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Abstract 

The ability to manipulate the coordination chemistry of metal ions has significant 

ramifications for the study and treatment of metal-related health concerns, including 

iron overload, UV skin damage, and microbial infection among many other conditions. 

To address this concern, chelating agents that change their metal binding characteristics 

in response to external stimuli have been synthesized and characterized by several 

spectroscopic and chromatographic analytical methods. The primary stimuli of interest 

for this work are light and hydrogen peroxide. 

Herein we report the previously unrecognized photochemistry of 

aroylhydrazone metal chelator ((E)-N′-[1-(2-

hydroxyphenyl)ethyliden]isonicotinoylhydrazide) (HAPI) and its relation to HAPI 

metal binding properties. Based on promising initial results, a series of HAPI analogues 

was prepared to probe the structure-function relationships of aroylhydrazone 

photochemistry. These efforts elucidate the tunable nature of several aroylhydrazone 

photoswitching properties. 

Ongoing efforts in this laboratory seek to develop compounds called 

prochelators that exhibit a switch from low to high metal binding affinity upon 

activation by a stimulus of interest. In this context, we present new strategies to install 

multiple desired functions into a single structure. The prochelator 2-((E)-1-(2-
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isonicotinoylhydrazono)ethyl)phenyl (E)-3-(2,4-dihydroxyphenyl)acrylate (PC-HAPI) is 

masked with a photolabile trans-cinnamic acid protecting group that releases 

umbelliferone, a UV-absorbing, antioxidant coumarin along with a chelating agent upon 

UV irradiation. In addition to the antioxidant effects of the coumarin, the released 

chelator (HAPI) inhibits metal-catalyzed production of damaging reactive oxygen 

species. Finally a peroxide-sensitive prochelator quinolin-8-yl (Z)-3-(4-hydroxy-2-((4-

(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)benzyl)oxy)phenyl)acrylate (BCQ) has been 

prepared using a novel synthetic route for functionalized cis-cinnamate esters. BCQ uses 

a novel masking strategy to trigger a 90-fold increase in fluorescence emission, along 

with the release of a desired chelator, in the presence of hydrogen peroxide.  
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1. Photoactive molecules with light-induced changes in 
metal coordination chemistry 

The use of light to trigger chemical transformations confers a unique level of 

spatiotemporal control over chemical processes and creates exciting new experimental 

capabilities. In the context of coordination chemistry, light can be used to manipulate the 

inner coordination sphere of metal ion complexes. These changes can be brought about 

via several unique mechanisms and can be used either to activate a ligand of interest or 

to reveal new reactivity at the metal center. Strategies to elicit light-triggered 

coordination changes can be categorized into three broad classes: metal photocaging, 

photoswitchable chelation, and direct photoinduced metal-ligand (M-L) bond cleavage. 

Photocaging relies primarily on ligand-centered photoreactions to break covalent bonds 

within an organic ligand framework. The photoproducts exhibit permanently reduced 

affinity for the substrate metal ion based on either a reduction of ligand denticity or 

electron donor ability. This strategy is particularly appealing for very rapid spikes in 

metal ion concentration. The photochemistry of the caging strategy originates at the 

ligand and, importantly, is irreversible. 

Reversible changes in metal binding are achievable with molecules that 

incorporate both photochromic moieties and metal recognition elements. Metal affinity 

can be switched “on” and “off” by light-directed changes in chelator geometry or 

polarity. Dual wavelength chromophores can enable switching solely using light input, 

manipulating effective ion concentrations reversibly without the need for additional 
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reagents. This strategy is most effective for alkali and alkaline earth metals, where 

strongly stabilizing coordinative bonds do not bias the photoswitch thermal 

equilibrium. Switchable chelators have also been developed for a number of transition 

metals, though the highly stable complexes formed in the chelators’ high affinity states 

can limit the effectiveness of the light switching process. Furthermore, interaction 

between intermediate metal-based d orbitals and ligand electronic states can lead to 

interesting changes in photochemistry. 

Whereas cages and photoswitching chelators depend primarily on ligand 

photochemistry to alter coordination, a number of d-block transition metal complexes 

can absorb photons and undergo metal-centered reactivity. These reactions are also 

irreversible. Depending on the complex being used, the photoproduct of interest may be 

either an ejected ligand or the altered metal complex. Both of these types of complex are 

actively being studied for use as both biochemical tools and therapeutic agents.  

Perhaps the most notable aspect of the examples provided here is the diversity in 

both their functions and mechanisms. For both caged metals and the phototherapeutic 

complexes described here, the metal is masked and its activity is silenced until light 

activation. A great advantage of the photocaging strategy is that the ligand-centered 

nature of cage photochemistry enables light control over otherwise photochemically 

inert metals. On the other hand, photoactive complexes can avoid issues related to 

premature metal dissociation as well as generation of organic side products. Both of 
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these technologies are further complemented by reversible photochromic chelators, 

which offer the unique ability to oscillate back and forth between chelating and non-

chelating forms. The compounds presented here represent the intersection of 

coordination chemistry and photochemistry, offering an array of options to control a 

metals from across the periodic table with the precision and power of light. 

1.1 Photocaging of metals 

A full understanding of the biochemistry of some inorganic species requires the 

ability to study signaling and homeostatic processes that are under tight spatiotemporal 

control. Tools that allow precise delivery of metal ions in a rapid timeframe are therefore 

desirable. A class of compounds known as photocages incorporates the precision and 

speed of light to enable this capability. The term “cage” is somewhat ambiguous due to 

multiple possible meanings. As the term has developed (and as we use it here), a 

“caged” metal or molecule is “unlocked” when it is released irreversibly. A photocage 

refers to a photoactive ligand that binds a target metal ion with sufficient affinity to 

conceal the ion’s biological activity.  Upon irradiation with the appropriate wavelength 

of light, ligand-based photoreactions alter the cage’s metal-binding properties.1  These 

changes should abrogate metal-cage complex stability and release the metal into the 

biological milieu.  

The design of caging molecules requires the combination of two important 

features: a metal-binding receptor and a photoactive functionality that can alter 
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molecular structure in response to light.  By installing spatiotemporal control over metal 

ion bioavailability, investigators seek to manipulate and study bioinorganic processes 

with precision that is otherwise inaccessible by conventional techniques.2 Effective 

photocages have been investigated and developed for various metal ions. Below we 

discuss notable achievements in molecular design as well as successful application to 

living systems. 

1.1.1 Calcium 

The first photocage for a metal ion was reported by Tsien et al. in 1986 for the 

light-induced release of calcium.3 The ligand nitr-2 presents two iminodiacetate 

moieties, each tethered to separate aromatic rings.  Uncaging occurs by photolysis of an 

ortho-nitrophenyl moiety which inserts an electron-withdrawing carbonyl group located 

para to one iminodiacetate.  The electron withdrawing effects of this alteration reduce 

the donor ability of the ligand and thus decrease the Ca affinity (Kd = 160 nM before 

photolysis; Kd = 7 µM after photolysis).  
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Figure 1: Calcium photocages 

The primary limitation of nitr-2 is its slow kinetic release of Ca2+ (τ = 200 ms), 

which roughly matches the same timescale as neural Ca2+ signals. Effective cages should 

generate jumps in [Mn+] with rates at least an order of magnitude faster than the process 

being investigated.2b A second generation of photocages was developed to improve the 

sluggish Ca2+ release observed with Ca-nitr-2.  The benzyl ether was replaced with a free 
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hydroxyl group to produce nitr-5. This derivative forms a labile hemiketal intermediate, 

the thermal decomposition of which was found to be the rate limiting step in Ca2+ 

release. The change in Ca2+ affinity for the cage nitr-5 is similar to nitr-2 (ΔKd ≅ 40), 

though the release rate is nearly 1000-fold faster (τ ≅ 300 µs).4 Despite relatively poor 

quantum yields (ΦP=0.012), nitr-5 was used in one of the earliest triumphs of caged 

calcium.  Through caging it was discovered that spikes in intracellular Ca2+ alone, not 

membrane depolarization, result in neurotransmitter release at presynaptic neurons.5 

The rapid succession of the signaling cascade required the kinetic resolution afforded by 

cage compounds to uncouple these two events.  Given its proven ability to rapidly 

modulate cellular Ca, nitr-5 is one of two commercially available calcium cages.6  

Contemporaneous work on calcium photocaging by Kaplan and Ellis-Davies 

generated two more cage compounds, nitrophenyl-EGTA and DM-nitrophen.7 These 

ligands also contained o-nitrobenzyl chromophores, though modulation of Ca2+ affinity 

was achieved through a markedly different approach. Photoexcitation of the o-

nitrobenzyl moiety and subsequent oxygen transfer to the benzylic carbon results in 

cleavage of an iminodiacetate chelating arm (Figure 1).  This reduction of the chelate 

effect triggers the subsequent 700,000-fold loss of binding affinity (Kd(DM-nitrophen)= 2 

nM; Kd(photoproducts) = 1.5 mM). Ca2+ release rates are also fast enough that the jump 

in [Ca2+] is effectively instantaneous with respect to downstream signaling processes (k = 

38,000 s-1 for DM-nitrophen, k = 68,000 s-1 for NP-EGTA).7a, 8 
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Subsequent efforts to improve on both the nitr and photocleavable classes of 

photocages have led to improved photophysical and chemical properties. The library of 

useful calcium cages contains no single compound that is perfect for all experiments. 

Fortunately, deficiencies in one compound are complemented well by strengths in 

another. Judicious choice of a photocage thus enables the study of biological calcium 

under a wide range of conditions.9 Over the course of two decades, the use of caged 

calcium has been coupled with fluorescent sensors to become a sophisticated tool that 

allows for quantitative analysis of a number of cellular phenomena including endocrine 

secretory activity, cell motility, muscle contraction and ion channel gating.2b, 9c In the past 

decade, the emergence of equipment and methodologies for nonlinear optics has driven 

modifications of the photolytic chromophore to enable two-photon excitation (2PE) and 

uncaging. Photolysis with 2PE enables even tighter three-dimensional control over the 

uncaging reaction while also using infrared wavelengths which avoid UV cytotoxicity. 

The success of calcium cages in elucidating Ca-dependent processes remains the 

inspiration and gold standard for bioinorganic chemists seeking to probe the intricacies 

of a number of other biologically relevant metal ions.  

1.1.2 Zinc 

The importance of calcium in muscle contraction and neurotransmission was 

known for decades prior to the development of caged calcium even if its precise role 

was not characterized. Similarly, significant zinc concentrations have been detected in 
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neural synapses and several studies have suggested a likely function for Zn2+ in 

neurotransmission.10 Precise characterization of this Zn2+ activity in neurons has suffered 

from imprecise means of Zn2+ delivery and insufficient control over intracellular 

concentrations. Burdette and coworkers developed a series of Zn2+ photocages for light-

induced Zn2+ release that are modeled on both the nitr-X and DM-nitrophen Ca2+ cages. 

The first synthetic cage, CrownCast, employs a crown ether metal binding moiety 

tethered by an aniline nitrogen to a nitr-like, o-nitrobenzhydrol chromophore. 

Photoconversion to a benzophenone product withdraws electron density from the 

aniline nitrogen and reduces metal affinity. A screen of various metal ions revealed that 

CrownCast binds weakly to most metal ions in aqueous solution (Kd,Zn’ = 161 µM).11 

Replacement of the crown metal-binding domain with an aryl-dipicolylamino donor set 

produced the caging ligand ZinCast-1, and enhanced Zn2+ affinity of the cage 

remarkably(Figure 2). Photolysis achieves a 500-fold decrease in metal affinity (ΔKd = 

500) upon uncaging (Kd = 14.3 µM for ZinCast-1; Kd = 5.5 mM for photoproduct ZinUnc-

1). 
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Figure 2: Synthetic Zn photocages 

Other Zn2+ cages from the same laboratory utilize a photoinduced ligand 

cleavage strategy (similar to NP-EGTA or DM-nitrophen) and display vastly improved 

metal-binding characteristics. ZinCleav-1 (Figure 2) shows an impressive decrease in 

metal affinity of roughly 9 orders of magnitude. (ZinCleav-1: Kd = 0.23 pM; major 

photoproduct Kd = 257 µM for 1:1 complex) A second generation derivative, ZinCleav-2 

(Figure 2), claims the highest affinity for a zinc photocage to date with an apparent 

dissociation constant Kd = 0.9 fM.12 The improvement in affinity is due to the addition of 

two pendant picolyl moieties to the chelating donor set. The change in affinity after 

uncaging is similar to that of ZinCleav-1 (ΔKd = 108). The photochemical yield for these 

cage complexes are low, however (ΦZn(ZinCleav-1) = 0.0055, ΦZn(ZinCleav-2) = 0.0059).  

As of yet in cellulo Zn2+ photocaging has not been demonstrated. The examples 

of the ZinCast and ZinCleav series of cages illustrate the challenge of designing a 

transition metal cage to meet all of the requirements for utility in biological studies. 
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These critical attributes include a strong affinity before photolysis, a large ΔKd, sufficient 

aqueous solubility, and a practically useful ΦP. Systematic study of the effects of ligand 

design on cage properties continue to advance understanding of photocage design 

principles.2c, 13 

1.1.3 Iron 

Though the selective control over metal ion concentrations may be a relatively 

modern scientific pursuit, living organisms have long required tight control over 

reactive Fe species, and consequently a number of natural product chelators have 

evolved to fit these needs.  Some iron chelating compounds, termed siderophores, are 

secreted by bacteria for the purpose of Fe acquisition.  A subset of siderophores is 

known to react to UV radiation, forming photoproducts with altered coordination 

chemistry.9a One such group of siderophores, the aquachelins, undergoes a ligand-to-

metal charge transfer that ultimately cleaves the hexadentate chelator into a lipophilic 

bidentate portion and a hydrophilic tetradentate portion. The conditional metal affinity 

of aquachelin B decreases from 1012.2 M-1 to 1011.5 M-1 in the tetradentate photoproduct. 14 

Consistent with a ligand-to-metal charge transfer mechanism, the Fe is released in the +2 

oxidation state. Irradiation of another photoactive siderophore, vibrioferrin, yields a 

photoproduct with no detectable affinity for Fe. Like the aquachelins, vibrioferrin 

contains a key α-hydroxycarboxylic acid.15  
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A comparison of an array of terrestrial and marine siderophores uncovered 

structure-activity relationships between the makeup of the Fe-binding moieties and the 

subsequent photoreactivity.16 The study found that Fe-complexed ligands bearing α-

hydroxy carboxylic acids were subject to aquachelin-like elimination of Fe2+ and 

cleavage of the ligand structure.  Structurally similar hydroxamic acids were found to be 

inert to photoreaction in both apo and holo forms, while catechols were only reactive in 

the unbound form.16 These “rules” for siderophore photoactivity may guide future 

efforts toward a synthetic caged iron complex. 

To date, there is only one published attempt to create a non-siderophore Fe 

photocage. Ferricast was prepared by Burdette et al. and combines a N-phenyl-1-oxa-

4,10-dithia-7-azacyclododecane metal receptor with an ortho-nitroveratraldehyde 

photoresponse unit.17  Analogous to their ZinCast zinc cages and the nitr calcium cages, 

generation of the phenylketone from the benzylic alcohol delocalizes the aniline lone 

pair of electrons. The (S2NO) macrocyclic metal-binding pocket was found to exhibit 

low affinity for ferric ions in aqueous solution, though Ferricast demonstrated a light-

dependent reduction in Fe affinity in acetonitrile solution. The quantum yield of 

photolysis is similar to previous nitrobenzhydrol cages.  17   

Whether inspired by naturally occurring photoactive siderophores or by 

synthetic Ca2+ caging ligands, future efforts to control Fe with light face the challenge of 

adapting these strategies to iron’s unique coordination and redox properties. As seen in 
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the case of Zn2+ photocages, new synthetic approaches may need to be developed to 

construct the next generation of Fe photocages. New cages that can incorporate desirable 

photocage properties as described earlier could offer new opportunities to explore Fe 

biochemistry, including Fe homeostasis and the labile iron pool (LIP). LIP is a pool of 

metabolically accessible iron that is purportedly bound by moderate affinity, low 

molecular weight Fe ligands.18  Light activated, intracellular release of Fe without the 

need for iron transport proteins may offer new means of elucidating complex regulatory 

processes. 

 

1.1.4 Copper 

Like Fe, copper (Cu) is typically found in one of two oxidation states. For copper, 

these are either the cuprous +1 or cupric +2 ions. Photocages for Cu in both of its 

biologically relevant oxidation states, +1 or +2, may prove useful for studies of copper 

trafficking pathways. However, facile Cu redox chemistry can result in oxidation or 

reduction of the caged metal center and a significant change in complex stability. 

Photocaging ligands must therefore strongly stabilize Cu in only one oxidation state to 

prevent premature decomplexation.  

Beyond use as a tool for studying Cu homeostasis and trafficking, another clever 

use of caged Cu has been envisioned in the context of reactive oxygen species (ROS) and 

cellular oxidative stress. Increased intracellular concentration of oxygen in several 
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reactive states (including 1O2, HOOH, ·OH, O2
·-, etc.) is known to cause disrupt normal 

cellular function and trigger a response known as oxidative stress. In the presence of 

hydrogen peroxide, Cu+ can oxidize to Cu2+, releasing OH- and highly reactive hydroxyl 

radical (·OH). Hydroxyl radicals trigger damaging lipid peroxidation and will rapidly 

react with nearby biomolecules such as DNA. Cupric ions can return to the cuprous 

state by one electron transfer from intracellular reductants. Since reductants are typically 

present at high concentrations inside cells, the above processes can result in a catalytic 

cycle capable of producing large quantities of cytotoxic ·OH. In light of this, Cieskienski 

et al. proposed a role for caged Cu as a light-activated catalyst for ROS generation, 

wherein site-specific release of the pro-oxidant metal might selectively induce oxidative 

stress in cancer or pathogens.19  

The first photoactive Cu(II) ligand was H2cage. H2cage presents two amide 

nitrogens and two pyridyl nitrogens to form a stable 1:1 Cu complex in the dark (Kd = 16 

pM at pH 7.4).20 The Cu(cage) complex stabilizes the metal center as Cu2+ even in the 

presence of excess ascorbic acid reductant, and the complexing ligand successfully 

prohibits catalytic ·OH generation as measured by a deoxyribose degradation assay. 

Cu(cage) cleaves upon UV radiation (350 nm, Φp = 0.32) to generate low affinity 

photoproducts and release Cu. The released metal is believed to be in the +2 state, 

though photoreduction of some ions to the +1 state has not been ruled out. Importantly, 

the reduction potential of Cu after photocleavage is altered such that the ligand 
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photoproducts are unable to prevent catalytic ROS production and subsequent 

deoxyribose degradation by Cu.20  

A series of cages inspired by H2cage were used to study the factors affecting 

complex stability at physiological pH as well as photolytic efficiency.21 A third 

generation Cu cage (3Gcage) incorporates these design principles to achieve a 

substantial increase in Cu affinity (Kd’ = 0.18 fM). This tightly binding ligand was found 

to be selective for Cu2+ when the complex was challenged with 50-fold excess Zn2+. In 

keeping with its higher affinity, 3Gcage also confers greater protection to deoxyribose in 

a ROS-induced degradation assay than H2cage.21 The triggered release of Cu is evident 

from the Cu- and light-dependent cytotoxicity observed in cancer cells treated with 

Cu(3Gcage) in various light conditions.19 
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Figure 3: Cu photocages 

Currently there is only one report of a caging ligand designed particularly for 

copper in the 1+ oxidation state. CuproCleav-1 follows the same strategy of other 

cleavable photocages and closely resembles the ZinCleav cages that were prepared by 

the same laboratory.12, 22 Metal binding is achieved through two amine and four 

thioether donor atoms for metal chelation. The authors report a KD of 54 pM for the 

intact ligand, and qualitative results with model photoproducts suggest that 

photocleavage produces species that are unlikely to compete with endogenous Cu(I) 

chelators. The quantum yield is markedly improved over ZinCleav cages (ΦP for 

[Cu(CuproCleav-1)]+ is 1.1 ± 0.7%).22b While CuproCleav-1 and the other Cu cages 

described above target copper in different oxidation states prior to uncaging, it should 
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be noted that all Cu released from photocages is likely to persist as Cu+ in the reducing 

cellular environment. 

1.1.5 Platinum 

The “cage as prodrug” strategy was further elaborated by Ciesienski et al. 

through the use of Pt(II), another bioactive metal species.23 Platinum-based drugs are 

believed to act on cancer cells in chemotherapy regimens primarily through DNA 

crosslinking. Pt(II) complexes including cisplatin, oxaliplatin and carboplatin constitute 

a class of blockbuster cancer drugs, though drug resistance and toxicity to healthy cells 

limit their effectiveness in the clinic. The platinum complex with H2cage, [Pt(cage)], was 

developed for light-activated release of Pt(II).23 Limiting the presentation of PtII only to 

cells that have been irradiated could minimize the toxic side effects of these treatments. 

MCF-7 human breast carcinoma cells that have been treated with up to 200 μM 

[Pt(cage)] remain viable in the absence of activating UV energy. Irradiation of [Pt(cage)]-

treated cells, however, induces significant cell death. The ligand H2cage therefore 

exhibits high affinity for Pt(II) before light exposure as well as a suitably large ΔKd, 

despite being originally designed for Cu photocaging. Interestingly, DNA crosslinking 

was not observed in vitro for photolyzed samples of [Pt(cage)]. The mechanism of 

toxicity for photoreleased platinum is unclear at present. Initial results with caged Pt are 

an exciting glimpse into the therapeutic potential of caged metal ions. 
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The photochemistry of [Pt(cage)] and its subsequent biological activity stem from 

the interaction of light with the photolabile moiety present in the ligand backbone. The 

manipulation of platinum coordination can also be carried out through light excitation 

of LMCT or d-d bands.24 These interesting compounds are described in Section 1.3 

below.  

1.2 Photoswitches as metal ligands 

One of the hallmark features of photocaging ligands is an irreversible 

photochemical step. The decrease in ligand metal affinity is therefore permanent. 

However, photochromic molecules with reversible photoreactivity are capable of 

toggling back and forth between structures with different geometric and chemical 

properties. By incorporating moieties capable of metal recognition into a photochromic 

molecule, metal binding may be turned on and off repeatedly using only light as an 

input. Beyond an intriguing academic pursuit, metal chelating ligands containing 

photoswitchable elements have been highlighted for interesting applications including 

photoswitchable catalysis and light-facilitated transport across lipid membranes.  25  

Switchable chelators have been developed using a host of different switchable 

chromophores, including thioindigos26, spirooxazines27, chromenes28, triarylmethanes29, 

diarylethenes30 and others.31 Several reviews in recent years provide excellent discussion 

of efforts in this field.32 Here we present literature examples that explore the intersection 

of ligand photochromism and metal coordination using four classes of photochromic 



 

moieties: azobenzenes, spiropyrans, diarylethenes, and arylhydrazones. These examples 

demonstrate principles of design that apply broadly to photoswitchable chelators that 

incorporate many of the chromophores listed above.

1.2.1 Azobenzene 

1.2.1.1 Pendant crown ethers

Figure 4: Structural changes due to photoisomerization of azobenzene

The structure of both cis- and 

space filling model (red = higher electron density, blue = lower electron density). Figure taken 

from Woolley et al.33 

The azobenzene chromophore can exist as either a 

N=N double bond. Compounds containing azobenzene are generally found in the 

configuration but may be converted to the 

The cis isomer may then return to 

visible light. The end-to-end distance (from C4 to C4’) decreases by 0.4 nm as a result of 

trans to cis isomerization.

binding of a metal ion. Structures such as in 
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moieties: azobenzenes, spiropyrans, diarylethenes, and arylhydrazones. These examples 

demonstrate principles of design that apply broadly to photoswitchable chelators that 

incorporate many of the chromophores listed above. 

Pendant crown ethers 

 

: Structural changes due to photoisomerization of azobenzene

and trans-azobenzene isomers depicted by (a) skeletal formula and (b) 

higher electron density, blue = lower electron density). Figure taken 

 

The azobenzene chromophore can exist as either a cis or trans stereoisomer at the 

double bond. Compounds containing azobenzene are generally found in the 

configuration but may be converted to the cis configuration by irradiation with UV light. 

isomer may then return to trans by either thermal relaxation or irradiation with

end distance (from C4 to C4’) decreases by 0.4 nm as a result of 

isomerization.33 Many compounds utilize this geometric change to modulate 

binding of a metal ion. Structures such as in  

moieties: azobenzenes, spiropyrans, diarylethenes, and arylhydrazones. These examples 

demonstrate principles of design that apply broadly to photoswitchable chelators that 

 

: Structural changes due to photoisomerization of azobenzene 

azobenzene isomers depicted by (a) skeletal formula and (b) 

higher electron density, blue = lower electron density). Figure taken 

stereoisomer at the 

double bond. Compounds containing azobenzene are generally found in the trans 

configuration by irradiation with UV light. 

by either thermal relaxation or irradiation with 

end distance (from C4 to C4’) decreases by 0.4 nm as a result of 

Many compounds utilize this geometric change to modulate 
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Figure 5 bind loosely in the trans configuration, but photoisomerization brings 

the terminal crown ethers into closer proximity.34 Large alkali ions are selectively 

extracted from aqueous solution into organic solvent by the cis isomer through the 

formation of a stabilizing sandwich complex.34b Irradiation with UV light can thus turn 

on metal affinity and encourage complex formation, while visible light conversely will 

trigger metal release. This behavior has been used to enable light-driven transport of 

alkali metal ions across liquid membranes.35 It should also be noted that changing the 

metal-binding moieties from crown ethers to iminodiacetates can tune the selectivity of 

these switching chelators for the alkali earth metals.36 

 

Figure 5: Dual wavelength control of alkali metal chelation with photoswitchable bis-

crown ether 
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Figure 6: Crown ethers with metal affinity controlled by light through 

azobenzene photochromism 

1.2.1.2 Azocrowns 

Azobenzenes have also been conjugated with crown ether structures via other 

design strategies to impart photoreversibility to alkali metal complexation. 

Incorporation of the azobenzene chromophore into the macrocyclic ring produces a 

structure in which the cavity size is controlled by light (Figure 6a). Photoisomerization 

to the cis form contorts the macrocycle and consequently alters ring shape and ion 

binding ability. When an bis-(ortho-hydroxy)azobenzene is used, UV-induced 

isomerization to the cis form reduces metal affinity.37 One study reported an 80% drop in 

extraction efficiency as a result of isomerization from trans to cis. Interestingly, 

incorporation of the azobenzene into the crown ether through para-hydroxy substituents 

reverses the relative affinities of the photoisomers; only the trans isomer exhibits ion 

(a)

(b)
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binding.38 When the azobenzene acts as a bridge across the macrocycle (Figure 6c), the 

chromophore cis-trans geometry dictates the cavity size and thus controls ion selectivity. 

Larger K+ ions interact more favorably with the cis species, while the trans species is 

selective for smaller Na+ ions. These results are consistent with enlargement of the cavity 

upon trans-cis isomerization.39 The above examples achieve reversible chelation of alkali 

and alkaline earth metals through changes in the chelator geometry to form more or less 

favorable metal binding pockets. Despite using the same azobenzene chromophore to 

achieve photoreversibility, the specific way in which the chromophore is incorporated 

can have dramatic effects on the resulting chelator function. 
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Figure 7: A multifunctional photoswitching ligand exhibits a metal-dependent 

photochemical response to 275-nm light 

Naphthalene chromophores in G0-Azo act as light-harvesting antennae in the presence of two 

coordinated Zn(II) centers to drive azobenzene cis-trans isomerization when irradiated with 275-

nm light. The Z isomer binds a single Zn atom with increased affinity over 1:1 cyclam:Zn 

binding. The ligand also binds Cu(II) tightly, but metal binding quenches the photoreactivity of 

the ligand.Naphthalene chromophores in [Zn2(G0-Azo)]4+ absorb incident 275-nm radiation 

which is transferred efficiently in the presence of Zn to the central azobenzene. The trans-

azobenzene moiety isomerizes to cis-azobenzene to form a mononuclear complex. G0-Azo also 

binds cupric ions tightly, though the compound is photochemically inert. 

 

Several transition metal complexes with azobenzene ligands have also been 

reported. As with switchable alkali chelators, the configuration of azobenzene alters the 

coordination environment of the transition metal. However, d orbital interactions and 

charge transfer processes introduced by the metal center also affect the photochemical 
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behavior of the ligand. The mutual interaction between transition metal and 

photochromic ligand is evident in a compound (G0-Azo,Figure 7) reported by Marchi et 

al. that combines light-harvesting, photoswitching, and metal coordination functions.40 

Two cyclam units tethered by azobenzene can each bind a Zn2+ ion in organic solution.  

Naphthalene chromophores attached to the cyclam macrocycles absorb photons that are 

typically too energetic to induce trans-cis azobenzene isomerization. This energy is 

transferred to the linking azobenzene and causes azobenzene switching. The quantum 

yield for isomerization with 275-nm light increases for the Zn complex compared to the 

apo ligand (ΦZn = 0.08, (ηET = 1.0); Φapo = 0.05). Following isomerization, the cyclam units 

are brought into close proximity which alters the Zn binding environment. Most of the 

complexes adopt a 1:1 metal:ligand ratio which has been attributed to a 2:1 cyclam:Zn 

sandwich complex.40 For this reason, the ligand is described by the authors as 

“molecular tweezers”. A binuclear Cu(II) complex can also be formed with G0-Azo. 

However, the presence of unfilled d orbitals with intermediate energies allows for rapid 

deactivation of the excited state and thus quenches photoreactivity. 

Conjugation of ferrocene with azobenzene produces a photoswitch (trans-meta-

FcAB) with redox-controlled photochemical properties (Figure 8). The ferrocene 

complex introduces a metal-to-ligand charge transfer (MLCT) band which mixes with 

the azobenzene n-π* band; this drastically increases the compound’s extinction 

coefficient at visible wavelengths. Consequently, green light (546 nm) is absorbed by the 
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complex and some of the trans-azobenzene isomer is converted to cis (35% cis at the 

photostationary state). One-electron oxidation of the ferrocene moiety to ferrocenium 

removes the MLCT band. If a photostationary solution of the Fe(II) complex is oxidized 

and then irradiated with the same green wavelength, a 100% trans solution is produced. 

The influence of the conjugated ferrocene MLCT acts as a gate, promoting isomerization 

in different directions (either trans-cis or cis-trans) depending on its redox state. Though 

the coordination of the Fe center is not directly affected by the ligand photochemistry, 

this example is presented as a model of the interdependence of metal coordination and 

photoreactivity in the case of photochromic transition metal complexes. 

 

Figure 8: cis-trans isomerism of a ferrocene-azobenzene conjugate is 

controllable at a single wavelength by Fe redox state 

Irradiation of a ferrocene-azobenzene conjugate in its trans isomer (trans-meta-FcAB) with green 

light (λ = 546 nm) triggers trans-cis isomerization (up to 35% cis at the photostationary state. 

Oxidation of the ferrocene to ferrocenium and subsequent irradiation with the same green light 

triggers full restoration of trans-meta-FcAB. 
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Oka and Tamaoki prepared a rare photoswitchable Ag(I) coordination 

environment through the use of azobenzene and π-cation interactions.41 Rather than a 

polyether macrocycle for metal binding, the ligand features a naphthalene ring opposite 

the azobenzene moiety. A crystal structure of the trans complex reveals Ag bound by a 

single azo nitrogen, an η2-naphthalene interaction, and a bidentate triflate anion. The 

authors report that photoisomerization rearranges the ligand geometry, cleaving the η2 

bond, as determined by 1H NMR spectroscopy. The presence of Ag(I) was also found to 

induce a 30-fold increase in the rate of thermal E-Z isomerization. 

1.2.2 Spiropyran 

 

Figure 9: Photochromism of spiropyran 

Compounds containing a spiropyran moiety have also been used in numerous 

cases to modulate metal coordination. In the dark, photoswitching spiropyran is found 

in a closed ring form. The ring is opened by UV light to generate the merocyanine form, 

a zwitterionic species that contains both a positively charged indolium nitrogen and a 

phenolate oxygen (Figure 9). The exposed oxygen is a strong electron donor atom which 
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may be incorporated into a metal-binding motif. This reactivity has been utilized in a 

number of spiropyran derivatives to create a light-triggered metal chelating agent. 

 

Figure 10: A quinolinylspiropyran binds transition metals 

The chelating potential of spiropyrans was first acknowledged in 1965 in a 

compound with a merocyanine form that exposed an 8-hydroxyquinoline moiety 

(Figure 10).42 While UV radiation induces ring opening, it is not necessary in the 

presence of certain Lewis acidic transition metals. Treatment of the spiropyran with 

cupric, ferric, or zinc ions induces ring opening in the dark. In its closed form, the cyclic 

ether should exhibit reduced affinity for metal ions. This was observed in the case of 

Zn2+ solutions, where irradiation of the Zn-merocyanine complex with visible light 

triggered release of Zn2+.43 
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Figure 11: A dual-gated chelating photoswitch that requires light and metal inputs 

 

The use of crown ether metal recognition units with spiropyran has also enabled 

photocontrol of metal binding. Inouye et al. prepared compound 2 in the colorless ring-

closed form (Figure 11).44 The UV-visible spectrum of 2 shows little change upon 

separate treatment with either alkali metal or UV irradiation. Though not observable by 

UV-visible spectroscopy, the 1H NMR spectrum of 2 + Li+ indicates that the crown ether 

does indeed coordinate Li+ in solution. The colored merocyanine form 2’ is only 

observable upon UV irradiation in the presence of alkali metals. The efficiency of 

coloration is metal dependent, the 2-Li+ combination being the most effective. The 

requirement of both stimuli (photon and metal) for switching is rare, as the stabilizing 

effect of metal coordination can often shift thermal equilibrium heavily toward the 

merocyanine form.42-43 

The effect of aromatic substitution on this equilibrium was explored by 

Roxburgh and colleagues. In the system under investigation, two spiropyran moieties 



 

 

28

attached to a crown ether act in concert to form a photoswitching alkali metal chelator 

(Figure 12).45 A series of compounds was prepared with –H, -CF3, or –NO2 substituents 

at C5 of the spiropyran moieties. The addition of electron withdrawing groups opposite 

the indole nitrogen disfavors the spontaneous ring opening which forms the charged 

indolium species. Increasing electron withdrawing strength was found to increase the 

stability of the ring-closed isomer, even in the presence of Ba2+, Ca2+, and Mg2+ ions. The 

5-nitro-substituted chelator system shows the greatest resistance to dark isomerization, 

and undergoes reversible photoswitching (though not complete conversion between 

isomers) to alter binding of alkali earth metals in response to UV or visible light. 

