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Revisiting Metal Dihalide Complexes with Phosphine Ligands:
Isostructurality, Steric Effects, Anagostic Interactions, Crystal
Voids, and Energetic Calculations
Hiram Pérez,*[a] Diego M. Gil,[b] Rosa M. Gomila,[c] and Antonio Frontera*[c]

The crystal structures of seven metal dihalide complexes with
triphenylphosphine (PPh3) and two with tribenzylphosphine
(PBz3) have been reanalyzed. The studied complexes include
[FeCl2(PPh3)2], [CoCl2(PPh3)2], [CoBr2(PPh3)2], [NiCl2(PPh3)2],
[NiBr2(PPh3)2], [NiI2(PPh3)2], [ZnCl2(PPh3)2], [NiCl2(PBz3)2], and
[NiBr2(PBz3)2]. A detailed geometric analysis revealed high
isostructurality among several pairs. Ligand steric effects were
assessed using cone angles and percentage surface coverage.
Crystal packing is stabilized by weak C─H�π and C─H�X
(X = Cl, Br, and I) interactions. Notably, [NiCl2(PBz3)2] and
[NiBr2(PBz3)2] feature rare intramolecular C─H�Ni anagostic

interactions. Reduced density gradient (RDG) and noncova-
lent interaction (NCI) plots confirmed weakly attractive C─H�π

contacts in all complexes. Void-volume analysis assessed the
mechanical strength of the crystals, while pixel energy and
energy frameworks clarified structural stability and dominant
interactions. Density Functional Theory (DFT) calculations, along
with QTAIM/NCIplot and NBO analyses, as well as electron
density (ED) versus electrostatic potential (ESP) plots, were
performed to better understand the C─H···Ni interactions and
distinguish between agostic and anagostic interactions.

1. Introduction

It is well-known that the phosphine-based ligands are valu-
able compounds that exhibit a wide range of applications. For
example, the tertiary phosphine complexes of nickel, palladium,
and platinum have interest in organometallic chemistry, par-
ticularly in catalysis as homogeneous catalysts and coupling
reactions.[1] On the other hand, those complexes are found
to show prominent bioactivity antiviral, antifungal, antibacte-
rial, and antitumor.[2] However, their use as anticancer drugs
is limited due to the easily dissociation of these complexes in
solution forming very reactive species. Diverse authors have sug-
gested that this problem could be overcome if the complexes are
stabilized by bulky ligands such as triphenylphosphine.[3]
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In the triphenylphosphine-containing complexes, the confor-
mation of the phenyl rings often contributes to the bulkiness
of the complex, which is interesting because the bulkiest part
of the molecule generally determines its shape and reactivity.[4]

The influences of steric effect of a ligand on the structures and
reaction rates of organometallic and coordination compounds
have been widely discussed in the literature.[5,6] The “exact” cone
angle (θ °) and the “exact” solid angle (�°) have been recently
presented as new ligand steric descriptors[7–9] based on the idea
of covering the ligand in the most acute possible cone, and
evading the inaccuracy of several empirical parameters that were
assumed by Tolman.[5] Other descriptors currently used for quan-
tifying steric demand are the solid cone angle (θ °) and solid
angle (�),[6b] the former derived from the area filled by the lig-
ands on the surface of a sphere centered at the metal atom, and
the latest associated to the shadow cone of a ligand suppos-
edly illuminated from the metal center. The solid angle (�) can
be calculated to quantify the total steric shielding through the
so-called G-parameters.[10]

In view of all the abovementioned, and from an initial idea
of extending the structural study of trans-dichloro-bis(tribenzyl-
phosphine)nickel(II), Ni(PBz3)2Cl2, previously reported for one
of us,[11] we have identified a series of seven metal dihalide-
complexes with triphenylphosphine ligand, and one with
tribenzylphosphine ligand from CSD (version: 2023),[12] namely,
trans-dichlorobis(triphenylphosphine)iron(II), Fe(PPh3)2Cl2,[13]

trans-dichlorobis(triphenylphosphine)cobalt(II), Co(PPh3)2Cl2,[14]

trans-dibromobis(triphenylphosphine)cobalt(II), Co(PPh3)2Br2,[14]

trans-dichlorobis(triphenylphosphine)nickel(II), Ni(PPh3)2Cl2,[15]

trans-dibromobis(triphenylphosphine)nickel(II), Ni(PPh3)2Br2,[16]

trans-diiodobis(triphenylphosphine)nickel(II), Ni(PPh3)2I2,[17]

trans-dichlorobis(triphenylphosphine)zinc(II), Zn(PPh3)2Cl2,[18]
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trans-dichlorobis(tribenzylphosphine)nickel(II), Ni(PBz3)2Cl2,[19]

trans-dibromobis(tribenzylphosphine)nickel(II), Ni(PBz3)2Br2.[19]

Hereafter these complexes are labeled by CSD refcodes,
GATXOP, BIHGEE, BIHGII, CLTPNI03, BPOLEX, ZZZKQO01, GUXVAW,
XEGZIS01, and GAHLOR, respectively. The main goal of the
present work is revealing important structural features, which
have not been studied at present in that series of nine com-
plexes, such as: (i) isostructurality, using geometric descriptors
from different sources, which allows fine-tuning of crystal prop-
erties with the final aim to prepare new materials with desired
properties; (ii) the steric demand of the two bulky phosphine
ligands, performing calculation of ligand cone angles from
the atomic coordinates observed in the crystal structures; (iii)
intramolecular anagostic interactions, which are believed to
be important due to possible influences on the mechanism of
C─H activation, catalytic applications, and receptor properties of
these complexes;[20–22] and (iv) noncovalent interactions, which
play an essential role in supramolecular chemistry, molecu-
lar biology, and crystal engineering.[23] In absence of strong
hydrogen bonds, other kind of noncovalent interactions can be
dominant and therefore, responsible for crystal stability.[24] A
detailed study of weak intermolecular C─H···π interactions and
C─H···X hydrogen bonds that control the crystal packing stabil-
ity in the complexes under study is accomplished by geometric
descriptors, Hirshfeld surfaces, NCI-plots, crystal void analysis,
and energy frameworks.

A recent approach[25] and its extension to transition-metal
coordination compounds[26] is carried out to calculate interac-
tion energies in molecular pairs involving different structural
motifs. The results are visualized using energies framework
diagrams.[27] Crystal structures of the molecular species are also
compared each other, thus allowing investigation on the effects
of systematic metal and substituent variation. These studies
are complemented by diverse computational methods in order
to elucidate the nature of anagostic contacts. Based on the
well-known structure-property relationship, we hope that the
present work could give insights into the above cited problem
on the ready dissociation attributed to these complexes, and
its resulting limited effect on pharmacological targets. Also, this
study could be useful for ligand design in catalytic C─H bond
functionalization.

2. Methods

2.1. Description of Isostructurality

In order to estimate isostructurality various geometric descrip-
tors were computed:
(a) Unit-cell similarity index π ,[28] based on axial ratios, given

values almost zero for great similarity;
(b) Isostructurality index Ii(n) (in %),[28] based on distance dif-

ferences between the crystal coordinates of identical non-H
atoms, the larger percentages being associated to higher
isostructurality. These calculations for the pairs of similar
crystal structures were performed using ISOS software.[29]

(c) Degree of lattice distortion (S) is the spontaneous strain (sum
of the squared eigenvalues of the strain tensor divided by 3);

(d) Measure of similarity (�) is a function of the differences
in atomic positions (weighted by the multiplicities of the
sites) and the ratios of the corresponding lattice parameters
of the structures.[30] These two calculations were performed
using COMPSTRU software.[31] The program transforms the
Structure 2 to the most similar configuration of Structure 1.

