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ViscY NMR experiments in phosphoric acid as viscous solvent for the individualization of small molecules within mixtures by spin diffusion

The analysis of small molecules within complex mixtures is a particularly difficult task when dealing with the study of metabolite mixtures or chemical reaction media. This issue has fostered in recent years an active search for effective and practical solutions. In this context, the ViscY NMR approach was recently proposed. ViscY collectively designates the NMR experiments that take advantage of spin diffusion in highly viscous solvents or solvent blends for the individualization of the NMR spectra of small molecule mixture components. Two viscous media were prepared from ortho-phosphoric acid (85 %) solution by dilution with either D2O or DMSO-d6, thus providing solvent blends with slightly different polarities in which all liquid-state NMR experiments can be carried out easily. Two mixtures, one of four structurally close dipeptides and one of four low-polarity phosphorus-containing compounds were used for method assessment, using ViscY experiments such as homonuclear selective 1D and 2D 1 H NOESY experiments, heteronuclear 2D 1 H-15 N/ 1 H-31 P HSQC-NOESY and 1 H-13 C/ 1 H-15 N/ 1 H-31 P NOAH experiments.

Introduction

Liquid-state NMR spectroscopy plays a key role in the structure elucidation of unknown organic compounds, provided that sample purity is fair to excellent. Real-life situations may preclude the resort to purification methods and force to analyse mixtures. For instance, the substances produced by chemical synthesis often contain starting materials, by-products, and the desired end product. As well, natural or biotechnological extracts may contain several hundred organic molecules. In this context, simultaneous purification and NMR spectroscopy through LC-SPE-NMR or LC-SPE-MS/NMR coupling strategies may be carried out. [1][2][3][4] The physical separation of mixture constituents may be helpful but is not always practical. Moreover, chromatography cannot be applied to highly reactive molecules, is unappealing if crucial molecular associations are shattered by separation and may be simply too time-consuming and therefore too expensive to employ. Consequently, using NMR without prior physical separation may turn out to be relevant.

