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Abstract 

Caged compounds are a class of photosensitive reagents used to stimulate cells with spatial control 

down to a sub-cellular level, and millisecond temporal control. They comprise of biologically 

important molecule which is modified with a photolabile protecting group. In the absence of light, 

caged compounds are physiologically silent but irradiation with light induces the release of 

biologically active species. Illumination under two-photon conditions is particularly advantageous as it 

enables restriction of the photolysis volume to ~1 fL and it provides deeper penetration into scattering 

samples.  

This thesis reports the development of new protecting groups for two-photon uncaging in 

neuroscience. Mechanistically, the deprotection in these novel groups is designed to operate via an 

intramolecular photoinduced electron transfer (PeT) between the absorbing unit (electron-donor) and 

the release module (electron-acceptor). The modular design of these cages ensures separation of 

absorption and release steps, and allows each process to be tuned and optimized independently.  

Chapter 1 provides an introduction to the two-photon absorption phenomenon and a historic overview 

of the uncaging technique. It also discusses recent advances in the development of two-photon 

sensitive probes used in neuroscience.  

Chapter 2 describes the exploration of molecular designs for novel protecting groups. A two-photon 

absorbing dye (electron-donor; fluorene dye) and three different release units (electron-acceptors; 

nitrobenzyl, pyridinium and phenacyl) were identified as suitable building blocks for the current 

project. Efficiency of the intramolecular electron transfer between chosen units was evaluated using 

model dyads which constitute covalently linked electron-donor and acceptor species. 

Chapter 3 is devoted to the synthesis and photophysical evaluation of nitrobenzyl-based protecting 

group. 

Chapter 4 describes the preparation of pyridinium-derived protecting group and demonstrates  

PeT-mediated release of tryptophan and GABA under one- and two-photon excitation. Hydrolytic 

instability of pyridinium esters is highlighted.  

Chapter 5 reports the synthesis, hydrolytic stability and one-photon uncaging efficiency of  

phenacyl-based derivatives.  

Chapter 6 discusses properties of developed caged compounds and compares them with other 

compounds reported in literature. It contains overall conclusions and outlook for the current project. 

Chapter 7 details the experimental procedures and the characterization of compounds synthesized 

during this work. 
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Chapter 1 

__________________________________________________________________________________ 

Introduction 
 

The ultimate goal of molecular biologists is to elucidate the mechanisms of complex cellular processes 

and develop methods to control them. Particular attention is paid to recognizing the role of receptors, 

specialized structures that allow cells to receive external stimuli. Conveniently, the use of small-

molecule synthetic probes allows researchers to gain insight into the mechanistic aspects of this kind 

of cellular stimulation. The work presented in this thesis is aimed at extending the toolbox available to 

neurophysiologists to investigate the communication between neurons. The following introduction 

covers the principle of signal transmission in neuronal networks (Fig. 1) and briefly highlights 

common research methods presently used in neuroscience. Two-photon uncaging is reviewed in more 

detail to report on the development of the two-photon sensitive compounds. Finally, a new design 

strategy is proposed to overcome limitations of currently available probes for two-photon uncaging.  

 

 

Figure 1. Schematic presentation of neurotransmission. Membrane depolarization spreads in the direction 
dendrite → axon and results in activation of voltage-gated calcium channels. The influx of calcium ions into the 
pre-synaptic site of the axon initiates a vesicular liberation of messengers (neurotransmitters). Released 
neurotransmitters diffuse to the post-synaptic density of the dendrite where they bind to the ligand-gated 
receptors. Upon binding, transmembrane ion-channels change their conformation and allow for the transport 
of ions inside and outside the cell. Figure adapted from ref. 3, Published by The Royal Society of Chemistry. 
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1.1 The role of neurotransmitters and action potential in synaptic activity 

The essential mechanism of information transfer between neurons operates through a regenerative, 

self-propagating change in the potential of the membrane, termed action potential.[1] The electric 

signal is propagated in one direction, from dendrite to axon and mediated by messengers 

(neurotransmitters) across the junction between the dendrites and axons of connected neurons 

(synaptic cleft) as shown in Figure 1.[2] There are six distinct stages in the generation and propagation 

of the action potential (Fig. 2a).[4]  

  

Figure 2. a) Stages of action potential evoked by binding of the excitatory neurotransmitter glutamate: 1   

neurons at resting state, 2  activation of ligand-gated receptors, influx of sodium ions, 3  activation of 

voltage-gated receptors, influx of sodium ions, 4  deactivation of sodium channels, activation of voltage-gated 
potassium ion channels, the outward flow of potassium ions, 5 – undershoot: the value of the membrane 

potential is below the value in the resting state, 6  neuron at resting state. Adapted with permission from 
ref.4. Copyright © 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. b) Structures of the main inhibitory 
and excitatory neurotransmitters in central nervous system, γ-aminobutyric acid (GABA) and L-glutamate, 
respectively.  
 

Adenosine triphosphate (ATP) driven potassium and sodium pumps sustain the resting potential of 

neuronal membrane at –70 mV and the process of signal transmission starts with activation of  

ligand-gated ion channels. Neurotransmitters that bind to distinct types of ionotropic channels (Fig. 

2b) initiate opening of pores and allow for the flow of sodium ions into the cell. Influx of sodium ions 

leads to a change of membrane potential up to –40 mV followed by the opening of voltage-gated 

sodium channels. As more sodium ions flow into the cell, the potential of the membrane is even 
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further depolarized and reaches +50 mV. At this stage, sodium channels are deactivated and  

voltage-gated potassium channels open to allow for the outward flow of potassium ions. Consequently, 

the membrane reaches a potential below its resting state (undershoot) and is brought back to –70 mV 

by ion pumps.  

The shape, rate and pattern of action potential vary across different types of neurons and ion channels. 

Moreover, the stimulation of neuronal activity is possible through diverse mechanisms.[5-7] 

Nevertheless, a wide range of tools enables researchers to carry out experiments with  resolution down 

to the single cell level and to manipulate remotely the activity of desired network components.  

1.2 Light-induced remote manipulation of neuronal activity 

Techniques that are currently used in neuroscience to regulate neuronal activity remotely address both 

ion channels and neurotransmitters (Fig. 3).[8-10]  

 

Figure 3. The strategies used to open the ion channels in neurons with use of light. a) The exogenous light-
gated ion channels are expressed in neurons. Upon illumination, the light-sensitive domain in the ion channel 
undergoes conformational changes and exerts force to open the channel and allow for the transport of ions in 
both directions across the plasma membrane of the cell. b) Ligand-gated receptors are covalently attached to 
the matching ligands via the photosensitive linkers. Illumination of the cell results in photoisomerization of the 
linker and allows for binding of the ligand to its receptor. Upon the ligand-receptor recognition, the ion channel 
changes its structural conformation to enable the transport of ions through the cellular membrane. c) Ligand is 
not recognized by the receptor as its key functional group is covalently attached to the protecting group. Upon 
the absorption of light, the protecting group is cleaved and the liberated ligand binds to the matching receptor, 
thereby regulating the activity of the related ion-channel. d) Binding of the ligand to its receptor is constrained 
by steric hindrance imposed by a large substituent attached to the ligand. Absorption of light leads to the 
photoisomerization of the linker connecting the ligand with the substituent and induces conformational 
changes in the probe. Upon this transformation, the ligand is able to bind to its receptor and activate the 
corresponding ion channel.  
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Control over ion channels is exerted by means of genetic manipulation and application of light-

sensitive compounds. The first method, optogenetics, takes advantage of the expression of exogenous 

light-activated ion channels in neurons (Fig. 3a).[11,12] Upon absorption of light, transmembrane 

proteins of microbial origin induce conformational changes in ion channels resulting in their opening. 

Alternatively, “chemical genetics” employs photoswitchable ligands, which are covalently tethered to 

the transmembrane receptors (Fig. 3b).[3,8-10] Irradiation induces isomerization of a linker that allows 

for the interaction of the ligand with the active site of the receptor. The ion channel opens upon the 

binding of the ligand to the receptor. 

A second strategy uses neurotransmitters. In the uncaging method, a physiologically active compound 

is liberated from its inactive “caged precursor” (Fig. 3c).[13] The inactive analogue is obtained by 

modification of the physiologically relevant compound with a covalently attached, photolabile 

protecting group, and this structural alteration prevents the molecule from binding to receptors. 

Irreversible removal of the protecting group is triggered by light and enables the interaction of the 

organic molecule with the targeted receptor. Upon binding, the related ion channel undergoes 

structural changes and allows for the transport of ions through the cellular membrane. In another 

approach, photoswitches are used as conjugates of neurotransmitters (Fig. 3d).[3] These derivatives 

comprise a neurotransmitter and a covalently attached photoswitchable side, which enables controlled 

changes of the conjugate conformation. Only one geometry of the switch allows for receptor-

neurotransmitter recognition and this can be reversibly activated and deactivated.  

The abovementioned methods are complementary and the choice of the used technique is dictated by 

the purpose and scope of studies. In neuroscience, uncaging (Fig. 3c) has been used to study the role 

of neurotransmitters, second messengers[14] and calcium ions[15] to examine the fundamental processes 

that underlie communication between neurons. The benefit of this technique comes from the fact that 

this method enables the investigation of the native cellular machinery without the need for genetic 

manipulations. The invention of photolabile protecting groups dates back to 1960s, however their 

application in neuroscience has gained prominence in 2000s.  
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1.3 Historic overview of uncaging: from one to two-photon induced photolysis 

The precedent finding of Barltrop and Schofield in 1962 (removal of carboxybenzyl (Cbz) group from 

the amino group of glycine upon irradiation at 254 nm) ushered in a new era of studies on protecting 

groups.[16] Light-sensitive protecting groups have continued to gain importance as tools for 

investigating the role of physiologically active compounds, ever since they were first applied in a 

biological system in 1978.[17] Kaplan, Forbush and Hoffman’s seminal work on caged ATP laid the 

foundations for the field of uncaging and drew attention to the potential of this new research technique 

(Fig. 4a).  

 

Figure 4. a) Photolysis of P3-1-(2-nitro)phenylethvl caged ATP.[17] Upon irradiation, the protecting group (drawn 
in blue) is cleaved and the physiologically relevant molecule (ATP) is liberated. b) Structures of common 
photolabile protecting groups developed for one-photon uncaging: o-nitrobenzyl, phenacyl, benzoinyl and 
coumarinyl. X = leaving group.  
 

A number of ultraviolet and visible light cleavable cages have been developed[18-23] (Fig. 4b) to allow 

for rapid control over spatially and temporally resolved photorelease of various biomolecules, 

including caged nucleic acids, proteins, cellular signaling molecules and messengers, hormones, lipids 

and membranes, both in vitro and in vivo.[24-26] The utility of photolabile protecting groups stems from 

their cleavage conditions, as light can be orthogonal to intracellular processes. Although ultraviolet 

light has a damaging effect on DNA, light of infrared wavelengths is not harmful to cells and can 

deeply penetrate tissue, which is relatively transparent between 650-950 nm. The depth of optical 

penetration depends on the type of the tissue and the used wavelength. For example, in the brain, light 

reaches depths of 0.9-2.5 mm at 633-834 nm.[27] Nevertheless, under one-photon irradiation with 

infrared light, molecules do not gather enough energy to undergo bond-breaking events. 
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In the 1990s, the concept of uncaging was extended to take advantage of two-photon absorption 

(TPA),[28] a nonlinear optical phenomenon in which excitation occurs by the simultaneous absorption 

of two photons, each having half the energy of that required for the corresponding one-photon process.  

 

Figure 5. a) Comparison of excitation volume induced upon one- and two-photon absorption. Fluorescence 
induced by one-photon process (visible light) occurs in a volume with a shape of an hourglass, whereas 
excitation volume for two-photon process (infrared light) is confined to a spot. Adapted with permission from 
ref. 38. Copyright © 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. b) Example of an uncaging 
experiment aimed at mapping of GABA-ergic receptors. Photolysis was initiated by one-photon absorption (473 
nm), whereas imaging was performed under two-photon excitation (950 nm, upon filling the neuron with Alexa 
594).GABA was liberated from RuBi-GABA at points marked as blue circles. One-photon photolysis was carried 
out point by point by moving a laser spot. The patch-clamp recordings of the inhibitory post synaptic potential 
(blue traces) allowed one to conclude on the position of studied receptors. Adapted from ref. 35. Copyright © 
2008 Rial Verde Zayat, Etchenique and Yuste. 
 

The first application of TPA in biology has been made by Denk, Strickler and Webb.[199] They built the 

first laser scanning microscope based on the two-photon excited florescence and also suggested the 

possibility of using TPA in uncaging experiments. Four years later, Denk realized this idea and 

induced photorelease of an agonist of nicotinic receptors with infrared light.[29] Under two-photon 

excitation conditions, the photolysis is spatially restricted, resulting in tight three-dimensional control 

over the drug administration (Fig. 5a). Therefore, this technique is particularly valued in  
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neuroscience as it enables selective stimulation of sub-cellular domains in single neurons within their 

multilayer circuits in vivo and in acute brain slices.[30-34] Photolysis of caged neurotransmitters allowed 

the distribution of receptors to be mapped within specific divisions of single cells and for investigating 

synaptic connectivity (Fig 5b).[35] Moreover, wavelength-selective uncaging of orthogonally protected 

neurotransmitters (two-colour uncaging) opens the door to the simultaneous stimulation of synapses 

by two different ligands.[36,37]  

1.4 Two photon uncaging: current challenges 

The main challenge in establishing two-photon uncaging as a powerful and ubiquitous method in 

biological research is the development of compatible photolabile protecting groups. Despite the 

remarkable success of experimental neurophysiology with currently available caged compounds, [29-36] 

the full capacity of the two-photon uncaging method has not been explored yet. The limited scope of 

reliable probes reveals that this technique is still in its infancy. 

Most protecting groups optimized for one-photon uncaging cannot be used in two-photon photolysis 

experiments because they display low efficiency under two-photon excitation. Their chromophores 

lack the specific features required for efficient TPA.[39, 40] In a classical approach, the protecting group 

plays two roles: absorbs light and releases the protected compound. If a protecting group does not 

absorb light efficiently, it does not collect enough energy to break bonds and liberate caged species.  

A consequence of poor absorption is a poor yield of the activated compound. This obstacle can be 

overcome by increasing the laser power (to enforce uncaging) and the concentration of the probe  

(to ensure critical concentration of physiologically relevant compounds that are obtained upon 

photolysis). On the other hand, much effort has been made to develop probes that efficiently absorb 

two photons of infrared light and undergo a subsequent bond-scission with high yield, at a laser power 

that is not harmful for cells. Although the design features of two-photon absorbers are well understood 

and can be rationalized, the development of two-photon sensitive protecting groups is still a field 

where success results from trial and error.  
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1.5 Two-photon absorption - physical background and chromophore design 

A prerequisite for TPA-initiated bond-breaking is efficient absorption of light. TPA requires 

instantaneous interaction of a molecule with two photons and thus the probability of excitation 

increases with the square of the light intensity. Therefore TPA occurs only in beams of high photon 

density, which are conveniently generated by focused pulsed lasers. An advantage of the quadratic 

dependence of TPA on the light intensity is that absorption is limited to the focal volume. As light 

intensity decreases quadratically in the function of the distance (z) from the focal volume, the 

probability of TPA outside the focus is proportional to z-4.[40] Consequently, scattered photons do not 

have sufficient energy to induce photolysis and uncaging is not observed out of the plane of focus.  

The mechanism of two-photon excitation involves the formation of a virtual state, which is generated 

upon interaction of the molecule with the first photon. Transition to the excited state depends on the 

structure of the chromophore and selection rules are related to the symmetry of orbital wavefunctions 

(Fig. 6).  

 

Figure 6. Schematic representation of TPA (red arrows) and OPA (blue arrows) in non-centrosymmetric dyes 
(left) and centrosymmetric dye (right). Initial excited state relaxed to the lowest excited state upon internal 
conversion (yellow arrows). 
 

For non-centrosymmetric chromophores OPA (one-photon absorption) and TPA lead to the same 

excited state. Therefore, light required for a TPA-promoted S0→S1 transition has approximately twice 
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the wavelength of light necessary to access S1 by OPA. In contrast, centrosymmetric dyes are 

promoted to different excited states as a result of OPA and TPA. Consequently, the observed 

maximum wavelength of TPA does not match double the maximum wavelength of OPA. Irrespective 

of the nature of the initial excited state, chromophores undergo internal conversion and further 

chemistry proceeds from the lowest excited state (Kasha’s rule).  

The parameter that quantifies the ability of the molecule to undergo two-photon excitation is the TPA 

cross-section, δa [GM] (1 GM = 10-50 cm4 s photon–1), and for organic molecules its value ranges from 

several GM (for small aromatic platforms) to ~200 000 GM (porphyrin oligomers). The relationship 

between the structure of the chromophore and its TPA cross-section has been thoroughly 

studied.[28,41,42] In general, TPA-cross section depends on the degree of redistribution of π-electrons and 

generation of transition dipole moments upon excitation. Charge displacement, in turn, is facilitated in 

coplanar chromophores with π-conjugated chains and donor-acceptor segments. Studies have shown 

that in linear chromophores, δa is higher for quadrupolar push-pull systems (D-π-A-π-D) than for 

dipolar (D-π-A), where D: electron-donor, A: electron-acceptor (Fig. 7). Moreover, systems with 

terminal donors (D-π-D; D-π-A-π-D) have higher δa than systems with terminal acceptors  

(A-π-A; A-π-D-π-A) and nitrogen-based groups are better terminal donors than oxygen-based groups. 

An important parameter is the number of π-electrons. TPA cross-section increases with conjugation, 

up to a critical length, at which the system loses coplanarity and charge displacement occurs only 

within limited distances.  

 

Figure 7. Typical design of two-photon absorbing dye. Adapted with permission from ref. 43. Copyright © 2008 
WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. 
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1.6 Requirements for protecting groups used in neuroscience - parameters quantifying 

uncaging 

In addition to the need for a compound to have excellent absorption properties, there is a long list of 

requirements that caged compounds have to fulfil to become useful in experiments in living cells.[44] 

For application in neuroscience, caged compounds have to be soluble in water without the necessity of 

adding co-solvents, such as DMSO and acetonitrile. In addition, protected species have to be resistant 

to hydrolysis in aqueous buffers at pH 7.2-7.4, preferably in aCSF (artificial cerebrospinal fluid) 

saturated with CO2 at 30-37 °C. Commercially available compounds are reported to remain intact for 

weeks in solutions of physiological pH, although the composition of buffers is not always identical 

with that used in experiments with cells. The activity of caged compounds should be reduced below 

detection limits until photolysed. Nonetheless, many neurotransmitters in their caged form display  

off-target behavior and exhibit antagonistic effects upon GABA-A receptors at ~0.1 mM concentration 

(tonic inhibition). This issue poses a limitation to induce a signal transmission with mM concentration 

of the probe (assuming 100% uncaging; phasic stimulation).[45]  Furthermore, bond scission should be 

faster than the biological process under investigation and any by-products formed upon uncaging 

should not be toxic. 

The efficiency of protecting groups is measured against a set of parameters. Physiologically relevant 

compounds should be liberated in high chemical yield [%], which reflects the ratio between the 

amount of the compound released and amount of photolysed precursor. Moreover, the process of 

uncaging can be divided into two steps: light absorption and bond scission. The efficiency of 

absorption is quantified by the TPA cross-section (δa), whereas the quantum yield of uncaging (ϕu) 

measures the efficiency of photo-induced bond scission. The typical quantum yield of uncaging of 

widely used protected compounds is 0.1. Quantum yields for one- and two-photon initiated processes 

are assumed to be equal because the photochemical reaction generally proceeds from the same lowest 

excited state (Kasha’s rule).[46,47] Moreover, higher excited states have much shorter lifetimes. A figure 

of merit reflecting the overall sensitivity of a protecting group to two-photon uncaging is the two-

photon uncaging cross-section δu, which is a product of the TPA cross-section and the one-photon 
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uncaging quantum yield (δu = δaϕu). A high TPA-cross section can compensate a low uncaging 

quantum yield, however it is desirable to maximize the efficiency of both processes. Typically, δu 

values reported to date lie between 0.05 and 2.5 GM. Considering the diffusion and depletion of the 

caged species from the focal volume, it has been estimated that for biological applications, δu should 

lie between 3-30 GM to ensure efficient two-photon absorption at laser power levels harmless to living 

cells and release of the neurotransmitter in the concentration required to induce a biological 

response.[48] 

1.7 Overview of two-photon protecting groups for neuroscience 

Since the first use of TPA in uncaging,[29] much effort has been made to develop compounds with 

better absorption profiles. There are three main strategies that have been explored to prepare highly 

sensitive two-photon cages:  

i) searching for genuinely novel protecting groups with high TPA 

ii) extension of the chromophore of pre-existing uncaging platforms  

iii) adding spatial separation between the absorption and cleavage steps.  

Each approach presents unique advantages and limitations which are discussed in the following 

sections.  

1.7.1 Searching for genuinely novel protecting groups with high TPA 

In general, an ideal candidate for a protecting group suitable for biological application is a small 

platform displaying excellent absorption (δa ~ tens of GM) and release properties (ϕu ~ 1). Not only 

does the small size of the caging unit simplify the synthesis but it also facilitates transport of the probe 

through membranes. Therefore early efforts were aimed to design new chromophores that possess both 

high δa and ϕu. Consideration of the structural factors enhancing TPA cross-section (π-conjugated, 

coplanar systems with electron donating and accepting groups) led to a rational design of small 

protecting groups with improved TPA. This category includes such families of caging groups as  

o-nitrobenzyl,[49] nitroindolinyl (NI,[200] MNI,[32,50,51] MDNI,[52] CDNI[36,53], DPNI[54,55]),  

2-(2-nitrophenyl)propyl,[56] o-hydroxycinnamate (o-HCA),[57,58] coumarinyl (Bhc,[59] DECM[60]), 
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inorganic metal complexes (RuBi)[35,61,62] and quinoline (BHQ,[63,64] DMAQ[65,66]) (Table 1). Extensive 

studies of structure-property relationship (usually including a series of small aromatic platforms with 

various substitution patterns) resulted in the development of useful protecting groups with two-photon 

uncaging cross-section δu of only 0.06−2.0 GM.  

Table 1. Properties of two-photon sensitive protecting groups. 

 

 
Protecting group 
 

 
X – Leaving group 
 

 
δu [GM] / 
 λ [nm] 

 
ϕu 

 
Comments 

 
Ref. 

      

MNI-Glu Glutamate (amide) 0.06 /730 0.085  32 

MDNI-Glu Glutamate (amide) 0.06/720 0.47  52 

CDNI-Glu Glutamate (amide) 0.06/720 0.5  36, 53 

DPNI-GABA GABA (amide) n.d. 0.085 Hydrolytically stable 54,55 

DMNPB Glutamate (ester) 0.098 /720 0.26 Release yield >95% 56 

 Benzoic acid 1.17 /740  Release yield >95% 56 

DMNPP Benzoic acid n.d n.d Release yield: 60% 56 

o-HCA Ethanol 1.6 / 750 

0.6 / 750 

n.d ϕu=1.6 GM – in vivo, 0.6 
GM - in vitro 

57, 58 

RuBi-Glu Glutamate (N-coordinated) 0.14 /800 0.13 Hydrolytically stable 61, 62 

RuBi-GABA GABA (N-coordinated) n.d n.d  35 

Bhc-OAc Acetate 1.99 /740 0.037  59 

Bhc-Glu Glutamate (ester) 0.89 /740 0.019 Hydrolytically unstable 59 

Bhc-Glu Glutamate (carbamate) 0.95 /740 0.019 Hydrolytically stable 59 

DECM Glutamate (ester) n.d. 0.1 Hydrolytically stable 59 

BHQ Acetate 0.59/740 0.29  64 

BHQ Benzoic acid 0.64 /740 0.30 Release yield: 60-70% 63 

BHQ Piperonylic acid 0.76 /740 0.32 Release yield: 60-70% 63 

8-DMAQ-OAc Acetate 0.67 /730 0.17 Highest δa in the series 66 

8-DMAQ-Glu Glutamate (ester) n.d n.d Hydrolytically unstable 66 

n.d. – not determined 
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MNI-glutamate became the most common protected glutamate and has been used in multiple studies 

despite its low δu of 0.06 GM at 730 nm. [32,50,51]  It allows action potentials to be evoked in individual 

neurons, although it is not a useful probe to study neuronal circuits: MNI-Glu is a strong GABA-ergic 

antagonist (it blocks GABA-ergic responses).[61] Interestingly, the DPNI protecting group is 

specifically tailored for GABA because NI-GABA displays such a strong off-target effect that renders 

the probe impractical.[54,55] To date, MNI-Glu serves as a reference compound and the utility of new 

caged neurotransmitters is evaluated against the MNI protecting group. Several trials aimed at 

improving the properties of nitroindolinyl platform. Ellis-Davies at al reported that the presence of an 

additional nitro group in MDNI-Glu[52]  and CDNI-Glu[36,53]  facilitates the release of glutamate and 

leads to 5.5 times higher quantum yield of uncaging. However, in separate studies, Papageorgiou at al 

found only a 2.5 fold improved sensitivity of the dinitroindoline (due to a greater near UV absorption 

coefficient) but no change of quantum yield.[201] Furthermore, unlike the mononitroindoline, the 

release of glutamate was only 60-70% of stoichiometric and the photolysis reaction generated 

nitroindoline as well as nitrosoindoline byproducts, suggesting a mechanistic difference.  

Optimization of protecting groups is a challenging task. Not only does any alteration in the structure 

influence the release and absorption steps but the quantum yield of uncaging also depends on the 

leaving group. Furthermore, some protecting groups suffer from low chemical yield of uncaging and 

undergo side reactions upon excitation. Subtle variations in the design of related protecting groups 

may significantly influence their properties, as illustrated in the following review of novel caging units 

for two-photon photolysis (Table 1). For instance, the structure of derivatives of dimethoxy-

nitrophenyl group (DMNPB and DMNPP) differ only by a methyl substituent in α-position to the 

leaving group. However, photolysis of DMNPB leads to nearly quantitative release of benzoic acid, 

whereas DMNPP undergoes reactions competitive to uncaging and gives only 60% of the desired 

product.[56]  

A study related to the substitution pattern within the o-hydroxycinnamic platform (o-HCA) clearly 

shows that protecting groups displaying the best photophysical parameters (δu) within the considered 

series might never be useful caging groups due to their low aqueous solubility or stability.[57] 
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Moreover, an experiment carried out with o-HCA caged ethanol in zebrafish embryo shows that δu 

measured in vivo (1.6 GM at 750 nm) is nearly three times higher than value obtained in vitro (0.6 GM 

at 750 nm).[57,58] A non-fluorescent o-hydroxycinnamic ester transforms into fluorescent coumarin as a 

result of uncaging and allows the concentration of released moiety to be quantified in real-time in  

in vivo studies. The authors of this study evaluated the changes in fluorescence before and after the 

uncaging event. Their quantitative results indicate that the two-photon uncaging cross-section strongly 

depends on the location of the probe in intracellular organelles.  

Ruthenium-bipyridine complexes (Ru-Bi) of N-coordinated GABA[35] and glutamate[61,62] exhibit 

excellent stability and remarkably fast photocleavage (50 ns for RuBi-Glu) but the greatest advantage 

of RuBi-Glu is that it displays reduced off-target effects. In contrast to MNI-Glu, RuBi-Glu  

(300 µM) allows the studies of inhibitory circuits to be carried out.  

Historically, halogenated 7-hydroxycoumarin was the first caging platform with δu above 1 GM.[59] 

The cleavage of this compound proceeds from the triplet state, formation of which is promoted by 

presence of heavy atoms (in the order Br (Bhc) > Cl (2)  > H (1) ). Systematic studies on Bhc group 

provide an excellent example of how the uncaging quantum yield varies with the leaving group. Acetic 

acid (Bhc-OAc) is liberated with nearly double quantum yield than glutamate from its ester  

(Bhc-Glu). The difference between ϕu for glutamate caged as ester and carbamate is negligible but 

disparity in hydrolytic stability is staggering, rendering carbamate resistant to hydrolysis over six days. 

At the same time this hydrolytic stability comes at a price of slower release, as the initially liberated 

carbamic acid undergoes decarboxylation over a few ms to give free glutamate.  

Structurally similar to Bhc, esters of 8-bromo-7-hydroxyquinoline (BHQ) display good aqueous 

stability and δu ~ 0.6 GM at 740 nm.[63,64] Experiments show that the 7-hydroxy group is involved in 

the cleavage of BHQ platform, however uncaging does not proceed from the triplet state. These 

findings allow for the replacement of the bromine atom by an electron-withdrawing substituent to 

facilitate deprotonation of the hydroxyl group. Systematic studies on the influence of the substitution 

pattern have been conducted for the quinoline family (NHQ, CyHQ, CHQ, TQ, DMAQ-Cl)[65] but 

none of the alternative structures is more photo-sensitive than BHQ-OAc.[64]  Within N,N-dimethyl 
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amine substituted derivatives, 8-DMAQ was found to be the most efficient protecting group.[66] 

Unfortunately, its glutamate derivative, 8-DMAQ-Glu, is hydrolytically unstable and thus impractical 

for physiological experiments. 

From all of the probes discussed in this section, only nitroindolinyl- and RuBi-caged neurotransmitters 

have become commercially available and found application in experiments in living cells. None of the 

other designs held sufficient advantages to become new benchmark. The shortcoming of the presented 

design strategy is that small chromophores display relatively low δa. 

1.7.2 Extension of a chromophore 

Another common strategy for preparing protecting groups with enhanced TPA cross-section is to 

extend the π-system of a pre-existing protecting platform and modulate the strength of  

electron-donating/accepting substituents. Dipolar, quadrupolar and octupolar architectures have been 

explored for functionalizing established caging groups such as coumarin, o-nitrobenzyl,  

2-(o-nitrophenyl)propyl, phenacyl and quinoline with vinyl, phenyl, styryl, dihydronaphthalenyl, 

thienyl, fluorenyl and triphenylamine groups (Table 2-5). The strategy of incorporating an existing 

protecting group into a conjugated D-π-A system led to a dipolar protecting group within the  

2-(o-nitrophenyl)propyl series with a record δu of 11 GM at 800 nm.[67] However, as absorption and 

bond scission are inherently related, any alteration in the caging group influences both δa and ϕu. 

Therefore some structurally modified cages, such as BNSF (δu of 5 GM at 800 nm, 65% yield of 

uncaging) suffer from light-induced side reactions or decreased yield of release, compared to their 

parent protecting units.[43] 

Coumarin 

Despite the efforts of several research groups, coumarin does not prove adaptable for extension  

(Table 2). Decoration of coumarin by a vinyl substituent (DEAC-450, 3) does not enhance δu but 

instead, gives access to a protecting group with a red-shifted peak of TPA.[68,69] DEAC-450 undergoes 

efficient photolysis at 900 nm offering two-photon two-colour (i.e. wavelength orthogonal) uncaging 

when paired with nitroindolinyl cages that are cleaved with shorter wavelengths (720 nm). Although 



Karolina Korzycka         Chapter 1 
___________________________________________________________________________________________ 
 

__________________________________________________________________________________

16 

all of these compounds display antagonism towards GABA-A receptors, this effect is more 

pronounced for carboxylic acid (DEAC-450) than PEG decorated coumarin 3. Both GABA-esters 

exhibit high aqueous stability at pH 7.4 in PBS buffer.[68,69]  

Table 2. Properties of two-photon sensitive protecting groups derived from coumarin.  
 

 

 
Protecting 
group 
 

 
X – Leaving group 
 
 

 
δu [GM] / 

 λ [nm] 

 
ϕu 

 
Comments 

 
Ref. 

      
DEAC-450 Glutamate (ester) 0.5*/900 0.39 * value estimated 68 

DEAC-450 GABA (ester) n.d. n.d. Hydrolytically stable 69 

3 GABA (ester) n.d. n.d. Hydrolytically stable 69 

4 Glutamate (ester) 0.3* /750 0.006 *estimated; uncaging in 

CD3OD 

70 

5 Glutamate (ester) n.d. n.d. Hydrolytically unstable 70 

6 4-methoxybenzyl alcohol n.d. n.d.  71 

7 4-methoxybenzyl alcohol n.d. n.d.  71 

8 4-methoxybenzyl alcohol 0.26 /800 0.00083  71 

n.d. – not determined 

Regardless of significant changes in the coumarin architecture, insertion of the phenyl ring into the 

coumarin platform 4, 5 does not bring radical improvements in two-photon properties (δa 50 GM) of 

the caging group.[70] Moreover, poor aqueous stability of 5 in HEPES buffer (pH 7.4) and poor 

solubility of 4 exclude these probes from application in living cells. As a result of another study, 

coumarin is conjugated with styryl derivatives and built into a D-π-A system.[71] Modulation of 

donor/acceptor properties of the aromatic platforms 6-8 yield a dye with improved absorption 

properties. A chromophore with enhanced TPA cross-section (δa =309 GM) is found to be the one 

bearing N,N-dimethyl-amine 8. Because of its very low quantum yield of release, 8 has two-photon 

uncaging cross-section of merely 0.23 GM at 800 nm.  
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o-Nitrobenzyl and phenacyl 

Attempts to utilize o-nitrobenzyl and phenacyl groups employ conjugation of these platforms with 

small electron-donating substituents (Table 3). A series of caging groups with o-nitrobenzyl backbone 

has been investigated by Jullien.[49] Studied compounds include benzyl-substituted derivatives 9 and 

o-nitrobenzyl cores conjugated with a phenyl ring 10-12. Obtained protecting groups display uncaging 

cross-section comparable to MNI-Glu, i.e. between 0.015 and 0.065 GM at 750 nm. o-Nitrobenzyl, 

when incorporated into 1,2-dihydronaphtalene derived push-pull chromophore 13-14, shows enhanced 

TPA cross section of 150 GM but the uncaging quantum yield is reduced to 0.01 at 680 nm.[72] The 

main obstacle to adapt o-nitrobenzyl group is its very low quantum yield of uncaging once its  

π-system is altered.  

Table 3. Properties of two-photon sensitive protecting groups derived from o-nitrobenzyl and phenacyl. 
 

 

 
Protecting 
group 
 

 
X– Leaving group 
 
 

 
δu [GM] / 

 λ [nm] 

 
ϕu 

 
Comments 

 
Ref. 

      

9 Coumarin 0.065 /750 0.013  49 

10 Coumarin 0.040 /750 0.001  49 

11 Coumarin 0.050 /750 0.001  49 

12 Coumarin 0.020 /750 0.001  49 

13, 14 Glutamate (ester) 1.2*/680 0.01 * value estimated 72 

pHBP GABA (ester) 0.24 /740 0.21 Half life at pH 7.4 (PBS) -10 h 73 

pABP GABA (ester) n.d 0.015 Half life at pH 7.4 (PBS) -10 h 73 

n.d. – not determined 

Efforts made to adapt the phenacyl group are equally unsatisfactory. The conversion of phenacyl into 

D-π-A system was achieved upon substitution with phenyl derivatives bearing amino (pABP) and 

hydroxyl (pHBP) groups.[73] GABA is liberated from pHBP nearly quantitatively (chemical yield) but 

with low δu of 0.24 GM, whereas only 55% of GABA is released despite full conversion of pABP. 
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Moreover, both caged GABA esters show low hydrolytic stability with half-life of 10 h at pH 7.4 

(PBS). Further development of o-nitrobenzyl and phenacyl groups has been abandoned.  

2-(o-Nitrophenyl)propyl  

To date, 2-(o-nitrophenyl)propyl platform have proved the most adaptable towards chromophore 

extension (Table 4).  

Table 4. Properties of two-photon sensitive protecting groups derived from 2-(o-nitrophenyl)propyl. 

 

 
Protecting 
group 
 

 
X – Leaving group 
 

 
δu [GM] / 

 λ [nm] 

 
ϕu 

 
Comments 

 
Ref. 

      

CANBP GABA (ester) 7.4 /800 0.15 Hydrolytically stable (pH 7.4, PBS) 67 

EANBP GABA (ester) 11 / 800 0.15 Hydrolytically stable (pH 7.4, PBS) 67 

PHNB Glutamate (ester) n.d n.d. 10% of released glutamate 74 

PMNB Glutamate (ester) 3.2 /740 0.1  74 

PENB Glutamate (ester) 3.2 /740 0.09  73 

mMNB Glutamate (ester) 1.8 /740 n.d  73 

oMNB Glutamate (ester) 2.2 /740 n.d  73 

15 Glutamate (ester) n.d. n.d. 48% of released glutamate 74 

16 Glutamate (ester) 3.1 /740 0.29 100% of released glutamate 75 

17 Glutamate (ester) n.d n.d. 5% of released glutamate 75 

18 Glutamate (ester) n.d. n.d 60% of released glutamate 75 

BNSF Glutamate (ester) 5.0 /800 0.25 65% of released glutamate 43 

BNSMB Glutamate (ester) 0.9 /800 0.3 60% of released glutamate 43 

n.d. – not determined 
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Within the dipolar series, 2-(o-nitrophenyl)propyl constitutes a biphenyl chromophore which is 

decorated with various substituents. The highest values of δu are obtained for cages bearing nitrogen-

based electron-donating substituents (CANBP and EANB with δu 7.4 GM and 11 GM respectively at 

800 nm).[67] Both protecting groups release GABA quantitatively upon photolysis (chemical yield) and 

display high aqueous stability at pH 7.4. Oxygen-substituted analogues demonstrate slightly worse 

photophysical properties. Only PHNB (bearing hydroxyl group) undergoes competitive photo-induced 

reactions and exhibit low chemical yield of uncaging (5%). For ether derivatives δu depends on the 

substitution pattern and lies between 1.8 − 3.2 GM at 740 nm (the highest value is obtained for  

p-isomer, PMNB). The analogue of PMNB, with central vinyl bridge 15, shows significantly worse 

properties such as remarkably decreased chemical yield of liberated product (48%).[73,74] 

Thienyl (16, 17),[75] fluorenyl (18, BNSF) and biphenyl (BNSMB)[43] chromophores have been used to 

build quadrupolar caging groups. Here, nearly all platforms are consumed by side reactions and 

display chemical yield of release ~60%. Nevertheless, the high quantum yield of uncaging and TPA 

cross-section compensate for this disadvantage to ultimately give δu within 0.9-5.0 GM at 800 nm.  

