Crystal structure and tautomerism of Pigment Yellow 138 determined by X-ray powder diffraction and solid-state NMR
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Abstract
The crystal structure of C.I. Pigment Yellow 138 was determined from X-ray powder diffraction data using real-space methods with subsequent Rietveld refinements. The tautomeric state was investigated by solid-state 1D and 2D multinuclear NMR experiments.
In the crystals, the compound exhibits the NH-tautomer with a hydrogen atom situated at the nitrogen of the quinoline moiety. Direct evidence of the presence of the NH-tautomer is provided by 1H-14N HMQC solid-state NMR at very fast MAS. Solid-state dispersion-corrected density functional theory calculations with BLYP-D3 confirm the correctness of the crystal structure and support the N-H tautomer. The NH hydrogen atom forms an intramolecular resonance-assisted N-H···O hydrogen bond to the neighbouring indandione moiety. The indandione moiety is almost coplanar with the quinoline fragment, whereas the phthalimide group forms an angle of 57° with it. Quantum-mechanical calculations show that for an isolated molecule this tautomeric form is by approximately 60 kJ/mol more stable than the OH form with a hydrogen atom placed at an oxygen atom of the indandione moiety. The out-of-plane rotation of the phthalimide group is not a packing effect, but caused by intramolecular steric hindrance. 
1. Introduction
C.I. Pigment Yellow 138 (P.Y. 138, 1) is a commercial greenish-yellow pigment based on quinophthalone (2). The parent compound quinophthalone has been known since 1882. Cationic and anionic derivatives of quinophthalone are used as disperse dyes [
]. P.Y. 138 is the only industrially important pigment bearing the quinophthalone moiety. 
[image: image1.png]Quinophthalone
2





Scheme 1: C.I. Pigment Yellow 138 (1) and its parent compound quinophthalone (2). In 1, the hydrogen, chlorine and oxygen atoms are numbered corresponding to their associated bonded carbon atoms.
P.Y. 138 is synthesised by condensation of 8-amino-2-methylquinoline with two equivalents of tetrachlorophthalic acid anhydride (see Scheme 2) [
].
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Scheme 2: Synthesis of P.Y. 138.
The pigment is commercially available, e.g., from BASF under the trade name “Paliotol Yellow L 0962 HD”. P.Y. 138 exhibits a greenish-yellow shade, and a good light and weather fastness. It is used for coatings, plastics and paints, in particular for automotive finishes [2].
P.Y. 138 exhibits three possible tautomeric forms, which we will denote as CH-form (1a), OH-form (1b) and NH-form (1c), see Scheme 3. 
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Scheme 3: Possible tautomeric forms of P.Y. 138.
Although P.Y. 138 has been commercially produced for decades, the tautomeric state is still unclear. In the literature, all three tautomers can be found. The textbook on industrial organic pigments by Herbst & Hunger presents 1 in the CH-form (1a) [1], the textbook on colour chemistry by Zollinger also presents the CH-form (1a) [
], as does the scientific search engine SciFinder [
]. The manufacturer (BASF) uses the OH-form (1b) in its patents [
, 
], whereas the Colour Index [
] and a compendium on dyes and intermediates [
] draw the compound in the NH-form (1c). 
The crystal structure of P.Y. 138 has not been published hitherto. Crystal structure data are available for a toluene solvate of the dechlorinated derivative of compound 1 [
], which shows the NH-tautomeric form.
The tautomeric state in the crystal has a major influence on the properties of the pigment. The knowledge of the correct tautomeric form is a basic requirement for any structure-property relationships and for any crystal engineering. Therefore we determined the crystal structure and the tautomerism of P.Y. 138. All our attempts to grow single crystals failed. Hence, we determined the crystal structure from X-ray powder diffraction data. Recently, it has been shown that carefully measured X-ray powder data contain sufficient information to determine the tautomerism of well-crystalline pigment intermediates by X-ray powder diffraction. Examples include barbituric acid and 2-ammoniobenzenesulfonates [
, 
, 
]. However, in the case of P.Y. 138 the X-ray scattering is dominated by the presence of the eight chlorine atoms, since the scattering intensity of a Cl atom is 289 times that of a H atom; this makes it challenging to determine the positions of the H atoms. 
Therefore we determined the tautomerism by 1D 1H MAS, 1D 13C and 15N CPMAS and 2D 1H-13C FSLG Hetcor and 1H-14N HMQC solid-state NMR experiments.

 The SS-NMR technique is known for providing clear evidence of the tautomeric state of a molecule since the chemical shifts of the atoms strongly depend on the positions of the double bonds and the protons. Several examples of solid-state NMR and diffraction investigations of tautomeric and desmotrophic systems are reported in the literature [
10-21]. For instance, 2-thiobarbituric acid is a representative case because both polymorphism and tautomeric polymorphism have been found and studied by X-ray crystallography as well as by 1H, 13C and 15N CPMAS NMR [
]. This method was also successfully applied to determine the tautomeric state of the poorly crystalline phases III (HT-form) [
] and IV [10] of barbituric acid. A combination of crystallography and CPMAS NMR was used to study the annular tautomerism of pyrazoles and pyrazolinones [
, 
, 
, 
], also when coordinated to metal sites [
]. Moreover, the desmotropy of irbesartan [
] has been determined by X-ray crystallography and CPMAS NMR.
In order to interpret the SS-NMR data, the 13C isotropic chemical shifts for the three tautomers in the solid state were calculated with density functional theory and compared to the experimental data.
Finally, we calculated the relative stabilities of the three tautomers in the gas phase by quantum-mechanical methods. 
2. Experimental
2.1 Sample and pre-characterisation
P.Y. 138 was obtained from BASF (Paliotol Yellow L 0962 HD) and used without further purification.
Solubility experiments were performed in different boiling organic solvents which were chosen based on their diversified chemical properties and which all had boiling points above 150 °C to increase solubility. Based on the established solubility, crystallisation series were performed by dissolving P.Y. 138 in large volumes of different boiling solvents and subsequent slow cooling.
The mass spectrum of the thus obtained sample of P.Y. 138 was recorded on an Applied Biosystems Voyager-DE STR Workstation, using the laser desorption ionisation (LDI) technique, confirming the molecular composition of the compound.
Differential scanning calorimetry (DSC) measurements were done on a SETARAM DSC 131 device. For each measurement about 10 to 15 mg of the sample was placed in a corundum crucible and measured at a rate of 5 °C min–1 under an N2 atmosphere. The results were confirmed by a differential thermal analysis (DTA), which was performed on a SETARAM TGA 92 device, and performed in the same manner as the DSC experiments.
Infrared spectra were measured on a Shimadzu FTIR-8300 spectrometer. The samples were prepared as KBr discs with 2 mg compound dispersed in 300 mg KBr. 
The solution 1H-NMR spectrum in D2SO4 was measured on a Bruker AV400 spectrometer at 400 MHz. 
2.2 Quantum-mechanical calculations on single molecules
Calculations on the three tautomers 1a-1c in the gas phase were performed using the program package Gaussian 03 [
] using the 6-31G** [
] basis set based on the SCF-HF method. The geometry of all compounds was optimised without constraints. During the optimisations the tautomeric state did not change for any of the tautomers.
2.3 X-ray powder diffraction
The X-ray powder data for the pre-characterisation and for the assessment of crystallinity were recorded at room temperature on a STOE Stadi-P diffractometer equipped with a focussing Ge(111) monochromator and a linear position-sensitive detector using CuKα1 radiation. Data were collected in a 2( range from 2° to 40° with a step width of 0.01°. For this type of preliminary measurements the samples were prepared between polymer films which were rotated during the data collection. 
The X-ray powder diffractogram used for the crystal structure determination was recorded at room temperature on an identical diffractometer, also working with CuKα1 radiation. The sample was contained in a glass capillary with 0.7 mm diameter, which was spun during the measurement. The measurement covered the range from 2° to 80° in 2( with a step width of 0.01°. The software WinXPOW [
] was used for data acquisition.