The study of mixtures by liquid-state NMR mainly focuses on the identification and quantification of already known molecules. Determining their structures may be demanding in case of accidental strong peak overlap. Being able to assign each resonance to a specific compound should limit the necessity of chromatographic separation, help scientists analyse unknown compounds within mixture, and thus significantly improve the efficiency of synthetic and natural product chemistry. So far, NMR spectroscopy has been considered for mixture analysis in a reduced number of ways: i) The translational diffusion coefficient in solution (D) is a molecular property and describes its mobility. The individual 1D NMR spectrum of each mixture component can be extracted by considering D as discriminating factor, using the 2D DOSY method. [5][6][7][8] Nonetheless, D values are only weakly discriminating, even if experimental techniques may improve their resolving power in special cases (adjunction of a chromatographic solid phase, interaction of the molecules of interest with soluble polymers, lanthanide shift reagents, or micelles). [START_REF] Viel | Proc. Natl. Acad. Sci[END_REF][START_REF] Pages | [END_REF][11][12][13][14][15][16][17][18] ii) Multi-quantum spectroscopy coupled (or not) with broadband homonuclear decoupling / pure shift NMR, ultrafast data acquisition, sparse sampling, and tensor decomposition methods may all help separate the spectra of molecules within mixtures. [19][20][21][22][23] iii) The use of viscous solvents under appropriate conditions slows down the tumbling rate of small and mid-sized molecules in solution, [24][25][26][27][28][29][30][31][32][33][34][35][36] so that the longitudinal cross-relaxation regime induces spin diffusion over entire molecular spin networks. Therefore, the resonances of different species may be distinguished according to their ability to share magnetization through intramolecular spin diffusion. All 1 H resonances from each molecule may correlate together in a 2D NOESY spectrum, making possible to individualize the 1 H NMR spectrum of each mixture constituent. In 2008, Simpson and coworkers first published the use of a high-viscosity solvent, the chlorotrifluoroethylene polymer, for organic mixture analysis by means of 1D and 2D NOESY spectroscopy. 29 The same team reported in 2012 the use of supercooled water in narrow capillaries to manipulate the rotational dynamics of small molecules for identifying mixed small metabolites. 31 PO 4 , also named phosphoric acid, is a weak mineral triacid. It plays an important role in inorganic chemistry and biochemistry. About 90% of its production is engaged in the industry of fertilizers. At room temperature, pure phosphoric acid is a crystalline solid. It is usually sold as a colourless syrup of 85% concentration in water. This liquid is miscible with polar solvents such as alcohol, water, and most non-polar solvents. 37 Phosphoric acid (85%) solution presents a melting point around 299 K. [START_REF] Smith | [END_REF] Its melting point can be reduced by the addition of more water or of DMSO-d 6 . By the way, melting points of phosphoric acid (85%) solution respectively reached 248 K and 258 K after adding 20% of water and 30% of DMSO-d 6 by volume. This property enabled us to prepare liquid-state NMR samples at or below room temperature, which is particularly suitable for molecules of poor thermal stability. As a result, spin diffusion may occur on a wide temperature range, from room to negative Celsius temperatures owing to the viscosity increase of both solvent blends upon temperature decrease.
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However, the viscosity of the phosphoric acid-based blends at room temperature stays relatively low, even though phosphoric acid (85 % in water) presents a viscosity of 37.59 cP at 298 K 39 (for comparison η water -= 0.898 cP and η DMSO -= 2.003 cP at 25°C) 40 As a consequence, NMR samples tubes can be prepared without any issues, contrary to highly viscous solvents such as glycerol (η = 934 cP at 298 K) 41 Furthermore, the weak triacidity of phosphoric acid solutions (pKa = 2.148, 7.198, and 12.319 at 298 K) makes its use compatible with most of small molecules without the risk of altering them. However, considering these phosphoric acid-based solvents forces to suppress the strong 1 H NMR signal of water, a requirement that it is easily fulfilled by the excitation sculpting sequence. 42 In addition, the high amount of added DMSO-d 6 and D 2 O easily enables automatic field-locking and shimming, like for any other common NMR solvent. Nonetheless, the major disadvantage of using phosphoric acid solutions remains the formation of salts that may disturb the matching of the spectrometer probehead which requires care when handling a cryoprobe. As a result, the duration of pulses may be longer than that measured in usual organic deuterated solvents. Owing to the higher dielectric constant of water compared to DMSO-d The criterion for optimal temperature selection is a compromise between overall spectral resolution and intensity of NOESY crosspeaks between nuclei that are not nearby to reveal a NOE signal that would be absent in a low-viscosity solution. A temperature reduction enhances spin diffusion but also reduces peak height through line broadening due to a more active transverse relaxation. Sample cooling is therefore required if the NOESY spectrum shows positive NOE responses (diagonal and off-diagonal peaks of opposite signs). Following the complexity of the mixtures, the analysis of 1 H NMR spectra may become intractable owing to 1 H resonance overlapping. A conventional remedy to this involves the spreading of the spectroscopic information along a second dimension that encodes chemical shifts of nuclei other than protons. 32-34, 36 This approach to NMR mixture analysis is illustrated in phosphoric acid (85%)/D 2 O solution using 2D 

Results and discussion

Leu-Val, Leu-Tyr, Gly-Tyr and Ala-Tyr mixture in phosphoric acid (85%)/D 2 O (8:2, v/v) solution.

These dipeptides when dissolved in pure water are not discriminated according to their translational diffusion behaviour, owing to their comparable molecular weight and shape (Fig. S1 in the Electronic Supplementary Information (ESI) file). In this context, we have considered the resolving power of homo-and heteronuclear NOESY-based spin diffusion experiments in viscous phosphoric acid solutions to offer a working alternative to the DOSY experiment.

