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Understanding the Conformational Dependence of §1pin—Spin Coupling

Constants: Through-Bond and Through-Space J(*'P,

P) Coupling in

Tetraphosphane-1,4-diides [M(L),,[P,R,]

Martin Kaupp,*'*! Alexander Patrakov,” Roman Reviakine,”! and Olga L. Malkina'™

Abstract: The characteristic depend-
ence of J('P?'P) spin-spin coupling
constants of alkali metal tetraphos-
phane-1,4-diides on structure and com-
position has been analyzed by density
functional methods. The computations

and to a smaller extent electrostatic.
Three of the four J(P,P) coupling con-
stants depend characteristically on the
conformation of the anion, which in
turn is determined by the substituents
R and by cation—anion interactions.

Several couplings exhibit a large
through-space component and are thus
strongly dependent on the relative ori-
entation of nonbonding electron pairs
on the phosphorus atoms involved.
This is shown by visualization of cou-

confirm that the structure of the con-
tact ion pairs is conserved in solution.
Calculations on model systems M,P,H,,
on naked P,H,*" anions, and on models
including point charges, show that the
role of the cations is mainly structural

electron
NMR

Introduction

The pathways of nuclear spin—spin coupling are of substan-
tial interest for the interpretation of NMR spectra.l!! Topics
of current discussion include ‘“through-space” versus
“through-bond” couplings,'™! couplings across hydrogen
bonds in proteins (this touches the question of covalency of
hydrogen bonds),*® or coupling pathways in multicyclic or-
ganic or organometallic compounds (e.g. questions of
“through-metal” or “through-backbone” coupling in chelate
complexes!>7). In the case of contact ion pairs in solution,
the question frequently arises to what extent a metal cation
is involved in the coupling between different nuclei of the
counteranion, and to which extent “through-space” and
“through-bond” couplings dominate.®! In the case of poly-
phosphanes,”! polyphosphanides,"” or polyphosphenides,"
an influence of the relative orientation of phosphorus lone
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pling pathways using the recently intro-
duced coupling energy density (CED),
in combination with the electron locali-

: g zation function (ELF).
spin—spin

pairs on two- or three-bond couplings has long been as-
sumed but was not substantiated theoretically. It is these
types of questions that we address in this work, using quan-
tum chemical calculations of spin-spin coupling constants,
together with a recently developed approach of visualizing
coupling pathways by real-space functions.

We will concentrate our analyses on a series of four alkali
metal tetraphosphane-1,4-diides, which were recently stud-
ied by Wolf et al.,"™ including improved syntheses, crystal
structure analyses, and solution NMR spectra. Interestingly,
the crystal structures indicated two different types of coordi-
nation of the alkali metal cations to the anions: [K(thf);],-
[PsMes,] and [Na(thf),],[P,Mes,] exhibit a coordination of
the cations by all four phosphorus atoms in a bicyclic ar-
rangement, dominated by the formation of four-membered
chelate rings of the alkali metal with the (P,R,)*" ligand
(type T in Figure 1).” In contrast, [Na(thf),s],[P,Ph,] and
[Na(thf),],[P4Buy] crystallize in a structurally distinct form
(type II in Figure 1), with coordination only to the terminal
phosphorus atoms of the tetraphosphane-1,4-diide anion.
The most characteristic structural feature of this arrange-
ment, which was already proposed by Baudler and co-work-
ers for these species in solution,™ is the formation of five-
membered chelate rings between the tetraphosphanediide
ligand and the alkali metal cations. The structures of [Na,-
(thf),(tmu)],[P,Ph,], [Na,(tmeda)],[P,Ph,], and [Na,(dme)];-
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Figure 1. Connectivity and structure of the two types of alkali metal tet-
raphosphane-1,4-diides.” Type I, found for [Na(thf),],[P,Mes,] and
[K(thf);],[P,Mes,]. Type 11, found for [Na(thf),s],[P,Ph,] and [Na(thf),],-
[P,Bu,].

[P,Ph,] found by another group™ are very similar to that
found for [Na(thf),s],[P,Ph,]. Most interestingly, the so-
lution *'P NMR spectra of these two classes of compounds
exhibited similar chemical shifts but notably different spin—
spin coupling constants.”? The remarkable trends in the
coupling constants of these species and comparison of these
values with those of related five-membered heterocycles
P,R,X (X = CH, or a heteroatom) suggested that these
contact ion pairs are preserved in their solid-state arrange-
ments upon dissolution. The “type I” compounds exhibited
relatively small negative 'J(PgPy) near —120 Hz, apprecia-
bly positive 2/(P,,Py) of about +107 to 120 Hz, and very
small *J(P,,P,). In contrast, the “type II” complexes were
found to have larger negative 'J(Py,Py) near —310 Hz, very
small negative 2J(P,,Py), and strongly positive *J(P,,Ps)
near +200 to 310 Hz.'” The origin of these differences in
coupling constants is unclear. In general, coupling pathways
are not well understood in many related cases, where alkali
or alkaline earth cations bridge different atoms in anionic
compounds. There has been speculation about direct in-
volvement of the cations in the coupling pathways.[*!?! Alter-
natively, the main role of the cation coordination for the
spin—spin coupling could be the enforcement of a certain nu-
clear arrangement in the anion (or between separate
anions). We will show here by suitable quantum chemical
analyses that the latter explanation is closer to reality. The
results may also have bearing on the question of spin—spin
coupling constants across hydrogen bonds in proteins, where
a structural role of the bridging protons appears more im-
portant than any covalent bonding through them.¢!

