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Abstract
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The study of biological analytes in their native environment is a major challenge for
biochemistry and molecular biology.  Luminesce spectroscopy is well suited for this task
due to its non-invasiveness, high spatial and temporal resolution, and high signal to noise
ratio. This thesis describes the development and applications of Ln-based luminescent probes
for detecting small molecules and enzymes.  Specifically the probes presented are based on
coumarin sensitizers coupled to a DO3A chelated LnIII center. The 1st generation of these probes
employ 7-OH coumarins, caged at the 7-O position (Chapter 2). By use of p-pinacolatoboron
benzyl or p-methoxybenzyl cages, this design allowed the construction of ratiometric EuIII-based
probes capable of detecting the reactive oxygen species H2O2, NO and ONOO−.

The second and third part of the thesis describes a further improvement of the design
(Chapters 3 and 4). By employing caged coumarin precursors EuIII and TbIII-based probes were
developed for a variety of different analytes (F−, Pd0, H2O2, β-galactosidase, β-glucosidase, α-
mannosidase and phosphatase). Most of these probes displayed excellent turn-on responses
when treated with their respective analytes. Furthermore they could be used for detecting
multiple analytes simultaneously (Chapter 4). By use of one Eu-based and another Tb-based
probe, the simultaneous detection of two analytes was possible. This could further be extended
to simultaneous three analyte detection by the additional employment of an organic coumarin-
based probe.

The last part of the thesis (Chapter 5) describes protocols for the rapid and efficient access
to triazole-linked lanthanide-antenna complexes by use of the copper-catalyzed azide-alkyne
cycloaddition reaction. For robust substrates, microwave heating at 100 °C enabled rapid (15-60
min) access to various lanthanide complexes, which could be isolated via simple precipitation.
Using these conditions pure bi- and tri-homometallic lanthanide complexes could be prepared.
A second protocol, for substrates carrying sensitive functionalities was also developed. The
application of catalytic amounts of CuOAc, BimPy2 ligand, and a large excess of NaAsc afforded
a variety of lanthanide complexes, among them caged responsive probes, in moderate to good
yields.
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Abbreviations  

Abbreviations are used in agreement with the standards of the 
subject.[1] Non-standard abbreviations that appear in the thesis are 
listed here. 
  
AIBN Azobisisobutyronitrile 
Asc Ascorbate 
B2pin2 Bis(pinacolato)diboron 
BimPy2 N-((1H-benzo[d]imidazol-2-yl)methyl)-1-(pyridin-2-yl)-N-

(pyridin-2-ylmethyl)methanamine 
Boc tert-butyloxycarbonyl 
Bpin pinacolatoboron 
CuAAC Copper-catalyzed azide-alkyne cycloaddition 
DIPEA N,N-Diisopropylethylamine 
DO3A 1,4,7,10-tetraazacyclododecane-1,4,7-triacetic acid 
dppf 1,1′-Bis(diphenylphosphino)ferrocene 
DTPA 
Fwhm 

Diethylene triamine pentaacetic acid 
Full width at half maximum 

HATU O-(7-Azabenzotriazol-1-yl)-N,N,N′,N′-tetramethyluronium 
hexafluorophosphate 

HEPES 2-(4-(2-hydroxyethyl)-1-piperazinyl)ethanesulfonic acid 
LacZ Part of the lac operone, encoding β-galactosidase 
Ln  Lanthanide 
Ms Mesityl 
n.d.  Not determined 
NBS N-bromosuccinimide 
PeT Photoinduced electron transfer 
PTP1B Protein tyrosine phosphatase 1B 
q Hydration state 
RET Resonance energy transfer 
RNS Reactive nitrogen species 
RONS Reactive oxygen and nitrogen species 
ROS Reactive oxygen species 
rt Room temperature 
S/N Signal to noise ratio 
TBAF Tetrabutylammonium fluoride 



 

TBTA Tris((1-benzyl-1H-1,2,3-triazol-4-yl)methyl)amine 
Tf Trifluoromethanesulfonate 
TFA Trifluoroacetic acid 
THPTA 3,3′,3′′-(4,4′,4′′-(Nitrilotris(methylene))tris(1H-1,2,3-

triazole-4,1-diyl))tris(propan-1-ol) 
TIPS Triisopropylsilyl 
TMS Trimethylsilyl 
U Unit – measure of enzyme activity 
τ Luminescent lifetime 
ΦL  Quantum yield of luminescence 
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1. Introduction 

Human curiosity has driven the invention of tools that enable us to see be-
yond the limits set by our senses. These tools span from telescopes, for view-
ing distant stars and galaxies, to particle accelerators, for observing the fun-
damental building blocks of nature. In between these extremes, and at the 
heart of chemistry, are molecules, and a variety of techniques have been 
developed to probe their interactions. However, singling out and studying 
selected processes amongst a large number of competing ones is still a chal-
lenging task indeed. Although difficult, it is a vital challenge to overcome if 
we are ever to understand the workings of complex systems such as cells, 
where millions of reactions occur every second.[2] 

One powerful approach to tackle this problem, known as luminescence 
spectroscopy, takes advantage of the interactions of light with molecules. 
Molecules that interact efficiently with light by absorbing and emitting pho-
tons are called luminophores, and often contain aromatic or highly conjugat-
ed systems.[3,4] In order to take advantage of the interaction of a luminophore 
with light to study a selected event, the luminophore needs to respond to the 
event in question. Such responsive luminophores are usually called lumines-
cent probes and a large amount of research has been focused on finding effi-
cient ways of making luminophores respond to selected events.[5] 

This thesis concerns the development of such tools, namely luminescent 
lanthanide-based probes. The thesis covers both the construction of the 
probes as well as their applications in detecting biologically relevant small 
molecules and enzymes. The first part of the introduction aims to give a brief 
overview of the challenges of studying biological systems while the second 
part deals with the general principles behind luminescent probes in general 
and lanthanide based probes in particular. 

1.1 The challenge  
Cells are often considered the most basic unit of life, yet they are vastly 
complex, orchestrating millions of interconnected reactions every second.[2] 
Untangling these interactions is a major challenge for biochemistry and mo-
lecular biology. The value in doing so lies in part in the better understanding 
of healthy and diseased states, knowledge that in the long run can be used in 
the development of new drugs or the prevention of illnesses. 
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A number of complementary techniques exist to study cells and cellular 
components.[2,6] Perhaps the most direct way of gaining understanding of a 
selected analyte’s role is to visualize it in live cells (preferably while simul-
taneously looking at interconnected components). As noted above this thesis 
concerns the development of luminescent lanthanide-based probes that can 
aid in such study of cellular components. Specifically, the analytes we have 
focused on are phosphatases, glycosidases and reactive oxygen and nitrogen 
species. This section aims to describe our motives behind choosing these 
analytes by briefly discussing their biological roles. 

Much of the cell’s functions are regulated by signaling networks. Signal-
ing is the transfer of information towards and within the cell, and enables it 
to respond to specific stimuli. The end result of a signaling cascade is often 
phosphorylation or dephosphorylation of some protein, which alters its activ-
ity and in turn the activity of the cell.[7] Protein phosphorylation is catalyzed 
by kinases and phosphorylases, while dephosphorylation is catalyzed by 
phosphatases. Dysregulation of phosphatase activity has been linked to dia-
betes, obesity and cancer.[8] 

Certain phosphatases can be regulated by reactive oxygen or nitrogen 
species (RONS).[9] RONS are small oxidizing molecules with various bio-
logical functions and include •OH, 1O2, O2

•−, H2O2, HOCl, NO and ONOO− 
among others. RONS are not only regulators of protein function by redox 
signaling. High levels of RONS produce oxidative stress, which is implicat-
ed in various disease states such as cancer and Parkinson’s and Alzheimer’s 
diseases.[10] 

Besides protein phosphorylation, protein glycosylation can also produce 
structural modifications of proteins and as such be part of signaling cas-
cades.[11] In addition, glycosides are critical for cell-cell and cell-pathogen 
recognition, and as such play a role in the immune system.[11] Glycosylation 
is mediated by glycosidases and glycosyltransferases.[11] 

A key feature of signal transducing systems is the ability of the system to 
respond to multiple signals by a unified response. There is considerable 
crosstalk between different signaling pathways.[7] This interconnectedness 
means it is often informative to study several components of the system sim-
ultaneously, something which is discussed in Chapter 4.  

As noted above, our approach for detecting such components is to use 
lanthanide-based luminescent probes. The remaining parts of the introduc-
tion discuss the principles of such probes. 

1.2 Interaction of light with molecules  
Light, or electromagnetic radiation, can be described both as a particle (pho-
ton) and as an oscillating field with an electric and a magnetic component. 
While physicists often refer to all electromagnetic radiation as light, in this 
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thesis the word light is reserved to electromagnetic radiation in the region of 
the spectrum stretching from ultraviolet (UV) to near-infrared (NIR).  

Light within this frequency region can induce electronic transitions in 
molecules. For this to occur, the molecule must at least transiently possess a 
dipole oscillating at the same frequency as the light (this, however, should 
not be confused with the permanent dipoles of certain molecules).[12] How-
ever, due to symmetry considerations, not all electronic transitions are al-
lowed. 

When absorption occurs in a molecule, it is excited from its ground state 
to an excited state. This usually means promoting an electron from the high-
est occupied molecular orbital (HOMO) to the lowest unoccupied molecular 
orbital (LUMO). When an electron is promoted to a higher energy orbital its 
spin remains unchanged and consequently the multiplicity of the molecule 
will be unchanged. For most organic molecules, which are closed shell sin-
glets in their ground state, both states are singlet states (denoted S0 for the 
ground state and S1 for the first excited state). Each electronic state is divid-
ed into a number of vibrational sublevels.[12] To illustrate the various photo-
physical processes that can occur within a molecule a Jablonski diagram is 
often used (Figure 1).[13] 

 
Figure 1. Jablonski diagram depicting the most common photophysical 

processes.[14] 

At room temperature most molecules are in their electronic ground state S0, 
with nuclei at their equilibrium distance to each other. Following absorption 
and promotion of an electron to an excited state, the electron density is redis-
tributed within the molecule. Because nuclear motion is much slower than 
electronic transitions, the nuclei will not immediately respond to this new 
electronic environment. As a result, excitation normally occurs to a higher 
vibrational sublevel of the excited state (Figure 1, 1). This is known as the 
Franck-Condon principle.[15]  
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Following absorption, the molecule can relax down to the lowest vibra-
tional sublevel of the excited state by dissipating some of the energy inter-
nally through conformational changes, or externally to surrounding mole-
cules (Figure 1, 2). If such a relaxation occurs all the way to the ground state 
it is referred to as internal conversion (Figure 1, 4). However, because of the 
much larger energy gap between the S1 and S0 state, the surrounding mole-
cules may be unable to accept the energy required for this transition. Instead, 
return to the ground state can occur with the simultaneous release of a pho-
ton (Figure 1, 3), this process is known as fluorescence.[12] In addition, a 
molecule in an S1 state can undergo an interconversion to a triplet state (de-
noted T1, Figure 1, 5). Such a process, known as intersystem crossing, is 
formally forbidden but can occur if the singlet has an isoenergetic triplet 
state,[16] and a mechanism exists to make this transition partially allowed, 
such as spin-orbit coupling.[17] Return from an excited triplet state to the 
ground singlet state is known as phosphorescence (Figure 1, 6). Since phos-
phorescence, like intersystem crossing, is spin forbidden it is much slower 
than fluorescence (with characteristic lifetimes in the order of ms−s com-
pared to ns for fluorescence). 