An experimental issue of handling phosphoric acid solution is the mandatory suppression of its strong residual 1 H water signal (see Fig. S2a) to fully benefit from the high dynamic range of the NMR spectrometer receiver since deuterated phosphoric acid solution is quite expensive and the chemical exchange between solvent deuterium nuclei and dipeptide amide protons may happen. Nonetheless, the suppression of the HOD signal is easily achieved by using an excitation sculpting sequence (Fig. S2b). In the 1D selective NOESY experiment, a single spin is excited, its magnetization is further flipped to bring it to the z-axis where it can spread by spin diffusion along with the molecular proton network. The 1D selective NOESY pulse sequence starts with a multiplet selective excitation block (Fig. 2e). The 1D selective NOESY spectra in Fig. 2 show that each dipeptide is discriminated by spin diffusion in phosphoric acid (85%)/D 2 O (8:2, v/v) solution at 288 K, using a suitable set of selectively excited proton resonances. By the way, the selective excitation of the NH amide proton at 7.55 ppm discloses a magnetization exchange solely with the protons of the Leu-Val dipeptide, even with terminal ammonium protons NH 3 + of leucine (Fig. 2a) due to the acidity of the medium allowing to sufficiently slow down the chemical exchange with water. The selective excitation of the side chain Hδ and Hγ protons (between 0.65 and 0.95 ppm) reveals a magnetization exchange with all protons of the two Leu-Val and Leu-Tyr dipeptides (even with terminal ammonium protons NH 3 + of both leucines) (Fig. 2b). By comparison with the 1D NOESY spectra in Fig. 2a and 2b, a full proton assignment of Leu-Tyr is achievable.

The selective excitation of the aromatic Hδ protons of Leu-Tyr, Gly-Tyr and Ala-Tyr presents all proton resonances of Leu-Tyr, Gly-Tyr and Ala-Tyr (including terminal ammonium protons NH 3 + of alanine and glycine) (Fig. 2c). The complete individual 1 H spectrum of Gly-Tyr is obtained after selectively exciting the Hα proton at 4.57 ppm (Fig. 2d).