The use of spiropyrans to control the coordination of metals has led to a number 

of interesting compounds that combine photoreactivity with the ability to bind a number 

of different metals. However, many systems undergo ring opening to the merocyanine 

form in the dark if metal ions are present in solution, limiting the utility or need for 

photoactivation of these compounds. Also, few photoswitching spyropyrans (or related 

chromophores) specifically bind to transition metals. Among those that are reported, it is 

generally observed that reversibility with light and metal affinity seem to be inversely 

related. Further exploration of novel binding structures may lead to truly bistable 

photoswitchable chelators for these metals. 
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Figure 12: A series of bis(spiropyran) crown ethers to bind alkaline-earth metals  

1.2.3 Dithienylethene 

 

Figure 13: Generic scheme for dithienylethene photochromism 

  

Diarylethene exhibit photochromism as a UV light-driven electrocyclic ring 

closing and a corresponding ring opening initiated by visible light (Figure 13). The 

dithienylethene chromophore is particularly attractive for some applications as the 

thermal relaxation of the UV-induced photoisomer is negligible. Some light-controlled 

metal binding compounds have been prepared that utilize this chemistry in strikingly 
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different ways. Lapouyade et al. prepared a compound substituted with an azacrown 

metal receptor and a formyl electron withdrawing group on opposite ends of the 

chromophore (Figure 14).46 In the ring opened structure, the arms of the chromophore 

are twisted and conjugation is diminished across the molecule. However, upon 

irradiation with UV light, ring closure forces the structure to adopt a planar 

conformation which dramatically increases electronic communication. The electron 

withdrawing effect of the formyl group saps electron density from the aniline nitrogen 

of the azacrown receptor, triggering a decrease in Ca2+ affinity of nearly four orders of 

magnitude (log Kopen = 5.4; log Kclosed = 1.7).46 This strategy is analogous to the electron 

withdrawing effects responsible for attenuation of Ca2+ affinity in the nitr-X class of Ca 

photocages (Section 1.1). 
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Figure 14: A dithienylethene metal receptor with photoswitchable Ca2+ affinity 

Increased electronic conjugation in the ring closed form of a dithienylethene-linked metal 

receptor pulls electron density away from an aniline nitrogen and toward the formyl moiety on 

the opposite end of the molecule. The reduction in electron density in the azacrown results in 

markedly reduced Ca2+ affinity. Figure adapted from Lapouyade et al.46 
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Figure 15: A dithienylethene Cu+ ligand changes its binding mode with light 

A dithienylethene-contaning Cu+ ligand promotes enantioselective cyclopropanation reactions 

from the ring opened structure. Irradiation with UV light alters the Cu coordination sphere and 

abrogates enantioselectivity. Figure adapted from Branda et al.47 

 

The creative use of photoswitches was further demonstrated by Branda et al. in 

their use of a dithienylethene structure to control the binding mode of a Cu ligand. A 

bis(oxazoline)-tagged dithienylethene is a chiral ligand for Cu+ that promotes 

stereoselective cyclopropanation reactions. Irradiation with 313 nm light causes ring 

closure that removes the chirality of the system which should diminish 

enantioselectivity. As portrayed in , the first coordination sphere is directly altered by 

the photochromic switch. The observed effects on selectivity are weak when solutions of 

freshly irradiated ligand are used; 313 nm radiation only converts 23% of the ligand to 

the ring closed form. However, use of a purified sample of ring closed ligand generates 

products with negligible enantioselectivity. This example demonstrates the unique ways 

in which photoswitches can be utilized to manipulate metal coordination. 
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1.2.4 Arylhydrazone 

 

Figure 16: Photochromism of hydrazones 

Irradiation of a hydrazone moiety with UV light induces an E-Z photoisomerization. The 

metastable photoisomer undergoes thermal relaxation back to the E isomer. 

 

The photochromism of hydrazones has been documented,48 though there are few 

investigations of hydrazone photochemistry controlling metal coordination. Lehn and 

coworkers have explored the effect of stable metal complex formation on hydrazone 

photochromism as well as the reciprocal effect of hydrazone ligand photoisomerization 

on complex stability. In one example, a bis-pyridyl aroylhydrazone undergoes E-Z 

photoisomerization on exposure to UV light. An intramolecular hydrogen bond 

stabilizes the Z configuration such that no thermal isomerization is detected over 5 days 

at 45 °C in CD3OD. In the E configuration, the compound presents a terpyridine-like 

binding motif that is preorganized to chelate metal ions. Upon addition of Zn2+, a 2:1 

complex forms. Irradiation of this complex yields no photoproducts. However, addition 

of a high affinity, competitive metal chelator such as tris(2-aminoethyl)amine restores 

the apo ligand as well as the E-Z photoreactivity. In light of this metal-gated 

photoreactivity, the authors describe the system as a molecular device in which memory 
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of a physical (light) input can be stored in the geometric configuration of the ligand, and 

the chemical input of Zn2+ acts as a locking mechanism for the device. 49   

In a structurally similar system, hydrazone ligands interacting with potassium 

thiocyanate and rubidium thiocyanate form crystalline solids.50 Loosely bound 

potassium ions (Kf = 25 M-1) are ejected from the crystalline complex by irradiation with 

UV wavelengths. This process is reversible; the complexes re-form in acetonitrile 

solution over time. The differential behaviors of two structurally related hydrazones 

highlight the diversity of functions that are accessible from different metal-ligand 

binding strengths. 

 

Figure 17: Photoswitching arylhydrazones exhibit differing responses to light in the 

presence of metal ions 

(a) An aroylhydrazone complexes potassium ions and forms a crystalline solid in the 

dark. Irradiation of the crystalline material with UV light causes the decomposition of the solid 

and releases potassium ions. The counterion is SCN-.50 (b) A photoactive arylhydrazone 

undergoes E-Z photoisomerization in the absence of a coordinating Zn2+ ion. Formation of the 2:1 

ligand:Zn complex renders the hydrazone inert to photoreaction. Addition of a competitive 

chelator removes Zn(II) and restores photoreactivity. L = tris(2-aminoethyl)amine49 

 

(a)

(b)

N

N

H
N

N
N

N

N N

N

N

H
N

N

H

Zn2+

Zn2+

h

20 mol% TFA

L

h
no reaction

2



 

 

35

 

Figure 18: A photoactive aroylhydrazone reversibly releases potassium ions upon UV 

irradiation 

A tridentate aroylhydrazone ligand treated with KSCN in methanol solution forms a crystalline 

solid complex. Crystals of the solid decompose upon irradiation with UV light with a 

concomitant increase of [K+].50 

 

A rhodamine B salicylaldehyde hydrazone was reported to have thermally 

reversible photochromic activity when complexed to a d-block transition metals51. 

Irradiation with UV light causes the solution to change color to deep pink and become 

strongly fluorescent. The complex bleaches thermally with a rate that is determined by 

the identity of the complexed metal ion. The UV coloration and thermal recovery are 

repeatable at least 10 times with no observable fatigue. The presence of a metal ion 

(either complexed or freely in solution) was required to initiate the color forming 

reaction and the rate of thermal bleaching was dependent on the identity of the cation. 

However, there is no direct evidence to clarify the role of the metal ion in the forward 

and reverse reactions. Given the wide array of photochromic molecules whose metal 

affinity is modulated by photochemistry, it is interesting to consider the possibility of a 

mechanism involving light-triggered ejection of the metal center and slow thermal 

restoration of both the complex and the spirocycle. 
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1.3 Photoinduced metal-ligand bond cleavage 

In addition to the abundance of examples in which the interaction of the ligand 

with light drives coordination changes, some transition metal complexes absorb photons 

that excite d-d or charge-transfer transitions. From such photoexcited states, it is 

possible to either directly cleave metal-ligand (M-L) coordinative bonds or weaken the 

bonds to promote substitution reactions. These molecules highlight the additional 

diversity of function that inorganic coordination chemistry can provide. In some cases, 

direct manipulation of the inner coordination sphere with light can be used as a 

complementary means of photocaging in which irradiated complexes release specific 

ligands of interest. Alternately, absorption of light can trigger dramatic changes in redox 

state and coordination geometry that not only release ligands but dramatically alter the 

chemistry of the complex. This section discusses metal complexes with photocleavable 

M-L bonds with an emphasis on compounds that release organic ligands or interact with 

organic substrates following activation. The photochemistry of nanoparticles, including 

organic substrate release or photon upconversion, is not included. Metal complexes that 

release nitric oxide 52 or carbon monoxide53 further exemplify the power of inorganic 

photochemistry, but extensive review of these compounds may be found elsewhere and 

are not included in the scope of this work.54 
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1.3.1 Homolytic metal-carbon bond scission 

One of the earliest reported examples of photoactive metal complexes is that of 

the cobalt(III) complex vitamin B12 (also called cobalamin).55 When one of the axial 

positions around the hexacoordinate Co is occupied by an alkyl ligand, the Co-C bond 

cleaves homolytically to yield Co(II) and an alkyl radical. 56 Model vitamin B12 

compounds known as cobaloximes are also subject to cleavage by light.56c, 57 The primary 

quantum yield of methylcobalamin Co-C cleavage under irradiation with 527-nm light is 

0.33; rapid recombination of radicals (< 1 ns) reduces the net yield to 0.16.56b, 58 In another 

example, visible light photolysis of [Co(cyclam)(H2O)(CH3)]2+ generates 

[Co(cylcam)(H2O)]2+ and a methyl radical, which was shown to initiate DNA cleavage in 

vitro.59 

Other reports have capitalized on Co-C photochemistry to simultaneously 

modulate ligand fluorescence properties. Synthetic derivatives of cobalamin have been 

developed with fluorophore-tagged alkyl ligands in the free axial position.60 When 

bound to the complex, fluorescence emission is quenched. Upon photolysis, however, 

emission can be restored and used as an optical readout of the cleavage reaction. 

Priestman and colleagues prepared a caged fluorophore that releases a TAMRA moiety 

with 560-nm activating light.60a The uniquely long uncaging wavelengths of the 

cobalamin-caged fluorophore facilitated the development of a system of three caged 
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fluorophores, each with different caging chromophores. Each fluorophore can be 

released orthogonally using three separate wavelengths. 

In addition to cobalt, homolytic cleavage of M-C bonds has also been observed in 

molybdenum porphyrin/porphycene complexes61 as well as some cycopentadienyl 

tungsten, chromium, molybdenum and iron complexes.62 Pyrex-filtered light from a 

mercury lamp (λ > 300 nm) releases a tungsten-bound methyl group in buffered 

aqueous or organic solvent.63 Photolysis in the presence of DNA induces strand cleavage 

that is attenuated by the carbon-radical quencher TEMPO.  

1.3.2 Ru(II) as ligand caging complex or photoactive anticancer compound 

Ruthenium(II) complexes bearing η6-arene ligands (“piano-stool” type 

complexes) are photolyzed by UVA light to generate more reactive DNA-binding 

complexes (Figure 19). During irradiation, the arene ring dissociates and is likely 

replaced with either labile chloride or solvent ligands. The reaction generates a mix of 

photoproducts, many of which have not been fully characterized. However, removal of 

the arene ring is clearly observable by 1H NMR spectroscopy. If the capping arene is an 

indane, photolysis of the complex results in a 40-fold increase in fluorescence, providing 

further evidence of arene displacement (Figure 19). The photoproduct attacks guanine 

nucleobases to form DNA crosslinks. Unlike cisplatin DNA reactivity, the binuclear 

ruthenium species produced a significant number of interstrand DNA crosslinks, which 

have been identified as particularly effective in antitumor drugs.64 The photoinduced 
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ligand exchange of Ru(II) piano-stool complexes has also been utilized in photocatalysis 

for the initiation of ring opening metathesis polymerization (ROMP). In fact, similar 

ligand exchange chemistry has also been utilized with sandwich and hexakis(nitrile) 

Ru(II) complexes to initiate ROMP.  

Light-activated anticancer activity is also reported for cis-dichloro-bis(1,10-

phenanthroline)rhodium(III)chloride (BISPHEN) and related complexes. Similar to the 

piano stool Ru complexes, the BISPHEN class of Rh complexes undergo ligand 

substitution with the aqueous solvent to form a reactive species that interacts with 

DNA.65  

 

Figure 19: Photodissociation of arene ligands from Ru(II) complexes and the 

likely major products 

Irradiation of a dinuclear Ru(II) complex in aqueous or methanol solution with UVA light 

releases the arene ligands, resulting in ~40-fold increase in fluorescent emission. The 
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photosolvated complex is reactive to DNA, forming crosslinks that disrupt RNA polymerase 

activity. X = Cl or solvent. Full characterization of the photoproducts was not performed; 

structures are proposed to be the major reaction products. 

 

Some half-sandwich Ru(II) complexes have been designed with alternative 

photoreactivity wherein the face-capping ligands are inert and a monodentate ligand is 

ejected instead.66 Finazzi et al. describe a complex where the arene capping ligand is 

replaced by a cyclic thioether (compound 4, Figure 20).67 Under published conditions, 

blue light irradiation induces the complete release of pyridine from 4 in two minutes. 

The aquated complex produced by photolysis has low cytotoxicity, which led the 

authors to suggest the half-sandwich Ru(II) complexes as a photocaging strategy for 

biologically relevant small molecules.  

Photoactive [Ru(bpy)2(X)2]2+ and [Ru(bpy)2(PR3)X]2+ compounds are also known 

to release am(m)ine ligands (X) in response to light.68 The photochemistry of these 

complexes is sufficiently robust to enable photocaging applications, and has been 

applied particularly effectively in the area of neurotransmitter release.68a, 69 The uncaging 

of serotonin from 5 with a 405 nm laser occurs with a quantum yield Φ = 0.12. Similar 

values for Φ were obtained for uncaging with longer wavelengths (450 and 532 nm). 

Serotonin can also be uncaged from 5 via two-photon excitation (σ2Φ = 0.24 GM). Two-

photon uncaging of 5 in neuron dendritic spines was used in conjunction with 

fluorescent Ca2+ sensors to confirm the presence of dopamine receptors in this neuron 

microenvironment.69a The application of photoactive ruthenium complexes within a 
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biological context attests to the potential of photoactive metal complexes to afford 

precise chemical tools when combined with light as a noninvasive trigger. While 

primary alkyl and heterocyclic nitrogen donor ligands have been successfully released 

from these systems, the ability to release other types of ligands with light remains 

unclear. Further, the structure-activity relationships relating the inert ligands to 

observed photochemical properties also warrant elucidation. 

 
Figure 20: Ru(II) complexes for photorelease of a monodentate ligand 

 

1.3.3 Photoreduction of platinum (IV) 

Prodrugs for platinum-based cancer therapeutics have been developed through 

the utilization of Pt(IV) complexes, which are octahedral and are much more kinetically 

inert with respect to ligand exchange. In this way, these complexes are designed to 
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remain in their nontoxic prodrug form until conversion to Pt(II) in the reducing 

environment of tumors. This strategy was modified to develop a class of 

photoactivatable platinum anticancer prodrugs. These complexes can undergo 

photoreduction to Pt(II) and subsequently change from inert octahedral complexes to 

four-coordinate, square planar structures that can readily form DNA crosslinks.70  

Sadler and coworkers reported the visible-light reactivity of a diiodo Pt(IV) 

complex to platinate nucleotides, but this compound was ultimately hampered by the 

high reduction potential of the Pt(IV) complexes.71 Intracellular reductants were able to 

reduce substantial amounts of the prodrug irrespective of photoactivation. The problem 

of premature activation was alleviated by replacing the iodo ligands with azido ligands 

in a new prodrug complex, cis-trans-[PtIV(en)(N3)2(OH)2]. Irradiation with visible light 

(458 nm) triggered decomposition of the azido moieties and concomitant formation of 

Pt-nucleobase adducts.72 The photochemistry of a number of structurally related 

derivatives has been characterized to further evaluate ligand effects on the activity of 

these prodrugs.70c, 70d, 73 Notably, some of these prodrugs release a trans-Pt(II) complex 

that interacts with DNA by a different mechanism from cisplatin with greater 

cytotoxicity. 

1.3.4 Metal-carbene formation with tungsten (VI) 

Photoinduced cleavage of a metal-ligand bond can be accomplished by a number 

of different means, often leaving a vacant coordination site on the metal center that can 
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be filled by solvent or other nearby anions. In the case of photoactive tungsten (VI) 

complexes, UV irradiation triggers M-L bond cleavage as well as concomitant α-H 

abstraction from an adjacent methylene carbon to yield a carbene ligand. This unique 

reactivity was recognized for its potential as a one-component source of metal 

alkylidenes, which are known to be the initiators and primary active species in ring-

opening metathesis polymerization (ROMP). The complex shown in Figure 21 shows no 

catalytic activity when heated to 80 °C in the presence of monomers, but immediately 

triggers polymerization reactions upon UV photolysis.74 

 

Figure 21: UV irradiation of tungsten generates olefin metathesis initiator 

The silane ligand on a tungsten (VI) complex undergoes α-H abstraction upon irradiation with 

UV light. Tetramethylsilane is ejected, generating a tungsten carbene complex that is useful as a 

ring opening metathesis polymerization catalyst. 

 

1.4 Scope of this dissertation 

A number of clever strategies have been introduced in efforts to control the 

coordination environment of metals using the powerful tool of light. We note that the 

collection of reported photoswitchable chelators for d block transition metals lags 

behind chelators designed for manipulation of alkali or alkaline earth metals in number 

as well as capability. The selectivity of these compounds for particular metals has not 
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been well characterized, and many of them are activated in the dark directly by the 

target metals themselves. In this context, we explore in Chapter 2 the photochemistry of 

the aroylhydrazone metal chelator ((E)-N′-[1-(2-

hydroxyphenyl)ethyliden]isonicotinoylhydrazide) (HAPI) and its relation to HAPI 

metal binding properties. Based on promising initial results, a series of HAPI analogues 

was prepared to probe the structure-function relationships of aroylhydrazone 

photochemistry. These efforts, described in Chapter 3, elucidate the tunable nature of 

several aroylhydrazone photoswitching properties. 

The ability to increase ligand metal affinity with light is primarily limited to 

photoswitching compounds, some of which are described above in Section 1.2. As 

mentioned before, the literature is dominated by compounds designed for chelation of 

Group I and II metals. Some photoswitching chelators, particularly those based on 

azobenzene structures, are thermally reversible. In Chapter 4 we present a new 

compound, PC-HAPI, which undergoes an irreversible chemical change upon exposure 

to UV radiation to increase its metal binding affinity. The photolabile protection strategy 

used to mask PC-HAPI activity also releases a natural product coumarin with putative 

antioxidant activities, imbuing PC-HAPI with another layer of light-triggered function. 

Finally, the success of the PC-HAPI strategy led to the development of BCQ. In 

addition to using light as a trigger, we seek to explore chemical triggers for increasing 

metal binding activity as well. BCQ, like PC-HAPI is also inhibited from binding metals 
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by a masking group. Exposure to hydrogen peroxide results in the release of a chelator 

as well as a fluorescent coumarin. 
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2. Characterization of a photoswitching chelator with 
light-modulated geometric, electronic, and metal-
binding properties 

2.1 Introduction 

Since azobenzene was first recognized as a photoswitching species in 1937 by 

Hartley,75 it has become a workhorse for investigators wanting to control molecular 

arrangements with light.76 The photoswitch toolbox has expanded beyond azobenzene 

in the past several decades, along with a growing number of multidisciplinary 

applications.32b, 77 Tethering azobenzene derivatives or other photochromic moieties to 

biomolecules has enabled control over biological processes78 such as ion release79 and 

receptor activity,80 while other work has focused on building light-driven molecular 

machines.81  

 In efforts to develop light-activated metal sensors and molecular logic gates, 

many photochromic scaffolds have been functionalized with metal-binding moieties.32b, 

82 These compounds are designed such that only one of the photoisomers presents an 

optimal metal binding site. In this way, azobenzenes outfitted with crown ethers can 

bind metal ions in solution only while in the photogenerated cis configuration; the ions 

are then released upon irradiation with visible light, which regenerates the weakly 

binding trans isomer (Figure 22a).34b, 39b Metal chelating constructs have been cleverly 

introduced into other photochromic scaffolds, including spiropyrans27b, 42, 83 and 
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spirooxazines,84 which exhibit colorimetric or fluorometric changes in response to both 

metal binding and photoswitching (Figure 22b).  

 

 

Figure 22: Photoswitching metal chelators 

Examples of light switchable metal chelators built on 3 classes of photochromic molecules: (a) 

azobenzene, (b) spiropyran, and (c and d) hydrazone. (a) Azobenzene with incorporated crown 

ether moieties are brought into closer proximity by photoactivated trans—cis isomerization, 

effectively binding alkali metals.34b, 35 (b) A spiropyran derivative of 8-quinolinol is non-binding 

in its ring-closed form. UV-induced ring opening exposes a phenolate O and creates a site for 

bidentate chelation of Zn2+, Cu2+ or Fe3+.42, 83 (c) Light-triggered isomerization of the stable E-

arylhydrazone generates a stabilized Z isomer that is pre-organized to bind Zn2+.85 (d) This work: 

HAPI binds transition metals in its stable E isomer, but photoisomerizes to a Z configuration with 

reduced metal affinity. Stable (E)-HAPI metal complexes are unreactive to photoisomerization. 

 

Analogous to azobenzenes, arylhydrazones are known to undergo photo-

induced E/Z isomerization.48d Recent studies from Lehn et al. have sought to utilize this 

reactivity for molecular logic systems85 (Figure 22c) and stimulus-responsive chemistry 
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from crystalline solids.86 Schiff bases in general, and hydrazones in particular, favor the 

E isomer in their resting state.48e, 87 The ability to accumulate the Z form depends on the 

presence of stabilizing intramolecular hydrogen bonds in the photogenerated state.85, 88 

In these cases, light has only been shown to trigger E-to-Z isomerization, and other 

inputs like heat or acid are required to overcome the added stability and restore the 

initial E configuration.48a-c One notable exception is the dual-wavelength switching 

behavior reported by Pichon et al.89 Such reversible photoswitching activity, where 

different wavelengths of light can be used to toggle between two configurations, is 

highly desirable for some phototriggered applications.  

In addition to light, triggers like a change in pH or the presence of a metal ion 

have also been used as the impetus for E/Z switching in some hydrazones.90 In the case 

of the metal-controlled isomerization, multidentate coordination of a Zn2+ ion induces 

isomerization, and reversibility is achieved by addition of a competitive metal chelator.91 

It is notable that in all observed cases, hydrazone switching has been reported 

exclusively in organic solvent, presumably a requirement to maintain the Z-stabilizing 

interactions over extended periods of time. 

A metal chelating subset of aroylhydrazones, exemplified by pyridoxal 

isonicotinoyl hydrazone (PIH) and salicylaldehyde isonicotinoyl hydrazone (SIH), has 

been investigated in cell culture and animal models for potential application in treating 

pathological iron misregulation.92 The relative lipophilicity of these compounds as well 
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as their high affinity for iron confers improved biological activity over many canonical 

chelation therapeutics.93 Aroylhydrazones with N-[o-hydroxyphenyl] moieties, such as 

PIH or HAPI, may exist as several tautomeric forms in solution. Based on previous 

studies of the structurally similar PIH, the enolimine depicted in the present work is 

believed to be the dominant species in aqueous solution at pH 7.4.94  

These ligands use their phenolate O, imine N, and carbonyl O donor atoms to 

form both 1:1 and 2:1 ligand:metal complexes.95  For example, crystal structures show 

Cu2+ binds in a 1:1 ligand:Cu molar ratio,96 whereas Fe3+ forms either 1:197 or 2:192a, 98 

ligand:Fe complexes depending on the conditions.99 Recent work from Simunek and 

coworkers uncovered an SIH-like hydrazone with improved stability in plasma, ((E)-N′-

[1-(2-hydroxyphenyl)ethyliden]isonicotinoylhydrazide) (HAPI).92b The introduction of a 

methyl group at the azomethine carbon confers hydrolytic stability without altering the 

tridentate presentation of donor atoms characteristic of this class of chelating agent. 

We present here a study of the metal-gated reversible photochemistry of HAPI 

(Figure 22d), first highlighted as a promising candidate for biological iron chelation.92b 

Photoswitching of HAPI geometry modulates electronic conjugation as well as metal-

binding efficiency in this small molecule chelator. 
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2.2 Results and Discussion 

2.2.1 HAPI/HAPI* Photoreactivity 

The UV-Visible absorption spectrum of HAPI in pH 7.4 buffer shows 

characteristic bands at 288, 325 and 400 nm. As shown in Figure 23a, UVA irradiation 

(~300–400 nm) of the HAPI solution attenuates the two longer wavelength bands and 

induces a 13-nm hypsochromic shift of the 288-nm band. The inset in Figure 23a shows 

more clearly the accompanying isosbestic point at 280 nm, which signals the presence of 

two cleanly interconverting species in solution.  Over the course of several hours in the 

dark, the original spectral features return (Figure 23b). Recording the changes at 400 and 

325 nm over time revealed a half-life for the photo-excited species of 5.7±0.3 hours. 

These results suggest that photoexcitation of HAPI generates a metastable species, 

which we term HAPI*, that thermally relaxes back to HAPI. The loss of absorption 

between 300–450 nm upon irradiation of HAPI suggests a significant loss of electronic 

conjugation across the molecule, while the reversibility implies that such changes are not 

permanent.  Similar photo-induced blue shifts in absorption with thermal reversibility 

have been observed previously for arylhydrazones and are consistent with E/Z 

isomerization about the hydrazone C=N bond.48e, 85, 89  
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Figure 23: Photoswitching behavior of HAPI observed by UV-visible spectroscopy 

UV-Vis absorption spectra demonstrating key features of HAPI reactivity.  (a) The spectrum of 

HAPI (solid bold line, 50 μM HAPI in aqueous 10 mM HEPES buffer, pH 7.4, 200 mM NaCl) 

changes dramatically due to irradiation with UVA light (4 min total; spectra shown at 30 s 

intervals) to generate the red spectrum (HAPI*). (b) Left in the dark over 12 h, the irradiated 

solution of HAPI* shows the slow return of HAPI spectral features due to a thermal relaxation 

process.  (c) Irradiation of a HAPI* solution (red) for 1 min with UVC light centered at 254 nm 

restores the HAPI electronic spectrum (dotted line). 

 

Consistent with the hypothesis that irradiation of HAPI converts it to a 

metastable isomer is the fact that two species with different elution profiles but identical 
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masses are separable by liquid chromatography. Chromatograms of non-irradiated 

HAPI solutions show one major peak eluting after 5.3 min, with a very minor peak 

eluting at 1.5 min under these chromatography conditions (Figure 24a). After 4 minutes 

of UV exposure, the ratio of these two peaks is inverted, with the bulk of the material 

eluting at the earlier timepoint (Figure 24b). Abundance of the photoproduct isomer in 

pre- and post-irradiation solutions is found to be 4±2% and 94±4%, respectively. A 

chromatogram of the same irradiated sample collected three hours after irradiation 

(Figure 24c) exhibits a partial reversion back to the original peak distribution. This re-

equilibration is expected based on the half-life of the photoproduct calculated from the 

UV-Vis absorption data above. In-line mass spectrometry reveals m/z values of 256.1082 

and 256.1099 for each peak, respectively, which matches the predicted exact mass for the 

[M+H]+ ion for the HAPI molecule of formula C14H13N3O2. Based on these results, we 

assigned the later-eluting peak to the ground state E isomer and the earlier eluting peak 

to the metastable Z isomer. 
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Figure 24: HAPI chromatography 

Chromatograms of solutions containing HAPI (a) before irradiation, (b) after 6 minutes of UVA 

irradiation, and (c) 3 hours after the irradiated solution sat in the dark, showing the conversion of 

HAPI from its ground state form to another distinct species, then returning toward the original 

abundances. Absorbance was measured at 278 nm where E and Z isomers share an isosbestic 

point (in 20% acetonitrile/80% H2O, pH 7.4).  The peak eluting at 5.3 minutes is (E)-HAPI and the 

1.5 minute peak is (Z)-HAPI, while the peak eluting before 1 min consists of solvent front buffer 

components. 
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1H NMR spectroscopy was used to further probe the nature of the two distinct 

isomers.  Spectra of HAPI collected in aprotic DMSO-d6 reveal signals for the amide 

(11.59 ppm) and phenolic (13.19 ppm) protons that would be expected to shift as a result 

of E/Z isomerization. The particularly deshielded phenolic proton peak in (E)-HAPI is 

indicative of a strong intramolecular hydrogen bond with the imine nitrogen, which is 

consistent with crystal structures for PIH, SIH and other aroylhydrazones. In the current 

D2O/DMSO mixture used for the photoisomerization studies, however, both proton 

signals are lost due to exchange with solvent and therefore cannot assist in the structural 

assignment of HAPI*. After 10 minutes of irradiation in D2O/DMSO, the proton 

resonances nearest the C=N bond (Hd, He, and Hf) significantly shift upfield in the 

HAPI* spectrum compared to that of HAPI (Figure 25).   
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Figure 25: Irradiation of HAPI alters observed chemical shifts in 1H NMR 

1H NMR spectra (measured at 10 °C) showing changes in chemical shifts of HAPI upon 

photoreaction. (A) and (C) 250 μM HAPI in D2O with 2.5% DMSO-d6. (B) and (D): the same 

sample irradiated for 10 minutes in a photoreactor fitted with UVA lamps.  Residual signals from 

HAPI can be seen in the irradiated HAPI* spectrum (B). Other residual peaks remain unidentified 

but may be due to alternate photoreactions or degradation. Notably, these species have not been 

observed by chromatography. 
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There are no observed changes in integrated peak area or splitting, suggesting 

that the light-driven process being observed is a spatial reorganization rather than a 

change in connectivity. It is also interesting to note that under the conditions used in this 

NMR experiment, no Z isomer is observed in the sample prior to irradiation. This result 

contrasts with the small concentrations of (Z)-HAPI observed in pre-irradiated solutions 

by HPLC and LC-MS. It should be noted, however, that the solution conditions between 

these methods differ in pH, ionic strength and temperature, as the NMR sample was 

dissolved in an unbuffered solution of D2O and DMSO with no added salts and 

analyzed at 10 °C. From these results, we attribute the clear changes in chemical shifts 

between HAPI and HAPI* to a configurational change about the hydrazone bond.  

To test for photo-reversibility, solutions of HAPI* were further irradiated with 

low-pressure Hg lamps, which exhibit a strong emission band in the UVC range at 254 

nm. As shown in Figure 23c, such exposure results in rapid restoration of the original 

HAPI spectrum.  This result was also confirmed by LC-MS (data not shown) and 

demonstrates that isomerization of HAPI can be toggled from E to Z by UVA light, and 

from Z back to E by UVC light. This is a rare example of a reversible chelating 

hydrazone system that uses different wavelengths of light, rather than chemical input, to 

trigger both “on” and “off” switching.  
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2.2.2 Theoretical modeling 

 

Figure 26: Optimized structures for HAPI photoswitching isomers 

Exposure of (E)-HAPI to UVA light induces photoisomerization. The proposed structure 

for the metastable product, HAPI*, features the Z configuration about the hydrazone 

bond. In computer models, steric hindrance forces the phenol ring out of the plane of the 

molecule. 

 

To gain structural insight that might explain the magnitude of changes observed 

experimentally, we performed geometry optimizations of the (E)-HAPI and (Z)-HAPI 

isomers using the B3LYP100 functional and the polarizable continuum model (PCM) with 

Gaussian 09101 (see Supp. Info. for calculation details). Calculation results reveal that in 

its expected E form, the molecule adopts a planar structure. This predicted structure is 

similar to the experimentally determined crystal structure of SIH and related 

aroylhydrazones.95a If forced into a Z configuration, however, steric clashing between the 

phenol-bearing aromatic ring and the hydrazido proton results in rotation of the phenol 

out of the molecular plane (Figure 26), increasing the calculated dihedral angle between 

the phenol ring and the hydrazone C=N bond from 3° to 76°. This dihedral twist 

disrupts the stabilizing π orbital overlap that extends the length of the molecule in the E 
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configuration.  Such a disruption in electronic character would be predicted to result in 

loss of features in the electronic absorption spectrum, which is indeed the experimental 

observation. 

To gain more insight into these electronic states, we performed time-dependent 

density functional theory (TD-DFT) calculations for the E and Z configurations of HAPI. 

Indeed, the computational results predict transitions between electronic states that 

mirror the transitions observed experimentally by UV-Visible absorption spectroscopy. 

The small offsets ranging from 10–30 nm between experimental and predicted 

absorption bands (Figure 27) are likely due to explicit solvent effects that are not 

accounted for in the computational model. Regardless of these offsets, the calculations 

predict a blue shift of about 50 nm for the lowest excitation energy of (Z)-HAPI 

compared to (E)-HAPI. This prediction matches the difference in the lowest energy λmax 

values experimentally observed at 275 and 325 nm for (Z)-HAPI and (E)-HAPI, 

respectively. 