In certain species, such as transition metal or lanthanide complexes the 
nature of the excited state can be unclear.[14] In such cases the term lumines-
cence, which covers both fluorescence and phosphorescence, can be used to 
refer to the emission. Consequently, the term luminophore is used to refer to 
species which display luminescence and the more narrow terms fluorophore 
and phosphor are used for species that emit light by fluorescence and phos-
phorescence, respectively. 

1.3 Experimental study of luminescence 
An instrument often used to study luminescent compounds is the spectroflu-
orometer. This is a device that can excite samples and record their emission 
(Figure 2a). Usually a cuvette is loaded with a liquid sample and placed in 
the sample holder. The sample is then excited by a light source and the emis-
sion from the cuvette is recorded at a 90° angle to minimize interference 
from the excitation source. The light source is often a xenon lamp which 
emits at all wavelengths between 250−1000 nm (although not at the same 
intensities). Before the excitation light reaches the sample it is passed 
through a monochromator which selects out the wavelength chosen by the 
operator (by the use of prisms, diffraction gratings or filters). The emission 
from the sample then passes through another monochromator (in order to 
decompose the spectrum of the emitted light) before reaching the detector.[18] 

Most spectrofluorometers can record both excitation and emission spec-
tra. An emission spectrum is a plot of the emission intensity vs. wavelength 
using a fixed excitation wavelength. Conversely, an excitation spectrum is a 
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plot of the emission intensity vs. wavelength using a fixed emission wave-
length and scanning the excitation wavelength. A molecule’s emission spec-
trum is usually an approximate mirror image of its excitation spectrum, 
which in turn, closely resembles its absorption spectrum.[14,18] Notable ex-
ceptions to the mirror image rule are molecules that undergo resonance ener-
gy transfer (RET), and certain transition metal and lanthanide complexes.[18] 

Some spectrofluorometers are capable of time gating the sample emis-
sion. This can be achieved in various ways, the result being that the emission 
can be recorded a fixed time after excitation, in contrast to the continuous 
detection employed in steady state spectroscopy (Figure 2b). Time resolved 
spectroscopy can be used to gain additional information from a sample other 
than just its emission and excitation spectrum, such as luminescence life-
times. Additionally the technique can be used to increase the signal to noise 
ratio (S/N) in samples containing fluorophores with shorter lifetimes than the 
molecule of interest (see below).[18] 

 
Figure 2. a) Schematic drawing of a spectrofluorometer. b) Illustration of the differ-

ence between steady state and time-resolved detection. 

Other instruments commonly employed in luminescence spectroscopy are 
luminescence plate readers and microscopes. While these instruments are not 
as sensitive as spectrofluorometers, they offer complementary capabilities. 
These include the capacity for high-throughput measurements (fluorescence 
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plate readers) and the ability to study localized processes in live cells (fluo-
rescence microscopes).[18] 

Luminescence spectroscopy is a very sensitive technique, so sensitive in 
fact, that it can be used to detect single molecules in solution.[19] The sensi-
tivity stems from the ability to detect signals over an essentially zero back-
ground.[14] This means that extremely sensitive detectors can be used that 
amplify very weak signals. Luminescence spectroscopy can also provide 
very high temporal and spatial resolution. Super-resolution microscopy (of-
ten called nanoscopy) has pushed the boundary of spatial resolution beyond 
the diffraction limit of light.[20] 

Despite the very high sensitivity of the technique, without efficient lumi-
nophores the information that can be gained is limited. Some important 
properties that determine the usefulness of a luminophore for spectroscopy 
are summarized below.  

1.3.1 Brightness 
The brightness (B) of a luminophore is the product of its absorption coeffi-
cient (ߝ) and luminescence quantum yield (Φ௅). The absorption coefficient is 
the measure of a molecule’s ability to absorb light at a certain wavelength. 
The efficiency of absorption is expressed as the molar absorption coefficient ߝ in the Beer-Lambert law: ܣ =  ݈ܿߝ

where A is the absorbance at the specific wavelength measured, ݈ the path 
length, and ܿ the concentration of the luminophore. The quantum yield of 
luminescence (Φ௅) is the number of emitted photons per number of photons 
absorbed. Alternatively, the quantum yield of luminescence can be expressed 
in terms of relative rates: Φ௅ = 	 ݇௥݇௥ + ݇௡௥ 

where ݇௥ and ݇௡௥ are the summed rate constants for radiative and non-
radiative decay, respectively. High brightness is important because it reduces 
the amount of luminophore needed for spectroscopy. The brightness of some 
natural and synthetic fluorophores are plotted in Figure 3.  
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Figure 3. The brightness of some fluorophores plotted against their wavelength of 

maximum absorbance.[5b] 

1.3.2 Stokes shift 
The Stokes shift is the wavelength difference between the maxima of the 
lowest energy absorption and the emission.[3,21] The Stokes shift occurs as a 
consequence of the relaxation down the vibrational sublevels of the excited 
state. As a result, the emitted light will have lower energy (longer wave-
length) than the absorbed light (Figure 4). This phenomenon was first ob-
served by G. G. Stokes by looking at a solution of quinine sulfate through a 
yellow filter (a glass of wine).[22] A large Stokes shift is desirable since it 
minimizes luminophore self-quenching as well as interference from excita-
tion light (by scattering) in the detection channel.  
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Figure 4. Illustration of the Stokes shift. 

1.3.3 Additional requirements for bioimaging 
Studying biological systems puts additional requirements upon the lumino-
phore. Certain biomolecules are themselves fluorophores and these can inter-
fere with the measurement by absorbing and emitting light. Fluorescent bio-
molecules include tyrosine (λabs/λem 275 nm/303 nm, 1500 = ߝ M−1 cm−1), 
tryptophan (λabs/λem 280 nm/348 nm,	6300 = ߝ M−1 cm−1), NADH (λabs/λem 
340 nm/435 nm, 6200 = ߝ M−1 cm−1) and the flavins (λabs/λem 450 nm/530 
nm, 12200 = ߝ M−1 cm−1).[5b] In tissue, absorbance from hemoglobin and 
oxyhemoglobin is high at wavelengths < 600 nm.[23] Since most of the bio-
logical fluorophores absorb and emit light in the UV- or near UV-region, one 
way to minimize the interference from these is to use luminophores that ab-
sorb and emit at longer wavelengths. The NIR region is especially well suit-
ed for this as biological media is highly transparent to light at these wave-
lengths. However, at wavelengths > 950 nm absorbance from water and li-
pids starts to interfere. Hence the wavelength region 650−950 nm is often 
referred to as the “biological window” of luminescence spectroscopy.[23-24] 

Another way to increase the S/N is to use luminophores with long excited 
state lifetimes. The luminescent lifetime (߬௅) is the average time a compound 
exists in the excited state.[18] It is expressed as the inverse of the combined 
radiative and non-radiative deactivation processes. Most biological fluoro-
phores have lifetimes on the order of nanoseconds, thus by employing lumi-
nophores with longer lifetimes and using time gating, the interfering emis-
sion from these can be removed (Figure 5). 

 
Figure 5. Illustration of how time-resolved detection can be used to increase S/N. 

Detection is initiated only after background fluorescence (red) has ceased. 
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1.4 Responsive luminescent probes 
One of the major applications of luminescence imaging is the study of ana-
lytes in biological systems. However, many analytes are not themselves lu-
minescent. In such cases indirect detection can still be possible by placing 
the emission of another, luminescent molecule, under the control of the ana-
lyte of interest.  

A molecule that reports on an analyte by a change in its light emission is 
called a responsive luminescent probe. Most often this change is either an 
increase (turn-on) or decrease (turn-off) in the emission intensity of the 
probe (Figure 6a).[25] Such a change in brightness is the most straightforward 
luminescence parameter to measure, and by far the most employed response 
in luminescent probes. However, a drawback with measuring emission inten-
sity changes at a single wavelength is the dependence of such measurements 
on luminophore concentration and instrument excitation power. This can 
make analyte quantification difficult, especially in environments such as 
cells where the probe concentration cannot be expected to be uniform. Some 
luminescent probes respond by a simultaneous emission increase and de-
crease, at different wavelengths (Figure 6b). The ratio of the intensities at 
these different wavelengths is independent of probe concentration and as 
such provides a more robust readout. Another parameter that is (most often) 
independent of probe concentration is the luminescence lifetime, and this is 
exploited in some luminescent probes (Figure 6c).  

 
Figure 6. Illustration of different luminescence responses. 

A large amount of research has been devoted to finding efficient ways of 
making luminophores analyte responsive.[26] Broadly, these approaches can 
be divided into two categories based on their detection mechanism: recogni-
tion-based and reaction-based.[27] Recognition-based probes rely on reversi-
ble, non-covalent interactions between the analyte and the probe. Since bind-
ing of the analyte is reversible such probes can report on fluctuations in ana-
lyte concentrations. Reaction-based probes contain a moiety that chemose-
lectively reacts with the analyte of interest to produce the photophysical 
change in the probe. In general, reaction-based probes offer greater selectivi-
ty and larger spectroscopic changes compared to recognition-based probes. 
However, reaction-based probes have the inherent disadvantage that fluctua-
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tions in analyte concentration cannot be monitored.  A selection of different 
responsive probes is shown in Scheme 1.  
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Scheme 1. Examples of some luminescent probes used for in vivo imaging. I[28] and 
II[29] are based on non-covalent recognition, while III-VI[30]  are reaction-based. 

The analyte for each probe is given in parentheses. 

In addition to the photophysical demands of the luminophore described in 
the previous section, probes for in vivo use need to meet further require-
ments. These include high water solubility, high photostability and low tox-
icity. Furthermore, the interaction with the analyte should be highly specific 
and proceed with reasonable kinetics in water.[5a,31] 

The interconnectedness of biological processes means it is often informa-
tive to study two or more analytes simultaneously. However, the small 
Stokes shifts and broad emission bands of commonly employed organic 
luminophores can make this challenging. The careful choice of excitation 
and emission filters or the use of spectral unmixing algorithms can some-
times overcome problems of overlapping emission bands.[32] However, for 
convenience, a single excitation wavelength and well separated emission 
bands are desirable. The lanthanides provide some attractive features in this 
respect, such as large Stokes shifts[33] and narrow emission bands. The re-
mainder of the introduction is devoted to discussing some key properties and 
uses of these elements. 
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1.5 Introducing the lanthanides  
The chemistry of the lanthanides began in 1751 when the Swedish mineralo-
gist A. F. Cronstedt discovered a mineral which was later shown to contain a 
mixture of lanthanides.[34] Today the term lanthanide (Ln) is usually meant to 
refer to the elements shown in Figure 7. However, there is no general agree-
ment and sometimes only Ce-Lu are included.[35] Despite being commonly 
known as the “rare earths” the lanthanides, with the exception of the radioac-
tive Pm, are actually not rare.[34] 

 
Figure 7. The lanthanides. 