These examples clearly show how difficult the rational design of protecting groups is. A substitution 

pattern developed for one platform is not necessarily the optimal one for a close derivative. It is very 

hard to predict the presence of reactions that compete with uncaging. Hence, structure-property studies 

have not yet offered general guidelines that are applicable to construction of all caging platforms. 

Quinoline 

An original approach to the design of protecting groups has been demonstrated by an attempt to 

employ an octupolar chromophore (Table 5).[76] A systematic study on structure-properties relationship 

was carried out on dipolar, quadrupolar and octupolar derivatives of quinoline. Triphenylamine was 

chosen as a core for quadrupolar caging group since derivatives of triphenylamine display TPA cross-

section between 30-1080 GM.[77] These studies reveal that TPA cross-section is significantly higher 

for octupolar protecting groups than for corresponding analogues with dipolar architecture (19 – 480 

GM at 730 nm, 20 – 163 GM at 750 nm), but the opposite order is true for ϕu. Enhanced conjugation in 
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octupolar chromophores leads to relaxation processes that compete with uncaging. Unfortunately, 

values of ϕu are not only far below these reported for simple quinolines[63,66] but also render proposed 

protecting groups highly impractical (ϕu ~10-4 – 10-6). Interestingly, quadrupolar derivative of fluorene 

23 performed the worst in the investigated series, with TPA cross-section of 75 GM at 710 nm and ϕu 

~10-6.  

Table 5. Properties of two-photon sensitive protecting groups derived from quinoline. 

 

    n.d. – not determined 

Pioneering effort has been made to understand the influence of symmetry on the uncaging efficiency 

of quinoline-derived quadrupolar probes.[78] Two centrosymmetric probes 5-(8-DMAQ)2 and  

6-(8-DMAQ)2 undergo slower photorelease of acetic acid than the parent protecting group 8-DMAQ 

(Table 1) and both probes display low values of two-photon uncaging cross-section: 0.07 and 0.4 GM 

at 730 nm, respectively. This outcome stems from the deviation from C2-symmetry; in reality 

 
Protecting 
group 
 

 
X – Leaving group 
 

 
δu [GM] / 

 λ [nm] 

 
ϕu 

 
Comments 

 
Ref. 

      

19 Acetate n.d 7.0×10-6 δa  = 480 GM (730 nm) 76 
20  Acetate n.d 1.1×10-4 δa = 163 GM (750 nm) 76 
21  Acetate n.d n.d. δa= 390 GM (710 nm) 76 
22  Acetate n.d 2.0×10-4 δa = 110 GM (710 nm) 76 
23  Acetate n.d 1.7×10-6 δa = 75 GM (710 nm) 76 
6-(8-DMAQ)2 Acetate 0.07 /730 0.093  78 
5-(8-DMAQ)2 Acetate 0.4 /730 0.066  78 
24 Acetate 0.11 /730 0.32 Highly water soluble <50 mM 79 
25 Acetate 0.25 /730 0.21  79 
26 Acetate 2.0 / 730 0.14  79 
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quinoline dimers are not coplanar but have a conformation of a twisted diaryl system. The difference 

in two-photon uncaging cross-section between 5-(8-DMAQ)2 and 6-(8-DMAQ)2 is accounted for as a 

substituent effect, which has been explored in the following studies. Attempts to incorporate quinoline 

into D-π-A system yielded protecting groups with two-photon uncaging cross-sections of 0.11 - 2.0 

GM at 730 nm.[79] 

To use the chromophore extension strategy efficiently, one has to balance inherently related absorption 

and cleavage steps. This problem is very well illustrated with the o-nitrobenzyl and quinoline families. 

In most cases, enhanced TPA-cross section in these platforms comes at a price of significantly lower 

uncaging quantum yield than for their respective parent protecting groups. Extended systems indeed 

undergo efficient two-photon absorption as charge-displacement is facilitated by π-conjugated 

substituents. Nevertheless, the lowest excited state of such platforms either decays in a competitive 

pathway or its energy is too low to drive the bond cleavage.  

1.7.3 Adding spatial separation between the absorption and cleavage steps 

Considering the limitations of the design strategies discussed in the last section, several attempts have 

been made to explore alternative approaches, in which the absorption and release steps are decoupled. 

Since it has proved extremely difficult to enhance δa while preserving a high value of ϕu, further 

development of protecting groups utilized spatial separation of absorption and cleavage. In such 

caging platforms, absorption and release steps occur in distinctive units, which are held in close 

proximity to each other by means of a covalently attached linker. The strategy relies on sensitized 

deprotection, in which light is absorbed by an antenna chromophore and the excited state decays by 

energy or electron transfer to the protecting group, liberating the caged species. Sensitized uncaging 

takes advantage of a substantial difference between absorption properties of the peripheral 

chromophore and a poorly absorbing protecting group. It also relies on efficient interaction between 

the antenna and the protecting group (either in the form of electron or energy transfer) to improve the 

quantum yield of release, compared to the quantum yield achieved upon direct excitation of the caging 

group. Irrespective of the operating mechanism, migration of the excited state energy allows for 

initiating reactions in molecules that are otherwise unable to harvest light efficiently.  
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The following two sections cover the principles of energy and electron transfer, and provide a review 

of protecting groups which are designed to work according to these mechanisms.  

Energy transfer 

There are two mechanisms that allow an excited donor to transfer energy to an acceptor: dipole-dipole 

interaction (Förster resonance energy transfer, FRET) or electron exchange (Dexter mechanism,  

Fig. 8).[80,81]  

 

Figure 8. Förster and Dexter mechanism of energy transfer. In Förster Resonance Energy Transfer (FRET) 
electrons in donor and acceptor move within orbitals of their native electron shell. Energy transfer occurs as a 
result of coupling between electric fields induced by simultaneous electronic transitions in donor and acceptor. 
In Dexter mechanism (electron exchange) electrons are transferred between LUMO-LUMO and HOMO-HOMO 
of donor and acceptor.  
 

FRET is a through space (1-10 nm distance range)[82] interaction between a donor in the excited state 

and acceptor in the ground state (Fig. 8). Although a fundamental requirement for FRET to occur is 

the overlap of the emission spectrum of the donor with the absorption spectrum of the acceptor, 

emission and subsequent absorption of a photon do not take place. The mechanism of energy transfer 

is based on the interactions of dipoles that are formed upon transitions LUMO → HOMO in donor and 

HOMO → LUMO in acceptor (Fig. 8). Each dipole induces its own electric field and affects the 

partner. The electric fields are coupled to each other and therefore decay of the excited state of the 

donor and excitation of the acceptor are simultaneous. The rate of FRET (kFRET, Equation 1) depends 



Karolina Korzycka         Chapter 1 
___________________________________________________________________________________________ 
 

__________________________________________________________________________________

23 

on many factors, such as the aforementioned spectral overlap of emission and absorption of donor and 

acceptor J(λ), quantum yield of the donor ϕD, lifetime of excited donor  D, orientation of partner 

molecules κ and the distance between them r.[82] The interaction is independent of the environment and 

solvatation shell as long as the solvent does not change the spectral properties of reactants. 

𝑘𝐹𝑅𝐸𝑇 =
1

𝜏𝐷
(

𝑅0

𝑟
)

6
  (1) 

𝑅0
6 =

9𝑙𝑛(10)𝜅2𝜙𝐷

128𝜋5𝑁𝑛4 𝐽(𝜆)  (2) 

Equation 1. Rate constant of Förster Resonance Energy Transfer, kFRET, where τD is the lifetime of excited donor 
in the absence of acceptor, r is the distance between the donor and acceptor, R0 is Förster distance (distance at 
which efficiency of FRET is 50% and typically lies between 20-60 Å). Equation 2. Förster distance, R0, where κ2 is 
the orientation factor, ϕD is quantum yield of the donor in the absence of acceptor, N is Avogadro number, n is 
refractive index of the medium and J(λ) is an overlap integral. R0 can be calculated based on experimentally 
determined data mentioned in Equation 2 and κ2 is assumed as 2/3 if the chromophores are randomly oriented 
with respect to each other. 

In electron exchange (Dexter interaction) two electrons are exchanged simultaneously: one between 

HOMO-HOMO and the other between LUMO-LUMO of donor and acceptor (Fig. 8). As a result of 

this concerted exchange the donor returns to the ground state and the acceptor is promoted to the 

excited state. Similarly to FRET, the Dexter mechanism also requires overlap of emission and 

absorption spectra but additionally overlap of orbitals is needed. Both singlet-singlet and triplet-triplet 

state interactions can be involved in energy transfer process.  

Irrespective of the mechanism of energy transfer, the fate of the excited acceptor is determined by its 

photophysical properties. The energy gained upon excitation of the molecule can be dissipated as heat, 

released radiatively or used to initiate a reaction, such as a rearrangement or bond scission. The latter 

is anticipated in excited acceptors applied in sensitized deprotection.  

The concept of sensitized uncaging, in which two spatially separated steps of photorelease are linked 

by intramolecular energy transfer was first demonstrated for one-photon photolysis. Systematic studies 

were carried out for triplet-triplet sensitized liberation of thymidine from thioxanthone−2-(o-

nitrophenyl)propyl conjugate (Table 6, 27).[83,84] Quantum yields of deprotection ranged between  

0.09-0.42 depending on the linker, substitution pattern and excitation wavelength. Separate series of 
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experiments showed that the photosensitivity of nitroindol protecting group is increased six times as a 

result of assembly with benzophenone (28).[85] Attempts to evaluate the utility of chimeric structure 28 

in living cells were not possible because of precipitation of the probe in media containing Ca2+ ions. 

An extensive set of troubleshooting experiments revealed that this precipitation was related to the 

presence of benzophenone bearing phosphate substituents. It was found that aqueous solubility can be 

maintained upon replacement of the phosphate group with aspartic acid (29).[86] This example clearly 

shows that protecting groups have to fulfill many requirements and all the structural features of the 

probe need to be optimized to avoid undesirable interactions with other species present in biological 

samples.  

Recently, the strategy of energy transfer mediated release has been implemented in two-photon 

uncaging systems. Examples include intermolecular (bimolecular) energy transfer in 

isopropylthioxanthone−2-(o-nitrophenyl)propyl used in the fabrication of DNA microarrays (30, δu of 

0.86 GM at 766 nm)[87]  and  intramolecular FRET in fluorene-cored systems aimed at application in 

neuroscience (31-36).[88,89] In the latter a fluorene derived antenna gives rise to a quadrupolar system 

comprising either nitroindol (31, 32)[88] or 4,5-dimethoxy-2-nitrobenzyl protecting groups (33-36).[89] 

Although the values of two-photon uncaging cross section are still modest (0.5 GM at 730 nm for 32 

and 0.11-0.25 GM at 730-800 nm for 33-36) they show a significant enhancement compared to δu of 

their parent release groups (which for MNI-Glu is 0.06 GM at 720 nm[32] and for 4,5-dimethoxy-2-

nitrobenzyl acetate 0.03 GM at 740 nm[59]). Low values of δu obtained for structures 31-36 result from 

inefficient energy transfer and low uncaging quantum yield of the parent protecting units. Therefore 

the advantage of two-photon absorbing dye with high δa was not fully displayed in these systems. 

Further research is focusing on the use of protecting groups with red-shifted absorption profile to 

improve spectral overlap with the fluorene chromophore and to give higher yield of uncaging. 
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Table 6. One- and two-photon sensitive protecting groups operating through energy transfer mechanism. 

 

 

Electron transfer 

An alternative method of linking spatially separated absorption and release steps is to connect them 

through photoinduced electron transfer (PeT).[80,81, 91-93] In PeT the term “donor” refers to the species 

giving an electron away and “acceptor” to the molecule which receives this electron. Although both 

donor and acceptor can play the role of light absorbing species, in the following discussion only the 

case when the electron donor acts as an antenna will be considered. [94]  

 
Protecting 
group 
 

 
X – Leaving group 
 

 
δu [GM] / 
 λ [nm] 

 
ϕET

a 
 
Comments 

 
Ref. 

      

31 Glutamateb n.d. 0.85 δa = 42 GM (710 nm) 88 
32 Glutamateb 0.5 /730 0.88 δa = 76 GM (720 nm) 88 
33 Acetate 0.11 /730 0.38 δa = 50 GM (750 nm) 89 
34 Acetate 0.12 /730 0.17 δa = 110 GM (730 nm) 89 
35 Acetate 0.1 /750 0.11 δa = 160 GM (750 nm) 89 
36  Acetate 0.25 /800 0.05 δa= 310 GM (800 nm) 89 

a − yield of energy transfer; b – Glutamate was released as Fmoc-Glu(OH)-OFm; n.d. – not determined. 
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The mechanism of PeT mediated uncaging is shown in Figure 9.[23] The electron-donor plays the role 

of a light-harvesting platform, whereas the acceptor unit serves as a protecting group. Upon excitation, 

the donor transfers an electron to the acceptor (kET) to give a charge-separated state. PeT occurs 

efficiently only if it is faster than other pathways of deactivation of the excited state: non-radiative 

decay, fluorescence or intersystem-crossing. The radical cation and anion formed as a result of PeT are 

active species and can undergo further transformation such as fragmentation that leads to the release of 

the protected moiety (kREL).[95] The choice of the release unit is crucial, as not all acceptors initiate 

bond-breaking events upon one-electron reduction. Moreover, bond cleavage occurs only if it is faster 

than the charge recombination. Therefore long-lived charge-separated states are desirable as they 

facilitate subsequent transformation of radicals. The main reaction that competes with uncaging is the 

decay of the charge-separated state to the ground, or low-lying triplet state, through back electron 

transfer (BET, kBET).  

 

Figure 9. Mechanism of PeT mediated uncaging. Light absorption generates a photosensitizer-based excited 
state (1), which is quenched by electron transfer (kET) to the release group. The resulting charge-separated 
state (2) decays by σ-bond cleavage (kREL) to liberate protected molecule (3). Charge recombination (kBET) can 
compete with uncaging reaction.  
 

The fundamental requirement for efficient PeT is that the Gibbs free energy (ΔGET) for the process 

must be negative (Equation 3).[96] The energy of the singlet excited state of the dye (E00) must be 

greater than the energy cost of transferring an electron from the donor to the acceptor, i.e. greater than 

the difference between the oxidation potential of the donor (EOX) and the reduction potential of the 

acceptor (ERED), corrected by the Coulombic stabilization of the charges. The excited state energy (E00) 
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is defined as the energy of transition between the lowest vibrational level of the ground and excited 

states, and can be estimated from the point of overlap between the absorption and emission spectra. 

The oxidation potential of the donor (EOX) and reduction potential of the acceptor (ERED) can be 

measured electrochemically. 

𝛥𝐺𝐸𝑇 = 𝑁A {𝑒[𝐸OX − 𝐸RED] + 𝑤(D+⋅A−⋅) − 𝑤(DA)} − 𝐸00 (3) 

𝑤(D+⋅A−⋅) =
𝑧(D+⋅)𝑧(A−⋅)𝑒2

4𝜋𝜀0𝜀𝑟𝑎
; 𝑤(DA) =

𝑧(D)𝑧(A)𝑒2

4𝜋𝜀0𝜀𝑟𝑎
   (4) 

Equation 3. Gibbs free energy of photoinduced electron transfer, where E00 is the singlet excited state of the 
dye, EOX is oxidation potential of the donor, ERED is reduction potential of the acceptor, NA is the Avogadro 
constant, e is the elementary charge, w(D+•A-•) and w(DA) are terms that factor in electrostatic interaction in 
the products and reactants. Equation 4. Coulombic attraction between donor and acceptor, where  ε0 is the 
vacuum permittivity, εr is the dielectric constant of the solvent, a is the distance of charge separation and 
z(D/A) is charge of the species (D: donor; A: acceptor). 
 

The photophysical parameters of the probe, such as the rate of PeT and BET, can be modulated by 

variation in the length of the bridge connecting donor and acceptor and the structure of  

electron-acceptor. The lifetime of the charge-separated state can be prolonged, to some extent, by 

choosing a suitable linker joining a given pair of donor and acceptor. The electron transfer (forward 

and back) occurs more slowly over large distances and consequently the lifetime of the  

charge-separated state is extended. The dependence of the rate constant of PeT on the center to center 

distance between the donor and the acceptor depends on the mechanism of electron transfer. In 

general, this relationship is exponential[97-99] but there are several reports of systems in which the rate 

of PeT depends inversely on the length of the bridge and this is attributed to a multistep hopping 

mechanism.[100,101] Equally important is the structure of the linker. Rigid spacers are desirable as they 

hold donor and acceptor away from each other. In such systems electron transfer can be mediated 

either by solvent or occur through the bonds of the rigid bridge which provides its orbitals (δ, σ*, π or 

π*) as tunnels (super exchange mechanism). Flexible linkers might allow for through-space 

interactions between reactants and rapid electron transfers resulting in a short lifetime of  

charge-separated state. 
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One can also advance the efficiency of forward electron transfer and reduce the rate of competing back 

electron transfer (kET > kBET) by modulating ΔG. The Marcus model establishes a quadratic dependence 

of the rate constant k on the free energy of PeT reaction ΔG (Equation 5, 6; Fig. 10).[102,103]  

 

 

Figure 10. Top: Parabolas representing Gibbs free energy of reactants and products as a function of nuclear 
coordinates for electron transfer reactions. Parabolas reflect overall energy of reacting molecules and their 
surrounding solvation shell. In normal region Gibbs free energy is larger than reorganization energy, in contrast 
to the inverted region, where –ΔG > λ. Bottom: Dependence of the electron transfer rate constant on the 
exothermicity of reaction: rate constant increases with exothermicity in normal region, reaches maximum for  
–ΔG = λ and decreases in inverted region. 
 

𝛥𝐺∗ =
(∆𝐺+𝜆)2

4𝜆
  (5) 

𝑘 = 𝐴𝑒𝑥𝑝 (−
𝛥𝐺∗

𝑘𝐵𝑇
)  (6) 

Equation 5. Activation energy of electron transfer reaction ΔG*, where ΔG is free energy of the reaction, λ is 
reorganization energy. Equation 6. Rate constant of electron transfer reaction, where A is a pre-exponential 
factor dependent on the nature of the reaction, kB is Boltzmann constant and T is the temperature. 
 

Key assumptions of Marcus theory are that electron transfer occurs when geometry of donor and 

acceptor match and that reactants and products have the same parabolic potential energy surface, 

shifted on a reaction coordinate. Marcus factors in the reorganization energy, λ which is required for 

the structural rearrangement of the reactants and their solvation shell: substrates need to obtain the 
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conformation of products and the surrounding solvent molecules have to change their orientation to 

stabilize the ions formed. The theory also predicts that the rate of PeT increases with exothermicity but 

only for –ΔG <. λ (Marcus normal region). The reaction reaches maximum rate for –ΔG =.λ 

(activationless region) and slows down when −ΔG > λ. (Marcus inverted region). Typically, forward 

electron transfer is less exothermic than charge recombination (ΔGET < ΔGBET = EOX−ERED in Fig. 9). 

Consequently, forward electron transfer usually lies in the Marcus normal region and back electron 

transfer occurs in the Marcus inverted region. By carefully selecting a donor−acceptor pair, for which 

−ΔG is sufficiently negative, the energy of the charge separated state can be increased. In this way 

back electron transfer is pushed even more to the inverted region and proceeds more slowly relative to 

the forward electron transfer. As a result, the lifetime of the charge separated state is extended, 

allowing the radical anion to undergo further reactions and liberate protected species.  

Release mediated through PeT has not been thoroughly explored in the field of two-photon uncaging. 

Although several examples of PeT sensitized one-photon deprotection are reported in the literature, 

there are very few examples of rational design of protecting groups operating via PeT. Covalently 

linked donor−acceptor systems were investigated with use of phenacyl[104] and N-alkyl-4-picolinium 

(pyridinium)[105] as acceptor units in one-photon photolysis studies. In a series of comparative 

experiments, deprotection was carried out for separated and covalently linked donor−acceptor pairs, 

such as N,N-dimethylaniline−phenacyl 37, anthracene−phenacyl 35 and carbazole−pyridinium 39  

(Fig. 11). The carboxylic acid was efficiently released in each case when electron-donor and  

electron-acceptor were unlinked. However, in the series of fixed assemblies, only  

N,N-dimethylaniline−phenacyl 37 liberated carboxylic acid. The difficulties encountered in other 

systems highlight the challenges related to intramolecular electron transfer. In the case of anthracene 

38 back electron transfer followed by intersystem crossing prevented the bond scission from taking 

place. Uncaging was completely unsuccessful because the radical cation decayed to lower-lying triplet 

state. The lifetime of the charge separated state of the fixed carbazole−pyridinium pair 39 was too 

short to allow bond scission to occur and back electron transfer was the prevalent process.  
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Figure 11. Structures of primary protecting groups operating through PeT mediated mechanism. 

To the best of our knowledge, two-photon sensitive protecting groups that operate through PeT have 

not been reported in the literature. However, unpublished studies were carried out in Prof. Seth 

Marder’s group (Georgia Institute of Technology). Experiments were conducted by Dr Jing Wang and 

the results were presented in her Ph.D. thesis.[106] A two-photon absorbing dye 40 with δa of 1050 GM 

at 730 nm was selected as an electron donor,[107] whereas phenacyl caging unit served as electron 

acceptor (Fig. 12). Ester 41, ether 42 and unsubstituted model phenacyl 43 were employed to 

investigate the influence of the linker on the deprotection. Acetic acid was chosen as a model 

protected carboxylic acid. Efficiency of uncaging was evaluated only under one-photon excitation. In 

bimolecular photolysis experiments (performed for each phenacyl derivative in the presence of the 

model dye 40) no acetic acid was liberated in the case of ester 41. Under identical conditions uncaging 

proceeded successfully for ether 42 and unsubstituted analogue 43. The same result was observed 

when covalently linked donor−acceptor assemblies were photolysed. Ester derivative 44 remained 

intact and ethers 45 and 46 released desired acid. The author hypothesized that this disparity could be 

explained in terms of electron-donating effect of ester linker which impedes photorelease. The 

relationship between the position of caging unit and the efficiency of deprotection was also carefully 

examined. Additional experiments showed that substitution of the central π-bridge of the chromophore 

45 resulted in two times higher yield of released acid than in the case of derivative 46 in which 

phenacyl was attached to the terminal electron donating group.  

Protecting groups designed to operate via PeT have shown notable promise; although no two-photon 

deprotection experiments were carried out, the proof-of-concept one-photon photolysis proceeded 

smoothly and yielded free acetic acid in nearly quantitative chemical yield (92% for 45).  
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Figure 12. Structures of model compounds and two-photon sensitive protecting groups designed to liberate 
protected molecules upon PeT.[106] 
 

1.8 Aim of the project: towards two-photon, PeT mediated uncaging 

The examples presented in the previous sections show that modular design holds significant 

advantages over other design strategies but also brings new challenges. As absorption and cleavage 

steps are independently tuned, and dyes are available with δa of up to 10,000 GM and higher, this 

approach, in theory, may result in combinations of donor and acceptor units that give rise to protecting 

groups with unprecedentedly high δu. Furthermore, modular design provides opportunities to improve 

stability and aqueous solubility of probes without affecting their absorption properties. Nevertheless, 

initial attempts to develop protecting groups for PeT and energy transfer mediated photorelease 

yielded cages with δu < 1 GM. In the long-term perspective this approach shows some promise but the 

optimal molecular design remains a field of exploration. The current challenge in the development of 

highly sensitive caging groups relates to the determination of the antenna−release unit pairs that 

cooperate with each other efficiently.  

The aim of this project was to study PeT-mediated uncaging in a two-photon excitable system. 

Drawing upon previously reported designs, a protecting group that is activated via intramolecular PeT 

between a photoexcited electron-donor (a TPA dye with high δa) and an electron-acceptor (pre-

existing release unit, Fig.13) was devised. The objective was to explore alternative architectures and 

scrutinize the structure-property relationships for several combinations of donor−acceptor pairs.  

A particular goal of this project was to develop probes that are water-soluble and apply them to studies 

in live cells. Due to the special attention paid by neuroscientists to the neurotransmitter GABA,  



Karolina Korzycka         Chapter 1 
___________________________________________________________________________________________ 
 

__________________________________________________________________________________

32 

we decided to extend the available research toolbox by preparing a series of the protected analogues of 

GABA. The structure of a preliminary synthetic target is shown in Figure 13.  

 

Figure 13. Left: Concept of a photolabile protecting group operating via photoinduced electron transfer. Upon 
two-photon excitation (i) the dye unit donates an electron to the release unit (ii), which undergoes 
photochemical reaction and liberates the drug (iii). Adapted with permission from ref. 3, Published by The 
Royal Society of Chemistry. Right: Structure of the first synthetic target.  
 

It was critical to choose an antenna with high TPA cross-section which is also appropriate for 

biological studies, including future applications as a membrane-permeable probe. A symmetric 

fluorene-based dye with alkylated aniline terminal donors connected with the core via the acetylene 

bridge (D-π-A-π-D) presented an ideal candidate for this project (47, Fig. 14). It combines a relatively 

simple design with a reported TPA cross-section of 1200 GM at 705 nm.[108] 

 

Figure 14. Structure of the parent chromophore employed as an antenna and electrondonor.[108]   

 

Initial studies focused on the evaluation of o-nitrobenzyl platform as the electron acceptor. Further 

work presented in this thesis is a continuation of research started by Dr Philip Bennett[109] and explores 

the utility of phenacyl and pyridium units.  

o-Nitrobenzyl group and its nitrobenzylic derivatives are the most common photolabile protecting 

groups and were used in numerous biological experiments to protect and efficiently release carboxylic 
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acids, phosphates, alcohols and amines upon direct irradiation.[18] Although they were never 

demonstrated to release protected compounds upon PeT there are several examples in which 

halides,[110,111] ketones[112,113] and amines[114] were liberated as a result of cathodic deprotection 

(Scheme 1). Electrochemical studies revealed that the cleavage of carbon-halogen bond proceeds 

through a stepwise mechanism, in which the initially formed radical anion fragments to yield a 

nitrobenzyl radical and a halogen anion. Presence of the electron-withdrawing group lowers the 

reduction potential and facilitates electron transfer, but in most cases removal of the protecting group 

is accompanied by side reactions and yields vary with the temperature, solvent and pH.  

 

Scheme 1. The mechanism of fragmentation of p-nitrobenzyl bromide[111] and p-nitro-1,3-dioxolane[112] induced 
by electrochemical reduction. 
 

Phenacyl group has been reported to release carboxylic acids, phosphates and alcohols not only upon 

direct illumination with ultraviolet light but also as a result of PeT.[115-117] The mechanism of 

deprotection involves formation of the radical anion of phenacyl ester and the radical cation of the 

sensitizer upon one-electron reduction (Scheme 2). The radical anion undergoes fragmentation of the 

α−C−O bond to give a phenacyl radical and a carboxylate anion. Neutral phenacyl ester is formed as a 

result of proton abstraction from the sensitizer. Moreover, phenacyl esters have been photolysed under 

physiological conditions. Upon direct illumination, GABA and glutamate were released from their  

p-hydroxyphenacyl esters in rat[118] and mice[119] brain cortical slices respectively and bradykinin (an 

inflammatory mediator)[120] was liberated in rat dorsal root ganglion (DRG) neurons.  

 

Scheme 2. The mechanism of fragmentation of phenacyl ester induced by photoinduced electron transfer.[116]  
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Picolinium esters, which are the precursors of the pyridinium group, were originally used in solid-

phase peptide synthesis[121-124] and removed upon cathodic cleavage.[125] Their N-methylated 

derivatives possess a relatively low reduction potential (-1.1 V vs SCE)[126] and were proven to release 

carboxylic acids upon inter- and intramolecular PeT.[126-130,185] Removal of the pyridinium group 

proceeds through the intermediate pyridyl radical, which is generated upon PeT from the excited state 

of the sensitizer. Subsequent fragmentation of the C−O bond leads to the release of carboxylate and 

formation of radical cation (Scheme 3). N-methyl pyridinium protecting group has never been adopted 

for application under strictly physiological conditions. 

 
 
Scheme 3. The mechanism of fragmentation of N-methyl picolinium ester induced by photoinduced electron 
transfer.[126] 
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Chapter 2 

__________________________________________________________________________________ 

The molecular design of protecting groups 
 

A four-stage approach has been pursued in the development of two-photon sensitive protecting groups 

for PeT mediated deprotection (Fig. 15). The first and second steps involved optimization of the 

electron-donor and the electron-acceptor. The electron-donor was chosen based on literature reports, 

whereas a pool of alternative structures was investigated to identify a suitable electron-acceptor. In the 

third stage, an array of model compounds was synthesized, in which donor and acceptor were 

covalently linked. Numerous photophysical attributes of these compounds were studied to assess the 

feasibility and efficiency of intramolecular electron transfer. Finally, the release properties of the 

developed protecting groups were evaluated during one-photon photolysis of the model caged 

carboxylic acids. The collected data permitted assessment of the utility of the novel protecting groups 

and helped to direct further development. The results presented in this chapter refer to the first three 

stages of the design process. 

 
Figure 15. Schematic outline of the research strategy adopted for the development of two-photon sensitive 
protecting groups operating through PeT.  

2.1 Selection of the electron-donor  

2.1.1 Synthesis of the model electron donor (first generation) 

The studies began with the choice of a suitable electron-donor that would efficiently undergo  

two-photon excitation. As outlined in Section 1.8, a symmetric banana-shaped bisethynyl fluorene dye 
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(BEF) has been chosen as the precursor for the backbone of the electron-donor. Compound 47 

displays δa of 1200 GM at 720 nm and an excited state energy (S1) of 3.07 eV.[108] Structure 47 could 

be functionalized by the replacement of nonyl (Non) and hexyl (Hex) chains with a suitable linker 

connecting the dye with the release unit and substituents enhancing aqueous solubility. Bis-propionic 

carboxylates were introduced at position 9 of the fluorene to permit for covalent attachment of the 

electron-acceptor unit (48, Fig. 16). The original Hex chains were replaced with carboxyethyl 

substituents to aid aqueous solubility. Model compound 48 was designed to evaluate electrochemical 

properties of this class of compounds and investigate the range of its aqueous solubility. 

 

Figure 16. The structure of fluorene-based dyes. 
 

A retrosynthetic analysis of 48 (Scheme 4) presented the Sonogashira coupling as a key step in the 

preparation of the model dye. By allowing preparation of the core and the aniline unit separately, the 

convergent synthesis provided a convenient access to a range of analogues.  

 

Scheme 4. Retrosynthetic analysis of a fluorene-based dye.  
 

The synthesis of compound 48 was developed by Dr Philip Bennett[109] and started with regioselective 

2,7-iodination of fluorene with elemental iodine in the presence of periodic and sulfuric acid (Scheme 

5).[131] The next step involved a base-catalyzed Michael addition of fluorene 49 to t-butyl acrylate to 

give 9-alkyl functionalized core 50.[132] The alkylation of p-iodoaniline with bromo-t-butyl acetate 

yielded derivative 51, which was subsequently coupled with TMS-acetylene to give 52. The final 
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aniline component 53 was obtained upon treatment of 52 with TBAF. Cross-coupling between 50 and 

53 generated the ester precursor BEF-tBu. The t-butyl ester deprotection, to yield free carboxylic 

acids, proved irreproducible. Attempts to hydrolyze the t-butyl esters under acidic conditions resulted 

only in decomposition of the starting material. Moreover, solubility studies of 48 carried out by Dr 

Bennett showed that six carboxylic groups do not provide sufficient solubility at pH 7.4 and 1 mM 

solution could be obtained only in buffers at pH >12.[106] Due to the difficulties encountered during the 

synthesis of compound 48, its analogue BEF-tBu was treated as a model for photophysical and 

electrochemical studies as well as it was used in initial bimolecular uncaging experiments (Chapter 3, 

Section 3.1).  

 

Scheme 5. Synthetic route to 48. Reagents and conditions: i) I2, H5IO6, AcOH, H2SO4, H2O, 80 °C, 4 h, ii) t-butyl 
acrylate, TBAF, THF, 20 °C, 2 h, iii) bromo-t-butyl acetate, Na2CO3, DMF, 100 °C, 24 h, iv) TMS-acetylene, 
Pd(OAc)2, PPh3, CuI, DIPA, 20 °C, 16 h, v) TBAF, THF, 20 °C, 15 min, vi) 53, Pd(OAc)2, PPh3, CuI, DIPA, 20 °C, 1 h.  
 

2.1.2 Photophysical properties of the electron-donor (first generation) 

The one-photon absorption and emission spectra of BEF-tBu in THF are shown in Figure 17. The 

fluorene-based dye exhibits a strong absorption in the range 300-400 nm with its maximum at 378 nm  

(ɛ = 9.0 ± 0.2 ×104 M-1·cm-1) and fluorescence with a maximum at 437 nm and quantum yield ϕf = 0.42 

(referenced to quinine in 0.5 M H2SO4). The energy required for the transition from the lowest 

vibrational level of the ground state to the lowest vibrational level of the first singlet excited state 

(excited state energy, E00) was determined from the intersection of the emission and absorption spectra 

and is 3.06 eV (406 nm).  
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Figure 17. Absorption (solid line) and normalized emission (dashed line) spectra of BEF-tBu at 20 °C in THF. 
Excitation wavelength: 366 nm. 

The electrochemical properties of BEF-tBu were investigated by cyclic voltammetry and square wave 

analyses (Fig. 18). Measurements were carried out in DCM with 0.1 M Bu4NPF6 (electrolyte) and 

ferrocene (internal reference). Cyclic voltammetry experiments revealed that BEF-tBu undergoes an 

irreversible oxidation and square wave analysis permitted the accurate determination of the first 

oxidation potential EOX = 0.55 V vs Fc/Fc+. 

  

Figure 18. Electrochemistry of the model electron donor BEF-tBu; a) cyclic voltammogram with ferrocene as 
internal reference, b) square wave voltammogram with ferrocene as internal reference, corrected to Fc/Fc+ = 0 
V. The results show that the first oxidation potential of BEF-tBu is 0.55 V vs Fc/Fc+ (in DCM, with 0.1 M Bu4NPF6 
as supporting electrolyte). 
 

E00 and EOX were used to solve a simplified Equation 3 (page 27, Gibbs energy ΔGET of photoinduced 

electron transfer without Coulombic contribution). Calculations showed that electron transfer is 

energetically favored between BEF-tBu and release platforms with a reduction potential ERED > −2.51 

V. These results suggested that fluorene-based dye BEF-tBu is a suitable electron donor in the novel 
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uncaging system, however its lack of aqueous solubility presented a critical issue for biological 

application. 

2.1.3 Synthesis of the electron-donor (second generation) 

An obvious strategy to improve the aqueous solubility of the dye was to decorate it with substituents 

that would enhance its solubility but not alter the absorption profile or electrochemical properties of 

the chromophore. Polyethylene glycol chains have been widely used to aid aqueous solubility of 

organic compounds.[133] Their low in vitro toxicity and chemical inertness conferred additional 

advantages, therefore the ethyl carboxylates in compound BEF-tBu were replaced with methyl ether 

hexaethylene glycol chains. Moreover, the carboxylate linker in positon 9 of the fluorene core was 

transformed to alcohol to facilitate further functionalization of the dye with the acceptor units. The 

structure of the second generation of the water-soluble model dye, BEF-OH, is presented in Figure 19.   

 

Figure 19. Model fluorene-based dye BEF-OH.  
 

Conceptually, the preparation of BEF-OH followed the same synthetic strategy as preparation of 

BEF-tBu, with Sonogashira coupling between the aniline and fluorene components employed as the 

key reaction (Scheme 6). The heptaethylene glycol functionalized aniline 58 was synthesized in four 

steps. The synthetic sequence utilized regioselective iodination of N, N’-phenyldiethanoloamine with 

elemental iodine in pyridine to give 55,[134] which was coupled to TIPS-protected acetylene resulting in 

56. The TIPS protecting group was chosen over TMS because it proved more resistant to the strongly 

basic conditions necessary for alkylation of the diethanol chains with the tosylate 54 to generate 57. 

Removal of TIPS group with TBAF gave the aniline unit 58. The key fluorene intermediate 60 was 

obtained upon hydrolysis of t-butyl esters with trifluoroacetic acid followed by the reduction of the 

carboxylic acid 59. The alcohol 60 was converted to TBDMS ether 61 and coupled to the readily 

prepared aniline component 58 to generate BEF-OTBDMS. The treatment of BEF-OTBDMS with 

TBAF resulted in deprotection of the alcohol groups and yielded BEF-OH. The revised synthetic 
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route employed fluorene derivative 60 in the key Sonogashira coupling with 58 and gave BEF-OH 

with higher yield compared to the earlier route (Scheme 6).  

 

Scheme 6. Synthetic route to BEF-OH. Reagents and conditions: i) p-TsCl, Et3N, DCM, 0 °C → 20 °C, 16 h, ii) I2, 
pyridine, 0 °C → 20 °C, 16 h, iii) TIPS-acetylene, Pd(OAc)2, PPh3, CuI, DIPA, 50 °C, 16 h, iv) 54, NaH, THF, reflux, 
48 h, v) TBAF, THF, 20 °C, 12 h, vi) TFA, DCM, 20 °C, 16 h, vii) BH3·THF, THF, 0 °C → 20 °C, 1 h, viii) TBDMSCl, 
imidazole, DMF, 20 °C, 4 h, ix) 58, Pd(OAc)2, PPh3, CuI, DIPA, 50 °C, 2 h, x) TBAF, THF, 20 °C, 5 h, xi) 58, Pd(OAc)2, 
PPh3, CuI, DIPA, MeCN, 20 °C, 3 h. Adapted with permission from ref. 3. Published by The Royal Society of 
Chemistry. 
 

2.1.4 Photophysical properties of the electron donor (second generation) 

One-photon absorption and emission spectra 

The one-photon absorption and emission spectra of BEF-OH and BEF-OTBDMS were recorded in a 

wide range of solvents and are shown in Figure 20. The heptaethylene glycol decorated dyes exhibit 

almost identical absorption properties as their precursor BEF-tBu. Comparison of the absorption 

spectra in THF (Fig. 20a) reveals that characteristic features are maintained across the family of 

compounds and variation of substituents on the nitrogen atom only insignificantly altered the strong 

absorption band between 300 nm and 400 nm. The maximum of absorption is redshifted by 2 nm for 

BEF-OH (to 380 nm) and remains unchanged for BEF-OTBDMS with respect to BEF-tBu. The 

shape of spectra matches well within all derivatives. Therefore the extinction coefficient (ɛ = 9.0 ± 0.2 

× 104 M-1 cm-1), which was experimentally determined for BEF-tBu, was used for all second 
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generation dyes. The attempts to determine extinction coefficient of the oily (and difficult to weigh 

out) second generation of dyes gave inaccurate and irreproducible results.  

