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Probing the Isolobal Relation between Cp’’NiP; and White
Phosphorus by Experimental Charge Density Analysis

Florian Meurer,” Florian Kleemiss,” " Christoph Riesinger,” Gabor Balazs,”
Vedran Vukovi¢,™ 9 llya G. Shenderovich,” Christian Jelsch,” and Michael Bodensteiner*™

Dedicated to Professor Nikolaus Korber on the occasion of his 60" birthday.

An in-depth analysis of the description of bonding within
Cp”’Ni-cyclo-P, (Cp"" =1,2,4-tri-tert-butylcyclopentadienyl,
[Ni]P;) employing X-ray diffraction based multipolar modeling,
density functional theory (DFT) as well as an “experimental
wavefunction” obtained from X-ray restrained wavefunction
(XRW) fitting is presented. The results are compared to DFT
calculations on white phosphorus - an isolobal analogue to

Introduction

Supporting sophisticated theoretical investigations are now
standard in publications in almost every discipline of chemistry.
In many cases they are based on previously determined X-ray
crystal structures after gas phase geometry optimization. This
order shows that there is a tendency to attribute little chemical
information content to experimental crystal structure determi-
nation. This is astonishing in several respects. On the one hand,
it has been shown decades ago that very precise chemical
information can be obtained with quantum crystallographic
methods."™ On the other hand, X-ray sources and detectors
have reached a level of development that offers an immense
photon flux and simultaneously, the ability to detect single
photons. This allows for such precise, fast experiments that
crystal structure determinations nowadays are a matter of
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[NilP;. A complementary bonding analysis shows insights into
the reactivity of [Ni]P;. The isolobal principle is reflected in
every aspect of our analysis and the employed methods
seamlessly predict the differences in reactivity of [NilP; and P,.
Crystallographic modeling, solid-state NMR, and DFT calcula-
tions describe the dynamic behavior of the cyclo-P; unit in the
title molecule.

minutes to hours.” Finally, it has become feasible to examine

two sides of the same medal: both the square of a wavefunction
and the Fourier transform of the diffraction pattern provide the
electron density distribution.”’ However, the most commonly
used independent atom model for crystal structure refinements
is a very rough description, which assumes that all atoms of an
element in a compound are identical and neutral, with spheri-
cally distributed electron density. Moving beyond that simplistic
model, hand in hand with theoretical computations of varying
degrees of sophistication, allows for obtaining the best of the
two worlds: A precise experimental geometry and an appropri-
ately fitted wavefunction.

In this work, we investigate the P—P and Ni—P bonding in
[Ni]P; (Scheme 1) with complementary bonding analysis of
quantum crystallographic models from multipolar refinement as
well as an X-ray restrained wavefunction fitting model. The
multipolar model (MM) as a parametrized approach to extend
the independent atom model (IAM) by spherical harmonical
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Scheme 1. Isolobal relationships between a phosphorus atom of white
phosphorus and the [Ni] fragment (a) or [Ni]P; (b) with selected reactivities
of [Ni]P; shown. 1: LiNMe, in THF at room temperature;® 2: selected scope
as in reference.””
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terms, closely resembling atomic orbitals, has a long history in
the description of the electron density within crystals.”®
However, the modelling of transition metal compounds has
proved to be especially challenging. In contrast, X-ray restrained
wavefunctions (XRWs) yield an “experimental wavefunction”
which can be used to describe a molecule or compound
beyond topological analysis.**”

We compare these findings to theoretical calculations on
[NilP; (see Figure 1) and white phosphorus — an isolobal
analogue." In this context, we describe the electronic structure
of the cyclo-P; fragment, which can be either seen as a planar
ligand coordinating to the transition metal or with separate
phosphorus atoms bound individually.

Results and Discussion
Experimental and Methods

A high-resolution (d,,,=0.54 A) X-ray diffraction data set using
Mo K, radiation of a [Ni]P; single crystal serves as the basis for
the crystallographic studies. Multipolar modeling according to
the Hansen & Coppens formalism was performed within the
MoPro software with the refinement of multipolar parameters
as described in the supporting information.""'>"¥ Anisotropic
displacement parameters for hydrogen atoms were obtained
using the SHADE3 server."™ VMoPro and MoProViewer modules
were used to perform the topological analysis. Further
information can be found in the supporting information.