The chemistry of the Lns is mostly governed by their +III oxidation state and 
largely resembles that of the group II elements.[36] The 4f orbitals are well 
shielded by the 5s and 5p orbitals and as a result they play little role in bond-
ing. Bonding in Ln compounds is thus almost exclusively ionic, hence the 
coordination number and geometry of Ln complexes is mainly determined 
by steric factors. The coordination number varies depending on the size of 
the ligands but is usually between 6−12, in the aquo ions [Ln(H2O)n]

3+ this 
number is 9 for the earlier Lns LaIII-EuIII and 8 for DyIII-LuIII.[35] The trivalent 
Lns are hard ions and consequently prefer anionic ligands of high electro-
negativity such as oxygen and fluoride donors.[36] 

With the exception of LaIII and LuIII, the trivalent Lns are luminescent and 
a large portion of their commercial applications take advantage of this prop-
erty. Lanthanides are used in Euro banknotes to prevent counterfeiting, and 
certain luminescent lights use Ln-doped phosphors.[37] 

1.5.1 Lanthanide luminescence 
The photophysical properties of the LnIII ions arise from transitions between 
different energy levels of the 4f orbitals. Due to the shielding of the 4f orbit-
als these energy levels are mostly unaffected by the chemical environment 
surrounding the metal. As a result they produce very characteristic and nar-
row emission peaks (Figure 8). The 4f transitions are formally forbidden and 
as a consequence the free LnIII ions have low absorption coefficients (typi-
cally < 3 M−1 cm−1) and long excited state lifetimes (up to ms).[38] 
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Figure 8. Comparison of the emission spectra of Tb and Eu to those of the common-

ly used fluorophores Fluorescein and Cyanine 5. 

The brightness of the different Lns varies considerably and this is largely 
due to differences in their intrinsic quantum yields (Φ௅௡). The quantum yield 
is related to the ease with which the excited state can be depopulated by non-
radiative processes. The smaller the gap between the emissive state of the Ln 
and its highest ground state, the easier this will be. Gd is the most lumines-
cent, however its emission is in the UV (310 nm) and it is seldom used for its 
luminescent properties.[39] The visible emitting Eu and Tb provide a balance 
between high intrinsic quantum yields and long emission wavelengths. 

In water, quenching of the Ln excited state by high-energy O-H vibrations 
is a major deactivation pathway. One way to protect the LnIII ion from this is 
by employing a multidentate chelating ligand. Commonly employed ligands 
include polyaminocarboxylates such as DTPA and DO3A derivatives 
(Scheme 2). These provide high kinetic and thermodynamic stabilities and 
shield off most of the Ln-coordinating water molecules.[40] 

 
Scheme 2. Structure of DTPA and DO3A. 

A number of equations have been proposed that enable assessment of the 
hydration state (q) of the Ln. Most of these equations consider the differ-
ences in lifetimes of the Ln in H2O and D2O and work under the assumption 
that vibrational O-D quenching of the Ln excited state is negligible. For Eu 
and Tb the relationship has the following form:[41] 
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ݍ = Lnܣ ൬ 1߬H2O − 1߬D2O −  Ln൰ܤ

ALn and BLn are Ln specific values added to correct for the contributions of 
outer sphere water molecules to the deactivation of the excited state.  Their 
values are AEu = 1.2, ATb = 5, BEu = 0.25 + 0.07x, BTb = 0.06, and x is the 
number of exchangeable N-H oscillators. Calculated values have an uncer-
tainty of ~0.3 and must be interpreted with some caution.[41a,42] 

However, a strong chelate that prevents water coordination is not enough 
to produce bright Ln complexes. The very low absorption coefficients of the 
Lns make direct excitation difficult. The Ln excited state can be reached by 
other means though, namely by energy transfer from another excited mole-
cule (often an organic chromophore). This phenomenon, which was first 
observed by Weissman in the 1940s, is called luminescence sensitization or 
the antenna effect and consequently the organic chromophore is often re-
ferred to as sensitizer or antenna.[43] Coupling an organic chromophore to a 
Ln complex can increase the brightness by several orders of magnitude. A 
selection of chromophores which have been employed as Ln-sensitizers are 
shown in Scheme 3. 

 
Scheme 3. A selection of chromophores which have been employed as Ln-sensitizers. 
The selection is limited to chromophores that have been incorporated into Ln-based 
probes. VII[44] and VIII[45] have been used to sensitize Nd, Er and Yb, while IX,[46] 
X,[46] XI[47] and XII[48] can sensitize Eu and Tb. ߝ values are reported in M−1 cm−1 

with the wavelength of the maximum absorption (in nm) in parentheses. Linkers and 
Ln-chelates have been removed for clarity. 

A model of lanthanide sensitization considers the energy flow from the sen-
sitizer’s excited singlet or triplet state to the Ln excited state (Figure 9).[49] 
The sensitization efficiency (ߟ௦௘௡௦) depends on the energy transfer efficiency 
 and, in the case of triplet sensitization, on the efficiency of S1 → T1 (௘௧ߟ)
intersystem crossing (ߟூௌ஼). In addition to the singlet and triplet sensitization 
pathways, other energy transfer processes such as ligand to metal charge 
transfer (LMCT) may operate. Triplet sensitization is often invoked simply 
on the basis of the long lifetime of the antenna triplet state. However, the 
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actual pathway in operation depends on the differences in relative rates and 
is not easily modelled (consideration of 20−30 rate constants may be neces-
sary in certain cases[49a]).  

The brightness (B) of a Ln-antenna complex can be expressed as a prod-
uct of the antenna absorption coefficient (ɛ௔௡௧௘௡௡௔), sensitization efficiency 
 :and the intrinsic quantum yield of the Ln (ΦLn) (௦௘௡௦ߟ)

ܤ  =  ௦௘௡௦Φ௅௡ߟ௔௡௧௘௡௡௔ߝ

As absorption coefficients for organic chromophores are several orders of 
magnitude larger than for the free LnIII ions, even very inefficient sensitiza-
tion can produce large increases in brightness. 

 
Figure 9. Simplified Jablonski diagram showing the energy flow from a sensitizer to 

a lanthanide. Energy back transfer processes have been omitted for clarity. 

The choice of sensitizer is limited to those with a triplet state well above the 
Ln emissive state. This energy difference should be at least 3000 cm−1 in 
order to minimize energy back transfer from the Ln to the sensitizer.[50,49b,c] 
This means that antennae for Eu and Tb are limited to those which absorb at 
wavelengths below 430 and 400 nm, respectively.  
 

1.5.2 Lanthanide-based luminescent probes 
The lanthanides have found widespread use as emitters in responsive lumi-
nescent probes. Lanthanide-based probes provide a number of features not 
seen in purely organic probes such as long excited state lifetimes (up to ms 
compared to ns), large Stokes shifts[51] (hundreds of nm compared to ~10 
nm) and narrow emission bands [full width at half maximum (fwhm) of ~10 
nm compared to ~100 nm]. Although Ln-based probes often do not compare 
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well in terms of brightness, for many applications a high S/N is more im-
portant. In this respect the Ln-based probes provide a clear advantage. Their 
long excited state lifetimes enable time-resolved detection which can greatly 
increase the S/N in vivo. In addition, the narrow emission bands and large 
Stokes shifts facilitate multicolor detection of several Lns.[52] 

A number of ways exist for rendering Ln-based probes analyte respon-
sive. To achieve this, advantage can be taken of any number of the factors 
governing the brightness of Ln-antenna complexes. The need for an organic 
chromophore for efficient access to the Ln excited state means that many of 
the design strategies for rendering fluorescent probes analyte responsive can 
also be applied to Ln-based probes. Examples in this area include analyte 
triggered modulation of PeT quenching, analyte triggered phenol or aniline 
uncaging and analyte triggered antenna formation.[39,53] Other approaches 
such as analyte displacement of Ln-coordinated water molecules[46a,54] and 
analyte induced modulation of the Ln-antenna distance[55] have also been 
used.  

Employing these strategies, a large number of luminescent Ln-based 
probes have been developed targeting a wide variety of analytes. Examples 
include pH,[56] metal ions,[55a,57] RONS,[55b,58] and other biologically relevant 
species.[46a,54a,59] Selected examples are shown in Scheme 4. 

 
Scheme 4. Selected examples of Ln-based responsive probes. The analyte for each 

probe is given in parentheses.[45a,55a,59a,e] 
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2. A versatile long-wavelength-absorbing 
scaffold for Eu-based responsive probes (paper 
I) 

The inertness of biological media to NIR light has directed considerable 
research focus into finding sensitizers for the NIR emitting Lns.[44-45,60] Of 
the lanthanides Yb, Nd, Sm and Er emit in the NIR region, and responsive 
probes incorporating Yb and Nd have been reported.[45c-f,61] Although Yb and 
Nd have attractive NIR emission, as a result of their small energy gap, these 
Lns are exceedingly sensitive to non-radiative deactivation leading to low 
intrinsic quantum yields.[38-39] 

The visible-emitting Tb and Eu provide a compromise between long 
emission wavelengths and high brightness, and as a consequence these have 
been most frequently employed in responsive Ln-based probes. Chromo-
phores for Eu and Tb are limited to those which absorb below 430 and 400 
nm, respectively.[38,62] Given the damaging effects of high energy UV-light 
to biomolecules, there is good reason to find antennae with as red shifted 
absorption as possible for these Lns. 

This work was carried out to investigate coumarin sensitized Eu com-
plexes for reactivity-based analyte detection. It is well established that the 
absorption and emission spectra of coumarins are sensitive to substitution of 
the 7-position, with electron donating substituents affecting a red shift of the 
absorption. A literature survey comparing 7-O-alkylcoumarins to the corre-
sponding phenolates showed that the absorption is red-shifted from 330−360 
nm to 370−410 nm when going from the alkyl to the phenolate.[63] Thus cag-
ing the 7-O-position could be a viable approach for constructing ratiometric 
probes, as analyte triggered uncaging would lead to a red shift in absorption. 
To explore the feasibility of this idea we decided to develop probes for reac-
tive oxygen and nitrogen species (RONS). 

2.1 Results 
A well-established H2O2 reactive moiety is the pinacolatoboron (Bpin) 
group, and as such we decided to incorporate it as a cage in our probes.[64] 
We decided to install it both directly to the coumarin (4) as well as via a p-
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benzyl linker (2a) (Scheme 5). Additionally, the coumarins 2b-d were pre-
pared. We were hopeful that by altering the electron density of the benzyl 
moiety we would find caging groups which could selectively be cleaved by 
another RONS. 
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Scheme 5. Synthesis of the caged coumarins 2a-d and 4. 

The p-benzyloxy linker employed in the caging groups is a well-established 
self-immolative linker.[65] Following initial uncaging, the formed p-
tolylphenolate has been shown to cleave spontaneously, eliminating p-
quinone methide (Scheme 6).[66] 

Bpin

O H2O2

O

O OH

O  
Scheme 6. Mechanism of quinone-methide elimination. 