Another way to discriminate each mixed dipeptide, by detecting only resonances of interest during signal acquisition, has been to resort to only one selective NOESY experiment namely a F 1 band selective F 1 decoupled 2D NOESY experiment 48, 49 . Amide NH resonances have been the initial source of magnetization after the initial band selective excitation step since their resonances are close in frequency and they are not scalarly coupled together (Fig. 3). The mixing time block, including wideband inversion pulses to avoid the reappearance of the HOD signal, let spin diffusion extend throughout the proton network of each dipeptide. Carrying out this latter experiment in phosphoric acid solution allows the assignment of all proton resonances of Leu-Val, Leu-Tyr, Gly-Tyr and Ala-Tyr under ViscY conditions. Please do not adjust margins Please do not adjust margins range covers about 2000 ppm, which facilitates the individualization of phosphorus-containing compounds in mixtures. [START_REF] Kühl | Phosphorus-31 NMR Spectroscopy: A Concise Introduction for the Synthetic Organic and Organometallic Chemist[END_REF] In the slow tumbling limit, unlike 19 F and 1 H nuclei that reveal negative NOEs and HOEs, 31 P nuclei show only positive HOEs that tend towards zero with slower tumbling owing to the particular value of its magnetogyric ratio.
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. A workaround to this experimental issue is to consider 31 P nuclei as chemical shift markers and to induce magnetization exchange along the intramolecular proton network using the 2D Like the dipeptides dissolved in pure water, the four phosphoruscontaining molecules (Fig. 5) do not present any differentiation by translational diffusion in pure DMSO-d 6 , owing to their similar molecular (Fig. S7 The effect of temperature on intramolecular spin diffusion has been already discussed in the preceding section. Likewise, we have established the optimal temperature that gives the best compromise between efficient 1 H spin diffusion and spectral resolution by using 2D 1 H NOESY experiments with water suppression by excitation sculpting, at 500 MHz ( 1H), at 308, 298, and 288 K. Spin diffusion is already active at 308 K for all molecules (Fig. S9 in ESI). Nonetheless, a full magnetization exchange along the proton network of every molecule is visible at 298 K. At 288 K, full spin diffusion is efficient but spectral resolution is a bit damaged due to more active T 2 transverse relaxation, responsible for 1 H resonance line broadening (Fig. S9 in ESI). As a result, the optimal temperature of 298 K has been chosen for the following NMR studies because it offered efficient 1 H spin diffusion (negative NOE enhancements, positive NOE cross-peaks, slow tumbling regime) and suitable 1 H spectral resolution. The 2D NOESY spectrum at 298 K discloses four positive NOE cross-peak patterns, each corresponding to a single mixture component (Fig. 6a and Fig. S10 in ESI). The pattern identification of 1a is driven by the distinctive aromatic protons H 15,19 at 7.67 ppm (Fig. 6a, purple pattern). The pattern of 1b is identified by means of the tropanic ring H 3 at 4.29 ppm (Fig. 6a, blue pattern). The proton H 9 at 5.36 ppm helps distinguish the proton pattern of 1c (Fig. 6a, red pattern). The proton resonance H 10 at 3.21 ppm is a relevant starting point for recognizing the complete resonance pattern of 1d (Fig. 6a, green pattern). As a result, the use of phosphoric acid (85%)/DMSO-d 6 binary solvent enables an entire intramolecular magnetization exchange within every mixed phosphorus-containing compound by spin diffusion, observed over distances greater than 13 Å, in part due to the rigidity of the cycloalkyl and aromatic parts. In contrast, when the conventional 2D NOESY spectrum is acquired in pure DMSO-d 6 at 298 K, the four mixed phosphorus-containing compounds quickly reorient and reveal negative NOE cross-peaks (positive NOE enhancements, fast motion regime) thus avoiding spin diffusion to be detected (Fig. 6b It is not easy to unambiguously assign each proton resonance to each specific compound within mixture due to resonance peak overlaps, particularly in the proton 1D and 2D spectra from 0.6 to 2.6 and from 7.1 to 7.8 ppm. The multiplet selective excitation 1D NOESY experiment, 46, 47 formerly described in the context of dipeptide mixture analysis, addresses this pitfall by clustering proton resonances belonging to the same molecule. The resurgence of the strong 1 H water signal during the mixing time of the NOESY block is still prevented by wideband inversion pulses enclosed in gradient pulse pairs. 47 Choosing an appropriate set of selectively excited proton resonances enables the acquisition of the individual 1D 1 H spectrum of every mixed compound by taking benefit from spin diffusion under ViscY conditions (Fig. 7). In particular, the individualization of 1a is achieved by the selective excitation of the aromatic protons H 15,19 at 7.67 ppm (Fig. 7a). All proton resonances of 1b are detected by means of the selective excitation of the tropanic ring proton H 3 at 4.29 ppm. By the way, spin diffusion is sufficiently active to correlate proton signals from the two aromatic groups (Fig. 7b). Selective excitations of the ethylene protons H 9 at 5.36 ppm and the methyl group H 10 at 3.21 ppm respectively group together all proton resonances of 1c and 1d (Fig. 7c andd).