(e) Packing similarity PSab using CrystalCMP.[32]This approach has
been recently introduced for the comparison of molecular
packing and the identification of identical crystal struc-
ture motifs. The packing similarity is calculated using a
simple formula involving distance–displacement and angle–
displacement of molecules inside a finite molecular cluster.
Similarity matrixes and dendrograms are automatically calcu-
lated and shown. A smaller value of PSab indicates a greater
degree of structural similarity. Clusters A and B are initially
aligned to give the least-squares distance overlay of the
atoms in the kernel molecules, then the remaining molecules
in A and B are mapped by identifying the shortest distances
between their centroids. A search fragment must be defined
to compare molecules, and the PSab value incorporates an
RMSD measure between corresponding atoms. The final PSab

value is based on all (usually 15) mapped molecules.
(f ) Dissimilarity index “X”[33] by using of Xpac2.0.2,[33a] a software

that compares representative lists of internal coordinates-
distances, intermolecular angles, dihedral angles, and tor-
sion angles. The Xpac method allows the identification of
similar packing arrangements present between two crystal
structures.[33b] Common structural motifs present in crystal
structures to be compared are termed as “supramolecu-
lar constructs” (SCs), which represent subcomponents of
complete crystal structures. The SC may be 0D similarity,
1D similarity (row of molecules match), 2D similarity (layer
of molecules match), and 3D similarity (isostructural). Xpac
defines the dissimilarity index “X” as a measure of how far
the two crystal structures deviate from perfect geometrical
similarity.[33c,d] The lowest value for X indicates the highest
degree of similarity. X values smaller than 1 are found for
SCs with high similarity, whereas SCs of low-degree similar-
ity produce X values of 6 or even higher. Stretch parameter
D (in Å), as well as the delta(a)/delta(p) and X/delta(d) plots
(a = angular deviation, p = interplanar angular deviation,
and d = molecular centroid distance deviation) in the results
window will also give an indication of the appropriate level
for these parameters.

2.2. Computation of Ligand Steric Demand

Exact cone (θ °) and exact solid cone (θ °) angles were com-
puted using the mathematica packages FindConeAngle[7] and
FindSolidAngle,[9] respectively. The solid angles �, and G-
parameters: G(L) = the percentages of metal coordination
sphere shielded by each ligand, G(complex) = the G value for
the complex with all ligands treated as one cumulative ligand,
and G(M) = percentage of metal surface shielded only by the lig-
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ated atoms were calculated with Solid-G software[10] using zero
energy point radii (rZ) instead of the van der Waals radii.[11] All the
steric parameters presented in this work were calculated based
on experimental crystallographic data.

2.3. Hirshfeld Surfaces and Crystal Voids

The calculations of Hirshfeld surfaces[34] using the novel Crystal-
Explorer 21.5,[35] provide additional insight into weak intermolec-
ular interactions contributing to the packing of molecules in
crystals. The surfaces are mapped with the shape-index property,
which is a qualitative measure of shape and is sensitive to subtle
changes in surface shape, particularly in a flat region. Two shape
indices differing by sign represent complementary “bumps and
hollows”. The donor of an intermolecular interaction is associated
to blue bump-shape and shape-index >1, whereas a red hollow
with index <1 represents the acceptor. A void analysis is per-
formed by adding up the electron densities of the spherically
symmetric atoms contained in the asymmetric unit.[36a] The void
surface is defined as an isosurface of the procrystal electron den-
sity and is calculated using CrystalExplorer21.5 for the whole unit
cell where the void surface meets the boundary of the unit cell
and capping faces are generated to create an enclosed volume.

2.4. Noncovalent Interactions by NCIPLOT Approach

To assess the nature of interactions in terms of being attractive
or repulsive, we have used NCIPLOT, which is a novel software for
plotting noncovalent interaction regions,[37a] based on the NCI
(Noncovalent interactions) visualization index derived from the
electron density.[37b] Reduced density gradient (RDG), derived
from the electron density and its first derivative, is plotted (2D-
plot) as a function of the density (mapped as isosurfaces) over
the molecule of interest. The sign of the second Hessian eigen-
value times the electron density [i.e., sign(λ2)ρ in atomic units]
enables the identification of attractive/stabilizing (favorable) val-
ues identify the type of bonding, where large negative values
specify attractive/stabilizing (favorable) hydrogen bonding, while
large positive values specify repulsive (unfavorable) interactions.
The weak van der Waals interactions are specified by the values
of sign(λ2)ρ near zero.

The isosurfaces are visualized employing the VMD (visual
molecular dynamics) molecular graphics viewer,[38] while the 2D-
plots are shown with GNUPLOT.[39] In the NCI-plots, the nature of
the specific interactions is highlighted through a red-blue-green
color scheme on the calculated isosurface. Strong attractive
interaction is indicated in blue whereas red indicates strong
repulsion. Weak interactions appear green on the isosurface.

2.5. Intermolecular Energies

For each crystal structure under consideration, intermolecu-
lar energies for molecular pairs were calculated using the
CLP (Coulomb–London–Pauli) approach implemented in the

PIXEL program package.[40] Accurate electron densities around
the molecules were computed at MP2/6–31G** level using
Gaussian16.[41]

Intermolecular interaction energies for specific molecular
pairs were also computed using CrystalExplorer21.5,[35] by sum-
ming up four energy contributions, namely electrostatic (Eele),
polarization (Epol), dispersion (Edis), and exchange–repulsion
(Erep). The calculations were performed from the monomer
wavefunction at the B3LYP/6–31G(d,p) energy model with scale
factors to determine total energy Etot: kele = 1.057, kpol = 0.740,
kdis = 0.871, and krep = 0.618. A cluster of molecules within a
radius of 3.8 Å for a central molecule was generated. The results
include a color-coded molecular cluster related to the particular
interaction energy. Pair-wise energies are represented graph-
ically as framework energy diagrams, which are restricted to
electrostatic and dispersion-energy terms, and total energies.[27]

The energies are visualized as cylinders linking the centers of
mass of the molecules, where the cylinder thickness is propor-
tional to the magnitude of the interaction energy. The cylinders
are red for the electrostatic term, green for dispersion term, and
blue for total energy.

