mM H2O2 for 1 hr; the peaks elute at 
10.9 and 13.2 min with a mass corresponding to Flo-SIH, calcd: 495.1, found 495.2. 
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3.3.10  Fluorescence Microscopy of FloB-SI and Flo-BIH 

To test our fluorescent prochelator concept in cells, cervical carcinoma HeLa cells 

were treated with the diacetylated versions of FloB-SI and Flo-BIH, AcFloB-SI and 

AcFlo-BIH.  Both compounds show a high intracellular fluorescence response when 

imaged with fluorescence microscopy after 30 min of incubation (Figures 61 and 62).  

After the addition of 50 µM exogenous H2O2, the fluorescence response of cells treated 

with AcFloB-SI decreases by 67% but the cells treated with AcFlo-BIH exhibit no change 

in fluorescence response (Figures 61 and 62).  Cells treated with both AcFloB-SI and 

H2O2 were incubated with 100 µM of the high affinity iron chelator, SIH.  Treatment with 

SIH restored the intracellular fluorescence to 85% of its initial intensity suggesting that 

the quenching seen with H2O2 was due to intracellular oxidation of FloB-SI and 

subsequent metal binding.  Bright-field images of the cells before and after treatment 

with the Flo-compounds and H2O2 show that the cells remain viable throughout the 

experiment (Figure 63). 

Several initial control experiments were performed with the HeLa cells to 

determine the parameters of the imaging experiment.  First, a kill curve experiment was 

performed in which cells were treated with 50-350 µM H2O2 in MEM (Figure 64).  Cell 

death increased with concentration and 50 µM showed 60% cell death, insinuating that 

this concentration causes intracellular damage, but would not completely kill the cells 

during the time course of the microscopy experiment.   

Additionally, the effect of photobleaching for AcFloB-SI and AcFlo-BIH was 

analyzed by continuously exciting the samples and collecting their emission intensity 

every 3 seconds.  Data were collected for a total of 30-60 seconds and normalized to 

100%.  The emission signals for both compounds decrease to ~5-10% from the original 
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intensity (Figure 65).  However, after the initial 3 seconds exposure each signal only 

decreases by ~20% and only 30 milliseconds is needed to take each image.  Since the 

same cells are not imaged more than twice in a given experiment, the photobleaching 

should be negligible within this timeframe. 
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Figure 61: Fluorescence Microscopy Images of AcFloB-SI Incubated with H2O2 and 
SIH 

Fluorescence microscopy images of AcFloB-SI in HeLa cells.  Each panel shows an 
independent view from the same well: (a) cells incubated with 5 µM AcFloB-SI for 30 
min; (b) image taken 30 min after addition of with 50 µM H2O2 to FloB-SI sample; (c) 
image taken after addition of 100 µM SIH to the FloB-SI/H2O2-treated sample.  The bar 
graph represents the average, background-corrected intensity from 5 randomly selected 
fields of view collected from each condition.   

 

(a) (b) 

(c) 
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Figure 62: Fluorescence Microscopy Images of AcFlo-BIH Incubated with H2O2 

Fluorescence microscopy images of AcFlo-BIH in HeLa cells.  Each panel shows an 
independent view from the same well: (a) cells incubated with 5 µM AcFlo-BIH for 30 
min; (b) image taken 30 min after addition of with 50 µM H2O2 to Flo-BIH sample.  The 
bar graph represents the average, background-corrected intensity from 5 randomly 
selected fields of view collected from each condition.   
 

(a) (b) 
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Figure 63: Bright field Microscopy Images of HeLa Cells Before and After Treatment 
with AcFloB-SI and H2O2 

Bright field microscopy images of HeLa cells before (a) and after (b) 30 min treatment 
with 5 µM AcFloB-SI and (c) after further treatment with 50 µM H2O2 for 30 min.  The 
images show that cell viability is maintained throughout the course of the microscopy 
experiment.   

(a) (b) 

(c) 
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Figure 64: H2O2 Kill Curve with HeLa Cells 

Cells were treated with 0, 50, 100, 150, 200, 250, 300, and 350 µM H2O2 in MEM for 24 
hours.  The Cell Titer Blue proliferation assay was then performed to measure the 
amount of cell life for each condition.  Data were normalized to the MEM control.  



 

143 

 

0

20

40

60

80

100

0 5 10 15 20 25 30 35 40

%
 P

h
o

to
b

le
a

c
h

in
g

time (sec)

AcFlo-BIH

 

0

20

40

60

80

100

0 10 20 30 40 50 60 70

%
 P

h
o

to
b

le
a

c
h

in
g

time (sec)

AcFloB-SI

 

Figure 65: Photobleaching Effect of AcFlo-BIH and AcFloB-SI 

Cells were treated with 10 µM AcFlo-BIH and AcFloB-SI for 30 min and then washed 
before imaging.  The GFP filter set was used to continuously excite the samples and 
collect their emission intensities every 3 seconds.   
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3.4 Discussion 

3.4.1 Chelator Design and Iron Induced Spectral Changes 

The Flo-series design is modeled from the BSIH prochelator strategy.  The major 

structural difference between the two families of compounds is that a fluorescein is 

tagged onto the backbones of the Flo-series.  By incorporating a fluorophore into the 

structure, all four compounds, Flo-SIH, Flo-BIH, Flo-B, and FloB-SI were found to be 

highly fluorescent in buffered solutions at a biologically relevant pH.   

The design of Flo-SIH maintains the binding site of the parent chelator, SIH.  The 

phenolate oxygen, imine nitrogen, and carbonyl oxygen are the three donor atoms.  It 

was assumed that the same tridentate design of Flo-SIH would facilitate a 2:1 ligand to 

metal binding ratio with Fe3+.  However, the method of continuous variations 

demonstrates a 1:1 Flo-SIH:Fe3+ ratio for complex formation (Figure 44).   

As designed, absorbance and emission spectral changes are seen when Flo-SIH is 

titrated with [Fe3+(NTA)] (Figures 37 and 41).  Changes are observed in the absorbance 

spectra when up to 1 equivalent of Fe3+ is added.  Due to the paramagnetism of Fe3+, the 

changes in absorbance correlate to a 70% decrease in the 520 nm emission band of Flo-

SIH when excited at 495 nm.   

No spectral changes were seen when Fe3+ was titrated into the non-chelating 

control compound, Flo-BIH (Figures 39 and 43) suggesting that the phenolic oxygen of 

Flo-SIH is a key atom donor.  By masking this same phenolic oxygen with a boronic 

ester, the prochelator, Flo-B, was shown to prevent iron binding until activation with 

H2O2.  Flo-B showed no absorbance or emission changes upon addition of [Fe3+(NTA)] 

(Figures 38 and 43). Likewise, the self-immolative boronic ester-protecting group 

successfully prohibits premature iron binding (Figures 40 and 43). 
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3.4.2 Metal Dependent Quenching of Flo-SIH 

Titration of Fe3+ into a solution of Flo-SIH yielded a dramatic 70% decrease in its 

fluorescence emission.  Iron’s effect on Flo-SIH was tested in the presence of other 

biologically relevant metal cations to interrogate selectivity of the turn-off response.  20 

equivalents of the transition metals, Mn2+, Ni2+, Cu2+and Zn2+ were added to solutions of 

Flo-SIH, while Na+, Mg2+, and Ca2+ were analyzed up to concentrations of 10 mM.  Out 

of the metals titrated, Zn2+, Ni2+ and Cu2+ showed significant fluorescence quenching 

(Figure 45).  Additionally, changes to the absorbance spectrum of Flo-SIH were seen 

with these metal cations, shown in Figures 46-48.   

Although, the fluorescence quenching and absorbance changes seen with Ni2+ and 

Cu2+ are undesired, they are not all together unexpected.  Several reports have shown 

that an acylhydrazone backbone, such as that found in SIH and Flo-SIH is capable of 

binding Cu2+, Ni2+, and Co2+.188,189  The quenching seen with Zn2+ is slightly unexpected 

due to the fact that Zn2+ is a d10, diamagnetic cation.  However, in the cases of Zn2+ and 

Ni2+, titration of Fe3+ back into the metal-containing solutions caused the emission signal 

to decrease.  This may suggest that Flo-SIH prefers to bind Fe3+ as opposed to Zn2+ or 

Ni2+.  However, Cu2+ and Fe3+ induce similar amounts of fluorescence quenching and 

both are fully quenched after 3 equivalents of metal.  This result suggests that Cu2+ and 

Fe3+ may have similar affinities to Flo-SIH.  However, a full metal-binding competition 

study would need to be performed in order to determine which metal is more strongly 

bound by Flo-SIH.   

 

3.4.3 Oxidation and Hydrolysis of Flo-B 

The basis of the prochelator strategy relies on oxidation of the boronic ester mask 

and stability of the prochelator and chelator in aqueous solutions.  The oxidation of Flo-
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B was studied by NMR in d-DMSO with 10 equivalents of H2O2.  Shifts in the pinacol 

ester protons and analysis of the solution by UV-Vis and fluorescence spectroscopy, 

proved that Flo-B could be oxidized to the Flo-SIH chelator (Figures 53 and 54).   

