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Abstract 
 
 
 

Paramagnetic restraints have been used in biomolecular NMR for the last 

three decades in order to elucidate and refine structures but also to characterize 

protein/ligand interactions. Pseudo-Contact Shifts (PCS) are the most commonly 

used restraints, consisting in measuring a shift between a paramagnetic species 

and a diamagnetic reference, whose magnitude depends on the distance from 

the paramagnetic centre.  A common technique to generate such restraints 

consists in the attachment of lanthanides ions to the protein via a Lanthanide-

Binding-Tag (LBT). In order to design such LBTs, it is important to consider the 

efficiency and stability of the conjugation, the geometry of the complex 

(conformational exchanges and coordination) and the chemical inertness of the 

ligand. 

 

 In this thesis, we first focused on the synthesis of cross-bridge 

azamacrocyles. After having discussed their synthesis and chelation-properties, 

we proposed a paramagnetic tag based on the cross-bridge cyclam for which 

we proposed several synthetic pathways. This tag is based on the thiol-ene 

reaction as its conjugation method, the efficiency and catalysis of which will be 

discussed. A protocol using UV coupled to a radical iniator was developed, 

allowing the fast and cysteine-selective paramagnetic tagging of our model 

protein GB1 T53C. In a second time, efforts were concentrated on the synthesis 

of enantiopure paramagnetic tags. To this purpose we proposed two ligands, 

which were synthesized, tagged to the model protein GB1 T53C, and 

characterized via NMR and FFC Relaxometry. Finally, we used the thiol-ene 

based paramagnetic tagging of tcPex14, a pharmaceutically relevant protein, as 

an application of paramagnetic NMR in drug discovery. Its crystal structure was 

refined, and the possibilities of characterizing the binding mode of small ligands 

using paramagnetic restraints were discussed. 

 



 



Chapter 1 
 

1 
 

Chapter 1: Paramagnetic restraints in NMR 

and how to generate them  

 

 

Molecules containing unpaired electrons (i.e. paramagnetic) affect the 

magnetic environment of the nuclei in their proximity, and such effects can be 

followed and studied via Nuclear Magnetic Resonance (NMR) spectroscopy. 

Because these effects are strongly distance-dependent, they become a source 

of structural information, in that they give distance and angular restraints 

between the paramagnetic center and the nuclei of interest. In the last 3 

decades, these effects have been widely used in NMR-based structural biology. 

In this chapter, we will first discuss some of the effects induced by paramagnets 

and their application in structural biology. We will then show how it is possible to 

generate such restraints with a focus on paramagnetic lanthanides and the 

design of synthetic Lanthanide-Binding-Tags (LBT). 

 

1.1 Unpaired electrons and magnetic susceptibility: 

 

A single paramagnetic center is characterized by its magnetic 

susceptibility tensor1 χ, which describes the contribution of the unpaired 

electron’s orientation-dependent magnetic moment, and which can be divided 

into two parts: an isotropic component χiso, and its anisotropic part, the ∆χ tensor. 

It is important to remark that not all paramagnetic centers are anisotropic: The χ 

tensor is anisotropic if the magnetic moment of the paramagnetic center varies 

with different orientations in the magnetic field2. The anisotropicity of a tensor 

depends on its source: Mn2+ and Gd3+ are isotropic, for example, while 

paramagnetic lanthanides Ln3+ (except Gd3+) are all anisotropic. We can then 

decompose the χ tensor as such: 

χ =  𝜒𝑖𝑠𝑜 +   ∆χ   
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Where χiso is characterized by three orthogonal axes (χx, χy, χz) and the 

anisotropic component ∆χ by axial and rhombic components: 

∆χ𝑎𝑥  =  χ𝑧  −  
𝜒𝑥  + 𝜒𝑦

2
 

∆χ𝑟ℎ  =  χ𝑥  −  𝜒𝑦  

  

It is clear from these equations that in the case of χx=χy= χz, ∆χ becomes 

null.  

 

There are several mechanisms of interaction between a paramagnetic 

center (χ) and a nuclear spin, resulting in distance -and sometimes orientation- 

dependent effects that can be exploited as structural restraints. To be exploited, 

these restraints are calculated as the difference between an NMR spectrum in 

the paramagnetic state, and its diamagnetic counterpart (also called 

diamagnetic reference). From now on, we will distinguish two cases: whether the 

perturbation is induced by the isotropic component of χ or the anisotropic one. 

We will look separately at their mechanisms, effects and their applications in 

NMR. 

  

 

 

 

 

 



Chapter 1 
 

3 
 

 

 

 

 

 

 

Figure 1.1: Geometric information contained in the paramagnetic effects 

discussed in this chapter. PRE (a) is described in eq. (2).  PCS (b) is described 

in eq. (5). RDC (c) is described in eq. (6)2 

 

1.2 Isotropic Paramagnetic restraints: Paramagnetic 

Relaxation Enhancement 

 

In this section, we will consider an isotropic paramagnetic center with a 

tensor where ∆χ = 0, and therefore: χ =  𝜒𝑖𝑠𝑜 

 

When a nucleus is close enough from such a paramagnetic center, its 

longitudinal and transversal relaxation rate (R1 and R2, respectively) will 

change3. In most cases, this will cause a broadening of the NMR signal, called 

Paramagnetic Relaxation Enhancement (PRE). These PRE are measurable, 

and it is possible to turn them into structural distances. Indeed, the intensity of 

the line broadening follows spheres centered on the paramagnetic center, the 

intensity and the decay of these spheres depend on several parameters such as 

the intensity of χ, the magnetic field strength, the electron spin correlational time 

τe, and the gyromagnetic ratio of the considered nucleus4. We will see in this 

section why and how by measuring the difference between the relaxation rates 
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of the same system in a paramagnetic and a diamagnetic state it is possible to 

derive distances between nuclei and the paramagnetic centers. 

 

 PRE stems from three main contributions: the Dipolar Relaxation (or 

Solomon Relaxation, or DD), the Curie relaxation (or Dipolar Shift Anisotropy, 

DSA) and the Curie-DD cross-correlated relaxation. There is also a mechanism 

of contact-relaxation, but in if the nucleus is far enough from the paramagnetic 

center (r > 4 Å), we can neglect the contact effects for simplification. 

 

The dipolar relaxation usually dominates for long electron spin correlation 

times (for example Gadolinium). On the other hand, the Curie relaxation 

dominates for short electron spin correlation times (lanthanides other than 

Gadolinium). The relaxation rates are always positive and additive. When all 

paramagnetic effects are combined we can therefore sum up 𝑅𝑖
𝑝𝑎𝑟𝑎

 as: 

𝑅𝑖
𝑝𝑎𝑟𝑎

=  𝑅𝑖
𝐷𝐷 +  𝑅𝑖

𝐶𝑢𝑟𝑖𝑒 + 𝑅𝑖
𝐶𝑢𝑟𝑖𝑒,𝐷𝐷 

with i ∈{longitudinal ≡ 1; transverse ≡ 2} 

 

Both longitudinal and transversal relaxation rates are affected by the 

presence of a paramagnet. The relation between longitudinal relaxation rate 

enhancement (R1
para) and the distance from nucleus to paramagnet was 

described by Solomon5. R1
para relaxation rates can be used to estimate distances 

from metals to protein nuclei, however this area has not been explored much 

due to experimental difficulties6. 

 

Measuring R2
para and calculating distance using spin labels 

   

The most widespread source of unpaired electrons (or spin labels) in this 

technique are organic radicals such as MTSL ((S-(1-oxyl-2,2,5,5-tetramethyl-
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2,5-dihydro-1H-pyrrol-3-yl)methyl methanesulfonothioate))7, and gadolinium-

based probes. The approach mostly used to measure distances within proteins 

is called “single-point measurement” and has been described in 2000 by Wagner 

et al8. First, it is required to measure R2
para and this can be done via NMR 

following the equation: 

 

𝐼𝑝𝑎𝑟𝑎

𝐼𝑑𝑖𝑎
=

𝑅2
𝑑𝑖𝑎exp (−𝑅2

𝑝𝑎𝑟𝑎
𝑡)

𝑅2
𝑑𝑖𝑎 + 𝑅2

𝑝𝑎𝑟𝑎        (𝟏) 

 

Where Ipara and Idia are the peak intensities measured via NMR and t the 

total time the magnetization evolves in the transverse plane during the INEPT 

transfer4,8. As we have seen earlier the contributions to R2
para are additive and in 

the case of organic radicals and Gd-based spin labels the dipolar interaction is 

the prevalent mechanism. The mathematical relation between R2
para and the 

electron-to-nucleus distance r derives from those rules and from the Solomon 

equations5,9, and can be written as such10: 

 

𝑅2
𝑝𝑎𝑟𝑎

=
2

15
(

µ0

4𝜋
)

2 𝛾𝐼
2𝑔𝑒

2𝜇𝐵
2 𝑆(𝑆 + 1)

𝑟6
[

7𝜏𝑐

1 + 𝜔𝑆
2𝜏𝑐

2 +
3𝜏𝑐

1 + 𝜔𝐼
2𝜏𝑐

2]       (𝟐) 

 

 

To generate such restraints, a common techniques consists in the 

attachment of a spin label on the surface of the protein of interest. Because 

mobility of this tags is deleterious to PRE-measurement and analysis11, 

continuous efforts are devoted to the development of more rigid and more stable 

spin labels12. 
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1.3 The hyperfine shift and its effects: Pseudo-Contact 

Shifts (PCS) and Residual Dipolar Coupling (RDC) 

 

In the last paragraph we have seen how unpaired electrons can affect 

the relaxation of surrounding nuclei and how it is relevant to us in terms of 

biomolecular NMR. In this part, we will focus on how the average electron-

induced magnetic moment affects the energy of the nucleus. Indeed, it can be 

seen as a perturbation in the overall magnetic field sensed by the nucleus and 

therefore it will have an effect on chemical shift. This contribution is called the 

hyperfine shift13. We can expect such shift when there are energy levels for the 

considered ion close to the ground state. This causes orbital contributions to the 

ground state, and such contributions are orientation dependent, depending on 

the shapes of the contributing orbitals. In this case, the magnetic tensor is 

anisotropic. 

 

1.3.1. Theoretical considerations on Contact Shifts and Pseudo-

Contact Shifts 

 

1.3.1.1 Spin Density and Contact shift 

 

The electron has the particularity of not being present in a single point 

but in a Molecular Orbital (MO) which may be delocalized on a whole molecule. 

This is also true for unpaired electrons. We name spin density ρ the fraction of 

unpaired electron present in a given point of space. If ρ is not null at a nucleus, 

it will generate an additional magnetic field giving rise to what we name a Contact 

Shift (CS). It is clear that we will observe such shifts only on those nuclei that 

are very close to our paramagnetic metal or radical. Often, those shifts are 

difficult to be measured since the signals of the nuclei close to the paramagnetic 

centers tend to disappear because of PRE. 

 



Chapter 1 
 

7 
 

1.3.1.2 Dipolar interaction and Pseudo-Contact Shifts 

 

 Both nuclei and the unpaired electron have magnetic moments, and 

therefore there will be a dipolar interaction between them. This interaction, for 

two point-dipoles μ1 and μ2 separated by a vector r are characterized by the 

dipolar energy Edip (equation (3)). The induced chemical shift given by this 

interaction is given by equation (4). We can see at that point that the value of 

this dipolar chemical shift perturbation depends on the distance but also the 

respective orientation of the two magnetic moments.  

 

𝐸𝑑𝑖𝑝 =  −
𝜇0

4𝜋 
 [

3(𝜇1.𝑟).(𝜇2.𝑟)

𝑟5 −
𝜇1.𝜇2

𝑟3 ]       (𝟑)   

 

𝛿𝑑𝑖𝑝 =  
−∆𝐸𝑑𝑖𝑝

ħ𝛾𝑖𝐵0
       (𝟒) 

 

By combining (3) and our previous definition of χ, it has been shown that 

in solution this shift, known as Pseudo-Contact Shift (PCS), can be written under 

the form: 

 

𝛿𝑃𝐶𝑆 =
1

12𝜋𝑟3
[∆χ𝑎𝑥(3 cos2 𝜃 − 1) +

3

2
∆χ𝑟ℎ(sin2 𝜃 cos 2𝜑)]       (𝟓) 

 

This equation will be very important in our work. In this case r, θ, and φ 

are the spherical coordinates of the nucleus in the frame of reference centered 

on the paramagnetic center and defined by χ. From this equation, we can predict 

the 𝛿𝑃𝐶𝑆 for a given nuclei. However, we may note that from one PCS value we 

cannot calculate one position as there is not only one solution to this equation. 

The ensemble of points which are solution of this equation is called an 

isosurface. 
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Practically, PCS are measured by subtracting the chemical shift of a 

nucleus in a diamagnetic environment to the one obtained in “paramagnetic 

conditions” (i.e. close enough to a paramagnetic center so that the dipolar 

interaction between the two is significant and may be observed). This analysis 

requires only simple spectra (1D, 2D HSQC…) and therefore eases access to a 

wealth of structural information easily.  

 

PCS can be measured at distances up to 100 Å. As we can see from (5), 

in order to maximize the shift, we need to work in a system where ∆χ is as large 

as possible. We can also note that PCS, unlike PRE, are not only distance-

dependent but also orientation dependent.  

 

1.3.2. Theoretical considerations on Partial Alignment and Residual 

Dipolar Couplings 

 

The orientation of a molecule in a given magnetic field has an influence 

on the dipolar couplings between nuclei that compose the molecule. This is clear 

in solid-state NMR where signals are very broad. In solution, the fast isotropic 

reorientations of molecules average out the contributions corresponding to 

different nuclear positions with respect to the external magnetic field. This 

simplifies spectral analysis. 

 

If the molecule is partially aligned in the magnetic field, however, it will 

reintroduce some effects related to the anisotropy of the nuclear interactions. 

One of these effects is called “Residual Dipolar Coupling” (RDC), and it is visible 

as a change in dipolar coupling values between a partially aligned and non-

partially aligned sample. Partial alignment of a molecule causes the occurrence 

of residual dipolar couplings because when not all orientations have the same 

probability, the dipole-dipole interaction between nuclear magnetic moments 

does not average to zero. 
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There are several ways to induce partial alignment in a protein in 

solution. One of them consists in the attachment of a paramagnetic tag on the 

surface of the protein. The paramagnetic molecules will seek to minimize the 

dipole interaction with the magnetic field and the magnetic moment of the 

paramagnet, thus causing partial alignment of the protein in the magnetic field. 

When the difference is calculated between the splitting of coupled nuclei 

observed for the paramagnetic molecule and a diamagnetic analog, the 

contribution from the paramagnetic metal can be isolated and the equation to 

analyze the residual dipolar coupling data is: 

 

𝛥𝜈𝐴𝐵
𝑅𝐷𝐶 = −

1

4𝜋
 

𝐵0
2

15𝑘𝑇

𝛾𝐴𝛾𝐵ℎ𝑆𝐿𝑆

2𝜋𝑟𝐴𝐵
3 [𝛥𝜒𝑎𝑥(3𝑐𝑜𝑠2 ∝ −1) +

3

2
𝛥𝜒𝑟ℎ𝑠𝑖𝑛2𝛼 𝑐𝑜𝑠2𝛽]       (𝟔) 

 

Where A and B are two J-coupled nuclei, (rAB, α, β) the spherical 

coordinates of the AB vector, 𝛾𝐴 and 𝛾𝐵 the gyromagnetic ratios of A and B 

respectively, and 𝛥𝜒𝑎𝑥 , 𝛥𝜒𝑟ℎ the anisotropic parameters. Interestingly, we can 

see from this equation that unlike for PCS and PRE there is no dependence on 

the distance between the nuclei A, B and the paramagnetic center (fig. 1.1). 

 

RDC are very sensitive to molecular motions, and this represented in eq. 

(6) by the Lipari-Szabo order parameter SLS
14. This parameter reflects the 

internal motion of the protein and scales down the values of RDC15. 

 

1.3.3. Practical considerations on PCS and RDC, and what can we 

get from them 

 

To induce PCS and RDC in a given system we need an anisotropic 

magnetic tensor. To this purpose, the most commonly used unpaired electron 

sources are anisotropic lanthanide ions (corresponding to all paramagnetic 

lanthanides except Gadolinium, which is isotropic). However, diamagnetic 
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lanthanides are still of use: indeed, PCS and RDC are measured as the 

difference between peaks in a paramagnetic and in a diamagnetic environment. 

In order to differentiate the effects stemming from the paramagnetism of 

lanthanides from the chemical effects of the introduction of the ion, a 

diamagnetic control using a diamagnetic lanthanide is always performed and 

used to measure changes in chemical shifts and dipolar couplings. 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.2: Example of paramagnetic effects observed via 2D 1H-15N HSQC for 

a protein tagged with diamagnetic Lutetium and paramagnetic Thulium. PCS is 

observed as an increase of chemical shift, and RDC as a decrease in the J-

coupling. Reproduced from6. 

 

Based on equations (5) and (6), we can define tensors as 8-variable 

mathematical functions which correlate a given point in space with a value of a 

paramagnetic effect. Those functions are depending on the system studied 

(couple protein/tag) and the metal used as the paramagnetic center. Determining 

tensor parameters with precision is a fundamental step in analyzing 

paramagnetism-assisted NMR data. Indeed, once PCS or RDC have been 
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measured, calculating distances and orientations cannot be done directly. In 

order to associate a shift value to an isosurface using equations (5) and (6) , first 

need to be determined the parameters of the anisotropic tensor, ∆χ𝑎𝑥 and ∆χ𝑟ℎ, 

but also the position of the paramagnetic center and the orientation of the tensor 

axes16,17. 

 

 To determine these tensors, several pieces of software have been 

developed, two of which are Numbat18 and FANTEN17. FANTEN is a server-

based and “user-friendly” software which requires very few inputs. Those inputs 

are: a .pdb structure of the studied protein, a text file with the measured 

paramagnetic measurable, and some tensor-parameters which may be already 

known. The software will then perform a fitting of this input and the output will be 

the fitted tensor parameters, the calculated average position of the metal center, 

and a Q-factor correlated with the quality of the fitting. In order to perform a good 

fitting, it is important that 1) the protein structure as input is valid and 2) a 

sufficient number of paramagnetic measurable has been inserted. 

 

 

 

 

 

 

 

 

 

 

Figure 1.3: Example of an isosurface corresponding to a PCS value of +1 ppm 

(blue) and -1 ppm (red), for a protein with a Dysprosium ion attached on its 

surface 
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1.4 Applications of Paramagnetism-derived restraints  

 

1.4.1. Applications in structure determination and refinement 

 

Structure calculation by NMR mainly relies on the collection of short-

range distance-restraints (up to ~5-6 Å) provided by the time-consuming and 

troublesome analysis of NOESY spectra19. The use of long-range paramagnetic 

distance restraints (up to ~100 Å), such as pseudo-contact shifts (PCS), induced 

by a paramagnetic ion, has been widely proposed to help in de novo structure 

determination by NMR20–24. One of the first example was Calbindin D9k, its 

structure in solution was determined in 2001 by Bertini et al. showing that 

paramagnetic restraints were useful and complementary to traditionally used 

NOEs20. These restraints are implementable directly in some structure 

determination software such as Xplor25. 

 

 Another application of paramagnetic restraints consists in the refinement 

of pre-existing X-ray structures26,27. In this way from the crystalline structure a 

more reliable model describing the protein in solution can be obtained. This 

combination allows to correct some possible bias obtained via X-Ray where the 

protein’s structure is altered in the solid state, in multi domain proteins for 

example28.  

 

With the improvements of methods to generate large anisotropic tensors, 

it is possible to generate restraints on larger distances and especially between 

different domains of proteins29, and even between different proteins30–32.  
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1.4.2. Paramagnetism-assisted NMR of multi-domain protein and 

protein complexes 

 

Paramagnetic restraints can also be used for the study of larger systems, 

like multi-domain proteins or even protein complexes33. Indeed, long-range 

through-space paramagnetic effects may spread from a paramagnetically 

tagged protein to another domain of the same protein or a different protein with 

which it is in complex. In such cases, paramagnetic restraints are not used to 

determine de novo structures, but to refine existing X-ray structures or to 

characterize the dynamic of such complexes, for example including 

paramagnetic restraints in docking procedures6,34.  

 

 

 

 

 

 

 

 

 

Figure 1.4: (a) Rigid body docking of the proteins ε186 (gray) and θ (orange) 

by superposition of the ∆χ tensors of Dy3+ determined with respect to the 

individual proteins. The ∆χ tensors are represented by PCS isosurfaces with 

positive and negative shifts indicated by blue and red colors, respectively. 

(b) Same procedure with Er3+ instead of Dy3+ 35. 

 

An example of two-domain protein studied with paramagnetic restraints 

is Calmodulin36. Both domains were paramagnetically tagged and the maximum 



Paramagnetic restraints in NMR and how to generate them 
 

14 
 

occurrence (MO) of a set of calmodulin conformations that are representative of 

the overall conformational space possibly sampled by the protein, has been 

calculated from the paramagnetism-based restraints. The author then showed 

that the availability of paramagnetic restraints arising from metal ions placed on 

both domains, reduces the MO of the conformations, thereby helping to identify 

those conformations which are more representative of the ones adopted by the 

protein in solution. 

 

1.4.3 Paramagnetism-assisted Drug Discovery 

 

An important application of this source of structural restraints is found in 

the determination, refinement and dynamic studies of proteins in complex with 

small molecules. This is particularly useful in structure-based drug discovery 

projects, where being able to identify precisely a small binder’s binding site on a 

protein surface, and possibly obtain the structure of the complex, is required to 

optimize hit-compounds33. This is often achieved through analysis of NOE 

contacts; however, the transfer of paramagnetic effects from a paramagnetically 

tagged protein to a small ligand may also yield additional structural restraints. 

Particularly, PRE and PCS have been used33,37. Here, we will focus on PCS as 

they are easier to interpret and more straight-forward to measure. 

 

PCS in small ligands, just as for proteins, are measured as the difference 

in chemical shift between a diamagnetic and a paramagnetic sample. Often 1H 

are enough to measure PCS and no 2D experiments are required. In the case 

of ligands in fast exchange, in order to calculate the PCS value for the ligand in 

the bound state, it is necessary to scale the measured value as such38: 

 

∆𝛿𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑
𝑃𝐶𝑆 = 𝑓𝑏𝑜𝑢𝑛𝑑  ∆𝛿𝑏𝑜𝑢𝑛𝑑

𝑃𝐶𝑆        (7) 
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Where:       𝑓𝑏𝑜𝑢𝑛𝑑 =
𝑐𝑝

𝐾𝐷+𝑐𝐿
 

  By using equation (7), we can then back-calculate the values of PCS 

corresponding to the bound state. It is this value which will be an input as a 

structural restraint. Recent examples have used this strategy to perform docking 

measuring PCS on 1H but also on 19F 39,40,41. 

 

 The measurement of a minimum of three independent sets of a PCS 

allows for a precise structural determination of the small-ligand binding-mode in 

a GPS-like fashion33,42. Indeed, using triangulation it is possible to determine the 

position of a nuclei with respect to the protein. 

 

 

1.5 Lanthanide-Binding Tags as a source of paramagnetic 

restraints 

 

1.5.1 Lanthanide-Binding Tags: 

 

 In order to induce meaningful and measurable effects on an NMR 

spectrum, it is important to consider the necessity of having the paramagnetic 

center fasten on the surface of the biomolecule of interest2. In the case of metal-

binding protein, this can be easily done by substituting a naturally bound metal 

by a lanthanide27,43; In the case of non-naturally metal-binding-proteins, we can 

distinguish two kinds of techniques: natural metal-binding sites and synthetic 

lanthanide-chelating moieties. Metal-binding peptides, where lanthanides can be 

substituted, can be engineered at an extremity of a protein44, so that 

paramagnetic shifts may be induced on the rest of the protein, however the 

introduction of such peptide may interfere with the global structure of the protein; 

moreover, the peptide can be engineered only at one end of the protein, leaving 

very little flexibility as to where to introduce the paramagnetic center. 
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Synthetic lanthanide-chelating tags, on the other hand, are used if a 

protein does not have the possibility to chelate a lanthanoid45. Such complexes 

were first used as non-covalent probes, also called shift reagents46,47. In the last 

20 years however, we have been able to synthetize molecules capable of both 

chelating a lanthanoid and being conjugated to the target protein on a specific 

site8,48. This presents the advantage of having the paramagnetic center fixed on 

a specific point of the protein’s surface, which allows for the determination of a 

single tensor and generally induces larger paramagnetic perturbations and on 

larger distances. Moreover, it gives the freedom to choose where to attach the 

tag on the protein’s surface. These molecules will be referred hereafter as 

lanthanide-binding tags or simply paramagnetic tags. 

 

 An ideal lanthanide-binding-tag (LBT) requires three characteristics: 

1) Be chemically inert 

2) Be present as a single stereoisomer 

3) Be as rigid as possible 

 

By “chemically inert”, we intend that the tag ought not to release the 

lanthanoid in solution, so as not to lose the desired paramagnetic effect and 

potentially catalyze protein hydrolysis. This is even more important in the case 

when longer experiment times (several days) are needed. As seen previously, 

the effects we want to measure are distance-dependent, and it implies that the 

tags used are enantiomerically pure. Indeed, the presence of two stereoisomers 

would create two distinct paramagnetic centers, inducing a doubling of the peaks 

observed on the spectrum. 

 

 As for rigidity, the more flexible a tag, the more the paramagnetic center 

will tumble in solution, causing an averaging of the paramagnetic effect and a 

diminution of the intensity of the transferred ∆χ tensor. As seen in equation (5) 

and (6), the larger the ∆χ tensor, the larger the measured PCS and RDC will be  
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and at greater distances. In order to gain structural restraints on bigger proteins 

or in order to monitor biological processes at the atomic level on a larger scale, 

it is therefore needed to optimize the location and the parameters of the 

anisotropic tensor. Are therefore needed paramagnetic tags with large intrinsic 

tensors and this can be achieved through the increase of the tags’ rigidity. While 

1) and 2) have been readily achieved in several tags, rigidity is the parameter 

towards which efforts are still required. 

 

 Another important parameter for the optimization of paramagnetic tags 

and their effects is the site of conjugation and the type of chemical linker used 

to attach the tag to the protein’s surface. In order to be conjugated on the surface 

of proteins, paramagnetic tags need to present a functional group allowing for a 

conjugation reaction to take place. The thiol group of cysteine stands out as an 

ideal target due to its relative low abundance in protein primary structures and 

the possibility for a chemoselective modification with LBTs. In order to provide a 

rigid tagging site in an ordered region of a protein, cysteine residues in alpha-

helixes are often chosen as suitable functional group.  

 

For the tagging of cysteine residues in proteins, several suitable linkers 

have been developed. Two widely used systems are 2-mercaptopyridine as well 

as phenylsulphonyl activated linker (fig. 1.5). The use of 2-mercaptopyridine as 

an activating group for the formation of disulfide bonds between tags and 

cysteines has been widely employed49,50. It allows for a fast and selective tagging 

(generally around 4 hours of reaction) but yields a disulfide bond, which is 

reducible. This may constitute a problem for longer experiments and make this 

strategy unusable for in-cell applications. On the other hand, 4-phenylsulfonyl-

pyridine has been introduced to yield a thioether bond between the free thiol or 

a protein and a tag51. The thioether bond is stable in reducing conditions, making 

this strategy attractive. However, reaction times necessary to give high 

conjugation yield are longer, typically one night is required. 
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Figure 1.5: Conjugation to cysteines via disulfide formation (top) and through 

nucleophilic substitution of phenylsulfone (bottom). R, R1 and R2 are generic 

lanthanide-chelating moieties. 

 

We could separate synthetic single-attachment-point LBTs in two 

families, whether the lanthanide-chelating moiety is cyclic (DOTA-like 

molecules) or not (e.g. EDTA-based tags). 

