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The cationic charge of the pincer ligand induces a weakly covalent ionic Ni-O interaction with the
counter-anion OX. Measurements using QTAIM (DI, H/p, Eint) and absolute values of ELF
covariances < o”(V(0), C(Ni)) >| have allowed us to estimate the covalence degree of the Ni-O

interaction as a function of anion OX, P-substituents R, and co-ligands L.



Abstract: A previous report introduced a new series of cationic nickel(Il) complexes ligated by
PCP-type pincer ligands featuring a charge-bearing imidazoliophosphine binding moiety, and
described their catalytic reactivities in hydroamination of nitriles into amidines. Solid state
characterization of the cationic acetonitrile adducts [(R-PIMIOCOP")Ni(NCMe)(triflate)]” (R-
PIMIOCOP" = &, k°, k- {2-(R,PO),6-(Ro,PC4H;sN,)CeHs}; R= i-Pr, [1]7; Ph, [2]) carried out in this
follow-up study showed a distorted square-pyramidal geometry and a Ni-triflate distance that was
shorter than the sum of the Ni and O van der Waals radii, features suggestive of an unusual
pentacoordination at the Ni(I[) center. In contrast, the related aquo adduct [(i-Pr-
PIMIOCOP")Ni(OH,)(triflate)]”, [3]", displayed a more conventional square planar geometry.
Detailed structural comparisons and theoretical analyses conducted on these and related compounds
have allowed a thorough examination of the Ni-triflate interactions in this family of complexes.
Thus, topological analysis of the Electron Localization Function (ELF) and Quantum Theory of
Atoms In Molecules (QTAIM) showed that the Ni-triflate interaction is mostly ionic in nature, but
has a weak covalence degree. The monosynaptic V(Ni) subvalence basin of nickel is indeed the
ELF signature of the covalence degree of the ionic Ni-O bond, which can be quantified by the
negative QTAIM energy density at the Ni-O bond critical point and by the absolute value of the
ELF covariance < 0>(V(0), C(Ni)) >. The ionic character of the Ni-O bond is also reflected in an
Energy Decomposition Analysis (EDA), showing that this interaction is mostly electrostatic in
nature. The computational analyses carried out on this family of complexes provide valuable insight
into the character and relative strengths of various Ni-ligand interactions, and allow a number of
useful conclusions, including the following: (i) significant Ni-anion interactions at the apical site
are observed only with pincer-type ligands featuring at least one cationic imidazoliophosphine
binding moiety; (ii) these primarily electrostatic Ni-O interactions gain increasing covalence degree
when different pincer backbone, co-ligand L, or counter-anion are introduced to enhance the

electron deficiency of the Ni(II) center.

Keywords: Pentacoordination, pincer, ELF, QTAIM, EDA, subvalence ELF basins, covalence

degree, ionic bonding, imidazoliophosphine.



Introduction

Organometallic complexes of d* ions bearing one or more strong-field ligands such as CO,
olefins, and hydrocarbyl fragments R constitute a distinct class of compounds that frequently
disobey the ‘“18-electron rule” by forming tetracoordinate, 16-electron compounds that are
thermally stable and adopt low-spin square planar coordination geometry. Indeed, this phenomenon
is so general as to have prompted some researchers to invoke a “l6-electron rule” and a “square-
planar paradigm” for organometallic complexes of d* ions,' in particular for Rh(I), Ir(I), Pd(II),
Pt(II) and Au(III). Of course, there are also many thermally stable pentacoordinate compounds that
are in violation to this “16-electron rule” by virtue of being (at least nominally) 18-electron species;
this is especially true for the 3d ions Co(I) and Ni(Il).

In this class of pentacoordinate organometallic complexes, those bearing ligands that can
participate in fundamental organometallic reactivities such as migratory insertion, oxidative
addition and reductive elimination are particularly interesting, because they can serve as models for
the proposed transition states of these reactions. A previous review has catalogued and analyzed
various structural and electronic aspects of pentacoordinate organometallic complexes of d* ions
that belong in this category.” An important structural feature of many of these compounds is the
presence of at least one unusually long (and presumably weak) metal-ligand bond, often observed
for the apical ligand in a square planar geometry.’ In cases wherein a bond distance in such
pentacoordinate complexes approaches or surpasses the sum of covalent radii, it becomes important
to have criteria other than experimentally obtained distances for establishing the degree and
character of the metal-ligand interactions in question. We have encountered just such an example,
which is the subject of this report.

During the course of our investigations into the development of thermally stable yet fairly
reactive pincer-type complexes of Ni(Il), we reported a new family of compounds based on PCP-
type PIMCOP and PIMIOCOP pincer ligands featuring both electron-rich and electron-poor donor
extremities.” Some of these complexes proved to be efficient pre-catalysts for the hydroamination of

nitriles into amidines (eq. 1).
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To complement our mechanistic studies of the above catalytic process, we set out to isolate
and structurally characterize various derivatives (mono- and dicationic) of these complexes. This
effort led to the expected tetracoordinate, square planar complexes,” but we also came across the
pentacoordinated cations [1]* and [2]" (Chart 1) that were unanticipated. The experimental solid
state structures of these complexes revealed a square-pyramidal geometry wherein the Ni-
triflate ., distance was unusually long, but still lower than the sum of the corresponding van der
Waals radii. The true character of the Ni-triflate interactions in these complexes was rendered more
ambiguous due to the fact that these normally weakly coordinating anionic ligands might also be
influenced by the positive charge borne by the imidazolium moiety of the pincer ligand. It should be
noted that the incidence of pentacoordination with phenylene-based pincer complexes of divalent
Ni is quite uncommon: to the best of our knowledge, the closely related pincer complexes
(PSiP)Ni(PMe;)X (PSiP= «3-(2-Ph;PCeH4)2SiMe; X= Cl, Br, 1)° are the only examples of this
category of compounds.’

The above considerations prompted us to launch a theoretical study to determine whether the
Ni-triflate interactions found in [1]* and [2]" constitute a conventional covalent bond. This report
presents the experimental structures of these compounds and results of systematic theoretical
analyses undertaken to characterize the Ni-OTf (OTf = triflate anion, OSO,CF;) and other Ni-ligand
interactions. We have applied Molecular Orbital (MO) analysis, Energy Decomposition Analysis
(EDA), Electron Localization Function (ELF) and Quantum Theory of Atoms in Molecules
(QTAIM) topological analyses on [1]* and [2]" as well as a number of closely related compounds—
real and hypothetical— derived by varying the main components of the compounds, i.e., the pincer
ligand, the co-ligand, and the anion itself (Chart 1). These analyses have allowed us to determine
the influence of these variables on the character of the Ni-anion interactions, indicating that the
latter can be modulated by judicious choice of the various components of the complexes. The
combined results of these analyses have indicated that the Ni-triflate interactions observed in the
title pentacoordinate complexes are best described as ionic interactions with a weak covalence

degree.



Chart 1. Line drawings of the various complexes studied. Compounds bordered in solid rectangles
have been synthesized, characterized spectroscopically and by single crystal X-ray diffraction

studies, whereas those in dashed rectangles are hypothetical compounds studied by computational
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analyses only.
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Results and Discussion

I. Ni-OTf interaction in PIMIOCOP pincer-type Ni complexes

I-1. Synthesis and characterization of PIMIOCOP complexes [1-3]". The cationic acetonitrile
adducts [1]* and [2]* were prepared by addition of silver triflate to the previously reported bromo
precursors, as shown in Scheme 1. The synthesis and spectroscopic characterization of these

b

cationic compounds has been reported elsewhere,” whereas their solid state characterization by

single crystal X-ray diffraction studies was undertaken in the course of the present study. Suitable

+

single crystals of [1]* and [2]" were grown for this purpose from their saturated chloroform
solutions kept at -37 °C. Single crystals of the analogous aquo adduct [3]* were obtained when [1]*
was recrystallized in wet THF at -37 °C, presumably because the coordinated acetonitrile in this
compound was displaced by the residual solvent moisture. The molecular structures of these

compounds are shown in Figure 1 along with the most relevant solid state parameters; the structures

are described below.

Scheme 1. Synthesis of the cationic acetonitrile and aquo adducts [1-3]".
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Figure 1. ORTEP diagrams of Ni(II) compexes [1]* (left), [2]" (middle), and [3]* (right). Thermal
ellipsoids are shown at the 50% probability level. Hydrogen atoms and second triflate anion have
been omitted for clarity. Bond lengths (A) and angles (°): Ni-C5 = 1.914(2) ([1]%), 1.929(2) ([2*]),
1.922(2) ([31); Ni-N3/08 = 1.893(2) ([1]"), 1.890(2) ([2]%), 1.940(2) ([3]"); Ni-P1 2.224(1) ([1]"),
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2.2104(8) ([21%), 2.227(1) ([3]1%); Ni-P2 = 2.153(1) ([1]%), 2.1492(7) ([2]"), 2.169(1) ([3]%); Ni-O5 =
2.433(2) (119, 2.350(2) ([2]%); P1-Ni-P2 = 152.53(2) ([1]"), 153.53(3) ([2]"), 173.36(3) ([3]"); C5-
Ni-N3/08 = 174.50 ([1]"), 174.96 ([2]"), 174.70 ([3]"); P1-Ni-O5 = 92.53 ([1]%), 97.44 ([2]"); P2-
Ni-O5 112.55 ([1]%), 107.92 ([2]"). P1-Ni-C5 =94.36 ([3]"); P1-Ni-O8 =88.96 ([3]"); P2-Ni-C5
=83.52 ([3]"); P2-Ni-O8 =92.73 ([3]").

The Ni center in [3*] adopts a square-planar geometry, as would be anticipated for a d* ion
coordinated by strong-field P- and C- based ligands. In contrast, the Ni centers in the two
acetonitrile adducts [1]" and [2]* appear to adopt a pentacoordinated geometry as a result of a close
contact between the Ni center and the oxygen atom of the triflate anion. The most obvious hint of
pentacoordination is the observed Ni-OTTf distances of 2.433 A ([11%) and 2.350 A ([21%), which are
longer than the sum of corresponding covalent (1.90 A) and ionic radii (1.95 A), but much shorter
than the sum of the van der Waals radii of Ni and O atoms (3.15 A). For comparison, the Ni-O
distance in the aquo adduct [3]" is 1.94 A.

