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Heterometallic hydride complexes are of growing interest due to their potential to contribute to highly
active insertion-based catalysis; however, methods to modulate electron density within this class of mole-
cules are underexplored. Addition of ancillary ligands to heterotrimetallic NiAl,H, species (1) results in the
(2-(L),).
Incorporation of sigma donating ancillary ligands of increasing strength led to contractions of the Ni—Al

formation of heterobimetallic NiAl-hydride complexes with varying phosphine donors

distances correlated to a strengthening of a back donation interaction to the Al-H sigma antibonding
orbital, most prominently present in 2-(PMes),. Demethylation of the aryl ether from 2-(PMej3), provides
access to a novel anionic nickel-aluminum complex (3) with a maintained bridged hydride moiety
between Ni and Al. Increased negative charge in complex 3 results in an elongation of the Ni—-Al inter-
action. Combined crystallographic, spectroscopic, and computational studies support a 3-center inter-
action within the Al-H-Ni subunits and were used to map the degree of Ni—H character of the series

rsc.li/dalton

Introduction

Heterometallic complexes bearing redox-active and redox-inac-
tive metal centers have been of growing interest over the past
few decades.”? This interest is, in part, correlated to the desire
to impart cooperative reactivity towards organic substrates
which is predominantly described through either (1) a redox-
inactive metal coordinating and guiding substrates to further
activation and functionalization at the transition metal center,
or (2) the redox inactive metal center binding directly to the
transition metal as a sigma acceptor to generate a more elec-
trophilic transition metal center.>* Both modes of cooperativ-
ity have been well-documented and have led to progress in a
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within the Al-H-Ni bonding continuum.

multitude of noteworthy reactions including, but not limited
to, N-heterocycle C-H activation,” CO, reduction,®® olefin
hydrogenation,’ and dihydrogen activation.’®'" Reactivity by
incorporating transition metals and Lewis-acidic metalloid
boron in a single system has shown a wide array of success in
bond activation and catalysis."*°

The intermediacy of metal-hydrides in a plethora of cata-
lytic cycles is widely acknowledged'” and multimetallic
hydride moieties, specifically, are responsible for a multitude
of impressive bond transformations.’® Indeed within hom-
ogenous catalysis, examples with late transition metals and
main group hydride additives have exhibited success in inert-
bond activation; yet the ill-defined nature of the reaction con-
ditions limits the mechanistic insight one can glean in relation
to cooperative reactivity.'” Examples of reactivity from well-
defined heterometallic hydride complexes are still emerging>’
which is, in part, due to synthetic challenges in accessing well-
defined heterometallic hydride complexes with discrete nucle-
arity. Moreover, reliance on the self-assembly of metal ions on
ligands to generate related species continues to impede
progress.>>* Dependence on monodentate ligands in this
domain offers poor control over nuclearity of multimetallic
hydride complexes.”® Complexes including precious metals
such as Rh and Ir with bridging aluminum hydrides are

known,>>"*” as well as recent examples with base metals.?*°
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Given the dearth of examples where the hydride moieties
are bridged between heterometallic centers, studies on elec-
tronic structure to better understand the impact of generating
heterometallic complexes of this sort are limited. Fortunately,
examples of well-defined heterometallic hydrides of this
nature have been reported recently, select examples are shown
in Fig. 1. Complex I features a trimetallic Ni-Mg complex with
4 bridged hydrides by Xu et al., capable of catalytic insertion
chemistry with unsaturated substrates.*®*" Complexes II and
III by the Crimmin group employ main group beta-diketimi-
nate moieties to bridge Al and Mg hydrides to Fe and Pd
centers, respectively.’’>* The electronic structure of these
complexes has been thoroughly studied to gain an understand-
ing of the nature of the heterometallic subunits. Complex II is
reported to facilitate ortho-directed C-H bond activation of
N-heterocycles.

Examples with bridging hydrides between Ni and Al centers
are highly limited; complexes IV, V, VI are the currently
reported crystallographically characterized examples by other
groups.”>*’ Developing a thorough understanding of the capa-
bility of heterometallic hydrides, transcending the classical
substrate preactivation and directing nature is -crucial.
Recently, facile anionic group transfer was reported for tran-
sition metal-aluminum containing species, including halides,
alkyls, and hydride transfers.”® Complex VII is a rare report of
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an Al-H-Ni generated in situ via addition of dihydrogen to a
nickel-alane complex.*® The system demonstrates facile reversi-
bility between alane and aluminyl states through auxiliary sub-
strate coordination. The system used in complex VII outlines
potential novel pathways for future reactivity leveraging Lewis-
acidic metals in redox activity and electron storage.

Our group recently reported complex 1, a NiAl,H, catalyst
capable of hydrofunctionalization of N-heterocycles.*®
Complex 1 exhibits a markable increase in activity of hydro-
functionalization catalysis in comparison to the alane precur-
sor which underscores the crucial nature of generating multi-
metallic hydrides to amplify insertion-based reactivity. In the
interest of delineating the bonding picture in complexes
related to the examples in Fig. 1a, Fig. 1b demonstrates a scale
that denotes the extremes of the bonding continuum within
the AI-H-Ni subunit of complex 1, ranging from an Al-H alane
to a Ni-H with a highly sigma-donating and trans-influencing
aluminyl moiety.* While complex 1 lies somewhere in
between the extremes, and there are accompanying parameters
that offer guidance such as the Ni-Al distances and the geome-
try at Ni, further investigations towards understanding how to
quantify or designate complexes within the context of the scale
are needed. Indeed, the groups of Aldridge and Crimmin have
thoroughly studied transition metal-main group hydride com-
plexes, including examples of transition metal-alanes, and

©\H/\ H
~. 7

S N PPr,

PiPr,

" Vi Vi
b)
H CH30~_ _H cho
CH30 CHs0 y 3 L
CH30 )
CH30~ 4 Ay (NiXLo) O~ y
N
@) — N g
o N BZN
N \ph Ph
This Work
Al-H Continuum of Bonding in Al-H-Ni Subunit Ni-H
Fig. 1 (a) Select examples of heterometallic hydride complexes with first row transition metals. (b) Extremes of sigma bonding within an Al-H and
Ni-H.
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have provided a blueprint in assessing degrees of activation
within main group hydrides.”>*® The interactions are
described through the Dewar-Chatt-Duncanson model where
the main group hydride fragment donates electron density to
an empty d-orbital and back donation from a filled d,-orbital
to an Al-H sigma-antibonding orbital;*”** notably the latter
interaction has been described a minimal contributor in a
series of reported examples.”> Given the lack of known
examples featuring an Al-H-Ni subunit, and their growing
interest given potential in catalysis, further work is needed to
elucidate the electronic structure.*® Herein, we discuss the syn-
thesis of new heterometallic complexes with an Al-H-Ni
subunit and efforts to perturb and monitor the electron
density distribution within the framework.