2.6. Computational Methods

The calculations of the intramolecular C─H···Ni interactions were
carried out using Gaussian16[41] and the PBE0-D3/def2-TZVP level
of theory.[42] For this purpose, the crystallographic coordinates
have been used and only the position of the H-atoms were opti-
mized. The quantum theory of “atoms in molecules” (QTAIM)[43]

has been used to study the interactions discussed in this study
by means of the Multiwfn program[44] and represented using the
VMD visualization software.[38] The NCI-plot isosurfaces were also
used.[37] The color scheme is red-yellow-green-blue scale with
red and blue for repulsive and attractive interactions, respec-
tively. The cubes needed to generate the NCI-plot surfaces were
computed at the same level of theory using the wavefunctions
generated by means of the Gaussian16 program. Further, the
NBO analysis[45a] was performed using the same level of theory
and the NBO7.0 program.[45b]

3. Results and Discussion

3.1. Molecular Structure of [FeCl2(PPh3)2], [CoX2(PPh3)2]
(X = Cl, Br), [NiX2(PPh3)2] (X = Cl, Br, I), [ZnCl2(PPh3)2], and
[NiX2(PBz3)2] (X = Cl, Br)

Views of molecular structure of the series of seven M(II)
(M = Fe, Co, Ni, Zn) dihalide-complexes with triphenylphos-
phine: a) GATXOP, b) BIHGEE, c) BIHGII, d) CLTPNI03, e) BPOLEX,
f ) ZZZKQO01, and g) GUXVAW, and two Ni(II) dihalide-complexes
with tribenzylphosphine: a) XEGZIS and b) GAHLOR are shown in
Figures 1 and 2, respectively.
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Figure 1. View of molecular structures of a) GATXOP, b) BIHGEE, c) BIHGII, d) CLTPNI03, e) BPOLEX, f ) ZZZKQO01, and g) GUXVAW with the atom numbering
scheme. H-bonds are omitted for clarity.

Figure 2. Molecular structures of a) XEGZIS and b) GAHLOR showing the
asymmetric unit and the atom numbering scheme. H-bonds are omitted
for clarity.

3.2. Analysis of Isostructurality

Some degree of similarity in the unit cell parameters with
common space groups P2/c for GATXOP, BIHGEE, BIHGII and
CLTPNI03, and P1̄ for XEGZIS and GAHLOR can be seen in Table 1.

Further, the similarity in the molecular packing is underscored
by the similar unit-cell volumes, which is most evident for the
pairs GATXOP/CLTPNI03, BIHGEE/BIHGII, and XEGZIS/GAHLOR. All
these features suggest potential existence of isostructurality.

Firstly, we computed the unit-cell similarity index π in
order to estimate the internal motion of the lattice param-
eters in the six pairs corresponding to the group of four
complexes (rows 1–6, column 1, Table 2), and in the pair
XEGZIS/GAHLOR. The calculations lead to values almost
zero in the range 0.0018–0.0254, which indicate high lattice
similarity.

For estimating the effect of the differences in the geom-
etry of the molecules and the positional differences on the
structural similarity, the isostructurality index Ii(21) from the
asymmetric unit as “isostructural core” of 21 pairs of nonhy-
drogen atoms for six pairs of triphenylphosphine-containing
complexes (GATXOP, BIHGEE, BIHGII, and CLTPNI03) was com-
puted (Table 2). In the pair of tribenzylphosphine-containing
complexes (XEGZIS and GAHLOR), Ii(24) from an “isostructural
core” of 24 pairs of nonhydrogen atoms was calculated compar-
ing separately the molecules A and B. The results reveal high
isostructurality (Ii > 80%) for all the pairs of structures, except
for BIHGII/CLTPNI03 with Ii = 79.2%.

The lowest π values of 0.0026 for GATXOP-BIHGEE and 0.0052
for BIHGEE-BIHGII are associated to shortest Ii(21) percentages
of 90.3 and 90.7, respectively, whereas the highest π values of
0.0254 for BIHGII-CLTPNI03 and 0.0203 for BIHGEE-CLTPNI03 are
associated to longest Ii(21) values of 79.2 and 82.5, respectively.
However, an accurate correlation between π and Ii(21) values was
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Table 1. Crystal data of the seven dihalide-complexes with PPh3 and the two Ni(II) dihalide-complexes with PBz3.

GATXOP BIHGEE BIHGII CLTPNI03 BPOLEX ZZZKQO01 XEGZIS GAHLOR GUXVAW

SG P 2/c P 2/c P 2/c P 2/c P 21/n P 21/c P1 P1 P 21/c

a 11.7937(13) 11.764 (2) 11.828 (2) 11.580(2) 9.828(2) 19.361(17) 10.4892(15) 10.497(4) 11.816(7)

b 8.1652(9) 8.250 (3) 8.325 (2) 8.094(1) 37.178(9) 10.220(5) 10.5249(12) 10.538(4) 17.205(7)

c 17.0760(19) 17.254 (7) 17.365 (5) 17.220(3) 10.024(3) 17.995(13) 19.453(2) 19.556(9) 16.940(7)

α 90 90 90 90 90 90 83.872(8) 84.58(4) 90

β 106.202(2) 106.57 (4) 106.58 (3) 107.20(2) 114.65(2) 112.26(7) 76.839(9) 76.42(3) 104.55(4)

γ 90 90 90 90 90 90 62.241(8) 63.33(2) 90

Table 2. Unit-cell similarity index π , isostructurality index Ii(n), degree of lattice distortion S, measure of similarity �, packing similarity PSab, and
dissimilarity index X for pair of structures must closely packing.

∏
Ii(n)a) S � PSab X

0D 2D 3D

GATXOP-BIHGEE 0.0026 90.3 0.0049 0.033 0.1603 – – 7.7

GATXOP-BIHGII 0.0079 85.4 0.0087 0.040 0.1645 14.9 – –

GATXOP-CLTPNI03 0.0177 86.0 0.0089 0.049 0.3257 – 1.8 –

BIHGEE-BIHGII 0.0052 90.7 0.0042 0.014 0.1484 – 1.8 –

BIHGEE-CLTPNI03 0.0203 82.5 0.0098 0.025 0.3234 – 1.7 –

BIHGII-CLTPNI03 0.0254 79.2 0.0125 0.023 0.3558 14.3 – –

XEGZIS-GAHLOR 0.0018 90.7b) 0.0068 0.016 0.1460 – 1.6 –

82.3c)

a) n is 21 y 24 for pairs with PPh3 and PBz3, respectively.
b) Between molecules A.
c) Between molecules B.

not observed. Hence, we have carried out the identification of
atomic displacements that link pairwise the atomic positions in
each pair of structures by means of the degree of lattice dis-
tortion (S) and the measure of similarity (�). These descriptors
are considered in all situations where geometrical relationships
between lattices or crystal structures have to be described, and
the computed results are shown in Table 2.

It can be observed that the pair BIHGEE-BIHGII presents
the shortest S (0.0042) value for the six pairs of dihalide-
complexes with PPh3, according to the highest isostructural
similarity reflected by the Ii(21) value (90.7%). This confirms
that the crystal lattice and the geometry of molecules are
unaffected by the nature of the halide for the two Co(II)
complexes. By the other hand, the degree of lattice distor-
tion is greatest for the pair BIHGII-CLTPNI03 (S = 0.0125) as
obtained from the highest π (0.0254) and shortest Ii(21) (79.2%)
values, consistent to both the replacement of halide and
metal ion.

Taking into account that the measure of similarity (�) does
not correlate well with π and Ii(21) values, we have calculated the
packing similarity PSab by using of CrystalCMP software. The sim-
ilarities and differences in the molecular packing were analyzed
employing a packing similarity tree diagram. The tree diagram is
used for a better analysis of similarity in the crystal packing of a
group of structures. The dendrogram and accompanying similar-

ity matrix for the set of seven structures with triphenylphosphine
are shown in Figure 3. Comparison were performed according to
C1C(P(C)C)CCCC1 smiles atoms.