However, attempting the same studies in buffered solvents lead to a different 

observation.  Although changes in the absorbance spectrum of Flo-B were observed with 

H2O2, they do not correlate to oxidation of the boronic ester.  Based on the instability 

seen with FlamB (Chapter 2), it is assumed that these changes might correlate to 

hydrolysis of the imine bond on the hydrazone backbone of Flo-B, shown in Scheme 10.  

Hydrolysis at this position would lead to formation of the two starting materials, 

FluorHydra and 2-formylphenylboronic pinacol ester.  FluorHydra is a highly fluorescent 

molecule, like Flo-SIH; however, it is unable to complex or interact with Fe3+ and thus no 

changes to its absorbance or emission spectra would be observed.  After reacting with 

H2O2, Flo-B solutions titrated with Fe3+ yield no change in their spectra, as shown in 

Figure 56, supporting the conclusion that the hydrolysis product, FluorHydra, has 

formed.  However, unlike FlamB, Flo-B is stable in aqueous solvents and cell culture 

media (Figure 49); therefore, the hydrolysis seems to be dependent on the presence of 

H2O2.   

 

Scheme 10: Hydrolysis of Flo-B 
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3.4.4 Conversion of FloB-SI to Flo-SIH with H2O2 

By incorporating a self-immolative pinacol boronic ester mask onto Flo-SIH, a 

second H2O2-reactive prochelator was developed.  Removal of the boronic ester group 

was studied by UV-Vis and fluorescence spectroscopy.  Addition of excess H2O2 to an 

aqueous solution of FloB-SI resulted in a final absorbance spectrum that matched that of 

the chelator, Flo-SIH (Figure 57).  In addition, titration of [Fe3+(NTA)] into the solution 

revealed both changes to the absorbance spectrum that indicated iron binding and a 

decrease in the fluorescence emission at 520 nm (Figures 58 and 59).  Analysis of a FloB-

SI and H2O2 solution by LC-MS provided further evidence that Flo-SIH is cleanly formed 

after 1 hr (Figure 60).   

 

3.4.5 Fluorescence Microscopy Imaging of FloB-SI in HeLa cells 

To see if the fluorescent prochelator strategy was capable of responding to 

intracellular oxidative stress, FloB-SI and Flo-BIH were tested in HeLa cells and their 

fluorescence response to H2O2 was monitored with fluorescence microscopy.  

Acetylating the xanthene ring of each compound renders them non-fluorescent but cell 

permeable.  Once the diacetyl ester caps are cleaved by internal esterases, each shows 

strong fluorescence intensity at 5 µM concentrations (Figures 61 and 62).  After addition 

of excess H2O2 for 30 min, the intracellular fluorescence signal decreases by ~70% for 

samples treated with AcFloB-SI.  However, samples treated with AcFlo-BIH and H2O2 

show no decrease in fluorescence intensity.  These results suggest that the addition of 

H2O2 may have caused intracellular liberation of Cu2+ or Fe3+ because fluorescence 

quenching is seen with the prochelator but not with the non-chelating control.  To 

determine if metal binding caused the intracellular response of AcFloB-SI with H2O2, the 

cells were treated with an excess of a competitive chelator, SIH.  After 30 min of 
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treatment with SIH, the signal of AcFloB-SI was restored to 85% of its initial value, 

indicating that the quenched emission is due to metal binding (Figure 61).  

 

3.5 Summary and Conclusions 

By utilizing a prochelator strategy, we were able to successfully develop a 

fluorescent probe for metal-mediated oxidative stress.  The design employs a self-

immolative pinacol boronic ester mask to limit the interaction of the fluorescent 

prochelator, FloB-SI, with Fe3+.  In the presence of H2O2, the self-immolative boronic 

ester is oxidized to release a highly fluorescent iron chelator, Flo-SIH.  Upon 

complexation with Fe3+, the fluorescence emission signal of the chelator is quenched by 

greater than 70%.  In previous work, installation of the boronic ester mask served to 

prevent iron binding except under oxidative stress conditions so that healthy or 

necessary iron is not stripped from a biological system.167-169  This concept remains true 

for FloB-SI with the added benefit that a fluorescent signal change is observed only when 

both H2O2 and the redox active metals, Fe3+ or Cu2+, are present.  Because of its selective 

fluorescence response, FloB-SI was successfully imaged within a cellular system and 

responded to an H2O2-induced increase in intracellular metal concentration.  

Despite the initial success of the Flo-B design, oxidation of the aryl boronic ester 

mask failed to proceed in aqueous solvents.  Only hydrolysis of Flo-B’s hydrazone 

backbone was seen upon addition of H2O2 yielding the aldehyde and hydrazine starting 

materials.  No interaction with Fe3+ is seen with either of these components.  Because of 

this drawback in the Flo-B design, cellular imaging studies are impossible to perform. 
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3.6 Future Directions 

The work described above demonstrates the potential of a H2O2-responsive 

metal prochelator.  However, further studies should be performed in order to elucidate 

the full scope of FloB-SI as an intracellular metal sensor.  First, the acetylated version of 

Flo-SIH will be synthesized and its cellular response to endogenous Fe3+ or Cu2+ in the 

absence and presence of exogenous H2O2 will be monitored.  These experiments will help 

determine whether the H2O2-induced intracellular turn-off response of FloB-SI (seen in 

Figure 61) is caused by its interaction to protein-bound Fe3+/Cu2+ or to H2O2-released 

Fe3+/Cu2+, as hypothesized.  A change in the fluorescence intensity of Flo-SIH after 

incubation with H2O2 would suggest a release of intracellular metal cations due to 

oxidative damage.  Additionally, if the initial intensity of Flo-SIH in a normal cellular 

system is lower than its intensity in a metal-starved cellular system, this could indicate 

that the chelator is coordinated to metalloproteins and/or loosely bound Fe3+/Cu2+.  

However, we would not expect Flo-SIH to compete Fe3+ or Cu2+ away from proteins due 

to its seemingly moderate affinity for the metal cations.  To further examine this 

hypothesis, the binding affinity of Flo-SIH for Fe3+ and Cu2+ will be determined.  Finally, 

the addition of exogenous Fe3+/Cu2+ to cell cultures should show a further decrease in 

the emission of Flo-SIH. 

After full characterization of the intracellular response of FloB-SI and Flo-SIH, 

we hope to use our fluorescent prochelator to monitor changes in intracellular iron 

concentration due to H2O2 stress.  H2O2 has been shown to damage iron-containing 

proteins leading to proposed release of ferric iron.  For instance, reports have shown 

that H2O2 oxidizes dehydratases that contain [4Fe-4S] clusters in Escherichia coli 

mutants lacking peroxidase and catalase activity.190  Likewise, H2O2 disrupts the [4Fe-

4S] cluster in iron-regulatory protein 1 (IRP-1) leading to enhanced iron uptake and 
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increased oxidative stress.191,192  H2O2 has also been reported to inactivate enzymes 

containing solvent exposed iron by oxidizing the metal center.193  In each of the above 

examples, a release of ferric iron is reported but not visualized within the cellular 

environment.  H2O2 further damages cells by rupturing lysosomal membranes causing a 

leakage of its iron-rich contents and an increase in oxidative stress.194,195  Under these 

stressed conditions, FloB-SI could provide a visual display of H2O2-induced changes in 

concentration to intracellular labile iron.  Such experiments could be performed by 

adding H2O2 directly to cell cultures or by using chemical agents such as paraquat or a 

mixture of glucose and glucose oxidase to generate H2O2 within the cells.   

Finally, our initial results show that FloB-SI can act as a sensor for metal-induced 

oxidative stress, but it has the disadvantage of displaying a fluorescence turn-off 

response.  New designs should be created and synthesized that undergo a turn-on or 

ratiometric response due to metal binding.  Such designs would allow for easy 

intracellular visualization of the sensor and could determine the location of metal 

cations involved in oxidative stress. 
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4. Design of UV-Activated Iron Prochelators 

 

4.1 Background and Significance 

Prolonged exposure to sunlight, particularly the UVA component, has been 

implicated in skin-aging and skin cancer as an oxidizing carcinogen.80,196  UVA radiation 

(320-380 nm) interacts with intracellular chromophores, such as porphyrins, to produce 

reactive oxygen species (ROS) including singlet oxygen and H2O2.
197  In addition, UVA 

irradiation causes an immediate release of “labile” iron from degraded ferritin.80,198  The 

combination of released iron and ROS exacerbates cellular oxidative damage by 

catalyzing the formation of the hydroxyl radical via the Fenton reaction.  

