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A Strontium Alumanyl 

Kyle G. Pearce, Han-Ying Liu, Claire L. McMullin* and Michael S. Hill*

The strontium alumanyl, [(BDI)SrAl(SiNDipp)], has been prepared 
from [(BDI)Sr(BPh4)] and [(SiNDipp)AlK]2. Like its previously 
described calcium analogue, sructural and computational analysis 
indicates that the Sr-Al interaction is only marginally involved in the 
engagement of the Sr cation and alumanyl anion. Unlike its ligher 
equivalent, however, [(BDI)SrAl(SiNDipp)] does not react with THF, 
the presence of which only appears to enhance its presumed 
dismutation and reaction with the toluene solvent at 100 °C to 
provide a strontium bis-hydrido(meta-tolyl)aluminate.

The pursuit of heterometal-to-group 13 element bonds has 
been substantially assisted by anions of the form [R2E] (E = B,1 
Al,2-5 Ga,6, 7 In8, 9). Especially notable is the recent progress when 
E = Al, where alumanyl anions have now been used to generate 
a plethora of previously inaccessible heterobimetallic species.10-

25 Beyond sheer synthetic novelty, such studies highlight a 
potential for cooperative reactivity afforded by the dissimilar 
metal centres. An apposite case in point is, thus, provided by 
the wide range of group 1 alumanyls that have been described 
since Goicoechea and Aldridge’s seminal report of the 
potassium derivative, [(xanthNON)AlK]2 (xanthNON = 4,5-bis(2,6-
diisopropylanilido)-2,7-di-tert-butyl-9,9-dimethylxanthene (1; 
Figure 1).12,26-33 While all such species display high 
nucleophilicity and reducing potential at their formal Al(I) 
centres, more subtle gradations in reactivity may also be 
ascribed to the identity of the accompanying alkali metal cation. 
Our own observations of [(SiNDipp)AlM]2 (2M; Figure 1 where M 
= Li, Na, K, Rb, Cs; SiNDipp = (CH2SiMe2NDipp)2, Dipp = 2,6-di-
isopropylphenyl) have,28,34,35 for example, highlighted a variable 
competence for C-H oxidative addition of benzene and -basic 
substrates traceable to the relative facility for substrate -
engagement with the M+ cations.35,36

Figure 1. Structures of compounds 1 and 2M.

Although examples are limited to the lighter metals of the 
series, studies of alkaline earth (Ae) alumanyls infer that similar 
variations in chemistry may prevail down group 2. Both the 
unique beryllium species, [(xanthNON)AlBeCp],37 and a handful of 
derivatives in which a magnesium centre is further coordinated 
by -diketiminate anions comprise terminal Ae-Al 
interactions.26,28,32,38 In contrast, the calcium complex, 
[(BDI)CaAl(SiNDipp)] (3Ca, Scheme 1; BDI = HC{(Me)CNDipp}2), 
exhibited an Al-Ca separation [3.1664(4) Å] that is 6.6% longer 
than the sum of the covalent radii of the constituent metals and 
a calcium coordination sphere augmented by 6-engagement 
with a Dipp substituent of the Al-coordinated diamide ligand 
(Ca-C range 2.9709(17) – 3.2215(15) Å).28 Computational 
(QTAIM) assessment of the Al-Ae interactions of 3Ca and its 
magnesium analogue (3Mg) identified bond critical points (BCPs) 
with positive Laplacians (3Mg +0.033; 3Ca +0.020 𝑒𝑎―5

0 ) 
characteristic of interactions that are largely electrostatic in 
origin. Although the interaction between the calcium centre 
and the Dipp -system was judged to be largely non-covalent 
and only weakly stabilising of the structure, initial studies also 
highlighted significantly divergent reactivity for 3Ca. For 
example, whereas 3Mg was stable in ether solvents, addition of 
THF to 3Ca resulted in the immediate generation of a charge 
separated species, [(BDI)Ca(THF)3]+[(SiNDipp)Al{O(CH2)4}], 
comprising an aluminate product of C-O oxidative addition to 
the Al(I) centre of the [(SiNDipp)Al] anion (Scheme 1).28

Department of Chemistry, University of Bath, Claverton Down, Bath, BA2 7AY, UK.