From the packing similarity dendrogram, we can iden-
tify two distinct “isostructural” families. The closest-packing
family contains four structures (BIHGEE, BIHGII, GATXOP, and
CLTPNI03) which are clustered at PSab values from 0.1424
(BIHGEE-BIHGII) to 0.3312 (links shaded green), while a less
close-packing family of five further structures (BIHGEE, BIHGII,
CLTPNI03, GATXOP, and GUXVAW) are linked to the group with
5.9720 ≤ PSab ≤ 6.0871 (links shaded orange). It can be seen that
a group containing CLTPNI03 GUXVAW, BPOLEX, and ZZZKQO01
shows dissimilar packing with PSab between 16.5823 and 20.0633
(links shaded dark red). These surprisingly high PSab values
are not expected given the evident visual molecular similarity
between pairs of structures belonging to this group, and could
denote that corresponding molecules may not be adequately
mapped.

The dendrogram and accompanying similarity matrix
for the set of two structures with tribenzylphosphine are
shown in Figure 3. Comparison was performed according
to [Ni](P(CC)(CC)CC)─(P(CC)(CC)CC) smiles atoms. It can be
observed that these structures (XEGZIS and GAHLOR) are clus-
tered at PSab value of 0.1460 (links shaded green), which reveals
a very close-packing isostructural pair.

ChemistrySelect 2024, 9, e202404665 (5 of 16) © 2024 The Author(s). ChemistrySelect published by Wiley-VCH GmbH

 23656549, 2024, 45, D
ow

nloaded from
 https://chem

istry-europe.onlinelibrary.w
iley.com

/doi/10.1002/slct.202404665 by C
ochraneA

rgentina, W
iley O

nline L
ibrary on [29/11/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



ChemistrySelect
Research Article
doi.org/10.1002/slct.202404665

Figure 3. Dendrograms showing the packing similarity of dihalide-complexes with a) PPh3 and b) PBz3. The horizontal axis corresponds to the PSab value
(similarity). Dark green indicates almost identical packing and dark red indicates dissimilar packing. Parts of the dendrogram between 1.86 and 5.59, and
between 7.46 and 16.78 for (a), and between 0.0025 and 0.08 for (b) were removed to make the figures shorter; the vertical curved lines indicate this
deletion.

With the aim to identify similar supramolecular constructs
(SCs), which are subcomponents of a complete crystal structure
(0, 1, or 2 dimensionalities), we have calculated the dissimilarity
index “X” for the set of six pairs of dihalide-complexes with
PPh3, and the pair with PBz3 (Figure S1, ESI†). The comparison
of structures is based on relative geometric conformations and
positions of molecules without any directional intermolecular
interactions. The group of atoms corresponding to the asym-
metric unit was used to define the COSP.[33] The analysis
of all the seven structures with triphenylphosphine reveals
occurrence of 3D SC only in case of GATXOP/BIHGEE (see
Table 2), thus revealing isostructurality between these two
structures.

The occurrence of 2D “supramolecular constructs” in the
crystal packing for GATXOP/CLTPNI03, BIHGEE/BIHGII, and
BIHGEE/CLTPNI03 reveals layer of molecules match with high
structural similarity as reflected by low and similar X values
around 1.8, in agreement with closest-packing we have obtained
using CrystalCMP for this group of four complexes. The same
supramolecular dimensionality is observed in the case of triben-
zylphosphine complexes, where the X value of 1.6 indicates a
high structural similarity of XEGZIS with GAHLOR. The stretch
parameter D of 0.10 Å and the X(i) versus delta(d) and delta(p)

versus delta(a) plots reveal in general a small extent of stretch-
ing in one structure compared to the other. Furthermore, the
pairs of structures GATXOP/BIHGII and BIHGII/CLTPNI03 are
based on a common discrete (zero-dimensional) building block
0D, particularly an H-bonded dimer, with similar X values of 14.9
and 14.3, respectively, as expected when both the halide and
metal ion are substituted.

3.3. Steric Description of the Ligands

In order to measure the steric demand of ligands, the solid angle
� (str), “exact” solid angle �° (deg), equivalent cone angle ECA
(deg), “exact” cone angle θ ° (deg) and G-parameters (%) of lig-
ands, entire complex, and metal for all the nine complexes were
calculated. The results listed in Table S1, ESI show longer “exact”
cone angle θ ° values than those of the idealized Tolman stan-
dard values of 145° (PPh3)[5] and 165° (CH2PPh3)[6,46] for all the
structures in agreement to the literature,[8] with mean absolute
deviations of 9.3° and 21.1°, respectively.

In other systems with bulky ligands we have previously
reported,[47] the cone angle decreases with the actual M-P dis-
tance increases.[8] However, a group of four Ni(II) complexes

ChemistrySelect 2024, 9, e202404665 (6 of 16) © 2024 The Author(s). ChemistrySelect published by Wiley-VCH GmbH
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(BPOLEX, ZZZKQO01, XEGZIS, and GAHLOR) and the Zn(II) com-
plex (GUXVAW) show slightly internal mismatches for the two
phosphine ligands in their cone angles, indicating no significant
effect of the chemical environment on the steric bulk of each
ligand.

In order to evaluate the probability of an incoming reagent
not accessing the metal center, G(L), G(complex), and G(M) were
computed from ligand solid angles � (Table S1, ESI). A solid-G
view for all the complexes is shown in Figure S2, ESI highlighting
the areas of the ligands projection shadow on a sphere of an
arbitrary radius. As expected, the percentages of the sphere
shielded by the PPh3 ligand are in the range 23.6%–27.2%, which
are longer than that for the halide ligand (15.3%–19.4%), and
hence the remaining open area (white) of the sphere where
an incoming reagent could bind represents a small percentage,
varying from 8.4% in dibromide complex BPOLEX to 20.8% in
dichloride complex GUXVAW.

The G(complex) values indicate that all the ligands shield
from 78.5% (GATXOP) to 88.8% (BPOLEX) of the metal’s coordina-
tion sphere. The highest G(M) value of 75.0% for BPOLEX denotes
that there is only a 25.0% chance that an incoming reagent
reaches the nickel center. In comparison to Co(II) dichloride-
complex BIHGEE, the G(M) value is 7.2% longer than that of the
dibromide homologous BIHGII, whereas the maximum percent-
age (Mol 1) of 74.0% for the dibromide Ni(II) complex GAHLOR
is 4% higher than that for the dichloride homologous XEGZIS.
These results indicate similar effect of halide-substituent varia-
tion on the steric hindrance in metal dihalide-complexes with
PPh3 and PBz3.

In terms of the solid angle �, “exact” solid angle �°, equiva-
lent cone angle (ECA), and “exact” cone angle θ ° of PPh3 ligand,
the diiodide complex (ZZZKQO01) presents the lowest values
(3.1°, 119.0°, 151.8°, and 24.7°), the dichloride complex (CLTPNI03)
presents the intermediate values (3.3°, 123.5°, 156.5°, and 26.3°),
and the dibromide complex(BPOLEX) presents the highest val-
ues (3.4°, 125.6°, 159.9°, and 27.2°). This order of variation is the
same than the root-mean-square distortion (rmsd) of the angles
at nickel from the tetrahedral ideal as reported in literature,[16]

which supports the statement of differing intramolecular steric
requirements of the PPh3 ligand are at least partially responsi-
ble for the observed angles at nickel, as previously suggested by
some authors.[17]

3.4. Intramolecular Anagostic Interactions in XEGZIS and
GAHLOR

Considering that the hydrogen-atom positions determined by
X-ray diffraction are unreliable because hydrogen has a low
scattering power for X-rays, the aromatic C─H bond lengths
from X-ray analysis (0.93 Å) in XEGZIS and GAHLOR were nor-
malized to neutron hydrogen distance of 1.083 Å[48] using
Olex2.[49]