For indexing and structure solution the powder data were truncated to a range of 3.8 to 31.7° in 2(. Indexing and structure solution were performed with the program DASH [
]. The powder data were indexed by the program DICVOL [
]. Possible space groups were determined with a Bayesian method. Subsequently the intensities and their correlations were extracted with DASH. The structure was solved by simulated annealing, using a molecular model optimised by the force field DREIDING X6 [
]. (The atomic coordinates of the molecular model are given in Table S 1 and Table S 2 in the Supporting Information). Two intermolecular degrees of freedom (rotation around single bonds between the quinoline and the two adjacent fragments) were included in the optimisation.
Rietveld refinements were carried out with the program TOPAS [
], using the full 2( range (3–80°). At first, a Pawley fit [
] was performed. Next, the scale factor, background, atom positions and isotropic displacement parameters were refined. Two different isotropic displacement parameters were refined: one for the chlorine atoms, a second one for all other non-hydrogen atoms For the hydrogen atoms we set Biso(H) = 1.2·Biso(C/N/O). Preferred orientations were tested, but no significant preferred orientation was found, hence no correction was required.

In the final refinement step, profile parameters, background, scale factor, lattice parameters, atom positions and the two isotropic displacement parameters were refined. Positions for all hydrogen atoms were calculated with the DREIDING force field [27], using fixed atomic positions of all other atoms. The bond lengths were set to standard values of 0.96 Å for the C–H-bonds and 0.87 Å for the N–H-bonds. Finally the Rietveld refinement was run with fixed H atom positions for a few cycles to get the final atomic positions with their standard deviations. 

2.4 Solid-state NMR
SSNMR measurements were run on a Bruker AVANCE II 400 instrument operating at 400.23, 100.64, and 40.55 MHz for 1H, 13C, and 15N, respectively. 13C, 15N, and 2D HETCOR spectra were recorded at room temperature at the spinning speed of 12 (13C and 2D) or 9 kHz (15N). Cylindrical 4 mm o.d. zirconia rotors with sample volume of 80 μL were employed. 13C and 15N CPMAS experiments employed the RAMP-CP pulse sequence (1H 90° pulse = 3.8 μs, contact time equal to 6 and 3.5 ms for 13C and 15N respectively) with the TPPM 1H decoupling with an rf field of 75 kHz during the acquisition period. 20 s as relaxation delay and spectral resolutions of 16 (13C) and 13 (15N) Hz were used. The NQS experiment was performed with a 13C refocusing pulse of 8 μs and two dephasing periods of 45 μs. 2D 1H-13C on- and off-resonance HETCOR spectra were measured according to the method of van Rossum et al. [
] with the setup previously described [
]. The 1H chemical shift scale in the HETCOR spectra was corrected by a scaling factor of 1/√3 since the 1H chemical-shift dispersion is scaled by a factor of 1/√3 during FSLG decoupling. 1H MAS and 1H CRAMPS experiments were performed on a 2.5 mm Bruker probe. The 1H MAS spectra were acquired a the spinning speed of 32 kHz with the DEPTH sequence ((/2−(−() for the suppression of the probe background signal. 1H CRAMPS spectra were acquired using a windowed-PMLG5 (w-PMLG5) [
] pulse sequence of dipolar decoupling at the spinning speed of 12.5 kHz. The 1H-14N HMQC solid-state NMR experiment was acquired on a Jeol ECZR 600 instrument operating at 600.17 and 43.37 MHz for 1H and 14N nuclei, respectively. The sample was packed in a 1.0 mm rotor (volume = 0.8 (L) and spun at 70 kHz. All data were collected at ambient probe temperatures. A J-HMQC pulse sequence was used with 1H and 14N 90° pulses of 0.77 and 5 (s, respectively, texc and trec of 0.99 ms, relaxation delay of 60 s and with rotor-synchronization of the t1 increment, (t1 = 1/(r. 4 transients were averaged for 16 t1 experiments.

