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INTRODUCTION

One of our groups first reported in 1993 on the square pyramidal complexes trans-RuCl2(PN)(PR3) (R = Ph, p-tolyl; PN = o-diphenylphosphino-N,N'-dimethylaniline), and their ability to bind H2 and N2 to form, as final products, the six-coordinate cis-RuCl2(PN)(PR3)L (L = H2, N2) complexes. [START_REF] Mudalige | Molecular-Hydrogen, -Nitrogen and Monohydride Derivatives of the Structurally Characterized Dichloro(odiphenylphosphino-N,N-dimethylaniline) [tris(p-tolyl)phosphine]ruthenium(II) Complex[END_REF] Subsequently, the other relatively small molecules H2S, 2,3 N2O, [START_REF] Pamplin | The Nitrous Oxide complex RuCl2(h 1 -N2O)(PN)(PPh3) (PN= [o-(N,N-Dimethylamino)phenyl] diphenylphosphine); Low Temperature Conversion of N2O to N2 and O2[END_REF] thiols, [START_REF] Ma | Ruthenium(II) Thiol and H2S Complexes: Synthesis, Characterization and Thermodynamic Properties[END_REF] CO, [START_REF] Ma | Binding of CO and NH3 at a five-coordinate Ru(II) centre in the solid state and in solution[END_REF] NH3, [START_REF] Ma | Binding of CO and NH3 at a five-coordinate Ru(II) centre in the solid state and in solution[END_REF] and HCCPh, which is converted to coordinated C=CHPh, [START_REF] Ma | Reactions of phenylacetylene and p-tolylacetylene with a five-coordinate Ru II complex[END_REF] reacted similarly to form related six-coordinate complexes, in which the chloride ligands are either cis or trans. Scheme 1 shows the cis and trans products for these systems, although the L = H2O and alcohol species were made via reactions with 1 RuCl2(PN)(PR3) that was formed in situ from RuCl3(PR3)3 complexes; [START_REF] Ma | Reversible binding of water, methanol, and ethanol to a five-coordinate ruthenium (II) complex[END_REF] the most recent report describes a corresponding cationic cis-NO + species that was formed by reaction of fac-RuCl3(NO) (PN) with PPh3. [START_REF] Da Silva | Studies on the Ru(II) monocationic complexes [RuCl2)(NO)(PN)(PPh3)]PF6, where PN = odiphenylphosphino-N,N-dimethylaniline, and R = Ph and p-X-C6H4 (X = OMe, Me, F)[END_REF] The two Scheme 1. Schematic reactivity of trans-RuCl2(PAN)(PR3) toward small molecules (L) to form isomeric six-coordinate complexes. Note: the cis-C=CHPh complex is formed by addition of HCCPh to the five-coordinate complex, and the NO + complex by reaction of PPh3 with fac-RuCl3(NO)(PN) P-atoms in the complexes are labelled PA and P (Scheme 1), as in the associated [START_REF] Jameson | Absolute Shielding Scale for 31 P from Gas phase NMR Studies[END_REF] P{ 1 H}-NMR spectra, which show the expected doublet of doublets pattern. Crystals suitable for X-ray studies have been grown for many complexes, and an empirical inverse correlation between the [START_REF] Jameson | Absolute Shielding Scale for 31 P from Gas phase NMR Studies[END_REF] PA chemical shift and the RuPA bond length has been established over the respective ranges of about 30 80 ppm and 2.392.17 Å (Figure 1). [START_REF] Da Silva | Studies on the Ru(II) monocationic complexes [RuCl2)(NO)(PN)(PPh3)]PF6, where PN = odiphenylphosphino-N,N-dimethylaniline, and R = Ph and p-X-C6H4 (X = OMe, Me, F)[END_REF] Of note, the complexes with different X groups (Cl or Br) and phosphines (PPh3, P(p-tolyl)3), or P(p-FC6H4) are present on this correlation line. Analogous trends exist for a more diverse range of Ru II -complexes containing PPh3 [START_REF] Jessop | Hydrido Thiolato and Thiolato Complexes of Ruthenium(II) Carbonyl phosphines[END_REF] and Ph2P(CH2)4PPh2 ligands, [START_REF] Queiroz | The reactivity of five-coordinate Ru(II) (1,4bis(diphenylphosphino)butane) complexes with the N-donor ligands: ammonia, pyridine, 4substituted pyridines, 2,2′-bipyridine, bis(o-pyridyl)amine, 1,10-phenanthroline, 4,7diphenylphenanthroline and ethylenediamine[END_REF][START_REF] Macfarlane | Characterization of Five-Coordinate Ruthenium(II) Phosphine Complexes by X-ray Diffraction and Solid-State 31 P CP/ MAS NMR Studies and Their Reactivity with Sulfoxides and Thioethers[END_REF] with the slopes and intercepts of all three plots being remarkably similar, about -3.0 x 10 -3 Å ppm -1 , and ~2.43 Å, respectively. That the vinylidene complex cis-RuCl2(PAN)(PPh3)(C=CHPh) had one of the longest RuPA bonds within all the complexes was rationalized in terms of decreased Ru to PA π-backbonding because of competition with such bonding in the Ru=C moiety and, consistent with this, the shortest RuPA bond is seen for the five-coordinate species RuCl2(PAN)[P(p-tolyl)3] 1 (no solid-state structure was obtained for the corresponding PPh3 complex), where maximum Ru to PA π-backbonding is likely be available. [START_REF] Ma | Reactions of phenylacetylene and p-tolylacetylene with a five-coordinate Ru II complex[END_REF] The question of why the shortest bond results in a higher chemical shift remained unanswered. Indirect evidence for such 'π-back-bonding' effects, based on solid-state NMR studies [START_REF] Olivieri | A Correlation between P-31 NMR Chemical-Shift Tensors in Solid Phosphates and P-O Bond Lengths -Implications for Proton-Transfer Processes[END_REF][START_REF] Un | Study of 31 P NMR Chemical Shift Tensors and Their Correlation to Molecular Structure[END_REF] and theoretical work [START_REF] Ling | Deciphering the NMR Fingerprints of the Disordered System with Quantum Chemical Studies[END_REF] on phosphoryl-containing compounds suggests that the degree of π-bonding between P-and O-atoms is a key factor in governing the [START_REF] Jameson | Absolute Shielding Scale for 31 P from Gas phase NMR Studies[END_REF] P chemical shift tensors and PO bond lengths. Thus, a DFT study on the RuCl2(PAN)(PR3)L complexes seemed highly appropriate to help quantify details of the observed, inverse NMR/structural plot of Figure 1, and this led to the collaborative research described in this current paper. A theoretical study by Bühl's group [START_REF] Ortuño | Computational Insight into 103 Rh Chemical Shift-Structure Correlations in Rhodium Bis(phosphine) Complexes[END_REF] that derived a correlation between experimental or computed RhP bond lengths and computed 103 Rh chemical shifts for a series of Rh phosphine-containing complexes also encouraged us to venture into this area; of note, an increasing RhP bond length corresponded to an increase in the 103 Rh chemical shift, which is opposite to the correlation between the 31 P chemical shift and the RuP distance seen in Figure 1. 