Unlike the tetrahedral complexes with the bulky PPh3 lig-
and, the packing effects together with the steric and electronic
hindrance of both bulkier PBz3 ligand in XEGZIS and GAHLOR,
allow an aromatic ortho-proton of a Bz3P group to be nearly

close to one of the vacant positions around the nickel atom,
with Ni1···H21 = 2.827(1)Å and C21─H21 · · · Ni1 = 113.9° (XEGZIS,
Mol A), Ni2···H65 = 2.757(1) Å, and C65–H65���Ni2 = 143.9°
(XEGZIS, Mol B), whereas Ni1���H10 = 2.850(2)Å and C10─H10 · · ·
Ni1 = 110.5° (GAHLOR, Mol A), Ni2···H28 = 2.804(1)Å, and C28─H28
· · · Ni2 = 142.9° (GAHLOR, Mol B). These rare interactions in which
a hydrogen atom is held close to a metal centre M are termed as
anagostic or preagostic interactions.[20]

The anagostic M···H─C interactions are characterized by
relatively long M···H distances (2.3 to 2.9 Å) and large angles
(110° to 170°), in comparison to agostic interactions which
present relatively short M���H distances (1.8 to 2.3 Å) and
C─H···M angles ranging from 90° to 140°.[43] Complexes that
contain anagostic interactions are square-planar, and they are
typically associated with d8 transition metals centers.[20] It
can be observed that intramolecular Ni···H─C interactions for
XEGZIS and GAHLOR are geometrically in the range of anagostic
interactions.

These interactions are also distinguished by 1H NMR spec-
troscopy, with NMR δH downfield shifts for uncoordinated C─H,
in comparison to agostic interactions which are characterized by
NMR δH upfield shifts.[43] Unlike the related triphenylphosphine-
containing complexes, experimental 1H NMR spectra of these
two complexes with more sterically demanding phosphine lig-
and have not been reported at present, probably caused by the
low yields in the synthesis, which hampers the NMR characteri-
zation.

It has been reported that the yield of the complexes
decreases with increasing steric bulk of the ligand,[50] which
is attributed to the increased steric bulk around the lone pair
on the phosphorous atom, as the cone angle increases. This
result helps to explain not only the high difficulty of coordi-
nation of the PPh3 ligand to the metal center leading to side
reactions, but also the small number of complexes reported
with bulkier ligand as PBz3. Thus, for example, the low yield
that one of us obtained in the preparation of XEGZIS was asso-
ciated to the collateral formation of tribenzylphosphine oxide
crystals.[51]

To overcome these experimental hindrances, we have sim-
ulated the 1H NMR spectra for XEGZIS and GAHLOR from their
respective crystal structures (Figure S3, ESI†), using Gaussian16,
SCF GIAO method, 6–311 + G(2d,p) basis set with the B3LYP
functional, and tetramethylsilane (TMS) as reference.[41] A 6–
31G* basis was used for H, C, P, and Cl atoms, while Ni atom
was described by the LANL2DZ basis. Geometry optimization
was performed using the mPW1PW91/SDD method.[52] Overlay
diagrams of the crystal structure (showing atomic identi-
ties) over the optimized structure for XEGZIS and GAHLOR is
depicted in Figure S3, ESI†. The degree of similarity between
the superimposed molecules is more visible in XEGZIS, as
reflected by the alignment RMSD values of 0.959 Å and
1.847 Å for molecules A and B, respectively, in comparison
with the corresponding values of 1.381 Å and 2.043 Å for
GAHLOR.[46]

As shown by the selected experimental and optimized
parameters in Table S2, ESI, the basic experimental geometry
(bond lengths and bond angles) was withheld in the optimized
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Table 3. Interaction energies (Etot) partitioned into coulombic, polarization, dispersion, and repulsion contributions (KJ/mol) for all the nine complexes.

M X Compound Symmetry Involved Interactions H·· ·Cg/X ∠C-H…X R Ecoul Epol Edisp Erep Etot

Dihalide-bis(triphenylphosphine)M(II)

Fe Cl GATXOP –x,1-y,-z C35-H35·· ·Cg2, 2.854 8.57 −43.7 −17.0 −79.6 46.8 −89.3

C34-H34·· ·Cl1 2.943119

Co Cl BIHGEE 1-x,1-y,-z C16-H16·· ·Cl1, 2.978120 8.64 −42.6 −16.2 −73.1 37.1 −89.8

C17-H17·· ·Cg2

Br BIHGII x,-y,- 1
2 +z C3-H3·· ·Cg2 2.898 8.78 −38.2 −12.9 −77.2 41.3 −83.5

1 + x,-y, 1
2 +z C17-H17·· ·Cg1 2.932 8.33 −19.7 −15.8 −66.4 34.5 −62.2

Ni Cl CLTPNI03 x,1-y,- 1
2 +z C9-H9·· ·Cg3, 2.778 8.64 −45.5 −17.6 −82.4 51.8 −90.0

C9-H9·· ·Cl1 2.916118

Br BPOLEX –x,-y,-z C3-H3·· ·Cg1 2.917 10.19 −21.4 −3.7 −74.4 38.7 −59.8

I ZZZKQO01 x, 1
2 -y, 1

2 +z C16-H14·· ·Cg5, 2.701 9.45 −22.4 −8.3 −50.3 19.0 −58.2

C15-H13·· ·I1 3.131135

x,-1 + y,z C33-H28·· ·I2, 3.309132 10.22 −17.3 −8.1 −33.3 20.1 −36.7

C10-H9·· ·I1 3.382129

Zn Cl GUXVAW x, 1
2 -y,- 1

2 +z C3-H2·· ·Cl1, 2.733159 8.47 −48.1 −19.5 −67.7 41.8 −88.9

C35-H29·· ·Cl1, 2.917121

C17-H14·· ·Cl2 2.820125

2-x,- 1
2 +y, 1

2 -z C33-H27·· · Cl2 2.714145 9.94 −17.3 −9.1 −37.8 22.8 −39.1

1 + x, 1
2 +y, 1

2 +z C11-H9·· ·Cg6 2.922 12.69 −2.6 −1.7 −31.6 0.0 −32.2

Dihalide-bis(tribenzylphosphine)M(II)

Ni Cl XEGZIS −1-x,-y,-z C15-H15A··· Cg3, 2.513 10.49 −27.6 −4.4 −109.7 72.7 −83.0

C25-H25A·· ·Cg1 2.699

−1 + x,y,z C64-H64A·· ·Cg5 2.853 9.73 −18.4 −4.0 −65.2 43.1 −52.6

Br GAHLOR 1-x,-y,-z C3-H3·· ·Cg3, 2.522 10.50 −8.8 −6.7 −82.2 34.6 −59.3

C14-H14·· · Cg1 2.733

1-x,-y,1-z C27-H27·· · Cg5 2.882 10.50 −32.4 −9.0 −111.6 56.4 −93.6

−1 + x,y,z C11-H11·· · Cg4 2.941 9.78 −21.3 −6.6 −65.8 33.2 −58.4

x,y,-1 + z C19-H19·· · Cg6 2.950 10.50 −8.8 −6.7 −82.2 34.6 −59.3

a) Cg2 is the centroid of C21─C26 and C7─C12 rings for GATXOP and BIHGEE, respectively; Cg1 and Cg2 are the centroids of C1─C6 and C7─C12 rings for
BIHGII; Cg5 is the centroid of C25─C30 for ZZZKQO01; Cg2 and Cg3 are the centroids of C7─C12 and C13─C18 rings for CLTPNI03; Cg1 is the centroid of
C1─C12─C23/C31─C33 ring for BPOLEX; Cg6 is the centroid of C31─C36 ring for GUXVAW; Cg1, Cg3, and Cg5 are the centroids of C10─C15, C30─C35, and
C50─C55 for XEGZIS, respectively; Cg1, Cg3, Cg4, Cg5, and Cg6 are the centroids of C2─C7, C16─C21, C23─C28, C30─C35, and C37─C42 rings for GAHLOR,
respectively.