Comparison of the absorption spectra of BEF-OH in a range of solvents confirmed that the one-

photon absorption properties of BEF-OH are independent of solvent polarity (Fig 20b).  

  

  

Figure 20. One-photon absorption (top) and emission (bottom) spectra recorded for model electron donors. a) 
overlaid absorption spectra of BEF-OH, BEF-OTBDMS and BEF-tBu in THF, b) absorption spectra of BEF-OH, c) 
emission spectra of BEF-OH, d) emission spectra of BEF-OTBDMS. Fluorescence spectra were recorded with 
excitation wavelength 366 nm. 
 

Fluorescence properties, however, were affected by the solvent environment (Fig. 20c). The 

luminescence spectra are structured only in toluene, whereas in other solvents the emission is broad, 

with peak width increasing with solvent polarity. Furthermore, the emission spectra of BEF-OH and 

BEF-OTBDMS display a strong solvatochromic effect, more pronounced for BEF-OH than  

BEF-OTBDMS (Fig. 20c-d and Table 7). The spectrum of BEF-OH in water is red-shifted by almost 

80 nm with respect to the emission in toluene, whereas for the BEF-OTBDMS derivative, the same 

change in solvent polarity results in a 60 nm shift. Bathochromic shifts in the luminescence spectra of 

the fluorene dyes have been accounted for by symmetry breaking and the formation of a polar excited 
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state, which is stabilized in polar solvents.[135] Both derivatives exhibit strong fluorescence in organic 

solvents, with average quantum yields ϕf = 0.4 (referenced to quinine in 0.5 M H2SO4, Table 7) but ϕf 

falls to 0.1 in water. The excited state energy E00, which is estimated at the intersection of the 

normalized emission and absorption spectra, strongly depends on the solvent and model compound 

that is considered. For BEF-OH, E00 ranges from 3.02 eV (toluene) to 2.85 eV (water), whereas for 

BEF-OTBDMS 3.06 (toluene) - 2.95 eV (water). The average value of the excited state energy for the 

fluorene-based dyes was estimated as 2.95 eV.  

Table 7. Photophysical properties for the model electron donors BEF-OH and BEF-OTBDMS; ϕf – fluorescence 
quantum yield, λem,max – maxima of fluorescence emission, n.d – not determined. 

Solvent 

λem,max / nm ϕf
[a]  

BEF-OH BEF-OTBDMS BEF-OH BEF-OTBDMS 

Toluene 426 420 0.43 0.43 

CHCl3 444 n.d. 0.48 n.d 

THF 458 n.d 0.43 n.d 

EtOH 463 462 0.41 0.5 

MeOH 474 468 0.42 0.41 

H2O 502 478 0.10 0.05 

[a] The absolute fluorescence quantum yield was determined with reference quinine in 0.5 M H2SO4;[136] n.d. – 
not determined; excitation wavelength: 366 nm.  
 

Two-photon absorption spectra 

The two-photon absorption spectra of BEF-OH and BEF-OTBDMS were recorded in H2O and EtOH, 

respectively by Geoffrey Wicks (Prof. Alexander Renabe’s group at Montana State University, USA, 

Fig. 21). The TPA cross-section was measured by two-photon excited fluorescence with fluorescein  

(in buffer, at pH 11) used as a reference compound.[202,203] The TPA maxima are 1150 GM at 700 nm 

(for BEF-OTBDMS in EtOH) and 1100 GM at 715 nm (for BEF-OH in water). These cross-sections 

are similar to those reported previously for closely related dyes. [108,137] The spectrum is slightly 

broader and red-shifted in water, but the spectra are similar, revealing that the TPA is largely 

insensitive to the solvent environment. In both solvents, there is a shoulder in the TPA spectrum at 

twice the wavelength of the one-photon allowed S0→S1 transition (Fig. 22). However, the TPA spectra 
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are dominated by peaks corresponding to the one-photon forbidden, two-photon allowed higher-

energy electronic or vibronic transitions. This behavior is similar to that reported for quadrupolar 

chromophores (D-π-A-π-D), the symmetry of which slightly deviates from ideally 

centrosymmetric.[108] 

 

Figure 21. Two-photon absorption spectra recorded for BEF-OH (in H2O) and BEF-OTBDMS (in EtOH). Spectra 
were recorded by Geoffrey Wicks (Prof. Alexander Renabe’s group at Montana State University, USA). The TPA 
cross-section was measured by two-photon excited fluorescence with fluorescein (in buffer, at pH 11) used as a 
reference compound.[202,203] Adapted with permission from ref. 3. Published by The Royal Society of Chemistry. 

 

 

  

Figure 22. Two-photon absorption spectra (circles and triangles) overlaid with double-wavelength one-photon 
absorption spectra (red line); a) absorption spectra of BEF-OH in H2O, b) spectra of BEF-OTBDMS in EtOH. 
Spectra were recorded by Geoffrey Wicks (Prof. Alexander Renabe’s group at Montana State University, USA). 
Adapted with permission from ref. 3. Published by The Royal Society of Chemistry. 

Electrochemical measurements 

BEF-OH was chosen as a model dye for electrochemical studies. The properties of BEF-OH were 

investigated using cyclic voltammetry and square-wave experiments in THF. Similarly to BEF-tBu, 

BEF-OH displayed irreversible oxidation, however at a lower potential than its t-butyl ester analogue. 

Square wave experiments determined EOX as 0.36 V vs Fc/Fc+ in THF with 0.1 M Bu4NPF6 (Fig. 23). 

This disparity in oxidation potentials between BEF-tBu and BEF-OH can be explained by the 
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influence of substituents on the nitrogen atom. The ester derivative BEF-tBu bears electron rich 

substituents therefore it displays higher oxidation potential than BEF-OH, which is decorated with 

glycol chains.  

The introduction of heptaethylene glycol chains in BEF-OH did not improve aqueous solubility as 

dramatically as expected. BEF-OH still tended to aggregate in water at millimolar concentrations, 

resulting in broad signals in 1H NMR in D2O. Nevertheless, it was anticipated that upon linking with a 

cationic neurotransmitter, the solubility of the protecting group would be improved.  

  

Figure 23. Determination of electrochemical properties of the model electron donor BEF-OH; a) cyclic 
voltammetry with ferrocene as internal reference, b) square wave voltammogram with ferrocene as internal 
reference, corrected to Fc/Fc+ = 0 V. The results show that the first oxidation potential of BEF-OH is 0.36 V vs 
Fc/Fc+ (in THF, with 0.1 M Bu4NPF6).[3] Published by The Royal Society of Chemistry. 
 

Overall, the fluorene-based dye offered many advantages and was a suitable candidate for use in a 

novel protecting group for PeT-mediated uncaging. The excellent absorption properties, reflected in 

high extinction coefficient (ε = 9.0 ± 0.2 × 104 M-1·cm-1) and TPA cross-section above 1000 GM 

proved that BEF-OH is a good two-photon absorbing chromophore. A relatively high energy of the 

excited state E00 (average value of 2.95 eV) and low oxidation potential (0.36 V for derivative with 

enhanced aqueous solubility) confirmed that the fluorene-based chromophore had potential for use as 

a light-harvesting antenna and electron-donor to trigger bond scission.  

2.2 Selection of the electron-acceptor 

The second stage of the design process required the identification of a suitable electron-acceptor. The 

critical factor for efficient PeT between donor and acceptor is negative Gibbs free energy ΔGET. The 
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energetic criterion however, was not the only condition that a useful caging platform had to meet. An 

applicable electron-acceptor would undergo faster than charge recombination, clean and efficient 

fragmentation upon electron transfer, leading to the deprotection and release of the molecule. 

Moreover, it was desirable to use such a combination of donor/acceptor that the fluorene dye would be 

the only absorbing species at wavelengths longer than 300 nm. Although this feature was not essential, 

it would allow the active role of the electron-donor to be demonstrated by its selective excitation. The 

initial candidates: phenacyl, pyridinium and o-nitrobenzyl platforms have been reported in the 

literature to undergo bond-scission upon one-electron reduction, as outlined in Section 1.8. The 

electrochemical behavior of pyridinium and phenacyl derivatives bearing protected carboxylic acids 

was initially investigated by Dr Philip Bennett.[109] These platforms have been revisited in the current 

systematic studies. 

Considering various connection of the release units with the dye, ester- and ether-substituted phenacyl 

and nitrobenzyl derivatives were investigated. Structures of model compounds selected to evaluate 

electrochemical and photophysical properties of chosen platforms are presented in Figure 24 and 

include: methyl 4-acetylbenzoate (Phen-COOMe), 4′-methoxyacetophenone (Phen-OMe),  

N-methylpyridinium salt (Pyr), methyl 4-nitrobenzoate (NB-COOMe) and 1-methoxy-4-nitrobenzene 

(NB-OMe). Model compounds did not bear any substituents that could undergo cleavage during 

electrochemical experiments. The electron acceptors used in this study are not uncaging groups by 

themselves, but they can be easily elaborated into uncaging groups.   

 

Figure 24. Structures of release platforms.  
 

2.2.1 The synthesis of model release units 

The phenacyl and nitrobenzene derivatives presented in Figure 24 were commercially available 

whereas Pyr was synthesized according to the route presented in Scheme 7. Pyridine was methylated 
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with methyl iodide to give an iodide salt 62 which in the next step was converted to 

hexafluorophosphate salt Pyr. The ion exchange was essential to ensure an absorption cut-off at 300 

nm because methyl pyridinium iodide exhibits a charge-transfer absorption band at ~350 nm. 

 

Scheme 7. Synthesis of Pyr. Reagents and conditions: i) MeI, THF, 20 °C, 3h, ii) H2O/NH4PF6, MeOH, 4 °C, 1h. 

 

2.2.2 Photophysical properties  

The photophysical properties of the model electron-acceptors were investigated in THF and their 

normalized absorption spectra are presented in Figure 25. All platforms exhibit absorption within 

ultraviolet region with maxima ranging from 248 nm to 306 nm and extinction coefficients between  

~ 5 000 - 25 000 M-1 cm-1 (Table 8). The most desirable properties are displayed by the pyridinium 

group with a sharp cut-off in absorption at 280 nm. Absorption spectra of o-nitrobenzyl and phenacyl 

platforms extend beyond 300 nm, and the use of lamp with a broad emission spectrum (300-400 nm) 

poses risk of initiating bond cleavage via direct excitation of these release units. Nevertheless, 

absorption above 300 nm is an issue only in one-photon photolysis. Overlap in absorption spectra is of 

negligible importance under two-photon excitation as the TPA cross-sections of the phenacyl, 

nitrobenzyl and pyridinium platforms are insignificant. 

 

Figure 25. Normalized absorption spectra of model electron-acceptors in THF.  
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Table 8. Photophysical and electrochemical properties of model electron-acceptors in THF. λabs, max – maxima of 
one-photon absorption, ɛ - molar extinction coefficients at λabs, max, ERED – reduction potential, ΔGET –Gibbs 
free energy calculated for the forward electron transfer from BEF-OH to each caging platform. 

Compound 

λ abs, max 

/ nm 

ε 

/ M-1 cm-1 

ERED
[a] 

/ V 

ΔGET
[b] 

 eV 

     

Phen-COOMe 248 21.9 ± 0.1 ×103 −2.18 −0.44 

Phen-OMe 266 23.1 ± 0.2 ×103 −2.92 +0.30 

Pyr 260 4.95 ± 0.05 ×103 −1.76 −0.86 

NB-COOMe 258 16.3 ± 0.4 ×103 −1.47 −1.15 

NB-OMe 306 13.7 ± 0.1 ×103 −1.82 −0.80 

[a] Reduction potentials were measured with use of cyclic voltammetry and square wave experiments; 
potentials are reported with reference to the Fc/Fc+ [b] ΔGET was calculated according to Equation 3. The 
Coulombic term has been neglected. Following values were used: EOX = 0.36 V, E00 in THF = 2.98 eV. 
 
 

2.2.3 Electrochemical properties  

The electrochemical properties of the model electron-acceptors were investigated by cyclic 

voltammetry and square wave experiments. All reduction potentials are collected in Table 8 and 

corresponding voltammograms are presented in Figures 26 and 27. The model compounds were 

studied in THF with 0.1 M Bu4NPF4 as supporting electrolyte, with ferrocene as internal reference.  

Single cathodic peaks were observed in the case of Pyr and Phen-OMe and were unambiguously 

attributed to an irreversible reduction (Fig. 26a, 26e respectively). The accurate value of the reduction 

potential was determined by square wave experiments and was found at −2.92 V for Phen-OMe and 

−1.78 V for Pyr vs Fc/Fc+ (Fig. 26b, 26f). Phen-COOMe underwent two quasi-reversible reductions, 

the first of which occurred at −2.18 V (Fig. 26g). NB-COOMe displayed similar behavior with its first 

reduction potential at −1.47 V (Fig. 27a-b). The quasi-reversible reduction of the ether derivative  

NB-OMe occurred at −1.82 V (Fig. 27c-d). Considering the irreversibility of the reduction process, 

Pyr and Phen-OMe seemed the most promising candidates to serve as uncaging platforms to facilitate 

efficient release process. 
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Figure 26. Determination of the electrochemical properties of model electron-acceptors; a, c, e – cyclic 
voltammograms, b, d, f - square-wave voltammograms. Measurements were carried out in THF with  
0.1 M Bu4NPF6 vs Fc/Fc+. The results show that the first reduction potentials of the investigated compounds are 
as follows: Phen-COOMe: −2.18 V, Phen-OMe: −2.92 V, Pyr: −1.76 V. Species obtained upon g) two-electron 
reduction of Phen-COOMe, h) one-electron reduction of Phen-OMe.[138] Adapted by permission of the PCCP 
Owner Societies. 
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Figure 27. Determination of the electrochemical properties of model electron-acceptors. Left column – cyclic 
voltammograms, right column - square-wave voltammograms. Measurements were carried out in THF with  
0.1 M Bu4NPF6 vs Fc/Fc+. The results show that the first reduction potentials of the investigated compounds are 
as follows: NB-COOMe: −1.47 V, NB-OMe: −1.82 V.[138] Adapted by permission of the PCCP Owner Societies. 

 

2.2.4 Thermodynamics of Electron Transfer  

The reduction potentials that were measured in the previous section were used to evaluate the 

possibility of electron transfer from BEF-OH to each of the studied acceptors. The driving force for 

PeT was calculated rather crudely, according to Equation 3, with omission of the Coulombic term (see 

later). Results are collated in Table 8. The phenacyl group displayed the poorest performance among 

all the families considered. The calculated Gibbs energy for electron transfer from BEF-OH to  

Phen-OMe was positive (+0.30 eV), rendering the process unfavourable, whereas the driving force for 

the reduction of Phen-COOMe was only ΔGET = −0.44 eV. From the thermodynamic perspective, 

NB-COOMe was the most promising candidate with ΔGET = −1.15 eV. However, as discussed in 

Section 2.2.2, it was expected that a fraction of caged carboxylic acid would be released upon direct 

excitation of o-nitrobenzyl. On the other hand, the pyridinium group Pyr appeared a much better 
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candidate for the designed system. Not only does it have a sufficiently negative ΔGET (−0.86 eV) but 

due to the cut-off in absorption at 280 nm, uncaging with Pyr was expected to proceed exclusively by 

an electron transfer mechanism.  

Owing to the multiple conformations of the final probe (Fig. 13b) and the resulting variation in 

distance between the donor and acceptor moieties, the Coulombic term was neglected in the previous 

calculations. To evaluate the contribution of the electrostatic attraction between components of the 

probe to the Gibbs free energy for photoinduced electron transfer, ΔGET for Phen-COOMe and  

NB-COOMe derivatives was calculated for the model structures presented in Figure 28. The  

electron-donor and electron-acceptor were separated by C-3 alkyl chain linker and the distance 

between separated charges a was estimated as a center-to-center distance between the fluorene unit 

and release platform. To simplify the calculations, model compounds were used, bearing methyl 

substituents on the aniline nitrogen atoms and acetic acid esters on the release platforms. Molecular 

mechanics simulations and distance measurements were performed in HyperChem 8 using the MM+ 

forcefield. The distance measured between donor and acceptor was 8.7 Å for NB-COMe and 9.5 Å for  

Phen-COOMe. Thus the term w(DA) was estimated to be −0.22 eV for NB-COOMe and −0.20 eV 

for Phen-COOMe. This value of the Coulombic term is an approximation, as the distance between the 

donor and acceptor varies across possible conformations and introduces high uncertainty. 

 

 

              

  

Figure 28. Model structure for calculation of the distance between the fluorene and release units: left – 
NB-COOMe, right – Phen-COOMe. Centers of the fluorene-dye and release unit are represented by green balls. 
Simulations were performed by Dr Arjen Cnossen (Prof. Harry Anderson’s group, University of Oxford).[3] 

Published by The Royal Society of Chemistry. 
 

However, this term proved relatively significant. Although no simulations for the derivative of  

Phen-OMe were made, it was hypothesized that electrostatic attraction between oxidized donor and 

reduced acceptor would stabilize the system and be enough to make ΔGET negative. In the case of the 
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pyridinium-based systems, the Coulombic term is zero because electron transfer does not result in 

formation of a charge-separated state but only in the migration of a pre-existing charge. Nevertheless, 

these calculations provided a guide for the selection of matching components and construction of an 

efficient probe. Consideration of the electrostatic forces between the donor and acceptor unit did not 

change the overall observation that platforms with a high reduction potential show moderate ΔGET. 

In order to rationally design a protecting group operating via PeT it was desirable to evaluate 

efficiency of electron transfer in covalently linked donor-acceptor pairs (model dyads). Such systems 

presented more reliable models for the final protecting groups and could be experimentally evaluated.  

Efficient forward electron transfer was not the only issue that had to be considered. As highlighted in 

Section 1.7 (page 26), fast charge recombination is the main reaction that competes with uncaging in 

PeT-mediated release. Therefore, an investigation of a set of model dyads was started to help identify 

design features that slow down the rate of back electron transfer. Considering the values of ΔGET and 

trying to maintain structural diversity across models, three caging platforms were chosen for further 

studies: Pyr, NB-COOMe and Phen-COOMe. The following section reports on photophysical 

investigation of three dyads, consisting of the same electron-donor attached to three different  

electron-acceptors; BEF-Pyr, BEF-NB and BEF-Phen (Fig 29).  

 

Figure 29. Structures of the model dyads designed for the investigation of intramolecular PeT.  

2.3 Dyads - models to investigate the intramolecular electron transfer 

Three dyads, BEF-Pyr, BEF-Phen and BEF-NB, were prepared in order to gain an insight into the 

dynamics of intramolecular charge separation and charge recombination, both of which affect the yield 

of uncaging. An extended study of PeT in model compounds representing donor-acceptor units of the 

novel protecting groups was performed by Dr Adina Ciuciu and Prof. Lucia Flamigni (ISOF-CNR, 
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Bologna, Italy) and has been published.[138] The synthesis of BEF-NB was carried out by Wilfred 

Lewis, a summer student in Prof. Harry Anderson’s group. 

2.3.1 Synthesis of the dyads 

The synthetic strategy towards the model dyads was similar to the previous approaches. The divergent 

route started with readily available dialcohol 60 which was esterified with 4-acetoxybenzoic acid and 

4-nitrobenzoic acid to give functionalized cores 63 and 64, respectively. The preparation of 

pyridinium-decorated core 66 employed conversion of the dialcohol 60 into the dimesylate 65 

followed by reflux in pyridine. In the final sequence of the synthesis the Sonogashira cross-coupling of 

the functionalized cores with aniline unit 58 was applied. The last step of the synthesis proceeded 

quantitatively to give BEF-Pyr, BEF-Phen and BEF-NB. However, multiple attempts to isolate 

dyads and remove minor impurities (starting material 58 and the product of its homocoupling) from 

the samples resulted in a decrease of the overall yield to ~15%.  

 

Scheme 8. Synthesis of BEF-Pyr. Reagents and conditions: i) 4-acetoxybenzoic acid, EDC, DMAP, DCM, 20 °C, 2 
h, ii) 58, Pd(OAc)2, PPh3, CuI, DIPA, MeCN, 20 °C, 2 h, iii) 4-nitrobenzoic acid, EDC, DMAP, THF, MeCN, 20 °C, 16 
h, iv) 58, Pd(OAc)2, PPh3, CuI, DIPA, MeCN, 20 °C, 2 h, v) MsCl, Et3N, DCM, 0 °C → 20 °C, 1 h, vi) pyridine, 115 °C, 
16 h, vii) 58, Pd(OAc)2, PPh3, CuI, DIPA, MeCN, 20 °C, 2 h.[138] Adapted by permission of the PCCP Owner 
Societies. 
 

2.3.2 Electrochemical properties of the model dyads 

The electrochemical behavior of the model dyads was investigated with cyclic voltammetry and 

square wave experiments (Table 9). All measurements were carried out in THF with 0.1 M Bu4NPF6 
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and potential values were reported with reference to ferrocene. Overall, oxidation and reduction 

potentials of the dyads differed by ± 0.02 V from the values determined for the models BEF-OH, Pyr, 

NB-COOMe, Phen-COOMe (Table 8). These deviations were accounted for by the experimental 

errors. Electrochemical data confirmed a weak electronic coupling between components in the ground 

state. 

Table 9. Electrochemical properties of model dyads. Measurements were conducted in THF with 0.1 M Bu4NPF6 
against Fc/Fc+.[138] Reproduced by permission of the PCCP Owner Societies. 

 

Compound ERED / V EOX / V 

 

BEF-Pyr 

 

−1.78 

 

0.38 

BEF-NB −1.51 0.37 

BEF-Phen −2.20 0.36 

 

2.3.3 Photophysical properties of the model dyads 

Photophysical studies carried out by Dr A. Ciuciu and Prof. L. Flamigni aided construction of the 

energy level diagrams for BEF-Pyr, BEF-NB and BEF-Phen (Fig. 31). The characterization of the 

excited species was possible due to the comparative investigation of separated components of each 

dyad, i.e. BEF-OH, Pyr, NB-COOMe, Phen-COOMe. All measurements were carried out in 

methanol (MeOH), which mimics physiological conditions, and toluene, a non-polar solvent. 

Absorption and emission spectra 

The absorption spectra of the dyads maintain characteristic features of the constituent parts  

(Fig. 30a-c) and imply that donor and acceptor molecules do not interact with each other in the ground 

state. The strong emission of the fluorene dye in the dyads was reduced to below 1% in MeOH and to 

8%-0.5% in toluene, compared to the quantum yield of parent BEF-OH (original quantum yields are 

presented in Table 10). Since FRET from the excited dye to any of the acceptors was not possible 

(absorption spectra of electron-acceptors do not overlap with the emission spectrum of BEF-OH), the 

reduced fluorescence indicated occurrence of PeT.  
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Figure 30. a-c: Absorption spectra of dyads overlaid with spectra of their constituent units (multiplied as 
indicated). Recorded in MeOH; d: Fluorescence spectra of the model BEF-OH and model dyads (multiplied as 
indicated). Excitation wavelength: 350 nm. Spectra were recorded by Dr Adina Ciuciu from ISOF-CNR, Bologna, 
Italy.[138] Reproduced by permission of the PCCP Owner Societies. 
 

2.3.4 Photoinduced electron transfer 

The dyads and models representing their constituent parts have been characterized. Time-resolved 

fluorescence, detection of phosphorescence and transient absorption experiments allowed excited 

states to be identified and their lifetimes to be measured. Precise determination of several values was 

not possible due to the limits of instrumental resolution or uncertainty introduced by estimation of 

Coulombic term. Therefore, the following discussion of the photoinduced process is limited to a 

qualitative comparison between dyads.  

The energy levels of the excited states were determined by luminescence experiments at 77 K. The 

energy of the singlet state of the fluorene dye in the dyads is ~ 2.90 eV in toluene and MeOH and the 

triplet state energy is ~ 2.13 eV. The energies of the charge-separated states, ECS, were derived from 

the electrochemical measurements (Table 9, 10) by the addition of the energy required to oxidize the 
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donor and reduce the acceptor (ECS = EOX − ERED). The oxidation and reduction potentials were 

determined in THF and no corrections were introduced in the estimation of the energy levels of 

charge-separated states in MeOH. This led to the energy levels of 2.16 eV for BEF-Pyr, 1.88 eV for 

BEF-NB and 2.56 eV for BEF-Phen. It is known that corrections calculated with the Weller equation 

overestimate the energy of ion pairs in non-polar solvents.[139] Therefore, the energies of the charge-

separated states in toluene were approximated by adding 0.3 eV, which is the typical value of the 

nuclear reorganization energy for organic molecules with π-systems in toluene.[140] As a result, the 

following energies were obtained in toluene: 2.46 eV for BEF-Pyr, 2.18 eV for BEF-NB and 2.86 eV 

for BEF-Phen (Fig. 31). 

Table 10. Photophysical properties of the model BEF-OH and dyads measured in MeOH and toluene. Values 
were determined at room temperature unless stated otherwise. ϕf − fluorescence quantum yield, ES1 − energy 
of the relaxed excited state, ET1 − energy of triplet state, ECS − energy of charge-separated state, ΔGET − 

Gibbs free energy of forward electron transfer, kET − rate of the forward electron transfer, ΔGBET − Gibbs free 
energy of back electron transfer, kBET − rate of the charge recombination.  

 BEF-OH BEF-Pyr BEF-NB BEF-Phen 

 MeOH Toluene MeOH Toluene MeOH Toluene MeOH Toluene 

ϕf [a]  0.48 0.52 0.001 0.003 0.001 0.002 0.003 0.04 

ES1
[b] /eV 2.89 2.94 2.86 2.90 2.88 2.90 2.91 2.91 

ET1
[b]  /eV 2.26 2.43 2.16 2.16 − 2.17 − 2.18 

ECS /eV − − 2.16 2.46 1.88 2.18 2.56 2.86 

ΔGET
[c]  /eV − − −0.70 −0.44 −1.0 −0.72 −0.35 −0.05 

kET /s-1 − − 6.6×1010 4.0×1010 5.5×1010 5.0×1010 2.2×1010 1.4×1010 

1.5×109 

ΔGBET /eV − − −2.16 −2.46 −1.88 −2.18 −2.56 −2.86 

kBET /s-1 − − 3.3×1010 4.0×109 3.3×1010 5.5×109 1.6×1010 6.2×108 

[a] Fluorescence quantum yield was determined against quinine sulfate in 0.5 M H2SO4, [b] Data from 
measurements at 77 K, [c] The values of calculated ΔGET differ from these presented in Table 8. This 
inconsistency stems from the deviations in the measured red-ox potentials in the model compounds and dyads 
and E00 (here, ES1) for BEF-OH. Data were collected by Dr Adina Ciuciu from ISOF-CNR, Bologna, Italy.[138] 

Adapted by permission of the PCCP Owner Societies. 
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Figure 31. Schematic energy-level diagrams of BEF-Phen, BEF-Pyr and BEF-NB in a) MeOH and b) in toluene. 
Based on the data collected by Dr Adina Ciuciu from ISOF-CNR, Bologna, Italy.[138] Adapted by permission of the 
PCCP Owner Societies. 
 

Time-resolved fluorescence experiments allowed the lifetime of the singlet excited states to be 

determined and Equation 7 was applied to calculate the rate of charge separation, kET.  

𝑘𝐸𝑇 =
1

𝜏
−

1

𝜏0
  (7) 

Equation 7. The rate constant of PeT, kET, expressed as the relation between the lifetime of the excited donor in 
the model τ0 and excited donor incorporated into the dyad τ.  
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From a formal point of view, in the case of BEF-Pyr, charge relocation rather than charge separation 

was observed. However, to focus on comparison of the dyads in the current discussion, the term 

“charge separation” and “charge recombination” will be used with respect to BEF-Pyr as well. In 

MeOH, PeT occured at rates 6.6 ×1010 s-1 for BEF-Pyr, 5.5×1010 s-1 for BEF-NB and 2.2×1010 s-1 for 

BEF-Phen and was driven by the Gibbs free energy (ΔGET = EOX −ERED – E00) of −0.70 eV, −1.0 eV 

and −0.35 eV for BEF-Pyr, BEF-NB and BEF-Phen, respectively. Charge separation was 

comparably fast in toluene, with kET (and ΔGET) determined to be as follows: 4.0×1010 s-1 (−0.44 eV) 

for BEF-Pyr, 5.0×1010 s-1 (−0.72 eV) for BEF-NB and 1.4×1010 s-1 and 1.5×109 s-1 (−0.05 eV) for two 

conformers of BEF-Phen. In both solvents the forward electron transfer occured in the Marcus normal 

region because the rate of the charge-sepration increased with the growing exergonicity (Fig. 32). 

BEF-Pyr and BEF-NB lie in the activationless area, as a change of ΔGET (−0.7 eV vs −1.0 eV in 

MeOH) had little impact on the rate constant of electron transfer (6.6×1010 s-1 vs 5.5×1010 s-1).  

  

Figure 32. The rates of the forward (blue) and back (red) electron transfer in the function of –ΔG. Squares - 
BEF-Phen, triangles – BEF-Pyr, circles – BEF-NB; a – data collected in MeOH, b – data collected in toluene.[138] 

Adapted by permission of the PCCP Owner Societies. 

 
Charge recombination rates, kBET, were established by transient absorption experiments. In MeOH, the 

determination of the lifetimes of BEF-Pyr and BEF-NB was limited by the instrumental resolution 

(30 ps) and the rates of charge recombination were estimated as 3.3×1010 s-1. The lifetime of  

BEF-Phen was measured as 60 ps to give kBET of 1.6×1010 s-1. Charge recombination was driven by 

following energetics: −2.16 eV for BEF–Pyr, −1.88 eV for BEF–NB and −2.56 eV for BEF–Phen. 

The relation between the driving force of the charge recombination and its rate constant suggested that 
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BET occurs in the Marucs inverted region in MeOH. Similar observations were made for 

measurements in toluene (Fig. 32). The rates of charge recombination (and ΔGBET) were determined to 

be as follows: 4.0×109 s-1 (−2.46 eV) for BEF-Pyr, 5.5×109 s-1 (−2.18 eV) for BEF-NB and  

6.2×108 s-1 (−2.86 eV) for BEF-Phen. The data show that BET proceeded nearly ten times slower in 

the apolar solvent than in the polar one. Interestingly, in contrast to BEF-Pyr and BEF-NB, charge 

recombination in BEF-Phen in toluene led to the triplet state. Decay of the excited state of the model 

BEF-OH to the triplet state was estimated to occur with ~48% efficiency. In the dyad, this level was 

populated more efficiently via the charge recombination pathway. 

2.4 Conclusions and outlook 

Photochemical characterization of the dyads allowed us to gain insight into electron transfer processes 

in the prototypes of the developed protecting groups. The electron transfer proceeded from the lowest 

excited state of the fluorene-dye and based on the fluorescence quenching in the dyads, the efficiency 

of PeT was close to unity. PeT occured with rate constants of the order of 1010 s-1 and lay in the 

Marcus normal region. In contrast, charge recombination took place in the Marcus inverted region. 

Unfortunately, in a polar solvent BET was of the same order of magnitude as PeT (kBET = 1010 s-1). 

These results were attributed to the flexibility of the bridge. Despite the electronic separation, donor 

and acceptor could come into close contact through space. This explanation was supported by the fact 

that in another phenacyl-based system with a less flexible bridge the lifetime of the charge-separated 

state was ~10-7 s (acetonitrile), in contrast to that measured in the current study 6.0×10-11 s 

(MeOH).[104] In the light of these data, the best performance in terms of suppressed BET was displayed 

by BEF-Phen, for which the lifetime of the charge-separated state was the longest in a polar solvent. 

Unfortunately, considering a lifetime of the charge-separated state of 60 ps and a C−O bond cleavage 

occurring at a timescale of 8 ns,[141] the uncaging quantum yield was estimated to be 1% at best. 

Despite these disappointing results, the dyads BEF-Pyr, BEF-Phen and BEF-NB were transformed 

into the respective protecting groups (Chapters 3-5). The aim of the further work was to investigate the 

advantages and limitations of the chosen design strategy.  . 
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Chapter 3 

__________________________________________________________________________________ 

o-Nitrobenzyl-derived protecting groups 
 

Consideration of the photophysical properties of model dyads led to the conclusion that, among the 

studied compounds, PeT is the fastest for the o-nitrobenzyl derived protecting group. But it was also 

found that charge recombination is comparably fast and therefore a low (below 1%) quantum yield of 

uncaging was expected. Regardless of the dynamics of the intramolecular electron transfer, it is worth 

noting that the o-nitrobenzyl group has never been demonstrated to liberate protected species via PeT 

mechanism. To enable a rapid evaluation of the release through PeT, bimolecular uncaging 

experiments were planned (Scheme 9). It was anticipated that photolysis of a solution containing a 

mixture of an electron-donor and electron-acceptor would verify whether o-nitrobenzyl is a suitable 

release unit for the current project. We aimed to address the question of PeT-mediated uncaging by 

means of a simple experiment that does not require sophisticated model compounds. For this purpose, 

release platforms, NB-OMe and NB-COOMe (Chapter 2, Fig. 24) were elaborated into protecting 

groups for carboxylic acids to give propanoates (67, 68) and acetates (70, 71, Scheme 10).  

Scheme 9. Schematic presentation of the bimolecular uncaging experiment in which a solution containing an 
electron-donor BEF-tBu and electron-acceptor 67 is irradiated. It was expected that light would be 
predominantly absorbed by BEF-tBu which would donate an electron to 67 and lead to the liberation of 
propionic acid. 
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3.1 Intermolecular uncaging experiments 

3.1.1. Synthesis of model protected carboxylic acids 

The synthesis of model caged propanoates and acetates for bimolecular uncaging experiments is 

shown in Scheme 10. The route towards protected esters 67 and 69 commenced with the acid 

catalyzed conversion of 3-methyl-4-nitrobenzoic acid into methyl ester 71 upon boiling in MeOH. 

Bromination of 71 with NBS in benzylic position gave inseparable mixture of 72, starting material 71 

and dibrominated products. The resulting material was directly used in the next step in which the 

bromine atom was displaced with propanoate and acetate to yield desired 67 and 69, respectively. The 

formation of ether derivatives 68 and 70 followed a three-step procedure, involving esterification of  

5-hydroxy-2-nitrobenzaldehyde with Me2SO4 and subsequent reduction of aldehyde 73 with NaBH4 in 

MeOH to give 74. Respective propanoate 68 and acetate 70 were obtained upon treatment of 74 with 

corresponding acyl chlorides in the presence of Et3N and DMAP. 

Scheme 10. Synthesis of the caged acetates and propanoates. Reagents and conditions: i) MeOH, H2SO4, reflux, 
16 h, ii) NBS, benzoyl peroxide, CCl4, reflux, 48 h, iii) NaOAc, DMF, 70 °C, 24 h, iv) propionic acid, K2CO3, DMF, 
NaI, 80 °C, 1 h, v) Me2SO4, EtOH, NaOH, H2O, 50 °C, 16 h, vi) NaBH4, MeOH, 0 °C → 20 °C, 1 h, vii) acetyl 
chloride, DMAP, Et3N, THF, 20 °C, 16 h, viii) propionyl chloride, Et3N, DCM, 20 °C, 1 h. 
 

3.1.2 Electrochemical properties 

Protected acetates 69 and 70 were used in electrochemical measurements to investigate the influence 

of additional substituents on the reduction potential of release units. Cyclic voltammetry and square 

wave experiments were carried out in THF with 0.1 M Bu4NPF6 against Fc/Fc+ as an internal 

reference. Both ether 70 and ester 69 displayed ERED almost identical to their precursors, NB-OMe and 
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NB-COOMe (page 49, Fig. 27), with −1.77 V for ether and −1.43 V for ester. Moreover, cyclic 

voltammetry provided evidence for reductive cleavage of acetates. In addition to peaks observed 

already for NB-OMe and NB-COOMe (Fig. 27), voltammograms presented in Figure 33a-b showed 

extra signals (pointed with arrows in dotted line traces). Importantly, these peaks appeared only if the 

potential was swept from more negative values than ERED of release units and scanning proceeded with 

the rates of 0.1-0.5 V/s. The observed peaks were assigned to products of uncaging which are reduced 

before they diffuse away from the electrode. In contrast, the discussed peaks did not appear if the rate 

of potential sweep was lower than 0.1 V/s or the return scan finished at the potential more negative 

than the ERED pointed with arrows (Fig. 33, solid lines).  

  

Figure 33. Voltammograms of a) ether 70 and b) ester 69 caged acetates recorded in THF with 0.1 M Bu4NPF6 
at the scan rate 0.1 V/s. The direction of scanning was towards the positive first vertex followed by the 
negative second vertex and back to the value of the starting potential. Solid lines present traces for which 
scanning began at potential value more negative than required for the reduction of the highligted peak. Dotted 
lines present traces for which scanning began at potential value more positive than required for the formation 
of the peak pointed with an arrow. The peak at ~ −0.5 V appeared only at the return cycyle suggesting that it is 
a reduced product of electrochemical uncaging. 
 

3.1.3 Photolysis experiments 

Bimolecular uncaging experiments (Scheme 9) were carried out to evaluate if PeT sensitised  

one-photon deprotection is feasible for the identified donor/acceptor pairs. In intermolecular uncaging 

experiments, a 1 : 1 mixture of model dye BEF-tBu and ester 69 (or ether 70) in THF was irradiated 

with a broad source of light (300-400 nm). The photolysis experiments were performed at 0.5 mM 

concentration of each component and the progress of deprotection was monitored by NMR. Control 

experiments involved irradiation of protected acids in the absence of the electron-donor. The fact that 
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the absorption of the o-nitrobenzyl platform overlapped with the emission of the irradiation lamp 

proved to be a severe barrier to interpret results. Liberation of propionic acid was observed in both 

uncaging and control samples and for this reason the active role of the electron-donor could not be 

proven. It is noteworthy that in a system where electron-donor and acceptor are separated, reactants 

need to form a diffusive encounter within a lifetime of the excited state of the donor.[80,142] Moreover, 

considering a random distribution of reactants at the time of excitation, the process becomes time and 

distance dependent. Therefore high concentrations of reaction partners are required to allow for the 

bimolecular reaction. The shortcomings of performing experiments at ~ mM concentration is that 

transmittance of a solution is equal to zero. Therefore irradiation resulted in direct absorption of light 

by the nitrobenzyl group and liberation of acid also in control samples. 

