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The details of ligand-induced backbonding in nickel diphosphine m complexes are explored using nickel L-edge (3d<-2p) x-
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ray absorption spectroscopy as a means of quantifying the degree of backbonding derived from direct Ni 3d donation into

the m ligand. It is observed that backbonding into weakly m acidic ligands such as alkenes and arenes is dominated by

contributions from the diphosphine ligand via o-donation, leading to activated metallacycles with a Ni(0) d° metal centre.

With more strongly m acidic ligands, however, metal contributions to backbonding increase substantially leading to a more

electron-deficient metal centre that is best described as having a Ni(l) spectroscopic oxidation state.

Introduction

Transition metal catalysed processes involving unsaturated
organic substrates (e.g. alkenes, ketones, and other related
species) often involves substrate activation via interactions
between the metal centre and the 1 system. Bonding in such it
adducts is commonly described using the framework first
established by Dewar, Chatt, and Duncanson®2. The DCD model
focuses on the direct overlap of available rt-type orbitals on the
unsaturated ligand (i, and 1*) and valence metal d orbitals of
appropriate symmetry (Figure 1), generating two primary
interactions that contribute to bonding in such 1t adducts. One
of these interactions involves ¢ donation from the ligand in an
empty valence orbital on the metal (Mnd<Lmn,). The second
interaction, commonly known as m-backbonding, involves Tt-
type donation from the metal into an empty 1" orbital on the
ligand (Mnd->Lmt). The degree of m-backbonding is critical in
defining the nature of the resultant organometallic complex.
Two conceptual limiting cases can be defined based on the
degree of backbonding (Figure 1): in the weakly backbonding
limit, a weakly bound m-adduct is formed (MrL), whereas in the
strongly backbonding limit, the m bond in the ligand is broken
via formal two-electron transfer from the metal to the ligand to
form an Mr2X,-type metallacycle. Such m-type ligands are,
therefore, redox-active two-electron reservoirs modulated and
controlled by interactions with the metal centre.?
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Figure 1 Fundamental metal-ligand interactions as defined in the classic Dewar-Chatt-
Duncanson (DCD) model describing the bonding of alkenes with transition metal ions
(left) and resulting limiting structures obtained based on the degree of backbonding
(right).

Given the broad interest in nickel-catalysed cross-coupling
strategies, and the proposed intermediacy of nickel i adducts
in many such processes,*8 we recently probed the bonding in a
series of nickel m adducts with diphosphine ancillary ligands®,
whose reactivity had been explored.’%12 Qur x-ray
spectroscopic studies uncovered an intriguing scenario wherein
weakly m acidic ligands such as alkenes and arenes are highly
activated through backbonding whilst the metal centre is still
extremely electron rich. In principle, these complexes defy the
generalized predictions of the DCD bonding model by yielding
Ni(0) metallacycles: the m bond in the alkene is essentially
broken without concomitant oxidation of the metal centre. By
contrast, more T acidic ligands show significant charge
depletion at the metal centre leading to more Ni(l) character at
the metal centre. This discovery was supported by
complementary density functional theory (DFT) calculations,
which provided a plausible rationale for our observations:
activation of the m ligand was driven by donation from the
ancillary diphosphine ligands via o-donation through the
formation of a formal 3-centre-4-electron (3c-4e) bond across
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the equatorial plane of these planar complexes (Figure 2). The
metal centre therefore mediates ligand-to-ligand charge
donation the phosphines to the m ligand, a scenario which we
have termed ligand-induced backbonding?3.
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Figure 2 Molecular orbital representation of the 3c-4e bonding proposed for square
planar Ni(0) diphosphine complexes with alkenes and other 1 ligands®°.
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The specifics of this bonding model, albeit consistent with

available experimental data, could not be directly probed with
available spectroscopic measurements. For example, Ni K-edge
x-ray absorption spectroscopy (XAS) is very effective as an
experimental probe of the overall electron density at the metal
centre in square planar nickel complexes given that the
dominant (electric dipole allowed) pre-edge transition is
dominated by Ni 4p,&1s character; given the non-bonding
character of this transition, it effectively reports on the overall
charge at the metal centre. To evaluate the specifics of bonding
in these complexes, contributions from 3d states must be
probed. Unfortunately, 3d<-1s transitions are electric dipole
forbidden (Al = 2) and thus extremely weak in metal K-edge
spectra.’*15 Ni Kg,; Xx-ray emission spectroscopy (XES) involves
core Ni 3p—>1s transitions and is also somewhat insensitive to
the specifics of bonding.16