Computational Details

To reduce the computational effort of the individual calcula-
tions and thus to be able to carry out a systematic study of
various effects, we limited our study to truncated model sys-
tems. These were designed to incorporate the main structur-
al and electronic features that determine the spin—spin cou-
plings of interest. Starting from the X-ray structures of the
four compounds, we removed the coordinating THF solvent
molecules from the metal cations and replaced the organic
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substituents by hydrogen atoms (a standard P—H bond
length of 1.43 A was assumed) to arrive at model complexes
M,[P,H,] M=K, Na). The model structures obtained in
this way will be denoted by, e.g., “Na,P;Mes,”, and so on
(cf. Tables 1 and 2).

Initially, all remaining structural parameters were kept at
the values taken from the X-ray structure analyses.”?! The
role of the cations was studied a) by calculations on the free
P,H,>" anions, and b) by replacing the cations with unit
point charges. Additional calculations on the free anions
studied the dependence of the coupling constants on various
conformational degrees of freedom, in particular on the di-
hedral angle a (Po-Pg-Pg-P,). In this case, a was varied in
steps of 10°, and the other dihedral angles 8 (H[PA]-Px-Pg-
Py) and y (H[Pg]-Ps-P,-Pg), as well as the H-P-P bond
angles were allowed to relax to different conformers (P-P
and P-H distances, as well as P-P-P bond angles were kept
at average values: P,—Pgy 2.170 A, Pg-Py 2235 A, P,-Py-Py
105.0°). These partial structure optimizations were carried
out with the Gaussian03 program,'® the B3PW91 function-
al,l'" ¥ 3 pseudopotential and DZP valence basis set on P”)
and a DZP basis on H.”" We note that the isolated free
anions are not expected to be stable entities in the gas
phase or even in solvent-separated ion pair triples."* They
are nevertheless useful models to understand conformation-
al effects on the coupling constants. Except for the
“Na,P,Ph,” structure, which arises from a C, symmetrical
site in the crystal structure of the substituted compound,™?!
the experimental structures are only approximately symmet-
rical. We report nevertheless couplings always just for one
of two “almost” equivalent pairs of nuclei, as the slight dif-
ferences between pairs are insignificant. Note that the ex-
perimentally determined structures correspond to the Pg(R)/
Py (R) stereoisomers for all systems except for “Na,P,Ph,”,
which represents the §,§ enantiomer.

Calculations of spin-spin coupling constants were per-
formed both with the Gaussian031'® and ReSpect®!! pro-
grams. While we will focus mainly on the Fermi contact
(FC) contributions to the couplings, the analytical linear re-
sponse calculations with Gaussian03 provide also the dia-
magnetic spin-orbit (DSO), paramagnetic spin-orbit (PSO)
and spin-dipolar (SD) contributions to the nonrelativistc
couplings (see Table 1). Calculations with ReSpect neglected
the SD contribution and used a single finite perturbation
theory approach® (SFPT) to compute the FC contribution
(the PSO and DSO contributions are obtained analytical-
ly??). The Gaussian03 calculations employed the exchange-
correlation functionals BP86P*? or B3PW91,'!¥l calcula-
tions with Respect used the same functionals and additional-
ly the PP86P***! gradient-corrected functional. In all cases
we used a DZVP basis® on the metal atoms (where pres-
ent) and Huzinaga-Kutzelnigg IGLO-III basis sets”®”! on the
P and H atoms.

In the SFPT calculations with ReSpect, the Fermi-contact
operator was included in the Hamiltonian as a finite pertur-
bation on the P, atoms [on Py for 'J(Py,Py)] with perturba-
tion parameter A=0.001. To avoid numerical errors in the
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finite perturbation calculations from inaccurate molecular
orbitals, these computations employed EXTRAFINE inte-
gration grids with 128 radial shells (corresponding to ca.
22000-24000 points per atom). Calculations in Gaussian03
used the default “finegrid” option, as test calculations with
larger grids did not change the results appreciably. Most in-
terpretations of the spin—spin couplings will be based on FC
contributions obtained by the SFPT approach with ReSpect.