As with the treatment of neurodegenerative diseases, the use of iron chelators 

has been proposed as a method of preventing iron-catalyzed oxidative damage in skin 

cells.199  However, starving a cell of its essential nutrients by chelating biologically 

necessary iron is an undesired complication of chelation therapy.200  With these 

considerations in mind, it seems plausible that a prochelator strategy could be effective 

in controlling “labile” iron levels within a cell.  Some examples of photoprotective 

prodrugs involving iron complexes have been proposed, including one activated by UV 

light.201-203   

Building off of these designs, we aimed to cage a high-affinity iron chelator with 

a photolabile nitrophenyl group.  Nitrophenyl groups have shown utility as the 

photolabile component in a vast number of caged-compounds and caged-metal 

complexes.204,205  The term “caged” refers to a different mechanism in each case, but the 

type that will be described utilizes a nitrophenyl group to “cage” a functional group by 

through covalent attachment.  This caging process renders the functional group inactive 
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until photolysis with 350 nm light, which falls within the UVA range.  After photolysis, 

the free functional group is uncaged and accompanied by release of a nitrosocarbonyl 

compound (Scheme 11).  In general, the usefulness of nitrophenyl groups stems from 

their ability to inactivate numerous functional groups as well as from their reasonably 

high quantum efficiencies of photolysis.206,207  Because UV light is harmful in large doses, 

a short exposure time and fast release of the nitroso group (or high quantum efficiency) 

is imperative to the success of our prochelator.  

 

Scheme 11: Mechanism of Nitrophenyl Photolysis 
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Our strategy is to use damaging UVA light, which mobilizes the labile iron pool, 

to uncage our prochelator.  By utilizing UV light as the prochelator trigger, we should be 

able to sequester any labile iron and prohibit its catalytic oxidative damage without 

depleting the essential iron stores. In principle, our nitrophenyl-protected prochelator 

would have little to no affinity for Fe3+ until activation with UV light.  If successful, this 

strategy could be used in skin cells to protect them from UV damage.  In addition, this 

prochelator approach might also find application in other diseases where oxidative 

stress is caused by misregulation of iron or copper, such as neurodegenerative diseases 

or cancer. 
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4.2 Materials and Methods 

4.2.1 Materials and Instrumentation 

All chemicals were purchased from Sigma-Aldrich and used without further 

purification unless otherwise noted.  All solvents were reagent grade and stock solutions 

were prepared daily in MeOH.   

Liquid chromatography-electrospray mass spectrometry (LC-MS) was 

performed using an Agilent 1100 Series apparatus with an LC/MSD trap and a Daly 

conversion dynode detector.  A Varian Polaris C18 (150 ! 1.0 mm) column was used 

and peaks were detected by UV absorption at 254 nm.  For the 1st generation 

prochelators, a linear gradient from 30% A in B to 80% A in B was run at 40 µL/min 

from 2–17 min with a total run time of 22 min where A is MeCN/2% 10 mM ammonium 

acetate buffer and B is 10 mM ammonium acetate buffer/2% MeCN.  For the 2nd 

generation prochelators, a linear gradient from 7% A in B to 90% A in B was run at 40 

µL/min from 1–13 min with a total run time of 17 min where A and B are the same 

buffered solvents used above.  1H and 13C NMR spectra were recorded on a Varian 

Inova 400 or 500 mHz NMR spectrometer; ! values reported in ppm and J values in Hz.  

UV-Vis spectra were recorded on a Cary 50 UV-Vis spectrophotometer.  Photolysis 

experiments were performed in a sealed quartz cuvette illuminated in a Rayonet RPR-

100 Photochemical Reactor containing sixteen 3500 Å bulbs. 



 

154 

4.2.2 Synthesis 

4.2.2.1 Preparation of 2-(2-Hydroxyphenyl)-4H-benzo[1,3]oxazin-4-one (1) 

This compound was prepared according to known literature procedures.208,209  

Briefly, Salicylic acid (2.49 g, 18 mmol), salicylamide (2.06 g, 15 mmol), and pyridine 

(0.15 mL, 19 mmol) were added to a 3-neck round bottom flask and heated to reflux in 

4 mL of xylenes.  Thionyl chloride (2.37 mL, 33 mmol) was slowly added dropwise over 

a period of 2 h.  The solvent was then removed by distillation under reduced pressure to 

yield a brown solid.  The solid was dissolved in a heated mixture of ethanol (6 mL) and 

acetic acid (0.15 mL) and, after cooling, yielded the product as a yellow crystalline 

solid.  The product was collected by vacuum filtration (2.12 g, 59% yield). 1H NMR (400 

MHz, d-DMSO) ! 12.95 (s, 1H), 8.21 (d, J = 7.5, 1H), 8.07 (dd, J = 7.8 and 1.1, 1H), 

7.95 (t, J = 7.8, 1H), 7.80 (d, J = 8.4, 1H), 7.57-7.68 (m, 2H), 7.10 (t, J  = 8.1, 2H).  MS 

(ESI): m/z 240.0 [M + H]+, calcd 239.06 for M = C14H9NO3. 

 

Scheme 12: Synthesis of 2-(2-Hydroxyphenyl)-4H-benzo[1,3]oxazine-4-one 
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4.2.2.2 Preparation of 2-(5-(2-Hydroxyphenyl)-4H-1,2,4-triazol-3-yl)phenol (TriC) 

TriC was prepared following literature procedures.209,210  To a refluxing solution 

of hydrazine monohydrate (0.195 mL, 4.00 mmol) in 10 mL EtOH was added 1 (0.478 

g, 2.00 mmol).  After 30 min, the reaction was cooled and a white precipitate formed.  

The product was collected by vacuum filtration and washed with cold EtOH (0.450 g, 

90% yield). 1H NMR (400 MHz, d-DMSO) ! 12.10 (s, 2H), 8.02 (dd, J = 7.8 and 1.5, 

2H), 7.33-7.38 (m, 2H), 6.98-7.02 (m, 4H).  MS (ESI): m/z 254.1 [M + H]+, calcd 253.09 

for M = C14H11N3O2. UV-Vis (MeOH) nm (M-1cm-1): 242 (20,125), 306 (16,975). 

 

Scheme 13: Synthesis of TriC 
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4.2.2.3 Preparation of 2-(5-(2-(2-Nitrobenzyloxy)phenyl)-4H-1,2,4-triazol-3-yl)phenol 
(NTriC) 

TriC (50 mg, 0.191 mmol) and 2-nitrobenzylchloride (0.085 g, 0.191 mmol) were 

brought to reflux in 3 mL DMF.  Potassium carbonate (0.136 g, 0.955 mmol) was added 

and the reaction was stirred for 45 min.  The solvent was removed via rotary 

evaporation and the resulting oil was taken up in H2O and extracted with CH2Cl2 (3 " 

10 mL).  The organic layer was dried over MgSO4, filtered and solvent removal yielded a 

white powder. 1H NMR (400 MHz, CDCl3) ! 8.33 (dd, = J 8.0 and 1.5, 1H), 8.13 (dd, J 

= 7.8 and 1.6, 1H), 7.65 (t, J = 6.9, 1H), 7.59 (t, J = 7.8, 1H), 7.38-7.40 (m, 3H), 7.17 (d, 

J = 8.1, 2H), 7.05 (dd, J = 15.0 and 7.9, 3H), 6.85 (t, J = 7.6, 1H), 6.13 (s, 2H).  LC-MS 
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confirmed purity of product to be >95%. MS (ESI): m/z 389.1 [M + H]+, calcd 388.12 for 

M = C21H16N4O4. 

 

Scheme 14: Synthesis of NTriC 
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4.2.2.4 Preparation of 3,5-bis(2-(2-Nitrobenzyloxy)phenyl)-4H-1,2,4-triazole (Bis-
NTriC) 

The procedure for NTriC was repeated as described above using 3 equivalents 

(0.257 g, 0.573 mmol) of 2-nitrobenzylchloride.  LCMS confirmed purity of product to 

be >90%.  MS (ESI): m/z 524.2 [M + H]+, calcd 523.15 for M = C28H21N5O6. 

 

Scheme 15: Synthesis of Bis-NTriC 
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4.2.2.5 Preparation of CarboxyBis-NTriC 

2-bromo-2-(2-nitrophenyl)acetic acid (BNPA) was synthesized following a 

previously published literature procedure.211  BNPA was then converted to ethyl 2-

bromo-2-(2-nitrophenyl)acetate (2) by refluxing in 10 mL of ethanol containing 5% 

H2SO4 for 1 hr.  After neutralization with saturated NaHCO3, extraction into CH2Cl2 

and solvent removal, 0.157 g (0.54 mmol) of the ethylated product (2) was added to 

TriC (0.063 g, 0.25 mmol) dissolved in 3 mL DMF.  Potassium carbonate (0.171 g, 1.25 

mmol) was added and the reaction was stirred overnight at room temperature.  The 

solvent was removed via rotary evaporation and the resulting oil was taken up in H2O 

and extracted with CH2Cl2 (3 ! 10 mL).  The organic layer was washed with brine (3 ! 

10 mL), dried over MgSO4 and filtered.  Removal of the solvent yielded a brown oil (3).  