Results and discussion

Synthesis and characterization of neutral NiAl
heterobimetallic hydride complexes

In the solid-state, complex 1 features a Ni center supported by
two phosphine donors of the metalloligands as well as two Al-
H fragments, the latter in a 3-center bonding motif. Our group
desired to explore the continuum by probing complex 1
through examining the impact of addition of ancillary ligands
to the primary coordination sphere and monitoring the impact
in electronic structure.
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We envisioned the fate of the coordination site of the
added ancillary ligands may be instructive to the nature of the
hydride moiety, specifically towards where on the continuum
of sigma-binding the hydride of derivatives of complex 1
resides. For instance, addition of an ancillary ligand (L) to
complex 1 could result in coordination of L at Ni to generate
an Ni-alane with greater Al-H character (A - Scheme 1).
Alternatively, L could coordinate to Al and subsequently result
in the formation of a species with greater Ni hydride character
and a coordinated aluminyl center (B — Scheme 1), analogous
to anionic group transfers reported by Lu et al.*® As discussed
above, access to Ni-aluminyl complexes has been recently
shown to be relatively facile and the rules that govern intercon-
version are of growing interest. In the event of pathway B, the
retention of the trimetallic core would hinder a trans arrange-
ment of the hydride moiety to the aluminyl. Additionally,
ancillary ligands could also result in dissociation of the metal-
loligand itself to form heterobimetallic complexes (C -
Scheme 1). Though option C provides the least decisive
description towards the nature of the hydride moiety, one can
still glean relevant information based on the comparative elec-
tronic properties of the ancillary ligand, and the impact
towards the AI-H-Ni subunit.

Given that addition of Ni(COD), to metalloligand LAIH
results in the formation of complex 1, rather than a COD-co-
ordinated species, ancillary ligands serving as strong sigma
donors were pursued in our study. Addition of excess tri-
phenylphosphine to complex 1 produces a new complex

Scheme 1 Potential coordination sites of ancillary ligands to complex 1.

This journal is © The Royal Society of Chemistry 2024
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bearing a *'P{'"H} NMR spectrum consistent with a heterome-
tallic complex with two triphenyl phosphine ligands and one
metalloligand, indicating the formation of the heterobimetal-
lic species 2-(PPh;), (Scheme 2). Specifically, a triplet at §
—12.48 corresponding to the metalloligand phosphine and a
broad resonance at § 29.26 are observed. The latter resonance
sharpens to a doublet at 55 °C with corresponding coupling
constants of 9.6 Hz. Both "H and "*C{"H} NMR spectra are con-
sistent with the formation of a heterobimetallic hydride
complex including the observation of a hydride resonance at §
—1.78, a slight upfield shift from the hydride resonance of
complex 1. The resonance appears as a broad doublet jyp of
53.3 Hz, which is consistent with the multiplicity of complex 1.
While the expectation is to observe a doublet of triplets from
additional coupling to the phosphorus centers of the tri-
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phenylphosphine moieties, it is likely that the broadening
from coupling to quadrupolar >’Al obfuscates observation of
further coupling. Exposing complex 1 to conditions to balance
the reaction, including four equivalents of PPh; and one equi-
valent of Ni(COD), results in quantitative conversion to 2-
(PPhy),. Separately, conditions were identified to synthesize 2-
(PPhy), directly from the LAIH precursor (Scheme 2).

The solid-state structure of 2-(PPh;), was obtained by
single-crystal X-ray diffraction and features several noteworthy
features (Fig. 2a). The heterobimetallic features a Ni-Al dis-
tance of 2.322(1) A, representing a contraction compared to
the Ni-Al distance of 2.363(3) A in complex 1. The shortening
is reasoned through a strengthening of the Ni-Al interaction
as the two PPh; ligands may serve as more electron donating
in comparison to the metalloligand in 1. As a result, a more
electron rich Ni center would be better equipped to donate to
the Al-H sigma antibonding orbital. Furthermore, in 2-(PPhj;),
only one of the methoxy groups is coordinated to the Al center
which may be the result of the Ni-Al interaction strengthening
and the Lewis-acidic Al center requiring less coordinative stabi-
lization. However, the "H NMR data features only one methoxy
resonance which could indicate a fast exchange of methoxy
coordination to Al, or that in solution, both donors are co-
ordinated. The hydride ligand was located on the electron
difference map and indicates that the bridged nature between
the Ni and Al centers is maintained. The Ni-H distances are
comparable to that of 1 but the Al-H distance shows a slight
elongation; however, the crystallographically determined M-H
distances provide limited insight. With respect to the hydride
ligand and the three phosphine donors, a 7’4 *’ value of 0.92
about Ni is calculated which is consistent with tetrahedral geo-
metry, expected for a Ni-alane, rather than square planar geo-
metry for a Ni-hydride-aluminyl. However, given the sigma-
complex bonding assignment, determining the 7 value from
bond angles at some point along the Al-H bond rather than
the hydride center itself is more appropriate. Nevertheless, a

Fig. 2 Solid-state structures of (a) 2-(PPhs),, (b) 2-(dppm),, and (c) 2-(PMe3s),. Hydrogen atoms on ligands are excluded for clarity. Mixed wire-

frame/ellipsoid view used for clarity.
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distorted tetrahedral geometry is the most appropriate descrip-
tor for Ni in 2-(PPhg),. The impact on electron count and oxi-
dation state by sigma-acceptors has been discussed at length
elsewhere.***’ Though option C from Scheme 1 seems to dom-
inate when L = PPh;, examining the consistency of this result
with further ancillary ligands to potentially probe the Al center
for coordination, as well as further interrogating the impact of
the AI-H-Ni subunit via coordination at the Ni site, became of
increased interest.

The chelating phosphine, bis-diphenylphosphinomethane
(dppm) was employed as an auxiliary donor. We sought to
explore whether the phosphine centers would serve as a
chelate between Ni and Al, bind one equivalent to the Ni or Al
centers in a chelating fashion, or coordinate two equivalents at
Ni in a terminal fashion, akin to 2-(PPh;),.>® Indeed, addition
of dppm to complex 1 along with Ni(COD), quantitatively
formed the heterometallic analogue, 2-(dppm), with the phos-
phine ligands coordinating in a non-chelate fashion. Similar
to 2-(PPhy),, complex 2-(dppm), is preferentially and reason-
ably synthesized directly from metalloligand LAIH. Complex 2-
(dppm), features three resonances in the *'P{'"H} NMR spec-
trum: a triplet at 6 —12.35, a corresponding doublet at §
—27.05, and a broad resonance at § 20.72 integrating in a
1:2:2 ratio, respectively. The triplet and doublet resonances
correspond to the phosphorus centers in the coordination
sphere of Ni, the triplet belonging to the metalloligand phos-
phorus center and doublet to the bound dppm phosphorus
center. Lastly, the broad resonance corresponds to the
unbound dppm phosphorus centers. Variable-temperature *'P
{'"H} NMR was employed and displays decoalescence of both
dppm resonances at —20 °C amounting to a total of 5 reso-
nances for complex 2-(dppm), (Fig. S2 and S3t). The *'P{'H}
NMR spectrum at 60 °C exhibits sharpening of all resonances
as well as resolving of coupling features (Fig. S2 and S47). The
"H NMR spectrum shows the presence of the bridged hydride
at § —2.10, which once again appears as a broad doublet and is
slightly upfield in comparison to the hydride resonance in 1
and 2-(PPhy),.