A Hirshfeld-Atom Refinement (HAR) yielded the starting
geometry for the XRW fitting in the TONTO quantum crystallo-
graphic software suite."*"”" HAR uses the geometry of the (IAM)
for a wavefunction calculation and partitions the wavefunction’s
corresponding electron density into non-spherical atomic form-
factors. These formfactors were then used in the crystallo-
graphic refinement of atomic positions and displacement

9
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P2 P1

P3

Figure 1. Structure and labelling scheme for selected atoms of [Ni]P;.
Hydrogen atoms are omitted for clarity, ellipsoids are drawn at the 50 %
probability level (Mo K, HAR model).
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parameters. HAR was performed following this procedure
iteratively until a given convergence criterium was met.

HAR was performed using ORCA5 (M062X/def2-TZVP) and
the resulting wavefunction yielded non-spherical atomic form
factors for all atoms (including hydrogens) in [Ni]P; using a
Hirshfeld partitioning scheme. This calculation was performed
by NoSpherA2 in the Olex2 crystallographic suite.'®2? A
procedure of wavefunction generation, partitioning, and refine-
ment was repeated until convergence was achieved. The
resulting geometry from HAR was then used as the geometry
for the XRW fitting. Contrary to HAR, the XRW fitting is
perturbed during the self-consistent-field (SCF) procedure by
weighted Lagrange multiplication with the agreement between
measured and calculated structure factors defined as follows:

J(W) = E(¥) + A (¥) — 4) m

where the Jayatilaka functional J (Eq. 1) consists of the (single-
point) energy E of the wavefunction ¥ modified with the A-
weighted perturbation term x* and with A4 as the desired
agreement for this term. In our specific case, 4 was set to zero
in order to extract the maximum possible information from the
diffraction data. y* (Eq. 2) represents the weighted differences
between the calculated and measured structure factors (F'¥°>)
from the Bragg intensities as follows:

1 Niefy §|FFGIC(II/){2 _ |F9b5{2
2 W = i i
v (¥) Npet — Npor ; (ng;)z (2)

where N, are the number of reflections and parameters (N,,,
is traditionally set to one in XRW determinations, the parameter
being 4), & is a scaling factor, and o is the uncertainty of the
measured structure factors. This assumes that purely statistical
weighting schemes are used throughout the procedure.

During the XRW fitting procedure, the geometry from HAR
was used to perform a wavefunction calculation using the
(spin-orbital restricted) Hartree-Fock (HF) method using the
def2-TZVP basis set. The A parameter was initially set to zero to
yield a pure HF calculation of the solid-state [NilP; geometry
obtained from HAR. 1 was then incrementally increased by
steps of 0.01 to increase the influence of the measured
structure factors. This procedure was repeated until a maximum
perturbation with the corresponding value of 1 was achieved
while the SCF still converged. This convergence is shown in the
supporting information. The resulting wavefunction was then
used to generate non-spherical atomic form factors according
to Hirshfeld stockholder-partitioning.?"

This way, we started with a model based on ab-initio
calculated wavefunction and extracted the remaining influences
on the electron density, which were not accounted for in HF,
such as electron correlation and polarization, from the exper-
imental electron density. A comprehensive overview and
discussion on extracting these properties can be found in
references [23,24].

X-ray diffraction data were collected using Mo K, (wave-
length=0.71073 A) as well as Cu K, (wavelength=1.39222 A)
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radiation to compare the results obtained using these different
data sets for both XRW fitting and multipolar modelling. From
the results of this comparison, which can be found in detail in
the supporting information, we chose the Mo-XRW model with
a A parameter of 0.42 as the best result to investigate the
bonding situation in [Ni]lP; without overfitting due to the
introduction of experimental noise and errors into the data. Mo-
XRW was then compared to the multipolar model (MM) of Mo
K, data for the topological analysis, while all other bonding
indices were extracted from the wavefunction analysis. These
characteristics for [Ni]lP; were also compared to the DFT
optimized geometry of P, (M062X/def2-TZVP) or to its normal-
mode corrected solid-state structure (XRD).*