1H, 13C, 14N and 15N chemical shift scales were referenced with the resonance of adamantane (1H signal at 1.87 ppm), hexamethylbenzene (13C methyl signal at 17.4 ppm), and (NH4)2SO4 (14N signal at 0 ppm and 15N signal at -355.8 ppm with respect to CH3NO2), respectively as external standards.
2.5 DFT-D calculations
Three crystal structure models were prepared, corresponding to the three different tautomers. The CH tautomer could be dismissed as a viable model at an early stage as it turned out to be impossible to generate a model in which the positions of the non-hydrogen atoms would be in agreement with the Rietveld refinement while C12 is sp3 hybridised. The two remaining crystal structure models, for the NH and the OH tautomers, were energy-minimised with dispersion-corrected density functional theory in the plane-wave formalism. The CASTEP software [
] was employed using the Perdew-Burke-Ernzerhof (PBE) functional [
] with the Grimme 2006 dispersion correction [
], referred to as PBE-D2. In both models, the proton converged to the NH position. The PBE functional is known to be less reliable for hydrogen bonds and for example overbinds the hydrogen bonds in ice [
]. The fact that the PBE functional favours the NH tautomer is therefore no unambiguous proof that the OH tautomer is incorrect. Therefore, energy-minimisations with the BLYP functional were carried out in the VASP software [
, 
, 
] via GRACE (Avant-garde Materials Simulation GmbH, Freiburg, Germany [
]), furthermore allowing us to use the Grimme 2010 dispersion correction [
]; this combination is referred to as BLYP-D3.
In order to reduce the influence of the energy-minimisations and to assess the influence of the position of the proton everything else being equal, the unit-cell parameters and the atomic coordinates of the NH and OH models as energy-minimised with BLYP-D3 were averaged into a single model. From this model, three models with different proton positions were created: the proton positioned near the N atom, the proton positioned near the O atom and the proton positioned halfway between the N and the O atom.
All SS-NMR shieldings were calculated using the PBE functional with the GIPAW method in CASTEP [
, 
] and converted to isotropic chemical shifts. For the SS-NMR calculations, the energy cut-off was increased from 520 eV to 1200 eV [
]. Details about the protocol of the ab initio SS-NMR calculations and the conversion from shieldings to chemical shifts are described in Li et al. [44]. For those chemical shifts that were not able to be assigned by the 1H-13C [same as above] FSLG off-resonance HECTOR spectrum of P. Y. 138, the calculated shielding constants and the experimental chemical shifts were compared in order.
3. Results and discussion
3.1 Crystallisation, pre-characterisation and solution NMR
Extensive crystallisation experiments were performed on P.Y. 138 with the aim to grow single crystals, or at least to obtain a powder with further improved crystallinity. However, due to the low solubility of the pigment, all experiments failed, even at temperatures around 200 °C. Hence the powder was used as-is for structure determination and solid-state NMR spectroscopy.
The DSC shows no signal until 482 °C (onset), where an endothermic signal indicated the melting under decomposition of the pigment.
Similar as in the DSC, the thermogravimetrical analysis showed no mass loss or gain up to a temperature of 479 °C (Figure S 1 Supporting Information). This result gives no indication of a possible inclusion of water or solvent molecules in the crystal lattice or of volatile by-products.
The IR spectrum of P.Y. 138 is shown in Figure S 2 (Supporting Information). The data were inconclusive concerning the tautomeric form.
The solution 1H-NMR in D2SO4 does not show any peak of a CH proton. Hence in solution either the NH form or the OH form, or a mixture of tautomers, is present. Chemical shifts: 9.67 (d, 3J = 9.2 Hz, 1 H, H3/H4), 9.20 (d, 3J = 9.0 Hz, 1 H, H3/H4), 9.04 (d, 3J = 8.4 Hz, 1 H, H5/H7), 8.84 (d, 3J = 7.6 Hz, 1 H, H5/H7), 8.74 (t, 3J = 7.9 Hz, 1 H, H6).
3.2 Geometry of an isolated molecule, calculated by quantum mechanics
Quantum-mechanical calculations on isolated molecules revealed that the NH tautomer is the thermodynamically most stable one, followed by the OH tautomer, with an energy difference of approximately 60 kJ/mol at the HF/6-31G** level. The CH tautomer is less stable than the NH tautomer by 85 kJ/mol. 
In the OH and NH tautomers, the central quinoline moiety is coplanar with the indandione fragment and the molecules exhibit an intramolecular hydrogen bond between N1 and O11. 
In the CH tautomer, the bridging atom C12 is sp3-hybridised, which interrupts the conjugation between the quinoline and indandione moieties and results in a dihedral angle between these moieties of about 80°. 
In all three tautomers, the phthalimide moiety is rotated with respect to the quinoline plane. In OH and NH tautomers the dihedral angle is about 90°, in the CH tautomer approximately 80°.
Atomic coordinates of the optimized molecular structures of the three tautomers of the isolated molecule are given in Table S 3, Table S 4 and Table S 5 REF _Ref445131770 \h 
 \* MERGEFORMAT  in the Supporting Information.
3.3 X-ray powder diffraction
The X-ray powder pattern revealed that the sample was of good crystallinity. The powder data could be indexed without ambiguity with a monoclinic unit cell with lattice parameters a = 19.40 Å, b = 7.86 Å, c = 16.98 Å, ( = ( = 90°, ( = 105.6° and a unit cell volume of 2484 Å3. For determining the number of molecules per unit cell, we estimated the volume of the molecule using Hofmann’s volume increments [
]. With these increments, the expected molecular volume was calculated to be 667 Å3. With four molecules per unit cell (Z = 4) an expected unit-cell volume of 2667 Å3 is obtained, i.e. 7 % larger than the actual volume of the unit cell. Industrial organic pigments are known to possess extremely efficient and dense molecular packings; correspondingly it makes sense that the unit-cell volume of P.Y. 138 is lower than for an average organic compound.
The evaluation of the systematic extinctions led to the reflection rule l = 2n for the h0l reflections, which points to a c-glide plane perpendicular to the b axis. The reflection rule for 0k0 reflections, which would give information about a 21 screw axis parallel to the b-axis, could not clearly be identified from the powder data. Thus, the extinction symbol could either be P 1 21/c 1 or P 1 c 1; the first one corresponding to the space group P21/c, the latter one to Pc and P2/c as possible space groups. 
The crystal symmetry P21/c, Z’ = 1 is much more frequent than the others. Among organic compounds, P21/c, Z’ = 1 has a frequency of 30.3 % whereas the frequency of Pc, Z’ = 2 and P2/c, Z’ = 1 is only 0.1 % in both cases [
, 
]. Also among organic pigments, P21/c, Z’ = 1 is quite frequent (See e.g. [
, 
, 
, 
]). Consequently, structure solution trials were performed in P21/c.
The structure was solved in real space by simulated annealing with the program DASH, using the molecular structure of the OH tautomer as input. The structure was solved without problems. Very similar results were also obtained with the NH tautomer. The Rietveld refinements were performed in parallel with all three tautomers using the corresponding restraints for planar groups, bond lengths and angles. The fit to the experimental data was equally good for the NH and OH tautomers, but chemically senseless for the CH tautomer, which contains a non-planar sp3-carbon atom at the bridge between the quinoline and the indandione moieties. Hence this tautomer could be ruled out. 
Various attempts were made to determine the tautomeric state from the powder data by Rietveld refinements:
(1) For the OH and NH tautomers all restraints for the bond lengths and angles were set to the corresponding values calculated by DFT-D methods in the solid state (see §3.6). The subsequent Rietveld refinement converged with Rwp = 3.394 % for the OH and Rwp = 3.425 % for the NH tautomer. This small difference in R values is not significant.
(2) Unconstrained refinements of the hydrogen atom H1 led to non-sensible positions.
(3) The restraints for the bond lengths in the (H1–)N1–C2–C12–C11–O11(–H11) fragment were removed with the aim to use the refined bond lengths as an indicator for the tautomeric form. However, the results were inconclusive.
(4) The bond length and angle restraints were set to averaged values from DFT-D calculations of the NH and OH tautomers. The hydrogen atom was placed on both possible positions (OH and NH), and the occupancies of these two hydrogen atom positions were included in the Rietveld refinements. In the cases of barbituric acid [10] and of the 2‑ammonio​benzenesulfonates [11] this procedure allowed a firm determination of the tautomeric state. The two refinements were performed starting from the OH and also from the NH structure; they converged with occupancies of 0.9(2) and 0.9(1) for the H atom at the nitrogen, which points to the NH tautomer. 
(5) For the refinement of the CH tautomer, all angle restrains of the pyramidal carbon atom C12 were set to values (0(X–C12–X) = 109.47°. The remaining restraints were taken from solid-state DFT-D calculations of the OH or NH tautomers. The refinements converged with good R values (Rwp = 3.285 % and Rwp = 3.323 %, respectivly), but in the refined structures the indandione moiety was again coplanar to the quinolene moiety, which is contradictory to the presence of a sp3-hybridised carbon atom between them. This is a further argument against the CH tautomer. Hence, from the Rietveld refinements the CH tautomer could be ruled out, but no reliable decision between the NH and the OH tautomer could be made on the basis of the X-ray powder data. Obviously the data quality did not allow to locate a single hydrogen atom in the present of eight chlorine atoms. 
After DFT-D calculations and SS-NMR experiments had proven the pigment to exist in the NH tautomeric state, the Rietveld refinement of the NH tautomer was performed with bond length and angle restraints from solid-state DFT-D calculations. 
The final Rietveld plot is shown in Figure 1.
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Figure 1: Rietveld plot of P.Y. 138 (NH tautomer) displaying the measured powder pattern (dots), the calculated powder pattern (solid line), the difference curve (below) and the reflection positions (vertical dashes).
Table 1: Crystallographic data of P.Y. 138. Primed values denote values after background subtraction.
	Chemical composition
	C26H6Cl8N2O4

	Space group, Z
	P21/c, Z = 4


	a/Å
	19.3750(5)

	b/Å
	7.8516(1)

	c/Å
	16.9704(4)

	
	90

	
	105.649(2)

	
	90

	V/Å3
	2485.9(1)

	Rp, Rp' / %
	2.436, 11.439

	Rwp, Rwp' / %
	2.944, 11.270

	Rexp, Rexp' / %
	1.635, 6.257

	RBragg
	0.883

	GoF
	1.801

	2 range used for refinement/°
	3.01–79.99


3.4 Solid-state NMR 
All the NMR data with assignments are listed in Table 2. The NQS and HETCOR experiments were fundamental for a correct assignment of the majority of the signals. However, resonances due to Cq and Cq-Cl could not be clearly detected because of peak overlap and peak broadening due to the residual dipolar coupling to the quadrupolar nuclei 35Cl [
, 
, 
]. 
The 13C CPMAS spectra of P.Y. 138 and quinophthalone are reported in Figure 2 together with the NQS experiment of the former. Figure 3 shows 15N CPMAS spectra of P.Y. 138 and quinophthalone together with 1H MAS and 1H CRAMPS (wPMLG5) spectra of P.Y. 138. The 1H-13C FSLG on-resonance HETCOR of P.Y. 138 is reported in Figure S 3 in the Supporting Information, while the 1H-13C FSLG off-resonance HETCOR spectrum of P.Y. 138 is shown in Figure 4. The former was fundamental for the precise assignment of the CH resonances, while the latter provided spatial proximities necessary to assess the reliability of the structure solved from XRPD and to detect the presence of an intramolecular N–H···O hydrogen bond with formation of a “six-membered aromatic ring” [
].
The 13C CPMAS spectrum of P.Y. 138 (Figure 2a) is characterised by only one set of peaks in agreement with the presence of one molecule in the asymmetric unit. 13C chemical shifts alone do not provide an unambiguous assignment of the correct tautomer. However, the 13C NQS experiment (Figure 2b) definitely rules out the CH form as possible tautomer owing to the lack of a CH resonance (C12) around 70 ppm. The 13C CPMAS spectrum of the analogue quinophthalone (Figure 2c) is quite similar in particular concerning the resonances related to C2 (149.6 ppm) and C12 (99.1 ppm) directly involved in the tautomeric state. The shift of C11 (193.2 ppm compared to 187.6 ppm) can be attributed to the presence of the Cl atoms instead of H atoms since C13 undergoes a similar shift. On the other hand, the 15N CPMAS spectrum of P.Y. 138 (Figure 3b) suggests a preference for the NH rather than OH form even if we cannot completely exclude the presence of the OH form in a fast equilibrium with the NH form; in such case the occupancy of the OH form would be significantly lower than that of the NH form. Indeed, the signal at 115.0 ppm can be assigned to a NH if compared with the chemical shift of a typical quinoline ternary nitrogen (around 300 ppm) [
]. This low-frequency shift is in agreement with the minor contribution of the lone pair to (ploc since removed by quaternisation [
, 
]. Moreover, the extent of the shift is consistent with the presence of an intramolecular N–H···O hydrogen bond with formation of a “six-membered aromatic ring” as confirmed by 2D HETCOR spectra (see below). The very similar chemical shift (113.3 ppm) observed also in the 15N CPMAS spectrum of quinophthalone (Figure 3c) confirms the correct tautomeric state attributed to P.Y. 138.