 

 

1.5.1.1. Acyclic Paramagnetic tags 

 

Some of the first examples of the design of single-attachment-point LBT 

include acyclic tags, e.g. EDTA-derived molecules48,52. However, they displayed 

different stereoisomers and therefore induced different set of peaks in the NMR 

spectra. Later, Cys-Ph-TAHA was introduced49. Enantiomerically pure, it 

displayed only one set of peaks upon conjugation; bearing a long linker it is 

however quite flexible and yields only small paramagnetic tensors. 
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Figure 1.6: MTS-EDTA (left) and Cys-Ph-TAHA (right) 

 

1.5.1.2. DOTA-like Paramagnetic tags 

 

DOTA is a strong and almost universal chelator that has been used with 

many applications in imaging, diagnostic, theranostic, etc…53,54 Because it has 

such a high affinity for lanthanoids, DOTA has also been used in paramagnetic 

NMR Spectroscopy55. DOTA’s main drawback is that it can take two different 

conformations in solution: SAP (Square AntiPrismatic) and TSAP (Twisted 

Square AntiPrismatic). Those two conformations each behave as a different and 

independent paramagnetic center and therefore each lead to a different set of 

peaks in the NMR Spectrum, making much harder the analysis of the NMR 

spectra. Several attempts to overcome this drawback have been done. A notable 

strategy has been the introduction of several methyls groups around the cycle in 

order to block its conformation and slow down its motion. The main application 

of this strategy in the field of paramagnetic tagging was achieved by Daniel 

Haüsssinger, DOTA-M856. However, it was later shown that this macrocyle was 

still in equilibrium between two diastereoisomers, the ratio of which is 

interestingly depending on the radius of the chelated Lanthanide57. For many 
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lanthanides, though, it adopts only one conformation and therefore yields only 

one set of peaks and large paramagnetic tensors.   

 

 

 

 

 

  

 

 

Figure 1.7: DOTA (left) and DOTA-M8 (right) 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.8: Conformations of DOTA-derived ligands upon metal-coordination57 
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1.5.2. Properties of Lanthanides: 

 

 Lanthanoids elements have been extensively used in NMR 

spectroscopy2. While bearing similarities in chemical behavior and reactivity, 

they offer a broad range of paramagnetic characteristics depending on the 

occupation states of their 4f orbital. Indeed, while Lu and La are diamagnetic 

(absence of unpaired electron), there is a broad range of magnitude of ∆χ tensor 

from Cerium (Ce) to Dysprosium (Dy), offering the possibility to tune the desired 

effects by choosing a specific lanthanoid ion58. Gadolinium, extensively used in 

spectroscopy and in imaging, has the particularity of being isotropic, inducing 

strong relaxation enhancement but no PCS or RDC.  

 

 

 

 

 

 

 

  

 

Figure 1.9: Paramagnetic properties of Ln3+ ions. Only paramagnetic and 

nonradioactive lanthanides are included. Representative isosurfaces are plotted 

for PCSs by (5 ppm using tensors reported by 16) The radius of the yellow sphere 

indicates the distance from the metal ion at which 1H NMR signals of 

macromolecules with a rotational correlation time of 15 ns would be broaden by 

80 Hz due to paramagnetic relaxation enhancement (PRE) at a magnetic field 

strength of 18.8 T. Typical electronic relaxation times representative for this field 

strength are indicated at the bottom. For Eu3+, the estimate of the relaxation 

enhancement includes a contribution from excited J manifolds59. Reproduced 

from35. 



Paramagnetic restraints in NMR and how to generate them 
 

22 
 

  Having similar chemical behavior but different paramagnetic properties, 

it is common to use the same tag loaded with different paramagnetic 

lanthanides. Doing so, it is possible to obtain different sets of structural 

restraints using only one tag/protein system. 

 

 

 

 

 

 

 

 

Figure 1.10: Example of 2D 1H-15N HSQCs of a protein tagged with Lutetium 

(blue), Ytterbium (red) and Dysprosium (purple). The PCS induced by Yb and 

Dy are of opposite signe, and the absolute value of the shift induced by Dy is 

larger than the one induced by Yb, what is in line with values reported in fig 1.9. 
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CHAPTER 2: Synthesis of cross-bridge 

azamacrocycles 

 

Abstract 

 

 Cross-bridge azamacrocycles are metal chelators which have been 

shown to form very inert complexes with different transition metals. Particularly, 

cross-bridge cyclam derivative cb-tedpa has been shown to chelate lanthanides 

and those complexes display very high inertness, even in highly acidic media. 

With the scope of diversifying available highly rigid ligands for lanthanide 

complexation, we have developed a new strategy for the synthesis of diversely 

alkylated cross-bridge cyclam and cyclen derivatives. We have shown that this 

new strategy was more efficient than the previously described one. More, the 

stability of different complexes of Europium and azamacrocycles in acidic media 

have been studied and compared. 

 

 

Figure 2.1: Synthetic strategies discussed in this chapter 
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 2.1 Introduction 

 

Cross-bridged cyclam (cb-cyclam) was first reported in 199060, and 

cross-bridge cyclen (cb-cyclen) in 199461. Cb-cyclam and cb-cyclen rapidly 

gained interest as potential highly rigid transition metal chelators62. Indeed, it 

was shown that those molecules have very high affinities for Lewis Acids, and 

that they are able to adopt cleft-containing geometries around metal ions.  

 

  

 

 

 

Figure 2.2: Structure of cross-bridge cyclen (left) and cross-bridge cyclam (right) 

 

 Structural studies showed that in both cases, the bridge adopts a cis 

conformation62, in which the lone pairs of the nitrogen atoms all point towards 

the center of the molecules, creating a cavity. It is believed that the kinetic 

inertness of these molecules is endowed in part by the ligand’s relatively strain-

free coordinating conformation, which adopts a C2 symmetry.  

 

It was shown that it was possible to further enhance the stability of cross-

bridge azamacrocycles by adding ionizable pendant arms at the secondary 

amines63.  These can serve to fully envelop six-coordinated transition metal 

cations, as well as to neutralize their charges. Two examples are cb-TE2A and 

cb-DO2A, which have found applications in imaging64 (fig. 2.3). 
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Figure 2.3: Structures of cb-DO2A (left) and cb-TE2A (right) 

 

It has been reported by Niu et al. that cb-DO2A exhibits an enantiomeric 

interconversion in solution in complex with metal ions65 (fig. 2.4). This dynamic 

process has been shown to be fast on the NMR timescale. It is hypothesized 

that this dynamic process can take place through two possible mechanisms: a 

dissociative one where pendant arms are “detached" and the ligand can then 

reorganize in its enantiomer while the ion is temporarily released, or a non-

dissociative one with only a pseudo-rotation of the arms. We can expect that the 

thermodynamical and kinetical stabilities of the complexes will govern on which 

of these mechanisms takes place. As for cb-cyclam, it also exhibits dynamic 

enantiomerization. This process requires the ethylene bridge tucking through the 

14-membered ring along with inversion of all four nitrogens (fig. 2.5)66. To the 

best of our knowledge, there is no published data on the enantiomerization of 

alkylated cb-cyclams. 

 

 

 

 

 

 

Figure 2.4: Enantiomerization of cb-DO2A in complex with metal ions 
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Figure 2.5: Enantiomerization of cross-bridge cyclam 

 

It is only recently that cross-bridge azamacrocyles have started to be used 

for lanthanide complexation67,68. Rodiguez-Rodriguez et al. used picolinic acid 

pendant arms in order to increase the number of coordinating atoms in of the 

ligand while using cross-bridge cyclam as the central scaffold. The resulting cb-

tedpa has been shown to fully envelop Europium in the solid state (fig. 2.6). From 

a kinetical point of view, [cb-tedpa(Ln)] complexes are extremely stable and no 

sign of ion releasing was observed even after months in HCl 2M. From a 

thermodynamical point of view, a comparative study in solution and via DFT 

showed that cb-tedpa was much more stable than its non-bridged counterpart 

Me2tedpa69. They do not, however, discuss the stereochemistry of their new 

complexes. 

 

 

Figure 2.6: 2D structure of cb-tedpa (left) and 3D structure of 

[(Eu)cb-tedpa]67 (right) 
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Synthesis of cross-bridge tedpa (cb-tedpa) 

 

In terms of synthesis, the classical approach to obtain alkylated cross-

bridge cyclam consists in the direct alkylation of the secondary amines of cb-

cyclam, itself can be obtained following the procedure reported by Wong et. al63. 

This procedure allows the obtention of cross-bridge cyclam in four steps starting 

from cyclam (58% total yield). Two interesting and important steps in this 

synthesis are the regioselective bisaminal alkylation and the reductive ring-

opening. The regioselectivity in the bisaminal alkylation stems from the 

conformation of cis-glyoxal cyclam in which two nitrogen lone pairs are endo 

(non-reactive) and two are exo (reactive). Next, the reductive double ring 

expansion allows for the selective obtention of the macrocycle where all amines 

are tertiary.   

 

 

Figure 2.7: Synthesis of cb-cylam 

 

The last step consists in the deprotection of the secondary amines. At this 

point, cb-cyclam can be symmetrically alkylated to yield cb-TE2A or cb-tedpa. 

Some examples also report the mono-alkylation of cb-cyclam to create 
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asymmetrical ligands70,71. This is extremely useful for the design of scaffolds for 

bioconjugation; indeed, it allows us to design an asymmetric LBT with a cb-

cyclam moiety, two arms, one of which bearing a functional group for protein 

conjugation71,72. 

 

In this chapter, we will introduce and discuss a new pathway for the 

synthesis of cb-tedpa. We will compare it to the classical synthesis and discuss 

its applicability for the design and the faster synthesis of novel asymmetric cb-

cyclam and cyclen based scaffolds. As we have seen lanthanides have many 

interesting properties useful not only in paramagnetic NMR but in many other 

techniques. In order to harness the power of cross-bridge azamacrocyles, it is 

very important that we can control the chemical environment (coordination, 

rigidity) of the lanthanides. Therefore, it becomes useful to easily introduce 

different arms on the macrocycle. In the specific case of paramagnetic tagging, 

it would allow us to design an asymmetric LBT with a cb-cyclam moiety, two 

arms, one of which bearing a functional group for protein conjugation. 
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2.2 Synthesis of cb-tedpa through direct bisaminal 

alkylation 

 

 2.2.1 New synthetic strategy 

 

The synthesis of cb-tedpa as reported by Rodriguez-Rodriguez goes 

through the alkylation of the secondary amines of cross-bridge cyclam, an 

intermediate obtained from cis-glyoxal cyclam through reductive double ring 

expansion. In order for the ring expansion to proceed correctly and give the 

desired cross-bridge, it is important that two amines in trans are quaternary. To 

achieve this, the bisaminal alkylation with benzyl bromide (BnBr) is performed 

which requires debenzylation once the glyoxal moiety has been “reductively 

opened” to the cross bridge. In this section we will discuss the synthesis of cb-

tedpa through direct bisaminal alkylation. Indeed, rather than using the bisaminal 

alkylation with BnBr as a protecting step, we will try to use this step to directly 

introduce the desired pendant arm on cis-glyoxal cyclam, in order to avoid the 

removing of the benzyl groups.  

 

 

Figure 2.8: New strategy for the synthesis of cb-tedpa 

 

To do so, we need to have a picolinic acid derivative with a leaving group 

in position 6 and a carboxylic acid protected as an ester that can resist the harsh 

conditions of the reductive double ring expansion. For this purpose, we decided 
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to use 1, with a bromomethyl in position 6 an tBu ester to protect the carboxylic 

acid from reduction. 

 

 2.2.2 Synthesis of cb-tedpa 

 

 

  

  

  

 

Figure 2.9: Synthesis of 1 

 

1 was synthesized in one step from tert-butyl 6-methyl picolinate (fig. 2.9). 

With 1 in hand, we first tried to mono-alkylate cis-glyoxal cyclam. Interestingly, 

we obtained mono-alkylated 2 in 95% yield and no trace of dialkylated cyclam 

was observed. Mono-alkylated 2 was then put in presence of 4 equivalents of 1; 

formation of dialkylated 3 was observed although slower- what was expected. 

Reaction was complete in ten days. 

 

 

Figure 2.10: Synthesis of dialkylated glyoxal cyclam 3 
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Next, we tried the reductive double ring expansion, hoping that the 

reaction would go as well with picolinc ester on the quartenary amines as with 

benzyl groups and that the esters wouldn’t be reduced. We noticed that not only 

the reaction was faster (3 days instead of 14), but only the desired product was 

formed, in good yield (88%). Finally, the tBu-esters were easily deprotected in 

Trifluoroacetic acid (TFA), yielding the desired product as the TFA salt (fig. 2.11).  

 

 

Figure 2.11: Synthesis of cb-tedpa 5 

 

We divided the first and the second alkylation in two steps for the sake of 

understanding its reactivity; however, those steps can clearly be combined in 

order to obtain the desired ligand 5 in only 3 steps starting from B and 

commercial cis-glyoxal cyclam, instead of 5 with the classical route67. Alkylation 

of cis-glyoxal cyclam is faster with 1 than with BnBr. This route also offers the 

advantage of avoiding the hydrogenation to remove the benzyl groups and 

presents higher yields.  
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2.2.3. Structure of cis-glyoxal cyclam and kinetics of alkylation  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.12: Regioselective bisaminal alkylation of cis-glyoxal cyclam 

 

As we have seen earlier, bisaminal alkylation of cis-glyoxal cyclam is both 

regioselective and very slow. An explanation to this peculiar reactivity may reside 

in the 3D structure of cis-glyoxal cyclam. The molecule possesses 4 nitrogen 

atoms: two homotopic exo nitrogens which have lone pairs which protrude from 

the convex face of the molecule, and two homotopic endo nitrogens which have 

lone pairs which are more sterically concealed, pointing towards the concave 

face (fig. 2.12). Enantiomerization of cis-glyoxal cyclam, which also exchanges 

the exo and endo nitrogens, is fast on the laboratory time scale63.  

 

The first alkylation will take place on one of the exo nitrogens, more 

accessible, which will block the enantiomerization process63. The highly 
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regioselective second alkylation, which is much slower than the first, occurs on 

the remaining exo nitrogen, which is less sterically hindered than the two 

remaining endo nitrogens. 

 

2.2.4 Complex stability in very acidic conditions 

 

 Lanthanide-complexes’ behavior is often studied in acidic conditions, and 

that is because lanthanide decomplexation is often acid-catalyzed73. [Eu(cb-

tedpa)] was shown to be stable in acidic conditions67. In order to better 

characterize the behavior of [Ln(cb-tedpa)] complexes in solution and to 

compare it to other complexes we prepared [Eu(cb-tedpa)].  

 

 

Figure 2.13: Complexation of Eu by cb-tedpa 

 

 We then recorded the NMR spectra of [Eu(cb-tedpa)] in D2O at 25°C, at 

pH 7 and in acidic conditions (h=0.2 M). The spectra are reported in figure 2.14. 

We can see that the peaks are very sharp, which indicates very little dynamic 

mobility. This is true both in neutral and acidic conditions. Upon chelation, NMR 

signals are largely shifted, mostly downfield, because of the paramagnetism of 

Europium. There are some in differences in chemical shift between the two 

spectra, but peaks remain sharp, which suggests that there is no acid-catalyzed 

chemical exchange between, for example, a protonated and a deprotonated 

form. 
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Figure 2.14: 1H NMR Spectra of [Eu(cb-tedpa)] at pH 7 (red) and with [D+]=0.2 

M (blue) 

 

 In order to compare the stability of [Eu(cb-tedpa)] with [Eu(DOTA)], a 

standard in the field, the DOTA complex was also prepared. Its 1H 1D NMR 

spectra was recorded (fig. 2.24). A first observation is that the peaks of 

[Eu(DOTA)] are much wider than the ones of [Eu(cb-tedpa)], and that is probably 

linked to the conformational mobility of DOTA complexes in solution74. 

Furthermore, we can clearly see two sets of peaks corresponding to the two 

isomers TSAP/SAP (c.f. Fig. 1.8). Both complexes were then dissolved in the 

same solution of D2O with h= 0.2 M, and incubated at 37°C. Their 1H 1D NMR 

spectra were then recorded and followed over 4 days. Interestingly, the spectra 

of [Eu(cb-tedpa)] were all identical, indicating no evident sign of release over this 

period (fig. 2.15). On the other hand, in the spectra of [Eu(DOTA)], we could after 

4 hours already see peaks of free DOTA, and the release was almost complete 

after 4 days (fig. 2.25). Those results are in line with previous work from Wang 

et.al75 who studied the acid-catalyzed decomposition of [Ln(DOTA)] complexes.  
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Figure 2.15: 1H NMR Spectra of [Eu(cb-tedpa)] at [H+]=0.2 M and incubated at 

37°C for 4h (blue), 20h (red) and 4 days (green) 

 

The fact that no apparent release of Europium by cb-tedpa can be 

observed while [Eu(DOTA)] decomplexation is almost complete in the same 

conditions further illustrate the potential and the interest of cross-bridge cyclam-

based lanthanide chelators. NMR data indicates that [Eu(cb-tedpa)] does not 

undergo chemical exchange even under very acidic conditions and that this 

rigidity probably impedes protonation of the macrocycle which would favor 

lanthanide-decomplexation.  
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2.3 Synthesis of asymmetric cross-bridge cyclam 

derivatives  

 

In an effort to expand the utility of cross-bridged cyclams as lanthanide 

chelators, we sought to synthesize new asymmetric cb-cyclam derivatives. We 

were interested in studying the impact of the coordination on the stability and the 

physical properties of our ligands, and therefore we selected 9 as a target 

molecule. 9 has two carboxylates, as cb-tedpa, which is useful to compensate 

the +III charge of the lanthanide, although it lacks one pyridine and therefore one 

coordinating atom. 

As we have seen in 2.2, the mono-alkylation of cis-glyoxal cyclam is 

quantitative and no sign of dialkylated compound was detected via NMR. We 

therefore tried to apply the synthetic methodology developed in 2.2 to synthesize 

9 by selectively alkylating one position and then the other with two different 

alkylating agents. 

 

 

Figure 2.16: Reactivity of the bisaminal alkylation of cis-glyoxal cyclam 
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In a first time, we decided to start from 2 and use tBu-iodoacetate to get 

to 7. Even though -I was used as the leaving group instead of -Br, the reaction 

was found to be very slow. Since tBu-bromoacetate seemed to be less reactive 

than 1, we then chose to alkylate first with tBu-bromoacetate and then with tert-

butyl-6-(iodomethyl)picolinate 1.2. Indeed, we found the second alkylation being 

faster with 1.2 than with tBu-iodoacetate. The two deprotection steps were 

conducted as in section 2.2., reductive double ring opening was performed in 

good yield and the tBu-esters were deprotected in TFA. Final 9 was obtained as 

a TFA salt after purification via semi-preparative HPLC. Thus showing that the 

new synthetic strategy described in this section also allows for the fast synthesis 

of asymmetrically alkylated cross-bridge cyclams. 

 

 

 

 

 

 

 

 

 

  

  

  

 

 

Figure 2.17: Synthesis of 9 
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2.4 Synthesis of cross-bridge-cyclen-based ligands 

through direct bisaminal alkylation 

  

As we have seen in the introduction, cross-bridge cyclens have also been 

used as chelators for transition metals. They have however, to the best of our 

knowledge, never been used as chelating platforms for lanthanides. In this 

section, we will try and apply the methodology described above to synthetize 

and characterize cross-bridge cyclen derivatives and their complex with 

lanthanides. 

 

 

Figure 2.18: Novel cross-bridge cyclen-based ligands 

 

 

2.4.1. Synthesis of cb-dodpa 12 

 

 In a first time we were interested in synthesizing symmetrical cb-dodpa 

12. Following the procedure developed in section 2.2, we could isolate the 

desired ligand in high yields (fig. 2.19). Interestingly, the reactions of alkyations 

and reductive double ring expansion were much faster than the ones with cb-

cyclam (three days instead of ten). Those results are in line with findings from 

Niu65, in which they obtained cross-bridge cyclen with shorter reaction times than 

for cross-bridge cyclam. 
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Figure 2.19: Synthesis of 12 

 

2.4.2. Synthesis of asymmetrical ligands 

  

 Having symmetrical 12 in hand, we then sought to synthesize asymmetric 

ligands, while still following the same strategy. Our first plan was to use 13 as a 

common intermediate for the synthesis of diverse ligands with different pendant 

arms. However, the second alkylation being much slower than the first one, we 

found it is very important to consider the reactivity of the alkylating agent when 

planning the synthesis. We found that regarding the synthesis of 14, it was 

possible to alkylate first with the picolinic ester and then with tBu-bromo acetate 

(fig. 20).  
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Figure 2.20: Reactivity of 13 towards alkylation 

 

 

 

 

 

 

 

 

  

  

  

 

Figure 2.21: Synthesis of asymmetric 16 
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Following our strategy, we were then able to isolate asymmetric 16, 

bearing a picolinic acid and an acetate as pendant arms. On the other hand, we 

found that TBDMS-bromoethanol was much less reactive and therefore not 

usable as a second alkylating agent. However, by using first TBDMS-

bromoethanol and then 1 it was possible to isolate asymmetric 18, which was 

then deprotected following our strategy to yield ligand 20.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.22: Synthesis of 20 

 

In this section, we have shown that our new synthetic strategy towards 

alkylated cross-bridge cyclams was also applicable to the synthesis of alkylated 

cross-bridge cyclen ligands. We have shown that it was possible to synthesize 

different ligands and that even in the case of asymmetric ligands, little effort was 

required to isolate the desired product. Last, because of the intrinsic reactivity of 

cis-glyoxal cyclen towards alkylation, reaction times appeared to be much 

shorter for cyclen-derivatives than for cyclam ones. Future experiments would 
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consist in the study of complexation by those ligands of lanthanides and other 

transition metals. It would be interesting to compare the properties of those 

complexes with the ones reported for [Ln(cb-tedpa)]. Those experiments are yet 

to be performed. 

 

2.5 Conclusion 

 

In this chapter, we have presented and discussed a novel synthetic 

strategy for the synthesis of cross-bridge azamacrocycles. Taking the example 

of cb-tedpa, we showed that this new strategy was more efficient than the 

already-described one. More, we were able to use our new pathway to 

synthesize a novel asymmetric cross-bridge cyclam-based ligand in only six 

steps from commercial reagents. However, we have also identified the rate of 

the second alkylation of cis-glyoxal cyclam as being a potentially limiting step in 

this synthesis and the reactivity of the alkylating agent is an important parameter 

to consider when planning such synthesis.  

 

 Novel cross-bridge cyclen-based ligands were also isolated following the 

same pathway. Once again, we have shown that the rate of the second alkylation 

of cis-glyoxal cyclen is a potential limitation in this synthesis; however, we also 

illustrated that the reaction times are much shorter in the case of cyclen-based 

ligands than in the case of cyclam-based ligands. 

 

Last, having synthesized the complex [Eu(cb-tedpa)], we showed that its 

inertness in acidic media is higher than the one of [Eu(DOTA)], a reference in 

this domain. This further illustrates the potential of cross-bridge azamacrocyles 

in the field of lanthanide-complexation and therefore enhances the interest and 

potential applications of the synthetic strategy presented in this chapter. This 

strategy is attractive because it allows for the tuning of the coordination 

environment of lanthanides by easily synthesizing different ligands from similar 
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building blocks. It could help improving the properties and applicability of 

lanthanide complexes in structural biology and spectroscopy. 

 

2.6 Experimental procedures 

 

 2.6.1 Synthetic procedures 

  

Tert-butyl 6-(bromomethyl)picolinate 1 

 

tert-butyl 6-methylpicolinate (1.46 g, 7.56 mmol), NBS (943 mg, 5.30 mmol), and 

Benzoyl Peroxide (LUPEROX 75%, 21 mg) are dissolved in CCl4 (10 mL). The 

reaction mixture is kept at reflux for 4 hours after which it is filtrated. The filtrate 

is then purified via Flash Chromatography (7/3 Petroleum ether/Ethyl Acetate). 

Obtention of 810 mg of the pure product (40%). 

1H NMR (500 MHz, CDCl3): δ 7.95 (1H, d, J=7.81Hz), 7.84 (1H, t, J=7.80 Hz), 

7.67 (1H, d, J=7.78 Hz), 4.67 (2H, s), 1.65 (9H, s)  

ESI-MS: m/z=271.83 Th 

Tert-butyl 6-(iodomethyl)picolinate 1.2 

 

1 (130 mg, 0.48 mmol) was dissolved in dry acetone (640 μL). Sodium Iodide 

(145 mg, 2 eq) was added and the reaction was let stirred for 22 hours covered 
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in aluminum foil. The reaction mixture was then diluted with 5 mL DCM and 

washed with 3 mL H20. The aqueous phase is then re extracted with 2x3 mL 

DCM. Organic phases are combined and dried over MgSO4 to yield 159 mg of 

pure product (quant.). 

1H NMR (500 MHz, CDCl3): δ 7.86 (1H, d, J=7.82Hz), 7.76 (1H, t, J=7.79 Hz), 

7.60 (1H, d, J=7.78 Hz), 4.60 (2H, s), 1.62 (9H, s) 

13C NMR (125 MHz, CDCl3): δ 163 .63, 158.91, 148.93, 137.90, 126.34, 123.44, 

82.41, 28.09, 5.55 

(3a1S,5a1R)-5a-((6-(tert-butoxycarbonyl)pyridin-2-yl)methyl) 

dodecahydro-1H-3a,5a,8a,10a-tetraazapyren-5a-ium bromide 2 

 

 

 

 

Cis-glyoxal cyclam (700 mg) was dissolved in acetonitrile (24 mL), and 1 (1 eq, 

857 mg), was added. After 2 days at room temperature, solvent was removed 

and the obtained solid was triturated with diethyl ether to yield 1.47 g of a white 

solid (95%) 

1H NMR (500 MHz, DMSO-d6): δ 8.15 (1H, t, 7.76 Hz), 8.11 (1H, d, J=8.04 Hz), 

7.85 (1H, d, J=7.74 Hz), 5.33 (1H, d, J=13.46 Hz), 4.89 (1H, d, J=13.46 Hz), 4.24 

(1H, dt, J=12.71 Hz, 3.36 Hz), 4.20 (1H, d, J=2.04 Hz), 3.92 (1H, s), 3.61 (1H, 

dt, J=13.01 Hz, 3.09 Hz), 3.49 (1H, dt, J=11.49 Hz, 2.37 Hz), 3.20 (1H, dt, J=13.4 

Hz, 2.36 Hz), 2.97-2.89 (6H, m), 2.54 (1H, dt, J=12.05 Hz, 3.01 Hz), 2.38 (1H, 

dt, J=11.62 Hz, 3.22 Hz), 2.29-2.20 (2H, m), 2.08 (2H, s), 1.66 (1H, d, J=14.21 

Hz), 1.57 (9H, s), 1.25 (1H, d, J=14.21 Hz)    

13C NMR (125 MHz, DMSO-d6): δ 163.45, 149.69, 149.20, 139.74, 131.11, 

125.51, 118.54, 83.03, 82.19, 69.69, 60.94, 60.15, 54.27, 52.52, 52.40, 49.55, 

46.60, 42.70, 19.33, 1.63 
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ESI-MS: m/z= 414.33 Th 

 mono((3a1R,5a1R)-5a,10a-bis((6-(tert-butoxycarbonyl)pyridin-2-yl) 

methyl)tetradecahydro-3a,5a,8a,10a-tetraazapyrene-5a,10a-diium) 

monobromide 3 

 

3 (232 mg) was dissolved in acetonitrile (3 mL), and 1 (4 eq, 600 mg), was 

added. After 10 days at room temperature, solvent was removed and the oil was 

triturated with diethyl ether to yield 353 mg of a white solid (92%) 

1H NMR (500 MHz, DMSO-d6): δ 8.22 (t, J= 7.75 Hz, 2H), 8.15 (d, J=7.75 Hz, 

2H), 7.95 (d, J=7.75 Hz, 2H), 5.31 (d, J=13.45 Hz, 2H), 5.11 (d, J=13.45 Hz, 2H), 

4.45 (t, J=13.21, 2H), 3.66 (d, J=11.36 Hz, 2H), 3.47 (t, J=12.61 Hz, 4H), 2.98 

(d, J=11.34 Hz, 2H), 2.79 (t, J=12.69 Hz, 2H), 2.23 (q, J=13.28 Hz, 2H), 1.78 (d, 

J=14.63 Hz, 2H), 1.47 (s, 18H). 