COMPUTATIONAL DETAILS

All geometry optimizations were performed on the full molecules (neutral or charged) considered in vacuum with the Gaussian 09 package 17 at the PBE0-D3BJ level. [START_REF] Adamo | Toward reliable density functional methods without adjustable parameters: The PBE0 model[END_REF][START_REF] Grimme | Effect of the Damping Function in Dispersion Corrected Density Functional Theory[END_REF] Ru was represented by relativistic effective core potential (RECP) from the Stuttgart group and the associated basis set. [START_REF] Andrae | Energy-adjustable ab initio pseudopotentials for the second and third row transition elements[END_REF] The remaining atoms (H, C, N, O, Cl, Br, and P) were represented by a triple-ζ pcseg-2 basis set. [START_REF] Jensen | Unifying General and Segmented Contracted Basis Sets. Segmented Polarization Consistent Basis Sets[END_REF] The analytically calculated harmonic frequencies were used to evaluate the zero-point energies (ZPE), the enthalpies and the Gibbs energies of all species at p = 1 atm and a temperature of 298.15 K. The coordinates of all optimized structures and associated energies are given in the Supporting Information, SI.

Calculations of NMR shieldings, s, and related chemical shifts, d, (eq 1, see below for s ref ), were performed within the gauge-including atomic orbital (GIAO) framework using ADF 2016 [START_REF] Te Velde | Chemistry with ADF[END_REF] with the PBE0 functional on the full complexes in vacuum. Ru, P, and all atoms directly bonded to the metal and the P of interest were represented by Slater-type basis sets of triple-ζ quality (TZ2P), the remaining atoms being represented by a double-ζ quality Slater-type basis sets (DZP). Relativistic effects were treated by the 2-component zeroth order regular approximation (ZORA) including the spin-orbit contribution. [START_REF] Van Lenthe | Relativistic regular two-component Hamiltonians[END_REF] The results were found to improve with the inclusion of the spin-orbit contribution even if its magnitude is globally small (larger for the five-coordinate than the sixcoordinate complexes). [START_REF] Vícha | Relativistic Heavy-Neigbor-Atom Effects on NMR Shifts: Concepts and Trends across the Periodic Table[END_REF] The analysis of the electron density and scalar-relativistic natural localized orbitals was carried out with the NBO 6.0 program. [START_REF] Weinhold | Valency and Bonding: A Natural Bond Orbital Donor-Acceptor Perspective[END_REF] Calculated NMR shielding tensors were analyzed on the basis of the scalar-relativistic natural localized molecular orbitals (NLMOs). [START_REF] Bohmann | Natural chemical shielding analysis of nuclear magnetic resonance shielding tensors from gauge-including atomic orbital calculations[END_REF] To allow comparison between the species, all complexes were described with a consistent Lewis structure, involving three facial bonds: RuPA. RuN, and RuP. It was verified that this Lewis structure represents properly the computed electron density for all complexes.

δ= σ ref -σ 1-σ ref ≈ σ ref -σ (1) 
Literature has shown that calculations of the 31 P NMR shieldings, and thus of the chemical shifts, are challenging, since their values cover a range of 2000 ppm; a 10% accuracy in the calculation was recently still considered as "excellent". [START_REF] Feindel | Phosphorus magnetic shielding tensors for transition-metal compounds containing phosphine, phosphido, and phosphinidene ligands: Insights from computational chemistry[END_REF] Even the shielding in the simplest PH3 is challenging to calculate. [START_REF] Stoychev | Efficient and Accurate Prediction of Nuclear Magnetic Resonance Shielding Tensors with Double-Hybrid Density Functional Theory[END_REF][START_REF] Sun | Accurate prediction of nuclear magnetic resonance shielding constants: towards the accuracy of CCSD(T) complete basis set limit[END_REF][START_REF] Teal | Benchmarking densityfunctional theory calculations of NMR shielding constants and spin-rotation constants using accurate coupled-cluster calculations[END_REF] The value of 328. 

RESULTS

Structural Features of RuCl2(PAN)(PR3)L.

