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The synthesis and spectroscopic characterisation of eight new first-row transition metal (M = Cr, Mn, Fe,
Co, Cu) aluminylene complexes is reported. DFT and ab initio calculations have been used to provide
detailed insight into the metal-metal bond. The o-donation and n-backdonation properties of the alumi-
nylene ligand are evaluated via NBO and ETS-NOCV calculations. These calculations reveal that these
ligands are strong c-donors but also competent n-acceptors. These properties are not fixed but vary in
response to the nature of the transition metal centre, suggesting that aluminylene fragments can modu-
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late their bonding to accommodate both electron-rich and electron-poor transition metals. Ab initio
DLPNO-CCSD(T) calculations show that dispersion plays an important role in stabilising these complexes.
Both short-range and long-range dispersion interactions are identified. These results will likely inform the

rsc.li/dalton design of next-generation catalysts based on aluminium metalloligands.

Introduction

Metalloligands can engage in bonding with transition metals
through the formation of direct and unsupported metal-metal
bonds. These ligand types can result in significant modifi-
cation of the electronics of transition metal complexes and
even provide an additional reaction site which can engage in
cooperative substrate activation." The use of aluminium-based
metalloligands in catalysis is becoming increasingly popular,
in part due to the abundance and low cost of this element.*”
For example, the inclusion of aluminium sites in pincer
complexes of group 9 or 10 metals has led to new catalysts
based on X-type aluminyl§ metalloligands for alkane dehydro-
genation,® the hydroarylation of alkenes with pyridine,” the
magnesiation of aryl fluorides,® and the activation of C0O,.°""
Related Z-type aluminium ligands have been shown to influ-
ence the catalytic competency of nickel metal-centres for
alkene hydrogenation.'” For our part, we have been interested
in the development of L-type aluminyleney ligands derived
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§Also referred to as alumanyl, known aluminyl ligands are defined here as
X-type ligands and generate complexes of the form M-AIX, or M-AIX,L.
§Contains aluminium in the formal +1 oxidation state and generates complexes
of the form, M-AIX, M-AILX or M-AIXL,.

tRaw data from NMR and IR spectroscopy, along with xyz coordinates from cal-
culations can be downloaded from DOI: 10.14469/hpc/8012.

1 Electronic supplementary information (ESI) available: Crystallographic data for
3a-h. CCDC 2071011-2071018. For ESI and crystallographic data in CIF or other
electronic format see DOI: 10.1039/d1dt01415c¢
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from low-valent aluminium(i) compounds and their role in the
catalytic functionalisation of C-H, C-O and C-F bonds
(Fig. 1a).**

Despite rapid progress in this area, the fundamental pro-
perties of aluminium-based metalloligands remains poorly
understood. A deeper, understanding of this interaction could
improve insight into the existing catalytic processes, inspire
new approaches to catalyst design and ultimately allow devel-
opment of more sustainable catalysts based on 1° row tran-
sition metals. Herein we focus on the aluminylene ligand 1
(Fig. 1b) which is a neutral aluminium(i) species and isoelec-
tronic with widely applied carbene based ligands (NHCs,
CAACs). The electronic structure of 1 has been studied in
detail. The aluminium centre is proposed to be close to sp-
hybridised with low-lying acceptor p-orbitals orthogonal to
and in-plane with the p-diketiminate ligand."®

The coordination of aluminylene metalloligands to tran-
sition metals can be traced back to a pioneering study by
Fischer, Frenking, and co-workers from 1998."7 A series of
group 6 complexes of the form [M(CO)s{AIR(k*>-TMEDA)}] were
isolated and characterised (M = Cr, Mo, W; TMEDA = tetra-
methylenediamine; R = Cl, Me, Et). Calculations on the analo-
gous amine-free complexes showed some degree of tungsten to
aluminium n-backdonation. The n-acceptor character of alumi-
nylene ligands has been further highlighted by Aldridge,
Willock, and co-workers using DFT calculations.®

Following this breakthrough, the coordination of [AICp*] to
Fe,"?° Cr,*! Ru,”® Pt,*®> and Ni** centres was reported.
Coordination complexes of 1 were also been documented,>*>
along with related species containing a base-stabilised boryl-
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aluminylene ligand.”® Analysis of the bonding in these
complexes is complicated by the propensity for the electron-
deficient metalloligand to promote dimer formation by
either directly bridging metal---metal centres or forming brid-
ging interactions with secondary ligands (e.g. isocarbonyl
bridges).