ESI-MS: m/z= 303.25 Th 

di-tert-butyl 6,6'-((1,4,8,11-tetraazabicyclo[6.6.2]hexadecane-4,11-diyl) 

bis(methylene))dipicolinate 4 
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3  (350 mg, 0.43 mmol)  was dissolved in ethanol 95% (12 mL), and Sodium 

Borohydride (6 eq, 98 mg), were added in portion. After 3 days at room 

temperature, 12 mL H2O are added to the solution and the pH is lowered to 2 

with HCl 3%. The solution is saturated with KOH and extracted with 3x50 mL 

DCM. Organic phases are combined and dried over Na2SO4. Solvent is removed 

to yield 230 mg of a white solid (88%) 

1H NMR (500 MHz, MeOD d4): δ 7.90 (2H, d, J=7.75 Hz), 7.85 (2H, t, J=7.67 

Hz), 7.50 (2H, d, J=7.71 Hz), 3.99 (2H, d, J=15.09 Hz), 3.84 (2H, d, J=15.09 Hz), 

3.15-3.04 (4H, m), 3.00-2.84 (12H, m), 2.65-2.55 (4H, m), 1.82 (broad s, 4H), 

1.64 (18H, s)  

13C NMR (125 MHz, MeOD-d4): δ 158.41, 148.69, 138.04, 133.78, 

126.73,123.18, 82.12, 58.43, 54.57, 38.33, 38.16, 37.99, 37.83, 26.98, 26.92 

6,6'-((1,4,8,11-tetraazabicyclo[6.6.2]hexadecane-4,11-diyl)bis(methylene) 

dipicolinic acid cb-tedpa 5 

 

 

 

 

4  (100 mg, 0.16 mmol)  was dissolved in DCM (2 mL), and Trifluoro acetic acid 

(1mL) was added. After 5 hours at room temperature, DCM and TFA are 

evaporated in vacuo, yielding the product as the TFA salt (oil, quant.) 

1H NMR (500 MHz, D2O): δ 7.79 (2H, d, 7.68 Hz), 7.56 (2H, t, J=7.93 Hz), 7.03 

(2H, d, J=7.82 Hz), 4.97 (2H, d, J=16.34 Hz), 4.08 (2H, dt, J=14.04 Hz, 3.87 Hz), 

4.04 (2H, d, J=16.34 Hz), 3.92 (2H, dt, J=14.38 Hz, 2.93 Hz), 3.62-3.41 (6H, m), 

3.17 (2H, broad d, J=15.37 Hz), 2.99 (2H, broad d, 14.14 Hz), 2.84 (2H, bd, 

J=12.99 Hz), 2.63 (2H, broad d, J=13.47 Hz), 2.57 (2H, q, 5.52 Hz), 2.52 (2H, 

broad q, 14.52 Hz), 1.62 (2H, bd, 16.78 Hz),  

13C NMR (125 MHz, D2O): δ 167.70, 151.38, 147.00, 138.96, 126.19, 125.33, 

56.17, 55.06, 54.95, 53.33, 50.16, 48.39, 18.38 
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ESI-MS: m/z= 497.58 Th 

(3a1S,5a1R)-5a-(2-(tert-butoxy)-2-oxoethyl)dodecahydro-1H-3a,5a,8a,10a-

tetraazapyren-5a-ium bromide 6 

 

 

 

Cis-glyoxal cyclam was dissolved in acetonitrile (3mL), and tert-butyl 

bromoacetate (1 eq, 88 mg, 67 μL), was added. After 3 days at room 

temperature, solvent was removed and the transparent oil was triturated with 

diethyl ether to yield 176 mg of a white solid (94%) 

1H NMR (500 MHz, DMSO-d6): δ 4.83 (1H, d, J=16.2 Hz), 4.49 (1H, d, J=16.1 

Hz), 4.28 (1H, dt, J=12.75 Hz, 3.83 Hz), 3.92 (2H, d, J=12.75 Hz),  3.77 (1H, d, 

J=12.42), 3.60 (1H, d, J=12.42 Hz), 3.46 (2H, t, J=12.47 Hz), 3.01-2.71 (m, 10H), 

2.34 (1H, dt, J=11.54 Hz, 3.83 Hz), 2.23 (2H, d, J=11.71 Hz), 1.75 (1H, d, 

J=12.10 Hz), 1.50 (9H, s), 1.21 (1H, d, 13.10 Hz) 

13C NMR (125 MHz, DMSO-d6): δ 164.02, 84.98, 82.72, 69.25, 60.75, 57.70, 

54.19, 53.86, 52.49, 52.30, 50.26, 46.01, 42.57, 28.03, 19.23, 19.12 

(3a1R,5a1R)-10a-(2-(tert-butoxy)-2-oxoethyl)-5a-((6-(tert-butoxycarbonyl) 

pyridin-2-yl)methyl)tetradecahydro-3a,5a,8a,10a-tetraazapyrene-5a,10a-diium 

bromide iodide 7 

 

 

 

 

6 (170 mg, 0.41 mmol) was dissolved in acetonitrile (5mL), and 1.2 (4 eq, 523 

mg), was added. After 10 days at room temperature, solvent was removed and 
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the hygroscopic brown oil was triturated with diethyl ether to yield 176 mg of a 

brown solid (58%) 

ESI-MS: m/z= 264.17 Th 

tert-butyl 3-((11-(2-(tert-butoxy)-2-oxoethyl)-1,4,8,11-tetraazabicyclo 

[6.6.2]hexadecan-4-yl)methyl)benzoate 8 

 

7 (176 mg) was dissolved in EtOH 95% (10 mL), and NaBH4 (120 mg), was 

added. After 3 days at room temperature, reaction mixture was diluted with 20 

mL H2O and pH was lowered to 3 with HCl 3%. The solution was washed with 

2x50 mL DCM, the aqueous phase was saturated with KOH, and then extracted 

with 3x50 mL DCM. Organic layers were combined and dried. Mixture was then 

purified by semi-preparative HPLC to yield 48 mg of product. 

1H NMR (500 MHz, CDCl3): δ 8.19 (d, J=7.87 Hz, 1H), 8.13 (t, J=7.87 Hz, 1H), 

7.70 (d, J=7.67 Hz, 1H), 5.06 (d, J=14.67 Hz, 1H), 5.00 (d, 16.81 Hz, 1H), 4.32 

(d, J=14.42 Hz, 1H), 4.26 (t, J=14.63, 1H), 4.14 (t, J=13.50 Hz, 1H), 3.91 (t, 

J=13.71 Hz, 1H), 3.75 (t, J=14.19 Hz, 1H), 3.60 (m, 1H), 3.49 (d, J=16.87 Hz, 

1H), 3.30-3.13 (m, 6H), 3.11-2.86 (m, 5H), 2.83-2.73 (m, 2H), 2.64-2.55 (bd, 3H), 

1.80 (bd, J=15.87 Hz, 1H), 1.69 (s, 9H), 1.03 (s, 9H)  

ESI-MS: m/z=532.67 Th 

3-((11-(carboxymethyl)-1,4,8,11-tetraazabicyclo[6.6.2]hexadecan-4-

yl)methyl)benzoic acid 9 
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8 (48 mg) was dissolved in DCM (1mL), and 1 mL TFA was added. After 8 hours, 

reaction was complete and quantitative. 

1H NMR (500 MHz, D2O): δ 8.10 (d, J=7.77 Hz, 1H), 7.98 (t, J=7.88 Hz, 1H), 

7.53 (d, J=7.77 Hz, 1H), 4.97 (d, J=17.11 Hz, 1H), 4.23 (dd, J=14.08, 5.10 Hz, 

2H), 3.96 (t, J=14.33 Hz, 1H), 3.87 (t, J=14.09 Hz, 1H), 3.74 (t, J=14.43 Hz, 1H), 

3.59 (td, J=13.05, 4.27 Hz, 1H), 3.53-3.36 (m, 3H), 3.33-3.25 (m, 3H), 3.19-2.98 

(m, 5H), 2.92 (s, 1H), 2.89-2.77 (m, 4H), 2.75 (d, J=2.82 Hz, 2H), 2.62-2.55 (m, 

1H), 2.50-2.30 (m, 3H), 1.64 (bd, J=16.23 Hz, 2H) 

ESI-MS: m/z= 420.42 Th 

((2a1R,4a1R)-4a,8a-bis((6-(tert-butoxycarbonyl)pyridin-2-

yl)methyl)dodecahydro-2a,4a,6a,8a-tetraazacyclopenta[fg] 

acenaphthylene-4a,8a-diium) dibromide 10 

 

Cis-glyoxal cyclen (93 mg, 0.48 mmol) was dissolved in dry acetonitrile (5 mL) 

and was added 1 (300 mg, 2.3 eq). The mixture was stirred overnight at room 

temperature, during which a white precipitate was form. Solid was isolated by 
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filtration, washed with acetonitrile and diethyl ether to yield 524 mg of the pure 

product (72%) 

 

di-tert-butyl 6,6'-((1,4,7,10-tetraazabicyclo[5.5.2]tetradecane-4,10-

diyl)bis(methylene))dipicolinate 11 

 

10 (250 mg, 0.34 mmol) was dissolved in 95% EtOH (10 mL), and Sodium 

Borohydride (4 eq, 52 mg), was added. The mixture was stirred overnight at 

room temperature. Reaction is then poured on 20 mL H2O and extracted with 

3x20 mL DCM. Comnined organic phases are dried over Na2SO4 and solvent is 

removed in vacuo. 157 mg (80%) 

1H NMR (500 MHz, MeOD): δ 7.95 (2H, d, J=7.75 Hz), 7.89 (2H, t, J=7.76 Hz), 

7.71 (2H, d, J=7.76 Hz), 4.17 (4H, s), 3.23-3.15 (12H, m), 3.09-2.97 (8H, m), 

1.61 (18H, s)   

13C NMR (125 MHz, MeOD): δ 164.12, 159.32, 148.57, 137.71, 126.39, 123.25, 

82.14, 59.21, 55.87, 51.68, 27.11 

6,6'-((1,4,7,10-tetraazabicyclo[5.5.2]tetradecane-4,10-

diyl)bis(methylene))dipicolinic acid 12 
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11 (175 mg, 0.27 mmol) was dissolved in DCM (2 mL), and Trifluoroacetic acid 

(30 eq, 625 uL), was added. The mixture was stirred at room temperature for 3 

hours when DCM and TFA are removed in vacuo. Obtention of 157 mg of the 

product as the TFA salt. 

1H NMR (500 MHz, D2O): δ 8.27 (2H, bt, J=8Hz), 8.17 (2H, bd, J=8Hz), 7.82 

(2H, bd, J=8Hz), 4.67 (4H, s), 3.58-3.35 (12H, m), 3.24 (4H, s), 3.07 (4H, bd, 

J=12.73 Hz),    

13C NMR (125 MHz, D2O): δ 176.55, 164.81, 152.88, 143.69, 127.77, 125.75, 

58.32, 55.05, 43.86, 20.48 

ESI-MS: m/z= 373.25 Th 

(2a1S,4a1R)-4a-((6-(tert-butoxycarbonyl)pyridin-2-yl)methyl)decahydro-3H-

2a,4a,6a,8a-tetraazacyclopenta[fg]acenaphthylen-4a-ium bromide 13 

 

Cis-glyoxal cyclen (500 mg) was dissolved in dry acetonitrile (20 mL), and 1 (1 

eq, 700 mg), was added. The mixture was stirred overnight at room temperature, 

solvent was removed to yield 1.2 g of a white solid (quant) 

1H NMR (500 MHz, CDCl3): δ 8.67 (2H, d, J=7.73 Hz), 8.09 (2H, d, J=7.73 Hz), 

7.98 (2H, t, J=7.73 Hz), 5.87 (2H, d, J=13.55 Hz), 5.28 (2H, d, J=13.68 Hz), 4.86 

(2H, dt, J=11.17, 3.86 Hz), 4.78 (2H, d, J = 2.78 Hz), 4.50 (2H, bd, J=12.17 Hz), 

3.80 (2H, dt, J= 12.45, 7.38 Hz), 3.67 (2H, d, J=2.85 Hz), 3.50 (2H, dt, J=11.84, 

7.82 Hz), 3.41-3.24 (12H, m), 3.07 (2H, bd, J=3.24 Hz), 2.93-2.83 (4H, m), 2.80-

2.73 (4H, m), 2.48 (2H, m), 1.64 (18, s)   

1H NMR (500 MHz, D2O): δ 8.20 (2H, d, J=7.87 Hz), 8.09 (2H, t, 7.85 Hz), 7.86 

(2H, d, J=7.84 Hz), 4.99-4.91 (6H, m), 4.31 (2H, bt, J=11.59 Hz), 4.00 (2H, bt, 
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11.62 Hz), 3.90-3.78 (4H, m), 3.60-3.54 (2H, bm), 3.42-3.27 (4H, bm), 3.06 (2H, 

bq, 8.02 Hz), 1.52 (18H, s) 

13C NMR (125 MHz, D2O): δ 164.82, 149.41, 147.51, 140.16, 130.60, 126.52, 

84.71, 77.59, 61.95, 60.95, 56.77, 46.34, 43.03, 27.24 

 

mono((2a1R,4a1R)-8a-(2-(tert-butoxy)-2-oxoethyl)-4a-((6-(tert-

butoxycarbonyl)pyridin-2-yl)methyl)dodecahydro-2a,4a,6a,8a-

tetraazacyclopenta[fg]acenaphthylene-4a,8a-diium) monobromide 14 

 

13 (800 mg, 1.71 mmol) was dissolved in dry acetonitrile (18 mL), and bromo-

tert-butylacetate (2.4 eq, 804 mg), were added. The mixture was stirred at room 

temperature for 2 days, during which a white precipitate was form. Solid was 

isolated by filtration, washed with diethyl ether to yield 995 mg of the pure 

product (89%) 

1H NMR (500 MHz, DMSO): δ 8.18 (t, J=7.78 Hz, 1H), 8.15 (d, J=7.82 Hz), 7.98 

(d, J=7.71 Hz, 1H), 5.17 (d, J=14.07 Hz, 1H), 4.98 (d, J=14.05 Hz, 1H), 4.76 (bs, 

1H), 4.72 (d, J=17.17 Hz, 1H), 4.62 (bs, 1H), 4.55 (d, J=17.33 Hz, 1H), 4.36 (bt, 

J=11,02 Hz, 1H), 4.22-4.11 (m, 2H), 3.95-3.73 (m, 5H), 3.50 (dt, J=8.28, 3.58 

Hz, 1H), 3.43 (dt, J=8.28, 3.58 Hz, 1H), 3.22 (bd, J=13.54 Hz, 1H), 3.10 (bt, 

J=12.75 Hz, 1H), 2.96 (q, J=8.71 Hz, 1H), 2.74 (q, J=8.58 Hz, 1H), 1.59 (s, 9H), 

1.51 (ss, 9H) 

13C NMR (125 MHz, DMSO): δ 163.89, 163.08, 149.44, 149.18, 140.15, 130.51, 

125.94, 85.10, 82.49, 79.19, 76.22, 65.38, 63.93, 61.95, 59.9 

tert-butyl 6-((10-(2-(tert-butoxy)-2-oxoethyl)-1,4,7,10tetraazabicyclo[5.5.2] 

tetradecan-4-yl)methyl)picolinate 15 
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14 (900 mg, 1.36 mmol) was dissolved in EtOH (40 mL), and NaBH4 (8 eq, 412 

mg), were added. The mixture was stirred at room temperature overnight, after 

which the pH was lowered to 3 using HCl 3%. 50 mL H2O were then added, and 

the solution was saturated with KOH. Aqueous solution was extracted with 

3x100 mL DCM. Organic layers were combined and dried to yield 330 mg of the 

pure product (48%) 

1H NMR (500 MHz, MeOD): δ 8.06-8.01 (m, 2H), 7.69 (dd, J=6.55, 2.38 Hz, 1H), 

4.43 (bs, 2H), 3.63 (bs, 2H), 3.44-3.38 (bm, 2H), 3.26-3.17 (m, 8H), 3.17-3.10 

(m, 5H), 3.04 (bt, J=3.41 Hz, 1H), 3.02 (bt, J=3.41 Hz, 1H), 1.66 (s, 9H), 1.42 (s, 

9H) 

 

 

 

6-((10-(carboxymethyl)-1,4,7,10-tetraazabicyclo[5.5.2]tetradecan-4-

yl)methyl)picolinic acid 16 

 

15 (300 mg, 0.6 mmol) was dissolved in DCM (4 mL), and TFA (1.4 mL), was 

added. The mixture was stirred at room temperature for 4 hours and DCM and 

TFA were removed in vacuo, yielding 470 mg of the pure product as a TFA salt 

(quant.) 
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1H NMR (500 MHz, D2O): δ 8.01-7.94 (m, 2H), 7.56 (bd, J=6.98 Hz, 1H), 4.59 

(bs, 2H), 3.72 (bs, 2H), 3.52-3.39 (bm, 4H), 3.39-3.27 (bm, 2H), 3.19-2.87 (bm, 

14H) 

13C NMR (125 MHz, D2O): δ 174.58, 165.58, 151.39, 145.18, 141.77, 127.22, 

125.62, 58.98, 58.90, 57.35, 55.21, 54.67, 53.48, 45.08 

ESI-MS: m/z=392.42 Th 

(2a1S,4a1R)-4a-(2-((tert-butyldimethylsilyl)oxy)ethyl)decahydro-3H-

2a,4a,6a,8a-tetraazacyclopenta[fg]acenaphthylen-4a-ium bromide 17 

 

Cis-glyoxal cyclen (400 mg, 2.06 mmol) was dissolved in acetonitrile (5 mL), and 

2-bromoethoxy-tertbutyl dimethyl silane (1 eq, 493 mg), was added. The mixture 

was stirred at room temperature, and after three days conversion was of around 

58%. Solvent was removed and the obtained oi was triturated with Et2O to yield 

490 mg of an off-white solid (55%) 

1H NMR (500 MHz, DMSO): δ 4.13-4.00 (m, 2H), 3.93-3.82 (m, 4H), 3.76-3.58 

(m, 4H), 3.19-3.08 (m, 2H), 3.07-3.00 (m, 2H), 2.78-2.58 (m, 6H), 2.41-2.34 (m, 

2H), 2.26-2.20 (m, 2H), 0.89 (s, 9H), 0.12 (s, 6H)  

mono((2a1R,4a1R)-4a-((6-(tert-butoxycarbonyl)pyridin-2-yl)methyl)-8a-(2-

((trimethylsilyl)oxy)ethyl)dodecahydro-2a,4a,6a,8a-tetra 

azacyclopenta[fg]acenaphthylene-4a,8a-diium) monobromide 18 
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17 (470 mg, 1.08 mmol) was dissolved in dry acetonitrile (10 mL), and 1 (1.5 eq, 

442 mg), was added. The mixture was stirred at room temperature for 2 days, 

during which a white precipitate was form. Solid was isolated by filtration, 

washed with diethyl ether to yield 660 mg of the pure product (87%) 

1H NMR (500 MHz, DMSO): δ 8.18 (t, J=7.78 Hz, 1H), 8.15 (d, J=7.82 Hz), 7.98 

(d, J=7.71 Hz, 1H), 5.17 (d, J=14.07 Hz, 1H), 4.98 (d, J=14.05 Hz, 1H), 4.76 (bs, 

1H), 4.72 (d, J=17.17 Hz, 1H), 4.62 (bs, 1H), 4.55 (d, J=17.33 Hz, 1H), 4.36 (bt, 

J=11,02 Hz, 1H), 4.22-4.11 (m, 2H), 3.95-3.73 (m, 5H), 3.50 (dt, J=8.28, 3.58 

Hz, 1H), 3.43 (dt, J=8.28, 3.58 Hz, 1H), 3.22 (bd, J=13.54 Hz, 1H), 3.10 (bt, 

J=12.75 Hz, 1H), 2.96 (q, J=8.71 Hz, 1H), 2.74 (q, J=8.58 Hz, 1H), 1.59 (s, 9H), 

1.51 (ss, 9H) 

13C NMR (125 MHz, DMSO): δ 163.89, 163.08, 149.44, 149.18, 140.15, 130.51, 

125.94, 85.10, 82.49, 79.19, 76.22, 65.38, 63.93, 61.95, 59.9 

tert-butyl 6-((10-(2-((tert-butyldimethylsilyl)oxy)ethyl)-1,4,7,10-

tetraazabicyclo[5.5.2]tetradecan-4-yl)methyl)picolinate 19 

 

19 (630 mg, 0.89 mmol) was dissolved in EtOH 95% (25 mL), and NaBH4 (6 eq, 

203 mg), were added. The mixture was stirred at room temperature overnight, 

after which the pH was lowered to 5 using HCl 3%. 25 mL H2O were then added, 

and the solution was saturated with KOH. Aqueous solution was extracted with 

3x60 mL DCM. Organic layers were combined and dried to yield 470 mg of the 

pure product (94%) 

1H NMR (500 MHz, MeOD): δ 7.93 (t, J=7.89 Hz, 1H), 7.83 (d, J=7.88 Hz, 1H), 

7.59 (d, J=7.91 Hz, 1H), 3.85 (s, 2H), 3.60 (t, J=6.01 Hz, 2H), 3.09-2.83 (m, 

12H), 2.82-2.60 (m, 20H), 1.55 (s, 9H), 0.87 (s, 9H), 0.36 (s, 6H) 
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6-((10-(2-hydroxyethyl)-1,4,7,10-tetraazabicyclo[5.5.2]tetradecan-4-

yl)methyl)picolinic acid 20 

 

19 (470 mg, 0.86 mmol) was dissolved in DCM (6 mL), and TFA (2 mL), was 

added. The mixture was stirred at room temperature for 4 hours and DCM and 

TFA were removed in vacuo, yielding 470 mg of the pure product as a TFA salt 

(quant.) 

1H NMR (500 MHz, D2O): δ 8.26-8.20 (m, 2H), 7.81 (dd, J=7.35, 1.74 Hz, 1H), 

4.58 (s, 2H), 3.92 (bt, J=4.81 Hz, 2H), 3.71 (bt, J=3.54 Hz, 1H), 3.68 (bq, J=2.42 

Hz, 1H), 3.61-3.53 (m, 2H), 3.51-3.43 (m, 6H), 3.23-3.15 (m, 4H), 3.07-2.92 (m, 

8H),  

 

 

2.6.2 Lanthanide Chelation and NMR 

 

Synthesis of [Eu(cb-tedpa)] 

Cb-tedpa (50 mg) was dissolved in 2 mL H2O and 1 mL MeCN. pH was adjusted 

to 7 and EuCl3.6H2O (50 mg) was added to the solution. The mixture was placed 

in a micro-wave vial irradiated at 150W, 150°C for 2 hours. The crude mixture 

was then purified via semi-preparative HPLC. 

1H NMR (500 MHz, D2O): δ 7.54 (bs), 6.85 (t, J=7.21 Hz), 5.68 (bs, 5.58 (bs), 

5.38 (d, J=7.20 Hz), 5.21 (d, J=7.89 Hz), 4.47 (bs), 3.00 (s), 2.95 (bd, J=15.49 

Hz), 2.64 (bs), 2.35 (bs), -0.15 (bs), -1.84 (s), -2.80 (bs), -6.24 (m, 2H), -7.09 

(bs), -13.35 (bs) 

ESI-MS: m/z= 647.50 (100%), 645.58 (85%)  
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Figure 2.23: 1H 1D NMR Spectra of [Eu(cb-tedpa)]  

 

 

 

Figure 2.14: 1H NMR Spectra of [Eu(cb-tedpa)] at pH 7 (red) and with [H+]=0.2 

M (blue) 
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Synthesis of [Eu(DOTA)] 

DOTA (50 mg) was dissolved in 2 mL H2O. pH was adjusted to 7 and 

EuCl3.6H2O (50 mg) was added to the solution. The mixture was placed refluxed 

overnight. The crude mixture was then purified via semi-preparative HPLC. 

1H NMR (500 MHz, D2O): δ 33.64, 13.42, 1.15, -1.25, -4.39, -6.89, -8.20, -9.77, 

-14.68, -15.98 

ESI-MS: m/z= 555.42 (100%), 553.33 (80%), 556.42 (78%), 554.42 (60%) 

 

 

 

Figure 2.24: 1H 1D NMR Spectra of [Eu(DOTA)]  
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Figure 2.25: 1H 1D NMR Spectra of [Eu(DOTA)] at [H+]=0.2 M after incubation 

at 37°C for 5h (green), 20h (red), 4 days (blue). 

The broad signals at 3.4 ppm and 4.1 ppm are the signals of diamagnetic free 

DOTA, which appears upon decomplexation of Europium. 
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CHAPTER 3: Design of high-inertness 

paramagnetic tags 

 

Abstract 

 

 In the first chapter of this thesis we discussed the requirements for 

making a “good” paramagnetic tag for NMR Spectroscopy. A paramount quality 

needed for the development of such ligands is the chemical inertness of the 

complex, and as we have seen in chapter 2, cross-bridged cyclam complexes 

are extremely inert. In this chapter, we will discuss the synthesis of two ligands, 

T1 and T2, both based on cb-tedpa, and with two different functionalization on 

the position 4 of one of the two pyridine pendant arms. We designed T1 with a 

free thiol and T2 with a double bond as the functional groups for bioconjugation. 

In chapter 2 we discussed two synthetic pathways for the obtention of akylated 

cross-bridged cyclams. Here, we will discuss how both pathways can be used 

depending on which conjugation method is chosen. Last, we will use our tag on 

model protein GB1 T53C in order to test it and evaluate its paramagnetic 

properties. 

 

 

Figure 3.1: T1 and T2, ligands discussed in this chapter 
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3.1 Introduction 

 

 A desired property which is required in all the applications of organo-

lanthanide complexes is inertness76. It is of particular interest in our case 

because in order to obtain an homogeneous sample and to prevent any 

undesired paramagnetic effect due to the presence of free Ln3+ in solution, we 

need our tags to be inert for the duration of the experiments (typically between 

24 and 48 hours). A lot of efforts have been displayed in this direction, and the 

golden standard remains DOTA. Indeed, many DOTA-based Lanthanide-

Binding-Tags (LBT) have been used in the last 30 years56,77, and one of the 

reasons which pushed researchers in this direction in the first place was the 

inertness of DOTA-Lanthanide complexes78. As we have seen in chapter 2, 

though, cross-bridge cyclams seem to be even more inert than DOTA and 

therefore we thought it could be used as a new platform for the development of 

new lanthanide-binding tags. 

 

 Another important feature for the design of tags is the bioconjugation 

method that we will choose to attach our complexes to the surface of proteins45. 

On the protein side, cysteine residues’ side chains are often preferred as the 

attaching point. Indeed, cysteines are not as present as other amino acids within 

proteins, and it is easier to create cysteine-selective chemistry as the properties 

of sulfhydryls are somehow peculiar, especially in terms of oxydo-reduction. As 

a result, the formation of a disulphide bond between a cysteine and a thiol on a 

tag has been the method of choice for many years. This method presents the 

advantage of being fast and absolutely cysteine selective. However, disulphides 

are not always stable and can be easily reduced, which can diminish the stability 

of the sample; this is becoming a growing concern especially with the rise of in-

cell NMR79- an environment where disulphides get easily reduced80. Moreover, 

handling thiols is not always easy from a synthetic point of view. 
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An alternative to the formation of disulphide bonds for the conjugation of 

tags to biomacromolecules is the thiol-ene reaction81. The thiol-ene coupling or 

TEC is a reaction occurring through a radical mechanism in an Anti-Markovnikov 

fashion between a double bond and a free sulfhydryl82. However, it has been 

shown that in some cases the reaction could also happen following a Michael-

addition-like mechanism83. In the case of bioconjugation, the free thiol is the one 

of the cysteine and the double bond lies on the molecule to be attached. This 

reaction offers the vantages of being extremely residue selective towards 

cysteines, and to yield a thioether bond instead of a disulphide; thioether cannot 

be reduced and are therefore more stable even in reducing environments. TEC, 

has been long used in polymer chemistry and has also been introduced in the 

field of biomolecular conjugation in the last years84. 

 

 

 

 

 

 

 

 

Figure 3.2: Radicalar mechanism of the Thiol-ene coupling (TEC) 

 

 The kinetically limiting step of this reaction is the radical generation81; the 

S. radical may form spontaneously but slowly. There are, however, two ways of 

catalysing this process: or by heating the reaction mixture, or by generating 

radicals in situ with the help of an initiator. TEC has been applied only once for 

the paramagnetic tagging of proteins by Su et al. This method is attractive in our 

field because 1) it creates a non-reducible thioether group and 2) the tether 

formed between the tag and the protein is of only 2 methylenes, thus giving little 
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mobility to the system. The aim of this chapter is to discuss the possibility of 

designing LBT combining the inertness and the rigidity of cb-cyclams and or the 

speed of reaction of the disulphide formation, or the stability and rigidity of the 

thioether formation through TEC. 

 

3.2 Synthesis of T1 

 

 3.2.1 Retrosynthetic considerations 

 

 In a first time we decided to work on the synthesis of T1, which bears a 

free sulfhydryl group, designed to react with free cysteines in order to attach T1 

through the formation of a disulphide bond. We decided to try and use the new 

synthetic strategy described in chapter 2. In order to do so, we needed to 

carefully protect the carboxylic acids and the thiol group so that they can resist 

through the harsh conditions of the reductive double ring expansion.  

