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Chapter 5: 
 
MOLECULAR MRI CONTRAST 

AGENT RESPONSIVE TO LIGHT 

 

Environmentally responsive MRI contrast agents are being developed in order to 
increase the amount of functional information obtained with MRI. Towards this end, 
different triggers and strategies to provoke a change in relaxivity have been explored. 
This chapter describes the design, synthesis and evaluation of a potential light-
responsive MRI contrast agent based on a change in hydration state upon irradiation. 
Using light as an activation trigger is assumed to provide a signal amplification, 
augmenting the low sensitivity of this imaging modality. 

 

 

 

 

 

 

 

 

 

 

 

 

 

This chapter will be submitted for publication: 
F. Reeßing, B. L. Feringa, W. Szymański*, manuscript in preparation.   
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 INTRODUCTION 

As described in previous chapters of this thesis and in numerous literature reports,1–3 
the implementation of responsive MRI probes would be of great value to improve the 
diagnostic power of MRI. Contrast agents (CAs) that can be activated by e.g. enzymes 
overexpressed in disease tissue or other changes in the microenvironment of specific 
lesions are under development and some of them show very promising results in first 
in vivo studies.4–6  

 

Fig. 5.1: Schematic representation of a gadolinium complex and its different hydration 
spheres. First sphere water molecules directly coordinate to the metal center. Second sphere 
water molecules are held in an organized manner around the complex, e.g. by hydrogen 
bonding to the ligand. The outer sphere consists of water molecules in proximity to the GdIII 
complex.  

Generally, the signal intensity in a T1-weighted MR image stems from the different 
density and difference in relaxation rate of protons in the body. Thus, compartments 
such as fat tissue give a higher signal because the protons of macromolecules, such as 
lipids, typically have a higher relaxation rate. This stems from the fact that their 
rotational correlation time is closer to the proton Larmor frequency. Hence, energy 
exchange with the surroundings is very efficient and T1 relaxation proceeds quickly. 

Many examples of responsive T1-CAs are inspired by this phenomenon and rely on a 
change in size, and consequently also in relaxivity, upon activation. This approach 
normally requires the incorporation of the CA into nanocomposites, such as liposomes, 
polymer nanoparticles or the binding to proteins, which limits its applicability, since in 
many cases a small molecule as contrast agent is preferred to enable e.g. targeting of 
intracellular structures.7,8 Another method by which the relaxivity of contrast agents, in 
particular gadolinium-based ones, can be modified, is modulation of the water 
exchange rate.9,10 As outlined in chapter 3, this effect is for instance used for monitoring 
the release from gadolinium-loaded liposomal structures.11 However, direct regulation 
of the water exchange rate by changing the molecular structure of the GdIII complex is 
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less straightforward, since it is challenging to predict the water exchange of a complex. 
A more accessible way of controlling the relaxivity of a CA is to provoke a change in 
number of water molecules hydrating the GdIII complex. Various published examples of 
responsive CAs make use of this effect and are mostly based on the appearance of 
another coordination site for water molecules directly at the GdIII complex (Fig. 5.1)12–15 
Yet, studies on the molecular factors influencing the relaxivity show that not only the 
number of water molecules in the first sphere, but also the hydration state in the second 
and outer sphere play a role and may even account for more than 40% of the overall 
relaxivity.10,16,17  

 

 

Fig. 5.2: Selection of published examples of activatable contrast agents, showing a change 
in relaxivity based on a difference in number of coordinating water molecules. The examples 
are responsive to a) changes in pH15, b) presence of ZnII ions14, c) enzymes (β-
Galactosidase)18. 
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Fig. 5.3: Modular approach to synthesize light-responsive MRI contrast agents. By using an 
aldehyde bearing a photoactive group, the Passerini MCR allows the synthesis of the 
responsive core structure featuring attachment sites for the GdIII complex and e.g. a 
solubilizing group 

Based on those findings, we designed a light-activatable MRI CA which constitutes of a 
small molecule undergoing a change in the hydration state upon exposure to light. As 
outlined in chapter 4 in more detail, the purpose of developing such a contrast agent 
is to enable the imaging of disease markers that are not abundant enough for direct 
targeting of MRI contrast agents. By employing a targeting group (e.g. an antibody) 
coupled to a bioluminescent moiety, we envision to achieve a signal amplification in 
MRI contrast, since one targeting moiety can activate several contrast agents. For this 
purpose, we approached the synthesis in analogy to amphiphilic compound 1 in chapter 
4 using the modular concept based on a Passerini multicomponent reaction (Fig. 5.3).19 
The anchoring group for liposomes was replaced by a triethylene glycol chain, that is 
supposed to dictate the hydrophilicity and with this the number of water molecules in 
the outer sphere before photoactivation. Another difference in the molecular structure 
is the extension of the alkyl chain connecting the GdIII ligand to the photoactive core. 
We expect that photocleavage leads to the liberation of the carboxylic acid (Fig. 5.4) 
and anticipate a drop in relaxivity, due to (i) increased lipophilicity and (ii) possible 
coordination of the liberated carboxylic acid to the GdIII center, replacing one of the 
coordinating water molecules. In summary, with this design we predict that irradiation 
would lead to a change in the outer sphere and possibly also first sphere hydration, 
which will be apparent by a drop in relaxivity. 
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Fig. 5.4: Molecular structure of the designed light-responsive MRI contrast agent Gd-1 and 
its photocleavage product. 