The coordinates and a 3D representation of the optimized structures of all complexes are provided in the SI. For all ligands except L = CO, the sixcoordinate complex of calculated lowest energy corresponds to the observed isomer, implying their thermodynamic preference; this is compatible with the synthetic method of the RuCl2(PAN)(PR3)L complexes; i.e. by addition of L to the five-coordinate RuCl2(PAN)PR3, in which the empty coordination site is trans to PA, or via ligand exchange within Ru precursors in solution. Of note, HCCPh, is converted to coordinated C=CHPh, [START_REF] Ma | Reactions of phenylacetylene and p-tolylacetylene with a five-coordinate Ru II complex[END_REF] and the NO + complex is synthesized via a different route. [START_REF] Da Silva | Studies on the Ru(II) monocationic complexes [RuCl2)(NO)(PN)(PPh3)]PF6, where PN = odiphenylphosphino-N,N-dimethylaniline, and R = Ph and p-X-C6H4 (X = OMe, Me, F)[END_REF] In contrast, the CO complex, trans-RuCl2(PAN)(PR3)(CO), is formed, by an irreversible reaction of CO to the powdered, five-coordinate trans-RuCl2(PAN)(PR3); calculations show that the cis isomer is energetically preferred by ∆H = 9.6 kcal mol -1 , (Table 1) suggesting that the trans isomer is a kinetic product. 33 The solvent used for recording the 31 P{ 1 H} chemical shift is listed with the associated reference. a)

CDCl3, 8 b) CD2Cl2, 4 c) CH2Cl2, 9 d) CDCl3, 7 and e) CDCl3. [START_REF] Ma | Binding of CO and NH3 at a five-coordinate Ru(II) centre in the solid state and in solution[END_REF] NA not available.

The isomeric preference for the thermodynamically preferred complexes can be rationalized considering the s-donating and -accepting properties of L. [START_REF] Tsipis | Building trans-philicity (trans-effect/trans-influence) ladders for octahedral complexes by using an NMR probe[END_REF][START_REF] Khoroshun | Electronic reorganization: Origin of sigma trans promotion effect[END_REF] Thus, the vinylidene group which is both a strong s-donor and a single face -acceptor prefers to be trans to one of the two chlorides than to PA (see Scheme 1 for labeling) by 11 kcal mol -1 , hence the preference for the cis isomer. Indeed, a chloride ligand has a weak trans influence and also enhances the back-donation of one Ru lone-pair into the empty p orbital of vinylidene Ca via 4e d-p interaction. [START_REF] See For Instance Caulton | The influence of -stabilized unsaturation and filled-filled repulsions in transition metal chemistry[END_REF] The larger donation (L ® Ru) and backdonation (Ru ® p(CaC=CHPh)) in the cis-over the trans-isomer are confirmed by the NBO analysis (Table S18 in the SI). Similar effects account for the preference for the cis over the trans isomer for L = NO + , N2, N2O (bonded via N as shown in the SI), and H2 by ∆G of 12.7, 10.7, 7.1, and 6.9 kcal mol -1 , respectively. Thus, all L ligands with -accepting ability [START_REF]It is not easy to estimate the relative -accepting ability of H2 relative to ligands like NO + , N2O and N2 but it is[END_REF] coordinate cis to PA with the notable exception of CO, whose complex is not under thermodynamic control.

When the L ligand is a modest s-donor and has no -accepting ability, the energy preference for the cis isomer is either small, or the trans isomer is slightly more stable. The five-coordinate RuCl2(PAN)(PR3) has the empty coordination site trans to PA as illustrated in Scheme 1. [START_REF] Mudalige | Molecular-Hydrogen, -Nitrogen and Monohydride Derivatives of the Structurally Characterized Dichloro(odiphenylphosphino-N,N-dimethylaniline) [tris(p-tolyl)phosphine]ruthenium(II) Complex[END_REF] If L interacts weakly with the Ru complex, the structural preference of the five-coordinate species determines that of the six-coordinate RuCl2(PAN)(PR3)L; this accounts for the preference of trans-RuCl2(PAN)(PR3) (H2O). The marginally stronger ligand H2S induces a slightly larger perturbation to the five-coordinate species, resulting in almost isoenergetic cis-and trans-isomers; this is illustrated by the preference for the cis-isomer by 3.4 or 1.1 kcal mol -1 when the monodentate phosphine is PPh3 or P(p-tolyl)3, respectively. Under kinetic control, the preference for the trans isomer in the case of the CO ligand results from a direct addition to the vacant site of the five-coordinate Ru complex.

There is a general fair agreement between calculated and observed bond lengths even if the calculated bond distances are generally slightly shorter than the distances given by X-ray diffraction values. (Tables S4 andS6-S9 in the SI). This is likely due to intermolecular interactions present in the crystal that are not included in the calculations. Geometry optimizations carried out for a single molecule in vacuum, with a computational method that includes the dispersion corrections have been shown to give bond distances that are too short. [START_REF] Moellmann | Influence of Crystal Packing on an Organometallic Ruthenium(IV) Complex Structure: The Right Distance for the Right Reason[END_REF] A noticeable discrepancy is obtained for L = NO + .

For this ligand, the solid-state structures of RuCl2(PAN)(PR3)(NO) + reveal that Ru-N(nitrosyl) bond distance depends on the nature of the monodentate PR3, as shown by values of 1.794(5), 1.870(5), and 1.738(3) Å, for P(p-tolyl)3, PPh3, and P(p-FC6H4)3, respectively (Table S8 in the SI). [START_REF] Da Silva | Studies on the Ru(II) monocationic complexes [RuCl2)(NO)(PN)(PPh3)]PF6, where PN = odiphenylphosphino-N,N-dimethylaniline, and R = Ph and p-X-C6H4 (X = OMe, Me, F)[END_REF] Geometry optimization carried out with PPh3 does not reproduce the observed, long RuN(nitrosyl) distance.

