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Distinguishing "Through-Space" from "Through-Bonds" Contribution in Indirect Nuclear Spin-Spin Coupling: General Approaches Applied to Complex J PP and J PSe Scalar Couplings

We present herein two complementary theoretical approaches for analyzing the transmission pathways of indirect nuclear spin-spin couplings in high resolution Nuclear Magnetic Resonance (NMR). This phenomenon is notably conceptually poorly-understood in complex experimental situations in which are potentially involved both nonbonded ("through-space") and more "classical" bonding ("through-bond") spin-spin coupling pathways. The computational approaches we propose allow the visualization and discussion of individual transmission pathways, and estimation of their relative weight from numerical contributions to the spin-spin coupling constant (SSCC) J-value. The first approach is based on the analysis of contributions limited to occupied molecular orbitals (FOMO, focused on occupied molecular orbitals). The second approach encompasses the consideration of both occupied and vacant orbitals (GMOC, global molecular orbital contributions), and besides the contributions from individual pathways, also considers their cross contributions. Both approaches are applicable to large systems with complex interaction of nuclear magnetic moments. Herein, we have first applied the FOMO and GMOC computational approaches to simple diphosphine models and then extended the analysis to J PP and J PSe experimentally measured in a constrained selenated (diphosphino)naphthalene compound. The new computational tools contributed evidence for the importance of the single lone-pair from phosphorus but also from selenium in TS spin-spin transmission. It evidenced and modeled for the first time the existence of spin-spin transmission pathways mixing classical covalent bonding parts with lone-pair overlap of proximate heteroatoms (P, Se). 1 J(P'Se) -843.9 Hz -968.6 Hz -906.1 Hz -832.8 Hz +/-724.0 Hz

INTRODUCTION

Nuclear magnetic resonance (NMR) is notably used for studying molecular structures and developing magnetic resonance imaging, thus understanding and mastering the nature of the high-resolution nuclear magnetic resonance parameters is of great general importance. [START_REF] Peralta | Through-Bond and Through-Space J FF Spin-Spin Coupling in Peridifluoronaphthalenes: Accurate DFT Evaluation of the Four Contributions[END_REF][START_REF] Del Bene | Predicted NMR Coupling Constants Across Hydrogen Bonds: A Fingerprint for Specifying Hydrogen Bond Type?[END_REF][START_REF] Hatnean | Assembly of Triangular Trimetallic Complexes by Triamidophosphine Ligands: Spin-Frustrated Mn 2+ Plaquettes and Diamagnetic Mg 2+ Analogues with a Combined Through-Space, Through-Bond Pathway for 31 P-31 P Spin-Spin Coupling[END_REF][START_REF] Sanz Camacho | Unusual Intermolecular "Through-Space" J Couplings in P-Se Heterocycles[END_REF][START_REF] Xiao | An Exceptionally Close, Non-Bonded Hydrogen-Hydrogen Contact with Strong Through-Space Spin-Spin Coupling[END_REF][START_REF] Bloodworth | An Internuclear J-Coupling of 3 He Induced by Molecular Confinement[END_REF][START_REF] Orton | Through-Space Scalar 19 F-19 F Couplings between Fluorinated Noncanonical Amino Acids for the Detection of Specific Contacts in Proteins[END_REF] Among these parameters, indirect nuclear spin-spin coupling involving the spin active nuclei commonly encountered in organic, organometallic and inorganic chemistry provides essential data for compound characterization. This is achieved through the determination and interpretation of the nuclear spin-spin coupling constants, named as J constants. [START_REF] Hierso | Indirect Nonbonded Nuclear Spin-Spin Coupling: A Guide for the Recognition and Understanding of "Through-Space" NMR J Constants in Small Organic, Organometallic, and Coordination Compounds[END_REF] In the general approach used to describe the nuclear spin-spin coupling between nuclei X and X′, the proximate magnetic nuclei experience both direct and indirect spin interactions. The presence of neighboring magnetic nuclei alters the local field and energy states of each nucleus. The indirect scalar interaction is responsible for the multiplet splitting phenomena generated and observed in high-resolution NMR spectra for the signals related to X and X′. This splitting arises from an indirect coupling mechanism via the spin polarization of the electrons in the molecule. [START_REF] Ramsey | Interactions between Nuclear Spins in Molecules[END_REF] Thus, important information on the connectivity within a molecule is carried by the nuclear spin-spin interaction from magnetically nonequivalent nuclei. While J is commonly considered for simplicity as being transmitted via covalently bonded atoms, experimental and theoretical NMR studies have demonstrated the existence of scalar J spin couplings operating through nonbonded interactions. Roberts et al. early on reported several examples of spin-spin coupling constants (SSCCs) which were recognized as being transmitted via the spin polarization of nonbonded electron pairs. These were later named "across-space" or "through-space" couplings (TS couplings). [START_REF] Roberts | Nuclear Magnetic Resonance Spectroscopy. Long-range Spin-Spin Couplings in Saturated Molecules[END_REF] Following this principle, the nuclear spin-spin coupling constants between nuclei X and X′, J, can be formally expressed as the sum of two terms, as shown in Eq. (1), J(X, X′) = TS J(X, X′) + TB J(X, X′)