structures for both complexes, with small average differences
of 0.040 Å and 4.57°. However, the variations of 0.108 Å and
0.106 Å are notably longer in the case of d(Ni···Hortho) distances
involved in Ni···H─C anagostic interactions. Thus, the optimized
Ni1···H21 and Ni1···H10 distances of 2.935 and 2.957 Å for molecule
A of XEGZIS and GAHLOR, respectively, are slightly longer than
the limit of anagostic contacts, mainly due to significant differ-
ences in the twist of the phenyl rings around the H2C─C bond
as shown by the P─C─C─C torsion angles. This prompted us to
simulate the 1H NMR spectra from the experimental structures
as shown in Figure S4, ESI. The chemical shifts for all the 42
protons of each equivalent molecule are shown in Table S3,
ESI. The H-atoms labeled 36, 134, 80, and 178 by GaussView for
XEGZIS correspond to ortho-protons labeled 21, 21A, 65, and 65A
in Figure 2a, whereas the H-atoms labeled 57, 143, 78, 1 and 64

for GAHLOR are related to 10, 10A, 28, and 28A ortho-protons in
Figure 2b.

Compared to the remaining protons, it is clearly observed
that the four protons abovementioned for each complex
present the largest downfield shift (more deshielded), res-
onating in the ranges 6.18–6.85 ppm and 8.72–9.14 ppm for
XEGZIS and GAHLOR, respectively, which suggest that all the
eight protons are in close proximity to the nickel center. A
comparison between molecules at x,y,z (Mol1) and between
molecules at −x,−y,−z (Mol2) indicates that Ni1···H21─C21
and Ni2···H65─C65 of XEGZIS exhibit the strongest anagostic
interactions as reflected by the largest downfield shift and
shortest Ni···H distances. Remarkable downfield shifts for the
ortho-protons of phenyl groups of tribenzylphosphine ligand
are also observed in XEGZIS and GAHLOR as compared to
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its precursor ligand (refcode RILPUZ).[53] The H-atoms labeled
6, 14, 20, 28, 34, and 42 by GaussView6.0 for RILPUZ corre-
sponding to ortho-protons labeled 3, 7, 10, 14,17, and 21 in the
molecular structure, show δH shifts in the range 4.55–4.74 ppm
(Table S2, ESI), which are shorter (less deshielded) than those
of six meta/para-protons (4.80–4.90 ppm) of the phenyl rings.
Hence, our analysis of predicted 1H NMR spectra from X-ray
data confirms the geometric results about the presence of
anagostic interactions in the two tribenzylphosphine-containing
complexes.

3.5. Noncovalent Interaction Analysis

We have observed that the description of intermolecular inter-
actions is omitted by the original authors in papers of the
three Ni(II) complexes (CLTPNI03, BPOLEX, and ZZZKQO01),
the two Co(II) complexes (BIHGEE and BIHGII), and the Zn(II)
complex (GUXVAW), whereas only the shortest intermolecu-
lar C16─H16···Cl1 contact is reported in GATXOP. Studies on
intermolecular interactions are also absence for the two Ni(II)
dihalide-complexes with PBz3 (XEGZIS and GAHLOR), in the for-
mer only highlighting that the molecules in the crystal are
packed at normal van der Walls forces.

This prompted the present study in which we perform a
complete analysis of the noncovalent interactions, starting with
the calculation of geometric parameters characterizing such con-
tacts, which are evident in the output from PLATON program.[54]

However, it is known that the application of atom–atom distance
criteria based on sums of van der Waals radii is not enough
to define the existence of an interaction.[55] That is why we
have also performed energetic and surface analysis, noncova-
lent interaction plots, and crystal void analysis, which are tools
currently used to complement studies on molecular and crystal
packing.

We have found that the supramolecular assembly of all the
nine complexes is characterized by the formation of dimers
involving point-to-face C─H···π contacts[56] and weak C─H···X
(X = Cl, Br, and I) hydrogen bonds.[57] In comparison with the
seven dihalide-complexes with PPh3, a more extensive network
of the mentioned contacts is observed for XEGXIS and GAHLOR.
Geometry of the interactions is shown in Table 3 (column 5).

Pixel energies partitioned into coulombic, polarization, dis-
persion, and repulsion contributions, in molecular pairs involving
C─H···π and C─H···X interactions extracted from the crystal pack-
ing for six complexes are listed in Table 3. The energetic values
show that the higher contribution towards the total crystal sta-
bilization comes from the dispersion energy, representing similar
percentages of 59.8, 59.9, 59.2, 58.6, 55.0, and 54.2 of cohesive
energy in dimers corresponding to CLTPNI03, BPOLEX, GATXOP,
BIHGEE, BIHGII, and GUXVAW, respectively. A detailed analysis
of the total energies Etot is discussed in energy frameworks
section.

3.6. Hirshfeld Surface Calculations

Hirshfeld surface analysis have been carried out in order to get
a better comprehension on the nature of C─H···π interactions
in all the complexes studied.The donor and the acceptors of
intermolecular C─H···π contacts can be recognized as blue and
red regions around the participating atoms on the Hirshfeld
surfaces mapped over shape-index property. The evidence
of C─H···π/π ···H─C contacts in all the nine structures is par-
ticularly clear with the presence of a large red depression
(hollow) above the π -electron system and a large blue region
(bump) surrounding the C─H donor as shown in Figure S5,
ESI.

3.7. Reduced Density Gradient and Noncovalent Interaction
Plots

To get a deeper insight into noncovalent intermolecular C─H···π
interactions, we have calculated the reduced density gradient
(RDG-plots) and noncovalent interaction isosurfaces (NCI-plots)
for all the nine complexes. The plots have been computed from
appropriated molecular fragments in order to analyze isolated
H···π motifs (Figures 4 and 5). Distinct green spikes can be
observed in the negative region of sign(λ2)ρ (hereafter S), which
are related to the strength of intermolecular interactions. The
RDG plots for the seven M(II) complexes with PPh3 (a, b c, d,
e, f, g) show a unique spike with S value around −0.015 a.u.,
which is associated to C─H···π interactions (Figure 4). Two spikes
are observed in the Ni(II) complexes with PBz3 (Figure 5), one
of them attributed to the strongest C─H···π interaction, char-
acterized by a spike with S values around −0.025 and −0.020
a.u. for XEGZIS (H15A···Cg3 = 2.513 Å, Figure 5a) and GAHLOR
(H3···Cg3 = 2.522 Å, Figure 5b), respectively, when compared with
the corresponding weaker van der Waals interactions from H14A
(3.870 Å) and H4 atoms (3.817 Å), which show a spike with S value
around −0.010 a.u for both the complexes.