However, since the [START_REF] Jameson | Absolute Shielding Scale for 31 P from Gas phase NMR Studies[END_REF] PA chemical shifts (and other spectroscopic data) are similar for the three phosphine ligands, [START_REF] Da Silva | Studies on the Ru(II) monocationic complexes [RuCl2)(NO)(PN)(PPh3)]PF6, where PN = odiphenylphosphino-N,N-dimethylaniline, and R = Ph and p-X-C6H4 (X = OMe, Me, F)[END_REF] the Ru-N(nitrosyl) distance is probably similar in solution for the three NO + complexes.

Isotropic 31 PA Chemical Shifts. The 31 PA chemical shifts, d P A , of RuCl2(PAN)(PR3)L, were calculated for the cis-and trans-isomers, regardless of the structural preferences, in order to determine the impact of the coordination site of L on the chemical shift of PA, (Table 1 and Figure 2).

The 31 P chemical shifts of the monodentate phosphine were also calculated, they vary little with L and are less informative, the corresponding data are reported in the SI and are not discussed in detail (Table S3). Good agreement is obtained between experimental and calculated chemical shifts for PA, with the exception of the five-coordinate RuCl2(PAN)[P(p-tolyl)3] complex (#1) for which the observed d P A in CDCl3 is 81.5 ppm 1 and the calculated value is 113.8 ppm. Since the difference between experimental and calculated values is < 15 ppm for all other complexes, this larger discrepancy of ~ 32 ppm may not be due to the computational method. This five-coordinate complex, in the absence of an agostic interaction (not present in the solid state or in the computed optimized structure) likely binds a CDCl3 ligand and forms six-coordinate RuCl2(PAN)(PR3)(CDCl3) in solution.

Optimization of this complex gave a trans h 1 Cl3CD complex (#2) with a Ru … Cl distance of 2.79 Å and also a less stable cis isomer (#3); further, for this complex #2, the calculated d P A of 87.4 ppm is only 6 ppm away from the experimental value. This is considered a good indication that the NMR data for this five-coordinate complex, in fact, refer to a solvated species with a weakly coordinated CDCl3.

The agreement between calculated and experimental chemical shifts for PA in this set of complexes is good as illustrated by an R 2 of 0.964, excluding #1 from the correlation (Figure 2).

Including dynamic effects and explicit solvation of the molecular species, in addition to representation of the relativistic effects with 4-components calculations, would be required to achieve high accuracy as illustrated recently for trans-PtCl2(NHMe2)(PPh3) in water. [START_REF] Castro | Four-component relativistic 31 P NMR calculations for trans-platinum(II) complexes: importance of the solvent and dynamics in spectral simulations[END_REF] In fact, the lack of consideration of the diversity of possible conformations could account for the 13 ppm difference between the observed and calculated chemical shifts in the case of L = C=CHPh (#21). For probably related dynamic effects, the agreement between calculated and experimental 31 P chemical shifts was found to be significantly lower for the monodentate phosphine than for PA of the bidentate PAN ligand (Table S3 in the SI vs squares and red empty triangles correspond to observed and non-observed isomers, respectively. For labelling of complexes, see Table 1.

As expected, the calculated chemical shifts differ for the cis and trans isomers, but the difference between these values depends on L. With the weakly bonded ligands H2O, H2S, CH3SH, N2O, N2 and H2 the calculated d P A are similar for the two isomers with no clear trend for which isomer has the higher chemical shift. It is thus rather difficult to use the calculated chemical shift to assign the cis or trans nature of the isomer by comparison with the experimental shift. The situation is better with more strongly bonded ligands such as NO + , C=CHPh and CO (#18-23). This confirms the cis nature for the experimental NO + and C=CHPh complexes and trans nature for the CO complex.

Similarly, the calculations indicate clearly that the empty coordination site (or the weakly interacting CDCl3 solvent) is trans to PA ((#1-2).

DISCUSSION

Charge transfer from L to RuCl2(PAN)(PR3)

To understand how L influences the chemical shifts of PA, one needs first to analyze how L tunes the electronic structure of RuCl2(PAN)(PR3) around PA. A meaningful way to obtain this information is to consider that the six-coordinate complex is formed by the union of RuCl2(PAN)(PR3) and L, and study this interaction using the NBO method. [START_REF] Weinhold | Valency and Bonding: A Natural Bond Orbital Donor-Acceptor Perspective[END_REF] In an NBO vision, the bonding is described by donor/acceptor interactions; the key one is delocalization of the electron density on L, usually localized in a lone-pair according to the NBO analysis, into vacant antibonding s* type NBOs (antibonds) between Ru and the ligands of the fivecoordinate fragment. [START_REF] Weinhold | Valency and Bonding: A Natural Bond Orbital Donor-Acceptor Perspective[END_REF]40 This delocalization leads to charge transfer from L to the vacant s* NBOs;

due to the absence of symmetry of the complexes, charge transfer occurs also in antibonds that are cis and trans to L. As expected, the charge transfer increases with the s-donor strength of L but is always significantly less than 2e. Therefore, the partial occupancy of a s* NBO antibond leads to lengthening but not cleavage of the Ru-ligand bond. In term of molecular orbitals (which can always be expressed as linear combinations of NBOs), partial occupancy of a s* NBO is associated with a raise in energy of all vacant (canonical) molecular orbitals that have contributions from this s* NBO.

Here, focus on the RuPA bond is needed, and thus the partial occupancy of the s(RuPA) and s*(RuPA) NBOs were calculated (Table S17 in the SI). The partial occupancy of s(RuPA) NBO is around 1.89e for all L. In contrast, the partial occupancy of s*(RuPA), ns*(RuPA), is very sensitive to the nature of L. This partial occupancy, which is the smallest (0.15e) for the five-coordinate complex #1, increases in a modest manner (0.2 to 0.4e) for weak s-donors like H2O, H2S, CH3SH, and N2O, (#4-13) and becomes significant (0.5 to 0.65e) for strong s-donor L like NO + , C=CHPh, and CO (#18-23). Increasing ns*(RuPA) lengthens the RuPA bond (Figure S6 in the SI) although the correlation is modest (R 2 = 0.652) because several additional donor/acceptor s-and -interactions contribute to the global interaction of the two fragments.