Only in a handful of cases have coordination complexes
with unsupported aluminium to transition metal bonds been
isolated and characterised. For [AICp*], heterobimetallic com-
plexes possessing terminal AI-M (M = Fe, Ru, Ni, and Cr) have
been prepared, and analysis has shown that the metal-metal
bond is highly ionic, with the [AICp*] metalloligand acting as a
pure o-donor.'”“** In 2014, Tokitoh and co-workers syn-
thesized a platinum complex with a terminal arylaluminylene
ligand. The n-acceptor character of the aluminylene ligand was
shown to be significant; the metal-metal bond was estimated
to be 55.8% in c-character and 44.2% in zn-character through
NBO analysis.>” In 2020, Power and co-workers reported the
synthesis of an Al-Cu heterobimetallic complex of 1.>® In
addition to the strong o-donor and zw-acceptor properties of 1,
examination of these complexes using energy decomposition
analysis and D3-corrected density functional theory (DFT) led
to the identification of a key role of dispersion interactions
involving the p-diketiminate ligand.*® Related complexes invol-
ving terminal Al-Pd bonds have also been reported.">***> We
have championed the catalytic applications of these types of

complexes and suggested that dispersion interactions
between the metalloligand and substrate can influence
selectivity. ">~

In this paper, we report the synthesis of a series of eight
new aluminylene complexes of 1 with first-row transition
metals. These complexes have been characterised in the solid
state and solution. Detailed calculations were performed to
understand the nature of the metal-metal bond through both
ab initio and DFT studies. Specifically, we show that the o-
donation properties of the aluminium(i) ligand are dependent
on the transition metal identity, while the w-acceptor character-
istics are predominantly affected by the ligands bound to the
transition-metal. Dispersion is surprisingly uniform across the
diverse ligand set: both short-range and long-range inter-
actions are key contributors to the stabilisation of these
complexes.

This journal is © The Royal Society of Chemistry 2021
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(a) Pre-catalysts with X-type, Z-type, and L-type aluminium metalloligands. (b) The aluminylene ligand, 1. Dipp = 2,6-diisopropylphenyl.

Results and discussion
Synthesis and characterisation

Reaction of 1 with a series of transition metal complexes (2) in
CeDg solution furnished the corresponding heterobimetallic
aluminylene complexes (3a-h). These reactions occurred at
25 °C, with the exception of the formation of 3b which
required heating at 80 °C over 18 h to reach completion
(Scheme 1). Photolysis of 3¢ in the presence of PCy; results in
substitution of the ¢rans CO ligand by PCy;. This reaction
could be followed by *'P NMR spectroscopy and occurs with
consumption of PCy; (6§ = 9.8 ppm) and formation of 3d (5§ =
84.5 ppm). In all cases, coordination of the aluminylene ligand
to the transition metal occurred with displacement of a weakly
bound ligand (toluene, CO, PCyPh,); a process that likely pro-
ceeds by a dissociative mechanism for the 18-electron tran-
sition metal fragments. Consumption of 1 was evidenced by
the bleaching of the orange-red colour during the synthesis.
3a-h can be assigned with formal d°, d® or d'° electron-counts

Dipp Dipp
==N_ ~ L2 )—=N_
< Al + L'mM-L2 < Al—mL!
L_N/ CSDGQ »-N’
Dipp 25-80°C Dipp
1 2a-c,e 3a-e
a,M=Cr,L"=(CO)s; L2=CO
b, M = Mn, L' = (n®-C5H4CH3)(CO),, L2 = CO
c,M=Fe, L'=(CO),, L2=CO
PCYs v [ 4 M=Fe L= (CON(PCys)
e, M = Co, L' = (5-CsH5)CO, L2 = PCyPh,
D|pp Ar
CGDG
D|pp Ar
2f-h 3f-h
f, R = F, Ar = 2,4,6-Me(CgH,)
g, R =H, Ar = 2,6-CI(C¢H3)
h, R = H, Ar = 2,6-OMe(CgH3)

Scheme 1 Synthesis of transition metal aluminylene complexes 3a—h.

