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Unsaturated cryptophanes: toward dual PHIP/hyperpolarised xenon sensors

Cryptophanes, cage-molecules constituted of aromatic bowls, are now well recognized as powerful xenon hosts in 129 Xe NMR-based biosensing. In the quest of a dual probe that can be addressed only by NMR we have studied three cryptophanes bearing a tether with an unsaturated bond. The idea behind this is to build probes that can be detected both via hyperpolarised 129 Xe NMR and Para-Hydrogen Induced Polarisation (PHIP) 1 H NMR. Only two of the three cryptophanes experience a sufficiently fast hydrogenation enabling the PHIP effect. While the in-out xenon exchange properties are maintained after hydrogenation, the chemical shift of xenon encaged in these two cryptophanes is not strikingly modified, which impedes safe discrimination of the native and hydrogenated states via 129 Xe NMR. However, a thorough examination of the hyperpolarised 1 H spectra reveals some interesting features for the catalytic process and gives us clues for the design of doubly smart 1 H/ 129 Xe NMR-based biosensors.

INTRODUCTION

In the seek for sensitive sensors of chemical or biochemical events, NMR molecular probes have a special role as this modality enables investigation in deep tissues and in a non-invasive way. In this field, the recent use of hyperpolarised species, remedying the intrinsic lack of sensitivity of NMR, opens new perspectives.

At the present time, it is widely recognized that dual sensors such as those involving PET/NMR [1] or fluorescence/NMR [2][3] [4] have a great potential. Furthermore, if the molecular probes are revealed through the same modality the approach constitutes an effective means to obtain a wider viewing angle at a minimum cost.

The present work aims at studying several molecular systems which are precursors of a new generation of purely NMR dual sensors. Their structure is composed of two parts: a cage-molecule able to reversibly host xenon and which can further be decorated by chemical or biological ligands, and a group containing an unsaturated bond where hydrogenation will occur. The former part will enable enhanced detection via hyperpolarised 129 Xe NMR owing to the in-out xenon exchange, the second part will be detected by the PHIP (Para-Hydrogen Induced Polarisation) method. [5] Therefore, a dual detection will be possible on the same NMR spectrometer using a commercial probe head. While 129 Xe NMR will hardly give direct information on the sensor structure (except maybe through SPINOE experiments [6] ), 1 H NMR with enhanced sensitivity afforded by the use of para-hydrogen will complete the picture and hopefully give precious information on the conformational and kinetics behaviour of the compounds in solution.

After addition on these precursors of a tether for recognition of given molecular targets, the resulting sensors are intended to be detected both via 1 H NMR immediately after hydrogenation with para-hydrogen (density-based contrast) and via hyperpolarized 129 Xe NMR. For the latter, the chemical shift of xenon caged in the cryptophane is expected to be modified when the sensor reaches the target, leading to the concept of activatable (or smart) probe. [7] As the group containing the unsaturated bond is modified upon hydrogenation, it is important (but not mandatory) that the caged xenon chemical shift also reflects this modification of the host molecule. This is a criterion we have chosen in this study.

RESULTS

In this study, three cryptophane cores of close structure differing only by the length of the linkers joining cyclotriveratrylene bowls and bearing a non-conjugated double bond have been used comparatively. They are depicted in Figure 1. Compound 2 is the cryptophane precursor of the cryptophanol-A, which has been used as an intermediate for the synthesis of numerous 129 Xe NMR-based biosensors. [START_REF] Brotin | Calixarenes Beyond[END_REF][9] [10] It belongs to the first generation of cryptophane derivatives where the ligand is attached directly on one aromatic ring. Compounds 3 and 4 belong to a secondgeneration of cryptophane derivatives in which the ligand is tethered on the propylenedioxy linker of a cryptophane-223 core. [11] Compound 3 has been prepared to solve the purification problems of the biosensors inherent to the synthesis of 2. This new strategy represents numerous assets for the synthesis of biosensors. For instance, this compound gives us the possibility to attach other reactive functions different from the ones attached on the benzene rings. This is a major asset for the construction of more elaborated molecules. Compound 4 is a new derivative used for building new 129 Xe NMR-based biosensors. Its synthesis has not been reported yet in the literature (see its characterization in Figs. S1, S2 and S3 of the Supp. Info.). Thanks to the presence of the non-conjugated double bond, new chemical functions would be easily added on the cryptophane backbone. They can also be used to introduce new ligands of biological interest. This compound has been prepared in moderate yield and the synthesis of this compound will be reported in due course.