Correlation between Isotropic Shielding at PA and Electronic Properties at PA. The following uses both the chemical shift (d P A ) and the shielding (s P A ) terms. As currently recognized, [START_REF] Viesser | The unexpected roles of σ and π orbitals in electron donor and acceptor group effects on the 13 C NMR chemical shifts in substituted benzenes[END_REF][START_REF] Halbert | Elucidating the Link between NMR Chemical Shifts and Electronic Structure in d 0 Olefin Metathesis Catalysts[END_REF][START_REF] Yamamoto | Orbital Analysis of Carbon-13 Chemical Shift Tensors Reveals Patterns to Distinguish Fischer and Schrock Carbenes[END_REF] the NMR shielding of PA is not expected to correlate well with the atomic charge on the active nucleus. This is the case also for the complexes in the present work (Figure S7 in the SI). In attempts at understanding the observed correlation between the d P A /s P A and the RuPA bond distance, a search was made for an electronic property that could correlate with these factors, and a remarkably good correlation (R 2 = 0.912, Figure 4) was found between the calculated shielding at PA, s P A , and the electron occupancy of the s*(RuPA) NBO, ns*(RuPA), defined in the previous section. Thus, the isotropic shielding and the RuPA bond distance both increase as ns*(RuPA) increases, i.e. as more electron density is transferred to the s*(RuPA) NBO. This naturally establishes a correlation between d P A /s P A and the RuPA bond distance, as observed experimentally. While this is gratifying phenomenologically, an understanding is developed in the following section. increasing number of studies focused on the relationship between the chemical shifts/shieldings and bonding features of the selected nucleus and the interested reader is referred to selected articles and reviews. [START_REF] Bohmann | Natural chemical shielding analysis of nuclear magnetic resonance shielding tensors from gauge-including atomic orbital calculations[END_REF][START_REF] Facelli | Chemical shift tensors: Theory and application to molecular structural problems[END_REF][START_REF] Widdifield | Understanding Chemical Shielding Tensors Using Group Theory, MO Analysis, and Modern Density-Functional Theory[END_REF][START_REF] Bühl | The DFT route to NMR chemical shifts[END_REF][START_REF] Kaupp | Interpretation of NMR Chemical Shifts[END_REF][START_REF] Falivene | Theoretical NMR spectroscopy of N-heterocyclic carbenes and their metal complexes[END_REF] These studies have been extremely useful in getting deeper insight on the bonding properties around the studied atom, with possible extrapolation to other properties such as reactivity. 49- 55 The flourish of recent studies for a high diversity of atoms is a clear indication that chemists wish to learn more NMR information. The literature is abundant for main group elements and only selected references are given. Carbon [START_REF] Gordon | Metathesis Activity Encoded in the Metallacyclobutane Carbon-13 NMR Chemical Shift Tensors[END_REF][START_REF] Marchione | C-13 NMR Spectroscopy of N-Heterocyclic Carbenes Can Selectively Probe sigma Donation in Gold(I) Complexes[END_REF][START_REF] Gordon | NMR chemical shift analysis decodes olefin oligo-and polymerization activity of d 0 group 4 metal complexes[END_REF][START_REF] Gordon | Metal alkyls programmed to generate metal alkylidenes by a-H abstraction: prognosis from NMR chemical shift[END_REF][START_REF] Gordon | π-Bond Character in Metal-Alkyl Compounds for C-H Activation: How, When, and Why?[END_REF][START_REF] Gordon | Carbon-13 NMR Chemical Shift: A Descriptor for Electronic Structure and Reactivity of Organometallic Compounds[END_REF][START_REF] Zilm | Low-temperature natural-abundance Carbon-13 NMR spectroscopy of matrix-isolated Species. The anisotropy of the shielding tensor in ethylene[END_REF][START_REF] Azofra | Quantifying electronic similarities between NHC-gold(I) complexes and their isolobal imidazolium precursors[END_REF] and silicon [START_REF] Cavalieri | Unusual Silicon-29 Chemical-Shift Anisotropies in Three-Membered Rings[END_REF] were considerably studied. More recently aluminium, [START_REF] Lam | Understanding Trends in Al-27 Chemical Shifts and Quadrupolar Coupling Constants in Chloroalkyl Aluminum [AlClx(Me)(3-x) ](n = 1 or 2) Compounds[END_REF] yttrium, 60 oxygen, 61 selenium, 62 and tellurium 63 were also considered. Phosphorus has been studied in systems with and without a transition metal. [START_REF] Duchamp | Nature of the carbon-phosphorus double Bond and the carbon-phosphorus triple bond as studied by solid-state NMR[END_REF][START_REF] Wu | Unusual 31 P Chemical Shielding Tensors in Terminal Phosphido Complexes Containing a Phosphorus-Metal Triple Bond[END_REF][START_REF] Eichele | Phosphorus-31 chemical shift tensors of phosphinidene ligands in ruthenium carbonyl clusters: a 31 P single[END_REF][67][68] For instance, the nature of the carbon-phosphorus double and triple bonds was interpreted by solid-state NMR. [START_REF] Duchamp | Nature of the carbon-phosphorus double Bond and the carbon-phosphorus triple bond as studied by solid-state NMR[END_REF] The unusually high chemical shift of a metal-bound phosphido group was shown by calculations to be associated with a high paramagnetic term. [START_REF] Wu | Unusual 31 P Chemical Shielding Tensors in Terminal Phosphido Complexes Containing a Phosphorus-Metal Triple Bond[END_REF] Solid-state NMR studies and analysis of the chemical shift tensor have been combined on a variety of phosphine-containing complexes using computational methods similar to the one used in the current work. [START_REF] Eichele | Phosphorus-31 chemical shift tensors of phosphinidene ligands in ruthenium carbonyl clusters: a 31 P single[END_REF][67][68] The key information is the chemical shift anisotropy (CSA), which can be measured by solidstate NMR and calculated by quantum methods. It is represented by a second rank tensor whose components in the principal axes frame are d11, d22, d33 (d11 ≥ d22 ≥ d33); the isotropic chemical shift is the average of these three components (equation 2) and a similar quantity in terms of shieldings (s11 ≤ s22 ≤ s33) is used below. A measure of the anisotropy is represented by the span W -difference between d11 and d33.