In this work, we report to the best of our knowledge on the
first multipolar model as well as XRW fitting procedure using Cu
K radiation. The main differences between Mo K, and Cu K;
radiation lie in the maximum achievable resolution, raw
intensity, and peak-splitting. While Mo K, provides much higher
resolution data sets (dy,(Mo K,) =0.355 A, d,;,(Cu K;) =0.696 A),
Cu K; gives higher intensity and does not observably exhibit the
peak-splitting common to all K, radiation types. For both charge
density modelling approaches we found reasonable results
even with the lower resolved Cu K; data set. In particular, the
topological analysis of the multipolar model and wavefunction-
based bonding analysis closely resembled the descriptions
achieved with Mo K, radiation, despite the additional challenge
associated with using Cu K; radiation with a nickel compound.
Nickel has its K shell absorption edge a slightly lower in energy
than Cu K; radiation, so it has a particularly high elemental
absorption for nickel. More comprehensive crystallographic
details regarding this effort can be found in the supporting
information.

Geometry

White phosphorus exhibits T, symmetry in the gas phase with
six equidistant, chemically equivalent P—P bonds. P, is notori-
ously difficult to crystallize in a manner suitable for high quality
diffraction data, so our results besides the geometry are
compared with DFT calculations. The NiP; fragment in [Ni]P;
shows a tetrahedral geometry, which is distorted by the [Ni]
fragment and shows different interatomic distances and bond
angles. The geometry of the molecule in the gas phase differs
only slightly from the one in the crystalline phase which can be

attributed to the weak intermolecular interactions in the
crystalline phase.”

The P—P distances in [Ni]P; are significantly shorter than in
white phosphorus despite the similar ring strain (see Table 1).
This might indicate stronger bonds between the phosphorus
atoms in [Ni]P; compared to P,. In contrast, the Ni—P bonds are
generally longer than the P—P bonds. While the bond angles
between the phosphorus atoms are comparable to those in P,,
the P-Ni—P bond angles differ strongly and are smaller in [Ni]P;.
Thus, the tetrahedral geometry in P, is distorted by the isolobal
substitution of a phosphorus atom by the [Ni] fragment.

Topological Analysis

Table 2 shows the selected topological properties of the differ-
ent models according to Bader’s quantum theory of atoms in
molecules (QTAIM). This method analyses chemical bonding by
following the topology of the total electron density distribution
in real space.”’?®

There is generally less electron density at the bond critical
points (BCP) between Ni and phosphorus than between two
phosphorus atoms (see Table 2). The Laplacian values at the
bond critical points also indicate a Valence Shell Charge
Concentration (VSCC, i.e.,, negative Laplacian values) at the
BCPs between two phosphorus atoms and a Valence Shell
Charge Depletion (VSCD, i.e., positive Laplacian values) in all
Ni—P bonds. The values of the electron density at the BCP are
considerably high in comparison with other literature known
transition metal-phosphorus bonds.?**3" The positive Lap-
lacians at the BCP indicate intermediate dative bonds.

A closer look at the distribution of the Laplacian of the
electron density along the topological bond paths shows
symmetrical P—P bonds with a negative Laplacian plateau at the
BCPs and similar progression between the MM and XRW
models. The plateau stays in the negative regime for the XRW
and MM model, as expected for covalent non-polarized
bonds.®? A value closer to zero is consistent with a systematic
comparison of the XRW method with MM by Woinska et al.*”

This study on organic compounds found the Laplacian
values overestimated in the MM compared to the XRW method,
which itself is consistent with the DFT calculation of P,. So far,
the differences between XRW and MM in transition-metal
complexes have not been systematically studied, but our
findings suggest a similar behavior in this case.

Table 1. Selected distances and angles in the different models of P, and [Ni]P;. Note that HAR and XRW geometries are identical.