The TS J(X, X′) term corresponds to the nonbonded coupling. The second term (TB, "throughbond") arises from covalent bonding interactions. The origin of TS spin-spin coupling constants was analyzed early on by Mallory et al. using a simple but meaningful perturbation model. [START_REF] Mallory | A Theory Regarding the Role of Lone-Pair Interactions in "Through-Space" Fluorine-Fluorine Nuclear Spin-Spin Coupling[END_REF][START_REF] Mallory | Nuclear spin-spin coupling via nonbonded interactions. 7. Effects of molecular structure on nitrogen-fluorine coupling[END_REF] According to this proposal, TS spin couplings, mainly nonbonded in origin, result from the overlap between lone-pair orbitals attached to the spin-active nuclei. Various modeling approaches based on different levels of quantum-chemical methods have been developed to address the complex task of separating out the TS and TB contributions. [START_REF] Contreras | Advances in Theoretical and Physical Aspects of Spin-Spin Coupling Constants[END_REF][START_REF] Krivdin | Recent Advances in Theoretical Calculations of Indirect Spin-Spin Coupling Constants[END_REF] The common basis of the reported approaches is that a calculated J-value is decomposed into individual contributions from localized molecular orbitals (LMOs) or their pairings with vacant orbitals. [START_REF] Aucar | Analysis of multipath transmission of spin-spin coupling constants in 1-X-bicycloalkanes: Part I. The through-space transmission via the bridgehead carbon atoms[END_REF][START_REF] Wu | Analysis of multipath transmission of spin-spin coupling constants in cyclic compounds with the help of partially spin-polarized orbital contributions[END_REF] The sum of individual contributions that are a priori attributed to TS transmission of the nuclear spin-spin interaction, generally comprises lone-pairs contributions, [START_REF] Malkina | Illumination of the effect of the overlap of lone-pairs on indirect nuclear spin-spin coupling constants[END_REF] and sometimes the contributions from certain pairs of bonding and antibonding orbitals remote from the TB pathway. [START_REF] Aucar | Analysis of multipath transmission of spin-spin coupling constants in 1-X-bicycloalkanes: Part I. The through-space transmission via the bridgehead carbon atoms[END_REF][START_REF] Wu | Analysis of multipath transmission of spin-spin coupling constants in cyclic compounds with the help of partially spin-polarized orbital contributions[END_REF] This approach is suitable when the origin of TS coupling is unquestionable -for example, with clear overlap of two lone-pairs of the interacting nuclei-or for the very simplest systems with a relatively small number of relevant LMOs. However, many reports have presented experimental situations that are more complex; for instance, situations involving only a single free lone-pair for a spin-active nuclei (F, P, etc.) are known, [START_REF] Barfield | Nuclear spin-spin coupling via nonbonded interactions. 4. Importance of bridgehead interactions on vicinal 13 C-19 F and long-range 1 H-19 F coupling constants in 1fluorobicycloalkanes[END_REF][START_REF] Pascal | Synthesis and structure of an in-phosphaphane: enforced interaction of a phosphine and an aromatic ring[END_REF][START_REF] Kara Ar | Monoxidised Sulfur and Selenium Derivatives of 1,8-Bis(diphenylphosphino)naphthalene: Synthesis and Coordination Chemistry[END_REF][START_REF] Hierso | Synthesizing Multidentate Ferrocenylphosphines: A Powerful Route to Dissymmetrically Tri-Substituted Ferrocenes. X-ray Structure and 13 C NMR of a Diaryl-Alkyl-phosphino Ferrocene[END_REF][START_REF] Marchenko | First Annelated Azaphosphole-Ferrocenes: Synthetic Pathways and Structures[END_REF][START_REF] Cowie | Synthesis and Platinum Complexes of an Alane-Appended 1,1′-Bis(phosphino)ferrocene Ligand[END_REF] or alternatively when coordinative transition metals with extended orbital schemes (Ni, Pd, Au, etc.) are present. [START_REF] Dias | Polyfluorinated Tris(pyrazolyl)borates. Syntheses and Spectroscopic and Structural Characterization of Group 1 and Group 11 Metal Complexes of [HB(3,5-(CF 3 ) 2 Pz) 3and [HB(3-(CF 3 )Pz)3][END_REF][START_REF] Hierso | Through-Space" Nuclear Spin-Spin J PP Coupling in Tetraphosphine Ferrocenyl Derivatives: A 31 P NMR and X-ray Structure Correlation Study for Coordination Complexes[END_REF][START_REF] Feng | Differentiation between Chelate Ring Inversion and Aryl Rotation in a CF 3 -Substituted Phosphine-Sulfonate Palladium Methyl Complex[END_REF][START_REF] Rampazzi | Gold(I) Complexes of Ferrocenyl Polyphosphines: Aurophilic Gold Chloride Formation and Phosphine-Concerted Shuttling of a Dinuclear [ClAu•••AuCl] Fragment[END_REF] In addition, in many large systems it may be difficult to a priori determine which orbitals would contribute to a particular spin-spin transmission pathway as defined above (TS or TB, Eq. 1). The decomposition of the J-value into LMO contributions usually reveals only those orbitals directly contributing to spin-spin couplings, i. e. the orbitals with non-zero density at the coupled nuclei. [START_REF]The estimation of the effect of π-orbitals on J-value requires sophisticated approaches such as described in references 29 and 30[END_REF] The contribution of other orbitals which are possibly important for the nuclear spin transmission, such as -orbitals or -bonds in the middle of long TB pathways may remain hidden or neglected in these approaches because they have zero density at the positions of the coupled nuclei. [START_REF] Engelmann | The use of partially restricted molecular orbitals to investigate transmission mechanisms of spin-spin coupling constants. II. the σ and π contributions to the Fermi contact, orbital, and spin-dipolar terms of SCPT-INDO C-C coupling constants[END_REF][START_REF] Gräfenstein | Analysis of long-range NMR spin-spin coupling in polyenes and the π-mechanism[END_REF] Some of us have developed tools for the visualization of coupling pathways, which are useful for the qualitative discrimination of TS and TB influence on the spin-spin coupling. [START_REF] Malkina | Visualization of Nuclear Spin-Spin Coupling Pathways by Real-Space Functions[END_REF] This model, based on real-space functions in three-dimensional space, is appropriate for both localized and delocalized bonding situations. The indirect spin-spin coupling is the energy splitting between states with parallel and antiparallel spins of the interacting nuclei. The difference between the distribution of the electron density in these two states shows which parts of the electronic structure are involved in the interaction of the two magnetic nuclei. The experimental situation can be simulated in quantum-chemical calculations using a double finite perturbation theory, where the two nuclear magnetic moments are included as finite perturbations either with the same (parallel nuclear spins) or opposite (nuclear spins are antiparallel) sign. The difference in the distribution of the total electron density in these two calculations is called the Coupling Deformation Density (CDD) and reflects the physical reality within the accuracy of the applied theoretical method. CDD unambiguously shows which parts of the molecule are involved in the interaction of two particular nuclei and the spin-spin coupling pathway between the two nuclei. CDD is a real-space function and can be visualized easily in three-dimensional space. CDD then can be decomposed into contributions from individual pairs of molecular orbitals (either canonical or localized) and those contributions can be plotted separately or in groups. The analysis of these contributions helps to distinguish between the "through-space" and "through-bond" pathways, and its development as a general approach applied to the examination of objectively complex spin coupling situations might be useful.

In the current work, we present a generalization of the above approach, which makes it applicable to analysis of spin-spin coupling pathways in large many-electron systems. The newly developed approach allows us to quantitatively assess the contributions of individual pathways and their crosses to J-values. The main advantage of the proposed approach is that the numerical analysis is backed up by visualization of the corresponding contributions to CDD. Visualization serves as an additional instrument, used to assess and validate the choice of individual pathways. We thus applied the generalized approach to address 31 P nuclear spinspin coupling transmission pathways in intricate situations where both "through-space" and "through-bond" spin-spin coupling might be involved, herein illustrated in the interpretation of the experimental data of a P-selenated bis(diphenylphosphino)naphtalene rigid molecule.

RESULTS AND DISCUSSION

1. Theoretical background for the analysis of spin-spin coupling pathways. The Fermicontact (FC) contribution to spin-spin coupling is by far the dominant one in all examples presented herein, and accordingly we have analyzed only this term. The general idea of the approach proposed is to separate the systems under study into chemically meaningful parts (called herein "pathways" or "molecular fragments"), which are likely to affect the considered interaction of two nuclear magnetic moments. We evaluated the contribution to the J-value from each part, and plotted its contribution to CDD, showing areas where this part participates in transmission of the interaction. The cross-contribution between different fragments or pathways is also analyzed.