Before coupling these caged coumarins to Ln complexes we first wanted to 
probe their reactivity. We thus treated methanolic solutions of 2a-d with 
various RONS (H2O2, O2

•−, HO• and NO2
−) and observed the resulting ab-

sorption changes. As expected, boronate cage 2a reacted with H2O2, as evi-
denced by a decrease in absorption at 332 nm and an increase at 387 nm. 
While neither of the RONS tested affected the spectrum of 2c and 2d appre-
ciably, exposure of 2b to O2

•− resulted in a decrease in absorption at 332 nm 
and the slow emergence of a new peak at 447 nm. Based on these data we 
decided to incorporate 2a-b and 4 into Eu complexes.  

The synthesis of the Eu complexes is shown in Schemes 7 and 8. Couma-
rin 5 was coupled with the amine equipped DO3A derivatives 6Et or 6t-Bu 
in a HATU mediated coupling (Scheme 7). The hydroxyl group of the cou-
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marin in 7Et was then alkylated with the benzyl bromide a or b to afford the 
caged coumarin 10a-b. Basic ethyl ester cleavage, followed by Eu complex-
ation in MeOH yielded the Eu complexes Eu12a-b. The uncaged reference 
compound Eu9 was prepared from 7t-Bu by acidic t-butyl ester cleavage 
followed by Eu complexation in MeOH. 

 
Scheme 7. Synthesis of Eu9 and Eu12a-b. 

In addition to these probes, Eu19 was also synthesized (Scheme 8). The 7-
Bpin coumarin 16 was prepared in four steps from 3. The ethyl ester of 3 
was first converted to its corresponding t-butyl ester derivative 14 by basic 
hydrolysis of 3 in a MeOH/H2O mixture followed by SOCl2 mediated for-
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mation of the t-butyl ester 14. Miyaura borylation, followed by t-butyl ester 
cleavage furnished the 7-Bpin coumarin 16 in 36% overall yield from 3. The 
H2O2 probe Eu19 was prepared in three steps from 16 and 6t-Bu. HATU 
mediated coupling of these compounds was followed by acidic t-butyl ester 
cleavage and Eu complexation to give Eu19 in 48% over these three steps. 
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Scheme 8. Synthesis of 16 and Eu19. 

2.2 Probe characterization 
The excited state lifetimes (߬), absorption coefficients (ɛ) and quantum 
yields (Φ௅) of the probes are summarized in Table 1. Antenna excitation 
resulted in Eu-centered emission in all cases. The lifetimes in H2O and D2O 
were measured to determine the number of coordinating water molecules (q). 
The quantum yields were measured using the optically dilute method with 
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Coumarin 2 (Φ௅ = 0.97) as a reference.[67] The overall Eu quantum yield 
increased about 6-fold when going from the caged Eu12 to Eu9.  
 

Table 1. Photophysical properties of the synthesized probes. 

Entry λmax 

(nm) 
 ߝ

(M−1 cm−1) 
Φ௅	
(%) 

߬H2O
(ms) 

߬D2O
(ms) 

q 

Eu9 355 11 000 2.7 0.66 0.66 −0.2 
Eu12a 334 9 500 0.39 1.11 2.61 0.2 
Eu12b 338 8 700 0.45 1.16 2.50 0.2 

Eu19 346 6 900 n.d. 1.15 3.49 0.3 

To test the effect of uncaging, it can be informative to analyze the response 
of the OH analogue to changes in pH, as this can be seen as the simplest 
form of uncaging. pH titration of Eu9 revealed that the absorption maximum 
was shifted upon increasing pH (Figure 10a).  At pH < 7 the absorption is 
centered around 356 nm. Upon increasing the pH this absorption peak disap-
peared and a new peak corresponding to the phenolate, centered at ~405 nm 
appeared. This pH dependence was mirrored in the excitation spectrum (Fig-
ure 10b). On increasing the pH the Eu emission decreased when exciting at 
356 nm and increased when excited at 405 nm. Based on these titrations the 
pKa of the phenol was determined to be 6.8. The pH dependence of the probe 
can be attractive in certain situations. For instance it could potentially enable 
the selective turn-on of the probe in certain organelles, as the pH within the 
cell spans from 5−8.[68] 

 
Figure 10. pH dependence of a) absorption and b) excitation of Eu9 [Eu9 (10 µM), 

HEPES (10 mM), b) λem = 615 nm]. 

Treating 2a and 4 with H2O2 resulted in a similar change, a decreased ab-
sorption at ~356 nm and an increase at 405 nm. Coupled to Eu emission this 
translates to a H2O2 dependent decrease in Eu emission when exciting at 
~356 nm and an increase when exciting at 405 nm (Figure 11). Such a simul-
taneous decrease and increase in Eu emission depending on excitation wave-
length permits a ratiometric readout which is independent of probe concen-
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tration and fluctuations in excitation power.[69] The ratio between the Eu 
emission when exciting these different absorption bands can thus be used to 
obtain a more robust readout than simple changes in emission intensity. Plot-
ting this ratio vs [H2O2] gave a linear response in the 0−500 µM H2O2 range 
with a ~3-fold contrast window (Figure 11, inset). 

 
Figure 11. Changes in the Eu-sensitized emission of Eu19 in the presence of in-

creasing concentrations of H2O2 when exciting at a) 320 nm and b) 400 nm. Inset 
shows the ratio between the 690 and 690 peak when exciting at 400 and 320 nm, 
respectively. a) λex = 320 nm, b) λex = 400 nm, 10 µM Eu19 in 10 mM phosphate 
buffer pH 7.5, rt, [H2O2]: 0, 5, 10, 20, 50, 100, 200, 500 µM, 45 min incubation 
time. Arrows indicate the direction of change with increasing [H2O2]. The peak 

marked with asterisk is due to scattered light. 

We next determined the selectivity of the probes to various RONS. The 
boronate is a well-established H2O2-cleavable cage, and has been shown to 
be selective for this ROS over a wide variety of competing RONS.[58f,64b,d-j] 
We were expecting to see similar selectivity for our probes. Surprisingly, 
however, the boronate caged Eu12a and Eu19 probes were not selective 
towards H2O2 but treatment with either ONOO− or NO resulted in turn-off of 
Eu emission when the probes were excited at 356 nm (Figure 12). Further-
more, this was coupled to an increased emission when exciting at 405 nm, 
indicating that these species selectively cleave the caging group rather than 
unselectively destroy the probe. Interestingly the reaction of ONOO− with 
the probes was extremely rapid (76% and 94% decrease of Eu emission after 
10 min at pH 7.5 for Eu19 and Eu12a, respectively). ONOO− is a RNS 
which is often omitted from similar selectivity studies. 



 30 

 
Figure 12. Reaction of Eu complexes with various RONS. Eu complex (10 µM), 

RONS (200 µM) in HEPES buffer (10 mM, pH 7.5, containing 0.1 mg/mL 
catalase[70]), λex = 356, λem = 615 nm, time resolved 50 µs delay, 1050 µs sample 
window). •OH was generated in the Fenton system from FeSO4 and H2O2. A stock 
solution of ONOO− was generated by mixing aqueous solutions of H2O2 (0.65 M) 

and KNO2 (0.6 M), the resulting solution was treated with MnO2 to eliminate excess 
H2O2. The concentration of ONOO− was determined by measuring its absorption at 
302 nm (ɛ = 1670 M−1 cm−1).[71] Singlet oxygen was prepared by mixing equimolar 

amounts of H2O2 and NaOCl in water. NO was generated from diethylenetri-
amine/nitric oxide adduct. The superoxide solution was generated from a mixture of 

xanthine (0.1 M) and xanthine oxidase (0.1 unit/mL). 

The Eu emission from the p-methoxybenzyl caged Eu12b was also 
quenched by ONOO−, and to some extent by NO, but not by H2O2. The slow 
reaction with O2

•− seen for 2b in DMSO (see above) was not seen for Eu12b, 
presumably due to rapid dismutation of O2

•− in H2O. The ONOO− quenching 
of Eu12b was concentration dependent and persisted long after the lifetime 
of ONOO−, suggesting that the change is due to a reaction between Eu12b 
and ONOO−. However, we were not able to determine the identity of the 
reaction product. 

To further investigate the uncaging reaction of these RONS we deter-
mined the pseudo-first order rate constants of 2a and 4 with H2O2 and 
ONOO− (Table 2). The rate constants for the reactions of 2a and 4 with ex-
cess H2O2 was measured by following the changes in coumarin absorption at 
405 nm for the first 20 min at 5 different H2O2 concentrations, and plotting 
the initial rates vs [H2O2]. The reaction with ONOO− was measured using a 
stopped-flow instrument.[72] In these experiments the coumarin emission was 
monitored, as nitrite (which is formed in the reduction of ONOO−) absorbs at 
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354 nm, which interfered with coumarin absorption measurements. It was 
necessary to use ONOO− as the limiting reagent as high ONOO− concentra-
tions led to degradation of the coumarins.  

Table 2. Rate constants (M
−1 s−1) for the reaction of 2a and 4 with H2O2 and ONOO−. 

RONS 2a 4 

H2O2 0.900 0.173 

ONOO− 3.00×103 1.68×105 

Benzyl caged 2a reacted 5.2-fold faster than 4 with H2O2. These results 
agree with those reported by the Cohen group who noted similar differences 
between benzyl-linked boronates and aryl boronates.[66] Interestingly 4 reacts 
one million times faster with ONOO− than with H2O2. These values are in 
line with those reported by Kalyanaraman and coworkers.[73] The rate con-
stant for quinone methide elimination has been determined to be 540 M−1 s−1 
for a similar system.[74] This means the rate determining step for the full 
uncaging of 2a with H2O2 is the boronate oxidation, whereas in the reaction 
of 2a with ONOO− it is the quinone methide elimination.  

2.3 Conclusion 
Eu complexes equipped with long-wavelength absorbing coumarin antennae 
have been prepared. The feasibility of rendering these complexes analyte 
responsive was demonstrated by introducing RONS cleavable caging groups 
in the coumarin 7-O-position. H2O2 has both beneficial and harmful roles in 
the cell. It acts as a second messenger mediating cell signaling by redox 
based mechanisms but its overproduction in mitochondria has been implicat-
ed in the development of various diseases. ONOO− is involved in inflamma-
tion.[71] Reliable detection of these species is of great value. This design, 
however, is not limited to the analytes reported here but could easily be ex-
tended to others by incorporating different caging groups.[75] 
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3. Luminescent lanthanide complexes with 
analyte triggered antenna formation (paper II) 

Caging of phenol and aniline derivatives with chemoselectively cleavable 
caging groups is a commonly utilized and powerful strategy for rendering 
luminophores analyte responsive.[53] However, one drawback of such an 
approach is the pH sensitivity of the turned-on probe, as the protonated spe-
cies often has photophysical properties similar to that of the caged com-
pound (see above). A popular strategy to minimize this problem is to make 
the phenol or aniline less prone to protonation by incorporating electron 
withdrawing groups into the fluorophore. Such an approach has successfully 
been applied to fluorescein[76] and coumarin[30d] derivatives. Another, less 
widely used approach is to design the probe so as to make the uncaging part 
of a tandem process which masks the formed phenol or aniline.[27,75c,d] 

The coumarin structure comprises of two joined aromatic systems, one of 
which incorporates a lactone (Scheme 9a). Caging of the lactone oxygen has 
been shown to be a viable strategy for placing coumarin emission under ana-
lyte control. Initial uncaging and phenolate formation leads to subsequent 
lactonization and coumarin formation (Scheme 9b). Coumarin formation 
results in a rigidification of the molecule which should lessen vibrational 
deactivation of the excited state and hence increase the quantum yield. We 
hypothesized that when coupled to a Ln the coumarin formation would result 
in an increase of the sensitized Ln emission. Caged coumarin precursors 
have been used to detect F−[75c] and HgII.[75d] However, having Ln-emission 
as a readout would provide the benefits of narrow, long-lived Ln-emission. 
In addition, if several Lns with different emission colors can be sensitized a 
palette of Ln probes can be created from the same core structure. 
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Scheme 9. a) Coumarin structure. b) Idea behind the analyte-triggered coumarin 

formation. 