The oil was dissolved in 10 mL ethanol and 0.5 mL of 1 M NaOH were added.  After 

stirring for 30 min at room temperature, 1 M HCl was added dropwise until a white 

precipitate formed (36.3 mg, 24% yield). 1H NMR (400 MHz, ((CD3)2CO) " 8.42(ddd, J 

= 6.9, 5.2, 1.7, 2H), 8.17 (dd, J = 8.1 and 1.5, 2H), 7.98 (ddd, J = 9.3, 7.8, 1.4, 2H), 7.82 

(dd, J = 14.4 and 7.1, 2H), 7.74 (dt, J = 8.0, 8.0, 3.37, 2H), 7.53 (t, J = 7.8, 2H), 7.30 (t, J 

= 7.6, 2H), 7.09 (dd, J = 8.6 and 2.9, 2H), 6.98 (s, 1H), 6.96 (s, 1H).  13C NMR (126 

MHz, ((CD3)2CO) " 206.31, 170.66, 155.87, 149.22, 134.87, 133.50, 131.30, 131.20, 

130.95, 129.69, 129.52, 126.36, 124.03, 115.77, 77.24.  MS (ESI): m/z 612.2 [M + H]+, 

calcd 611.13 for M = C30H21N5O10. 
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Scheme 16: Synthesis of CarboxyBis-NTriC 
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4.3 Results 

4.3.1 Absorbance Response of TriC to Fe3+ 

The backbone chosen for our triazole chelator (TriC) is based on the known high 

affinity iron chelator, Exjade! or deferasirox.208  However, we chose to omit the benzoic 

acid functionality from the triazole ring (Figure 66).  The drawback of this modification 

was decreased solubility in conventional solvents.  The chelator used for these studies is 

soluble only in DMSO, DMF, and MeOH.  Stock solutions were generally prepared in 

MeOH.  Regardless of this drawback, TriC still showed strong iron binding affinity, as 

previously described.209  Upon titration of Fe(NO3)3 into a clear, colorless solution of 

TriC in MeOH, the solution turns an intense purple color.  The purple color is 

characteristic of a 1:1 metal:ligand coordination complex,208,209 as is the absorption band 

at 520 nm, seen in Figure 67.  This broad band is due to the ligand to metal charge 

transfer of the Fe3+ complex.  The triazole ligand has been previously shown to form 

both the 1:1 and 1:2 metal:ligand complexes, but only the 1:1 complex was seen during 

these titrations in MeOH.  Formation of the 1:2 complex would have yielded absorption 

bands at 403 and 467 nm and an orange colored solution.209 
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Figure 66: Structures of Triazole Based Iron Chelators Exjade!  and TriC 
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Figure 67: Absorbance Spectra of TriC Titrated with Fe(NO3)3 

Absorbance spectra of 40 µM TriC in MeOH titrated with Fe(NO3)3 up to 1 equivalent.  
Metal-dependent spectral changes were instantaneous upon iron addition. 
 

 

4.3.2 Design and Synthesis of 1st Generation UV-Activated Iron 
Prochelators 

The basis of our prochelator approach relies on release of an iron chelator by UV 

light.  In order to protect or cage our chelator to diminish its affinity for iron, two 

nitrophenyl groups were installed through an ether linkage onto the phenolic oxygens.  

Our first generation design was synthesized through an SN2 reaction between 2-

nitrobenzylchloride and TriC in DMF.  For comparison, both the mono- and bis-

nitrophenyl protected prochelators, NTriC and Bis-NTriC, were prepared.   
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4.3.3 Absorbance Response of NTriC and Bis-NTriC with Fe3+ 

We anticipated that our prochelator strategy of caging the phenolic oxygens of 

the chelator with nitrophenyl groups should diminish its affinity for iron.  In order to test 

this theory, solutions of both the mono-nitro protected triazole chelator (NTriC) and 

Bis-nitro protected species (Bis-NTriC) were prepared in MeOH.  Increasing 

concentrations of Fe(NO3)3 were titrated into the solutions and changes to their 

absorbance spectra were monitored.  When Fe3+ was titrated into NTriC (Figure 68), an 

increase at 520 nm is seen suggesting that iron is able to bind to some part of the 

chelator when one phenolic oxygen is left unmasked.  In contrast, the charge transfer 

band at 520 nm is not seen when Fe(NO3)3 is added to Bis-NTriC (Figure 69).  The small 

increases seen at 250 and 350 nm are due to solely to the addition of Fe(NO3)3 into the 

MeOH solution. 

0

0.1

0.2

0.3

0.4

0.5

240 320 400 480 560 640

12 µM NTriC

3 µM Fe(NO
3
)
3

6 µM Fe(NO
3
)
3

9 µM Fe(NO
3
)
3

12 µm Fe(NO
3
)
3

A
b

s

wavelength (nm)
 

Figure 68: Absorbance Spectra of NTriC titrated with Fe(NO3)3 

Absorbance spectra of 12 µM NTriC in MeOH titrated with Fe(NO3)3 up to 1 equivalent.  
No further changes were seen with additional equivalents of Fe3+ 
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Figure 69: Absorbance Spectra of Bis-NTriC Titrated with Fe(NO3)3 

Absorbance spectra of 20 µM Bis-NTriC in MeOH titrated with Fe(NO3)3 in excess up to 
40 µM. 

 

4.3.4 Photolysis of NTriC and Bis-NTriC 

To test the photolysis of the nitrophenyl prochelators, solutions were prepared in 

MeOH, subjected to UV irradiation centered at 350 nm, and analyzed by UV-Vis 

spectroscopy and LC-MS.  Studies were first performed on Bis-NTriC because of its 

ability to inhibit iron binding.  After 10 min of irradiation, only minimal changes to the 

absorbance spectra were seen including increases at 289 and 402 nm (Figure 70).  

However, these absorbance maxima do not correspond to those of TriC (!max= 242 and 

306 nm), but do bear resemblance to the absorbance spectrum of NTriC.   

To elucidate the results of this UV experiment, a solution of Bis-NTriC was 

prepared in MeOH and irradiated for 0, 5, 10 and 15 mins.  50 µL aliquots were taken 

after each time increment and analyzed by LC-MS.  Figure 71 reveals that only one 

nitrophenyl group is released during the 15 min of UV exposure, confirming the 
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speculations from the UV-Vis experiment.  After 10 min, only 2% of Bis-NTriC remains.  

However, even after an additional 5 min of irradiation, only 5% of the fully uncaged 

chelator is released.   

 

 

0

0.1

0.2

0.3

0.4

0.5

0.6

240 320 400 480 560 640

A
b

s

wavelength (nm)
 

Figure 70: Absorbance Spectra of Bis-NTriC Exposed to UV Irradiation for 10 min 

Absorbance spectra of 20 µM Bis-NTriC in MeOH irradiated in 1 min time intervals for 
5 min followed by one 5 min irradiation.  Photolysis performed using a Rayonet 
Photochemical Reactor with 350 nm UV light.   
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Figure 71: Chromatography Traces for the Photolysis of Bis-NTriC 

Chromatography traces for Bis-NTriC after 0, 5, 10, and 15 min of exposure to 350 nm 
UV light.  Standard traces of Bis-NTriC (1), TriC (2), and NTriC (3) are shown to 
compare to the traces of Bis-NTriC after UV exposure.  The traces confirm that NTriC is 
the major product formed after 15 min of UV irradiation.  Mass spectra extracted from 
the ion chromatograms associated with these LC traces are shown below in Figure 72. 
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Figure 72: Mass Spectra for the Photolysis of Bis-NTriC 

Positive-mode mass spectra extracted from the ion chromatograms associated with the 
LC traces in Figure 71.  Primary ion values of m/z are calculated in all cases for [M + 
H+] and z = 1.  Mass spectra 1 corresponds to the Bis-NTriC peak eluting at 18.5 min, 
calcd: 524.1, found: 524.1; 2 corresponds to the NTriC peak eluting at 15.8 min, calcd: 
389.1, found: 389.1; 3 corresponds to the TriC peak eluting at 13.9 min, calcd: 254.1, 
found: 254.0. 

 

 

The photolysis experiments presented above were repeated with NTriC to study 

its uncaging properties.  After 10 min of UV irradiation, minimal changes to its 

absorbance spectrum are seen.  Only small increases in the bands at 289 and 402 nm are 

observed (Figure 73).  Not surprisingly, these peaks do not correspond to the !max of 

TriC.  In addition, LC-MS analysis confirms that after 15 min of UV exposure, only 9% 

of the uncaged chelator is released. 
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Figure 73: Absorbance Spectra of NTriC Exposed to UV Irradiation for 10 min 

Absorbance spectra of 9 µM NTriC in MeOH irradiated in 1 min time intervals for 5 min 
followed by one 5 min irradiation.  Photolysis performed using a Rayonet Photochemical 
Reactor with 350 nm UV light.   
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Figure 74: Chromatography Traces of the Photolysis of NTriC 

Chromatography traces for NTriC after 0, 5, 10, and 15 min of exposure to 350 nm UV 
light.  Standard traces of NTriC (1) and TriC (2) are shown to compare to the traces of 
NTriC after UV exposure.  The traces confirm that only a small amount of TriC is 
formed after 15 min of UV irradiation.  Mass spectra extracted from the ion 
chromatograms associated with these LC traces are shown below in Figure 75. 
 