The theoretical background for splitting CDD and J-values into individual LMO contributions, and the strategy for defining pathways are as follows. We worked with LMOs of the unperturbed close-shell system, which is the system in the absence of magnetic interactions. For localization of orbitals, we used the Pipek-Mezey procedure, [START_REF] Pipek | A fast intrinsic localization procedure applicable for ab initio and semi-empirical linear combination of atomic orbital wave functions[END_REF] which advantageously separate  and  orbitals for planar systems. We localized all occupied orbitals and the lowest lying "shell" of vacant orbitals, the number of orbitals in this "shell" was equal to the number of the valence orbitals. Occupied and vacant orbitals were localized separately, ensuring the orthogonality between the occupied and vacant LMOs. The contribution from the second and higher rank shells is usually much smaller compared to the first layer of vacant LMOs. Localized orbitals can be interpreted as core orbitals, bonding orbitals, lone-pairs, or antibonding orbitals. While it may be difficult to determine the exact type of a vacant LMO, this is not crucial herein since the separation of CDD into individual coupling pathways is mainly based on the occupied LMOs. Nevertheless, the inclusion of the vacant LMOs is important since, in the presence of magnetic interactions due to the FC mechanism, the originally vacant orbitals mix with the occupied orbitals. Thus, spinpolarization of the occupied orbitals occurs by admixture of vacant MOs. The vacant orbitals of the unperturbed system also play an important role in contributing or providing a transmission pathway for spin-spin nuclear coupling. [START_REF] Dračínský | Dihydrogen contacts observed by through-space indirect NMR coupling[END_REF] Different approaches exist to split the value of spin-spin coupling constant into individual contributions from molecular orbitals; [START_REF] Malkina | Interpretation of Indirect Nuclear Spin-Spin Coupling Constants[END_REF] we have chosen herein the expression of the J-value through the linear response of the density matrix written in the LMO basis. [START_REF] Guennic | NMR properties of platinum-thallium bonded complexes: analysis of relativistic density functional theory results[END_REF] The J-value is expressed as various contributions from LMO pairs composed of one occupied and vacant LMO. The methods used for obtaining pairwise LMO contributions to the J-value are detailed in the Supporting Information (SI). The summation of contributions over all vacant LMOs for a particular occupied LMO gives its contribution to the J-value.

CDD, as described in the introduction, is the bilinear response of the total electron density to the two nuclear magnetic moments (the bilinear derivative with respect to two FC operators). It is expressed as a linear combination of the pairwise products of molecular orbitals of the system in the absence of magnetic interactions, that is, molecular orbitals of the unperturbed system (both occupied and vacant). Herein, these orbitals are used as reference

MOs and the analysis is done in terms of contributions from pairs of these orbitals (Eq. 2); =

where is the bilinear response of the total electron density with respect to the two FC operators. The indices p, q run over all orbitals, occupied and vacant. The coefficients form the CDD matrix. According to the indices p and q, we distinguish the occupied-occupied (occ-occ), occupied-vacant (occ-vac), and vacant-vacant (vac-vac) blocks of the CDD matrix.

The decomposition of Eq. 2 depends on the choice of molecular orbitals. Either canonical molecular orbitals (CMOs) as obtained from the solution of the Schrödinger equation, or localized orbitals (LMOs) obtained by any unitary transformation of CMOs can be used.

Nevertheless, for any given choice of a molecular orbital set, the decomposition is uniquely defined. Consequently, CDD can be analyzed in terms of contributions from pairs of unperturbed orbitals.

There is a significant difference between the LMOs contributing to CDD and to the J-value as obtained from commonly used analyses. In the framework of linear response theory, only occ-vac LMO pairs composed of orbitals with non-zero density at the positions of coupled nuclei contribute to the J-value. In contrast, CDD includes contributions from all orbitals participating in transmission of spin-polarization due to the interaction of nuclear spins.

Visualization of the part of CDD associated with a particular pathway and estimate of its contribution to the J-value provide complementary information.

Strategies for defining individual pathways. Separating CDD into individual pathways

means combining the pairwise LMO products in Eq. 2 into distinct groups. Whereas the separation into groups can be done, in principle, using other criteria, we have chosen an approach based on chemical intuition (backed up by visualization of pathways via CDD).

According to our criteria, a single LMO can belong to only one group. The "pathway" consists of contributions of LMO pairs from the corresponding group with all others, except for orbitals belonging to other groups. The contributions from the cross-terms between LMOs belonging to different pathways are interpreted as the result of the cross-interaction between two pathways. This latter has an important physical meaning, since it shows the effect of the transmission of spin-polarization, which is induced by the FC mechanism at one of the coupled nuclei, between the orbitals belonging to different selected pathways.

Herein, we considered that the key LMOs contributing to the spin-spin coupling pathways among the occupied orbitals are: i) the MOs directly connected to the interacting nuclei, representing bonding and lone-pairs, ii) the molecular orbitals providing connection between the interacting nuclei, that is, chains of chemical bonds and lone-pairs, iii) any indirect lateral "branches" of a chain deemed important, for which the corresponding orbitals can be included as well or combined in a separate group associated with a particular fragment of the system.

The selected key orbitals are separated into groups corresponding to these reasonably postulated pathways (visible "through-bond" and "through-space", and the bonding environment of key nuclei). In the first approach, we restricted our calculation to the groups containing only occupied LMOs. In the second approach, the contribution to the J-value of a

given "pathway" (or "molecular fragment") between the nuclei (and lateral to their shortest connection) was the sum of contributions from LMO pairs made by the occupied MOs of this pathway with all vacant orbitals. The first approach, based on the contributions from occupied molecular orbitals, is called herein FOMO (focused on occupied molecular orbitals). If each group contains only one LMO, FOMO becomes a usual type of analysis in terms of LMO contributions. The advantage of FOMO is that it connects to classical spin coupling models. [START_REF] Contreras | Advances in Theoretical and Physical Aspects of Spin-Spin Coupling Constants[END_REF][START_REF] Krivdin | Recent Advances in Theoretical Calculations of Indirect Spin-Spin Coupling Constants[END_REF][START_REF] Aucar | Analysis of multipath transmission of spin-spin coupling constants in 1-X-bicycloalkanes: Part I. The through-space transmission via the bridgehead carbon atoms[END_REF][START_REF] Wu | Analysis of multipath transmission of spin-spin coupling constants in cyclic compounds with the help of partially spin-polarized orbital contributions[END_REF] It is a straightforward approach, and its results may be more easily interpreted. Additionally, it does not require the localization of vacant orbitals, which may strongly depend on a particular choice of localization criteria. The main disadvantage of the FOMO approach is that it may provide not enough details for deeper understanding of Jcoupling in intricate systems. In particular, it tells us nothing about the importance of admixing different vacant orbitals to occupied LMOs due to the FC interaction. In the FOMO approach, the information about the interaction due to the FC perturbation of orbitals belonging to different pathways does not appear. Therefore, we also proposed a more sophisticated approach that considers the contributions from their mutual interactions as global molecular orbital contributions, called herein GMOC.

In the GMOC approach, the key sets of occupied LMOs are extended by the most relevant vacant orbitals. These vacant LMOs are low-lying vacant orbitals selected according the following criteria: i) each of them belongs to the first layer of vacant LMOs, and ii) the closest atom to its gauge origin (the center of charge) is one of the atoms in the coupling pathways, i. e. this LMO is located in the proximity of one of the transmission pathways. The assignment of relevant vacant LMOs to a particular pathway is based on the overlap of the LMO density with the densities of the occupied LMOs of the individual pathways. A vacant LMO "belongs" to the pathway with which it has the largest overlap. The potential drawback of GMOC is that it requires localization of vacant orbitals, which can be more difficult than localization of occupied orbitals.