Supplementary Information available: Experimental procedures and 
characterisation data for all new compounds. Full details of computational studies. 
Crystal data, details of data collections and refinements. CCDC numbers: 2548846-
2548848. See DOI: XXXX
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Scheme 1. The structure of 3Ca and its reaction with THF.

Beyond such differences, the isolation of both 3Mg and 3Ca 

highlight the long-standing utility of the BDI anion for 
exploration of the coordination chemistry of the lighter alkaline 
earth elements.39-43 Detailed studies of even calcium 
derivatives, however, have long been bedevilled by a propensity 
toward irreversible Schlenk-type solution redistribution to 
homoleptic species, behaviour exacerbated for increasingly 
labile heteroleptic compounds of the heaviest members of the 
series, Sr and Ba.43,44 While this reactivity may be suppressed by 
more sterically demanding variants of the -diketiminate 
structure,45-47 the introduction of bulkier N-aryl substituents 
would also introduce a significant perturbation to an otherwise 
isoleptic series of compounds and undermine coherent 
comparison to 3Mg and 3Ca. It is notable, therefore, that the 
synthesis of both 3Mg and 3Ca utilised the tetraphenylborate 
starting materials, [(BDI)Ae(BPh4)] (4Mg Ae = Mg; 4Ca Ae = Ca), in 
metathesis reactions with [(SiNDipp)AlK]2. While not a central 
consideration at the time of its report,28 the monomeric species 
4Ca proved notably stable to Schlenk-type redistribution, a 
durability that may be plausibly ascribed to the twofold Ca···-
6-(Ph)2BPh2 arene interactions with the [BPh4] anion that 
further encapsulate the calcium centre. Similar -engagement 
is slowly emerging as a general feature of heavier alkaline earth 
behaviour.48-55 In an extension of this chemistry, therefore, we 
report here that an alumanyl derivative of strontium is 
accessible via an analogous tetraphenylborate derivative, 
[(BDI)Sr(BPh4)] (4Sr), without any additional enhancement of the 
steric demands of the supporting BDI ligand.

Scheme 2. Synthesis of compounds 4Sr and 3Sr.

Compound 4Sr was synthesised in high yield (80%) in an 
analogous fashion to its lighter metal congeners by addition of 
[HNEt3][BPh4] to a toluene solution of [(BDI)SrN(SiMe3)2] 
(Scheme 2) and was fully characterised by 1H, 13C and 11B (11B = 
4.8 ppm) NMR spectroscopy in d8-toluene and single crystal X-
ray diffraction.56 4Sr was notably stable toward its dismutation 
to [(BDI)2Sr] in solution at ambient temperature and the results 
of the solid-state analysis confirmed its constitution as a 
mononuclear strontium species in which the coordination 
sphere of the alkaline earth centre is stabilised by a combination 
of the BDI chelate and twofold Sr···-6-(Ph)2BPh2 arene 
interactions with the borate anion (Figure S21).

Addition of a half molar equivalent of 2K to 4Sr in toluene 
generated an orange solution and an off-white precipitate, 
presumed to be KBPh4, filtration and crystallisation of which 
provided a moderate yield of 3Sr (50%) as amber coloured single 
crystals suitable for X-ray analysis (Scheme 2). Like its calcium 
alumanyl analogue (3Ca), the structure of 3Sr displays an 
aluminium-to-alkaline earth separation [Sr1-Al1 3.2953(4) Å] 
that is significantly longer than the sum of the covalent radii of 
the metal centres [3.16 Å] (Figure 2). In a similar manner to that 
observed in 3Ca, the engagement of the alumanyl anion with Sr1 
is augmented by an 6-interaction of the C36-C41-containing 
Dipp substituent of the aluminium-coordinated (SiNDipp) ligand 
(Sr···Ccent 2.915 Å). The resultant asymmetry in the relative 
disposition of the {(SiNDipp)Al} and {(BDI)Sr} moieties is, thus, 
reflected by the significant discrepancy in the N3-Al1-Sr1 
[96.96(3)°] and N4-Al1-Sr1 [152.22(4)°] angles subtended at the 
alumanyl centre.