The solid-state structure confirms the solution-state assign-
ment demonstrating that 2-(dppm), (Fig. 2b) features a hetero-
bimetallic core with two dppm ligands bound terminally to
the Ni center. The terminal coordination of the dppm ligand
observed rather than binding between the Ni and Al center is
relatively unsurprising given the resultant strain of a potential
chelate due to the single atom bridge. The Ni center takes on a
distorted tetrahedral geometry with respect to the metalloli-
gand phosphine, bound phosphine centers from dppm
ligands, and across the Al-H bond. The Ni-H and Al-H dis-
tances range from 1.43-1.47(12) A and 1.55-1.72(12) A respect-
ively. Notably, the hydride moiety could only be located in two
of the four molecules within the asymmetric unit. The dis-
torted tetrahedral geometry about Ni underscores a preference
for the Ni-alane designation rather than a Ni-aluminyl. The
Ni-Al distances range from 2.269-2.275(4) A which is a con-
traction from both 1 and 2-(PPh;),. Similar to 2-(PPh;),, only
one methoxy ligand is bound to the Al center.

This journal is © The Royal Society of Chemistry 2024
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Given the consistency in the observation of route C from
Scheme 1, perturbing the electron density within the AI-H-Ni
subunit by adding ancillary ligands of increasing sigma
donation became of greater interest. Thus far, increasingly
sigma donating ligands resulted in (1) a Ni-Al contraction in
the solid-state and (2) a progressively upfield chemical shift for
the hydride moiety. Substitution of more electron rich phos-
phine ligands to known heterometallic complexes have also
demonstrated an impact in accessing challenging reactivity.>*
Addition of two equivalents of trimethylphosphine to LAIH
and Ni(COD), results in the quantitative formation of 2-
(PMej3),. The assignment is supported by multinuclear NMR
spectroscopy with a doublet and triplet resonance in the *'P
{"H} NMR spectrum. The triplet at § —9.18 and doublet at §
—21.11, correspond to the metalloligand phosphorus center
and trimethyl phosphine phosphorus centers, respectively. A
Jup coupling constant of 9.1 Hz is observed between the two
phosphorus environments. The 'H NMR spectra also support
the assignment of the formation of the heterobimetallic 2-
(PMe3), species. The hydride resonance once again is observed
as an apparent broad doublet, the Jyp coupling constant is
54.5 Hz. Gratifyingly, the hydride resonance shifts substan-
tially upfield to 6§ —3.28 in comparison to complexes 1, 2-
(PPhy),, and 2-(dppm),.

The solid-state structure of 2-(PMe;), was also obtained and
a significantly shortened Ni-Al interaction is observed (2.261
(1) A) which is among the shortest Ni-Al distances reported
(Fig. 2¢).”* The hydride was located on the electron difference
map Ni-H and Al-H distances of 1.61-1.67(4) A and 1.67-1.71
(4) A, respectively. Similar to the other complexes discussed in
the 2-(L), series, a slight distortion of tetrahedral geometry is
observed when considering the three phosphine ligands and
hydride by the Ni center (z'y = 0.87). Once more, the solid-state
structure shows only one of the methoxy ligands remains
bound to the Al, again supporting that coordination of the
methoxy ligands to the Al center is dependent on the Lewis-
acidity of Al

Synthesis and characterization of an anionic NiAl
heterobimetallic hydride complex

The comparative spectral and structural parameters of 1 and 2-
(L), demonstrate a trend that more sigma donating ligands
result in a stronger Ni-Al interaction, as indicated by the bond
length contractions. Furthermore, a correlation is also
observed relating increasingly upfield hydride chemical shifts
with more electron-rich ancillary ligands. Motivated by leaning
further on this scale, strongly sigma-donating N-heterocyclic
carbene ligands were then employed. Addition of 1,3-diisopro-
pyl-4,5-dimethylimidazol-2-ylidene (iPrMe) to complex 2-
(PMe;), was investigated to access a carbene coordination
complex while minimizing need for metalloligand dis-
sociation. Monitoring the reaction through NMR spectroscopy
revealed clean conversion to a single heterometallic species
with resonances consistent with incorporation of the
N-heterocycle moiety as well as PMe; ligands. Remarkably,
rather than a carbene coordinated species, an anionic NiAl-
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hydride species, complex 3, is formed. The carbene ligand
facilitates demethylation from one of the methoxy groups to
form an Al-phenolate and a methylated imidazolium counter
cation (Scheme 3). Though carbene ligands have been reported
to generate phenolates through demethylation®* the observed
reactivity is somewhat surprising given the presence of the
hydride ligands, which one may have expected to be particu-
larly prone to abstraction. The selective formation of complex
3 highlights that the bridged hydride bears a stabilizing role
within these frameworks. Furthermore, formation of 3 demon-
strates that access to anionic states within catalytic insertion
chemistry should be considered and warrants exploration in
mechanistic studies. The choice of carbene and heterometallic
combination seems to be rather consequential as comparative
reactivity of iPrMe with complex 1 produced an indiscernible
mixture of complexes via NMR spectroscopic studies. Potential
rationale is the formation of a mixture of anionic species as
well as carbene coordination complexes. The variance in reac-
tivity between 1 and 2-(PMe;); towards the carbene ligand is
intriguing and could be correlated to an increased dissociative
nature of LAIH as opposed to PMe;. Furthermore, addition of
bulkier carbene ligand, IPr, to complex 1 shows surprisingly
no evidence of reactivity.

View Article Online
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Despite the deviation from the ligand substitution reac-
tions, isolation of complex 3 presented a unique opportunity
to interrogate the impact of negative charge on the Al-H-Ni
subunit. Complex 3 bears only slight solubility in aromatic sol-
vents and thus more polar solvents were employed for charac-
terization. The *'"P{'"H} NMR spectrum in THF-Dg shows that
complex 3 is desymmetrized and three resonances are
observed at § —0.65, —16.60, and —25.55 each a doublet of
doublets with corresponding coupling constants for J-coupling
to the neighboring phosphorus centers. The '"H NMR spec-
trum is also consistent with the desymmetrized nature of
complex 3, and features resonances for both the anionic NiAl-
hydride complex as well as the methylated imidazolium frag-
ment. Intriguingly, the hydride resonance appears at approxi-
mately 6 —4.07 as a broad apparent doublet and bears a Jyp
coupling constant of 44.8 Hz, the coupling is better resolved in
a crude NMR spectrum in Cg¢Dg (Fig. S1-S147). The chemical
shift of the hydride resonance in complex 3 presents the most
upfield of the AI-H-Ni series within the study.

The solid-state structure of complex 3 was obtained and
confirmed the assignment of the anionic nickel-aluminum
species and a methylated imidazolium cation (Fig. 3). The
anion in complex 3 can be described within the extremes as

CHSO \/\ H PMe3 o \
(AL 2H  PMe,
NN A
<‘£*</P PMe; + - —_— N @ —
) . N NG, 70% yield R
\ \Ph e NS iy <\:é</ \|  PMes N N~ipy
/ - @ Ph @Y
tBu /
‘B tBu
u
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2-(PMe;), 3
Scheme 3 Synthesis of anionic NiAl hydride complex 3.
a)
Fig. 3 (a) Solid-state structure of anionic portion of complex 3. Cation and hydrogen atoms on ligands are excluded for clarity. (b) Mixed wire-

frame/ellipsoid structure of complex 3 shown for clarity.
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either a nickel aluminate or a nickelate-alane given the litera-
ture precedent for accessing both aluminate® and nickelate
complexes in heterometallic species.”>*® Both the solid-state
structure of complex 3 and the chemical shift support the
retention of the hydride moiety in a bridged nature. The Ni-Al
distance of 2.333(1) A demonstrates that complex 3 undergoes
an elongation in comparison to 2-(PMe;),. Despite the Ni-Al
distance elongation in complex 3, the complexes within this
study feature a Ni-Al bond distance that are less than the sum
of the covalent radii of Ni and Al.>’ Complex 3 establishes the
only observation where the chemical shift of the hydride
moiety continues to trend upfield while a elongation of the

1 6 -1.50;Jyp=46.0 Hz

VAN

6 '1.78; JHP= 53.3 HZ

View Article Online

Paper

Ni-Al interaction is observed (Fig. 4). A table comparing the
solid-state structural patterns of complexes 1, 2-(L),, and 3 is
shown in Table 1. Complex 3 demonstrates a mild distortion
from tetrahedral geometry at Ni with respect to the hydride
moiety and three phosphine centers with the largest distortion
amongst the class of molecules (7', = 0.80).