 

NTriC; UV = 0 min 

UV = 5 min 

UV = 10 min 

UV = 15 min 

TriC 

1 

2 



 

168 

 

Figure 75: Mass Spectra for the Photolysis of NTriC 

Positive-mode mass spectra extracted from the ion chromatograms associated with the 
LC traces in Figure 74.  Primary ion values of m/z are calculated in all cases for [M + 
H+] and z = 1.  Mass spectra 1 corresponds to the NTriC peak eluting at 15.7 min, 
calcd: 389.1, found: 389.1; 2 corresponds to the TriC peak eluting at 13.9 min, calcd: 
254.1, found: 254.0. 
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4.3.5 Design and Synthesis of a 2nd Generation UV-Activated Iron 
Prochelator 

In order to improve the uncaging efficiency of our prochelator, a carboxylic acid 

group was introduced at the benzylic carbon.  It was hypothesized, based on the 

mechanism of photolysis that placing an electron-withdrawing group at this position 

would destabilize the benzylic proton, making it more susceptible to transfer to the 

oxygen of the nitro group.  

This 2nd generation prochelator was synthesized through an SN2 reaction 

between ethyl 2-bromo-2-(2-nitrophenyl)acetate and TriC in DMF.  Deprotection of the 

ethyl group in 1 M NaOH afforded the carboxylic acid version of the bis-nitro protected 

triazole chelator (CarboxyBis-NTriC).  Both nitrophenyl groups were attached through 

ether linkages onto the phenolic oxygens.  1H-NMR of the prochelator verified this 

addition by showing a uniformed and symmetric peak splitting pattern in the aromatic 

region and complete disappearance of the phenolic protons, seen at 12.10 ppm for the 

chelator.  If the nitrophenyl group had reacted with the slightly more basic triazole amine 

the prochelator would not be symmetric and a different proton-splitting pattern would 

be expected.   

 

4.3.6 Photolysis of CarboxyBis-NTriC 

To study the photolysis of the prochelator, a 50 µM solution was prepared in 

MeOH, exposed to UV light centered at 350 nm and changes were monitored by UV-Vis 

spectroscopy.  Figure 76 demonstrates that after 10 min of UV exposure, a decrease at 

253 nm and an increase at 306 nm are observed and lead to a final absorbance spectrum 

that resembles that of TriC.  Changes to the absorbance spectra cease after 8 min of 
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exposure.  Furthermore, two isosbestic points are seen insinuating a clean conversion 

from prochelator to chelator.  Upon titration of Fe(NO3)3 into the photolyzed solution, a 

broad absorbance band at 520 nm appears, indicating formation of the iron-bound 

complex (Figure 77).  Additionally, Fe3+ complexation is not seen before UV exposure.  

As shown in Figure 78, titration of Fe(NO3)3 into a solution of carboxyBis-NTriC shows 

changes characteristic of the Fe(NO3)3 addition, but does not yield any absorbance 

bands characteristic of a ligand-metal complex. 

LC-MS analysis after 10 min of UV exposure confirms that both nitrophenyl 

groups are photolyzed to release the fully uncaged chelator, as seen in Figure 79.  After 

10 minutes of UV exposure, 97% of the prochelator has been uncaged. 
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Figure 76: Absorbance Spectra of the Photolysis of CarboxyBis-NTriC 

Absorbance spectra of 15 µM CarboxyBis-NTriC in MeOH irradiated in 1 min time 
intervals for 10 min.  Photolysis performed using a Rayonet Photochemical Reactor with 
350 nm UV light.   
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Figure 77: Absorbance Spectra of Photolyzed CarboxyBis-NTriC Titrated with 
Fe(NO3)3 

Absorbance spectra of 15 µM CarboxyBis-NTriC in MeOH photolyzed with 350 nm UV 
light for 10 minutes and then titrated with Fe(NO3)3 up to an excess of 20 µM. 
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Figure 78: Absorbance spectra of CarboxyBis-NTriC titrated with Fe(NO3)3 

Absorbance spectra of 15 µM CarboxyBis-NTriC in MeOH titrated with Fe(NO3)3 in an 
excess of 2 equivalents.  The absorbance peaks at 250 and 350 nm are characteristic of 
Fe(NO3)3.  
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Figure 79: Chromatography Traces Monitoring the Photolysis of CarboxyBis-NTriC 

Chromatography traces for CarboxyBis-NTriC after 0, 5, and 10 min of exposure to 350 
nm UV light.  Peaks corresponding to the mono (2) and bis-protected (1) nitrophenyl 
species, as well as the chelator (3) are detected after 5 min.  Mass spectra extracted 
from the ion chromatograms associated with these LC traces are shown below in Figure 
80. 
 

 

Figure 80: Mass Spectra for the Photolysis of CarboxyBis-NTriC 

Positive-mode mass spectra extracted from the ion chromatograms associated with the 
LC traces in Figure 79.  Primary ion values of m/z are calculated in all cases for [M + 
H+] and z = 1.  Mass spectra 1 corresponds to the CarboxyBis-NTriC peak eluting at 
11.9 min, calcd: 612.1, found: 612.3; 2 corresponds to the mono-protected species 
eluting at 13.0 min, respectively, calcd: 433.1, found: 433.2; 3 corresponds to the TriC 
peak eluting at 13.9 min, calcd: 254.1, found: 254.1. 
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4.4 Discussion 

4.4.1 Design and Photolysis of NTriC and Bis-NTriC 

In designing a caged iron prochelator, we chose to mask a derivative of the high 

affinity iron chelator Exjade! with a photolabile nitrophenyl group.  The chelator (TriC) 

is a tridentate chelator that utilizes two phenolic oxygens and a triazole nitrogen as 

donor atoms for metal complexation.  It was hypothesized that adding photolabile 

nitrophenyl derivatives to one or two of these donors would render the chelator inactive.  

To test this theory, NTriC and Bis-NTriC were prepared by connecting a nitrophenyl 

group to one or both of the phenolic oxygens, respectively, through an ether linkage.  Iron 

titration experiments concluded that one nitrophenyl group was insufficient for 

inhibition of iron binding.  Shown in Figure 68, an absorbance band at 520 nm appears 

as Fe3+ is titrated into a solution of NTriC.  This band correlates to the metal to ligand 

charge transfer band seen with the 1:1 TriC to Fe3+ complex (Figure 67).  In contrast, iron 

induces only small changes to a solution of Bis-NTriC (Figure 69).   

The second design requirement for the caged prochelator is efficient removal of 

the nitrophenyl groups with UV light.  After irradiation with 350 nm UV light, samples 

of NTriC and Bis-NTriC were analyzed by UV-Vis spectroscopy and LC-MS.  However, 

neither prochelator was able to completely release TriC after 15 min of UV exposure.  

After irradiation, Bis-NTriC was shown to lose only one nitrophenyl group (Figure 71).  

Photolysis experiments with NTriC confirmed that 15 min of UV exposure could not 

effectively remove the nitrophenyl cage (Figure 74).  Although a longer irradiation time 

might generate a higher yield of TriC, we reasoned that our prochelator could be more 

efficient with a different nitrophenyl derivative.  
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4.4.2 Design and Photolysis of CarboxyBis-NTriC 

 In designing a 2nd generation caged iron prochelator, we sought to increase the 

rate of photolysis.  By examining the mechanism of photolytic cleavage (Scheme 11), we 

reasoned that the addition of an electron-withdrawing group to the benzylic carbon 

should effectively draw electron density away from the chiral carbon center making it 

more electrophilic and speed up the photolysis reaction.  A carboxylic acid group was 

chosen as the electron-withdrawing moiety and two nitrophenyl derivatives were linked 

to the chelator to create CarboxyBis-NTriC.    

 The rate of photolysis of CarboxyBis-NTriC was examined by UV-Vis 

spectroscopy and LC-MS.  Both methods confirmed that CarboxyBis-NTriC is capable 

of losing both nitrophenyl groups after only 10 min of UV exposure (Figures 76 and 79).  

The LC-MS data clearly show that the major product of the photolysis reaction is our 

triazole chelator (TriC).  In addition, Fe3+ can be titrated into the photolyzed solution to 

form the metal complex, as confirmed by UV-Vis.  However, complications were 

encountered when trying to replicate the synthetic procedure for CarboxyBis-NTric.  The 

major issue that plagued the synthesis was the appearance of a side-product with a 

mass 2 g/mol lower than the product.  This byproduct did not appear in the original 

synthesis and despite all efforts could not be removed or isolated from the desired 

product. 

 Overall, the information gained by studying CarboxyBis-NTriC provides a 

template for future designs and is a valuable tool for studying release rates of 

nitrophenyl derivatives.  By incorporating an electron-withdrawing group on the benzylic 

carbon, the rate of photolysis increased dramatically and conversion was complete 

within 10 min.  In comparison to a previously published caged-iron prochelator, 

CarboxyBis-NTriC is more efficient and should be more protective against UVA damage 
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to skin cells.  The previous design used a nitrophenyl group to cage the high affinity iron 

chelators, PIH and SIH.202  During their studies, the nitrophenyl-protected compounds 

were exposed to UVA light at a dose of 250 kJ/m2 for 15 mins and showed protection 

against UVA-induced cell death.  In comparison, our samples received a UVA dose of 

0.70 kJ/m2.  At a higher dose, our prochelator should be released faster and may 

provide more protection than the caged-SIH and PIH derivatives.   