Other indications of pentacoordination in [1]* and [2]* include major tetragonal distortions
arising from the Ni-OTf interaction. For instance, whereas the “trans” P-Ni-P angles are ca. 173° in
the aquo adduct, the corresponding angle in the acetonitrile adducts is ca. 153°. The Ni centers in
the latter are also significantly out of the main square plane of the ligands compared to [3]*,” by ca.
0.27 A in [1]*,0.25 A in [2]*, and only ca. 0.09 A in [3]*. These considerations suggest that the Ni-
OTY interactions exert significant influence on the solid state structures of the acetonitrile adducts
[1]" and [2]%, and the 7 index of 0.36 derived for these compounds points to a distorted square
pyramidal geometry.®

The apparent pentacoordination observed in [1]* and [2]* was unexpected, because most
pincer Ni(II) complexes reported to date display variously distorted square planar geometries of the
type found in the aquo adduct [3]*. Close inspection of the solid state structure of the latter
compound revealed that the oxygen atom of the triflate anion interacts with an hydrogen atom of
the coordinated H,0O molecule instead of the Ni center, the HOH---OTf distance being 1.709 A.
Such a hydrogen bonding interaction between Ni-OH, and OTf anion has been observed
previously.'’ The unusual pentacoordination in the solid-state structures of the acetonitrile adducts
[1]* and [2]* prompted us to use complementary theoretical tools to investigate the nature of Ni-OTf

interactions at the apical site, as described in the following sections.

I-2. Calculated structures of [1-3]" and related isomers. The structures of [1]*, [2]%, and [3]" were
calculated at the PCM-B3PW91/6-31G** level with implicit acetonitrile solvent as a dielectric

continuum. Figures 2 and 3 show the structures resulting from this approach side by side with the
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corresponding experimentally derived structures; comparison of main structural parameters showed
good pair-wise agreement between these structures. We also computed a structural isomer of [1]* in
which the relative positions of NCMe and the triflate anion were exchanged; this structure turned

out to be less stable by 8.4 kcal/mol compared to [1]* (Figure S1 in SI).

[1]* (calc.) [1]" (exp.)
Ni-O: 2.522 A and N,C-OTf: 3.024 A Ni-OTf: 2.433 A and N,C-OTf: 3.074 A
Ni-N(CCH,): 1.853 A Ni-N(CCH,): 1.894 A

[2]* (calc.) [2]" (exp.)
Ni-O1: 2.347A and N,C-O2Tf: 3.193 A Ni-O1: 2350 A and N,C-O2Tf: 3.200 A
Ni-N(CCH,): 1.850 A and N,C-O1Tf: 3.464 | Ni-N(CCH,): 1.890 A and N,C-O1Tf: 3.404 A

Figure 2. Selected geometrical data for calculated (leff) and experimentally determined (right)

structures for complexes [1]* (top) and [2]* (bottom).

[3]* (exp.) [3]" (calc.) [4]* (calc.)
Ni-OTf: 3.927 A Ni-OTf: 3.834 A Ni-OTf: 3.450 A
N,C-OTf: 6.647 A N,C-OTf: 6.467 A N,C-OTf: 3.034 A
Ni,,-O(H),: 1.941 A Ni-O(H),: 1.929 A Ni-O(Me),: 1.976 A




‘ Hydrogen bond: 1.709 A ‘ Hydrogen bond: 1.511 A ‘ No hydrogen bonding ‘

Figure 3. Selected geometrical data for the experimental structure of complex [3]* (left) and the
structures calculated at the PCM-B3PW91/6-31G** level in acetonitrile solvent for [3]* (middle)
and the related OMe, adduct [4]" (right).

The structure computed for the aquo adduct [3]*, which was also quite comparable to the
experimentally derived structure, showed that substitution of NCMe by water led to loss of the Ni-
OTY interaction in favor of a new hydrogen bonding interaction between the triflate anion and the
aquo ligand (Figure 3 and Figure S2). To determine if the loss of Ni-OTf interaction in [3]" is due
entirely to the presence of the protic sites in the aquo ligand, we computed the structure of the
OMe, adduct [4]*, a new cationic adduct in which the aquo protons are replaced by methyl groups.
The results of this study revealed that the Ni-OTf distance did shorten as a result of replacing the
aquo ligand by OMe, (from 3.834 A calc. for [3]* to 3.450 A calc. for [4]*), but a significant
interaction of the type observed in [1]* and [2]" is not re-established as judged by the rather long Ni-
O distance. Instead, the triflate anion in [4]" interacts with the imidazolium ring (N,C-OTf = 3.034
A). These results suggest that the bulkiness of the methyl groups may prevent the Ni-OTf
interaction, resulting in a closer contact with the next nearest positively charged moiety, namely the
imidazolium ring. In the space filling model of [4]" shown in Figure S3, the Van der Waals
spheres of Ni and O are indeed not overlapping. Hydrogen bonding with the OMe, group and non-
covalent interactions similar to those observed in complex 1 between the oxygen atom of the triflate
and the imidazolium ring are expected (see QTAIM section II.2). These observations seemed to
imply that the interactions of the triflate anion are mainly governed by electrostatic factors. This
conclusion was also supported by the results of calculations showing that rotational isomers of [1]"
featuring various orientations of the triflate anion with respect to the cationic pincer backbone are
iso-energetic with respect to [1]", their relative energies being within 3.0 kcal/mol (Figures S1 and

S2).

All the above results, namely a flat potential energy surface with quasi-degenerate
conformers, various iso-energetic orientations of OTf and absence of any MO overlap related to a
covalent interaction, suggest an ionic Ni-OTf bond. The nature of this bond was further investigated

using topological analyses, as described hereafter.



I1. Theoretical analysis of Ni-OTf interactions in complexes [1-3]*

Complexes [1-3]" were subjected to ELF and QTAIM topological analyses as well as
Energy Decomposition Analyses (EDA), methods of choice for chemical bonding analysis.
II-1. ELF topological analysis. We have carried out ELF analyses on the monocationic complexes
[1]" and [2]" and the results are compared to the ELF populations obtained with the corresponding
dicationic complex [1]™, initially studied without any anion (Figure 4)."" ELF analysis was also
carried out on complex [3]*, but in this case the triflate anion H-bonded to the aquo ligand was

included in the analyses (Figure 4).
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Figure 4. Average populations of selected ELF valence basins (in red) and QTAIM atomic charges
(in blue square brackets) calculated at the B3PW91/6-31G** level for the experimental structures
of complex [1]" (top left), complex [1]"* without triflate anions (top right)," complex [2]" (bottom
left), and complex [3]" (bottom right).

Inspection of the ELF data for [1]* and [1]"™ shows some differences between these
complexes in terms of the ELF populations of the mono- and disynaptic basins V(N) and V(C,N)
for the acetonitrile ligand, but these differences are small (3.18 e~ versus 3.32 ¢ for V(N) and 4.52
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e versus 442 ¢ for V(C,N)) and within the accepted range of ELF populations accuracy (few
percent using the default ELF analysis setup).' It is also noted that the topological descriptions and
the aromatic character of the phenylene ring in both species are fairly insensitive to the
incorporation of the triflate anion in the calculations. Thus, we conclude that the global topological
descriptions of these species are very similar, which in turn implies that the Ni-OTf interactions
must be of a primarily closed-shell ionic character.

A closer look at the ELF descriptions of complexes [1]* and [2]* (Figure 4) shows that the
first coordination sphere of the Ni center is defined by a core Ni basin, C(Ni), surrounded by the
following five valence basins: two monosynaptic basins, V(Ni) and V(N), and three disynaptic
basins related to the bonds with the two P-based ligands and the central phenylene ring, i.e.,
V(Ni,PO), V(Ni,PIm) and (V(Ni,C). The QTAIM atomic contributions of Ni to these basin
populations are sizeable (Table 1): V(Ni,C) (16%), V(Ni,PIm) (15%) and V(Ni,PO) (ca. 20%).
Significantly, the V(Ni,C) attractor is located at about one third of the Ni-C bond closer to C;
similarly, the V(Ni,PIm) attractor is at about one third of the Ni-P bond closer to P. These features,
along with the large covariance of these disynaptic basins with C(Ni) (approx. -0.40), are consistent
with the presence of C—Ni and P—Ni dative bonds in complexes [1]" and [2]"; the same
topological description of the first coordination sphere of the Ni center holds for complex [3]"
(Table 1).

The much lower QTAIM atomic contribution of Ni to V(N) (4.4 %) and the smaller
covariance with C(Ni) (< o*(V(N), C(Ni)) > = -0.22) are indicative of a weaker donor-acceptor
character for the CH,CN—Ni interaction relative to the C—Ni and P—Ni bonds. In complex [3]*,
only one of the two monosynaptic V(O) basins is involved in the H,O—Ni dative interaction. The
small QTAIM atomic contribution of Ni (3.6 %) to this monosynaptic basin and the small
covariance < 0°(V(0), C(Ni)) > = -0.08 (Table 1) suggest that the H,O—Ni dative bond in
complex [3]" is even weaker than the corresponding CH;CN—Ni interaction in pincer complexes
[1]" and [2]*. Although the atomic charge of Ni in complexes [1-3]" is only about 0.6 (Figure 4), the
formal oxidation state of the nickel atom estimated from ELF analysis is found close to +II. This is
calculated by subtracting the total population of C(Ni) and V(Ni) given in Table S1, from the
atomic number of nickel, namely: 28 — (25.79 + 0.29)."
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Table 1. ELF analysis of the dative Ni-X bonds (X = C, PIm or PO, N or O) of complexes [1-3]" in

their experimental geometry.

Ni-phenylene Ni-PR,(im) and Ni-PR,(O) Ni-NCMe or Ni-OH,
Cya -b ¢ | VINi,pO)* - b ¢ | VWNcaen) * :b d
VINi,O)* | %Ni° | Cov. V(Ni.PIm)* %Ni° | Cov. V(Oyp0)" 9%Ni Cov.

2.15 20% -0.38
2.15 15% -0.30

2.13 19% -0.38
2.11 15% -0.30
2.08 19% -0.29 1.93 36% -0.08
2.01 15% -0.22 2.32 04% -0.03

“: Average population N of the ELF valence basin (in ¢") ": QTAIM atomic contribution of Ni. ©:

17 2.14 16% -0.36 3.18 44 % -022

[2]* 2.15 16%  -0.35 3.19 44 % -022

31 2.28 17%  -0.33

covariance < 0*(V(Ni,X), C(Ni))>. *: covariance < o*(V(X),C(Ni)) >. B3PW91/6-31G** level of

calculation.