To visualize coupling pathways, the double finite pertur-
bation theory (DFPT) approach of Malkina and Malkin®
was used, with finite perturbation parameters |4;| = |4,|
= 0.01 on the two P atoms coupled, and all other computa-
tional parameters as described above. The ReSpect imple-
mentation! was used. From these calculations, we extracted
the coupling energy density (CED),"? gy, (r). The CED is
the difference of two energy densities for DFPT calculations
with parallel and antiparallel nuclear spins on the two nuclei
N and M, defined such that the space integral of ey (r) pro-
vides the reduced coupling constant Ky [Eq. (1)].

h
Juw = m ym¥x - Kux

1 h

1)
= 3[BTV = 5 [ an()av

Here, Jy is the coupling constant, and yy/yyx are the nucle-
ar gyromagnetic ratios of nuclei N and M. The CED is dis-
played in isosurface plots with the Molekel visualization
program.”” Similarly, isosurface plots of the electron locali-
zation function (ELFPY) are displayed with Molekel (the
ELF was calculated using TopModPY). Natural atomic
charges from natural population analyses (NPA)P were ob-
tained with the built-in NBO3.0 routines of Gaussian03.

Results and Discussion

Comparison of methods and models: Table 1 provides both
Gaussian03 and ReSpect results for the individual contribu-
tions to the coupling constants for the M,P,H, model sys-
tems and compares the total computed couplings to the ex-
perimental data for the “real systems” in solution. Apart
from the missing SD contributions in the ReSpect calcula-
tions, results with the different programs and methodologies
agree very well with each other. The couplings are almost
invariably dominated by the FC term, whereas the DSO
term is negligible. The PSO and SD terms are smaller than
the FC contribution but contribute nonnegligibly to the
short-range couplings J(P,,Pg) and J(PgPg). Notably, the
PSO term is of similar magnitude and negative for both of
these couplings for the structures with small dihedral angle
a (type II, “Na,P,Ph,” and “Na,P,Bu,”), whereas it is more
negative for J(P,,Pg) but very small and positive for J-
(Pg,Py) for the remaining two cases with a near 75° (type I,
“Na,P,Mes,” and “K,P,Mes,”; Table 1). The SD term is pos-
itive for both couplings (of similar magnitude for both cou-
plings with type II structures, larger for J(P,,Pg) with type I).
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Given the drastic simplifications of the gas-phase models
compared with the real systems in solution, agreement of
the total computed couplings is remarkably good for both
type I systems, where deviations of the overall results (in-
cluding the SD term from Gaussian03) from experiment are
mostly below 35 Hz except for J(PgPgy) in “Na,P,Mes,”
which is 60 Hz too positive after inclusion of the (positive)
SD contribution. The agreement is still reasonable for the
type 11 systems, but deviations from experiment are + 130 Hz
for J(P,,P,) in “Na,P,Ph,” and +90Hz for J(P,,Pg) in
“Na,P,tBu,”. In these cases, the influence of the counterions
appears also to be particularly large (see below), and thus
the removal of the solvent sphere from the cation in our
models may be a more severe approximation. In any case,
however, the calculations reproduce faithfully the major dif-
ferences in all couplings between the type I and II systems.
This holds already when we consider only the FC contribu-
tions. We may thus base our following analyses and inter-
pretations on the FC contributions alone. As the SFPT re-
sults with ReSpect-MAG agree excellently with the CPKS
Gaussian03 data (Table 1), we will use the computationally
more expedient SFPT calculations for further analysis.

Table 2 evaluates the influence of the exchange-correla-
tion functional, and of further simplifications of our model
systems on the FC contributions to the couplings. Spin—spin
coupling constants are known to depend appreciably on the
exchange-correlation functional used in DFT calculations.””
Indeed, the present results depend somewhat on the func-
tional, but the differences are not sufficiently large to affect
any of the main trends. In particular, all relevant differences
in the most interesting J(P,,P,), J(P5,Py) and J(Pg,Py) cou-
pling constants are reproduced by all functionals. We will in
the following concentrate on results obtained with the
B3PWO1 hybrid functional.

Replacement of the metal cations by point charges is an
acceptable further approximation that may introduce errors
up to 30-40 Hz for the largest couplings but still retains the
important trends (Table 2). The complete removal of the
counterions is a more drastical approximation and leads to
larger deviations. Interestingly, these differences appear to
be by far most pronounced for the J(P,,P,) coupling con-
stants of the type II systems “Na,P,Ph,” and “Na,P,Bu,”,
where removal of the cations reduces the couplings by
about 200 Hz and by about 100 Hz, respectively. In absolute
values, the very small J(P,,P,) couplings in the type I sys-
tems appear to be affected much less by removal of the
metal cations (due to the small absolute values, percentage
changes are nevertheless large). This may reflect stronger in-
teractions between cations and terminal phosphorus atoms
in the anions in the type II systems (cf. Figure 1). To test
this assumption, we have computed NPA charges for the dif-
ferent structural arrangements of the M,P,H, models
(Table 3): In going from the “K,P,Mes,” to “Na,P,Mes,” to
“Na,P,Ph,” to “Na,P,/Bu,” structures, the charge transfer to
the metal cations increases. Most notably, however, delocali-
zation of the negative charge from the terminal P, atoms
(the formal bearers of the negative charge) towards the cen-
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Table 1. Comparison of computed J(P,P) spin-spin coupling constants [Hz] for M,[P,H,] molecular models of solid-state [M(thf),],[P,R,]* with experi-
ment, and break down into different contributions.™