Dalton Trans., 2021, 50, 7810-7817 | 7811


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1dt01415c

Open Access Article. Published on 30 April 2021. Downloaded on 1/23/2026 5:14:50 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

and are expected to be low-spin and diamagnetic.’®*!
Characterisation of 3a-h by 'H and '°F NMR spectroscopy
shows that coordination occurs with preservation of the Cg
symmetry element of 1.

The infrared data for complexes 3a-d showed that the 1(CO)
absorption is red-shifted relative to the parent metal carbonyl
2a-d. This observation is consistent with increased electron
density at the transition metal centre and both superior o-
donor and inferior m-acceptor properties of the aluminylene
ligand relative to CO. The v(CO) absorption in 3a-d is similarly
red-shifted compared to their analogous NHC-complexes sup-
ported by IPr ligands (IPr = 1,3-bis(2,6-diisopropylphenyl)imid-
azol-2-ylidene). In the case of 3e, the highly red-shifted carbo-
nyl stretch of £(CO) = 1640 cm™" is characteristic of a bridging
isocarbonyl ligand (Table 1).>°

Table 1 Infrared data on 3a—e comparing v(CO) stretching frequencies
to the parent transition metal carbonyl 2 and analogous NHC (IPr)
complexes

Transition metal

fragment 2°(em™) 3 (em™) [IPrM(IPr)L,]

a 2100, 2020, 2027, 1919, 2048, 1919,%%©
198532 1897, 1887

b 2010, 1906 1887, 1813 1906, 1834°*

c 2007, 1901, 1873 2036, 1938, 1924%°

d 1967 1916, 1843, 1806

e 1900 1640 19213¢

“Measured in the solid state (ATR IR). ” Measured in CHC,.

3a-THF 3b

(3e), 3f

Fig. 2 Structures of 3a—h determined by single crystal X-ray diffraction.
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Solid-state data

3a-h have been characterised in the solid state by single crystal
X-ray diffraction (Fig. 2, Table 2). These complexes all feature
unsupported AlI-M bonds in which M is a first-row transition
metal (Cr-Co, Cu). 3a crystallises as the THF adduct 3a-THF,
while 3e dimerises in the solid state to form an isocarbonyl
bridged dimer (3e),. The complete insolubility of (3e), in
common NMR solvents precluded the solution characteris-
ation of this species and as such it is unclear if the dimeric
form of 3e persists in solution. DFT calculations suggest the
dimerisation is an exergonic process and (3e), is calculated to
be 29.9 kecal mol™" more stable than 2 equiv. of 3e. For 3d, the
single crystal X-ray diffraction data confirm that ligand
exchange occurs to form an isomer in which 1 is coordinated
at the apical position of a five-coordinate trigonal bipyramidal
iron complex. In all other cases, there are no issues of selecti-
vity on substitution.

The metal-metal bond lengths can be compared across the
series 3a-h through considering the formal shortness ratio
(fsr) of these bonds. In essence, the fsr provides a normalised
metal-metal bond length that factors in the changes in radii
of the transition metal.>’**® Fsr’s which are much lower than 1
are a potential indicator of multiple bond character. The fsr’s
of 3a-h support the assignment of the AI-M bond as a single
bond and vary little across the series. Notably, however, in
complexes where the p-orbital of aluminium is occupied by an
oxygen donor, e.g. 3a-THF and (3e),, larger fsr’s (>0.97) are
observed. This effect could in part be explained by the
increased coordination number at Al causing a lengthening of
the metal-metal bond.