Herein, we explore the details of bonding in representative
nickel m complexes (Scheme 1) using Ni L-edge XAS to directly
probe the occupancy of the Ni 3d orbitals and thus directly
evaluate the Ni 3d orbital contributions to backbonding in such
species. L-edge XAS of first-row transition metal complexes
provides the opportunity to quantitatively evaluate the degree
of covalency in metal-ligand bonds.'” Such analyses have been
most commonly utilized in the investigation of copper!®1?, and
iron2>-2complexes but the overall principles are applicable to
any first-row transition metal complex, including nickel
organometallics?4.0ur analysis provides direct experimental
support for the importance of ligand-induced backbonding in

these complexes.
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Scheme 1Nickel complexes (1-4) investigated in this study. Previous investigations have
suggested that 1 & 2 are best described as Ni(0) metallacycles, whereas 3 & 4 involve
greater metal contributions to backdonation leading to greater Ni(l) character.

Results and Discussion

Experimental Ni L;,-edge XAS spectra for the ethylene (1) and
arene (2) complexes (Figure 3A,B) exhibit very weak features in
the near-edge region yet are more feature-rich than typically
observed for d° species.?> Three features are clearly observable
at the L; edge. The data for the more m acidic ester (3) and
thioester (4) complexes (Figure 3C,D) show similar edge
features shifted to higher energies (by ~1 eV) as well as an
additional prominent shoulder at low energy. In all cases, the
features observed at the L,-edge are similar to those at the L;-
edge but are weaker and broader, as expected.?®
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Figure 3 Normalized Ni L;,-edge XAS spectra for 1-4. Experimental data are shown in
black and the simulated spectra are shown in red (background removed for clarity).
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Dashed lines are Gaussian functions represents each transition component (A-C). See
details of simulation in SI 01-08
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Figure 4 Intensity-weighted average energy of Ni L;-edge spectroscopic features as a
function of formal oxidation state. Reference data are taken from previous studies by
Cramer and coworkers?. The red shaded area represents the 95% confidence interval
from the Cramer data. Also plotted are the intensity-weighted average energies of the
L3-edge features for complexes 1-4 in this work.

The energies of first-row transition metal L;-edge features
correlate very well with oxidation states?’:28, The literature on
Ni L-edges is somewhat sparse, but Cramer and coworkers have
demonstrated this relationship for Ni(l), Ni(ll), and Ni(lll)
species??30 Linear extrapolation of these data suggests that L-
edge spectra of molecular Ni(0) species should centre at ~851.5
eV, in good agreement with our experimental data for 1 & 2.
The shift to higher energy for the main features of 3 & 4 by ~1
eV is consistent with a spectroscopic oxidation state of Ni(l)
based on this correlation (see Figure 4).

The high d occupancy in these species dramatically simplifies
analysis of the L-edge spectra and allows for reasonable
modelling of the final states without invoking atomic multiplets
from multielectron configurational states??31, Time-dependent
DFT (TD-DFT) calculations are therefore useful for evaluating
the most important contributions to the spectra2>. TD-DFT
simulations of the Ni L-edges using B3LYP/def2-TZVP with zero-
order relativistic corrections as implemented in ORCA 4.0 are
shown in Figure 5; these results qualitatively mirror those of the
experimental Ni L;-edges. A summary of the relevant TD-DFT
calculated final states for each of the complexes are given in
Table 1.