Having established the ELF parameters for the main in-plane Ni-ligand bonds, we turn our
attention to the out-of-plane Ni-OTf interactions in complexes [1-2]". Recall that a covalent,
electron-shared Ni-X bond should be a priori characterized by the presence of a V(Ni,X) disynaptic
basin. That the Ni-OTf interaction in these complexes is not a covalent electron-shared bond, is
indicated by the results of the ELF analysis showing no disynaptic basin, only two monosynaptic
V(O) basins (Figure 4). Both of these V(O) basins exhibit negligible QTAIM atomic contributions
from Ni (< 2 %) and negligible covariances with C(Ni) (< -0.03, Table 2), suggesting an ionic
closed-shell interaction between Ni and OTT.

Additional indications that the Ni-OTf interaction in complex [1]* is predominantly ionic in
character are provided by the presence of a monosynaptic basin V(Ni) of low ELF value (0.311),
low population (0.29 ¢), and large covariance with C(Ni) (< o*(V(Ni), C(Ni)) > = -0.17. (See
Table S2 in SI)."* Such subvalence basins V(M) resulting from the splitting of the outer-shell
density of nickel have been shown by de Courcy et al. to be the topological signature of metal
cations featuring an ionic interaction in biochemical systems."” The volume and the population of
the monosynaptic basins V(M) were reported to be sensitive to polarization effects and to increase
with the covalence degree of the ionic bond."

Notwithstanding the fairly similar ELF topological descriptions of [1]* and [2]* (Figure 4,
Tables 1 and 2), the Ni-OTf interaction is anticipated to be slightly stronger in [2]*, because this
complex displays a larger V(Ni) population (0.34 vs 0.29) and a greater covariance < o’(V(Ni),
C(N1)) > (-0.20 vs -0.17). This result is in accord with the less nucleophilic diphenylphosphine
moiety, which would be expected to increase the electrophilicity of the Ni center in complex [2]*.
On the other hand, the large population of V(Ni) in [3]" is not related to the covalence degree of the

Ni-OTfT interaction but rather to that of the dative H,O—Ni bond. Nevertheless, the ELF topological
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description of the hydrogen bonding between the triflate anion and H,O in [3]* resembles the ELF
topological description of the Ni-OTf interaction in complexes [1]* and [2]*, suggesting a non-

covalent interaction in all cases (Table 2).

Table 2. ELF analysis of the Ni-OTf interactions in the experimental geometry of [1-3]".

OTf V(O)* %Ni® Cov.¢ V(O %Ni°® Cov.® VNi)* ELF Cov.*
[ 264 002 -003 343 001 -003 029 0311 -0.17
[2]7 233 002 -003 376 001 -003 034 0313 -020
[31" 217 000 -000 387 000 -000 1.58° 0261° -1.04°

*: Average population of the ELF valence basin (in ¢") »: QTAIM atomic contribution of Ni (in ¢"). ©:
covariance < 02 (V(0), C(Ni))>. % covariance < o*(V(Ni), C(Ni))>. B3PW91/6-31G** level of

calculation. ¢ Highest accuracy level for ELF analysis (Grid = 0.05 A and no cutoff for the gradient

field analysis.

II-2. QTAIM topological analysis. The electronic structure of complex [1]* and the bonding
interactions in this compound were further studied using various QTAIM descriptors. The
delocalization index (DI) quantifies the degree of covalence and the multiplicity of a given bond,
and bonds may be classified according to the values of local indicators of electron density and

energy densities calculated at the bond critical points (BCPs) (Table 3, Figure 5).'

Table 3. QTAIM descriptors (in a.u.) of selected bond critical points (BCP) involving the nickel

atom or the oxygen atom of the triflate anion interacting with nickel in [1]".*

#BCP BCP Pop  APnep Vi ’ Hy,© | H bep | /Prep | Viep | /Grep DI ’ (kcg}l;tnol)
10 Ni-C  0.1265 +0.192 -0.17779 -0.06492 0.51 1.58 0.82 55.8
42 Ni-PO 0.1094 +0.077 -0.14283 -0.06174 0.56 1.76 0.76 448
57 Ni-PIm 0.0910 +40.106 -0.11857 -0.04607 0.51 1.64 0.66 37.2
19 Ni-NC 0.1008 +0.559 -0.18889 -0.02462 0.24 1.15 0.57 59.3
82 O-Ni 0.0284 +0.118 -0.03182 -0.00117 0.04 1.04 0.17 10.0
87 O---H 0.0039 +0.016 -0.00218 +0.00070 0.23 0.70 0.01 0.70
4 O---N 0.0088 +0.030 -0.00615 +0.00092 0.08 0.90 0.04 1.90

*: See BCP location and labelling in Figure

6. *: Potential energy density Viep- - Energy density
H,,. ¢ Delocalization Index (DI). B3PW91/6-31G** level of calculation.
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BCP#42 BCP#10
p=0.1094 p=0.1265
Ap=+0.077 Ap=+0.192
H=-006174 H=-0.06492
V/IG=1.76 V/IG=1.58
Hip= 056 Hip= 051
DI(NiP) = 0.76 DI(Ni,C) = 0.82

g
v";ﬁ
¥
S
BCP#82
BCP#19 p=00284
Ap=+0.118
p=0.1008 H=-000117
Ap=+0.559 V/G =1.04
H=-0.02462 Hlp= 0.04
V/IG=1.15 DI(Ni,0) =0.17
Hip= 024
DI(Ni,N) =0.57

Figure 5. QTAIM molecular graph calculated at the B3PW91/6-31G** level for the experimental
structure of complex [1]*. Bond critical points are located as small green spheres. See main text and

Table 3 for the definition of BCP descriptors.

Negative and positive values for the Laplacian of the electron density at the BCP (Ap,,,) are
assigned to « electron-shared » and « closed-shell » interactions, respectively.'® This classification
was refined by Bianchi et al."” into three bonding regimes, depending on the value of | Vi, | /Gyeps
the ratio of the potential energy density V,, to the kinetic energy density Gy,,, as follows: a ratio
greater than 2 is related to the shared-shell region of covalent bonds, while a smaller than one ratio
is related to the closed-shell region of ionic bonds and van der Waals interactions; the intermediate
region, 1 <| V., | /Gyep < 2, includes dative bonds and ionic bonds of weak covalence degree. "'

Based on the above criteria and on Macchi’s recent classification,' the BCP descriptors
related to the four Ni-ligand bonds in the main coordination plane are consistent with the presence
of dative Ni—ligand bonds (Table 3, Figure 5).” For all these bonds, the | V,, | /Gy, ratio refers to
the intermediate bond regime (1 <| V,, | /Gy, < 2) according to the above-described classification of
Bianchi et al."” It should be added that these L—Ni bonds exhibit low electron density values (0.09
< Phep <0.13 a.u.) and large positive Laplacian values Ap,,,, ranging from +0.077 a.u. for the Ni-PO
bond up to +0.559 for the Ni-NCCH, bond (Table 3). These parameters are also common to ionic

bonds, but the latter display positive energy densities at the BCP (H,,,), whereas these are negative

cp
in the present L—Ni interactions (Table 3).

According to Espinosa et al.,”! the “bond degree” |H,, | /p,, may be useful for assigning the
degree of covalence for any pairwise interaction. In complexes [1-3], the bond degree is similar for

the Ni-PIm, Ni-PO and Ni-C bonds (| Hy, | /pw, = 0.50), while that for the Ni-NCCH; bond is half as
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strong (Hye, | /pve = 0.24), suggesting a larger ionic character in the latter case. The delocalization
index (DI) values inferior to 1 are consistent with Ni-ligand bonds featuring a donor-acceptor
character (Table 3), and suggest the following order for the increasing covalence degree of Ni-X
bonds: Ni-N (DI = 0.57) < Ni-PIm (DI = 0.66) < Ni-PO (DI = 0.76) < Ni-C (DI = 0.82). It is
noteworthy that the QTAIM Ni-ligand interaction energy estimated through Espinosa’s correlation®
does not correlate with the covalence degree, as the Ni-NCCHj; interaction is slightly stronger than
the Ni-C interaction involving the central phenylene ring (Table 4). The QTAIM covalence degree
and bond strength of the Ni«—-NCCH, dative bond is very similar in complexes [1]* and [2]" (Table
4). However, both the covalence degree (0.14 vs 0.24) and bond strength (47 vs 60 kcal/mol) of the
Ni«—OH, bond in [3]" are significantly weaker (Table 4).

Table 4. QT AIM characteristics (in a.u.) of selected bond critical points (BCP) involving the nickel
atom.”

int

BCP DI Hy, |Hyp|/Poep (keal/mol)

[11* Ni-NC 0.57 -0.02462 0.24 59.3
[2]" Ni-NC 0.57 -0.02472 0.24 60.0
[3]* Ni-OH, 0.46 -0.01135 0.14 46,6

* See main text for the definition of BCP descriptors. B3PW91/6-31G** level of calculation.

Table 5 lists the QTAIM descriptions for (i) the Ni-OTf interaction in complexes [1]* and [2]*
and (ii) the HOH-OTY interaction in complex [3]*. The two types of triflate interactions found in
these complexes are of a similar character and strength (about 10 kcal/mol), as discussed below in

the case of complex [1]".

Table 5. QTAIM characteristics (in a.u.) of selected bond critical points (BCP) involving one

oxygen atom of the triflate anion."

BCP DI H,, |Hyy|/Prp |Vie| /Goep (kci}';;wl)
[1]* Ni-OTf 0.17 -0.00117  0.04 1.04 10.0
[2]* Ni-OTf 0.19 -0.00219  0.07 1.06 12.6
[3]* HOH-OTf 0.10 -0.00001  0.0002 1.00 10.1

*: see main text for the definition of BCP descriptors. B3PW91/6-31G** level of calculation.

For the Ni-OTf interactions in [1]*, the values of |V, | /Gy, are close to 1 (Table S4), that is
to say they are at the boundary of the closed-shell region of ionic bonds and of the intermediate
region (1 < | Viep | /Gy < 2), including dative and ionic bonds of weak covalence degree. The large

positive value for the Laplacian of the electron density (Ap,,, = +0.118 a.u.) and the low electron
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density value (0.0284 a.u.) at the Ni-O BCP are indicative of an ionic, closed-shell type Ni-OTf
interaction (Tables S3 and S4). A weak covalence degree is, nevertheless, anticipated from the
sizeable value of the delocalization index (DI = 0.17, Table 5) and from the negative energy density
value (H,., = -0.001167 a.u.). Both the degree of covalency, as measured by the |H,,|/0,, ratio
(0.04 a.u.), and the QTAIM Ni-O interaction energy of 10.0 kcal/mol, estimated from the Espinosa
correlation, > are non-negligible and also indicative of a weak covalence degree of the Ni-OTf ionic
bond.