δ iso = 1 3 ( δ 11 +δ 22 + δ 33 ) (2)
For all complexes computed in this work, one of the principal axes of the shielding tensor is approximatively along the RuPA direction and the other two are approximatively perpendicular to it.

(Table S11, and Figures S3,S4, and S5 in the SI). Thus, although the complexes have no symmetry elements, the directions of the principal axes are characteristic of an octahedral type coordination as established for phosphine complexes of higher symmetry. 67 As a consequence of the absence of symmetry elements, the two principal axes that are perpendicular to the RuPA "axial" direction do not have specific orientation relative to the four ligands in the "equatorial plane". Their orientations change with L and its cis or trans position relative to PA. However, for essentially all complexes, the two axes perpendicular to the RuPA direction are associated with the most deshielded components, i.e.

σ 11 and σ 22 . Of note, however, for cis NO + (#19), and to a lesser extent cis C=CHPh (#21), the principal axes associated with the s22 and s33 components deviate from being perpendicular and parallel, respectively, to the RuPA direction. Fortunately, these deviations do not impact significantly on the analysis.

In a nonrelativistic formalism, the shielding can be split into diamagnetic and paramagnetic (usually deshielding) contributions. 69 Within the GIAO framework, the calculations show that the diamagnetic contribution for PA in all species of Table 1 is essentially constant and is also isotropic (Table S12 in the SI). Thus, the variation in chemical shifts as a function of L must be attributed to the paramagnetic contribution, which includes also the spin-orbit term in this work. This is nicely illustrated by the almost perfect correlation between siso and s p+so with a slope of 0.995 and R 2 of 0.9997 (Figure 5 left and Table S12 in the SI). Analysis of the terms σ 11 p+SO , σ 22 p+SO , and σ 33 p+SO , which are the paramagnetic plus spin-orbit shieldings in the principal axis frame, is thus sufficient to explain the behavior of s p+so , and thus of siso.

Calculations show that σ 11 p+SO and σ 22 p+SO vary significantly with L whereas σ 33 p+SO is more constant (Table S12, in the SI). Therefore, this latter term cannot be responsible for the variation of siso. Further, the correlations between siso and σ 11 p+SO or σ 22 p+SO , independently, are reasonable (R 2 of 0.930 and 0.884, respectively, Figure S1 in the SI). However, the slopes of these correlations are similar, suggesting equal contributions. Indeed, the correlation between siso and 1/3(σ 11

p+SO + σ 22 p+SO )
with an excellent R 2 of 0.9863 and a slope of 0.844 shows that the paramagnetic contributions of the two most deshielded terms to the averaged paramagnetic shielding s p+so quantitatively describes the changes of the isotropic shielding siso. We now analyze the reasons for this behavior. An analysis of the shielding principal components s11, s22 and s33, was performed in terms of molecular orbitals (MOs). To understand the origin of the contributions of the various MOs to the paramagnetic terms 70 a convenient approach is that of the 'orbital rotation model'. [START_REF] Zilm | Low-temperature natural-abundance Carbon-13 NMR spectroscopy of matrix-isolated Species. The anisotropy of the shielding tensor in ethylene[END_REF]71,72 Focus being on phosphorus, all MOs having contributions on the PAC and RuPA bonds are of interest. The orbital rotation model is illustrated in Scheme 2 with selected contributions of the phosphorus orbitals to these bonds. For instance, the 3py orbital contributes to MOs having PAC bonding character. Applying the magnetic field along the x direction can be thought of as rotating the 3py orbital around the x axis by 90°, this yielding a rotated orbital aligned with the z axis. Thus, the occupied MOs with 3py orbital character overlap, after rotation, with an empty MO with s*(RuPA) character. This coupling results in a paramagnetic contribution at PA associated with the x direction. An analogous development can be done with the PA 3pz orbital, which contributes to MOs having RuPA bonding character. Applying the magnetic field along the x direction can be thought of as rotating the 3pz orbital around the x axis, this yielding a rotated orbital along the y direction. The occupied MOs with 3pz character overlap, after rotation, with an empty orbital that is antisymmetrical relative to the xz plane such as the schematic orbital shown on the right-hand side of Scheme 2. The corresponding coupling between these orbitals also yields a paramagnetic term associated with the x axis. The magnitude of the paramagnetic contributions increases with increasing overlap between the occupied and empty MOs and decreasing energy gap. Similar schemes apply to the magnetic field along the y direction (rotation around y). In this case, the 3px and 3pz orbitals of phosphorus contribute to a paramagnetic term associated with the y direction. Finally, the magnetic field along the z direction is associated with contributions from MOs with 3px and 3py characters and a resulting paramagnetic field associated with the z direction. The paramagnetic terms s11 and s22 are associated with the magnetic field along the x and y axes, while s33 is associated with that along z axis. The contributions of the MOs were calculated for the three principal components. For all of them, a large number of small contributions is found, making interpretation of the results in term of bonding pattern challenging. Presenting the results in a more compact way is thus preferable. This is achieved with the localization procedure provided by the Natural Chemical Shift (NCS) analysis, implemented in the NBO method; this analysis describes the diamagnetic and paramagnetic contributions, notably in terms of lone-pairs and bonds. Comparison between complexes #1-23 is possible if a similar Lewis structure is selected for all systems.