 RESULTS AND DISCUSSION 

The first step in the synthesis of compound 1 was the preparation of alkyne 2 with a 
pending isocyanide group as reported previously.20,21 This isocyanide was then reacted 
in a Passerini multicomponent reaction with 4,5-dimethoxy-2-nitrobenzaldehyde and 
8-bromooctanoic acid, yielding compound 3. Next, we proceeded with the installation 
of an azide functionality on the triethylene glycol moiety to be able to connect it to the 
photocleavable core in a copper(I)-catalyzed azide-alkyne cycloaddition. Of note, it was 
necessary to adjust the conditions of this click reaction to assure solubility of the starting 
materials and circumvent copper complexation by triethyleneglycol. Accordingly, the 
reaction was carried out in DCM with PMDTA (N,N,N′,N′′,N′′-pentamethyldiethylene-
triamine) as a ligand for copper, affording compound 5 in 69% yield. This product was 
then reacted with the previously synthesized GdIII ligand 6 in a nucleophilic substitution 
reaction. Conversion of the bromide salt of compound 6 to the free amine by treatment 
with base and extraction with pentane, prior to the synthesis of compound 7, allowed 
to perform the N-alkylation in the absence of additional base, simplifying the 
purification and increasing the yield. Finally, deprotection of the tert-butyl groups 
afforded target compound 1 as the chloride salt. 
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Fig. 5.5: Synthetic route towards compound 1 

It is expected that irradiation of the final molecule leads to cleavage of the ester and 
liberation of the GdIII complex substituted with a free octanoic acid on one of the 
amines, as depicted in Fig. 5.4. In order to confirm this hypothesis and be able to 
compare the properties of the generated photocleavage product with the expected 
one, we also synthesized the respective molecule (GdIII complex of compound 9, see 
Fig. 5.6). For this purpose, 8-bromooctanoic acid was protected with a tert-butyl group 
for reacting it in the following step with the GdIII ligand 6. Finally, removal of the 
protecting groups afforded desired compound 9. 



CHAPTER 5 
 

 156 
 
 
 
 
 
 
 

 

Fig. 5.6: Synthesis of compound 9 

Next, we studied the light-induced cleavage of compound 7, still bearing the tert-butyl 
protecting groups on the carboxylic acids of the GdIII ligand. Based on the assumption 
that the protecting groups do not significantly influence the photoresponsiveness, we 
expected compound 7 and 1 to have very similar photochemical characteristics, allowing 
translation of the findings for compound 7 to its deprotected analogue. For the 
determination of the photocleavage quantum yield, a solution of compound 7 in 
acetonitrile (0.565 mM) was irradiated in a quartz cuvette with light of λ = 365 nm for 
up to 8 min (Fig. 5.7). Since partial hydrolysis of the ester had been observed upon 
storage, especially of the deprotected compound 1, the experiment was performed in 
pure acetonitrile assuring that the observed cleavage solely stems from photolysis. The 
process was monitored by UV-Vis spectrometry and samples were taken every 1-2 min 
and analyzed by UPLC (Fig. 5.7). The cleavage of compound 7 was quantified by 
detecting the peak area in the UV trace recorded at λ = 360 nm of the UPLC 
chromatogram using a calibration curve (Fig. 5.10, see experimental section). Fig. 5.7b 
demonstrates the linear decrease in concentration of compound 7, allowing the 
determination of the cleavage rate. Based on this analysis, the photocleavage quantum 
yield was calculated as 4.4%. 
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Fig. 5.7: Photocleavage quantum yield determination of compound 7. a)  UV-Vis spectra of 
compound 7 before (0 min) and upon irradiation with λ = 365 nm light for indicated times 
(0.565 mM in acetonitrile); b) remaining concentration of compound 7 after irradiation for 
indicated times.  