In the case of complex [1]", two weak non-bonding interactions of the triflate oxygen atom
with one nitrogen atom of the imidazolium ring and with the hydrogen atom of the i-Pr substituent
of the phosphinite moiety are also characterized by the related BCPs (Table 3). The positioning of
the triflate anion results both from steric effects and the competition between three types of non-
bonding interactions, namely TfO™--Ni*, TfO--N,C*, and TfO--(CH,),CH interactions (Figure 5 and
Table 3).

II-3. Energy decomposition analysis (EDA). EDA allows for partitioning of the interaction energy
between two fragments (E,,) into three components, namely: (i) the Pauli repulsion (E;,,;); (ii) the
electrostatic interactions (E,,) between the fragments frozen in the experimentally determined
geometry of the complex; (iii) the orbital interaction energies (E,).” The latter accounts for charge
transfer, which is related to interactions between occupied and empty orbitals of the metal fragment
and the ligand, and for polarization effects corresponding to the mixing of orbitals within a given
fragment. The Energy Decomposition Analysis will first be applied to Ni-OTf interactions in
complexes [1]* and [2]*, and to the Ni(OH,)-OTf interaction in [3]*, followed by the Ni-NCCH,
interaction in [1]* and the Ni-OH, interaction in [3]".

The importance of E

=E

may be addressed in terms of its contribution to the total attractive

/ E,

attr

elstat
+ E_;). The E
involved in complexes [1-3]* (Table 6). While it is true that E
and E

interactions (E,,, clstat clstat is greater than 80% for the triflate interactions

is significantly larger than E_,, the

elstat

underlying forces for E are different in origin and their absolute values cannot be put on

elstat orb

an equal footing. The ratio E,, / E,,, Which places the total bond energy in relation to the

electrostatic component, is therefore expected to provide a clearer bonding picture, such that the

on the chemical bond.* The E. ./ E

elstat int elstat

larger this ratio, the larger the influence of E ratio is larger
than 90% for the triflate interactions involved in the series of complexes [1-3]" (Table 6), thus
attributing a major electrostatic component to the Ni-OTf interaction. The E,,;, + E_;, sum may be
related to an overall orbital contribution, i.e., the result of destabilizing and stabilizing orbital
overlaps. The (E,,; + E,,) values are close to zero for the triflate interactions, consistent with an

ionic Ni-OTf interaction (Table 6).
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Table 6. EDA analyses of complexes [1-3]". PBE/TZP level of calculation.

Ni-OTf(A) By Euy Eaw Eo g g Pt
[1]" (Ni --- OTfH)* 2.433 -130.5 2697 -135.28 -22.19 0.86 0.96 4.78
[2]" (Ni --- OTY) 2.350 -12998 34.80 -13496 -29.83 (.82 0.96 4.97
[3]" (NiOH, --- OTf)* 1.511 -132.70 18.33 -12590 -25.13 0.83 1.05 -6,80
[1]" (Ni—-NCCH,) - -47.51 8046 -79.29 -48.68 0.62 0.60 31.78
[3]" (Ni—OH,* - -22.84 66.38 -59.34 -2988 0.67 0.38 36.50

* Energies (kcal/mol) calculated at the PBE/TZP level for the experimental geometries.

The EDA description of the CH;CN—Ni and H,0—Ni dative bonds is markedly different
from that of the ionic Ni-OTf interactions in that smaller electrostatic contributions are found for
CH,CN—Ni (60%) and H,O—Ni (38%). The Pauli and electrostatic contributions for these bonds
nearly cancel each other, such that E;, is comparable to the orbital interaction energy contribution.

As expected, the CH;CN—Ni dative interaction is stronger than that of H,O—Ni (47.5 vs 22.8
kcal/mol).

I11. Modulation of the covalence degree of the ionic Ni-OTf bond

The above-presented EDA and topological (QTAIM and ELF) analyses point out that the
Ni-OTf interaction in [1]* and [2]" is mostly ionic, with a weak covalence degree. We undertook
similar analyses on related hypothetical complexes bearing different counter-anions, pincer
backbone, and co-ligand in order to investigate how these variables can modulate the Ni-OTf
interactions. These studies began by comparing the experimental structure of complex [1]" to the
different structures obtained for the hypothetical complexes in question using various levels of
calculation (Figure S4); this exercise allowed us to evaluate the performance of various functionals.
We found that the best descriptions of Ni-OTf, Ni-NCCH, and N,C-OTf distances are obtained at
the PCM-MO6L/Def2TZVP calculation level. The Ni-OTf distance obtained at the PCM-

B3PW91/6-31G** calculation level (acetonitrile solvent, € = 35.688) is overestimated by about 0.1
A relative to the corresponding value found in the solid state structure of complex [1]*, while the
Ni-NCCH; and the OS5, ;.0---C1inidasoium distances are underestimated by about 0.05 A. (See Figure 1
for the atom labelling scheme).

The influence of the calculation level on the topological analysis was also investigated for
complex [1]* (Table 7). The Ni-OTf distances are fairly sensitive to the calculation level, ranging
from 2.433 to 2.522, whereas the topological descriptors are fairly insensitive. The PCM-

B3PW91/6-31G** level of lower computational cost was, therefore, selected for the theoretical
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studies described hereafter.

Table 7. Topological analysis of the Ni-OTf interaction in [1]* depending on the level of the

calculation.
ELF analysis Ni—OTf(A) V(@©O)* %Ni® Cov.°® V(Ni)* ELF Cov. ¢
. 2.64 0.02 -0.03
Experimental 2.433 343 001 003 0.29 0311 -0.17
PCM-MO6L/Def2TZVP 2483 272 0.02 001 0.27 0.302 -0.16

337 0.01 -0.01

2.90 0.02 -0.03
- . ok )
PCM-B3PW91/6-31G 2.522 326 001 002 0.19 0.300 0.11

. Ein
QTAIM analysis DI p,, H,., | Hyeo | /Pbep | Viep | /Giep (keal /Itnol)
Experimental 2.433 0.17 -0.028 -0.00117 0.04 1.04 10.0
PCM-MO6L/Def2TZVP 2.483 0.15 -0.026 -0.001 0.04 1.04 8.8
PCM-B3PW91/6-31G*** 2.522 0.14 -0.024 0.00018 0.008 1.00 7.7

*: average population N of the ELF valence basin (in ¢”) *: QTAIM atomic contribution of Ni (in e
). % covariance < 0(V(0), C(Ni))>. ¢: covariance < o’(V(Ni), C(Ni))>. B3PW91/6-31G** level of
calculation. See main text (section 11.2) for the definition of QTAIM BCP descriptors (in a.u.).

IlI-1. Influence of the counter-anion (X = TfO", (H,MeSiO)", (Me,PO,)"). We have investigated the
impact of alternative counter-anions silanolate, [H,MeSiO]", and phosphinate, [Me,(O)PO]", on the
geometries of the respective complexes [5]* and [6]" (Chart 1) and the Ni-O,,,,, interactions found
therein. The results of these investigations are presented in Figure 6 and Table 8, and discussed

below.

[5]: (H,MeSiO) ; Ni-O: 2.080 A [6]": (Me,PO,) ; Ni-O: 2.2324

Figure 6. Structures of complexes [5]" and [6]" calculated at the PCM-B3PW91/6-31G** level.

18



Table 8. Selected geometrical data of calculated structures of complexes [1]* (X = TfO"), [5]* (X =
(H,MeSiO)") and [6]" (X = (Me,PO,)).

Complex Anion AE* Ni-X (A) < (°)
(1] (CF,SO;) 6.3 2522 0.30
(6] (Me,PO,)~ 127 2232 040
(5] (H,MeSiO)~ 18.5 2.080 041

* Interaction energy (kcal/mol) of the cationic pincer complex with the counter-anion, calculated

from equation 2 given in the text. PCM B3PW91/6-31G** level of calculation. Distances are given

in A and angles in degrees.

It is worth noting at the outset that the nature of the counter-anion has little or no bearing on
the geometry adopted by the Ni center in these complexes, which can be considered square
pyramidal in all cases based on the calculated values of T (0.30 - 0.41; Table 8). Inspection of the
Ni-X distances shown in Figure 6 and Table 8 indicates that the triflate, phosphinate, and silanolate
anions are located at about the same distance from the imidazolium ring; in contrast, the Ni-O
distances are fairly different and span a relatively wide range (2.080 - 2.522 A), the phosphinate and
silanolate anions being closer to the Ni center. On the basis of the Pauling electronegativity values
for Si (1.9), P(2.2), and S (2.6), the weight of the zwitterionic form E™-O" is expected to be the
largest for the silanolate anion. Therefore, the silanolate anion would be expected to display the
strongest and shortest Ni-O ionic interaction. The Ni-O interaction energy, AE, in the complexes
studied was calculated at 0 K (without ZPE correction) at the PCM-B3PW91/6-31G** level
(acetonitrile solvent), from equation 2. The results showed that AE increases by a factor of 2 or 3,

respectively, as the Ni-O distance shrinks from 2.522 Ain [1]*t02.232 A and 2.080 A.

[(PIMIOCOP)NIL(OTf)] = [(PIMIOCOP)NIL]* + [OTf]” (AE) 2)

The ELF topological descriptions of the pincer complexes [1]", [5]", and [6]" appear to be
very similar. Thus, the low ELF values, populations, and volumes of V(Ni) are constant along the
series (Table 9 and Table S5). Moreover, the total population of V(O) basins is constant along the
series, involving about 6 e¢. Nevertheless, there are also some differences among these complexes.
For instance, the O atom in the silanolate and phosphinate anions shows one monosynaptic V(O)
basin, whereas the triflate O atom in [1]* has two. Another point of differentiation among the three
complexes is the covariance of V(O) with the core basin of nickel < ¢*(V(0),C(Ni)) >, which
increases from -0.03 for TfO to -0.09 for Me,PO, and -0.13 for H,MeSiO; this trend suggests an

ionic interaction of increasing covalence degree and strength. This conclusion is also supported by
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the results of the QTAIM analysis, showing that the delocalization indices (DI), bond degrees

(| Hyep | /Pnep)» and interaction energies (E,,) increase accordingly (Table 10 and Table S6).

Table 9. Selected data from ELF analyses performed on complexes [1]*, [5]", and [6]". B3PW91/6-
31G**//PCM-B3PW91/6-31G** level of calculation.