We attributed to each pathway the contributions from the pairs of LMOs of this pathway (including both occupied and vacant) with all others except for the orbitals -both occupied and vacant-assigned to other pathways. The contributions from pairs of orbitals belonging to different pathways are considered separately and interpreted as the contribution from the cross between two pathways. For instance, when we identify three individual pathways in a system, FOMO gives three contributions (from each pathway), and GMOC results in six contributions -three contributions from the pathways themselves and three from their pairwise cross-interaction-. [START_REF]localized than the occupied orbitals and can spread to other pathways[END_REF] The underlying assumption for interpreting the resulting transmission pathway plots is that the larger are the changes in the electron density caused by the FC interaction with nuclear magnetic moments, the larger is the energy splitting between the states with parallel and antiparallel orientation of the nuclear spins, and hence the bigger is the absolute J-value.

We illustrated the FOMO and GMOC modeling approaches on two simple model systems before analyzing the coupling pathways in more complex situations.

FOMO and GMOC computational approaches applied to model systems. Using the

FOMO and GMOC computational approaches, the SSCC J PP and its transmission mode are analyzed below, using two models of constrained bisphosphine in c2v symmetry, X 2 P-CH=CH-PX 2 (with X = H and F, Figure 1), which were chosen as theoretical small spin systems. [START_REF] Contreras | These model systems are not synthetically described, and due to the equivalence of coupled nuclei, their J PP could not be experimentally observed from their direct 31 P NMR analysis. Nevertheless[END_REF] Accordingly, the total CDD for these systems is shown in Figure 2 in the (P, C, C, P) plane. For both compounds the plots are topologically similar in the area of the phosphorus lonepairs, i.e. for the considered TS part (the space between the P atoms), and along the P-C-C-P chains (the considered 3 J PP TB part). However, the CDD distribution near the PH/PF bonds is significantly different, which is attributed to the very different electronic structure of the P-H and P-F bonds. The (P, C=C, P) plane does not pass through any of the X atoms and thus no CDD is shown there. As shown in Fig. S1 in SI, the F lone-pairs and P-F bonds are responsible for the CDD's red and blue lobes near F, whereas such features are obviously missing for X = H.

Within the FOMO and GMOC approaches, we considered three transmission pathways: i)

TS supported by the overlap of the P lone-pairs, ii) the TB pathway based on the P-C-C-P chain, which also includes the two lateral C-H bonds, and iii) the contribution from the lateral PX "branches" (X = H or F). Though intuitively iii) is not a pathway but two molecular fragments, for the sake of language simplicity, we will call it as the PX pathway. Structurally, the PX pathway is a lateral extension of the TS pathway and eventually they may be combined into one pathway. However, in order to analyze the effect of the P-X bonds on J PP we have separated them from the TS pathway. Given that the rear lobes of antibonding P-X orbitals are spatially close to the P lone-pairs, a significant contribution from the cross-term of the TS and PX pathways was anticipated from the GMOC analysis. While topologically similar, the individual pathways are more intense for X = F than for X = H. This is particularly noticeable for the TB and TS contributions that we distinguished. The quantitative contributions to J PP from the three pathways, which was one of our main goals for analysis, are given in Table 1. The numerical contributions are fully consistent with the pathways plotted in Figure 3. Unsurprisingly, the largest contribution by far comes from the overlap of the phosphorus lone-pairs, which in absolute value is about 90% of the transmission mode. The bigger value of the total value (484.4 Hz) and of the TS contribution (547.8 Hz) in the case of the fluorinated bis(phosphine) is partly attributed to a shorter P…P spatial distance (3.317 Å for fluorinated bis(phosphine) vs 3.418 Å for hydrogenated bis(phosphine)); the distance dependence being in agreement with earlier experimental and theoretical findings. [START_REF] Hierso | Indirect Nonbonded Nuclear Spin-Spin Coupling: A Guide for the Recognition and Understanding of "Through-Space" NMR J Constants in Small Organic, Organometallic, and Coordination Compounds[END_REF][START_REF] Hierso | Through-Space" Nuclear Spin-Spin J PP Coupling in Tetraphosphine Ferrocenyl Derivatives: A 31 P NMR and X-ray Structure Correlation Study for Coordination Complexes[END_REF][START_REF] Wiegand | Indirect "No-Bond" 31 P••• 31 P Spin-Spin Couplings in P,P-[3]Ferrocenophanes: Insights from Solid-State NMR Spectroscopy and DFT Calculations[END_REF] However, the bigger contribution to the SSCC of the P lone-pairs in the case of X = F is not fully explained by a shorter P…P distance, as shown from the J PP calculated for PF 2 in a set of geometries with a gradually increasing the P…P distance (Figure S2 in SI). The J PP values for structures displaying longer P…P distances, at 3.467 Å and 3.492 Å (J PP values found at 315.4 Hz and 295.4 Hz, respectively), showed that the overall FC contribution to J PP remains higher for PF 2 compared to PH 2 . We also checked other angular geometrical parameters related to the mutual position of the lone-pairs (Table S1 in SI), without finding a satisfactory correlation.

Clearly, the differences in the electronic structure of the two models (fluorine electronegativity and presence of lone-pairs) overwhelms geometry considerations. The FC contribution to spin-spin coupling often correlates with the s-character of the molecular orbitals. [START_REF] Hierso | Indirect Nonbonded Nuclear Spin-Spin Coupling: A Guide for the Recognition and Understanding of "Through-Space" NMR J Constants in Small Organic, Organometallic, and Coordination Compounds[END_REF][START_REF] Pople | Molecular orbital theory of nuclear spin coupling constants[END_REF] Consistently, the s-character of the P lone-pairs estimated from the Mulliken population analysis is larger for X = F than for X = H (1.606 vs 1.516, respectively).

Interestingly, the negative contributions from the lateral PX bonds (X = H, F) in the two systems are almost identical. In absolute value, the P-C-C-P (TB) pathway clearly gives the smallest contribution. The TB parts in both cases are constructed from similar orbitals, and it remains unclear why these TB minor contributions have opposite signs for the two models.