P, [Ni]P;
XRD™! DFT DFT MM (Mo K,) HAR (Mo K,)
P—P distances/A 2.201 (2)-2.209 (1) 2.2031 P1-P2: 2.1549 P1-P2:2.1481(3) P1-P2: 2.1465(1)
P1-P3:2.1550 P1-P3: 2.1446(2) P1-P3:2.1432(1)
P2-P3:2.1558 P2—P3:2.1534(3) P2—P3: 2.1508(2)
Ni—P distances/A - - Ni—P1: 2.2670 Ni—P1: 2.2471(2) Ni—P1: 2.2460(1)
Ni—P2: 2.2660 Ni—P2: 2.2376(2) Ni—P2: 2.2370(1)
Ni—P3: 2.2970 Ni—P3: 2.2477(2) Ni—P3: 2.2467(1)
P—P—P Angles/® 59.74 (2)-60.39 (2) 60.00 59.98-60.03 59.810(13)-60.217(13) 59.984(4)-60.185(4)
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Table 2. Values of electron density (o) and Laplacian of the electron density (V*(0)) at selected bond critical points according to the QTAIM for the different
models of [Ni]P;. The DFT model of P, DFT model is added for comparison.
DFT MM (Mo K,) XRW (Mo K,)
Atom1 Atom2 pleA V(p)/e-A™® oleA? V(p)/e-h™® ole-A? V¥(p)/e-A~®
Ni P1 0.560 1.844 0.557(6) 3.61(8) 0.596 1.706
Ni P2 0.562 1.836 0.577(5) 3.72(7) 0.608 1.507
Ni P3 0.558 1.894 0.536(8) 3.70(9) 0.563 1.804
P1 P2 0.788 —2418 0.760(5) —0.3(1) 0.816 —2.514
P1 P3 0.788 —2430 0.749(5) —0.22(8) 0.808 —2.690
P2 P3 0.787 —2411 0.756(6) —0.20(9) 0.810 —2.595
P(P,) P(P,) 0.202 —1.344 - - -

The Ni—P bonds exhibit highly asymmetrical Laplacians of
the electron density along bonding paths in every model -
indicative of a dative bonding character. There are pronounced
VSCCs between the BCPs and phosphorus atoms, but strong
depletions of electron density towards the nickel center. This
indicates highly polarized Ni—P bonds which are expected from
the differences in electronegativity. Again, a higher Laplacian at
the BCP is observed in the MM than in the XRW and DFT
calculation of [Ni]P;.

The 2D maps of the Laplacian in the cyclo-P; (see Figure 2)
plane indicate a strong smearing of electron density in the P—P
bonds in the XRW model with a larger overlap of electron
density accumulation areas in the vicinity of the bond paths.
This smearing was less pronounced in the MM, but generally
followed this trend of the 2D Laplacian map of cyclo-P;. The

15.0

models closely resembled the Laplacian 2D map obtained for
the cyclo-P; plane in white phosphorus.

The atomic charges (see Table 3) were consistent with a
positively charged nickel and negatively charged phosphorus
atoms. Here, the MM showed a similar positive charge for nickel
and a more negative charge on the cyclo-P; unit compared to
the XRW model.

Generally, the topology of electron density within the Ni—P,
rings allowed for a good comparison with the work by Macchi
etal. to describe the bonding in terms of the Dewar-Chatt-
Duncanson metal-olefine vs. metallacyclopropane model.®*
The topology of this system in [NilP; (see Figure S8) was similar
to the one that has been described for Ni(COD),: a o-donation
by the P—P bonds to nickel as well as w-back-bonding, indicated
by “inwardly curved, but well separated” Ni—P bond paths has
been also described in this study. This pushes the Ni—P, more
to the metallacycle side - despite the positive Laplacian of
electron density at the BCP, which is quite small compared to
other literature examples.®¥ Back-bonding by the metal center