Model structure FC SD PSO DSO Sum!¥! Exptl®
“K,P,Mes,” Y(P,,Py) —275.7 (~275.9) +18.1 (=) —63.2 (—63.3) +0.2 (+0.2) —320.6 —328.5(2)
Y(Py,Py) —-132.3 (~132.2) +36.0 (-) +4.38 (+4.8) +0.2 (+0.3) -91.3 —127.6(2)
a="751 J(PA,Py) +121.7 (+122.6) +2.7 (-) +3.1 (+3.1) 0.0 (0.0) +127.5 +107.2(1)
J(P,P,) +6.5 (+6.7) -1.7 (-) —0.4 (=0.4) 0.0 (0.0) +4.4 +1.5(2)
“Na,P,Mes” Y(P,.Py) —251.3 (—252.1) +23.1 (-) —52.8 (—52.9) +0.2 (+0.2) —280.8 —309.8(1)
Y(Py,Py) -101.3 (—101.4) +38.2 (-) +4.1 (+4.1) +0.2 (+0.2) —58.8 —-118.3(1)
a="731 J(PA.Py) +127.8 (+126.3) +1.4 (=) +0.9 (+0.9) 0.0 (0.0) +130.1 +120.3(1)
J(P,P,) +86 (+8.8) -3.0 (=) -12 (-12) 0.0 (0.0) +4.4 +3.3(1)
“Na,P,Ph,” Y(PA,Py) —311.1 (-311.8) +28.3 (=) —21.5 (-21.5) +0.2 (+0.2) —-304.1 —323.1(6)
Y(PyPy) —-338.3 (—339.0) +30.5 (-) —-15.8 (~15.8) +0.2 (+0.2) 3234 —310.2(6)
a=3210 J(P,,Py) -15.3 (-15.2) -1.8 (-) -3.6 (-3.7) 0.0 (0.0) —20.7 —12.3(6)
J(P,P,) +409.2 (4+409.9) +9.3 -) +135 (+13.5) +0.1 (+0.1) +432.1 +310.6(7)
“Na,P,/Bu” LJ(PA,Pg) —249.2 (—250.0) +25.3 (-) —29.7 (—29.7) +0.2 (+0.2) —253.4 —341.1(2)
Y(Py,Py) -316.9 (=317.9) +27.2 (-) -10.6 (—10.6) +0.2 (+0.2) -300.1 —305.5(2)
a=9 J(Pa.Py) -85 (-8.8) —0.4 (=) -23 (-2.3) 0.0 (0.0 —112 —12.6(1)
J(P,P,) +233.8 (4236.0) +5.8 (-) +6.6 (+6.6) +0.1 (+0.1) +246.3 +200.9(2)

[a] “K,P,Mes,” refers to a K,P,H, model, which was constructed from the corresponding structure parameters of [K(thf);],[P,Mes,]. Similarly,
“Na,P,Mes” is Na,P,H, constructed from [Na(thf),],[P,Mes,], “Na,P,Ph,” is Na,P,H, corresponding to [Na(thf),s],[P,Ph,], and “Na,P,/Bu” is Na,P,H,
constructed from [Na(thf),],[P,/Bu,]. Structure parameters adapted from ref. [12]. [b] Gaussian03 results at B3APW91/IGLO-III level with corresponding
ReSpect-MAG results in parentheses. [c] SD term not available with MAG-ReSpect. [d] Sum of all contributions, provided only for the Gaussian03
CPKS results. [e] Ref. [12]. [f] Dihedral angle a (P5-Pg-Pg-P,) in degrees.

Table 2. Dependence of the Fermi-contact contribution to spin-spin coupling constants [Hz] on exchange-correlation functional and molecular model.1*)