 

4.5 Summary and Conclusions 

Our 2nd generation caged prochelator, CarboxyBis-NTriC, demonstrates the 

possibility of efficiently releasing a high affinity iron chelator with UVA irradiation.  By 

caging a derivative of the iron triazole-based chelator, Exjade!, with a nitrophenyl 

group, we were able to effectively block iron binding.  Once exposed to UV irradiation 

(350 nm), the nitrophenyl groups were photolytically cleaved within 10 minutes allowing 

the chelator to bind any available Fe3+ in the system.  While the doubly protected 1st 

generation prochelator was successful in prohibiting iron binding, its rate of photolysis 

was slower than desired.  It was discovered that by altering the nitrophenyl derivative 

we could increase the rate of photolysis.  Incorporation of an electron-withdrawing 

group next to the benzylic proton led to faster photolysis, presumably due to the 

increased electrophilic character of the benzylic carbon center.   

Although CarboxyBis-NTriC showed promising results as a UV-activated 

prochelator, it has several drawbacks.  First, the triazole chelator (TriC) is extremely 

insoluble in aqueous solvent suggesting that it would have little function in a cellular 

system.  By changing the chelator to match that of Exjade!, the solubility problem could 

be addressed.  The structure of Exjade contains a benzoic acid attached to one of the 

nitrogens on the triazole ring.  The added negative charge from the free carboxylic acid 
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makes the compound more hydrophilic.  The second setback with the CarboxyBis-NTriC 

prochelator was the replication of the synthetic scheme.  An unknown side-product two 

mass units smaller than the expected mass appeared during all attempts to resynthesize 

the prochelator.  Despite multiple efforts to purify and isolate the prochelator, the 

undesired byproduct was still seen by NMR and MS analysis.  By altering the chelator 

backbone, as suggested above, the prochelator might also be easier to isolate during the 

synthetic procedure. 

Regardless of the problems encountered with our UV-activated iron prochelator, 

we have still shown that it can be activated by UV light to reveal a high affinity iron 

chelator.  These studies lay the groundwork for future designs with improved properties 

that could be tested in cellular systems and may provide protection from UV and iron-

induced oxidative stress.   
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5. Initial Designs of a Coumarin-Embedded Triazole-
Based Chelator 

 

5.1 Background and Significance 

 The need to understand the biological roles of redox active metals intensifies, as 

the connection between their misregulation and serious diseases grows stronger.44,46,76 For 

instance, both iron and copper have been implicated in neurodegenerative diseases, but 

questions remain concerning their location and speciation.  Fluorescent sensors provide 

one method to visually detect a metal cation within a biological system.  Developing a 

metal sensor with copper or iron specificity would allow for metal detection in healthy 

and diseased states in order to elucidate their involvement.  Although many copper and 

iron sensors have been reported, most are not applicable within a biological system. 

Previously, we have reported on the use of multi-functional fluorescent 

prochelators that react with exogenous H2O2 to detect iron or copper in intracellular 

systems under oxidative stress conditions.179  This initial design utilized a hydrazone-

chelating backbone and was shown to be extremely susceptible to hydrolysis in aqueous 

solutions.  In order to improve on this strategy, a new fluorescent chelator needs to be 

utilized.   

To reach this goal, a tridentate triazole-based chelator with a coumarin 

embedded into the chelating-backbone was designed.  Because this chelator does not 

rely on a hydrazone backbone, it should have high water stability.  Additionally, the 

triazole scaffold is based on a known high-affinity iron chelator and is expected to have 

similar metal binding properties.  A highly fluorescent, 7-diethylaminocoumarin 

derivative acts as the fluorescent moiety and its ether carbonyl should participate in 

metal binding.  Therefore, metal complexation is expected to cause a decrease in 
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coumarin’s fluorescence emission.  If the chelator successfully shows a fluorescence 

response to either iron or copper, it could be applied to future studies as a H2O2 or UV-

triggered fluorescent prochelator. 

 

5.2 Materials and Methods 

5.2.1 Materials and Instrumentation 

All chemicals were purchased from Sigma-Aldrich and used without further 

purification unless otherwise noted.  All solvents were reagent grade and stock solutions 

were prepared in MeOH or DMSO.  Liquid chromatography-electrospray mass 

spectrometry (LC-MS) was performed using an Agilent 1100 Series apparatus with an 

LC/MSD trap and a Daly conversion dynode detector.  A Varian Polaris C18 (150 ! 

1.0 mm) column was used and peaks were detected by UV absorption at 254 nm.  A 

linear gradient from 7% A in B to 90% A in B was run at 40 µL/min from 1–25 min with 

a total run time of 32 min A is MeCN/2% 10 mM ammonium acetate buffer and B is 10 

mM ammonium acetate buffer/2% MeCN.  1H and 13C NMR spectra were recorded on a 

Varian Inova 400 or 500 mHz NMR spectrometer; ! values reported in ppm and J values 

in Hz.  UV-Vis spectra were recorded on a Cary 50 UV-Vis spectrophotometer. 

 

5.2.2 Synthesis 

5.2.2.1 Preparation of 7-(diethylamino)-3-(5-(2-hydroxyphenyl)-4H-1,2,4-triazol-3-yl)-
2H-chromen-2-one (CouTri) 

7-Diethylaminocoumarin-3-carboxylic acid (DAC, 0.3132 g, 1.2 mmol) was 

prepared according to known literature procedure212 and then combined with 

salicylamide (0.137 g, 1 mmol) and pyridine (9.6 µL, 0.12 mmol) in a 3-neck round 

bottom flask and heated to reflux in 10 mL of xylenes.  Thionyl chloride (0.16 mL, 2.2 
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mmol) was slowly added dropwise over a period of 1 h.  An additional 1.5 mL of 

xylenes were added and the reaction was stirred for 1 h.  The reaction mixture became 

dark red in color.  The solvent was then removed by distillation under reduced pressure 

to yield a brown solid.  The solid was redissolved in 1-2 mL of CH2Cl2 and added 

dropwise to a refluxing solution of hydrazine (0.097 mL, 2 mmol) in 5 mL of absolute 

EtOH.  The reaction was stirred for 1 h after which time a brown precipitate had 

formed.  The product was collected by vacuum filtration.  The solid was dissolved in 

CH2Cl2 and filtered through celite to remove inorganic salts formed during the reaction.  

The supernatant was collected and solvent was removed by rotary evaporation (0.103 g, 

30% yield).  1H NMR (400 MHz, CDCl3) ! 8.78 (s, 1H), 8.19 (d, J = 8.6, 1H), 7.51 (d, J = 

9.0, 1H), 7.37-7.30 (m, 1H), 7.07 (d, J = 8.2, 1H), 6.99 (t, J  = 7.7 and 7.7, 1H), 6.72 (d, J 

= 8.9 and 2.3, 1H), 6.57 (d, J = 2.2, 1H), 3.49 (q, J = 7.10, 7.10, 7.09, 4H), 1.27 (t, J = 

7.12, 7.12, 6H).  MS (ESI): m/z 377.1 [M + H]+, calcd 376.1 for C21H20N4O3. UV-Vis 

(DMSO) nm (M-1cm-1): 430 (32,282). 

 

Scheme 17: Synthesis of CouTri 
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5.2.2.2 Preparation of 4-(3-(7-(diethylamino)-2-oxo-2H-chromen-3-yl)-5-(2-
hydroxyphenyl)-1H-1,2,4-triazol-1-yl)benzoic acid (BenzCouChel) 

 The reaction of salicylamide and DAC was performed as described above.  After 

the removal of xylenes by distillation, the crude material was dissolved in 3 mL CH2Cl2 

and added to a refluxing solution of 4-hydrazino-benzoic acid (0.3043 g, 2 mmol) and 

triethylamine (0.309 mL, 2.2 mmol) in 5 mL absolute EtOH.  The reaction was allowed 



 

180 

to stir for 2 h and then cooled.  The solvents were removed by rotary evaporation and 

the product was purified by silica gel column chromatography using an initial gradient of 

50% hexanes in ethyl acetate to remove impurities and ending with a gradient of 10% 

MeOH in ethyl acetate to obtain the product (0.056 g, 15% yield). 1H NMR (400 MHz, 

CDCl3) ! 8.43 (s, 1H), 8.17 (d, J = 8.10, 2H), 7.50 (d, J = 8.17, 2H), 7.36 (d, J = 8.74, 

2H), 7.06 (d, J = 8.28, 1H), 6.88 (d, J = 7.87, 1H), 6.65-6.54 (m, 2H), 6.52 (s, 1H), 3.09 

(q, J = 7.28, 7.28, 7.25, 4H), 1.34 (t, J = 7.29, 7.29, 6H) MS (ESI): m/z 497.2 [M + H]+, 

calcd 496.2 for C28H24N4O5.  

 

5.2.2.3 Preparation of 7-(diethylamino)-3-(5-(2-hydroxyphenyl)-1-phenyl-1H-1,2,4-
triazol-3-yl)-2H-chromen-2-one (PhenCouTri) 

 The reaction of salicylamide and DAC was performed as described above.  After 

the removal of xylenes by distillation, the crude material was dissolved in 3 mL CH2Cl2 

and added to a refluxing solution of phenylhydrazine (0.1446 g, 1 mmol) in 5 mL 

absolute EtOH.  The reaction was allowed to stir for 2 h and then cooled.  The solvents 

were removed by rotary evaporation and the product was purified by silica gel column 

chromatography using a gradient of 50% hexanes in ethyl acetate (0.030 g, 10% yield).  