¥ = . Ps . .
ns{ 11 ke |5 g i/ IR AN was also supported by lower occupancies (see Table S5 in the
| v PP (NP, i : " L . . . .
1001 v§ L N.,_p( ’ "; i O supporting information) in the d(xy) and d(yz) orbitals — again
15 L) A i ' 1 o . . 8l
g il ' A (NP5, XRW, :; | O O similar to the case described by Macchi et al.® Therefore, the
L "', ‘\\ Py, DFT 7 | C NiP; fragment could be described close to a metallatetrahedrane
00 5 w —_—— analogue.
-2.5 xik
5 Ww /Py, DFT Py
. A B
-0.4 -02 0.0 0.2 0.4 d 9
Distance to BCP /A Bonding Indices
; ‘ )
125 1 1 1l D Table 4 shows the bonding indices and parameters of [Ni]P,
100 ' ! ; I B compared to P,. NBOP? analysis revealed bonding indices near
i ; . .
7.5 " L — |
s = ,', ,.l NP, mm | - NP, MM 7 unity for P—P bonds with a stronger bond between P1 and P3
T Pi—P;
25 : by, .¥ 1 51 O
0.0 X LW A =4 g X ;
— o] "'V-,:‘.A y 2 , (e N @ ) Table 3. Bader charges in electrons for selected atoms in each model for
251 :_w: ."w,v""': "‘ﬂ:”:‘ B | E [NilP, and P,.
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e - osnwstanrz ?UOBCP 1A o pe \‘ : ’ ; ¢ ! DFT MM XRW
Figure 2. Values for the Laplacian of the electron density along bond critical Ni 0.397 0.46(2) 0416
paths between P—P (black:XRD, blue:DFT, upright triangle: PP bonds, P1 —0.077 —0.26(2) —0.133
inverted triangles: Ni—P bonds) and Ni—P (red) in the MM and XRW model
(A, B) as well as 2D Laplacian maps of the cyclo-P; fragment with 0.2 eA™ P2 —0.078 —0.3202) —0.065
iso-lines for the cyclo-P; fragment (C, D, E). In the 2D Laplacian maps, red P3 —0.077 —0.30(3) —0.132
color indicates a negative, black a positive Laplacian value attributed to P (P, 0.000 _ _
valence charge accumulation or depletion, respectively. 4 )
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Table 4. Selected bonding indices for the XRW [Ni]P; model and P,. B. O.: bonding order, WBI: Wiberg bond index, NLMO: natural localized molecular
orbitals, Cov: covalent, D. |.: delocalization index.

NBO Roby-Gould
Atom1 Atom2 B.O. WBI NLMO* % Cov D.l Cov. Ind lon. Ind % Cov
Ni1 P1 0.4779 0.4899 0.5583 69.8 0.79 0.45 0.23 79.53
Ni1 P2 0.5338 0.5338 0.8932 77.9 0.81 0.48 0.21 83.23
Ni1 P3 0.5249 0.5071 0.8633 68.0 0.78 0.45 0.25 76.62
P1 P2 0.9987 1.1192 1.1852 98.3 1.20 1.22 0.00 99.1
P1 P3 1.1626 1.1406 1.2408 99.0 1.23 1.26 0.02 99.98
P2 P3 0.9895 1.1100 11713 99.1 1.20 1.22 0.02 99.12
P(P,) P(P,) 1.000 1.0149 1.036 100 1.48 1.00 0.00 100

and slightly weaker bonds of both atoms to P2. This was
consistent with the topological analysis of the XRW model,
where less negative charge was assigned to P2. In contrast, all
Ni—P bonds had a bond order close to 0.5. This value for a
metal-heteroatom bond is relatively large in comparison to
Ni—C bonding orders of 0.02-0.01. We observed a high
occupancy (0.64 e) of the Ni—P anti-bonding orbital, which is
mainly of Ni-d and P-p orbital character. The second order
perturbation theory revealed a strong contribution of the P-
lone-pairs (164 and 160 kJ/mol) for the Ni—P anti-bonding
combination with no significant Ni-lone-pair contributions.
Besides this, a strong contribution of the Cp™ ligand’s “lone-
pairs” to the Ni—P anti-bonding was found.

The Wiberg bond index (WBI) following an NPA analysis
showed a P—P bond order slightly above unity with about 1.1
electron pairs for each P—P bond. Again, Ni—P bonds possessed
about one electron per Ni—P bond. According to the NBO
theory, the P—P bonds are expected to be covalent and on
average slightly stronger than P—P bonds in white phosphorus.
In the natural resonance theory (NRT), the Ni—P bonds exhibited
a covalency of about 70%, i.e., of primarily dative covalent
character, despite the large difference in electronegativity. NRT
described the bonding of cyclo-P; to [Ni] as a mixture of two
covalent interactions on average shared across the three
centers. For the Lewis picture of [Ni]P;, the dominant resonance

HOMO

front side

=

structures (combined 50% weight) exhibited two out of three
possible Ni—P bonds (to P1 and P3), and three P—P bonds. This
was accompanied by four lone pairs of electrons attributed to
the nickel atom, as well as 3.5 lone pairs shared over the cyclo-
P, unit. The remaining half lone pair was attributed half to P2,
one third to Ni, and the rest shared between the other
phosphorus atoms. This suggested that the cyclo-P; provided
about three electrons for chemical bonding with the [Ni]
fragment. NLMO/NPA bond orders were at 2.31 for Ni excluding
Ni—C bonds (3.38 including them), 2.77 for P2 and 3.17 and 3.19
for P1 and P3, respectively.