Functional: BP86 PP86 B3PWI1
model: complex!®! complex!®! complex! free +point
structure!®! coupling anionl charges!! exptll®]
“K,P,Mes,” J(PA,Pg) —294.2 -319.6 —275.9 —291.8 —251.4 —328.5(2)
1/(P,Py) ~152.9 ~170.1 ~1322 ~976 ~100.2 ~127.6(2)
a=75 J(Pa.Pg) +121.1 +1232 +122.6 +171.6 +114.7 +107.2(1)
J(PoPy) 57 452 167 34 +40 +1.50)
“Na,P,Mes” J(Pa,Pg) —269.1 —292.1 —-252.1 —298.1 —220.2 —309.8(1)
1J(Py,Py) 1144 _131.4 ~101.4 ~78.1 718 ~118.3(1)
a=73" J(P,,Py) +128.0 +136.1 +126.3 +181.7 +119.3 +120.3(1)
J(PoPA) +57 +36 +88 +6.1 +56 +33(1)
“Na,P,Ph,” J(Pa,Pg) —338.5 —361.9 -311.8 —344.3 —309.1 —323.1(6)
1J(PyPy) ~360.0 _376.4 3390 —3220 ~3304 ~3102(6)
a=321 J(P,.Py) ~103 ~115 ~152 279 206 ~12.3(6)
J(PA,Py) +431.8 +468.3 +409.9 +213.1 +446.8 +310.6(7)
“Na,P,Bu” J(P,,Pg) —270.4 —293.2 —250.0 —322.5 —241.1 —341.1(2)
J(Py,Py) —344.7 —361.0 -317.9 —263.8 —312.2 —305.5(2)
a=9vl J(P,.Py) _46 30 88 ~09 ~157 —12.6(1)
J(PA,Py) +223.4 +219.9 +236.0 +133.5 +254.9 +200.9(2)

[a] See footnote a to Table 1. SFPT results with ReSpect-MAG. [b] M,P,H, models. [c] Metal cations removed completely. [d] Metal cations replaced by
positive unit charges. [e] See ref. [12].

tral Py atoms (and to the associated hydrogen atoms) is given structure may in some cases be nonnegligible, and that
much more pronounced in the type I than in the type II sys- the nature of the cation effect is largely electrostatic.

tems. This confirms roughly the structure-based “bond top- But even the free anions reproduce the main structural
ology” indicated in Figure 1,'” even though the distinction dependences to be discussed: The coupling constants reflect
in the drawing may be exaggerated. In any case, interactions in particular the dihedral angle a = d(P,-Pg-Pg-P,) and are

between metal cations and P,
atoms are more pronounced for  Table 3. NPA charges for different structural arrangements of M,P,H, model complexes.

Fhe ty.pe I StruCtur?Sv in keep-  gyrucrure atom: M Py Py H(P,) H(Ps)
ing with the larger influence of Crp +0.887 —0.671 ~0.139 —0.045 ~0.034
the cations on the spin-spin Ny p,Mes” +0.847 —-0.678 —0.114 —0.025 —0.016
couplings. We conclude at this “Na,P,Ph,” +0.831 —0.810 —0.018 +0.012 —-0.051
point that the influence of the “NaPsBu” +0.825 —0.789 ~0.014 +0.016 ~0.037

cations on the couplings for a [a] B3PW9I/IGLO-III level (DZVP basis for M). Average values for almost symmetry-equivalent positions.
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thus determined mainly by the structure in solution and/or
the solid state. As our calculations, which are based on pa-
rameters taken from the solid-state structures, reproduce
well the principal trends in J(P4,Py), J(Pg,Pg), and J(P4,Py)
from NMR in solution, it is very likely that the solution
structures are similar to the solid-state ones. This suggests
contact-ion pairs in solution, as had already been pre-
sumed.">"®! A dihedral angle a near 0° (syn-periplanar ar-
rangement, type II) gives large negative J(PyPy) (ca.
—300 Hz), very small negative J(P,,Pg), and relatively large,
positive J(P,,P,) (ca. +200 to +300 Hz). Dihedral angles a
near 75° (type I) provide less negative J(PgPy) (ca.
—125 Hz), positive J(P,,Pg) near 100 Hz but very small J-
(PA,P,). Note that we avoid designations 2J(P,,Py) or *J-
(PA,Pa), due to the fact that both of these couplings involve
appreciable through-space coupling contributions (see
below). The only coupling that appears to be relatively inde-
pendent of structure is 'J(P,,Py). It tends to be in the
—310 Hz to —340 Hz range for all systems.

Conformational study: Given that the main structural effects
on the couplings appear to be preserved in calculations for
the free P,H,” anion (Table2), we could utilize the free
anion models for further investigations of the conformation-
al dependence of the couplings. We have carried out a scan
of dihedral angle a by varying it in steps of 10° and allowing
p and vy to relax. Energies for these partially relaxed scans
are shown in Figure 2a. Depending on the sign of a we
chose initially, we identified two conformationally different
series of arrangements we will call conformer C1 and C2, re-
spectively. Conformer C1 was obtained initially for negative
a values of the RR enantiomer. However, the §,S enantio-
mer with positive a will have identical energies and coupling
constants. When starting with positive a of the R,R isomer,
we obtained a different series, called conformer C2 (no
meso isomers were studied). We noted that there was a dis-
continuity in energies (Figure 2a) and coupling constants
(see below) for this series near a =20°. When scanning f for
fixed values of a between 0 and 30°, we noted a change of
conformational preferences in 8 with increasing o (Fig-
ure 2b): While a minimum of 8 near —140° is preferred ini-
tially, a second minimum with § near —100° develops gradu-
ally. It is developed and is lower than the initial conformer
at ¢=20° and the first minimum vanishes at a=30°. We
will call the initial structures with  near —140° conformer
C2' in the following (cf. Figure 2a).