It is known that substituents in the benzylic position may considerably influence the 
photolysis rate. Even though it was so far not possible to establish the exact effect of 
the nature of the substituents, being for example electron donating or electron 
withdrawing, it is generally assumed that a methyl substituent facilitates 
photocleavage.22 Nonetheless, little is known about the effect of an amide functionality 
in this position, as present in compound 7. However, the determined quantum yield 
indicates that the photocleavage efficiency of our photoactive scaffold lies in the same 
range as the one of comparable examples of photocaged carboxylic acids, including 
methyl-substituted ones.23–25 Still, it has to be noted that the quantum yield in aqueous 
medium possibly differs from the one in aprotic organic solvent, since – at least for 
photocaged alcohols - the cleavage mechanism is based on proton transfer, as depicted 
in Fig. 5.8 and is known to be affected by changes in pH and solvent. 
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Fig. 5.8: Generally accepted mechanism for the photocleavage of ortho-nitrobenzyl based 
photocages.22 

After the deprotection of compound 7 giving compound 1, complexation of GdIII was 
performed in TBS buffer at pH 7.5. In order to assure full complexation of GdIII, we used 
an excess of the ligand (1.8 eq.). With the GdIII complex in hand, we proceeded with the 
assessment of its relaxometric properties. The NMRD profile of Gd-1 is shown in Fig. 
5.9. As expected, and in contrast to the profile of the liposomal contrast agent 
presented in chapter 4 of this thesis, the NMRD profile corresponds to the one of a 
small molecule contrast agent with a decrease in relaxivity with increasing field strength 
(measured up to 10 MHz). Notably, the relaxivity of Gd-1 is significantly lower than the 
relaxivity of the liposomal probe (10.7 mM-1 s-1 at 10 MHz, see Fig. 4.5, chapter 4). As 
mentioned in the introduction, this effect most probably stems from the efficient energy 
transfer of protons from macromolecular or nanoscopic structures with the 
environment, leading to higher T1 relaxation rates of the liposomal agent as compared 
to Gd-1.  

Next, we evaluated the effect of light on the relaxivity of the contrast agent. For this 
purpose, we irradiated the sample with λ = 400 nm light for 60 min in total and 
monitored the NMRD profiles. As illustrated in Fig. 5.9, irradiation leads to a clear 
decline in relaxivity over the whole spectrum of recorded Larmor frequencies (0.01 – 10 
MHz). Importantly, we also analyzed the relaxometric properties of the expected 
photocleavage product - the GdIII complex of compound 9 (Gd-9) - for comparison 
with the actual photoproduct. The sample was prepared following the same procedure 
as for Gd-1 (complexation of GdIII in TBS buffer with excess of ligand). Fig. 5.9 shows the 
respective NMRD profile depicted in gray. Evidently, the profile of the irradiated sample 
converges to a large extent to the profile of the model compound, suggesting that Gd-
9 is indeed the photocleavage product. Analysis of the kinetics of decrease in relaxivity 
at 10 MHz shows an exponential decay with a calculated lifetime of 31 min (half-life: 21.5 
min), which is in the same range as for the liposomal agent reported in chapter 4.  
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Fig. 5.9: Relaxometric analysis of Gd-1 and Gd-9 in TBS buffer (0.8 mM). a) NMRD profiles 
of Gd-1 before irradiation (dark blue) and after exposure to λ = 400 nm light for 1 h (light 
blue) and Gd-9 (gray), b) decrease in relaxivity of a sample of Gd-1 at 10 MHz in response 
to irradiation for the indicated times. 

Since there is an increasing concern about the liberation of free GdIII from gadolinium 
based contrast agents and its accumulation in the body,26 we tested if irradiation leads 
to a release of GdIII from the complex. Towards this end, we employed a photometric 
assay based on xylenol orange. The experiment confirmed the absence of free GdIII ions 
in an irradiated sample of Gd-1. This finding assured the validity of our ligand design, 
providing a base for the further development of responsive gadolinium based contrast 
agents. 

 CONCLUSION 

In summary, we designed, synthesized and evaluated a potential MRI contrast agent, 
that shows 17% decrease in relaxivity (at 10 MHz) upon irradiation with λ = 400 nm. This 
decrease probably stems from a change in the number of water molecules hydrating 
the GdIII complex. However, it remains unclear if this change is limited to the outer 
sphere water or if also the first and second sphere are affected, since the light-induced 
liberation of an additional free carboxylic acid presents another ligand functionality, 
which may coordinate to the GdIII center, replacing a water molecule in the first 
hydration sphere. For the future course of this project, it will be important to elucidate 
the underlying processes causing the change in relaxivity. Unfortunately, it is not 
straightforward to assess the hydration number of GdIII complexes by relaxometry alone 
and usually more experiments, such as chemical shift 17O NMR measurements or 
luminescence lifetimes measurements of analogous EuIII or TbIII complexes are 
required.10,27 In addition, also the reduced molecular weight of the photocleavage 
product as compared to the initial molecule, may play a role in the reduced relaxivity. 
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It has to be mentioned that in the development of responsive contrast agents, it is 
generally preferred to obtain a signal increase, meaning an increase in relaxivity, upon 
activation. Optimization of the current approach towards this goal could for instance 
be done by designing a molecule that bears a coordinating moiety, such as a carboxylic 
acid, which will be cleaved off upon irradiation. In this manner, an increase in hydration 
number and thus an increase in relaxivity might be achieved 
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 EXPERIMENTAL SECTION 