Therefore, the NCS analysis was carried out using the Lewis structure that was also used to calculate the occupancy of the s*(RuPA) NBO. This procedure reduces considerably the number of terms; four emerge: PAC and RuPA bonds, the Ru lone-pairs and PA core orbitals that contribute roughly in comparable amounts to the paramagnetic terms of s11, s22 and s33 (Tables S13-S15). Unfortunately, none of these four contributions correlate well with the full paramagnetic term of each principal component for all complexes #1-23. However, it is sufficient to consider the contributions of the Mentioned earlier was that empty MOs with s*(RuPA) NBO character are expected to be low in energy when ns*(RuPA) is small. This is the case for #1-2 where ns*(RuPA) is < 0.25e (Table S17); this leads to large PAC bond deshielding paramagnetic contributions to s11 and s22, for #1-2, as indeed calculated (Tables S13 andS14). Following the same analysis, there is much less deshielding contribution from the PAC bonds in the case of #18-23; for these systems, ns*(RuPA) is large (around 0.5-0.6e), and in fact the calculations give a shielding contribution. A related analysis can be done for the contribution of the s(RuPA) NBO to the paramagnetic terms of s11 and s22. A schematic representation of an empty orbital, which can couple with the rotated s(RuPA) NBO, is shown on the right-hand side of Scheme 2 in the case of L = CO. Such an empty orbital is at low energy when L has -accepting character. This accounts for a significant deshielding paramagnetic contribution originating from the RuPA bond for ligands like NO + , C=CHPh and CO (#18-23). Thus, the contributions from PAC and RuPA bonds have opposite consequences on the shielding of PA but the contribution from the PAC bonds varies more across the whole set #1-23, which results in PA being the most deshielded in the complexes #1-2 and the least in the complexes #18-23. This also explains why ns*(RuPA) appears to be a good compact descriptor for the PA chemical shift. In addition, ns*(RuPA)

correlates well with the chemical shifts for the entire series #1-23, (Figure 4) which is probably due to additional, non-identified, small contributions.

The 31 P chemical shift is thus highly sensitive to the coordination sphere of the phosphine complex, but cannot be related to the donor/acceptor property of the phosphine acting as a response for a change of L. Analysis of the 31 P chemical shift is based on the occupied and empty orbital pattern of the whole complex, which is itself tuned by the coordinated ligands. However, informative is that a good correlation is shown to exist between the 31 P chemical shift and the occupancy of a s*(RuPA)

NBO, ns*(RuPA), obtained from an NBO analysis of the complex considered as the union of RuCl2(PAN)(PR3) and L. This suggests that the PA chemical shift is more strongly influenced by the s metal-ligand field than by its donor/acceptor characteristics. 

Figure 1 .

 1 Figure 1. Plot of 31 PA{ 1 H} experimental data vs. experimental RuPA bond length (Å) for RuCl2(PAN) [P(p-tolyl)3] and the RuX2(PAN)(PR3)L complexes, where X = Cl or Br, and R = Ph, p-tolyl or p-FC6H4 ; L is shown in Scheme 1; various crystalline forms are included when occurring; none is RuCl2(PAN)[P(p-tolyl)3].

Figure 1 Figure 3

 13 Figure1presented the linear relationship between experimental[START_REF] Jameson | Absolute Shielding Scale for 31 P from Gas phase NMR Studies[END_REF] PA chemical shifts in solution and RuPA bond distances determined in the solid state. A similar relationship holds for computed values and even when all isomers (observed and not observed) are included, as shown in Figure3where blue squares and red triangles refer to the observed and non-observed species, respectively. However, the correlation is better when considering the observed isomers only (blue line R 2 = 0.960) than all isomers (black line R 2 = 0.857). Three complexes are far from the correlation line, like RuCl2(PAN)(P(p-tolyl)3) (#1), trans-RuCl2(PAN)(PPh3)(NO) + (#18) and also cis-RuCl2(PAN) (PPh3)(C=CHPh) (#21). Thus, the correlation between d P A and RuPA bond distances appears good, but the presence of exceptions suggests care in a more general application.

Figure 3 .

 3 Figure 3. Calculated chemical shifts d P A (ppm) vs. calculated RuPA distances (Å). The blue full

Figure 4 .

 4 Figure 4. Isotropic shielding vs. the occupancy, ns*(RuPA), of the s*(RuPA) NBO.

Figure 5 .