Computations also predict that the E configuration is 6.3 kcal/mol more stable 

than Z. The calculated result that the Z form is higher in energy is consistent with the 

observed lack of HAPI* stability in solution. However, the magnitude of the calculated 

energy difference is larger than would be predicted based on the experimental 

observation of a 96:4 equilibrium E:Z ratio in samples analyzed by HPLC before 

irradiation, a result that corresponds to a ΔG of only 2 kcal/mol. This discrepancy likely 
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arises from multiple sources. First, although B3LYP is the best exchange-correlation 

functional for general purposes, typical B3LYP calculations exhibit uncertainties on the 

order of a couple kcal/mol.102 Additionally, the PCM model used here does not account 

for interactions of the explicit solvent and the substrate; this ignores the possible effect 

that hydrogen bonding between the solvent and the substrates could have on the 

isomers’ relative stabilities. Finally, all calculations are based on fully protonated 

species, whereas the experiments are done at a pH at which some fraction of 

deprotonated forms coexist.  

 

 

Figure 27: TD-DFT results for electronic transition energies compare favorably 

with observed spectra 

TD-DFT predictions of electronic transitions for (E)-HAPI (black vertical lines) 

and (Z)-HAPI* (red vertical lines) overlaid with the experimental UV-Visible absorption 
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spectra for HAPI and HAPI* (black and red curves, respectively), where HAPI* was 

irradiated for 5 min under UVA light.  Because the calculations are done on the fully 

protonated molecules, these experimental spectra were collected of 50 µM aqueous 

solutions buffered at pH 5 and therefore appear different from those at pH 7.4. The 

wavelengths of the calculated transitions are offset from observed values, though the 

calculations correctly predict the observed blueshift following irradiation. 
 

2.2.3 Metal Binding 

Aroylhydrazones like HAPI contain tridentate binding sites that are pre-

organized for efficient chelation of several di- and trivalent metal ions.95a Formation of 

stable metal complexes could in principle prevent photoisomerization, as observed 

previously for Zn2+-binding hydrazones.85 To test this hypothesis, we irradiated buffered 

solutions of HAPI in the presence of a panel of metal ions.   
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Figure 28 (continued on next page) 
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Figure 28. HAPI photochemistry is deactivated in the presence of select aqueous metal 

ions 

A panel of metal ions were screened against 50 μM HAPI (or 10 μM, as noted) for complexation 

using UV-Visible absorption spectroscopy.  The metals tested were: (a) MgCl2, (b) KCl, (c) CaCl2, 

(d) CrCl3, (e) MnCl2, (f) (NH4)2Fe(SO4)2, (g) CoCl2, (h) NiCl2, (i) ZnCl2, (j) AlCl3. Solutions with 

added metal were equilibrated over 1 h in air prior to measurement.  Irradiated samples were 

exposed for 5 min prior to measurement. 

 

Addition of equimolar Al3+, Fe3+, Cu2+ and Ni2+ all induce spectral changes 

indicative of metal-HAPI complex formation (Figure 28 and Figure 34). The new 

spectra, however, do not change further upon UVA irradiation, suggesting that the 

hydrazone remains locked in its optimal E metal-binding configuration. Equimolar Mn2+, 
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Co2+ and Zn2+ do not inhibit HAPI photoizomerization, although higher concentrations 

either block it (Mn2+ and Co2+) or induce precipitation (Zn2+), suggesting these metal ions 

bind HAPI less tightly than those listed above (Figure 28). As expected, cations not 

expected to bind tightly to HAPI fail to inhibit the photoreaction, as evidenced by the 

spectral appearance of HAPI* even in the presence of 100-fold K+, Ca2+, or Mg2+ (Figure 

28).  

Metal-induced configurational “locking” was also probed by fluorescence, using 

the fluorescent probe calcein as a readout for potential Fe release from the HAPI 

complex (see Figure 29). In a solution containing calcein and pre-formed [Fe(HAPI)2]+ 

complex, Fe ions are sequestered by coordination to HAPI and the apo probe exhibits 

strong fluorescence. If metal-bound HAPI were to undergo photoisomerization, 

irradiating the complex should reduce the affinity of HAPI for Fe and result in the 

formation of a fluorescence-quenched Fe(calcein) complex. However, when [Fe(HAPI)2]+ 

is irradiated immediately prior to mixing with calcein, there is no difference in calcein 

emission, supporting the conclusion that stable coordination complexes formed by HAPI 

are inert to photoreaction. 
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Figure 29: Fluorescence test of [Fe(HAPI)2]+ with calcein 

Emission of a solution containing equimolar amounts (500 nM) of irradiated 

[Fe(HAPI)2]+  and calcein (dotted) closely resembles the emission observed for 500 nM 

apo-calcein (solid), but not the quenched Fe(calcein) complex (dashed). This result shows 

that HAPI retains its Fe even after photoirradiation, suggesting that it does not 

photoisomerize in its iron-chelated form, since any HAPI* that would form does not 

compete with calcein for Fe. 

 

Conditional binding constants for HAPI complexes with Zn2+, Fe3+, and Cu2+ were 

determined experimentally by competitive binding assays with Zincon, EDTA, and 

PAR, respectively, as explained in detail in the Methods and Materials section and 

shown in Figure 30—Figure 33. The concentrations of all species in solution were 

determined by UV-Visible absorbance spectroscopy. Through a global fit analysis, the 

constants were determined using the most appropriate ligand:metal binding model. 

These conditional constants are: log K’Zn(HAPI) = 3.6 ± 0.1; log K’Cu(HAPI) = 14.7 ± 0.1; and log 

K’Fe(HAPI)2 = 20.5 ± 0.2. The experimentally determined values establish that HAPI binds 

zinc with low affinity, while ferric and cupric ions are tightly complexed. These values 
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reflect the complexation behavior observed spectroscopically for HAPI, and affirm the 

conclusion that HAPI remains configurationally locked while bound to metals in highly 

stable complexes.  The relatively low affinity of HAPI for Zn2+ compared to Cu2+ and Fe3+ 

is consistent with previous assessments of metal affinity by phenol-bearing 

aroylhydrazone chelating agents.103 Hydrazone ligands binding to Zn2+ are more likely 

to contain a pyridyl moiety instead of a phenol for metal chelation.85, 104 Those phenol-

bearing ligands showing moderate or high affinity for Zn2+ have generally been studied 

at high pH or in primarily organic solvent.105 

 

Figure 30: Zn2+ binding competition between HAPI and Zincon 

(Left) Addition of 0 μM (thick black line) to 110 μM (red dashed line) HAPI to 40 μM Zincon and 

10 μM ZnSO4 in HEPES buffer (pH 7.4).  The transfer of Zn2+ from its complex with Zincon to 

HAPI is indicated by a reduction in the Zn(Zincon) absorption band (λmax = 620 nm, seen at right). 
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Figure 31: Addition of Fe2+ to aqueous HAPI generates [Fe(HAPI)2]+ as 

measured by UV-visible spectroscopy 

(a) HAPI chelator (50 μM in 10 mM HEPES, pH 7.4 + 100 mM NaCl) incubated overnight with 

increasing concentrations of Fe (from Fe(NH4)2(SO4)2 = FAS), with Fe:HAPI molar ratios ranging 

from 1:10 to 1:2. The clean isosbestic points show conversion to a single product in solution.  (b) 

Addition of Fe in excess of a 1:2 Fe:HAPI molar ratio exhibits global absorbance increase, due at 

least in part to increased precipitate formation in solution.  (c) A plot of absorbance at 360 nm 

demonstrates the linear increase in Fe-HAPI complex absorption up to a 1:2 Fe:HAPI molar ratio. 
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Figure 32: Fe3+ binding competition between HAPI and EDTA 

Absorption spectra of HAPI-EDTA competition for iron.  Shown at left is addition of 

EDTA to a solution containing 300 µM HAPI and 60 µM Fe3+.  (Right) Titration of 

Fe(EDTA) with added aliquots of HAPI results in an increased Fe(HAPI)2 band near 540 

nm.  All solutions are in 10 mM HEPES (pH 7.4; 100 mM NaCl). 

 

 

Figure 33: Cu2+ binding competition between HAPI and PAR 

A competition experiment between [Cu(PAR)] and HAPI was performed and monitored 

spectroscopically to determine a conditional binding constant for [Cu(HAPI)]+. A 

solution containing 10 μM CuSO4 and 10 μM PAR in PBS (red dotted line) was titrated 

using 1 mM HAPI stocks in the range of 0–12 μM HAPI. The metal-free PAR spectrum 

(black) is included for reference. 
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Figure 34: HAPI forms a complex with Cu that is inert to photoisomerization 

Treatment of 50 µM HAPI (black solid line) in 10 mM HEPES (pH 7.4, 200 mM 

NaCl) with 1 molar equivalent of CuSO4 generates a complex (black dashed) that does 

not change spectroscopically in response to 5 minutes irradiation with UVA light (red 

dotted). 

 

The metal-binding studies strongly suggest that pre-formed and stable metal-

HAPI complexes are inert to photoisomerization. If the complexes are not pre-formed, 

however, the geometry-optimized structure of (Z)-HAPI shown in Figure 26 predicts 

that it should have a significantly diminished ability to bind metals compared to (E)-

HAPI. We tested this hypothesis by comparing the ability of HAPI vs. HAPI* to extract 

Cu2+ from PAR (4-(2-pyridylazo)resorcinol), a ligand that forms a colored complex with 
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Cu2+. One molar equivalent of HAPI causes the characteristic [Cu(PAR)]+ band at 510 nm 

to decrease by half, while 5 equivalents are sufficient to cause a complete transition from 

the [Cu(PAR)]+ spectrum to that of Cu–HAPI, proving that HAPI easily elicits complete 

transfer of Cu2+ from PAR to HAPI (Figure 35). In contrast, a 5-fold excess of HAPI* 

leaves 70% of the [Cu(PAR)]+ spectrum intact, demonstrating a significantly decreased 

affinity of HAPI* for Cu2+ compared to native HAPI. 

 

Figure 35: Differential Cu affinity for HAPI and HAPI* as measured by 

competition with the colorimetric Cu sensor PAR 

A 5 μM [Cu(PAR)]+ solution in PBS aqueous buffer was titrated with 1 to 5 molar 

equivalents of either (a) HAPI or (b) photoirradiated HAPI (i.e. HAPI*).  The absorption 

band at 510 nm is indicative of Cu(PAR) complex in solution.  Absorption near 400 nm is 

attributable to both metal-free PAR and CuHAPI.  Addition of the chelator HAPI 

rapidly removes Cu from PAR; HAPI* chelation efficiency is reduced and removes far 

less copper at the same concentrations. 

 

The differential affinity of HAPI vs HAPI* was also assessed for Fe3+ by a 

competitive binding assay, in this case by using calcein. Aliquots of HAPI, HAPI*, and 

UVC-irradiated HAPI* were mixed with solutions containing pre-formed Fe(calcein), 

which has a quenched fluorescence emission compared to free calcein. Metal transfer 
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from calcein to a competitive ligand restores calcein emission. As shown in Figure 36, 

HAPI itself readily restores calcein emission, suggesting it strongly binds Fe3+. In 

contrast, HAPI* has little effect on calcein quenching, consistent with it having a reduced 

affinity for Fe3+. The affinity of HAPI* can be restored, however, by UVC irradiation, 

which returns HAPI* back to HAPI (referred to as rHAPI in Figure 36). The difference in 

calcein fluorescence between solutions treated with either HAPI or HAPI* diminishes 

over the course of several hours, consistent with the thermal relaxation of HAPI* back to 

HAPI. 

 

Figure 36: Photoswitching of HAPI toggles chelator affinity for Fe as observed 

by calcein fluorescence assay 

Relative iron binding strengths of HAPI, HAPI* and UVC-reconstituted HAPI 

(rHAPI) as assessed by their ability to remove Fe3+ from calcein and thereby unquench 
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calcein fluorescence. Calcein emission was measured for solutions containing 2 μM Fe3+, 

2 μM calcein and 2 μM HAPI.  For HAPI* results, a 100 μM HAPI solution was 

irradiated with UVA light for 5 min prior to mixing with Fe(calcein).  Bars labeled 

‘rHAPI’ were given the same UVA treatment followed by 2 min of UVC exposure.  UVA 

irradiation reduces Fe affinity of the chelator, whereas UVC restores affinity.  Readings 

were collected (a) 10 min, (b) 60 min and (c) 120 min after mixing. 

 

2.3 Conclusions 

In conclusion, we have identified in HAPI a dual-wavelength system for light-induced 

modification and restoration of molecular shape, electronic conjugation, and transition 

metal chelation efficacy. This hydrazone-containing transition metal chelator undergoes a 

photoinduced E-to-Z configurational switch about the hydrazone double bond that is 

observable by 
1
H NMR spectroscopy, liquid chromatography, and UV-Vis absorption 

spectroscopy. Conditional metal binding constants of HAPI determined for three first-

row d-block metals agree with the observation that strongly binding metal ions, notably 

Fe
3+
 and Cu

2+
, stabilize the E configuration such that the photoreaction does not proceed. 

In the absence of these metal ions, the loss of UV-Vis spectral features upon photolysis 

indicates a light-induced break in the extended conjugation across the HAPI scaffold. 

Computational modeling of the Z isomer shows the phenol-bearing aromatic ring twists 

out of planarity with the rest of the molecule, providing a geometric rationale for the 

break in conjugation.  

It is possible that many already synthesized compounds exhibit analogous chemistry 

and a confluence of factors has led to these properties being overlooked. The increased 

steric bulk near the azomethine carbon in HAPI over that of aldehyde-based hydrazones 

(such as PIH and SIH) may both extend the lifetime of the metastable species as well as 
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help enforce the dramatic structural change that accompanies the change in electronic 

absorption. At present, the mechanisms at work in the HAPI photoreactions (both UVA 

and UVC-induced) as well as the thermal relaxation of the Z isomer are not well 

understood, and it is unclear what unique aspect of the HAPI structure enables 

photoreversibility. A consequence of the blue shift in electronic absorption upon 

exposure to UVA light may be that preferential absorption of short-wavelength UVC 

irradiation by the Z isomer favors its excitation and subsequent photochemistry. The 

questions surrounding hydrazone photochemical and thermal isomerization are numerous 

and warrant further investigation. 

For many applications, reversibility is a desirable feature for a photoswitching scaffold. 

That is, different wavelengths or intensities of light should be able to trigger both forward 

and reverse reactions in the switch. The on/off/on toggling of HAPI with light eliminates 

the need to wait for thermal relaxation or to add chemical modifiers, expanding the 

temporal control of this system beyond current photoactive hydrazones. The metal-

dependent blocking of photoreactivity adds another layer of control over this system’s 

reactivity, and the ability to generate large excesses of metastable photoproduct with even 

a modest lifetime in aqueous solution may enable new experimental designs. 

Furthermore, structures built on a HAPI scaffold could take advantage of the photo-

induced molecular twist to alter electronic conjugation as well as induce 2D-to-3D 

structural changes. 

Taking cues from azobenzene literature, modifications of the compound’s 

structure will lead future efforts to tune thermal relaxation kinetics and the wavelengths 
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needed for photoswitching. Control over these properties will lead to a more robust 

chemical tool for a variety of desired applications. 

2.4 Methods and Materials  

2.4.1 General notes 

HAPI was synthesized as a crystalline solid according to published 

procedures.92b, 106 All HAPI working solutions were prepared from a 10.1 mM stock 

solution in 100% DMSO. Phosphate-buffered saline (PBS, pH 7.4, 6.66 mM phosphate + 

154 mM NaCl) solution was purchased from Lonza Corp.  Solutions prepared with 

HEPES buffer were made with 10 mM HEPES (pH 7.4) and 200 mM NaCl unless 

otherwise noted. CuSO4 stock solutions were standardized by titration with EDTA in pH 

10 ammonia buffer to a murexide endpoint. For experiments using ferrous ammonium 

sulfate, Fe(NH4)2(SO4)2, solutions were prepared and standardized daily by redox 

titration using potassium dichromate as a primary standard. The Fe(II) titrant was 

added to a K2Cr2O7 solution (acidified with H2SO4) to a ferroin indicator endpoint (blue-

green to red). Irradiation for photoreactions was performed in Rayonet RPR-100 

photoreactors; all samples were contained in quartz cuvettes.  The photoreactors were 

equipped with either sixteen RPR-3500 lamps that emit UVA light centered at 350 nm or 

sixteen 35 W low-pressure Hg lamps (RPR-2537) without phosphor coating, which emit 

a primary band at 254 nm.   
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2.4.2 Liquid chromatography-mass spectrometry 

All samples analyzed by liquid chromatography were prepared at a 

concentration of 50 μM in PBS buffer. Irradiated samples were first exposed in quartz 

cuvettes for 5 min of UVA light immediately prior to chromatographic analysis. An 

Agilent 1200 Series system was used for liquid chromatography with in-line high-

resolution mass spectrometry (LC-MS). An Agilent Zorbax C8 (50 ×2.0 mm) column was 

held at 40 °C during data collection, and mass spectra were acquired on an in-line 

Agilent 6224 TOF-MS. Samples were separated by isocratic elution (80%A/20%B where 

A is 5 mM ammonium acetate, pH 7.5, and B is 98% acetonitrile/2%H2O with 5mM 

ammonium acetate, pH 7.5). UV chromatograms were collected by photodiode array 

detector set to 278 nm, the isosbestic point for the two isomers under elution conditions. 

Peak areas were integrated using MassHunter software.  

2.4.3 1H NMR Spectroscopy 

All spectra were acquired using a Varian 500 MHz spectrometer at 10 °C to 

minimize thermal relaxation of metastable HAPI*.  Samples were prepared from a 10 

mM HAPI stock solution in DMSO-d6 by dilution with D2O to yield 250 µM HAPI 

([DMSO]final=2.5%).  To obtain the HAPI* spectrum, the sample was partially submerged 

in a 4 °C ice bath and irradiated in a photoreactor for 10 min.  The ice bath was 

replenished halfway through irradiation.  Spectra were collected at 10 °C (Figure 25).  
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(Z)-HAPI (i.e. HAPI*): 1H NMR (500 MHz, D2O + 2.5% DMSO-d6) δ ppm 8.68 (d, J = 5 

Hz, 2H), 7.75 (d, J = 5 Hz, 2H), 7.43 (d, J = 8 Hz, 1H), 7.35 (dd, J = 8, 8 Hz, 1H), 6.87 (d, J = 

8 Hz, 1H), 6.76 (dd, J = 8, 8 Hz, 1H), 2.49 (s, 1H).  

 (E)-HAPI: 1H NMR (500 MHz, D2O + 2.5% DMSO-d6) δ ppm 8.65 (d, J = 5 Hz, 2H), 7.94 

(d, J = 6 Hz, 2H), 7.70 (d, J = 8 Hz, 1H), 7.39 (dd, J = 7, 7 Hz, 1H), 6.88 (d, J = 8 Hz, 1H), 

6.81 (dd, J = 8, 8 Hz, 1 H), 2.73 (s, 3H).   

 

2.4.4 UV-visible spectroscopy 

UV-Vis absorption spectra were collected on a Cary 50 UV-Vis 

spectrophotometer using quartz cuvettes with 1-cm pathlength. For experiments 

tracking HAPI spectral changes, chelator concentration was 50 μM.  The conversion of 

HAPI to HAPI* was monitored by collecting absorption spectra after 30 s intervals of 

irradiation.   

The thermal relaxation from Z back to E was also observed spectroscopically. 

The absorption spectrum for HAPI was collected before and after a 5-min irradiation 

with UVA light. The solution was subsequently maintained in the dark and spectra were 

collected every 60 min over the course of 12 h.  

To determine the room temperature half-life of HAPI*, a series of absorption 

spectra of freshly irradiated HAPI* were collected over 12 h.  The absorbance data were 

converted to concentration by using extinction coefficients that were determined by 
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knowing the relative concentration of each isomer in a non-irradiated solution and a 

fully irradiated (photostationary) solution from the chromatography data (HAPI: ε400 

4960 mol-1cm-1, HAPI*: ε400 = 270 mol-1cm-1, both at pH 7.4) The half-life was calculated 

from the exponential decay fit of the [(Z)-HAPI] vs. time data. 

 To test for photoswitching properties, HAPI solutions were first irradiated with 

350 nm-centered light (UVA).  After collecting a HAPI* absorption spectrum, the 

solution was moved to another photoreactor outfitted with RPR-2537 lamps (UVC).  The 

solution was irradiated for 1 min prior to spectrum acquisition. 

 

2.4.5 Computer modeling 

Geometry optimizations are all performed using Gaussian 09101 with B3LYP 

functional100 and 6-31G(d), 6-31++G(d,p), and 6-31++G(2df,2pd)  basis sets in water PCM 

environment. Frequency analysis confirms that the optimized geometries are energy 

minima. The basis set influence on the overall geometry is very marginal. Table 1 

summaries the calculation results at various basis sets. The dihedral and free energy 

difference reported are the results with the basis set 6-31++G(2df,2pd). The optimized 

geometries of the two conformations with 6-31++G(2df,2pd) are listed below. 

For E configuration, 

 C    -3.758406     0.577039    -1.658686 

 C    -4.775753     1.298981    -1.027173 

 C    -4.852810     1.300896     0.357890 
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 C    -3.934057     0.597029     1.163014 

 C    -2.896845    -0.120420     0.496468 

 C    -2.830232    -0.123450    -0.902331 

 O    -1.951693    -0.816855     1.157907 

 C    -4.037759     0.614575     2.632341 

 N    -3.095688    -0.000476     3.280687 

 C    -5.170589     1.307059     3.346620 

 N    -3.096160    -0.016811     4.640860 

 C    -2.101541    -0.682843     5.306597 

 O    -1.196001    -1.273154     4.732629 

 C    -2.199671    -0.634334     6.804439 

 C    -1.021074    -0.718255     7.548918 

 C    -1.101040    -0.687603     8.937344 

 N    -2.256523    -0.596050     9.609581 

 C    -3.382768    -0.532132     8.890938 

 C    -3.409441    -0.545082     7.497539 

 H    -3.688466     0.563663    -2.738186 

 H    -5.499005     1.853034    -1.608409 

 H    -5.641050     1.871409     0.823881 

 H    -2.033303    -0.684090    -1.371652 

 H    -2.121971    -0.690734     2.130405 

 H    -5.988007     1.564816     2.683978 

 H    -5.581274     0.661414     4.125680 

 H    -4.823141     2.228668     3.821517 
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 H    -3.755055     0.550463     5.154609 

 H    -0.065407    -0.800288     7.052809 

 H    -0.199224    -0.739953     9.535138 

 H    -4.309493    -0.472383     9.448580 

 H    -4.362771    -0.517202     6.989290 

 

 

For Z configuration, 

 C     1.471575    -6.307090     1.058087 

 C     1.716165    -5.186558     1.852269 

 C     1.229271    -3.944176     1.450892 

 C     0.500931    -3.800208     0.262657 

 C     0.264798    -4.939365    -0.524996 

 C     0.748051    -6.187585    -0.125761 

 O    -0.454667    -4.770284    -1.671779 

 C     0.020706    -2.453446    -0.180535 

 N    -0.979558    -1.830917     0.333609 

 C     0.776475    -1.768581    -1.282919 

 N    -1.677666    -2.454927     1.335008 

 C    -2.789583    -1.876078     1.874401 

 O    -3.252828    -0.804251     1.504596 

 C    -3.431924    -2.668306     2.981726 

 C    -4.814256    -2.569655     3.153418 

 C    -5.415566    -3.282463     4.185590 
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 N    -4.736018    -4.053420     5.045648 

 C    -3.410299    -4.131077     4.885744 

 C    -2.715588    -3.467590     3.875728 

 H     1.842539    -7.278031     1.356955 

 H     2.280265    -5.276343     2.769673 

 H     1.421888    -3.067973     2.056242 

 H     0.553790    -7.056973    -0.741346 

 H    -0.542348    -5.610483    -2.135938 

 H     1.812493    -1.598225    -0.978577 

 H     0.804681    -2.402129    -2.171710 

 H     0.313901    -0.815480    -1.532373 

 H    -1.403161    -3.386601     1.621569 

 H    -5.404693    -1.952625     2.492351 

 H    -6.488002    -3.230733     4.329476 

 H    -2.873112    -4.747301     5.596500 

 H    -1.640317    -3.562703     3.824421 

Table 1: Calculation summary of the E/Z isomers. All calculations are 

performed with Gaussian 09 with B3LYP functional. 

Basis set Dihedral of Ea Dihedral of Za ∆Gb 

6-31G(d,p) 5.0 68.1 7.5 

6-31++G(d,p) 4.0 76.6 6.1 

6-31++G(2df,2pd) 3.4 75.8 6.3 
a The dihedral measured is 5C-4C-8C-9N, i.e. the dihedral between the phenol 

ring and the hydrazone C=N bond. 
b The free energy difference between E and Z isomers, ∆G=G(Z)-G(E), at 298.15 K 

and standard atmospheric pressure, in kcal/mol. 
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Time-dependent density-functional theory (TDDFT) calculations were performed 

at the B3LYP/6-31++G(2df,2pd) level with the PCM solvation model. The calculation 

results are shown in Figure S1, overlaid with experimental UV-Visible spectra of HAPI 

and HAPI* collected at pH 5 to minimize the effects of deprotonation.  Spectra were 

collected on a Cary 50 spectrophotometer; solutions were at 50 μM concentration in 

Britton-Robinson universal buffer titrated with NaOH to pH 5. 

 

2.4.6 Metal Binding Studies 

Stock solutions of the following metal salts were prepared at 1 mM and 100 mM 

concentrations in deionized water: MgCl2, KCl, CaCl2, CrCl3, MnCl2, CoCl2, NiCl2, ZnCl2, 

AlCl3, (NH4)2Fe(SO4)2, and CuSO4 (or CuCl2). The ferrous ammonium sulfate used as the 

iron source for all experiments was prepared fresh daily. Because the reactions are done 

in aerated aqueous solution, the iron complexes formed are oxidized to the ferric state.92b  

Solutions containing equimolar quantities of HAPI and the respective metals were 

prepared in HEPES buffer (pH 7.5) at either at 50 μM or 10 μM concentrations 

depending on the subsequent complex solubility.  Solutions were monitored 

spectrophotemetrically over 1 h to ensure sufficient time for complex formation.  

Solutions were irradiated for 5 min with UVA light then absorption spectra were re-

collected (Figure 28).  For solutions showing light-induced spectral changes, new 

solutions containing 1:10 HAPI:Mn+ were prepared.  Several of these mixtures resulted in 
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precipitation and were not further analyzed.  For 1:10 solutions showing good solubility, 

a 5-min UVA irradiation was administered and the absorption spectra were recollected.  

This process was repeated with 100 equiv of metal ion for those solutions that displayed 

photoreactivity. 

2.4.7 Conditional metal binding constants 

The conditional binding affinities of HAPI for Cu2+, Zn2+ and Fe3+ were 

determined by competitive equilibrium titrations with metal-binding indicators of 

known affinity. The titrations were monitored spectrophotometrically and the acquired 

spectra (from λ = 300 nm to λ = 800 nm) were analyzed with SPECFIT/32 Version 3.0.35 

global analysis fitting software.107 Reference spectra for the free indicator, the metal–

indicator complex, and free HAPI were used to aid the data fitting by providing 

wavelength-dependent absorptivity values for the absorbing species in solution. The 

competition experiments were conducted in PBS or HEPES buffer at pH 7.4, therefore 

the reported values represent the conditional binding affinity specifically under these 

conditions of buffer and pH. 

Copper. The indicator PAR (4-(2-pyridylazo)resorcinol) forms a colored 1:1 

complex with Cu2+ with a conditional binding constant at pH 7.4 (phosphate buffer) of 

2.6 x 10-15.108 A working solution of PAR was prepared in PBS buffer and its 

concentration determined by using the extinction coefficient reported by Crow et al108a 

and further verified by titration with standardized CuSO4. Aliquots of HAPI were 
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titrated in 1 μL volumes from a 1 mM DMSO stock into 1 mL of a PBS solution 

containing 10 μM PAR and 10 μM CuSO4. The solution was allowed to equilibrate for 5 

min prior to spectrum acquisition after each addition, until no further spectral changes 

were observed. A 1:1 Cu:HAPI binding ratio was the only model that fit the competition 

data.  This 1:1 model is consistent with known structures of other members of this 

hydrazone family coordinated to Cu2+,96, 97b, 109 and is also consistent with results of a 

direct titration of HAPI with Cu2+, where the characteristic absorption bands of Cu-HAPI 

increase up to 1 equiv of added Cu. Excess Cu results in precipitation, which prohibits a 

full analysis by the method of continuous variation (data not shown). Using the PAR 

competition data, a conditional binding constant of HAPI for Cu2+ at pH 7.4 in PBS was 

calculated as log K’CuHAPI of 14.7 ± 0.1. 

 

Zinc. HAPI affinity for Zn2+ at pH 7.4 was determined by competition with 2-

carboxy-2′-hydroxy-5′-sulfoformazyl-benzene (Zincon), a colorimetric ligand that binds 

Zn2+ in a 1:1 stoichiometry.110  Portions of HAPI were titrated from a DMSO stock in 2-μL 

aliquots into a solution of 10 μM ZnSO4 with 40 μM Zincon in 10 mM HEPES buffer (pH 

7.4 + 100 mM NaCl) (Figure 30). The decrease in absorbance at 620 nm indicates removal 

of Zn2+ from the Zincon complex. Given a conditional binding constant for Zincon at pH 

7.4 of log K’Zn(Zincon)= 3.56,110 the 1:1 Zn:HAPI model calculated log K’Zn(HAPI) = 3.6 ± 0.1. 
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Iron. A binding constant of HAPI for Fe3+ was found by competition with 

ethylenediaminetetraacetic acid (EDTA) (log K’Fe(EDTA) = 16.58 at pH 7.4, μ = 0.1 M; this 

value was calculated from the published β and acid dissociation constants).111 

Experiments were performed by generating a series of separate solutions in 10 mM 

HEPES (pH 7.4 + 100 mM NaCl) containing 300 μM HAPI, [Fe]total = 60 µM, and varying 

[EDTA] from 0 to 200 μM (Figure 32). The HAPI/EDTA competition was also performed 

in the reverse direction by altering [HAPI] from 0 to 400 μM in the presence of 20 µM Fe 

+ 20 μM EDTA. The proportion of DMSO was held constant at 10% for all solutions and 

the Fe source was standardized, aqueous ferrous ammonium sulfate. Solutions were 

mixed then allowed to equilibrate in the dark overnight prior to acquiring spectra. 

During this time, ferrous ions complexed by either HAPI or EDTA oxidize to the +3 

state.92b For solutions above 150 µM HAPI, precipitation was observed and these spectra 

were excluded from the SPECFIT data fitting.  The model that best fit the data invokes a 

1:2 metal:ligand ratio, as predicted based on previous studies of aroylhydrazone iron 

chelators under similar conditions.92a Consistent with this prediction, spectra of HAPI 

with increasing concentrations of iron show a linear increase in complex formation that 

plateaus at a 2:1 ratio, substantiating the presence of the [Fe(HAPI)2]+ complex under 

these conditions (Figure 31). The fitting results from titration in both directions agreed, 

resulting in a conditional binding constant for [Fe(HAPI)2]+ of log K’ = 20.5 ± 0.2 in 10 

mM HEPES (pH 7.4 + 100 mM NaCl). 
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2.4.8 Relative binding affinity of HAPI* compared to HAPI 

Relative binding strength of HAPI and HAPI* for Cu2+ were assessed by 

competition with 4-(2-pyridylazo)resorcinol (Figure 35). Aliquots of a stock solution of 

HAPI (1 mM in 9:1 HEPES : DMSO) were titrated into a solution containing 5 μM 

equimolar PAR and CuSO4 in 10 mM HEPES buffer (pH 7.4 + 200 mM NaCl). The 

solution was equilibrated 5 min between additions, when no further spectral changes 

were observed.  The absorption band at 510 nm was used to determine the concentration 

of Cu(PAR) after each addition, as no other species have appreciable absorption at this 

wavelength.  

For the titration of Cu(PAR) with HAPI*, a 100 μM working solution of HAPI in 

HEPES buffer was irradiated for 5 min with UVA light in a photoreactor.  Then 5 μM 

CuSO4, 5 μM PAR, and 1–5 equiv of freshly irradiated HAPI* were mixed in HEPES and 

an absorption spectrum was collected immediately. 