The nature of the final states listed in Table 1 is similar to that
obtained for Ni K-edges®, although relative contributions from
each of these final states is very different due to differences in
the initial state. Simulated spectra for 1 & 2 predict two
important features - in good agreement with the experimental
data. The lowest energy feature results from two contributions:
(/) the ligand acceptor nt* orbital involved in backbonding (Lit* ¢
Ni2p), and (i/) a Ni 4p, shakedown with significant diphosphine
ligand character (Ni4p + LMCT < Ni2p). The Ni 4p, final state
gains intensity from mixing with dipole-allowed Ni 3d orbital
character. The total intensity of this feature represents the
overall depletion of electron density from the 3d manifold both
to higher Ilying metal states (via hybridization) and
backdonation to the ligands. By contrast, the intensity of the
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higher energy feature is dominated by Ni 4s contributions in
ligand-based final states; this dipole-allowed Ni 4s <~ Ni 2p (| Al|
= 1) feature is not observed in the corresponding Ni K-edge
spectra as they correspond to an electric dipole forbidden Ni 4s
& Ni 1s (|A/] = 0). This feature includes only minor Ni 3d
contributions and therefore the intensity of this feature does
not reflect 3d electron depletion. A broad shoulder at higher
energy is also observed and is attributed to more ill-defined
Rydberg final states32. The shifts to higher energy and the
appearance of a low energy shoulder in the experimental
spectra of 3 & 4 (relative to 1 & 2) also occur in the simulated
spectra of these species. The simulations indicate similar
transitions as those observed in 1 & 2 but with systematic
changes as summarized in Figure 6. Final states with significant
Ni 4s and 4p contributions (C & B, respectively) shift to higher
energy, in accordance with a decrease in the electron density at
the metal centre. The energy of the Lr* final states (A), i.e.,
those involved in backbonding, are lower in energy for these
species because of the inherently greater m acidity of the ligands
in these complexes. The intensity of the feature A increases as
a function of the m acidity of the ligand, which reflects an
increase in the contribution from the Ni 3d manifold in these
Lm* final states. The change is substantial on going from
alkene/arene ligands (~¥10% for 1/2) to the electron poor
ester/thioester (~¥25% for 3/4).
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Figure 5 TD-DFT calculated Ni L-edge XAS spectrum for 1-4. Overall simulated spectra
are obtained by including an arbitrary isotropic broadening (FWHM = 0.05 eV) to the sum
of all individual contributing final states. Drop lines (red) indicate the dominant
contributing final states to the overall simulated spectrum. The details of each of these
final states is given in Table 1.

The experimental and simulated L-edges are in agreement with
the conclusion that Ni 3d charge depletion is small in both 1 and
2 even though the m ligands are strongly activated through
significant backbonding.® supports the
predominance of ligand-induced backbonding, which allows for

This observation

1t backbonding from the ancillary diphosphine ligand to the 1
ligand with only minimal contributions from the metal.
Although quantitative evaluation of covalency has been
performed for other transition metals such as copper and iron,
appropriate validated references are not currently available for
nickel complexes. However, the relative intensities of the
contributing features in the L-edge spectra may be used to
evaluate the changes in the metal contributions to backbonding

in each of the complexes.

Complex Peak| E., le |%Ni(3d) %L %dtpe final state
A |849.2 0.039| 20(14) 39 41 L* + 3d,,.
1 B |849.1 0.011| 31(6) 24 45 dtpe + Ni 4p,
C |850.5 0.053| 10(2) 15 75 dtpe + Ni 4s
A |849.5 0.056| 7(5) 31 63 L* + 3d,,.
2 B |849.4 0.009| 13(3) 5 82 dtpe + Ni 4pd
C |850.9 0.036| 5(1) 5 90 dtpe + Ni 4s
A |848.7 0.078| 28(26) 33 38 L* + 3d,,.,
3 B [849.8 0.021| 43(7) 17 40 dtpe + Ni 4p,
C |851.5 0.041| 8(2) 4 88 dtpe + Ni 4s
A |8485 0.100| 34(25) 31 35 L* + 3d,,.,
4 B |851.4 0.045| 20(8) 6 74 dtpe + Ni4p,
C |852.0 0.003| 6(1) 0 94 dtpe + Ni 4s

Table1 Summary of TD-DFT calculated Ni L-edge XAS data for 1-4. Each row
represents a family of transitions (with an average energy, E,.,, and a total intensity, ).
Each of these families of transitions are ascribed to particular features in the Ni L;-edge
spectra (A, B, and Cin Figures 3 & 5). The averaged distribution of the final state acceptor
orbitals is also broken down between the metal (Ni, metal 3d contributions given in
parentheses), the mt ligand (L), and the diphosphine ligand (dtpe). A detailed breakdown
of all relevant TD-DFT calculated transitions are given in supplementary Information
S109-20.