3.2 Intramolecular uncaging experiments 

One-photon bimolecular uncaging experiments highlighted the drawback of the o-nitrobenzyl for 

which absorption exceeds 300 nm and overlaps with the emission of irradiation lamp. At mM 

concentration the rate of uncaging depends only on the light intensity and the quantum yield, but not 

on the molar absorption coefficient. Therefore one could not take advantage of the fact that the 

extinction coefficient of a fluorene dye is ~10 times higher than for the release units at 300-320 nm. 

Under such conditions it was difficult to elucidate the mechanism of the cleavage and evaluate the 

utility of o-nitrobenzyl platform. A facile way to circumvent the problem of significant absorption of 

the caging platform is to perform photolysis at µM concentration of reactants. However, at this 

concentration the probability that the excited electron donor would collide with the caged acid is 

relatively low. Therefore it is necessary to tether the electron-donor to the release unit. Consequently, 

the choice of the model compound is dictated by the capacity of analytical methods used to monitor 

the progress of photolysis. L-Tryptophan (Trp) was selected as a model caged amino acid due to the 

presence of an indole chromophore that allows release to be quantified by HPLC, with UV detection. 

Importantly, absorption of tryptophan does not occur at λ > 300 nm and no FRET is possible from the 

excited BEF-OH (Fig. 34).  
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Figure 34. Absorption spectra (solid lines) of tryptophan and BEF-OH and normalized emission spectrum 
(dotted line) of BEF-OH in H2O. Excitation wavelength 366 nm. 
 

Given that the ester derivative, BEF-NB, has been already thoroughly investigated in Section 2.3 

(pages 52-58), the studies of o-nitrobenzyl family focused on the further exploration of the  

ester-linked protecting groups. Moreover, the maximum of absorption of the ester is shifted to shorter 

wavelengths than the ether and better separated from the fluorene absorption region (Fig. 25). 

Photolysis of BEF-NB-Trp was aimed to investigate whether the intramolecular electron transfer 

leads to the release of the protected species (tryptophan, Fig. 35). To compare the course of 

deprotection operating through PeT and direct excitation, a control experiment was planned in which 

NB-Trp would be used a model compound (Fig. 35). 

 

Figure 35. Schematic presentation of the uncaging experiments of BEF-NB-Trp and NB-Trp. Both experiments 
were conducted at the identical concentration of caged tryptophan and illumination conditions.  
 

3.2.1 Synthesis of caged compounds for intramolecular PeT  

The synthesis of BEF-NB-Trp and model NB-Trp is shown in Scheme 10.  
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Scheme 11. Scheme 11. Synthesis of BEF-NB-Trp and NB-Trp. Reagents and conditions: i) conc. H2SO4, H2O, 100 
°C, 24 h, ii) NaBH4, MeOH, 0 °C → 20 °C, 1 h, iii) Nα-Fmoc- L -tryptophan, EDC, DMAP, DCM, 20 °C, 2 h, iv) 
piperidine, MeCN, v) 75, EDC, DMAP, DCM, 20 °C, 2 h, vi) NaBH4, MeOH, 0 °C → 20 °C, vii) Fmoc-Trp-OH, EDC, 
DMAP, DCM, 20 °C, 48 h, viii) 58, Pd(OAc)2, PPh3, CuI, DIPA, DCM, 20 °C, 2 h, ix) piperidine, MeCN, 20 °C, 2 h, 
then purified with 0.1% TFA solvent system.[3] Published by The Royal Society of Chemistry. 
 

The route towards BEF-NB-Trp commenced with the acid-catalyzed hydrolysis of methy-3-formyl-

nitrobenzoate to give 75. Coupling of 75 with 60 in the presence of EDC and DMAP furnished a 

functionalized core 77 which was subsequently exposed to NaBH4 in MeOH to deliver alcohol 78. The 

preparation of 79 was achieved by treatment of 78 with Nα-Fmoc-L-tryptophan, EDC and DMAP. 

Substituted aniline 58 was coupled to 79 under usual Sonogashira conditions to yield in 80. The final 

step involved removal of the Fmoc protecting groups and purification with TFA-buffered solvent to 

give the trifluoroacetate salt of BEF-NB-Trp. The synthesis of model NB-Trp started from the 

reduction of methy-3-formyl-nitrobenzoate with NaBH4 to form an alcohol 76. Conversion of 76 into 

the tryptophan ester was achieved in two steps by coupling with Nα-Fmoc-L-tryptophan in the presence 

of DMAP and EDC followed by the removal of Fmoc groups upon treatment with piperidine. 



Karolina Korzycka         Chapter 3 
___________________________________________________________________________________________ 
 

__________________________________________________________________________________

65 

 

3.2.2 Photophysical properties 

The absorption spectra of BEF-NB-Trp and NB-Trp in H2O are shown in Figure 36. Each spectrum 

displays characteristic features of its constituents. The spectrum of BEF-NB-Trp is dominated by the 

fluorene-band in the range 300-450 nm whereas absorption of NB-Trp exceeds 300 nm. The rational 

of this comparison was to demonstrate the difference in extinction coefficients of absorbing species at 

300-400 nm. It was expected that upon irradiation with a broad source of light (300-400 nm, peak 350 

nm) tryptophan would be liberated from both samples, BEF-NB-Trp and NB-Trp. Considering 

absorption properties, the liberation of tryptophan from NB-Trp was anticipated to proceed with 

slower rate than in the case of BEF-NB-Trp.  

 
Figure 36. Absorption spectra of BEF-NB-Trp and NB-Trp (multiplied by two) in H2O at 20 °C. 
 

3.2.3 Photolysis experiments  

Photolysis of BEF-NB-Trp was tested in a range of solvents (5 µM concentration in H2O,  

NaHCO3-based artificial cerebrospinal fluid [NaHCO3-aCSF], MeCN, MeOH and THF) using a broad 

UV-A light source (300–400 nm; peak: 350 nm), but no release of tryptophan was observed. 

Photochemical decomposition of BEF-NB-Trp occurred, but it did not result in the formation of free 

tryptophan (Fig. 37a-c). The same outcome was observed when irradiation was carried out at 280 nm 

in an effort to selectively excite the o-nitrobenzyl unit in the BEF-NB-Trp. Analysis of the reaction 

mixture proved problematic as HPLC chromatograms did not reveal the formation of any other 

products of photolysis. Tryptophan was liberated cleanly in 75% yield only by the hydrolysis of BEF-

NB-Trp in the dark over 40 h (2 µM concentration in NaHCO3-based aCSF buffer, Fig 37d). The 
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irradiation of NB-Trp (the concentration of NB-Trp in the control experiments was doubled because 

each BEF-NB-Trp bears two caged units; 10 µM in H2O and phosphate-buffered saline [PBS] at pH 

7.4) consistently resulted in 35 ± 3% yield of liberated tryptophan suggesting that a competitive 

reaction also took place. Similarly to BEF-NB-Trp, no other peaks were observed by HPLC. Over the 

course of performed uncaging experiments, it became apparent that the excitation of the fluorene-dye 

in the system containing an o-nitrobenzyl unit leads to the degradation of the whole compound. Full 

consumption of BEF-NB-Trp (5 µM concentration) required only 30 min of irradiation, whereas 210 

min of photolysis were necessary to degrade NB-Trp (10 µM concentration). The mechanism of this 

reaction and the fate of the starting material remained unclear. The energy transfer from excited BEF-

OH to tryptophan has been ruled out since the emission spectrum of BEF-OH does not overlap with 

the absorption spectrum of tryptophan (Fig. 34). Also electron transfer from BEF-OH to tryptophan 

does not seem possible since both compounds undergo a facile oxidation rather than reduction.[143]  

 
Figure 37. HPLC chromatograms (Zorbax SB column, HPLC method 1, detection at 220 nm) of: a) BEF-NB-Trp  
(5 µM, H2O) before photolysis, after b) 15 min and c) 30 min of irradiation with 300-400 nm (350 nm peak); d) 
BEF-NB-Trp (2 µM, NaHCO3-aCSF) after 40h of hydrolysis in the dark, 75% of tryptophan was liberated, e) free 
tryptophan (4.8 µM, H2O). 

 

3. 2.4 Conclusions and outlook 

The observed results indicated that o-nitrobenzyl unit was not a suitable candidate for a release 

platform for PeT mediated uncaging. Therefore further exploration of this design has been abandoned 

and attention was turned to the investigation of the pyridinium unit. 
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Chapter 4 

__________________________________________________________________________________ 

Pyridinium-derived protecting groups 
 

The second design of the protecting group for PeT-mediated uncaging employed a combination of the 

fluorene dye as an electron-donor and pyridinium as an electron-acceptor. Data acquired for the model 

dyad BEF-Pyr (Chapter 2) suggested that in the polar solvent (MeOH) the forward electron transfer in 

this system was the fastest within the whole family of investigated compounds. The ratio between the 

rates of the forward (kET) and back and electron transfer (kBET) was 2.0 and was also the highest among 

prepared dyads. Therefore compound BEF-Pyr studied in Chapter 2 was converted into the protecting 

group by replacing the pyridinium group with 4-pyridinium methanol. The efficiency of this cage has 

been assessed by Dr Philip Bennett with the protected neurotransmitter GABA, BEF-Pyr-GABA, in a 

series of one-photon irradiation experiments (Fig. 38).[3,109]  

 

Figure 38. The structure of the caged neurotransmitter GABA, BEF-Pyr-GABA, which has been used to evaluate 
the uncaging properties of the pyridinium derived system and caged acetic acid, Pyr-OAc, used in the 
preliminary stability studies of pyridinium esters. Compounds were synthesized by Dr Philip Bennett. [3, 109] 
 

The high aqueous solubility of BEF-Pyr-GABA facilitated photolysis at mM concentration in D2O 

and allowed the progress of the reaction to be monitored by 1H NMR spectroscopy (Fig. 39). The 

developed protecting group has been demonstrated to release GABA upon one-photon irradiation 

(300-400 nm, 350 nm peak) in nearly quantitative chemical yield. Two GABA molecules were 

released from each molecule of BEF-Pyr-GABA, which showed that the BEF chromophore is able to 

undergo two cycles of photoreduction. 
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The quantum yield of uncaging ϕu was determined with ferric oxalate actinometry and by comparison 

with the commercially available DPNI-GABA, which has ϕu of 0.085.[54] It was found that the fast 

back electron transfer from the charge-shifted state results in an overall quantum efficiency of 

uncaging of ϕu = 0.009 ± 0.004. Nevertheless, due to the high value of the TPA cross section δa (1100 

GM at 700 nm), the calculated two-photon uncaging cross section for BEF-Pyr-GABA was δu = δaϕu 

= 10 ± 3 GM at 700 nm, which is comparable to the highest previously reported value of 11 GM for 

the 2-(o-nitrophenyl)propyl caged GABA.[67] 

 

  

Figure 39. Left: 1H NMR spectra from a representative uncaging experiment, which shows the disappearance of 
caged-GABA signals with a concurrent increase of a new set of multiplets later found to be free GABA (signals 
“a-c”). The decrease in intensity of signal “d” (5.29 ppm) is not shown; Right: The change in concentration of 
BEF-Pyr-GABA (black squares) and free GABA (red triangles) over time. Mono-exponential fitting curves were 
applied to the data (lines). Concentration of free GABA and BEF-Pyr-GABA were determined by integration of 
signal “c” and “d” respectively relative to t-butanol. The presence of free GABA was confirmed by doping an 
irradiated solution with an authentic sample, which resulted in no new signals and an increase in the intensity 
of the suspected GABA signals. Measurements were carried out by Dr Philip Bennett. Reproduced with 
permission from ref. 3. Published by The Royal Society of Chemistry. 
 

4.1 Evaluation of hydrolytic stability of BEF-Pyr-GABA 

The excellent photophysical properties of BEF-Pyr-GABA encouraged further examination of the 

probe under physiological conditions. For this reason, BEF-Pyr-GABA was handed over to the 

research group of Prof. Ole Paulsen (Department of Physiology, Development and Neuroscience, 

University of Cambridge) to test the performance of the probe under two-photon excitation in the 

proximity of cultured neurons. During the course of the initial studies with cells, it became apparent 
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that BEF-Pyr-GABA (0.06-0.2 mM concentration, in NaHCO3-aCSF buffer) undergoes rapid 

hydrolysis. The concentration of free GABA in freshly prepared and administered samples was high 

enough to evoke changes in the membrane potential even before the irradiation event. This instability 

appeared to render the probe unusable for further biological testing. Interestingly, a control experiment 

which was carried out in unbuffered D2O (90 min, 25 °C) did not reveal any hydrolysis of  

BEF-Pyr-GABA.[3] Moreover, stability studies of a model pyridinium caged acetate (Pyr-OAc, Fig. 

38) conducted by Dr Bennett in PBS-buffered D2O (pD 7.4, 48 h, 38 °C) did not account for the 

immediate hydrolysis of the GABA-pyridinium ester.[109] Finally, the contamination of the sample with 

free GABA was investigated and refuted. At this stage, the reasons for the instability during the 

biological tests remained unclear.  

Due to the limited availability of BEF-Pyr-GABA, attempts to rationalize the rapid hydrolysis of the 

probe started with the investigation of the model compound Pyr-GABA (Scheme 12). Pyr-GABA 

presents a constituent unit of the final structure and was easily prepared according to the route in 

Scheme 12. The synthesis utilized a three-step sequence, starting with the coupling of 4-

pyridinemethanol with Boc-GABA in the presence of EDC and DMAP to give 81.[109] Alkylation with 

methyl iodide yielded 82 which upon treatment with formic acid afforded desired Pyr-GABA.  

 

Scheme 12. Synthetic route towards the model compound Pyr-GABA. Conditions: i) Boc-GABA-OH, EDC, DMAP, 
THF, MeCN, 20 °C, 16 h, ii) MeI, MeOH, 60 °C, 16 h, iii) HCOOH, 20 °C, 3 h.  
 

The analytical method that was used to assess the stability of Pyr-GABA was dictated by the 

photophysical properties of the compound. Due to the high polarity of the caged GABA and the 

difficulties encountered with finding a suitable HPLC method, the progress of the hydrolysis reaction 

was monitored by 1H NMR. The model (~1 mM concentration, in PBS-buffered D2O, pD 7.4) proved 

surprisingly stable, with only 15% of material hydrolyzed over 9.5 h at 25 °C (Fig. 40a). Results of 

this experiment did not reflect the behavior of BEF-Pyr-GABA at the same pH in aCSF-buffer. This 
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finding suggested that the stability of GABA esters is sensitive to pH and to the composition of the 

buffer.  

  

Figure 40. a) The stability studies of Pyr-GABA (~1 mM in PBS-buffered D2O, pH 7.4) monitored by 1H NMR.  
Pyr-GABA and free GABA were quantified upon integration of signals corresponding to NH3-CH2- relative to the 
D2O peak; b) Stability of BEF-Pyr-GABA at varying pH (2 µM, pH 3.0, 5.0 - sodium citrate/citric acid buffer (black 
and red, respectively), pH 7.4 - PBS buffer (blue), NaHCO3-aCSF buffer (pink), pH 9.2 - sodium 
carbonate/sodium bicarbonate (green)). Changes in concentration of BEF-Pyr-GABA were determined by HPLC 
with respect to the integration of the starting material at time = 0 min, with detection at 220 nm.  
Mono-exponential fitting curves were applied to the data. All experiments were carried out at 20-25°C.  
 

To verify this hypothesis, BEF-Pyr-GABA was scrutinized in a set of experiments performed in 

aqueous buffers at pH 3.0 – 9.2 (Fig. 40b) and monitored by HPLC. It was not possible to follow 

hydrolysis in these buffers by 1H NMR spectroscopy due to the high concentration of inorganic salts 

and carboxylic acids in prepared solutions (see Chapter 7, Section 7.5 for the composition of buffers). 

Unfortunately, the HPLC method of monitoring this reaction was limited to the observation of the 

decrease in starting material. Since GABA lacks a chromophore to absorb ultraviolet light, the release 

of this aminoacid could not be quantified. For this reason, hydrolysis of BEF-Pyr-GABA could not be 

distinguished from other decomposition processes. As expected, results showed that the hydrolysis of 

BEF-Pyr-GABA was very fast at basic pH and slow under acidic conditions. Interestingly, the rate of 

the depletion of the compound at pH 5.0 was slower than at pH 3.0. The reasons for this divergent 

result were not investigated at this stage (see page 77). Most importantly, depending on the buffer 

content, a staggering disparity in the stability of BEF-Pyr-GABA was observed at pH 7.4.  

The half-life in PBS buffer (2 µM concentration) was 10 h, whereas in NaHCO3-aCSF it was reduced 

to 2.5 h. In a separate series of experiments, an extensive set of troubleshooting tests was carried out. 
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The preparation of eight versions of aCSF-buffer (each missing a single component) allowed HCO3
-
 to 

be identified as the detrimental component of the mixture. Therefore NaHCO3 was replaced with 

HEPES [4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid], which is an alternative component of 

standard buffers used in neuroscience. The stability of BEF-Pyr-GABA (20 µM concentration) in an 

array of buffers at pH 7.4 is shown in Figure 41. Under these conditions, the half-life of  

BEF-Pyr-GABA was found to be ca. 15 h in PBS-buffer and 1.5 h in NaHCO3-aCSF. In contrast, the 

half-life of the probe was extended to ca. 50 h HEPES-aCSF. 

 

Figure 41. Stability of BEF-Pyr-GABA (20 µM) in aqueous buffers at pH 7.4 at 20 °C; HEPES-aCSF (black), 
NaHCO3-based aCSF (red), PBS (blue). Changes in concentration of BEF-Pyr-GABA were determined by HPLC 
with respect to the integration of the starting material at time = 0 min, with detection at 220 nm.  
Mono-exponential fitting curves were applied to the data. The half-lives of the probe (PBS – 15 h, NaHCO3-acSF 
– 1.5 h, HEPES-acSF – 50 h) were estimated by extrapolation of the fitting curves. Reproduced with permission 
from ref. 3. Published by The Royal Society of Chemistry. 
 

These observations highlighted the necessity of evaluating the stability of caged compounds under 

conditions identical to those of the final target application. The mechanism by which bicarbonate 

catalyzes this hydrolysis reaction was not investigated, but the hydrolysis of α-amino acid esters under 

similar conditions has been attributed to a CO2-mediated carbamate formation and intramolecular 

cyclization (Fig. 42).[144,145] The low hydrolytic stability of GABA-pyridinium esters in standard 

NaHCO3-aCSF buffer posed a limitation for the use of these compounds under strictly physiological 

conditions that would need to be addressed in future molecular designs. Nevertheless, HEPES-aCSF 

was applied in the preliminary uncaging experiments in patch-clamped neurons, as outlined in the 

following section.  
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Figure 42. Proposed mechanism of hydrolysis of BEF-Pyr-GABA in the presence of CO2.  

4.2 Two-photon uncaging of BEF-Pyr-GABA 

The preliminary experiments described in this section were carried out by Dr Yu Zhang in Prof. Ole 

Paulsen's laboratory at the University of Cambridge. The release of GABA from BEF-Pyr-GABA 

(0.01-2 mM in HEPES-aCSF) was tested in the proximity of cultured rat cortical neurons upon 

two-photon excitation at 720 nm (300 fs, Ti:sapphire laser; 2–5 ms duration, 5 mW). Whole-cell 

patch-clamp recordings were used to monitor changes in the membrane potential and cells were 

imaged under two-photon excitation upon filling with Alexa-594 (20 µM) at 800 nm. The scope of this 

experiment was limited due to the small amounts of BEF-Pyr-GABA that were available at the time.  

 

 
 

Figure 43. Two-photon uncaging of BEF-Pyr-GABA in cultured rat cortical neurons. a) Two-photon fluorescence 
image of the patch-clamped rat cortical neuron filled with Alexa-594 (20 µM, 800 nm). Cells were irradiated 
above the soma (indicated by a green circle) and BEF-Pyr-GABA (2 mM) was administrated locally by puffing 
with a second patch pipette (red lines). b) Average of 10 current traces recorded for the cell after the 
photolysis of BEF-Pyr-GABA at 720 nm, 2-5 ms, 5 mW (Ti:sapphire laser, 300 fs). All experiments were carried 
out at 20-25°C. Recorded by Dr Yu Zhang from Prof. Ole Paulsen’s group (University of Cambridge). 
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In the presence of BEF-Pyr-GABA, two-photon irradiation of the neuron above the soma (indicated 

by the dashed green circle on Figure 43a) resulted in the repetitive light activation of the cell and 

generation of outward currents (Fig. 43b). The kinetics of the changes in membrane potential were 

consistent with activation of GABA-A receptors, indicating GABA release from BEF-Pyr-GABA. 

These initial experiments demonstrated two-photon sensitivity of the developed protecting group, 

however further experiments are needed to assess the performance of BEF-Pyr-GABA against 

commercially available probes, such as DPNI-GABA[54] or RuBi-GABA.[35]  

4.3 Demonstration of the PeT mechanism of deprotection  

The family of BEF-derived protecting groups has been designed to operate through an intramolecular 

electron transfer between the photoexcited electron-donor and an electron-acceptor to achieve efficient 

release of physiologically active compounds (Figure 44a). To prove that photo-cleavage of the new 

protecting group is sensitized by the absorption of the fluorene-based dye, rather than by direct 

excitation of the pyridinium unit, the efficiency of uncaging was investigated as a function of 

irradiation wavelength. Specifically for this purpose, caged tryptophan, BEF-Pyr-Trp was prepared 

(Fig 44b). This compound has a significant advantage over BEF-Pyr-GABA; changes in the 

concentration of the starting material and the liberated species (tryptophan) could be directly 

quantified at µM concentration by UV detection.   

 

Figure 44. a) Schematic representation of the mechanism of uncaging in the BEF-Pyr protecting group: i) light 
absorption generates a photosensitizer-based singlet state, which is quenched by electron transfer to the 
release group, ii) the resulting charge-shifted state decays by bond cleavage to liberate the physiologically 
active carboxylic acid; b) Structure of BEF-Pyr-Trp, a compound designed for the wavelength dependent 
uncaging experiments. Adapted with permission from ref. 3. Published by The Royal Society of Chemistry. 
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4.3.1 Synthesis of BEF-Pyr-Trp 

The synthesis of BEF-Pyr-Trp exploited the strategy used in the preparation of BEF-NB-Trp 

(Section 3.2.1) and involved the decoration of the core with the release unit followed by the extension 

of the chromophore (Scheme 13).   

 

Scheme 13. Synthetic route towards BEF-Pyr-Trp. Conditions: i) Nα-Boc-L-tryptophan, EDC, DMAP, MeCN, 20 °C, 
16 h, ii) 84, MeCN, 100 °C, 24 h, iii) 58, Pd(OAc)2, PPh3, CuI, DIPA, DCM, MeCN, 20 °C, 2 h, then purification in 
TFA-buffered solvent, iv) HCO2H, TIPS-H, 20 °C, 1 h, then purification in TFA-buffered solvent. Adapted with 
permission from ref. 3, Published by The Royal Society of Chemistry. 
 

The formation of functionalized core 83 involved substitution of the mesylate groups in the readily 

available 66 with picoline caged tryptophan 84 which was synthesized by coupling of 

4-pyridinemethanol with Nα-Boc-L-tryptophan in the presence of EDC and DMAP. The synthesis of 

the chromophore unit was accomplished by connecting 83 with the aniline unit 58 under Sonogashira 

reaction conditions. The resulting compound 85 was subjected to formic acid to remove the Boc 

groups, followed by the reverse-phase column chromatography in TFA-buffered solvent to yield  

BEF-Pyr-Trp as a TFA-salt. The low yield of the last step was attributed to the acid-catalyzed 

decomposition of the product during the purification. Use of non-buffered solvent system did not give 

desired purity of the product.  
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4.3.2 Stability studies of BEF-Pyr-Trp 

At the early stage of the studies on BEF-Pyr-Trp, the HPLC analysis revealed that the background 

(dark) hydrolysis occurred on a 1 h timescale and could therefore not be neglected during the 

photochemical cleavage experiments. To find optimal conditions for limited hydrolysis, the stability of 

BEF-Pyr-Trp was examined in aqueous media at pH 3.0-9.2 (Fig. 45). 

  

Figure 45. Stability of BEF-Pyr-Trp (2 µM, pH 3.0, 5.0 - sodium citrate/citric acid buffer (black and red, 
respectively), pH 7.4 - PBS buffer (blue), NaHCO3-aCSF buffer (pink), pH 9.2 - sodium carbonate/sodium 
bicarbonate (green)). Changes in concentration of a) free tryptophan were determined by HPLC with use of a 
calibration curve prepared for tryptophan (1.24-6.20 µM concentration) with detection at 220 nm Changes in 
concentration of b) BEF-Pyr-Trp were determined by HPLC relative to the integration of its corresponding peak 
at time = 0 min, with detection at 375 nm. Analyzed samples contained 7% of free tryptophan at time = 0 min 
Mono-exponential fitting curves were applied to the data. All experiments were carried out at 20-25°C. 
Reproduced with permission from ref. 3. Published by The Royal Society of Chemistry. 
 

This series of experiments showed that hydrolysis was suppressed at strongly acidic pH 3.0. However, 

under these conditions the percentage of released tryptophan (Fig. 45a) did not match the percentage 

of consumed BEF-Pyr-Trp at the corresponding time points. After 16 h, 90% of BEF-Pyr-Trp was 

consumed, whereas the concentration of tryptophan reached only 60%. This observation indicated that 

additional processes are leading to the depletion of BEF-Pyr-Trp. At acidic pH, hydrolysis may 

compete with another side reaction resulting in the degradation of the starting material without the 

release of tryptophan. The HPLC analysis did not reveal the formation of any other products and  

1H NMR measurements were not feasible because BEF-Pyr-Trp gave broad 1H NMR spectra at mM 

concentrations in D2O, presumably due to aggregation. In contrast to BEF-Pyr-GABA, the 

composition of the buffer at pH 7.4 was not relevant, and starting material was depleted with identical 
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rate constant in PBS and NaHCO3-aCSF-buffered solutions. The stability of BEF-Pyr-Trp was 

influenced only by the pH of the medium. 

In order to gain insight into the factors affecting the acid-catalyzed decomposition of BEF-Pyr-Trp, 

the stability of several related structural motifs was studied. Model compounds presented constituent 

units of BEF-Pyr-Trp and their structures are shown in Figure 46. The synthesis of BEF-OH and 

BEF-Pyr has been described in Chapter 2 (page 40 and 52) whereas the preparation of Bu-Pyr and 

Pyr-Trp was accomplished according to the Scheme 14. The methyl ester of tryptophan, MeO-Trp, 

was commercially available. 

 

Figure 46. Structures of model compounds used in the systematic stability studies of BEF-Pyr-Trp.  
 

 

Scheme 14. The synthetic routes towards model compounds Bu-Pyr and Pyr-Trp. Conditions: i) 1-iodobutane, 
MeOH, 55 °C, 16 h, ii) MeI, MeOH, 55 °C, 72 h, iii) TFA, THF, 20 °C, 1 h. Adapted with permission from ref. 3, 
Published by The Royal Society of Chemistry. 
 

The preparation of Bu-Pyr was completed in one-step by refluxing pyridine with 1-iodobutane. The 

synthesis of Pyr-Trp commenced with readily available tryptophan ester 84 which was N-alkylated 

with methyl iodide to give 86 and subsequently treated with TFA to remove the Boc group. 
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The stability of the abovementioned compounds was examined in aqueous buffers at pH 3.0-9.2, using 

HPLC to analyze the outcomes. The results showed that the BEF-chromophore underwent 

decomposition in acidic media but remained intact at physiologically relevant pH, as demonstrated for 

BEF-Pyr and BEF-OH (Fig. 47a-b). These observations were consistent with the results previously 

shown for BEF-Pyr-GABA in Figure 40b, in which the probe was depleted faster at pH 3.0 than at pH 

5.0. The products and the mechanism of this reaction have not been investigated at this point. The 

experiments that were carried out with model Bu-Pyr showed that the C−N bond joining the release 

unit and alkyl chain is resistant over the range of tested conditions (Fig. 47c).  

 

  

  

Figure 47. The stability studies of BEF-Pyr-Trp model compounds BEF-OH, BEF-Pyr and Bu-Pyr. Experiments 
were carried out at 20-25 °C, at a range of pH: 3.0-9.2 (pH 3.0, 5.0 - sodium citrate/citric acid buffer (black and 
red, respectively), pH 7.4 - PBS buffer (blue), NaHCO3-aCSF buffer (pink), pH 9.2 - sodium carbonate/sodium 
bicarbonate (green)). Samples concentrations were 1.5-20 µM. Changes in the concentration of the studied 
compounds were determined by HPLC with detection at 220 nm and 375 nm and were calculated relative to 
the integration of BEF-OH, BEF-Pyr and Bu-Pyr peaks at t = 0 min. Mono-exponential fitting curves were 
applied to the data.  
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Tryptophan was released quantitatively from Pyr-Trp upon hydrolysis at physiological and basic pH. 

This observation was confirmed by a 1H NMR study of Pyr-Trp (~1 mM concentration, in  

PBS-buffered D2O, pD 7.4, not shown), in which exclusive formation of free tryptophan was 

observed. However, under acidic conditions, the amount of Pyr-Trp that was consumed did not match 

the amount of liberated tryptophan (within 7 h 15% of starting material was consumed and only 4% of 

tryptophan released, Fig. 48a-b). In contrast, the methyl ester of tryptophan MeO-Trp did not 

hydrolyze at pH 3.0 and 5.0 (Fig. 48c-d). The reason for this discrepancy remained unclear since the 

HPLC analysis did not reveal the formation of any new peaks. Nevertheless, all further experiments 

were carried out at pH 3.0 due to the suppressed hydrolysis. 

  

  

Figure 48. Stability studies of BEF-Pyr-Trp model compounds Pyr-Trp and MeO-Trp. Experiments were carried 
out at 20-25 °C, at a range of pH: 3.0-9.2 (pH 3.0, 5.0 - sodium citrate/citric acid buffer (black and red, 
respectively), pH 7.4 - PBS buffer (blue), NaHCO3-aCSF buffer (pink), pH 9.2 - sodium carbonate/sodium 
bicarbonate (green)). Samples concentrations were 3-4 µM. Changes in the concentration of the studied 
compounds and free tryptophan were determined by HPLC with detection at 220 nm. Tryptophan was 
quantified according to the calibration curve prepared for free tryptophan (1.24-6.20 µM concentration), 
whereas changes of concentration of Pyr-Trp and MeO-Trp were calculated relative to the integration of their 
corresponding peaks at t = 0 min. Mono-exponential fitting curves were applied to the data. 
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4.3.3 Uncaging quantum yield of BEF-Pyr-Trp 

The absorption spectra of BEF-Pyr-Trp and its respective constituents Pyr (Fig. 24), tryptophan and 

BEF-OH in H2O and THF, are shown in Figure 49. A close examination of the spectra show that 

BEF-Pyr-Trp can be selectively excited at the chromophore unit with 300-400 nm irradiation 

wavelength. This distinctive separation of the fluorene absorption band, together with a high 

difference in its intensity, compared to the bands of the other monomer subunits, made BEF-Pyr-Trp 

particularly useful in attempts to demonstrate PeT-mediated uncaging mechanism.  

 

Figure 49. Absorption spectrum of BEF-Pyr-Trp (in H2O) overlaid with the spectra of its constituent building 
blocks: BEF-OH, tryptophan (in H2O) and Pyr (in THF). The absorption spectra of Pyr and tryptophan were 
doubled as each BEF-Pyr-Trp molecule bears two equivalents of these species. Spectra were recorded at 20 °C.  
 

The uncaging properties of BEF-Pyr-Trp were evaluated in a series of one-photon irradiation 

experiments, the progress of which was monitored by HPLC. All samples were photolyzed in 

solutions at pH 3.0. When irradiation was performed with a powerful source of light, such as a 

Rayonet RMR-600 (300–400 nm, 350 nm peak, photon flux: 1.89 ± 0.04×1016 photons s–1), the 

complete photolysis of BEF-Pyr-Trp (< 10 µM concentration) proceeded rapidly (< 2 min) and with 

high chemical yields (83 ± 2%). No photochemically-generated byproducts were detected.  

The quantum yield of uncaging for BEF-Pyr-Trp was determined under moderate illumination 

conditions (using a fluorimeter) to allow for a gradual photo-cleavage. A solution of BEF-Pyr-Trp 

(1.5 µM, pH 3.0) was irradiated at 360 ± 5 nm and photorelease of tryptophan was quantified by 

HPLC. Due to the previously described stability issues, it was not possible to obtain a tryptophan-free 

sample and all freshly prepared solutions contained on average 7.0 ± 0.5% of free tryptophan (relative 
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to the maximum expected value). Moreover, within 3800 s, the tryptophan concentration rose to 14.5 

± 1.0% in control samples stored in the dark. For this reason, a special protocol was designed to take 

account of competing background hydrolysis and acid-catalyzed decomposition of BEF-Pyr-Trp.  

The concentration of tryptophan liberated exclusively upon uncaging (net tryptophan) was obtained by 

subtracting the concentration reached in control samples from the photolysis experiments (Fig. 50b). 

  

Figure 50. a) HPLC chromatograms (Eclipse XDB column, HPLC method 2, detection at 220 nm) of i) BEF-Pyr-Trp 
(1.77 µM, sodium citrate/citric acid buffer, pH 3.0) before photolysis, after ii) 10 min of irradiation with 300-
400 nm (350 nm peak); photolysis resulted in 80% yield of uncaging (2.8 µM concentration of tryptophan)  
iii) free tryptophan (2.5 µM, H2O); b) The change in concentration of tryptophan upon photolysis of  
BEF-Pyr-Trp at pH 3.0 and at 360±5 nm (fluorimeter); red circles–photolyzed sample, blue squares–control 
samples stored in the dark, black triangles – net concentration of tryptophan released upon uncaging. The 
concentration of tryptophan was determined by HPLC according to the calibration curve prepared for free 
tryptophan (1.24-6.20 µM concentration). Figure 50b was reproduced with permission from ref. 3. Published by 
The Royal Society of Chemistry. 
 

The release of tryptophan followed first order reaction kinetics and the rate of uncaging was 

determined to be 9.3 ± 0.8 × 10–4 s–1. The photon flux of the fluorimeter at 360 nm was measured with 

ferric oxalate actinometry and was 3.30 ± 0.5 × 1015 photons s–1 (Chapter 7, section 7.4.1).[146,147]  

The uncaging quantum field was calculated according to Equation 7 to give 0.0025 ± 0.0006.[148] 

Consequently, two-photon uncaging cross-section (δu = δa × ϕu; δa = 1000 GM at 720 nm for BEF-OH 

in H2O, Chapter 2, page 43) for BEF-Pyr-Trp at 720 nm was estimated as only δu 2.5 ± 0.6 GM.  

𝜙𝑢 =
𝑘𝑐𝑉𝑁𝐴

𝑓(1−10−𝐴)
  (7) 

Equation 7. Equation used in calculating one-photon uncaging quantum yield ϕu where 𝑘 -  
release rate constant under investigated illumination conditions, 𝑐 - concentration of the photolysed solution, 
𝑉- volume of the photolysed solution, 𝑁𝐴 – Avogadro number, 𝑓 - number of photons administrated by the 
source of light, 𝐴 - absorption of the irradiated solution at the photolysis wavelength.  
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It is known that the quantum yield of uncaging depends on the leaving group but the reasons for the 

nearly four-fold difference in ϕu between BEF-Pyr-Trp and BEF-Pyr-GABA (ϕu = 0.009) are 

unclear. This disparity might stem from the fact that BEF-Pyr-Trp is depleted by competitive 

reactions at pH 3.0. 

4.3.4. Wavelength-dependent uncaging 

The spectra shown in Figure 49 clearly demonstrate that irradiation at 300-400 nm results in excitation 

of the electron-donor unit. Therefore, the amount of released tryptophan should be proportional to the 

extinction coefficient of the fluorene dye, if photo-cleavage is exclusively PeT-mediated.  

To demonstrate that liberation of tryptophan results from the absorption of the fluorene-based dye, 

rather than by direct excitation of pyridinium unit, the efficiency of uncaging was evaluated for a set 

of irradiation wavelengths. For this purpose, solutions of BEF-Pyr-Trp (~1.5 µM, pH 3.0) were 

photolyzed at 340, 360, 380, 400 and 420 nm for 3800 s. The plot for an example uncaging experiment 

is presented in Figure 50b and the chemical yield of uncaging at each wavelength is given in Table 11. 

The extent of uncaging correlates closely with the absorption spectrum of the BEF chromophore, 

confirming the active role of the fluorene dye in uncaging and PeT mediated release of tryptophan 

from BEF-Pyr-Trp (Fig. 51).  

Table 11. The yield of uncaging obtained upon 3800 s of photolysis of 1.35–1.77 µM BEF-Pyr-Trp solutions in 
citric acid/ citrate buffer (pH 3.0).[3] Published by The Royal Society of Chemistry. 

 

Wavelength 

 

Tryptophan concentration 

− measured / µM 

 

Tryptophan concentration 

−expected[a] / µM 

 

Chemical yield of uncaging 

/ % 

340 1.58 3.00 52 

360 2.33 3.54 65 

380 2.15 2.40 89 

400 1.77 2.40 73 

420 1.3 3.54 36 

[a] – The expected concentration of tryptophan was calculated based on the measured absorbance of  
BEF-Pyr-Trp at 393 nm, with an extinction coefficient 90 000 M-1 cm-1 and 0.9 factor to correct for the purity of 
each sample. 
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Figure 51 Normalized absorption spectrum of BEF-Pyr-Trp in citric acid/sodium citrate buffer (pH 3.0) (black 
line) plotted with the extent of photolysis, expressed as the yield of released tryptophan upon 3800 s of 
irradiation of BEF-Pyr-Trp at 340–420 nm (blue circles). Reproduced with permission from ref. 3. Published by 
The Royal Society of Chemistry. 
 