The GMOC analysis (Table 1), which additionally involves interaction between the individual pathways (cross-terms), brings further insight. Indeed, now the key occupied LMOs of each pathway are complemented by low-lying vacant LMOs located in the same area. The GMOC plots visualizing the pathways and their cross-terms for X = H are given in Figures 45. According to Table 1, the cross-term between the TS and PH pathways (245.5

Hz) has a greater influence on the J-value than the contributions from the pairs of orbitals within these pathways themselves (-73.2 Hz and 63.2 Hz, respectively). This seems a priori inconsistent with the pathway plots and their cross-terms in Figure 4, where the TS pathway appears dominant. However, in the framework of linear response theory, only occ-vac LMO pairs contribute to the J-value; accordingly, the plots of the occ-vac parts of the pathways and their cross-terms (Figure 5) clearly show that the relative weight of the pathways themselves compared to theirs cross-terms diminishes. This leads to a viewpoint that is consistent with the relative quantitative weights determined for TS and TS/PH contributions as reported in Table 1. The GMOC visualization showing the pathways and their cross-terms for X = F are given in Figure 6. The Figure 7 shows the occ-vac contribution to these pathways and their crossterms. There is a significant difference between the plots shown in the upper rows in the Figures 6 and7. This means that the occ-vac part gives only a moderate contribution to the pathways themselves. In contrast, the similarity of the plots in the lower rows in the Figures 6 and7 indicates that the dominant contribution to the cross-terms of the pathways comes from the occ-vac block. This is fully consistent with the dominant TS/PX contribution in Table 1 (574.0 Hz). In Table 1, GMOC analysis gives a more detailed picture of the J PP origin. For X = F, just as for X = H, the largest contribution comes now not from the rough overlap of lone-pairs, which is negative (-73.2 Hz for X = H and -46.7 Hz or X = F), but from an intense cross-term between this TS pathway and the PX lateral influence (245.5 Hz for X = H and 574.0 Hz for X = F). There are no low-lying vacant LMOs in the spatial proximity of the P lone-pairs, and thus the vacant LMOs from the lowest layer are assigned to either the TB or PX pathways. In GMOC approach, the contributions from the P lone-pairs paired with vacant LMOs from the second and higher ranks shells are assigned to the TS pathway. Consequently, the contribution to the spin-spin coupling associated with the P lone-pairs is largely due to an admixture of vacant orbitals in the lateral PX 2 area to the P lone-pairs caused by the FC interaction at the P nuclei. Clearly, this aspect of TS coupling was overlooked before because the commonly accepted view was that TS between two nuclei in similar situations mainly occurs due to lone-pairs; a view notably developed concerning nonbonded J FF and J PP . [START_REF] Hierso | Indirect Nonbonded Nuclear Spin-Spin Coupling: A Guide for the Recognition and Understanding of "Through-Space" NMR J Constants in Small Organic, Organometallic, and Coordination Compounds[END_REF] In this GMOC analysis, the TB contribution is small and positive in both cases (1.6 Hz and 8.5 Hz, for X = H and F respectively).

The minor discrepancy between the outcomes of the two modeling approaches (Table 1) is mainly because in the FOMO approach the cross-terms are "hidden" and included in the contributions from the pathways considered as independent.

We illustrated how the FOMO and GMOC approaches can be applied to the analysis of J PP in two simple model systems. These analyses have shown that the TS component in the models is dominant, quantitatively contributing for more than 90% of the final SSCCs.

However, the lone-pairs themselves (and thus their overlap and their spatial separation) cannot be considered as the only cause of spin transmission, and notably the GMOC analysis determined that the admixture of vacant orbitals in the lateral area to the lone-pairs is a factor of great influence for a strong coupling TS.

We next considered applying this analysis to a more complex synthetically isolated selenobis(phosphine), experimentally characterized from high resolution [START_REF] Malkina | Visualization of Nuclear Spin-Spin Coupling Pathways by Real-Space Functions[END_REF] P NMR with multiple intriguing spin-spin coupling constants and possible associated transmission pathways.

SSCCs analysis of a constrained P-selenated-bis(diphenylposphino)naphthalene by

FOMO and GMOC approaches. Selenation of 1,8-bis-(diphenylphosphino)naphthalene derivatives affords the corresponding diphosphine monochalcogenides. [START_REF] Kara Ar | Monoxidised Sulfur and Selenium Derivatives of 1,8-Bis(diphenylphosphino)naphthalene: Synthesis and Coordination Chemistry[END_REF] A relevant example is the selenated bis(diphenylposphino)naphthalene 1 (Figure 8). The 31 P{ 1 H} NMR spectrum of 1 in solution showed a large J PSe SSCC of 54.0 Hz, which suggested a significant "through space" coupling component, because of the long-distance bond separation between the Se and P atoms. [START_REF] Hierso | Indirect Nonbonded Nuclear Spin-Spin Coupling: A Guide for the Recognition and Understanding of "Through-Space" NMR J Constants in Small Organic, Organometallic, and Coordination Compounds[END_REF] Additionally, a J PP' of the same magnitude (53.0 Hz) was observed. The analysis of the transmission modes of these couplings is of great interest for several reasons: first, three heteroatoms -of two different natures-are involved in very strong spin-spin coupling at long distance; second, both P and Se atoms have available lone-pairs for transmitting the spin-spin coupling, but the third atom P' is in a very different situation, and no longer presents an available diffuse lone-pair because of its strong covalent bonding with Se, as shown by the 1 J P'Se = 724 Hz. [START_REF]P covalent bonding with Se can be modeled as a double or triple bond between P and Se. Herein, the Pipek-Mezey LMOs of the PSeP' pathway consist in one diffuse Se lone-pair, one -PSe bond and two -PSe bonds strongly polarized towards Se. The corresponding LMOs are shown in Fig[END_REF] An explanation proposed for the origin of the strong J PSe was that this SSCC arises from a mechanism involving a previously unseen spin-spin transmission mode that combined the [ TS (P, Se) + 1 (Se, P')] pathways, in which an overlap of the P/Se lone-pairs might be involved. [START_REF] Hierso | Indirect Nonbonded Nuclear Spin-Spin Coupling: A Guide for the Recognition and Understanding of "Through-Space" NMR J Constants in Small Organic, Organometallic, and Coordination Compounds[END_REF] Alternatively, one can imagine that a "three-center" coupling involving the P phosphorus and the SeP' multiple bond, through an interaction between the diffuse P lone-pair and the localized electrons of the SeP' bond, may be active. The SSCCs in a Pselenated-bis(diphenylposphino)naphthalene are challenging examples for analyzing J PP' and J PSe coupling pathways. The FOMO and GMOC modeling approaches offered a unique possibility of analyzing the hypothesis of [TS + TB] pathways combination, and the "threecenter" coupling alternative, proposed as spin-spin transmission modes, but not evidenced to date. Table 2 reports the simulation of experimental data for 1 from its optimized structure, with good agreement for the various values. The inclusion of relativistic effects results in smaller absolute values of the couplings (Table 2). This is not attributed to the use of a finite nucleus model because the relativistic calculations with the point nucleus model gave similar results, as expected for relatively light atoms such as P and Se. The spin-orbit (SO) effects affect the value of J(P'Se) by reducing its absolute value by more than c.a. 70 Hz, for a final value closer to the experimental measurements. However, the SO effect is still small compared to the total value of SSCCs and accordingly further analysis was done at the non-relativistic level. For all the couplings the FC term is dominant, thus we concentrated our analysis on this term for investigating different transmission pathways. 9) shows that the J PP' pathway involves the three-center (P, Se, P') area, with this involving a part of the naphthalene fused-rings, and also includes the P-C Ph bonds. Accordingly, we selected three individual pathways based on the following groups of orbitals: i) the lone-pair of P and the four P-C Ph bonds denoted as the PP' pathway, ii) the Se lone-pair and the SeP' multiple bond denoted as the PSeP' pathway (see Fig. S3 in SI), [START_REF]P covalent bonding with Se can be modeled as a double or triple bond between P and Se. Herein, the Pipek-Mezey LMOs of the PSeP' pathway consist in one diffuse Se lone-pair, one -PSe bond and two -PSe bonds strongly polarized towards Se. The corresponding LMOs are shown in Fig[END_REF] and iii) the chain of four bonds connecting P' and P along the border of the naphthalene rings denoted as the PCCCP pathway. We also included in PCCCP pathway the C=C bond that belongs to both rings because it clearly contributes to CDD (Figure 9, top left).