Relative binding strength of HAPI, HAPI* and UVC-reconstituted HAPI (rHAPI) 

for Fe3+ (Figure 36) was assessed by a calcein assay. The fluorescent probe calcein binds 

Fe2+ or Fe3+ to form 1:1 Fe:calcein complexes, which readily oxidize to the Fe3+ state in 

aerobic environments.92b, 112 The fluorescence emission of calcein is quenched when 

coordinated to iron.  Experiments were performed at 25 °C using black-walled 96-well 

plates with clear bottoms in a Wallac Victor 1420 plate reader equipped with F485 and 
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F535 incident and emission filters, respectively. Stocks of HAPI, HAPI*, rHAPI and 

Fe(calcein) were prepared immediately before use at 100 μM concentrations in HEPES 

buffer (pH 7.4 + 200 mM NaCl). HAPI* was generated by irradiating a 100 μM working 

HAPI solution with UVA light for 2 min. Samples of rHAPI was generated by first 

irradiating a 100 μM working HAPI solution with 2 min of UVA light, then irradiating 

the same solution with UVC lamps for 30 s. The Fe(calcein) stock solution was prepared 

by equilibrating equimolar (NH4)2Fe(SO4)2 and calcein (from a 1 mM stock in 1M 

NaHCO3) in HEPES buffer for 1 h to ensure formation of the ferric calcein complex. In 

each well, Fe(calcein) at a final concentration of 2 μM was combined with varying 

[HAPI], [HAPI*], or [rHAPI] in HEPES buffer. Emission values from triplicate wells 

were averaged for each condition.  Wells containing only Fe(calcein) were used to 

determine 0% unquenching while those containing Fe(calcein) + 25 equiv HAPI 

provided the 100% unquenching upper limit.  These values were used in the following 

equation to calculate % dequenched calcein for each condition:  % Dequenching = (Ei – 

EFe) / (E25 – EFe) * 100 where Ei is the average of 3 wells for an experimental condition, EFe 

is the average emission without added HAPI, and E25 is the emission for Fe(calcein) + 25 

equiv HAPI. 
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2.4.9 Assessment of [Fe(HAPI)2]
+ photoreactivity 

Iron-induced quenching of calcein fluorescence was used to detect any release of 

iron from irradiated solutions of the [Fe(HAPI)2]+ complex (Figure 29).  A 100 μM stock 

solution of the [Fe(HAPI)2]+ was prepared by equilibrating (NH4)2Fe(SO4)2 and HAPI in 

HEPES buffer in a 1:2 molar ratio at r.t. for 1 h to form the ferric complex.  This stock 

solution was diluted into 2 mL of HEPES buffer in a quartz cuvette to prepare a 500-nM 

[Fe(HAPI)2]+ solution that was irradiated for 2 min in a photoreactor with UVA light. To 

the irradiated solution, a 10-μL aliquot of 100 μM calcein was added, mixed thoroughly, 

and equilibrated for 15 min in the dark prior to collecting fluorescence emission spectra 

on a Fluorolog-2 spectrofluorometer (λexc = 487 nm). 
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3. Design of a new class of metal-binding hydrazone 
photoswitches with visible light reactivity and tunable 
relaxation kinetics 

3.1 Introduction 

The use of photochromic moieties as light-activated molecular switches has had a 

profound impact on several disparate fields, from neurobiology to materials science.  

The simple input of light can induce chemical and physical changes in the switching 

species that result in an array of desired outputs, including enzyme activation and liquid 

crystal color change. Photoswitching behavior was recently reported by our group for a 

metal-binding aroylhydrazone, (E)-N'-(1-(2-

hydroxyphenyl)ethylidene)isonicotinohydrazide (HAPI), as described in detail in 

Chapter 2.113 Irradiation of HAPI with UVA light (320–400 nm) induces an E-Z 

isomerization. While similar behavior has been observed for some arylhydrazones48a-c, 85, 

this was the first report of dual-wavelength reversibility in this class of O,N,O-chelator 

aroylhydrazones. Additionally, the E-Z geometric switch of HAPI introduces steric 

strain that twists the otherwise planar molecule into a 3-dimensional structure. This 

twisting strongly attenuates electronic absorption in the UV and visible regions of light. 

The metastable Z isomer can be switched back either rapidly by irradiation with UVC 

light or more slowly by thermal relaxation. Initial results with HAPI highlight the ability 

to toggle the ligand’s metal affinity in a wavelength-dependent manner, with the caveat 

that pre-UVA formation of a highly stable metal-HAPI complex renders the ligand inert 
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to photoreaction. We envision that this reactivity of HAPI or analogous structures could 

be useful for a variety of applications ranging from stimulus-responsive materials, to 

molecular logic systems, to light-triggered molecular interactions.   

 The experimentalist seeking to design a photoswitch must take into account a 

number of factors. The experimentalist’s choice of a specific photoswitch scaffold is 

application-dependent. For example, activation wavelengths in the visible region of the 

electromagnetic spectrum are preferable for in cellulo photoswitching experiments to 

avoid UV-induced photodamage or other off-target effects on cells.76b Applications in 

chemical signaling would benefit from rapid thermal relaxation of the metastable 

photoproduct. Such a system could provide brief pulses of the photoisomer with only 

one light source.114 In other cases, the concentration of a desired photoisomer that can be 

generated with light is critical.115 This may be a particular challenge for photoswitches 

utilizing an azobenzene chromophore, where overlapping UV-visible absorption for the 

cis and trans isomers can result in mixed populations upon treatment with light.77c, 116 

While great strides have been made to develop an array of tools for photoswitching, the 

ability to satisfactorily control the range of photoswitch properties remains an active 

research goal. 

In light of the diverse range of desired photoswitch properties, we sought to 

further understand the reactivity of aroylhydrazones and to develop the relationship 

between molecular structure and photoswitching behavior.  Novel derivatives of HAPI 
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might therefore be designed logically to suit particular applications.  The suppression of 

HAPI isomerization by transition metal binding also installs a layer of chemical control 

over photoswitch reactivity and may find interesting use in materials or biological 

systems subject to control by multiple stimuli. 

In this work, a small library of HAPI-like aroylhydrazones has been assembled.  

Library components were drawn from literature as well as several commercially 

available starting materials.  Within this library we have studied the effects of several 

structural modifications on (1) UV sensitivity, (2) photostationary state composition, (3) 

Z isomer thermal stability, (4) visible light-triggered photoreactivity, and (5) ferric ion 

binding properties.  Additionally, we have performed several experiments probing the 

nature of thermal relaxation in these aroylhydrazones and propose solvent-dependent 

relaxation mechanisms. 

3.2 Results 

3.2.1 Synthesis and spectral properties of HAPI derivatives 

HAPI and 18 HAPI analogues were synthesized (Figure 37) in straightforward 

one-step reactions, primarily from commercially available hydrazides and 

acetophenones.1 Most compounds were prepared by combining the two starting 

materials in ethanol and heating to reflux. All products were isolated as solids; most 

                                                      

1 Rory C. McAtee, an undergraduate researcher in the Franz laboratory, synthesized compounds 4–11, 14, 

15, and 17 and performed initial UV-Visible spectroscopic studies for this work. 
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were collected by vacuum filtration directly from the reaction mixture without further 

needed purification. In some cases these general conditions were optimized by use of 

catalytic acetic acid, a higher-boiling alcohol solvent, or microwave-assisted synthesis to 

generate product. Several compounds from this set have been previously reported.92b 

The hydrazone-forming reaction is sufficiently robust to tolerate a wide range of 

substituents, though yields of several compounds using non-optimized methods are 

quite low.  

 

Compound R1 R2 R3 R4 R5 

HAPI H H H CH3 N 

1 H H H CH2CH3 N 

2 H H H CF3 N 

3 H H H CH3 C-H 

4 H H H CH3 C-NH2 

5 H H H CH3 C-NO2 

6 H H H CH3 C-N(CH3)2 

7 OCH3 H H CH3 N 

8 OH H H CH3 N 

9 F H H CH3 N 

10 H Cl H CH3 N 

11 H NO2 H CH3 N 

12 H OH H CH3 N 

13 H OCH3 H CH3 N 

14 H H OH CH3 N 
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Figure 37: Aroylhydrazone structures studied in the present work 

The aroylhydrazones prepared for this work have limited solubility in most 

solvents except dimethyl sulfoxide (DMSO). All stock solutions were therefore prepared 

in this solvent.  The 1H NMR spectra of this class of compounds often contain a strongly 

deshielded proton signal with a chemical shift δ ≥ 12 ppm. This peak has been 

previously attributed to the deshielding effect of the nearby ketimine nitrogen.117 UV–

visible spectra for these compounds generally exhibit several absorption bands between 

275 and 425 nm. Several derivatives have appreciable absorbance at wavelengths longer 

than 350 nm that extend into the visible portion of the spectrum (Figure 38 and Table 2). 
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Figure 38: Improvement in visible wavelength absorption for HAPI derivatives 

UV-Visible absorption spectra featuring wavelengths greater than 350 nm are shown for select 

hydrazones. These spectra demonstrate the differences in absorption intensity of HAPI 

derivatives with various substituents on the aromatic rings. Solutions contained 10 µM chelator 

in PBS with 5% DMSO.  

 

Table 2: Absorption properties for derivatives with increased visible light absorption 

Compound 

λmax 

(nm) 

ε(λmax) x 10
-3

 

(M
-1

 cm
-1

) 

HAPI 400 5.8 

7 398 16 

8 400 15 

9 394 11 

10 415 ---
a 

11 407 37
 

17 432 15 
a Solubility range is too limited under 

these spectroscopic conditions to 

determine the extinction coefficient 

 

3.2.2 Dual wavelength, reversible photoreactivity (E�Z and Z�E) with 
UV and visible wavelengths 

Aqueous solutions of all reported compounds were prepared and irradiated with 

broadband UVA light (320—400 nm). The response of these molecules was monitored 
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by UV-Visible spectroscopy. Significant changes in the absorption spectra following 

irradiation were observed for 16 of the 18 compounds tested. Representative spectra are 

shown in Figure 39 for HAPI and three of the 16 photoactive derivatives. Compounds 2 

and 14 displayed no spectral change in response to UVA irradiation.  

One of the interesting aspects of HAPI photochemistry is the ability to use a 

second wavelength of light to initiate photoisomerization in the “reverse” direction (Z to 

E). The 16 HAPI analogues that displayed spectral changes in response to UVA exposure 

were therefore assessed for subsequent reactivity with 254-nm light (UVC). Samples 

were first irradiated with UVA light until their spectra stopped changing in response to 

additional exposure (this is the photostationary state, or PSS). Photostationary samples 

were then exposed to UVC radiation and monitored spectroscopically. In almost all 

cases, absorption bands that were weakened by UVA exposure were restored by UVC 

treatment (Figure 39, dashed traces), mirroring the reactivity observed for HAPI in 

which E isomer spectral features are restored by UVC. Compound 18 stood out as the 

unique exception among these examples.  While its spectrum changed following initial 

UVA exposure, the original spectrum did not return after subsequent UVC exposure, 

nor did it thermally convert back (spectra for non- and UVA-irradiated samples in 

Figure 40a).  



 

Figure 39: Spectral features of reversible photoswitching in aroylhydrazone 

UV-Visible absorption spectra for four aroylhydrazones depicting the initial resting solution (black 

solid lines), the UVA-generated photostationary 

to UVC irradiation (black dashed).  All solutions were prepared with 5% DMSO in PBS (pH 7.4). HAPI 

concentration was 50 μM, other chelator concentrations were 10 μM.  UVA irradiation time was 

irradiation time was 30 s. 
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: Spectral features of reversible photoswitching in aroylhydrazone 

chelators 

absorption spectra for four aroylhydrazones depicting the initial resting solution (black 

generated photostationary state (red solid), and the restoration of original features due 

to UVC irradiation (black dashed).  All solutions were prepared with 5% DMSO in PBS (pH 7.4). HAPI 

concentration was 50 μM, other chelator concentrations were 10 μM.  UVA irradiation time was 

 

: Spectral features of reversible photoswitching in aroylhydrazone 

absorption spectra for four aroylhydrazones depicting the initial resting solution (black 

state (red solid), and the restoration of original features due 

to UVC irradiation (black dashed).  All solutions were prepared with 5% DMSO in PBS (pH 7.4). HAPI 

concentration was 50 μM, other chelator concentrations were 10 μM.  UVA irradiation time was 5 min; UVC 
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Figure 40: Different photoproduct stabilities for two hydrazones with fused 

bicyclic A rings 

 (a) Compound 18 (dark spectrum, blue) undergoes light-induced isomerization to a new 

species (red), which shows no evidence of thermal relaxation after 24 h (dashed). Spectra were 

collected in 0.5% DMSO/95.5% PBS. [18] = 50 µM (b) Compound 17 undergoes 

photoisomerization from the E configuration (blue line) to a photostationary state that is 

predominately in the Z configuration (red).  The metastable Z rapidly relaxes back to the E with a 

half life of 107 min (solid black spectra collected in 30 min intervals, dashed spectrum at 3 h). [17] 

= 20 µM,  
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Further exploration of the interaction of 18 with light was undertaken using 1H 

NMR. Spectra were collected for solutions of 18 before and after irradiation to 

characterize light-induced structural changes (Figure 41). A spectrum was also collected 

for 8-acetyl-7-hydroxycoumarin as a reference. Blue light was used for the irradiation to 

avoid excessive absorption and subsequent inner filter effects. The spectra shown below 

show no alteration in the chemical shifts corresponding to the coumaryl protons, while 

the remaining proton signals from the pyridyl ring and methyl group (-R3 in Figure 37) 

are shifted upfield. The signals corresponding to the pyridyl ring protons (He and Hf) are 

also broadened significantly following light exposure. The shifts of the methyl and 

pyridyl proton signals are consistent with NMR changes observed for HAPI solutions 

exposed to UVA light, though the loss of peak resolution for the pyridyl ring protons 

was unexpected. The similar light-induced NMR spectral changes for HAPI and 18 

suggest that both compounds undergo the same photochemical process.  
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Figure 41: Response of compound 18 to blue light as measured by 1H NMR 

A solution of 18 (~1 mM in DMSO-d6) was irradiated for 5 min with blue light. Shown are the 

observed changes for (a) aromatic (b) heteroatom-bound and (c) aliphatic protons. The precursor 

coumarin is shown for reference. 

 

We sought to determine the extent to which the altered electronic structures of 

HAPI derivatives affected the efficiency of photoisomerization.  The light source for 

these experiments was an intense photoreactor, and the irradiation time could not be 
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controlled with suitable precision to determine quantum yield values. Instead, samples 

of each compound were treated with equivalent doses of light, and the extent of 

photoreaction was assessed spectroscopically. As absorption bands in the pre-irradiated 

solution (0% reaction) disappear to form the photostationary solution (100% reaction), 

intermediate absorbance measurements were used as gauges of reaction progress. All 

samples were irradiated for 60 s or 15 s and the extent of reaction (to PSS) was observed 

for each compound and timepoint. The results are shown in Table 3. The % reaction 

observed for individual members of the aroylhydrazone library can thus be compared 

and the effect of structural alterations on photochemical efficiency can be assessed. In 

order to assess the photoreactivity of these synthesized compounds relative to a familiar 

photoswitch, azobenzene was included as a reference. An aqueous solution of 

azobenzene irradiated with UVA light under identical conditions reached its 

photostationary state in less than 30 s. 

Table 3: Percent conversion to photostationary state after 1 min UVA 

irradiation 

% conversion to PSS 

Cmpd ID 

60 s 

UVA 

15s 

UVA 

60 s 

blue 

Azobenzene 100 91   

HAPI 65  25 44 

1 76  32 75 

2 --
a
   --

a
 

3 82 26 58 

4 69 28 35 

5 54 22 --
a
 

6 --
b
   --

b
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7 88 32 65 

8 89 37 57 

9 93 63 86 

10 75 24 94 

11 34   12 

12 27   --
a
 

13 30   --
a
 

14 NR   --
a
 

15 95 57 91 

16 100  46 --
a
 

17 22   79 

18 83 22 78 
a no detectable spectral change 

b insoluble 

  

The photochemical response of the synthesized hydrazones to irradiation by 

visible light was tested similarly to their response to UVA irradiation.  Photochemical 

reaction progress was determined by comparing spectra of aroylhydrazone solutions 

irradiated with blue light (λmax = 455 nm) for one minute to the spectra for non-irradiated 

and photostationary samples (Table 3). The spectra of samples irradiated with UVA 

were compared to spectra of samples irradiated with blue light. Nearly all of the 

compounds that showed a spectral response to blue light exhibited identical 

photostationary spectra with both light sources (HAPI, 1, 3, 4, 7-11, 15). Two 

compounds, 11 and 17, did not display this behavior. Blue light irradiation of 11 and 17 

respectively produced 68% and 34% more of the Z isomer compared to UVA-irradiated 

samples.  
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Figure 42: Hydrazones with increased visible wavelength absorption respond 

differently to UVA and blue light 

Aqueous solutions of (a) 11 and (b) 17 exhibit strong UV and visible light absorption 

prior to irradiation (black traces). Exposure to strong blue light triggers spectral changes that 

result in a new photostationary spectrum (blue). Irradiation from UVA-emitting lamps induces 

similar but less dramatic changes. 
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For several derivatives, LC-MS analysis was performed to further characterize 

the changes that were observed spectroscopically. Chromatograms of most of the pre-

irradiated solutions contained a single eluting species. Some solutions also contained a 

minor second species that eluted earlier than the major component. Samples were then 

irradiated with either UVA or blue light, depending on the derivative, and analyzed 

again. Chromatograms from pre- and post-irradiated samples of compound 5 are shown 

in Figure 7 as a representative example. These samples displayed a decrease in the 

starting/major species abundance accompanied by growth of an earlier eluting 

component. For samples containing two components prior to irradiation, it was the 

minor species that was enriched by irradiation. Corresponding mass spectra of the 

eluting species confirmed that both eluting components have identical molecular 

masses.  
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Figure 43: Irradiation with UV light produces a new species of identical mass 

The extracted ion chromatograms (m/z = 300.080) for samples of 5 before (black line) and after 

(red dashed line) 5 min of UVA irradiation. Chromatograms show the elution of compounds 

having the expected mass for [5+H]+. Sample of 5 was prepared at 20 µM in 25% MeCN/75% PBS 

buffer (pH 7.4). Calculated mass for the [M+H]+ ion of C15H13N3O4 is 300.0979 

 

3.2.3 Photostationary state composition 

Isomer abundances in both non-irradiated and photostationary solutions were 

determined using HPLC with in-line UV detection to monitor the absorbance of 

compounds as they eluted.  Integrated peak areas for each isomer indicate their relative 

abundances since they are measured at the two isomers’ shared isosbestic point.  Ratios 

of E and Z isomers in both dark and photostationary solutions are shown in Table 4. 

0

20

40

60

80

100

120

0 1 2 3 4 5 6

in
te
n
si
ty

elution time (minutes)

dark UV

OH

N

CH3

N

O

H
NO2

UVA

HO

NH3C
N
H

O

NO2



 

 

103

 

Figure 44: Chromatographic determination of E:Z photoisomer ratios 

UV chromatograms for (a) compound 1 and (b) compound 6 before and after UVA irradiation 

show evidence of photoisomerization. Chromatography for the non-irradiated compounds (black 

traces) shows one major component in solution. Irradiation with UVA light to the 

photostationary state generates a solution with less of the starting component and an increase in 

the minor species with the same molecular mass (red, dashed traces). Absorbance at 281 nm 

recorded for (a), 325 nm for (b). Solutions were prepared, irradiated and analyzed at 50 µM in 

25% MeCN/75% PBS. 

 

 

Table 4: E:Z isomer abundances in the dark and at the photostationary state 

Compound 

Dark 

E:Z 

Photo 

E:Z 

Azobenzene >99:1 55:45 

-5

15

35

55

75

95

0 2 4 6 8

m
A
U dark

UV

-5

15

35

55

75

95

115
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m
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U

elution time (minutes)

dark

UV

(a)

(b)
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HAPI 95:5 5:95 

1 90:10 <1:99 

2 a a 

3 >99:1 10:90 

4 95:5 10:90 

5 >99:1 35:65 

6 >99:1 35:65 

7 >99:1 1:99 

8 >99:1 10:90
b 

9 >99:1 <1:99 

10 >99:1 10:90 

11 >99:1 45:55 

12 >99:1 25:75 

13 >99:1 30:70 

14 70:30 30:70 

15 >99:1 10:90 

16 60:40 20:80 

17 >99:1 c 

18 >99:1 <1:99 

Isomer abundance is reported ±5% 
a No reaction was observed in response to irradiation; only one peak observed by HPLC 
b The fast relaxation rate observed for this derivative suggests in situ %Z at 

photostationary state is likely  >90% 
c Chromatography unsuitable for analysis; appreciable Z-E conversion occurs on column 

 

3.2.4 Solvent properties affect thermal relaxation rates 

Determination of relaxation reaction order 

The dark relaxation of (Z)-HAPI was studied in order to further elucidate the 

mechanism and the molecular properties that might influence relaxation rate for 

photoswitching applications.  The reaction order for this process was determined using 

absorption spectroscopy. HAPI and library compound solutions were first irradiated to 

their photostationary state.  Absorption at wavelengths corresponding to E isomer-

specific bands were tracked immediately after irradiation. Increases were observed in 
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these wavelengths that were linear for a short time immediately following irradiation. 

Absorbance increases were converted to changes in [(E)-HAPI], and a plot of this 

concentration vs. time gave the initial reaction rate as its slope.  The inital rate for HAPI 

and all other aroylhydrazone compounds varied linearly with initial compound 

concentration, indicating that the reaction was first order with respect to hydrazone 

(Data for HAPI shown in Figure 45).  

 

Figure 45: Thermal relaxation rate increases linearly with HAPI concentration 

Since the solution contains only one component, the rate expression is described 

as: 

���� � � � �	
������� 

Given the similar structures and similar behaviors for this class of compounds, 

first-order kinetics are assumed for all hydrazones presented here. Reported rate 

constants and half-lives are determined using first-order models. 
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Effect of solvent polarity 

The effect of solvent polarity on this transformation was investigated by 

monitoring a photoexcited solution of HAPI in solvents of varying polarity via UV-

visible absorption spectroscopy. The return of absorption at λmax for the starting isomer 

plotted as (Adark – At) vs. time, where Adark is the absorbance at λmax before irradiation 

and At is the absorbance at λmax measured at time t after irradiation.  Half-life values 

were determined using a first order kinetic model, which fit the absorption data to the 

exponential decay equation below.  

����� � ��  �  ������ �  A����  � ���� 

APSS is the absorbance at the same wavelength described above for the photostationary 

solution. Sample data is shown in Figure 46. 
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Figure 46: tracking HAPI thermal relaxation spectroscopically 

UVA-irradiated HAPI in the photostationary state (thick, red trace) exhibits weak spectral 

features above 300 nm compared to pre-irradiated HAPI  (thick black line). At the 

photostationary state, absorbance at 400 nm (λmax = 400 nm in the dark solution) is strongly 

attenuated (A0). As (Z)-HAPI relaxes thermally back to the E isomer (thick, black trace), 

absorbance at λmax is recorded at time t (At). [HAPI]total = 50 µM in PBS (pH 7.4) 

 

Absorbance data collected over at least three half-lives were fit to a first order kinetic 

model to extract the first order rate constant k. The half-life was also calculated based on 

the experimental k value. These results are shown in Table 5. 

Table 5: Solvent polarity determines HAPI thermal relaxation rate 

Ideal solvent 

Dielectric 

constant 

(ε)
118

* 

Experimental 

Solvent 
k (min

-1
) 

t1/2 

(min) 

CHCl3 4.81 -- -- -- 

  CHCl3/MeOH 0.0558 12 

MeOH 33.62 MeOH 0.0102 68 

  MeOH/PBS 0.0032 214 

H2O 80.37 PBS (pH 7.4) 0.0020 350 
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*values from CRC Handbook of Chemistry and Physics, 60th Ed. 

Effect of pH in aqueous solution 

A number of previous studies on photoisomerization of C=N double bond-

containing molecules, including arylhydrazones, have observed acid catalysis of the 

thermal relaxation process.90a, 119The same thermal relaxation process was assessed in 

aqueous solutions of varying pH (pH 6 to 9), again using absorption spectroscopy.  The 

pH range for this evaluation was limited due to hydrolysis concerns of the hydrazone 

linkage at extreme pH. For the HAPI sample at pH 9, it was not feasible to track the 

absorbance for three half-lives due to gradual hydrolysis of the compound. Data were 

only collected for 18 h following irradiation. Even within the observed range, however, 

acid catalysis was observed (Table 6). 

Table 6: HAPI thermal isomerization rate increases with decreasing pH 

pH t1/2 (h) 

9 35* 

7.4 5.7 

6.5 4.9 

6 3.3 

*experiment stopped after 18 h 

3.2.5 Substituent effects on thermal relaxation rates 

Compounds that exhibited UVA- or blue light-dependent changes in their UV-visible 

spectra were monitored for thermal stability of the photostationary state. Slow spectral 

changes were observed in the dark following irradiation with UVA or blue light (see 
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example in Figure 40b) for all tested compounds except 18. The spectrum produced by 

UVA radiation of 18 was stable for at least 24 h (Figure 40a).  

The thermal stabilities of compounds that were found to yield large excesses of Z 

isomer upon irradiation were quantified by measuring the initial rates of their thermal 

relaxation from the photostationary state. The kinetics of the thermal process were 

characterized by monitoring absorbance increases in the spectra of irradiated chelators 

immediately following exposure. For a short time the absorbance increase over time is 

linear. These absorbance data were used to generate linear plots of [(E)-hydrazone] vs. 

time, where the slope of the line is the reaction rate. Reaction rates were obtained for 

each chelator using at least three different initial concentrations. Plots of observed 

reaction rate vs. [chelator]init were also linear (Figure 47). A first-order rate constant k can 

be extracted from the slope of this line. Only compounds that were sufficiently soluble at 

a range of concentrations and that exhibited large excesses of Z in the photostationary 

state (determined by LC-MS) were analyzed. The first order rate constants and the 

corresponding half-lives for the photoexcited isomers are presented in Table 7. The use 

of a first order kinetic model was validated by experiments performed with HAPI (see 

section 3.2.4 above). 
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Figure 47: Plots of reaction rate  vs. [compound]init demonstrate the substituent 

dependence of Z-E thermal relaxation rate 

UVA or blue light-irradiated aroylhydrazone solutions were monitored spectroscopically 

to determine the initial rate of thermal relaxation. The slope of these lines describes the first order 

rate constant k in min=1. Solutions were prepared in PBS with 5% DMSO. 
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Table 7: Thermal isomerization rate constants for select photoactive 

hydrazones 

compound 
k x10

-4
 

(min
-1

) 

t1/2(Z) 

(min) 

12 7 1100 

3 8 830 

9 10 710 

HAPI 13 540 

1 13 530 

13 17 410 

15 19 370 

7 23 300 

16 43 160 

17 130 52 

8 190 36 

 

 

 

3.2.6 Calcein fluorescence assay 

The ability to alter the iron affinity of hydrazone chelators with light was 

evaluated through use of calcein in a microplate fluorescence assay. Fe(calcein) solutions 

were treated with chelator solutions that had either been stored in the dark or irradiated 

prior to addition. Calcein is a chelating compound that fluoresces strongly in the 

absence of paramagnetic metals. When bound to ferric ions in a characteristic 1:1 

complex, calcein fluorescence is strongly quenched. In the presence of a competing 

chelator, transfer of Fe away from Fe(calcein) results in increased fluorescence. The 

amount of apo-calcein in each solution was calculated by normalizing the observed 

emission between fully quenched Fe(calcein) wells and Fe(calcein) treated with a large 
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excess of HAPI that has been shown to remove Fe from the calcein complex. Values are 

reported as the % calcein in the wells that are unbound. 

 

Figure 48: Changes to HAPI core structure alter Fe binding properties 

A competitive metal binding experiment was performed in a microwell plate between 

Fe(calcein) and chelating hydrazones (with or without prior UVA exposure). Removal of Fe3+ 

from its complex with calcein restores quenched calcein emission. Calcein emission from wells 

was measured immediately after mixing (t = 0, +/- UV) and then 60 min after mixing (t = 60, +/- 

UV). [Fe] = [calcein] = 2 µM, [compound] = 4 µM. Solutions in 5 mM HEPES buffer + 50 mM NaCl 

(pH 7.4). 

3.3 Discussion 

3.3.1 Synthesis 

A series of novel and previously reported aroylhydrazones modeled after the 

lipophilic metal chelator HAPI have been prepared. The straightforward synthesis of 

this class of compounds could be attractive to investigators seeking to prepare 

photoswitches without the need for specialized synthetic capabilities. The reaction is 

also amenable to microwave-assisted synthesis for rapid generation of new compounds. 
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3.3.2 Photoreactivity of library compounds 

3.3.2.1 General notes 

Analogues of the aroylhydrazone HAPI exhibit significant shifts in their UV-

Visible absorption spectra upon exposure to UVA light. The characteristic spectral 

changes are consistent with a loss of electronic conjugation throughout the molecule. 

This behavior was previously observed for HAPI, which undergoes E-Z isomerization 

under the same conditions. Severe steric strain in the Z configuration of HAPI forces the 

phenol-bearing arene out of planarity with the remaining molecule. We also attribute 

UVA-dependent spectral changes observed for HAPI analogues to a similar E-Z 

photoisomerization about a hydrazone C=N double bond. 

This assignment was further bolstered by LC-MS data.  UVA irradiation of 

HAPI-like compounds in aqueous solution generates new, chromatographically 

separable species. The species formed upon light exposure have the same molecular 

weight as those that predominate in non-irradiated solutions. This is indicative of an 

isomerization reaction, as no mass is gained or lost upon reaction. The class of HAPI 

derivatives tested here therefore exhibit similar photoreactivity despite a number of 

diverse changes to HAPI electronics and sterics. 

In addition to the interesting UVA reactivity of these analogues, it was also 

discovered that many UVA-responsive aroylhydrazones also undergo a photoreaction 
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using visible light radiation. The spectral changes from visible light are the same as 

those observed under UVA irradiation for most compounds. For compounds 11 and 17, 

the observed changes are more pronounced with blue light than with UVA. We can 

confirm the same photoreaction is occurring for these compounds with both light 

sources from the shared isosbestic points of non-irradiated, UV-irradiated, and blue-

irradiated spectra (Figure 42). These results indicate that many HAPI-like 

aroylhydrazones can undergo E-Z isomerization upon exposure to blue light. This 

reactivity is a marked difference from azobenzene and many other photoswitching 

compounds, where UVA or UVB (280–320 nm) light is used to form one isomer and 

visible light pushes photoequilibrium back toward the more stable dark isomer. The 

underlying physical principles that dictate this change in reactivity are unclear at 

present. 

The photoreaction of HAPI-like aroylhydrazones with light is marked by general 

decrease in absorbance at wavelengths longer than about 300 nm. These absorption 

bands are distinctive of the E isomer and the increased electronic conjugation that 

characterizes this configuration. In samples that had been pushed to a photostationary 

state by UVA light, exposure to UVC wavelengths was able to restore pre-irradiation 

features for nearly all of the compounds that demonstrated UVA reactivity. The lone 

exception among the compounds tested here is 18, which we discuss below. 

Photoswitching behavior was therefore confirmed as being reversible in nearly all of the 
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tested compounds, and this behavior was not prohibited by any of the HAPI structural 

modifications tested here.  

Treatment of Fe(calcein) with non-irradiated aroylhydrazones resulted in 

immediate and significant increases in calcein fluorescence for all compounds except 2 

and 16. Compound 16 is not expected to possess high iron affinity due to alkylation of 

the key metal-binding phenol moiety. We hypothesize that the lack of competition from 

2 is due to severe steric strain that distorts the molecular geometry (see below) and 

weakened electron donor ability due to the electron withdrawing effects of the 

trifluoromethyl moiety. Treatment of Fe(calcein) with pre-irradiated samples of 2 

subsequently resulted in a much weaker fluorescence turn-on compared to the other 

derivatives. After 60 min in the dark, calcein emission from the irradiated chelator 

solutions increased. The extent of emission change in one hour reflects the observed 

thermal relaxation rates in that solutions with faster relaxing chelators displaying larger 

fluorescence increases at the second time point. Many HAPI analogues tested here 

extracted less Fe from calcein than HAPI did, suggesting weaker Fe affinities than HAPI. 

This was the case for a range of structural modifications that varied widely in location of 

substitution and substituent properties. Derivatives 9, 10 and 11 were the only library 

members demonstrating binding affinity equivalent to or better than HAPI. 
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While most of the tested analogues shared these general characteristics, great 

variation was observed among tested compounds with respect to a number of traits. 

These include photochemical efficiency under UVA or blue light, the isomeric ratio 

produced at the photostationary state, and thermal relaxation kinetics for the Z isomers. 

Structural modifications at a number of points in the HAPI structure therefore have 

significant implications for the photoswitching properties of HAPI-like aroylhydrazones 

and we assess these changes for various points of substitution below. 

 

3.3.2.2 Substitution at R1 of the A Ring 

Substituents on the A ring of HAPI have a very strong influence over 

photoswitching properties that depends on both the substituent’s chemical nature and 

location around the ring. Introduction of hydroxy, methoxy, and fluoro substituents at 

the locus designated R1 (see Figure 37) sensitizes the hydrazone for more efficient 

isomerization with both UVA and blue wavelengths compared to HAPI and analogues 

with different substituents. For applications in UV-sensitive environments, activation of 

these derivatives with visible wavelengths may be suitable to avoid photodamage. Their 

photostationary states strongly favor the Z configuration, even when irradiated with the 

broadband UVA or blue visible light used in this study. For comparison, azobenzene 

was limited to a roughly 1:3 E:Z photostationary isomer ratio with broadband UVA 
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radiation (Table 4) while visible wavelengths of light typically promote the reverse (cis-

trans) photoreaction in azobenzene switches. 120 

Relaxation rates of the photostationary state can also be tuned depending on R1 

substitution. Addition of the hydroxy functionality in 8 drastically increases the thermal 

relaxation rate, an attractive feature for experiments using only a single light source. It is 

hypothesized that the ability of the 4-hydroxy moiety to donate electron density into the 

aromatic system by resonance may facilitate a thermal isomerization by rotation 

(proposed mechanism in Figure 49).  

 

 Figure 49: Proposed mechanism for resonance-assisted thermal relaxation in 8 

Alternately, substitution at R1 with fluorine (compound 9) retards the relaxation 

process compared to HAPI. This set of R1-substituted aroylhydrazones demonstrates the 

potential to manipulate not only the photochemical properties of the HAPI photoswitch 

but also its thermal stability. 

3.3.2.3 Substitution at R2 of the A Ring 

In contrast to the favorable properties observed for 7–9, three substituents on R2 

(11–13) attenuated photoreactivity. Solutions of these compounds accumulated less Z 

isomer from UV irradiation and required greater irradiation times to reach their 
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photostationary states. Additionally, no photoreaction was observed under blue light 

irradiation. The absorption spectra of these compounds lack the strong features at λ > 

300 nm that are characteristic of HAPI as well as 7–9, indicating that the substitutions 

have significantly altered the electronic energy levels to disfavor isomerization. The 

notable exception to these observed trends is the strong reactivity of 10. This chlorinated 

derivative has a high sensitivity to UV and visible light, and further yields a favorable 

10:90 E:Z photostationary ratio. The reason for the stark contrast between this 

compound and the other R2-substituted species is unclear at present. Comparisons of 

calculated energy levels and frontier molecular orbitals may elucidate this unexpected 

behavior. 