The 1H MAS and CRAMPS spectra (Figure 3) are characterized by two main resonances at 13.5 and 6.5 ppm attributed to the N–H and aromatic hydrogen atoms, respectively. The resolution improvement provided by the 1H CRAMPS sequence allows to individuate two sites for the aromatic CH: at 7.0 and 6.2 ppm in agreement with the 2D HETCOR (see below). The NH chemical shift values (13.5 ppm) highlights the formation of a medium-strong intramolecular N–H···O hydrogen bond [
]. Rotor-synchronized 1H-14N HMQC solid-state NMR experiment (Figure 5) provides the direct evidence of the presence of the N-H bond rather than O-H bond. Indeed, this experiment achieves indirect detection of 14N lineshapes through a combination of J-coupling and residual dipolar splittings (RDS).[
, 
] Thus, the presence of a correlation peak in the 2D spectrum between the 1H signal at 13.5 ppm and the 14N signal (the discrepancy between 14N and 15N chemical shifts is due to the presence of a quadrupolar contribution to the 14N peak) implies a 1J coupling between these atoms and thus a covalent bond. This definitely indicates that the NH-form is the prevalent tautomer for P.Y. 138 in the solid state.
The 1H-13C FSLG off-resonance HETCOR spectrum of P.Y. 138 (Figure 4) provides further insights in the conformation of P.Y. 138 [
]. Indeed, polarisation transfer is observed from the NH hydrogen (H1) to six carbon atoms: C2 (149.8 ppm), C8 (119.9 ppm), C9 (130.7 ppm), C11 (187.6 ppm), C12 (99.3 ppm) and C21 (161.5 ppm). The H1/C2, H1/C11 and H1/C12 cross-peaks are consistent with the formation of a six-membered aromatic ring via resonance-assisted intramolecular N–H···O hydrogen bond. Moreover, the presence of a small H1/C21 correlation perfectly agrees with a C9–C8–N22–C21 dihedral angle of −63.48° found by the XRPD structure. Indeed, a wider angle would result in a longer H1(((C21 distance which does not allow 1H–13C polarisation transfer.

Table 2: 1H, 13C and 15N chemical shifts from SS-NMR with assignment for P.Y. 138.
	Atom
	Group
	1H (/ppm
	13C (/ppm
	15N (/ppm

	1
	NH
	13.5
	
	115.0

	2
	Cq
	-
	149.8
	

	3
	CH
	7.0
	119.5a 
	

	4
	CH
	7.0
	141.5
	

	5
	CH
	6.2
	129.9a
	

	6
	CH
	6.2
	126.6
	

	7
	CH
	7.0
	132.0
	

	8
	Cq
	
	119.9a
	

	9
	Cq
	
	130.7a
	

	10
	Cq
	
	133-119b
	

	11
	C=O
	
	187.6
	

	12
	Cq
	
	99.3
	

	13
	C=O
	
	184.4
	

	14-17
	Cq-Cl
	
	133-119b
	

	18-19
	Cq
	
	133-119b
	

	21
	C=O 
	
	161.5a
	

	22
	N
	
	
	138.8

	23
	C=O
	
	162.2a
	

	24-27
	Cq-Cl
	
	133-119b
	

	28-29
	Cq
	
	133-119b
	


a Assignment done from 2D HETCOR. b A precise assignment for these peaks it is not possible either from 2D or NQS experiments due to strong peak overlap.
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Figure 2: (a) and (b)13C (100.64 MHz) CPMAS and NQS spectra, respectively of P.Y. 138 with relevant assignments, recorded at 12 kHz. The NQS spectrum presents only peaks due to quaternary carbon atoms. (c) 13C (100.64 MHz) CPMAS spectrum of quinophthalone with relevant assignments, recorded at 12 kHz.
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Figure 3: (a) 1H (400.23 MHz) MAS (dotted line) and CRAMPS (solid line) spectra of P.Y. 138 with relevant assignments, recorded at 32 and 12.5 kHz, respectively. (b) and (c) 15N (40.55 MHz) CPMAS spectra of P.Y. 138 and quinophthalone, respectively, with relevant assignments, recorded at 9 kHz.
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Figure 4: (a) 1H-13C FSLG off-resonance HETCOR spectrum of P.Y. 138, recorded with a contact time of 2 ms and a spinning speed of 12 kHz. (b) Representation of the crystal structure of P.Y. 138 showing the main 1H−13C proximities involving the NH moiety (see discussion in the text).
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Figure 5: 1H-14N HMQC spectrum of P.Y. 138, recorded with a texc of 0.99 ms and a spinning speed of 70 kHz together with 1H projection and spectrum (top) recorded at 600.17 MHz and 70 kHz of spinning speed.
3.5 Crystal structure
P.Y. 138 crystallises in P21/c with four molecules per unit cell (CCDC number 1421397). The molecular structure is shown in Figure .
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Figure 6: Molecular structure of P.Y. 138 in the solid state, as determined by Rietveld refinement. The dotted line denotes the hydrogen bond.
The NH group forms an intramolecular hydrogen bond with the carbonyl group of the indandione fragment (Figure 6). From the molecular formula, a bifurcated hydrogen bond from the NH group to the carbonyl groups of both five-membered rings seems possible, but in the solid state only the H bond that, leads to a six-membered ring, is formed. There are no intermolecular H bonds.
The central quinoline fragment is coplanar with the indandione fragment; the dihedral angle is 0.75°. In contrast, the phthalimide moiety is rotated against the quinoline plane by 57°. This value is similar to the value calculated by DFT-D. Hence the chromophoric system consists of the quinoline and indandione system, i.e. of the quinophthalone moiety (2). The centre of this system is formed by a C=C fragment, which is substituted to form a cross conjugated system, as is also observed in, e.g., indigo and thioindigo. This may explain the high colour strength of this system.
The phthalimide moiety does not contribute to the electronic (-system of the quinophthalone system. This may explain why P.Y. 138 exhibits a greenish yellow shade, although the 2D formula suggests that the conjugation of the (-orbitals could extend through the whole molecule.
The arrangement of the molecules in the crystal is shown in Figure 7. The molecules form sheets parallel to the (100) plane. Within the sheets the molecules are connected by van der Waals interactions including dispersive - interactions, supported by electrostatic interactions between the partial charges on the atoms (Figure 8). Between the sheets, Cl···Cl interactions dominate (Figure 7). The closest inter-sheet Cl···Cl distances are 3.367(9) Å for Cl26···Cl26 and 3.506(9) Å for Cl25···Cl16. For the Cl26···Cl26 interaction, the C–Cl···Cl and Cl···Cl–C angles are both 128.3(4)°. The angles C25–Cl25···Cl16 and Cl25···Cl16–C16 are 149.4(4) and 135.4(4)°. Hence, both contacts can be regarded as type I interactions [
, 
] The molecules are quite densely packed and do not leave any detectable void in the crystal.
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Figure 7: Crystal structure of P.Y. 138, view direction [010]. Two horizontal sheets of molecules are shown. Drawing made with SCHAKAL [
].
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Figure 8: Crystal structure of P.Y. 138. One sheet of molecules, view direction [100]. 
3.6 DFT-D
The crystal structure determined from X-ray powder data was confirmed by DFT-D calculations in the solid state. Different functionals were used. PBE favours NH over OH, with the OH tautomer not even being a minimum in the energy potential. BLYP-D3 also favours the NH tautomer, the NH crystal structure model having a more favourable energy by 38.9 kJ/mol and the O–H bond becoming unusually long (1.093 Å whereas 0.993 Å would be expected from neutron data) in the OH tautomer, indicating that the proton does not appear to favour the OH position; in the NH tautomer, the N–H bond length is 1.032 Å where 1.015 Å is expected. Atomic coordinates of the DFT-D optimized structures are given in Table S 6 and Table S 7 in the Supporting Information.
For those chemical shifts that were not able to be assigned by the 1H-13C FSLG off-resonance HECTOR spectrum of P. Y. 138, the calculated shielding constants and the experimental chemical shifts were compared in order. The Root-Mean-Square Deviations (RMSDs) and Mean Absolute Deviations (MADs) between the calculated 13C isotropic chemical shifts and the experimental SS-NMR data for the NH and the OH tautomers are 2.8/1.9 and 3.1/2.3 ppm (Table S 8, Table S 9 Supporting Information), respectively. The halfway model, where the proton is positioned between the N and the O atom, yields an RMSD/MAD value of 2.4/1.8 ppm (Table S 10 Supporting Information). Based on the literature and on our own experience, an RMSD value of about 2.2 ± 0.5 ppm is expected for a correct model. A recent excellent paper by Dračinský et al. [
] describes how a combination of SS-NMR experiments and path-integral ab initio molecular dynamics simulations proves the existence of resonance-assisted hydrogen bonds (RAHBs) in extended conjugated systems that include a central intramolecular hydrogen bond in a six-membered ring such as in P.Y. 138. The DFT-D calculations therefore suggest that P.Y. 138 contains the NH tautomer stabilised by a resonance-assisted hydrogen bond. The co-planarity of the quinoline and indandione rings further supports this explanation.