Notably, in the optimized frozen structure, the direction of the P lone-pair is not exactly towards P'. Thus, another option would be to assign the P lone-pair to the PSeP' pathway.

However, from a purely geometrical perspective the angle between the central direction of the P lone-pair and the P…P' line, c. a. 35 °, is smaller than the angle with the P…Se line, c.a. 42 °, and we thus reasonably assigned it to the PP' pathway. 41 As seen in Figure 9, the occ-vac block represents the dominant part of CDD shown in the upper row. Figure 9 suggests that J PP' could be seen as a combination of the TS (along the line connecting P' and P) and TB pathways (along the border of the naphthalene rings). It also involves a three-center interaction with Se being actively involved in J PP' . Separation into individual pathways according to the FOMO approach is shown in Figure 10. The main contribution to FOMO, the PP' pathway, comes from the P lone-pair (see Fig. S4, left in SI). (bottom right). All plots except for PCCCP are done in the (P, Se, P') plane. PCCCP is shown in the (P, C9, P') plane.

FOMO

The cross-terms between the three pathways in the pertinent plane are visualized on Figure 11 (lower row): accordingly, PP'/PSeP' involves the areas of the PP' and PSeP' pathways and does not extend to PCCCP. The area of PP'/PCCCP is defined by the P…P' spatial junction, and the border of the naphthalene rings. The PSeP'/PCCCP cross-contribution is more visible near the SeP' multiple bond than along PCCCP because CDD near SeP' bond is more intense (see Figure 9, lower row left).

For both the FOMO and GMOC analyses, the CDD visualization of the individual spintransmission pathways (Figures 1011) is consistent with their quantitative numerical contributions reported in Table 3. Both approaches indicate that the main contribution to J PP' comes from the PP' contribution (41.9 Hz and 64.4 Hz, in FOMO and GMOC respectively), clarifying that the interaction of a single P lone-pair and its lateral P-C Ph orbitals pointing towards the other selenated phosphorus having no free lone-pair is dominant. This is consistent with the findings reported above with the simple model systems, though now the P-C Ph are included in the PP' transmission pathway. GMOC modeling (Table 3)

demonstrates that the cross-terms between the pathways are of lesser importance, and the positive contribution of the PP'/PSeP' interaction (19.6 Hz) is fully counterbalanced by the negative contributions from the PP'/PCCCP (-13.4 Hz) and PSeP'/PCCCP (-7.2 Hz) interactions. Notably, the PCCCP pathway contribution is in both approaches very small and negative (-1.9 Hz and -1.4 Hz, in FOMO and GMOC respectively), contributing to slightly reducing the absolute value of spin coupling of TS origin. This finding is in agreement with the visualization of pathways in Figure 10 and Figure 11 (the upper row). The dominance of the PP' pathway is clearly due to the inclusion of the key lone-pair orbital of P in this TS pathway. Conversely, the Se lone-pair included in the PSeP' pathway shows a comparatively minor contribution (FOMO: 17.8 Hz) in the spin-spin transmission, which is more visible from PSeP' crossing with the PP' pathway (GMOC: -7.2 Hz vs 0.9 Hz for PSeP' independent pathway). values determined for J PSe (54 Hz) and 1 J P'Se (724 Hz) -in addition to J PP' (53 Hz)-indicate that the FC mechanism on any of the P, P' and Se nuclei triggers a response on the other two.

The visualization of CDD supports this paradigm (Figure 12), which means that their spin nuclei interactions should be indeed considered as "three-center" FC interactions.

For J PSe the main part of CDD is clearly located in the space between P and Se (Figure 12, top left). For J P'Se the CDD visualization confirmed that a maximum of the density is located at the SeP' multiple bond (Figure 12, top right). Surprisingly, though in the case of this clearly 1 J TB coupling, the free lone-pair of P is also involved (see also Fig. S4, right in SI). While in the long distance J PSe case the CDD appears more delocalized, a part of the CDD is also located in the area of the SeP' bond. Thus, in the cases of both J PSe and J P'Se a three-center interaction is active. Consequently, it appeared to us sensible to use the same set of transmission pathways we used for previously analyzing J PP' . Hence, for 1 J P'Se the transmission pathway PSeP' is the main TB part, while the PP' and PCCCP are two lateral fragments with orbitals located outside of the direct pathway connecting Se and P' (Figure 12, bottom). From the FOMO quantitative analysis reported in Table 4, and consistent with CDD qualitative visualization, the largely dominant negative contribution to 1 J P'Se comes from the PSeP' pathway, unsurprisingly confirming that this nuclear spin coupling transmission pathway is essentially (more than 98%) a through-bond coupling (TS PP' of 13.9 Hz vs -841.2 Hz on total FC). The comparatively minor positive contribution from PP' reflects the effect of the P lone-pair on this coupling. The PCCCP pathway is overall inexistent (-0.3 Hz). The FOMO analysis for J PSe SSCC has two significant contributions: from PP' (36.5 Hz) and PSeP' (19.0 Hz). This nicely illustrates that the key orbitals for this coupling are now the two lone-pairs of P and Se, respectively LP(P) and LP(Se), which are in addition assigned to two different pathways (see also Figures S4 andS8, both middle in SI). Conversely, PCCCP as a TB pathway has a minor negative contribution (-2.2 Hz). The GMOC analysis of the pathways for J PSe is shown in Figure 14. The CDDs for individual pathways are localized within the expected areas (Figure 14, the upper row). In the PP' pathway the most active area is that near P, while in the PSeP' pathway it is closer to Se.

The contribution from the PCCCP pathway is negligible in agreement with its contribution to the J-value in Table 4 (-1.5 Hz). Among the pathway cross-terms, the PP'/PSeP' clearly gives the biggest contribution to CDD (24.3 Hz, 50% of the J-value). It covers the PSeP' triangle and its neighborhood, suggesting a strong interaction between the orbitals of the PP' and PSeP' pathways. The contribution from the cross PP'/PCCCP appeared insignificant, which agreed with its minor contribution to the J PSe value (7.5 Hz, Table 4). The contribution from the cross PCCCP/PSeP' pathways is localized closer to Se rather than to P' even though the latter is the shared atom in these pathways.

From the GMOC analysis of 1 J P'Se (Table 4), the main contribution comes from the transmission pathway PSeP' with a large negative value (-908. shown in the (P, Se, P') plane except for PCCCP drawn in the (P, C 9 , P) plane.