LC-MS confirmed purity of product to be >90%.  MS (ESI): m/z 453.2.2 [M + H]+, calcd 

452.2 for C27H24N4O3. 

 

5.3 Results 

5.3.1 Absorbance and Fluorescence Response of CouTri to Fe3+ and 
Cu2+ 

CouTri was prepared in an attempt to synthesis a hydrolysis stable fluorescent 

iron or copper chelator.  Its chelating backbone is similar to that of the high affinity iron 

chelator, Exjade", and previously discussed TriC (Chapter 4) except that a coumarin 
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derivative replaces one of the phenol rings (Figure 81).  To determine CouTri’s metal 

binding properties, a 20 µM solution was prepared in 10 mM HEPES buffer (100 mM 

NaCl, pH 7.4) with 1% DMSO.  The solution is a vivid yellow color and exhibits an 

absorbance peak centered at 420 nm.  Upon the addition of ferric ammonium citrate, 

[Fe3+(NH4
+)(citrate)], or copper glycine, [Cu2+(Gly)2] only minimal absorbance changes 

are observed.  Addition of Fe3+ yields a decrease in the peak at 420 nm and an increase 

at 560 nm (Figure 82a).  However, changes to the solution were observed up to 1.5 h 

after 0.5 equivalents of Fe3+ were added.  Similarly, changes in the absorbance spectra of 

CouTri were monitored for 1.5 h after the addition of 0.5 equivalents of Cu2+.  Although 

Cu2+ induced only a minor shift in the absorbance maximum from 420 to 422 nm with a 

small shoulder peak at 427 nm, the same slow equilibrium was observed (Figure 82b).   

The fluorescence emission spectrum of 20 µM CouTri in 10 mM HEPES buffer 

(100 mM, pH = 7.4) shows an emission peak at 495 nm after excitation at 420 nm.  

Changes to the emission spectrum of CouTri in the presence of 0.5 equivalents of Cu2+ 

and Fe3+ were monitored after 1.5 hours (Figure 83).  A decrease in the fluorescence 

emission accompanied by a shift in the emission maximum to 488 nm was observed for 

each metal cation.  Addition of Cu2+ yielded a 70% decrease in the emission spectra 

while Fe3+ induced a 50% change.  However, the lower than expected emission intensity 

of CouTri and the slow metal binding are both undesired characteristics for a fluorescent 

metal sensor. 

O

N
N

H
N

O

OH

N

CouTri

NN

H
N

HO
OH

N
N

N

HO

OH

HOOC

Exjade TriC

 

Figure 81: Structures of Triazole Based Metal Chelators Exjade! , TriC, and CouTri 
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Figure 82: Absorbance Spectra of CouTri Titrated with Fe3+ and Cu2+ 

Absorbance spectra of 20 µM CouTri in 10 mM HEPES buffer (100 mM NaCl, pH 7.4) 
with 1% DMSO titrated with (a) [Fe3+(NH4

+)(citrate)] and (b) [Cu2+(Gly)2] up to 0.5 
equivalents.  Final absorbance spectra were collected after 1.5 h incubation at room 
temperature.  

(a) 

(b) 
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Figure 83: Emission Spectra of CouTri Titrated with Fe3+ and Cu2+ 

Emission spectra of 20 µM CouTri (red line) in 10 mM HEPES buffer (100 mM NaCl, 
pH 7.4) with 1% DMSO titrated with [Fe3+(NH4

+)(citrate)] (blue line) and [Cu2+(Gly)2] 
(green line) up to 0.5 equivalents.  Emission spectra of solutions containing Fe3+ or Cu2+ 
were collected after 1.5 h incubation at room temperature. !ex = 420 nm. 
 

 

5.3.2 Absorbance and Fluorescence Response of BenzCouTri to Fe3+ 
and Cu2+ 

 A derivative of CouTri with a benzoic acid group at the 1 position of the 1,2,4-

triazole ring was prepared and named BenzCouTri (Figure 84).  This derivative was 

prepared with the expectation that its binding affinity for iron would match that of 

Exjade due to their structural similarities.  To test this theory, iron and copper’s binding 

properties were first studied by absorbance and fluorescence spectroscopy with 20 µM 

and 1 µM solutions, respectively, of BenzCouTri in MeOH.  Figure 85 displays the 

absorbance spectra of BenzCouTri before and after addition of 0.5 equivalents of Fe3+ 

and Cu2+.  The absorbance spectrum of BenzCouTri in MeOH displays a peak centered 
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at 420 nm.  Addition of both metal cations results in a shift of the maximum absorbance 

peak to 465 nm and Fe3+ shows an additional increase in the spectrum at 600 nm.  When 

analyzed by fluorescence spectroscopy these changes to the absorbance spectra correlate 

to significant quenching of the coumarin emission signal at 476 nm, as seen in Figure 86.  

Fe3+ reduces the emission intensity by 90% with 0.5 equivalents while the same amount 

of Cu2+ completely quenches the signal.   
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Figure 84: Structure of BenzCouTri 

 

 The same metal-binding experiments were repeated in 10 mM HEPES buffer.  

However, several differences are observed.  First, addition of Fe3+ to an aqueous solution 

of BenzCouTri with 20% MeOH elicits no change to the absorbance spectrum (Figure 

87).  The addition of Cu2+ displays a wavelength shift of the maximum absorbance peak 

from 420 to 465 nm as seen previously in 100% MeOH.  However, neither metal cation 

quenches the emission intensity of BenzCouTri (Figure 88) in 50:50 HEPES:MeOH.  

Although the data are not shown, these results were repeated for aqueous solutions 

containing 10-90% MeOH and DMSO. 
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Figure 85: Absorbance Spectra of BenzCouTri in MeOH Titrated with Fe3+ and Cu2+ 

Absorbance spectra of 20 µM BenzCouTri in MeOH titrated with 0.5 equivalents of 
Fe(NO3)3 and CuCl2.   
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Figure 86: Emission Spectra of BenzCouTri in MeOH Titrated with Fe3+ and Cu2+ 

Emission spectra of 1 µM BenzCouTri in MeOH titrated with 0.5 equivalents of 
Fe(NO3)3 and CuCl2. !ex = 420 nm. 
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Figure 87: Absorbance Spectra of BenzCouTri in HEPES Buffer Titrated with Fe3+ 
and Cu2+ 

Absorbance spectra of 20 µM BenzCouTri in 10 mM HEPES buffer (100 mM NaCl, pH 
= 7.4) with 20% MeOH titrated with 0.5 equivalents of [Fe3+(NH4

+)(citrate)] and 
[Cu2+(Gly)2]. 
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Figure 88: Emission Spectra of BenzCouTri in HEPES Buffer Titrated with Fe3+ and 
Cu2+ 

Emission spectra of 1 µM BenzCouTri in 10 mM HEPES buffer (100 mM NaCl, pH = 
7.4) with 50% MeOH titrated with 0.5 equivalents of Fe(ClO4)3 and Cu(ClO4)2.  !ex = 
420 nm. 
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5.3.3 Absorbance and Fluorescence Response of PhCouTri to Fe3+ 
and Cu2+ 

A second derivative of CouTri was prepared with a phenyl group at the 1 

position of the 1,2,4-triazole ring, named PhCouTri (Figure 89).  The absorbance changes 

of PhCouTri in aqueous solutions with Fe3+ or Cu2+ are similar to those seen with 

BenzCouTri.  No changes are observed when Fe3+ is added to a 20 µM aqueous solution 

of PhCouTri containing 50% MeOH.  Under the same conditions, Cu2+ shifts the 

absorbance peak of PhCouTri from 420 nm to 465 nm (Figure 90).  Once again, no 

decrease to the fluorescence emission is seen upon addition of Fe3+ or Cu2+ (data not 

shown).  Because pH could affect the metal binding affinity of PhCouChel, the iron 

titration was repeated in buffered solutions at pH 2-12.  However, once again, no 

changes to the absorbance or fluorescence spectra of PhCouTri were seen at any of the 

pH values tested (data not shown).   
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Figure 89: Structure of PhCouChel 

 

Additionally, the pH of the solution could affect the fluorescence intensity of 

coumarin.  For instance, when coumarin’s tertiary amine is protonated the fluorescence 

emission will be quenched.  The pKa of this amine should be in the range of 4-5.  To test 

the effect of pH on PhCouTri, solutions were prepared at pH 2, 3, 4, 6, 7 and 8 and the 

fluorescence spectra were recorded.  As seen in Figure 91, the emission spectrum is 
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quenched at pH 2 and slightly lowered at pH 3.  The emission spectrum is at a 

maximum at pH 4, suggesting that the tertiary amine is fully deprotonated.   