4.4 Conclusions and outlook 

The pyridinium-derived protecting group has been demonstrated to release the neurotransmitter 

GABA and amino acid L-tryptophan upon irradiation with light at wavelengths 340–420 nm, in 

aqueous solution in nearly quantitative chemical yields. This group exhibits a highly efficient  

charge-transfer between the electron-donor and acceptor (~99%, based on the fluorescence quenching, 

Chapter 2, Section 2.3.3) but the fast back electron transfer from the charge-shifted state reduced the 

overall quantum efficiency of uncaging to around 1% in BEF-Pyr-GABA and 0.25% in  

BEF-Pyr-Trp. Consequently, when combined with the TPA cross-section, the two-photon uncaging 

cross-section of the BEF-Pyr protecting group was 10 ± 3 GM for GABA and 2.5 ± 0.6 GM for 

tryptophan. Wavelength-dependent uncaging experiments confirmed the electron-transfer mediated 

release of caged tryptophan with the efficiency of release proportional to the extinction coefficient of 

the fluorene dye within 340–420 nm. A key objective for future experiments will be to apply an 

electron donor–acceptor pair for which the back electron-transfer is suppressed, so that bond-scission 

becomes the main decay pathway. Another crucial point for future studies will be to identify a release 

unit with enhanced resistance to hydrolysis as the susceptibility of pyridinium esters to this 

decomposition pathway led to practical difficulties for uncaging studies in aqueous media. 
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Chapter 5 

__________________________________________________________________________________ 

Phenacyl-derived protecting group 
 

Data collected in Chapter 2 showed that from a thermodynamic point of view, PeT was the most 

favored for o-nitrobenzyl and pyridinium derived systems, with ΔG = −1.0 eV for BEF-NB and −0.70 

eV for BEF-Pyr (Table 10). Unfortunately, as demonstrated in Chapter 3 and 4, o-nitrobenzyl and 

pyridinium based protecting groups suffer from disadvantages typical for caging units: low quantum 

yield, hydrolytic susceptibility and the presence of side reactions. On the other hand, initial studies on 

the phenacyl group revealed that PeT could occur from the fluorene dye only to the ester-linked 

release unit with ΔG = −0.40 eV. Bimolecular uncaging studies previously performed by Dr Philip 

Bennett were inconclusive and results varied with the solvent used in the photolysis experiments.[109] 

Nevertheless, fluorescence of BEF-Phen was almost fully quenched indicating that efficient PeT took 

place (Chapter 2, Table 10).[138] 

Despite a low driving force for the electron transfer, several literature reports support the hypothesis 

that a phenacyl group could be used successfully as the release unit in a two-photon sensitive 

protecting group for biological applications. Firstly, phenacyl has been already applied in the 

liberation of glutamate from its p-hydroxyphenacyl ester in rat brain cortical slices and no hydrolytic 

instability was highlighted.[119] Secondly, it was reported that phenacyl released acetic acid 

quantitatively upon intramolecular electron transfer.[104] Therefore we decided to evaluate one-photon 

uncaging properties of the phenacyl derived system with a model caged tryptophan, BEF-Phen-Trp, 

and then test the performance of the developed platform under two-photon excitation conditions with 

GABA analogue BEF-Phen-GABA (Fig. 52).  
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Figure 52. Structures of compounds designed to evaluate uncaging properties of the BEF-Phen group: caged 
tryptophan (BEF-Phen-Trp) and GABA (BEF-Phen-GABA). 
 

5.1 Stability studies of model compounds 

5.1.1. Synthesis of model protected carboxylic acids 

Guided by the experience from the work on the pyridinium protecting group, studies on phenacyl 

derivatives began with the evaluation of hydrolytic stability of phenacyl esters. Tryptophan and 

GABA were selected as model carboxylic acids to be protected with a phenacyl group. Tryptophan 

was of particular interest due to its utility in HPLC monitored one-photon uncaging experiments 

(Chapter 4, Section 4.3.2) whilst GABA was chosen for its biological activity and applicability in the 

future two-photon liberation in the proximity of neurons (Chapter 4, Section 4.2). The structures of the 

model compounds designed for the stability studies are shown in Figure 53.  

 

Figure 53. Structures of the model caged phenacyl compounds for HPLC-monitored stability studies: tBu-Phen-
GABA and tBu-Phen-Trp. 
 

Syntheses of phenacyl esters reported in the literature employed conversion of α-brominated ketones 

into esters via SN2 bromide displacement.[118-120,149-151] Therefore the synthetic strategy towards target 

compounds tBu-Phen-GABA and tBu-Phen-Trp relied on a common intermediate 88, that permitted 

access to a variety of phenacyl derivatives (Scheme 15).  
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Scheme 15. i) di-tert-butyl-dicarbonate, DMAP, t-BuOH, 20 °C, 6 h, ii) Br2, CHCl3, 0 °C → 20 °C, 1 h, iii) Nα-Boc-L-
tryptophan, DBU, MeCN, 13 °→ C 20 °C, 16 h, iv) HCOOH, 20 °C, 6 h, v) 3-indolepropionic acid, DIPEA, MeCN, 20 
°C, 16 h, vi) HCOOH, 20 °C, 2 h, vii) Boc-GABA-OH, DBU, MeCN, 20 °C, 16 h, viii) HCOOH, 20 °C, 30 min.  

The two-step sequence towards 88 started from the protection of the carboxylic group of commercially 

available 4-acetylbenzoic acid by treatment with di-tert-butyl-dicarbonate and DMAP in t-BuOH. This 

reaction afforded ester 87, which was subsequently brominated with elemental bromine to furnish the 

desired α-halogenated ketone. Bromine displacement by Nα-Boc-L-tryptophan in the presence of DBU 

followed by the removal of Boc group by treatment with formic acid resulted in the formation of tBu-

Phen-Trp, as was confirmed by mass spectrometry of the crude reaction mixture. In solution (DMSO-

d6, D2O), tBu-Phen-Trp spontaneously cyclized to form 3,6-dihydro-2H-1,4-oxazin-2-one 90. The 

structure of compound 90 was elucidated using mass spectrometry and comparison of 13C NMR 

chemical shifts (δC) with those reported in the literature for 3,6-dihydro-2H-1,4-oxazin-2-one 

derivative.[152] The attack of the free amino group on the ketone group to form a 6-membered ring 

posed a limitation for protection of α−aminoacids. Similar observations have been reported for 

benzoin carbamates.[153] The issue of this intramolecular reaction was overcome by the use of an 

alternative structure, 3-indolepropionic acid (Ind), which possesses the indole chromophore but lacks 

the amino group. Through this approach, the absorption properties of tryptophan could be preserved 

whilst cyclization was avoided. The new model compound for HPLC-monitored uncaging,  

tBu-Phen-Ind was prepared from readily available common intermediate 88, which was treated with 

3-indolepropionic acid in the presence of DIPEA. Unfortunately, ester 91 resulting from the bromide 
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displacement proved insoluble in H2O even at concentrations lower than 10 µM. Therefore it was 

hydrolyzed using formic acid to give final model compound COOH-Phen-Ind, which was more 

soluble in water due to the presence of free carboxylic acid. 

The synthesis of the GABA analogue, tBu-Phen-GABA, was carried out according to the same  

two-step protocol, generating intermediate 92 upon bromide displacement from 88 with Boc-protected 

GABA followed by the treatment of 92 with formic acid.  

 

5.1.2 Stability studies of model phenacyl esters 

Model compounds COOH-Phen-Ind and tBu-Phen-GABA present building blocks of  

BEF-Phen-Ind and BEF-Phen-GABA. The hydrolytic stability of each model compound was studied 

to enable the identification of design flaws at an early stage. 

The stability of all model compounds was screened by HPLC in aqueous media at physiologically 

relevant pH 7.4, in PBS and NaHCO3-aCSF buffers (Fig. 54). It was found that COOH-Phen-Ind was 

more resistant to hydrolysis in PBS buffer (as was best quantified by the half-life, 18 h) than in 

NaHCO3-aCSF (8 h, 20 µM concentration of the caged compound). In contrast, the studies revealed 

that tBu-Phen-GABA was too unstable for practical application. Its half-life ranged between 1 h and 

2.5 h in NaHCO3-aCSF and PBS respectively (45 µM concentration). 

The analysis did not permit a direct comparison between GABA and Ind esters. First of all, 

experiments were carried out at different concentrations. Secondly, the phenacyl units bore different 

substituents; the deprotonated carboxylic acid in COOH-Phen-Ind might decrease the electrophilic 

nature of the carbonyl group and enhance its hydrolytic stability. Nevertheless, these studies 

highlighted limitations related to the choice of carboxylic acids: the α-aminoacid could not be 

protected with a phenacyl unit and the GABA ester proved susceptible to hydrolysis.  
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Figure 54. HPLC-monitored stability studies of phenacyl caged compounds a) tBu-Phen-GABA (45 µM) and b-c) 
COOH-Phen-Ind (20 µM) in aqueous buffers at pH 7.4: PBS and NaHCO3-aCSF. Depleted amount of  
COOH-Phen-Ind matches amount of released Ind, indicating that no other processes than hydrolysis take place 
under investigated conditions. Experiments were carried out at 20 °C. Data was fitted to mono-exponential 
decay curve. 
 

To investigate the role of the substituent born by the aromatic ring on the stability of GABA esters, 

three additional derivatives were prepared: OH-Phen-GABA,[119] OMe-Phen-GABA and  

COOH-Phen-GABA and their resistance to hydrolysis was compared with that of tBu-Phen-GABA.  

The synthesis of phenacyl caged GABAs is shown in Scheme 16. In the case of OMe-Phen-GABA 

and OH-Phen-GABA, commercially available α-bromoketones were converted to Boc-GABA esters 

93 and 94 respectively and the desired products were obtained upon Boc-deprotection under acidic 

conditions. COOH-Phen-GABA was obtained as a result of the prolonged (compared to the synthesis 

of tBu-Phen-GABA, when reaction had to be stopped after 30 min) exposure of 92 to formic acid. 

Unfortunately, this compound proved soluble only in acetic acid and was of no use in the following 

experiments.  
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Scheme 16. Synthesis of model phenacyl caged GABA for HPLC-monitored stability studies OH-Phen-GABA and 
OMe-Phen-GABA. Reagents and conditions: i) Boc-GABA-OH, DBU, MeCN, 20 °C, 16 h, ii) TFA, 20 °C, 16h, iii) 
Boc-GABA-OH, DBU, MeCN, 20 °C, 16 h, iv) HCOOH, 20 °C, 3 h, v) HCOOH, 20 °C, 16 h.  
 

The stability of OH-Phen-GABA and OMe-Phen-GABA at pH 7.4 was studied by HPLC (Fig. 55). 

The hydrolytic resistance at physiological pH decreased in the order OH-Phen-GABA >  

OMe-Phen-GABA > tBu-Phen-GABA. These results indicate that the susceptibility of GABA esters 

to hydrolysis was directly related to electron-donating nature of the substituent born by the aromatic 

ring. The rate of hydrolysis is the lowest for the analogue bearing the most powerful  

electron-donating group (hydroxyl, OH-Phen-GABA, half-life in NaHCO3-aCSF: 10 h, 75 µM 

concentration, Fig. 55). In contrast, the derivative with the electron-withdrawing group hydrolyzes 

rapidly (ester, tBu-Phen-GABA, half-life in NaHCO3-aCSF: 1 h, 45 µM concentration, Fig. 54a). It 

should be noted that all samples decomposed faster in NaHCO3-aCSF than in PBS buffered solutions 

which indicated that not only pH but as well the components of the buffer influenced the stability of 

GABA derivatives. A similar observation was already made for BEF-Pyr-GABA (Chapter 4, Section 

4.1). It was demonstrated that the presence of HCO3
- ions accelerated hydrolysis of BEF-Pyr-GABA 

and the use of HEPES-aCSF resulted in a longer half-life of the probe. In the case of  

OH-Phen-GABA, the replacement of HCO3
- with HEPES culminated in nearly complete suppression 

of hydrolysis (Fig. 55a). In the light of the current experiments it became evident that the  

HCO3
- -induced hydrolysis of GABA esters is not specific to pyridinium derivatives but is applicable 

to GABA esters in general.  
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Figure 55. Stability studies of phenacyl caged GABA. a) Stability of OH Phen-GABA (75 µM) and  
b) OMe-Phen-GABA (22 µM) in aqueous buffers at pH 7.4: PBS, NaHCO3-aCSF and HEPES-aCSF. Progress of the 
hydrolysis reaction was monitored by HPLC. Experiments were carried out at 20 °C. Data was fitted to mono-
exponential decay curve. 
 

The literature provides very few examples of successful caged compounds in which GABA was 

protected as an ester: CANBP, EANBP,[65] pHBP, pABP,[73] 3, DEAC450-GABA[69] (Fig. 56). None 

of these compounds was evaluated in NaHCO3-aCSF and available data only demonstrate their 

stability in PBS buffer Nevertheless, CANBP, EANBP, DEAC450-GABA and various analogues of  

OH-Phen-GABA[118,154] were successfully used in uncaging experiments carried out in brain slices in 

NaHCO3-aCSF solutions (Fig. 56). Therefore, to conclude how the stability of GABA esters in 

NaHCO3-aCSF varies with the structure of the caging platform, a thorough screen of available 

compounds should be carried out. 

 

Figure 56. Structures of caged GABA esters used in uncaging experiments in brain slices, in NaHCO3-aCSF.  
X = OC(O)CH2CH2CH2NH2. 
 

In conclusion, experiments conducted in this section identified 3-indolepropionic acid (Ind) as a 

suitable molecule for further studies on the intramolecular PeT mediated uncaging. For this reason, 

Ind was incorporated into the structure of two-photon sensitive system, as outlined in the Scheme 17. 
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In contrast, due to the rapid hydrolysis, GABA could not be used with a protecting group in which 

phenacyl and fluorene are connected through the ester bond. Despite the fact that an ether linker 

suppressed the rate of GABA release (as demonstrated for OMe-Phen-GABA), experiments carried 

out in Section 2.2.4 showed that PeT from fluorene to methoxy-substituted phenacyl (Phen-OMe) 

were not thermodynamically favored. Nevertheless, the abovementioned results did not take account 

of the Coulombic term and electrostatic interaction between charged components may result in 

negative ΔG for the electron transfer. However, due to the fact that ΔG is expected to be only slightly 

negative, the efficiency of the electron transfer between fluorene and methoxy-substituted phenacyl is 

expected to be at best as for the ester-linked BEF-Phen.  

5.2 Intramolecular uncaging experiments 

5.2.1 Synthesis of BEF-Phen-Ind 

The synthesis of BEF-Phen-Ind, a compound designed for intramolecular uncaging experiments, was 

accomplished according to the route in Scheme 17. The previously used modular approach was 

pursued, in which readily available 63 (Chapter 2, Section 2.3.1) was brominated to give 99 and 

subsequently functionalized with 3-indolepropionic acid to furnish 100. In the last step, the 

chromophore unit was extended by reacting fluorene derivative 100 with substituted aniline 58 to 

deliver the desired product. Sonogashira coupling proceeded quantitatively but mechanical losses 

during the purification step resulted in a low (7%) yield of BEF-Phen-Ind. 

 Scheme 17. Synthesis of BEF-Phen-Ind. Reagents and conditions: i) Br2, CHCl3, 0 °C → 20 °C, ii) 3-
indolepropionic acid, DBU, THF, 20 °C, 16 h, iii) 58, Pd(OAc)2, PPh3, CuI, DIPA, DCM, 20 °C, 3 h.[3] Published by 
The Royal Society of Chemistry. 



Karolina Korzycka         Chapter 5 
___________________________________________________________________________________________ 
 

__________________________________________________________________________________

91 

 

5.2.2 Spectral properties of BEF-Phen-Ind 

Absorption spectra of BEF-Phen-Ind and its constituent units COOH-Phen-Ind and Ind in H2O are 

presented in Figure 57. Previous studies revealed that electron-donor and electron-acceptor in 

covalently linked systems are electronically separated and each unit preserves their individual 

properties. Therefore the extinction coefficient of BEF-Phen-Ind was not determined experimentally 

but assumed to be the same as for BEF-tBu, ε385 = 9.0 ± 0.2 × 104 M-1 cm-1. It was expected that large 

errors would be introduced to the values determined experimentally for an oily compound like  

BEF-Phen-Ind (similarly to BEF-OH in Chapter 2, page 42). Figure 57 shows that the spectrum of 

BEF-Phen-Ind is dominated by the two-photon absorbing dye, which is the main component that 

absorbs at 350 nm. It is noteworthy that the phenacyl unit does absorb in this region as well, but its 

extinction coefficient is only 2% of that of the fluorene dye. It was anticipated that 3-indolepropionic 

acid released upon irradiation at 350 nm would result from PeT mediated uncaging if photolysis is 

conducted at ~10 µM concentration. At higher concentrations of components, absorption by phenacyl 

unit would result in uncaging regardless of the presence of the fluorene dye (see bimolecular uncaging 

studies on nitrobenzyl derivatives, Section 3.1.3, page 61). 

 

 

Figure 57. Absorption spectra of BEF-Phen-Ind overlaid with spectra of 3-indolepropionic acid  

(Ind, ε279= 5.0 × 103 M-1 cm-1) and COOH-Phen-Ind (ε256= 20.5 × 103 M-1 cm-1) in H2O. The absorption spectra of 
Ind and COOH-Phen-Ind were doubled as each BEF-Phen-Ind molecule bears two equivalents of these species. 
Spectra were recorded at 20 °C. 
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5.2.3 One-photon photolysis of BEF-Phen-Ind 

The uncaging of BEF-Phen-Ind (4.5-17 µM concentration in H2O) was evaluated by irradiation at 

300-400 nm (350 nm peak, Rayonet RMR-600) and subsequent HPLC analysis of the photolyzed 

samples. Initial one-photon photolysis experiments showed that uncaging of BEF-Phen-Ind 

proceeded significantly slower than that of BEF-Pyr-Trp (Chapter 4, Section 4.3.2). A solution of  

BEF-Phen-Ind (4.5 µM in H2O) required 12 min of irradiation, in contrast to BEF-Pyr-Trp (~10 µM 

in H2O) which was fully consumed in less than 2 min under the same illumination conditions. This 

discrepancy in the rates of photorelease could be accounted for by differences in Gibbs free energy of 

electron transfer ΔGET between the phenacyl and pyridinium systems. Studies of model dyads (Chapter 

2, Section 2.3.4) revealed that PeT occurred in the Marcus normal region and the slowest rate of PeT 

was displayed by phenacyl, the platform with the lowest ΔGET.  Initial uncaging experiments also 

showed that Ind was liberated with only 20 ± 1% chemical yield (Figure 58). The concentration of 

indole did not change upon prolonged irradiation (another 8 mins) which confirmed the photostability 

of the liberated product. These results indicated the presence of a competing reaction that led to the 

photoinitiated decomposition of BEF-Phen-Ind. Similar to the o-nitrobenzyl and pyridinium systems, 

HPLC analysis of photolyzed solutions did not reveal formation of any new peaks. For this reason, 1H 

NMR was employed to gain information about the fate of the probe. Unfortunately,  

BEF-Phen-Ind (~1 mM concentration) was not soluble in D2O even when 20% of DMSO-d6 (v/v) 

was added. No sign of uncaging was observed even after 5 h of irradiation of the sample in pure 

DMSO-d6. The plausible explanation for such photostability could be that either forward electron 

transfer is thermodynamically unfavorable in DMSO or the rate of the charge recombination is faster 

than the rate of PeT.  
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Figure 58. a) HPLC chromatograms (Eclipse XDB column, HPLC method 2, detection at 220 nm) of  
i) BEF-Phen-Ind (17 µM,H2O) before photolysis, ii) after 2100 s of irradiation at 300-400 nm (350 nm peak); 
photolysis resulted in 20% yield of uncaging (6.7 µM concentration of Ind), iii) free Ind (6.9 µM, H2O); b) The 
change in concentration of Ind and BEF-Phen-Ind upon photolysis at 300-400 nm (350 nm peak) in H2O; red 
circles–photolyzed BEF-Phen-Ind, black squares–Ind released upon uncaging. The concentration of Ind and 
BEF-Phen-Ind was determined by HPLC, by detection at 220 nm and 375 nm respectively. Concentration of Ind 
was measured according to the calibration curve prepared for free Ind (concentrations 1.4 – 20.7 µM), whereas 
changes of concentration of BEF-Phen-Ind were calculated relative to the integration of their corresponding 
peaks at t = 0 min. Data was fitted to mono-exponential decay curve. Figure 58b was adapted with permission 
from ref. 3. Published by The Royal Society of Chemistry. 
 

The one-photon uncaging quantum yield of BEF-Phen-Ind was determined using ferric oxalate 

actinometry.[146,147] The number of photons going into the reaction vessel (emission: 300-400 nm, peak 

350 nm) was determined as 1.89 ± 0.04 × 1016 photons s-1. A solution of BEF-Phen-Ind (17 µM, 

H2O) was irradiated for 2100 s and the progress of the reaction was monitored by HPLC (Fig. 58a). 

Control samples of BEF-Phen-Ind stored in the dark showed that within the experiment time the 

sample underwent insignificant hydrolysis which was neglected. Changes in the concentration of 

BEF-Phen-Ind and Ind during the photolysis are presented in Figure 58b. Upon irradiation, Ind was 

released consistently with 20% chemical yield. Monoexponential curves were fitted to the data which 

permitted determination of the release rate constant of Ind, kREL = 1.99 ± 0.08 × 10-3 M-1 s–1.  

The uncaging quantum yield was calculated according to Equation 7 (Chapter 4, page 80) to give  

ϕu = 0.0022 ± 0.0001. The two-photon uncaging cross-section δu was estimated as 2.4 ± 0.1 GM at 700 

nm (δu = δa × ϕu, δa = 1100 GM at 700 nm).  
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5.3 Conclusions and outlook 

In this chapter the uncaging properties of a BEF-Phen based protecting group have been assessed. 

Photophysical evaluation was carried out for BEF-Phen-Ind, which bore 3-indolepropionic acid as a 

caged molecule. In comparison with the BEF-Pyr derived protecting group described in Chapter 4, 

BEF-Phen displayed a poor performance. The limited scope of substrates that could be caged (due to 

the reactivity of the ketone group), the low chemical yield of photorelease (20%) and the susceptibility 

to hydrolysis under physiological conditions made ester linked phenacyl platforms unattractive release 

units. 
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Chapter 6 

__________________________________________________________________________________ 

Conclusions and outlook 
 

Caged compounds, which are comprised of physiologically important molecules modified with 

photolabile protecting groups, provide useful tools for elucidating complex cellular processes. The 

development of new probes meets the existing need for the extension of the toolbox that is used to 

utilize the full capacity of the two-photon uncaging. The primary goal of the project described in this 

thesis was to evaluate the possibility of developing protecting groups in which absorption and release 

steps are separated and could be optimized independently. Mechanistically, these novel cages were 

designed to liberate physiologically active compounds via PeT following simultaneous absorption of 

two photons at near-infrared wavelengths. 

6.1 Results  

The family of caged compounds investigated during this work possessed the same symmetric 

fluorene-based chromophore with a two-photon absorption cross-section of 1100 GM at 715 nm as an 

electron-donor and three different release platforms. Electron transfer was energetically favored for the 

following electron-acceptors: N-pyridinium (calculated energy of electron transfer: −0.86 eV), 

phenacyl (−0.44 eV) and p-nitrobenzene (−1.15 eV, Chapter 2). Properties of novel protecting groups 

were studied with use of their tryptophan and 3-indolepropanoic acid esters: BEF-Pyr-Trp,  

BEF-Phen-Ind, BEF-NB-Trp (Fig. 56). Tryptophan and 3-indolepropanoic acid were selected as 

model protected molecules due to their excellent photophysical properties (no absorption beyond 300 

nm, preventing energy transfer to the fluorene dye, ε = 5 700 M-1 cm-1 at 280 nm), allowing the release 

of acid to be quantified by HPLC. Additionally, N-pyridinium group was used to cage 

neurotransmitter GABA, BEF-Pyr-GABA.[109] 
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The performance of the compounds was evaluated in one-photon irradiation experiments and assessed 

against a set of key indicators, such as chemical yield of uncaging, quantum yield of uncaging ϕu and 

two-photon uncaging cross-section δu (Fig. 59).  

 

 

 

Figure 59. Structures and photophysical properties of a family of protecting groups developed to release caged 
species upon PeT. Photolysis conditions: BEF-Pyr-GABA: 1 mmol, D2O, 300-400 nm, 350 nm peak; BEF-Pyr-Trp: 
1.77 µM, sodium citrate/citric acid buffer, pH 3.0, 360 nm; BEF-Phen-Ind: 17 µM, H2O, 300-400 nm, 350 nm 
peak. Conditions of photolysis (buffered solution, pH, source of light and wavelength) were dictated by the 
stability of protected compounds, rate of uncaging and method employed to monitor progress of the reaction. 
The error bars represent standard error. 
 

Considering the abovementioned photophysical parameters, the N-pyridinium group displayed the best 

properties. GABA and tryptophan were liberated from their respective esters with >95% and 83 ± 2% 

chemical yield. Also, the quantum yield of uncaging was the highest within this series, with 
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0.009 ± 0.004 for BEF-Pyr-GABA and 0.0025 ± 0.0006 for BEF-Pyr-Trp. The product of the  

two-photon absorption cross-section δa and quantum yield ϕu gave the two-photon uncaging  

cross-section δu (δu = δa × ϕu) of 10 ± 3 GM at 700 nm for BEF-Pyr-GABA and 2.5 ± 0.6 GM at 720 

nm for BEF-Pyr-Trp. These values are within the order of magnitude required for experiments with 

cells.[48] One-photon photolysis of phenacyl-protected 3-indolepropionic acid (BEF-Phen-Ind) 

resulted in 20 ± 1% chemical yield and 0.0022 ± 0.0001 quantum yield of uncaging, corresponding to 

the two-photon uncaging cross-section of 2.4 ± 0.1 GM at 700 nm. The remaining 80% of starting 

material was consumed in a competitive photo-initiated reaction, the nature of which was not 

determined. No uncaging was observed upon irradiation of nitrobenzyl protected tryptophan,  

BEF-NB-Trp. Despite exploring a range of photolysis conditions, exposure to light was only 

deleterious to the starting material and no tryptophan was released. 

N-Pyridinium caged GABA not only performed better than other BEF-derived probes but it proved to 

be second best in comparison with other caged neurotransmitters reported in literature, with respect to 

the two-photon sensitivity (Fig. 60). Nevertheless, the value of the two-photon uncaging  

cross-section is only a fraction of the capacity that could be displayed with the currently pursued 

design strategy. The limiting factor for all BEF-derived protecting groups is the dominating back 

electron transfer. This deficiency is reflected in the quantum yield of uncaging which for BEF-probes 

(ϕu = 0.0022-0.009) falls short of the average value displayed by other cages (Fig. 60). 
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Figure 60. Comparison of BEF-Pyr-GABA with caged neurotransmitters reported in the literature. X= GABA or 
glutamate; uncaging quantum yield of oMNB-Glu, mMNB-Glu and 32-Glu was not determined; values of two-
photon uncaging cross section were estimated for: 4-Glu, 13-Glu and DEAC-450. Numbers in square brackets 
are literature references. 
 

6.2 Outlook 

The advantage of a modular design is that certain deficiencies of the probe can be addressed 

independently by altering the structures of respective building blocks. All BEF-derived protecting 

groups suffered from a fast back electron transfer. This obstacle could be overcome by replacing a 
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flexible linker with a rigid connection so that donor and acceptor units would not be able to come in 

physical contact.[109] Consequently, uncaging quantum yield and two-photon uncaging cross-section 

should increase.  

The pyridinium derivative proved the most promising candidate for further optimization. The 

analogues of BEF-Pyr group underwent clean photolysis, in contrast to their BEF-NB and BEF-Phen 

counterparts, which in addition to uncaging were depleted by light-induced side reactions. 

Unfortunately, the major drawback of BEF-Pyr esters was their hydrolytic instability. A facile way to 

circumvent this problem could be caging aminoacids as carbamates. The structure of corresponding 

protected GABA (BEF-Pyr-CONH-GABA) is shown in Figure 61. The release of various amines 

from their respective N-picolinium esters has been already demonstrated.[155] The only drawback of 

this strategy is that decarboxylation of the liberated carbamic acid occurs within a millisecond 

timescale and its rate depends on pH of the medium.[59,156] In comparison, the kinetics of activation of 

GABA-ergic receptors vary with their structural composition and concentration of GABA[157,158] but in 

general, inhibitory post synaptic currents are evoked within 0.5-5 ms and decay within tens to 

hundreds of milliseconds.[159] It means that release of amines from carbamates might be too slow for 

application in neuroscience.  

 

Figure 61. Alternative structures of protecting groups for PeT-mediated release of GABA: BEF-Pyr-CONH-GABA 
and BEF-Cmr-GABA.  
 

An alternative is to liberate amines via a direct C−N bond cleavage (BEF-Cmr-GABA, Fig. 61). 

Couraminylmethylamine has been reported to release primary and secondary amines upon C−N bond 

scission following intramolecular electron transfer between amine and coumarin units.[160] The 

reduction potential of 7-methoxycoumarin is −1.62 V vs NHE,[161] (−2.25 V vs Fc)[162], which is of the 

same order as for the phenacyl ester described in Chapter 5 (ERED of Phen-COOMe: −2.18 V vs Fc).  
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In conclusion, selection of suitable components to construct protecting groups operating via PeT is a 

challenging task. For the successful pair of donor and acceptor not only does the forward electron 

transfer occur in high yield but charge-separated state is long-lived enough to permit subsequent 

photochemistry. Importantly, the release unit has to undergo bond cleavage upon one-electron 

reduction. This criterion narrows the pool of existing caging groups that could be adopted in this 

design. Therefore, FRET-mediated release might provide more opportunities for sensitized 

deprotection. It is also desirable that absorption bands of all components are well separated to ensure 

selective excitation of building units. Lastly, the developed construct must not hydrolyze under 

physiological conditions.  

Despite all the complications, regarding multistep synthesis and strenuous efforts made to find an 

optimal structure, sensitized uncaging seems to offer access to protecting groups with unprecedentedly 

high two-photon sensitivity.  
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Chapter 7 
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Experimental procedures 
 

7.1 General methods 

All solvents and reagents were purchased from commercial suppliers (Fisher or Sigma-Aldrich). 

Anhydrous THF, DCM and MeCN were obtained by passing solvents through a column of activated 

alumina. Diisopropylamine (DIPA), triethylamine (Et3N) and piperidine were distilled from CaH2. All 

other reagents were used as supplied by commercial agents. Analytical thin layer chromatography TLC 

was carried out on Merck silica gel 60 F254 aluminum supported plates and visualized by absorption of 

UV light. Flash column chromatography was performed with VWR silica gel 60 applying pressure of 

N2. Size exclusion chromatography was carried out with use of Bio-rad Bio-beads S-X1. HPLC 

separation was conducted on an Agilent 1100 system equipped with a G1315B diode array detector, a 

G1311A quaternary pump and a G1316A fraction collector. Analytical HPLC was performed with 

C18 5 μm, 4.6 × 150 mm Eclipse XDB-C18 column (Agilent) and C18 5 μm, 2.1 × 50 mm Zorbax 

SB-C18 column (Agilent) using 1 mL min–1 flow and stepwise gradient at 40 °C. Semi-preparative 

purification was carried out with use of C8 5 μm, 9.4 × 250 mm Eclipse XDB-C8 column (Agilent) 

and 3 mL min–1 solvent flow. The chromatographic separations were monitored in the range 190–900 

nm. 

HPLC method 1: 

Time [min] H2O (0.1% TFA) [v/v, %] MeCN [v/v, %] 

0.00 95 5 

9.00 0 100 

11.00 0 100 

 

HPLC method 2 

Time [min] H2O (0.1% TFA) [v/v, %] MeCN [v/v, %] 

0.00 95 5 

9.00 0 100 

18.00 0 100 
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HPLC method 3:  

Time [min] H2O (0.1% TFA) [v/v, %] MeCN [v/v, %] 

0.00 50 50 

3.00 20 80 

5.00 0 100 

10.00 0 100 

10.01 50 50 

12.00 50 50 

 

HPLC method 4: 

Time [min] H2O (0.1% TFA) [v/v, %] MeCN [v/v, %] 

0.00 100 0 

20.00 0 100 

 

ESI measurements were performed operating in positive or negative mode on a Waters LCT Premier 

(LRMS) or Bruker µTOF (HRMS) from acetonitrile solutions. MALDI-ToF mass spectrometry was 

carried out using a Micromass MALDI micro MX spectrometer and following matrices: dithranol 

(1,8,9-anthracenetriol), DTCB (trans-2-[3-(4-tert-butylphenyl)-2-methyl-2-propenylidene]malononitrile), 

CHCA (α-cyano-4-hydroxycinnamic acid). ESI spectra for BEF-NB-Trp and BEF-Pyr-Trp were 

measured at the EPSRC National Mass Spectrometry service (Swansea) using the positive nano-

electrospray on the LTQ Orbitrap XL. 

NMR spectra were acquired at ambient temperature with Bruker instruments DPX200 (200 MHz), 

DPX250 (250 MHz), DPX400 (400 MHz), AV400 (400 MHz), DRX500 (500 MHz). Chemical shifts 

for the 1H-NMR and 13C spectra are reported with CDCl3 or DMSO-d6 as reference. Data are displayed 

as follows: chemical shift δ (ppm), multiplicity, integration and coupling constants J (Hz).  

7.2 Synthetic procedures 

2,7-Diiodofluorene (49)[163] 

 

This known compound was prepared according to the literature procedure.[163] To a solution of 

fluorene (2.0 g, 12 mmol ) in a mixture of acetic acid (32 mL), conc. H2SO4 (1 mL), H2O (6.5 mL) 
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was heated to 95 °C. After starting material dissolved the mixture was cooled to 80 °C and iodine (2.1 

g, 8.3 mmol) and periodic acid (0.92 g, 4.0 mmol) were added and stirred for 1 h. The precipitate was 

filtered, washed with saturated aqueous solution of NaHCO3, then H2O followed by the 

recrystallization from hexane. 2,7-Diiodofluorene was obtained in 60% yield (3.0 g, 7.23 mmol).  

1H NMR (400MHz, CDCl3): δ 3.84 (s, 2H), 7.50 (d, J=8.0 Hz, 2H), 7.70 (d, J=8.0 Hz, 2H), 7.88 (s, 

2H). Data were in agreement with those previously reported.[163] 

di-tert-Butyl 3,3'-(2,7-diiodo-9H-fluorene-9,9-diyl)dipropionate (50)[132] 

 

This known compound was prepared according to the literature procedure.[132] 2,7-Diiodofluorene (6.0 

g, 14.3 mmol) was dissolved in THF (300 mL) and a solution of TBAF (1.0 M in THF, 28.7 mL, 28.7 

mmol) was added. After 5 min of stirring, tert-butylacrylate (7.5 mL, 52.0 mmol) was added and 

mixture was stirred for 3 h at room temperature. The solvent was evaporated to dryness and desired 

compound was isolated using column chromatography. Petroleum ether – DCM in gradient 0-30% of 

DCM were used as eluents and 7.53 g (11.17 mmol, 77%) of 50 as yellow solid were obtained.  

1H NMR (400MHz, CDCl3): δ 1.30 (s, 18H), 1.44 (m, 4H), 2.27 (m, 4H), 7.40 (d, J=8 Hz, 2H), 7.66 

(m, 4H); 13C NMR (100 MHz, CDCl3): δ 28.0, 29.8, 34.3, 53.9, 80.3, 93.8, 121.7, 132.2, 136.9, 139.7, 

149.9, 172.1, m/z EI-MS+ 674.0389, [M]+, C27H32I2O4, requires 674.0390 (100%). Data were in 

agreement with those previously reported.[132] 

di-tert-Butyl 2,2'-((4-iodophenyl)azanediyl)diacetate (51) 

 This novel compound was prepared according to the literature procedure.[109] 4-Iodoaniline (10.0 g, 

45.7 mmol), tert-butyl bromoacetate (29.3 mL, 183.0 mmol), sodium carbonate (24.15 g, 228.0 mmol) 

were suspended in DMF (100 mL) and degassed by nitrogen bubbling for 20 min. Afterwards the 

mixture was heated to 100 °C for 48 h under nitrogen. The solid was filtered off and discarded. The 

DMF solution was diluted with water (100 mL) and extracted with DCM (200 mL). The organic phase 

was washed with water (200 mL), dried over MgSO4 and evaporated to dryness. The product was 

isolated by column chromatography using petroleum ether–ethyl acetate in gradient 0-1.5% as the 

eluent to yield in 8.04 g (18.0 mmol, 39%) of 51 as a white solid.  
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1H NMR (400MHz, CDCl3): δ 1.46 (s, 18H), 3.97 (s, 4H), 6.37 (d, J=9 Hz, 2H), 7.46 (d, J=9 Hz, 2H); 

13C NMR (100MHz, CDCl3): δ 28.0, 54.4, 79.2, 81.8, 114.5, 137.7, 147.7, 169.6; m/z ESI-MS+ 

470.07, [M+Na]+,C18H26INNaO4
+, requires 407.08 (100%). 

di-tert-Butyl 2,2'-((4-((trimethylsilyl)ethynyl)phenyl)azanediyl)diacetate (52) 

This novel compound was prepared according to the modified literature procedure.[164] Compound 51 

(2.0 g, 4.5 mmol), Pd(OAc)2 (200 mg, 0.89 mmol), PPh3 (461 mg, 1.75 mmol) and CuI (190 mg, 0.99 

mmol) were placed in a Schlenk flask. The system was flushed with nitrogen and distilled diisopropyl 

amine (20 mL) was added. The reaction mixture was degassed by two freeze-thaw cycles and 

trimethylsilylacetylene (1.9 mL, 13.44 mmol) was added. Another freeze-thaw cycle was run and the 

mixture was stirred at 50 °C overnight. After cooling to room temperature, the reaction mixture was 

diluted with diethyl ether (20 mL) and washed with water (20 mL), saturated aqueous solution of 

ammonium chloride (40 mL) and again with water (40 mL). The organic layer was dried over MgSO4 

and evaporated to dryness. The product was isolated by column chromatography using hexane-ethyl 

acetate in gradient 0-15% as the eluents to yield 52 in 1.1 g (2.6 mmol, 57%) of white solid.  