3.3.2.4 Sterically congested derivatives (R3, R4 substituents) 

Steric congestion near the azomethine carbon was recognized previously as an 

important factor for causing the characteristic physical and chemical property changes 

observed between (E)-HAPI and (Z)-HAPI.113 Three compounds exemplify the 

importance of steric interactions for photoactivity in aroylhydrazones: 1, 2, and 14. 

 Compound 14 further probed the steric environment around the C=N double 

bond with a phenol substituent at R3. The phenolic proton signals observed in 1H NMR 

spectrum of 14 are far upfield from the phenolic proton signal in the HAPI spectrum. In 

HAPI, the signal is shifted downfield strongly by an intramolecular hydrogen bond. The 

spectrum of 14 therefore indicates that it lacks this stabilizing interaction. Furthermore, 
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UV-visible spectroscopy shows very little absorbance of far UV or visible wavelengths. 

The lack of absorption here could indicate a loss of conjugation similar to what is 

observed upon irradiation of HAPI. Together, this evidence implies that 14 is unable to 

form a stabilized planar structure in the E configuration. Destabilization of the resting 

state explains the increased presence of Z isomer in non-irradiated 14 as observed by 

LC-MS (Table 4). Disruption of this configuration is also expected to alter the 

compound’s pre-organized metal binding site; accordingly, 14 does not compete with 

calcein for Fe3+ ions to form a stable complex (Figure 48). Given these results, we broadly 

predict that HAPI-like photoswitches will be sensitive to substituent size at R3. 

Addition of a methylene carbon at R4 resulted in improved reactivity of 1 to both 

UV and visible wavelengths: aqueous samples were much closer to reaction completion 

than HAPI samples after one minute of blue or UVA irradiation. It is interesting to note 

that the dark concentration of (Z)-1 was slightly higher than the concentrations observed 

for HAPI or the other derivatives containing a methyl substituent at the azomethine 

carbon. We attribute this to a slight destabilization of the E isomer from the increased 

size of the ethyl group.  

The trifluoromethyl moiety at R4, incorporated into compound 2, is bulkier than 

the ethyl group present in 1. This group also has a strong electron withdrawing effect. 

There is no detectable change in irradiated solutions of 2 as measured by UV-visible 

spectroscopy or LC-MS. The calcein assay that evaluates iron binding ability shows 
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dramatically weakened iron affinity compared to other assayed compounds. The 

relative contribution of steric and electronic factors to observed photochemical and iron 

binding behavior is unclear. However, the clear sensitivity of these compounds to the 

steric environment surrounding the hydrazone functionality illustrated by 1, 14, and 16 

suggests that the increased size of the trifluoromethyl substituent is a major contributor 

to the disrupted photochemical activity. In consideration of results for all compounds 

with varied steric constraints around the hydrazone bond, we hypothesize that 

increased steric bulk at this position dictates the ability of E isomers to adopt a planar 

geometry which, in turn, dictates photochemical properties. Very large groups at R3 and 

R4 are likely to elicit detrimental effects to both photoswitch and chelator functions, 

given the proximity of this position to the hydrazone bond. 

3.3.2.5 Substitution at R5 of the B Ring 

A number of derivatives with new substituents on the B ring (primarily para-

substituted) were prepared from commercially available aroylhydrazides. While no 

quantitative structure-function relationship could be discerned, the introduction of 

strongly electron withdrawing (5) or donating (6) groups substantially diminished the 

effectiveness of the photoswitches. With UVA or blue light, only a twofold excess of Z 

isomer is possible. The altered electronics of these compounds increases the efficiency of 

the reverse reaction and limits the amount of Z isomer that may be accumulated. 
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Compounds 3 and 4, which possess substituents with weaker electronic effects, 

exhibited properties (efficiency, photostationary isomer composition, visible light 

sensitivity) that were similar to those of HAPI. Compound 15 features 3,4,5-trimethoxy 

substitution on the B ring and displayed efficient photoconversion with both UVA and 

blue light. Photoswitching from the non-irradiated to photostationary states elicits a 

dynamic switch from entirely (E)-15 to 90% Z-(15). Future efforts to incorporate the 

HAPI structure as part of a photoswitchable system may seek to use substituents on the 

B ring as points of attachment for a substrate of interest. The results presented here 

indicate that such a design will require careful consideration of the disruptive effects 

such a substitution may have on switching properties. 

3.3.2.6 Fused ring systems 

Two commercially available, bicyclic phenols with ortho-acetyl substituents were 

suitable for reaction with isonicotinoyl hydrazide to prepare HAPI-like 

aroylhydrazones. The bicyclic structure of 18 is a heterocyclic coumarin chromophore. 

By 1H NMR, the phenolic proton of 18 is shifted upfield from the values of δ = 12.5–13.5 

ppm typically observed due to deshielding by a proximal nitrogen. This could indicate, 

as in the case of 14, that steric crowding around the hydrazone functionality may disrupt 

the ability to adopt a planar structure. The extent of conjugation across the entire 

molecule (A and B rings) is less discernable spectroscopically in this case due to the 

strong absorption the coumarin chromophore exhibits on its own. Successful 
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competition for Fe in the calcein assay suggests that non-irradiated 18 is still able to 

attain a geometry with good metal binding affinity, and that UVA-irradiated samples 

exhibit inhibited Fe affinity like other tested compounds. Though 18 underwent a 

photoreaction in response to UVA and blue light, it was inert to further reaction either 

by thermal processes or UVC irradiation. Changes in proton chemical shifts upon 

irradiation mirror those observed for HAPI.113 The dissonance between various 

characterizations of 18 photoreactivity is interesting, and further data are required to 

develop a suitable explanation of the observed behavior. 

The napthol-derived aroylhydrazone 17 adds more insight into the effects of 

electron delocalization around the A ring. Increased delocalization alters absorption of 

visible light, giving 17 the most redshifted absorption of all the compounds presented 

here. Consequently, E-Z photoisomerization of 17 is markedly more efficient with 455-

nm light than with broadband UVA radiation (Table 3). Extension of the ring system 

also has a major influence over the thermal relaxation rate of the photoproduct, as it was 

among the fastest compounds to thermally relax (Table 7). Compound 17 interestingly 

exhibits properties that are similar to those observed with azobenzene derivatives that 

have been prepared for visible wavelength switching. While extending electronic 

conjugation of the molecule is effective at shifting reactivity to longer wavelengths, this 

conjugation also rapidly speeds up thermal relaxation of azobenzene from the cis to trans 
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isomer. This effect adds another interesting facet to the photochemistry of this class of 

aroylhydrazones. 

3.3.2.7 Compound 16 

HAPI and 17 of the derivatives in this work feature a phenol on the A ring which 

is effective as a donor atom for chelating metal ions. The phenol moiety was alkylated 

with a methyl group to produce 16, and its photochemistry was investigated. The non-

irradiated spectrum of 16 lacks significant features at wavelengths longer than 300 nm. 

This can largely be attributed to the loss of the deprotonated phenoxide species at pH 

7.4. Unpublished studies from our laboratory involving HAPI have shown that the 

deprotonated form has redshifted absorbance compared to the protonated phenol. 

Despite losing far UV and visible absorption bands, spectroscopic changes were still 

observed upon irradiation with UVA light. The lack of visible absorption did prohibit a 

spectroscopic response to blue light radiation. Liquid chromatography of non-irradiated 

and irradiated samples of 16 show a light induced isomer abundance inversion from 

40% (Z)-16 before irradiation to 80% (Z)-16 following UVA irradiation.  

The combination of spectroscopic and chromatographic results reveal that 

aroylhydrazones lacking a dissociable proton in this position are capable of undergoing 

photoisomerization. The elevated abundance of (Z)-16 in the non-irradiated solution is 

also indicative of a destabilized resting state configuration. The inclusion of a methyl 

group into the congested space around the imine bond likely causes destabilization by 
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two mechanisms: first, by steric clashing of the methyl group with the ketimine nitrogen 

and also by removal of the intramolecular hydrogen bond. 

3.3.3 Mechanism 

In an effort to rationalize the wide range of observed rate constants for thermal 

relaxation among the synthesized derivatives, the mechanism of thermal isomerization 

was investigated using HAPI as a model for all of the compounds studied herein. Initial 

tests to confirm a unimolecular rate-determining step with respect to the hydrazone 

matched the expected outcome. This kinetic model was used for all further kinetic 

studies. HAPI relaxation was observed in a variety of solvents, and kinetic analysis 

reveals that reaction rate does not increase with solvent polarity. This result indicates 

that the transition state or reactive intermediate in the relaxation process is not stabilized 

by a polar environment. This behavior therefore suggests that relaxation goes through a 

nonpolar transition state or intermediate. The negative correlation between polarity and 

reaction rate (increasing rate with decreasing polarity) is attributed to a destabilization 

of the Z configuration in nonpolar environments. In fact, the earlier elution times 

observed for photoirradiated hydrazones in liquid chromatography suggests these 

compounds are more polar in the Z configuration and thus supports this hypothesis. 

Additional investigation of potential acid catalysis of the thermal isomerization 

yielded conflicting results, however. In aqueous solution, the isomerization rate was 

faster at lower pH values. The influence of proton concentration in these results suggests 
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the involvement of a protonated intermediate species which would necessarily bear a 

charge.  This is in contrast to the findings above and leads to the conclusion that there 

are multiple competing mechanisms for relaxation.  Considering analogous thermal 

processes in other relevant C=N or N=N containing compounds, hydrazones and 

azobenzenes, we propose two mechanisms described below. 

Relaxation in solvents with a lower dielectric constant is hypothesized to pass 

through an uncharged, linear transition state where the ketimine nitrogen orbitals 

possess strong sp character (Figure 50a).  This mode of relaxation is thought to dominate 

for unsubstituted azobenzene relaxation. The dominant impact of solvent mixture over 

aqueous pH on Z isomer relaxation is evident by the much larger range of t1/2 values 

observed with the former solutions compared to the range of values observed in latter 

set of solutions.  Experimentalists seeking to use photoswitches in aqueous 

environments (e.g. enzyme or gene control) often prefer switches with long thermal half-

lives, thus conferring a useful advantage to this class of molecules. 

The acid-catalyzed Z-E thermal process, dominant in aqueous solution, would 

likely involve protonation at the ketimine nitrogen (Figure 50b).  Protonation would 

increase the single bond character of the C–N bond, allowing rotation about the C–N 

axis to restore the phenol to the less-hindered side of the molecule. Deprotonation by a 

solvent molecule re-establishes the double bond and the original E isomer. If a longer Z 

isomer lifetime is desired for a particular experiment, slowing isomerization might be 
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achieved through reducing the basicity of the crucial hydrazone nitrogen. However, 

such a change is also likely to affect metal binding properties and could thus affect the 

metal-induced locking mechanism. 

 

Figure 50: Proposed thermal relaxation mechanisms 

Proposed thermal relaxation mechanisms. (a) In organic solvent, relaxation occurs 

through inversion at the ketimine nitrogen.  The intermediate is a linear, nonpolar species. (b) In 

aqueous solvent, protonation of the ketimine nitrogen increases the single bond nature of the C-N 

bond, lowering the rotational energy barrier.  

3.4 Conclusions 

Photoswitching molecules are tools that enable precise and rapid manipulation 

of molecular-scale interactions and processes. The metal chelating aroylhydrazone HAPI 

was recently reported to possess photoswitching capabilities. In order to more fully 

understand the capabilities and potential of this class of compounds, a series of HAPI 

analogues were produced mostly through simple one-step syntheses. The 

photoswitching properties of this small library were characterized for UVA and blue 

(b)

(a)
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wavelengths. All of the photoactive compounds also demonstrated light-dependent 

ability to form high affinity complexes with ferric ion in solution. The efficiency of 

photoisomerization and the photogenerated E:Z ratio were greatly dependent on the 

nature of the substituents introduced to the HAPI structure. Many of the synthesized 

derivatives undergo E-Z isomerization with blue light, which may prove beneficial for 

applications in UV-sensitive environments. The importance of tuning the steric 

environment around the photoactive hydrazone functionality was also made evident by 

several sterically hindered compounds that exhibited partial or total loss of 

photoswitching function. 

HAPI-like compounds relax thermally from photoexcited states (predominately 

Z isomers) back to the E configuration. The kinetics of this process were significantly 

altered by the structural modifications made to the core HAPI structure. Notably, many 

of these modifications were far removed from the site of isomerization, the C=N 

hydrazone double bond. Experiments conducted with photoexcited HAPI identified 

competing relaxation processes, which we describe by two proposed mechanisms. The 

first dominates in organic solvent and involves a linear, neutral transition state. The 

second route is characterized by a polar mechanism, which is acid-catalyzed and only 

contributes appreciably to observed relaxation behavior in aqueous media. 

We continue to consider the potential of aroylhydrazones as photoswitching 

compounds with sensitivity to both photon and metal stimuli. The findings presented 
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here establish guiding principles which we hope to utilize to develop a new generation 

of chelating photoswitches with rationally designed properties. 

3.5 Methods and materials 

3.5.1 Synthesis 

(E)-N'-(1-(2-hydroxyphenyl)ethylidene)isonicotinohydrazide (HAPI) and 

hydrazones 1, 7, 8, 10, 11, 14, and 18 (see Figure 1 for structures) were prepared 

according to the literature procedure for condensation of aroylhydrazides and 

acetophenones.92b Isonicotinic acid hydrazide (Acros Organics), 2-acetyl-1-naphthol 

(Acros Organics), 2’,5’-dihydroxyacetophenone (Alfa Aesar), 4-dimethylaminobenzoic 

hydrazide (Alfa Aesar), and 2',4’-dihydroxyacetophenone (Ark Pharm, Inc.) were 

purchased in reagent grade and used without further purification. All other reagents 

were purchased from Sigma Aldrich Corp. 1H NMR spectroscopy was performed on a 

Varian 400 MHz spectrometer. Exact mass measurements were acquired using an 

Agilent 6224 TOF-ESI-MS. For reactions requiring microwave-assisted synthesis, a CEM 

Explorer microwave reactor was used. The samples were heated to 120 °C (initial power 

setting of 120 W) for 20 min.  

 (Z)-N'-(2,2,2-trifluoro-1-(2-hydroxyphenyl)ethylidene)isonicotinohydrazide 

(2): Portions of crude 2-hydroxy-trifluoroacetophenone (450 mg) and isonicotinic acid 

hydrazide (162 mg, 1.18 mmol) were added to absolute ethanol (5 mL). The mixture was 

heated to 100 °C with stirring in a microwave reactor for 30 min.  After cooling, the 
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solvent was removed and the remaining residue was purified by silica column 

chromatography (10% MeOH:90% DCM eluent) to yield an off-white solid (136 mg, 0.44 

mmol, 37% yield with respect to hydrazide starting material). 1H NMR: 10.36 (s, 1H), 

8.68 (d, J = 5 Hz, 2H), 7.53 (d, J = 5 Hz, 2H), 7.35 (dd, J = 9, 7 Hz, 1H), 7.20 (d, J = 7 Hz, 

1H), 6.97 (d, J = 9 Hz, 1H), 6.91 (dd, J = 9, 7 Hz, 1H) HR-ESIMS (m/z): calcd for [M + H]+ 

C14H10F3N3O2 is 310.0798, found 310.0803. 

2-hydroxy-trifluoroacetophenone: This compound was prepared as a starting 

material for compound 2. An xx portion of solid AlCl3 was placed into a 25-mL two-neck 

round bottom flask equipped with a magnetic stirring bar, a dropping funnel and a 

reflux condenser with gas outlet vented into water. Phenyl trifluoroacetate (1.175 g, see 

synthesis below) was added dropwise to the solid at room temperature. The mixture 

was heated slowly to 100 °C, taking care to avoid excessive bubbling of the reaction 

mixture.  As the temperature increased, the reaction mixture became a thick, black oil.  

The oil bath temperature was then reduced to 60 °C and the reaction was left overnight.  

The resulting black solid was cooled to room temperature, then 10% HCl was added in 

1-mL increments (8 mL total) and agitated with sonication to break up the solid mass.  

The suspension was transferred to a separatory funnel and extracted with DCM (3 × 30 

mL).  The combined organic fractions were dried over Na2SO4 and removal of the 

solvent yielded a dark brown oil (450 mg). The 1H NMR spectrum indicated a 1.25:1:1 
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mixture of product : starting material : phenol. The mixture was taken on without 

further purification (approximate yield 0.86 mmol, 14%) 

Phenyl trifluoroacetate: The protocol described by Sevenard et al. was used with 

minor alterations.121 Phenol (5 g) was placed in a 50 mL two-necked round bottom flask 

outfitted with a dropping funnel, a reflux condenser and a CaCl2 drying tube.  

Trifluoroacetic anhydride was added rapidly to the flask at room temperature.  The 

reaction was then heated gradually to reflux.  At the point where all solids had 

dissolved, the remaining trifluoroacetic anhydride was added to the reaction mixture.  

The solution was refluxed for 1 h.  The low-boiling trifluoroacetic acid byproduct was 

removed by fractional distillation.  The product was distilled off at 110 °C.  A distillate 

fraction containing 1.175 g of colorless liquid was analyzed by 1H NMR. The observed 

peaks matched literature values and the material was taken on without further 

characterization (10% yield)  

(E)-N'-(1-(2-hydroxyphenyl)ethylidene)benzohydrazide (3): Portions of 2’-

hydroxyacetophenone (1 g, 7.34 mmol) and benzhydrazide (1 g, 7.34 mmol) were 

combined in absolute ethanol (50 mL) then stirred at reflux overnight.  Upon cooling to 

room temperature, the resulting precipitate was collected by vacuum filtration, washed 

with 95% ethanol and dried in a vacuum oven to yield pale yellow crystals (517 mg, 28% 

yield) 1H NMR (400 MHz, DMSO-d6): δ ppm 13.36 (s, 1H), 11.34 (s, 1H), 7.94 (dd, J = 7, 1 

Hz, 2H), 7.67-7.60 (m, 2H), 7.59-7.51 (m, 2H), 7.31 (ddd, J = 8, 8, 1 Hz, 1H), 6.95-6.88 (m, 
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2H), 2.49 (s, 3H) HR-ESIMS (m/z): calcd for [M + H]+ C15H14N2O2 is 255.1128, found 

255.1138 

(E)-4-amino-N'-(1-(2-hydroxyphenyl)ethylidene)benzohydrazide (4): A portion 

of 2-hydroxyacetophenone (199 μL, 1.65 mmol, 1 equiv) was added to a roundbottom 

flask and dissolved in 5 mL absolute ethanol. To the flask, 4-aminobenzoic hydrazide 

(250 mg, 1.65 mmol, 1 equiv) and glacial acetic acid (0.5 mL) were added. The mixture 

was stirred at reflux for 3 h; during this time the heterogeneous mixture dissolved 

completely before a precipitate formed.  The reaction mixture was cooled to 4 °C then 

filtered via vacuum filtration. The remaining solid was washed with chilled ethanol then 

dried in a vacuum oven to afford light yellow crystals (409 mg, 92% yield). 1H NMR (400 

MHz, DMSO-d6) δ (ppm): 13.46 (s, 1H), 10.80 (s, 1H), 7.66 (d, J = 9 Hz, 2H), 7.57 (dd, J = 8, 

2 Hz, 1H), 7.24 (ddd, J = 8, 7, 2 Hz, 1H), 6.86 (d, J = 8 Hz, 1H), 6.84 (ddd, J = 9 Hz, 7 Hz, 1 

Hz, 1H), 5.81 (s, 2H), 2.42 (s, 3H) HR-ESIMS (m/z): calcd for [M + H]+ C15H15F3N3O2 is 

270.1237, found 270.1235 

(E)-N'-(1-(2-hydroxyphenyl)ethylidene)-4-nitrobenzohydrazide (5): Portions of 

2-hydroxyacetophenone (332 μL, 2.76 mmol) and 4-nitrobenzoic hydrazide (0.5 g, 2.76 

mmol) were combined in a flask with absolute ethanol (10 mL) and acetic acid (0.5 mL).  

The mixture was heated to reflux for 3 h. After cooling, the precipitate was isolated by 

vacuum filtration and washed with H2O and cold EtOH.  Solid 5 was dried in a vacuum 

oven to give yellow crystals (360 mg, 1.2 mmol, 44% yield). 1H NMR (400 MHz, DMSO-
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d6) δ (ppm): 11.63 (s, 1H), 8.35 (d, J = 8 Hz, 2H), 8.16 (d, J = 8 Hz, 2H), 7.63 (d, J = 8 Hz, 

1H), 7.30 (dd, J = 8, 8 Hz, 1H), 6.91-6.87 (m, 2H) 2.49 (s, 3H) HR-ESIMS (m/z): calcd for 

[M + H]+ C15H13N3O4 is 300.0979, found 300.0966 

(E)-4-(dimethylamino)-N'-(1-(2-hydroxyphenyl)ethylidene)benzohydrazide (6): 

Compound 6 was synthesized from 4-dimethylaminobenzhydrazide and 2’-

hydroxyacetophenone following the procedure used for 4 to yield yellow needles in 64% 

yield. 1H NMR (DMSO-d6, 400 MHz) δ (ppm): 13.43 (s, 1H); 10.91 (s, 1H); 7.80 (d, J = 9 

Hz, 2H); 6.74 (d, J = 9 Hz, 2H); 2.98 (s, 6H); 2.43 (s, 3H) HR-ESIMS (m/z): calcd for [M + 

H]+ C17H19N3O2 is 298.1550, found 298.1538 

 (E)-N'-(1-(4-fluoro-2-hydroxyphenyl)ethylidene)isonicotinohydrazide (9): 

Compound 9 was synthesized from 4’-fluoro-2’-hydroxyacetophenone and isonicotinic 

acid hydrazide following the procedure used for 4 to yield white powder in 22 % yield. 

1H NMR (DMSO-d6, 400 MHz) δ (ppm): 13.71 (s, 1H), 11.62 (s, 1H), 8.82 (d, J = 6 Hz, 2H), 

7.84 (d, J = 6 Hz, 2H), 7.74-7.70 (m, 2H) 6.80-6.70 (m, 2H), 2.47 (s, 3H) HR-ESIMS (m/z): 

calcd for [M + H]+ C14H12FN3O2 is 274.0986, found 274.0984 

(E)-N'-(1-(2,5-dihydroxyphenyl)ethylidene)isonicotinohydrazide (12): Portions 

of isonicotinic acid hydrazide (0.5 g, 3.68 mmol, 1 equiv) and 2’,5’-dihydroxyacetophone 

(0.61 g, 4.01 mmol, 1.1 equiv) were combined in a roundbottom flask with 30 mL 

ethanol, 2 mL deionized water, and 1 drop glacial acetic acid. The solution was heated to 

reflux and stirred for 18 h. Upon cooling, the resulting precipitate was filtered, washed 
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with ethanol and water, then dried in a vacuum oven to produce a yellow powder (328 

mg, 37% yield). 1H NMR (DMSO-d6, 400 MHz) δ (ppm) 12.41 (s, 1H), 11.51 (s, 1H), 8.93 

(s, 1H), 8.77 (d, J = 6 Hz, 2H), 7.82 (d, J = 6 Hz, 2H), 6.97 (d, J = 3 Hz, 1H), 6.76 (dd, J = 9, 3 

Hz, 1H), 6.72 (d, J = 9 Hz, 1H), 2.40 (s, 3H) HR-ESIMS (m/z): calcd for [M + H]+ 

C14H13N3O3 is 272.1030, found 272.1024 

(E)-N'-(1-(2-hydroxy-5-methoxyphenyl)ethylidene)isonicotinohydrazide (13): 

Portions of isonicotinic acid hydrazide (825 mg, 6.02 mmol, 1 equiv) and 2’-hydroxy-5’-

methoxyacetophenone were combined in a 100-mL roundbottom flask with 50 mL 

absolute ethanol and 3 drops glacial acetic acid. The mixture was heated to reflux 

overnight then cooled to room temperature. The solid product was isolated by vacuum 

filtration, rinsed with H2O and chilled ethanol, and dried to give a yellow powder (850 

mg, 3.0 mmol, 50% yield). 1H NMR (DMSO-d6, 400 MHz) δ (ppm) 12.66 (s, 1H), 11.57 (s, 

1H), 8.80 (d, J = 6 Hz, 2H), 7.85 (d, J = 6 Hz, 2H), 7.15 (d, J = 3 Hz, 1H), 6.97  (dd, J = 9, 3 

Hz, 1H), 6.87 (d, J = 9 Hz, 1H), 3.76 (s, 3H), 2.52 (s, 3H) HR-ESIMS (m/z): calcd for [M + 

H]+ C15H15N3O3 is 286.1186, found 286.1189 

(E)-N'-(1-(2-hydroxyphenyl)ethylidene)-3,4,5-trimethoxybenzohydrazide (15): 

Compound 15 was synthesized from 2’-hydroxy-5’-methoxyacetophenone and 3,4,5-

trimethoxybenzoic acid hydrazide following the procedure used for 4 to yield white 

crystals in 70% yield. 1H NMR (DMSO-d6, 400 MHz) δ (ppm): 13.34 (s, 1H), 11.23 (s, 1H), 

7.65 (d, J = 8 Hz, 1H), 7.32 (dd, J = 8, 8 Hz, 1 H), 7.25 (s, 2H), 6.94-6.89 (mult, 2H), 3.88 (s, 
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6H), 3.74 (s, 1H), 2.50 (s, 3H) HR-ESIMS (m/z): calcd for [M + H]+ C18H20N2O5 is 345.1445, 

found 345.1446 

(E)-N'-(1-(2-methoxyphenyl)ethylidene)isonicotinohydrazide (16): A portion of 

2’-methoxyacetophenone (284 mg, 1.89 mmol, 1 equiv) was dissolved in absolute ethanol 

(10 mL). Isonicotinoyl hydrazide (259 mg, 1.89 mmol, 1 equiv) was added to the 

solution, followed by addition of 2 drops of glacial acetic acid. Approximately 1 g 

MgSO4 was added to the reaction flask. The heterogeneous mixture was heated to reflux 

overnight then vacuum filtered while still warm to remove MgSO4. The filter paper was 

rinsed with methanol. Upon standing, the filtrate produced a white crystalline solid out 

of a yellow solution. The supernatant was removed by filtration and the crystals were 

washed with cold methanol. Product was recrystallized from hot methanol (106 mg, 21% 

yield). 1H NMR (DMSO-d6, 400 MHz) δ (ppm): 10.91 (s, 1H), 8.76 (d, J = 5 Hz, 2H), 7.79 

(d, 5 Hz, 2H), 7.41 (dd, J = 8, 7 Hz, 1H), 7.33 (d, J = 7 Hz), 7.11 (d, J = 8 Hz, 1H), 7.00 (dd, J 

= 8, 7 Hz, 1H), 3.83 (s, 3H), 2.30 (s, 3H) HR-ESIMS (m/z): calcd for [M + H]+ C15H15N3O2 is 

270.1244, found 270.1237 

(E)-N'-(1-(1-hydroxynaphthalen-2-yl)ethylidene)isonicotinohydrazide (17): 

Compound 17 was synthesized following a modified version of the procedure used for 

4. The solvent was changed to 1-propanol, and the reaction mixture was stirred at reflux 

for 24 h. The solvent was removed in vacuo and the product was purified by silica flash 

column chromatography (eluent: 1% methanol in ethyl acetate). Product was obtained as 



 

 

135

a white powder (11% yield). 1H NMR (DMSO-d6, 400 MHz) δ (ppm): 11.69 (s, 1H), 8.81 

(d, J = 6 Hz, 2H), 8.34 (d, J = 8 Hz, 1H), 7.89-7.86 (m, 3H), 7.74 (d, J = 9 Hz, 1H), 7.59 (dd, J 

= 6, 6 Hz, 1H), 7.53 (dd, J = 8, 6 Hz, 1H), 7.42 (d, J = 9 Hz, 1H), 2.61 (s, 3H) HR-ESIMS 

(m/z): calcd for [M + H]+ C18H15N3O2 is 306.1237, found 306.1235 

3.5.2 Photoreactivity (UV + visible) 

UV-Visible absorption spectra were collected using a Varian Cary 50 UV-Visible 

spectrophotometer in either UV-transparent plastic or quartz cuvettes with 1-cm 

pathlengths. Phosphate buffered saline solution (pH 7.4, PBS) was purchased from the 

Lonza Corporation. The buffer contained 144 mg/L KH2PO4, 9000 mg/L NaCl, and 795 

mg/L Na2HPO4.  

Assessing hydrazone reactivity to UVA and blue light via UV-visible spectroscopy 

For UV-visible spectroscopy, chelators were prepared at 10 μM in PBS from 1 

mM DMSO stocks.  UV-visible absorption spectra for all compounds were collected 

before irradiation.  Solutions were then irradiated with either UVA or blue light to 

induce isomerization.  UVA (λmax = 350 nm) irradiation was performed in a Rayonet 

RPR-100 photoreactor equipped with sixteen RPR-3500 lamps. Ferrioxalate actinometry 

was performed according to the protocol described by Kuhn et al.122 The photon flux 

was found to be 2.09*10-7 einsteins·s
-1

. Blue light irradiation was from a Cree XPE Star 

royal blue LED (450—460 nm) positioned 11 cm from the sample in an enclosed reaction 

apparatus. A Thorlabs P100 light meter was used to gauge the intensity of incident light 
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on the sample. The irradiance was found to be 1490 W/m2 which is equal to a photon 

irradiance of 5.66*10-9 einsteins/m2·s. Absorption spectra were collected after 15 or 60 s 

irradiation intervals. For solutions exhibiting changes in absorption, irradiation was 

continued until the spectrum no longer changed in response to further exposure. At this 

point the solution reached the photostationary state (PSS).  Reaction progress (0% at t = 

0, 100% at PSS) was gauged using absorbance at λmax of the E isomer spectral features, 

and is described by Equation 1: 

% rxn completion = (A0 – At)/(A0 – APSS) * 100% 

where A0 is the absorbance of the solution at λmax prior to light exposure, and At and APSS 

are absorbance values at the same wavelength at time t or in the photostationary 

solution, respectively. 

Assessing hydrazone reactivity to UVC light via UV-Visible spectroscopy 

Hydrazone samples (10 μM in PBS + 1% DMSO) were first irradiated to their 

photostationary states with RPR-3500 lamps in a photoreactor. Samples were then 

irradiated for 30 s in a Rayonet RPR-100 photoreactor outfitted with 16 RPR-2537 lamps. 

The primary emission band for these lamps is at λem = 254 nm, in the UVC portion of the 

UV spectrum). Post-irradiation spectra were then collected.   

Characterization of aqueous hydrazone solutions and hydrazone photoproducts by 

LC-MS 

All reported aroylhydrazones were analyzed by liquid chromatography on an 

Agilent 1200 Series system using an Agilent Zorbax C8 (50 × 2.0 mm) column with in-line 
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Agilent 6224 TOF-MS (time-of-flight mass spectrometer).  Compounds were separated 

under isocratic conditions at 40 °C using a mixture of two eluents, A and B. A 5 mM 

ammonium acetate aqueous buffer with the pH tuned to 7.5 with NH4OH. B is 98% 

acetonitrile/2% H2O (5 mM ammonium acetate, pH 7.5). Mixtures used to elute 

hydrazone compounds ranged from 15%B/80%A to 35%B/65%.  Sample solutions were 

prepared at 50 μM in 20% acetonitrile/80% PBS (pH 7.4).  Both non-irradiated solutions 

and solutions that had been fully irradiated to their photostationary states were 

analyzed with this method. The photoreactor with UVA lamps was used as the light 

source for all compounds except 12 and 17, which were irradiated with blue light.  A 

photodiode array detector was set to monitor absorbance of eluting species at the 

isosbestic wavelength for the two isomeric species in the solvent conditions used for 

chromatography. Chromatogram peaks were integrated using MassHunter software123, 

and these peaks corresponded to the ratio of each isomer present in solution. 

Uncertainty was assessed by repeated determination of the E:Z ratio for HAPI. Isomer 

abundance was found to be accurate within 5%. 

3.5.3 Evaluating thermal relaxation kinetics 

Solvent dependence of HAPI* relaxation 

Solutions of HAPI were prepared at 50 μM from a 10 mM stock in DMSO in four 

different solvent systems: 100% PBS, 50%:50% PBS:MeOH, 100% MeOH, and 

50%MeOH/50% CHCl3. HAPI was not soluble at 50 μM in 100% CHCl3. Solutions were 
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left at room temperature to equilibrate and checked by absorption spectroscopy until 

spectral change ceased.  HAPI solutions were then irradiated to generate the 

photostationary isomer mixture HAPI*. Full absorption spectra were recorded regularly 

for at least three half-lives.  The choice of a first order kinetic model was validated by 

initial rates data for HAPI and is described below. 

pH dependence of HAPI* relaxation 

Thermal relaxation was tracked by UV-visible spectroscopy at four different pH 

values.  Stock solutions of pH 6, 6.5 and 9 were prepared by adding 1 M HCl or 1 M 

NaOH dropwise to PBS (pH 7.4) stocks.  HAPI solutions were prepared at 50 μM in 

these solvents from 10 mM stocks in DMSO. Solutions were irradiated until no further 

spectroscopic change was observed.  Absorption spectra were then collected hourly over 

12 h. Half-life values were extracted from a first-order fit of (A0 – At) vs time. 