To explore the feasibility of this approach, we decided to construct caged 
coumarin precursors with cages for a wide variety of analytes. We settled for 
Pd0 (using an allyl cage[77]), H2O2/ONOO− (boronate cage[78]), β-
galactosidase (β-galactose cage[75b]) and F− (TIPS cage[75c]). While H2O2 and 
β-galactosidase have biological relevance (see above), Pd and F− are envi-
ronmental contaminants in roadside dust and drinking water, respectively.  

The general design of these 2nd generation probes is shown in Scheme 10 
(Ln22). We were concerned that the harsh reaction conditions employed 
during the Ln complex synthesis (strong acids and prolonged heating with 
Ln salts) might limit the scope of caging groups employable. For this reason 
we chose a convergent synthesis where the coumarin precursors and Ln 
complexes are coupled in the final step under Cu-catalyzed azide-alkyne 
cycloaddition (CuAAC) conditions (Scheme 10).[79] As the Ln, we chose Eu 
and Tb (red and green emitting, respectively), for which coumarins are well 
known sensitizers,[80] as well as Sm (orange emitting). 
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Scheme 10. Coupling approach to access Ln-based probes. 

3.1 Synthesis 
The Ln complexes Ln20 were synthesized in four steps from cyclen (23) 
(Scheme 11). Monoalkylation of cyclen with azide 24[81] in CHCl3 at room 
temperature gave 25 in 82% yield. Trialkylation with t-butyl bromoacetate, 
followed by subsequent cleavage of the t-butyl esters in TFA/CH2Cl2 (1:1) 
provided the ligand 27 in 85% yield over these two steps. Finally the Eu, 
Sm, and Tb complexes Ln20 were prepared in good yields from 27 by react-
ing it with the corresponding chloride (for Eu and Tb) or triflate salts (for 
Sm) in a MeOH/H2O mixture adjusted to pH 8. 

 
Scheme 11. Synthesis of Ln complexes Ln20. 
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We next focused on the caged coumarin precursors. Our initial strategy was 
to introduce the boronate cage directly into 28. However, this proved prob-
lematic, likely due to cleavage of the palladium sensitive O-propargyl group 
under the borylation conditions (Scheme 12). 

 
Scheme 12. Attempted borylation of 28. 

To circumvent this problem the boronate was instead attached via a self-
immolative p-benzyl linker. The boronate cage 31 was synthesized starting 
from p-bromotoluene (29) (Scheme 13). Miyaura borylation in dioxane gave 
the boronate ester 30 in good yield.[82] Bromination of the benzylic position 
was achieved using NBS and AIBN as initiator. In addition to 31, minor 
amounts of the dibrominated analogue were also formed in this reaction. The 
β-galactosidase cage 34 was synthesized in a related fashion (Scheme 13). 
Glycosylation of p-cresol using the trichloroacetimidate donor 32 was fol-
lowed by radical bromination. Again, bromination resulted in minor amounts 
of dibrominated product. Due to the almost identical polarities of the mono- 
and dibrominated products these could not be separated, and 31 and 34 were 
used in the subsequent steps with this minor impurity. 

Scheme 13. Synthesis of cages 31 and 34. 

Next, the caged coumarin precursors were synthesized (Scheme 14). Salic-
ylaldehyde 28 was O-alkylated with the bromides e-g or silylated with TIPS-
Cl (h). This was followed by Knövenagel condensation with diethyl malo-
nate to yield the caged antennae 21e,f,h. For the β-galactose caged coumarin, 
Knövenagel condensation was followed by a deacetylation step in basic 
methanol to give the methyl ester 21g. 
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Scheme 14. Synthesis of the caged coumarin precursors 22e-h. 

Finally, the caged precursors 21e-h were coupled with the Ln complexes 
Ln20 under copper-catalyzed conditions (Scheme 15).[79] This reaction 
turned out to be unexpectedly sluggish, and required some experimentation 
in order to proceed at any detectable rate. The poor performance of this reac-
tion led us to investigate how it could be improved for Ln complex synthesis 
(Chapter 5). 
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Scheme 15. Synthesis of the Ln-based probes Ln22e-h. 

In addition to these analyte-responsive complexes, the corresponding couma-
rin compounds were also synthesized as references (Scheme 16).  
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Scheme 16. Synthesis of Ln37. 

The final Ln-based probes could be obtained as hygroscopic solids in 
14−40% yield after purification by column chromatography and subsequent 
freeze drying.  

3.2 Probe characterization 
In order to assess whether analyte-triggered coumarin formation occurred as 
expected we first monitored the reactions of 21e,f,h → 36 by 1H-NMR spec-
troscopy. Treatment of these compounds with their respective analytes re-
sulted in a decrease in the 1H-NMR peaks arising from the caging group. 
Coupled coumarin formation was seen for 21e and 21h.[83] However, in the 
case of 21f conversion to the coumarin was considerably slower and was not 
observed in the 1H-NMR spectrum after 1 h, but could be confirmed by mass 
spectrometry. We attribute this difference in coumarin formation rates to the 
different solvents used (MeOD-d4 for 21f vs. DMSO-d6 for 21e,h). Changing 
the solvent can affect the rate by several orders of magnitude[84] and the 
presence of additives (e.g. F−) can also be significant.[75c] Supporting evi-
dence of analyte triggered coumarin formation from 21e,f,h was found from 
fluorescence spectroscopy which showed the emergence of a broad peak 
centered at ~405 nm, characteristic of coumarin emission.  

Fluorescence spectroscopy revealed that the caged probes Ln22 (ߣmax = 
335 nm) were essentially nonemissive when excited at 356 nm. In compari-
son, irradiation of the corresponding coumarin complexes Eu37 and Tb37 
 .at this wavelength generated intense Ln-centered emission (max = 356 nmߣ)
Sm37 was also emissive but its brightness was much lower than that of 
Eu37 and Tb37. For this reason, we focused on the Eu- and Tb-based 
probes. The luminescent lifetimes of Eu37 and Tb37 in H2O and D2O were 
determined, and based on these values the hydration states q were calculated 
(Table 3).[41] The calculated q ~1 for Eu37 is in line with the eight-
coordinate DO3A ligand structure.[54c] However the unexpectedly large value 
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for Tb37 (q ~3) is indicative of energy back transfer from Tb to the antenna. 
We could also see that the emission intensity of Tb37 increased in the ab-
sence of oxygen, which lends further support to the energy back transfer 
hypothesis.  

Table 3. Photophysical properties of Eu37 and Tb37 

Compound ߬H2O (ms) ߬D2O (ms) q Φ௅ (%) 

Eu37 0.71 2.73 0.87 0.31
Tb37 0.46 0.64 2.72 n.d. 

The emission intensity of Eu37 as a function of pH was also assessed and as 
expected, it was essentially unchanged in the pH range 4−8. When we treat-
ed the probes Ln22e-h with their respective analytes intense turn-on of the 
sensitized Ln emission was observed. 

3.2.1 Palladium probe Eu22e 
Luminescence titration of Eu22e with Pd(PPh3)4 revealed a linear response 
in the 0−8 µM range with a 40-fold emission turn-on (8 µM [Pd0], 10 min) 
(Figure 13). Eu22e could detect [Pd0] as low as 80 nM. In the presence of a 
reducing agent such as PPh3, PdII could also be detected indirectly.  

 
Figure 13. Luminescence titration of Eu22e with Pd(PPh3)4 [10 μM Eu22e, MeCN: 
borate buffer pH 10 (1:1), 10 min, rt, steady state, λex = 356 nm, λem = 699 nm. Er-
ror bars show standard error based on three independent experiments. Intensities 

are normalized to that of the blank]. 

The selectivity for Pd0 versus various metal cations was also determined 
(Figure 14). Of the metals tested only PtII resulted in increased emission 
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(18% compared to Pd0). Competition experiments revealed that Pd0 could be 
detected in the presence of all these cations except AuIII. This may be due to 
oxidation of Pd0 by AuIII (1.401 eV for the AuIII/AuI pair vs 0.951 eV for 
PdII/Pd0).[85] 

 
Figure 14. Luminescence response of Eu22e to various metal cations [Eu22e (20 
µM), 50 µM metal cation, MeCN:borate buffer pH 10 (1:1), 10 min, rt, λex = 356 

nm, λem = 615 nm, time resolved, 50 µs delay, 1050 µs sample window]. 

3.2.2 H2O2 probe Eu22f 
The emission of Eu22f responded linearly to increasing H2O2 concentrations 
(Figure 15). H2O2 could be detected down to 1 µM. In the presence of a large 
excess of H2O2 (1 mM, 30 min) a 30-fold turn-on response was observed. In 
addition to H2O2 this probe is expected to respond to ONOO−, however this 
was not investigated at the time.  

 
Figure 15. Luminescence titration of Eu22f with H2O2 [Eu22f (10 µM), pH 7 

HEPES buffer, 1 h, rt, λex = 356 nm, λem = 615 nm, time-resolved, 50 µs delay, 1050 
µs sample window). Inset: normalized Eu luminescence at [H2O2] = 0, 1, and 2 µM 
(1.5 h, rt, λem = 594 nm). Error bars show standard error based on three independ-

ent experiments. Intensities are normalized to that of the blank]. 
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3.2.3 Fluoride probe Eu22h 
Treatment of Eu22h with TBAF gave a concentration dependent emission 
increase in the 0−100 µM range. However, compared to the other probes, the 
response was modest with only a ~2 fold increase in Eu emission (Figure 
16).  

 
Figure 16. Emission intensity of Eu22h upon treatment with increasing concentra-
tions of TBAF [Eu22h (10 µM) in DMSO, steady state, λex = 356 nm, λem = 618 nm. 

Intensities are normalized to that of the blank]. 

3.2.4 β-Galactosidase probe Eu22g 
Treatment of a 1 µM solution of Eu22g with one unit of β-galactosidase 
yielded an intense emission turn-on (~16-fold after 10 min in phosphate 
buffer, pH 7.0). A similar response was observed in cell lysate of bacteria 
expressing β-galactosidase (Figure 17). 

 
Figure 17. Emission of Eu22g in cell lysate [Eu22g (25 µM), 5 min, 25 °C, λex = 

356 nm, time resolved, 50 µs delay, 1050 µs sample window. Intensities are normal-
ized to that of the blank]. 
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To our delight, Eu22g could also be used to detect β-galactosidase in live 
LacZ+ bacteria. Both Eu22g and Eu37 appeared non-toxic to these cells as 
they did not interfere with bacterial growth (in the 0−25 µM [Eu22g] and 
[Eu37] range). We also established that the uptake and turnover of Eu22g 
was less than 10 min. When we incubated Eu22g with live LacZ+ bacteria a 
time-dependent emission increase was observed (Figure 18). In contrast, no 
increase of emission was observed with Eu22g in the presence of LacZ− 
bacteria. 