1H NMR (500MHz, CDCl3): δ 0.22 (s, 9H), 1.45 (s, 18H), 4.00 (s, 4H), 6.50 (d, J=9 Hz, 2H), 7.33 (d, 

J=9 Hz, 2H); 13C NMR (125 MHz, CDCl3): δ 0.1, 28.0, 54.4, 81.7, 91.6, 105.9, 111.7, 111.8, 133.1, 

148.0, 169.7; m/z ESI-MS+ 857.38, [2M+Na]+, C46H70N2NaO8Si2
+, requires 857.46 (100%). 

di-tert-Butyl 2,2'-((4-ethynylphenyl)azanediyl)diacetate (53) 

 

This novel compound was prepared by analogy with a reported procedure.[165] A THF solution (5 mL) 

of compound 52 (1.1 g, 2.6 mmol) was treated with a solution of TBAF (1.0 M in THF, 7.8 mL, 7.8 

mmol) and stirred at room temperature for 4 h. The solvent was evaporated to dryness and pure 

compound was isolated using column chromatography. Hexane-ethyl acetate in gradient 0-7% of ethyl 

acetate were used as eluent and 0.56 g (1.6 mmol, 63%) of 53 as a white solid were obtained. 
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1H NMR (400MHz, CDCl3): δ 1.50 (s, 18H), 2.98 (s, 1H), 4.03 (s, 4H), 6.50 (d, J=9 Hz, 2H), 7.34 (d, 

J=9 Hz, 2H); 13C NMR (100 MHz, CDCl3): δ 28.0, 54.4, 75.1, 81.9, 84.3, 110.7, 111.8, 133.3, 148.3, 

169.7; m/z ESI-MS+ 713.30, [2M+Na]+, requires 713.37 (100%). 

BEF-tBu[109] 

 

This compound was prepared according to the modified literature procedure.[109] Compound 50 (212 

mg, 0.3 mmol) and 53 (250 mg, 0.7 mmol), Pd(OAc)2 (2 mg, 0.009 mmol), PPh3 (4 mg,  0.015 mmol) 

and CuI (1.0 mg, 0.005 mmol) were placed in a Schelenk tube and the system was flushed with 

nitrogen. Distilled DIPA (2 mL) was added and reaction mixture was degassed by three freeze-thaw 

cycles. Reaction was stirred at room temperature for 1 h. After this time diethyl ether (10 mL) was 

added and organic phase was washed with water (20 mL), saturated aqueous solution of ammonium 

chloride (20 mL) and water (20 mL). Organic layer was dried over MgSO4 and evaporated. Product 

was isolated with use of column chromatography (hexane - ethyl acetate in gradient 10-30% of ethyl 

acetate). Obtained solid was recrystallised (DCM/ methanol) to give 0.140 g (0.126 mmol, 38%) of 

BEF-tBu.  

1H NMR (400 MHz, CDCl3): δ 1.32 (s, 1H), 1.47 (m, 38H), 2.35 (m, 4H), 4.04 (s, 8H), 6.57 (d, J=8.3 

Hz, 4H), 7.42 (d, J=8.3 Hz, 4H), 7.49 (m, 4H), 7.63 (d, 7.7 Hz, 2H); 13C NMR (100 MHz, CDCl3): δ 

28.0, 29.8, 34.5, 53.6, 54.4, 80.2, 81.9, 88.3, 91.2, 111.8, 112.1, 120.1, 123.1, 125.7, 131.1, 132.8, 

140.1, 148.1, 148.4, 169.7, 172.5. Data were in agreement with those previously reported.[109] 

2,5,8,11,14,17-Hexaoxanonadecan-19-yl 4-methylbenzenesulfonate (54)[186] 

 

This known compound was prepared by analogy with a reported procedure.[166] To a cooled suspension 

of TsCl (4.1 g, 21.9 mmol) in DCM (5 mL) at 0 °C was added a solution of hexaethylene glycol 

monomethyl ether (5.0 g, 16.8 mmol) in DCM (5 mL) and Et3N (4.7 mL, 33.6 mmol), under inert 

atmosphere. Reaction mixture was allowed to warm to 20 °C and was stirred for 16 h. After this time, 

it was poured into H2O (20 mL) and extracted with EtOAc (50 mL), Et2O (50 mL) and CHCl3 (50 

mL). The organic washings were combined, dried over MgSO4 and evaporated to give 7.04 g (15.6 

mmol, 93% yield) of compound 54 as a yellow oil. 
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1H NMR (400 MHz, CDCl3): δ 2.45 (s, 3H), 3.37 (s, 3H), 3.60–3.70 (m, 22H), 4.13–4.17 (m, 2H), 

7.34 (d, J=8.1 Hz, 2H), 7.79 (d, J=8.1 Hz, 2H); 13C NMR (62 MHz, CDCl3): δ 21.7, 59.0, 68.7, 69.7, 

70.6–70.7, 72.0, 128.1, 130.2, 133.3, 145.0; m/z ESI+ 473.2, [M+Na]+, C20H34NaO9S+ requires 473.18 

(100%). Data were in agreement with those previously reported.[186] 

2,2'-((4-Iodophenyl)azanediyl)bis(ethan-1-ol) (55)[187] 

 

This known compound was prepared according to the literature procedure.[134] Iodine (10.4 g, 41.4 

mmol) was added to a cooled solution of N,N’-phenyldiethanoloamine (2.5 g, 13.8 mmol) in dioxane 

and pyridine (1:1, 30 mL) at 0 °C. After 1 h of stirring at 0 °C the reaction mixture was allowed to 

warm to 20 °C and stirred for next 16 h. After this time, a saturated solution of Na2S2O3 (15 mL) was 

added and the mixture was washed with EtOAc (20 mL). The organic phase was dried over MgSO4 

and evaporated. The crude product was dissolved in DCM and precipitated with hexane to give 3.47 g 

(11.3 mmol, 81% yield) of compound 55.  

1H NMR (200 MHz, CDCl3): δ 3.37–3.44 (m, 4H), 3.52–3.58 (m, 4H), 6.55 (d, J=9.1 Hz, 2H), 7.39 (d, 

J=9.1 Hz, 2H); 13C NMR (50 MHz, CDCl3): δ 53.7, 58.5, 75.8, 114.3, 137.6, 148.0; m/z ESI+ 330.0, 

[M+Na]+, C10H14INNaO2
+ requires 329.9 (100%). Data were in agreement with those previously 

reported.[187] 

2,2'-((4-((Triisopropylsilyl)ethynyl)phenyl)azanediyl)bis(ethan-1-ol) (56) 

 

This novel compound was synthesized by adapting a reported procedure.[167] Compound 55 (0.80 g, 2.6 

mmol), Pd(OAc)2 (116 mg, 0.50 mmol), PPh3 (270 mg, 1.0 mmol) and CuI (65 mg, 0.30 mmol) were 

placed in a Schlenk tube and the system was flushed with nitrogen. Distilled DIPA (12 mL) was added 

and reaction mixture was degassed by two freeze-thaw cycles. Ethynyltriisopropylsilane (1.6 mL, 7 

mmol) was added and additional freeze-thaw cycle was run. Reaction was left stirring at 50 °C for 12 

h. After this time, the reaction mixture was allowed to cool to 20 °C and EtOAc (20 mL) was added. 

The organic phase was washed with H2O (20 mL), saturated solution of NH4Cl (20 mL) and H2O (20 

mL). Organic layer was dried over MgSO4 and evaporated. The product was isolated by column 
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chromatography on silica (CHCl3 - MeOH in gradient 0–4% of MeOH) to give 740 mg (2.0 mmol, 

78%) of compound 56. 

1H NMR (400 MHz, CDCl3): δ 1.27 (m, 21H), 3.54–3.57 (m, 4H), 3.78–3.82 (m, 4H), 3.99 (bs, 2H), 

6.56 (d, J=8.5 Hz, 2H), 7.34 (d, J=8.5 Hz, 2H); 13C NMR (100 MHz, CDCl3): δ 11.4, 18.7, 55.2, 60.6, 

87.8, 107.9, 111.1, 111.9, 133.3, 147.5; m/z EI+ 361.24, [M]+, C21H35NO2Si+ requires 361.24 (100%). 

N,N-Di-(2,5,8,11,14,17,20-heptaoxadocosan-22-yl)-N-(4-((triisopropylsilyl)ethynyl) 

phenyl)-amine (57)  

 

This novel compound was prepared by analogy with a reported procedure.[168] Compound 56 (1.25 g, 

3.5 mmol) and NaH (0.63 g of 60% dispersion in mineral oil, 15.9 mmol) were suspended in THF (5 

mL) and the reaction mixture was refluxed for 1 h under inert atmosphere followed by the addition of 

2,5,8,11,14,17-hexaoxanonadecan-19-yl 4-methylbenzenesulfonate (4.70 g, 10.4 mmol) in THF (5 

mL). After 48 h of refluxing, the mixture was allowed to cool to 20 °C and H2O (10 mL) was added. 

Aqueous phase was extracted with DCM (50 mL); the organic layer was dried over MgSO4 and 

evaporated. The product was isolated from the reaction mixture by column chromatography on silica 

(EtOAc – MeOH, in gradient 0–10% of MeOH) to give 1.90 g (2.07 mmol, 60%) of compound 57. 

1H NMR (200 MHz, CDCl3): δ 1.07 (m, 21H), 3.34 (s, 6H), 3.51–3.63 (m, 56H), 6.59 (d, J=9.3 Hz, 

2H), 7.27 (d, J=9.3 Hz, 2H); 13C NMR (100 MHz, CDCl3): δ 11.4, 18.7, 50.9, 59.0, 68.4, 70.5, 70.5–

70.6, 70.7, 71.9, 87.3, 108.3, 110.4, 111.3, 133.3, 147.6; m/z ESI+ 940.5, [M+Na]+, C47H87NNaO14Si+ 

requires 940.6 (100%).  

N,N-Di-(2,5,8,11,14,17,20-heptaoxadocosan-22-yl)-N-(4-ethynylphenyl)-amine (58)  

 

This novel compound was prepared by analogy with a reported procedure.[165] To a solution of 

compound 57 (2.2 g, 2.3 mmol) in THF (2 mL) a solution of TBAF (1.0 M in THF, 11.0 mL, 11.0 

mmol) was added and the solution was stirred for 12 h at 20 °C. After this time, the solvent was 

evaporated and the compound was isolated from the mixture by column chromatography on silica 

(EtOAc – MeOH, in gradient 0–10% of MeOH) to give 1.5 g (1.9 mmol, 85%) of 58. 
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1H NMR (500 MHz, CDCl3): δ 2.90 (s, 1H), 3.25 (s, 6H), 3.42–3.53 (m, 56H), 6.50 (d, J=8.0 Hz, 2H), 

7.17 (d, J=8.0 Hz, 2H); 13C NMR (125 MHz, CDCl3): δ 50.8, 58.8, 68.3, 70.4, 70.4–70.5, 70.6, 71.8, 

75.0, 84.6, 108.4, 111.2, 133.2, 147.9; m/z ESI+ 784.3, [M+Na]+, C38H67NNaO14
+ requires 784.4 

(100%) 

3,3'-(2,7-diiodo-9H-fluorene-9,9-diyl)dipropionic acid (59)[132] 

 

This known compound was prepared according to the literature procedure.[132] To a solution of 

compound 50 (5.0 g, 7.4 mmol) in DCM (100 mL) TFA (2.3 mL, 30.0 mmol) was added. The mixture 

was stirred for 2 h at room temperature and then a second portion of TFA (5.6 mL, 74 mmol) was 

added. The reaction was stirred another 2 h. After that solvent was evaporated. 3.8 g, (6.7 mmol, 91%) 

of desired compound 59 were isolated.  

1H NMR (400 MHz, DMSO-d6): δ 1.30 (m, 4H), 2.30 (m, 4H), 7.68-7.70 (m, 2H), 7.74-7.76 (m, 2H), 

7.94-7.96 (m, 2H), 13C NMR (100 MHz, DMSO-d6): δ 29.2, 33.8, 54.3, 94.7, 122.8, 132.5, 136.9, 

139.8, 150.4, 174.1; m/z EI-MS+ 561.9135, [M]+, C19H16I2O4
+, requires 561.9138 (100%). Reported in 

the literature NMR spectra of 3,3'-(2,7-diiodo-9H-fluorene-9,9-diyl)dipropionic acid were recorded in 

D2O/NaOH at pD 10. Therefore identity of the compound 59 was confirmed by comparison with 

NMR spectra recorded for a genuine sample of 3,3'-(2,7-diiodo-9H-fluorene-9,9-diyl)dipropionic acid 

in DMSO-d6. Spectra of the genuine sample and 59 were in agreement.  

3,3'-(2,7-Diiodo-9H-fluorene-9,9-diyl)bis(propan-1-ol) (60)  

 

This novel compound was prepared by analogy with a reported procedure.[169] A solution of borane-

THF complex (1.0 M, 56 mL, 56 mmol) was added slowly to a cooled to 0 °C solution of compound 

59 (7.2 g, 12.8 mmol) in anhydrous THF (10 mL). After 2 h of stirring at 20 °C reaction mixture was 

poured into ice (500 mL) and precipitated solid was removed upon filtration. The solid was dissolved 

in THF and precipitated with Et2O to give 6.00 g (11.2 mmol, 87% yield) of compound 60 as a white 

powder.  

1H NMR (400 MHz, DMSO-d6): δ 0.59–0.65 (m, 4H), 1.96–2.00 (m, 4H), 3.10–3.14 (m, 4H), 7.66 (d, 

J=7.8 Hz, 2H), 7.71 (dd, J=1.3 Hz, J=7.8 Hz, 2H), 7.83 (d, J=1.3 Hz, 2H); 13C NMR (50 MHz, 
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DMSO-d6): δ 27.7, 35.7, 55.2, 61.2, 94.4, 122.6, 132.1, 136.3, 139.7, 152.4; m/z ESI+ 557.0, 

[M+Na]+, C19H20I2NaO2
+ requires 556.9 (100%).  

(((2,7-diiodo-9H-fluorene-9,9-diyl)bis(propane-3,1-diyl))bis(oxy))bis(tert-butyldimethylsilane) 

(61) 

 

This novel compound was prepared by analogy with a reported procedure.[170] To a solution of 3,3'-

(2,7-diiodo-9H-fluorene-9,9-diyl)bis(propan-1-ol) (60) (100 mg, 0.18 mmol) in DMF (4 mL) 

TBDMSCl (73 mg, 0.46 mmol) and imidazole (32 mg, 0.47 mmol) were added and the mixture was 

stirred at room temperature for 3.5 h. After that time, the solvent was evaporated and the product was 

isolated from the crude reaction mixture by use of column chromatography (PE – DCM; 1:1, v/v) to 

give 125 mg (0.16 mmol, 88 %) of 61 as a white solid. 

1H NMR (400 MHz, CDCl3):  0.01 (s, 12H), 0.77–0.81 (m, 4H), 0.85 (s, 18H), 1.99–2.04 (m, 4H), 

3.34 (t, J=6.3 Hz, 4H), 7.41 (d, J=8.4 Hz, 2H), 7.64–7.67 (m, 4H); 13C NMR (100 MHz, CDCl3):  -

5.0, 18.5, 26.0, 27.2, 36.2, 55.2, 62.9, 93.2, 121.7, 132.2, 136.4, 139.7. 152.2; m/z ESI+ 763.4, [M]+, 

C31H49I2O2Si2
+ requires 763.1 (100 %).  

BEF-OTBDMS  

 

This novel compound was synthesized by adapting a reported procedure.[108] To the predried under 

vacuum CuI (5.0 mg, 0.026 mmol), Pd(OAc)2 (6.0 mg, 0.026 mmol), PPh3 (13 mg, 0.050 mmol) and 

(((2,7-diiodo-9H-fluorene-9,9-diyl)bis(propane-3,1-diyl))bis(oxy))bis(tert-butyldimethylsilane) (61) 

(50 mg, 65 µmol), distilled DIPA (3.0 mL) was added and two freeze-thaw cycles were carried out. A 

suspension of acetylene 58 (110 mg, 0.14 mmol) in DIPA (1 mL) was added and additional freeze-

thaw cycle was run. After 2 h of stirring at 50 °C reaction was diluted with DCM (50 mL) and crude 

mixture was washed with H2O (20 mL) and NH4Cl (20 mL). Organic layer was dried over MgSO4 and 

evaporated to dryness. The final compound was isolated from the mixture with use of column 

chromatography on silica (EtOAc – MeOH, in gradient 0-25 % of MeOH). Compound was purified 

further by size exclusion chromatography (DCM as eluent) and 30 mg (0.015 mmol, 21 %) of yellow 

film were obtained.  
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1H NMR (400 MHz, CDCl3):  0.0 (s, 12H), 0.89–0.91 (m, 22H), 2.11–2.15 (m, 4H), 3.40 (t, J=6.4 

Hz, 4H), 3.44 (s, 12 H), 3.58–3.62 (m, 8H), 3.64-3.74 (m, 104H), 6.74 (d, J=8.9 Hz, 4H), 7.44 (d, 

J=8.9 Hz, 4H), 7.50–7.53 (m, 4H), 7.67 (d, J=8.4 Hz, 2H); 13C NMR (100 MHz, CDCl3) : -5.3, 18.3, 

26.0, 27.2, 36.4, 50.8, 54.4, 59.0, 63.2, 68.4, 70.5, 70.5, 70.6-70.7, 71.9, 88.3, 90.8, 110.0, 111.4, 

119.7, 122.8, 125.7, 130.5, 132.9, 140.1, 147.6, 150.3; m/z MALDI-TOF+ 2052.15, [M+Na]+, 

C107H180N2O30Si2Na+ requires 2053.21 (100 %).  

BEF-OH  

 

Procedure 1: BEF-OTBDMS (15 mg, 70 µmol) was treated with 1.0 M solution of TBAF in THF (0.2 

mL, 0.2 mmol) and stirred at room temperature for 5 h. After this time CaCl2 was added, stirred for 5 

minutes and removed by filtration. The solvent was evaporated to dryness and crude reaction mixture 

was purified by size exclusion chromatography (DCM as eluent). Further purification included 

isolation by HPLC (HPLC method 1). Obtained compound was sonicated in petroleum ether, 

microfiltered, dissolved in DCM and solvent was evaporated with stream of nitrogen. 1.2 mg (0.7 

µmol, 9%) of pure product were obtained.  

Procedure 2: This novel compound was synthesized by adapting a reported procedure.[108] The 

following solids were dried under vacuum: CuI (1 mg, 0.005 mmol), Pd(OAc)2 (1 mg, 0.004 mmol) 

PPh3 (2 mg, 0.008 mmol) and compound 60 (50 mg, 0.93 mmol). Distilled DIPA (0.5 mL) was added 

and two freeze-thaw cycles were carried out. A solution of compound 58 (157 mg, 0.21 mmol) in 

anhydrous MeCN (0.5 mL) was added and an additional freeze-thaw cycle was run. The progress of 

the reaction was monitored by HPLC (method 1). After 2 h of stirring at 20 °C the reaction mixture 

was diluted with DCM (50 mL) and the crude mixture was washed with H2O (20 mL) and saturated 

aqueous solution of NH4Cl (20 mL). The organic layer was dried over MgSO4 and evaporated to 

dryness. The final compound was isolated from the mixture with use of reverse phase column 

chromatography (in gradient from 100% of H2O (without TFA!) to 100% MeCN). BEF-OH was 

obtained in 33% yield (55 mg, 0.03 mmol). 

1H NMR (400 MHz, CDCl3) δ 0.87–0.94 (m, 4H), 2.09–2.13 (m, 4H), 3.38 (m, 16H), 3.53–3.55 (m, 

8H), 3.60–3.67 (m, 104H), 6.70 (d, J=8.5 Hz, 4H), 7.39 (d, J=8.5 Hz, 4H), 7.47–7.49 (m, 4H), 7.63 (d, 

J=8.2 Hz, 2H); m/z MALDI-TOF+ 1825.08 [M+Na]+, C95H152N2O30Na+ requires 1825.04 (100%).  
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N-methylpryridinium iodide (62)[188] 

 

This known compound was prepared using modified reaction conditions reported in the literature.[171] 

To the solution of pyridine (2.1 mL, 25.3 mmol) in THF (10 mL) methyl iodide (1.7 mL, 27.8 mmol) 

was added and reaction was stirred at room temperature for 3 h. After this time, solvent was decanted 

and remaining solid was sonicated with fresh THF (20 mL) and decanted once again. The procedure 

was repeated two times more and then remaining residues of solvent were evaporated to dryness. 5.26 

g (25.0 mmol, 94 % yield) of 62 as a yellow solid was obtained and without further purification used 

in the next step.  

1H NMR (DMSO, 400 MHz), δ 4.36 (s, 3H), 8.11-8.17 (m, 2H), 8.56-8.61 (m, 1H), 8.98 (d, J=5.9 Hz, 

2H); 13C NMR (DMSO, 200 MHz), δ 48.3, 128.1, 145.4, 145.9. Data were in agreement with those 

previously reported.[188,189] 

N-Methylpyridinium hexafluorophosphate (Pyr)[190] 

 

This known compound was prepared using modified reaction conditions reported in the literature.[171] 

Compound 62 (1.08 g, 4.88 mmol) was dissolved in a few drops of H2O and precipitated with 

saturated solution of NH4PF6 in MeOH. Solvent was decanted and remaining solid was washed with 

fresh MeOH. Solvent was decanted again and solid was dried under vacuum. 380 mg (1.58 mmol, 

33% yield) of Pyr as a white solid were obtained. 1H NMR as for 62. Data were in agreement with 

those previously reported.[190] 

2,7-Diiodo-9H-fluorene-9,9-diyl)bis(propane-3,1-diyl) bis(4-acetylbenzoate) (63) 

 

This novel compound was prepared using reaction conditions reported in the literature.[104] Compound 

60 (300 mg, 0.56 mmol), 4-acetoxybenzoic acid (200 mg, 1.22 mmol), EDC (234 mg, 1.23 mmol) and 

DMAP (25 mg, 0.20 mmol) were dissolved in anhydrous DCM (5 mL) and stirred for 2 h at 20 °C. 

The mixture was diluted with H2O and extracted with DCM (50 mL). The organic extracts were 
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combined and dried over MgSO4 and evaporated to dryness. The residue was dissolved in CHCl3 and 

passed through a silica plug with CHCl3 as eluent. Product containing fractions were combined and 

evaporated in vacuo. The product was purified further by redissolving in MeOH and precipitating with 

Et2O/hexane (1:1 v/v ) to yield 63 as a white solid (54%, 250 mg, 0.30 mmol).  

1H NMR (CDCl3, 400 MHz) : 1.04-1.16 (m, 4H), 2.13-2.17 (m, 4H), 2.65 (s, 6H), 4.07 (t, J=6.2 Hz, 

4H), 7.47 (d, J=8.4 Hz, 2H), 7.72-7.73 (m, 4H), 8.02 (d, J=8.7 Hz, 4H), 8.06 (d, J=8.7 Hz, 4H); 13C 

NMR (CDCl3, 1200 MHz) : 22.1, 25.9, 30.6, 35.3, 53.6, 63.9, 92.5, 120.9, 127.3, 128.8, 130.8, 132.9, 

135.9, 138.9, 139.2, 149.7, 164.5, 196.5; m/z EI+ 826.0248, [M], C37H32I2O6
+ requires 826.0289 

(100%). 

BEF-Phen 

 

This novel compound was prepared using reaction conditions reported in the literature.[108] The 

following solids were dried under vacuum: CuI (0.9 mg, 0.005 mmol), Pd(OAc)2 (1.1 mg, 0.005 

mmol) PPh3 (2.6 mg, 0.01 mmol) and compound 63 (74 mg, 0.09 mmol). Distilled DIPA (1 mL) was 

added and two freeze-thaw cycles were carried out. A solution of acetylene 58 (150 mg, 0.20 mmol) in 

anhydrous MeCN (2 mL) was added and additional freeze-thaw cycle was run. The progress of the 

reaction was monitored by TLC and HPLC (method 3). After 1 h of stirring at 20 °C, additional 

portion of CuI (0.9 mg, 0.005 mmol), Pd(OAc)2 (1.1 mg, 0.005 mmol) PPh3 (2.6 mg, 0.01 mmol) and 

acetylene 58 (50 mg, 0.07 mmol) in anhydrous MeCN (1 mL) were added. Once the reaction was 

completed the mixture was diluted with DCM (50 mL) followed by washing with H2O (20 mL) and 

saturated aqueous solution of NH4Cl (20 mL). The organic layer was dried over MgSO4 and 

evaporated to dryness. The residue was redissolved in CHCl3 and passed through the silica column 

eluting with CHCl3/MeOH (95:5 v/v). The product was purified with use of size exclusion 

chromatography with CHCl3 as eluent to yield BEF-Phen (31 mg, 0.015 mmol, 16 %). 

1H NMR (CDCl3, 500 MHz) : 1.09-1.15 (m, 4H), 2.21-2.24 (m, 4H), 2.44 (s, 6H), 3.38 (s, 12H), 

3.54-3.56 (m, 8H), 3.58-3.69 (m, 104H), 4.05-4.07 (m, 4H), 6.68 (d, J=8.9 Hz, 4H), 7.37 (d, J=8.9 Hz, 

4H), 7.54 (m, 4H), 7.69 (d, J=8.1 Hz, 2H), 7.94 (d, J=8.5 Hz, 4H), 8.04 (d, J=8.5 Hz, 4H); 13C NMR 

(CDCl3, 125 MHz) : 22.2, 25.7, 35.4, 49.8, 53.3, 58.0, 64.1, 67.3, 69.6-69.7, 70.9, 87.1, 90.4, 108.6, 

110.5, 119.2, 122.3, 124.4, 127.2, 128.8, 130.0 132.0, 133.0, 139.2, 146.8 148.2, 164.6, 196.5; m/z 

MALDI-TOF+ 2093.23, [M], C113H164N4O34
+ requires 2094.12 (100%). 
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(2,7-Diiodo-9H-fluorene-9,9-diyl)bis(propane-3,1-diyl) bis(4-nitrobenzoate) (64) 

 

This novel compound was prepared using reaction conditions reported in the literature. [104] Compound 

60 (178 mg, 0.33 mmol), p-nitrobenzoic acid (93 mg, 0.55 mmol), EDC (114 mg, 0.59 mmol) and 

DMAP (8 mg, 0.07 mmol) were dissolved in anhydrous MeCN and THF (1:1 v/v, 6 mL) and stirred 

overnight at 20 °C. The mixture was diluted with H2O and extracted with CHCl3 (50 mL). The organic 

extracts were combined, dried over MgSO4 and evaporated to dryness. The product was isolated by 

column chromatography on silica with PE/CHCl3 4:1 v/v as eluent to give compound 64 as a white 

solid (21%, 60 mg, 0.072 mmol).  

1H NMR (CDCl3, 400 MHz) : 1.04-1.11 (m, 4H), 2.14-2.18 (m, 4H), 4.07-4.10 (m, 4H), 7.49 (d, 

J=8.5 Hz, 2H), 7.72-7.64 (m, 4H), 8.13 (d, J=8.2 Hz, 4H), 8.30 (d, J=8.2 Hz, 4H); 13C NMR (CDCl3, 

100 MHz) : 23.1, 36.2, 54.6, 65.4, 93.7, 122.0, 123.6, 130.7, 131.8, 131.5, 136.9, 139.9, 150.5, 150.6, 

164.5; m/z EI+ 831.9778, [M]+, C33H26I2N2O8 requires 831.9778 (100%). 

BEF-NB 

 

This novel compound was prepared using modified reaction conditions reported in the literature.[108] 

The following solids were dried under vacuum: CuI (3.0 mg, 0.016 mmol), Pd(OAc)2 (4.7 mg, 0.021 

mmol), PPh3 (11 mg, 0.042 mmol) and compound 64 (88 mg, 0.10 mmol). Distilled DIPA (1 mL) was 

added and two freeze-thaw cycles were carried out. A solution of acetylene 58 (160 mg, 0.21 mmol) in 

anhydrous MeCN (2 mL) was added and additional freeze-thaw cycle was run. The progress of the 

reaction was monitored by TLC and HPLC (method 3). After 1 h of stirring at 20 °C additional portion 

of CuI (3.0 mg, 0.016 mmol), Pd(OAc)2 (4.7 mg, 0.021 mmol), PPh3 (11 mg, 0.042 mmol) was added. 

After 18 h of stirring the reaction mixture was diluted with EtOAc (50 mL) and the crude mixture was 

washed with H2O (20 mL) and saturated aqueous solution of NH4Cl (20 mL). The organic layer was 

dried over MgSO4 and evaporated to dryness. The residue was dissolved in CHCl3 and passed through 

the silica column eluting with CHCl3/MeOH (95:5 v/v). The product was purified with use of size 

exclusion chromatography with CHCl3 as eluent to yield BEF-NB (33 mg, 0.016 mmol, 15% yield). 
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1H NMR (CDCl3, 400 MHz) : 1.04-1.07 (m, 4H), 2.12-16 (m, 4H), 3.30 (s, 12H), 3.46-3.48 (m, 8H), 

3.51-3.62 (m, 104H), 3.97-4.00 (m, 4H), 6.61 (d, J=8.8 Hz, 4H), 7.27 (d, J=8.8 Hz, 4H), 7.42 (s, 2H), 

7.45 (d, J=7.8 Hz, 2H), 7.61 (d, J=7.8 Hz, 2H), 8.04 (d, J=8.0 Hz, 4H), 8.13 (d, J=8.0 Hz, 4H); 13C 

NMR (CDCl3, 100 MHz) : 23.2, 36.4, 50.8, 54.2, 59.0, 65.5, 68.4, 70.5-70.7, 72.0, 87.9, 91.6, 109.3, 

111.5, 120.2, 123.4, 123.5, 125.3, 130.6, 131.0, 132.8, 133.8, 135.5, 140.0, 147.9. 149.0, 150.5, 164.5; 

m/z MALDI-TOF+ 2123.47, [M+Na]+, C109H158N4O36Na+ requires 2123.06 (100%). 

2,7-Diiodo-9H-fluorene-9,9-diyl)bis(propane-3,1-diyldimethanesulfonate (65) 

 

This novel compound was prepared using reaction conditions reported in the literature.[172] To a cooled 

(0 °C) solution of compound 60 (1.00 g, 1.87 mmol) in anhydrous DCM (10 mL), Et3N (1.6 mL, 11.48 

mmol) and methanesulfonyl chloride (580 µL, 7.50 mmol) were added dropwise. After 1 h of stirring 

at 20 °C the mixture was diluted with H2O and extracted with CHCl3 (50 mL). The organic extracts 

were combined, dried over MgSO4 and evaporated to dryness. The product was isolated with use of 

column chromatography on silica with CHCl3 as eluent to give 65 as a white solid (900 mg, 1.3 mmol, 

70% yield).  

1H NMR (CDCl3, 400 MHz) δ 0.94-1.00 (m, 4H), 2.04-2.09 (m, 4H), 2.89 (s, 6H), 3.89-3.93 (m, 4H), 

7.42 (d, J=8.5 Hz, 2H), 7.64-7.67 (m, 4H); 13C NMR (CDCl3, 100 MHz) δ 23.6, 35.5, 37.4, 54.3, 69.8, 

93.8, 122.0, 131.9, 137.0, 139.7, 150.2. 

1,1'-((2,7-diiodo-9H-fluorene-9,9-diyl)bis(propane-3,1-diyl))bis(pyridin-1-ium) methanesulfonate 

(66) 

 

This novel ncompound was prepared using reaction conditions reported in the literature.[173] 

Compound 65 (200 mg, 0.28 mmol) was dissolved in anhydrous pyridine (5 mL) and heated for 15 h 

at 115 °C. The reaction was allowed to cool to 20 °C and solvent was evaporated to dryness. The 

residue was dissolved in MeCN and precipitated with THF. Solvent was decanted and precipitation 

procedure was repeated several times, to yield the product 66 as a fine red powder (120 mg, 0.14 

mmol, 50%). 
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1H NMR (DMSO-d6, 400 MHz) δ 1.02-1.10 (m, 4H), 1.96-2.02 (m, 4H), 2.32 (s, 6H), 4.35-4.39 (m, 

4H), 7.65-7.67 (m, 4H), 7.71 (d, J=8.0 Hz, 2H), 8.07-8.10 (m, 4H), 8.56-8.60 (m, 2H), 8.89 (d, J=6.0 

Hz, 4H); 13C NMR (DMSO-d6, 100 MHz) δ: 26.4, 35.1, 40.7, 54.9, 61.2, 95.4, 123.3, 128.9, 132.5, 

137.4, 140.1, 145.5, 146.4, 151.0; m/z ESI-MS+ 329.1, [M]2+ C29H28I2N2
2+ requires 329.0 (100%).  

BEF-Pyr 

 

This novel compound was prepared using reaction conditions reported in the literature.[108] The 

following solids were dried under vacuum: CuI (1.3 mg, 0.007 mmol), Pd(OAc)2 (1.5 mg, 0.007 

mmol), PPh3 (4 mg, 0.015 mmol) and compound 66 (60 mg, 0.07 mmol). Distilled DIPA (2 mL) was 

added and two freeze-thaw cycles were carried out. A solution of acetylene 58 (120 mg, 0.160 mmol) 

in anhydrous MeCN (3 mL) was added and additional freeze-thaw cycle was run. The progress of the 

reaction was monitored by HPLC (method 1). After 2 h of stirring at 20 °C the reaction mixture was 

diluted with CHCl3 (50 mL) and the crude mixture was washed with H2O (20 mL) and saturated 

aqueous solution of NH4Cl (20 mL). The organic layer was dried over MgSO4 and evaporated to 

dryness. The final compound was isolated from the crude mixture with use of reverse phase column 

chromatography (in gradient from 100% of H2O (0.1% TFA v/v) to 100% MeCN). Product containing 

fractions were extracted with CHCl3, organic washings were combined, dried over MgSO4 and 

evaporated to dryness. Further purification required use of size exclusion chromatography with CHCl3 

as eluent to give BEF-Pyr (22 mg, 0.01 mmol, 14 %). The methanesulfonate counterion was replaced 

by the TFA anion during column chromatography with TFA-buffer. 

1H NMR (CDCl3, 500 MHz) : 1.35-1.47 (m, 4H), 1.98-2.12 (m, 4H), 3.34 (s, 12H), 3.49-3.53 (m, 

8H), 3.55-3.69 (m, 104H), 4.46-4.61 (m, 4H), 6.65 (d, J=8.5 Hz, 4H), 7.16 (s, 2H), 7.35 (d, J=8.5 Hz, 

4H), 7.42 (d, J=7.8 Hz, 2H), 7.59 (d, J=7.8 Hz, 2H), 7.92-8.04 (m, 4H), 8.31-8.39 (m, 2H), 8.97-9.14 

(m, 4H); 13C NMR (CDCl3, 125 MHz) : 26.7, 35.0, 51.2, 53.9, 59.4, 62.1, 68.8, 70.9-71.0, 71.1, 72.3, 

88.5, 92.6, 109.8, 120.0, 120.8, 123.9, 125.7, 128.8, 131.6, 133.4, 139.9, 145.4, 145.5, 148.3, 148.8; 

19F NMR (CDCl3, 376 MHz) : -75.4; m/z MALDI-TOF+ 1926.49, [M]+, C105H160N4O28 requires 

1926.13 (100%). 
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3-Methyl-4-nitrobenzoic acid methyl ester (71)[191] 

 

This known compound was prepared according to the literature procedure.[174] To 3-methyl-4-

nitrobenzoic acid (5.0 g, 28.0 mmol) suspended in MeOH (50 mL) concentrated H2SO4 (0.5 mL) was 

added and reaction was heated at reflux for 24 h, cooled to room temperature and MeOH was removed 

in vacuo. The residue was dissolved in EtOAc (50 mL), washed with saturated NaHCO3 (50 mL), H2O 

(50 mL), dried over MgSO4 and solvent was evaporated to dryness. The product 71 was obtained as 

white solid in 77 % yield (4.20 g, 21.5 mmol).  

1H NMR (400 MHz, CDCl3) δ: 2.61 (s, 3H), 3.96 (s, 3H), 7.96-7.97 (m, 2H), 8.02 (s, 1H); 13C NMR 

(100 MHz, CDCl3) δ: 20.1, 52.7, 124.5, 128.0, 133.4, 133.7, 134.0, 151.8, 165.3. Data were in 

agreement with those previously reported.[191] 

4-Nitro-3-(propionyloxymethyl) benzoic acid methyl ester (67) 

 

This novel compound was prepared by analogy with a reported procedure.[175] Compound 71 (1.4 g, 

7.2 mmol) and NBS (1.4 g, 7.9 mmol) were suspended in CCl4 (50 mL). The reaction mixture was 

heated to reflux followed by addition of benzoyl peroxide (0.35 g, 1.4 mmol). After 48 h of refluxing 

reaction was allowed to cool to room temperature, solvent was evaporated to dryness and residue was 

dissolved in EtOAc (30 mL). Organic phase was washed with 1:1 mixture of NaHCO3 and Na2S2O3 

(50 mL), H2O (50 mL), dried over MgSO4 and solvent was evaporated to dryness. Without further 

purification crude benzyl bromide was dissolved in DMF (5 mL) and K2CO3 (1.9 g, 13.8 mmol), NaI 

(0.21 g, 1.4 mmol) and propionyl acid (1 mL, 13.4 mmol) were added. Reaction was heated at 80ºC 

for 1 h. After cooling to room temperature solvent was removed in vacuo, residue was dissolved in 

EtOAc (30 mL) and washed with brine (30 mL). Organic phase was dried over MgSO4 and evaporated 

to dryness. The product was isolated from reaction mixture with use of column chromatography 

(eluent: hexane - EtOAc in gradient 0-15 % of EtOAc, v/v) to give 0.34 g of 67 as a light yellow solid 

(1.3 mmol, 18% ). 
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1H NMR (400 MHz, CDCl3) δ: 1.21 (t, J=7.5 Hz, 3H), 2.47 (q, J=7.5 Hz, 2H), 3.99 (s, 3H), 5.52 (s, 

2H), 8.12-8.14 (m, 2H), 8.25 (s, 1H); 13C NMR (100 MHz, CDCl3) δ: 9.0, 27.4, 52.9, 62.3, 125.1, 

129.8, 130.4, 132.5, 134.5, 150.0, 164.9, 173.7.  