3g 3h

This journal is © The Royal Society of Chemistry 2021
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Table 2 Selected bond lengths and angles in 3a—h and 1 fsr refers to
the formal shortness ratio which is a normalised metal-metal bond
length

Al-M (A) FSR Al-N (A) N-AI-N (°)

1 — — 1.957(2) 89.86(8)
1.958(2)

3a-THF 2.557(2) 1.03 1.952(2) 93.9(2)
1.934(2)

3b 2.3094(7) 0.94 1.9177(18) 93.46(8)
1.9075(18)

3c 2.2762(10) 0.94 1.8663(18) 97.80(11)
1.8663(18)

3d 2.2547(9) 0.93 1.895(2) 95.27(10)
1.888(2)

(3e)2 2.3152(7) 0.98 1.924(2) 97.75(9)
1.9128(19)

3f 2.3021(7) 0.97 1.9183(19) 94.01(8)
1.9090(19)

3g 2.3132(7) 0.97 1.920(2) 92.21(9)
1.922(2)

3h 2.2670(9) 0.95 1.922(3) 93.25(12)
1.915(3)

The aluminylene ligands of 3a-h retain a Cg symmetry
element, as expected based on the multinuclear NMR data.
Structural metrics can be used as an indicator of the formal
oxidation state of the aluminium centre in derivatives of 1.
Longer AI-N bond lengths and more acute N-AI-N bond
angles are indicative of a lower formal oxidation state (+1 vs.
+3). Within the series 3a-h, a range of Al-N (1.8663 A to
1.952(2) A) bond distances and N-Al-N angles (92.21(9)° to
97.80(11)°) are observed. While in all complexes the
aluminium fragment assigned a formal +1
oxidation state, the broad range of these metrics suggests con-
siderable variation of the electronic environment of alu-
minium occurs in response to changes in the transition metal
fragment.

Consideration of the impact of aluminylene coordination
on auxiliary ligands in the cis and trans position the transition
metal in 3a-h provides some further insight into the pro-
perties of this ligand class. The electropositive aluminium
site in 1 drives the formation of semi-bridging carbonyl
interactions in 3¢ and 3d, with the asymmetry parameter (a)
taking values of 0.47 and 0.49 respectively for these com-
plexes.’® The structure of (3e), contains a rare example of an
isocarbonyl bridged aluminylene ligand. The isocarbonyl
ligand is characterised by a short Co-C bond length of 1.624
(3) A and elongated C=0 bond of 1.240(3) A. The isocarbo-
nyl ligand is also semi-bridging between Co and Al in each
monomeric unit (@ = 0.49). Further, the trans-influence of 1
can considered by inspecting the data for 3a-THF and 3c. In
the case of 3¢, the M-C bond length trans carbonyl ligand to
the aluminylene ligand is statistically identical to the cis car-
bonyl ligands. In contrast, for 3a-THF, the M-C bond length
of the trans CO is slight shorter than those of the cis CO.
Population of the partially vacant p-orbital of 1 appears to
impact the properties of this ligand weakening its trans-
influence.

can be

This journal is © The Royal Society of Chemistry 2021
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Bonding analysis

In order to further interrogate the nature of metal-metal
bonding, we turned to density functional theory (DFT) and
ab initio calculations. Calculations were performed in
Gaussian 09 and Orca 4.2.1, and a range of computational
techniques were used (NBO, ETS-NOCV, LED) in order to inter-
rogate the metal-metal bond. 3a-THF and (3e), were modelled
without coordinated solvent and as the monomer, respectively.
For completeness, we also investigated a model complex,
[Ni(CO)5(1)]. Structures were optimised using density func-
tional theory (DFT) with the MO06l functional and a hybrid
basis set of 6-31-G** (C, H, N, O, P) and SDDAII (Al, M).

The Wiberg bond indices (WBI) for the aluminium-metal
bond in the series range from 0.43 to 0.79 (Table 3). The
Wiberg bond index is a measure of covalency within a chemi-
cal bond with values close to 1 indicating a highly covalent
single bond. Based on the calculations, the metal-metal bonds
in these complexes can be assigned as single bonds in which
the covalent contribution varies in response to the nature of
the transition metal fragment. When the transition-metal frag-
ment is coordinated by strong m-acceptor ligands, e.g. 3a, 3c,
3d, and [Ni(CO);(1)], WBIs and the covalent character of the
bond are low. When the transition metal is bound by 6-donor
and n-donor ligands, e.g. 3b, 3e-h, WBIs increase. The trend is
further exemplified by the series of copper complexes with the
most electron-rich ligand system in 3h resulting in the highest
calculated WBI for the Al-Cu bond. These data suggest the
covalency of the metal-metal bond is highly correlated to the
electron density at the transition-metal centre.