 GENERAL INFORMATION 

Starting materials, reagents and solvents were purchased from Sigma–Aldrich, 
Acros, Fluka, Fisher Scientific, TCI and were used as received. Solvents for the 
reactions were of quality puriss., p.a.. Anhydrous solvents were purified by passage 
through solvent purification columns (MBraun SPS-800). For aqueous solutions, 
deionized water was used. Thin Layer Chromatography analyses were performed 
on commercial Kieselgel 60, F254 silica gel plates with fluorescence-indicator UV254 
(Merck, TLC silica gel 60 F254). For detection of components, UV light at λ = 254 nm 
or λ = 365 nm was used. Alternatively, oxidative staining using aqueous basic 
potassium permanganate solution (KMnO4) or aqueous acidic cerium 
phosphomolybdic acid solution (Seebach’s stain) was used. Drying of solutions was 
performed with MgSO4 and volatiles were removed with a rotary evaporator. Flash 
column chromatography was performed with Silicagel, pore size 60 Å, 40-63 µm 
particle size. 
Nuclear Magnetic Resonance spectra were measured with an Agilent Technologies 
400-MR (400/54 Premium Shielded) spectrometer (400 MHz). All spectra were 
measured at room temperature (22–24 °C). The multiplicities of the signals are 
denoted by s (singlet), d (doublet), t (triplet), q (quartet), quint (quintet), m 
(multiplet), br (broad signal). All 13C-NMR spectra are 1H-broadband decoupled. 
High-resolution mass spectrometric measurements were performed using a Thermo 
scientific LTQ OrbitrapXL spectrometer with ESI ionization. The ions are given in 
m/z-units. Melting points were recorded using a Stuart analogue capillary melting 
point SMP11 apparatus. For spectroscopic measurements, solutions in Uvasol® 
grade solvents were measured in a 10 mm quartz cuvette. UV/Vis absorption spectra 
were recorded on a JascoV-750 UV/Vis spectrophotometer with photomultiplier 
tube detection. UV/Vis absorbance of the photometric assay for GdIII quantification 
were performed on a BioTek Synergy H1 microplate reader. NMRD profiles were 
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recorded on a Stelar 0.25 T FFC SMARtracer relaxometer. UPLC-MS analysis was 
performed using a ThermoFisher Scientific Vanquish UPLC System with a reversed 
phase C18 column (Acquity UPLC HSS T3 1.8 μm, 2.1 × 150 mm; eluents: water and 
acetonitrile, both with 0.1% v/v formic acid added; the gradient was established 
from 5% to 95% organic phase over 17 min) in combination with an LCQ Fleet mass 
spectrometer and UV-Vis detector at λ = 360 nm. 
Irradiation experiments were performed with a λ = 400 nm (3x Roithner VL-400-
Emitter, optical power 1000 mW, λmax = 400 nm, FWHM 11.9 nm) LED system 
(Sahlmann Photochemical Solutions). 

 SYNTHETIC PROCEDURES AND COMPOUND CHARACTERIZATION 

The synthesis and analytical data of compounds 2 and 6 is described in chapter 4. 

 