Electronic structure studies

The study of the series of NiAl-hydride complexes reveals an
intriguing trend, the inclusion of more electron rich ancillary
ligands, as well as negative charge, results in increasingly
upfield chemical shifts of the hydride moieties. The principles

2'(PPh3)2
& -2.14; J,p= 54.5 Hz
2-(dppm),
8 -3.28; Jp= 54.5 Hz
2‘(PM e3)2 174
3 8 -4.07;J,p= 44.8 Hz
A/\\\M_
-1 -2 -3 -4 -5 ppm
Fig. 4 Stacked H NMR spectra in hydride region for complexes 1, 2-(L), and 3.
Table 1 Comparison of structural and spectroscopic parameters for complexes 1, 2(L),, and 3
1 2-(PPh;), 2-(dppm), 2-(PMe3), 3
Ni-Al (A) 2.3629(7) 2.3222(16) 2.269-2.276(4) 2.2503(7) 2.3336(11)
) 2.3683(7) 2.2613(7) 2.3358(11)
Ni-H (A) 1.57(3) 1.54(4) 1.43-1.47(13) 1.61(4) 1.19(3)
. 1.60(3) 1.67(4) 1.31(3)
Al-H (A) 1.59(3) 1.74(4) 1.55-1.72(12) 1.68(4) 1.88(3)
) 1.61(3) 1.71(4) 1.75(3)
Ni-P(1) (A) 2.1580(6) 2.1832(14) 2.169-2.175(2) 2.1410(6) 2.1311(10)
. 2.1635(6) 2.1449(6) 2.1329(10)
Ni-(P2/P3) (A) — 2.2095(14) 2.171-2.186(2) 2.1570(7) 2.1661(11)
2.1915(16) 2.1612(7) 2.1614(11)
2.1674(7) 2.1559(11)
2.1706(7) 2.1677(10)
Ni 7y 0.89(0.86)" 0.92(0.87) 0.90(0.86) 0.87(0.84) 0.80(0.82)
Al7, 0.23(0.37)° 0.76(0.80) 0.73(0.72) 0.70(0.69) 0.78(0.80)
6 AI-H-Ni -1.50 -1.78 -2.14 -3.28 —-4.07

“@Values in brackets determined from DFT-optimized structures. ° z; value.

This journal is © The Royal Society of Chemistry 2024
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that govern chemical shift are non-trivial and convoluted;>®
however, diamagnetic Ni-hydrides often have chemical shifts
in the range of —5 to —38 ppm, (with the majority not lying
within the extremes) while diamagnetic aluminum hydride
species have chemical shifts typically ranging from
3-6 ppm.®°"®* The chemical shifts of the complexes reported
here show an intermediary of the two, consistent with a desig-
nation of sigma-complexes.*® Moreover, comparison of the
Tolman parameters of similar ancillary ligands®"®** employed
in the 2-(L), series are in agreement with the upfield chemical
shifts belonging to more donating ligands; though, this com-
parison excludes complex 1 and complex 3.

The described trend could be explained by consideration of
the 3-center bonding motif within the AI-H-Ni subunit. One
could argue that predominant interactions within the subunit
are donation of electron density from an Al-H sigma-bonding
orbital to the Ni center and backdonation from the Ni center
to the Al-H sigma antibonding orbital, as described in the
introduction. Notably, more electron rich Ni centers would be
best suited for a strengthened back donation interaction.
Within the series of complexes discussed here, the strength of
the backbonding interaction would delineate the degree of Ni-
H character observed, akin to arguments for dihydrogen co-
ordinated intermediates prior to formation of metal-dihy-
drides.®” Similar arguments for Mg-hydrides and Zn-hydrides
to Pd centers have been depicted previously.** However, unlike
the prototypical dihydrogen coordination, the interaction is
asymmetric; where the accepting orbital from the main group-
hydride is of greater main group-element character.
Consequently, donation and backdonation interactions are
likely not evenly distributed. Physical methods to quantify the
electron distribution within an Al-H-Ni subunit are not well
developed, mostly due to the lack of known examples.
Although Al is spin active, the quadrupolar nature limits the
insight one can glean from Al-H coupling constants, com-
pared to those of silane-coordinated sigma species.®® In this
series of complexes, the only observable coupling constant for
the hydrides is to the metalloligand phosphine center as con-
firmed through "H{>'P} NMR experiments.*® Nevertheless, the
chemical shift of the hydride moiety trends progressively
upfield across the series (Fig. 4). A finding consistent with a
gradual shift towards Ni-H character across the continuum of
bonding within the subunit.

The structure across the series of complexes was evaluated
for changes at both Al and the Ni centers. As discussed above,
the expectation for a Ni-alane would result in a tetrahedral geo-
metry while the Ni-aluminyl would likely adapt a square
planar geometry. Thus, the evaluation of the 7, value at Ni
across the series serves as an informative metric to guide the
level of deviation from tetrahedral Ni-alane. Indeed, analysis of
7', across the series of complexes reported here show an
increasing deviation from 1 (perfectly tetrahedral) across the
series of heterobimetallic complexes examined, ranging from
0.92 to 0.80, consistent with the trend in chemical shift of the
hydride ligand, a finding again supporting a gradual shift to
more Ni-H character (Table 1). Given the major structural
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differences and bidentate nature in metalloligand LAIH in
comparison to the phosphine donors examined, it is not sur-
prising heterotrimetallic complex 1 slightly deviates from the
trend. Comparison of 7 values is more complicated at Al given
the increased coordination number at complex 1. Across the
heterobimetallic complexes there seems to be a consistent
deviation from tetrahedral geometry with exception to complex
3. This deviation is potentially associated to the anionic nature
and the overall structural difference that a phenolate moiety
would impose rather than an aryl ether. Given that both 7/,
values at Ni and Al utilize bond angles determined from the
hydride location, the 7/, value was also calculated from the
DFT-optimized structures (discussed below); the results show
strong consistency with the trends discussed above.