Library screening for relaxation kinetics 

Hydrazone compound solutions were prepared at a range of concentrations 

(dictated by compound solubility) in PBS with 5% DMSO. Data were not obtained for 

compounds that were insoluble in concentrations greater than 10 μM. Absorption 

spectra were collected immediately after irradiation in increments of 0.2, 0.5 or 1 min 

depending on the compound’s half-life.  The concentration of E isomer was determined 

from absorbance values at λmax of E-specific absorption bands. Plots of [(E)-hydrazone] 

vs. time were generated and the slope of the linear portion was determined to find the 



 

 

139

reaction rate for E isomer formation in mol L-1 min-1.  Plots of rate vs. [(E)-hydrazone]initial 

were found to be linear for all observed species, and the slope of the line gave the rate 

constant k for the thermal isomerization. 

3.5.4 Assessment of iron(III) affinity 

A 4 μM stock of Fe(calcein) complex was prepared by diluting 12 μL of calcein 

stock (1 mM in 1 M NaHCO3) to 1 mL then adding a 12-μL aliquot of freshly prepared 

ferrous ammonium sulfate solution (1 mM in deionized H2O).  This solution was mixed 

then diluted to 3 mL.  This solution was equilibrated at room temperature for 1 h prior 

to further use in the experiment. 

Working stock solutions of chelators were prepared using 4-(2-hydroxyethyl)-1-

piperazineethanesulfonic acid (HEPES) buffer (10 mM + 100 mM NaCl). Chelator 

working solutions (8 μM) were prepared by diluting 4 μL of chelator stock (1 mM in 

DMSO) to 500 μL with HEPES buffer.  For those experimental conditions requiring 

irradiation, the solutions were irradiated with UVA for 2 min in plastic centrifuge 

microtubes immediately before use. 

In a black 96-well plate with clear bottoms, 50 μL chelator working solutions 

were mixed with 50 μL Fe(calcein) to produce a solution containing 2 μM Fe(calcein) 

and 4 μM chelator.  The plate was shaken for 30 s on a Perkins Elmer Wallac 1400 plate 

reader, then calcein emission was measured with a 485 nm (bandwidth = 15 nm) 

excitation filter and a 535 nm (bandwidth = 30 nm) emission filter.  The plate was kept in 
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the dark at room temperature and emission readings were collected again after one 

hour. The percent of uncomplexed calcein was determined using the following equation: 

% ���� �����	
 �
�� � �������

��	 � �������
 100% 

Where Fi is the measured fluorescence intensity for a well treated with 

compound i, Fquench is the fluorescence intensity of wells containing quenched 2 μM 

Fe(calcein) and F25 is the fluorescence intensity of wells containing 2 μM Fe(calcein) and 

50 μM HAPI.  
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4. Synthesis and characterization of PC-HAPI, a light-
activated prochelator with multifunctional 
photoproducts 

4.1 Introduction 

4.1.1 UV radiation and oxidative stress/inflammation 

Radiation in the ultraviolet (UV) range of the electromagnetic spectrum is a 

contributor to skin damage associated with aging. Much of this damage can be 

attributed more specifically to wavelengths in the UVA region, from 320–400 nm. These 

longer UV wavelengths pass through the atmosphere to reach the surface of Earth and 

penetrate more deeply into biological tissues than the shorter UVB wavelengths (290—

320 nm). Both immediate and long-term effects of UVA irradiation on cells, tissues, and 

whole organisms are therefore important. 

A number of biological chromophores absorb UVA wavelengths of light, 

including enzyme cofactors (e.g. porphyrins and flavins), pigments (eumelanin and 

pheomelanin) and other amino acid derived species. In addition to dissipating the 

absorbed energy through photon emission or radiationless decay, these excited 

chromophores are also capable of energy transfers to generate reactive excited states in 

neighboring biomolecules. Several endogenous non-DNA chromophores are known to 

trigger photosensitized DNA damage. Photoexcited sensitizers further stress cellular 

systems through reaction with molecular oxygen to form singlet oxygen as well as 

superoxide and hydrogen peroxide. 
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4.1.2 Role of Fe in UV-induced oxidative stress 

UVA radiation is also known to damage skin cells through another, iron-

dependent mechanism.  Exposure of fibroblasts and keratinocytes to environmentally 

relevant doses of UVA results in Fe being released from cellular stores in both ferritin 

and heme.{Kvam, 1999 #19} Damage to lysosomal membranes leads to leakage of 

proteases into the cytosol which may assist in degradation of ferritin and the subsequent 

release of iron.124 While normal fluctuations in iron are moderated by homeostatic 

machinery, the amount of reactive iron that is released from moderate to severe UVA 

exposure can overwhelm this natural Fe buffering system. Iron that is not regulated 

sufficiently by chaperone proteins or small molecules is able to undergo Fenton 

chemistry. 125  Iron ions can trigger the production of highly reactive hydroxyl radicals as 

well as alkoxy and peroxy radicals.  These particularly reactive species can damage 

nearby DNA or other important biomolecules with diffusion-limited kinetics.  In some 

cases, this photodamage may lead to carcinogenesis. Several studies have shown, 

however, that light- and iron-induced oxidative damage can be mediated by treatment 

with chelating agents.126  

4.1.3 Light-activated prochelators 

While the benefits of chelation therapy are clear for immediate remediation of 

iron overload and its related toxicity, care must be taken to limit the removal of normal 

functioning iron. Basal levels of Fe are required for cellular respiration and other crucial 
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cellular processes. Therefore, systemic loss of Fe and long term disruption of 

homeostasis by chelating agents could also cause harm.10b, 127  Selective targeting of only 

unregulated and damaging species of iron is desirable to avoid possible side effects from 

systemic iron depletion.128 Several groups have sought to combat the deleterious effects 

of iron-dependent oxidative stress following UV exposure, through targeted chelation of 

UV-released iron.128-129 

One strategy used by Pourzand et al. utilizes a light-activated protecting group 

to mask two metal chelating agents that have been studied extensively for biological iron 

chelation, salicylaldehyde isonicotinoyl hydrazone (SIH) and pyridoxal isonicotinoyl 

hydrazone (PIH).128 These prochelators, respectively named NPE-SIH and NPE-PIH, 

feature an (o-nitrobenzyl)ethyl moiety bound directly to a key metal-binding oxygen. 

The blockage of this oxygen drastically reduces the compound’s iron affinity. Irradiation 

of the prochelators with UVA wavelengths effects an intramolecular oxygen transfer 

within the (o-nitrobenzyl)ethyl moiety with a concomitant release of active SIH or PIH.  

In this way, only iron that is present near sites of UVA exposure is targeted for chelation. 

In cellulo studies using human fibroblasts determined that both NPE-SIH and 

NPE-PIH are nontoxic to cells and do not interfere with the labile iron pool (LIP) in the 

absence of activating UVA radiation.129b Untreated fibroblasts exposed to UVA light 

experience a spike in LIP levels as determined by the calcein assay. Cells pre-treated 

with the prochelators, however, maintain basal LIP levels following irradiation. Also, 
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prochelator-treated cells show decreased necrotic cell death compared to untreated cells 

following environmentally relevant doses of UVA light. Another study focusing on 

keratinocytes found that NPE-PIH protected cells against UVA-induced lipid 

peroxidation while maintaining basal intracellular levels of ferritin, a marker the authors 

cite as evidence of normal Fe metabolism. 
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Figure 51: Prochelator strategies for protection against UV/Fe-induced ROS 

(a) Capping of a tridentate hydrazone chelator with a 2-nitrophenylethyl moiety blocks 

the ligand’s preferred metal binding mode until photolysis.  Cleavage yields a 

nitrosoaryl ketone and the active chelator. (b) The ligand DBED reversibly binds 

intracellular iron ions.  In the presence of hydrogen peroxide, the ligand undergoes Fe-

catalyzed hydroxylation at one of the aromatic rings.  The resulting ligand has increased 

affinity for Fe. 
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In another clever strategy, Pygmalion et al. leverage iron’s unique reactivity with 

hydrogen peroxide to hydroxylate a low affinity ligand and generate products capable 

of forming stable and inert complexes. Initial studies with prochelators based on N,N’-

dibenzyl ethylenediamine N,N’-diacetic acid (DBED) identified a number of related 

structural analogues that were site-specifically hydroxylated in oxidizing conditions at 

the ortho position of ligand aromatic rings.130 The oxidation products were found to be 

high-affinity pentadentate chelating species. Of the catalytically activated ligands, the 

parent compound DBED was found to be the most potent protector against H2O2 and t-

BuOOH induced cytotoxicity.  

In a recent work, the ligand’s two carboxylic acid groups were converted to cell-

permeable esters to produce the prodrug Sideroxyl. 129a Though intracellular removal of 

the isopropyl esters was not directly proven, cultured cells treated with the compound 

were protected from UV-induced ROS damage as measured by dichlorofluorescein 

oxidation, lipid peroxidation and DNA breakage assays. Reconstructed skin tissue was 

also protected against damaging UV effects, including lipid peroxidation and 

upregulation of downstream stress-response proteins. Thus, Sideroxyl was shown to 

protect both cultured skin cells as well as reconstructed human skin from UV-induced 

oxidative damage. 
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4.1.4 Coumarins as antioxidants 

Hallmarks of cellular oxidative stress have been observed in a number of 

pathologies.  Whereas low levels of reactive oxygen species (ROS) or reactive nitrogen 

species are useful for normal functions such as immune response to infection and cell 

signaling, high levels of ROS result in deleterious effects on cell and tissue function.125a, 

131 Antioxidants then have seen a surge in both scientific and public attention as a means 

of mitigating the various undesirable health effects attributed to oxidative damage.132 An 

abundance of naturally occurring antioxidant compounds, typically found in plants, 

may be useful in this regard.133 

Coumarins are among several classes of plant-based antioxidants that are both 

abundant and potent.134 The range of coumarins found in nature displays a variety of 

substitutions around the heterocyclic core, and structure-activity relationships have been 

investigated in the context of antioxidant potency.135 As sacrificial antioxidants, 

coumarin molecules are themselves oxidized upon reducing ROS to less reactive forms. 

Among the simplest structures of plant coumarins is 7-hydroxycoumarin, also known as 

umbelliferone, which is believed to be one of the active ingredients in several medicinal 

plant extracts.136 

4.1.5 trans-cinnamates as photoactive leaving groups 

The purported antioxidant activity of coumarins complements that of 

antioxidant chelating agents. The former antioxidants mitigate oxidative stress by 
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quenching oxygen-based radicals stoichiometrically, while the latter prevent redox-

active metal ions from generating such radicals catalytically. Since both direct UV 

damage of biomolecules and catalytic production of hydroxyl radicals by Fe contribute 

to UVA photodamage, a single tool to mitigate both concerns may prove more effective 

than treating either cause individually. To this end, a prochelator design that could also 

release an antioxidant coumarin was envisioned. 

 

Figure 52: Cinnamate photoprotecting group employed by Porter and 

coworkers 

The photoprotective group chosen to achieve this goal is a trans-(o-

hydroxy)cinnamate ester.  The use of this class of cinnamate esters as photocleavable 

protecting groups was first described for the inhibition and light-dependent reactivation 

of serine proteases.137 The intramolecular acyl substitution exhibited by the cis-
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cinnamates is prohibited in this form. Photoisomerization from the trans alkene to the cis 

configuration brings the o-hydroxyl moiety into the proper geometry to react with the 

carboxylate and complete the ring-closing reaction.  

 

Figure 53: Photolabile protecting groups investigated by Gagey et al. for one- 

and two-photon uncaging 

Later work by Gagey et al. explored both one-photon and two-photon uncaging 

properties of an expanded series of o-hydroxycinnamic acid derivatives.138 The authors 

concluded that the photochemical/photophysical properties of several caging moieties 

were well suited for biological uncaging applications.  Chief among these properties 

were high one-photon and two-photon uncaging cross-sections as well as strongly 

overlapping cage and photoproduct absorption spectra.  Absorption at similar 

wavelengths allows for both uncaging and emission quantification with the same 

excitation source.  Other practical advantages include the ease of synthetic preparation 

as well as the ability to control compound hydrophobicity with benzene ring 

substitution.  The ability to trigger two-photon uncaging in vivo was demonstrated with 
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the 3,5-dibromo-2,4-dihydroxycinnamic acid caged ethanol (Ec in Figure 53) in a 

zebrafish embryo.139  Interestingly, the amenable acidity and hydrophobicity properties 

of this cage allowed for homogeneous compound concentration inside the embryo that 

matched the concentration of the treatment medium. Highly fluorescent derivatives 

with greater water solubility have also been synthesized, though these derivatives lack a 

demonstration of in vivo cell permeability.140 This class of compounds was also 

investigated as a means of rapid reagent addition for analytical chemistry141, 

photocleavable detergents for MALDI-MS analysis142, and photoactivatable fluorophores 

in polymer films.143 

4.1.6 Goals of this work 

In the present work, a multifunctional prochelator has been developed to address 

the simultaneous concerns of both Fe-catalyzed and direct generation of ROS due to 

UVA exposure.  The compound PC-HAPI is designed using a “photocaged” prochelator 

strategy. In this design, irradiation cleaves a photolabile protecting group to yield the 

active form of a chelator, in this case the lipophilic aroylhydrazone HAPI. An o-

hydroxycinnamic acid photoprotecting group has been chosen to release the coumarin 

umbelliferone upon activation. Umbelliferone not only exhibits strong UVA absorption, 

but is also reported to possess antioxidant properties to mitigate ROS produced either 

directly or by UV-released iron ions. We describe here the synthesis and characterization 
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of a multifunctional prochelator that releases an antioxidant metal chelator along with a 

putative natural product antioxidant. 

4.2 Results and Discussion 

4.2.1 Synthesis and characterization of PC-HAPI 

PC-HAPI was synthesized by following a synthetic scheme modified from 

published o-hydroxycinnamate protections.137a, 144 Wittig chemistry was used to generate 

a trans-cinnamate ester. Allyl ether protection of the cinnamate protecting group was 

used to enable coupling with the HAPI phenolate while avoiding unproductive 

reactions of the cinnamate with itself. Coupling of the cinnamate protecting group to 

HAPI was done by in situ generation of a cinnamoyl chloride and aryl ester formation in 

pyridine solution. 

The product is obtained as a pale yellow solid that dissolves readily in 

halogenated solvents and is suitably soluble in DMSO for preparation of concentrated 

(millimolar range) stock solutions. The absorption spectrum of PC-HAPI in aqueous PBS 

buffer at pH 7.4 features two absorption bands (λmax = 284 and 340 nm, see Figure 54). 

The lower energy absorption band tails into the visible spectrum, with absorption 

extending to approximately 450 nm. The fluorescence emission spectrum shows an 

emission band with maximum emission at 457 nm. though PC-HAPI is not expected to 

be fluorescent. It is possible that some of this fluorescence may be due to trace 

umbelliferone (λmax = 454 nm), though thermal decomposition of PC-HAPI into 
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umbelliferone and HAPI is not considered likely. Spectra of different PC-HAPI samples 

prepared from the same stock solution did not change over a period of 4 months. 

The characterization of 4 and PC-HAPI by NMR were complicated by tendency 

for these compounds to isomerize in some organic solvents, presumably between E and 

Z configurations at the hydrazone C=N double bond. This isomerization was also 

observable by thin layer chromatography under some eluent conditions (e.g., 

CHCl3/MeOH). Interestingly, only a single peak is observed by liquid chromatography 

analysis, suggesting perhaps that equilibration between isomers is rapid in aqueous 

solution. This hypothesis is validated by the instability of the E isomer observed for 

compound 16 from Chapter 3. Alkylation of the HAPI phenolate oxygen caused 

spontaneous isomerization from pure E to a mixture of E and Z configurations in freshly 

prepared solutions. Characterization of PC-HAPI by 13C NMR was not performed due in 

part to isomerization of the small amount of sample available for analysis. 

4.2.2 Characterization of photoproducts 

Photoinduced changes in the absorption spectrum of PC-HAPI were monitored 

by UV-visible absorption spectroscopy.  For comparison, authentic HAPI and ethyl (E)-

3-(2,4-dihydroxyphenyl)acrylate (1, in Figure 53) samples were also monitored 

spectroscopically. The compound 1 was used as a reference for assessing the behavior of 

the PC-HAPI cinnamate protecting group. Its preparation and photochemistry was 

reported previously by Gagey et al.    Irradiation of PC-HAPI in buffered aqueous 
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solution triggers a decrease in absorbance at 284 nm that mirrors the decrease in 

absorbance below 300 nm in a photoirradiated 1 sample. Three clean isosbestic points 

are observed, suggesting the photoconversion proceeds cleanly.  The solution was 

irradiated until no further changes were observed, resulting in an absorption spectrum 

that matches the spectrum of a solution containing equimolar quantities of 

umbelliferone and HAPI.  
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Figure 54: Absorption spectra of PC-HAPI and related compounds in response 

to UVA irradiation 

(top) Irradiation of 1 caged alcohol (light blue line) triggers changes in the sample’s absorption 

spectrum  (black, dashed linecollected after 60 seconds of irradiation) .  (middle) Irradiation of 

HAPI up to 2 minutes induces partial E-Z isomerization. (bottom) Irradiation of PC-HAPI (red, 

solid line) generates a spectrum that nearly overlays with that of a solution containing authentic 

samples of umbelliferone and HAPI in equimolar proportion (black, solid line). All solutions are 

prepared at 10 μM in PBS from concentrated DMSO stocks (<0.5% DMSO in final solutions) 

Irradiation was performed by an 18 W hand lamp with maximum intensity at 366 nm (UVA). 

Intermediate spectra are shown in 15 second irradiation intervals.  

0

0.05

0.1

0.15

250 300 350 400 450 500

a
b
s
o
r
b
a
n
c
e

wavelength (nm)

0

0.05

0.1

0.15

0.2

250 300 350 400 450 500

a
b
s
o
r
b
a
n
c
e

wavelength (nm)

0

0.05

0.1

0.15

0.2

0.25

0.3

250 350 450

a
b
s
o
r
b
a
n
c
e

wavelength (nm)



 

 

155

 

The gradual decrease in HAPI absorption can be attributed to E-Z isomerization 

of the HAPI hydrazone bond, previously reported as being sensitive to UVA 

wavelengths.113 Similar decreases in absorbance are not observed for the PC-HAPI 

solution.  The additional absorbance by the coumarin chromophore may play a minor 

protective role by reducing the number of photons available for HAPI 

photoisomerization. 

Emission spectra were collected for 1-µM PC-HAPI before and after incremental 

treatment with UVA radiation. The pre-UVA solution is only weakly fluorescent, but 

after 10 s of UVA irradiation a strong growth in emission was observed from the PC-

HAPI solution (Figure 55).  No further increases were observed after 60 seconds of UVA 

exposure. The final spectrum collected exhibits a 4-fold increase in emission over the 

initial spectrum and matches an umbelliferone standard spectrum of the same 

concentration.  

 

Figure 55: Fluorescence emission of PC-HAPI increases upon exposure to UVA 

radiation 
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PC-HAPI exhibits weak fluorescence in aqueous solution prior to UVA exposure (black trace). 

Irradiation for 15, 30, 45, and 60 seconds (red trace) with UVA causes an increase in fluorescence 

of the sample. [PC-HAPI] = 1 µM in PBS (0.1% DMSO) λ

performed by a 4W hand lamp with maxi
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A sample of PC-HAPI (~ 1 mM) in CDCl

the photoproducts. The exp

CDCl3 with 5% CD3OD for reference.
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fluorescence in aqueous solution prior to UVA exposure (black trace). 

Irradiation for 15, 30, 45, and 60 seconds (red trace) with UVA causes an increase in fluorescence 

HAPI] = 1 µM in PBS (0.1% DMSO) λex = 360 nm. UVA irradiation was 

rformed by a 4W hand lamp with maximum intensity at 366 nm.  

Figure 56: PC-HAPI uncaging as observed by NMR

HAPI (~ 1 mM) in CDCl3 was irradiated for 15 minutes to generate a spectrum of 

the photoproducts. The expected photoproducts are HAPI and umbelliferone, shown above in 

OD for reference. Irradiation was performed by a 4W hand lamp

maximum intensity at 366 nm (UVA). 
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Figure 57: UV-triggered conversion of PC-HAPI to umbelliferone and HAPI is 

observed by LC-MS 

(top) A solution of PC-HAPI kept in the dark elutes as a single peak (12.0 min). (middle) 

Irradiation of the solution with UVA light (XX min with 18W hand lamp) generates two new 

eluting species (m/z = 163 at 8.3 min and m/z = 256 at 11.7 min). (bottom) Authentic samples of 

umbelliferone (m/z = 163 for [M+H]+) and HAPI (m/z = 256 for [M+H]+) elute at identical times as 

the products formed from irradiation of PC-HAPI. All solutions were prepared at 50 µM in PBS 

(0.5% DMSO) 

 

LC-MS analysis of PC-HAPI solutions before and after UVA irradiation shows 

the UV-induced decrease in [PC-HAPI] with concomitant appearance of two new major 
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signals at 8.3 min and 11.6 min.  The elution times and corresponding mass spectra for 

these peaks match authentic samples of umbelliferone and HAPI, respectively.  A minor 

species appearing earlier in the run has a corresponding parent ion mass-to-charge ratio 

of 256, which is also consistent with the molecular mass of HAPI. We assign this peak as 

the (Z)-HAPI photoproduct of HAPI photoisomerization. These results support the 

proposed uncaging mechanism depicted in Figure 58, wherein absorption of UVA 

wavelengths of light induces cis-trans isomerization of the cinnamate olefin.  

Isomerization allows for intramolecular nucleophilic substitution that releases HAPI and 

generates a fluorescent coumarin species. 

 

Figure 58: Proposed deprotection mechanism for PC-HAPI 

The quantum yield of photolysis (ΦP) for the PC-HAPI photoreaction was 

determined using LC-MS.  The extent of PC-HAPI photolysis was compared under 

identical conditions to that of the compound Ea, for which ΦP is known. The quantum 

yield was found to be 8.1±0.2%, which is slightly less than the value determined for the 

model compound Ea (9%), which has the same protecting group moiety with an ethanol 

leaving group.138 
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4.2.3 Calcein assay – UV-dependent iron affinity 

A functional prochelator should have a low metal affinity until acted on by the 

trigger stimulus, which releases a strong chelating species. To assess the metal binding 

behavior of PC-HAPI before and after UV irradiation, the fluorescent metal ligand 

calcein was used in a microplate assay. Calcein treated with equimolar Fe in aqueous 

solution exhibits quenched fluorescence until treated with a suitably strong competitive 

chelator.  Transfer of the metal from calcein to the competitive species restores calcein 

fluorescence which can be read on a plate reader.  

 

Figure 59: PC-HAPI iron affinity controlled by light 

Transfer of fluorescence-quenching Fe3+ from calcein to the high affinity chelator HAPI 

restores calcein emission. The prochelator PC-HAPI competes only weakly with calcein for Fe 

until irradiated with UVA light. [Fe] = [calcein] = 10 μM; [chelator] = 50 μM in PBS. Emission read 
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after 1 hour incubation. “+ UV” chelator solutions were irradiated for 15 seconds in a 

photoreactor with 8 W lamps (λmax = 350 nm). Error bars represent standard deviation for 

conditions run in triplicate.   

 

As seen in Figure 59, quenched calcein solutions treated with HAPI show a 

strong return of fluorescence as Fe is efficiently removed from its complex with calcein.  

Treatment with the prochelator PC-HAPI fails to restore emission, indicating that the Fe 

affinity of HAPI has been attenuated by the photolabile masking group.  Treatment of 

Fe(calcein) with a solution of PC-HAPI that was irradiated under UVA light prior to 

mixing results in partially restored calcein fluorescence, though the observed calcein 

emission for PC-HAPI + UV does not match the calcein emission intensity observed for 

the solutions treated with HAPI alone.  The reason for this discrepancy is unclear.The 

UVA-dependent increase in calcein fluorescence following treatment with PC-HAPI 

indicates the release of an active chelator that is able to compete with calcein for 

chelatable Fe(III) ions. 

 

4.2.4 DCF assay for Fe-dependent ROS production 

In the absence of suitably deactivating ligands, ferrous ions can convert 

hydrogen peroxide to more reactive species in aqueous solutions. If a reducing agent is 

also present, this reaction can become catalytic, resulting in dramatically increased ROS 

production that can be measured by the two-electron oxidation of non-fluorescent 

dihydrodichlorofluorescein (H2DCF). The fluorescence emission of the oxidation 
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product dichlorofluorescein (DCF) can thus be monitored to assess a metal ligand’s 

ability to suppress the catalytic behavior of iron ions in solution.   

Solutions containing H2DCF were incubated with Fe, hydrogen peroxide, 

ascorbic acid and NTA as a stabilizing ligand. Treated wells were dosed with HAPI or 

PC-HAPI (+/- UVA irradiation) (Figure 60).  Control wells without added HAPI or PC-

HAPI were used to determine the level Fe-catalyzed ROS production. Emission levels 

from wells containing only H2DCF and buffer were stable over the time period of the 

experiment, and this background emission was subtracted from readings for all control 

and treatment wells. 

 

Figure 60: Dihydrodichlorofluorescein assay for Fe-mediated ROS production 

Reactive oxygen species (ROS) produced by aqueous iron species (10 μM) in the presence 

of ascorbic acid (1 mM) and hydrogen peroxide (1 mM) oxidize the nonfluorescent 

dihydrodichlorofluorescein (H2DCF, 20 μM) to fluorescent dichlorofluorescein in the absence of a 

sequestering iron chelator.  Addition of HAPI to the solution inhibits ROS production, while 
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intact PC-HAPI shows weak inhibition up to 100 μM.  Irradiation of PC-HAPI reduces 

dihydrodichlorofluorescein oxidation. All solutions contained 10 μM NTA as a solubilizing Fe 

ligand (“NTA” condition contains NTA with no additional chelators). 

 

DCF emission of solutions treated with HAPI decreases in a dose-dependent 

manner (Figure 60). This behavior is consistent with the protective effects observed in 

previous studies of related ligands such as salicylaldehyde isonicotinoyl hydrazide 

(SIH), where sequestration of the active metal center inhibits catalytic OH· production.92b, 

93, 145 Wells treated with non-irradiated PC-HAPI show much higher levels of DCF 

emission, suggesting weaker Fe binding and ROS inhibition in its caged form.  Emission 

drops markedly in wells treated with irradiated PC-HAPI compared to wells containing 

the same concentration of non-irradiated PC-HAPI. The light-dependent DCF emission 

levels suggest that PC-HAPI is unable to prevent redox cycling of Fe in solution until it 

is activated by UVA radiation. The photoproducts, on the other hand, show inhibition of 

Fe redox catalysis at low to moderate concentrations. However, ROS levels observed in 

100 μM and 200 μM uncaged PC-HAPI wells do not fully replicate the behavior 

observed with corresponding HAPI solutions.  Further experiments were required to 

gauge the effect of the other PC-HAPI photoproduct, umbelliferone. 

 

4.2.5 DCF assay for umbelliferone 

Given unexpected assay results for solutions treated with umbelliferone, H2DCF 

solutions containing the same ROS-generating reagents were treated with a range of 
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umbelliferone concentrations (Figure 61). For comparison, the water-soluble antioxidant 

6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid (trolox) was also tested under 

the same conditions. Whereas trolox effectively inhibited DCF oxidation under these 

conditions, umbelliferone showed a dose-dependent increase in DCF emission, 

suggesting that it promotes, rather than quenches, hydroxyl radicals produced under 

these Fenton-like conditions.  This pro-oxidant behavior may be the result of a weak 

interaction between Fe and umbelliferone that is primarily observable at higher 

concentrations.  While this behavior is unexpected and is incongruous with the reported 

antioxidant behavior of coumarin phenols, the high concentration of umbelliferone 

required to see these effects likely limits the danger of its use in biological applications.   

 

Figure 61: ROS generation by umbelliferone and trolox 

H2DCF oxidation increases in solutions with increasing concentrations of umbelliferone.  

For comparison, the small molecule antioxidant trolox was dosed at the same concentrations. All 
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solutions were prepared in PBS with 10 µM Fe, 10 µM NTA, 1 mM H2O2 and 1 mM ascorbate. 

Condition labeled “NTA” contains only Fe, NTA, H2O2, and ascorbate. 

 

4.2.6 DCF assay for Cu-dependent ROS production 

The ability of PC-HAPI to confer light-dependent protection against metal-

mediated reactive oxygen species was also tested with copper as the catalytic species. 

Copper was chosen due to its known role as a biological source of reactive oxygen 

species as well as its ability to form tight complexes with HAPI. 

Buffered solutions containing H2DCF as well as Cu2+ and ascorbic acid become 

fluorescent as a result of H2DCF oxidation by Cu-catalyzed ROS generation. Wells 

containing Cu2+, ascorbic acid, and H2DCF were treated with the active chelator HAPI or 

the prochelator PC-HAPI (either with or without prior UVA irradiation).  Wells treated 

with HAPI develop no fluorescence from H2DCF oxidation. In these wells, HAPI 

strongly inhibits Cu-mediated ROS generation (Figure 62). Significant DCF emission is 

observed in wells treated with PC-HAPI in the absence of UVA light. The decreased 

emission level compared to the control solution with no added chelator suggests 

marginal protection against H2DCF oxidation by the intact prochelator.  However, upon 

a 15 second exposure to UVA irradiation, fluorescence levels are reduced to levels 

similar to HAPI-treated solutions.  Interestingly, treatment of the same ROS-generating 

Cu + ascorbic acid solution with an equal molar amount of umbelliferone produces 

emission that exceeds that of the untreated control wells.  This pro-oxidant behavior is 

contrary to several literature reports of umbelliferone’s antioxidant capacity, though it is 
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consistent with results observed in this work for umbelliferone and Fe-catalyzed ROS. 

As was seen in the H2DCF assay using Fe-dependent ROS, photolysis of PC-HAPI prior 

to addition to the reaction mixture reduces the level of H2DCF oxidation and the 

subsequent DCF emission. Non-irradiated PC-HAPI is less able to prevent oxidation, 

indicating that the masking group hinders the antioxidant activity of the HAPI chelator 

fragment. Activation of PC-HAPI with light is therefore critical to obtain full HAPI 

chelator function. 

 

Figure 62: H2DCF assay with Cu2+ as ROS catalyst 

Dihydrodichlorofluorescein is oxidized by aqueous Cu in aerobic solutions containing 

ascorbic acid (1 mM).  Sequestering chelating ligands such as HAPI inhibit ROS generation and 

subsequent H2DCF oxidation, compared to solutions without added chelator (Cu/Asc). PC-HAPI 

only weakly inhibits ROS generation due to the destabilizing caging group. Irradiation of PC-

HAPI restores the inhibitory effect of the released HAPI chelator.  Umbelliferone (UMB) shows 

pro-oxidant activity in this assay without additional strong chelating agents present. All solutions 
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are in PBS. The ‘-/+’ designation indicates whether or not the chelator was exposed to 15 seconds 

of UVA irradiation prior to mixing with Cu.  All chelators present at 20 μM concentration. 

 

4.2.7 Xanthine oxidase assay 

The 2,4-dihydroxycinnamate protecting group used to mask HAPI activity reacts 

upon UV radiation to form umbelliferone, a naturally occurring compound reported to 

possess mild antioxidant activity. To assess the ability of this photoproduct to mitigate 

oxidative damage by sacrificial ROS reduction, a xanthine oxidase assay was performed. 

Xanthine oxidase is a metalloprotein found primarily in the liver and intestine. 146  It is 

associated with purine metabolism and, notably, the generation of both superoxide ions 

and hydrogen peroxide.147 Reaction of the substrate hypoxanthine with xanthine oxidase 

(XO) in aerobic, aqueous solution produces superoxide as well as xanthine, which is 

then further oxidized by XO to form uric acid and an additional superoxide ion.147-148 XO 

was thus used to generate superoxide species in situ and to evaluate the antioxidant 

behavior of PC-HAPI before and after uncaging. In the absence of a competing 

scavenger, superoxide produced by XO reduces the ferric metal center in cytochrome c. 

Reduction is measured as an increase in characteristic ferrocytochrome absorption at 550 

nm following addition of XO and its substrate hypoxanthine to the reaction mixture. 

Antioxidant activity was measured spectroscopically as a decrease in the rate of Fe3+ 

reduction in cytochrome c. 
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Figure 63: Xanthine oxidase assay for antioxidant activity 

(a) PC-HAPI has no effect on superoxide-induced reduction of cytochrome c in the 

xanthine oxidase assay. Uncaged PC-HAPI slows cytochrome c reduction commensurate with 

behavior observed for umbelliferone. (b) Increasing [umbelliferone] in the given assay conditions 

slows the reduction of cytochrome c in a dose-dependent fashion. All assay solutions were 

prepared in 50 mM potassium phosphate buffer (pH 7.4) and contained 0.1 mM EDTA, 0.01 mM 

cytochrome c, 0.05 mM hypoxanthine, and 0.005 units xanthine oxidase. A550 is absorbance of the 

assay solution at 550 nm; a strong band at this wavelength is indicative of the Fe2+ cytochrome c 

species. 

 

Upon mixing, the assay reagents alone produce sufficient superoxide anion to 

trigger reduction of Fe(III) in cytochrome c to Fe(II). The spectroscopically observed rate 

of ΔA550 was 0.024 AU/min. Addition of 1 unit of superoxide dismutase, a well-known 

biological scavenger, as a positive control reacts to consume 50% of the generated 

superoxide (ΔA550 = 0.012 AU/min).  The addition of Fe chelator HAPI to the assay 

mixture had no effect on the rate of cytochrome c reduction compared to the negative 

control solution. We conclude that HAPI neither scavenges superoxide nor strongly 
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inhibits xanthine oxidase activity. When the assay is performed in the presence of 50 μM 

umbelliferone, the rate of change for A510 decreases by 25%., PC-HAPI elicits no effect on 

cytochrome reduction in the absence irradiation. This supports the hypothesis that PC-

HAPI should be relatively inert with respect to its surroundings prior to irradiation. 

Irradiation of PC-HAPI with UVA light prior to mixing causes a decrease in ΔA550 

commensurate with the decrease observed for the same concentration of umbelliferone. 