 3: 1-(4,5-Dimethoxy-2-nitrophenyl)-2-oxo-2-((2-oxo-2-(prop-2-yn-1-ylamino)ethyl) 
amino)-ethyl 8-bromooctanoate. 
A solution of 2 (4.06 mmol, 500 mg), 6-nitroveratraldehyde (3.37 mmol, 714 mg) 
and 8-bromooctanoic acid (4.06 mmol, 905 mg) in chloroform (8 mL) was stirred at 
room temperature for 48 h. The volatiles were evaporated and the product was 
purified by flash chromatography (pentane/AcOEt, 95:5 to 1:1 v/v) to give a yellow 
powder (1038 mg, 55%). Rf  = 0.80 (AcOEt);  Mp. 106-107 °C; 1H NMR (400 MHz, 
DMSO): δ 1.26-1.35 (m, 6H, (CH2)3CH2CH2Br), 1.53 (m, 2H, CH2CH2COO), 1.76 (m, 
2H, CH2CH2Br), 2.41 (t, 2H, CH2COO), 3.12 (s, 1H, CCH), 3.51 (t, 2H, CH2Br), 3.76 (d, 
2H, CH2NH), 3.87 (d, 2H, CH2NH), 3.88 (s, 3H, OCH3), 3.91 (s, 3H, OCH3), 6.59 (s, 1H, 
CHO), 7.15 (s, 1H, ArH), 7.65 (s, 1H, ArH,), 8.39 (t, 1H, NH), 8.59 (t, 1H, NH); 13C NMR 
(100 MHz, CDCl3): δ 24.6, 27.9, 28.4, 28.8, 29.3, 32.6, 33.8, 33.9, 43.2, 56.5, 56.7, 
71.0, 71.6, 78.6, 107.9, 111.2, 124.4, 140.5, 149.2, 153.7, 167.9, 168.1, 173.0; HRMS (ESI-
) calc. for [M]- (C23H31BrN3O8) : 556.1289, found: 556.1275. 
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 4: 1-Azido-2-(2-(2-methoxyethoxy)ethoxy)ethane. 
1-Bromo-2-(2-(2-methoxyethoxy)ethoxy)ethane (4.4 mmol, 1000 mg) was dissolved 
in ethanol (80 mL) and NaN3 (8.8 mmol, 584 mg) was added. After heating the 
solution under reflux overnight, the solvent was evaporated and DCM added to the 
residue. The organic layer was washed with H2O (3x) and dried with MgSO4 to give 
a colorless liquid (758 mg, 91%). Rf  = 0.67 (Pentane/AcOEt, 1:1 v/v); 1H NMR (400 
MHz, CHCl3): δ 3.62-3.58 (m, 8H, CH2OCH2CH2OCH2), 3.48 (t, 2H, CH2Br), 3.33-3.31 
(m, 5H, CH3OCH2). 1H NMR spectrum is in agreement with published data.28 13C 
NMR (100 MHz, CDCl3): δ 71.9, 70.7, 70.6, 70.6, 70.0, 59.0, 50.7.  

 

 5: 1-(4,5-Dimethoxy-2-nitrophenyl)-2-((2-(((1-(2-(2-(2-methoxyethoxy)ethoxy)ethyl)-1H-
1,2,3-triazol-4-yl)methyl)amino)-2-oxoethyl)amino)-2-oxoethyl 8-bromooctanoate. 
To a solution of 3 (0.44 mmol, 249 mg), and 4 (0.74 mmol, 140 mg) were added 
PMDETA (0.04 mmol, 9.2 µL), catalytic amounts of copper(I) iodide and ascorbic 
acid and a drop of acetic acid. The reaction mixture was stirred at room temperature 
for 3 d. The conversion of 3 was monitored by TLC. After two days another portion 
of 4, copper(I) iodide, acetic acid and ascorbic acid were added. After full conversion 
of 3, DCM and H2O were added to the reaction mixture. The product was extracted 
with DCM (3x). The combined organic layers were washed with H2O and brine and 
the product was purified by flash column chromatography (DCM/MeOH, 98:2 - 93:7 
v/v) to obtain the product as a yellow sticky solid (134 mg, 41%). Rf  = 0.68 
(DCM/MeOH, 9:1 v/v); HRMS (ESI+) calc. for [M+H]+  (C30H46BrN6O11): 745.2403, 
found: 745.2406. 
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1H NMR (400 MHz, CHCl3): δ 1.31-1.41 (m, 6H, 20-22), 1.64 (m, 2H, 19), 1.83 (m, 2H, 
23), 2.45 (m, 2H, 18), 3.37 (s, 3H, 1), 3.39 (t, 2H, 24), 3.54 (m, 2H, 2), 3.61 (m, 6H, 3-
5), 3.86 (m, 2H, 6), 3.91-4.07 (m, 1H, 11), 3.95, (s, 3H, 15/16), 3.99 (s, 3H, 15/16), 4.52 
(m, 4H, 9,7), 6.70 (s, 1H, 13), 7.15 (s, 1H, 10), 7.17 (s, 1H, 17), 7.33 (s, 1H, 12), 7.59 (s, 
1H, 14), 7.75 (s, 1H, 8); 13C NMR (100 MHz, CDCl3): δ 24.7, 28.0, 28.4, 28.9, 32.7, 34.0, 
34.0, 35.2, 43.1, 50.4, 56.6, 56.8, 59.1, 69.5, 70.6 (m), 70.6, 71.0, 72.0, 108.1, 111.3, 
123.5, 124.9, 140.8, 144.2, 149.2, 153.7, 167.9, 168.3, 172.7. 