To deepen our understanding within this argument,
density functional theory (DFT) and Quantum Theory Atoms-
In-Molecules (QTAIM) calculations were performed to interro-
gate the electronic structure, while also gaining more reliable
metrics regarding the metal hydride bond lengths. The bond
lengths from DFT-optimized structures correlate well with
experimental results (Table S3-1f) with exception to metal-
hydride bond lengths in 2-(dppm),, 2-(PPh;), and 3; in these
cases the DFT-calculated structure is deemed a better represen-
tation of the hydride position given challenges in predicting
hydride locations accurately through X-ray diffraction.
Representative examples highlighting interactions within the
core are observed in the HOMO and HOMO-6 of 2-(PMe;),
(Fig. 5). The HOMO of 2-(PMe3), specifically demonstrates con-
tributions from all three components of the subunit; Ni (64%),
Al (3.6%), and H (6.4%). The primary contributors from Al are
the 3s (2.03%) and 2p, (0.99%) orbitals, while the Ni orbital
contributors are a hybrid mixture mostly consistent with 3d
(~55.3%) with some 4p (~9%) character. Orbital mixing into
the ligand framework renders further evaluation difficult to
deconvolute; however, the frontier orbitals demonstrate signifi-
cant contributions from the Ni centers across the series of
complexes, their details of which are displayed upon in Tables
S$3-3 to S3-7.}

Fig. 5 Pictorial representation of HOMO (left) and HOMO (-6) (right) of
2-(PMes),. Isosurface value set to 0.03 e A~>. Hydrogen atoms are
omitted for clarity.

This journal is © The Royal Society of Chemistry 2024
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Table 2 Comparison of key bond lengths, Wiberg Bond Indices (WBI) from DFT-optimized structures and p values from QTAIM calculations

Metric 1 2-(PPh;), 2-(dppm), 2-(PMe3), 3
Key bond lengths of DFT optimized structures (A) Ni-Al 2.321, 2.341 2.264 2.278 2.254 2.343
Ni-H 1.627,1.659 1.636 1.637 1.658 1.621
Al-H 1.700, 1.707 1.713 1.730 1.727 1.734
Wiberg bond indices Ni-Al 0.30, 0.31 0.35 0.36 0.39 0.34
Ni-H 0.47, 0.48 0.48 0.49 0.49 0.52
Al-H 0.36, 0.39 0.37 0.37 0.40 0.37
p(r) (electron density at bond critical points) Ni-Al — — — — —
Ni-H 0.09 0.09 0.09 0.09 0.09
Al-H 0.07 0.06 0.06 0.07 0.06

Table 2 summarizes key metrical bonding parameters
within the Al-H-Ni subunits of complexes 1, 2-(L),, and 3
including the computationally determined bond lengths,
Wiberg Bond Indices (WBI), and QTAIM (3, —1) critical points.
The bond orders of Ni-Al, Ni-H and Al-H are all relatively
close and range between 0.30 and 0.52, the values themselves
are consistent with known heterometallic hydride complexes
and provide more support for the classification of a 3-center
bonding motif within the series of complexes.** Examining
the WBI values across the series of complexes with varying
ancillary ligands demonstrate moderate changes and are gen-
erally in agreement that the stronger sigma-donating ancillary
ligands leads to an increase in the Ni-Al bonding interaction.
Furthermore, the decrease in the Ni-Al WBI for complex 3 is
consistent with the longer bond length in both the crystallo-
graphically determined and the DFT-optimized structures.
Studies probing metal-metal interactions with Rh and varying
metals have shown similar consistency with an increased WBI
value correlated to a shorter crystallographically determined
Rh-M bond.®” Despite the diminished Ni-Al bonding inter-
action in 3, an increase for the Ni-H WBI is observed, and in
agreement with a trend correlating slight increases in the Ni-
H WBI to increasingly upfield hydride chemical shifts. The
computational studies were further buttressed with Quantum
Theory of Atoms-In-Molecules (QTAIM) analysis to identify the
(3, —1) bond critical points (BCPs) within the Al-H-Ni subunit
(Table $3-21).°%%° Gratifyingly, BCPs with p(r) values ranging
from 0.06 to 0.09 were observed between Al-H and Ni-H
bonds substantiating the 3-center bonding motif.>° Critical
points were not identified between Ni and Al centers; consist-
ent with known TaCu-hydride complexes with strong metal-
metal interactions.””

Intriguingly, the difference in NPA charges with Ni and Al
suggest strong polarization between the two metal centers
(Table S3-2t). The high negative charge at Ni, specifically, is
consistent with reported examples describing partial anionic
character at the transition metal center,”®”*”® and contrasts
the slightly positive values, at Ni, of heterometallic Ni-H-Mg
complexes. Crucially, the NPA charge distribution data should
be interpreted with caution as NPA charges have been shown
to overestimate negative charge in heterometallic systems.”*
QTAIM derived charges decrease substantially in comparison
to the NPA-derived charges; a finding analogous to reported
FeAl and FeCu complexes.”*

This journal is © The Royal Society of Chemistry 2024

Early reports studying late metal hydrides and phosphine
ancillary ligands outline that altering the electron rich nature
of the phosphine centers influenced the hydricity of the
moiety and is presented through an upfield chemical shift.”>”®
The hydricity amongst the heterometallic series of complexes
were evaluated through DFT calculations with solvation in
acetonitrile.”” Generally, more electron rich phosphine donors
were found to lead to a more hydridic hydride ligand
(Table S3-8t); consistent with literature examples of nickel
bisphosphine systems.”®”® For example, complex 2-(PPh), fea-
tures a AGy; of 59.3 kcal mol~" which is considered moderate
amongst neutral Ni species; however, 2-(PMe;), demonstrates
a heightened hydricity (AG;; of 54.1 kcal mol™'). Amongst the
series of complexes, 3 proved to be the strongest hydride
donor by far (AGy = 40.1kcalmol '), which the anionic
charge of the system is likely accountable for.®® Further studies
to correlate hydricity in separate reactivity studies are under-
way. Lastly, IR spectroscopy was examined to interrogate the
impact that the sigma donating ability of the ligands bear on
the metal-hydride stretches (Fig. S5-1 to S5-5t). The bridging
nature of the hydrides likely result in broadening of the metal-
hydride stretches. However, DFT calculations indicate a
gradual decrease in the M-H wavenumber for ligands with
stronger donating ability among the neutral heterometallics
(Table S5-17).

Conclusions

With the aim of gaining a thorough understanding of the
nature of the hydride moiety in 1, a series of complexes were
synthesized and characterized that feature an Al-H-Ni
subunit. The series of complexes discussed above demonstrate
the relative ease of synthetic access to sigma complexes of
alanes to Ni centers, as well as the surprising stability of the
resultant AI-H-Ni subunits. The observation of metalloligand
dissociation in cases where phosphine ancillary ligands
were introduced underscores that full hydride migration to
either metal center has, thus far, not been accessible
while maintaining the core trimetallic structure
Nevertheless, key insights were garnered through examin-
ing the impact of the coordinated ancillary ligands
towards the remaining Al-H-Ni subunits in the 2-(L), com-
plexes. Namely, the introduction of increasingly strong

in 1.
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sigma donating phosphine ligands perturb the electron
distribution within the Al-H-Ni subunit of the neutral het-
erometallic species, which is evidenced by progressively
contracted Ni-Al bond distances as well as more upfield
chemical shifts for the hydride moieties. Furthermore, the
Al-H-Ni subunit proved to persist despite changes in the
charge of the molecule as imposed in anionic complex 3.
Complexes 1 and 2-(L), abide by the principles described
in the sigma-bonding continuum (Fig. 1; bottom) relating
the shortening of a Ni-Al distance with more Ni-H charac-
ter. Conversely, complex 3, which according to spectro-
scopic and computational studies bears the most Ni-H
character in the forces a deviation from the
accepted trend.