4. Conclusion
The crystal structure of C.I. Pigment Yellow 138 was determined from X-ray powder diffraction data using real-space methods with subsequent Rietveld refinements (CCDC number 1421397). The compound crystallises in the monoclinic space group P21/c, Z = 4, Z’ = 1 with a = 19.3750(5) Å, b = 7.8516(1) Å, c = 16.9704(4) Å, β = 105.649(2)° and V = 2485.9(1) Å³. The molecules form sheets parallel to the (100) plane. Within the sheets the molecules are connected by van der Waals interactions including dispersive - interactions, supported by electrostatic interactions between the partial charges on the atoms. Between the sheets, Cl···Cl type I interactions with Θ1 ≈ Θ2 dominate. The comparison of the crystal structure with the results of the single molecule calculations pointed out that the tautomeric state is not a solid-state effect. Only the rotation between the phthalimid and the quinoline moiety changes from 90° to 57°. However, the quality of the X-ray powder data did not allow to distinguish between the NH and the OH tautomers.
1D and 2D multinuclear SSNMR techniques provided several clear evidences of the NH tautomer (13C and 15N CPMAS and in particular 1H-14N HMQC) and of the presence of an intramolecular N–H···O hydrogen bond (1H CRAMPS and 1H-13C HETCOR).The DFT-D energy-minimisations exclude the CH tautomer and favour the NH tautomer. Comparison of the calculated 13C isotropic chemical shifts in the solid state against the experimental SS-NMR data excludes the OH tautomer and supports the presence of a resonance-assisted hydrogen bond.

In this case we demonstrate that a combination of X-ray powder diffraction (XRPD), a priori information obtained by SS-NMR and ab initio structure optimisation provides a reliable structure of an organic microcrystalline sample not suitable for a single-crystal X-ray analysis. This combination of techniques is known as “NMR Crystallography”. Thanks to this integrated approach combining information from multiple techniques, which is intrinsically more accurate than the individual methodologies, a complete characterisation of the crystalline state of P.Y. 138, including the positions of the hydrogen atoms, has been obtained and the hydrogen bond networks investigated.
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Table S 1: Cartesian atomic coordinates for the OH-form from force field calculations on single molecules.

	
	x
	y
	z
	
	x
	y
	z

	C1
	15.3823
	−7.3671
	−0.2026
	N11
	12.8998
	−9.8566
	−1.3422

	C2
	14.7466
	−8.6066
	−0.4146
	C12
	11.6186
	−10.1825
	−1.0608

	C3
	14.7824
	−6.1848
	−0.6599
	C13
	13.4540
	−10.9431
	−1.9228

	C4
	13.5136
	−8.6684
	−1.0988
	C14
	11.3558
	−11.4995
	−1.4411

	C5
	13.5496
	−6.2382
	−1.3179
	C15
	12.5345
	−11.9894
	−1.9840

	C6
	12.9203
	−7.4693
	−1.5334
	C16
	16.9797
	−10.9886
	1.2310

	C7
	17.1692
	−8.5388
	0.9468
	C17
	16.6430
	−12.2579
	0.7441

	C8
	16.4956
	−9.7573
	0.7466
	C18
	17.8572
	−11.1925
	2.3040

	C9
	16.6091
	−7.3465
	0.4753
	C19
	17.2941
	−13.2230
	1.5137

	N10
	15.3236
	−9.7315
	0.0706
	C20
	18.0524
	−12.5644
	2.4735

	C21
	17.2744
	−14.6252
	1.4337
	Cl31
	8.9085
	−14.6233
	−1.7350

	C22
	18.0523
	−15.3566
	2.3575
	Cl32
	8.7779
	−11.6641
	−0.6844

	C23
	18.8327
	−13.2755
	3.4000
	Cl33
	19.7525
	−12.4464
	4.5619

	C24
	18.8273
	−14.6859
	3.3341
	Cl34
	19.7608
	−15.5786
	4.4400

	C25
	10.2051
	−12.2970
	−1.3507
	Cl35
	18.0530
	−17.0556
	2.2900

	C26
	10.2816
	−13.6249
	−1.8266
	Cl36
	16.3344
	−15.4055
	0.2538

	C27
	12.6349
	−13.3059
	−2.4575
	O37
	15.8405
	−12.5367
	−0.3085

	C28
	11.4885
	−14.1265
	−2.3740
	O38
	18.3612
	−10.2993
	3.0218

	Cl29
	14.1004
	−13.8738
	−3.0991
	O39
	14.6246
	−10.9897
	−2.3656

	Cl30
	11.5685
	−15.7288
	−2.9364
	O40
	10.7919
	−9.4186
	−0.5111

	H41
	15.2354
	−5.2808
	−0.5122
	H44
	18.0674
	−8.5028
	1.4287

	H42
	13.1093
	−5.3769
	−1.6450
	H45
	17.1003
	−6.4643
	0.6327

	H43
	12.0255
	−7.4877
	−2.0259
	H46
	15.4259
	−11.8400
	−0.8500


Table S 2: Cartesian atomic coordinates for the NH-form from force field calculations on single molecules.