(17 [5] (6]
(CF,SO, (H,MeSiO)  (Me,PO,)
2.90
V(0) 226 6.32 6.12
. 0.02
QTAIM (Ni) 001 0.10 0.06
. , 0.03
< FNVO)CN)> o5 0.13 0.09
V(Ni) 0.19 0.27 0.30

Table 10. QTAIM descriptors (in a.u.) of the Ni-O bond critical points (BCP) related to the
interaction of the nickel atom with the oxygen atom of the counter-anion. B3PW91/6-31G**//PCM-
B3PW91/6-31G** level of calculation.

E

BCP DI Poep ADpep Hy,, | H,,, | /Poep (kcal}l:nol)
[1]"™ Ni-OTf 0.17 0.0284 +0.118 -0.00117 0.04 10.0
[6]" Ni-OP 0.27 0.0462 +0.172 -0.00923 0.20 19.3
[51" Ni-OSi 0.39 0.0668 +0.250 -0.01838 0.28 31.2

* Experimental geometry and B3PW91/6-31G** level of calculation.

The shrinking Ni-O distances along the series [1]* > [6]" > [5]* results in increasing DFT and
QTAIM interaction energies (Tables 8 and 10). QTAIM interaction energies (E,,) are double the
DFT interaction energies estimated from equation 2. The observed relative strength and increasing
covalence degree of the Ni-O interaction ([5]" > [6]" > [1]") is not correlated to the ELF population

and volume of V(Ni), as anticipated from the report of de Courcy et al."

I1I-2. Influence of the pincer backbone. As discussed above, the Ni-OTf interaction in complexes
[1]" and [2]" is characterized by a weak covalence degree. In an effort to understand how the nature
of the Ni-OTTf interaction in these complexes might be influenced by the positive charge present in
the imidazoliophosphine moiety of the pincer backbone, the Ni-OTf interactions was studied in two
related Ni pincer complexes, one being a charge-neutral compound featuring two phosphinite
moieties (7) and the other being a dicationic compound featuring two charge-bearing

imidazoliophosphine moieties ([8]™). It should be noted that [8]™ is a hypothetical complex which
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has not been prepared yet, whereas 7 is a known species;'" the experimentally determined structural
parameters of the latter will serve as points of comparison to the corresponding parameters obtained

from computational studies (Figure 7).

[8]++ 7
C, symmetry - Ni-OTf: 2.032 A Ni-OTf: 1.951 A
Figure 7. Structures of complexes 7 and [8]™, calculated at the PCM-B3PW91/6-31G** level.

At the PCM-B3PW91/6-31G** level of calculation, the C-symmetric structure of complex
[8]™ is a second-order saddle-point, lying 3.7 kcal/mol higher in energy than the structure
calculated without symmetry constraints. Unlike complexes [1]" and [2]" that adopt a square-
pyramidal geometry, complex [8]™" adopts a distorted trigonal bipyramidal arrangement
characterized by the large value of the structural parameter T = 0.68 (Table 11). The calculated Ni-
O distances show the following order: 2.032 A in [8]", 2.347 A in [2]*, and 2.522 A in [1]*. The
significantly shorter distance in [8]™ is likely related to the presence of two cationic
imidazoliophosphine moieties inducing a stronger electron deficiency of the nickel center. The DFT
calculated Ni-OTf interaction energy (AE from equation 2) increases along the series [1]" < [2]* <<

[8]"" <<and 7 (Table 11).

Table 11. Selected geometrical data for calculated structures of complexes [1]%, [2]*,7, and [8]"."

Charge Pincer AE" | Ni-OTf (A) |t (°)

1 | +1 " PIMIOCOP™ | 63 | 2522 [030

21 | +1 PPIMIOCOP™ [ 82 | 2347 [042

81" ] +2 |™PIMIOCIMIOP™ [155] 2032 [0.68
7 0 "POCOP™  [296] 1938 -

* PCM-B3PW91/6-31G** level of calculation. Distances are given in A and angles in degrees. "
Interaction energy (kcal/mol) of the cationic pincer complex with the triflate counter-anion,

calculated from equation 2.

Some notable features of the ELF analysis for [8]" and 7 include the following:
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(i) The population of the monosynaptic V(Ni) basin is larger for [8]"" and 7 (1.83 and 1.64,
respectively) relative to the values (about 0.30) found in complexes [1-6]" (Figure 8, Tables 12 and
S7). In the case of 7, a disynaptic basin V(Ni, P) is evidenced instead of the expected V(Ni) basin,
but the small atomic contribution of P to the population of the basin (QTAIM(P) = 0.35) and the
large covariance with C(Ni) (< o*(V(Ni, P1),C(Ni)) > = -0.93) suggest that the V(Ni,P) in 7 might
be assigned more accurately to the V(Ni) basin (Table 12).

(i1) The number of monosynaptic V(O) basins related to the lone pairs of the triflate oxygen atom
vary from one in [5]" and [6]" to two in [1]* and [2]"" and up to three in 7; according to the report of
de Courcy et al.," this suggests an increasing covalence degree of the Ni-O bond. This splitting of
V(O) into two or three ELF basins is accompanied by a larger QTAIM atomic contribution of Ni to
the V(O) basins (0.08 vs 0.03) and by a larger covariance in absolute value (< ¢*(V(0),C(Ni)) > = -

0.10), suggesting a larger covalence degree of the ionic Ni-O bonds in [8]" and 7 as compared to

[1-6]".
2.86_~_2.86
X
. 2
[+0.4] &|[+0-4]
L > /10 1.a0p* 76

P
QO "[i-0.231 Yo [1.3]
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Figure 8. Average populations of selected ELF valence basins (in red) and QTAIM atomic charges

iPr

(in blue square brackets) calculated at the B3PW91/6-31G** level for the experimental structure of

complex 7.

Table 13 and Table S7 list the results of a QTAIM analysis on complexes [1], [8]™, and 7.
Inspection of these results indicates that the covalence degree of the Ni-OTf interaction is much
greater in [8]"" relative to 7 and [1]": | Hy | /pre = 0.254 vs. 0.154 vs. 0.04. Indeed, the covalence
degree of the Ni-OTf bond is comparable to that of the Ni-NCMe bond in complex [1]* (Table 4):
| Hyep | /Pnep = 0.254 vs. 0.240; DI = 0.39 vs. 0.57. The covalence degree of the Ni-OTT interaction is
thus maximized in complex [8]™ wherein the pincer contains two cationic imidazoliophosphine

moieties. On the basis of their E,, values, the strength of the Ni-OTf interaction in complexes [1]7,

nt

[8]™", and 7 follows the order 7 (43.6 kcal/mol) > [8]"" (35.1 kcal/mol) >> [1]" (10.0 kcal/mol). In
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view of de Courcy’s assignment of V(O) splitting,” the greater bond strength and smaller covalence

degree of the Ni-OTf in 7 suggest a stronger but more polarized ionic bond in this complex.

Table 12. Selected data of ELF analysis performed at the B3PW91/6-31G**//PCM-B3PW91/6-

31G**,
(17" * 81" C, 7
0.84
V(0) g'fé 608 294
' 2.33
0.04
QTAIM (Ni) 8'8? 008 002
' 0.02
003 -0.04
< d*(V(0),C(Ni))> _0'03 -0.10 -0.03
: -0.03
V(Ni) 029 1.83° 1.64

2 Experimental geometry and B3PW91/6-31G** level of calculation.” V(Ni, P1), with QTAIM(P1)
=0.35 and < o*(V(Ni, P1),C(Ni))>=-0.93.

Table 13. QTAIM characteristics (in a.u.) of the Ni-O bond critical points (BCP) related to the
interaction of the nickel atom with the oxygen atom of the triflate counter-anion. B3PW91/6-

31G**//PCM-B3PW91/6-31G** level of calculation.

. lEin
Pincer DI Phep Aphcp Hth | Hhcp | /P bep (kcal/ltnol)
(17" 0.17 0.0284 +0.118 -0.0012 0.040 100
[8]™ 0.39 0071 +0.304 -0.0180 0.254 351
7 045 0078 0464 -0.0120 0.154 43.6

% Experimental geometry and B3PW91/6-31G** level of calculation.

I1-3. Influence of the in-plane co-ligand. Replacing the acetonitrile ligand in complexes [1]* and
[2]* by m-acceptor ligands such as CO, CN-R, and NO*" would be expected to render the Ni center in
the resulting complexes more electrophilic, and this would, in turn, be anticipated to increase the
strength and covalence degree of the Ni-OTTf interaction. The nature of the P-substituents (R = Ph,
i-Pr) is also assumed to play a significant role on the nature of the Ni-OTf interaction. To probe

these assertions, we carried out computational analyses on the cationic pincer adducts of CO (R =i-
Pr, [9]", and Ph, [10]"), CNCH, (R = i-Pr, [11]%), and NO™ (R = i-Pr, [12]*", and Ph, [13]™). (See
Chart 1 for line drawings of these adducts.) The results of these analyses confirmed that the
introduction of the m-acceptor co-ligands results in the shortening of Ni-O bond distances (Figure 9)

and leads to stronger Ni-O interaction energies AE, consistent with the increasing electrophilicity of

the Ni(Il) center (Table 14). One consequence of the shorter Ni-OTf distances is that these
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complexes can be considered to be truly pentacoordinated. While the Ni(Il) centers in all five

complexes adopt variously distorted square pyramidal geometries, it is interesting to note that the ©

values range from 0.07 to 0.37 and appear to be sensitive to the nature of the co-ligands (Table 14).

Table 14. Selected geometrical data of calculated structures of complexes [1]%, [9-11]", [12-13]"".

PCM-B3PW91/6-31G** level of calculation. Distances are given in A and angles in degrees.

L R
[1]" MeCN i-Pr
[11]" MeNC i-Pr
9] CO i-Pr
[10]* CO Ph
[12]"" NO" i-Pr
[13]"" NO" Ph

AE* Ni-OTf <
63 2522 0.30
6.5 2398 029
90 2252 031
11.7 2221 037
201 2053 025
22.1 2.030 0.07

* Interaction energy (kcal/mol) of the cationic

calculated from equation 2.

pincer complex with the triflate counter-anion,

[10]*: Ni-OTf =2.221A

[11]*: Ni-OTf = 2.398A

[13]": Ni-OTf = 2.030A

Figure 9. Selected structural data of complexes [10]" (left), [11]" (middle) and [13]™ (right)

calculated at the PCM-B3PW91/6-31G** level in acetonitrile (¢ = 35.688).