Computational studies support the 3-center bonding nature
of the Al-H-Ni subunit and outline mild changes across the
series but a general agreement in the correlation of strength of
the sigma-donor leading to an increased Ni-Al interaction.
Cumulatively, crystallographic, spectroscopic, and compu-
tational studies support that, with respect to the discussed
bonding continuum, the hydride moiety shifts slightly towards
more Ni-H character and becomes increasingly hydridic with
more electron donating ancillary ligands as well as the intro-
duction of negative charge to the framework. Although option
C, from Scheme 1, is the dominant pathway observed in this
study, ongoing efforts in accessing options A and B are under-
way. Additional studies are focused on examining the impact
of varying ancillary ligands in insertion chemistry and identify-
ing methodology to spectroscopically determine the nature of
the hydride moieties in AI-H-Ni systems.

series,

Experimental
General procedures

All air- and water-sensitive compounds were manipulated
under N, using standard Schlenk or glovebox techniques. The
solvents for air- and moisture-sensitive reactions were dried
over activated 3 A molecular sieves and the anhydrous nature
was confirmed by addition of persistence of ketyl radical upon
addition. Deuterated solvents were purchased from Millipore
Sigma; Ce¢Dg, and C;Dg was dried as mentioned above.
Potassium was purchased from Millipore Sigma and used
without  further  purification.  1,3-Diisopropylthiourea,
3-hydroxy-2-butanone, and 1-hexanol, triphenylphosphine, tri-
methylphosphine, and bis-diphenylphosphinomethane were
purchased from Oakwood Chemical and Millipore Sigma and
used without further purification once purity was confirmed
by NMR spectroscopy. 1,3-Bis(isopropyl)-4,5(dimethyl)imida-
zol-2-ylidene®' and 1*° were synthesized according to the litera-
ture procedure. All "H, **C, and *'P spectra of organic and
organometallic compounds were recorded on a Bruker
400 MHz spectrometer. 'H and '*C chemical shifts are
reported relative to residual solvent resonances. *'P{'"H} NMR
spectra were referenced to external 85% H3;PO, at § 0.00. IR
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spectroscopy was carried out on a Thermo Scientific Nicolet
iS5 FTIR spectrometer.

Synthesis of complex 2-(PPh;),

Method A: in a N, filled glovebox, a solution of 1 (20.0 mg,
0.015 mmol) in 0.6 mL of C¢De in a 20 mL scintillation vial
was added four equivalents of triphenyl phosphine (16.3 mg,
0.060 mmol) and an equivalent of Ni(COD), (4.1 mg,
0.015 mmol) simultaneously. Over the course of an hour, the
solution turned dark orange and multinuclear NMR indicated
the quantitative formation of complex 2-(PPh;),. The volatiles
of the reaction mixture were removed and triturated with
n-pentane (3 x 1 mL). The crude orange solid was washed with
n-pentane (1 mL) and diethyl ether (1 mL) and then extracted
with benzene and filtered through a pad of Celite. The bright
orange solution was evaporated yielding analytically pure 2-
(PPhy), (31.8 mg, 0.026 mmol) in 86.7% yield. Method B: to a
solution of LAIH (500 mg, 0.78 mmol) in 10 mL of benzene in
a 50 mL round bottom flask was added one equivalent of Ni
(COD), (215 mg, 0.78 mmol) and two equivalents of triphenyl-
phosphine (409 mg, 1.56 mmol) simultaneously resulting in
the formation of a dark yellow solution. The solution was
stirred for 0.25 hours at which point all volatiles were removed
in vacuo. The dark yellow crude mixture was triturated with
n-pentane (3 x 5 mL) and then washed with pentane (10 mL)
and diethyl ether (10 mL) and then extracted with benzene
(12 mL) and filtered through a Celite pad in the filter frit. The
benzene solution of 2-(PPh;), was evaporated resulting in ana-
Iytically pure 2-(PPh;), (410.0 mg, 0.36 mmol) in 46% yield.
Single-crystal X-ray quality crystals were grown by vapor
diffusion of n-pentane to a concentrated solution of 2-(PPhy;),
in benzene. "H NMR (400 MHz, C¢Dq, 298 K): § 7.57 (d, *Jup =
9.4 Hz, 2H, PhH), 7.36 (t, *Jjyy = 8.0 Hz, 12H, PhH), 7.24
(broad m, Wy, = 14.4 Hz, 2H, PhH), 6.94-6.88 (overlapping m,
21H, PhH), 6.69 (broad m, W;,, = 12.4 Hz, 4H, PhH), 6.49
(apparent t, *J;y = 8.1 Hz, 2H, PhH), 6.32 (broad multiplet,
Wi, = 12.3 Hz, 2H, PhH), 2.96 (s, 6H, OCH;), 1.15 (s, 18H,
C(CH3)3), —1.78 (apparent d, Jyp = 53.3 Hz, 1H, Al-H-Ni). *'P
{'H} NMR (242.87 MHz, C¢Ds, 298 K): & 29.26 (broad s, Wy, =
40.3 Hz, 2P, PPh;), —12.48 (t, *Jpp = 11.2 Hz, 1P, PPhAr). *'P
{'H} NMR (242.87 MHz, C,Dg, 328 K): § 29.01 (d, *Jpp = 9.6 Hz,
2P, PPhj), —12.40 (t, >Jpp = 9.6 Hz, 1P, PPhAr). "*C{'"H} NMR
(101 MHz, C¢Dg, 298 K): § 151.9 (overlapping m, aryl-C), 140.34
(2nd order multiplet, AXX'Y, aryl-C), 137.58 (d, Jcp = 5.4 Hz,
aryl-C), 137.47 (s, aryl-C), 136.51 (dt, “Jcp = 37.6 Hz, Jcp = 3.5
Hz, aryl-C), 133.71 (2nd order multiplet, AXX'Y, aryl-C), 133.09
(d, Jep = 11.1 Hz, aryl-C), 129.54 (broad s, W;,, = 15.4 Hz, aryl-
C), 128.23 (s, aryl-C), 127.28 (overlapping m, aryl-C), 126.95 (d,
Jcp = 8.4 Hz, aryl-C), 126.13 (s, aryl-C), 125.39 (s, aryl C), 123.57
(broad s, Wy, = 24.8 Hz, aryl-C), 122.40 (s, aryl-C), 120.69
(broad s, Wy, = 181.5 Hz, aryl-C), 120.25 (s, aryl-C), 115.20 (s,
Jcp = 5.8 Hz, aryl-C), 109.46 (s, aryl-C), 55.07 (s, OCH3), 33.85
(s, C(CH3)3), 31.31 (s, C(CHj)3). C;6H7,AIN,NiO,P; theoretical:
C% 74.45, H% 6.08, N% 2.28. Determined C% 74.48, H% 6.28,
N% 2.04.