Preferred values of § and y as functions of a are shown
for the different series in Figure 3a and b, respectively. We
also provide the corresponding values extracted from the
four experimental structures discussed above for compari-
son. Looking at f3 first (Figure 3a), we note that, at their re-
spective a values three of the four structures exhibit 8
values near our conformational curves C2' (“Na,P,Bu,”) or
C1 (“Na,P,Mes,” and “K,P,Mes,”), whereas the 3 value of
the “Na,P,Ph,” structure is more negative than obtained for
any of the curves. The y values for all experimental struc-
tures are about 10° larger than found for any of the curves.

Chem. Eur. J. 2005, 11,2773 -2782 www.chemeurj.org
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Figure 2. Conformational energy dependence of the P,H,*~ anion. a) As
function of dihedral angle a =d(P,-Pg-Py-P,). b) Additional minimum in
B=d(H[P,]-PAo-P5-Py) for a =20°. Distances and angles were kept fixed
during changes of dihedral angles.

These deviations of our computed conformational curves for
the small P,H,>” model from experiment reflect most likely
the steric influence of the organic substituents, as well as
some environmental effects for the “real systems”. This is of
course also expected to influence the coupling constants as
discussed below. On the potential energy surface of our
small model anion, we expect more minima, in particular
with  values below 90°. However, these arrangements are
unlikely to get realized for the true systems, due to the
steric requirements of the substituents.

Turning now to the “Karplus-type” curves of coupling
constants as functions of a (Figure 4), we note a relatively
small dependence on a for J(P,,Pg), with values mostly in
the range between —180 and —280 Hz, as one might have
expected for this one-bond coupling (Figure 4a; in the range
below a=40°, curve C2 is probably not a very realistic
model). Similarly, the range of J(Pg,Py) is restricted between
—150 and —300 Hz (Figure 4b). The “experimental” confor-
mations (cf. free anion results in Table 2) all led to apprecia-
bly more negative J(P,,Pg) (Figure 4a), probably due to the
more positive y (cf. Figure 3b). In contrast, the J(PgPg)

— 2777


www.chemeurj.org

M. Kaupp et al.

a) O —
] PP - T - N a0 conformer Cl
-100 — ?_"—'_'n B"-ﬁ =51 conformer C2
. [ N B0 conformer C2°
—110 1 : 2} o
= \ %]
0 -120 H ‘o
- ] g - S -
&2 =130
= - ; A, ¥
n; N4 ' o Ko Mes,
= 140 B “Mau, P Mes,”
= 1 “"NaPyBu”
=150 <
=160 — A
4 “Na,P,Ph,"
-4+
1] 20 40h () 10 100} 120 140 160 180 200
(P PaPrPy) / degrees
by 10—
108 - & conformer C1
3£ conformer C2
&4 “Nang Py, O3 conformer C2°
106 — %
S 1 “Na.P,Mes,"”
E 104 &,
By ang L Y -
e | NayPyPhy “K.P Mes,
=
:lf
=
z
.
T , T ! T ¥ T J T L T LI 1 T J 1
L1 20 i (1) 10 100 120 140 160 180 200

(P PuPy Py f degrees

Figure 3. Interdependence of different dihedral angles. Squares and cir-
cles connected by lines represent partial optimizations of free P,H,*". For
comparison, the corresponding values from the experimental structures
are shown (open triangles). Conformer C1 was initially obtained for an
enantiomer with negative a, conformer C2 for positive a. A second mini-
mum in f§ (conformer C2', f ~—140° compared to § ~—100° for con-
former C2) develops at a=20° (cf. Figure 2b). This leads to discontinui-
ties in both curves. a) # as function of . b) y as function of a. Note that
further conformers, that are unrealistic for substituted species, have been
omitted.

values of the “experimental” conformations give couplings
either somewhat too negative for type II or somewhat too
positive for type 1.

The J(P4,Pg) couplings (Figure 4c) exhibit very large con-
formational dependencies, not only on a, but obviously also
on . The “experimental” structures give either values close
to the conformer C1 curve (type II, “Na,P#Bu,” and
“Na,P,Ph,”; cf. the very small couplings) or much too large
positive ones (type I, “Na,P,Mes,” and “K,P,Mes,”). It ap-
pears that for small a, these J(P,,Py) couplings are generally
small, without much dependence on the substituent confor-

Figure 4. Computed Karplus-type relations for P-P coupling constants
with respect to dihedral angle a (P,-Pg-Py-P, ). Circles and squares con-
nected by lines represent results for partially optimized free anions
P,H,”". Results at experimental dihedral angles shown for comparison as
open triangles. a) J(P4,Pg). b) J(Pg,Py). ¢) J(P5,Pg). d) J(Pa,PA).
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mation. For larger a values, the substituent conformation (in
this case probably v; cf. Figure 3b) plays a larger role.