	
	x
	y
	z
	
	x
	y
	z

	C1
	7.7582
	−5.0635
	−1.5591
	N11
	6.7841
	−8.5491
	−0.7853

	C2
	7.8420
	−6.3981
	−1.1168
	C12
	5.9278
	−9.1561
	0.0673

	C3
	6.5547
	−4.5769
	−2.0895
	C13
	7.7067
	−9.4786
	−1.1250

	C4
	6.7242
	−7.2565
	−1.2075
	C14
	6.3201
	−10.4750
	0.2999

	C5
	5.4400
	−5.4174
	−2.1722
	C15
	7.4674
	−10.6763
	−0.4522

	C6
	5.5241
	−6.7436
	−1.7332
	C16
	11.2686
	−6.6983
	0.1094

	C7
	10.0734
	−4.7546
	−0.8962
	C17
	11.3494
	−8.0258
	0.5606

	C8
	10.1236
	−6.0893
	−0.4532
	C18
	12.5331
	−6.1335
	0.3293

	C9
	8.8916
	−4.2460
	−1.4475
	C19
	12.6383
	−8.2691
	1.0357

	N10
	9.0044
	−6.8372
	−0.5821
	C20
	13.3703
	−7.0970
	0.8963

	C21
	13.2128
	−9.4322
	1.5746
	Cl31
	5.8347
	−13.9950
	2.0910

	C22
	14.5638
	−9.3809
	1.9808
	Cl32
	4.3733
	−11.2141
	2.0058

	C23
	14.7156
	−7.0282
	1.2953
	Cl33
	15.5909
	−5.5840
	1.1173

	C24
	15.3103
	−8.1861
	1.8428
	Cl34
	16.9366
	−8.1376
	2.3369

	C25
	5.7835
	−11.4926
	1.1030
	Cl35
	15.2922
	−10.7692
	2.6392

	C26
	6.4539
	−12.7357
	1.1313
	Cl36
	12.2949
	−10.8538
	1.7236

	C27
	8.1552
	−11.8987
	−0.4315
	O37
	10.4251
	−8.8722
	0.5508

	C28
	7.6335
	−12.9362
	0.3722
	O38
	12.8760
	−4.9595
	0.0643

	Cl29
	9.5741
	−12.0965
	−1.3423
	O39
	8.6365
	−9.3018
	−1.9456

	Cl30
	8.4369
	−14.4336
	0.4243
	O40
	4.9385
	−8.6028
	0.6006

	H41
	6.4822
	−3.6107
	−2.4142
	H44
	10.8815
	−4.1386
	−0.8274

	H42
	4.5625
	−5.0627
	−2.5554
	H45
	8.8635
	−3.2752
	−1.7654

	H43
	4.6997
	−7.3420
	−1.8091
	H46
	9.0604
	−7.7512
	−0.2777
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Figure S 1: DTA/TG measurements of P.Y. 138.
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Figure S 2: IR-Spectrum of P.Y. 138.
Table S 3: Cartesian atomic coordinates for the OH-form from ab initio calculations on single molecules.

	
	x
	y
	z
	
	x
	y
	z

	C1
	1.1890
	3.6363
	0.0000
	Cl34
	3.5585
	−1.4073
	−3.1310

	C2
	0.8729
	5.0021
	0.0000
	C35
	−2.9841
	−1.6334
	0.0000

	C3
	2.5605
	3.2625
	0.0000
	C36
	−5.2325
	0.0611
	0.0000

	N4
	0.2334
	2.6812
	0.0000
	Cl37
	4.0662
	−4.0689
	1.5543

	C5
	1.9067
	5.9676
	0.0000
	Cl38
	4.0662
	−4.0689
	−1.5543

	C6
	−0.5034
	5.3445
	0.0000
	C39
	−4.2846
	−2.1690
	0.0000

	C7
	3.5334
	4.2080
	0.0000
	Cl40
	−1.6131
	−2.6806
	0.0000

	N8
	2.9093
	1.8809
	0.0000
	C41
	−5.3917
	−1.3370
	0.0000

	C9
	−1.0303
	3.0179
	0.0000
	Cl42
	−6.6071
	1.0984
	0.0000

	C10
	3.2090
	5.5825
	0.0000
	Cl43
	−4.4936
	−3.8808
	0.0000

	H11
	1.6445
	7.0109
	0.0000
	Cl44
	−6.9788
	−2.0106
	0.0000

	C12
	−1.4506
	4.3789
	0.0000
	H45
	0.1549
	0.8704
	0.0000

	H13
	−0.7869
	6.3824
	0.0000
	H46
	3.9975
	6.3117
	0.0000

	H14
	4.5638
	3.9027
	0.0000
	C26
	3.5614
	−1.4213
	−1.4116

	C15
	3.0551
	1.1281
	1.1588
	C27
	−2.8495
	−0.2693
	0.0000

	C16
	3.0551
	1.1281
	−1.1588
	O28
	−0.4476
	0.1178
	0.0000

	C17
	−1.9953
	1.9148
	0.0000
	C29
	−3.9628
	0.5675
	0.0000

	H18
	−2.4953
	4.6102
	0.0000
	O30
	−4.1475
	2.9717
	0.0000

	C19
	3.3380
	−0.2702
	0.6900
	C31
	3.7878
	−2.6000
	0.6982

	O20
	2.9670
	1.5379
	2.2580
	Cl32
	3.5585
	−1.4073
	3.1310

	C21
	3.3380
	−0.2702
	−0.6900
	C33
	3.7878
	−2.6000
	−0.6982

	O22
	2.9671
	1.5379
	−2.2580
	C24
	−3.4668
	2.0025
	0.0000

	C23
	−1.6467
	0.6053
	0.0000
	C25
	3.5613
	−1.4213
	1.4116


Table S 4: Cartesian atomic coordinates for the NH-form from ab-initio calculations on single molecules.

	
	x
	y
	z

	C1
	−1.1701
	3.6501
	0.0000
	C25
	1.6098
	0.5091
	0.0000

	C2
	−0.8185
	4.9966
	0.0000
	C26
	3.4781
	1.9665
	0.0000

	C3
	−2.5203
	3.2742
	0.0000
	C27
	−3.6214
	−1.3883
	1.4118

	N4
	−0.1816
	2.7037
	0.0000
	C28
	−3.6214
	−1.3883
	−1.4118

	C5
	−1.8297
	5.9664
	0.0000
	C29
	2.8676
	−0.3226
	0.0000

	C6
	0.5870
	5.3068
	0.0000
	O30
	0.4835
	0.0814
	0.0000

	C7
	−3.4893
	4.2407
	0.0000
	C31
	3.9639
	0.5280
	0.0000

	N8
	−2.8594
	1.8908
	0.0000
	O32
	4.1784
	2.9300
	0.0000

	C9
	1.1349
	2.9618
	0.0000
	C33
	−3.8782
	−2.5606
	0.6982

	H10
	−0.4304
	1.7335
	0.0000
	Cl34
	−3.6169
	−1.3738
	3.1307

	C11
	−3.1487
	5.5975
	0.0000
	C35
	−3.8782
	−2.5606
	−0.6982

	H12
	−1.5563
	7.0066
	0.0000
	Cl36
	−3.6169
	−1.3737
	−3.1307

	C13
	1.5275
	4.3493
	0.0000
	C38
	5.2482
	0.0306
	0.0000

	H14
	0.8821
	6.3414
	0.0000
	Cl39
	−4.1950
	−4.0211
	1.5543

	H15
	−4.5223
	3.9444
	0.0000
	Cl40
	−4.1950
	−4.0211
	−1.5543

	C16
	−3.0464
	1.1419
	1.1622
	C41
	4.3209
	−2.2092
	0.0000

	C17
	−3.0464
	1.1419
	−1.1622
	Cl42
	1.6608
	−2.7483
	0.0000

	C18
	2.0268
	1.8886
	0.0000
	C43
	5.4222
	−1.3564
	0.0000

	H19
	−3.9236
	6.3406
	0.0000
	Cl44
	6.6143
	1.0818
	0.0000

	H20
	2.5729
	4.5745
	0.0000
	Cl45
	4.5582
	−3.9185
	0.0000

	C21
	−3.3690
	−0.2435
	0.6902
	Cl46
	7.0161
	−2.0168
	0.0000

	O22
	−2.9555
	1.5590
	2.2577
	O24
	−2.9555
	1.5590
	−2.2577

	C23
	−3.3690
	−0.2435
	−0.6901
	C37
	3.0237
	−1.6910
	0.0000


Table S 5: Cartesian atomic coordinates for the CH-form from ab-initio calculations on single molecules.