Finally, it was hypothesized that the fluorescence quenching seen in MeOH may 

be due to a transfer of the phenolic proton to the aromatic tertiary amine.  Metal 

complexation to the phenolic oxygen would lower its pKa and remove the proton.  In 

MeOH, the proton could bind to the tertiary amine, as opposed to in a buffered solution 

where it could bind to one of the components in the buffer.  To test this theory, solutions 

of PhCouTri were prepared in MeOH and 1 equivalent of Cu2+ and Fe3+ was added 

followed by an excess of triethylamine (TEA).  The pKa of triethylamine is 10.7 and it 

should be able to compete for a proton on the aromatic tertiary amine.  Shown in Figure 

92, addition of TEA to the quenched metal-solution restores the emission intensity in 

both the solutions.  Although the Fe3+ solution is restored completely, the Cu2+ solution is 

only restored to 50%. 
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Figure 90: Absorbance Spectra of PhCouTri in 50:50 HEPES:MeOH Titrated with 
Fe3+ and Cu2+ 

Absorbance spectra of 20 µM PhCouTri in 50:50 MeOH:HEPES (10 mM with 100 mM 
NaCl, pH = 7.4) titrated with 0.5 equivalents [Fe3+(NH4

+)(citrate)] and [Cu2+(Gly)2]. 
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Figure 91: Emission Spectra of PhCouTri in Buffered Solutions at pH 2-8 

Emission spectra of 1 µM PhCouTri in 10 mM HEPES buffer (100 mM NaCl, pH = 7.4).  
The pH of the buffer was varied by addition of 1 M NaCl or 1 M NaOH.  At a pH = 2, 
the aromatic tertiary amine is protonated and the fluorescence of coumarin is quenched.  
The fluorescence intensity reaches a maximum at pH 4-5.  !ex = 420 nm. 
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Figure 92: Emission Spectra of PhCouTri Titrated with Fe3+ and Cu2+ Followed by 
TEA 

Emission Spectra of 1 µM PhCouTri in MeOH titrated with 1 equivalent of Fe(NO3)3 and 
CuCl2.  Excess amounts of TEA (1 µL) were then added to deprotonate coumarin’s 
tertiary amine and restore the fluorescence emission.  !ex = 420 nm. 
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5.4 Discussion 

5.4.1 Chelator Design and Metal-Induced Spectral Changes 

The structural design of the three chelators, CouTri, BenzCouTri, and PhCouTri, 

is based on a triazole backbone, much like that of Exjade or TriC (Chapter 4).  However, 

a 7-diethylaminocoumarin derivative is embedded into the triazole backbone of each.  

The apo-ligands display fluorescence emission after excitation at 420 nm because of the 

addition of the coumarin fluorophore.  It was anticipated that Fe3+ and possibly Cu2+ 

would bind to the phenolic oxygen, triazole nitrogen, and carbonyl oxygen to form a 1:1 

or 1:2 complex with each ligand and quench their fluorescent signal.  Initial studies with 

CouTri showed that both Fe3+ and Cu2+ led to changes in the absorbance spectra and 

50% or 70% fluorescence quenching (Figures 82 and 83).  However, these changes only 

occurred after long incubation times, suggesting that the metal-binding equilibrium is 

slow and the binding affinity might be weak.  In addition, the fluorescence intensity of 

CouTri was lower than expected even when tested at a range of concentrations (1-20 

µM). 

BenzCouTri and PhCouTri were synthesized to more closely resemble the 

chemical structure of Exjade by incorporation of a benzoic acid or phenyl ring.  It was 

hypothesized that the structural similarity might lead to a higher metal binding affinity.  

However, BenzCouTri and PhCouTri showed interesting, but unexpected results.  When 

solutions of each were prepared in 100% MeOH (or DMSO), dramatic changes were 

seen to the absorbance and fluorescence spectra.  For instance, a red shift of the 

absorbance peak from 420 to 465 nm was seen upon addition of each metal and this 

corresponds to nearly complete quenching of the emission intensity. (Figure 86).  These 

results suggested that both metals were able to bind to BenzCouTri and PhCouTri and 

cause a fluorescence decrease, as expected.   
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However, further investigation of the chelators in aqueous solution did not lead 

to the same conclusion.  In buffered solutions, a shift was seen to the absorbance 

spectrum in the presence of Cu2+, but no change was observed with Fe3+.  In addition, 

neither metal inflicted a change to the fluorescence emission of BenzCouTri or PhCouTri.  

These results suggest that the fluorescence quenching previously seen in organic solvents 

was not due solely to metal binding and that an alternative turn-off mechanism 

occurred. 

 

5.4.2 pH Dependence on Metal-binding to PhCouTri in Aqueous and 
Organic Solvents 

In order to study the cause of the fluorescence quenching observed in MeOH and 

DMSO, the effect of pH on PhCouTri was determined.  The fluorescence of the coumarin 

species is dependent on the ability of the tertiary amine to donate electron density into 

the aromatic system.  In a protonated state, the tertiary amine would lack the free 

electrons necessary to fulfill this task.  Therefore, it was assumed that at low pH, the 

chelator’s emission would be quenched.  Figure 91 displays the emission spectra of 

PhCouChel prepared in buffered solutions at pH 2-8.  It was observed that the 

fluorescence of the ligand is quenched when the tertiary amine is protonated, 

presumably at pH 2 and 3, but is restored at pH values greater than 4.   

It was also assumed that pH could have an effect on the metal-binding ability of 

the chelator.  However, the absorbance and fluorescence spectra of PhCouChel 

displayed no changes to Fe3+ in any of the buffered solutions tested (ranged from pH 2-

12).  This suggested that if the chelator has any affinity for Fe3+ it is very weak. 

However, it is clear that Fe3+ and Cu2+ have an affect on the chelator’s 

fluorescence emission in organic solvents.  In addition, the protonation state of 

coumarin’s tertiary amine also has an affect on the compound’s fluorescence output.  
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Based on these two pieces of information, it was hypothesized that upon interaction 

with Fe3+ or Cu2+ in MeOH a proton transfer from the phenolic oxygen to the tertiary 

amine was causing the fluorescence decrease.  To test this theory, TEA was added to a 

methanolic solution of PhCouTri with Fe3+ or Cu2+.  TEA has a higher pKa than 

coumarin’s amine and was able to successfully compete for the proton effectively 

restoring the PhCouTri’s emission intensity (Figure 92).  The emission intensity was 

restored completely in the case of Fe3+, but the intensity was only restored to ~50% in 

the presence of Cu2+.  This result could suggest that the chelators have some affinity for 

Cu2+, as the residual fluorescence quenching could be due to a Cu2+-induced 

paramagnetic effect.  Additionally, Cu2+ caused a shift in the absorbance peak of 

PhCouTri and BenzCouTri’s absorbance spectra in aqueous solutions suggesting that it 

is bound or interacting in some way, but caused no change to the fluorescence.  These 

results lead to the assumption that neither Cu2+ nor Fe3+ is utilizing the carbonyl oxygen 

for binding.  If the chelators were using all of their donor atoms, the paramagnetic metals 

would be accepting electron density from the coumarin and should quench its emission 

in aqueous conditions.   

 

5.5 Summary and Conclusions 

The family of CouTri compounds was created to establish a new fluorescent 

metal chelator.  A coumarin-embedded di-phenol triazole, tridentate backbone based on 

that of Exjade and TriC (Chapter 4) was chosen due to its known binding affinity for 

iron.  In addition, the backbone is stable to hydrolysis in H2O and would be an 

improvement over our previous fluorescent chelator designs, FlamB and FloB (Chapters 

2 and 3).   
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Three compounds were synthesized and their binding properties were tested by 

absorbance and fluorescence spectroscopy.  The first of the three compounds, CouTri 

shows a response to Cu2+ and Fe3+ by both absorbance and fluorescence spectroscopy 

suggesting that both metals bind to the chelator.  However, long equilibration times are 

required for the complexes to form and the emission intensity of the chelator is very low.  

To overcome these problems, BenzCouTri and PhCouTri were prepared.  These 

derivatives contain either a benzoic acid or phenyl ring attached to one of the nitrogens 

on the 1,2,4-triazole ring.  Both chelators display fast Cu2+ and Fe2+ binding by 

absorbance spectroscopy and a dramatic decrease in fluorescence emission.  These 

results could not be replicated in aqueous solutions at any pH (2-12).  Based on a 

competition experiment with TEA, it was determined that metal complexation forces the 

phenolic proton to transfer to coumarin’s tertiary amine.  Once protonated at this 

position, the coumarin’s fluorescence signal is quenched because the nitrogen lone 

electron pair can no longer donate into the aromatic system.   

Although the CouTri backbone seemed like an attractive target as a fluorescent 

metal sensor, its disappointing metal-binding properties make it insufficient for further 

study.  However, modifications to the backbone could be made to correct these 

problems.  For instance, if the coumarin could be repositioned to utilize a hydroxyl 

group for metal binding, the metal binding affinity should increase and a fluorescence 

response would be seen. 
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Appendix A 

Shown below are the LC traces, 1H-NMR and 13C-NMR spectra of unique compounds 

presented throughout this dissertation.  For the LC traces, either a linear gradient from 

30% A in B to 80% A in B from 2-17 min was run with a total run time of 25 min or a 

linear gradient from 7% A in B to 90% A in B was run from 1-25 min with a total run 

time of 32 min where A is MeCN/2%H2O with 0.3% formic acid and B is H2O/2% 

MeCN with 0.3% formic acid.  Both were run at 40 µL/min. 
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