Analysis of the natural population analysis (NPA) charges
on the family of compounds shows that the charge of the alu-
minium centre is further dependent on the transition metal
identity and ligand set. In the complexes of the earlier tran-
sition metals (Cr, Fe, Co), aluminium has a larger NPA charge
(>1.25) than those of the later transition metals (Ni, Cu), where
aluminium is calculated to have a smaller NPA charge (<1.15).
This implies that the extent of the c-donation is modulated by
transition metal identity, and likely reflects diminished elec-
tron-transfer from 1 to d'® metal complexes. The poorer

Table 3 Calculated wiberg bond indicies and NPA charges in 3a—h and
[Ni(CO)3(2)]

NPA charge

Wiberg bond index

Al-M Al M
1 — 0.78 —
3a 0.46 1.50 -1.40
3b 0.64 1.57 -0.75
3c 0.42 1.51 —0.58
3d 0.43 1.54 —0.66
3e 0.73 1.37 -0.15
[Ni(CO);(1)] 0.39 1.12 0.22
3f 0.76 1.09 0.51
3g 0.72 1.00 0.57
3h 0.79 1.05 0.50

Dalton Trans., 2021, 50, 7810-7817 | 7813
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Table 4 Calculated ETS-NOCV parameters for 3a—h and [Ni(CO)z(1)].
All energies in kcal mol™

Zn(Ap, + Aps)
AEo, Apy (%) Ap, Aps (0/")
3a —84.4 —64.6 (77%) -7.1 —5.9 —13.0(15%)
3b -93.3 —64.2 (65%) -13.0 -85 —21.5(23%)
3c —128.1 —103.0 (80%) —9.7 -7.8 —17.5(14%)
3d —129.7 -102.1(79%) -10.9 -8.8 —19.7(15%)
3e —86.1 —55.3 (64%) -16.4 —-7.1 —23.5(27%)
[Ni(CO)5(1)] —65.5 —46.1 (70%) 7.2 —5.7 —12.9(20%)
3f —47.5 —22.5 (47%) -8.0 4.1  -12.1(25%)
3g —43.4 —21.3 (49%) -7.0 —-4.1 —11.1(26%)
3h —47.4 —18.6 (39%) -9.9 —-4.9 -14.8 (31%)

o-donation properties of 1 to later transition metals is
supported by ETS-NOCYV calculations.

ETS-NOCV calculations on the complexes were performed
to obtain deeper insight into the bonding interactions
(Table 4). The principal contribution (Ap,) in all complexes to
the orbital interaction, AE,., is the donation of the alu-
minium based lone-pair to the transition-metal fragment. The
o-donation of the aluminium lone pair varies with the tran-
sition metal fragment. A broad trend emerges that c-donation
is stronger for the earlier first row transition metals (Cr, Mn,
Fe), than for the later transition metals (Co, Ni, Cu).
Inspection of the deformation density plots allows visualisa-
tion of this donor-acceptor interaction. In the case of 3a-e the