 

 

 

 

 

 

 

 

 

 

Figure 3.3: Retrosynthesis of T1, building blocks 
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As we have seen previously, tBu esters offer good protection for the 

carboxylic acids. As for the free thiol, we decided to protect it as a tBu thioether, 

a functional group stable in very basic conditions but deprotectable in strong 

acidic conditions, just like tBu esters. We therefore designated 26 as a key 

intermediate in our synthesis. 

 

 3.2.2 Synthesis of 29  

 

 The synthesis of 23 was already described85, but some adjustments were 

made. The introduction of the hydromethyl group in position 4 of the pyridine 

proceeds with a low yield (20%). The activation of the hydroxyl group with MsCl 

is nearly quantitative, and the introduction of the tBuSH group was performed 

using DBU instead of NaH, thus increasing the yield to 97%. 

  

 

 

 

 

 

 

 

 

 

 

 

Figure 3.4: Synthesis of 23 
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Selective mono-hydrolysis of 23 was achieved by using one equivalent 

of KOH. Next, we introduced one tBu ester using Boc2O and DMAP and obtained 

asymmetrically esterificated 24. tBu esters being unaffected by NaBH4, we used 

it to reduce selectively the methylester and free hydroxyl was subsequently 

activated with a Mesyl group. 

 

 

 

  

 

 

 

 

 

 

 

Figure 3.5: Synthesis of 26 

 

 The total yield over those seven steps is only of 5.4%; however, it rises 

to 28% if we do not take into account the first, low-yielding step. The biggest 

challenge in this synthesis is the selective transesterification of one only of the 

two methyl esters. This problem was overcome thanks to the reactivity of 

dimethoxy pyridine-2,6-dicarboxylate derivatives, where the first methyl ester is 

much more reactive than the second one; that way it is possible to have a good 

control over the regioselectivity of the reaction. With 26 in hand it was possible 

to start alkylating cis-glyoxal cyclam. 
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3.2.3 Alkylation and deprotection 

 

 While working on asymmetrically substituted cb-cyclam derivatives, it is 

important having a very good control over the alkylation steps in order to 

sequentially alkylate with two different pendant arms, and possibly not having to 

perform purification step. As it has been shown in Chapter 2, the direct alkylation 

of cis-glyoxal cyclam offers the advantage of being extremely selective towards 

mono-alkylation. 

 

 

Figure 3.6: Synthesis of 27 

  

A disadvantage of this synthetic route, however, is that the second 

alkylation becomes very slow. Indeed, after a month of reaction we reached only 

30% of conversion (reaction followed via HPLC/MS and NMR). Next, reductive 

double ring opening was performed on 27. As expected, the tBu groups were 

stable in those conditions and the reaction proceeded in satisfying yield. It is 

worth noting that at this point, it is possible to perform a purification via flash 

chromatography. 

 

Figure 3.7: Synthesis of T1 
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 In order to deprotect both tBu esters and the tBu thioether of 28, very 

acidic conditions were required. In a first time, TFA was used; this led to the 

deprotection of tBu esters, but not the tBu thioether. Next, HCl 37% was used. 

After 4 hours, NMR showed a mixture of species. Further investigation revealed 

that while tBu esters had been deprotected, tBu thioether was not fully 

deprotected. More, the fraction that was deprotected seemed to be degraded, 

and signs of an aldehyde were identified via NMR. Similar experiment was 

conducted on intermediate 23 and similar results were obtained. 

 

 

It was therefore concluded that this deprotection strategy was not 

applicable for the synthesis of T1 and that another protection strategy needed to 

be chosen. Other protecting groups could be envisaged for the protection of the 

free thiol, which would be easier to deprotect and in milder conditions. However, 

it was decided to focus on the synthesis of T2. Indeed, in T2, it was expected 

that the double bond, functional group designed to attach the tags to cysteines, 

would not need a protection/deprotection cycle and that it would be more stable 

in water. 

 

 

 

 

 

 

 

Figure 3.8: Possible protecting groups for the methanethiol group in position 4 

of dimethoxy-2,6-pyridinedicarboxylate 
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3.3 Synthesis of T2 

 

 3.3.1 Retrosynthetic considerations 

 

 In chapter 2, were presented and discussed two synthetic pathways 

towards alkylated cross-bridge cyclams. Here, to decide which of those two 

pathways to follow, were taken into account the reactivity and protection of the 

reactive group for the bioconjugation. In the case of T2, there is a double bond 

which is not stable in the conditions of the reductive double ring opening (large 

excess of NaBH4). An option could be to try and protect this double bond to follow 

the “novel” pathway presented in chapter 2. However, in order not to have to 

protect the double bond and the methyl ester, it was decided to use the 

“classical” pathway instead. Were then identified three key intermediates: 34, 36 

and 39, with 34 and 36 to be sequentially attached on cb-cyclam 39 through 

secondary-amine alkylation. 

 

 

Figure 3.9: Retrosynthesis of T2 
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3.3.2 Synthesis of 34 

 

  3.3.2.1 First strategy 

  

 Our first strategy was to first synthesize 30 starting from chelidamic acid, 

which we obtained in three steps and 60% yield. Those reactions were 

performed up to a scale of 10g. It has been shown that the mono-reduction of 

one only of the two esters of dipicolinic ester-like molecules was easily 

achievable with a slight excess of NaBH4. However, since the vinylic double 

bond of 30 is reduced by NaBH4, we explored other reducing conditions that 

would be chemoselective for esters, hoping we would conserve the same 

selectivity towards the mono-reduction.  The results are summed up in Table 

3.1.  

 

 

 

 

Figure 3.10:  First strategy for the synthesis of 34 
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   It was interesting to observe that the adding of Cerium Chloride 

before NaBH4 induced a total change in the reactivity and totally prohibited the 

reduction of the alkene. It was hypothesized that the lanthanide is chelated by 

the ester-nitrogen-ester motif, thus increasing the electrophilicity of the Cα, 

making them more reactive towards reduction. However, adding CeCl3 to the 

reaction mixture lead to a loss of selectivity towards the mono-reduction of the 

diester. NMR analysis of the mixtures generated by the reaction of 30 with 

NaBH4 in presence of CeCl3 revealed a mixture of 30, 31 and the di-reduced 

product. Reactions conducted with DIBAL-H also led to the reduction of esters 

instead of the alkene, however the reaction stopped at the aldehyde formation 

and in the ended a mixture of reagent, aldehyde and di-aldehyde products were 

recovered. It was concluded that this first synthetic strategy could not lead to the 

isolation of 34. 

 

 

 

 

 

Table 3.1: Reduction of 30 

 

 

 

 

 

 

Figure 3.11: Complex of 30 with Cerium III 

 

Reducing Reagent Chemoselectivity 

NaBH4 No 

DIBAL Yes 

CeCl3/NaBH4 Yes 
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3.3.2.2 Second strategy 

 

 Since it was not possible to perform the ester reduction after the 

introduction of the vinylic double bond, we decide to explore another route where 

we would first try and perform the mono-reduction of one of the two esters only 

and then introduce the double bond in position 4.  

 

The strategy we followed is shown in fig. 3.12. Because of the absence 

of competitive group, the reduction of 29 with NaBH4 yielded the desired 32 

nearly quantitatively. The conditions of the Suzuki-like coupling which yielded 30 

unfortunately did not allow us to isolate 33 and therefore had to be adapted, with 

moderate success (68%). Last, the free hydroxyl group was activated with Mesyl 

Chloride. In conclusion, we isolated 34 in 5 steps and 50% yield. 

 

 

Figure 3.12: Second strategy for the synthesis of 34 
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3.3.3 Synthesis of 36 and 39 

 

  3.3.3.1 Synthesis of 36 

 

 36 was easily isolated in 2 steps starting from commercial dimethoxy-2,6-

pyridinedicarboxylate. Reduction of one of the two methylesters was easily 

achieved and the hydroxyl group was activated as a Chloride leaving group. 

Figure 3.13: Synthesis of 36 

 

  3.3.3.2 Synthesis of 39 

 

 39 was synthesised following the “classical” route described by Wong et 

al63. Starting from commercial cis-glyoxal cyclam, transaminal alkylation and 

reductive double ring opening were performed following the described 

procedures. The described protocol for the deprotection of the benzylated 

amines did not work in our hands and the procedure was adapted, increasing 

the amount of catalyst used. The overall yield over three steps is of 53%. 

 

 

Figure 3.14: Synthesis of 39 
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3.3.4 Alkylation of 39 and deprotection 

 

 3.3.4.1 First Alkylation 

 

In a first time we explored the selectivity of the mono-alkylation of cb-

cyclam above di-alkylation. We observed that by adding a stoichiometric amount 

of 36 to 39, the formation of an important amount of dialkylated compound was 

observed by NMR (around 20%). By decreasing the amount of 36 to 0.9 

equivalent, we managed to decrease the amount of dialkylated 41 formed and 

increased the yield to 90%.  

 

Figure 3.15: cross-bridge cyclam monoalkylation 

 

 3.3.4.2 Second Alkylation and Deprotection 

 

With 40 and 34 in hand, the second alkylation was performed in good 

yields and did not require particular optimisation. At this point it is possible to 

purify the compound via Silica Flash Chromatography. Deprotection of the 

methyl esters was achieved with a slight excess of LiOH in a water/THF mixture 

(fig. 3.16). As expected, the vinylic double bond was stable in those conditions. 

The deprotected compound was purified via semi-preparative HPLC. 
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Figure 3.16: Synthesis of T2 

 

3.3.5 Lanthanide Chelation 

 

  3.3.5.1 Chelation Reaction 

 

 With the ligand T2 in hand, next was to be performed the chelation of 

various lanthanides. Chelation reactions were performed in a micro-wave (MW) 

apparatus at 150 W and 150°C. Reactions were generally completed after 3 

cycles of 2 hours. Reactions were followed and purified via HPLC. It was found 

that the pH of the reaction was a very important factor in the kinetic of the 

reaction. Indeed, if the pH gets acidic, we found that the reaction would slow 

down drastically. On the other if the pH gets too high, Ln3+ ions may precipitate 

as Ln(OH)3, insoluble in water. Interestingly, it was noted that the pH increases 

during the reaction, probably because the amines deprotonate upon chelation 

thus increasing the concentration of [H+] in solution. 

 

 

Figure 3.17: Chelation of lanthanides 
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Figure 3.18: Isotope distribution of [T2(Yb)] revealed by Mass Spectrometry 

 

  3.3.5.2 Stereochemistry 

 

An aspect which has to be taken into account at this point is the 

stereochemistry of the complex. Indeed, it was hypothesized that T2 in complex 

with a lanthanide could present four different configurations. Cross-bridge cylam 

is in equilibrium between two conformations, which are enantiomers and 

therefore no distinction is observed by NMR, only one set of peaks is seen in the 
1H 1D spectra of 39. When T2 complexes a metal, its arms become stereogenic 

because they must take an orientation around the metal and there are two 

possible orientations for this, one where the arms turn “leftwise” and one where 

they turn “rightwise” (c.f. fig 3.19). Thus, [Ln(T2)] could adopt a total of four 

configurations. Those four possible stereoisomers, which would form two 

diastereoisomeric pairs of enantiomers, were modelled, and they are displayed 

in fig. 3.20.  
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Figure 3.19: Stereogenicity in alkylated cb-cyclams 

 

 

 

 

  

 

 

 

 

Figure 3.20: The 4 possible configurations of T2 upon complexation. 

Two couples of enantiomers, respectively diastereoisomers 

 

This hypothesis was confirmed by HPLC-MS experiments. Indeed, 

following the chelation reaction, two peaks relatively close by HPLC with the 

exact same MS spectra were observed (c.f. fig. 3.20). This indicates that at least 
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two species, respectively diastereoisomers, exists. Those peaks may actually 

contain mixtures of enantiomers, if indeed the complex could take the four 

stereoisomeric forms described in figure 3.20. From now on we will call “A” and 

“B” those two diastereoisomeric species. Interestingly we found the A/B ratio to 

be lanthanide-dependent with a correlation with the radius of the ion. The results 

obtained are summed up in table 3.2. Species A and B were readily separated 

via semi-preparative HPLC. 

 

 

Table 3.2: Ratios of diastereoisomers 

 

Figure 3.21: HPLC separation of diastereoisomers of [Dy(T2)] 

 

Lanthanide Crystal 

Radius (Å) 

%A %B 

La 1.185 0 100 

Dy 1.062 13.5 86.5 

Yb 1.008 21 79 
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 3.3.5.3 Structural investigations 

 

On figure 3.22, we can see two 3D-structures of [Ln(T2)] that are 

diastereoisomers. Lanthanides have been removed from the structures for the 

sake of clarity. Our goal is to assign those structures to species A and B. To do 

so, we performed 1H-COSY and NOESY experiments on [T2(La)]. First, spin-

systems were isolated and assigned to the different structural components of 

[T2(La)]. Using 1H-COSY, we could not assign each and every proton,  however, 

we managed to separate and assign spin systems corresponding to: the pendant 

arms, the benzylic protons (corresponding to the methylene located between the 

pyridines and the cyclam’s nitrogens), cyclam’s ethylene and propylene 

subunits, and the cross-bridge. Next, NOESY experiments were performed and 

analysed.  

 

From the structures in figure 3.22, we can see that the benzylic protons 

should have different magnetic environments whether in one configuration or the 

other. Looking at NOE contacts within [La(T2)], which corresponds to 

configuration B (Table 2), it was found that while one benzylic proton had 

contacts with protons from both the spin systems corresponding to the ethylene 

and the propylene subunits, the other one had contact only with the propylenic 

spin system. If we look at the first 3D-structure in figure 3.22 (orange), we can 

expect that for this structure one proton would have NOE contacts with protons 

from both the spin systems corresponding to the ethylene and the propylene 

subunits, but that the other benzylic proton would have contact only with protons 

from the ethylenic subunit. On the other hand, in the structure at the bottom, we 

can expect that one proton has contacts with both spin-systems and that the 

other one would have contacts only with protons from the propylene, which is 

the case in the spectra of [La(T2)]. We could therefore assign the first structure 

and its enantiomer (not represented in fig. 3.22) to species A, and the structure 

at the bottom and its enantiomer (not represented in fig. 3.22) to species B. 
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Figure 3.22: Conformational analysis of [Ln(T2)] via NOESY 
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3.4 Conjugation of T2 to GB1 T53C and NMR 

 

 3.4.1 Prerequisites  

 

 In 3.3, the synthesis of ligand T2 was discussed and were characterised 

its complexes with some Lanthanides. Furthermore, it was shown that upon 

complexation two diastereoisomers were found and that they were separable. 

Those two populations, though, may not be enantiomerically pure. 

 

 In order to test T2 and use it as a paramagnetic tag, it was decided to 

use mutant T53C of GB1 as a model. Indeed, GB1 is a small globular protein, 

stable under various conditions, and the mutant T53C presents only one 

cysteine, making it easier to monitor the reaction and study the effects of 

Paramagnetism. 

 

 Complex T2 is meant to be attached to free cysteines via the thiol-ene 

reaction.  This reaction proceeds through a radical mechanism which may be 

catalysed via heating84, but also following a Michael-addition-like mechanism. In 

this section we will discuss the conjugation reaction, its kinetic, as well as the 

behaviour of the tag in terms of paramagnetic properties but also in terms of 

stereochemistry.  

 

3.4.2 Conjugation  

 

 In a first attempt to conjugate [Ln(T2)] (species B) to GB1, we followed 

the protocol of Su86. However, NMR showed that after one night nothing had 

happened. Indeed, it can be hypothesized that without in situ radical-generation, 

the reaction proceeds in a Michael-addition-like fashion. In the reaction 

described by Su86, they used vinyl-dipicolinic acid (VDPA) as the substrate, 
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which bears two carboxylic acids on its vinyl pyridine instead of one in the case 

of T2. Those carboxylic acids probably increase the electrophilicity of the double 

bond and therefore increase the kinetic rate of the Michael addition, therefore 

making T2 less reactive than VDPA. To confirm this hypothesis, we performed 

the conjugation of GB1 T53C with VDPA following the same protocol and we did 

obtain a conjugation of around 60%, thus showing that VDPA is more reactive 

than T2. 

 

In order to try and speed up the reaction, and because both our tag and 

GB1 are extremely thermostable, we decided to heat the reaction and leave it at 

70°C for one night. This led to the complete tagging of the protein, with all three 

lanthanides used (La, Dy, Yb), as shown by NMR (fig. 3.24). 

 

 Upon conjugation, pronounced changes on the NMR signals of our 

protein were observed via 2D 1H-15N HSQC experiments; those changes were 

attributed to the paramagnetism of T2, and consisted mostly in PCS. However, 

it was observed that those peaks were belonging to two different sets, and that 

for each diamagnetic peak, two peaks were observed in the paramagnetic 

samples. Also, the intensities of the peaks from each set were identical. This 

indicated that the sample was composed of a 50/50 mixture of two species, both 

paramagnetically tagged, with the same number of residues. This confirmed us 

that the main peak isolated via HPLC after complexation is a racemic mixture, 

which resolve upon conjugation to the protein, thus validating our hypothesis that 

T2 can take 4 different conformations upon complexation.  

 

 

Figure 3.23: Tagging of GB1 T53C with T2 



Chapter 3 
 

83 
 

 

 

  

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

Figure 3.25: Each residue splits into 2 peaks upon conjugation 

 

Figure 3.24: 2D 
1
H-

15
N HSQC of GB1 T53C tagged with [T2(La)], [T2(Yb)], [T2(Dy)] 
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3.4.3 PCS measurements and Tensor evaluation 

 

The main paramagnetic effects considered in paramagnetic NMR, and 

also the most straightforward to measure, are PCS. Looking as those shifts it is 

immediate observing that the protein is fully paramagnetically tagged because 

not a single H-N cross-peak was not shifted in the protein, and therefore no 

residual signal corresponding to the apo protein was found. As seen in chapter 

1, PCS follow the equation: 

𝛿pc =
1

12𝜋𝑟3
[Δ𝜒𝑎𝑥(3cos2𝜃 − 1) +

3

2
Δ𝜒𝑟ℎsin2𝜃cos2𝜑] 

 

 

where r, 𝜃 and 𝜑 are the spherical coordinates of the nucleus in the frame where 

the anisotropy tensor is diagonal and with origin onto the metal position. Δ𝜒𝑎𝑥 

and Δ𝜒𝑟ℎ are the axial and rhombic anisotropies of the tensor, defined as:  

Δ𝜒𝑎𝑥 = 𝜒𝑧𝑧 −
𝜒𝑥𝑥 + 𝜒𝑦𝑦

2
 

Δ𝜒𝑟ℎ = 𝜒𝑥𝑥 − 𝜒𝑦𝑦 

 

To measure precisely those PCS, differences in chemical shift were 

measured in both H and N dimensions between the spectra of the paramagnetic 

and the diamagnetic species. In this case, this task was a bit complicated by the 

presence of two different sets of peaks. Indeed, it made it harder to assign 

resonances in the paramagnetic samples to the ones in the diamagnetic sample. 

However, two sets of peaks were identified, and PCS were calculated and 

treated separately. 
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The results were then analysed with the software FANTEN. The program 

FANTEN can be used to obtain the best fit 𝚫𝝌 tensor (consisting in 5 parameters: 

Δ𝜒𝑎𝑥, Δ𝜒𝑟ℎ and the three Euler angles defining the frame where the tensor is 

diagonal) and the coordinates of the metal ion from the PCS values and the 

coordinates of the protein nuclei. Both sets of peaks, stemming from both 

enantiomers, were treated separately. First, we noticed that for both sets of data 

the fitting was good (low Q-value). This confirmed that both sets had been 

separated properly, referred to hereafter as T2.1 and T2.2, respectively. The 

value of anisotropy of these tensors (∆χax and ∆χrh) are very high. Interestingly, 

the two enantiomers gave tensors with very different intensities (Table 3.3). 

 

 

 

 

 

 

 

 

Table 3.3: Tensor values of T2 tagged to GB1 T53C 

 

 

 

Since T2.1 and T2.2 are two enantiomers, the lanthanides chelated 

within will have the exact same coordination environment. However, it is clear 

that they yield very different tensors once tagged to the protein, and it can be 

assumed that interactions between the tag and the protein may give rise to such 

differences. It was hypothesized that in the case of T2.2, an interaction between 

the protein and T2 stabilises the tag, decreasing its motion in solution and thus 
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yielding a very large tensor on the protein. To get a better understanding of the 

results given by FANTEN, we superposed the metal positions fitted to the PCS 

values with a structure of GB1. The results are shown in fig 3.26.   

 

 

Figure 3.26: Metal position for T2.1 (left) and T2.2 (right) as given by FANTEN. 

The metal positions are superimposed with a structure of GB1 tagged with the 

two enantiomers of T2, generated with MAESTRO. 

 

It can be noted that the metal seems to be very close from the C-terminus 

of the protein. In this area, there are 3 carboxylates which may form an 

electrostatic interaction between the tag and the protein. It has been shown that 

such interactions could enhance the rigidity of the system by stabilising the tag 

and therefore increase the tensor transferred from the tag to the protein87. 

Lanthanides are 9-coordinated in water88; since lanthanides in T2 are only 8-

coordinated, it could therefore allow for one extra non-covalent interaction with 

the protein’s surface what would explain the high tensor-values measured and 

explain the intensity of the paramagnetism transferred from the tag to the protein. 
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3.5 Conclusion 

 

 In this chapter we have designed and planned the synthesis of two 

potential LBT, T1 and T2, based on cb-tedpa. Unable to isolate T1 because of 

our unability to deprotect the tBu-sulphides (designed to be the point of 

conjugation of our tag to cysteines), we were on the other hand able to isolate 

T2 in good yields. Lanthanide-complexes of T2 were synthesized and 

characterised, and particular attention was devoted to the study of the 

complexes’ stereochemistry, showing that upon complexation [Ln(T2)] 

complexes adopt 4 different configurations. T2 was subsequently tagged to GB1 

T53C via the thiol-ene reaction, which allowed us to measure large PCS via 2D 
1H-15N HSQC. Last, those PCS were analysed, and high-quality tensors were 

determined, displaying very large anisotropy values. Those results show that cb-

tedpa is a promising platform for the development of paramagnetic tags. 

However, future efforts should be concentrated on the obtention of enantiopures 

cb-tedpa-based ligands.  
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3.6 Experimental Procedures 

 

3.6.1 Synthetic procedures 

dimethyl 4-(hydroxymethyl)pyridine-2,6-dicarboxylate 21 

 

 

 

  

Dimethoxy-2,6-pyridinedicarboxylate (5g) was suspended in MeOH (26.8 mL), 

and 26.8 mL of H2SO4 (30% v/v) were added. At 0°C, 21.4 mL of H2O2 (30% v/v) 

and 26.8 mL of a saturated solution of Fe2SO4 were added simultaneously and 

slowly, so that the temperature of the reaction never rised above 15°C. Once the 

adding was complete, the reaction was let stirred at room temperature for 20 

mns, after which is was neutralized with K2CO3 and filtrated. The aqueous 

mixture mas then extracted with 4x150 mL Ethyl acetate. The organic layers 

were combined, dried, and purified with Flash Chromatography with 

CHCl3:2/1:EtOAc to yield 1.15 g of pure product. 

1H NMR (500 MHz, CDCl3): δ 8.32 (s, 2H), 4.92 (s, 2H), 4.04 (s, 6H) 

dimethyl 4-(((methylsulfonyl)oxy)methyl)pyridine-2,6-dicarboxylate 22 

 

 

 

 

21 (1.1g, 4.88 mmol) was dissolved in dry DCM (95mL), and DIPEA (2.55 mL, 

13.9 mmol) was added. MsCl (567μL, 7.33 mmol) was then added dropwise over 

an ice-bath. Reaction mixture was let stirred for 35 mns at room temperature and 
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was then washed with 2x80 mL H2O. Organic layer was dried over Mg2SO4 and 

solvents were removed in vacuo, yielding an orange oil. The crude mixture was 

filtered over a pad of silicagel with 3/1:CHCl3/EtOAc as the mobile phase to yield 

1.3 g. of pure product (89%). 

1H NMR (500 MHz, CDCl3): δ 8.34 (s, 2H), 5.39 (s, 2H), 4.06 (s, 6H), 3.16 (s, 

3H) 

13C NMR (125 MHz, CDCl3): δ 164.66, 149.03, 145.98, 126.03, 67.11, 53.44, 

38.37 

dimethyl 4-((tert-butylthio)methyl)pyridine-2,6-dicarboxylate 23 

 

 

 

  

22 (3.2 g., 10.5 mmol) was dissolved in dry DCM (55 mL), under N2. Tert-

butylthiol (3.37 mL, 28.4 mmol) and then DBU (1.86 mL, 21.1 mmol) were added 

slowly. After 1h under N2 and at room temperature, the reaction mixture was 

diluted with 100 mL and washed with 4x100 mL H2O. Organic layers were 

combined, dried over Mg2SO4, and solvents were evaporated to yield 3.12 g. of 

pure product (97%) 

1H NMR (500 MHz, CDCl3): δ 8.33 (s, 2H), 4.04 (s, 6H), 3.86 (s, 2H), 1.36 (s, 

9H) 

13C NMR (125 MHz, CDCl3): δ 165.08, 151.91, 148.41, 128.36, 53.21, 43.87, 

32.31, 30.90 
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4-((tert-butylthio)methyl)-6-(methoxycarbonyl)picolinic acid  

 

 

 

 

23 (286 mg, 0.96 mmol) was dissolved in MeOH (6 mL) over an ice-bath. KOH 

(54 mg, 0.96 mmol) were added. The mixture was stirred for 2h at 0°C, after 

which MeOH was evaporated. The crude mixture was then suspended in water 

and filtrated over a fritt #4. Filtrate was evaporated to yield 230 mg of product 

(75%) 

1H NMR (500 MHz, D2O): δ 8.15 (s, 1H), 8.03 (s, 1H), 3.94 (s, 3H), 3.91 (s, 2H), 

1.27 (s, 9H) 

2-(tert-buty) 6-methyl 4-((tert-butylthio)methyl)pyridine-2,6-carboxylate 24 

 

 

 

 

4-((tert-butylthio)methyl)-6-(methoxycarbonyl)picolinic acid  (500 mg, 1.76 

mmol), was dissolved in dry DCM and under N2. DMAP (42.5 mg, 0.35 mmol), 

and then Boc-anhydride (942 μL, 4.1 mmol) were added to the reaction mixture, 

which was let stirred overnight at room temperature. DCM was evaporated and 

crude yellow oil was dissolved in EtOAc (40 mL), washed with 3x10 mL sat. 

NH4Cl. Aqeous layers were combined and re-extracted with 40 mL DCM. 

Organic layers were combined, dried over Mg2SO4, and solvent was removed. 

The obtained mixture was further purified by Flash Chromatography 

(CHCl3/MeOH : 9/1) to yield 400 mg of product (67%). 
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1H NMR (500 MHz, CDCl3): δ 8.29 (s, 1H), 8.21 (s, 1H), 4.03 (s, 3H), 3.68 (s, 

2H), 1.67 (s, 9H), 1.38 (s, 9H) 

tert-butyl 4-((tert-butylthio)methyl)-6-(hydroxymethyl)picolinate 25 

 

 

 

 

24 (470 mg, 0.98 mmol), was dissolved in MeOH (27 mL) and DCM (9 mL) under 

N2 and over an ice-bath. NaBH4 (148 mg, 3.92 mmol) was then added slowly. 

After 3 hours at room temperature, reaction mixture was diluted with 40 mL 

EtOAc, and washed with 30 mL brine. Aqueous layer was then re-extracted with 

3x40 mL EtOAc. Organic layers were combined, dried over Mg2SO4, and solvent 

was removed to yield 430 mg of product. 

1H NMR (500 MHz, CDCl3): δ 7.89 (s, 1H), 7.47 (s, 1H), 4.82 (s, 2H), 3.76 (s, 

2H), 1.62 (s, 9H), 1.34 (s, 9H) 

tert-butyl 4-((tert-butylthio)methyl)-6-(((methylsulfonyl)oxy)methyl)picolinate 26 

 

 

 

 

25 (430 mg) was dissolved in dry DCM (13 mL) under N2 and over an ice-bath. 