 5 Figure 5. Isotropic shielding siso vs. (left) s p+so and (right) (σ 11 p+SO + σ 22 p+SO )/3.

  PAC and RuPA bonds to s11 and s22 to understand why the five-coordinate species and its solvated variant (#1-2), have the most deshielded PA, and six-coordinate species with L = NO + , C=CHPh and CO, (#18-23), have the most shielded PA. In fact, the contributions of the PAC bonds to the paramagnetic terms of s11 and s22 vary considerably, and alone determine the low shieldings for #1-2 and the high ones for #18-23. An opposite, but smaller, variation is found from the contribution of the RuPA bond; thus, this contribution moderates the very large change in shielding associated with the contribution from the PAC bonds. Together, the sum of these two contributions account well qualitatively for the high and low chemical shifts of complexes #1-2 and #18-23, respectively.Nevertheless, these two terms, together, do not correlate well with the variation of the paramagnetic terms of s11 and s22 for the entire series, #1-23; additional contributions are needed. Since the contributions from the PAC and RuPA bonds are needed to define the complexes with the lowest and highest PA chemical shifts, they are worth exploring further.As suggested by the NCS analysis, and illustrated in Scheme 2, the contribution of the PAC term to the paramagnetic term along the x direction depends on the 'overlap' of the rotated PA 3py orbital with the s*(RuPA) NBO. It also depends on the difference in energy between the MOs with PAC and s*(RuPA) NBOs contributions. Qualitatively, the MOs with PAC contributions are likely to be influenced little by the coordination at the ruthenium center. In contrast, the energies of empty MOs with s*(RuPA) NBO character are likely to be significantly influenced by this coordination and use of the partial occupancy ns*(RuPA) of the s*(RuPA) NBO is proposed to establish tendencies.

Scheme 2 .

 2 Scheme 2. Schematic representation of the rotated orbital model for a magnetic field along the x direction resulting into paramagnetic couplings. (Left) 3py orbital, contributing to the PAC bond, coupled with the s*(RuPA) NBO after 90° rotation around x axis; L is not specified. (Right) 3pz orbital, contributing to the RuPA bond, coupled with a schematic vacant orbital (L = CO) after rotation by 90° around the x axis

Table 1 .

 1 Relative enthalpies (∆H) and Gibbs energies (∆G ) in kcal mol -1 for the cis and trans isomers

	of RuCl2(PAN)(PR3)L; experimental and calculated 31 PA NMR chemical shifts in ppm using the
	calculated value of 351.6 ppm for the isotropic shielding of the reference, 32 and the experimental and
	calculated RuPA distances in Å						
	#	L isomer R(PR3)	∆H	∆G 31 P δexp 31 P δcalc	Ru PA expt	RuPA calc
	1	none	trans p-tolyl	-	-	81.5 a	113.8	2.170(1) 1	2.154
	2	CHCl3	trans p-tolyl -9.7 -10.5		87.4		2.194
	3	CHCl3	cis p-tolyl	0.0	0.0		68.6		2.259
	4	H2O	trans phenyl -8.0	-8.1	68.5 a	77.5 2.2305(14) 8	2.203
	5	H2O	cis phenyl	0.0	0.0		76.5		2.219
	6	CH3SH	trans phenyl	4.3	4.5		47.7		2.280
	7	CH3SH	cis phenyl	0.0	0.0	51.4 a	60.3	2.2802(8) 5	2.248
	8	H2S	trans phenyl	4.1	3.4		50.8		2.273
	9	H2S	cis phenyl	0.0	0.0	50.6 a	55.3	2.2712(6) 5	2.253
	10	H2S	trans p-tolyl	2.2	1.1		51.8		2.280
	11	H2S	cis p-tolyl	0.0	0.0	51.9 a	55.7	2.2560(4) 2,	2.252
	12	N2O	trans phenyl	8.1	7.1		68.6		2.255
	13	N2O	cis phenyl	0.0	0.0	49.1 b	60.7	NA	2.249
	14	N2	trans phenyl	8.5	10.7		58.8		2.305
	15	N2	cis phenyl	0.0	0.0	47.2 b	57.5	NA	2.263
	16	H2	trans phenyl	4.9	6.9		52.1		2.273
	17	H2	cis phenyl	0.0	0.0	49.3 a	54.8	2.2884(7) 3	2.252
	18	NO +	trans phenyl 13.0	12.7		43.5		2.460
	19	NO +	cis phenyl	0.0	0.0	30.9 c	34.3 2.3937(10) 9	2.344
	20 C=CHPh	trans phenyl 11.7	11.0		-2.5		2.515
	21 C=CHPh	cis phenyl	0.0	0.0	37.9 d	25.2	2.337(2) 7	2.304
	22	CO	trans phenyl	9.6	10.2	13.0 e	6.9	NA	2.432
	23	CO	cis phenyl	0.0	0.0		39.0		2.272
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P chemical shifts is 351.6 ppm.

[START_REF] Lantto | NMR Shielding Constants in PH3. Absolute Shielding Scale. and the Nuclear Magnetic Moment of 31 P[END_REF] 

ACKNOWLEDGEMENTS

This work was initiated following a visit of OE to UBC with lectureship from the French Lecture series sponsored by the French Embassy in Canada. OE was partially supported by the Research Council of Norway through its Centre of Excellence Scheme Project (Hylleraas Centre, grant 262695) and the earlier Centre of Excellence project (CTCC (grant 179568/V30). The authors are grateful to Dr Heike Fliegl now at the Institute of Nanotechnology (INT), Karlsruhe Institute of Technology (KIT), who performed early test calculations when she was at the CTCC in Oslo and to Dr Michal Repisky from the Hylleraas centre at the Artic University of Norway for useful discussions. Presented calculations were carried out in Montpellier using the French national facilities (GenCI grant A0070810475).

AUTHOR INFORMATION

Corresponding Authors *E-mail christophe.raynaud1@umontpellier.fr *E-mail : odile.eisenstein@umontpellier.fr *E-mail: brj@chem.ubc.ca 

ORCID

TABLE OF CONTENT GRAPHIC and SYNOPSIS

The experimental correlation established between RuP distances and 31 P NMR chemical shifts in RuCl2(PN)(PR3)L (L = none, H2O, H2S, CH3SH, H2, N2, N2O, NO + , C=CHPh, and CO; PN = odiphenylphosphino-N,N'-dimethylaniline) is well reproduced with DFT calculations and, through a study of the P chemical shift tensors and the paramagnetic contributions to the shielding, shown to be mostly associated with the s-donor strength of the L ligands.