The three cryptophanes have been dissolved in 1,1,2,2-tetrachloroethane-d2 at the same concentrations. This solvent has been chosen as i) it is too big to enter in the cryptophane cavity, [12][13] ii) the solubility of di-hydrogen is rather high (no data has been found for solubility in tetrachloroethane, but it can be assumed that the solubility properties of xenon in dichloromethane and tetrachloroethane are very similar, i.e. 3.5 mM under 1 bar at 298K [14] ), iii) PHIP experiments have already been performed in chlorinated solvents. [15] The use of more popular solvents such as methanol or acetone could have been chosen, as the solubility of di-hydrogen is probably higher, but at the risk that they enter the cryptophane cavity.

The choice of the catalyst has been dictated by its efficiency for the PHIP experiments.

Various organo-soluble hydrogenation catalysts have been tested in preliminary experiments, among which Crabtree's catalyst, [START_REF] Crabtree | Encycl. Reag. Org. Synth[END_REF] Wilkinson's catalyst, [START_REF] Osborn | [END_REF] and [1,4-bis(diphenylphosphino)butane](1,5-cyclooctadiene)rhodium(I) tetrafluoroborate. [18] Our choice has been oriented towards the commercial catalyst [tris(dimethylphenylphosphine)] (2,5-norbornadiene) rhodium(I) hexafluorophosphate ([Rh(nor)(tdmpp)]PF6, compound 1 in Figure 1) because of the far higher hydrogenation turnover rate induced on considered cryptophanes. This agrees with results from Roth who compared the efficiency of seven catalysts for PHIP experiments. [START_REF] Roth | Sensitivity Enhancement in NMR by Using Parahydrogen Induced Polarization[END_REF] Compound 1, the only one among the catalysts tested bearing a norbornadiene group instead of a cyclooctadiene group as a protecting ligand, has been found the most active one.

For the PHIP experiments, the same quantity of catalyst 1 has been introduced in each tube. PHIP experiments have then been performed in the same conditions on the cryptophane samples. As in our protocol para-hydrogen (p-H2) is introduced at a pressure of 4 bar (see Experimental), we could keep xenon (at a sub-atmospheric pressure on top of the solution) in the NMR tube. This ensures that the cryptophanes do not take only an imploded form. [20][21] Immediately after introduction of p-H2, successive 1D 1 H spectra have been recorded.

Figure 2 displays the high field region of the spectra (full spectrum in Figure S4 of the Supp. Info.) immediately after introduction of p-H2 (Fig. 2a) and 6 minutes later (Fig. 2b). Some signals are largely enhanced and have an opposite phase, proving the PHIP phenomenon.

Despite the lack of scalar connectivity between the cryptophane part and the double bond, the presence of the catalyst signals on the spectra, and the poor difference between the aromatic resonance frequencies, 1 H and 13 C assignment of the cryptophane signals before and after hydrogenation has been achieved. As the catalyst is activated in the presence of di-hydrogen, its norbornadiene part being transformed into norbornene and then into norbornane, we have decided to perform a PHIP experiment in the presence of the catalyst alone (without cryptophane). Figure 3 displays the 1 H spectrum obtained just after addition of para-hydrogen in a solution containing the catalyst 1, and 6 minutes later. Looking at the difference between the PHIP-hyperpolarised spectrum of 1 and this of the mixture (2h + 1) reveals some signals of the cryptophane which are hyperpolarised.

It is worth noting that the signal at 0.95 ppm has been identified as belonging to the norbornene moiety (Figure S7 of the Supp. Info.). Surprisingly this signal does not appear when 1 is hydrogenated, which suggests a particular mechanism when the cryptophane 2 or another molecule bearing a double bond like norbornene, is also present (see the Discussion part). All in all, as long as 2h is concerned, only the two signals corresponding to the hydrogenated bond, at 1.08 ppm and 1.81 ppm, are hyperpolarised. They appear in antiphase, revealing a PASADENA ("Parahydrogen and Synthesis Allows Dramatically Enhanced Nuclear Alignment") process. [22] In order to check this hypothesis, an OPSY ("Only Para-hydrogen SpectroscopY") experiment has been performed. [23] The resulting spectrum, displayed in Figure 4, effectively reveals these signals. In blue, the same experiment performed on the sample before addition of parahydrogen.

For compound 3, the situation is less clear, the cryptophane protons in positions x, y and z resonating at frequencies very close to those of the catalyst. For 4, the hydrogenation is not fast enough to enable PHIP hyperpolarisation.

Using the gradual disappearance of the signals in z position of 2 and 4, and the emergence of the methyl signal in z position of 3h, we have monitored the kinetics of the hydrogenation reaction. The hydrogenation rate is far lower for cryptophane 4 than for the two other cryptophanes, which explains that no efficient PHIP process is observed for this compound. This is not surprising as it is known that hydrogenation of branched alkenes is slower.