 

 7: Tri-tert-butyl 2,2',2''-(10-(8-(1-(4,5-dimethoxy-2-nitrophenyl)-2-((2-(((1-(2-(2-(2-
methoxyethoxy)ethoxy)ethyl)-1H-1,2,3-triazol-4-yl)methyl)amino)-2-oxoethyl)amino)-2-
oxoethoxy)-8-oxooctyl)-1,4,7,10-tetraazacyclododecane-1,4,7-triyl)triacetate. 
Compound 6 (0.42 mmol, 250 mg) was suspended in H2O at 70 °C. The heating 
bath was removed and 10% aq. KOH (0.84 mmol, 0.47 mL) was added. The mixture 
was stirred for 15 min and then extracted with pentane (3x). The combined organic 
layers were washed with H2O (2x) and brine (1x) and dried with MgSO4. The solvent 
was evaporated and the residue (0.24 mmol, 124 mg) dissolved in acetonitrile. 
Compound 5 (0.19 mmol, 140 mg) was added and the solution was stirred at 40 °C 
for three days. Next, the solvent was evaporated and the product purified by flash 
column chromatography (DCM/MeOH, 10:0 – 9:1 v/v) to give a yellow sticky oil (109 
mg, 49%). Rf  = 0.62 (DCM/MeOH, 9:1 v/v); HRMS (ESI+) calc. for [M+H]+ 
(C56H95N10O17): 1179.6871, found: 1179.6900. 
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1H NMR (400 MHz, CHCl3): δ 1.23-1.36 (m, 9H, 18-28 partly), 1.41-1.45 (m, 27H, 29-
30), 1.58 (m, 2H, 17), 2.16-3.14 (m, 23H, 18-28 partly), 2.39-2,64 (m, 2H, 16), 3.34 (s, 
3H, 1), 3.51-3.52 (m, 2H, 2), 3.57-3.59 (m, 6H, 3-5), 3.84 (t, 2H, 6), 3.91 (s, 3H, 13/14)*, 
3.96 (s, 3H, 13/14)*, 4,00-4,07 (m, 2H, 10), 4.47 (t, 2H, 7), 4.51 (t, 2H, 9), 6.79 (s, 1H, 
11)*, 7.2 (s, 1H, 15)*, 7.52 (t, 1H, 31), 7.54 (s, 1H, 12)*, 7.84 (s, 1H, 8)*, 7.99 (t, 1H, 32).  
*the assigned signals split up, probably because of the existence of two 
diastereoisomers due to atropoisomerism that stems from the  hindered rotation of 
the ortho-nitro phenyl group.  
13C NMR (100 MHz, CDCl3): δ 24.5, 26.4, 27.3, 27.9, 28.0, 28.1, 28.2, 28.3, 28.9, 29.2, 
33.8, 34.1, 35.4, 43.2, 47.9, 50.2, 50.4, 53.3, 54.4, 55.8, 56.5, 57.0, 59.1, 69.5, 69.5, 
70.5, 70.6, 70.7, 71.0, 72.0, 77.2, 81.8, 81.9, 82.6, 83.0, 108.1, 108.2, 111.4, 123.5, 123.6, 
125.3, 141.2, 145.1, 149.0, 153.5, 168.0, 168.9, 169.0, 170.1, 170.6, 172.6, 172.8, 173.0. 
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 1: 2,2',2''-(10-(8-(1-(4,5-Dimethoxy-2-nitrophenyl)-2-((2-(((1-(2-(2-(2-methoxy-ethoxy) 
ethoxy)ethyl)-1H-1,2,3-triazol-4-yl)methyl)amino)-2-oxoethyl)amino)-2-oxo-ethoxy)-8-
oxooctyl)-1,4,7,10-tetraazacyclododecane-1,4,7-triyl)triacetic acid 
A solution of 7 (0.013 mmol, 15 mg) in DCM (0.5 mL), HCl in Et2O (2 M, 0.5 mL) and 
tri-iso-propylsilane (0.02 mL) was stirred at room temperature overnight. The 
volatiles were evaporated under reduced pressure. The residue was triturated with 
Et2O and washed with Et2O and pentane to give a yellow sticky solid (11.7 mg, 86% 
calculated as mono hydrochloride salt). HRMS (ESI+) calc. for [M+H]+ : 
(C44H71N10O17): 1011.4993, found: 1011.4997. 