DIPEA (513 μL, 2.94 mmol) and Methansulfonyl Chloride (152 μL, 1.96 mmol) 

were added. After 1h30, reaction was over and the crude mixture was purified 

via Flash Chromatography (8/2 : CHCl3/AcOEt) to yield 223 mg of product (62% 

over 2 steps) 
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1H NMR (500 MHz, CDCl3): δ 7.95 (s, 1H), 7.57 (s, 1H), 5.35 (s, 2H), 3.76 (s, 

2H), 3.16 (s, 3H), 1.59 (s, 9H), 1.31 (s, 9H) 

13C NMR (125 MHz, CDCl3): δ 163.49, 154.30, 151.02, 149.41, 124.98, 124.89, 

82.51, 71.23, 43.67, 38.23, 32.28, 30.90, 28.05 

(3a1R,5a1R)-5a-((6-(tert-butoxycarbonyl)-4-((tert-butylthio)methyl)pyridin-2-

yl)methyl)-10a-((6-(tert-butoxycarbonyl)pyridin-2-yl)methyl)tetradecahydro-

3a,5a,8a,10a-tetraazapyrene-5a,10a-diium bromide methanesulfonate 27 

 

2 (160 mg, 0.32 mmol) and 26 (120 mg, 0.32 mmol) were dissolved in 1.5 mL 

MeCN. Reaction was monitored via NMR and MS. After one month the 

conversion was of 30%. Solvent was removed and the crude mixture of 2 and 

27 was used without further purification.  

ESI-MS: m/z= 354.35 Th 

tert-butyl6-((11-((6-(tert-butoxycarbonyl)pyridin-2-yl)methyl)-1,4,8,11-tetraaza 

bicyclo[6.6.2]hexadecan-4-yl)methyl)-4-((tert-butylthio)methyl)picolinate 28 

 

 

 

 

Mixture of 2 and 27 was dissolved in 9 mL EtOH 95%. NaBH4 (48.5 mg, 1.28 

mmol) was then added in portions and the mixture was let stirred overnight at 

room temperature. The reaction mixture was then poured onto 20 mL of water, 

and saturated with KOH. The aqueous solution was then extracted with 3x20 mL 
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DCM. Organic layers were combined and dried. The crude mixture was then 

further purified via semi-preparative HPLC (TFA 0.1% in H2O/MeCN). 

1H NMR (500 MHz, CDCl3): δ 11.11 (bs, 2H), 7.74 (d, J=7.48 Hz, 1H), 7.61 (t, 

J=7.51 Hz, 1H), 7.58 (s, 1H), 7.11 (bd, J=7.48 Hz, 1H), 7.08 (s, 1H), 5.25 (bt, 

J=13.24 Hz, 2H), 4.52 (bs, 1H), 4.41 (bs, 3H), 3.92 (bs, 2H), 3.73 (bs, 2H), 3.64-

3.54 (m, 4H), 3.52-3.39 (m, 6H), 2.92 (bd, J=11.64 Hz, 2H), 2.70 (bs, 4H), 2.55 

(bs, 2H), 1.67 (s, 9H), 1.65 (s, 9H), 1.38 (s, 9H). 

13C NMR (125 MHz, CDCl3): δ 163.18, 160.97, 160.77, 160.57, 152.12, 151.87, 

148.36, 148.04, 138.73, 126.18, 125.26, 124.95, 117.12, 115.47, 113.80, 84.11, 

83.91, 56.51, 54.93, 54.71, 54.09, 50.00, 49.09, 43.95, 31.74, 30.77, 28.01, 

18.79  

ESI-MS: m/z=711.50 Th 

dimethyl 4-hydroxypyridine-2,6-dicarboxylate 

 

 

 

 

Chelidamic acid (3.3g., 16.41 mmol) was dissolved in MeOH (500mL). H2SO4 

(1.5mL) was added. The mixture was heated to reflux overnight. It was then 

quenched with sat. NaHCO3 over an ice-bath. MeOH was removed in vacuo. 

HCl 3% was then added to lower the pH to 2. The aqueous solution was then 

extracted with 3x200 mL CHCl3. Organic layers were combined and dried over 

Na2SO4. CHCl3 was removed to afford the pure compound as a white solid (3.4 

g., 98%) 

1H NMR (500 MHz, DMSO-d6): δ 3.37 (s, COOCH3) 

13C NMR (125 MHz, DMSO-d6): δ 165.32, 149.76, 115.91, 79.69, 53.05 
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dimethyl 4-bromo-2,6-dicarboxylate 29 

 

 

 

 

dimethyl 4-hydroxypyridine-2,6-dicarboxylate (3.3g., 15.6 mmol) and TBAB 

(6.04g., 18.72 mmol) were suspended in Toluene. Reaction mixture was heated 

to 40°C and P2O5 (7.75g., 54.6 mmol) was. The mixture was then stirred at 

100°C for 3 hours. It was then diluted with 100 mL Toluene and quenched with 

sat. NaHCO3 up to pH=3. The two phases were separated, and the organic layer 

was further washed with 50 mL water. Organic Layer was dried over Na2SO4. 

Toluene was removed to afford the pure compound as a white solid (4.15 g., 

97%) 

1H NMR (500MHz, CDCl3): δ 8.48 (s, 2H), 4.06 (s, 6H) 

13C NMR (125MHz, CDCl3): δ 164.05, 149.09, 135.14, 131.32, 53.51 

 methyl 4-bromo-6-(hydroxymethyl)picolinate 32 

 

 

 

 

29 (3g., 10.95 mmol) was dissolved in MeOH (270 mL) and DCM (82 mL) over 

an ice-bath. NaBH4 (994 mg, 26.27 mmol) was added in portions. After 1 hour 

at room temperature, reaction was quenched with HCl 3%. Organic solvents 

were removed in vacuo. The mixture was then dilluted in 100 mL water and 

extracted with 3x300 mL EtOAc. Organic layers were combined and dried over 

Na2SO4. Solvent was removed to afford the pure compound (2.01g., 75%) 
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1H NMR (500MHz, CDCl3): δ 8.21 (d, 1.8 Hz, 1H), 7.78 (d, 1.8 Hz, 1H), 4.87 (s, 

2H), 4.03 (s, 3H) 

13C NMR (125MHz, CDCl3): δ 164. 47, 161.71, 148.12, 134.51, 127.35, 12.48, 

64.38, 53.19  

methyl 6-(hydroxymethyl)-4-vinylpicolinate 33 

 

 

 

32 (1.8g., 7.3 mmol), K3PO4 (3.1g., 14.6 mmol) and trivinylboroxin-pyridin 

complex (1.3g., 5.5 mmol) were suspended in dioxane (51 mL). N2 was bubbled 

through the solution for 5 mns and JohnPhos (6%, 131 mg) and Pd(dba)2 (0) 

were added, still under N2. The reaction mixture was heated at 85°C for 2 hours. 

Dioxane was removed in vacuo and the crude mixture was purified via column 

chromatography with a mixture of CH2Cl2 and EtOAc. Obtention of 960 mg (68%) 

of the pure product. 

 1H NMR (500MHz, CDCl3): δ 8.07 (s, 1H), 7.50 (s, 1H), 6.76 (dd, 18 Hz,11 Hz, 

1H), 6.12 (d, 18 Hz, 1H), 5.62 (d, 11 Hz, 1H), 4.88 (d, 5.9 Hz, 2H), 4.03 (s, 3H)  

13C NMR (125MHz, CDCl3): δ 165.69, 160.57, 147.55, 146.85, 134.00, 121.10, 

120.88, 120.28, 64.67, 53.93  

methyl 6-(chloromethyl)-4-vinylpicolinate 34 

 

 

 

33 (140 mg, 0.72 mmol) was dissolved in DCM (mL) and DIPEA (380uL, 2.17 

mmol) then MsCl (112 uL, 1.45 mmol) were added at 0°C. Reaction mixture was 

stirred for 1h30 at room temperature. DCM was removed and the crude oil was 



Design of high-inertness paramagnetic tags 
 

96 
 

purified via column chromatography with a mixture of Toluene and EtOAc to yield 

the product as a yellow solid (145 mg, 95%) 

 

1H NMR (500MHz, CDCl3): δ 7.91 (s, 1H), 7.52 (s, 1H), 6.58 (dd, 18 Hz,11 Hz, 

1H), 5.95 (d, 18 Hz, 1H), 5.45 (d, 11 Hz, 1H), 4.62 (s, 2H), 3.85 (s, 3H)  

13C NMR (125MHz, CDCl3): δ 165.21, 157.52, 147.84, 147.16, 133.60, 122.99, 

121.37, 120.40, 52.86, 46.16 

In some cases, methyl 6-(((methansulfonyl)oxy)methyl)-4-vinylpicolinate was 

also isolated from the crude mixture. It was then further transformed in 34 as 

such: 

 

 

 

 

methyl 6-(((methansulfonyl)oxy)methyl)-4-vinylpicolinate (23 mg, 0.08 mmol) 

and LiCl (10.8 mg, 0.25 mmol) were dissolved in dry DMF (1.6 mL). The reaction 

mixture was let stirred overnight at room temperature and was then diluted with 

20 mL CHCl3 and washed with 2x10 mL H2O. Organic layer was dried over 

Na2SO4, CHCl3 was removed in vacuo and residual DMF was removed with a 

high vacuum, pump. Yield: 15 mg (89%) 

1H NMR (500MHz, CDCl3): δ 8.10 (s, 1H), 7.62 (s, 1H), 6.58 (dd, 18 Hz,11 Hz, 

1H), 6.11  (d, 18 Hz, 1H), 5.63 (d, 11 Hz, 1H), 5.42 (s, 2H), 4.00 (s, 3H), 3.15 (s, 

3H)  

13C NMR (125MHz, CDCl3): δ 165.27, 154.84, 148.21, 147.50, 133.60, 122.20, 

121.99, 120.96, 71.02, 53.07, 38.03 

 

methyl 6-(hydroxymethyl)picolinate 35 
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2,6-dimethoxycarbonylpyridine (2.1g., 10.8 mmol) was dissolved in MeOH (283 

mL) and DCM (95 mL) over an ice-bath. NaBH4 (817 mg, 21.6 mmol) was added 

in portions. After 3 hours at room temperature, organic solvents were removed 

in vacuo. The mixture was then suspended in 100 mL water and extracted with 

3x150 mL EtOAc. Organic layers were combined and dried over Na2SO4. 

Solvent was removed to afford the pure compound (1.9g., quant.) 

1H NMR (500MHz, CDCl3): δ 8.07 (d, 7.8 Hz, 1H), 7.88 (t, 7.8 Hz, 1H), 7.54 (d, 

7.8 Hz, 1H), 4.89 (s, 2H), 4.03 (s, 3H) 

methyl 6-(chloromethyl)-picolinate 36 

 

 

 

38 (1.9 g., 11.3 mmol) was dissolved in dry DCM (150mL) and DIPEA (6 mL, 

34.4 mmol) then MsCl (2.7 mL, 34.8 mmol) were added at 0°C. Reaction mixture 

was stirred for 1h30 at room temperature. DCM was removed and the crude oil 

was purified twice via column chromatography with a mixture of DCM and EtOAc 

to yield the pure product (1.4 g. 67%) 

1H NMR (500MHz, CDCl3): δ 8.10 (d, 7.8 Hz, 1H), 7.92 (t, 7.8 Hz, 1H), 7.76 (d, 

7.8 Hz, 1H), 4.80 (s, 2H), 4.04 (s, 3H) 

 

(3a1R,5a1R)-5a,10a-dibenzyltetradecahydro-3a,5a,8a,10a-tetraazapyrene-

5a,10a-diium bromide 37 
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Cis-glyoxal-cyclam (640 mg, 2.88 mmol), Benzyl bromide (5.5 mL), were 

dissolved in dry MeCN (14 mL). The mixture was stirred at room temperature for 

20 days, after which the suspension was filtered on #4 fritt. The precipitate was 

washed with dry MeCN. Obtention of 1.48 g. of product as a white solid (94%) 

1H NMR (500 MHz, D2O): δ 7.59-7.46 (m, 10H), 5.19 (d, J=13.07 Hz, 2H), 5.00 

(s, 2H), 4.35 (dt, J=13.45, 3.94 Hz, 2H), 3.66 (dt, J=13.45, 3.94 Hz, 2H), 3.53-

3.33 (m, 6H), 3.16 (m, 4H), 2.74 (dt, J=12.52, 3.02 Hz, 2H), 2.20 (m, 2H), 1.83 

(bd, J=14.82 Hz, 2H) 

13C NMR (125 MHz, D2O): δ 133.19, 131.45, 129.49, 124.69, 76.87, 62.39, 

60.54, 51.27, 46.76, 46.09, 17.96, 0.85 

ESI-MS: m/z= 202.02 Th 

4,11-dibenzyl-1,4,8,11-tetraazabicyclo[6.6.2]hexadecane 38 

 

 

 

 

37 (1.5 g., 2.73 mmol) is dissolved in 70 mL 95% EtOH. NaBH4 (5.2 g, 139.2 

mmol), is then added in portions at 0°C. After 2 weeks, the reaction was 

quenched with HCl 3% over an ice-bath. EtOH was evaporated, the aqueous 

solution was saturated with KOH and then extracted with 5x50 mL DCM. Organic 

layers w recombined, dried over Na2SO4 and solvent was evaporated to yield 1g 

of product (90%) 
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1H NMR (500 MHz, CDCl3): δ 7.38-7.22 (m, 10H), 3.98 (td, J=11.59, 4.59 Hz, 

2H), 3.81 (d, J=13.54 Hz, 2H), 3.25-3.18 (m, 4H),    

13C NMR (125 MHz, CDCl3): δ 141.02, 128.98, 128.02, 126.52, 77.23, 60.03, 

57.66, 56.57, 54.24, 52.09, 28.08 

ESI-MS: m/z=407.42 Th 

1,4,8,11-tetraazabicyclo[6.6.2]hexadecane 39 

 

 

 

 

38 (1.5 g, 3.7 mmol), is suspended in water (45 mL), and 3 mL HCl 37% are 

added. Pd(OH)2/C (1g) and Pd/C (0.5 g) are then added and the mixture is put 

under H2 atmosphere. After 2 days, the reaction mixture was filtered on a pad 

of celite and the filatrate was saturated with KOH. The aqueous solution was 

then extracted with 3x120 mL DCM. Organic layers were combined, dried over 

Na2SO4, and DCM was evaporated to yield 550 mg of the product as an 

colorless oil (65%). 

1H NMR (500 MHz, CDCl3): δ 3.15 (bt, J=12.62 Hz, 2H), 2.94-2.86 (m, 2H), 2.65-

2.73 (m, 6H), 2.70-2.62 (m, 6H), 2.46-2.39 (m, 4H), 1.98-1.87 (m, 2H), 1.4-1.3 

(m, 2H) 

ESI-MS: m/z= 227.25 Th 

methyl 6-((1,4,8,11-tetraazabicyclo[6.6.2]hexadecan-4-yl)methyl)picolinate 40 
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36 (119 mg, 0.64 mmol) was added as solution (2mL MeCN) in a solution of 15 

mL (MeCN) of 39 (160 mg, 0.71 mmol). Mixture was stirred at room temperature 

overnight. MeCN was then removed and the mixture was purified with 

FlashChromatography using a mixture of DCM and MeOH and 1% NH3/H2O. 

Obtention of 210 mg, 90 %.  

1H NMR (500 MHz, CDCl3): δ 8.07 (d, J=8.72 Hz, 1H), 7.95 (t, 7.62 Hz, 1H), 

7.61 (d, J=7.91 Hz, 1H), 4.26 (d, J=13.28 Hz, 1H), 3.61 (d, J=13.28 Hz, 1H), 3.27 

(m, 1H), 3.21-3.02 (m, 3H),  3.01-2.89 (m, 4H), 2.87-2.76 (m, 4H), 2.74-2.56 (m, 

4H), 2.53-2.47 (m, 1H), 1.99 (m, 1H), 1.74 (m, 1H), 1.56 (m, 1H), 1.25 (m, 1H). 

13C NMR (125 MHz, CDCl3): δ 165.50, 159.33, 147.26, 138.64, 128.70, 124.17, 

63.38, 57.42, 56.10, 55.43, 53.92, 53.71, 53.28, 52.30, 50.87, 50.15, 47.32, 

44.73, 26.82, 21.73 

ESI-MS: m/z=386.42 Th 

methyl 6-((11-((6-(methoxycarbonyl)pyridin-2-yl)methyl)-1,4,8,11-tetraaza 

bicyclo [6.6.2]hexadecan-4-yl)methyl)-4-vinylpicolinate 42 

 

 

40 (430 mg, 1.14 mmol), 34 (242 mg, 1.14 mmol) and K2CO3 (633 mg, 4.58 

mmol) were dissolved in MeCN (5 mL). Reaction mixture was stirred at room 
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temperature overnight. MeCN was then removed and the mixture was purified 

via Flash Chromatography using a mixture of DCM and MeOH and 2% NH3/H2O. 

Obtention of 510 mg, 81 %. 

1H NMR (500 MHz, CDCl3): δ 10.63 (bs, 1H), 8.00 (m, 2H), 7.81 (t, J=7.80 Hz, 

1H), 7.53 (d, J=7.59 Hz, 1H), 7.47 (s, 1H), 6.72 (dd, J=17.83, 11.16 Hz, 1H), 6.1 

(d, J=17.62 Hz, 1H), 5.62 (d, J=10.96 Hz, 1H), 4.03 (d, J=15.06 Hz, 1H), 4.00 

(s, 3H), 3.99 (s, 3H), 3.88 (d, J=14.58 Hz, 2H), 3.49-3.38 (m, 2H), 3.36-3.25 (m, 

4H), 3.24-3.11 (m, 4H), 3.05-2.93 (m, 6H), 2.70-2.62 (m, 2H), 1.77 (m, 8H) 

13C NMR (125 MHz, CDCl3): 165.67, 158.68, 158.20, 148.21, 147.83, 146.61, 

144.79, 137.45, 133.81, 17.17, 124.13, 123.90, 120.96, 120.53, 58.81, 54.65, 

54.56, 52.82, 51.97, 51.83, 30.95, 24.37, 24.26 

methyl 6-((11-((6-(methoxycarbonyl)pyridin-2-yl)methyl)-1,4,8,11-tetraaza 

bicyclo[6.6.2]hexadecan-4-yl)methyl)-4-vinylpicolinate T2 

 

 

 

 

 

42 (190 mg, 0.34 mmol) was dissolved in 2.3 mL THF. LiOH (58 mg, 1.38 mmol) 

was dissolved in 2.3 mL H2O. Solutions were mixed and stirred at room 

temperature overnight. HPLC-MS reveals complete conversion. Solvents are 

removed in vacuo and the mixture is purified via semi-preparative HPLC with a 

H2O+0.1%TFA/MeCN 100/0 to 50/50 gradient. Obtention of 100 mg of pure 

product. 

1H NMR (500 MHz, D2O): δ 7.44 (m, 3H), 6.79 (dd, J=6.62, 2.31 Hz, 1H), 6.76 

(s, 1H), 6.49(dd, J=17.76, 10.66 Hz, 1H), 5.90 (d, J=17.76 Hz, 1H), 5.49 (d, 

J=10.91 Hz, 1H), 4.92 (d, J=16.50 Hz, 1H), 4.81 (d, J=16.12 Hz, 1H), 4.10 (m, 

2H), 3.94-3.81 (m, 4H), 3.68-3.52 (m, 4H), 3.45 (m, 2H), 3.13 (bd, J=14.4 Hz, 
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1H), 2.99 (bt, 2H), 2.78 (bd, 2H), 2.62-2.51 (m, 4H), 2.49-2.36 (m, 2H), 1.61 (m, 

2H) 

ESI-MS: m/z= 386.42 Th 

Formation of  [Ln(T2)] 

T2 (20 mg) was dissolved in 1 mL H2O and 1 mL MeCN. pH was adjusted to 7 

and EuCl3.6H2O (30 mg) was added to the solution. The mixture was placed in 

a micro-wave vial irradiated at 150W, 150°C for 6 hours. The crude mixture was 

then purified via semi-preparative HPLC. 

[La(T2)] 1H NMR (500 MHz, D2O): δ 8.10 (t, J=7.66 Hz, 1H), 7.92 (m, 2H), 7.72 

(m, 2H), 6.81 (dd, J=17.93, 11.08 Hz, 1H), 6.18 (d, J=17.53 Hz, 1H), 5.66 (d, 

J=10.85 Hz, 1H), 4.04 (dd, J=15.18, 11.59 Hz, 2H), 3.66 (bt, J=13.69 Hz, 2H), 

3.44 (m, 4H), 3.09-3.00 (m, 2H), 2.87 (bd, J=13.25 Hz, 2H), 2.62-2.53 (m, 4H), 

2.50-2.44 (bdd, 2H), 2.40-2.30 (bq, 2H), 2.16-2.05 (m, 4H), 1.85 (bd, 2H),  

ESI-MS: [Yb(T2)]: 694.50 (100%), 692.69 (80%), 693.68 (76%), 691.71 (60%) 

[La(T2)]: 659.47 (100%) 

[Dy(T2)]: 684.43 (100%), 683.53 (95%), 682.56 (89%) 

 

 3.6.2. NMR Spectra 

 

NMR spectrum of [La(T2)] 
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NMR spectrum of [Dy(T2)] 

 

 

NMR spectrum of [Yb(T2)] 
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3.6.3. Conjugation 

 

 Reduced GB1 T53C was buffer exchanged to NaPi 20mM pH 7.5, at a 

concentration of 200 µM. 10 equivalents of [Ln(T2)] were added and the mixture 

was placed at 70°C and let overnight, after which reaction was complete. Excess 

tag was removed via buffer exchange and NMR spectra were recorded. 
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CHAPTER 4: Synthesis of enantiopures 

paramagnetic tags 

 

 

Abstract: 

 

 As we have seen in the previous chapter, the thiol-ene reaction is a 

powerful and promising methodology for the conjugation of paramagnetic tags 

to proteins. Driven by the necessity of designing an enantiomerically pure 

lanthanide-chelating tag, we have decided to explore other scaffolds that could 

be conjugated via the thiol-ene reaction. THP-like scaffolds have been shown to 

be usable as LBTs by Otting et. al.80, being thermodynamically stable and 

displaying only one set of peaks in the NMR spectra. In this chapter, we will 

discuss the design of THP-like paramagnetic tags bearing a vinyl-pyridine moiety 

for the attachment to cysteines. We will focus on two scaffolds, T3 and T4, 

differing by the number of atoms coordinating the lanthanide ion. Their synthesis 

and performance on GB1 T53C are presented and the influence of the 

coordination environment will be discussed.  

 

 

 

 

 

 

 

Figure 4.1: T3 and T4, ligands discussed in this chapter 
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4.1 Introduction 

 

 4.1.1 THP 

 

((2S,2’S,2’’S,2’’’S)-1,1’,1’’,1’’’-(1,4,7,10- tetraazacyclododecane1,4,7,10 

-tetrayl)tetrakis(propan-2-ol)) (also called (S)-THP) is a cyclen derivative 

featuring four chiral (S)-2-hydroxypropyl pendants. It was introduced by Chin et 

al. as a chelating agent for lanthanides89. It has been shown that it forms inert 

complexes at neutral pH with early, middle, and late lanthanides. (S)-THP is 

interesting in that it bears chirality within its pendant arms, which is expected to 

have an influence on its dynamic, conformational space and chelation 

properties90, and that its synthesis is quite simple.   

 

 

  

 

 

 

Figure 4.2: (S)-THP, an enantiopure ligand 

 

It has been shown via NMR that (S)-THP-Ln complexes present only one 

conformation, as only one set of peaks is observed via 1D 1H and 13C NMR 

spectroscopy. Indeed, the (S)-THP-Yb3+ complex specifically has been shown 

to adopt a Λ(λλλλ) TSAP geometry in solution90. This is of course of interest for 

the design of enantiopures paramagnetic tags for NMR spectroscopy. Another 

interesting feature of (S)-THP is the apparent absence of dynamic process on 

the NMR timescale. This for example, is not the case of DOTA its NMR spectra 
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shows important temperature-dependent differences in terms of shifts and of 

peak-broadening74.  

 In 2015, Lee et al. proposed (S)-THP based paramagnetic tags for NMR 

spectroscopy (fig. 4.3)85. They designed different linkers, one of which 

particularly short. They showed that the tags kept the interesting properties of 

(S)-THP in terms of chelation and of stereochemistry. They were able to transfer 

medium to large anisotropic tensors on different proteins. Those tags, however, 

have the limitation that they use disulfide formation as the conjugation reaction. 

Seeking to combine the properties of (S)-THP in terms of stereochemistry and 

the stability of the thioether bond product of the thiol-ene reaction, we designed 

T3. In order to study the effects of coordination on the complexation of 

lanthanides but also on the tag-s behavior once attached on a protein, we 

designed T4, displaying only 8 coordinating atoms. 

 

 

 

 

 

Figure 4.3: C5 and C7, described LBT85 

 

 4.1.2 Relaxometry and lanthanide-coordination: 

 

 Fast-Field Cycling NMR (FFC), also called Nuclear Magnetic Resonance 

Dispersions (NMRD), consists in the measurement of the spin-lattice relaxation 

rate constant as a function of the frequency of the applied magnetic field91. It is 

used to measure the relaxation rate enhancement induced by the presence in 

solution of paramagnetic metal ions. An example of NMRD profile is given in 

Figure  4.4, where the relaxivity of a paramagnetic Iron III (measured in s-1 mM-

1) is displayed as the function of the Larmor Frequency in two different solvents. 
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Figure 4.4: Paramagnetic enhancements to solvent 1H NMRD profiles for 

Fe(H2O)6
3+ solutions at 298 K with (▲) pure water and (●) 60% glycerol91 

 

The enhancement in water proton relaxation rate due to the presence of 

a paramagnetic complex in solution at a given magnetic field is a linear function 

of the paramagnetic metal ions’ concentration92. At a fixed concentration, the 

enhancement depends on several parameters, among which, the magnetic field, 

the nature of the metal ion, the availability of coordination sites for solvent 

molecules, the temperature, the size of the paramagnetic molecule and the 

viscosity of the solution.  

 

Furthermore, the analysis of NMRD profiles may also provide information 

at a molecular level on the structure and the dynamic of the studied 

paramagnetic system92. Parameters accessible are: geometrical parameters 

which determine the position of protons relative to the paramagnetic site, the 

number of protons in the first coordination sphere, and possibly in the second 

coordination sphere93, as well as the distance of closest approach of diffusing 

water protons. Those structural parameters are linked to dynamic parameters 

such as the reorientational correlation time τR and the life-time τM. We will discuss 

which of those parameters are of interest for us in the specific case of lanthanide-
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small molecule complexes and how can that information can be useful for the 

design of paramagnetic tags. 

 

 

 

 

 

 

 

 

Figure 4.5: The relaxivity of bulk water protons can have contributions from first 

sphere water molecules (in black), second sphere water molecules (in green) 

and from the free diffusion of outer-sphere molecules (in blue). Reproduced from 

Bertini et al.92 

 

Controlling the coordination of lanthanides in paramagnetic tags is 

paramount. Indeed, the coordinating environment not only will have a direct 

influence on the intrinsic anisotropic tensor of the paramagnetic lanthanide, but 

it will also play a role in the dynamic of the complex73,94,95. As discussed in the 

literature as well as in chapter 3, electrostatic interactions between protein side-

chains and lanthanide complexes have the possibility to stabilize greatly those 

complexes on the surface of the protein. This generally occurs between tags 

(positively charged) and negatively charged side-chains (carboxylates). In order 

for this interaction to happen, the tag needs to be placed at a suitable distance 

from a negatively charged side-chain87; however, this interaction can take place 

only if the coordination of the complexed lanthanide allows it. This means that 

some “coordinating space” must be available around the lanthanide. This can be 

measured via FFC NMR. Indeed, parameters accessible via NMRD profile 

analysis are the presence of water molecules in the first coordination spheres 
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and its time of residency τM. The presence of one or more first-coordination 

sphere water around the paramagnetic ion indicates that coordination by the 

ligand is not complete and further coordination interaction are possible92. The 

time of residency τM indicates how easily displaceable this water is. 

 

 Because NMRD profile-analysis allows us to study the interaction 

between a metal-complex and its chemical environment, and because it allows 

the evaluation of the presence or coordinated water molecules around the metal, 

FFC could be of a great help when designing paramagnetic tags. This technique 

is already well-established for the development of Gadolinium-based probes in 

MRI imaging92. Gadolinium is used because it bears 7 unpaired electrons and 

has a very long electronic relaxation time (T1e ≥ 2 × 10-10 s, at room temperature), 

which allows for the design of contrast agents with very high relaxivity. Since 

lanthanides have similar chemical properties, it can be assumed that [Gd-ligand] 

complexes are representatives in terms of coordination for the complexes of the 

same ligand with the whole series of lanthanides.  