3-Acetoxymethyl-4-nitrobenzoic acid methyl ester (69) 

 

This novel compound was prepared using reaction conditions reported in the literature.[175] Compound 

71 (2.00 g, 10.2 mmol) and NBS (2.00 g, 11.2 mmol) were suspended in CCl4 (50 mL). The reaction 

mixture was heated to reflux followed by addition of benzoyl peroxide (0.50 g, 2.0 mmol). After 48 h 

of refluxing reaction was allowed to cool to room temperature, solvent was evaporated to dryness and 

residue was dissolved in EtOAc (30 mL). Organic phase was washed with 1:1 mixture of NaHCO3 and 

Na2S2O3 (50 mL), H2O (50 mL), dried over MgSO4 and solvent was evaporated to dryness. Without 

further purification crude benzyl bromide was dissolved in DMF (5 mL) and NaOAc (1.7 g, 20.7 

mmol) was added. Reaction was heated at 70ºC for 24 h. After cooling to room temperature solvent 

was removed in vacuo, residue was dissolved in EtOAc (30 mL) and washed with brine (30 mL). 

Organic phase was dried over MgSO4 and evaporated to dryness. The product was isolated from 

reaction mixture with use of column chromatography (DCM as eluent) to give 0.6 g (2.37 mmol, 23%) 

of 69 as a light yellow solid. 

1H NMR (400 MHz, CDCl3) δ: 2.20 (s, 3H), 4.01 (s, 3H), 5.51 (s, 2H), 8.12-8.15 (m, 2H), 8.26 (s, 

1H); 13C NMR (100 MHz, CDCl3) δ: 20.7, 52.9, 62.5, 125.1, 129.9, 130.4, 132.3, 134.5, 150.0, 165.0, 

170.3. 

4-Methoxy-2-nitrobenzaldehyde (73)[176] 

 

This known compound was prepared according to the literature procedure.[176] To a solution of  

5-hydroxy-2-nitrobenzaldehyde (0.2 g, 1.2 mmol) in absolute EtOH (3 mL) dimethylsulfate (1.0 mL, 

11 mmol) was added. The mixture was cooled to 0 °C and NaOH (0.24 g, 6 mmol) in H2O (1 mL) was 

added dropwise. Reaction mixture was stirred at 50 °C for 2 days. After cooling down to room 

temperature, H2O (10 mL) was added and reaction mixture was extracted 3 times with DCM (20 mL). 

The organic washings were combined, dried over MgSO4 and evaporated to give yellow oil. The 
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product was purified by column chromatography (hexane - EtOAc in gradient 0-10 % of EtOAc) and 

0.1 g (0.55 mmol, 46 %) of 73 as a yellow solid were obtained.  

1H NMR (400 MHz, CDCl3) δ: 3.95 (s, 3H), 7.15 (dd, J=2.8 Hz, J=9.0 Hz, 1H), 7.30 (d, J=2.8 Hz, 

1H), 8.15 (d, J=9.0 Hz, 1H), 10.48 (s, 1H); 13C NMR (100 MHz, CDCl3) δ: 56.3, 113.3, 118.6, 127.3, 

134.3, 142.3, 164.0, 188.5. Data were in agreement with those previously reported.[176,192] 

(4-Methoxy-2-nitrophenyl)methanol (74)[193] 

 

This known compound was prepared using modified reaction conditions reported in the literature.[177] 

To a cooled to 0 °C solution of compound 73 (100 mg, 0.55 mmol) in MeOH (1 mL) NaBH4 (40 mg, 

1.05 mmol) was added and reaction mixture was stirred for 1 h at room temperature. After this time 

solvent was evaporated and residue dissolved in H2O. Solution was acidified to pH 4 with 2.0M HCl 

and extracted with EtOAc. Organic phase was dried over MgSO4 and evaporated to give 70 mg (0.38 

mmol, 70 % yield) of 74 which without further purification was used in the next step.   

1H NMR (400 MHz, CDCl3) δ: 3.92 (s, 3H), 5.01 (s, 2H), 6.89 (dd, J=2.7 Hz, J=9.1 Hz, 1H), 7.22 (d, 

J=2.7 Hz, 1H), 8.18 (d, J=9.1 Hz, 1H). Data were in agreement with those previously reported.[193] 

4-Methoxy-2-nitrobenzyl propionate (68) 

 

This novel compound was prepared by analogy with a reported procedure.[178] To a solution of 

compound 74 (0.2 g, 1.1 mmol) in DCM (2 mL) Et3N (0.4 mL, 2.9 mmol) and propionyl chloride 

(0.16 mL, 1.8 mmol) were added and reaction was stirred for 1 h at room temperature. The mixture 

was diluted with DCM (10 mL) and organic phase was washed with H2O (10 mL), dried over MgSO4 

and evaporated to dryness. Desired product was isolated with use of column chromatography (eluent: 

hexane- ethyl acetate in gradient 5-10 % of EtOAc) followed by precipitation (DCM/ PE) to give 77 

mg (0.32 mmol, 30 %) of 68 as a white solid.  

1H NMR (400 MHz, CDCl3) δ: 1.22 (t, J=7.5 Hz, 3H), 2.49 (q, J=7.5 Hz, 2H), 3.92 (s, 3H), 5.56 (s, 

2H), 6.91 (dd, J=2.6 Hz, J=9.3 Hz, 1H), 7.05 (d, J=2.6 Hz, 1H), 8.22 (d, J=9.3 Hz, 1H); 13C NMR 

(200 MHz, CDCl3) δ: 9.1, 27.5, 55.9, 63.0, 112.4, 113.9, 128.0, 135.7, 140.2, 163.8, 173.6.  
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4-Methoxy-2-nitrobenzyl acetate (70) 

 

This novel compound was prepared by analogy with a reported procedure.[178] To a solution of 

compound 68 (60 mg, 0.32 mmol) in THF (2 mL), acetyl chloride (0.03 mL, 0.42 mmol), DMAP (5 

mg, 0.04 mmol) and Et3N (0.1 mL, 0.6 mmol) were added and reaction was stirred at 20 °C for 16 h. 

The solvent was evaporated to dryness and product was isolated from the reaction mixture by column 

chromatography (hexane - EtOAc in gradient 0-20 % of EtOAc, v/v) to give 50 mg (0.22 mmol, 68%) 

of 70 as a white solid.  

1H NMR (400MHz, CDCl3) δ: 2.19 (s, 3H), 3.91 (s, 3H), 5.53 (s, 2H), 6.90 (dd, J=2.6 Hz, J=9.1 Hz, 

1H), 7.04 (d, J=2.6 Hz, 1H), 8.20 (d, J=9.1 Hz, 1H); 13C NMR (200MHz, CDCl3) δ: 20.8, 55.9, 63.2, 

112.4, 114.0, 128.1, 135.5, 140.2, 163.8, 170.2. 

3-Formyl-4-nitrobenzoic acid (75)[194] 

 

This known compound was synthesized by adapting a reported procedure.[49] To a suspension of 

methy-3-formyl-nitrobenzoate (0.70 g, 3.35 mmol) in H2O (5 mL) conc. H2SO4 (0.5 mL) was added 

and the reaction mixture was stirred at 100 °C for 24 h. After this time reaction was allowed to cool, 

the precipitate was filtered, washed thoroughly with H2O and dried. Compound 75 was obtained as a 

white powder in 61% yield (0.40 g, 2.0 mmol).  

1H NMR (250 MHz, DMSO-d6) δ: 8.24 (d, J=8.1 Hz, 1H), 8.37–8.40 (m, 2H), 10.25 (s, 1H);  

13C NMR (62 MHz, DMSO-d6) δ: 125.8, 131.1, 131.6, 135.6, 136.2, 152.0, 166.0, 190.1. Data were in 

agreement with those previously reported.[194] 
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Methyl 3-(hydroxymethyl)-4-nitrobenzoate (76)[195] 

 

This compound was prepared using modified reaction conditions reported in the literature.[177] To the 

cooled to 0 ºC solution of methyl 3-formyl-4-nitrobenzoate (200 mg, 0.95 mmol) in MeOH (2 mL) 

NaBH4 (35 mg, 0.93 mmol) was added and reaction was stirred for 1 h at 20 °C. After this time 

solvent was evaporated and water was added. Solution was acidified to pH 4 and extracted with 

EtOAc. Organic phase was dried over MgSO4 and evaporated to give 180 mg (0.85 mmol, 9% yield) 

of 76 which without further purification was used in the next step. 

1H NMR (400 MHz, CDCl3) δ: 3.98 (s, 3H), 5.03 (s, 2H), 8.08-8.13 (m, 2H), 8.44 (s, 1H); 13C NMR 

(100 MHz, CDCl3) δ: 52.8, 61.6, 124.8, 129.2, 130.4, 134.5, 137.4, 149.6, 165.3. No literature 

spectroscopy data was available for comparison. 

Methyl 4-nitro-3-((tryptophyloxy)methyl)benzoate (NB-Trp) 

 

This novel compound was prepared by analogy with a reported procedure.[104,179] To a solution of 76 

(100 mg, 0.47 mmol) in DCM (5 mL) Nα-Fmoc-L-tryptophan (187 mg, 0.44 mmol), EDC (84 mg, 0.44 

mmol) and DMAP (5 mg, 0.04 mmol) were added and reaction was stirred at room temperature. After 

2 h the mixture was diluted with DCM (20 mL) and washed with H2O (50 mL). Organic layer was 

dried over MgSO4 and solvent was removed in vacuuo. The residue was dissolved in CHCl3, passed 

through a silica plug and collected organic phase was evaporated to dryness. The crude product was 

dissolved in anhydrous MeCN (2 mL) and piperidine (420 µL, 4.25 mmol) was added. After 1 h of 

stirring at room temperature solvent was evaporated and compound purified by column 

chromatography (eluent: CHCl3 – MeOH, 99:1, v/v) to give 80 mg of NB-Trp as a yellow powder 

(0.20 mmol, 42 %). 

1H NMR (400 MHz, CDCl3) δ: 1.73 (bs, 2H), 3.09 (dd, J=7.7 Hz, J=14.3 Hz, 1H), 3.31 (dd, J=5.5 Hz, 

J=14.3 Hz, 1H), 3.92-3.97 (m, 4H), 5.43-5.52 (m, 2H),7.00-7.02 (m, 1H), 7.06-7.09 (m, 1H), 7.12-

7.16 (m, 1H), 7.28 (d, J=8.3 Hz, 1H), 7.58 (d, J=7.7 Hz, 1H), 8.05-8.11 (m, 2H), 8.15 (s, 1H), 8.53 

(bs, 1H); 13C NMR (100 MHz, CDCl3) δ: 30.9, 53.0, 55.2, 62.9, 110.7, 111.3, 118.5, 119.4, 122.1, 

123.1, 125.1, 127.3, 130.0, 130.6, 131.8, 134.5, 136.2, 150.0, 164.9, 174.8; m/z ESI+ 398.2, [M+H]+, 

C20H20N3O6
+ requires 398.1; 420.1, [M+Na]+, C20H19N3NaO6

+ requires 420.1 (100 %). 
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(2,7-Diiodo-9H-fluorene-9,9-diyl)bis(propane-3,1-diyl) bis(3-formyl-4-nitrobenzoate) (77) 

 

This novel compound was synthesized by adapting a reported procedure.[104] Compound 60 (200 mg, 

0.37 mmol), 74 (160 mg, 0.82 mmol), EDC (156 mg, 0.81 mmol) and DMAP (9 mg, 0.07 mmol) were 

dissolved in anhydrous DCM (5 mL) and stirred for 2 h at 20 °C. The mixture was diluted with water 

and extracted with DCM (50 mL). The organic extracts were combined and dried over MgSO4 and 

evaporated to dryness. The residue was dissolved in CHCl3 and passed through a silica plug with 

CHCl3 as eluent. The product containing fractions were combined and evaporated in vacuo. The 

product was further purified by dissolving in DCM and precipitating with PE to give compound 77 as 

a white solid in 75% yield (250 mg, 0.28 mmol).  

1H NMR (500 MHz, CDCl3) δ: 1.10–1.16 (m, 4H), 2.18–2.20 (m, 4H), 4.15 (t, J=6.23 Hz, 4H), 7.52 

(d, J=7.8 Hz, 2H), 7.73–7.77 (m, 4H), 8.21 (d, J=8.6 Hz, 2H), 8.36 (dd, J=1.6 Hz, J=8.6 Hz, 2H), 8.53 

(d, J=1.6 Hz, 2H), 10.44 (s, 2H); 13C NMR (125 MHz, CDCl3) δ: 23.1, 36.1, 54.7, 65.9, 93.8, 122.2, 

124.9, 131.0, 131.2, 131.8, 134.6, 135.2, 137.0, 140.0, 150.5, 151.7, 163.5, 187.1; m/z EI-MS+ 887.84, 

[M]+, C35H26I2N2O10
+

 requires 887.96 (100%). 

(2,7-Diiodo-9H-fluorene-9,9-diyl)bis(propane-3,1-diyl) bis(3-(hydroxymethyl)-4-nitrobenzoate) 

(78) 

 

This novel compound was synthesized by adapting a reported procedure.[177] NaBH4 (20 mg, 0.53 

mmol) was added to a cooled solution of compound 77 (250 mg, 0.28 mmol) in MeOH (3 mL) at 0 °C, 

and reaction mixture was stirred at 20 °C. After 15 min DCM (3 mL) was added to keep the material 

in solution. After an additional 1 h of stirring, DCM was evaporated and reaction was poured into the 

beaker with ice (250 mL). Ice was allowed to melt and aqueous phase was extracted with EtOAc (50 

mL) and CHCl3 (50 mL). Organic extracts were combined, dried over MgSO4 and evaporated to 

dryness. The residue was dissolved in DCM and precipitated with hexane to give 190 mg of 

compound 78 as a white foam (0.21 mmol, 76% yield).  
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1H NMR (400 MHz, CDCl3) δ: 1.02–1.12 (m, 4H), 2.14–2.19 (m, 4H), 4.08 (m, 4H), 5.03 (s, 4H), 

7.47 (d, J=7.9 Hz, 2H), 7.69–7.72 (m, 4H), 8.00 (d, J=8.7 Hz, 2H), 8.11 (d, J=8.7 Hz, 2H), 8.37 (s, 

2H); 13C NMR (100 MHz, CDCl3) δ: 23.2, 36.3, 54.6, 61.9, 65.4, 93.7, 122.0, 125.1, 129.4, 130.6, 

131.8, 134.7, 136.9, 137.2, 139.9, 149.7, 150.7, 164.6; m/z EI-MS+ 891.87, [M]+, C35H30I2N2O10
+

 

requires 891.99 (100%). 

(2,7-Diiodo-9H-fluorene-9,9-diyl)bis(propane-3,1-diyl)bis(((((methoxy)carbonyl)Fmoc-

tryptophyl)oxy)methyl)-4-nitrobenzoate (79) 

 

This novel compound was synthesized by adapting a reported procedure.[104] Compound 78 (100 mg, 

0.11 mmol), Nα-Fmoc-L-tryptophan (95 mg, 0.22 mmo), DMAP (3 mg, 0.03 mmol) and EDC (42 mg, 

0.22 mmol) were dissolved in DCM (3 mL) and stirred at 20 °C. After 2 days the reaction mixture was 

diluted with DCM (30 mL) and was washed with water (50 mL). Organic layer was dried over MgSO4 

and evaporated to dryness. Product was isolated with use of column chromatography on silica (eluent 

CHCl3 – MeOH, in gradient 0–2% MeOH) to give 150 mg (0.09 mmol, 80% yield) of compound 79. 

1H NMR (400 MHz, CDCl3) δ: 0.87–0.94 (m, 4H), 1.92–1.96 (m, 4H), 3.85–3.92 (m, 4H), 3.85–3.92 

(m, 4H), 4.05–4.09 (m, 2H), 4.23–4.31 (m, 4H), 4.69–4.74 (m, 2H), 5.30–5.36 (m, 6H), 6.86 (s,2H), 

6.95–6.99 (m, 2H), 7.02–7.05 (m, 2H), 7.12–7.19 (m, 6H), 7.24–7.31(m, 6H), 7.39–7.47 (m, 6H), 

7.57–7.58 (m, 4H), 7.63 (d, J=7.4 Hz, 4H), 7.87 (d, J=8.4 Hz, 2H), 7.91–7.98 (m, 4H), 8.07 (s, 2H); 

13C NMR (100 MHz, CDCl3) δ: 23.1, 28.0, 36.1, 47.1, 54.5, 54.9, 63.4, 65.4, 67.1, 93.6, 109.6, 111.3, 

118.4, 119.8, 119.9, 122.0, 122.4, 123.0, 125.2, 127.1, 127.5, 127.7, 130.0, 130.9, 131.3, 131.8, 134.5, 

136.0, 136.9, 139.8, 141.3, 143.7, 143.9, 150.0, 150.6, 155.8, 164.1, 171.6. 

BEF-NB(Fmoc)Trp (80) 

 

This novel compound was synthesized by adapting a reported procedure.[108] To the vacuum-dried CuI 

(0.5 mg, 0.003 mmol), Pd(OAc)2 (0.6 mg, 0.003 mmol), PPh3 (1.5 mg, 0.006 mmol), compound 79 
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(100 mg, 0.058 mmol) and distilled DIPA (1.5 mL) was added and two freeze-thaw cycles were 

carried out. A solution of compound 58 (100 mg, 0.13 mmol) in anhydrous DCM (1 mL) was added 

and additional freeze-thaw cycle was run. The progress of the reaction was monitored by HPLC 

(HPLC Method 4). After 1 h of stirring at 20 °C the reaction mixture was diluted with DCM (50 mL) 

and crude mixture was washed with H2O (20 mL) and NH4Cl (20 mL). Organic layer was dried over 

MgSO4 and evaporated to dryness. The major impurities were removed from the crude reaction 

mixture with use of the reverse phase column chromatography (in gradient from 100% of H2O (0.1% 

TFA v/v) to 100% MeCN). Product containing fractions were combined and evaporated to dryness. 

BEF-NB-(Fmoc)Trp (80) was obtained a yellow film (50 mg, 0.017 mmol, 32% yield) 

1H NMR (400 MHz, DMSO-d6) δ: 0.88–0.95 (m, 4H), 2.11–2.20 (m, 4H), 3.17–3.24 (m, 16H), 3.39–

3.42 (m, 8H), 3.47–3.58 (m, 104H), 3.87–3.91 (m, 4H), 4.10–4.16 (m, 4H), 4.21–4.26 (m, 2H), 4.34–

4.38 (m, 2H), 5.37 (s, 4H), 6.69 (d, J=8.8 Hz, 4H), 6.92–6.95 (m, 2H), 7.00–7.05 (m, 2H), 7.15 (s, 

2H), 7.19–7.30 (m, 10H), 7.34–7.38 (m, 4H), 7.45 (d, J=8.3 Hz, 2H), 7.50 (d, J=7.9 Hz, 2H), 7.56–

7.62 (m, 6H), 7.80–7.83 (m, 6H), 7.91 (d, J=7.9 Hz, 2H), 7.98 (d, J=8.3 Hz, 2H), 8.05–8.09 (m, 4H), 

10.81 (s, 2H); m/z ESI MS+ 1489.70663, [M+2H]2+, C163H204N8O44
2+ requires 1489.19970 (100%).

BEF-NB-Trp 

 

This novel compound was synthesized by adapting a reported procedure.[179] To the solution of BEF-

NB-(Fmoc)Trp (80) (10 mg, 0.0033 mmol) in MeCN (0.25 mL) piperidine (30 µL, 0.35 mmol) was 

added and reaction was stirred at 20 °C for 2 h. After this time solvent was blew down by the stream 

of nitrogen and product was isolated from the crude reaction mixture by semi-preparative HPLC in 

TFA-buffered solvent system (HPLC Method 4). Product containing fractions were combined and 

freeze-dried to give BEF-NB-Trp in 10% yield (0.92 mg, 0.0003 mM).  

1H NMR (500 MHz, DMSO-d6) δ: 0.93–1.00 (m, 4H), 2.20–2.28 (m, 4H), 3.19–3.26 (m, 16H), 3.47–

3.58 (m, 112H), 3.99–4.05 (m, 4H), 4.31–4.37 (m, 2H), 5. 39 (d, J=13.9 Hz, 2H), 5.46 (d, J=13.9 Hz, 

2H), 6.71 (d, J=8.4 Hz, 4H), 6.91–6.94 (m, 2H), 7.01–7.04 (m, 2H), 7.15 (m, 2H), 7.27–7.30 (m, 4H), 

7.42 (d, J=7.7 Hz, 2H), 7.48 (d, J=8.1 Hz, 2H), 7.66 (s, 2H), 7.85 (d, J=7.7 Hz, 2H), 8.05–8.09 (m, 

4H), 8.13 (m, 2H), 8.36 (bs, 6H), 10.97 (s, 2H); m/z ESI-MS+ 1267.1304, [M]2+, C133H184N8O40
2+ 

requires 1267.1314 (100%).  
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Pyridin-4-ylmethyl 4-((tert-butoxycarbonyl)amino)butanoate (81)[109] 

 

This compound was prepared according to the literature procedure.[109] 4-Pyridine methanol (130 mg, 

1.19 mmol), Boc-GABA-OH (300 mg, 1.47 mmol), EDC (280 mg, 1.47 mmol) and DMAP (14 mg, 

0.11 mmol) were dissolved in anhydrous THF and MeCN (4.0 mL, 1: 1, v/v). The mixture was stirred 

at 20 °C for 16 h. After this time, the mixture was diluted with H2O (15 mL) and extracted with DCM 

(3 × 25 mL). The organic extracts were combined, dried over MgSO4 and evaporated to dryness. The 

product was isolated by column chromatography on silica (eluent: CHCl3) to yield 290 mg (0.98 

mmol, 82% yield) of compound 81 as a white solid. 

1H NMR (400 MHz, CDCl3) δ: 1.41 (s, 9H), 1.84 (quin, J=7.2 Hz, 2H), 2.45 (t, J=7.2 Hz, 2H), 3.14-

3.19 (m, 2H), 4.74 (bs, 1H), 5.11 (s, 2H), 7.23 (d, J=5.9 Hz, 2H), 8.58 (d, J=5.9 Hz, 2H); 13C NMR 

(100 MHz,CDCl3) δ: 25.3, 28.4, 31.3, 39.7, 64.2, 79.2, 121.8, 144.8, 150.0, 156.0, 172.7; m/z ESI-

MS+ 295.1, [M+H]+, C15H23N2O4
+ requires 295.1 (100%). Data were in agreement with those 

previously reported.[109] 

4-(((4-((tert-Butoxycarbonyl)amino)butanoyl)oxy)methyl)-1-methylpyridin-1-ium iodide (82) 

 

This novel compound was synthesized by adapting a reported procedure.[126] To the solution of 

compound 81 (250 mg, 0.85 mmol) in MeOH (3.0 mL) methyl iodide (310 µL, 5.0 mmol) was added 

dropwise and reaction was stirred at 60 °C over 16 h. After this time the mixture was allowed to cool 

to room temperature, the solvent was evaporated to dryness and product was purified by dissolving in 

THF and precipitating with Et2O. The product 82 was obtained as a red foam in 68 % yield (250 mg, 

0.58 mmol). 

1H NMR (400 MHz, DMSO-d6) δ: 1.39 (s, 9H), 1.69 (quin, J=7.0 Hz, 2H), 2.50-2.54 (m, 2H, under 

DMSO-d6), 2.94-3.00 (m, 2H), 4.33 (s, 3H), 5.43 (s, 2H), 6.90-6.93 (m, 1H), 8.08 (d, J=6.5 Hz, 2H), 

8.95 (d, J=6.5 Hz, 2H); 13C NMR (200 MHz, DMSO-d6) δ: 25.2, 28.7, 31.0, 39.4, 48.1, 63.5, 78.0, 

125.1, 145.7, 156.1, 156.2, 172.8; m/z ESI-MS+ 309.2, [M]+, C16H25N2O4
+ requires 309.1 (100 %).  
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4-(((4-Ammoniobutanoyl)oxy)methyl)-1-methylpyridin-1-ium formate (Pyr-GABA) 

 

This novel compound was prepared according to the adapted literature procedure.[180] Compound 82 

(50 mg, 0.11 mmol) was dissolved in formic acid (1 mL) and stirred at room temperature for 3 h. 

Solvent was removed in vacuo and remaining residue dried under vacuum. The product, Pyr-GABA, 

was obtained in 95 % yield (40 mg, 0.10 mmol) 

1H NMR (400 MHz, D2O) δ: 1.91 (quin, J=7.6 Hz, 2H), 2.60 (t, J=7.6 Hz, 2H), 2.96 (t, J=7.6 Hz, 

2H), 4.25 (s, 3H), 5.35 (s, 2H), 7.89 (d, J=6.5 Hz, 2H), 8.24 (s, 1H), 8.64 (d, J=6.5 Hz, 2H);13C NMR 

(200 MHz, DMSO-d6) δ: 22.8, 30.5, 38.5, 48.0, 63.6, 125.1, 145.9, 156.6, 172.3; m/z ESI-MS+209.1,  

[M-H]+, C11H17N2O2
+ requires 209.1 (100 %).  

Pyridin-4-ylmethyl (tert-butoxycarbonyl)tryptophanate (84) 

 

This novel compound was synthesized by adapting a reported procedure.[181] 4-Pyridine methanol 

(0.50 g, 4.6 mmol), EDC (1.07 g, 5.6 mmol), DMAP (56 mg, 0.46 mmol) and Nα-Boc-L-tryptophan 

(2.1 g, 6.9 mmol) were dissolved in anhydrous MeCN (5 mL) and mixture was stirred for 8 h. After 

this time, the solvent was evaporated, the mixture was dissolved in DCM (30 mL) and washed with 

H2O (30 mL). The organic phase was dried over MgSO4 and the solvent was evaporated to dryness. 

The product was isolated by column chromatography on silica (EtOAc as eluent) to yield 1.65 g (4.17 

mmol, 90% yield) of compound 84 as a white solid.  

1H NMR (400 MHz, CDCl3) δ: 1.44 (s, 9H), 3.28 (dd, J=6.3 Hz, J=14.5 Hz, 1H), 3.35 (dd, J=5.4 Hz, 

J=14.5 Hz, 1H), 4.72–4.77 (m, 1H), 5.02 (d, J=13.7 Hz, 1H), 5.08 (d, J=13.7 Hz, 1H), 5.14 (d, J=7.9 

Hz, 1H), 6.93 (s, 1H), 7.00 (d, J=5.0 Hz, 2H), 7.09–7.13 (m, 1H), 7.18–7.22 (m, 1H), 7.33 (d, J=8.1 

Hz, 1H), 7.56 (d, J=8.1 Hz, 1H), 8.35 (s, 1H), 8.51 (bs, 2H); 13C NMR (100 MHz, CDCl3) δ: 28.1, 

28.4, 54.8, 64.8, 80.3, 109.3, 111.7, 118.6, 119.5, 122.0, 123.4, 127.5, 136.5, 145.1, 149.1, 155.6, 

172.4; m/z ESI-MS+ 396.2, [M+H]+, C22H26N3O4
+ requires 396.2 (100%). 
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1,1’-((2,7-Diiodo-9H-fluorene-9,9-diyl)bis(propane-3,1-diyl)bis(4-(((4-((tert-butoxycarbonyl) 

tryptophyl)oxy)methyl)pyridin-1-ium)propyl) methanesulfonate (83) 

 

This novel compound was synthesized by adapting a reported procedure.[173] Compound 65 (250 mg, 

0.36 mmol), 84 (426 mg, 1.08 mmol) and molecular sieves were placed in as flask and dried under 

vacuum. MeCN (5.0 mL) was added and the reaction mixture was heated at 100 °C under N2 

atmosphere. After 12 h the mixture was allowed to cool down to 20 °C and filtered. Collected liquid 

was evaporated to dryness. Resulting oil was dissolved in MeCN and product was precipitated with 

Et2O. Precipitant was decanted and sonicated with Et2O. The procedure of precipitation and sonication 

was repeated until the compound 83 formed red solid (320 mg, 0.22 mmol, 60% yield).  

1H NMR (500 MHz, DMSO-d6) δ: 1.01–1.08 (m, 4H), 1.35 (s, 18H), 1.99–2.04 (m, 4H), 2.32 (s, 6H), 

3.12 (dd, J=8.7 Hz, J=14.3 Hz, 2H), 3.18 (dd, J=6.5Hz, J=14.3 Hz, 2H), 4.30–4.40 (m, 6H), 5.31 (d, 

J=16.1 Hz, 2H), 5.38 (d, J=16.1 Hz, 2H), 6.94–6.97 (m, 2H), 7.00–7.03 (m, 2H), 7.20 (s, 2H), 7.30 (d, 

J=7.8 Hz, 2H), 7.49–7.52 (m, 4H), 7.66–7.77 (m, 10H), 8.78 (d, J=6.5 Hz, 4H), 10.89 (s, 2H); 13C 

NMR (125 MHz, DMSO-d6) δ: 26.0, 27.1, 28.5, 34.8, 40.3, 54.4, 55.3, 60.3, 63.7, 78.8, 94.7, 109.7, 

112.0, 118.4, 118.8, 121.3, 122.8, 124.4, 125.0, 127.4, 132.1, 136.5, 136.9, 139.6, 144.5, 150.5, 155.8, 

155.9, 172.6; m/z ESI-MS+ 645.3, [M]2+, C63H68I2N6O8
2+ requires 645.1 (100%).  

BEF-Pyr-(Boc)Trp (85) 

 

This novel compound was synthesized by adapting a reported procedure.[108] Pd(OAc)2 (1.2 mg, 0.006 

mmol), PPh3 (2.8 mg, 0.01 mmol) and CuI (0.8 mg, 0.006 mmol) were placed in a Schlenk tube and 

dried under vacuum. Compound 83 (80 mg, 0.054 mmol) was dissolved in mixture of MeCN and 

CH2Cl2 (0.2 mL, 1:1, v/v) and transferred to the Schlenk tube. DIPA (0.2 mL) was added and the 

reaction mixture was degassed by two freeze-thaw cycles. A solution of compound 58 (94 mg, 0.12 

mmol) in MeCN (0.1 mL) was added to the reaction mixture and additional freeze-thaw cycle was 

performed. Reaction was stirred at 20 °C and its progress was monitored by HPLC (HPLC Method 1). 
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After 2 h the mixture was diluted with EtOAc (20 mL), organic phase was washed with H2O (20 mL), 

followed by saturated aqueous solution of NH4Cl (20 mL) and H2O (20 mL). Organic layer was dried 

over MgSO4 and evaporated. Product was isolated with use of reverse phase column chromatography 

(gradient from 100% H2O with 0.1% TFA to 100% acetonitrile) to give 50 mg (0.017 mmol, 33% 

yield) of 85 as an oil. It is assumed that methanefulfonate counterion was replaced with TFA anion 

during the column chromatography with TFA-buffer. NMR spectra confirmed the absence of 

methanesulfonate.  

1H NMR (500 MHz, DMSO-d6) δ: 1.12–1.27 (m, 4H), 1.37 (s, 18H), 2.11–2.25 (m, 4H), 3.13–3.22 

(m, 4H), 3.29 (s, 12H), 3.34–3.63(m, 112H), 4.38–4.50 (m, 6H), 5.32 (d, J=16.5 Hz, 2H), 5.38 (d, 

J=16.5 Hz, 2H), 6.79 (d, J=8.5 Hz, 4H), 6.97–7.00 (m, 2H), 7.05–7.08 (m, 2H), 7.23 (s, 2H), 7.34–

7.39 (m, 6H), 7.51–7.59 (m, 8H), 7.77 (d, J=6.3 Hz, 4H), 7.90 (d, J=7.9 Hz, 2H), 8.88 (d, J=6.3Hz, 

4H), 11.02 (s, 2H); 13C NMR (125 MHz, DMSO-d6) δ: 26.2, 27.0, 28.4, 35.3, 50.4, 54.1, 55.2, 58.4, 

60.4, 63.6, 68.1, 69.9, 70.1–70.2, 70.3, 71.6, 78.9, 88.6, 92.1, 108.3, 109.6, 111.8, 118.3, 118.7, 121.0, 

121.3, 122.9, 124.3, 124.9, 125.6, 127.3, 131.2, 132.8, 136.4, 139.8, 144.5, 148.3, 149.0, 155.8, 155.9, 

172.6.  

BEF-Pyr-Trp 

 

This novel compound was synthesized by adapting a reported procedure.[181] Triisopropylsilane (0.1 

mL) was added to a solution of 85 (15 mg, 0.005 mmol) in formic acid (1 mL) and reaction was stirred 

at 20 °C. The progress of the reaction was monitored by HPLC (HPLC Method 1) and after 2 h, the 

solvent was evaporated under a stream of nitrogen. BEF-Pyr-Trp was isolated from the crude 

reaction mixture by semi-preparative HPLC (HPLC Method 1). Product containing fractions were 

combined and freeze-dried. 1.08 mg of BEF-Pyr-Trp (0.0004 mmol, 8% yield) was obtained. 

1H NMR (500 MHz, DMSO-d6) δ: 0.96–1.05 (m, 4H), 2.07–2.17 (m, 4H), 3.16 (s, 12H), 3.24 (under 

H2O, 4H), 3.34–3.58 (m, 112H), 4.25–4.33 (m, 4H), 4.36–4.42 (m, 2H), 5.26 (d, J=16.7 Hz, 2H), 5.32 

(d, J=16.7 Hz, 2H), 6.67 (d, J=8.7 Hz, 4H), 6.81–6.85 (m, 2H), 6.89–6.93 (m, 2H), 7.15–7.17 (m, 2H), 

7.21 (d, J=8.4 Hz, 2H), 7.25 (d, J=8.7 Hz, 4H), 7.36 (d, J=7.8 Hz, 2H), 7.43 (d, J=8.1 Hz, 2H), 7.51 (s, 

2H), 7.61 (d, J=6.7 Hz, 4H), 7.78 (d, J=8.1 Hz, 2H), 8.42 (bs, 6H), 8.68 (d, J=6.7 Hz, 4H), 10.95 (s, 

2H); m/z ESI-MS+ 590.0792, [M]4+, C129H186N8O32
4+ requires 590.0797 (100%).  
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1-butylpyridin-1-ium iodide (Bu-Pyr)[196] 

 

This known compound was synthesized by analogy with a reported procedure.[126] To the solution of 

pyridine (2.1 mL, 26.0 mmol) in MeOH (10.0 mL) 1-iodobutane (8.2 mL, 72.0 mmol) was addend 

dropwise and reaction was heated at 55ºC for 16 h. After this time solvent was evaporated and crude 

material dried under vacuum. No further purification was required and 6.15 g of yellow solid were 

obtained (23.4 mmol, 90 % yield).  

1H NMR (400 MHz, DMSO-d6) δ: 0.90 (t, J=7.4 Hz, 3H), 1.29 (sext, J=7.4 Hz, 2H), 1.91 (quin, J=7.4 

Hz, 2H), 4.65 (t, J=7.4 Hz, 2H), 8.16-8.22 (m, 2H), 8.61-8.67 (m, 1H), 9.16 (d, J=5.8 Hz,2H); 13C 

NMR (100 MHz, DMSO-d6) δ: 13.8, 19.2, 33.1, 60.9, 128.6, 145.2, 146.0; m/z ESI-MS+ 136.1, [H]+, 

C9H14N+ requires 136.1 (100 %). Full NMR spectroscopy data were not reported in ref. [196]. NMR 

spectra were in agreement with those reported for 1-butylpyridin-1-ium bromide.[197]  

4-((((tert-Butoxycarbonyl)tryptophyl)oxy)methyl)-1-methylpyridin-1-ium iodide (86) 

 

This novel compound was synthesized by adapting a reported procedure.[126] To the solution of 

compound 84 (500 mg, 1.26 mmol) in MeOH (1.5 mL) methyl iodide (120 µL, 1.90 mmol) was added 

dropwise and reaction was stirred at 55 °C over 72 h. After this time the mixture was allowed to cool 

to room temperature, the solvent was evaporated to dryness and product was purified by dissolving in 

THF and precipitating with Et2O. Compound 86 was obtained as a yellow solid in 74 % yield (500 mg, 

0.93 mmol). 

1H NMR (DMSO-d6, 500 MHz), δ: 1.37 (s, 9H), 3.14 (dd, J= 8.6 Hz, J=14.5 Hz, 1H), 3.21 (dd, J=6.4 

Hz, J=14.5 Hz, 1H), 4.33 (s, 3H), 4.39-4.43 (m, 1H), 5.35 (d, J=16.3 Hz,1H), 5.41 (d, J=16.3 Hz, 1H), 

6.98-7.01 (m, 1H), 7.07-7.10 (m, 1H), 7.20-7.23 (m, 1H), 7.37 (d, J=8.1 Hz, 1H), 7.49-7.54 (m, 2H), 

7.82 (d, J=6.4 Hz, 2H), 8.91 (d, J=6.4 Hz, 2H), 10.85 (s, 1H); 13C NMR (DMSO-d6, 250 MHz), δ: 

27.1, 28.6, 48.0, 55.2, 63.7, 79.0, 109.7, 111.9, 118.4, 118.8, 121.4, 124.3, 124.6, 127.4, 136.4, 145.4, 

155.5, 156.0, 172.5; m/z ESI-MS+ 410.2, [M]+, C23H28N3O4
+ requires 410.2 (100 %). 

 



Karolina Korzycka         Chapter 7 
___________________________________________________________________________________________ 
 

__________________________________________________________________________________

129 

 

4-(((2-ammonio-3-(1H-indol-2-yl)propanoyl)oxy)methyl)-1-methylpyridin-1-ium trifluoroacetate 

(Pyr-Trp) 

 

This novel compound was synthesized by adapting a reported procedure.[182] Compound 86 (50 mg, 

0.093 mmol) was dissolved in THF (1mL) and TFA (100 µL) was added dropwise. After 1 h of 

stirring at room temperature the solvent was blew down with the stream of nitrogen. Remaining oil 

was dissolved in THF and the product was precipitated with Et2O to give 25 mg (0.046 mmol, 49 % 

yield) of Pyr-Trp as a yellow solid.  