 
1H NMR (400 MHz, MeOD): δ 1.37 (m, 6H, 18-20), 1.63 (m, 2H, 17), 1.82 (m, 2H, 21), 
2.49 (m, 2H, 16), 2.95-3.06 (m, 4H, 23-25 partly), 3.13-3.26 (m, 6H, 22, 23-25 partly), 
3.34 (s, 3H, 1), 3.38-3.52 (m, 9H, 23-25 partly), 3.63-3.55 (m, 12H, 2-4, 23-25 partly), 
3.88-3.94 (m, 4H, 5-6), 3.93 (s, 3H, 13/14), 3.96 (s, 3H, 13/14), 4.25 (s, 2H, 10), 4.52 
(d, 2H, 9), 4.62 (t, 2H, 7), 6.79 (s, 1H, 11), 7.26 (s, 1H, 15), 7.69 (s, 1H, 12), 8.11 (s, 1H, 
8). 13C NMR (100 MHz, MeOD) δ 23.0, 24.1, 25.9, 28.2, 28.2, 33.1, 33.7, 42.0, 48.6, 
49.7, 50.9, 51.6, 51.9, 54.1, 54.6, 55.5, 55.8, 57.6, 68.5, 69.8, 69.9, 70.0, 70.7, 71.5, 
111.6, 124.2, 124.8, 141.3, 149.3, 153.4, 167.1, 169.4, 169.6, 172.6, 173.3. 
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 8: tert-Butyl 8-bromooctanoate. 
The compound was prepared according to a literature procedure.29 8-
Bromooctanoic acid (1.57 mmol, 350 mg) was dissolved in dry DCM (15 mL) under 
nitrogen atmosphere. The resulting solution was cooled down to 0 ⁰C and 
trifluoroacetic anhydride (3.61 mmol, 0.51 mL) was added dropwise. The reaction 
mixture was stirred at 0 ⁰C for 2.5 h after which tert-butanol (5.5 mmol, 0.52 mL) 
was added slowly. The mixture was stirred at 0 ⁰C for 1 h and was then allowed to 
warm to room temperature. The reaction mixture was stirred for additional 12 h at 
room temperature and then quenched with H2O (10 mL). The product was extracted 
with Et2O (3x) and the combined organic layers washed with brine, sat. aq. NaHCO3 
solution and dried with MgSO4. The volatiles were evaporated to obtain compound 
8 as a clear oil (384 mg, 88%). Rf = 0.9 (pentane/Et2O, 4:1 v/v), 1H NMR (400 MHz, 
CDCl3): δ 1.31-1.34 (m, 6H, BrCH2CH2CH2CH2CH2), 1.44 (s, 9H, tert butyl), 1.55-1.62 
(m, 2H, CH2CH2COO), 1.85 (quint, 2H, CH2CH2Br), 2.20 (t, 2H, CH2COO), 3.40 (t, 2H, 
CH2Br). 1H NMR spectrum is in agreement with published data.29 

Br
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O 6, K2CO3

ACN, 60 oC, on

68%
8

N N

N
N

COOtBu

COOtBu

COOtBu

OtBu
O
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 S1: Tri-tert-butyl 2,2',2''-(10-(8-(tert-butoxy)-8-oxooctyl)-1,4,7,10-tetraazacyclododecane-
1,4,7-triyl)triacetate. 
Compounds 8 (0.54 mmol, 150 mg) and 6 (0.27 mmol, 160 mg) were dissolved in 
acetonitrile and KsCO3 (1.1 mg, 148 mg) was added to the solution. The reaction 
mixture was stirred at 60 ⁰C overnight. The salts were filtered off, the volatiles 
evaporated and the product was purified by flash column chromatography 
(DCM/MeOH 98:2 – 9:1 v/v) to give compound S1 (131 mg, 68%). Rf = 0.6 
(DCM/MeOH, 9:1 v/v); HRMS (ESI+) calc. for [M+H]+ (C38H72N4O8): 713.5423, found: 
713.5431; 1H NMR (400 MHz, CDCl3): δ 1.31-3.41 (overlapping br m), 1.38 (s, tert 
butyl), 1.40 (s, tert butyl), 1.43 (s, tert butyl).  
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 9: 2,2',2''-(10-(7-Carboxyheptyl)-1,4,7,10-tetraazacyclododecane-1,4,7-triyl)triacetic acid. 
Compound S1 (0.17 mmol, 123 mg) was dissolved in DCM (2 mL). Tri-iso-propyl 
silane (1.0 mmol, 0.21 mL) and HCl in Et2O (2 M, 7 mL) were added to the solution. 
The reaction mixture was stirred at room temperature overnight. The volatiles were 
evaporated under reduced pressure and Et2O added to the residue. The product 
was filtered off and re-dissolved in MeOH. The solution was concentrated under 
reduced pressure and the residue triturated with Et2O. The product was filtered off 
again to afford a white solid (88 mg, 97% calculated as mono hydrochloride salt). 
1H NMR (400 MHz, D2O): δ  1.37 (s, 6H), 1.61 (quint, 2H), 1.76 (br s, 2H), 2.4 (t, 2H, 
CH2COO), 3.02-3.18 (overlapping m,6H), 3.27 (t, 2H), 3.35-3.44 (overlapping m, 4H), 
3.48-3.54 (overlapping m, 6H), 3.61-3.76 (overlapping m, 4H), 4.05 (s, 2H). 13C NMR 
(100 MHz, D2O): δ  22.7, 24.0, 25.4, 27.7, 27.7, 27.7, 27.8, 33.5, 33.6, 48.0, 48.3, 49.8, 
51.6, 52.0, 52.9, 54.6, 65.4, 169.2, 174.2, 177.7, 179.2. 