b) [Ni(CO)s1]
(@ «

r e

Ap+

Fig. 3 Selected deformation density plots for (a) 3c (b) [Ni(CO)3(1)] and (c) 3f. Charge flow is from red to blue.
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acceptor orbital is comprised of a linear combination of a dz*
orbital with the anti-bonding (n*) orbitals of the CO ligands
(Fig. 3a). In the case of [Ni(CO);(1)], the acceptor orbital is
comprised almost entirely of the n* manifold of the three CO
ligands. This interaction is reminiscent of the bonding
between alkali metals with the {Ni(CO);} fragment (Fig. 3b).*°
For the series 3f-h, Ap; depicts contribution of the aluminium
lone-pair into the copper 4s-orbital (Fig. 3c). Hence, the extent
of o-contribution to the transition metal fragment is governed
by the 3d occupancy of the transition-metal, as well as the
acceptor character of ligands on the transition metal.
n-Backdonation comprises the second and third most sig-
nificant contributions to AE,;, in the ETS-NOCV analysis. In
all cases, n-backdonation is a smaller component of the inter-
action that c-donation. Donation from metal-based d-orbitals
can occur to two aluminium vacant p-orbitals. These acceptor
orbitals on Al are orthogonal and coplanar to the plane
created by the N-C-C-C-N atoms of the p-diketiminate ligand
and contribute to Ap, and Ap; respectively. The magnitude of
n-backdonation varies across the series, ranging from 11.1 keal
mol ™" to 23.5 kcal mol™". Transition-metal centres which are
more electron-rich have relatively strong n-backdonation (3b,
3e; >20 kecal mol™") compared to the rest of the series (<20 kecal
mol™"). Similarly, the backdonation in 3d is calculated to be
stronger than in 3¢, due to the trans coordinated phosphine
AE = 2.2 keal mol™". For 3g-h, the complex with most electron
rich p-diketiminate ligand (3h) has the largest back-donation

This journal is © The Royal Society of Chemistry 2021
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contribution to bonding. The ratio of o
donation : =-backdonation components in 3a-h varies from
~5:1to 1:1 across the series. Those complexes with the smal-
lest c-donation component also have the highest comparative
contribution of the n-backdonation energy to AE,, stabilis-
ation energy.

The bonding in 3a-h was also analysed by local energy
decomposition analysis at the DLPNO-CCSD(T) level of
theory.**™** This method decomposes the interaction energy
(AE;,) at the DLPNO-CCSD(T) level between fragments into
Hartree-Fock components (electrostatic, electronic-prepa-
ration, and exchange) and correlated components (dispersive,
and non-dispersive). The data suggest that, in all cases the cor-
related contribution to the interaction energy exceeds the
Hartree-Fock interaction energy for 3a-h (Table 5).

The stabilising electrostatic and exchange components of
the Hartree-Fock interaction energy is offset by a destabilising
electronic-preparation energy (see ESII for further details).
This results in a modestly stabilising Hartree-Fock interaction

Table 5 Local decomposition analysis of 3a—h and [Ni(CO)s(1)] at the
DLPNO-CCSD(T) level of theory

C-CCSD(T)

AFEjn¢ AEﬁ[E AEiCnt AEgl;s P EdiAspE;m
3a —-77.2 —-27.4 —49.7 -38.5 64%
3b —78.5 —5.5 —-73.0 —42.7 54%
3c —-95.7 -20.0 -75.6 —-42.1 44%
3d —95.5 —-12.3 —83.3 —44.8 47%
3e —-78.6 -5.5 -73.1 —-40.5 52%
[Ni(CO),(1)]  —54.1  -18.3  -358  —27.5 51%
3f —62.3 -8.7 -53.6 —42.3 68%
3g —61.6 —-8.1 —53.5 —42.5 69%
3h —-63.0 -0.2 —62.8 -50.3 80%

0.013 kcal mol* Bohr?
(Weak dispersion)

Fig. 4 Dispersion interaction density plots for (a) 3c and (b) 3h.

3c
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energy (AEMY) ranging from —0.2 keal mol™" to —27.4 kcal
mol™'. Compounds where the metal-metal bond has signifi-
cant ionic character, as determined by NBO calculations (vide
supra), are calculated to have some of the largest Hartree-Fock
interaction energies (3a, 3¢, 3d, [Ni(CO);(1)] > 10 kcal mol ™).
In all cases, however, the correlated component of the inter-
action energy is greater than the Hartree-Fock interaction
energy.

The dispersion contribution Egigs CsD(D) ranges between 44%
and 80% of the total interaction energy. While this is some-
what expected due to the large p-diketiminate ligand, it is sur-
prising to find that comparatively small transition-metal frag-
ments such as 3c have similar values of dispersion stabilis-
ation to their larger counterparts such as 3f-h. Dispersion is
uniformly more stabilising than the interaction of the two frag-
ments calculated at the Hartree-Fock level (AEIF). At the
extreme, in the case of 3g this comprises 80% of the inter-
action energy.