 
Figure 18. Monitoring of real time β-galactosidase activity in live bacteria with 

Eu22g [Eu22g (10 µM), λex = 356 nm, λem = 590 nm, 37 °C, time resolved, 50 µs 
delay, 1050 µs sample window. Intensities are normalized to that of the first data 

point of the blank]. 

3.3 Conclusion 
A novel design strategy for constructing Ln-based responsive probes has 
been developed. The design enables access to Eu- and Tb-based probes for a 
wide variety of chemically distinct species. Because the coumarin formation 
relies on the unmasking of a phenolic OH, in principle any species which 
mediates this reaction can be detected with this design. The feasibility of this 
approach was demonstrated by preparing Ln-based probes for four different 
analytes (Pd0, H2O2, F

− and β-galactosidase), some of which have properties 
comparable to those of the best organic-based probes for these species 
(Eu22e[75a,77] and Eu22f[64d,e]) and are superior to previously reported Ln-
based probes (Eu22f[58a,86]).  
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4. Multiplex detection with responsive 
lanthanide-based luminescent probes (papers II 
& III) 

Studying multiple processes in complex systems such as live cells simulta-
neously and non-invasively is a challenging project. Fluorescence spectros-
copy is very well suited for this task due to its high spatial and temporal 
resolution. However, using multiple organic fluorophores can be difficult 
due to their broad emission bands which can lead to spectral cross-talk (see 
above). The lanthanides provide a clear advantage in this respect with their 
narrow, non-overlapping emission signals. Although non-responsive Ln 
complexes are well established for multicolor labeling,[52] multiplex analyte 
detection using responsive Ln complexes has never been achieved. 

We were interested in exploring the possibility of multi-analyte detection 
using our probes. The ability of the 2nd generation probes to sensitize both 
Eu and Tb together with the fact that these Lns have non-overlapping emis-
sion signals should make this possible. The emission spectra of Eu and Tb 
are shown in Figure 19. The most intense non-overlapping bands are the Tb 
5D4→

7F5 (545 nm) and Eu 5D0→
7F5 (705 nm). However, detection of the Eu 

5D0→
7F5 emission was impossible with our experimental setup due to inter-

ference at this wavelength from scattered excitation light (luminescence 
plate reader with 350 nm excitation). Hence for the multicolor detection we 
monitored the Tb 5D4→

7F5 (545 nm) and Eu 5D0→
7F3 (655 nm) bands. It 

should be noted, however, that monitoring of the Eu 5D0→
7F5 emission is 

possible on a spectrofluorometer. 
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Figure 19. Illustration of Tb (green) and Eu (red) emissions monitored in the two 

analyte detection experiments. 

To test the possibility of multicolor detection we initially subjected a mixture 
of the H2O2 probe Tb22f and the F− probe Eu22h to H2O2 and TBAF (Figure 
20). Adding only H2O2 or TBAF resulted in an increase only in the Tb or Eu 
emission, respectively. Adding both H2O2 and TBAF gave an increase in 
both the Tb and Eu emissions. The slight decrease in Eu emission with H2O2 
and F− compared to only F− is presumably due to competing absorption of 
the produced Tb37. 

 
Figure 20. Detection of H2O2 and F− simultaneously. Blue: 200 µM F−, 50 µM 

H2O2; red: 200 µM F−; green: 200 µM H2O2. [Tb22f and Eu22h (10 µM), pH 7.0 
HEPES buffer (10 mM), 1 h, time-resolved, 50 µs delay, 1050 µs sample window]. 

While the simultaneous detection of H2O2 and F− shows the possibility of 
multicolor imaging with our probes, it is of little practical use. In light of this 
we were interested in applying our probes for the detection of more chal-
lenging and, potentially, useful analyte combinations. Monitoring multiple 
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enzymatic activities in real time is one such application, with potential uses 
in drug development, disease diagnostics and biochemical assays. To expand 
the analyte space in the enzyme domain we decided to synthesize additional 
coumarin precursors, caged with β-glucose (β-glucosidase), α-mannose (α-
mannosidase) and phosphate (phosphatase). 

We were particularly excited by the prospect of extending the simultane-
ous detection to three different analytes. While this could in theory be done 
with probes based on three different Lns such as Eu, Tb and Sm, or Eu, Tb 
and Dy, the compound Sm37 was essentially non-emissive, precluding its 
use. We were hopeful that by shortening the Ln-antenna distance, the energy 
transfer efficiency (and hence the brightness) would be sufficiently improved 
as to allow the use of Sm and Dy. The new design is shown in Scheme 17. 

N

NN

N

NO

O

O
O

O

O
Ln

N N

O

EtO2C CO2Et

O

OCage

Ln = Eu, Tb, Sm, DyLn38  
Scheme 17. General structure of 3rd generation probes. 

4.1 Synthesis of 3rd generation probes 
The caged coumarin precursors were synthesized as shown in Scheme 19. 
34Glu and 34Man were synthesized in the same fashion as 34Gal (Chapter 
3, Scheme 13), with glycosylation of p-cresol using the corresponding gly-
cosyl trichloroacetimidate donors, followed by radical bromination. The 
phosphate functionalized 34Phos was synthesized in three steps by phos-
phorylation of 39 followed by reduction of the aldehyde and mesylation to 
give 34Phos in 72% yield over these three steps (Scheme 18).  
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Scheme 18. Synthesis of 34Phos. 

The caged coumarin precursors 21 were synthesized from salicylaldehyde 
derivative 28 in three steps (Scheme 19). Alkylation of salicylaldehyde 28 
was followed by condensation with diethyl malonate and deprotection to 
give the caged coumarin precursors 21. 

Scheme 19. Synthesis of the caged coumarin precursors 21. 

The caged coumarin precursors 21 were then coupled to the DO3A deriva-
tive Ln47 under CuAAC conditions (Scheme 20). The synthesis of Ln47 as 
well as optimization of the CuAAC conditions is discussed in Chapter 5. 
After the reaction the compounds were isolated by removal of the DMSO 
with repeated precipitation of the product in MeOH/Et2O, and subsequent 
purification by silica column chromatography using MeCN/H2O as eluent.  
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Scheme 20. Synthesis of the probes Ln38. 

In addition to these probes the reference compounds Ln38Bn and Ln43 
were synthesized (Scheme 21). 
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Scheme 21. Synthesis of reference compounds Ln38Bn and Ln43. 

4.2 Probe characterization 
All Eu and Tb compounds gave Ln-centered emission when excited through 
the chromophore. These 3rd generation probes were somewhat brighter than 
the 2nd generation complexes (3.5-fold increase in Φ௅ of Eu43 compared to 
Eu37), presumably resulting from a more efficient sensitization due to the 
shorter antenna-Ln distance. Unfortunately, Sm43 and Dy43 were non-
emissive despite the shorter linker. The photophysical properties of the ref-
erence compounds are summarized in Table 4. The negative q value of 
Tb38Bn could be due to multiple deactivation pathways of the Tb excited 
state.  

Table 4. Photophysical characterization of the reference compounds. 

Entry λmax 
(nm) 

ɛ 
(M−1cm−1) 

Φ௅ 
(%)a

߬ுమை ߬஽మை q 

Eu38Bn 335 7600 0.12 (0.9) 1.17 3.38 0.37 
Tb38Bn 335 4500 0.41 (0.7) 0.97 0.69 −2.41 

Eu43 350 13200 1.08 (37) 1.23 3.50 0.33 
Tb43 350 13000 1.63 (32) 0.72 0.77 0.15 

aΦL  in parenthesis refers to the antenna fluorescence quantum yield. 
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Comparison of the emission spectra of the caged references and those of the 
coumarin-equipped complexes revealed the upper limit of turn-on for these 
probes to be 54-fold and 10-fold for the Eu43/Eu38Bn and Tb43/Tb38Bn 
combinations, respectively (Figure 21).  

 
Figure 21. Comparison of the Ln-sensitized emission of the caged reference com-
pounds Ln38Bn to the coumarin complexes Ln43 (25 µM in 100 mM HEPES pH 
7.0, 25 °C, λex = 356 nm, time resolved, 250 µs delay, 1050 µs sample window. In-

tensities are normalized to that of the highest intensity signal of Ln38Bn). 

Treatment of the various probes with their respective analytes resulted in a 
robust turn-on of the sensitized Ln-emission (Figure 22). Unfortunately, 
probe processing seemed to slightly deactivate the enzymes, as determined 
by plotting the emission intensity vs. [enzyme]×time at different enzyme 
concentrations (Selwyn’s test).[87] For this reason, we were unable to deter-
mine the Km and vmax values for the various enzyme-probe combinations.  

 
Figure 22. Turn-on of the Eu-based probes when treated with their respective ana-

lytes [Eu38 (50 μM), β-galactosidase (0.25 U), α-mannosidase (1 U), β-glucosidase 
(5 U), alkaline phosphatase (0.1 U), 1 h, 25 °C, 100 mM HEPES pH 7.0 or pH 8.0 
(Eu38Phos), λex = 356 nm, λem = 615 nm, 250 μs delay, 1050 μs sample window. 

Error bars show standard error based on three independent experiments. Intensities 
are normalized to that of the blank for each probe]. 
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4.2.1 Multicolor detection 
We next turned our attention to the detection of multiple enzymatic activities 
simultaneously. The glycosidases turned out to be quite promiscuous which 
precluded the detection of certain enzyme combinations (Figure 23). 

 
Figure 23. Cross-reactivity observed between the enzymes used. 

Subjecting a mixture of Tb38Gal and Eu38Phos to either β-galactosidase or 
alkaline phosphatase resulted in an increase in the sensitized Tb and Eu 
emissions, respectively (Figure 24a, columns 2 and 3). Treating this mixture 
of probes with both enzymes resulted in an increase in both the Tb and Eu 
emissions (Figure24a, column 4). β-galactosidase and α-mannosidase were 
also readily detected simultaneously using an orthogonal combination of 
Ln38Gal and Ln38Man (Figure 24b).  