In summary, the GMOC analysis for J P'Se indicates that the direct spin-spin coupling through the SeP' multiple bond is the overwhelming contribution (>80%), as seen from Table

From the GMOC analysis of 1 J P'Se (Table 4), the main contribution comes from the transmission pathway PSeP' with a large negative value (-908. Overall, the FOMO and GMOC approaches help to untangle the complex picture of the indirect interaction of the P, Se and P' nuclear spins in bis(phosphino)naphtalene 1. The computational tools presented herein, which are based on the decomposition of the CDD matrix, are clearly not limited to considering spin-spin transmission pathways as fixed "fragments". The analysis can be extended by considering contributions from individual orbitals and LMO pairs to a particular pathway, or to the total CDD. This is further illustrated in SI (Figures S4-S8), where are given the contributions to CDD and to the J PP', J SeP and J SeP' from the most important orbitals (the P and Se free lone-pairs and the multiple SeP' bond).

Importantly, the FOMO and GMOC approaches are also applicable for the analysis of EPR hyperfine structure coupling pathways for which visualization of the hyperfine structure deformation density, that is analogous to CDD for spin-spin couplings, has also been introduced. [START_REF] Malkin | Visualization of EPR Hyperfine Structure Coupling Pathways[END_REF] In particular, they might help to address the question how spin-polarization from the paramagnetic center(s) reaches a particular nucleus of interest in paramagnetic compounds. In the case of multiple paramagnetic centers, it would be interesting to distinguish individual pathways from different centers and to evaluate their cross-terms.

CONCLUSIONS AND OUTLOOK

We proposed herein two complementary modeling approaches for analyzing the transmission pathways of NMR indirect nuclear spin-spin coupling in complex systems. The computational methodology allowed us to visualize and discuss the individual transmission pathways, and estimate their relative weight from their numerical contributions to the spin-spin coupling constant (SSCC) J-value. The first approach is based on the contributions from occupied molecular orbitals (FOMO, for "focused on occupied molecular orbital"). The second approach involves the consideration of both occupied and vacant orbitals, and besides the contributions from individual pathways also considers their cross contributions (GMOC, for "global molecular orbital contribution"). Both approaches are applicable to large systems with complex interaction of the nuclear magnetic moments. The main advance and advantage of the proposed approaches is that the numerical analysis is backed up by the various visualization of the corresponding contributions to CDD. Visualization serves also as an additional instrument for validating the choice of decomposition into individual pathways. It also allows one to assess the effect of orbitals not "intuitively" directly contributing to Jvalues but which are de facto very important for transmitting the interaction between nuclear spins. This was illustrated herein with the -bonds lateral to the shorter through-bond pathways or proximate -orbitals from multiple bonding. An additional advantage of the FOMO and GMOC complementary approaches is that a general picture of the transmission pathways in a complex system can be further refined by the contributions from individual orbitals or their pairs related to any particular fragment of the structure.

These new computational tools were applied to analyze the transmission pathways for J PP' , J PSe and J P'Se in a constrained selenated bis(diphenylphosphino)naphthalene. This contributed to showing the importance of a single lone-pair from phosphorus and its lateral bonds for spin-spin transmission, but also the influence to a lesser extent of a selenium lone-pair in TS spin-spin transmission. Our analysis also evidenced and modeled for the first time the existence of spin-spin transmission pathways mixing classical covalent bonding parts with lone-pair overlap of proximate heteroatoms (P, Se).

From a more detailed structural perspective, the break down the J coupling into TB and TS contributions may aid structural elucidation, and these contributions or the cross terms, individually may inform about crucial structural features.

For instance, in the theoretical model firstly illustrated herein: the bigger value of the total value (484.4 Hz) and of its TS contribution (547.8 Hz) in the case of the fluorinated bis(phosphine) was a priori attributed to a shorter P…P spatial distance (3.317 Å for fluorinated bis(phosphine) vs 3.418 Å for hydrogenated bis(phosphine)). However, the bigger contribution to the SSCC of the X 2 P lone-pairs in the case of X = F could not be fully explained by a shorter P…P distance. Clearly, the differences in the electronic structure of the two models, including fluorine electronegativity and the presence of F-lone-pairs, overwhelmed the geometry "only" considerations.

Similarly, in the experimental model illustrated herein: FOMO and GMOC approaches indicated that the main contribution to J PP' comes from the PP' contribution (41.9 Hz and 64.4

Hz, in FOMO and GMOC respectively), clarifying that the interaction of a single P lone-pair pointing towards the other selenated phosphorus having no free lone-pair is dominant. Thus, in such case using FOMO/GMOC analysis (that is in structural agreement with the solid state XRD analysis) we deduced by NMR in solution that a lone-pair can be oriented towards a P'Se fragment without overlapping any pendant Se lone-pair. This is a very important exploitation of NMR data from FOMO/GMOC simulation for assessing structure in solution.

Finally, the FOMO and GMOC approaches are also applicable for the analysis of EPR hyperfine structure coupling pathways for which visualization of the hyperfine structure deformation density is analogous to CDD for spin-spin couplings. They might help addressing the issue how spin-polarization from the paramagnetic center(s) reaches a particular nucleus of interest in paramagnetic compounds.

Our ongoing work is focused on the application of FOMO and GMOC modeling to intricate spin-spin coupling situations within transition metal coordination complexes.

Figure 1 .

 1 Figure 1. Model structure X 2 P-CH=CH-PX 2 (X = H and F).

Figure 2 .

 2 Figure 2. Total CDD for J PP in X 2 P-CH=CH-PX 2 (X = H on the left, and X = F on the right) in the (P, C=C, P) plane. The range of plotted values (shown on color bars in the plots, red and blue areas have opposite sign contributions) was adjusted for easier comparison of the CDD topology in the two models: from -0.1 to 0.1 a. u. for X = H, from -0.2 to 0.2 a. u. for X = F.

Figure 3 .

 3 Figure 3. Individual pathways corresponding to the FOMO analysis for X = H (the upper row) and X = F (the lower row): TS (left), PX (middle) and TB (right).

Figure 4 .

 4 Figure 4. Visualization of the GMOC individual pathways (the upper row) and their crossterms (the lower row) for X = H: TS (top left), PH (top middle), TB (top right), TS/PH (bottom left), TS/TB (bottom middle) and PH/TB (bottom right).

Figure 5 .

 5 Figure 5. The occ-vac parts for X = H of the GMOC individual pathways (the upper row): TS (left), PH (middle) and TB (right), and of their cross-terms (lower row) TS/PH (left), TS/TB (middle) and PH/TB (right).

Figure 6 .

 6 Figure 6. Visualization of the GMOC individual pathways (the upper row) and their cross-

Figure 7 .

 7 Figure 7. The occ-vac parts for X = F of the GMOC individual pathways (the upper row): TS (left), PF (middle) and TB (right) and of their cross-terms (the lower row) TS/PF (left), TS/TB (middle) and PF/TB (right).

Figure 8 .

 8 Figure 8. Selenated bis(diphenylphosphino)naphthalene 1.

  PSeP' is localized around the SeP' bond (Figure10, middle). The PCCCP pathway is less intense than the other two (Figure10, right).The contributions from the individual GMOC pathways to CDD are presented in the upper row in Figure11. For each pathway visualization, CDD is consistently localized within the area corresponding to the defined pathway. The PP' pathway connects the P atoms and extends to P-C Ph. The PSeP' pathway includes the SeP' multiple bond and the area of the Se lone-pair. The PSeP' pathway is mainly achieved by the contribution of a π-SeP' orbital in the (P, Se, P') plane (FigureS6, left). The contribution to J PP' from the other Se orbital perpendicular to the plane (P, Se, P') is negligible (Fig.S7, left).