	
	x
	y
	z
	
	x
	y
	z

	C1
	3.7374
	−0.9934
	−0.2612
	C27
	0.2980
	1.9558
	1.4825

	C2
	5.1383
	−0.9418
	−0.3107
	O28
	1.4253
	0.6671
	3.1720

	C3
	3.0765
	−2.0726
	−0.9098
	C29
	0.7420
	2.8738
	0.5476

	N4
	3.0022
	−0.0571
	0.3783
	O30
	2.9269
	3.7344
	0.0131

	C5
	5.8586
	−1.9544
	−0.9929
	C31
	−2.8473
	−2.6065
	0.0550

	C6
	5.7691
	0.1437
	0.3430
	Cl32
	−1.4807
	−4.1899
	1.7918

	C7
	3.7873
	−3.0279
	−1.5563
	C33
	−2.9368
	−1.6911
	−0.9957

	N8
	1.6569
	−2.1476
	−0.8581
	Cl34
	−1.8812
	−0.0687
	−2.9061

	C9
	3.6073
	0.9191
	0.9678
	C35
	−1.0552
	1.6892
	1.6353

	C10
	5.2004
	−2.9729
	−1.5998
	C36
	−0.1497
	3.5540
	−0.2707

	H11
	6.9325
	−1.9020
	−1.0207
	Cl37
	−4.2836
	−3.1821
	0.8133

	C12
	5.0162
	1.0725
	0.9799
	Cl38
	−4.4830
	−1.1585
	−1.5389

	H13
	6.8419
	0.2214
	0.3279
	C39
	−1.9557
	2.3653
	0.8248

	H14
	3.2692
	−3.8368
	−2.0374
	Cl40
	−1.6038
	0.5421
	2.7975

	C15
	0.9700
	−2.8884
	0.0959
	C41
	−1.5047
	3.2918
	−0.1277

	C16
	0.8238
	−1.3526
	−1.6311
	Cl42
	0.4103
	4.6870
	−1.4375

	C17
	2.7331
	1.9660
	1.6309
	Cl43
	−3.6447
	2.0647
	0.9862

	H18
	5.4622
	1.9110
	1.4797
	Cl44
	−2.6456
	4.1101
	−1.1255

	C19
	−0.4815
	−2.5777
	−0.1318
	H45
	5.7414
	−3.7433
	−2.1174

	O20
	1.4576
	−3.6097
	0.8865
	H46
	3.2893
	2.4849
	2.4030

	C21
	−0.5690
	−1.6663
	−1.1638
	C24
	2.2377
	2.9880
	0.6101

	O22
	1.1704
	−0.6085
	−2.4743
	C25
	−1.6051
	−3.0625
	0.4997

	C23
	1.4641
	1.3856
	2.2402
	C26
	−1.7849
	−1.2044
	−1.6160
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Figure S 3: 1H-13C FSLG on-resonance HETCOR spectrum of P.Y. 138, recorded with a contact time of 0.1 ms and a spinning speed of 12 kHz.

Table S 6: Fractional atomic coordinates for the OH-form from D-DFT calculations (a = 19.5356 Å, b = 7.6897 Å, c = 17.2366 Å, α = γ = 90°, β = 106.4°).

	
	x
	y
	z
	
	x
	y
	z

	C1
	−0.9435
	−0.2900
	−0.4936
	H12
	−1.1174
	−0.1510
	−0.5292

	C2
	−1.0121
	−0.2608
	−0.4804
	C13
	−0.9686
	−0.4086
	−0.3514

	C3
	−0.9320
	−0.2263
	−0.5666
	H14
	−1.0731
	−0.3008
	−0.3943

	N4
	−0.8911
	−0.3765
	−0.4379
	H15
	−0.9755
	−0.0917
	−0.6775

	C5
	−1.0662
	−0.1743
	−0.5401
	C16
	−0.8012
	−0.1618
	−0.5337

	C6
	−1.0223
	−0.3225
	−0.4067
	C17
	−0.8532
	−0.3185
	−0.6528

	C7
	−0.9860
	−0.1424
	−0.6235
	C18
	−0.8419
	−0.5247
	−0.3145

	N8
	−0.8636
	−0.2460
	−0.5811
	H20
	−0.9765
	−0.4608
	−0.2965

	C9
	−0.9021
	−0.4347
	−0.3683
	C21
	−0.7450
	−0.1953
	−0.5753

	C11
	−1.0534
	−0.1174
	−0.6107
	O22
	−0.7975
	−0.0756
	−0.4733

	C26
	−0.8340
	−0.5981
	−0.2342
	C23
	−0.7767
	−0.2816
	−0.6483

	C27
	−0.6735
	−0.1469
	−0.5535
	O24
	−0.8985
	−0.3938
	−0.7055

	C28
	−0.7388
	−0.3145
	−0.7039
	C25
	−0.7779
	−0.5493
	−0.3343

	C29
	−0.7249
	−0.6403
	−0.2679
	Cl36
	−0.7770
	−0.4122
	−0.7959

	O30
	−0.7662
	−0.4956
	−0.4017
	C37
	−0.6547
	−0.6901
	−0.2588

	C31
	−0.7584
	−0.6727
	−0.2065
	C38
	−0.7224
	−0.7563
	−0.1356

	O32
	−0.8771
	−0.5973
	−0.1937
	Cl39
	−0.5451
	−0.1209
	−0.5857

	C33
	−0.6339
	−0.1792
	−0.6093
	Cl40
	−0.6191
	−0.2875
	−0.7540

	Cl34
	−0.6342
	−0.0502
	−0.4610
	C41
	−0.6161
	−0.7701
	−0.1848

	C35
	−0.6667
	−0.2585
	−0.6845
	Cl42
	−0.6144
	−0.6589
	−0.3353

	Cl46
	−0.6025
	−0.9069
	−0.0358
	C43
	−0.6497
	−0.8044
	−0.1243

	H
	−0.8165
	−0.4318
	−0.4325
	Cl44
	−0.7635
	−0.8031
	−0.0610

	H19
	−1.0937
	−0.0493
	−0.6566
	Cl45
	−0.5272
	−0.8241
	−0.1694


Table S 7: Fractional atomic coordinates for the NH-form from D-DFT calculations (a = 19.3605 Å, b = 7.6954 Å, c = 17.2072 Å, α = γ = 90°, β = 105.8°).
	
	x
	y
	z
	
	x
	y
	z

	C1
	−0.9437
	−0.2907
	−0.4928
	H12
	−1.1178
	−0.1561
	−0.5230

	C2
	−1.0114
	−0.2634
	−0.4769
	C13
	−0.9659
	−0.4111
	−0.3475

	C3
	−0.9325
	−0.2294
	−0.5662
	H14
	−1.0707
	−0.3035
	−0.3878

	N4
	−0.8910
	−0.3766
	−0.4359
	H15
	−0.9780
	−0.0962
	−0.6768

	C5
	−1.0666
	−0.1784
	−0.5355
	C16
	−0.8014
	−0.1639
	−0.5346

	C6
	−1.0200
	−0.3254
	−0.4018
	C17
	−0.8530
	−0.3193
	−0.6542

	C7
	−0.9879
	−0.1463
	−0.6222
	C18
	−0.8386
	−0.5254
	−0.3121

	N8
	−0.8640
	−0.2492
	−0.5818
	H19
	−1.0964
	−0.0556
	−0.6524

	C9
	−0.8984
	−0.4384
	−0.3640
	H20
	−0.9736
	−0.4631
	−0.2924

	Hnh
	−0.8411
	−0.3991
	−0.4446
	C21
	−0.7448
	−0.1950
	−0.5768

	C11
	−1.0550
	−0.1220
	−0.6072
	O22
	−0.7988
	−0.0805
	−0.4736

	C26
	−0.8336
	−0.5971
	−0.2327
	C23
	−0.7761
	−0.2819
	−0.6496

	C27
	−0.6730
	−0.1458
	−0.5549
	O24
	−0.8987
	−0.3929
	−0.7071

	C28
	−0.7370
	−0.3150
	−0.7048
	C25
	−0.7712
	−0.5514
	−0.3318

	C29
	−0.7212
	−0.6448
	−0.2611
	C38
	−0.7258
	−0.7593
	−0.1308

	O30
	−0.7559
	−0.5035
	−0.3946
	Cl39
	−0.5428
	−0.1224
	−0.5861

	C31
	−0.7585
	−0.6742
	−0.2026
	Cl40
	−0.6154
	−0.2884
	−0.7543

	O32
	−0.8786
	−0.5938
	−0.1932
	C41
	−0.6150
	−0.7775
	−0.1738

	C33
	−0.6322
	−0.1794
	−0.6102
	Cl42
	−0.6052
	−0.6716
	−0.3220

	Cl34
	−0.6350
	−0.0470
	−0.4630
	C43
	−0.6528
	−0.8101
	−0.1159

	C35
	−0.6644
	−0.2592
	−0.6853
	Cl44
	−0.7713
	−0.8055
	−0.0591

	Cl36
	−0.7744
	−0.4139
	−0.7964
	Cl45
	−0.5253
	−0.8341
	−0.1535

	C37
	−0.6504
	−0.6980
	−0.2486
	Cl46
	−0.6099
	−0.9148
	−0.0267


Table S 8: Calculated and experimental 13C chemical shifts with assignment for the NH‑tautomer of P.Y. 138.
	Atom label