 
Figure 24. Multiplex detection of a) β-galactosidase and alkaline phosphatase activ-

ity and b) β-galactosidase and α-mannosidase activity. a) Tb38Gal (25 µM) 
Eu38Phos (12.5 µM), alkaline phosphatase (0 or 0.1 U), β-galactosidase (0 or 0.5 
U), 20 min 25 °C (HEPES 100 mM, NaCl 1 M, MgCl2 5 mM and ZnCl2 0.2 mM, pH 

8.0); b) Tb38Gal and Eu38Man (25 μM), α-mannosidase (0 or 0.2 U), β-
galactosidase (0 or 0.5 U), 4 h, 25 °C, (100 mM HEPES pH 7.0); λex = 356 nm λem = 

545 & 655 nm, time-resolved, 250 μs delay, 1050 μs sample window. Error bars 
show standard error based on three independent experiments. Intensities are nor-

malized to that of the blank for each probe. 
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Finally, we wanted to explore the possibility of detecting three analytes sim-
ultaneously. The low brightness of Sm43 and Dy43 precluded the use of 
these Lns in our responsive probes. We instead turned to the organic fluoro-
phore 4 (Chapter 2, Scheme 5). The boronate of 4 can be oxidized by H2O2 
to form the corresponding 7-OH coumarin, which is excitable at 410 nm and 
emits at 450 nm (Figure 25). Using this probe together with Eu38Gal and 
Tb38Phos it was possible to detect the three non-interacting analytes H2O2, 
β-galactosidase and alkaline phosphatase simultaneously (Figure 26a). Add-
ing only H2O2, alkaline phosphatase or β-galactosidase to a mixture of 
probes 4, Tb38Phos and Eu38Gal resulted in an increase in the coumarin, 
Tb and Eu emissions, respectively (Figure 26a, columns 2−4). Any two-
analyte combinations gave the expected luminescence response (Figure 26a, 
columns 5−7). Finally, adding H2O2, β-galactosidase and alkaline phospha-
tase simultaneously resulted in an increase in all emission intensities. (Figure 
26a, column 8). 

 
Figure 25. Illustration of coumarin (blue), Tb (green) and Eu (red) emissions moni-

tored in the three color detection experiments. 

Protein tyrosine phosphatase 1B (PTP1B) can be regulated by RONS such as 
H2O2.

[9,88] The enzyme contains a catalytically active cysteine, which is oxi-
dizable, leading to deactivation of the enzyme.[89] In contrast, β-galactosidase 
contains an active site glutamate residue which is not oxidizable by H2O2. 
When we performed the same experiment as described above but with β-
galactosidase and the interacting analytes PTP1B and H2O2, Tb38Phos was 
processed by PTP1B in the absence of H2O2 but not in its presence (Figure 
26b). This is consistent with the inactivation of PTP1B by H2O2. PTP1B 
turned out to be a generally sensitive enzyme and quite a large Tb38Phos 
concentration (50 μM) was necessary in order to get a robust signal. The 
reduced Tb emission observed for the β-galactosidase/PTP1B combination 
compared to only PTP1B added (65% lower) (Figure 26b, column 7 vs. 3), 
could be due to an inner filter effect[90] from the produced Eu43. The small 
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increase in coumarin emission seen for this galactosidase/PTP1B combina-
tion (~2 fold) is presumably a result of residual coumarin emission from 
Eu43 and Tb43.  

 
Figure 26. Simultaneous detection of β-galactosidase, H2O2 and a) alkaline phos-

phatase or b) PTP1B. a) 4 (1 μM), Eu38Gal (6.25 μM) and Tb38Phos (12.5 μM), β-
galactosidase (0 or 1 U), alkaline phosphatase (0 or 0.2 U), H2O2 (0 or 100 μM) 1 h, 
37 °C (HEPES 100 mM, NaCl 1 M, MgCl2 5 mM and ZnCl2 0.2 mM, pH 8.0). b) 4 (2 
μM), was incubated with β-galactosidase (0 or 0.25 U), PTP1B (0 or ~0.4 mU) and 
H2O2 (0 or 100 μM) for 30 min at 37 °C (HEPES 100 mM, pH 7.0). Eu38Gal (12.5 
μM) and Tb38Phos (50 μM) were then added, and incubated at rt for 30 min. Steady 
state scan: λex = 410 nm, λem = 450 nm, time resolved scan: λex = 356 nm, λem = 545 
& 655 nm, 250 μs delay, 1050 μs sample window. Error bars show standard error 
based on three independent experiments. Intensities are normalized to that of the 

blank for each probe. 

4.3 Conclusion 
A range of Eu- and Tb-based responsive probes have been prepared. The 
probes gave robust turn-on responses when treated with their analytes. The 
Ln-based probes could readily be applied to the detection of multiple en-
zyme activities. Combined with an organic fluorophore detection of two 
enzymes and a small molecule regulator could be achieved with minimal 



 53

spectral cross-talk. The current work represents the first use of Ln-based 
responsive probes for multicolor detection. It is worth noting that all of the 
experiments could be performed on a luminescence plate reader, significant-
ly simplifying the experimental setup, and bringing the technique closer to 
potential end-users. This work represents a significant step forward in multi-
plex detection, with possible applications in the detection of multiple ana-
lytes in a biological setting. 
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5. Functionalization of lanthanide complexes 
via CuI-catalyzed azide-alkyne cycloaddition 
(papers III & IV) 

Since its independent discovery by Meldal[79b] and Sharpless[79a] the copper-
catalyzed azide-alkyne cycloaddition (CuAAC) has found widespread use as 
a robust and high yielding ligation reaction. While often viewed as the arche-
typical click reaction,[91] for some substrates the CuAAC can require consid-
erable optimization in order to proceed at an acceptable rate.[92] 

Our own difficulties with this reaction together with literature reports de-
scribing its sluggishness for coupling of Ln-partners[93] inspired us to find 
conditions which would provide a high yielding and operationally simple 
method to access triazole-linked Ln-antenna compounds. In addition to 
providing efficient access to different Ln-antenna combinations, this ap-
proach can be envisioned for constructing heterobimetallic Ln compounds 
which can otherwise be challenging because of the very similar chemical 
properties of the LnIII ions.[35-36] Heterobimetallic Ln complexes are attractive 
targets as they could potentially be used as multimodal imaging agents (e.g. 
by combining Gd with any of the luminescent Lns for dual MRI and lumi-
nescence imaging). 

5.1 Results and discussion 
We first prepared the five different Ln complexes Ln44-48, and the six cou-
pling partners A-F (Scheme 22). The Ln complexes were chosen for one of 
the following reasons: previous (successful or unsuccessful) employment in 
this reaction (Ln44-46),[55a,93a,b,94] our own use of the complex (Ln47) or its 
usefulness for constructing heterotrimetallic complexes (La48). 
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Scheme 22. Ln complexes and coupling partners used in this study. 

The Ln complexes Ln44-48 were synthesized in a fashion similar to that of 
Ln47 (Scheme 23a). Monoalkylation of cyclen with 49 followed by trialkyl-
ation with t-butyl bromoacetate gave the protected DO3A derivative 51 in 
58% yield over these two steps. Deprotection in TFA/CH2Cl2 and Ln com-
plexation gave the Ln complexes Ln47. The dipropargyl complex La48 was 
synthesized in three steps from diester 53 (Scheme 23b).[95] Dialkylation of 
53 with propargyl bromide followed by t-butyl ester deprotection and La 
complexation gave La48 in 85% yield over these three steps.  
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Scheme 23. Synthesis of Ln47 and La48. 

With these compounds at hand we began the search for efficient coupling 
conditions. We submitted a mixture of La45 and A or B to a number of dif-
ferent combinations of Cu-sources (CuSO4, Cu(acac)2, Cu(OAc)2, CuBr2, 
CuCl, CuI, Cu2O), solvents (DMSO, DMF, MeCN, H2O/t-BuOH-mixtures), 
additives (NaAsc, benzoic acid[96]), ligands (TBTA,[97] TMEDA,[98] DIEA[99]) 
and temperatures (rt to 120 °C, oil bath or MW heating). We found that CuI 
(5 mol%) in a MeCN/piperidine or MeCN/i-Pr2NH solvent mixture resulted 
in full conversion to the product (determined by 1H-NMR, TLC and ESI-
MS) after 5 min when heated at 100 °C in a microwave reactor. These condi-
tions are similar to those reported by the Imperiali group for the synthesis of 
hydroxyquinoline-based kinase sensors.[100] Under the same conditions but 
with oil bath heating the reaction did not reach full conversion even after 22 
h. We next investigated the scope of this reaction.  

The reaction was not sensitive to the polarity of the coupling partners. 
Both the azide- and alkyne-containing Ln complexes reacted in moderate to 
good yields (Table 5). We were especially pleased to see that even the tri-
amide Ln46 reacted under these conditions. Ln46 has been reported to be a 
difficult substrate for the CuAAC reaction.[93b] 
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Table 5. Overview of the coupling reactions performed.a 

Entry Ln com-
plex 

Coupling part-
ner 

Time 
(min) 

Yield 
[precipitation/chromatography (%)] 

1 La44 A 15 85/57 

2 Eu44 A 15 88 
3 La45 A 15 58/66 
4 Eu45 A 15 60/55 
5 Tb45 A 15 56/45 
6 La45 C 30 44 
7 Eu45 C 30 42 
8 Eu45 D 60 95 
9 Tb45 D 60 79 

10 La46 A 15 86 
11 Eu46 A 15 90 
12 La47 E 30 96/16 
13 Eu47 E 30 82/34 
14 Tb47 E 30 79/36 
15 La47 F 30 91/29 
16 Eu47 F 30 98 
17 Tb47 F 30 37/33 
18 La48 A 30 47/44 

aReaction conditions: Ln complex (1 equiv.), coupling partner (1.1 equiv.) CuI (5%), 
i-Pr2NH/MeCN (1:4), 0.2 M, 100 °C, microwave heating. 

Since all of the starting Ln complex (which has solubility similar to that of 
the product) was consumed in the reaction, it was possible to isolate the cou-
pling product by precipitation from the reaction mixture with Et2O. Pure 
products (as determined by HPLC) could be obtained in most cases by re-
peated precipitation from MeOH/Et2O. Alternatively, the product could be 
purified by column chromatography by eluting with MeCN/H2O. When i-
Pr2NH was used as a base and the cycloaddition product had good solubility 
in MeCN/H2O the two methods gave similar yields. However, when product 
solubility was low in MeCN/H2O, precipitation gave superior yields (Table 
5, entries 12−15). 

We were also interested to see whether these conditions could be used for 
the rational preparation of heterobimetallic Ln complexes. Ln60 was pre-
pared in four steps from 53 (Scheme 24). Alkylation of 53 with coumarin 56 
and propargyl bromide gave compound 58. Cleavage of the t-butyl esters, 
followed by Ln complexation gave Ln60 in a total yield of 49% over all four 
steps.  
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Scheme 24. Synthesis of Ln60. 

The reaction of Ln60 with Eu47 gave the expected heterobimetallic com-
plexes TbEu61 and LaEu61 in 60% and 33% isolated yield after column 
chromatography (Scheme 25). In addition, we could prepare the trimetallic 
compound LaEu262 in 34% isolated yield by double ligation of La48 with 
Eu47 (Scheme 25). ESI-MS analysis showed the presence of only the mole-
cule ion peak with the expected isotope distribution pattern. 
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Scheme 25. Synthesis of heterometallic Ln complexes. 

5.1.1 Expanding the scope to sensitive substrates 
While these conditions work well for robust compounds, they are quite 
harsh, and not generally suited for more labile substrates. For instance, these 
conditions do not work well for the caged coumarin precursors 21, described 
in Chapters 3 and 4. However, there was clearly a need to improve the per-
formance of this reaction for these types of substrates, as the initial condi-
tions we used were prohibitively slow (see Chapter 3). As such, we set out to 
find efficient and mild conditions for this reaction. For the following screen-
ing Tb47 and 21Bn were used as coupling partners and the reactions were 
performed at room temperature.  