The green isosurfaces in the NCI-plots indicate H···Cg weakly
attractive interactions, being largest for the strongest interac-
tion in each complex. The red spike in the range 0.09–0.15 a.u.
of RDG-plots corresponds to the steric effect within the ben-
zene rings, being remarkably stronger for XEGZIS (S = 0.11 a.u.)
in comparison with the remaining complexes.

The default range of X-axis of the plotting script was
extended from −0.20 to 0.15 for XEGZIS and GAHLOR in order to
show the corresponding chemical bond region, which is clearly
revealed by a pair of blue spikes with S values between −0.19
and −0.17 a.u., confirming that electron density in these regions
is very large and implying bonding effect is strong.

3.8. Crystal Voids

In order to assessing mechanical stability of the packed crystals,
a void analysis was carried out. It is well-known that the crys-
tal structures with large empty spaces show molecules which
are not tightly packed, and hence they can be easily bro-
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Figure 4. RDG plots and NCI isosurfaces (isovalue 0.050) of strongest C─H···π interactions for a) GATXOP, b) BIHGEE, c) BIHGII, d) CLTPNI03, e) BPOLEX, f )
ZZZKQO01, and g) GUXVAW.

Figure 5. RDG plots and NCI isosurfaces (isovalue 0.050) of strongest C─H···π interactions for a) XEGZIS and b) GAHLOR.
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Figure 6. Energy frameworks of GATXOP, BIHGEE, and BIHGII viewed along b-axis direction for separate electrostatic (red) and dispersion (green)
contributions to the total pairwise interaction energies (blue); H-atoms have been omitted for clarity; energy cylinder scale of 95, and energy threshold of
5.0 kJ/mol within 3 × 3 × 3 unit cells are the same in all nine diagrams, and for the next two figures.

ken provided small amount of external force is applied to the
crystal.[39b] Voids in the crystal structure of our complexes have
been calculated and visualized by creating (0.002 au) isosurface
of procrystal electron density (Table S4, ESI; Figure S6, ESI). Crys-
tal void volumes below 570.75 Å3 associated with small % of free
spaces in unit cell between 11% and 17% are indicative of any
large cavity within the packed crystal, and hence the mechani-
cal stability can be considered notable at room temperature for
all the nine complexes.

Moreover, the isosurfaces are not completely closed around
all the molecules but are open in the regions where noncova-
lent interactions occur. Considering both that the atomic radius
of Fe is greater by 0.03 Å than that of Zn, and the similar molec-
ular conformation in GATXOP and GUXVAW, the molecules for
the former occupy more space in the unit cell, and hence the
void volume decreases from 570.75 Å3 in GUXVAW to 191.04 Å3 in
GATXOP.

3.9. Energy Frameworks

To better understand the 3D topology of the overall interaction
energies between the molecules of a crystal in the systems
under investigation, we have applied a method analogous to
the PIXEL approach, using a CE–B3LYP/6–31G(d,p) energy model
available in CrystalExplorer21.5,[25] thus enabling the calculation
of intermolecular interaction energies in complexes ZZZKQO01,
XEGZIS, and GAHLOR where the PIXEL method could not be
applicable.

Intermolecular C─H···π contacts and C─H···X (X = Cl and
Br) hydrogen bond interactions are graphically represented as
energy frameworks in Figure 6 (GATXOP, BIHGEE, and BIHGII),

Figure 7 (CLTPNI03, BPOLEX, ZZZKQO01, and GUXVAW), and
Figure 8 (XEGZIS, GAHLOR) from a list of intermolecular energies
(Table S5, ESI). All the structures are characterized by a domi-
nant dispersion energy framework followed by an electrostatic
energy framework contribution as reflected by the thickness of
cylinders. In complexes GATXOP, BIHGEE, and BIHGII, the C─H···π
and H···X (X = Cl and Br) contacts are represented as cylinders
with similar thickness in a dimer chain of molecules occurring
in a zig-zag fashion along the b-axis for GATXOP and BIHGEE,
and along the diagonal of the bc-plane for BIHGII. These interac-
tions contribute to stabilization with energies of − 89.3 kJ/mol,
−88.4 kJ/mol, and −84.1 kJ/mol, respectively, in agreement with
the corresponding pixel energies of −84.5 kJ/mol, 86.6 kJ/mol,
and 86.4 kJ/mol (Table 3).

In contrast with the Co(II) complexes, the topology of
the energy frameworks shows remarkable dissimilarity for the
Ni(II) complexes with PPh3 (Figure 7), where the strength and
directionality of the C─H···π and H···X interactions are much
more sensitive to the nature of halogen atom. Those inter-
actions are involved in the same dimer and contribute to
crystal packing stabilization with energies of −90.0 kJ/mol and
−57.5 kJ/mol for dichloride-complex (CLTPNI03) and diiodide-
complex (ZZZKQO01), respectively. The energetic comparison
with the bromo-complex (BPOLEX) is not performed due to
the mentioned interactions participate in different dimers. How-
ever, it can be seen a more extensive network of interactions
in BPOLEX when compared to the other two related Ni(II)
complexes.

In Zn(II) dichloride-complex (GUXVAW) the C─H···π and H···Cl
interactions are involved in the same dimer (x, 1

2 −y,- 1
2 +z), provid-

ing a high energy contribution of −88.9 kJ/mol towards the crys-
tal packing, in agreement with the pixel energy of −90.8 kJ/mol.

ChemistrySelect 2024, 9, e202404665 (11 of 16) © 2024 The Author(s). ChemistrySelect published by Wiley-VCH GmbH
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Figure 7. Energy frameworks of CLTPNI03, BPOLEX, ZZZKQO01, and GUXVAW viewed along b-axis direction for separate electrostatic (red) and dispersion
(green) contributions to the total pairwise interaction energies (blue). H-atoms have been omitted for clarity.

Although a different topology of the energy frameworks is
observed for XEGZIS and GAHLOR, an important common fea-
ture is the similar energetic contribution of the molecular pairs
with shortest C─H···π interactions. Thus, the dimers involving
C15─H15···Cg3 and C25─H25···Cg1 (−1−x,−y,−z) contacts (inter-
centroid distance R = 10.49 Å) for XEGZIS, and C3─H3···Cg3
and C14─H14···Cg1 (1−x,−y,−z) contacts (intercentroid distance
R = 10.50 Å) for GAHLOR, present the highest energy contri-
butions of −92.2 kJ/mol and −93.6 kJ/mol, respectively, in cor-
respondence with the similar cylinder thickness. Further, these
dimers are similarly stacked along the b-axis for both structures.
By the other hand, the dimers involving C5─H5···Br1A hydro-
gen bonds (intercentroid distance R = 11.04 Å) in GAHLOR are
stacked along b-axis, and provide an energy contribution of
−31.8 kJ/mol towards the crystal packing, whereas intermolec-
ular C23─H23···Cl2 (intercentroid distance R = 9.73 Å) in XEGZIS
forms dimers stacked along a-axis with higher energy contribu-
tion of −60.2 kJ/mol due to the participation of C22─H22···Cg6
contacts (see Table 3).

3.10. Theoretical Study of C─H�Ni Interaction in XEGZIS

In order to deduce the nature of the C─H···Ni interactions, we
have firstly used the QTAIM theory for the molecule A of XEGZIS.