Figure 9 .

 9 Figure 9. Total CDD for J PP' (the upper row) and its occ-vac part (the lower row) in the (P, Se, P') plane (left), and (P, C9, P') plane (right). C9 is the naphthalene tertiary carbon proximate to both phosphorus atoms.

Figure 10 .

 10 Figure 10. The FOMO individual pathways for J PP' : PP' (left), PSeP' (middle) and PCCCP (right). The PP' and PSeP' pathways are shown in the in the (P, Se, P') plane and PCCCP in the (P, C9, P') plane.

Figure 11 .

 11 Figure 11. The occ-vac contributions to the GMOC individual pathways (in the upper row) and to their cross-terms (in the lower row) for J PP' : PP' (top left), PSeP' (top middle) and PCCCP (top right), PP'/PSeP' (bottom left), PP'/PCCCP (bottom middle) and PSeP'/PCCCP

Figure 12 .

 12 Figure 12. CDD for J PSe (top left) and 1 J P'Se (top right) and its occ-vac part for J PSe (bottom left) and 1 J P'Se (bottom right) in the (P, Se, P') plane.

Figure 13 .

 13 Figure 13. Visualization of the individual pathways from the FOMO analysis for J PSe (the upper row) and 1 J SeP' (the lower row): PP' (left), PSeP' (middle) and PCCCP (right). PP' and PSeP' are shown in the (P, Se, P') plane and PCCCP in the (P, C 9 , P) plane.

Figure 13 .

 13 Figure 13. Visualization of the individual pathways from the FOMO analysis for JPSe: PP' (left), PSeP' (middle) and PCCCP (right). PP' and PSeP' are shown in the (P, Se, P') plane and PCCCP in the (P, C9, P) plane.

Figure 14 .

 14 Figure 14. Visualization of the individual pathways from the FOMO analysis for 1 JSeP': PP' (left), PSeP' (middle) and PCCCP (right). PP' and PSeP' are shown in the (P, Se, P') plane and PCCCP in the (P, C9, P) plane. The details of color map of CDD for the PCCCP pathway in the area close to P are plotted for a narrower range of values (-0.1 to 0.1 a. u.)
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 2 Hz). The positive contributions of the lateral fragments are PP' (101.5 Hz) and PCCCP (68.4 Hz), slightly diminishing the absolute value of the SSCC. The additional modest negative contribution involves again the PSeP' pathway in its interactions with PP' (-83.2 Hz) and PCCCP (-34.2 Hz). GMOC visualization of CDD consistently confirmed the dominating role of the PSeP' pathway for J P'Se (Fig. S9 in SI). The cross-term of the PP' and PSeP' pathways involves mainly the area of the multiple bond SeP' and the lateral P'-C Ph bonds (Fig. S10, left).

Figure 14 .

 14 Figure 14. Visualization for J PSe of the occ-vac parts of the GMOC individual transmission
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 2 Hz). The positive contributions of the lateral fragments are PP' (101.5 Hz) and PCCCP (68.4 Hz), slightly diminishing the absolute value of the SSCC. The additional modest negative contribution involves again the PSeP' pathway in its interactions with PP' (-83.2 Hz) and PCCCP (-34.2 Hz). GMOC visualization of CDD consistently confirmed the dominating role of the PSeP' pathway for J P'Se (Fig. S9 in SI). The cross-term of the PP' and PSeP' pathways involves mainly the area of the multiple bond SeP' and the lateral P'-C Ph bonds (Fig. S10, left).4 (PSeP' at 908 Hz absolute value), providing a complementary view to FOMO with more contrast. Conversely, GMOC indicates that the contributions to J PSe are dominated by the interaction of the PP'/PSeP' pathways (24.3 Hz) and by PSeP' (13.5 Hz), suggesting the dominant influence of the Se lone-pair for this coupling. The PP' pathway alone positively contributes, but only 3.6 Hz. The influence of the PCCCP pathway is minor (-1.5 Hz), as well as its cross-terms with the other pathways. This correlates with the conclusions from the FOMO analysis and refines them.

Table 1 .

 1 Contribution to J PP of the individual pathways and their cross-terms from the FOMO and GMOC analyses (in Hz). Only the FC contribution is considered.

		H 2 P-CH=CH-PH 2	F 2 P-CH=CH-PF 2
	Transmission	FOMO	GMOC	FOMO	GMOC
	pathway				
	P lone-pairs (TS)	246.2	-73.2	547.8	-46.7
	Contribution PX	-58.8	63.2	-60.5	-12.1
	P-C-C-P (TB)	14.8	1.6	-26.0	8.5
	Cross TS/PX	-	245.5	-	574.0
	Cross TS/TB	-	27.6	-	-35.6
	Cross PX/TB	-	-62.5	-	-13.8
	Sum	202.2	202.2	461.3	474.4
	Total FC	206.6		484.4	

Table 2 .

 2 Spin-spin couplings using non-relativistic and relativistic calculations on the optimized structure, compared with experimental data. Relativistic calculations were done using a Gaussian model for the nuclear charge distribution.

		Non-relativistic		Relativistic
		FC	Total	Total	(no	Total (SO)	Experimental
				SO)			values
	J(P'P)	63.9 Hz	68.6 Hz	56.6 Hz	57.1 Hz	53.0 Hz
	J(PSe)	53.0 Hz	52.6 Hz	50.5 Hz	45.6 Hz	54.0 Hz

. Analysis of the J PP' coupling pathways in

  

1. The global CDD plot for 1 (Figure

Table 3 .

 3 Contributions to the J PP' pathways from the FOMO and GMOC computational analyses for selenated bis(diphenylphosphino)naphthalene 1.

	Transmission Pathway	FOMO	GMOC
	PP'	41.9	64.4
	PSeP'	17.8	0.9
	PCCCP	-1.9	-1.4
	PP'/PSeP'	/	19.6
	PP'/PCCCP	/	-13.4
	PSeP'/PCCCP	/	-7.2
	Sum	63.7	62.9
	Total FC	63.9	63.9
	4.2		

. Analysis of the J PSe and 1 J P'Se coupling pathways in

  

1. The high SSCC experimental

Table 4 .

 4 Contributions of transmission pathways to J PSe and 1 J P'Se from the FOMO and GMOC analyses.

	Transmission	J PSe		1 J P'Se	
	Pathway				
		FOMO	GMOC	FOMO	GMOC
	PP'	36.5	3.6	13.9	101.5
	PSeP'	19.0	13.5	-856.4	-908.2
	PCCCP	-2.2	-1.5	-0.3	68.4
	PP'/PSeP'	-	24.3	-	-83.2
	PP'/PCCCP	-	7.5	-	14.6
	PCCCP/PSeP'	-	4.3	-	-34.2
	Sum	53.4	51.8	-842.8	-841.1
	Total FC	50.2		-841.2	
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