 

 

Figure 4.6: Interaction between a side-chain and a lanthanide may stabilize a 

paramagnetic tag on a protein surface 
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4.2 Synthesis of T3, T4 and their Lanthanide complexes 

 

 4.2.1 Synthesis of T3 

 

  4.2.1.1 Retrosynthesis 

 

 Mono-alkylation of cyclen has been reported in the literature. The 

approach chosen to synthetize T3 was to first alkylate cyclen with a picolinic-like 

arm and then the remaining 3 nitrogen atoms of the macrocycle. To this purpose, 

it is possible to use intermediate 34 described in chapter 3. The chiral arms can 

then be introduced using (S)-propylen Oxide as shown by Lee et al85.  

 

 

 

 

 

 

 

 

 

 

Figure 4.7: Retrosynthesis of T3 
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4.2.1.2 Synthesis of T3 

 

 The synthesis of 34 had been already optimized and its synthesis has 

been described in chapter 3. The first step consists in the selective mono-

alkylation of cyclen and is achieved by using a large excess of it (10 eq). Using 

a smaller amount of cyclen leads to formation of dialkylated cyclen.  Next, 

alkylation of the remaining secondary amines using enantiomerically pure (S)-

propylene oxide was achieved. The formation of a single product was confirmed 

by NMR and HPLC. Last, methyl ester was deprotected to yield T3 (fig. 4.8), 

which was purified via semi-preparative HPLC. Overall, T3 was obtained in high 

yields and only 8 steps from commercial reagents. 

 

 

 

 

  

 

Figure 4.8: Synthesis of T3 
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  4.2.1.3 Formation of Lanthanide complexes 

 

Lanthanide-complexation was achieved by refluxing T3 with an excess 

of LnCl3 overnight. No lanthanide-dependence in the reactivity for the 

complexation was observed. Once again, only one peak was observed via 

HPLC. This indicates that upon complexation no diastereoisomeric species are 

generated. Since 3 chiral centers have their configuration blocked, if the 

chelation induced stereogenicity it would lead to the creation of diasteroisomers. 

At this point it is then possible to hypothesize that the [Ln(T3)] complexes only 

have one configuration possible and are therefore enantiopures.  

 

 

Figure 4.9: Lanthanide Complexation 

 

 On figure 4.10 hereafter, we can see the 1D-1H NMR spectrum of 

[T3(Yb)]. Main features of this spectrum can be attributed to paramagnetic 

effects: the important line-broadening is caused by Paramagnetic Relaxation 

Enhancement (PRE), while the large shifts (up to 36 ppm) are mainly due to 

Pseudo-Contact Shifts (PCS). Only one set of peaks is individuated. The 

samples studied via NMR are stable over days at neutral pH, what is consistent 

with published data60,80. 
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Figure 4.10: 1H 1D NMR spectra of [Yb(T3)] 

 

4.2.2 Synthesis of T4 

 

 4.2.2.1 Retrosynthesis  

 

It was chosen to follow the same synthetic pathway as for T3. The first 

step would be the alkylation of cyclen with the vinyl-pyridinic arm and then of the 

remaining 3 nitrogen atoms of the macrocycle. To this purpose, it was required 

to isolate intermediate 46. The chiral arms can then be introduced using (S)-

propylen Oxide as shown before. 

 

 

 

 

 

  

  

  

  

Figure 4.11: Retrosynthesis of T4 
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 4.2.2.2 Synthesis of T4 

 

A similar strategy to the one used to obtain 34 was designed to isolate 

46. Since there is in this case no carboxylic acid to protect, 46 could be obtained 

in only two steps starting from commercial 4-bromo-2-pyridinemethanol. First, 

the double bond was introduced in the position 4 of the pyridine via a Suzuki-like 

coupling. Then, the benzylic position in 45 of the pyridine was activated using 

Mesyl Chloride. The product spontaneously transformed in the chloride 

derivative and isolated as such. 

 

 

 

 

 

 

Figure 4.12: Synthesis of 46 

 

With intermediate 46 in hand, next was performed cyclen alkylation. 

Once again, using an excess of cyclen allowed for the isolation of mono-

alkylated compound. Alkylation with (S)-propylene Oxide yielded the desired 

product which displayed only one peak via HPLC. Not having to deprotect a 

carboxylic acid, T4 was then obtained in only 4 steps from commercial reagents. 
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Figure 4.13: Synthesis of T4 

 

  4.2.2.3. Formation of Lanthanide complexes 

 

Lanthanide-complexation was achieved by refluxing T3 with an excess 

of LnCl3 overnight. However, it was noted that the reaction did not proceed 

equally with all lanthanides. In fact, after several trials with different metals it 

seemed than the reaction proceeded better with early lanthanides (c.f. Table 1). 

We can see that T4 seems to have a certain “preference” in terms of chelation 

for early and middle lanthanides. In terms of coordination properties, lanthanides 

are very similar and the main difference between them is their ionic radius, 

governed by the lanthanide contraction. It can be hypothesized that for 

geometrical reasons, bigger lanthanides fit better in the cavity of T4 and the 

complexes are therefore more prone to formation. Such behavior is rare but has 

been reported in the literature96 

. 
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Figure 4.14: Lanthanide Complexation  

 

 

Lanthanide Ionic Radius (pm) Chelation (%) 

La 103 100 

Ce 102 100 

Gd 93.8 100 

Dy 91.2 100 

Yb 86.8 86 

Lu 86.1 40 

 

 

Table 1: Chelation of diverse lanthanides by T4 
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4.3 Photocatalyzed Thiol-ene-based conjugation to GB1 

 

 4.3.1 Photocatalysis for the Thiol-Ene Coupling  

 

As shown in chapter 3, TEC is not always spontaneous. If it is considered 

that the reaction goes through a Michael-addition-like mechanism, both the 

nucleophilicity of the cysteine and the electrophilicity of the double-bond need to 

be considered when evaluating the feasibility of the reaction. In chapter 3 we 

showed that heating the reaction led to a significant increase in the reaction rate, 

but whether it favorishes the Michael-addition-like pathway or the radical one is 

unknown. 

 

 It has been shown that the radicalar pathway for TEC can be catalyzed 

by the use of photoactivated radical initiators81. Indeed, such molecules can 

upon irradiation generate radicals in situ and therefore initiate radical chain 

reactions such as TEC. An indicated photoinitiator for biomolecular TEC is 

Dimethoxyacetophenone (DPAP), which is activated at a wavelength of 365 nm. 

Upon irradiation, the C-C bond in α of the ketone breaks in an homolytic fashion, 

thus generating radicalar species, which will then rearrange and transfer their 

radical to the sulfhydryl of a cysteine (fig. 4.15). DPAP has the advantage of 

being activated at 365 nm, wavelength at which proteins generally do not absorb 

and therefore are not damaged by this irradiation. 

 

 

 

Figure 4.15: Homolytic rupture of DPAP under UV 



Chapter 4 
 

119 
 

This methodology has been successfully applied to the generation of 

glycoconjugates84. To the best of our knowledge, it has however never been 

applied to the paramagnetic tagging of proteins.  

 

4.3.2. Reaction conditions optimization 

 

  As a model to assess the possibility of catalyzing the TEC-based 

paramagnetic tagging of proteins, it was decided to study the reaction between 

GB1 T53C and vinyl dipicolinic acid (VDPA) in presence of DPAP under 

irradiation at 365 nm. When optimizing the reaction, 3 parameters were 

particularly studied: the amount of VDPA, the amount of DPAP, and the 

presence of O2 in the reaction mixture. In a first attempt, 5 equivalents DPAP 

and 5 equivalents VDPA were used. After 30 mns, the tagging was of around 

60%. In a second time, 10 equivalents of DPAP and of DPA were used. The 

conjugation was higher after 30 mns (around 75%) but some minor species 

seemed to have appeared in the spectra, maybe due to non-covalent 

interactions between small molecules and the protein. It was found that by using 

5 equivalents of DPAP and VDPA, irradiating the solution 1h at 365 nm and then 

repeating the procedure, spectra were cleaner and the conjugation higher (over 

90%) than by using directly 10 equivalents of DPAP/VDPA. The presence of O2 

in the mixture seems to slow the reaction down and therefore further 

experiments were all conducted after having bubbled Argon through the mixture. 

 

Figure 4.16: Conjugation of [Ln(T3)] to GB1 T53C 
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4.3.3 Conjugation to GB1 T53C  

   

4.3.3.1 Conjugation of T3 to GB1 T53C 

 

 In order to investigate the reactivity of T3, a first experiment consisted in 

an attempt to tag GB1 T53C at room temperature. After incubating the protein 

with 10 equivalents of [T3(Yb)], NMR analysis of the sample (via 1D 1H and 2D 
15N-1H HSQC) revealed that the protein had not reacted and was left intact. 

Signals corresponding to [T3(Yb)] were also found and no sign of releasing of 

the lanthanide were observed, what indicates that the tag was stable under these 

conditions. Since T3 bears the same 4-vinyl-picolinic acid derivative pendant 

arm that T2, this result was expected. 

 

 Next, possibilities to catalyze the reaction with DPAP were explored. 

Conditions used were the same as optimized in 4.3.2. To a solution of GB1 were 

added 5 equivalents of tag and 5 of DPAP. The mixture was irradiated with a UV 

lamp at 365 nm for 1 h after which the sample was analyzed by NMR. After 1h, 

tagging was of 80% (as revealed by 2D 1H–15N HSQC spectrum). Another 5 

equivalents of DPAP and of tag may then be added to the mixture and re-

irradiated in order to push the reaction further. 

 

 Figure 4.17: Conjugation of [Ln(T3)] to GB1 T53C 
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 Tagging of GB1 T53C with paramagnetic [T1(Yb)] and [T1(Dy)] resulted 

in PCS in the 2D 1H–15N HSQC spectrum (fig. 4). As expected, the two 

paramagnetic metal ions provide shifts in opposite directions. The intensities of 

the shift were medium; it was relatively easy to assign the peaks of the 

paramagnetically-tagged species to the ones of apo protein. In order to 

differentiate between the chemical shift perturbation stemming from the tagging 

itself and the paramagnetic contribution to the shifts (PCS), GB1 was also 

tagged with the diamagnetic [T1(Lu)]. The resonances which were shifted after 

the tagging of the diamagnetic compound corresponded to residues located 

close to the tagging-site. This confirms that T3 was attached only on one site 

and that this site was the one which we expected, the Cysteine in position 53. 

 

 

Figure 4.18: 2D 1H–15N HSQC acquire on GB1 T53C tagged with T3(Lu) (black), 

T3(Yb) (blue), T3(Dy) (red) at 700 MHz and 298 K 
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We noted that for each cross-peak in the 2D 1H–15N HSQC of 

diamagnetic samples there was only one corresponding cross-peak in the 

spectra of paramagnetic species. We therefore concluded that T1 was indeed 

present as a single stereoisomer or a single conformation which gave rise to a 

single set of paramagnetically shifted peaks. 

 

4.3.3.2 Conjugation of T4 to GB1 T53C 

 

 The same procedure yielding tagging of T3 to GB1 T53C was repeated 

with T4, loaded with Lanthanum (La), Cerium (Ce), and Dysprosium (Dy), 

respectively. Once again, the reaction was followed by NMR spectroscopy. The 

reaction mixture was first analyzed after 1 hour of reaction under UV at 365 nm. 

We observed many different species in the spectra, and the shifts observed did 

not seem to be PCS, because they were not diagonal. Procedure was repeated 

in different conditions and with different amount of DPAP and of tag, but the 

results were similar: we observed the presence of many species, and spectra 

proved difficult to interpret. In order to characterize this mixture, MALDI 

experiments were conducted. The results are shown in figure 4.20. First, we can 

notice the presence of many peaks corresponding to many different species, 

what was expected from the NMR experiments. We can see the peak 

corresponding to the protein tagged with [Dy(T4)] (6913 Th). However, the main 

peak corresponds to the mass of the protein tagged with two complexes (7537 

Th).  

Figure 4.19: Proposed conjugation of T4 to GB1 T53C 
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Figure 4.20: MALDI analysis of GB1 T53C tagged with T4 

 

 A first hypothesis would be that another site of the protein was tagged; 

however, we didn’t detect any other reactive site during reaction with T3, and 

this would also be in contradiction with data from the literature. Another 

hypothesis would be that the radical generated upon the addition of the radical 

thiol on the double bond was more stable than the one generated by the addition 

of the radical thiol to T3 because of the absence of carboxylate on the pyridine. 

The radical formed may then be able to perform a second addition on another 

free molecule of tag, thus yielding a double-tagged molecule (fig. 4.19). Looking 

at the MALDI spectrum, we may discern peaks corresponding to a triple-tagged 

protein (8000 and 8148 Th) what could indicate that this process could go on for 

a third addition. This is in line with literature, where the polymerization of vinyl-

pyridine is described97. The vinyl-pyrindine in T4 therefore seems incompatible 

with the radical reaction used in this tagging protocol. 
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 4.3.4. Evaluation of paramagnetic effects 

 

As discussed in the first chapter, the PCS are commonly described as a 

function of the nuclear coordinates and of an anisotropy tensor (𝚫𝝌), according 

to the equation: 

 

𝛿pc =
1

12𝜋𝑟3 [Δ𝜒𝑎𝑥(3cos2𝜃 − 1) +
3

2
Δ𝜒𝑟ℎsin2𝜃cos2𝜑] 

 

 

where r, 𝜃 and 𝜑 are the spherical coordinates of the nucleus in the frame where 

the anisotropy tensor is diagonal and with origin onto the metal position. Δ𝜒𝑎𝑥 

and Δ𝜒𝑟ℎ are the axial and rhombic anisotropies of the tensor, defined as: 

Δ𝜒𝑎𝑥 = 𝜒𝑧𝑧 −
𝜒𝑥𝑥 + 𝜒𝑦𝑦

2
 

Δ𝜒𝑟ℎ = 𝜒𝑥𝑥 − 𝜒𝑦𝑦 

 

The program FANTEN can be used to obtain the best fit 𝚫𝝌 tensor 

(consisting in 8 parameters: Δ𝜒𝑎𝑥, Δ𝜒𝑟ℎ, the three Euler angles defining the 

frame where the tensor is diagonal, and the coordinates of the metal ion from 

the PCS values and the coordinates of the protein nuclei). 

 

First, the resonances of 19 peaks in the spectra of the protein tagged 

with [T3(Yb)] were assigned unambiguously, and the PCS were evaluated. The 

anisotropy tensor for the Yb3+ tagged protein was determined from the best fit of 

these 19 HN PCS to the X-ray structure (PDB 1IGD), using the program 

FANTEN. During these tensor calculations, the position of the metal was also 

obtained. New NMR peaks could then be assigned taking advantage of the PCS 

predicted by the program for the other nuclei, so that a total of 36 PCSs could 
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be obtained for the [T3(Yb)] tagged protein. The assignment of the spectra of 

the protein tagged with [T3(Dy)] was obtained by comparison with the assigned 

spectra of the [T3(Yb)] and [T3(Lu)] tagged proteins (fig. 4.18); in this way 32 

PCS could be obtained for [T3(Dy)].  

 

The PCS originated by [T3(Yb)] and [T3(Dy)] were first analysed 

separately. The metal positions obtained from the two sets of data were similar, 

as well as the direction of the main axes of the best fit tensors (fig. 4.21). Then, 

the two sets of PCSs were evaluated jointly by constraining both metals to reside 

in the same position: the orientations and magnitudes of the two tensors were 

almost unaffected with respect to the values obtained from the separate fits, thus 

showing the consistency of the two sets of paramagnetic data (Table 2 and fig. 

4.20). The two tensors are almost coaxial, with angles of 11.5° between the two 

Z-axes, 5° between the two X-axes and 12° between the two Y-axes. The 

agreement between experimental and back-calculated PCS obtained from the 

fit of both sets of data is very good, with Q factors of 0.064 and 0.072, for [T3(Yb)] 

and [T3(Dy)], respectively (fig. S3).  

 

 

 

Table 2: Tensor parameters calculated with the program FANTEN using the 

PCSs measured with [T3(Yb)] and [T3(Dy)] implemented separately or jointly in 

the evaluation of the metal position. 

 

Metal Q factor ∆χax (10-32 m3) ∆χrh (10-32 m3) 

Yb (alone) 0.061 1.91 ± 0.02 0.68 ± 0.25 

Dy (alone) 0.072 -6.51 ± 0.02 2.54 ± 0.89 

Yb (+ Dy) 0.064 1.83 ± 0.03 -0.59 ± 0.28 

Dy (+Yb) 0.072 -6.81 ± 0.21 3.06 ± 0.89 



Synthesis of enantiopures paramagnetic tags 
 

126 
 

 

 

 

 

 

 

 

 

 

Figure 4.21: Isosurfaces (1 ppm) of [Yb(T3)] (A) and [Dy(T3)] (B) 

 

It has been shown that some LBTs can be immobilized on the protein 

surface by an electrostatic interaction between the lanthanide cage and a 

carboxylate belonging to an ASP or GLU residue87,98. This interaction may 

decrease the tag’s mobility and therefore increase the effective tensor 

anisotropies. In the case of GB1 T53C, there are two carboxylates within 9 and 

11 Å from the cysteine (E42, E56); we therefore expected to see such stabilizing 

interaction take place between our tag and our protein. However, we noted that 

the axial anisotropies of the two tensors are a factor 4-5 smaller than the values 

expected for the anisotropies of the magnetic susceptibility tensors of the Yb3+ 

and Dy3+ ions usually calculated from rigid systems containing these 

paramagnetic ions. This likely indicates that some motional averaging of the 

magnetic susceptibility tensors occurred, so that the best fit tensors result from 

the motional averaging of the magnetic susceptibility anisotropy tensors.  

 

Interestingly, the position of the metal calculated with FANTEN is 

relatively far from the protein surface. Those observations could actually indicate 

that the tag is not interacting with the protein, thus being very mobile, in 
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agreement with the observed small tensor anisotropies. This indicates that in T3, 

9-coordinated lanthanide ions have no possibility to interact with the carboxylate 

placed on the protein’s surface. 

 

4.4 Characterization via FFC Relaxometry 

 

 4.4.1 NMRD Profiles 

 

In order to characterize the coordination of the lanthanides in T3 and T4, 

FFC relaxometry experiments were performed. The 1H nuclear magnetic 

relaxation dispersion (NMRD) profiles of the [T3(Gd)] and [T4(Gd)] complexes 

in water solution at 10, 25 and 37 °C are shown in figure 4.22. The dispersions 

are somewhat smoother than predicted by a Lorentzian spectral density function; 

no sizable contributions from outer-sphere relaxation is anyway expected, 

because when the profiles were fitted using one regularly coordinated first-

sphere water molecule and diffusion water molecules, a good fit could only be 

achieved for distances of closest approach larger than 8 Å. The profiles were 

thus fit by considering one regularly coordinated water molecule (with metal-

proton distances of 3.05 Å) and a second water molecule at a distance r2 from 

the gadolinium ion free to be adjusted in the best fit analysis.  

 

The best fit parameters are reported in Table 3 and the corresponding 

profiles in Figure 4.22. Due to the low sensitivity to the correlation time for 

electron relaxation, the values of τv were kept fixed to values typically observed 

in gadolinium complexes. Although there exists some covariance among the 

different parameters, the analysis indicates that the exchange rates of the 

regularly coordinated water molecule decrease on passing from [Gd(T4)] to 

[Gd(T3)], up to a lifetime τM(1) of several microseconds (ca. 4 μs at 25 °C). The 

analysis also shows contributions from fast exchanging second-sphere water 

molecules, with lifetime in the picosecond timescale, thus representing the 
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correlation time which modulates the dipole-dipole interaction energy between 

the magnetic moment of the unpaired electrons of Gd3+ and the magnetic 

moments of these water protons. The number of these second sphere water 

molecules is totally covariant with the metal-proton distance r2; if one water 

molecule is considered, r2 is about 3.4-3.5 Å.  

  

 

 

 

 

 

 

 

 

Figure 4.22: NMRD Profiles of T3(Gd) and T4(Gd) measured at different 

temperatures 

 
Table 3. Parameters for the fitting of NMRD profiles for [Gd(T3)] and [Gd(T4)] 

 [Gd(T4)] [Gd(T3)] 

 37 °C 25 °C 10 °C 37 °C 25 °C 10 °C 

τR (ps) 40 61 110 35 57 112 

ωt (cm-1) 0.016 0.023 

τv (ps) 15 20 25 15 20 25 

τM(1) (µs) 0.88 1.4 2.6 3.4 3.8 4.6 

r2 (Å) 3.37 3.48 

τM(2) (ps) 5.2 16 79 8.8 18 51 
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4.4.2. Analysis of data for T3 and correlation with NMR 

 

The fast exchanging second-sphere water protons may be related to 

water molecule(s) hydrogen bonded in position(s) allowing for a large mobility. 

The presence of two protons, exchanging in the microsecond time scale, at 3.05 

Å, i.e. at the distance expected for the protons of a water molecule regularly 

coordinated to the Gd3+ ion, or at a somewhat larger distance (as 3.3 Å) could 

be related to one water molecule hydrogen-bonded to the oxygen atoms of 

hydroxyl groups or of the carboxylate group. Its lifetime is much longer (several 

microseconds) than the lifetime of the water molecule coordinated to the Gd3+ 

ion in DO3A-like or DOTA-like complexes (in the submicrosecond timescale92) 

likely because of the bipositive charge of this complex which disfavours water 

exchange with respect to neutral or negative complexes. A long lifetime of this 

water molecule indicates a relatively “compact” and stable environment 

surrounding the Gd3+ ion, which may prevent the replacement of the coordinated 

water by negatively charged groups present on the protein surface.  

 

Alternatively, these slow exchanging protons may be the hydrogen 

atoms of the three hydroxyl groups coordinated to the Gd3+ ion. In this case, no 

visible contribution from a first-sphere water would be observed. This would 

indicate that no water is directly coordinated to the Gd3+ ion and therefore that 

no potential interaction with a residue of a protein is to be expected.  

 

 Both those hypotheses are in agreement with the observed tag mobility 

that affects the magnitude of the PCS-determined tensor. Indeed, FFC NMR 

indicates two scenarios: or lanthanides chelated by T3 do not present first-

sphere water coordinated and therefore it is quite likely that the structure of T3 

will impede an interaction with a carboxylate on the protein’s surface. Or, there 

is a water present in the first sphere of coordination of Gd3+ but it is so tightly 

bound that it is unlikely that a carboxylate on the protein’s surface would be able 

to displace it.  
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4.5 Conclusions 

 

 In this chapter, we described the synthesis of 2 enantiopures ligands as 

potential tags for NMR spectroscopy, T3 and T4. Their complexes with several 

lanthanides, stable at neutral pH, were described and characterized. A protocol 

for the paramagnetic tagging of proteins based on the photo-catalyzed thiol-ene 

reaction was developed for the first time. Although the reactivity of the vinyl-

pyridine substituent in T4 proved incompatible with this reaction, the conjugation 

of T3 to GB1 T53C proceeded in high-yield. The paramagnetic conjugates were 

analyzed via NMR Spectroscopy and a single set of peaks was observed. PCS 

were recorded and fitted using the software FANTEN, giving tensors of moderate 

anisotropy but of high consistency. The coordination environment of lanthanides 

chelated in T3 and T4 were analyzed by means of FFC Relaxometry, and for T3 

the results obtained were correlated to the values and the positions of tensors 

obtained by NMR. This shows that NRMD profiles analysis is useful for the 

interpretation of NMR data and the study of paramagnetic tags. As for the thiol-

ene reaction, our experiments show that this reaction is a powerful tool for the 

paramagnetic tagging of proteins; even though vinyl-pyridine derivatives’ 

reactivity can be troublesome, other linkers for paramagnetic tags could be 

imagined in order to circumvent those limitations.   
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4.6 Experimental Procedures 

 

 4.6.1 Synthesis 

 

methyl 6-((1,4,7,10-tetraazacyclododecan-1-yl)methyl)-4-vinylpicolinate 43 

 

 

 

 

 

34 (100 mg, 0.47 mmol) was dissolved in DCM (10 mL) and added to a solution 

of cyclen (815 mg, 10 eq) in 30 mL DCM. The mixture was stirred at room 

temperature for 3 days. The reaction mixture is then washed with 30mL 1M 

NaOH and 2x30 mL H2O. The organic layer is dried over MgSO4 and solvent is 

removed. Obtention of a yellow oil (151 mg, 91%) 

MS: Predicted: 348.24 Th, Found: 348.50 

methyl 6-((1,4,7,10-tetraazacyclododecan-1-yl)methyl)-4-vinylpicolinate 44 

 

 

43 (170 mg, 0.49 mmol) was dissolved in MeOH (4 mL). (S)-Propylene Oxide 
(420 μL) was added and the mixture was stirred at room temperature for 4 days. 
Obtention of a yellow oil (220 mg, quant.) 

MS: Predicted: 522.36 Th, Found: 522.62 
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methyl 6-((1,4,7,10-tetraazacyclododecan-1-yl)methyl)-4-vinylpicolinate T3 

 

 

 

 

 

 

44 (220 mg, 0.4 mmol) was dissolved in 2.8 mL THF. To this mixture was added 

a solution of 67.2 mg LiOH.H2O in 2.8 mL H2O. After 6 hours at room 

temperature the reaction was over. The reaction mixture was purified via semi-

preparative HPLC. 

1H NMR (500MHz, D2O): δ 8.36 (s, 1H), 8.03 (s, 1H), 6.85 (dd, 18 Hz, 11 Hz, 

1H), 6.38 (d, 18 Hz, 1H), 5.87 (d, 11 Hz, 1H), 4.23 (d, 14 Hz, 1H), 4.067 (m, 2H), 

3.88 (m, 2H), 3.73 (d, 14 Hz, 1H), 3.57 (bm, 3H), 2.59-3.47 (m, 18H), 1.26 (bs, 

1.5 H), 1.06 (d, 6.3 Hz, 3H), 1.03 (d, 6.3 Hz, 3H), 0.73 (bs, 1.5 H) 

13C NMR (125MHz, D2O): δ 155.15, 150.67, 132.26, 128.54, 127.51, 123.10, 

63.04, 60.72, 60.40, 59.80, 59.73, 59.36, 59.16, 58.88, 54.57, 50.69, 50.24, 

49.43, 48.55, 47.18, 46.75, 45.32, 20.53, 19.98, 19.43, 19.22 

MS: Predicted: 508.35 Th, Found: 508.69 

 

Synthesis of [T3(Ln)] 
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T3 (70 mg) and LnCl3 nH2O (100 mg) were dissolved in 6 mL H2O/ MeCN 

(50/50). The pH was adjusted to 7 and the mixture was refluxed. Chelation was 

typically quantitative overnight, as shown by LC/MS analysis. Reaction mixtures 

were purified via semi-preparative HPLC.  

 

[Lu(T3)]: 

1H NMR (500MHz, D2O): δ 7.99 (s, 1H), 7.69 (s, 1H), 6.82 (dd, 18 Hz, 11 Hz, 

1H), 6.22 (d, 18 Hz, 1H), 5.71 (d, 11 Hz, 1H), 4.30 (d, 14 Hz, 2H), 3.78 (bs, 1H), 

3.30-3.67 (m, 8H), 2.96-3.16 (m, 4H), 2.07-2.71 (m, 12H), 1.37 (d, 6.23 Hz, 3H), 

1.17 (d, 5.89 Hz, 3H), 0.80 (d, 5.91 Hz, 3H). 

MS: Predicted (100%): 340.64 Th, Found 340.97 

[Yb(T3)]: 

1H NMR (500MHz, D2O): δ 30.87, 29.27, 24.14, 21.91, 21.50, 19.7, 13.91, 12.91, 

12.49, 11.24, 10.46, 9.69, 8.23, 5.61, 5.10, 3.43, 1.29, -2.64, -3.88, -6.27, -6.73, 

-9.38, -19.74, -20.36, -22.58, -25.38 

MS: Predicted (100%): 340.14 Th, Found 340.32 

[Dy(T3)]: 

MS: Predicted (100%): 335.48 Th, Found 335.13 

[Gd(T3)]: 

MS: Predicted (100%): 331.63 Th, Found 331.56 

 

methyl 6-(hydroxymethyl)-4-vinylpicolinate 45 

 

 

 

 



Synthesis of enantiopures paramagnetic tags 
 

134 
 

4-bromopyridine methanol (0.50 g., 2.66 mmol), K3PO4 (1.13g., 5.32 mmol) and 

trivinylboroxin-pyridin complex (0.70g., 2.91 mmol) were suspended in dioxane 

(18 mL). N2 was bubbled through the solution for 5 mns and JohnPhos (6%, 47 

mg) and Pd(dba)2 (0) (3%, 46 mg) were added, still under N2. The reaction 

mixture was heated at 90°C for 3 hours. Dioxane was removed in vacuo and the 

crude mixture was purified via flash chromatography with a mixture of DCM and 

MeOH (95/5) Obtention of 245 mg (68%) of the pure product. 