This journal is © The Royal Society of Chemistry 2024
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Synthesis of complex 2-(dppm),

To a solution of LAIH (450.0 mg, 0.70 mmol) in 4 mL in
benzene added bis-diphenylphosphinemethane
(478.3 mg, 1.24 mmol) followed by addition of a solution of Ni
(COD), (171.1 mg, 0.62 mmol) in 4 mL of benzene. Over the
course of four hours, the color of the solution changed from
yellow to mahogany. All volatiles were removed in vacuo and
the crude mixture was triturated with n-pentane (3 x 4 mL) and
then washed with pentane (10 mL) and diethyl ether (7 mL)
and then extracted with benzene (5 mL). The benzene fraction
was evaporated resulting in analytically pure 2-(dppm), in
41.4% yield (379.0 mg, 0.26 mmol). Crystals of sufficient
quality for single-crystal X-diffraction were grown from
benzene/HMDSO slow evaporation. "H NMR (400 MHz, C¢D,
298 K): 6 7.62 (d, *Juy = 8.4 Hz, 2H, PhH), 7.53 (d, *Juy = 10.0
Hz, 2H, PhH), 7.29-6.65 (overlapping m, PhH), 6.45 (t, *Juy =
8.5 Hz, 2H, PhH), 6.37 (d, *Juu = 7.8 Hz, 2H, PhH), 3.17 (dd,
’Jup = 41.5 Hz, *Jyp = 14.5 Hz, 4H, PCH,P), 3.09 (s, 6H, OCH3,),
1.15 (s, 18H, C(CH3)3), —2.14 (apparent d, Jyp = 54.5 Hz, Wy, =
80.6 Hz, 2H, Al-H-Ni). *'P{'"H} NMR (242.87 MHz, CcDq,
298 K): 5 20.75 (broad s, W, = 115.3 Hz, 2P, M-PPh,CH,PPh,),
—12.36 (t, *Jpp = 12.0 Hz, 1P, PPhAr), —27.06 (apparent d, *Jpp =
41.0 Hz, 2P, M-PPh,CH,PPh,). *'P{'"H} NMR (242.87 MHz,
C,Dg, 253 K): § 26.78 (broad m, W,, = 395.3 Hz, 1P, M-
PPh,CH,PPh,), 15.46 (broad m, W,;, = 395.3 Hz, 1P, M-
PPh,CH,PPh,), —12.50 (t, *Jpp = 11.0 Hz, 1P, PPhAr), —25.92
(broad m, W,, = 395.3 Hz, 1P, M-PPh,CH,PPh,), —29.40
(broad m, Wy, = 395.3 Hz, 1P, M-PPh,CH,PPh,). *'P{'"H} NMR
(242.87 MHz, C,Dg, 333 K): § 20.98 (2nd order multiplet, AA'
XX, 2P, M-PPh,CH,PPh,), —11.46 (t, ¥pp = 11.0 Hz, 1P,
PPhAr), -27.06 (2nd order multiplet, AAXX'Y, 2P,
M-PPh,CH,PPh,). *C{'H} NMR (101 MHz, C¢Ds, 298 K): §
152.17 (overlapping broad m, aryl-C), 141.24 (2nd order multi-
plet, aryl-C), 139.36 (2nd order multiplet, aryl-C), 138.54
(broad m, aryl-C), 137.81 (s, aryl-C), 137.53 (broad m, Wy, =
13.4 Hz, aryl-C), 137.02 (dt, Jcp = 38.2 Hz, Jcp = 4.7 Hz, aryl-C),
133.24 (broad d, jcp = 11.7 Hz, aryl-C), 132.82 (dd, Jcp = 20.2
Hz, Jcp = 7.7 Hz, aryl-C), 132.65 (doublet of m, Jcp = 98.2 Hz,
aryl-C), 132.47 (d, Jcp = 12.7 Hz, aryl-C), 129.58 (broad m, W/,
= 19.6 Hz, aryl-C), 128.23 (s, aryl-C), 127.35-127.09 (overlap-
ping m, aryl-C), 126.95 (d, Jcp = 8.7 Hz, aryl-C), 125.93 (s, aryl-
C), 125.41 (s, aryl-C), 123.53 (broad s, W;,, = 64.4 Hz, aryl-C),
122.50 (s, aryl-C), 120.19 (broad s, Wy, = 63.5 Hz, aryl-C),
115.30 (d, Jcp = 5.6 Hz, aryl-C), 109.39 (s, aryl-C), 55.21 (s,
OCH3), 33.31 (s, C(CHs)s), 32.86 (2nd order multiplet AXX'YZ,
Ni-Ph,P-CH,-PPh,), 31.30 (s, C(CHj);). CoyHo AIN,NiO,P5
theoretical: C% 73.59, H% 6.18, N% 1.82. Determined C%
73.25, H% 6.27, N% 1.97.

was

Synthesis of complex 2-(PMe;),

To a solution of LAIH (700.0 mg, 1.088 mmol) in 7 mL in
toluene was added a solution of Ni(COD), (214 mg,
0.77 mmol) and 1.55 mL of 1.0 M trimethylphosphine solution
(1.55 mmol) in 3 mL of toluene, resulting in the formation of
a dark brown solution. The solution was stirred for 48 hours at

This journal is © The Royal Society of Chemistry 2024
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which point all volatiles were removed in vacuo. The dark
brown crude mixture was triturated with n-pentane (3 x 5 mL)
and washed thoroughly with pentane (15 mL), diethyl ether
(10 mL) and then extracted with benzene (10 mL). The
benzene fraction was evaporated resulting in the isolation of
an analytically pure bright orange powder (291.0 mg,
0.341 mmol) in 44% yield. The powder is then dissolved in a
50:50 mixture of n-pentane and diethyl ether and recrystal-
lized at —40 °C to afford X-ray quality bright yellow single crys-
tals of complex 2-(PMe;),. "H NMR (400 MHz, C¢Dg, 298 K): 6
7.91 (apparent t, *Juy = 8.9 Hz, 4H, PhH), 7.32(d, *Jy = 8.0
Hz, 2H, PhH), 7.20 (apparent t, *Jyy = 8.0 Hz, 2H, PhH),
7.02-7.14 (overlapping multiplets, 5H, PhH), 6.77 (apparent t,
*Jiu = 7.4 Hz, 2H, PhH), 6.69 (apparent t, *J; = 7.4 Hz, 2H,
PhH), 6.36 (d, *Juu = 7.9 Hz, 2H, PhH), 3.07 (s, 6H, OCHj3),
1.23 (s, 18H, C(CHj;)3), 0.96 (s, 18H, P(CHj);3), —3.28 (apparent
d, Jup = 54.5 Hz, Wy, = 93.6 Hz, 1H, Al-H-Ni). *'P{'H} NMR
(242.87 MHz, CeDs, 298 K): 5 —9.18 (t, Yfpp = 9.1 Hz, 1P,
PPhAr), 21.11 (d, *Jpp = 9.1 Hz, 2P, PMe;). “C{'H} NMR
(101 MHz, C¢Ds, 298 K): 6 152.41 (d, ¥cp = 14.5 Hz, aryl-C),
152.00 (s, aryl-C), 139.60 (dt, ‘Jcp = 36.3 Hz, *Jcp = 5.6 Hz, aryl-
C), 138.37 (broad s, aryl-C), 137.44 (d, */cp = 5.3 Hz, aryl-C),
132.46 (d, *Jcp = 11.6 Hz, aryl-C), 129.08 (s, aryl-C), 126.91 (d,
’Jcp = 8.5 Hz, aryl-C), 126.42 (s, aryl-C), 125.43 (s, aryl-C),
123.03 (broad s, aryl-C), 122.55 (broad s, aryl-C), 121.70 (dt,
Yep = 44.1 Hz, YJop = 9.1 Hz, aryl-C), 119.60 (s, aryl-C), 115.69
(d, ¥Jcp = 6.0 Hz, aryl-C), 110.16 (s, aryl-C), 55.21 (s, OCHs,),
33.86 (s, C(CH3)3), 31.38 (s, C(CH3)3), 21.91 (td, Yp = 11.1 Hz,
%Jcp = 4.5 Hz, P(CH;);). Cy4HgrAIN,NiO,P;. Theoretical: C%
64.73, H% 7.32, N% 3.28. Determined C% 64.82, H% 7.42, N%
2.97.