The selective excitation of resolved proton resonances has permitted to individualize each mixture component by taking profit from spin diffusion under ViscY conditions. Nonetheless, in the investigation of more complex phosphorus-containing mixtures, molecules of interest may not reveal isolated proton resonances due to severe P HSQC-NOESY spectrum of the phosphorus-containing compound test mixture dissolved in phosphoric acid (85%)/DMSO-d 6 (7:3, v/v) solution, recorded at 298 K, shows that all protons of each molecule can correlate with all other protons by spin diffusion after having marked the phosphorous chemical shift in F 1 (Fig. 8). As a result, the capability to individualize phosphorous-containing compounds within mixture is achievable by using the 2D 1 H-31 P HSQC-NOESY experiment under ViscY conditions, even if CSSF 54 or GEMSTONE 55 experiments may be a pertinent alternative to reach the required resolution in traditional NMR solvents. Another substitute way in the individualization of each mixed phosphorus-containing molecule has been also to concentrate on the NOAH-4 BSCN supersequence to acquire, consecutively, with only one recycling delay, H NOESY (N) spectra under ViscY conditions (Fig. 9). 50 The full assignment of the proton resonances of each mixed compound is reachable by taking profit from the active spin diffusion acting during the mixing time of the NOESY experiment, even though the signal/noise ratio is somewhat reduced compared to that of the NOESY spectrum acquired alone due to signal loss by transverse relaxation. Furthermore, multiple bond J-scalar 

Experimental

Chemical reagents. DMSO-d 6 and D 2 O were purchased from Eurisotop (Gif-sur-Yvette, France). Leu-Val, Leu-Tyr, Gly-Tyr and Ala-Tyr were purchased from TCI Europe (Zwijndrecht, Belgium). Dicyclohexyl(4-(N,N-dimethylamino)phenyl)phosphine, exophenyl Kwon [2.2.1] bicyclic phosphine and phosphoric acid (85%, w/w) were purchased from Sigma-Aldrich (Saint-Quentin-Fallavier, France). Allyltri-phenylphosphonium bromide and (methoxymethyl)triphenylphosphonium chloride were purchased from Acros Organics (Geel, Belgium). All peptides and phosphorus-containing compounds had 95% or higher purity and were dissolved at a concentration from 20 to 50 mM respectively in phosphoric acid (85%)/D 2 O (8:2, v/v) and phosphoric acid (85%)/DMSO-d 6 (7:3, v/v) solutions without exothermic reactions. NMR Spectroscopy. NMR experiments on the dipeptide and phosphorus-containing compound test mixtures were carried out on Bruker Avance AVIII500 and AVIII600 NMR spectrometers respectively equipped with a 5 mm BBFO+ probe and a 5 mm TCI cryoprobe using the TOPSPIN software (Rheinstetten, Germany).

Please do not adjust margins

Please do not adjust margins Gradient pulses (respectively maximum 0.535 Tm -1 and 0.613 Tm -1

) were generated by a 10 A amplifier. Sample temperature was controlled by a Bruker variable temperature (BVT) unit supplied with chilled air produced by a Bruker cooling unit.

All dipeptide mixture spectra were referenced so that the tyrosine Hα proton and Cα carbon resonances respectively appeared at 7.00 and 132.00 ppm.

All spectra of phosphorus-containing compounds were referenced so that the residual proton signal of DMSO-d 6 was observed at 2.50 ppm and the phosphorus signal of H 3 PO 4 was observed at 0.00 ppm. Additional NMR data acquisition and processing parameters for Fig. 1-4 and Fig. 6-9 are reported in the Electronic Supplementary Information file.

Conclusions

The use of phosphoric acid (85%) mixed with D 2 O or DMSO-d 6 as viscous binary solvents has been reported for the first time for the individualization of respectively high-and low-polarity components within complex mixtures, by taking benefit from NMR spin diffusion, under ViscY conditions, at usual magnetic field strengths.

The component individualization of the Leu-Val, Leu-Tyr, Gly-Tyr and Ala-Tyr Considering viscous phosphoric acid-based solvents reveal significant benefits compared to previously described viscous solvents such as glycerol, glycerol carbonate or agarose gel.