1H NMR (500MHz, CDCl3): δ 8.40 (d, J= 4.7 Hz, 1H), 7.30 (s, 1H), 7.13 (d, 4.7 

Hz, 1H), 6.62 (dd, 18Hz, 11Hz, 1H), 5.94 (d, 18 Hz, 1H), 5.45 (d, 11Hz, 1H), 4.73 

(s, 1H) 

13C NMR (125 MHz, CDCl3): δ 160.44, 148.77, 145.70, 134.68, 119. 42, 119.01, 

117. 81, 64.42 

methyl 6-(chloromethyl)-4-vinylpicolinate 46 

 

  
 

 

45 (240 mg, 1.78 mmol) was dissolved in DCM (24 mL) and DIPEA (1.2 mL, 7.1 

mmol) then MsCl (415 uL, 5.3 mmol) were added at 0°C. Reaction mixture was 

stirred for 3h at room temperature. DCM was removed and the crude oil was 

purified via flash chromatography with a gradient of Dichloromethane/MeOH 

100/0 to 95/5. Obtention of the pure product as a darkoil  (240 mg, 88%) 

1H NMR (500MHz, CDCl3): δ 8.54 (d, J= 5.29 Hz, 1H), 7.48 (s, 1H), 7.25 (d, 5.29 

Hz, 1H), 6.71 (dd, 17Hz, 11Hz, 1H), 6.03 (d, 18 Hz, 1H), 5.55 (d, 11Hz, 1H), 4.71 

(s, 2H) 

13C 156.93, 149.74, 145.93, 134.40, 120.08 119.86 119.24, 46.68 
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1-((4-vinylpyridin-2-yl)methyl)-1,4,7,10-tetraazacyclododecane 47 

 

 

 

 

 

46 (240 mg, 1.56 mmol) was dissolved in DCM (50mL) and the mixture was 

added to a solution of cyclen (2.7 g., 50 mL). Reaction mixture was stirred for 3 

days at room temperature. The mixture was then washed with 100 mL 1M NaOH 

and 2x100 mL H2O. The organic layered was dried on MgSO4 and the solvent 

was removed to yield 200 mg of pure product (45%). 

MS: m/z=290.21 (100%) 

(2S,2'S,2''S)-1,1',1''-(10-((4-vinylpyridin-2-yl)methyl)-1,4,7,10-
tetraazacyclododecane-1,4,7-triyl)tris(propan-2-ol) T4 

 

 

47 (200 mg, 0.69 mmol) was dissolved in MeOH (6 mL) and 800 μL of (S)-

Propylene Oxide were added. After 3 days, LC-MS revealed the presence of 

only the desired product. Methanol is removed in vacuo. Obtention of 319 mg of 

product that was used without purification (quant.). 

1H NMR (400MHz, D2O): δ 8.26 (d, J=5.38 Hz, 1H), 7.37 (s, 1H), 7.27 (d, J=5.38 

Hz, 1H), 6.60 (dd, J=17Hz, J=11Hz, 1H), 5.95 (d, J=17Hz, 1H), 5.42 (d, J=11Hz, 

1H), 3.96-3.80 (m, 4H) 3.74 (d, 13Hz, 1H), 3.41 (d, 13Hz, 1H),  
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MS: m/z= 464.55 Th (100%) 

Synthesis of [T4(Ln)] 

 

 

 

 

 

 

T4 (70 mg) and LnCl3 nH2O (100 mg) were dissolved in 6 mL MeOH, and the 

mixture was refluxed. Chelation was typically quantitative overnight, as shown 

by LC/MS analysis. Reaction mixtures were purified via semi-preparative HPLC 

(H2O+0.1% TFA/MeCN gradient). 

 

[La(T4)]: 

1H NMR (500MHz, D2O): δ 8.58 (d, J=5.33 Hz, 1H), 7.55 (s, 1H), 7.51 (bd, J=6.21 

Hz, 1H), 6.74 (dd, J=17.21, 10.20 Hz, 1H), 6.15 (d, J=17.21 Hz, 1H), 5.64 (d, 

J=10.21 Hz, 1H), 3.76-3.49 (m, 9H), 3.14-2.96 (m, 4H), 2.62-2.22 (m, 13H), 1.28 

(d, J=5.67 Hz, 3H), 1.20 (d, J=5.67 Hz, 3H), 1.17 (d, J=5.67 Hz, 3H)  

MS: 714.29 (100%), 357.63 (49%) 

[Ce(T4)]: 

MS: 358.33 (100%), 715.55 (34%) 

[Dy(T4)]: 

MS: 370.03 (100%), 369.04 (89%), 738.12 (76%), 737.13 (74%)  
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Conjugation of T3 to GB1 T53C 

 

Prior to conjugation, GB1 T53C was buffer-exchanged into NaPi 20 mM, 

pH 7.5, then concentrated to 180 μM. 5 equivalents each of DPAP and 

[Ln(T3)] were added to the protein, as well as 10% D2O. The mixture was 

transferred into a 5-mm NMR tube and argon was gently bubbled through 

the solution for 5 minutes. The tube was placed under a UV Lamp (UVGL-

55 Mineralight 26W) at 365 nm for 1h, after which the sample was 

measured using NMR spectroscopy and the spectra analyzed. Excess of 

small molecules were then washed away by buffer exchange and NMR 

spectra were recorded again. 

 

 

4.6.2 NMR, FFC, MALDI 

 

  

Figure 4.23: 2D 1H-15N HSQC of GB1 T53C (red) and GB1 T53C tagged with 

VDPA (blue) 

 



Synthesis of enantiopures paramagnetic tags 
 

138 
 

 

 

 

  

  

  

  

 

 

 

  

  

Figure 4.24: MALDI analysis of GB1 T53C tagged with T3 

 

 [Gd(T4)] [Gd(T3)] 

 37 °C 25 °C 10 °C 37 °C 25 °C 10 °C 

R (ps) 40 61 110 35 57 112 

t (cm 1) 0.016 0.023 

v (ps) 15 20 25 15 20 25 

M(1) ( s) 0.88 1.4 2.6 3.4 3.8 4.6 

r2 (Å) 3.37 3.48 

M(2) (ps) 5.2 16 79 8.8 18 51 

 

Table 3. Parameters for the fitting of NMRD profiles for [Gd(T3)] and [Gd(T4)] 
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Chapter 5: Application of paramagnetic 

tagging to the study in solution of tcPex14 

 

Abstract 

 

 

tcPex14 is a small (8 kDa), medicinally relevant protein involved 

the peroxisomal-import pathway in Trypanosoma cruzi, a parasite 

responsible for Chagas disease. In order to better understand its behavior 

in solution, we have tagged tcPex14 with DOTA-M8 loaded with Thulium 

(Tm, paramagnetic) and Lutetium (Lu, diamagnetic). Important differences 

in the 2D 1H-15N HSQC between the paramagnetic species and the 

diamagnetic reference made it difficult to transfer the assignment from the 

diamagnetic spectra to the paramagnetic ones. In order to diminish the 

extent of the PCS and therefore ease assignment-transfer we have 

attached vinyl dipicolinic acid (VDPA) to tcPex14’s surface, and used it to 

chelate Lutetium, Ytterbium and Thulium. PCS and RDC were recorded, 

thus allowing for the structure refinement of the protein. In this chapter, we 

will discuss the influence of the tag and of the paramagnetic lanthanide ion 

on the intensity of PCS and RDC, and we show that tagging a protein with 

smaller and more mobile tags allows to tune the paramagnetism of the 

system and to adjust it according to the size of the studied protein, in order 

to optimize the measurement of its effects. Last, implications of those 

findings in paramagnetism-assisted structure-based drug discovery are 

discussed. 
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5.1 Introduction 

 

 5.1.1 Trypanosimiasis 

 

Human African trypanosomiasis (HAT, sleeping sickness) and 

Chagas disease are caused by the protist parasites Trypanosoma brucei, 

and Trypanosoma cruzi, respectively. Chagas disease is most prevalent 

in South America but is spreading internationally due to increased 

migration, and potential climate change–induced vector spreading99,100. 

The number of drugs already available for trypanosomiases is low. 

Existing medications (Suramin, Pentamidine, Melarsoprol, Benzidazole, 

and Nifurtimox) have serious side effects, require long treatment 

schedules, and often fail to eliminate parasitemia. Therefore, new 

therapeutic opportunities are needed. 

 

 

 

 

 

 

 

 

 

Figure 5.1: Blood smear from patient with African Trypanosomiasis  
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5.1.2 Glycosomes and Protein import 

 

Peroxisomes are organelles present in all eukaryotic cells and 

facilitate enzymatic reactions that require oxidizing conditions, such as 

involving catalases or D-amino acid oxidases101. Although not all 

peroxisomal proteins (Pex, peroxins) that are involved in peroxisomal 

matrix import are conserved across species, the main pathways of 

peroxisomal import share some common features (Fig. 5.2). The import of 

peroxisomal matrix proteins is based on some unique aspects, making it 

different from other import-pathways102. It has been shown that the nature 

of the pore is highly dynamic, thereby rationalizing how a wide size range 

of cargo can be translocated, including folded proteins and oligomers but 

even particles of 9 nm diameter103. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.2: Mechanism of import in Peroxisomes. PTS stands for 

Peroxisomal Targeting Signal. Reproduced from Emanouilidis et al.102 
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Glycosomes are peroxisome-related organelles containing 

enzymes required for glucose metabolism and parts of other intermediary 

metabolic pathways. They are essential and characteristic to a few 

protists, including Trypanosoma. Their mechanism of cargo-mediated 

import is the same as for the other peroxisomes. It has been shown that 

inhibiting cargo-mediated import in glycosomes in Trypanosoma was an 

efficient way to kill the parasite104. 

 

The vast majority of peroxisomal matrix proteins are targeted 

based on peroxisomal targeting signals (PTS1, PTS2) located at either the 

C-terminus (PTS1) or the N-terminus (PTS2) of the proteins. PTS1 and 

PTS2 cargo proteins reach their partners via different pathways, although 

basic steps and some of the proteins involved are shared between these 

pathways (c.f. fig. 5.2). Peroxisomal cargo proteins carrying the C-terminal 

PTS1 signal peptide are most abundant. PTS1 cargo is transported by the 

Pex5 protein105, which is partially disordered and acts both as a chaperone 

and a receptor for PTS1 cargo. At the membrane, the cargo-loaded Pex5 

complex interacts with the membrane-associated Pex14 and Pex13 

proteins which form the docking complex. In this complex the interaction 

of Pex5 involves short WxxxF sequence motifs in its N-terminal region (Fig. 

5.3), which bind to a small, globular domain in the N-terminal region of 

membrane-bound Pex14106. Pex14 and Pex13 play distinct roles in the 

import process. It has been suggested that the presence of cargo proteins 

influences the membrane interaction of Pex5. Pex14 preferentially binds 

to cargo-loaded Pex5 receptor, while Pex13 has higher affinity to the free 

receptor. Functional assays indicate that only Pex14 and Pex5 are 

implicated in the gating of the peroxisomal pore. This suggests that Pex14 

and Pex5 together are responsible for pore formation, while Pex13 may be 

involved in later steps, such as in coupling of translocation to receptor 

recycling (Fig. 5.2). The Pex17 protein is an additional factor associated 

with the Pex13/Pex14 docking complex in yeast, although its specific role 

is not well understood. 
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5.1.3 The Pex14/Pex5 Interface 

 

The Pex14/Pe5 interaction is crucial for glycosome biogenesis and 

glycosomal protein targeting in Trypanosoma. From a structural point of 

view, this interaction takes place between the N-terminal domain of 

membrane-bound Pex14, soluble and globular, and the N-terminal domain 

of Pex5, disordered and rich of a WxxxF motif; it is this di-aromatic WxxxF 

motif which mediates the interaction with Pex14107. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.3: The Pex14/Pex5 interface 

Pex5 (orange) anchors onto the surface of Pex14 with aromatic residues  

(PDB 2W84107) 
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It has been shown via Pex14-RNA interference (RNAi) studies that 

glucose becomes toxic to T. brucei when glycosomal import is disrupted, 

thus indicating that this complex is a potential drug target. More, it has 

been recently shown that the small-molecule-mediated disruption of the 

Pex14/Pex5 leads to accumulation of glycosomal enzymes in the cytosol, 

adenosine triphosphate diminution, glucose toxicity, and metabolic 

disruption resulting in T. brucei parasite death. 

 

Small molecules inhibitors have recently attracted much attention 

for the inhibition of Pex14 in Trypanosoma. Indeed, Dawidoski et al.108 

showed that small molecules were able to mimic the WxxxF motif of Pex5 

and to inhibit the formation of the Pex14/Pex5 complex. 

 

 

Figure 5.4: Pex14 in complex with an inhibitor, PDB 5N8V108 
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Several of those molecules have been shown to efficiently display 

trypanosomicidal activity. Furthermore, those molecules were shown to be 

“on-target”, meaning that the death of Trypanosoma induced by those 

compounds are related to inhibition of the Pex14/Pex5 interaction108.  

 

Peroxisomes proteins and particularly Pex14 and Pex5 are also 

present in humans and have similar role and structures. Therefore, the 

issue of selectivity must be raised. Structures of human and Trypanosoma 

Pex14 were compared: the overall fold are very similar, but Pex14 in 

Trypanosoma exhibits an additional C-terminal helix. The two hydrophobic 

pockets and the two phenylalanine residues in the binding surface are 

conserved in T. brucei. However, characteristic amino acid differences are 

observed in the PEX5 binding pockets of Trypanosoma PEX14 (Arg28, 

Asn31, Glu34, and Asp38) compared with its human parent (Leu28, Thr31, 

Lys34, and Asn38). This indicated that inhibitors can be designed to 

selectively target Pex14 in Trypanosoma using specific polar interactions. 

Those structural considerations were confirmed by trypanosomicidal 

activity tests, which showed no correlation between mammalian cell 

toxicity and HsPex14 affinity. 

 

The molecules developed by Dawidowski et al. are potent and 

selective inhibitors108. However, being quite lipophilic, they suffer from high 

plasma-binding values, making them poor clinical candidates. Their mode-

of-action is however potent and selective towards Trypanosoma, making 

this case an important proof-of-concept for the future development of 

clinical candidates inhibitors of Pex14. In this chapter, we will discuss how 

the paramagnetic tagging of tcPex14 can help characterize the binding-

mode of novel small ligands in order to optimize them. 
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5.2 Paramagnetic tagging of tcPex14 with DOTA-M8 

 

 5.2.1. Structural considerations on tcPex14 

 

 In this chapter we will focus on the ortholog of Pex14 of 

Trypanosoma cruzi, tcPex14. In order to gain deeper structural knowledge 

of the protein and with the idea of conducting Paramagnetic restraints-

driven structure-based hit optimization, the paramagnetic tagging of 

tcPex14 has been conducted. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.5: Crystal Structure of tcPex14  

Cysteine (yellow) and binding site (blue) 

tcPex14 naturally bears one cysteine, which would allow for the 

tagging of this residue only. This tagging-site is on the other side of the 
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protein compared to the binding site, and therefore no major change in 

the protein’s structure is expected (c.f. Fig. 5.5). However, due to the 

protein’s small dimensions, it is still quite near (ca. 15 Å), and therefore it 

can be expected that paramagnetic effects could, upon tagging, be easily 

transferred on the ligand’s NMR signal. The combination of those 

characteristics makes tcPex14 an ideal scenario for the use of 

paramagnetic NMR. 

 

 5.2.2. Tagging of tcPex14 with DOTA-M8 

 

 In a first time, we decided to tag tcPex14 with DOTA-M8. DOTA-

M8 is meant to be attached through disulfide formation, thus reacting 

selectively with cysteines. Before starting the reaction, the protein must 

first be reduced in order to have its cysteine free for tagging; commonly 

BME (Beta-Mercapto-Ethanol) or DTT (DiThioThreitol) are used. Then, the 

reducing agent must be removed in order to protect the tag, and the 

reaction must be conducted soon enough to that the protein does not have 

the time to reform disulfide bonds with itself.  

 

Figure 5.6: Molecules discussed in this section 
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First trials of this reaction proved unsuccessful, as no change were 

observed via NMR analysis of the protein. Next, we dialyzed the protein in 

a buffer containing TCEP instead of BME as the reducing agent. Indeed, 

TCEP presents the advantage of being a stronger and irreversible 

reducing agent. The reaction then proceeded as expected and tagging 

was complete in 4 hours. 

 

 

    

Figure 5.7: Conditions of tagging of tcPex14 with DOTA-M8 

 

 tcPex14 was tagged with DOTA-M8 containing Thulium (Tm, 

paramagnetic) and Lutetium (Lu, diamagnetic). Changes in the 2D 1H-15N 

HSQC spectra of the protein after reaction with the tag were clear and after 

4 hours no residual trace of the untagged protein was observed. Tagging 

with [Lu(DOTA-M8)] induced changes in the chemical shifts only for the 

residues neighboring the tagging site. On the other hand, tagging with 

[Tm(DOTA-M8)] yielded important changes on almost of all of the residues 

of the proteins, attributed to the paramagnetism of Tm. Most of the peaks 

underwent PCS, and the signals of the residues close to the tagging site 

decreased in intensity or disappeared because of PRE. The tagging of the 

protein was confirmed by ESI-quadrupole MS.  
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Figure 5.8: 2D 1H-15N HSQC of tcPex14 tagged with [Lu(DOTA-M8)] 

(blue) and with [Tm(DOTA-M8)] (red) 

 

5.2.3. NMR Analysis and temperature titration 

 

 Upon tagging with [Tm(DOTA-M8)], very large PCS were recorded. 

Because the protein is small (8 kDa) all the residues are considered near 

the tag and therefore they all undergo large PCS. Since 15N and 1H, directly 

bond to each other, are at almost the same distance from the metal center, 

they are equally affected by PCS and paramagnetism-induced shifts in the 

2D 1H-15N HSQC spectra take place along parallel lines that pass through 

the peak of the diamagnetic species. This is useful to transfer the 

assignment from the diamagnetic species to the paramagnetic spectrum. 

However, in this case, this assignment transfer was not so trivial for two 

reasons: the shifts recorded were very large and were found not to always 

follow those diagonals, making ambiguous the assignment transfer. 
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 In order to make easier the assignment transfer, we decided to 

perform a temperature titration. Indeed, the extent of the anisotropic 

magnetic susceptibility is inversely proportional to the temperature, as 

shown in eq. (7) (cit). Therefore, by gradually increasing the temperature 

we will decrease the values of the measured PCS. The cross-peaks of 

each residue will then follow diagonals “pointing” towards the position of 

the corresponding diamagnetic residue, thus helping with the assignment 

transfer. We did observe such tendency, nevertheless we did not manage 

to significantly improve the quality of the assignment and did not manage 

to fit the PCS values together. 

 

𝜒𝑎,𝑎 =
µ0µ𝐵

2 𝐽(𝐽 + 1)

3𝜅𝑇
𝑔𝑎𝑎 

2        (𝟕) 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.9: Temperature-titration of tcPex14 tagged with [Tm(DOTA-M8)] 

293°K (purple), 298°K (red), 303°K (blue), 308°K (black), 313°K (green) 
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5.3 Paramagnetic tagging of tcPex14 with VDPA 

  

 5.3.1. Tagging reaction 

 

 To simplify the assignment of the paramagnetic spectra of tcPEX14 

tagged with [Tm(DOTA-M8)] without the use of expensive 13C isotopically 

enriched samples and acquisition of time-consuming classical assignment 

experiments, we decided to tag tcPex14 with VDPA. Indeed, being VDPA 

tag smaller and more mobile, we expect an averaging of the magnetic 

susceptibility anisotropy which will result in smaller tensors and smaller 

diagonal paramagnetic shift. Moreover, not having metals already chelated 

in the tag, by choosing different lanthanides according to their 

paramagnetic properties, we could tune the paramagnetic effects on our 

protein. 

 

 

Figure 5.10: Tagging of tcPex14 with VDPA 

 

 We therefore performed the tagging following the protocol of Su et 

al. and tagging was quantitative overnight. In the case of GB1, instead, 

tagging was only of 50% in the same conditions. Based on the hypothesis 

that without in situ radical generation the reaction goes through a Michael-

Addition-like mechanism, this suggests that the cysteine of tcPex14 is 

more nucleophilic than the one of GB1 T53C.  
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 Then, titration of the tagged protein with solutions of different 

lanthanides (LuCl3, YbCl3 and TmCl3) was performed. No peak broadening 

due to the presence in solution of free paramagnetic ions was observed. 

Final spectra are showed in fig. 5.11.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.11: 2D 1H-15N HSQC of tcPex14 tagged with VDPA 

Lu (blue), Yb (black) and Tm (red) 

 

 5.3.2. Tensor analysis 

 

 PCS on the protein’s NMR peaks were recorded via 2D 1H-15N 

HSQC spectra. The shifts measured were smaller than with [Tm(DOTA-

M8)], what made easier the assignment transfer. As expected, shifts were 
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larger when the protein was tagged with Tm than with Yb. Moreover, RDC 

were also recorded for all three metals. In total, we assigned a total of 21 

values of PCS and 16 RDC when the protein was tagged with Yb, and a 

total of 16 PCS and 10 RDC when the protein was tagged with Tm. The 

values were analyzed and fitted to the structure of tcPex14 using FANTEN, 

first considering the 4 sets of data separately. Results are displayed in 

Table 1 and the fitting in fig. 5.12. 

 

Table 1: Tensors values for tcPex14 tagged with VDPA 

  

Figure 5.12: Correlation plots between experimental and calculated PCS 

(left) and RDC (right) for tcPex14 tagged with VDPA and Yb (blue) or Tm 

(Orange). Calculated values were calculated based on the crystal 

structure. Data sets were treated independently. 

 Q factor ∆χax (10-32 m3) ∆χrh (10-32 m3) 

Yb (PCS) 0.13 -5.25 3.32 

Yb (RDC) 0.495 3.78 -1.30 

Tm (PCS) 0.09 -9.98 2.25 

Tm (RDC) 0.405 -5.21 2.73 
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As we can see in Table 1, the fitting of PCS values is good (low Q-

factors) for both Yb and Tm, but Q-factors values are much higher in the 

case of RDC. The values of anisotropies for the 4 tensors are lower than 

average considering the lanthanides used, which was expected since 

VDPA is small and mobile. Particularly, the values of anisotropy of the 

RDC tensors are decreased with respect to the ones of PCS-tensors even 

more than by the expected factor of 0.9, which usually is used to account 

for the NH-N intrinsic dynamics. Next, we fitted for each metal the RDC and 

the PCS data sets together into one single tensor, to see if the quality of 

the fitting improved. RDC were scaled up by 10% to compensate for the 

local mobility of NH–N vectors. The results are shown in table 2 and the 

fitting in fig. 5.13. 

 

 

Table 2: Tensors values from FANTEN with PCS and RDC fitted together 

 

We can see from Table 2 that the quality of the fitting, when a 

unique tensor for PCS and RDC is considered, worsens. This is true for 

the fitting of RDCs and in a greater extent for PCS. This indicates a 

deviation between the paramagnetic data and the input crystal structure 

used for the fitting. 

 

 

 Q factor ∆χax (10-32 m3) ∆χrh (10-32 m3) 

PCS (Yb) 0.33 
4.19 -1.66 

RDC (Yb) 0.50 

PCS (Tm) 0.225 
-8.92 4.20 

RDC (Tm) 0.51 
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Figure 5.13: Correlation plots between experimental and calculated PCS 

(left) and RDC (right) for tcPex14 tagged with VDPA and Yb (blue) or Tm 

(Orange). Calculated values were calculated based on the crystal 

structure. In both fitting, for each metal the PCS and RDC data sets were 

fitted together into one single tensor and the RDC tensor was scaled down 

by 0.9 to compensate for the local mobility of NH–N vectors 

 

5.3.3. Structure refinement  

 

 PCS and RDC provide structural information because they depend 

on the position of the observed nuclei and on the orientation of the vectors 

connecting coupled nuclei, respectively. They can thus be used for 

assessing whether an available structure is in agreement with these data, 

and possibly for calculating a solution structure in better agreement. As we 

have seen in 5.3.2., it seems that in our case, the crystal structure of 

tcPex14 and our paramagnetic data is not in good agreement with RDC 

data. 

 

In order to estimate the extent of the structural changes needed to 

reproduce the paramagnetism-based restraints, the initial X-ray structural 
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model was first adapted to fulfill all chemical bond constraints (in terms of 

bond angles and lengths) of the library of the program CYANA (c.f. Fig. 

5.15, RMSD between X-Ray structure and initial CYANA structure of 0.188 

Å). This was done by including in the protein sequence a ‘‘pseudoprotein 

residue’’, composed by as many pseudoatoms as the number of atoms of 

the protein, each of them labeled according to its residue number and atom 

name. These pseudoatoms have coordinates equal to the coordinates of 

the corresponding atoms in the model structure and no van der Waals 

radius. The pseudoprotein residue was linked to the protein sequence 

through dummy residues, which have the function of allowing the 

pseudoprotein residues to freely move with respect to the protein residues. 

A simulated annealing calculation was performed with CYANA with upper 

distance limits of 0.1 Å (with weight 0.1) between all the heteroatoms of 

the protein and the corresponding atoms of the pseudoprotein residue. 

The dihedral φ and ψ angles were also restrained to vary within ±10° 

around the value in the model structure. A further conjugate gradient 

minimization was then performed with the same restraints and with the 

weight of the upper distance limits reduced to 0.01. In this way, the protein 

atoms are positioned as close as possible to the starting structure, being 

at the same time constrained to the bond lengths and angles defined in 

the internal library.  

 

All PCS and RDC data were then introduced as restraints in the 

assumption that a unique tensor for each metal is responsible for all the 

observed PCS and RDC values, as occurring in the absence of motion. 

The usual local mobility of NH–N vectors was considered by using an order 

parameter SLS of 0.9 for RDC. The weights of the restraints were of 0.5 for 

RDC and 100 for PCS. The higher weight used for PCSs is to compensate 

for their much smaller numerical absolute value. Moreover, being more 

robust in providing magnetic susceptibility anisotropy tensor values, it was 

decided to increase their weight in order to increase their influence in the 

tensor-optimization process. Upper distance limits between the protein 

heteronuclei and the pseudoatoms of the pseudoprotein residue were also 
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included in the same way as described for the calculations in the absence 

of the paramagnetic restraints, for anchoring the position of the protein 

atoms to the coordinates of the selected model. A simulated annealing 

followed by a conjugated gradient minimization were performed with 

PARAMAGNETIC CYANA. The output for the tensors’ parameters and Q- 

factors is displayed in Table 3 and the fitting of the values in fig. 5.14. 

 

Table 3: Tensors values after structure refinement in CYANA 

 

Figure 5.14: Correlation plots between experimental and calculated PCS 

(left) and RDC (right) for tcPex14 tagged with VDPA and Yb (blue) or Tm 

(Orange). Fitting was performed with refined structure from CYANA. In 

both fitting, for each metal the PCS and RDC data sets were fitted together 

into one single tensor and the RDC tensor was scaled down by 0.9 to 

 Q factor ∆χax (10-32 m3) ∆χrh (10-32 m3) 

PCS (Yb) 0.15 
4.67 -3.08 

RDC (Yb) 0.20 

PCS (Tm) 0.13 
-11.7 1.92 

RDC (Tm) 0.15 
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compensate for the local mobility of NH–N vectors. 

 

 We can see that after structure refinement in CYANA the fitting 

of the PCS and RDC data obtained from both paramagnetic lanthanides 

improves, especially for RDCs (lower Q-values, c.f. Table 3 and fig. 5.14). 

The RMSD of the refined structure compared to the starting CYANA 

structure is of 0.260, and the RMSD of the refined structure compared to 

the original crystal structure is of 0.364. Such small RMSD values indicate 

that only little structural optimization was necessary to improve the fitting 

of the paramagnetic NMR data in solution. Most of those structural 

changes consist in variation of the orientation NH–N vectors. 