The topological analysis indicates that the covalence degree ([H,,,[/ps.,), the QTAIM Ni-OTf

interaction energy, and the ELF covariance <o*(V(0),C(Ni))> increase with the electrophilicity of

the Ni center (Tables 15 and 16, Tables S9 and S10). In contrast to the previously discussed
complexes [1], 7 and [8]™, the population of V(Ni) in [9-11]%, [12]"*, and [13]™" is not correlated to

these covariance values. The covariance < 6*(V(0),C(Ni)) > appears thus to be more reliable than

the V(Ni) population to estimate the covalence degree of the Ni-OTf ionic interaction.
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Table 15. Selected data of ELF analysis performed at the B3PW91/6-31G**//PCM-B3PW91/6-

31G** level of calculation.

[11"® [91" [10]" [12]™
264 371

V(O) 343 248 6.17 6.20
. 002 002
QTAIM (Ni) 001 003 0.05 0.10
_ -0.03 -0.04
2 . .
< F(VOL.LCND) > (03 04 009 -0.13
V(Ni) 029 030 032 1.12

? Experimental geometry and B3PW91/6-31G** level of calculation.

Table 16. QTAIM characteristics* (in a.u.) of the Ni-O bond critical points (BCP) related to the
interaction of the nickel atom with the oxygen atom of the triflate counter-anion. B3PW91/6-

31G**//PCM-B3PW91/6-31G** level of calculation.

lEin
L DI phcp Aphcp Hhcp | Hhcp | /p bep (kcal X

/mol)
[1]7"* MeCN 0.17 0.0284 +0.118 -0.0012 0.04 10.0
977 CO 026 0044 0.167 -0.0080 0.181 18.2
[10]* CO 026 0046 0.180 -0.0090 0.196 19.5
[12]"" NO+ 039 0070 0270 -0.0190 0.271 333

* Experimental geometry and B3PW91/6-31G** level of calculation.

IV. Comparative ELF, QTAIM and EDA analyses of the covalence degree of the Ni-X

interaction

IV-1. QTAIM analysis. The most relevant QTAIM descriptors of the Ni-OTf interaction for all
complexes are shown in Table 17, arranged according to decreasing Ni-O distances. The large
positive value for the Laplacian of the electron density at the BCP (Ap,,) and the small negative

values of the energy density at the BCP (H,,) are in favor of an ionic Ni-OTf bond with a tunable

cp
covalence degree. The shorter the Ni-O distance, the larger the electron density and the Laplacian,
the larger the delocalization index (DI) related to the covalence degree and multiplicity of the bond,
the covalence degree (/H,, /p,.,) and the QTAIM interaction energy (Eiy) (Table 17). It is worth
noting here that the complex 7 featuring the charge-neutral POCOP ligand is the only complex in

the series for which E,, and 4p,,, are not correlated with the covalence degree H,,, /0,

25



Table 17. QTAIM descriptors in au, calculated at the B3PW91/6-31G**//PCM-B3PW91/6-31G**

level.
Ni-OA) DI p,, A4p,, Hu Hy,/py! (kc;ii/;;l ol)
[17** 2433 0.17 0028 0.118 -0.001  0.036 10.0
[17*® 2484 0.15 0026 0.107 -0.001  0.038 8.8
91" 2253 026 0044 0.167 -0.008 0.181 18.2
(61" 2232 027 0046 0.172 -0.009  0.200 193
[10]* 2221 026 0046 0.180 -0.009 0.196 195
[51* 2080 0.39 0067 0250 -0.018 0271 333
[12] 2053 039 0070 0270 -0.019 0271 333
[8]"" 2032 039 0071 0304 -0018 0.280 31.2
7 1951 045 0078 0464 -0012 0.154 436

* Experimental geometry and B3PW91/6-31G** level of calculation. * B3PW91/6-31G**//PCM-
MOO6L/Def2TZVP level of calculation.

The modulation of the covalence degree of the Ni-O ionic interaction can thus be achieved in
several ways. Strongest covalence degrees are obtained by exchanging the triflate by a silanolate
anion, the CH,CN by an in plane NO" co-ligand, or by introducing in the pincer ligand a second

positively charged imidazoliophosphine donor moiety.

1V-2. Energy decomposition analysis (EDA). In agreement with the ionic character of the Ni-OTf
bond indicated by the QTAIM analyses discussed above, a significant ionic contribution is

and E,, / E.,

nt

emphasized from EDA analysis as illustrated in Table 18 by both ratios E;, / E

int elstat

larger than 80 and 90%, respectively. For complex [1]%, the low value of the sum E,,; + E ,, related

orb
to the overall orbital contribution (destabilizing + stabilizing) is also in favor of an ionic Ni-O bond.
The stronger covalence degree of the Ni-O bond reaches its maximum in complexes [10]" and
[13]"", as indicated by the calculated larger E,,; + E,,, values. The intermediate value of the sum
Ep.ui + Eor, obtained for complex 7 suggests the presence of a stronger ionic bond than in complexes

orb

[10]" and [13]™", but with a lower covalence degree, in agreement also with the QTAIM studies.

Table 18. EDA analyses of complexes [1]", 7, [10]" and [12]"". Energies (kcal/mol) calculated at
the PBE/TZP level for geometries optimized at the PCM-B3PW91/6-31G** level of calculation.

Nl - O Eint EPau]i Eelslat Eorb Eint/ Ealtr Eint/ Eelstat EPau]i + Eorb
(11" 2522 -131.44 25.12 -13434 -2222 (.86 0.98 2.90
(17" 2433 -130.5 2697 -13528 -22.19 0.86 0.96 4.78

[10]" 2.253 -141.35 46.16 -15291 -34.6  0.90 0.92 11.56

[12]™ 2.053 -225.35 7731 -24445 -5821 0.82 0.92 19.10

7° 1951 -112.75 6040 -128.66 -44.49 0.81 0.87 15.91
* Experimental geometry.
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MO analysis of [1]" has revealed an MO (#163 in Figure 10) showing a o-bonding overlap
between the atomic orbitals of Ni (hybrid sd) and a p atomic orbital of the triflate oxygen atom.
Another MO (#161 in Figure 10) appears to be related to the n- or d-interaction between these two
fragments as it shows the bonding overlap d(Ni) — p(O).

For complex 7, no o-bonding overlap between the atomic orbitals of Ni and of the triflate
oxygen atom could be found. MOs #124 and #137 (Figure 10) appear to be related to the m- or d-
interaction between these two fragments as they exhibit a lateral bonding overlap d(Ni) — p(O).

However, for both complexes, the corresponding anti-bonding overlaps could not be found in
the MO diagram. These MOs interactions may be therefore rather related to repulsive interactions

between occupied MOs in agreement with the large positive values of (E,,,+ E.,) energies

calculated within EDA analysis (Table 18).

LUMO =172 161

é

LUMO = 144 137 124

Figure 10. Molecular orbitals of [1]* (fop) and 7 (bottom). B3PW91/6-31G** level of calculation.

IV-3. ELF analysis. The most relevant ELF descriptors of the Ni-OTf interaction for all complexes
are shown in Table 19; the complexes studied are listed according to decreasing Ni-O distances. All
descriptors are consistent with the presence of an ionic bond with a sizeable covalence degree, in
agreement with QTAIM and EDA analyses. The subvalence monosynaptic V(Ni) basin is the ELF
signature of the weak covalence degree of the Ni-OTf ionic bond. However, little variation of both
the population and of the volume of V(Ni) are observed with the covalence degree of the ionic Ni-
OTf bond. As already mentioned above, the QTAIM atomic contribution of Ni and the absolute
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value of the covariance < o*(V(0),C(Ni)) > appear to be more reliable for quantifying the

covalence degree of the ionic interaction.

Table 19. ELF selected data calculated at the B3PW91/6-31G**//PCM-B3PW91/6-31G**,
Ni-O () V(Ni) V(0) QTAIM(Ni) < G*(V(0),C(Ni))> V(O)#

[1]* 2433 029 264 0.02 -0.03 2
[1]* 2484 027 272 0.02 -0.03 2
[91" 2253 030 248 0.03 -0.04 2
[6]" 2232 030 6.12 0.06 -0.09 1
[10]" 2221 032 6.17 0.05 -0.09 1
[51" 2080 027 632 0.10 -0.13 1
[12]7 2053 1.2 620 0.10 -0.13 1
[8]"" 2032 183 6.08 0.08 -0.10 1
7 1951 1.64 0.84 0.04 -0.04 3

* B3PW91/6-31G** (experimental geometry) level of calculation. ® B3PW91/6-31G**//PCM-
MOO6L/Def2TZVP level of calculation.

Conclusions

This study has strived to provide a detailed characterization of the pentacoordinated Ni(II)
centers in a series of cationic PCP pincer complexes, the pentacoordination resulting from an apical
Ni-O interaction with the oxygen atom of one of the counter anions. Theoretical studies have shown
that the covalence degree of the Ni-O ionic interaction may be modulated through several ways, the
strongest covalence degrees resulting from the exchange of the triflate by a silanolate anion and the
acetonitrile by an axial nitrosyl co-ligand, or by introducing a second cationic peripheral extremity
to the pincer ligand. The pentacoordination of the nickel center results in a distorted square
pyramidal geometry. However, the geometry index T measuring the extent of the distortion is
almost constant, lying in the 0.2-0.4 range over the series of complexes 1-13; in other words, this
parameter is not related to the strength of the Ni-O interaction.

In agreement with previous reports of de Courcy et al.,”” the subvalence V(Ni) basin is shown
here to be the ELF signature of the weak covalence degree of the Ni-OTf ionic bond in all
complexes studied. However, the population and volume of V(Ni) could not be used to quantify the
covalence degree of the Ni-O ionic interaction. The latter is better quantified by the absolute value
of ELF covariances < o*(V(0),C(Ni)) > or QTAIM delocalization indices (DI). Linear correlations
of the Ni-O distance or the QTAIM interaction energy with QTAIM DlIs, bond degrees and ELF
covariances are evidenced (Figure 11). Linear correlations with the same slope between various

QTAIM descriptors of the covalence degree are noticeable.
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The Ni-O interaction observed between the triflate anion, the cationic Ni center, and the
imidazolium ring suggest a possible control of the selectivity of catalytic processes involving

charged substrates. This possibility will be investigated in future studies.

y =0.57322 - 0.22182x R=0.89596 —y =-0.021349 + 0.0094689x R=0.95084

=y = 1.5489 - 0.56845x R=0.98714 =y =0.072944 + 0.0097721x R=0.99593

y = 1.4658 - 0.5764x R=0.98625
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Figure 11. Linear correlations between ELF and QTAIM descriptors of the covalence degree of the

ionic Ni-OTf interaction.