30, 34

The spin diffusion is active over a large temperature range, compatible with heat-sensitive molecules, and the preparation of NMR sample tubes is simple. The viscous phosphoric acid (85%)/water solution blend is rather appropriate for the investigation of high-polarity molecules whereas phosphoric acid (85%)/DMSO-d 6 solution is rather recommended for the study of low-polarity compounds. Medium-sized high-and low-polarity compounds necessitate a low concentration of water or DMSO-d 6 in phosphoric acid (85%) whereas smaller or more flexible compounds demand more water or DMSO-d 6 in phosphoric acid (85%) until 50% (v/v) for driving spin diffusion from room to negative Celsius temperatures, under ViscY conditions. However, phosphoric acid (85%) solutions may interact with or alter fragile chemical compounds preventing NMR analysis and they may unsettle the probe matching when using a cryoprobe.

Upcoming studies involving the ViscY approach will deal with the study of other polar and apolar mixtures composed of small-sized molecules for assessing the spin diffusion power in viscous phosphoric acid-based solutions. This journal is © The Royal Society of Chemistry 20xx
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15 N 31 P

 1531 NOAH experiments and in phosphoric acid (85%)/DMSO-d 6 solution using 2D chemical shifts of respectively every mixed high-and low-polarity molecules.

42 Since

 42 temperature is a crucial parameter to observe spin diffusion because it is related to solvent viscosity and therefore to overall rotational correlation times τ C , 30, 44 we have determined the optimal temperature at which NOE cross-peaks were positive (negative NOE enhancements, slow motion regime), well-resolved, and as intense as possible between nuclei (not close enough to display a NOE in low viscosity solvent). The optimized temperature of 288 K has been chosen by recording NOESY experiments with water suppression by excitation sculpting (see Fig. 1a, Fig. S3: amide Please do not adjust margins Please do not adjust margins proton region NOESY spectra at 298, 288 and 278 K and S4: full NOESY spectrum at 288 K in ESI). The use of an aqueous phosphoric acid solution enables a thorough intramolecular magnetization transfer through spin diffusion, observed over distances of > 14 Å within each small and flexible dipeptide in the NOESY spectrum at 288 K whereas in water at 298 K the NOESY spectrum reveals fewer NOESY cross-peaks, and of opposite sign (positive NOE enhancements, fast motion regime, see Fig. 1b, full NOESY spectrum in Fig. S5 of ESI). As a result, under ViscY conditions, the compound by compound clustering of proton resonances is achieved, making possible the individualization of each mixture component since the chemical shift pattern of each dipeptide is predictable. The individualization of the four dipeptides in water would have necessitated the concomitant use of J-coupling and dipolar-coupling 1 H NMR experiments such as COSY/TOCSY and NOESY, following the usual peptide resonance assignment method.
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Fig. 1

 1 Fig. 1 Amide proton region of 2D NOESY spectra of the dipeptide test mixture (20 mM), mixing time (t m ) = 1 s, at 500 MHz ( 1 H), dissolved a) in phosphoric acid (85%)/D 2 O (8:2, v/v) solution, at 288 K, b) dissolved in H 2 O/D 2 O (9:1, v/v), at 298 K. The red frames correspond to spectral regions of interest in which water as solvent has a major effect on the number and sign of observable NOESY cross-peaks.

47 Fig. 2

 472 Fig. 2 Multiplet selective excitation 1D 1 H NOESY spectra of the dipeptide test mixture (20 mM) dissolved in phosphoric acid (85%)/D 2 O (8:2, v/v) solution (a, b, c, d, 288 K), t m = 1 s, at 500 MHz ( 1 H). The initial selective inversion pulses excite: a) the NH V (LV)

Fig. 3 a

 3 Fig. 3 a) F 1 band selective F 1 decoupled 2D 1 H NOESY spectrum of the dipeptide test mixture (20 mM) in phosphoric acid (85%)/D 2 O

Fig. 4 1 H 31 P

 4131 Fig. 4 2D 1 H-15 N HSQC-NOESY spectrum of the dipeptide test mixture (50 mM) dissolved in phosphoric acid (85%)/D 2 O (8:2, v/v) solution, t m = 1 s, at 288 K, at 600 MHz ( 1 H).