DFT electronic structure calculations of 3Sr (BP86/BS2, see 
ESI for full methodology details) revealed similarities to 3Ca, 
specifically in the QTAIM plot where a bond path was identified 
between Sr and Al (Figure 3a), with a minute reduction in 
electron density at the bond critical point (BCP); 𝜌(𝑟) = 0.019 
(3Sr), 0.020 (3Ca) and ∇2𝜌(𝑟) = +0.019 (3Sr), +0.020 (3Ca). These 
data suggest that the Sr-Al interaction is weakly ionic in nature, 
confirmed by a small positive Laplacian (∇2𝜌(𝑟)) value, though 
a modicum of covalency could be interpreted from the negative 
H(r) value. A bond path was also identified between Sr and the 
para carbon of a Dipp substituent of the (SiNDipp) ligand 
framework supporting the alumanyl. Similar attributes were 
ascribed to the analogous BCP identified in 3Ca, again indicating 
that the Ae-Ca bond paths are effectively identical.

Figure 2. Molecular structure of compound 3Sr with 
displacement ellipsoids at 30%. For clarity, hydrogen atoms and 
an occluded but disordered molecule of toluene solvent are 
omitted. Similarly, Dipp substituents not involved in π···arene 
interactions and all iso-propyl substituents are displayed as 
wireframe. Selected bond lengths (Å) and angles (°): Sr1-Al1 
3.2953(4), Sr1-N2 2.5009(10), Sr1-N1 2.4986(10), Al1-N3 
1.9034(10), Al1-N4 1.8516(11), N1-Sr1-N2 73.97(3), N3-Al1-N4 
109.97(5), N1-Sr1-Al1 119.45(2), N2-Sr1-Al1 125.00(2), N3-Al1-
Sr1 96.96(3), N4-Al1-Sr1 152.22(4).
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Natural Bond Orbital (NBO) analysis of 3Sr gives a Wiberg Bond 
Index of 0.454 between the Al and Sr atoms, with NPA charges 
of qSr = +1.715 and qAl = +0.732. Although there were no notable 
bonding NBOs between Al and Sr, on initial inspection the 
HOMO (Figure 3b) mimics a σ-bond along the Al and Sr vector. 
Scrutiny of the construction of this canonical MO clarifies that 
the largest component is non-bonding from the Al lone pair 
(67.1%; LP a combination of AO 3s 76.7% and 3px 19.4 %) with 
the only other prominent component from a (SiNDipp) nitrogen 
lone pair (10.8 %). Notably, no NBO associated with Sr 
significantly contributes to the HOMO. A second order 
perturbation energy (ΔE(2)) of 29.1 kcal mol−1 was identified with 
donation from the same Al lone pair to the lone vacancy (LV) of 
Sr. This latter NBO contains 92.5% of the 5s AO, as well as a 7.2 
% contribution from d-orbitals, the largest (4.5%) from the 4dx2-

y2 Sr AO.
Although the 1H NMR spectrum of 3Sr at room temperature 

in d8-toluene solution presented no indication for asymmetry in 
the alumanyl-to-strontium interaction, analysis at both mildly 
elevated and reduced temperatures provided data consistent 
with a fluctional system. This was most readily apparent from 
inspection of the iso-propyl methine signals arising from the 
(BDI) and (SiNDipp) ligands. Consistent with time averaged C2v 
symmetry, at 298 K the respective environments were observed 
as two broadened signals at  3.88 and 2.85 ppm, each 
resonating with 4H intensity by relative integration. While both 
signals appeared as well resolved binomial heptets at 
temperatures above 323 K, below 283 K they were observed to 
broaden and ultimately resolve as eight well discriminated 
signals in the range  2.5 – 4.5 ppm and of the same 1H intensity 
by relative integration (Figure S15). Although no precise 
coalescence temperature could be confidently identified, we 
suggest that these observations indicate the persistence of a 
solution structure analogous to that identified in the solid state, 
but which is also free to pivot at the aluminium centre allowing 
the (SiNDipp) aryl substituents to interact alternately with the 
strontium centre.