Computational details

Geometries were fully optimized at the PCM-B3PW91/6-31G** or PCM-B3PW91/6-31G**
LANL2DZ*(Ni) level of calculation using Gaussian09.”* LANL2DZ*(Ni) means that f-polarization
functions derived by Ehlers et al.”’ for Ni, have been added to the LANL2DZ(Ni) basis set.
Vibrational analysis was performed at the same level as the geometry optimization. Solvent effects
were included using the polarizable continuum model (PCM) implemented in Gaussian09 for
acetonitrile (¢ = 35.688).

Electron Localization Function (ELF)*® topological analysis and Quantum Theory of Atoms
in Molecules (QTAIM)* analysis were performed with the TopMoD package.”” ELF maps were
plotted using the Molekel program.”” QTAIM analysis was also performed with the AIMAIL
software.”'

Topological analyses. Topological methods are based on the analysis of the gradient field of a local
function within the dynamic field theory and provide a partition of the molecular space into non-

overlapping basins.
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The topological analysis of the electron density p(r), designed as the Quantum Theory of
Atoms in Molecules (QTAIM) by R. Bader, yields atomic basins and QTAIM atomic charges.” It
allows defining bond paths and bond critical points (BCP). The nature of the chemical bond is
characterized from various properties of the electron density at the BCPs, especially the sign of the
Laplacian of the electron density and the values of energy densities H,., = G, +V,,, following the
Macchi’s classification. ' The covalence degree may be estimated from H,./0pep- *! The strength of
the interaction may be estimated from the correlation scheme of Espinosa et al. and the
corresponding interaction energy (E,,).”> The reliability of these QTAIM interaction energies (Ein)
has been discussed in the literature.”> QTAIM interaction energies (Ein) were indeed disclosed for
describing weak hydrogen bonds. They have been successfully used for investigating other weak,

strong or medium strength non-covalent interactions.’*

However, their values might be less
reliable for comparing stronger dative bonds. It is noticeable however that a very good agreement
between Ejy values of Au-PPh; bonds and the corresponding calculated dissociation energies®* on
the one hand and between Eiy values of Gd-OH, bonds and sublimation enthalpies measurements®>
on the other hand were reported.
The electron localization function (ELF) measures the excess of kinetic energy due to the
Pauli repulsion.”® ELF values are confined between 0 and 1. ELF is close to 1 in regions where
electrons are single or form antiparallel spin pairs, whereas it tends to O in regions where the
probability to find parallel spin electrons close to one another is high.” ELF tends to a value of 1 in
those regions where the electron localization is high (atomic shells, chemical bonds, and lone
electron pairs),” whereas it tends toward small values at the boundaries between these regions.”
The topological analysis of the ELF gradient field yields a partition of the molecular space into non-
overlapping electronic domains, classified into core, valence bonding and nonbonding basins. These
basins are in one-to-one correspondence to the core, lone or shared pairs of the Lewis model. A core
basin contains a nucleus X (except a proton) and is designated as C(X). A valence bonding basin
lies between two or more core basins. Valence basins are further distinguished by their synaptic
order, which is the number of core basins with which they share a common boundary. The
monosynaptic basins denoted as V(X), correspond to lone pairs, whereas the di- and polysynaptic
ones are related to bi- or multi-centric bonds, denoted as V(X1, X2, X3, ...). The average population
of the basin is obtained by integration of the one-electron density over the basin volume. These
populations do not take integral values and are about twice the topologically defined Lewis bond
orders for bonding valence basins. The populations and (co)variances of these valence basins can be
further interpreted in terms of weighted combinations of mesomeric structures.”
Energy decomposition analyses were performed using the optimized or experimental

structures and the ADF2013 package,” following the implemented Morokuma-Rauk-Ziegler
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partition scheme? and using the PBE functional in combination with Slater-type (STO) all-electron
basis sets of TZP quality including scalar relativistic effects.*” Vibrational analysis was performed
at the same level as the geometry optimization. Solvent effects were included using the conductor-
like screening model (COSMO)*' implemented in ADF 2013 .*

Molecular orbitals were plotted using the GABEDIT program.*

Supplementary Information.

Crystallographic information for complexes 1-3 and complementary computational data.
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Calc. (0.0) Calc. (+2.7) Calc. (+8.4)

Ni-OTf:2.522 A Ni-OTf:3.193 A Ni-OTf: 1.960 A
N,C-OTf:3.024 A N,C-OTf:305A N,C-OTf: 4289 A
Ni-N(CCH,): 1.853 A Ni-N(CCH,): 1.849 A Ni-N(CCH,): 2.151 A

Figure S1. Selected calculated geometrical data for various isomers of "PIMIOCOP™ pincer Ni
complex 1. (Left) experimental conformation of 1, (middle) orientation of the triflate anion identical
to the one in the experimental structure of 2, (right) isomer of 1 built by inversion of acetonitrile
ligand and triflate anion positions. Relative energies (in kcal/mol) in bold and brackets. PCM-

B3PW91/6-31G** level of calculation (acetonitrile solvent, € = 35.688).

Calcd. (0.0) Calced. (+1.2)

Ni-OTf : 3.834 A et N,C-OTf : 6.467 A | Ni-OTf : 3.419 A et N,C-OTf : 3.199 A
Ni-O(H),: 1.929 A Ni-O(H),: 1.933 A

Hydrogen bond: 1.511 A Hydrogen bond: 1.557 A

Figure S2. Selected calculated geometrical data for the "PIMIOCOP™ pincer Ni complex 3: (left)
orientation of the triflate anion identical to the one of the experimental structure, (right) orientation
of the triflate anion identical to the one of complex 1. Relative energies (in kcal/mol) in bold and

brackets. PCM-B3PW91/6-31G** level of calculation (acetonitrile solvent, ¢ = 35.688).




Figure S3. Space filling model of complex [4]".

Calc. PCM-B3PW91/6-31G**
Ni-OTf : 2.522 A et N,C-OTf : 3.024 A
Ni,,-N(CCH,): 1.853 A

Exp. (DRX)
Ni-OTf : 2.433 A et N,C-OTf : 3.074 A
Ni,,-N(CCH,): 1.894 A

PBE-D3/6-31G**
Ni-OTf : 2.250 A et N,C-OTf : 2.804 A
Ni,,-N(CCH,): 1.842 A

MO06/6-31G**
Ni-OTf : 2.298 A et N,C-OTf : 2.774 A
Ni,-N(CCH,): 1.874 A

PCM-MO6L/Def2TZVP
Ni-OTf : 2.484 A et N,C-OTf : 2.926 A
Ni,,-N(CCH,): 1.893 A

PCM-MO06/6-31G**
Ni-OTf : 2.420 A et N,C-OTf : 2.873 A
Ni,,-N(CCH,): 1.861 A

PCM-MO6L/6-311++G(d p)
Ni-OTf : 2.453 A et N,C-OTf : 2.901 A
Ni,-N(CCH,): 1.900 A

PCM-MO6L/6-31G**/6-311+G(d)(Ni)
Ni-OTf : 2.403 A et N,C-OTf : 2.874 A
Ni,,-N(CCH,): 1.894 A

PCM-M11/Def2TZVP/ Def2TZVPD(Ni)
Ni-OTf: 2.515 A et N,C-OTf : 2.903 A
Ni,,-N(CCH,): 1.938 A

Figure S4. Selected geometrical data for the "PIMIOCOP™ pincer-type Ni complex 1 calculated at
various levels in the gas phase or in acetonitrile solvent using the polarizable continuum model

(PCM).



Table S1. Sensitivity to the basis set of the ELF analysis of experimental geometry of 1. B3PW91

level of calculation. a: Populations of ELF basins in e". b: Angles in degrees.

6-31G** 6-31++G** DGDZVP cc-pVDZ AUG-cc-pVDZ Def2SVP Def2SVPP Def2TZVP

V(Ni)* 0.29 0.38 0.77 0.15 127 1.19 1.15 -
C(Ni)* 2579  25.58 2540 2583 24.84 25.14 2517 25.81

ELF 0311 0282 0292 0.000 0.266 0265 0266 -

V(Ni)-Ni (&) 1.102  1.091 0992  V(Asyn) . - -

V(Ni)-C(Ni)-V(Ni.P)* 759 78.3 69.8 ; . - -

88.5 84.8 88.3 ; . - -

Volume V(Ni) 1437 1721 17.54 9.69 2230 2241 2194 -

(bohr”)




Table S2. ELF analysis of complexes 1-3. Experimental geometry and B3PW91/6-31G** level of
calculation.

e . R V(Ni,PO)* b e e d VWNepew® b e
V(N b . d N . . CH3CN/ .
Ni,©)* %Ni® Cov Dist V(NiP)* %Ni° Cov Dist V(Oyp0)° 9%Ni°> Cov Dist
. 0.35 2.15 044 -0.38 1.367 0.14
[1] 2.14 16% -0.36 1.247 215 033  -030 1406 3.18 449 022 1.302
. 0.35 2.13 041 -0.38 1.355 0.15
[2] 2.15 16% -0.35 1.258 211 032  -030 1401 3.19 44 % -022 1.301
0.07
+ 0.38 2.08 040 -029 1324 1.93 36% -008 1.378
3] 228 17% 033 1258 201 030 -0.22 1.363 2.32 0.02 -003 2.093
0.8 %
OTf V(O %Ni® Cov.® Dist® V(O)' %Ni* Cov.! Dist! V(Ni)® ELF Cov.” Dist®

[ir 2.64 002 -003 0.569 343 0.01 -0.03 0.570 0.29 0311 -0.17 1.102
[2]* 2.33 002 -003 0.568 3.76 0.01 -0.03 0.568 0.34 0313 -020 1.102
[3]* 2.18 0.0 -0.00 0.573 3.86 00 -000 0572 1.58 0261 -104 1.023

“Average populations N in e * QTAIM atomic contribution of Ni (e). © covariance

< *(V(Ni,X),C(Ni))>. % Distance in A to C(Ni). *: Distance in A to C(O).

Table S3. QTAIM descriptors (in a.u.) of selected bond critical points (BCP) involving the nickel
atom or the oxygen atom of the triflate counter-anion interacting with nickel in [1]*.