A number of different solvent were screened (H2O, MeOH, MeCN, 
H2O/MeOH, H2O/MeCN, piperidine/MeCN and DMSO). We were initially 
reluctant to use DMSO as solvent due to the difficulty of removing it. Never-
theless, it turned out to work best, presumably due to its superior ability to 
effectively solubilize all reaction partners. 



 60 

Key to the efficient performance of the reaction was the realization that a 
large excess of NaAsc was necessary. Catalytically active CuI is colorless 
while CuII is blue. The reaction mixture was blue or greenish-blue until at 
least 6 equiv. of NaAsc was added, at which point it turned yellow indicating 
the absence of CuII.  

Cu-coordinating ligands can increase the rate of the CuAAC reaction by 
several orders of magnitude.[97,101] The role of the ligand can be multifold: to 
protect the catalytically active CuI species towards oxidation, to alter the 
equilibrium concentrations of various Cu-clusters present in the reaction 
mixture as well as direct involvement in the catalytic cycle.[92] To test the 
effect of ligands in this coupling we prepared TBTA,[97] THPTA[102] and 
BimPy2

[101b] shown in Scheme 26. 

 
Scheme 26. The different ligands used in the optimization. 

A screen of ligands using these conditions is shown in Table 6. BimPy2 
proved to be most efficient, yielding Tb38Bn in 84% yield after 20 h. After 
the reaction the DMSO could be removed by repeated precipitation of the 
product from MeOH/Et2O. Tb38Bn could then be further purified by silica 
column chromatography using MeCN/H2O as eluent. 

Table 6. A selection of the conditions tried in the CuAAC screening. 

Entry NaAsc Ligand Yield (%) 

1 − − 2
2 + − 16
3 + TBTA 31
4 + THPTA 60 
5 + BimPy2 84 

All reactions were performed on a 0.02 mmol scale, Tb47 (1.1 equiv.) 21Bn (1 
equiv.), CuOAc (0.1 equiv) and NaAsc (6.5 equiv.), ligand [0.2 equiv. (TBTA, 
THPTA) or 0.1 equiv. (BimPy2)], DMSO, rt, 20 h. Yields were determined by 

HPLC. 
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5.2 Photophysical characterization  
All complexes gave Ln-centered emission when excited through their aro-
matic moieties. The heterobimetallic TbEu61 showed dual Eu and Tb emis-
sion (Figure 27). The luminescent lifetimes (߬) of all the complexes were 
determined in H2O and D2O and are summarized in Table 7 along with the 
hydration states (q). 

 
Table 7. Luminescent lifetimes and hydration states of selected products 

Complex (nm, λex/λem) ߬H2O (ms) ߬D2O (ms) q 

Eu45C (280/590) 1.17 2.83 0.3 

Eu45D (280/590) 1.13 2.46 0.3 
Tb45D (280/543) 3.54 2.70 0.1 
Eu46A (266/614) 1.10 1.64 −0.3 
Eu47 (397/590) 0.61 4.28 1.4 
Tb47 (366/488) 0.87 1.66 2.4 
Eu47E (278/615) 1.26 2.22 0.1 
Tb47E (278/546) 2.12 3.13 0.5 
Eu47F (356/614) 0.93 2.75 0.4 
Tb47F (356/543) 0.41 2.15 9.7 
Tb60 (320/544) 0.58 0.72 1.4 
TbEu61                
(328/699) 
(328/545) 

 
1.03 
0.68 

 
2.67 
0.74 

 
0.4 
0.3 

LaEu61 (328/699) 1.18 2.62 0.3 
LaEu262 (396/699) 0.52 1.49 1.2 

Previous reports have established that triazole formation leads to the dis-
placement of one coordinating water molecule in Ln45 type 
complexes.[93a,b,103] Our results agree with this, as the Ln45-derivatives have 
q = 0.1−0.3. The q values of the Ln47 series indicated a similar change in 
coordination environment, with q = 1.4−2.4 (Ln47) before and q = 0.1−0.5 
(Ln47E and Eu47F) after triazole formation. The q = 9.7 for Tb47F may 
indicate energy back transfer from Tb to the coumarin antenna.  

A further indication of a change in coordination environment upon tria-
zole formation was gained from inspecting the shape of the Eu emission 
spectrum. The hypersensitive Eu 5D0 → 7F2 (614 nm) transition is very sensi-
tive to changes in coordination environment.[104] By comparing this transi-
tion to the 5D0 → 7F1 (590 nm) transition, which is essentially unaffected by 
the Eu environment, information on the coordination environment can be 
gained.[104] The ratio of these transitions (I614/I590) increased from 1.10 in 
Eu47 to 1.47 for Eu47E and 3.13 for Eu47F. 
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Figure 27. Normalized emission spectra of TbEu61 (blue) and LaEu61 (red) upon 
antenna-centered excitation (λex = 328 nm, steady state). The peak marked with an 
asterisk is due to scattered light. The spectrum of TbEu61 has been subjected to a 

baseline correction function to remove residual coumarin emission. 

5.3 Conclusion 
Two different sets of conditions for the preparation of triazole-linked Ln-
antenna complexes have been developed. For robust substrates microwave 
heating significantly increased the rate of the reaction. The utility of these 
conditions for Ln complex synthesis was demonstrated by preparing hetero 
bi- and trimetallic Ln complexes. Such complexes could potentially be used 
as multimodal imaging agents. Furthermore, conditions for the coupling of 
more sensitive substrates with Ln-partners were found.  
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Concluding remarks 

The study of interconnected biological processes in real time remains a ma-
jor challenge. The work presented in this thesis demonstrates that Ln-based 
luminescent probes can provide a valuable addition to the biochemist’s 
toolbox. While we have not yet investigated the possibility of multicolor 
detection in vivo with our probes, future work will focus on realizing this 
goal.  

The different probes presented in this thesis have their various strengths. 
The 1st generation probes provide the highest brightness and the capability 
for ratiometric detection. However, the pH dependence of their emission, 
while attractive in certain situations, is not always desirable. By altering the 
design, we were able to remove the pH dependence of emission and increase 
the dynamic range of the probes significantly (from ~6-fold to 50-fold). In 
addition, the new design enabled sensitization of both Tb and Eu. 

This thesis presents the first examples of the use of responsive Ln-based 
probes in multicolor imaging. The work represents a significant step forward 
in multiplex detection, with possible applications in the detection of multiple 
analytes in a biological setting. Future work in this area will focus on ex-
panding the probe palette by developing antennae capable of sensitizing 
additional Lns.  
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Svensk sammanfattning 

Vi lever i en värld där mycket av det som sker är dolt för oss. Dolt på grund 
av våra sinnens begränsningar, vilket gör oss oförmögna att se mycket små 
så väl som mycket stora fenomen. Människans nyfikenhet har drivit på ut-
vecklingen av verktyg som låter oss gå bortom denna begränsning. Dessa 
inkluderar instrument för att observera hela spektrat från stjärnor och galaxer 
(teleskop) till naturens minsta byggstenar (partikelacceleratorer). Mellan 
dessa extremer finns atomer och molekyler, vars interaktioner styr cellers 
funktion och uppbyggnad. Celler räknas ofta som de minsta levande bygg-
stenarna men är trots detta enormt komplexa, med en förmåga att styra och 
samverka miljontals reaktioner varje sekund. Med denna komplexitet i 
åtanke är det lätt att förstå svårigheten att följa enskilda processer på cell-
nivå.  

En av de främsta metoder som har vuxit fram för att göra just det kallas 
”luminescence imaging” (LI). LI ger möjlighet att visualisera cellulära hän-
delser med stor precision. För att upptäcka en specifik molekyl (som ofta 
benämns analyt) eller process med hjälp av LI så används en spektrofotome-
ter tillsammans med en speciellt framtagen luminescerande molekyl (en 
molekyl som absorberar och emitterar ljus), ofta kallad luminescerande prob. 
Luminescerande prober är molekyler som i kontakt med sitt analyt får för-
ändrade fotofysiska egenskaper, vilket kan detekteras med hjälp av en 
spektrofotometer.  

Den här avhandlingen beskriver utvecklandet av luminiscerande prober 
som kan användas för att detektera förskomsten av små (bio)molekyler och 
enzym. Gemensamt för de prober som presenteras här är att de i sin struktur 
inkluderar en lantanoid. Lantanoiderna är grundämnen i periodiska systemets 
f-block. Dessa har en rad fotofysiska egenskaper som gör dem attraktiva att 
använda i luminescerande prober, såsom smala, väldefinierade emissions-
band, och långa livstider i sitt exciterade tillstånd. Lantanoider är dock 
mycket dåliga på att absorbera ljus. För att komma runt detta problem kan en 
organisk kromofor (en molekyl som effektivt absorberar ljus) kopplas sam-
man med lantanoiden. Då kan istället kromoforen exciteras, varpå den kan 
överföra exciteringsenergin till lantanoiden, som i sin tur emitterar.  

De prober vi har utvecklat består av en kumarin (kromoforen) som är 
kopplad till ett lantanoidkomplex, där Eu eller Tb är de lantanoider som vi 
framgångsrikt kunnat använda. Kumarinen är i sin tur kopplad till en 
skyddsgrupp som kan klyvas av ett specifikt analyt. Resultatet av denna ana-
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lyttriggade klyvning av skyddsgruppen är att kumarinens, och i förlängning-
en, lantanoidens fotofysiska egenskaper förändras. Detta i sin tur leder till en 
förändring i emittans när processen studeras med hjälp av en spektrofotome-
ter. Genom att välja skyddsgrupper som kemoselektivt klyvs av en specifik 
analyt så kan denna metod användas för att studera denna analyt i närvaro av 
andra molekyler.  

I kapitel 3 och 4 i avhandlingen beskrivs en variant av ovanstående me-
tod, där vi istället för att koppla skyddsgruppen direkt till en kumarin har 
kopplat den till en kumarinprekursor. Analyttriggad klyvning av skydds-
gruppen leder i det här fallet till bildandet av en kumarin (Figur 1). Detta 
leder i sin tur till en påslagning av emittansen när processen följs med en 
spektrofotometer. 

 
Figur 1. Principen bakom några av de prober som beskrivs i avhandlingen. 

Vi har använt den här strategin för att konstruera prober som kan detektera 
en rad olika analyt: fluoridjoner, palladium, väteperoxid samt en mängd en-
zym (β-galaktosidas, β-glukosidas, α-mannosidas och fosfatas). Avhandling-
en beskriver dock inte bara syntesen av dessa prober. Vi har också använt 
dem, bland annat för att studera enzym (β-galaktosidas) i levande bakterier, 
men också för att detektera flera analyter samtidigt. Genom att använda både 
en Eu- och en Tb-baserad prob har vi lyckats detektera två olika analyt sam-
tidigt, något som aldrig förut gjorts med lantanoidbaserade prober. Vi kunde 
dessutom utöka detta till att detektera tre analyt samtidigt, genom att, utöver 
dessa prober också använda en kumarinbaserad prob.  

Avhandlingen representerar ett signifikant bidrag mot målet att precist 
kunna studera sammankopplade processer i celler. Något som är av stor vikt 
för en ökad förståelse kring mekanismer bakom sjukdomstillstånd, vilket i 
förlängningen kan leda till nya läkemedel. 
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