 PHOTOCHEMICAL ANALYSIS 

 Quantum yield determination 

 

Fig. 5.10: Quantification of compound 7 by UPLC. a) chromatogram of compound 7 
recorded at λ = 360 nm for the solution of 0.565 mM in acetonitrile, after 1:15 dilution with 
MilliQ water. The area of the peak with a retention time of 10.8 min was used for 
quantification; b) calibration curve for the quantification of compound 7 by UPLC.  
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The quantum yield of the photocleavage process of compound 7 was determined 
following the photo-deprotection process by UPLC-MS. A solution of compound 7 
(565 µM) in acetonitrile (3.00 mL) was irradiated in a quartz cuvette with a multi-
wavelength fiber coupled LED-system (FC6-LED-WL) using a 365A LED. The photon 
flux (I = 4.059x10-8 einstein s-1) was determined previously by ferrioxalate 
actinometry following a modified literature protocol.30 During the irradiation, the 
solution was vigorously stirred in order to ensure homogenous concentration. The 
temperature was kept constant at 25 °C. The high concentration of compound 7 
enabled us to work in a high-absorption regime (absorbance at 365 nm ≥ 1.9) and 
assume that all incident photons are absorbed. Aliquots of 10 μL of the irradiated 
solution were taken at the indicated time points, diluted with acetonitrile (140 μL) 
and analyzed by UPLC-MS. The remaining concentration of compound 7 was 
quantified by determination of the peak area of the corresponding peak in the 
chromatogram recorded at 365 nm using a calibration curve. This way, the rate of 
photodeprotection was found to be 6 x 10-7 M s-1 and the respective quantum yield 
was calculated using the following equation: 

∆𝑐 × 𝑉

𝐼
=  

 ×   × .  

. ×   
 = 0.044, corresponds to 4.4% 

Equation 1: Calculation of the photocleavage quantum yield;  
Δc = change in concentration (M s-1)  
V = sample volume (L)  
I = photon flux (einstein s-1) 

 NMRD MEASUREMENTS 

The relaxation rates were determined over a Larmor frequency range of 0.01 – 10 
MHz at 37 ⁰C with 12 data points collected. The samples were prepared by mixing 1 
eq. (1.44 mM) of compound 1 or compound 7, with 0.56 eq. (0.8 mM) of GdCl3 in 
TBS buffer at room temperature for 2 h. The samples were irradiated in the NMRD 
vessel with λ = 400 nm light for 60 min and NMRD profiles were recorded at the 
indicated time points. In addition, the stability of the sample was assessed by 
repeating the analysis after leaving the sample for 1 h at room temperature without 
irradiation. 
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Fig. 5.11: NMRD profiles of a sample containing Gd-1 before irradiation (0 min), after 1h in 
the dark (stability 1 h) and after irradiation for indicated time points (10;20;40;60 min). 

 DETERMINATION OF FREE GDIII CONCENTRATION 

 

Fig. 5.12: Quantification of free GdIII. a) Calibration curve showing the ratio of absorbance 
intensity at λ = 573 nm and λ = 433 nm for increasing GdIII concentration in the presence 
of xylenol orange (0.60 mM); b) percentage of free GdIII in the presence of increasing 
equivalents of compound 1.  

The concentration of free GdIII was quantified by determination of the ratio of 
absorbance intensity at λ = 573 nm and λ = 433 nm of a GdIII-xylenol orange 
complex31 in ammonium acetate buffer (100 mM, pH 5.8, 0.60 mM Xylenol Orange) 
using a microplate reader. In order to assess how many equivalents of ligand are 
needed for full complexation of GdIII, increasing equivalents of GdCl3 were added 
to a 0.3 mM solution of compound 1 in ammonium acetate buffer and the amount 
of free GdIII was analyzed after 2 h by addition of xylenol orange.  
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For quantification of free Gd3+ after irradiation under the conditions used for the 
relaxometric analysis, the complex was prepared and treated as described above 
(irradiation in NMRD vessel, λ = 400 nm, 60 min). For analysis, the sample was 
diluted 1:30 with ammonium acetate buffer. The concentration of free GdIII was 
determined three times in independent measurements and found to be 0.54 µM on 
average. 
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