1H NMR (DMSO-d6, 400 MHz), δ: 3.31-3.41 (m, 2H), 4.34 (s, 3H), 4.48-4.54 (m, 1H), 5.41 (d, 

J=16.0 Hz, 1H), 5.47 (d, J=16.0 Hz, 1H), 6.99-7.01 (m,1H), 7.02-7.13 (m,1H), 7.25 (s, 1H), 7.39 (d, 

J=7.7 Hz, 1H), 7.51 (d, J=8.2 Hz, 1H), 7.79-7.84 (m, 2H), 8.67 (bs, 3H), 8.87-8.92 (m, 2H), 11.09 (s, 

1H); 13C NMR (DMSO-d6, 100 MHz), δ: 27.0, 48.0, 53.3, 64.8, 106.9, 112.1, 118.4, 119.3, 121.8, 

125.0, 125.4, 127.2, 136.8, 145.7, 154.4, 169.4; m/z ESI-MS+ 155.7, [M]2+, C18H21N3O2
2+ requires 

155.6 (100 %); 310.2, [M-H]+, C18H20N3O2
+ requires 310.1 (100 %). 

tert-Butyl 4-acetylbenzoate (87)[198] 

 

This known compound was prepared according to the adapted literature procedure.[183]  

4-Acetylbenzoic acid (0.80 g, 4.87 mmol), Boc2O (2.60 g, 11.92 mmol) and DMAP (0.22 g, 1.80 

mmol) were dissolved in t-BuOH (20 mL) and stirred for 6 h at room temperature under inert 

atmosphere. Reaction mixture was diluted with H2O (50 mL), extracted with CHCl3 (150 mL) and 

organic washings were dried over MgSO4 and evaporated to dryness. The product was purified by 

column chromatography on silica (cyclohexane : CHCl3 in gradient 50-100 % of CHCl3, v/v) to give 

0.94 g (4.3 mmol, 90 %) of 87 as a white solid.  

1H NMR (400 MHz, CDCl3) δ: 1.62 (s, 9H), 2.65 (s, 3H), 8.00 (d, J=8.3 Hz, 2H), 8.08 (d, J=8.3 Hz, 

2H); 13C NMR (250 MHz, DMSO-d6) δ: 27.4, 28.1, 81.8, 128.7, 129.7, 135.3, 140.2, 164.6, 198.1. 

Data were in agreement with those previously reported.[198] 
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tert-Butyl 4-(2-bromoacetyl)benzoate (88) 

 

This novel compound was prepared according to the adapted literature procedure.[104] To the cooled to 

0 ºC solution of compound 87 (400 mg, 1.8 mmol) in CHCl3 (30 mL), a solution of bromine (100 µL, 

1.9 mmol) in CHCl3 (16 mL) was added dropwise. Reaction was stirred at room temperature until the 

color changed from intensively red to pale yellow. Crude mixture was washed with NaHCO3, followed 

by washing with H2O. Organic phase was dried over MgSO4 and evaporated to dryness. The product 

was purified by column chromatography on silica (PE : DCM, 1:4, v/v) to give 345 mg (1.15 mmol, 

64 %) of 88 as a white solid. 

1H NMR (400 MHz, CDCl3) δ: 1.54 (s, 9H), 4.38 (s, 2H), 7.94 (d, J=8.4 Hz, 2H), 8.02 (d, J=8.4 Hz, 

2H); 13C NMR (250 MHz, CDCl3) δ: 28.1, 31.1, 81.9, 128.7, 129.8, 136.5, 136.7, 164.5, 190.9; m/z 

ESI-MS+ 320.9, [M+Na]+, C13H15BrNaO3 requires 321.0 (100 %). 

tert-Butyl 4-(2-(((tert-butoxycarbonyl)tryptophyl)oxy)acetyl)benzoate (89) 

 

This novel compound was prepared according to the adapted literature procedure.[119] To a cooled to 13 

ºC solution of compound 88 (15 mg, 0.05 mmol) in CH3CN (0.1 mL) a solution of Boc-Trp-OH (23 

mg, 0.075 mmol) in CH3CN (0.6 mL) was added dropwise followed by addition of DBU (11 µL, 

0.075 mmol). Reaction was stirred at room temperature for 16 h. The solvent was evaporated to 

dryness and the product was isolated with use of column chromatography on silica (CHCl3: MeOH, in 

gradient 0-5 % of MeOH, v/v) to give 21 mg (0.04 mmol, 80 %) of 89 as a white solid. 

1H NMR (400 MHz, CDCl3) δ: 1.33 (s, 9H), 1.54 (s, 9H), 3.27 (dd, J=6.2 Hz, J=14.9 Hz, 1H), 3.41 

(dd, J=5.4 Hz, J=14.9 Hz, 1H), 4.70-4.76 (m, 1H), 4.99 (d, J=7.7 Hz, 1H), 5.16 (d, J=16.4 Hz, 1H), 

5.35 (d, J=16.4 Hz, 1H), 7.02-7.07 (m, 1H), 7.08-7.14 (m, 2H), 7.27 (d, J=7.9 Hz, 1H), 7.53 (d, J=7.9 

Hz, 1H), 7.82 (d, J=8.3 Hz, 2H), 7.99 (d, J=8.3 Hz, 2H), 8.13 (bs, 1H); 13C NMR (100 MHz, CDCl3) 

δ: 27.8, 28.1, 28.3, 54.2, 66.5, 79.9, 82.0, 109.9, 111.2, 118.7, 119.6, 122.1, 123.4, 127.6, 127.8, 

129.8, 136.1, 136.6, 136.8, 155.3, 164.6, 171.9, 191.6; m/z ESI-MS- 521.0, [M-H]-, C29H33N2O47
- 

requires 521.22 (100 %). 
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4-(5-((1H-indol-3-yl)methyl)-6-oxo-5,6-dihydro-2H-1,4-oxazin-3-yl)benzoic acid (90)  

 

 This novel compound was prepared according to the adapted literature procedure.[180] Compound 89 

(10 mg, 0.019 mmol) was dissolved in formic acid (1 mL) and stirred at room temperature. After 6 h 

solvent was removed in vacuo and remaining solid was coevaporated with toluene. The product was 

obtained as white film in 100 % yield (6 mg, 0.019 mmol).  

1H NMR (400 MHz, DMSO-d6) δ: 3.40 (dd, J=6.6 Hz, J=14.4 Hz, 1H), 3.46 (dd, J=5.0 Hz, J=14.4 

Hz, 1H), 4.75-4.80 (m, 1H), 4.98 (dd, J=1.0 Hz, J=16.3 Hz, 1H), 5.35 (dd, J=3.0 Hz, J=16.3 Hz, 1H), 

6.90-6.95 (m, 1H), 7.01-7.06 (m, 1H), 7.11 (d, J=2.3 Hz, 1H), 7.31 (d, J=8.1 Hz, 1H), 7.56 (d, J=8.0 

Hz, 1H), 7.90 (d, J=8.3 Hz, 2H), 7.98 (d, J=8.3 Hz, 2H); 13C NMR (100 MHz, DMSO-d6) δ: 28.3, 

60.7, 67.5, 110.2, 111.7, 118.7, 119.2, 121.3, 124.6, 127.8, 129.8, 133.3, 136.3, 138.3, 162.9, 163.5, 

167.2, 169.5; m/z ESI-MS+ 349.0, [M+H]+, C20H17N2O4
+ requires 349.1 (100 %). 

tert-Butyl 4-(2-((3-(1H-indol-3-yl)propanoyl)oxy)acetyl)benzoate (91) 

 

This novel compound was prepared with a modified literature procedure.[119] To the solution of 

compound 88 (45 mg, 0.15 mmol) in CH3CN (0.3 mL) a solution of 3-indolepropionic acid (31 mg, 

0.16 mmol) in CH3CN (1.5 mL) was added dropwise, followed by the addition of DIPEA (27 µL, 0.16 

mmol). Reaction was stirred for 16 h at 20 °C. The mixture was diluted with CHCl3 (30 mL), washed 

with H2O (40 mL), the organic layer was dried over MgSO4 and evaporated to dryness. The product 

was isolated from the crude reaction mixture with use of column chromatography on silica (CHCl3: 

MeOH, in gradient 0-5 % of MeOH, v/v) and further purified by dissolving n DCM and precipitating 

with PE to give 42 mg (0.10 mmol, 67 %) of 91 as a white solid. 

1H NMR (400 MHz, CDCl3) δ: 1.52 (s, 9H), 2.80 (t, J=7.5 Hz, 2H), 3.08 (t, J=7.5 Hz, 2H), 5.22 (s, 

2H), 6.92 (s, 1H), 7.00-7.05 (m, 1H), 7.07-7.12 (m, 1H), 7.24 (d, J=8.0 Hz, 1H), 7.51 (d, J=7.8 Hz, 

1H), 7.81 (d, J=8.2 Hz, 2H), 7.97 (d, J=8.2 Hz, 2H; 13C NMR (100 MHz, CDCl3) δ: 20.5, 28.1, 34.5, 

66.1, 82.0, 111.2, 114.7, 118.6, 119.3, 121.6, 122.0, 127.1, 127.6, 129.8, 136.3, 136.5, 137.0, 164.6, 

172.7, 192.2; m/z ESI-MS+ 430.0, [M+Na]+, C24H25NO5Na+ requires 430.1 (100 %). 
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4-(2-((3-(1H-indol-3-yl)propanoyl)oxy)acetyl)benzoic acid (COOH-Phen-Ind) 

 

This novel compound was prepared according to the adapted literature procedure.[180] Compound 91 

(10 mg, 0.024 mmol) was dissolved in formic acid (1 mL) and stirred at room temperature. After 2 h 

solvent was removed in vacuo and the residue was coevaporated with toluene to give 8 mg (0.023 

mmol, 95 % yield) of COOH-Phen-Ind as a white film.  

1H NMR (400 MHz, DMSO-d6) δ: 2.83 (t, J=7.5 Hz, 2H), 3.03 (t, J=7.5 Hz, 2H), 5.52 (s, 2H), 6.97-

7.01 (m, 1H), 7.05-7.10 (m, 1H), 7.18 (s, 1H), 7.34 (d, J=7.9 Hz, 1H), 7.53 (d, J=7.8 Hz, 1H), 8.04-

8.11 (m, 4H), 10.82 (s, 1H); 13C NMR (100 MHz, DMSO-d6) δ: 20.6, 34.5, 67.0, 111.8, 113.3, 118.5, 

118.7, 121.4, 122.8, 127.3, 128.4, 130.1, 135.7, 136.6, 137.4, 166.9, 172.6, 193.3; m/z ESI-MS- 350.1, 

[M-H]-
,
 C20H16NO5

- requires 350.1 (100 %). 

tert-Butyl 4-(2-((4-((tert-butoxycarbonyl)amino)butanoyl)oxy)acetyl)benzoate (92) 

 

This novel compound was prepared according to the adapted literature procedure. [120] To a cooled to 

13 ºC solution of compound 88 (15 mg, 0.05 mmol) in THF (0.1 mL) a solution of Boc-GABA-OH 

(10 mg, 0.05 mmol) in THF (0.6 mL) was added dropwise followed by addition of DBU (9 µL, 0.06 

mmol). To aid solubilisation CH3CN (0.5 mL) was added and reaction was stirred at room temperature 

overnight. Crude reaction mixture was evaporated to dryness and the product was isolated with use of 

column chromatography on silica (CHCl3 - MeOH, in gradient 0 – 1 % of MeOH, v/v) to give 18 mg 

(0.043 mmol, 85 %) of 92 as a white solid. 

1H NMR (400 MHz, CDCl3) δ: 1.37 (s, 9H), 1.54 (s, 9H), 1.84 (quin, J=7.0 Hz, 2H), 2.48 (t, J=7.3 Hz, 

2H), 3.13-3.19 (m, 2H), 4.69 (bs, 1H), 5.29 (s, 2H), 7.87 (d, J=8.4 Hz, 2H), 8.01 (d, J=8.4 Hz, 2H); 

13C NMR (100 MHz, CDCl3) δ:  25.2, 28.1, 28.4, 31.1, 39.7, 66.0, 79.1, 82.0, 127.5, 129.8, 136.6, 

136.9, 156.0, 164.5, 172.6, 191.9; m/z ESI-MS- 420.0, [M-H]-, C22H30NO7
- requires 420.2 (100 %). 
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4-(2-(4-(tert-Butoxycarbonyl)phenyl)-2-oxoethoxy)-4-oxobutan-1-aminium formate (tBu-Phen-

GABA) 

 

This novel compound was prepared according to the adapted literature procedure.[180] Compound 92 

(23 mg, 0.054 mmol) was dissolved in formic acid (1 mL) and stirred at 20 °C. After 0.5 h solvent was 

removed in vacuo and remaining residue was coevaporated with toluene to give. 18 mg (0.049 mmol, 

90 % yield) of tBu-Phen-GABA as a yellow film. 

1H NMR (500 MHz, DMSO-d6) δ: 1.58 (s, 9H), 1.87 (quin, J=7.4 Hz, 2H), 2.60 (t, J=7.4 Hz, 2H), 

2.86 (t, J=7.4 Hz, 2H), 5.55 (s, 2H), 8.05-8.09 (m, 4H), 8.39 (s, 1H); m/z ESI-MS+ 322.2, [M]+,  

C17H24NO5
+ requires 322.1 (100 %). 

4-(2-(4-Carboxyphenyl)-2-oxoethoxy)-4-oxobutan-1-aminium formate (COOH-Phen-GABA) 

 

This novel compound was prepared according to the adapted literature procedure.[180] Compound 92 

(18 mg, 0.042 mmol) was dissolved in formic acid (1 mL) and stirred at room temperature overnight. 

Solvent was removed in vacuo and remaining residue was coevaporated with toluene to give 8 mg 

(0.025 mmol, 60 % yield) of the product as a yellow film. 

1H NMR (400 MHz, CH3COOH-d3) δ: 2.32-2.68 (m, 2H under the solvent peak), 3.10-3.21 (m, 2H), 

3.62-3.75 (m, 2H), 5.87-6.06 (m, 2H), 8.48-8.59 (m, 2H), 8.65-8.76 (m, 2H); 13C NMR (100 MHz, 

CH3COOH-d3) δ: 22.8, 30.8, 39.6, 67.1, 128.3, 130.8, 134.5, 138.3, 170.1, 173.0, 193.07; m/z ESI-

MS+ 266.1, [M]+, C13H16NO5
+ requires 266.1 (100 %). 

2-(4-Methoxyphenyl)-2-oxoethyl 4-((tert-butoxycarbonyl)amino)butanoate (93) 

 

This novel compound was prepared according to the adapted literature procedure.[119]  To a solution of 

2-bromo-1-(4-methoxyphenyl)ethan-1-one (100 mg, 0.43 mmol) in MeCN (0.9 mL) a solution of Boc-

GABA-OH (88 mg, 0.43 mmol) in MeCN (5 mL) was added followed by the addition of DBU (76 µL, 

0.50 mmol) and reaction was stirred at room temperature for 16 h. Solvent was evaporated to dryness 
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and product was isolated from reaction mixture with use of column chromatography on silica (CHCl3 

– MeOH, in gradient 0-10 % MeOH, v/v) to give 100 mg of 93 as a white solid (0.28 mmol, 65 %). 

1H NMR (400 MHz, CDCl3) δ: 1.35 (s, 9H), 1.81 (quin, J=7.0 Hz, 2H), 2.45 (t, J=7.3 Hz, 2H), 3.10-

3.17 (m, 2H), 3.78 (s, 3H), 4.82-4.90 (bs, 1H), 5.22 (s, 2H), 6.86 (d, J=8.6 Hz, 2H), 7.80 (d, J=8.6 Hz, 

2H); 13C NMR (100 MHz, CDCl3) δ: 25.2, 28.4, 31.1, 39.7, 55.2, 65.7, 79.0, 114.0, 127.0, 130.0, 

156.0, 14.0, 172.7, 190.6; m/z EI-MS+ 351.1, [M], C18H25NO6 requires 351.1 (100 %). 

4-(2-(4-Methoxyphenyl)-2-oxoethoxy)-4-oxobutan-1-aminium formate (OMe-Phen-GABA) 

 

This novel compound was prepared according to the adapted literature procedure.[180] Compound 93 

(35 mg, 0.01) was dissolved in formic acid (1 mL) and stirred at room temperature overnight. Solvent 

was removed in vacuo and remaining residue was coevaporated with toluene to give 29 mg (0.097 

mmol, 97 % yield) of OMe-Phen-GABA.  

1H NMR (400 MHz, D2O) δ: quin, J=7.3 Hz, 2H), 2.66 (t, J=7.3 Hz, 2H), 3.06 (t, J=7.3 Hz, 

2H), 3.86 (s, 3H), 5.45 (s,2H), 7.04 (d, J=8.7 Hz, 2H), 7.91 (d, J=8.7 Hz, 2H), 8.33 (bs, 1H); 13C NMR 

(200 MHz, D2O+DMSO-d6) δ: 22.2, 30.5, 55.9, 66.8, 114.7, 126.5, 130.8, 164.5, 170.4, 174.0, 194.3; 

m/z ESI-MS+ 252.1, [M]+, C13H18NO4
+ requires 252.1 (100 %). 

2-(4-Hydroxyphenyl)-2-oxoethyl 4-((tert-butoxycarbonyl)amino)butanoate (94)[119] 

 

This known compound was prepared according to the literature procedure. [119]  To a solution of 2-

bromo-1-(4-hydroxyphenyl)ethan-1-one (100 mg, 0.46 mmol) in THF (1 mL) a solution of Boc-

GABA-OH (203 mg, 0.49 mmol) in THF (2 mL) was added followed by the addition of DBU (76 µL, 

0.50 mmol) and reaction was stirred at 20 °C for 16 h. Solvent was evaporated to dryness and product 

was isolated from reaction mixture with use of column chromatography on silica (CHCl3 – MeOH, in 

gradient 0-5 % MeOH, v/v) to give 20 mg of 94 as a white solid (0.059 mmol, 12 %). 

1H NMR (400 MHz, CDCl3) δ: 1.64 (s, 9H), 1.94 (quin, J=7.0 Hz, 2H), 2.58 (t, J=7.2 Hz, 2H), 3.24-

3.27 (m, 2H), 5.39 (s, 2H), 7.97 (d, J=8.4 Hz, 2H), 8.12 (d, J=8.4 Hz, 2H). Neither NMR nor MS 

spectroscopic data are reported in the literature for comparison. 
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4-(2-(4-Hydroxyphenyl)-2-oxoethoxy)-4-oxobutan-1-aminium trifluoroacetate (OH-Phen-

GABA)[119] 

 

This known compound was prepared according to the literature procedure. [119]  Compound 94 (20 mg, 

0.059 mmol) was dissolved in TFA (1 mL) and stirred at room temperature for 3 h. Solvent was 

removed by blowing down with stream of nitrogen and remaining residue was coevaporated with 

toluene. The residue was dissolved in H2O followed by extraction with EtOAC and liofilization to give 

12 mg (0.034 mmol, 57 % yield) of OH-Phen-GABA. 

1H NMR (400 MHz, D2O) δ: 1.92 (quin, J=7.3 Hz, 2H), 2.58 (t, J=7.3 Hz, 2H), 2.9 (t, J=7.3 Hz, 2H), 

5.40 (s, 2H), 6.88 (d, J=8.7 Hz, 2H), 7.81 (d, J=8.7 Hz, 2H); 13C NMR (100 MHz, CDCl3) δ: 22.0, 

30.4, 38.6, 66.7, 115.8, 125.7, 131.0, 162.2, 174.3, 190.8; m/z ESI-MS+ 238.1, [M]+, C12H16NO4
+ 

requires 238.1 (100 %). Neither NMR nor MS spectroscopic data are reported in the literature for 

comparison. 

(2,7-Diiodo-9H-fluorene-9,9-diyl)bis(propane-3,1-diyl) bis(4-(2-bromoacetyl)benzoate) (99) 

 

This novel compound was prepared by analogy with a reported procedure.[104] To the cooled to 0 °C 

solution of compound 63 (550 mg, 0.66 mmol) in CHCl3 (11 mL), a solution of bromine (72 µL, 1.39 

mmol) in CHCl3 (5 mL) was added dropwise. Reaction was stirred at 20 °C until the color changed 

from intensively red to pale yellow. Crude mixture was washed with NaHCO3, followed by washing 

with H2O. Organic phase was dried over MgSO4 and evaporated to dryness. The product was purified 

by column chromatography on silica (DCM : MeOH in gradient 0% to 5% of MeOH) to give 556 mg 

(0.56 mmol, 85%) of compound 99 as a white solid. 

1H NMR (400 MHz, CDCl3) δ: 0.96–1.03 (m, 4H), 2.05–2.09 (m, 4H),4.00 (t, J=6.3 Hz, 4H), 4.38 (s, 

4H), 7.39 (d, J=8.6 Hz, 2H), 7.64–7.65 (m, 4H), 7.97–8.02 (m, 8H); 13C NMR (100 MHz, CDCl3) δ: 

23.2, 30.6, 36.3, 54.6, 65.0, 93.6, 122.0, 129.0, 130.0, 131.8, 134.6, 136.9, 137.1, 139.9, 150.7, 165.2, 

190.8; m/z EI-MS+ 983.8 [M]+, C37H30Br2I2O6
+ requires 983.8 (100%). 
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(2,7-Diiodo-9H-fluorene-9,9-diyl)bis(propane-3,1-diyl)bis(4-(2-((3-(1H-indol-3-yl) 

propanoyl)oxy)acetyl)benzoate) (100) 

 

This novel compound was prepared by analogy with a reported procedure.[119] To a solution of 

compound 99 (100 mg, 0.1 mmol) in THF (0.5 mL) a solution of 3-indolepropionic acid (38 mg, 0.2 

mmol) in THF (2.0 mL) was added followed by DBU (32 µL, 0.21 mmol). After 16 h of stirring at 20 

°C the solvent was evaporated in vacuo and the product was isolated from the crude reaction mixture 

with use of the column chromatography (CHCl3 – MeOH, 99:1 v/v). Compound 100 was obtained as 

white solid in 58% yield (70 mg, 0.058 mmol).  

1H NMR (400 MHz, CDCl3) δ: 0.94–1.04 (m, 4H), 2.03–2.10 (m, 4H), 2.83 (t, J=7.7 Hz, 4H), 3.10 (t, 

J=7.6 Hz, 4H), 3.99 (t, J=6.2 Hz, 4H), 5.25 (s, 4H), 6.97 (s, 2H), 7.01–7.07 (m, 2H), 7.09–7.14 (m, 

2H), 7.27 (d, J=8.2 Hz, 2H), 7.40 (d, J=7.9, 2H), 7.54 (d, J=7.7 Hz, 2H), 7.62–7.67 (m, 4H), 7.89 (d, 

J=8.2 Hz, 4H), 7.99 (d, J=8.2 Hz, 4H); 13C NMR (100 MHz, CDCl3) δ: 20.5, 23.2, 34.5, 36.3, 54.6, 

65.0, 66.1, 93.6, 111.1, 114.8, 118.7, 119.4, 121.5, 121.9, 122.1, 127.2, 127.8, 130.0, 131.8, 134.6, 

136.3, 136.9, 137.4, 140.0, 150.7, 165.3, 172.7, 192.1; m/z MALDI TOF+ 1201.4, [M+H]+, 

C59H51I2N2O10
+, requires 1201.1 (100%). 

BEF-Phen-Ind 

 

This novel compound was synthesized by adapting a reported procedure.[108] To vacuum-dried CuI 

(1.1 mg, 0.006 mmol), Pd(OAc)2 (1.2 mg, 0.005 mmol) and PPh3 (3.0 mg, 0.011 mmol), compound 

100 (70 mg, 0.058 mmol) in DCM (1 mL) and distilled DIPA (1.0 mL) was added and two freeze-

thaw cycles were carried out. A solution of compound 58 (93 mg, 0.122 mmol) in DCM (1 mL) was 

added and additional freeze-thaw cycle was run. The progress of the reaction was monitored by HPLC 

(HPLC Method 2). After 2 h of stirring at 20 °C the reaction mixture was diluted with CHCl3 (50 mL) 
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and crude mixture was washed with H2O (20 mL) and NH4Cl (20 mL). The organic layer was dried 

over MgSO4 and evaporated to dryness. The crude reaction mixture was dissolved in MeCN and 

passed through a pre-packed reverse phase column with MeCN as eluent. The organic phase was 

collected and solvent was removed in vacuo to give 180 mg of the crude reaction mixture. 10 mg of 

the crude mixture were purified with use of semi-prep HPLC to give 0.6 mg of BEF-Phen-Ind as a 

yellow oil (7% yield calculated for the 10 mg of purified crude, 0.0002 mmol).  

1H NMR (400 MHz, CDCl3) δ: 0.92–1.00 (4H, m), 2.25–2.33 (m, 4H), 2.82 (t, J=7.7 Hz, 4H), 3.01 (t, 

J=7.6 Hz, 4H), 3.22 (s, 12H), 3.39–3.42 (under H2O, m, 8H), 3.47–3.59 (m, 104 H), 3.99–4.04 (m, 

4H), 5.36 (s, 4H), 6.72 (d, J=8.7 Hz, 4H), 6.97–7.00 (m, 2), 7.06–7.09 (m, 2H), 7.16–7.19 (m, 2H), 

7.29–7.34 (m, 6H), 7.49–7.53 (m, 4 H), 7.69 (s, 2H), 7.89 (d, J=7.8 Hz, 2H), 8.00–8.04 (m, 8H), 10.83 

(s, 2H); m/z MALDI TOF+ 2468.81, [M]+, C135H182N4O38
+

 requires 2468.25 (100%); 2491.92, 

[M+Na]+, C135H182N4O38Na+ requires 2491.24 (100%); 2507.90, [M+K]+, C135H182N4O38K+ requires 

2507.21 (100%).  

7.3 Electrochemical measurements 

Voltammetric measurements were conducted with an Autolab Eco-Chemie PGSTAT12 instrument 

using the following electrodes: a glassy carbon working electrode, Ag/AgNO3 as a reference electrode 

(double-frit design, inner solution 0.1 M Bu4NPF6/0.002 M AgNO3 in acetonitrile, outer solution 0.1 

M Bu4NPF6 in THF) and a Pt counter electrode. The chamber containing the electrolyte solution (0.1 

M Bu4NPF6 in THF) was degassed by bubbling with N2. Potentials are reported with the 

ferrocene/ferrocenium (Fc/Fc+) as the internal standard. A scan rate of 0.1 V s–1 and a step potential of 

0.10 V were used in cyclic voltammetry measurements. 

7.4 One-photon photolysis  

One-photon photolysis of was carried out with a broad source of light Rayonet RMR-600 (300–400 

nm, with peak at 350 nm), while wavelength dependent uncaging experiments were performed with 

use of and JobinYvon Ltd. Fluoromax2 spectrometer (340 nm, 360 nm, 380 nm, 400 nm, 420 nm, with 

5 nm band width).  

7.4.1 Actinometry 

One-photon uncaging quantum yield was determined with use of Equation 7, according to which 

quantum yield of uncaging ϕu is defined as a ratio of number of molecules uncaged to the number of 

photons absorbed by the irradiated solution.[148] 

𝜙𝑢 =
𝑘𝑐𝑉𝑁𝐴

𝑓(1−10−𝐴)
   (7) 
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Equation 7. Equation used in calculating one-photon uncaging quantum yield ϕu where 𝑘 -  
GABA release rate constant, 𝑐 - concentration of the photolysed solution, 𝑉- volume of the photolysed 
solution, 𝑁𝐴 – Avogadro number, 𝑓 - number of photons administrated, 𝐴 - absorption of the irradiated 
solution at the photolysis wavelength.  
 

The number of molecules released per second, 𝑘𝑐𝑉𝑁𝐴, was determined by following the progress of 

reaction by HPLC. The number of photons absorbed by the solution was calculated considering the 

number of administrated photons 𝑓 and absorbance 𝐴 of the sample. The photon flux of the light 

source was measured with ferric oxalate actinometry. 

Ferric oxalate actinometry protocol[146] 

All procedures were carried out in the dark. Ferric oxalate solution (0.5 mL, 0.006 M, prepared by 

dissolving potassium ferric oxalate trihydrate (K3[Fe(C2O4)3]·3H2O, 300 mg) in H2SO4 (0.05 M, 100 

mL)) was placed in a quartz cuvette and irradiated (with the Rayonet RMR-600 for 10 s, or with the 

JobinYvon Ltd. Fluoromax2 spectrometer for 120 s) while an identical control sample was kept in the 

dark. Irradiated ferric oxalate solution (0.2 mL) and a control sample (0.2 mL) were transferred to the 

cuvettes containing a mixture of buffered 0.1% phenanthroline solution (0.9 mL, prepared by 

dissolving 22.5 g of CH3CO2Na·3H2O and 0.100 g of phenanthroline in 100 mL of 0.5 M H2SO4) and 

H2O (0.9 mL). Samples were kept in the dark for 1 h to allow the complexation to occur and their 

absorbance at 510 nm was measured. The irradiation time was chosen to ensure that the 

photoconversion of ferric oxalate does not exceed 5% and that the absorption of the Fe(phen)3
2+ 

complex is within 0.5–1. 

Upon exposure to light potassium ferric oxalate (K3[Fe(C2O4)3]) is converted to Fe2+ and as the 

quantum yield 𝜙𝑅 of formation of Fe2+ is well-known for a range of wavelengths (222–500 nm) the 

photon flux 𝑓irradiating the solution can be calculated with use of Equation 8, 

𝑓 =
𝑛𝑜.  𝑚𝑜𝑙𝑒𝑠𝐹𝑒2+

ϕR𝑡(1−10−𝐴)
 (8) 

where 𝜙𝑅 is the quantum yield of the ferric oxalate conversion at the irradiation wavelength, t (s) is the 

irradiation time, (1 − 10−𝐴) is the fraction of light absorbed by the ferric oxalate solution while A is 

the absorption of 0.006 M solution at the irradiation wavelength. Formation of the colored 

Fe(phen)3
2+complex (ε510 = 11,100 M–1 cm–1) allows to quantify amount of Fe2+ generated during the 

irradiation by measuring the absorption of irradiated and non-irradiated sample (Equation 9).[147] 

𝑛𝑜. 𝑚𝑜𝑙𝑒𝑠𝐹𝑒2+ =  
𝑉1𝑉3𝛥𝐴(510 𝑛𝑚)

103𝑉2𝑙ε (510 𝑛𝑚)
 (9) 

Where 𝑉1 (mL) is the irradiated volume, 𝑉2 (mL) is the aliquot of the irradiated solution transferred to 

the solution of buffered phenanthroline, 𝑉3 (mL) is the final volume of the complexation solution, l 

(cm) is the optical path length of the quartz cuvette used for irradiation, 𝛥𝐴 (510 nm) is the difference 
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in absorbance between the irradiated solution and control stored in the dark, and ε (510 nm) is the 

extinction coefficient of the complex (Fe(phen)3
2+) at 510 nm. 

The calculated value of the photon flux was expressed in E·s–1 and was converted to photons·s–1 by 

multiplying the obtained value with the Avogadro number. The photon flux determined for Rayonet 

RMR-600 was 1.89 ± 0.04 × 1016 photons·s–1 and for JobinYvon Ltd. Fluoromax2 spectrometer at 360 

nm was 3.3 ± 0.5 ×1015 photons·s–1. 

7.4.2 Wavelength-dependent uncaging of BEF-Pyr-Trp 

Fluorescence cuvette (10 mm path length) was filled with citric acid/ sodium citrate buffer (pH 3.0, 3 

mL) and150 µL of the buffer were removed and replaced with 150 µL of the BEF-Pyr-Trp stock 

solution in H2O +0.1% TFA/acetonitrile, (3:2, v/v) (due to the susceptibility of BEF-PyrTrp to 

decomposition we used fractions collected upon semi-preparative HPLC purification as stock 

solutions and stored them at –80 °C). The concentration (1.35–1.75 µM) was set such that 𝐴 = 0.15–

0.18 (for sample of 90% purity by HPLC and ɛ380 = 90 000 M–1 cm–1). After measuring the absorbance 

the sample was split into 3 batches: 1 - 400 µL, which was photolyzed immediately at 350 nm in 

Rayonet-RMR 600 (10 min); 2 - 400 µL, which was kept in dark and used as control sample, 3 - 2200 

µL, which was placed in the fluorometer and photolyzed at one of the following wavelengths: 340 nm, 

360 nm, 380 nm, 400 nm, 420 nm. 35 µL aliquots of the control and photolyzed solution were 

removed after following time: 0, 150 s, 300 s, 600 s, 900 s, 1200 s, 1800 s, 2800 s, 3800 s, placed in 

HPLC vials and stored in the liquid nitrogen then analyzed one by one by HPLC with method 1. 

Release of tryptophan was monitored and quantified at 220 nm, while depletion of starting material 

BEF-Pyr-Trp was quantified at 375 nm. HPLC chromatograms were transferred to Origin and 

integrated. Amount of released tryptophan was quantified with reference to the calibration curve, 

which was prepared for concentrations 1.24–6.20 µM with use of HPLC method 1. 

7.4.3 Uncaging quantum yield of BEF-Pyr-Trp 

Photolysis was carried out at 360 nm according to the protocol described in 7.4.2 

7.4.4 Uncaging quantum yield of of BEF-Phen-Ind  

A solution of BEF-Phen-Ind (17 μM in H2O, 3 mL, 80% pure sample by HPLC, absorption of the 

solution A = 2.0, ε= 90 000 M–1 cm–1) was split into 2 portions: 1 mL was kept in the dark whilst 2 

mL were photolyzed at 360 nm with Ryonet-RMR 600. Every minute 30 μL aliquots were taken from 

the photolyzed reaction mixture and the control sample, placed in vials and stored in liquid nitrogen. 

After 10 minutes of irradiation samples were analyzed one by one by HPLC with use of HPLC method 

1. Release of 3-indolepropionic acid was monitored and quantified at 220 nm, while depletion of 

starting material BEF-Phen-Ind was quantified at 375 nm. Amount of released 3-indolepropionic acid 
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was quantified with reference to the calibration curve that was prepared for concentrations 1.4–6.9 µM 

and 4.1–20.7 µM using HPLC method 1. 

7.5 The composition of buffer solutions 

Buffers used in stability experiments were prepared according to the following procedures.[184] All 

solutions were prepared in 100 mL scale. 

Citric acid/ sodium citrate, pH 3.0 

Prepared from 82 mL of 0.1 M citric acid (obtained upon dissolving 4.20 g of citric acid monohydrate, 

C6H8O7  H2O, in 200 mL of H2O) and 18 mL of 0.1 M trisodium citrate (obtained upon dissolving 

2.94 g of trisodium citrate dehydrate, C6H5O7Na3  2H2O, in 100 mL of H2O). 

Citric acid/ sodium citrate, pH 5.0 

Prepared from 35 mL of 0.1 M citric acid (obtained upon dissolving 4.20 g of citric acid monohydrate, 

C6H8O7  H2O, in 200 mL of H2O) and 65 mL of 0.1 M trisodium citrate (obtained upon dissolving 

2.94 g of trisodium citrate dehydrate, C6H5O7Na3  2H2O, in 100 mL of H2O). 

PBS, Phosphate buffered saline, Na2HPO4 / NaH2PO4, pH 7.4 

Prepared from 4.0 mL of 0.2 M Na2HPO4 (obtained upon dissolving 3.65 g of Na2HPO4  2H2O in 100 

mL of H2O), 0.95 mL of 0.2 M NaH2PO4 (obtained upon dissolving 3.12 g of NaH2PO4  2H2O in 100 

mL of H2O) and 95.05 mL of H2O. 

NaHCO3-aCSF, pH 7.4 

Prepared from 10 mL of solution A (obtained upon dissolving 0.29 of CaCl2  2H2O, 1.8 g of glucose, 

0.49 g of MgCl2  6H2O, 0.22 g KCl, 7.37 g of NaCl, 0.19 g of NaH2PO4  2H2O in 100 mL of H2O), 

11 mL of solution B (obtained upon dissolving 2.0 g of NaHCO3 in 100 mL of H2O) and 79 mL of 

H2O. 

HEPES-aCSF, pH 7.4 

Prepared from 10 mL of solution A (obtained upon dissolving 8.47 g of NaCl, 0.22 g KCl, 0.29 g of 

CaCl2  2H2O, 1.8 g of glucose, 0.49 g of MgCl2  6H2O in 100 mL of H2O), 10 mL of solution B 

(obtained upon dissolving 3.57 g of HEPES in 100 mL of H2O) and 80 mL of H2O. pH was adjusted to 

7.4 with 1.0 M NaOH.  

Sodium carbonate/sodium bicarbonate, pH 9.2 
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Prepared from 10 mL of 0.1 M Na2CO3 (obtained upon dissolving 2.11 g of anhydrous Na2CO3 in 200 

mL of H2O) and 90 mL of 0.1 M NaHCO3 (obtained upon dissolving 1.68 g of anhydrous NaHCO3 in 

200 mL of H2O). 

7.6 Electrophysiology  

Experiments were carried out with rat cortical cultures (DIV 14 – 28). Cultures were placed in a 

chamber perfused with HEPEs-based aCSF (in mM: 145 NaCl, 15 HEPES, 10 glucose, 3 KCl, 2 

CaCl2, 2 MgCl2, pH 7.4 (adjusted with NaOH) and osmolarity set to 330 mosmol L–1). All 

measurements were performed at room temperature. Whole-cell voltage-clamp recordings were 

acquired using a Multiclamp700b. Recording pipettes were filled with the following internal solution 

(in mM): 140 CsCl, 0.2 EGTA, 10 HEPES, 2 MgATP, 0.3 Na2GTP, 5 QX-314, pH 7.2 (adjusted with 

NaOH) and osmolarity set to 290 mosmol L–1. A second patch pipette contained 0.01 – 2 mM of  

BEF-Pyr-GABA and was located close to the recorded neurons for local puffing. Alexa 594 (20 µM) 

was added to the recording solution to identify the locations and select region of interest for 

photomanipulation. Neurons were visualized with fluorescent images via 800 nm laser scanning. Two-

photon irradiation was performed at 720 nm and uncaging was initiated with the laser every 6 s with a 

duration of 2 – 5 ms and 5 mW of the beam power (300 fs, Ti:sapphire laser). Uncaging was activated 

with a TTL trigger input, which synchronizes voltage clamp recordings and uncaging. A series of TTL 

were generated by the imaging laser and recorded as reference of voltage clamp recordings. All of the 

neurons were recorded at holding potential –70 mV. 
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