Synthesis of complex 3

To a solution of 2-(PMe;), (200.0 mg, 0.24 mmol) in 4 mL in
benzene was added one equivalent of 1,3-diisopropyl-4,5-di-
methylimidazol-2-ylidene (42.7 mg, 0.24 mmol) as a solution
in benzene (4 mL) at room temperature. Over the course of
one hour, the solution darkened and a yellow precipitate
formed. The suspension was transferred to a pipette filter with
Celite and the solid precipitate was washed with diethyl ether
(5 mL) and the precipitate was then extracted with 10 mL of
tetrahydrofuran. The THF solution was then evaporated to
yield 69.8% of analytically pure complex 3 (169.1 mg,
0.16 mmol). X-ray quality crystals were grown via vapor
diffusion of hexamethyldisiloxane to a solution of 3 in THF.
"H NMR (400 MHz, C,D;0, 298 K): § 7.72-7.64 (overlapping m,
3H, PhH), 7.54 (dd, %y = 6.1 Hz, *Jyy = 8.2 Hz, 1H, PhH),
7.36 (apparent t, *Jyy = 6.2 Hz, 1H, PhH), 7.22 (apparent t,
*Jun = 7.2 Hz, 2H, PhH), 7.14 (apparent t, *Jyy = 7.2 Hz, 1H,
PhH), 7.05 (d, *Jug = 7.1 Hz, 1H, PhH), 6.95 (apparent t, *Jyy =
10.7 Hz, 2H, PhH), 6.82 (apparent t, >Jy;y; = 7.5 Hz, 1H, PhH),
6.77-6.63 (overlapping multiplets, 3H, PhH), 6.43 (d, *Jyy = 7.2
Hz, 2H, PhH), 6.30 (t, >Jyy; = 7.3 Hz, 1H, PhH), 6.06 (apparent
t, *Juu = 7.2 Hz, 1H, PhH), 5.99 (apparent t, *Jyy = 7.2 Hz, 1H,
PhH), 4.37 (sep, *Jun = 7.2 Hz, 2H, CH(CH,),), 3.48 (s, 3H,
OCH3;), 2.06 (overlapping s, 9H, imidazolium CHj;), 1.25 (d,
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3un = 7.2 Hz, 12H, CH(CH,),), 1.23 (s, 9H, C(CH,);), 1.10 (s,
9H, C(CH,);), 0.85 (d, *Juy = 4.2 Hz, 9H), 0.72 (d, *fiy = 4.2
Hz, 9H), —4.07 (apparent d, Jup = 44.8 Hz, W;,, = 115.2 Hz, 1H,
Al-H-Ni). *'P{"H} NMR (242.87 MHz, C,D;50, 298 K): § —0.65
(dd, ?*Jpp = 32.5 Hz, }Jpp = 6.4 Hz, 1P, PPhAr), —16.60, (dd, >/pp =
30.5 Hz, }Jpp = 6.4 Hz, 1P, P(CH,);), —25.45 (dd, *Jpp = 30.5 Hz,
*Jpp = 32.5 Hz, 1P, P(CH3);). C{"H} NMR (101 MHz, C,D;0,
298 K): § 158.06 (s, aryl-C), 157.90 (d, Jcp = 17.5 Hz, aryl-C),
156.07 (s, aryl-C), 150.53 (d, Jcp = 12.0 Hz, aryl-C), 143.21 (ddd,
Jcp = 26.4 Hz, Jcp = 10.9 Hz, Jcp = 1.8 Hz, aryl-C), 142.07 (s,
aryl-C), 141.76 (s, aryl-C), 139.13 (s, aryl-C), 134.74 (d, Jcp = 5.5
Hz, aryl-C), 132.80 (d, Jcp = 12.4 Hz, aryl-C), 132.36 (d, Jcp = 4.6
Hz, aryl-C), 132.18 (s, aryl-C), 130.33 (s, ary-C), 127.48 (ddd, Jcp
=42.9 Hz, Jcp = 13.3 Hz, Jcp = 8.5 Hz, aryl-C), 125.95 (d, Jcp =
8.8 Hz, aryl-C), 125.66 (s, aryl-C), 125.05 (s, aryl-C), 124.66 (s,
aryl-C), 124.24 (s, aryl-C), 121.99 (s, aryl-C), 120.95 (s, aryl-C),
119.92 (s, aryl-C), 116.45 (dd, Jcp = 19.0 Hz, Jcp = 17.5 Hz, aryl-
C), 116.16 (d, Jcp = 6.3 Hz, aryl-C), 116.08 (s, aryl-C), 113.66 (s,
aryl-C), 113.41 (d, Jop = 5.6 Hz, aryl-C), 113.24 (s, aryl-C),
112.41 (s, aryl-C), 111.16 (s, aryl-C), 54.44 (s, CH(CHj,),), 50.38
(s, OCH3), 33.69 (s, C(CHs)s), 33.35 (s, C(CHj)s), 31.37 (s,
C(CH,3)3), 31.11 (s, C(CH3)3), 22.50 (ddd, Jep = 12.6 Hz, Jcp = 7.4
Hz, Jcp = 5.2 Hz, P(CH3)3), 21.69 (ddd, Jcp = 13.2 Hz, Jcp = 7.8
Hz, Jcp = 5.5 Hz, P(CH3);), 20.27 (s, CH(CHj),), 10.24 (s,
iPrNCCHs), 8.84 (s, NCCH3;CCH;N). Cs,Hg,AIN,NiO,P; theore-
tical: C% 66.22, H% 7.99, N% 5.42. Determined C% 66.20, H%
7.99, N% 5.23.

Computational details

The initial starting point geometries were adapted from the
corresponding crystallographically obtained structures and
optimized to a stationary point, followed by analytical fre-
quency calculations to confirm that no imaginary frequencies
were present. Geometry optimization was performed for all the
complexes using the BP86 density functional.®*** A mixed
basis set scheme was employed, in which H, C, N, O and P
were described by the def2-SVP basis set®® while Al and Ni
were described by the larger def2-TZVP basis set.®®
Vibrational analysis was then performed on the same level
to verify that all the optimized structures are true stationary
points with no imaginary frequencies. Gibbs free energies
obtained from vibrational analysis were used in the calcu-
lation of hydricity, which is defined as the reaction free
energy of a compound losing a H-anion. Natural Bond
Orbital (NBO) analysis®® was carried out to calculate the
Natural Population Analysis (NPA) atomic charges®” and
Wiberg bond indices (WBIs).*® All calculations were per-
formed using Gaussian 16, Rev. C01.%° The wavefunction
data of the optimized complexes was then used to perform
the Quantum Theory of Atoms-In-Molecules (QTAIM) ana-
lysis to obtain the bond critical points (BCPs, or (3, —1)
CPs) and AIM charges using the Multiwfn®® and AIMALL®®
packages. The Cartesian coordinates of all DFT-optimized
structures are provided separately as part of the ESL{
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