Finally, the J(P,,P,) couplings (Figure 4d) exhibit appreci-
able variation for small a values but decrease quickly to
values near 0 Hz above a=40° and remain relatively con-
stant for larger a values. The results for the type I “experi-
mental” structures (“Na,P,Mes,” and “K,P,Mes,”) are in
this range of small couplings and do not seem to be influ-
enced much by deviations of § or y from our conformational
curves. In contrast, the coupling for the “Na,P,/Bu,” struc-
ture is too low, and that for the “Na,P,Ph,” structure is
above the curve of conformer C1 (Figure 4d).

These results indicate that the couplings are predominant-
ly determined by the structure of the P,R,”~ unit. While the
dihedral angle a of the phosphorus framework is the most
important parameter, the substituent conformation influen-
ces some of the couplings via the dihedral angles § and y. In
cases where o renders the couplings very small, the values
of § and y play only a minor role for the coupling constants.
The different formal bond topologies of type I versus type
IT systems (Figure 1) are only of indirect importance. They
influence the couplings mainly by tuning the conformation
of the anion, together with steric interactions between the
substituents. Additional electrostatic influences from the
metal cations are in most cases only of secondary impor-
tance for the predominant Fermi-contact mechanism of
spin—spin coupling [but note J(P,,P,) in the type II struc-
tures, cf. Table 2].

ELF analyses: To rationalize the observed trends, we have
carried out further analyses of real space functions. Isosur-
face plots of the electron localization function (ELFPY) in
Figure 5 indicate particularly the relative positions of the
“free electron pairs” on the phosphorus atoms. We expected
that the orientation of the two lone pairs on P, relative to
the single lone pair on Py will be important for the confor-
mational dependence of J(P4,Py), due to “through-space”
interactions between these free electron pairs (see
refs. [1,28]). The relative orientation of the two lone pairs
on Py and Py may influence possible through-space contri-
butions to the one-bond coupling J(Pg,Py ). Similarly, the rel-
ative orientations of the overall four lone pairs on P, and
P, may determine the conformational dependence of the
through-space component of J(P,,P,). These expectations
fit very nicely with the actual positions of the lone-pair ELF
domains in Figure 5: In the “gauche” conformation of the
“Na,P,Mes,” structure (a=73°), the alignment of the P,
and P, lone pairs is unfavorable for through-space interac-
tions, whereas the P, and Py lone pairs are more or less
aligned. In the almost syn-periplanar “Na,P,Ph,” structure
(a=321°), matters are opposite, with good P,—Py and poor
P,—P, lone-pair alignment. This fits the experimental and
computational observation of large J(P,,Py) and small J-
(PA,Py) in the “Na,P,Mes,” structure, as well as small J-
(PA,Py) and large J(P,,P,) in the “Na,P,Ph,” structure
(Table 2). The syn-periplanar arrangement of the two lone
pairs on Py and Py in the type II structures (Figure 5b) may
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lead to appreciable through-space interactions between
these lone pairs for J(Pg,Py), whereas the two lone pairs are
aligned unfavorably for the type I structures (Figure Sa).
Consequently, the B,B” couplings are considerably more neg-
ative for the former systems (Table 2).

Figure 5. Isosurface plots of electron localization function (ELF=
0.9406). a) “Na,P,Mes”. b) “Na,P,Ph,”.

Visualization of coupling pathways by CED: To further sup-
port these interpretations via through-space lone-pair contri-
butions to the coupling constants, we have computed the
coupling energy densities for these two systems. The cou-
pling energy density (CED) introduced by Malkina and
Malkin®! is a real-space function in the sense of property
densities discussed by Buckingham and Jameson™! (see also
ref. [34]). It integrates to the reduced coupling constant
when taken over all of space [cf. Eq. (1)]. CED provides a
powerful first-principles tool for the visualization of cou-
pling pathways, independent of unitary transformations of
the orbital basis. In particular, it has already been shown
that through-space and through-bond contributions to cou-
plings may be distinguished nicely in displays of CED.!"!
Consistent with the above discussion of the ELF isosur-
face plots, the CED isosurface plots for J(P,,Pg), J(Pa,Py),
and J(Pg,Pg) in Figure 6 confirm appreciable contributions
from through-space interactions between the respective
phosphorus lone pairs for J(P,,P,/) in the “Na,P,Ph,” struc-
ture (Figure 6d, a=32°) and equally pronounced through-
space contributions to J(P,,Pg) in the “Na,P,Mes,” structure
(Figure 6a, a=73°). The CED exhibits an oscillatory behav-
ior as observed previously. The CED plots for J(P,,P,) in
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Figure 6. Isosurface plots of Coupling Energy Density (blue and red isosurfaces indicate positive and negative CED, respectively). a) “Na,P,Mes”, J-
(P,,Pg) (isosurface =+/—1.0); b) “Na,P,Ph,”, J(P,,Py) (isosurface =+/—1.0); c) “Na,P,Mes” J(P,,P,) (isosurface = +/—0.5); d) “Na,P,Ph,”, J(P,,P4)
(isosurface = +/—0.5); e) “Na,P,Mes,” J(Pg,Py) (isosurface =+/-1.0); f) “Na,P,Ph,” J(Pg Py ) (isosurface = +/—1.0).