Dispersion interaction density (DID) plots were used to elu-
cidate the origin of this stabilisation. Inspection of the plots
show that in the case of 3¢ strong short-range dispersion inter-
actions between the aluminium centre and iron carbonyl
ligands are the origin for the dispersive stabilisation (Fig. 4a).
Only weak dispersion interactions can be identified between
the p-diketiminate ligand and the iron fragment. Accordingly,
installation of a trans ligand to the aluminylene does not sig-
nificantly impact the dispersion interaction between the two
fragments. In the case of [Ni(CO);3(1)], the tetrahedral geometry
results in a weaker dispersion contribution (—27.5 kecal mol ™)
as the carbonyl ligands are now angled away from the alu-
minium centre. In the case of 3h, medium-strength long-range
dispersion interactions between the two p-diketiminate ligands
are the dominant non-covalent interactions (Fig. 4b).

0.063 kcal mol* Bohr?
(Strong dispersion)

3h
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Conclusions

In summary, we have prepared a series of 1% row transition
metal complexes supported by aluminylene ligands and under-
taken a detailed analysis of the bonding in these complexes. It
is worth concluding on some of the properties of these
ligands.

c-Donating properties

Commensurate with previous reports, 1 is an extremely strong
o-donor ligand. The 1(CO) absorption data evidence a dramatic
redshift of the 1(CO) absorptions on coordination. While in
3a-3h, the aluminium atom in 1 is formally in +1 oxidation
state, variation p-diketiminate bite angle (N-Al-N) and AI-N
bond lengths across the series suggest that the electronic
environment of the Al centre varies with transition-metal iden-
tity. ETS-NOCV and NBO calculations support a clear trend in
the o-donation component of the orbital interaction; donation
is strongest for the earlier first-row transition metals, and
weaker for the later first row transition metals. In the case of
[Ni(CO);(1)] and 3f-h, the weaker donation likely reflects the
difficulty in reducing d'® metal complexes.

n-Accepting properties

1 has been shown to be a competent n-acceptor. The nature of
the transition metal again influences the degree of
n-backdonation to 1. Greater electron density on the transition-
metal results in stronger n-backdonation, as demonstrated by
ETS-NOCV calculations. Notably, as the c-donation aspect of
bonding becomes weaker, n-backdonation becomes a greater
component of the orbital bonding interaction. At the extreme,
in 3h, the two are of a similar magnitude (6: —18.6 kcal mol™,
m: —14.8 kcal mol™'). Furthermore, coordinated 1 can
bind external Lewis bases as in the formation of 3a-THF, pro-
viding a potential reaction site for substrate coordination and
activation. This binding event is expected to disrupt
n-backdonation from the transition metal. Structural metrics
support this hypothesis as the trans-influence of 1 is smaller
upon occupation of the vacant p-orbital by a donor ligand.

Dispersion

Dispersion plays a large role in stabilising these complexes.
Remarkably, calculations suggest that the magnitude of the
dispersion interaction between 1 and the transition-metal frag-
ment is largely independent of transition-metal fragment size.
For smaller fragments, short-range dispersion interactions
between cis-carbonyl ligands and the aluminium site of 1 are a
key contributor. For larger fragments, long-range dispersion
interactions occur between the flanking aryl groups of
B-diketiminate ligand of 1 and similar groups on the transition
metal.

In the context of developing new reagents and catalysts
based on aluminium-ligands these findings are revealing. They
suggest that 1 can be used as a strong o-donor to generate elec-
tron-rich transition metal sites, but also that it is not a passive
ligand. It can play a role as a n-acceptor either through coordi-
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nation of external substrates or accepting electron-density
from the transition metal. It can also stabilise both small and
large ligands, or potentially bound substrates, in adjacent
coordination sites through dispersion interactions. In particu-
larly, the responsiveness of the electronic properties of 1 to
changes at the transition metal centre bodes well for the devel-
opment of inexpensive 1% row catalysts supported by this

ligand type.
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