The P—P bonds in the DFT model of P, exhibited stronger
delocalization than the P—P bonds in [Ni]P; and a very low
delocalization index was calculated for Ni—P bonds. This is also
borne out by the Roby-Gould bonding indices. Here, the P—P
bond in [Ni]P; was even stronger compared to the one in P,. A
higher covalent character was assumed for the Ni—P bonds
according to the Roby-Gould index compared to NBO analysis.

A comparison of the same-spin electron localizability
indicator (ELI-D) of P, and [Ni]P; in Figure 4 showed a strong
similarity in what can be attributed to phosphorus lone pairs.
Except for the [Ni] fragment, the cyclo-P; fragment matched the
shape of the lone pairs in white phosphorus precisely.

A deeper look into the bonding analysis and integration of
charges in the Raub-Jansen scheme following the evaluation of

LUMO

front side

& o

Figure 3. Frontier orbitals of the XRW (Mo K,,) model of [NilP, (upper half) compared to the DFT calculation of P, (lower half).
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Figure 4. Comparison of ELI-D of white phosphorus (left) and [Ni]P; (right) at
iso-surfaces of 1.2 (opaque) and 1.7 e/A® (transparent).

the ELI-D distribution was not possible, since the basins were
truncated in an unreproducible way, most likely due to
extremely subtle details, that could not be resolved with
affordable computational effort. We attributed this to the highly
delocalized electronic system in both P, and [Ni]P,.

Figure 3 shows the XRW model frontier orbitals of [Ni]P;
compared to the frontier orbitals of P,. When reduced to the
NiP; tetrahedron, a similar shape with two nodal planes was
observed for the highest occupied molecular orbital. P,
exhibited lobes of this molecular orbital primarily above and
below each phosphorus atom, stretching in the bonding
direction. In [Ni]P; a similar behavior was observed for two of
the three phosphorus atoms (P1 and P2) with lobes away and
towards the [Ni] fragment but stretched in the direction of P3.
A similar shape but with an additional nodal plane was
observed for the lowest unoccupied molecular orbital of P,. In
[Ni]P;, a similar pattern was observed around P1 and P2, with a
different, less pronounced contribution of the [Ni] fragment.
This suggested that P1 and P2 formed the chemical center for
both nucleophilic and electrophilic reactions. This did not fully
match the description of Madl etal., who did not find any
significant contribution at these two atoms, but rather at their
bonds towards the third phosphorus atom.”’ The resulting
LUMO, however, matched their description and was thus also in
accord with their observed reactivity towards main-group
nucleophiles. Our updated view of the highest occupied
molecular orbital was consistent with successful electrophilic
insertion into P—P bonds as reported.®™ An overall higher
inertness towards air in comparison to white phosphorus could
be explained through generally stronger P—P bonds in [NilP;
and by hindrance from the sterically demanding [Ni] isolobal
replacement.

Dynamical Behaviour of the cyclo-P; Fragment

The dynamic behavior of the cyclo-P; fragment was investigated
by solid-state *'P NMR spectroscopy. The experimental static
and magic angle spinning spectra of [NilP; are shown in
Figure S18 in the supporting information. It was difficult to
determine from these spectra the exact values of the principal
components of the chemical shift tensors and the correspond-