the syn-periplanar “Na,P,Ph,” structure in Figure 6d resem-
ble very much analogous plots for an organic cis-bisphos-
phine (Figure 3 in ref. [28]), where appreciable through-
space contributions to J(P,P) were identified. When taking
the same CED isosurface values for the corresponding “un-
favorable” conformations [J/(P,,P,) in the “Na,P,Mes,”
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structure, Figure 6¢c; and J(P,,Pg) in the “Na,P,Ph,” struc-
ture, Figure 6b], the magnitudes of the CED peaks are obvi-
ously dramatically diminished, consistent with the small cou-
pling constants in these cases (recall that the space integral
of CED gives the reduced coupling constant). In Figure 7a,
the smaller isosurface value for J(P,,P,) in the gauche ori-
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Figure 7. Further CED isosurface plots for J(P,,P,) (blue and red isosur-
faces indicate positive and negative CED, respectively). a) “Na,P,Mes” J-
(PA,Py) (isosurface=+/—0.1); b) “Na,P,Ph,”, J(P,,P,) (isosurface=
+/-2.5).

entation gives a “blow-up” of the CED and allows the un-
favorable through-space pathway to be observed more clear-
ly (cf. also Figure 6¢). The remaining very small coupling
constant (cf. Table 2) may be viewed as a composite from
small through-space and equally small through-bond contri-
butions. Figure 7b uses a larger CED isosurface value to de-
convolute the very large oscillations for the syn-periplanar
case in Figure 6d. This visualization suggests that through-
space coupling dominates but through-bond *J coupling con-
tributes also to J(P,,Py).

CED isosurfaces for J(Pg,Py) are shown in Figure 6e for
the “Na,P,Mes,” structure (type I) and in Figure 6f for the
“Na,P,Ph,” structure (type II). In both cases, we may clearly
distinguish a positive through-bond contribution (blue iso-
surface) and a negative through-space contribution (red iso-
surface). For the syn-periplanar arrangement of the two
phosphorus lone pairs in the type II arrangement (cf. Fig-
ure 5b), the negative through-space contribution is obviously
enhanced considerably, leading to an overall more negative
coupling constant (Figure 6f; cf. Table 2).

Through the combination of ELF and CED visualization,
the structural dependence of the J(P,,Ps), J(PA,Py) and J-
(Pg,Py) coupling constants may thus be rationalized mainly
by an orientational dependence of through-space interac-
tions between appropriate phosphorus lone pairs.
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Conclusions

Spin-spin coupling constants obtained from NMR experi-
ments can provide deep insights into molecular and elec-
tronic structure, but their detailed interpretation may be dif-
ficult without support from quantum chemical calculations.™!
In the present work, we have chosen the very interesting ex-
perimental coupling constants for four structurally charac-
terized alkali metal tetraphosphane-1,4-diides as a basis for
detailed analyses by state-of-the-art quantum chemical
methods. Our main conclusions may be summarized as fol-
lows:

a) The experimentally characterized structures of the con-
tact ion pairs between alkali metal cations and P,R,*
anions are apparently preserved in solution. This is sup-
ported by the good agreement of computed J(P,P) cou-
plings based on experimental solid-state structures and
the solution NMR data.

b) The influence of the metal cations on the J(P,P) cou-
plings is mainly due to a structural role, as the conforma-
tion within the anion depends partly on interactions with
the cation. Additional electrostatic effects of the cations
on the couplings are notable but of secondary impor-
tance. Contributions to the couplings through covalent
P—M bonding have not been identified. This is an impor-
tant result that will bear also on many other contact ion
pair arrangements. Similar arguments pertain to the in-
terrelations between spin-spin coupling across hydrogen
bonds and the covalency of these hydrogen bonds.>!

c) The significant, characteristic conformational depend-
ence of J(PgPg), J(Ps,Pg), and J(P,,P,) is due to
through-space coupling, which depends on the relative
orientation of appropriate free electron pairs on phos-
phorus. This has been shown graphically, by using a com-
bination of real-space functions, the coupling energy
density (CED) and the electron localization function
(ELF). In the area of oligophosphanes and oligophos-
phanides, this is to our knowledge the first clear verifica-
tion of the frequent implicit assumption”'” that the free
electron pairs on phosphorus are involved in the spin—
spin couplings.

We expect that similar analyses will help to shed light also
on coupling pathways and conformational dependences of
spin-spin couplings in many other cases.
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