The third step has been to record hyperpolarised 129 Xe NMR spectra on the cryptophanes after hydrogenation. In this purpose, the NMR tubes have been 

DISCUSSION

Joint analysis of the 129 Xe and 1 H NMR spectra recorded before and after the addition of para-hydrogen indicates that none of these cryptophane derivatives has the qualities required to constitute a bimodal and doubly smart 1 H-129 Xe NMR probe. By the term 'doubly smart' it is meant a molecular system for which both the 129 Xe and 1 H NMR spectra are strikingly modified upon addition of para-hydrogen. Here either the caged (case of compounds 2 and 3) or hydrogenation is too slow to take profit of the PHIP effect (compound 4). However, compounds 2 and 3 undoubtedly constitute bimodal probes with interesting and improvable NMR properties. Also a detailed exploration of the spectra of two of these systems reveals interesting features of the hydrogenation, shedding light on the process.

The chemical shifts of xenon in 2h and 3h differ from those in 2 and 3, respectively, by 0.5 ppm at most. This value is small when compared with other cryptophane-based systems. For instance, xenon in a cryptophane bearing a nitrilotriacetic function experiences a more significant chemical shift variation when the molecule chelates some dications. [24][25] As an example, the presence of lead cations is translated into a large xenon chemical shift variation of 4.5 ppm. The high conformational dynamics that the allyl arm of 2 may adopt probably explains the partial averaging of the effect of the anisotropy cone of the double bond and thus the small effect on the caged xenon chemical shift when compared to 2h, lacking this double bond. This also tends to indicate that the allyl arm has negligible influence on the conformation of the cage itself. The difference between the chemical shifts for xenon caged in 3 and in 3h may also be explained with the same arguments. On the contrary, the non-conjugated double bond of 4 is much less mobile and induces a higher effect on the caged xenon chemical shift, an effect reinforced by the shorter average distance between xenon and the double bond.

The fact that the two protons on both sides of the double bond experience a PASADENA transfer can be explained by the way the hydrogenation experiment was performed. Introduction of para-hydrogen and shaking of the NMR tube was performed 5 seconds outside the NMR magnet, in a field of ca. 12 mT. Then the tube was inserted in the magnet and the NMR experiment started immediately. The data show that activation of the catalyst by para-hydrogen is a prerequisite for the cryptophane hydrogenation. It is thus likely that this second step occurs mostly at a high field, which is also supported by the hydrogenation kinetics studies, giving rise to a preeminent PASADENA effect. It should be noted that although a large majority of the catalyst signals (1, norbornene, norbornane) are in phase (Figure 2), after the OPSY experiment also for these protons some antiphase signals appear (Figure 4), probably because part of the hydrogenation of the catalyst still occurs at high magnetic field.

For compound 3h, the weakness of the antiphase -PHIP-hyperpolarised -signals of the y and z protons, hardly distinguishable among the catalyst's signals, cannot only be explained by the hydrogenation kinetics. Rather, a thorough investigation via EXSYspectra has shown that an exchange exists between the signals at 0.95, 1.15 ppm and other signals at -2.74, -2.02 ppm (Figure S11). The unusual chemical shift of these latter signals strongly suggest that they represent a form where the propyl moiety enters the cavity of the cryptophane.

The NMR signal of ortho-hydrogen appears as a superimposition of a classical absorptive in-phase signal and an antiphase signal (see Figure 2a) that should come from a PASADENA effect during the hydrogenation process. This is confirmed in the OPSY experiment. Similarly to previously reported examples, [27][28][29][30] [START_REF] Rogers | Proc. Natl. Acad. Sci[END_REF] the hyperpolarisation and the antiphase component of the o-H2 signal probably arise from addition of para-hydrogen on rhodium, where hydrogen atoms are magnetically inequivalent (A-X system), followed by release of o-H2 with non-thermal spin population. Transfer between longitudinal spin order (2I A zI X z) and longitudinal polarisations (I A z and I X z) occurs through chemical shift anisotropy and interference terms, as explained in the case of ruthenium complexes. [27] The absence of any signal in the hydride region, at chemical shift lower than 0 ppm might be due to the PASADENA conditions. A short life-time of such intermediates indeed induces weak and large signals, [27] partly cancelled by their antiphase character. As this chemical process starts as soon as the sample is shaken at low magnetic field, where ALTADENA conditions usually dominate, a hyperpolarised in-phase signal should occur for o-H2. However, the longitudinal relaxation time of o-H2, measured independently to 1.4 s in the experimental conditions, is short compared to the time, about 5 s, between shaking the tube and recording the NMR spectrum, inducing a large reduction of the expected hyperpolarised signal.