Chem. Eur. J. 2024, €202303762 (6 of 8)

ing isotropic chemical shifts. The three phosphorus atoms of
the cyclo-P; fragment were not chemically equivalent, and
therefore, their chemical shift tensors were slightly different.
The 'JC'P*'P) scalar couplings between them were about
400 Hz, leading to non-first-order NMR spectra. They are also
affected by homonuclear *'P—*'P dipolar interactions. Never-
theless, the experimental values of the principal components
011, 0y, and 05 of the chemical shift tensors and the isotropic
chemical shifts d,, could be roughly estimated (see Table 5).
Tables S12 and S13 (SI) report the *'P NMR shielding tensors of
[NilP; and "JC'P*'P) couplings calculated using the ®B97XD/
def2-QZVP approximation. A reference *'P NMR absolute
chemical shielding o™ is required to convert between the
chemical shift scale 6 used in experiments and the absolute
shielding scale o used in theoretical calculations. With a high
degree of accuracy,  ~ 0" “—o. The value of ¢ depends on the
approximation used for the calculations and is available
elsewhere’® For the ®B97XD/def2-QZVP approximation,
0"*=300 ppm. The calculated values of the shieldings o, 011,
0,5, and 0;; of the three phosphorus nuclei of the cyclo-P,
fragment are given in Table S12.

The difference between the experimental and calculated
values of d;,, was significant and exceeded the expected margin
of error.®® This difference was most likely due to the influence
of the crystal field, which cannot be accounted for in conven-
tional calculation approaches.’” The difference between the
experimental and calculated values of the principal components
of the tensors was even larger, but it had two characteristic
features. First, the experimental tensor was axially symmetric
(01:%°=0,""), while the calculated tensors were not. Second,
the anisotropy of the experimental tensor was smaller than that
of the calculated tensors, |0,,*®| < [6,,°| and
|8555°| < |055°|. Such features are typical of molecular
systems undergoing dynamic changes that are fast on the NMR
time scale of microseconds.”® The &,, and J,, components lay
roughly in the plane of the cyclo-P; fragment, and the direction
of the d;; component roughly coincided with the normal to this
plane. An intermittent rotation of this fragment about this
normal led to an axially symmetric tensor with §,,'=0,,""=
(011" + 0,,°9/2. Since the directions of the tensor components
did not exactly coincide with the plane of the fragment and the
normal, this equality was approximately satisfied, and the
rotation also changed the observed value of the d,; component,
so that |0;™| < |05|. Figure S19 in the SI shows the
resulting relaxed geometry energies for a 120° rotation of the
cyclo-P3 fragment perpendicular to the axis connecting the
centers of mass of the two cyclic fragments. The activation

Table 5. Experimental and calculated values of 0, 015, 02, and 55 of the
cyclo-P; fragment.

Nucleus Oiso/PPM d1:/ppm d,./ppm ds5/ppm
Experiment —164 10 10 —520

P1 —-190 100 —49 —623

P2 —185 85 —43 —596

P3 —184 128 —49 —632
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barrier was only 8.9 kJ/mol, indicating dynamic exchange of the
three phosphorus positions.

Conclusions

In summary, we have extensively characterized [Ni]P; using the
most sophisticated methods of experimentally driven charge
density analysis. A rare example of a successful X-ray restrained
wavefunction fitting of a transition metal complex has provided
deep insight into the chemical nature (Scheme 1) of [Ni]P; — an
isolobal analogue of white phosphorus with promise as a
phosphorus source with rich reactivity.

Our studies showed a reasonable applicability of Hoffman’s
isolobal principle when [NilP; is compared to white phosphorus.
We found dative Ni—P bonds in every aspect of our analysis.
These bonds were primarily covalent and showed a clear
polarization between the more electronegative phosphorus and
the electropositive nickel atom, as expected. Hence, we
describe [NilP; as an metallatetrahedrane analogue. The shorter
P—P bonds in [Ni]P; showed comparable or higher bond orders,
but slightly less delocalization, than the longer P—P bonds in P,.
This was consistent with the reported reactivity of the air-stable
[Ni]P; — especially when compared to the pyrophoric P,.

Finally, this study clearly showed the advantages of a
deeper insight into diffraction data supported by theoretical
calculations, which can go far beyond a simple determination
of the connectivity and geometry of a compound under
investigation. It is evident that theoretical studies should much
more often be carried out in concert with crystal structure
determinations, rather than independently of them.

Supporting Information
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Supporting Information.”**" Deposition Number(s) ; 2300961
(for XRW-MoKa), 2300962 (for XRW-CuKb), 2300963 (for MM-
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2305140 (for HAR-CuKb), 2305141 (for NiP3_100 K), 2305142
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250 K) contain(s) the supplementary crystallographic data for
this paper. These data are provided free of charge by the joint
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bonding analysis reveals insights
about the differences in reactivity
compared to P,.
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