These interactions could be purely electrostatic (with just pene-
tration of van der Waals radii), covalent or partially covalent. In
QTAIM theory, every chemical bond is characterized by a bond
critical point (BCP) and a bond path interconnecting the atoms
involved in the interaction. The BCP topology is described by
the electron density (ρ), the Laplacian of electron density (∇2ρ),
the electronic kinetic (G), and electronic potential (V) energy
density.

Figure 9 shows the QTAIM analysis for XEGZIS complex. In
this structure, the C21─H21···Ni1 contact is characterized by a
bond CP and a bond path that connects the phenyl ortho-H21
and the Ni(II) metal center. For this contact, the electron density
(ρ) at the bond CP was 0.0072 a.u. This value is smaller than
those reported for intramolecular X─H···M (X = C and N) interac-
tions in d8 square-planar complexes.[58] The positive value of the
Laplacian of electron density (∇2ρ) is associated with a closed-
shell interaction, with an important electrostatic contribution.[58]

In the same way, the positive value of the total energy den-
sity (H) is an indicator for purely closed-shell interaction.[59]

In accordance with the formula proposed by Espinosa and
coworkers (E = 1

2 V),[60] the energy associated to C21─H21···Ni1
is −1.38 kcal/mol, thus indicating that the H···Ni contacts are
considered as very weak interactions, in comparison with clas-
sical hydrogen bonds. The NCI-plot of the complex shows
a green isosurface located between the H21 and Ni1 atoms,

ChemistrySelect 2024, 9, e202404665 (12 of 16) © 2024 The Author(s). ChemistrySelect published by Wiley-VCH GmbH
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Figure 8. Energy frameworks of XEGZIS (top) and GAHLOR (bottom) viewed along c-axis direction for separate electrostatic (red) and dispersion (green)
contributions to the total pairwise interaction energies (blue); Molecules A (above) and B (below). H-atoms have been omitted for clarity.

Figure 9. QTAIM analysis for molecule A of XEGZIS showing bond critical
points (red spheres) and bond paths (orange lines) for the anagostic
C21─H21···Ni1 interaction. Inset: NCI-plot diagram.

confirming the attractive nature of the anagostic C21─H21···Ni1
interaction.

Although the long Ni···Hortho distances (2.757–2.850 Å)
and the predicted 1H NMR spectra suggest the presence
of purely anagostic interactions for XEGZIS and GAHLOR,
the low directionality of these contacts, as indicated by the
short C─H···Ni bond angles ranging from 110.5° to 143.9°,
could also hint at the existence of agostic interactions
(90° < C─H···Ni < 140°). This observation prompted us to
perform additional high-level theoretical calculations to fur-
ther investigate the nature of these contacts. Specifically,
we reanalyzed the C21─H21···Ni1 interaction in molecule A of
XEGZIS, which features a very short C─H···Ni bond angle of
113.9°.

To differentiate between agostic interactions, where the
σ (C─H) bond acts as an electron donor and the metal
center as an electron acceptor, and anagostic interactions,
where the metal center serves as the electron donor, we
plotted electron density (ED) versus electrostatic potential
(ESP) values along the bond path connecting the Ni atom

ChemistrySelect 2024, 9, e202404665 (13 of 16) © 2024 The Author(s). ChemistrySelect published by Wiley-VCH GmbH
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Figure 10. (a) ED versus ESP plot computed for the bond path connecting
the H to the Ni atom, as represented in Figure 10. (b) Plot of the NBOs
involved in the σ (C─H) → 4s(Ni) donation. (c) Plot of the NBOs involved in
the LP(Ni) → σ *(C─H) donation. The second order perturbation energies
are indicated.

to the H atom. It has been shown that the minimum elec-
tron density along this path is closer to the electron donor,
while the minimum ESP is closer to the electron acceptor.[61]

This approach proves useful in investigating donor–acceptor
interactions.

Figure 10a presents the plot, showing that the posi-
tions of both minima are close to each other. A closer
examination reveals that the ESP minimum is slightly
nearer to the H atom, suggesting electron flow from the
H atom to the Ni metal center, consistent with an agostic
interaction.

Given the small distance between the ED and ESP min-
ima, we further analyzed the interaction using NBO analysis, a
method effective for studying noncovalent interactions from an
orbital perspective.

Figure 10 displays two contributions: one supporting an agos-
tic interaction (Figure 10b) and the other an anagostic interaction
(Figure 10c). The NBO analysis indicates electron donation from
the bonding σ (C─H) orbital to the empty 4s orbital of Ni(II),
along with back-donation from a lone pair (LP) on Ni, located
in the dx2−y2 orbital, to the antibonding σ *(C─H) orbital. The
second-order perturbation energy for the σ (C─H) → 4s(Ni)
donation is higher (0.28 kcal/mol) than the LP(Ni) → σ *(C─H)
back-donation energy (0.05 kcal/mol). Although both energy val-
ues are relatively small, the NBO analysis suggests a dominant
agostic contribution, aligning with the ED versus ESP plot. To the
best of our knowledge, no studies have been reported in the lit-
erature addressing the combined presence of both agostic and
anagostic interactions.

4. Conclusions

This study presents a detailed structural and energetic anal-
ysis of nine metal phosphine dihalide complexes, providing
significant insights into their stability and the role of nonco-
valent interactions in determining their structural integrity.
The findings shed light on the ready dissociation commonly
observed in these complexes, which has limited their phar-
macological potential. By elucidating the influence of steric
and electronic effects of the ligands, this work offers strategies
to mitigate dissociation, thereby enhancing their suitabil-
ity as pharmacological agents. Furthermore, the insights
gained from this study hold considerable implications for
ligand design in catalytic C─H bond functionalization. The
understanding of ligand–metal interactions, steric constraints,
and noncovalent contributions provides a framework for
designing ligands that optimize reactivity and selectivity in
catalytic systems. By bridging the gap between structural
analysis and practical applications, this work emphasizes the
dual utility of these complexes in medicinal chemistry and
catalysis.

A deep investigation of the crystal structures revealed the
existence of rare intramolecular Ni···H─C anagostic interactions
for complexes with PBz3, which were confirmed by 1H NMR spec-
tra. The crystal packing is stabilized by weak C─H···π interactions
and C─H···X (Cl, Br, and I) hydrogen bonds. Shape-index surfaces,
calculation of pixel energies, energy frameworks, reduced den-
sity gradient, and noncovalent interaction isosurfaces were used
tools in describing the molecular packing, complementing the
geometric analysis provided by PLATON. Crystal voids analysis
indicated the mechanical stability of all the packed crystals, due
to the absence of any large cavity. The theoretical analysis of
the molecule A of XEGZIS complex reveals that the C21─H21···N1i
interaction, as characterized by QTAIM and NBO analyses, are
predominantly weak and electrostatic in nature, with a closed-
shell character. The QTAIM results, supported by a low electron
density at the bond critical point and a positive Laplacian of elec-
tron density, suggest an anagostic interaction. However, further
examination using electron density versus electrostatic potential
plots and NBO analysis indicates the presence of both agostic

ChemistrySelect 2024, 9, e202404665 (14 of 16) © 2024 The Author(s). ChemistrySelect published by Wiley-VCH GmbH
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and anagostic contributions. Despite the weak interaction ener-
gies, the agostic interaction, characterized by electron donation
from the C─H bond to the Ni metal center, appears to be
dominant.

Supporting Information

Figures S1–S6 and Tables S1–S4
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