CONCLUSION

In this paper, we have explored the feasibility of using a dual probe, based on laserpolarised xenon and proton PHIP NMR, in which both signals may be recorded using the same apparatus. Three molecular systems encompassing a cryptophane core and a non-conjugated double bond have been tested, one of them synthesized for the first time. None of them reached the two objectives, but all reach, at different extent, one objective.

The difference between the chemical shift of xenon in compound 2 and in compound 2h (also 3 -3h) is not high enough to be a marker of the hydrogenation, so compound 2 cannot be considered as a smart 129 Xe NMR sensor. [7] This does not mean that the strategy of incorporating a double bond in the spacer has to be set away. Rather, it is likely that a ligand with a high electron density (aromatic ring for instance) preceding or following such a spacer could allow a significant chemical shift variation for caged xenon before and after hydrogenation.

We could also modify the structure of the probe by grafting, close to the non-conjugated double bond, a very polar functional group dedicated to coordinate the metal catalyst, resulting in acceleration of the hydrogenation of the olefin, and thereby enhancing 1 H NMR signals that result from the PHIP process.

Finally, the concomitant introduction of hyperpolarised xenon and para-hydrogen in the NMR tube, followed by the simultaneous record of 129 Xe and 1 H spectra, will allow to observe simultaneously the sample through two complementary and sensitive probes.

Di-hydrogen could even be introduced in the optical pumping cell for xenon hyperpolarisation, hopefully giving the right gas mixture for an optimal use of the dual probe. Indeed, in a recent work of Meersmann et al., di-hydrogen replaces molecular nitrogen as buffer gas during optical pumping. [START_REF] Rogers | Proc. Natl. Acad. Sci[END_REF] EXPERIMENTAL Chemicals [Tris(dimethylphenylphosphine)](2,5-norbornadiene) rhodium(I) hexafluorophosphate 1, and the other catalysts were purchased from Sigma-Aldrich. Perdeuterated 1,1,2,2tetrachloroethane and xenon enriched in isotope 129 at 83% were purchased from EurisoTop.

Cryptophane synthesis

Cryptophanes 2 and 3 were prepared according to a known experimental procedure. (see ref. [START_REF] Brotin | Calixarenes Beyond[END_REF] and [10] ). The synthesis of 4 has not yet been reported in the literature (to be published). 1 H NMR and 13 C NMR data are fully consistent with the proposed structures (see Supp. Info.).

Sample preparation

Each NMR tube was filled with 600 µL of a mixture of catalyst 1 and cryptophane (2, 3 or 4) in 1,1,2,2-tetrachloroethane-d2, with respective concentrations of 0.3 mM and 1.0 mM.

Hyperpolarisation methods

Xenon Optical Pumping. Xenon was hyperpolarised via Spin Exchange Optical Pumping (SEOP) in the batch mode, using our home-built setup based on two coupled 30 W laser diodes already described. [START_REF] Chauvin | [END_REF] After 5 to 10 minutes of optical pumping, hyperpolarised xenon was separated from helium and nitrogen by condensation in a cold exchanger. Frozen xenon was stored and transported in a glass reservoir immersed in liquid nitrogen in a magnetic field of 300 mT. For the transfer to the NMR tube this reservoir was heated and installed in a vacuum line in the fringe field of the NMR magnet. A hollow NMR spinner enabled us to condensate hyperpolarised xenon on top of the previously degassed solution without freezing the solution. The useful xenon nuclear polarisation was around 0.2.

Para-hydrogen preparation. Para-hydrogen was produced according to the procedure and home-built setup described in ref. [33]. Cooling of di-hydrogen to 77 K in the presence of hydrous ferric oxide (Molecular Products, Inc.) resulted in a mixture enriched at 51% in p-H2 (this percentage was controlled by using Raman spectroscopy, with an experimental error of 2%). It was transported to a glass container at a pressure of ca. 4 bar; in the absence of paramagnetic impurities, the percentage of p-H2 remained stable for several hours. Para-hydrogen was introduced in the NMR tube (gassed under xenon) through a simple transfer line.

NMR experiments

The NMR experiments were performed on a Bruker Avance II spectrometer operating at a frequency of 500.13 MHz for 1 H and equipped with an inverse broad band probehead with z-gradient. Unless otherwise stated, experiments were recorded at 297 K, in 5 mm o.d. NMR tubes equipped with Teflon valves from Young Scientific Glassware Ltd. The tubes were vigorously shaken 5 seconds in the vicinity of the unshielded NMR magnet in a fringe field of ca. 150 and 10 mT, for 129 Xe and 1 H NMR experiments, respectively, then immediately introduced in the NMR magnet. A stabilization delay of ca. 5 seconds was included prior to acquisition for 129 Xe NMR experiments only, while 1 H NMR experiments started immediately.