#BCP BCP  p,, Apy, Viep H,, | Hyey | /0vep | Viep| /Gy DI (kc:ﬁ}?nol)
10  Ni-C 0.1265 +0.192 -0.177791 -0.064918 0.51 1.58 0.819 55.8
42  Ni-PO 0.1094 +0.077 -0.142833 -0.061737 0.56 1.76 0.763 4483
57  Ni-P 0.0910 +0.106 -0.118567 -0.046073 0.51 1.64 0.660 372
19  Ni-NC 0.1008 +0.559 -0.188894 -0.024622 0.24 1.15 0.570 593
82  O-Ni 0.0284 +0.118 -0.031824 -0.001167 0.04 1.04 0.166 10.0
87 O---H 0.0039 +0.016 -0.002178 +0.000699 0.23 0.70 0013 0.7
4  O---N 0.0088 +0.030 -0.006151 +0.000922 0.08 0.90 0.035 19

See BCP labelling in Figure 6 of the manuscript. B3PW91/6-31G** level of calculation.

Table S4. QTAIM characteristics (in a.u.) of selected bond critical points (BCP) involving the

nickel atom.

lEin
BCP DI phcp Aphcp Vbcp Hbcp |Hhcp | /pbcp |Vbcp| /Gbcp (kcal/ltnol)

3 Ni-OH, 0.462 0.0823 +0.504 -0.148675 -0.011353 0.14 1.08 46,6
2 Ni-NC 0570 0.1015 +0.567 -0.191115 -0.024717 0.24 1.15 60.0
1 Ni-NC 0.570 0.1008 +0.559 0.188894 -0.024622 0.24 1.15 59.3
1 Ni-OTf 0.166 0.0284 +0.118 -0.031824 -0.001167 0.04 1.04 10.0
2 Ni-OTf 0.186 0.0330 +0.143 -0.040063 -0.002186 0.07 1.06 12.6
3 H-OTf 0.101 0.0426 +0.128 -0.032073 -0.000010  0.00023 1.00 10.1

B3PWO91/6-31G** level of calculation.



Table SS. Selected data of ELF analysis performed at the B3PW91/6-31G**//PCM-B3PW91/6-

31G**,
[6]" [5]
V(0) 6.12 632
QTAIM (Ni) 006 0.10
< 0(V(0),C(Ni))>  -0.09 -0.13
V(0)-0 (A) 0.572 0.570
3(O.Ni) -0.14 -0.20
V(Ni) 030 027
C(Ni) 25.75 25.71
ELF 0.314 0.309
V(Ni)-Ni (A) 1.131 1.167

V(Ni)-C(Ni)-V(Ni.P) 81.3° 84.6°
Angles in degrees 65.7° 80.1°
Volume of V(Ni) (bohr’) 14.37 13.51

Table S6. QTAIM characteristics (* in a.u.) of the Ni-O bond critical points (BCP) related to the
interaction of the nickel atom with the oxygen atom of the counter-anion. B3PW91/6-31G**//PCM-

B3PWO91/6-31G** level of calculation. *: Experimental geometry and B3PW91/6-31G** level of

calculation.
E.
BCP DI Poep ADpep Viep H,,, | H,,, | /Poep | Vieo/Goep | (kcal}l;tnol)
[17** Ni-OTf 0.166 0.0284 +0.118 -0.031824 -0.001167 0.04 1.04 10.0
[6]" Ni-OP 0.272 0.0462 +0.172 0.061565 -0.009231 0.20 1.18 19.3
[51* Ni-OSi 0.392 0.0668 +0.250 -0.099403 -0.018384 0.28 1.22 312




Table S7. Selected data of ELF analysis performed at the B3PW91/6-31G**//PCM-B3PW91/6-

31G**,
a°  BI"C, 7
0.8
V(0) 3'2‘3‘ 6.08 2.94
: 233
0.04
QTAIM (Ni) 8'8? 0.08 0.02
' 0.02
003 0.04
< PVOCN> oy 010 0.03
: 0.03

0.570 (1.389)
V(0)-0 (V(0)-Ni) (A) 0.569 0.569 (2.343) 0.569 (2.190)
0.566 (2.127)

S(O,Ni) 008  -020 023
V(Ni) 0.29 1.83° 1.64
C(Ni) 2579 2469 24.57
ELF 0311 0237 0.239
V(Ni)-Ni (A) 1102 1.045 ]

V(Ni)-C(Ni)-V(Ni.P) 75.9° 71.8 -
Angles in degrees 88.5° 158.3 -
Volume of V(Ni) (bohr’) 14.37 29.44 25.37

2. Experimental geometry and B3PW91/6-31G** level of calculation.

Table S8. QTAIM characteristics (* in a.u.) of the Ni-O bond critical points (BCP) related to the
interaction of the nickel atom with the oxygen atom of the triflate counter-anion.

. lEin
Plncer DI phcp Aphcp Vbcp Hbcp | Hhcp | /P bep | Vbcp/Gbcp | (kcal/ltnol)
[1T™ 0.166 0.0284 +0.118 -0.031824 -0.001167 0.040 1.04 10.0
[8I™ 039 0.071 +0.304 -0.112 -0.018 0.254 1.19 35.1
7 045 0.078 0.464 -0.139 -0.012 0.154 1.09 43.6

B3PWO91/6-31G**//[PCM-B3PW91/6-31G** level of calculation. *: Experimental geometry and
B3PW91/6-31G** level of calculation.



Table S9. Selected data of ELF analysis performed at the B3PW91/6-31G**//PCM-B3PW91/6-

31G**,
[11-* 91 [10]" [12]
264 371
V(0) 343 oa4g 017 620
. 002 002
QTAIM (Ni) 001 003 005 0.0
- i 0.03 -0.04
< SCVOLCND> o3 s 009 013
. 0.568
V(0)-0 (A) 0.569 5ce 0-567 0570
d(ONi) 0.08 -0.13 -0.13 -0.20
V(Ni) 029 030 032 1.12
C(Ni) 2579 25.62 25.63 24.71
ELF 0311 0.305 0.307 0.258
V(Ni)-Ni (A) 1.102 1.099 1.091 na
V(Ni)-C(Ni)-V(Ni.P) 759° 730 850 -
Angles in degrees 88.5° - 85.6 -

Volume of V(Ni) (bohr’) 14.37 13.34 13.07 15.92
2. Experimental geometry and B3PW91/6-31G** level of calculation.

Table S10. QTAIM characteristics (in a.u.) of the Ni-O bond critical points (BCP) related to the
interaction of the nickel atom with the oxygen atom of the triflate counter-anion.

L DI Pop  APpep Viep H,, | H,, | /Poep | Vie/Ghep | (kci}l:nol)
[1]** CH3CN 0.166 0.0284 +0.118 -0.031824 -0.001167 0.04 1.04 10.0
[91* CO 026 0.044 0.167 -0.058 -0.008 0.181 1.16 18.2
[10]* CO 026 0.046 0.180 -0.062 -0.009 0.196 1.15 19.5
[12]* NO+ 039 0070 0270 -0.106 -0.019 0.271 1.22 333

B3PWO91/6-31G**//[PCM-B3PW91/6-31G** level of calculation. *: Experimental geometry and
B3PW91/6-31G** level of calculation.



Crystal Structure Determinations of 1, 2 and 3.

The crystallographic data for 1, 2 and 3 were collected on a Bruker APEX II equipped with
an Incoatec I\muS Microsource and a Quazar MX monochromator. Cell refinement and data
reduction were done using SAINT.! An empirical absorption correction, based on the multiple
measurements of equivalent reflections, was applied using the program SADABS.? The space group
was confirmed in each case by XPREP routine’ in the program SHELXTL.® The structures were
solved by direct methods and refined by full matrix least-squares and difference Fourier techniques
with SHELX-97.> All non-hydrogen atoms were refined with anisotropic displacement parameters.
Hydrogen atoms were set in calculated positions and refined as riding atoms with a common
thermal parameter. Complete details of the X-ray analyses reported herein have been deposited at
The Cambridge Crystallographic Data Centre (CCDC 1519756 (1), 1519757 (2), 1519755 (3). This

data can be obtained free of charge via www.ccdc.cam.ac.uk/ data request/cif, or by emailing

data_request@ccdc.cam.ac.uk, or by contacting The Cambridge Crystallographic Data Centre, 12,
Union Road, Cambridge CB2 1EZ, U.K.; fax: +44 1223 336033.




Table S11. Crystallographic information for complexes 1, 2 and 3.

[(i-Pr-PIMIOCOP)Ni-

[(Ph-PIMIOCOP)Ni-

[(i-Pr-PIMIOCOP)Ni-

(NCCH;)][OTf], (NCCH;)][OT1], (OHY)|[OTH],
1 2 3
hemical formula CasH30F3N3NiO,P5S, C37H3,F3N3NiO,P5S, C,oH3sN,NiO,Ps,
CF;0;S,CHCl; CF;0;S, CHCI3 C4Hz0,2(CF30;38)
Crystal color yellow yellow yellow
Fw; F(000) 923.74; 474 1059.80; 1076 853.44; 1776
T (K) 100 100 100
wavelength (A) 1.54178 1.54178 1.54178
space group Pl P-1 P212121
a (A) 8.6387(1) 11.5371(2) 12.6237(2)
b (A) 10.2452(1) 13.0220(2) 14.7496(3)
c(R) 12.3646(2) 15.8726(2) 20.0982(4)
o (deg) 110.392(1) 70.9497(8) 90.00
B (deg) 96.636(1) 78.8376(9) 90.00
Y (deg) 106.480(1) 79.3474(8) 90.00
VA 1 2 4
V(A% 955.22(2) 2192.29(6) 3742.18(12)
Pealc (grem™) 1.606 1.605 1.515
n (mm™) 5.158 4.593 3.322
0 range (deg); 3.927 - 71.013; 0.974 2.98 — 71.10; 0.964 3.72 - 71.19; 0.999
completeness

collected reflections; R,

25147;0.0243

43338; 0.0300

95894; 0.0159

unique reflections; Ry

25147, 0.022

43338; 0.043

95894; 0.040

R1*; wR2" [I > 26(D)]

0.0220; 0.0554

0.0451; 0.1232

0.0345; 0.1090

R1; wR2 [all data]

0.0221; 0.0554

0.0519; 0.1297

0.0350; 0.1097

GOF 1.048 1.038 1.047
largest dlilfﬁpeak and 0.346 and -0.238 1.321 and -0.686 0.867 and -0.407
ole

CIF number

CCDC 1519756

CCDC 1519757

CCDC 1519755
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