	Exp. chemical shift (ppm)
	Cal. shielding constant (ppm)
	Cal. chemical shift (ppm)
	Deviation (ppm)

	Unassigned  Exp. chemical shifts

	2
	149.8
	23.2
	142.7
	-7.1
	149.8
	C16/C25/C26

	3
	119.5
	45.9
	120.0
	0.5
	149.8
	

	4
	141.5
	24.4
	141.5
	0.0
	149.8
	

	5
	129.9
	37.5
	128.4
	-1.5
	141.5
	C15

	6
	126.6
	38.5
	127.4
	0.8
	133.7
	C24/C27

	7
	132.0
	34.3
	131.6
	-0.4
	133.7
	

	8
	119.9
	45.5
	120.4
	0.4
	131.9
	C17

	9
	130.7
	37.2
	128.7
	-2.0
	130.8
	C19/C14/C18

	10
	124.2
	42.5
	123.4
	-0.8
	130.8
	

	11
	187.6
	-28.7
	194.6
	7.0
	130.8
	

	12
	99.3
	63.7
	102.2
	2.9
	124.2
	C10/C28/C29

	13
	184.4
	-21.2
	187.0
	2.6
	124.2
	

	14
	130.8
	35.1
	130.8
	0.0
	124.2
	

	15
	141.5
	22.9
	143.0
	1.5
	

	16
	149.8
	21.2
	144.7
	-5.1
	

	17
	131.9
	34.2
	131.7
	-0.2
	

	18
	130.8
	34.8
	131.1
	0.2
	

	19
	130.8
	35.3
	130.6
	-0.2
	

	21
	161.5
	1.7
	164.2
	2.7
	

	23
	162.2
	0.4
	165.5
	3.3
	

	24
	133.7
	32.1
	133.8
	0.1
	

	25
	149.8
	19.7
	146.2
	-3.6
	

	26
	149.8
	20.4
	145.5
	-4.3
	

	27
	133.7
	30.9
	135.0
	1.3
	

	28
	124.2
	42.4
	123.5
	-0.7
	

	29
	124.2
	41.9
	124.0
	-0.2
	


Reference shielding constant (σref) = 165.9 ppm
Mean absolute deviation (MAD) = 1.9 ppm
Root-mean-square deviation (RMSD) = 2.8 ppm

Table S 9: Calculated and experimental 13C chemical shifts with assignment for the OH‑tautomer of P.Y. 138.
	Atom label
	Exp. chemical shift (ppm)
	Cal. shielding constant (ppm)
	Cal. chemical shift (ppm)
	Deviation (ppm)
	Unassigned Exp. chemical shifts

	2
	149.8
	15.5
	150.4
	0.6
	149.8
	C16/C25/C26

	3
	119.5
	46.4
	119.5
	-0.1
	149.8
	

	4
	141.5
	28.5
	137.4
	-4.1
	149.8
	

	5
	129.9
	35.5
	130.4
	0.5
	141.5
	C15

	6
	126.6
	40.0
	125.9
	-0.7
	133.7
	C18/C24

	7
	132.0
	36.0
	129.9
	-2.1
	133.7
	

	8
	119.9
	42.0
	123.9
	4.0
	131.9
	C27

	9
	130.7
	29.2
	136.7
	5.9
	130.8
	C19/C17/C14

	10
	124.2
	41.3
	124.6
	0.4
	130.8
	

	11
	187.6
	-18.7
	184.6
	-3.0
	130.8
	

	12
	99.3
	59.8
	106.1
	6.8
	124.2
	C10/C28/C28

	13
	184.4
	-21.1
	187.0
	2.6
	124.2
	

	14
	130.8
	34.6
	131.3
	0.4
	124.2
	

	15
	141.5
	22.9
	143.0
	1.5
	

	16
	149.8
	21.7
	144.2
	-5.6
	

	17
	130.8
	34.9
	131.0
	0.2
	

	18
	133.7
	32.3
	133.6
	-0.1
	

	19
	130.8
	38.5
	127.4
	-3.4
	

	21
	161.5
	2.0
	163.9
	2.4
	

	23
	162.2
	0.5
	165.4
	3.2
	

	24
	133.7
	32.0
	133.9
	0.2
	

	25
	149.8
	21.0
	144.9
	-4.9
	

	26
	149.8
	21.2
	144.7
	-5.1
	

	27
	131.9
	32.6
	133.3
	1.4
	

	28
	124.2
	42.4
	123.5
	-0.7
	

	29
	124.2
	41.9
	124.0
	-0.2
	


Reference shielding constant (σref) = 165.9 ppm
Mean absolute deviation (MAD) = 2.3 ppm
Root-mean-square deviation (RMSD) = 3.1 ppm

Table S 10: Calculated and experimental 13C chemical shifts with assignment for the tautomer  with the proton in between N and O of P.Y. 138.
	Atom label
	Exp. chemical shift (ppm)
	Cal. shielding constant (ppm)
	Cal. chemical shift (ppm)
	Deviation (ppm)
	Unassigned Exp. chemical shifts

	2
	149.8
	15.2
	150.7
	0.9
	149.8
	C16/C25/C26

	3
	119.5
	46.1
	119.8
	0.3
	149.8
	

	4
	141.5
	26.6
	139.3
	-2.2
	149.8
	

	5
	129.9
	37.1
	128.8
	-1.1
	141.5
	C15

	6
	126.6
	39.2
	126.7
	0.1
	133.7
	C24/C27

	7
	132.0
	34.9
	131.0
	-1.1
	133.7
	

	8
	119.9
	43.1
	122.8
	2.9
	131.9
	C18

	9
	130.7
	35.3
	130.6
	-0.1
	130.8
	C19/C14/C17

	10
	124.2
	42.1
	123.8
	-0.4
	130.8
	

	11
	187.6
	-25.8
	191.7
	4.1
	130.8
	

	12
	99.3
	62.3
	103.6
	4.3
	124.2
	C10/C28/C29

	13
	184.4
	-20.3
	186.2
	1.8
	124.2
	

	14
	130.8
	34.7
	131.2
	0.4
	124.2
	

	15
	141.5
	22.6
	143.3
	1.8
	

	16
	149.8
	21.6
	144.3
	-5.5
	

	17
	130.8
	34.4
	131.5
	0.7
	

	18
	131.9
	32.8
	133.1
	1.2
	

	19
	130.8
	36.8
	129.1
	-1.8
	

	21
	161.5
	2.0
	163.9
	2.4
	

	23
	162.2
	0.5
	165.4
	3.2
	

	24
	133.7
	32.1
	133.8
	0.1
	

	25
	149.8
	20.6
	145.3
	-4.5
	

	26
	149.8
	21.0
	144.9
	-4.9
	

	27
	133.7
	31.8
	134.1
	0.4
	

	28
	124.2
	42.2
	123.7
	-0.5
	

	29
	124.2
	41.9
	124.0
	-0.2
	


Reference shielding constant (σref) = 165.9 ppm
Mean absolute deviation (MAD) = 1.8 ppm
Root-mean-square deviation (RMSD) = 2.4 ppm
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