1 H- 31 P

 131 HSQC-NOESY experiment under ViscY conditions. We report here the individualization of four mixed phosphorus-containing compounds dissolved in the phosphoric acid (85%)/DMSO-d 6 (7:3, v/v) solvent blend under spin diffusion conditions by homonuclear selective 1D and

  in ESI). This observation led us to assess phosphoric acid (85%) mixed with DMSO-d 6 in the individualization of these four low-polarity molecules by taking profit from the resolving power of NOESY-based spin diffusion experiments. Proton NMR in phosphoric acid (85%)/DMSO-d 6 (7:3, v/v) solution forces the elimination of its strong residual H 2 O signal. This water signal suppression has been easily accomplished using the excitation sculpting sequence (Fig. S8b in ESI).

42
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Fig. 5

 5 Fig. 5 Chemical structures of the four phosphorus-containing compounds within mixture, 1a: dicyclohexyl (4-(N, Ndimethylamino)phenyl) phosphine, 1b: exophenyl Kwon [2.2.1] bicyclic phosphine, 1c: allyltriphenylphosphonium bromide and 1d: (methoxymethyl)triphenylphosphonium chloride.

  and Fig. S11 in ESI). This journal is © The Royal Society of Chemistry 20xx Please do not adjust margins Please do not adjust margins

Fig. 6 2D 1 H

 61 Fig. 6 2D 1 H NOESY spectra of the phosphorus-containing compound test mixture (20 mM), mixing time (t m ) = 0.5 s, at 298 K, at 500 MHz ( 1 H), a) dissolved in phosphoric acid (85%)/DMSO-d 6 (7:3, v/v) solution, b) dissolved in neat DMSO-d 6 .

1 H 1 H

 11 spectral overlap, thus preventing the use of selective 1D and 2D NOESY experiments. A remedy may be to take advantage of the broad chemical shift range of 31 P. By coupling 2D HSQC and NOESY experiments, a complete proton spectrum should be obtained for each component within mixture starting only from one single phosphorus resonance in the indirect dimension

31 P

 31 chemical shifts. This supplementary information trapped in a single NMR experiment, in complement of the HSQC-NOESY experiment, in a reduced time may turn out to be significant in the case of strong 1 H resonance overlapping in the study of complex mixtures of unknown molecules.Please do not adjust marginsPlease do not adjust margins

Fig. 7 1 HFig 31 P 1 H

 71311 Fig. 7 Multiplet selective excitation 1D 1 H NOESY spectra of the phosphorus-containing compound test mixture (20 mM) dissolved in phosphoric acid (85%)/DMSO-d 6 (7:3, v/v) solution (a, b, c and d), t m = 0.5 s, at 298 K, at 500 MHz ( 1 H). The initial selective inversion pulses excite: a) H 15,19 (1a), b) H 3 (1b), c) H 9 (1c) and d) H 10 (1d) proton resonances.

Fig. 9 1 H 1 H

 911 Fig. 9 a) 2D 1 H-31 P HMBC, b) 1 H-31 P HSQC, c) 1 H-1 H COSY and d) 1 H-1 H NOESY (t m = 0.5 s) spectra using the NOAH-4 BSCN sequence of phosphorus-containing compound test mixture (50 mM) dissolved in phosphoric acid (85%)/DMSO-d 6 (7:3, v/v) solution, at 298 K, at 500 MHz ( 1 H). * Impurity.

15 N 1 H

 151 mixture and the dicyclohexyl(4-(N,Ndimethylamino)phenyl) phosphine, exophenyl Kwon [2.2.1] bicyclic phosphine, allyltriphenylphosphonium bromide and (methoxymethyl)triphenylphosphonium chloride mixture has been respectively carried out, at 288 K, in phosphoric acid (85%)/D 2 O (8:2, v/v) solution using homonuclear selective NOAH experiments and at 298 K in phosphoric acid (85%)/DMSO-d 6 solution using homonuclear selective 1D
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