 

Figure 5.15: Superimposed structures of: tcPex14 crystal structure (blue), 

CYANA structure before refinement (green) and after refinement (red) 
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 As we can see in figure 5.15, structures before and after refinement 

are superimposable. This indicates that the X-ray structure and the refined 

solution structure are in agreement. If it were not the case, the refinement 

would not have been possible and Q-values would have remained high109.  

 

 In conclusion, we have tagged our target protein with VDPA which 

we have used to chelate diamagnetic Lu and paramagnetic Yb and Tm. 

By using a smaller and more mobile tag we managed in decreasing the 

anisotropy values of our paramagnetic system and this allowed us to more 

easily transfer assignment from the diamagnetic to the paramagnetic 

spectra and help in the assignment of the spectra of the protein tagged 

with [Tm(DOTA-M8)]. PCS and RDC were first analyzed and fitted 

separately. In order to fit them together, refinement of the protein’s crystal 

structure was required, and performed using CYANA. In the end, we 

obtained tensors with improved fitting for both Yb and Tm datasets. Small 

RMSD (0.364 Å) between the refined solution structure and the X-ray 

structure indicates that both structures are in good agreement. 

 

5.4 Outlook and applications to drug discovery 

 

 In this chapter we have shown that a tuning of the intensity of the 

paramagnetic effects could be needed when tagging a small protein such 

as tcPex14.  

 

As we have introduced in chapter 1, paramagnetic restraints are 

useful in structure-based drug design as the transfer of paramagnetic 

effects from a paramagnetically tagged protein to the NMR signals of a 

ligand in slow or fast exchange yields structural information on its binding 

mode and its site of interaction. To do so, we need to have a tensor its 

position and its intensity will induce shifts in the area of the protein’s 
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surface where interactions and/or binding are expected. In the case of fast-

exchanging ligands, even larger tensors are required since the 

paramagnetic effects are scaled according to the bound/unbound fraction. 

In order not to interfere with the binding process of the studied ligands, it 

may be worth considering a tagging site far enough from the binding site. 

It becomes clear that a balance needs to be found between the need to 

have a paramagnetic system inducing large-enough shifts in the binding 

area and a tagging site far enough not to interfere with the process; thus 

justifying the development of paramagnetic tags with higher anisotropy 

values in order to induce larger paramagnetic effects and at greater 

distances. 

 

In the case of tcPex14, the protein is small which limits the 

possibilities of tagging sites. However, the naturally occurring cysteine is 

in a good position, since it is close (15 Å) from but on the other side of the 

protein compared to the binding site. In order to characterize the binding 

modes of small ligands in fast exchange with the protein, a large tensor is 

needed; although as we have seen with DOTA-M8, a too large tensor on 

a small protein can be deleterious as PCS on the protein are hard to follow 

and therefore it is hard to fit the paramagnetic data to a tensor. The small 

VDPA tag, however, offers an interesting platform. As we have seen 

previously, it offers the possibility to tune the paramagnetic effects to the 

desired intensity. Tagging with Yb and Tm, we obtained medium tensors 

which induced PCS in the binding-site. Studying the interaction between 

tcPex14 and weak binders, though, those tensors might not be large 

enough. In any case, having a refined structure is already an advantage 

for a structure-based drug design approach, as for the identification and 

the optimization of potential strong binders. Indeed, having optimized the 

orientation of some vectors and especially NH-N, we have a more accurate 

description of the protein’s surface, thus offering the possibility to better 

compute interaction with small molecules. 
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5.5 Experimental Procedures 

 

Protein was expressed and purified as reported in 108. 

 

The tagging with DOTA-M8 was performed as such: Protein (previously 

reduced with 1mM TCEP) was buffer-exchanged to 6.5 mM NaPi, 20 mM 

NaCl, pH 6.5. 5 equivalents of tag were added. After 4 hours, reaction was 

complete as revealed by NMR. Excess tag was removed with a PD-10 

column and longer NMR spectra were recorded. 

 

The tagging with VDPA was performed in 6.5 mM HEPES, 20 mM NaCl, 

pH 6.5 following the protocol described in 86. 

 

Spectra were acquired on a Bruker AVANCE NEO NMR spectrometer 

operating at 700 MHz (1H Larmor frequency) at 298 K. RDC were 

measured on an AVANCE 900 MHz Bruker spectrometer using the IPAP 

method110. Spectra were analysed with CARA111. 

 

Refinement was performed using CYANA. The weights of the restraints 

were of 0.5 for RDC and 100 for PCS, and SLS for RDC were set as 0.9.
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ANNEX 1: Generalities on experimental 
procedures 
 

 

All the reagents were purchased from Sigma-Aldrich, except cyclen 

and cyclam derivatives which was purchased from Chematech. Small-

molecules NMR experiments were recorded on a Bruker AVANCE II 500 

MHz (1H Larmor frequency) at 298 K. HPLC was performed with an Agilent 

1200 Series with ZORBAX 300SB-18 analytical and semi-preparative. 

Mass spectrometry was performed on a Thermo-Fisher LTQ-XL ESI. 

 

 

All protein-NMR -spectra were acquired on a Bruker AVANCE NEO 

NMR spectrometer operating at 700 MHz (1H Larmor frequency) at 298 K 

equipped with a 5 mm TCI 3 channels HCN cryo-probehead. All the 

spectra were processed with the Bruker TopSpin 4.0.7 software package 

and analysed with the program CARA111 (ETH Zürich).  

 

 

MALDI was performed on a Bruker Daltonics Ultraflex III TOF/TOF. 
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Paramagnetic restraints have been used in biomolecular NMR for 

the last three decades to elucidate and refine biomolecular structures, but 
also to characterize protein-ligand interactions. A common technique to 
generate such restraints in proteins, which do not naturally contain a 
(paramagnetic) metal, consists of attachment to the protein of a 
lanthanide-binding-tag (LBT).  

In order to design such LBTs, it is important to consider the 
efficiency and stability of the conjugation, the geometry of the complex 
(conformational exchanges and coordination) and the chemical inertness 
of the ligand. Here we describe a photo-catalyzed thiol-ene reaction for the 
cysteine-selective paramagnetic tagging of proteins. As a model, we 
designed an LBT with a vinyl-pyridine moiety which was used to attach our 
tag to the protein GB1 in a fast and irreversible fashion. Our tag T1 yielded 
medium tensors with different lanthanides and was carefully characterized 
via NMR and relaxometry measurements. 
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INTRODUCTION 

Nuclear magnetic 

resonance (NMR) is a standard 

technique used for the study of 

biomacromolecules in solution. 

Indeed, it offers the opportunity to 

investigate structure, behavior, 

internal motions and mechanism 

of action of proteins, as well as 

their interactions with small 

molecules and other 

biomolecules at the atomic 

level112,19.  

Structure calculation by 

NMR mainly relies on the 

collection of short-range distance 

restraints (up to ~5-6 Å) provided 

by the time-consuming and 

troublesome analysis of NOESY 

spectra. The use of long-range 

paramagnetic distance restraints 

(up to ~40 Å), such as pseudo-

contact shifts (PCS), induced by 

a paramagnetic ion, has been 

widely proposed to help in de 

novo structure determination by 

NMR 2,10,20,87 or in the refinement 

of pre-existing X-ray 

structures35,113,114. In this way, a 

more reliable model describing 

the protein in solution can be 

obtained from the crystal 

structure 26,33.  

Furthermore, PCS 
restraints, together with residual 
dipolar coupling (RDC) restraints 

originating from the same tensor, 
have been exploited in the 
analysis of the internal dynamics 
of multi-domain proteins43,115–117 
and in the investigation of the 
interaction of proteins with their 
partners or ligands118. 

One approach to 

incorporate paramagnetic metal 

ions into metallo-proteins is via 

the exchange of the naturally 

occurring diamagnetic metal 

ion16,119. As a more widely 

applicable alternative, any 

protein, not necessarily binding 

metal ions, can be made 

paramagnetic by attaching metal 

binding peptides or organic small 

synthetic ligands chelating 

paramagnetic metal 

ions45,50,56,109,120,121. The idea is to 

specifically attach the metal at a 

chosen position to monitor 

protein dynamics or protein-

protein and protein-ligand 

interactions6. 

To generate such 

restraints, we often rely on 

chemically synthesized 

lanthanide-binding paramagnetic 

tags (LBT)45. An important 

feature of such molecules lies in 

their ability to react quickly and 

selectively with the desired amino 

acid. Apart from non-natural 

amino acids, paramagnetic tags 

generally target cysteines. The 

standard strategy is conjugation 
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by formation of a disulfide bond: 

this technique has been widely 

used but it is hampered by the 

stability of the bond formed79,122. 

Thus, in the last years, much 

effort has been concentrated on 

the design of paramagnetic tags 

that are stable under reducing 

conditions once tagged123,124, and 

which could also be used in-

cell80. For this purpose, thiol-ene 

coupling (TEC) has emerged as 

a useful tool in protein chemical 

conjugation84. It creates, through 

a radical mechanism, a stable 

thioether C-S bond between the 

free thiol of a cysteine and a 

double bonded carbon in an 

irreversible fashion. This reaction 

can be spontaneous but may also 

be photo-catalyzed82. There are a 

few examples of the use of this 

reaction for the paramagnetic 

tagging of proteins86 but the 

reactions are slow (overnight). 

Here, we describe a new vinyl-

pyridine-based paramagnetic tag 

and its conjugation to proteins via 

the presented photo-catalyzed 

thiol-ene reaction to demonstrate 

that this reaction increases the 

applicability of paramagnetic 

tagging by making it suitable for 

proteins that are not stable for 

extended periods of time in vitro. 

So as to design LBTs, it is 

important to consider the 

geometry of the complex and the 

chemical inertness of the ligand. 

((2S,2’S,2’’S,2’’’S)-1,1’,1’’,1’’’-

(1,4,7,10-tetraazacyclo 

dodecane-1,4,7,10-

tetrayl)tetrakis 

(propan-2-ol)), (S)-THP  has 

been proposed as a simple yet 

enantiomerically pure90 platform 

for the design of LBTs85. Hence, 

we have designed a THP-like 

LBT (T1) with a vinyl-pyridine 

group as the single point of 

attachment, designed to be 

conjugated to proteins via TEC.  

GB1 has been chosen as 

model protein and engineered 

with a cysteine residue. The 

effect of the designed LBT, 

chelating different paramagnetic 

metal ions (Lu3+, Yb3+ and Dy3+), 

on the resonances of the protein 

has been investigated by solution 

NMR. Relaxometry 

measurements were also 

performed to obtain information 

on the lanthanide coordination 

site in T1(Ln). 

 

RESULTS AND 

DISCUSSION 

 

Synthesis of T1 

 

In order to synthesize T1, was 

needed a picolinic-like 

intermediate bearing the double-

bond for conjugation and a 

leaving group for cyclen 

alkylation. A was designated as a 

key intermediate in the synthesis. 
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Derivative A was synthesized 

from commercial chelidamic acid 

(fig. 1). The carboxylic acids of 

chelidamic acid were protected 

as methyl esters and position 4 

was brominated with 

tetrabutylammonium bromide 

(TBAB) and P2O5. The reduction 

of a single methyl ester was 

easily achieved thanks to the 

peculiar reactivity of pyridine 2,6 

diester. The double bond in 

position 4 was then introduced 

via a Suzuki-like coupling125 and 

the benzylic hydroxyl was 

subsequently replaced by a 

chloride as a good leaving group, 

giving A with a yield of 50% 

calculated over 5 steps. 

 

The intermediate A was then 

added to an excess of cyclen to 

isolate the mono functionalized 

cyclen derivative B (fig. 2). B was 

subsequently alkylated using (S)-

propylene oxide and the methyl 

ester was deprotected to yield C. 

Lanthanide-chelation was 

achieved quantitatively, by 

refluxing overnight C in the 

presence of LnCl3 salts in a 

H2O/MeCN mixture. 

 

Conjugation to GB1 T53C 

 

In order to test our LBT we chose 

the GB1 T53C mutant as a model 

system. GB1 is a small globular 

protein which is stable under 

many conditions and engineered 

to bear one cysteine. Vinyl 

picolinic acids have been shown 

to react through TEC with 

cysteines overnight by Su et 

al86,83, but this reaction is quite 

slow (overnight). To reduce the 

reaction time, we used a photo-

activated radical initiator, 2,2-

dimethoxy-2-

phenylacetophenone (DPAP), 

which has been shown to 

catalyze TEC when activated 

with UV at 365 nm.  

To a solution of GB1, 5 equiv. of 

tag and 5 equiv. of DPAP were 

added. The mixture was 

irradiated by a UV lamp at 365 

nm for 1 hour after which the 

sample was analyzed by NMR. 

We used T1 loaded with Lu3+, 

Yb3+ and Dy3+. The protein 

tagging was evaluated recording 

2D 1H-15N HSQC spectra which 

showed after 1 hour a 

conjugation of 80% (fig. 3). In 

each experiment, only one set of 

peaks was observed, indicating 

that no side-reaction or protein 

degradation took place. 

 

Evaluation of paramagnetic 

effects 

 

In our case, the tagging of GB1 

T53C with paramagnetic [T1(Yb)] 

and [T1(Dy)] resulted in PCS in 
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the 2D 1H–15N HSQC spectrum 

(fig. 4). As expected, the two 

paramagnetic metal ions provide 

shifts in opposite directions16. In 

order to differentiate between the 

chemical shift perturbation 

stemming from the tagging itself 

and the paramagnetic 

contribution to the shifts (PCS), 

we also tagged GB1 with the 

diamagnetic [T1(Lu)]. The 

resonances which shifted after 

the addition of the diamagnetic 

compound correspond to 

residues located close to the 

tagging-site (C.f. S.I. fig. S1). We 

noted that for each cross-peak in 

the 2D 1H–15N HSQC of 

diamagnetic samples there was 

only one corresponding cross-

peak in the spectra of 

paramagnetic species. We 

therefore concluded that T1 was 

indeed present as a single 

stereoisomer or a single 

conformation which gave rise to a 

single set of paramagnetically 

shifted peaks.  

The PCS are commonly 

described as a function of both 

the nuclear coordinates and an 

anisotropy tensor (𝚫𝝌)126,127, 

according to the equation 

𝛿pc

=
1

12𝜋𝑟3 [Δ𝜒𝑎𝑥(3cos2𝜃 − 1)

+
3

2
Δ𝜒𝑟ℎsin2𝜃cos2𝜑] 

where r, 𝜃 and 𝜑 are the spherical 

coordinates of the nucleus in the 

frame in which the anisotropy 

tensor is diagonal and has its 

origin at the metal position. Δ𝜒𝑎𝑥 

and Δ𝜒𝑟ℎ are the axial and 

rhombic anisotropies of the 

tensor, defined as  

Δ𝜒𝑎𝑥 = 𝜒𝑧𝑧 −
𝜒𝑥𝑥 + 𝜒𝑦𝑦

2
 

Δ𝜒𝑟ℎ = 𝜒𝑥𝑥 − 𝜒𝑦𝑦 

The program FANTEN17 can be 

used to obtain the best fit 𝚫𝝌 

tensor (consisting of 5 

parameters: Δ𝜒𝑎𝑥, Δ𝜒𝑟ℎ and the 

three Euler angles defining the 

frame in which the tensor is 

diagonal) and the coordinates of 

the metal ion from the PCS 

values and the coordinates of the 

protein nuclei. 

First, the resonances of 19 peaks 

in the spectra of the protein 

tagged with [T1(Yb)] were 

unambiguously assigned, and 

the PCS were evaluated. The 

anisotropy tensor for the Yb3+ 

tagged protein was determined 

from the best fit of these 19 HN 

PCS to the X-ray structure (PDB 

1IGD)128, using the program 

FANTEN. During these tensor 

calculations, the position of the 

metal was also obtained. New 

NMR peaks could then be 

assigned, taking advantage of 

the PCS values predicted by the 

program for the other nuclei, so 
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that a total of 36 HN PCSs could 

be obtained for the [T1(Yb)] 

tagged protein.  

The assignment of the spectrum 

of the protein tagged with 

[T1(Dy)] was obtained by 

comparison with the assigned 

spectra of the [T1(Yb)] and 

[T1(Lu)] tagged proteins (fig. 4); 

in this way 32 PCS could be 

obtained for [T1(Dy)].  

The PCS originating from 

[T1(Yb)] and [T1(Dy)] were first 

analyzed separately. The metal 

positions obtained from the two 

sets of data were similar, as well 

as the direction of the main axes 

of the best fit tensors (fig. 5A and 

5B). Then, the two sets of PCSs 

were evaluated jointly by 

constraining both metals to 

reside in the same position: the 

orientations and magnitudes of 

the two tensors were almost 

unaffected with respect to the 

values obtained from the 

separate fits, thus showing high 

consistency between the two sets 

of paramagnetic data (Table 1 

and fig. 5). The two tensors are 

almost coaxial, with angles of 

11.5° between the two Z-axes, 5° 

between the two X-axes and 12° 

between the two Y-axes. The 

agreement between 

experimental and back-

calculated PCS obtained from the 

fit of both sets of data is very 

good, with Q factors of 0.064 and 

0.072, for [T1(Yb)] and [T1(Dy)], 

respectively (fig. S3).  

 

It has been shown that some 

LBTs can be immobilized on the 

protein surface by an 

electrostatic interaction between 

the lanthanide cage and a 

carboxylate belonging to an Asp 

or Glu residue86,129. This 

interaction may decrease the tag 

mobility and therefore increase 

the effective tensor anisotropies. 

In the case of GB1 T53C, there 

are two carboxylates at distances 

of 9 and 11 Å from the cysteine 

(E42, E56); we therefore 

expected to see such a stabilizing 

interaction taking place between 

our tag and our protein. However, 

we noted that the axial 

anisotropies of the two tensors 

are a factor 4-5 smaller than the 

values expected for the 

anisotropies of the magnetic 

susceptibility tensors of the Yb3+ 

and Dy3+ ions usually calculated 

from rigid systems containing 

these paramagnetic ions36,130. 

This likely indicates that some 

motional averaging of the 

magnetic susceptibility tensors 

occurred, so that the best fit 

tensors result from the averaging 

of the magnetic susceptibility 

anisotropy tensors due to tag 

mobility.  

Interestingly, the position of the 

metal calculated with FANTEN is 
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relatively far from the protein 

surface. This observation 

corroborates the idea that the tag 

is not interacting with the protein 

surface, thus being very mobile, 

in agreement with the small 

tensor anisotropies observed. 

We suppose that in T1 the 

lanthanide ions have a 

coordination number of 9 and 

have no further coordination site 

with which to interact with the 

carboxylate positioned on the 

protein surface. 

 

Relaxometry 

In order to characterize the 

coordination of the lanthanides in 

T1, FFC relaxometry 

experiments were performed131-

98. The 1H nuclear magnetic 

relaxation dispersion (NMRD) 

profiles of the [T1(Gd)] complex 

in water solution at 10, 25 and 37 

°C are shown in figure 7. The 

profiles are characterized by 

dispersions somewhat smoother 

than predicted by the Lorentzian 

spectral density function; 

however, any attempt to 

reproduce them by considering 

inner sphere and outer-sphere 

contributions failed (with the 

diffusion coefficients constrained 

to values in the range expected 

for water solutions) unless the 

distance of closest approach 

between paramagnetic ion and 

diffusive water molecules was 

larger than 8 Å. Therefore, no 

sizable contribution from outer-

sphere relaxation is apparent, 

and the profiles were fit by 

including two protons at a 

distance r1 and other two protons 

at a distance r2 from the Gd3+  ion 

(r1 and r2 were left free to be 

adjusted in the best fit analysis).  

The best fit parameters are 

reported in Table 2 and the 

corresponding profiles in Figure 7 

as solid lines. Due to the low 

sensitivity to the correlation time 

v for electron relaxation, the 

values of v were kept fixed to 

values typically observed in 

gadolinium complexes. Although 

there exists some covariance 

among the different parameters, 

the analysis indicates that the 

lifetime of the two protons at r1 = 

3.05 Å, M(1), is as long as several 

microseconds (ca. 4 s at 25 °C). 

The analysis also shows 

contributions from fast 

exchanging second-sphere water 

molecules, with a lifetime on the 

picosecond timescale. The 

number of these second-sphere 

water molecules is totally 

covariant with the metal-proton 

distance r2; if one water molecule 

is considered, r2 is about 3.5 Å.  

Fits of equivalent quality, 

however, can be obtained also 

for increasing values of r1 (and 

decreasing values of r2). When 

the condition r1 = r2 = 3.3 Å is met, 

almost indistinguishable best fit 
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profiles are calculated, the 

complex reorientation time R, the 

transient ZFS t and the lifetimes 

M(1) and M(2) being somewhat 

increased (R = 84 ps, t = 0.027 

cm-1, M(1) = 5.3 s and M(2) = 28 

ps, at 25 °C). 

The fast exchanging second-

sphere water protons may be 

related to one or more water 

molecules hydrogen bonded in 

positions allowing for a large 

mobility.   

The presence of two protons 

exchanging in the microsecond 

time scale at 3.05 Å, i.e. at the 

distance expected for the protons 

of a water molecule regularly 

coordinated to the Gd3+ ion, or at 

a somewhat larger distance 

(such as 3.3 Å), could be related 

to one water molecule hydrogen-

bonded to the oxygen atoms of 

hydroxyl groups or of the 

carboxylate group. Its lifetime is 

much longer (several 

microseconds) than the lifetime 

of the water molecule 

coordinated to the Gd3+ ion in 

DO3A-like or DOTA-like 

complexes (on the sub-

microsecond timescale), likely 

because of the bipositive charge 

of this complex which disfavours 

water exchange with respect to 

neutral or negative complexes93. 

A long lifetime of this water 

molecule indicates a relatively 

“compact” and stable 

environment surrounding the 

Gd3+ ion, which may prevent the 

replacement of the coordinated 

water by negatively charged 

groups present on the protein 

surface. This is in agreement with 

the observed tag mobility that 

affects the magnitude of the 

PCS-determined tensor. 

Alternatively, these slow-

exchanging protons may be the 

hydrogen atoms of the three 

hydroxyl groups coordinated to 

the Gd3+ ion. 

 

CONCLUSIONS 

In this work, we presented the 

synthesis and the performance of 

an enantiopure paramagnetic tag 

for NMR spectroscopy designed 

to efficiently conjugate proteins 

under mild conditions using UV 

irradiation. In particular, we have 

demonstrated that UV-catalyzed 

TEC was applicable to the 

paramagnetic tagging of GB1 

T53C with a high yield and short 

reaction times. The creation of 

the stable thioether bond 

required much shorter reactions 

times than previously described 

methods51,86.  

The conjugation involves the 

protein’s cysteine side-chain and 

forms thioether bonds without 

affecting the paramagnetic 

properties of the tag.   Being 

easily obtained, and in high 

yields, the formation of non-

reducible thioether bonds is 
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convenient and makes this 

strategy a method of choice in the 

field of paramagnetic tagging, 

opening the way to development 

of more novel paramagnetic tags.  

 

EXPERIMENTAL 

SECTIONOrganic synthesis 

All the reagents were purchased 

from Sigma-Aldrich, except 

cyclen which was purchased 

from Chematech. Small-

molecules NMR experiments 

were recorded on a Bruker 

AVANCE II 500 MHz (1H Larmor 

frequency) at 298 K. HPLC was 

performed with an Agilent 1200 

Series with ZORBAX 300SB-18 

analytical and semi-preparative. 

Mass spectrometry was 

performed on a Thermo-Fisher 

LTQ-XL ESI. 

Formation of Lanthanide 

Complexes 

C (70 mg) and LnCl3 nH2O (100 

mg) were dissolved in 6 mL H2O/ 

MeCN (50/50). The pH was 

adjusted to 7 and the mixture was 

refluxed. Chelation was typically 

quantitative overnight, as shown 

by LC/MS analysis. Reaction 

mixtures were purified via semi-

preparative HPLC. 

Protein Conjugation 

GB1 T53C was expressed and 

purified as reported in the 

supplementary information. Prior 

to conjugation, the protein was 

buffer-exchanged into NaPi 20 

mM, pH 7.5, then concentrated to 

180 μM. 5 equivalents each of 

DPAP and [T1(Ln)] were added 

to the protein, as well as 10% 

D2O. The mixture was 

transferred into a 5-mm NMR 

tube and argon was gently 

bubbled through the solution for 5 

minutes. The tube was placed 

under a UV Lamp (UVGL-55 

Mineralight 26W) at 365 nm for 

1h, after which the sample was 

measured using NMR 

spectroscopy and the spectra 

analyzed. Excess of small 

molecules were then washed 

away by buffer exchange and 

NMR spectra were recorded 

again. 

NMR measurements and PCS 

analysis 

All the experiments were 

acquired on a Bruker AVANCE 

NEO NMR spectrometer 

operating at 700 MHz (1H Larmor 

frequency) at 298 K equipped 

with a 5 mm TCI 3 channels HCN 

cryo-probehead. All the spectra 

were processed with the Bruker 

TopSpin 4.0.7 software package 

and analysed with the program 

CARA111 (ETH Zürich).  

The spectra were collected using 

a protein concentration of ~ 180 

µM in buffered solution (20 mM 

sodium phosphate pH 7.5). 

The assignment of GB1 was 

taken from the literature132.  
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The PCS values were calculated 

from the difference in the value of 

chemical shift of each amino acid 

peak between the paramagnetic 

[T1(Yb) or T1(Dy)] and 

diamagnetic [T1(Lu)] 2D 1H-15N 

HSQC spectra acquired.  

The fitting of the PCS tensor was 

carried out using the program 

FANTEN17.  
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Figure 1: Synthesis of intermediate A 

a. H2SO4, MeOH, 18h, 98%. b. P2O5, TBAB, Tol, 3h, 97%. c. NaBH4, 

MeOH, 75% d. trivinyl-boroxin, K3PO4, JohnPhos, Pd(dba)2, dioxane, 2h, 

68% e. MsCl, DIPEA, DCM, 95% 

 

Figure 2: Synthesis of T1 

a. DCM, 3 days b. (S)-propylen Oxide, MeOH, 4 days, quant. c. LiOH, 

THF/H2O, 18h, quant. d. LnCl3 nH2O, H2O/MeCN 
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Figure 3: Tagging of GB1 with T1 using the thiol-ene reaction. 

 

 

 

Figure 4: 2D 1H–15N HSQC of GB1 T53C tagged with T1(Lu) (black), T1(Yb) 

(blue) and T1(Dy) (red), acquired at 700 MHz and 298 K.  
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Figure 5. Graphical representation of the magnetic susceptibility anisotropy 

tensor orientations. The x, y and z axes (corresponding in turn to the directions 

with the smallest, intermediate and largest magnetic susceptibility) are 

represented as red, yellow and blue arrows, respectively. The panels A and C 

show the orientation of Yb tensors when only its own PCS dataset was 

considered, and when both datasets of Yb and Dy were both taken into account 

in FANTEN, respectively. The panels B and D show the orientation of the Dy 

tensors when only its PCS-data-set was considered, and when data sets of Yb 

and Dy where both taken into account in FANTEN, respectively. 
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Figure 6. Graphical representation of PCS iso-surfaces of 1 (blue) and -1 (red) 

ppm obtained for Yb3+-T1 (A) and Dy3+-T1 (B) using the program FANTEN. 
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Table 1. Tensor parameters calculated with the program FANTEN using the 

PCS values measured with T1(Yb) and T1(Dy) implemented separately or jointly 

in the evaluation of the metal position. 

 

 

 

Table 2. Best fit parameters obtained from the NMRD profiles of T1(Gd), shown 

in Figure 7. Contributions from two protons in the first-coordination and second-

coordination spheres were considered.  

 

 

  

Metal PCS 

restraints 

source 

Q factor ∆χax (10-32 

m3) 

∆χrh (10-32 

m3) 

Yb  Yb  0.061 1.91 ± 0.02 0.68 ± 0.25 

Dy  Dy 0.072 -6.51 ± 0.02 2.54 ± 0.89 

Yb  Yb & Dy 0.064 1.83 ± 0.03 -0.59 ± 0.28 

Dy  Yb & Dy 0.072 -6.81 ± 0.21 3.06 ± 0.89 

 37 °C 25 °C 10 °C 

R (ps) 35 57 112 

t (cm−1) 0.023 

v (ps) 15 20 25 

r1 (Å) 3.05 

M(1) (s) 3.4 3.8 4.6 

r2 (Å) 3.48 

M(2) (ps) 8.8 18 51 
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Figure 7: NMRD Profiles of T1(Gd) measured at different temperatures. 
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