Several umbelliferone concentrations were assayed for activity in the above assay, to see 

whether the observed response might be dose-dependent (rates are plotted against 

[umbelliferone] in Figure 63b). Under these experimental conditions, the concentration 

required to decrease the observed rate of reduction by 50% (EC50) is approximately 500 

μM.   

The body of literature regarding the antioxidant behavior of coumarins indicates 

that there are multiple mechanisms by which coumarins may reduce oxidative stress.  

Many coumarins, particularly those coumarins bearing phenol moieties, may act as a 

sacrificial reductant and react directly with some ROS species.  Alternately, several 

coumarins have been identified as inhibitors of oxidative stress-related enzymes, 

including xanthine oxidase.  Umbelliferone has generally been found to be a weak 

reductant, but an even weaker inhibitor of xanthine oxidase.134a, 135a, 135b, 135d, 135e To gauge 

whether umbelliferone was acting in this assay as a superoxide scavenger or a xanthine 

oxidase inhibitor, the assay conditions were modified to use only xanthine as a 
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substrate.  In this way, the production of uric acid can be cleanly tracked by absorbance 

at 290 nm without interference from other transient absorbing species. Treatment of the 

xanthine oxidase/xanthine system with varying concentrations of umbelliferone showed 

concentration-dependent decrease in enzyme activity (Table 8).  

Table 8: Production of uric acid by xanthine/xanthine oxidase system is impeded by 

the presence of umbelliferone 

[umbelliferone] 

(µM) 
Δ290/min 

% 

inhibition 

0 0.0179 0 

10 0.0166 7 

100 0.0125 30 

1000 N/A 100 

 

Though the primary mode of antioxidant behavior observed here for 

umbelliferone differs from previous reports, the assay results above indicate that the 

biological activity displayed by the desired coumarin can be replicated by 

photoactivation of the o-hydroxycinnamate prochelator. Modified substitution of the 

benzene ring has been shown to confer widely differing properties to the resulting 

coumarin.135c  Logical design of the cinnamate protecting group can then be used to 

install improved functionality to analogous prochelator structures. 

4.3 Conclusion 

Exposure of skin tissue to UV radiation produces harmful cytotoxic effects. 

While the damage from shorter UVB wavelengths primarily stems from direct 

photodamage to DNA and other macromolecules, the effect of UVA wavelengths is 
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primarily one of oxidative stress. One major mechanism of UVA-induced oxidative 

stress is through the release of labile iron from intracellular stores.  The disruption of 

iron homeostasis exposes cells to increased levels of cytotoxic ROS, particularly the 

highly reactive hydroxyl radical.  We seek to improve upon previous efforts to sequester 

reactive iron by light-triggered prochelators by releasing not only one but two functional 

photoproducts with useful properties for attenuating UV photodamage. 

The newly synthesized compound PC-HAPI responds sensitively to UVA 

exposure, releasing both umbelliferone and the aroylhydrazone iron chelator HAPI.  The 

prochelator has weakened affinity for Fe due to the acylation of the metal-binding 

phenolate oxygen. Upon exposure to UVA radiation, the free phenol is released and 

restores the affinity for iron. Assay of Fe-catalyzed ROS generation using 

dihydrodichlorofluorescein indicates that the released chelator attenuates ROS 

generation. 

 Many caged compounds have been released by ortho-nitrophenyl-based 

protecting groups.  While this strategy has been suitable for biochemical studies in the 

lab, concerns persist about possible cytotoxic effects from the nitrosoketone byproduct 

released as a result of uncaging.  In contrast, uncaging of the ortho-hydroxycinnamate 

present in PC-HAPI generates umbelliferone, which has been shown to be nontoxic in 

humans. Furthermore, umbelliferone exhibits a strong absorption profile in UVA 

wavelengths to further reduce the intensity of damaging radiation in the surrounding 
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biological milieu. It was hypothesized as well that the product coumarin could also 

serve an additional antioxidant function to mitigate direct ROS formation from incident 

UVA radiation.  While results from the dihydrodichlorofluorescein assay suggest that 

this compound may act as a pro-oxidant at high concentrations, lower concentrations 

may play a beneficial role in mediating enzymatic ROS generation as was observed with 

xanthine oxidase-generated superoxide. The activity of several other naturally occurring 

and synthetic coumarins have identified numerous compounds with highly potent 

antioxidant and anti-inflammatory activity.  Future iterations of cinnamate-protected 

prochelators could be designed to release these potent coumarins and thus confer 

greater protective effects against harmful UV damage. 

  

 

4.4 Methods and Materials 

4.4.1 General Notes 

2,4-dihydroxybenzaldehyde was purchased from Ark Pharm, Inc. All other 

chemicals and reagents were purchased from Sigma Aldrich and used without further 

purification.  Photoreactions were performed in a Rayonet RPR-100 photoreactor 

equipped with eight RPR-3500 UVA lamps. Analysis of microwell plate assays were 

performed on a Wallac 1420 machine from Perkin Elmer, using 355 nm (40 nm 

bandwidth) excitation and 420 nm (15 nm bandwidth) emission filters. Nuclear magnetic 
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resonance (NMR) spectroscopy was carried out on either a 400 MHz Varian or 500 MHz 

Varian spectrometer. The compound ethyl (E)-3-(2,4-dihydroxyphenyl)acrylate (1) was 

synthesized according to literature procedure.138 For spectroscopy and assays, phosphate 

buffered saline (PBS) solution (without Mg or Ca, catalog #17-516F) was purchased from 

Lonza Corp (Walkersville, MD). The buffer contained 144 mg/L KH2PO4, 795 mg/L 

Na2HPO4, and 9000 mg/L NaCl. 

4.4.2 Synthesis 

The scheme for the synthesis of PC-HAPI is shown in Figure 64. 

 

Figure 64: Synthetic scheme for PC-HAPI 

(2) ethyl (E)-3-(2,4-bis(allyloxy)phenyl)acrylate 

A portion of 1 (0.480 g, 2.30 mmol) was dissolved in acetone (25 mL).  Potassium 

carbonate (0.956 g, 6.92 mmol, 3 equiv) and allyl bromide (600 μL, 6.92 mmol, 3 equiv) 

were added and the mixture was heated to reflux for 8 hours. The solvent was removed 

by rotary evaporation, then the residue was dissolved in a mixture of dichloromethane 
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(50 mL) and water (25 mL).  The organic phase was dried over Na2SO4 and volatile 

solution components were removed to yield product in 80% yield. 1H NMR (400 MHz, 

CDCl3) δ (ppm): 7.99 (d, J = 16 Hz, 1H), 7.48 (d, J = 8.6 Hz, 1H), 6.57-6.50 (m, 2H), 6.47 (d, 

J = 16 Hz, 1H), 6.20-6.00 (m, 2H), 5.51-5.47 (m, 1H), 5.46-5.43 (m, 1H), 5.38-5.36 (m, 1H), 

5.35-5.33 (m, 1H), 4.66-4.61 (m, 2H), 4.61-4.56 (m, 2H), 4.29 (q, J = 7 Hz, 2H), 1.37 (t, J = 7 

Hz, 3H)   13C (400 MHz): 167.66, 161.44, 158.57, 139.67, 132.75, 132.69, 130.01, 117.82, 

117.70, 116.78, 116.05, 106.29, 100.11, 69.06, 68.80, 60.00, 14.34. HR-ESIMS (m/z): calcd for 

[M + H]+ C17H21O4 is 289.1434, found 289.1439. 

 

(3) (E)-3-(2,4-bis(allyloxy)phenyl)acrylic acid 

The ethyl ester (166 mg, 0.64 mmol) was dissolved in 1:1 MeOH : 1 M NaOH and 

stirred overnight at room temperature.  The solution was concentrated in vacuo to 

remove most of the methanol, then the pH was neutralized by addition of 1 M HCl.  The 

mixture was then extracted with DCM (3x20 mL) and the organic phases were 

combined, dried over Na2SO4 and the product was isolated as a white solid in 

quantitative yield. 1H NMR (400 MHz, CDCl3) δ (ppm) 8.05 ( J = 16 Hz, 1H), 7.47 (d, J = 9 

Hz, 1H), 6.55-6.48 (m, 2H), 6.46 (d, J = 16 Hz, 1H), 6.15-6.100 (m, 2H), 5.47-5.44 (m, 1H), 

5.43-5.39 (m, 1H), 5.36-5.33 (m, 1H), 5.33-5.30 (m, 1H), 4.62-4.59 (m, 2H), 4.58-4.55 (m, 

2H) 13C (500 MHz): 173.05, 161.90, 158.97, 142.22, 132.68, 132.60, 130.61, 118.13, 118.05, 
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116.64, 115.10, 106.43, 100.26, 69.25, 68.97 HR-ESIMS (m/z): calcd for [M + H]+ C15H17O4 is 

261.1121, found 261.1125. 

 

(4) 2-((E)-1-(2-isonicotinoylhydrazono)ethyl)phenyl (E)-3-(2,4-

bis(allyloxy)phenyl)acrylate  

The solid acid 3 (103 mg, 0.396 mmol) and HAPI (101 mg, 0.396 mmol, 1 equiv) 

were dissolved in freshly distilled pyridine (10 mL) under Ar atmosphere.  The solution 

was cooled to -15°C with an ethylene glycol/CO2(s) ice bath.  Phosphorus oxychloride (40 

µL, 0.44 mmol, 1.1 equiv) was added slowly dropwise.  After 30 minutes at -15°C, the 

reaction mixture was removed from the ice bath and allowed to reach room 

temperature. The mixture was concentrated in vacuo before addition of 

dichloromethane (25 mL).  The organic phase was washed with water (3x20 mL) then 

dried over MgSO4. The solvent was removed by rotary evaporation, and the product 

was purified by silica column chromatography using ethyl acetate/hexane eluent to 

yield light yellow oil (87 mg, 0.17 mmol, 44% yield). 1H NMR (CDCl3, 400 MHz) δ (ppm): 

8.68 (d, J = 5 Hz, 2H), 8.04 (d, J = 16 Hz, 1H), 7.60—7.50 (m, 3H), 7.46 (d, J = 8 Hz, 1H), 

7.41 (ddd, J = 8, 8, 2 Hz, 1H), 7.30 (d, J = 8 Hz, 1H), 7.23 (d, J = 8 Hz, 1H), 6.62—6.45 (m, 

3H), 6.12–5.98 (m, 2H), 5.48—4.41 (m, 2H), 5.39—5.33 (m, 1H), 5.30—5.25 (m, 1H), 4.61—

4.56 (m, 4H), 2.40 (s, 3H) 13C NMR (CDCl3, 500 MHz) δ (ppm): 166.99, 162.42, 161.70, 

159.25, 155.19, 150.53, 147.34, 143.75, 140.41, 132.56, 132.44, 131.35, 131.10, 128.65, 127.72, 
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127.20, 123.90, 121.08, 118.21, 118.13, 118.05, 116.19, 113.14, 106.63, 100.23, 69.24, 69.00, 

24.78 HR-ESIMS (m/z): calcd for [M + H]+ C29H27N3O5 is 498.2023, found 498.2029 

PC-HAPI 

Bis(allyl) protected PC-HAPI 4 (87 mg, 0.17 mmol), phenylsilane (43 µL, 0.35 

mmol, 2 equiv), and tetrakis(triphenylphosphine)palladium(0) (4 mg, 0.004 mmol, 0.02 

equiv) were dissolved in dry DCM (2 mL) in the dark.  The reaction mixture was stirred 

for 3 h, at which point the reaction was complete as indicated by thin layer 

chromatography.  The reaction mixture was concentrated under rotary evaporation, and 

the residue was taken up in MeOH and loaded onto silica gel.  The compound was then 

purified by column chromatography using 5-10% MeOH in DCM. Compound was 

isolated as a pale yellow solid (65 mg, 89% yield). 1H NMR (CDCl3, 400 MHz): 8.63 (d, J = 

5 Hz, 2H), 7.97 (d, J = 16 Hz, 1H), 7.56 (d, J = 6 Hz, 2H), 7.52 (ddd, J = 8, 8, 2 Hz, 1H), 7.37 

(dd, J = 8, 8 Hz, 1H), 7.30—7.18 (m, 3H), 6.49 (d, 16 Hz, 1H), 6.34 (dd, J = 9, 2 Hz, 1H), 

6.28 (d, J = 2 Hz, 1H), 2.35 (s, 3H) HR-ESIMS (m/z): calcd for [M + H]+ C23H19N3O5 is 

418.1397, found 418.1399. 

4.4.3 PC-HAPI response to UVA radiation  

UV-visible spectroscopy 

 UV-visible absorption spectra were collected using a Cary 50 

spectrophotometer from Varian. All solutions were contained in quartz cuvettes with 1 

cm path lengths. A 10-μM PC-HAPI solution in PBS was prepared in the dark from 1 
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mM DMSO stock. An absorption spectrum was collected, then the solution was 

irradiated for 15 seconds with a UVGL-25 Mineralight 18 W handheld lamp (Ultra-

Violet Products, LLC).  

Fluorometry 

A 1-µM PC-HAPI solution in PBS was prepared in the dark from 1 mM DMSO 

stock.  A fluorescence emission spectrum was collected on a Fluorolog-2 

spectrofluorometer (λex = 360 nm) from 365 to 600 nm.  The solution was then irradiated 

in a photoreactor for 10 seconds.  Another emission spectrum was collected.  The 

solution was irradiated with a second dose of UVA light, then its emission spectrum was 

again collected. For comparison, an emission spectrum of 2 µM umbelliferone in PBS 

was also collected. 

LC-MS 

Samples of PC-HAPI, HAPI, and umbelliferone were analyzed by LC-MS both 

before and after UVA irradiation. Liquid chromatography was performed on an Agilent 

1100 Series system using a Supelco Ascentis (3μ C18, 50 × 1 mm) column.  Compounds 

were eluted using a solvent gradient of 85%A/15%B to 15%A/85%B over 12 minutes, 

where A is 98% H2O/2% MeCN and B is 98% MeCN / 2% H2O. Injection volumes of 2 µL 

were used for all samples. In-line mass spectrometry was from an Agilent 1100 Series 

LC/MSD ion trap. Solutions of PC-HAPI, umbelliferone and HAPI were prepared at 50 

µM concentration from DMSO stocks using deionized water (2% DMSO/98% H2O). The 
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PC-HAPI solution was irradiated in a quartz cuvette for 75 sec with a Mineralight 

handheld lamp held 1 cm from the wall of the cuvette. The sample was stirred 

vigorously during irradiation. 

Quantum yield of photolysis 

Samples of PC-HAPI and 1 (see Figure 53) were prepared by diluting DMSO 

stock solutions to 50 μM in 1 mL of 1:1 PBS:acetonitrile solvent (DMSO content was 

below 0.5% for both solutions). Absorption spectra were collected for each sample and 

100-μL aliquots were reserved prior to irradiation.  Each sample was then irradiated in a 

photoreactor using 8 RPR-3500 lamps (350 nm) for 10 seconds while stirring vigorously. 

Aliquots were collected from the irradiated solutions.  The pre- and post-irradiation 

samples of both compounds were analyzed by LC-MS.  UV chromatograms were 

collected at 280 nm and the average peak areas from triplicate runs were used in the 

following formula to determine the quantum yield of photolysis for PC-HAPI: 

��,�� � ��,� �
∆

∆
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���

��

 

Where ΦP,1 is the reported quantum yield of photolysis for 1; ΔPC and Δ1 are the % 

change in peak area for PC-HAPI and 1, respectively; APC and A1 are the absorbance 

values at 350 nm for the non-irradiated solutions PC-HAPI and 1, respectively. 

1H NMR 

An approximately 1 mM solution of PC-HAPI was prepared in 5% CD3OD/ 95% 

CDCl3.  A 1H NMR spectrum was collected prior to irradiation.  The solution was 
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irradiated with 365 nm light using a UVGL-25 Mineralight 18 W handheld lamp (Ultra-

Violet Products, LLC) while the solution was stirred vigorously within the NMR tube. 

After 10 minutes of UV exposure, the solution rested in the dark for two hours to allow 

any light-generated Z hydrazone to thermally relax back to the E isomer. A post-

irradiation spectrum was collected following equilibration. 

4.4.4 Calcein assay for relative Fe affinity 

A microplate assay to assess differential Fe affinity of PC-HAPI before and after 

UVA irradiation was performed using the fluorescent metal ion indicator calcein. A 

calcein working solution (100 µM) was prepared by tenfold dilution of a stock solution 

(1 mM calcein in 1M NaHCO3) with deionized water.  The iron source was a freshly 

prepared 100 µM aqueous solution of ferrous ammonium sulfate. Equimolar amounts of 

calcein and ferrous ammonium sulfate were combined in PBS to produce a quenched 

solution containing 4 µM calcein and 4 µM ferrous ammonium sulfate.  The solution was 

mixed thoroughly and allowed to equilibrate for one hour.  Solutions of both HAPI and 

PC-HAPI were prepared from 1 mM DMSO stocks by dilution with PBS ([chelator] = 20 

µM).  Each chelator solution was prepared in duplicate to test the effect of UVA 

irradiation on each compound.  One sample of each chelator was irradiated for 15 s with 

a photoreactor with 8 RPR-3500 lamps, while the second sample was kept in the dark.  

In a 96-well plate, 50 µL aliquots of the Fe(calcein) solution were delivered followed by 

50 µL of the respective chelator solution ([chelator]well = 10 µM, [calcein]well = 2 µM, [Fe]well 
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= 2 µM) in triplicate for each experimental condition. Control wells were dosed with 50 

µL Fe(calcein) solution followed by either 200 µM HAPI (positive control) or PBS 

(negative control). The plate was then briefly shaken to mix the solutions in the plate 

reader and allowed to equilibrate for one hour at room temperature.  Calcein emission 

was read and converted to % free calcein by the following equation: 

% calcein = (F-F0)/(F50-F0) * 100% 

where F is the emission from wells treated with chelator, F0 is the emission from 

wells treated with PBS, and F50 is the emission from wells treated with 50 molar 

equivalents of HAPI.  The experiment was repeated to ensure reproducibility. Reported 

values were the average emission of three wells from the same experiment.  

4.4.5 Dichlorofluorescein assay 

An aliquot (50 μL) of 10 mM dihydrodichlorofluorescein diacetate (H2DCF-DA) 

stock in DMSO was diluted to 1 mM with absolute EtOH. The H2DCF-DA solution was 

mixed with 2 mL of 0.01 M NaOH and stirred at room temperature to remove the acetate 

esters.   After 30 minutes, 10 mL of 0.25 M potassium phosphate buffer (pH 7.4, no NaCl) 

was added and the solution was immediately cooled to a 4 °C refrigerator ([H2DCF] = 40 

μM).  An ascorbic acid stock solution was freshly prepared (100 mM in H2O).  A 

working solution of hydrogen peroxide (100 mM) was prepared fresh daily from a 

refrigerated 50 wt. % H2O2 stock. The iron source was a 1 mM aqueous stock of FeCl3.  
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In microcentrifuge tubes, two sets of solutions (500 μL) containing 20 μM NTA 

and 100 μM chelator (HAPI or PC-HAPI) in PBS were prepared. One of each chelator 

solution was irradiated in the microcentrifuge tube using the photoreactor for 15 

seconds.  FeCl3 was then added from the stock to both irradiated and non-irradiated 

chelator solutions in 5 μL aliquots. The Fe + chelator solutions were allowed to 

equilibrate at room temperature for at least 30 minutes.  To empty microplate wells, 50 

μL of H2DCF stock was then added. After the chelators had equilibrated, 5 μL aliquots of 

ascorbic acid and H2O2 were added to each sample.  From these activated solutions, 50 

μL aliquots were added to wells containing the H2DCF solution.  Final concentrations 

were: HAPI/PC-HAPI, 50 μM; NTA, 10 μM; FeCl3, 5 μM; H2DCF, 20 μM; H2O2, 1 mM; 

ascorbate, 1 mM. The plate was incubated at 37°C for one hour, then the fluorescein 

emission was read by plate reader. 

To determine DCF assay activities of trolox and umbelliferone, working 

solutions of these compounds were prepared at 1 mM, 10 mM, and 100 mM 

concentrations in DMSO. In separate vials, solutions (250 μL) containing 20—10,000 μM 

umbelliferone or trolox were prepared with PBS (5% DMSO). The assay reagents ferrous 

ammonium sulfate, H2O2, and ascorbate were then added from 500 μM aqueous stock 

solutions so that each vial contained 10 μM Fe, 10 μM NTA, 2 mM H2O2, and 2 mM 

ascorbate. A working solution of H2DCF was prepared as described above. To a 96-well 

plate, 50 μL aliquots of H2DCF were added. The treatment solutions were then added to 
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H2DCF-containing wells in 50 μL aliquots. The plate was shaken gently on a plate reader 

then incubated at 37 °C for 90 minutes before the fluorescein emission was read. 

4.4.6 Xanthine oxidase assay 

All assays were performed in a 3.0 mL volume of 50 mM potassium phosphate 

buffer (pH 7.4).  The assay solution contained 0.1 mM EDTA, 0.01 mM cytochrome c, 

0.05 mM hypoxanthine. Treatment compounds were added in varying concentrations 

from concentrated DMSO stocks and additional DMSO was added as needed to ensure a 

uniform total DMSO content of 5% by volume. To this solution, 0.005 units of xanthine 

oxidase were added to start the reaction.  Solution absorption at 550 nm was recorded 

every two seconds for 2 minutes, during which time the increase in absorption was 

linear with time. 
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5. A prochelator with a modular masking group featuring 
hydrogen peroxide activation with concurrent 
fluorescent reporting 

5.1 Introduction 

5.1.1 ROS-activated prochelators to conditionally chelate metals 
implicated in oxidative stress  

The disruption of cellular redox homeostasis, known as oxidative stress, is a 

characteristic condition observed in a number of disease pathologies including 

Alzheimer’s disease, cardiovascular disease, and stroke. In some of these cases, 

misregulated transition metal ions are implicated as major contributors of oxidative 

damage. Redox-active metals that encounter hydrogen peroxide (H2O2) can, in 

appropriate coordination environments, convert this substrate into the highly reactive 

and damaging hydroxyl radical (OH�). If cellular reductants are available to transfer 

electrons to a high-valence reactive metal center, the generation or reactive oxygen 

species (ROS) becomes catalytic with respect to the metal. For this reason, chelation of 

mis-regulated and damaging redox-active metal species is an interesting target to 

counter disease-related oxidative stress. 

However, administering therapeutic chelating agents to reduce oxidative 

damage may carry unintended risks. Chelating agents currently in clinical use lack 

selectivity with respect to the location of the metals being sequestered. Treatment with 

one of these agents runs the risk of systemic metal depletion and its associated toxic 

effects. Our laboratory and others have therefore sought to develop molecules, termed 
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herein as ‘prochelators’, to conditionally bind metal ions in disease-associated or 

oxidative stress environments. The first prochelator designed for activation in the 

presence of ROS was BSIH, a derivative of the well-studied aroylhydrazone chelator 

SIH.149 A phenol moiety critical for metal binding was replaced with a nonbinding 

pinacol boronic ester. In the presence of hydrogen peroxide, the ester is oxidized to a 

phenol to produce a functional SIH molecule. Quantitation of metal affinities before and 

after boronate release is hampered by issues of solubility and aqueous stability at 

extreme pH. However, spectroscopic studies conclude that BSIH exhibits peroxide-

dependent formation of [Fe(SIH)2]+ complex formation.95a In cellulo studies have also 

demonstrated the decreased cytotoxicity of BSIH compared to SIH as well as the ability 

of BSIH to protect retinal pigment epithelial cells from H2O2-induced death.149b 

The success of BSIH encouraged the development of a next-generation 

prochelator. A primary concern with the first prochelator was that the SIH chelator 

formed upon activation lacked sufficient aqueous stability. This concern was addressed 

by modifying the aroylhydrazone moiety to release HAPI, an SIH analog highlighted in 

some studies as an effective iron binding agent with substantially improved stability in 

aqueous solution as well as blood plasma.92b, 106  BHAPI employs a self-immolative 

benzyl ether moiety to connect the pinacol boronic ester, the site of oxidation by H2O2, 

and the metal-binding moiety to be released. Upon oxidation from the boronate to a 

phenol, the linker decomposes by 1,6-benzyl elimination to release the desired 



 

 

184

product.150 151  Conversion of BHAPI to HAPI is 25 times faster (second-order rate 

constant k = 1.31 M-1 s-1) than the observed conversion of BSIH. Experiments to measure 

the conversion of BHAPI to HAPI from endogenous oxidative stress found the ROS 

levels generated by cellular insult with paraquat were sufficient to trigger BHAPI 

activation. Treatment of these cells with the prochelator at the time of paraquat insult 

resulted in significant maintenance of cell viability compared to untreated cells. 106 

Evidence that BHAPI does not affect normal metal homeostasis was provided by the 

observation that transferrin receptor protein expression, which is upregulated during 

iron scarcity, was unaffected by treatment of unstressed cells with BHAPI. The work 

performed with BHAPI further demonstrates the potential of prochelators to 

conditionally manipulate the coordination chemistry of cellular metals. 

5.1.2 Augmenting native immune response with the prochelator QBP 

In addition to protecting vulnerable cells from damaging ROS, prochelators can 

also function as conditional sources of chelating ionophores to mediate the transport of 

metal ions across lipid membranes. As part of the mammalian immune response, 

macrophage cells engulf invading pathogens and sequester them in phagosomes. 

Macrophages that have been activated with lipopolysaccharide (LPS) and interferon-γ 

(IFN-γ) mobilize metal ion transport machinery, namely copper (Cu) transporter 

proteins Ctr1 and ATP7A, to generate high concentrations of redox-active Cu inside the 

phagosome.152 This influx of Cu is part of a multifaceted attack that also includes the 
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efflux of essential iron and zinc ions out of the phagosome and away from pathogens. 

The toxicity of Cu in this context stems from multiple mechanisms including highly 

reactive oxygen species formed during the macrophage’s oxidative burst as well as 

interference in Fe homeostasis.90c, 153 However, several species of bacteria and fungi have 

acquired resistance to these metal-based immune responses.152c, 154 For example, the 

pathogenic fungus Cryptococcus neoformans can survive in the presence of millimolar Cu 

concentrations, and the expression of a number of Cu-related proteins such as laccase, 

Ccc2 and Cmt1/2 are linked to C. neoformans virulence.154b, 155 Critical roles for copper-

detoxifying proteins have also been elucidated in several bacterial models, including 

Mycobacterium tuberculosis and Salmonella typhimurium.156 Resistant pathogens have thus 

adapted to the native immune response by increasing the levels of Cu-detoxifying 

proteins to buffer or efflux toxic levels of Cu. 

One means of countering these resistance mechanisms may be through the 

facilitation of Cu transport across cell membranes at the host-pathogen interface. The 

molecule 8-hydroxyquinoline (8HQ) exhibits metal-dependent antimicrobial activity 

that is at least partly dependent on its ability to translocate Cu into pathogenic cells and 

overwhelm resistance mechanisms. Unfortunately, the metal complex is toxic to 

mammalian cells as well.  Focusing the ionophore activity of 8HQ only to areas of 

infection and immune response would limit the off-target toxicity of this chelator in 

therapeutic applications. 
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Recently, joint work in the Franz and Thiele labs has explored utilizing the 

prochelator strategy to harness the antimicrobial actions of 8HQ with greater 

physiological specificity. A boronate ester-protected 8HQ prochelator, named QBP, is 

oxidized by hydrogen peroxide in a BSIH-like mechanism to release functional 8HQ (see 

Figure 68a).157 Treatment of RAW murine macrophages with LPS and IFN-γ generates a 

burst of ROS that was found to be sufficient to convert QBP into 8HQ in cell culture 

studies. Furthermore, addition of 200 µM QBP and 2 µM Cu to macrophages co-

incubated with C. neoformans reduced the fungal burden from 91% to 41%. Macrophage 

viability was unaffected in these conditions despite the observed fungicidal activity.157 

The peroxide-dependent activation of QBP generates a potent fungicidal agent while 

simultaneously mitigating systemic toxicity due to Cu(8HQ)2. 

 

5.1.3 cis-cinnamate protecting groups 

The success of QBP leads to new questions concerning the macrophage 

respiratory burst as well as pathogenic resistance to the innate immune response. While 

the bulk conversion of QBP to 8HQ is evident, there is no resolution of where exactly 

QBP is being activated. Both QBP and H2O2 are suitably cell-permeable such that it is 

unclear whether activation occurs extracellularly, in the cytosol, or possibly within a 

phagosomal compartment. The kinetics of QBP activation when exposed to biologically-
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generated ROS are also unknown, particularly as the timing and concentrations 

associated with the oxidative burst are unsettled in the literature.  

The goal of this work is to develop a multifunctional prochelator that will (1) 

generate an active metal chelator upon exposure to hydrogen peroxide and (2) produce 

a signal upon chelator release that may be used to quantify this release in situ. With 

respect to the second aim, fluorescence was chosen as the readout of choice. Detection of 

fluorescence emission offers suitable sensitivity to observe and/or measure chemical 

processes on the cellular scale using microplate assays or fluorescence microscopy. To 

this end, we envisaged a prochelator strategy wherein a functional fluorophore could be 

rapidly assembled in situ from nonfluorescent starting materials upon exposure to 

hydrogen peroxide. 
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Figure 65: Schematic for esterase-activated prodrug strategies utilizing cinnamate 

lactonization 

Enzymatic cleavage of a prodrug phenyl ester reveals a phenol which reacts 

intramolecularly with a carboxylate moiety to form dihydrocoumarin. Lactonization kinetics are 

enhanced by the three proximate methyl groups which constrain the molecule to an activated 

configuration. The analogous strategy developed by Wang et al. achieves rapid lactonization via 

the conformationally constrained cis-cinnamate ester. Lactonization releases the active drug as 

well as a coumarin chromophore. 

 

For the present work, the fluorogenic reaction selected was the intramolecular 

acyl substitution of cis-(ortho-hydroxy)cinnamic acid derivatives, or cis-o-coumarates, to 

form coumarin chromophores. This process is fast, occurs in aqueous solution and 

generates relatively nontoxic coumarin.135d The incorporation of this intramolecular 

reaction into a prodrug strategy was first proposed by Wang et al. for the modification 
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of amine or hydroxyl-bearing drug compounds.158 The desired active compound is 

masked by acylation with the cinnamic acid to form an amide or ester, respectively.  To 

avoid immediate lactonization and release of substrate, the nucleophilic phenol moiety 

of the o-hydroxycinnamic acid is acylated to block its reactivity.  Hydrolysis of this ester 

bond exposes the phenolate moiety which may then undergo the lactonization reaction 

and expel both the active compound and coumarin. This strategy is similar to the 

“trimethyl lock” prodrug strategy, which utilizes steric strain from three incorporated 

methyl groups in a dihydrocinnamate, rather than a rigid cis-olefin, to drive a 

lactonization reaction and form a dihydrocoumarin (Figure 65).159  

The utility of the Wang coumarin-forming strategy is exemplified by its clever 

application to forming peptide and peptide mimetic prodrugs. 158d, 158e, 158g  A single cis-o-

coumarate capping group was used to simultaneously protect both C and N termini (see 

Figure 66). Enzymatic cleavage of the C-terminal ester also effects the release of the N 

terminal, yielding the fully active form upon activation. These prodrugs were added to 

blood plasma or cell homogenates and the successful conversion to product was 

monitored by HPLC and UV-visible spectroscopy. Studies designed to assess the ability 

of these prodrugs to cross lipid membranes also suggested that the increased 

lipophilicity of the prodrugs improves cell permeability. 
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Figure 66: ortho-hydroxycinnamic acid protecting groups as a prodrug strategy for 

zwitterionic peptoids and analgesic meptazinol 

Left: The cis-o-coumarate prodrug strategy was previously used to simultaneously protect 

zwitterionic peptide and peptide mimetic drugs.158e, 158g The prodrug form bears no charges and 

its increased hydrophobicity was found to improve substrate mobility through lipid 

membranes.158d Right: A simple propionyl-capped cis-cinnamate protecting group was employed 

to create a prodrug version of meptazinol. The prodrug version exhibited improved 

pharmacokinetics in rat studies.158f 

 

The potential of the hydroxycinnamate system has been further demonstrated 

with in vivo studies. The opioid analgesic meptazinol suffers from low oral 

bioavailability due to its rapid metabolism in the liver. To improve its therapeutic 

potential, researchers blocked a phenol present in the active drug with a cis-(o-

propionyloxy)cinnamate (Figure 66).  In a study using rats, meptazinol concentrations 

persisted longer and at greater concentrations in the serum of prodrug-treated rats than 

that of rats given meptazinol alone. The prolonged lifetime of the cinnamate-based 

prodrug resulted in a 4-fold increase in bioavailability. These results demonstrate the 

potential of cinnamate lactonization as an effective and biologically compatible means of 

prodrug umasking.  
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The lactonization reaction is not only facile, but it produces a chromophore with 

potentially useful fluorescent properties. A recent work from Pershagen et al. illustrates 

this point in an analyte-responsive lanthanide complex (Figure 67).160 Briefly, diethyl 

benzylidene malonate derivatives were coupled to lanthanide complexes by azide-

alkyne click chemistry. The diethyl benzylidene malonate also featured an ortho-

substituted hydroxyl group which was protected by an analyte-sensitive moiety. Upon 

treatment with the appropriate analyte, the masking group was removed to reveal a 

hydroxyl group. An intramolecular acyl substitution similar to the chemistry described 

for the Wang prodrug strategy resulted in formation of a coumarin that acts as a 

molecular antenna to transfer absorbed photon energy to the nearby lanthanide center. 