Figure 1 .

 1 Figure 1. Compounds used in this study. Cryptophanes 2h, 3h and 4h correspond to cryptophanes 2, 3 and 4, respectively, after hydrogenation of the double bond noted by a star. 1 is the catalyst used in this study. NA: norbornane; NE: norbornene; ND: norbornadiene.

Figure 2 .

 2 Figure 2. Upfield region of the one-scan 1 H NMR spectrum of 2h (1 mM) in the presence of 1 (0.3 mM), (a) after the introduction of para-hydrogen and (b) 6 minutes later. A 45° readout pulse has been used.

Figure 3 .

 3 Figure 3. Upfield region of the one-scan 1 H NMR spectrum of 1 (0.3 mM), (a) after introduction of para-hydrogen and (b) 6 minutes later. A 45° readout pulse has been used.

Figure 4 .

 4 Figure 4. OPSY experiment on a sample of 2 at 1 mM and 1 at 0.3 mM (red spectrum).

  degassed (removal of hydrogen and xenon) before introduction of the hyperpolarised noble gas. For each cryptophane, as before hydrogenation, a signal witnessing xenon inside the molecule-cage is observed in addition to the signal of xenon free in the solvent. The chemical shift values for caged xenon are given in Table1. Hydrogenation of 2 (leading to compound 2h) gives rise to an upfield shift by only 0.5 ppm; that of 3 (leading to compound 3h) a downfield shift of 0.3 ppm. Remarkably the caged xenon chemical shift is upfield shifted by 7.4 ppm when 4 is hydrogenated in 4h (Figure5). Experiments performed at 277K show that this difference is almost conserved while temperature is varying. The xenon linewidths in 4 and 4h can directly be compared on the same spectrum. The xenon signal inside 4h is sharper by about 40% than the corresponding signal of xenon inside 4 in the 277-327 K temperature range. This can be interpreted by a higher residence time of xenon in 4h, in which the methyl group may impede more efficiently the exit of xenon than the vinyl moiety in 4.

Figure 5 .

 5 Figure 5. 129 Xe NMR spectra before, in blue, and after, in red, partial hydrogenation of 4. A line broadening of 80 Hz has been applied prior to Fourier transformation.

  

Table 1 .

 1 Firstly, laser-polarised129 Xe NMR experiments have been performed on these compounds in similar experimental conditions. In simple one-scan 1D experiments, after having referenced the signal of xenon free in the solvent at 224 ppm (the tetrachloroethane protons resonate at 6 ppm), the caged xenon chemical shifts appear at 68.8, 58.4 and 64.1 ppm for xenon in compounds 2, 3 and 4, respectively (see Table1). It is worth noting that the signals of Xe@2 and Xe@3 appear in a spectral region which correspond to what is expected for a cryptophane-222 derivative and a cryptophane-223 derivative, respectively, whereas Xe@4 experiences a downfield shift, likely due to the anisotropy cone of the double bond, spatially close to caged xenon. Chemical shifts of xenon encapsulated in the cryptophanes before and after their hydrogenation, at 297 K.

	Compound	 129 Xe (ppm)	Compound	 129 Xe (ppm)
	2	68.8	2h	68.3
	3	58.4	3h	58.7
	4	64.1	4h	56.7

Fast repetitions of the sequence [frequency-selective excitation centred à 60 ppmacquisition] performed in 2D have enabled us to ensure that a xenon in-out exchange, on the order of 30 Hz, is present. Experiments with and without catalyst in the tubes have shown that this rate is not modified, which indicates that the catalyst does not enter in the cryptophane cavities (this is confirmed by

1 

H experiments revealing no modification of the cryptophane signals upon addition of 1). This is a prerequisite for obtaining powerful 129 Xe NMR-based biosensors for which the xenon in-out exchange leads to enhanced sensitivity.

Table 2 .

 2 Table 2 summarizes the characteristics of the hydrogenation processes for a catalyst concentration of 0.3 mM and a cryptophane concentration of 1 mM. The kinetics data are reported in Figures S8-S10. Kinetics

	Compound Initial rate (min -1 )	half-hydrogenation time (min)
	2	1.0 at 297K	0.8
	3	0.09 at 297K	50
	4	0.00093 at 337K	not reached

of the hydrogenation process for compounds 2, 3 and 4.