As noted previously, there are two mechanisms for Ni 3d
contributions to bonding in these species; each of these is
reflected in the Ni L;-edge spectra. Peak A derives intensity from
direct Ni 3d contributions to backbonding, whereas the
intensity of peak B reflects Ni 3d/4p mixing. We note that the
overall Ni 3d contributions to bonding correlate very well with
the energy of the Ni 4p<1s transition (see supporting
information, SI21), which reflects spectroscopic oxidation
states. For both the alkene and arene complexes, Ni 3d
contributions are relatively small such that 1 & 2 are best

4| J. Name., 2012, 00, 1-3

described as Ni(0) metallacycles. This formulation is atypical
within the DCD bonding model, which envisages the formation
of metallacycles with concomitant two-electron oxidation of
the metal centre (i.e., a Ni(ll) metallacycle). Formal cleavage of
the C=C nt bond is achieved primarily through charge donation
from the diphosphine ligands rather than the metal centre.(ref)
In more 1t acidic systems such as 3 & 4, the metal contribution
to backbonding increases relative to that of the diphosphine
(Figure 6), resulting in formal metal oxidation. These complexes
have a more Ni(l)-like electronic configuration via increased
covalency. Although ligand contributions are still extremely
importantly in such species, metal donation is significant. We
anticipate that the reactivity of complexes with dominant
ligand-induced backbonding such as 1 & 2, where metal
contributions are very small, will differ markedly from those
with more classical metal-based backbonding. We postulate
that this may be an important factor in reactivity differences
between nickel and its noble metal analogs, palladium and
platinum, for whom metal-based backbonding is known to be
very important.33
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Figure 6 Schematic representation of changes in final states between 2 (left) and 4
(right). Most final states (B, C - see Table 1 for details) increase in energy due to charge
depletion at the metal centre except for Lit" states (A), which decreases in energy and
increases in intensity. These changes occur because of increased charge donation from
the metal centre in response to greater it acidity in the ligand. Each pie chart represents
the changes in Ni and dtpe charge donation from to the m ligand for each of the
complexes. The Ni 3d contribution to backbonding increases from under 20% to ~35%
between the two complexes.

Conclusions

Nickel L;,-edge spectroscopic data on a series of well defined
nickel diphosphine m complexes to provide support for the
critical role of ligand-induced backbonding in bond formation
and ligand activation. The data and supporting computational
data indicate two major sources of Ni 3d contributions to
bonding and a direct correlation between the degree of Ni 3d
charge depletion and the spectroscopic oxidation state of the
metal. In weakly mt acidic complexes, Ni 3d contributions are
very small even though the mt ligand is strongly activated. With
more strongly m acidic ligands, contributions from the metal
increase leading to partial oxidation of the metal centre. These
results support a direct involvement of ancillary ligands in 1

This journal is © The Royal Society of Chemistry 20xx
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backbonding. The implications for reactivity are still being
elucidated.

Experimental

Sample Preparation Selected (dtbpe)Ni (dtbpe = 1,2-bis(di-
tert-butyl)phosphino)ethane) m-complexes were prepared as
previously described.10-12

Spectroscopic Measurements XAS spectra were recorded at
beamline 10-1 at the Stanford Synchrotron Radiation
Lightsource (SSRL). Total electron yield (TEY) detection was used
for the acquisition of Ni L-edge spectra between 840-960 eV
with a channeltron electron multiplier. The incident beam
intensity was monitored via a gold grid and used as Iy to
normalize the total electron yield signal |;. For comparison, the
normalized (l1/lp) spectra were renormalized to each other’s
maximum. The scans were recorded with a step size of 0.3 eV
and an integration time of 1 s/pt. The energy resolution of the
incident radiation is ~0.3 eV. Each final spectrum was the sum
of five scans from different sample spots. Energy calibration was
performed using NiF, , with an Ls;-edge feature at 852.7 eV.3*
The incident angle was set at 55° with respect to the sample
surface. All samples were measured at room temperature. To
minimize radiation damage, a defocused beam (about 1x1
mm?) was used.

Computational methods Initial geometries for all molecules were
obtained from crystallographic coordinates (where available) or
constructed from standard models. Geometry optimizations and
numerical frequency calculations were performed using version 4.0
of the ORCA computational chemistry package3®. Molecular
geometries were optimized using the B3LYP functional in
combination with the Ahlrichs triple-{ basis set with valence
polarization (def2-TZVP) for all atoms. Computational efficiency was
improved by applying the Rl approximation (RIJCOSX) for the hybrid
functional®®. All calculations were performed with integration grid 4.
Reported thermochemical energies are given in kJ/mol and
correspond to Gibbs free energies (AG®) with zero-point vibrational
energy corrections (ZPVE). All calculations were run on either the
Abacus (UBC Chemistry) or GREX (Westgrid) computing clusters.
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