Whereas the “caged” europium and terbium complexes are essentially nonemissive 

prior to deprotection, analyte-triggered uncaging and coumarin formation causes a >80-

fold increase in luminescence.160 
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Figure 67: An analyte-triggered luminescence response that requires intramolecular 

lactonization to form a sensitizing coumarin antenna 

Luminescence of a lanthanide complex is turned on in the presence of targeted analytes. Analyte-

specific chemistry results in the unmasking of an ortho-hydroxy functional group which 

spontaneously cyclizes to form a coumarin antenna. Incident light energy is transferred to the 

metal center where redshifted emission occurs, signaling the presence of the analyte.160 
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The design for the prochelator presented here can be seen in Figure 68c. The 

compound contains a self-immolative boronic ester similar to BHAPI.  Rather than 

directly releasing an active chelating compound, decomposition of the linker releases a 

cis-(o-hydroxy)cinnamic acid ester. As designed, the exposed hydroxyl functional group 

could then attack the electrophilic cinnamic acid carboxylate carbon. Collapse of the 

tetrahedral intermediate and ejection of the attached 8-hydroxyquinoline would 

simultaneously yield the active ionophore as well as 7-hydroxycoumarin (also known as 

umbelliferone). Umbelliferone is a well-known fluorophore, absorbing near-UV 

radiation and emitting in the blue region of the visible spectrum. By releasing equimolar 

quantities of chelator and fluorophore, real-time monitoring of prochelator activation 

may be possible. The present work describes the synthesis of a multifunctional 

prochelator, named BCQ, and initial characterization of its reaction with hydrogen 

peroxide. 
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Figure 68: Three ROS-activated prochelator strategies 

(a) QBP is oxidized by H2O2 from a 1,3-pinanediol boronic ester to a phenol to produce the 

active bidentate chelator 8-hydroxyquinoline. (b) The prochelator BHAPI is similarly 

oxidized by H2O2, but a rapid 1,6-benzylic elimination of a self-immolative linker is required 

to release the active tridentate metal chelator HAPI. (c) BCQ, the novel prochelator presented 

in this work, undergoes boronate oxidation and 1,6-benzylic elimination similar to BHAPI.  

Exposure of the resulting phenol moiety triggers an intramolecular cyclization to 

simultaneously eject one 7-hydroxycoumarin fluorophore and 8-hydroxyquinoline. For all 

prochelators, initial oxidation by H2O2 also produces one molar equivalent of free diol 

(pinanediol or pinacol) and B(OH)3. 

(a)

(b)

(c)
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5.2 Results 

5.2.1 Synthesis of BCQ 

The synthetic scheme reported here was developed after we were unsuccessful in 

preparing BCQ via other literature methods for generation of stable cis-o-

alkoxycinnamates or cis-o-acylcinnamates. The first route published by Wang required a 

selective reduction of a coumarin carboxylate as the first step. In our hands, we were 

unable to carry out the reduction selectively without concomitant reduction of the 

adjacent olefin. Alternately, a photochemical synthesis has been reported for similar 

molecules wherein the full prodrug structure is assembled as the trans isomer, then a 

final photoisomerization produces the active cis form. Unfortunately, the cinnamate 

substrates used in this lab did not yield sufficient quantities of the cis isomer to be of 

practical use. In response to these issues with previous synthetic strategies, the scheme 

described in Figure 76 was adopted for the synthesis of BCQ. 

BCQ was prepared in five steps from commercially available starting materials, 

as outlined in Figure 18.  Allyl protection of the umbelliferone phenol moiety was 

suitable to avoid reaction of this phenol during the esterification with 8-

hydroxyquinoline. The allyl group was also stable to both acidic and basic conditions 

used in the synthesis.  The opening of the lactone ring to form 2 under strongly basic 

conditions enables alkylation of the phenolate oxygen, thereby preventing ring closure 

upon quenching.  It is interesting to note that substitution of the tert-butoxide base with 
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methoxide (to generate a ring-opened methyl ester product) or hydride (for a carboxylic 

acid product) resulted in no reaction.  

The final product is obtained as a while solid that can be dissolved in DMSO in 

high concentrations useful as stock solutions. These solutions are stable at room 

temperature in the dark for at least 4 weeks. BCQ is largely insoluble in aqueous 

solution though it is possible to prepare 2-µM aqueous solutions (<1% DMSO) as well as 

10–50 µM solutions in 1:1 H2O:MeOH. 

5.2.2 Analysis of the reaction of BCQ with hydrogen peroxide 

LC-MS 

The progress of the BCQ deprotection reaction was followed by LC-MS. 

Chromatography of a BCQ solution prior to peroxide addition shows primarily the 

boronic acid species with a trace of the boronic ester. The lability of the pinacol ester in 

HPLC conditions has been previously reported.106 Excess hydrogen peroxide was then 

added and the solution and the contents were analyzed by LC-MS at various timepoints 

over the course of 12 hours. After 10 minutes, a peak with m/z = 414 appears at 11.5 

minutes in the total ion chromatogram. This mass is consistent with the phenol 

intermediate expected from the initial oxidation of the boronic ester. This result fits a 

deprotection mechanism wherein rapid oxidation of the boronate moiety precedes the 

rate-limiting 1,6 benzyl elimination. The chromatogram collected after 1 hour shows 

~99% consumption of starting material along with the appearance of two new signals at 
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2.0 and 8.6 minutes. The mass-to-charge signals corresponding to these peaks are 146 

and 163, respectively. Both the elution times and observed masses are consistent with 

authentic 8-hydroxyquinoline and umbelliferone samples run under identical conditions 

(Figure 69).A small signal (m/z = 308) is observed at 10 minutes and again at 60 minutes. 

Chromatography performed on the reaction mixture 12 hours after peroxide addition 

still detects this signal at approximately the same relative abundance (data not shown). 

This mass fits the expected mass for a species with molecular formula C18H14NO4 

([M+H]+ ion). 
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Figure 69: Reaction of BCQ with H2O2 generates new chemical species 

A BCQ solution was monitored by LC-MS before (top traces) and after (middle) addition 

of 5 mM H2O2. UV absorption of eluting species at 330 nm (left) and 254 nm (right) shown above. 

A solution injected 10 min after H2O2 addition shows an absorbing species eluting ~12 min that 

subsequently disappears. After one hour or reaction, large signals are observed that match 

retention times and parent ions for 8HQ and umbelliferone (UMB). A solution containing 

authentic 8HQ and UMB samples (both 50 µM) was run for reference (bottom traces). [BCQ] = 50 

µM in 1:1 PBS:MeOH + 2% DMSO. 
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Fluorometry 

 The fluorescence emission of a BCQ solution was observed following treatment 

with hydrogen peroxide. Upon mixing, the solution displayed a time-dependent growth 

of emission intensity.  The resulting spectra (λex = 350 nm, λem,max = 454 nm) are 

consistent with umbelliferone fluorescence. At completion of the reaction, the integrated 

emission intensity is 90-fold greater than the intensity of the starting solution. The 

deprotection reaction was performed with a 100-fold molar excess of H2O2 with respect 

to BCQ to establish pseudo-first order reaction conditions. The emission data were then 

fit to a first-order reaction model (see inset of Figure 70 for data), and the subsequent 

observed pseudo-first order rate constant that fits the data was kobs = 0.010 s-1.   

 

Figure 70: H2O2 triggers fluorescence increase in BCQ solution 
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An aqueous solution of BCQ is nonfluorescent. Addition of hydrogen peroxide results in the 

growth of emission (λmax,em = 454 nm) over several hours. [H2O2] = 100 µM; [BCQ] = 1 µM in PBS 

(0.1% DMSO) λex = 350 nm 

UV-visible absorption spectroscopy (spectral change, kinetics) 

The ring closure of cis-cinnamates to form coumarins is accompanied by 

detectable changes in these compounds’ absorption of UV and visible wavelengths of 

light. BCQ lacks sufficient solubility in purely aqueous solvent at the concentrations 

used for spectroscopic characterization.  It was therefore necessary to examine BCQ 

deprotection by UV-visible spectroscopy in a mixture of organic solvent and aqueous 

buffer. In 1:1 MeOH/phosphate buffer, BCQ was soluble at least up to 50 µM when 

prepared from 1 mM DMSO stocks. To assess peroxide-dependent changes 

quantitatively, the BCQ deprotection reaction was performed under pseudo-first order 

conditions (10–100 equivalents H2O2) so that the concentration of peroxide remains 

effectively unchanged throughout the course of the reaction.  

The absorption spectrum of BCQ in 50:50 PBS:methanol is characterized by three 

peaks at 301, 314, and 335 nm. Due to the presence of the cinnamate chromophore, BCQ 

has significant absorption extending out to ~425 nm. As the reaction with peroxide 

proceeds, the solution spectrum shifts with two isosbestic points, found at 305 and 410 

nm (Figure 71). The spectrum obtained at 90 minutes (after no further spectral change is 

observed) bears the same features as a solution containing equimolar amounts of 8HQ 

and umbelliferone (Figure 71). 

  



 

 

201

 

Figure 71: Monitoring the reaction of BCQ + H2O2 via UV-visible spectroscopy 

Absorption spectra show the change in spectral features as BCQ (dashed line, 20 µM in 1:1 

PBS:MeOH) converts to products over the course of 90 min (t = 90 min, black, bold line). 

Intermediate spectra shown were collected at 5 min intervals. A solution of 20 µM 8HQ + 20 µM 

umbelliferone in 1:1 MeOH:PBS (red, bold line) is shown for comparison 

 

Absorbance at the wavelength with the largest change from BCQ to product (379 

nm) was used to build a model to describe the pseudo-first order kinetics of BCQ 

deprotection and 8HQ release. The data fit an exponential decay model (Figure 72).  

 

Figure 72: Absorbance data fits an exponential model 
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Absorbance values from UV-visible spectroscopy were converted to concentrations and plotted 

against time. The [BCQ] vs. time data fit a pseudo-first order model for product formation during 

the reaction (red line). Data shown result from 20 µM BCQ + 1mM H2O2 in 1:1 PBS:methanol. 

Analysis performed using Origin 8.5 software. 

 
Figure 73: Determination of the second-order rate constant for BCQ activation 

A linear fit of kobs vs. [H2O2] data; the slope of this line is the second-order rate constant for BCQ 

in 1:1 PBS:methanol. 

 

Assessing in vitro H2O2 sensitivity by plate reader 

To gauge the feasibility of using BCQ to study oxidative stress in cellular studies, 

BCQ (2 μM in PBS buffer) was mixed in microplate wells with hydrogen peroxide 

concentrations ranging from 156 nM to 200 μM. Umbelliferone emission was then 

monitored over several hours. The experiment was performed both at 25 °C and 37 °C. 

Emission intensities for each concentration over time are presented in Figure 74. 
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Figure 74: H2O2 detection in a 96-well plate 

Treatment of BCQ with 0–200 µM H2O2 on a microplate results in dose-dependent fluorescence 

increases. The plates were incubated at either 25 °C (top) or 37 °C (bottom). Error bars represent 

the standard deviation from triplicate samples. BCQ solutions were diluted to 2 µM in PBS from 

1 mM stock in DMSO. 
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5.3 Discussion 

5.3.1 A novel synthetic route to develop fluorogenic prochelators 

Reported efforts to generate cis-coumaric acid prodrugs sensitive to esterase 

activation have relied on reduction of the coumarin acid moiety 158a, photochemical 

isomerization of the trans-coumarate, or conditions that would degrade the self-

immolative boronic ester reagent we desired to incorporate into our prochelator. These 

methods were not suitable for synthesizing BCQ. Instead, we sought to develop an 

alternative synthetic route for opening coumarin rings and installing a trigger that 

would render the compound sensitive to ROS rather than esterases. 

The synthetic scheme presented here generates exclusively the cis configuration 

without the need to separate the mix of both cis and trans reportedly achieved via the 

photochemical synthesis.  Synthesis of the BCQ prochelator starts with a 

“deconstruction” of the coumarin that will ultimately be released during deprotection. 

This scheme therefore allows the flexibility to incorporate alternative coumarin 

derivatives that could be desirable for their different biological or physical properties. 

The use of strong base in organic solvent is required, which may limit the use of some 

coumarins if they contain sensitive aromatic substituents. This strategy complements 

previous methods to access protected o-hydroxycinnamate derivatives and should offer 

a straightforward approach for novel prochelators with optimized physicochemical 

properties. 
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5.3.2 BCQ + H2O2 releases fluorescent 7-HC and the ionophore 8HQ  

LC-MS analysis indicates that BCQ treated with hydrogen peroxide is consumed 

to produce two new species, which are identified as 8HQ and umbelliferone on the basis 

of their retention times and mass spectra. These results support the proposed activity of 

BCQ as a peroxide-dependent source of 8-hydroxyquinoline and umbelliferone. 

Furthermore, the observation of an intermediate species characterized by its mass-to-

charge value of 414 agrees with a proposed 4-hydroxybenzyl ether intermediate formed 

by oxidation of the BCQ boronic ester (Figure 68c). This species likely undergoes 

spontaneous 1,6 benzyl elimination, similar to the chemistry observed in the conversion 

of BHAPI to HAPI. This mechanism would account for the absence of this species in the 

later time point. 

The proposed BCQ deprotection scheme is further supported by spectroscopic 

evidence. Upon addition of hydrogen peroxide, the UV-visible absorption spectrum of 

the solution changes to a product spectrum with features that are consistent with the 

production of equimolar 8HQ and umbelliferone. Additionally, kinetic analysis of the 

UV-visible data gives a second order rate constant of 0.54 M-1 s-1 for the appearance of 

product. This rate constant is consistent with those observed for other compounds 

protected with benzyl ether-linked boronic esters (Table 9). We conclude from this fact 

that the inclusion of the pro-coumarin cinnamate moiety does not alter the 8HQ release 
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kinetics in this system and will not interfere with the application of this class of 

prochelator to studies of biological oxidative stress. 

Table 9: Reaction kinetics for selected boronate prochelators 

Prochelator Structure kobs (s-1)* 
k 

(M-1 s-1) 

BSIH 

 

1.6 x 10-4 0.053 

BCQ See Figure 68c 6.7 x 10-4** 0.54 

BHAPI 

 

1.4 x 10-3 1.31 

TIP 

 

1.4 x 10-3 -- 

QBP See Figure 68a -- 0.25 

*kobs determined for 20 µM prochelator + 1 mM H2O2 

** kobs determined in 1:1 MeOH:PBS 

 

The ability to generate fluorescence in response to oxidation by hydrogen 

peroxide was evaluated spectroscopically and in a plate reader assay. The starting 

O

N
N
H

O

N

B
O

O
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prochelator structure is virtually nonfluorescent in its ring-opened form, which has also 

been observed for trans-coumarate derivatives. A 90-fold increase in fluorescence 

intensity is observed upon reaction with hydrogen peroxide, demonstrating the 

potential of this fluorogenic prochelator strategy to deliver a sensitive visual readout. 

Wells containing as little as 2.5 μM H2O2 elicited discernible increases in fluorescence 

compared to negative control wells. Fluorescence detection could be used in microplate 

assay or fluorescence spectroscopy to learn more about the interaction of prochelators 

with oxidatively stressed cells.  

While spectroscopic and chromatographic data provide clear evidence of 8HQ 

and umbelliferone release, results from these experiments consistently indicate that less 

product is generated than would be predicted based on the initial concentration of BCQ 

in solution. A possible explanation for this deficit is a thermal isomerization of the less 

stable cis configuration to the trans configuration. Such a change repositions the 

carboxylate function and effectively prohibits the lactonization reaction (Figure 75). 

Only one unexpected species is observed in the product mixture: a compound that 

elutes from LC-MS at 10.5 min with a parent ion mass-to-charge value of 308, which is 

consistent with either a cis or trans product of 1,6 benzyl elimination.  The cis-(o-

hydroxy)cinnamate should undergo rapid cyclization to produce the product coumarin. 

This process clearly occurs on a rapid timescale given the rapid appearance of coumarin 

product in the chromatographs. However a signal with m/z = 308 is still observed hours 
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later, after completion of the reaction. The persistence of this second mass is consistent 

with a deactivated intermediate. 

Temperature-dependent differences in emission intensity observed in the 

microwell plate assay also support this hypothesis. Wells incubated at 37 °C during 

activation exhibited substantially lower emission than those left at room temperature; 

the increase in available thermal energy would speed up not only peroxide activation 

but also the undesired isomerization reaction. Considering both LC-MS and plate reader 

assay evidence, we attribute both the unexpected mass and the temperature dependence 

of emission to a trans-cinnamate byproduct. 

 

Figure 75: Proposed deactivation of BCQ by thermal isomerization 

The absence of rotation around the cinnamate olefin prohibits trans-(o-hydroxy)cinnamate esters 

from forming lactones. Thermal cis-trans isomerization of BCQ may deactivate a portion of the 

prochelator in solution, causing buildup of the 2,4-dihydroxy cinnamate ester intermediate. 

 

BCQ exhibits many desirable attributes for a chemical tool to modify local metal 

coordination environments in response to an oxidative stimulus. However, there are 

several characteristics of BCQ which warrant further development. The low solubility of 
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BCQ in aqueous solutions prohibits the study or use of BCQ to either very low 

concentrations (< 5 μM) or organic/aqueous solvent mixtures that are unsuitable for use 

with cultured cells. Although umbelliferone fluorescence is detectable at these low 

concentrations, the example of BHAPI suggests that prochelator concentrations required 

to effectively alter the fate of stressed cells may be far outside the BCQ solubility limit. 

Consequently, improvements in hydrophilicity are crucial to future applications. 

The fluorescence response of BCQ to hydrogen peroxide, as previously 

mentioned, is a strong turn-on of emission. However, the full conversion of prochelator 

to fluorophore and chelator in the presence of 100-fold excess still requires over an hour 

of reaction time. Unpublished results in our lab using the ROS indicator 

dihydrodichlorofluorescein (H2DCF) indicate that macrophages activated with LPS and 

IFN-γ release H2O2 over the course of several hours, and that peak concentrations of 

H2O2 are well below the forcing peroxide concentrations used in the most concentrated 

plate reader condition. The release rates for prochelators such as BSIH or BHAPI are 

sufficient to elicit sufficient protection over the 12+ hour timeframe of those experiments. 

However, the resolution needed to study the somewhat faster phenomenon of the 

respiratory burst likely requires a fluorogenic prochelator that can respond more quickly 

to biologically relevant concentrations of hydrogen peroxide (unpublished results from 

our laboratory indicate this range to be between 10 and 100 μM). Additionally, the turn-

on response of BCQ could be enhanced by minimizing the thermal deactivation of the cis 
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isomer. Depletion of the active form by isomerization lowers the effective concentration 

of prochelator, so efforts to retard or inhibit this process would have the beneficial effect 

of improving response sensitivity. 

5.4 Conclusions 

A new synthetic route to transform coumarin fluorophores into stable cis-

cinnamates enabled the development of a stimulus-responsive prochelator with 

fluorescent reporting. The synthesized compound, BCQ, demonstrates reactivity to 

hydrogen peroxide that results in oxidation of a boronic ester, followed by spontaneous 

1,6-benzyl elimination and intramolecular nucleophilic substitution to release a desired 

metal chelator and an emissive fluorophore. The unactivated prochelator is 

nonfluorescent and exhibits a 90-fold increase in emission intensity upon exposure to 

hydrogen peroxide. 

The ultimate goal of installing a fluorescent readout in prochelators is to enable 

the study of activation kinetics and localization in the context of living cells and tissues. 

Unfortunately, BCQ is not sufficiently soluble in aqueous solution and the activation 

likely does not occur on a fast enough time scale to interact with the biological processes 

for which it was initially designed. BCQ instead acts as a proof of principle for the ability 

to incorporate stimulus response, visual readout, and active compound release in a 

single molecule.  
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Future work on developing a new prochelator with optimized properties could 

focus on three areas: solubility, reaction kinetics, and thermal stability of the cis olefin. 

The low solubility of BCQ limits its use in purely aqueous systems; the protection of a 

more hydrophilic chelator or addition of hydrophilic substituents to the protecting 

group may be effective in this regard. The kinetics of chelator release upon treatment 

with hydrogen peroxide might be improved through aryl substitution on the self-

immolative linker.150 With regard to the cis olefin, new design strategies must be 

employed to ensure that thermal isomerization to the inactive trans configuration is 

minimized. This may include the incorporation of the double bond into a cyclic structure 

as a configurational “lock”. The ability to simultaneously manipulate and monitor the 

coordination chemistry of cells with specificity for oxidative conditions remains an 

exciting goal of our laboratory. 

5.5 Methods and Materials 

5.5.1 General Notes 

Dry DMF was purchased from Sigma-Aldrich Corp. Dry CH2Cl2 was obtained by 

degassing with argon and passing the solvent through an activated alumina column. 

The HBTU coupling agent was purchased from Chem-Impex International, Inc., 8-

hydroxyquinoline was purchased from Acros Organics, and 4-

(bromomethyl)benzeneboronic acid pinacol ester was purchased from Ark Pharm, Inc. 

Potassium tert-butoxide was from Sigma-Aldrich Corp. as a 1M solution in dry THF. All 
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other solvents and reagents were obtained as reagent grade from Sigma-Aldrich Corp. 

and were used without further purification.  

Solutions for absorbance and fluorescence spectroscopy were prepared using pH 

7.4 phosphate-buffered saline solution (PBS) from Lonza Corp. (catalog no. 17-516F), 

which contained 144 mg/L KH2PO4, 9000 mg/L NaCl, and 795 mg/L Na2HPO4. The direct 

hydrogen peroxide sources used in these experiments were either 100 mM or 500 mM 

working solutions freshly prepared daily by dilution from a refrigerated 50 wt. % stock. 

Nuclear magnetic resonance spectroscopy was performed on Varian 400 MHz or 

500 MHz spectrometers. Exact mass measurements were acquired on an Agilent Model 

6224 TOF-LC/MS system with an Ascentis C18 column. 
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5.5.2 Synthesis 

 

Figure 76: Synthetic scheme for BCQ 
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tert-butyl (Z)-3-(4-(allyloxy)-2-((4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-

yl)benzyl)oxy)phenyl)acrylate (2) 

A portion of 7-allyloxycoumarin 1 (285 mg, 1.4 mmol, 1 equiv) was dissolved in 

dry DMF (5 mL) then cooled to 0 °C in an ice bath under Ar atmosphere.  To the stirring 

solution, potassium t-butoxide (1.0 M in THF, 1.73 mL) was added dropwise, which 

turned the reaction mixture orange.  Once the dropwise addition was complete, 4-

(bromomethyl)benzeneboronic acid pinacol ester (544 mg, 1.83 mmol, 1.3 equiv) was 

added rapidly as a solid.  After stirring for 15 min, the ice bath was removed and the 

reaction mixture was allowed to reach room temperature. After 45 min of stirring, the 

solvent was removed and the residue was taken up in ethyl acetate (25 mL) and washed 

with water (10 mL) then brine (10 mL).  The organic phase was then dried over MgSO4, 

concentrated and purified by silica column chromatography (7:3 ethyl acetate:hexanes). 

Product was a colorless oil (421 mg, 61% yield). 1H NMR (400 MHz, CDCl3) δ ppm 7.89 

(d, J = 7.84 Hz, 2H), 7.77 (d, J = 8.42 Hz, 1H), 7.45 (d, J = 7.85 Hz, 2H), 7.16 (d, J = 12.57 Hz, 

1H), 6.55-6.50 (m, 2H), 6.05 (tdd, J = 17, 11, 5 Hz, 1H), 5.85 (d, J = 13 Hz, 1H), 5.45-5.38 (m, 

1H), 5.33-5.26 (m, 1H), 5.08 (s, 2H), 4.54-4.51 (m, 2H), 1.49 (s, 9H), 1.38 (s, 12H); 13C (500 

MHz, CDCl3) δ ppm 166.0, 160.6, 157.7, 139.9, 13.3, 135.1, 133.1, 132.0, 126.5, 119.8, 117.7, 

117.5, 105.4, 99.9, 83.8, 80.0, 70.2, 68.8, 28.2, 24.9 HR-ESIMS (m/z): calcd for [M + Na]+ 

C29H37BO6Na (11B isotope) is 515.2575, found 515.2580 
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(Z)-3-(4-(allyloxy)-2-((4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-

yl)benzyl)oxy)phenyl)acrylic acid (3) 

To a flask containing 2 (370 mg, 0.75 mmol) was added 5 mL of formic acid.  The 

heterogeneous mixture was stirred vigorously for 30 min, during which time the oil 

slowly dissolved.  The acid was removed in vacuo to yield the product as a colorless oil 

(323 mg, 98% yield). 1H NMR (400 MHz): 7.83 (d, J = 7.95 Hz, 2H), 7.77 (d, J = 9 Hz, 1H), 

7.40 (d, J = 8 Hz, 2H), 7.31 (d, J = 13 Hz, 1H), 6.54-6.44 (m, 2H), 6.02 (tdd, J = 17, 11, 5 Hz, 

1H), 5.84 (d, J = 12.62 Hz, 1H), 5.39 (ddd, J = 17, 3, 1 Hz, 1H), 5.31-5.25 (m, 1H), 5.07 (s, 

2H), 4.51 (ddd, J = 5, 1, 1 Hz, 2H), 1.34 (s, 12H) 

 13C (500 MHz): 171.78, 161.19, 158.11, 141.33, 139.60, 135.09, 132.87, 132.52, 126.57, 

118.07, 116.72, 116.28, 105.43, 99.79, 83.90, 70.26, 68.92, 24.86 HR-ESIMS (m/z): calcd for 

[M + H]+ C25H30BO6 (11B isotope) is 437.2130, found 431.2142 

quinolin-8-yl (Z)-3-(4-(allyloxy)-2-((4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-

yl)benzyl)oxy)phenyl)acrylate (4) 

In a dry flask under inert atmosphere, (Z)-3-(4-(allyloxy)-2-((4-(4,4,5,5-

tetramethyl-1,3,2-dioxaborolan-2-yl)benzyl)oxy)phenyl)acrylic acid (102 mg, 0.234 

mmol, 1 equiv) was dissolved in 3 mL dry DMF.  N-methylmorpholine (77 μL, 0.702 

mmol, 3 equiv) then HBTU (106 mg, 0.281 mmol, 1.2 equiv) were added to the reaction 

mixture. The solution was stirred at room temperature for 48 h, quenched with water, 

then extracted with ethyl acetate (3 ×25 mL).  The combined organic phases were dried 

over sodium sulfate and evaporated to yield a yellow oil that was purified by flash 
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chromatography using silica gel and an eluent gradient from 10% to 30% ethyl acetate in 

hexanes. Compound 4 was isolated as a yellow oil (46 mg, 35% yield). 

1H (400 MHz): 8.94 (dd, J = 4, 2 Hz, 1H), 8.18 (dd, J = 8, 2 Hz, 1H), 8.14 (d, J = 9 Hz, 

1H), 7.85 (d, J = 8 Hz, 2H), 7.71 (d, J = 8 Hz, 1H), 7.55-.49 (m, 2H), 7.47-7.41 (m, 4H), 6.48 

(d, J = 2 Hz, 1H), 6.42 (dd, J = 9, 2 Hz, 1H), 6.33 (d, J = 13 Hz, 1H), 5.99 (tdd, J = 17, 11, 5 

Hz, 1H), 5.36 (ddd, J = 17, 3, 1 Hz, 1H), 5.28-5.22 (m, 1H) 5.10 (s, 2H), 4.49-4.46 (ddd, J = 5, 

1, 1 Hz, 2H), 1.36 (s, 12H) 13C: 165.1, 161.3, 158.3, 150.4, 147.3, 141.7, 141.3, 139.8, 136.2, 

135.1, 133.0, 132.9, 129.6, 126.6, 126.3, 125.7, 121.9, 121.7, 117.9, 116.9, 115.9, 115.6, 105.5, 

99.7, 83.9, 70.3, 68.9, 24.9 HR-ESIMS (m/z): calcd for [M + H]+ C31H30BNO6 (11B isotope) is 

564.2552, found 564.2564 

BCQ 

A portion of 4 (76 mg, 0.135 mmol) was combined with 

tetrakis(triphenylphosphine)palladium(0) (3 mg, 0.003 mmol, 0.02 equiv) under inert 

atmosphere. Dichloromethane (250 μL) was added to the reaction before addition of 

phenylsilane (33.5 μL, 0.271 mmol, 2 equiv). The reaction mixture was left to stir for 

several hours, until reaction was complete as determined by thin-layer chromatography.  

The solvent was reduced by flowing N2 over the reaction mixture, then the residue was 

taken up in ethyl acetate (5 mL) and washed sequentially with water and brine.  The 

organic phase was separated, dried over Na2SO4 and the solvent was removed to 

produce a crude yellow oil. The final purification was performed by semi-preparative 
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HPLC using a Waters XBridge Prep column (C18 10μ, 19 ×250 mm) with unbuffered 

acetonitrile/H2O eluent.  After removal of solvent, product was obtained as a white solid 

(20 mg, 29% yield). 1H NMR (400 MHz, CDCl3) δ (ppm) 8.86 (dd, J = 4, 2 Hz, 1H), 8.23 

(dd, J = 8, 2 Hz, 1H), 8.10 (d, J = 9 Hz, 1H), 7.80 (d, J = 8 Hz, 2H), 7.74 (dd, J = 8, 1 Hz, 2H), 

7.57 (dd, J = 9, 8 Hz, 1H), 7.50-7.40 (m, 3H), 7.33 (d, J = 8 Hz, 2H), 6.31 (d, J = 2 Hz, 1H), 

6.25 (dd, J = 9, 2 Hz, 1H), 6.20 (d, J = 13 Hz, 1H), 4.94 (s, 2H), 1.36 (s, 12H)  13C (500 MHz): 

165.3, 160.6, 158.7, 149.9, 146.83, 141.6, 140.8, 140.0, 137.1, 135.0, 133.2, 129.6, 126.7, 126.5, 

126.3, 125.6, 122.7, 121.7, 115.4, 113.3, 107.5, 99.8, 83.8, 69.94, 24.9 HR-ESIMS (m/z): calcd 

for [M + H]+ C31H30BNO6 is 524.2244, found 524.2265 UV (1:1 H2O:CH3OH) λmax (ε): 302 

(7800), 315 (8500), 332 (7900),  

5.5.3 LC-MS 

Liquid chromatography was performed on an Agilent 1100 Series system using a 

Supelco Ascentis (C18 3μ, 50 × 1 mm) column. Compound standard solutions and 

reaction mixtures were separated using a linear gradient of 95%A / 5%B to 20%A/ 80%B 

over 15 minutes followed by 4 minutes of isocratic flow at 20%A / 80%B, where A is 98:2 

H2O:CH3CN and B is 98:2 CH3CN:H2O. A photodiode array detector was used to 

measure UV absorbance of the eluting species. In-line mass spectrometry was performed 

using an Agilent 1100 Series LC/MSD ion trap mass spectrometer. Samples were 

typically analyzed by injecting 4 μL aliquots of 50 μM solutions in 1:1 MeOH:PBS. 
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Stocks for these solutions were in DMSO, though the DMSO content was kept below 2% 

of the total volume. 

Mass spectrometry data were viewed and processed using Agilent DataAnalysis 

software; UV chromatograms were analyzed using Agilent ChemStation software. 

5.5.4 Fluorometry 

Fluorescence emission spectra were collected on a Horiba Jobin Yvon Fluorolog-3 

spectrofluorometer fitted with a xenon arc lamp. Solutions were measured in 3-mL 

quartz cuvettes with caps to prevent evaporation. Samples were excited with 

monochromatic light (λex = 350 nm) and emission was observed between 360 and 600 

nm. A solution of BCQ (2 μM in PBS) was prepared from 1 mM stock in DMSO. A 

fluorescence emission spectrum was collected then an aliquot of 100 mM H2O2 was 

added to the cuvette so that [H2O2]final = 200 μM. The solution was mixed then spectra 

were collected over 14 h. 

5.5.5 Plate reader assay 

Experiments were performed at 25 °C using black-walled 96-well plates with 

clear bottoms in a Wallac Victor 1420 plate reader (PerkinElmer Inc.) equipped with 355 

nm (40 nm bandwidth) excitation and 420 nm (15 nm bandwidth) emission filters. A 

working solution of BCQ was prepared at 2 μM in PBS from 1 mM DMSO stock. Wells 

in two plates were filled with 100 μL aliquots of BCQ solution. All conditions were 

tested on each plate, and each condition was tested in triplicate wells. A series of H2O2 



 

 

219

working solutions were prepared at 50 × concentrations (63 μM – 10 mM). The 

respective H2O2 working solutions were added as 2-μL aliquots to the wells. 

Umbelliferone emission was measured immediately after mixing and then monitored 

over at least 4 h. Between readings, one plate was kept in the dark at 25 °C while the 

other was stored in a 37 °C incubator. The average emission observed in wells 

containing only buffer (no fluorescent compounds) was subtracted from all reported 

values for BCQ-containing wells. 

5.5.6 UV-visible spectroscopy 

BCQ solutions used for UV-visible spectroscopy were prepared in 2-mL volumes 

at a final concentration of 20 µM in 1:1 PBS:methanol from 1 mM BCQ stocks in DMSO. 

Absorbance measurements were collected in a Cary 50 spectrophotometer. For kinetic 

studies, either the entire spectrum or absorbance at 379 nm was measured once per 

minute for at least 90 min (and at least three half-lives of pseudo-first order BCQ 

consumption). For determination of kobs, absorbance values at 379 nm were converted to 

BCQ concentration at time t using the following equation: 

[BCQ]/[BCQ]0 = (At – Ainf) / (A0 – Ainf) 

where [BCQ]0 is the initial concentration of BCQ prior to reaction with H2O2. At, A0 and 

Ainf are the absorbances measured respectively at reaction time t, t = 0, and t = infinity 

(reaction completion). Concentration values were then entered into Origin 8.5161 and 

tested for mathematical fits. The model that provided the best fit for the data was an 
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exponential decay model described by the equation [BCQ] = [BCQ]0 * e-kt where k is the 

observed rate constant kobs. 
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