Mindful of the reactivity of 3Ca summarised in Scheme 1, a 
slight stoichiometric excess of THF was added to a toluene 
solution of 3Sr. In contrast to the notably immediate reaction of 
3Ca, analysis by 1H NMR spectroscopy provided no evidence of 
reaction at room temperature beyond an increase in resolution 
of the signals assigned to 3Sr. Repetition of the experiment with 
heating at 100 °C for 16 hours, however, resulted in the 
complete consumption of 3Sr, which occurred through the 
generation of the known homoleptic derivative, [(BDI)2Sr],40 
which was identified alongside a predominant new species, 5. It 
was subsequently observed that similar spectra were also 
obtained by heating a toluene solution of 3Sr under identical 
thermal conditions. Although a pure bulk sample of 5 could not 
be obtained, its constitution was established by a further X-ray 
diffraction analysis performed by mechanical separation of a 
single crystal from the mixture of products isolated after 
storage of the reaction solution at 30 °C. The resultant 
structure (Figure 4) identified 5 as a homoleptic strontium bis-
hydrido(m-tolyl)aluminate arising from Al-centred activation of 
a meta-C-H bond of the toluene solvent and, consistent with the 

concurrent formation of [(BDI)2Sr], dismutation from the initial 
heteroleptic constitution of the -diketiminato reagent 3Sr. The 
centrosymmetric structure of 5 features two aluminate anions 
that provide the entirety of the strontium coordination 
environment, interacting through a twofold combination of Al-
-H-Sr interactions and 6--arene engagement (Sr···Ccent 2.702 
Å) with a single Dipp substituent of each (SiNDipp) ligand. We 
note that a similar stereoelectronic preference for meta-
selective C-H activation of toluene and various other 
monoalkylated benzenes has been previously described for 
both 1 and Yamashita’s potassium dialkylalumanyl,  
[(CH2(Me3Si)2C)2AlK].57,58

Figure 3. Electronic structure data for 3Sr (BP86/BS2, see ESI for 
full details) a) QTAIM molecular graph of 3Sr. The Laplacian of 
the electron density (∇2𝜌(𝑟)) contours are computed in the {Al-
Sr-NAl} plane with bond critical points (BCPs) shown as small 
green spheres. BCP electron density (ρ(r); 𝑒𝑎―3

0 ), Laplacian of 
the electron density (∇2ρ(r); 𝑒𝑎―5

0 ), ellipticitity (ε) and total 
energy density (H(r)) are tabulated beneath. b) Canonical 
HOMO of 3Sr.

(a)

(b)
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Figure 4. Molecular structure of compound 5 with displacement 
ellipsoids at 30%. For clarity, hydrogen atoms, apart from the 
aluminate hydride, are omitted. Similarly, Dipp substituents not 
involved in π···arene interactions and all iso-propyl substituents 
are displayed as wireframe. Selected bond lengths (Å) and 
angles (°): Al1-N1 1.889(5), Al1-N2 1.856(5), N2-Al1-N1 
113.9(2). Symmetry operations to generate equivalent atoms: 
11-x, +y, 3/2-z.

It has neither proved possible to further deconvolute the 
processes leading to compound 5 nor to identify whether 
Schlenk-type redistribution occurs prior to or subsequent to 
activation of the solvent. The absence of definitive evidence for 
the solution speciation responsible for the formation of 5, 
therefore, dissuades us from further theoretical analysis. The 
meta-specificity of the toluene activation, however, is evocative 
of several earlier studies of concerted SNAr Al(I)-to-arene 
addition implicating s-block-assisted assembly of a 
Meisenheimer-type transition state that evolves by C-to-Al 
hydride migration.35,57-59  

Despite the apparent similarity of its electronic structure to 
its calcium analogue, 3Sr evidently presents significantly 
divergent reactivity toward THF. The thermal and 
configurational stability displayed by 3Sr in toluene, however, 
leads us to suggest that the effect, if any, of ether solvent is to 
merely facilitate the solution redistribution of the heteroleptic 
strontium -diketiminate rather than acting than as a direct 
participant in any alumanyl-centred reaction. Based on these 
observations, therefore, we tentatively hypothesise that the 
generation of 5 results from a combination of the greater lability 
of Sr toward Schlenk-type redistribution and an enhanced 
ability of the [(SiNDipp)Al] moiety to react as a ‘free’ alumanyl 
anion when combined with strontium.60 We are continuing to 
explore this and related reactivity.

Data availability
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The data supporting this article have been included as part of the ESI.† Crystallographic data for 4Sr, 
3Sr and 5 have been deposited at the CCDC under CCDC 2548846-2548848, respectively, and can be 
obtained from https://www.ccdc.cam.ac.uk/structures.
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