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Probing the Extremes of Covalency in M-Al bonds: Lithium and
Zinc Aluminyl Compounds

Matthew M. D. Roy,"™ Jamie Hicks,”” Petra Vasko,®®! Andreas Heilmann,? Anne-M ston,? Jose
M. Goicoechea*® and Simon Aldridge*

Abstract: Synthetic routes to lithium, magnesium and zinc aluminyl
complexes are reported, allowing for the first structural character-

ization of an unsupported lithium-aluminium bond. Crystallographic Diep._ @ Dipp,

K N-si=
and quantum chemical studies are consistent with the presence of a £ onf | valo '\E
highly polar Li—Al interaction, characterized by a low bond order and Si-N P N-si,

relatively little charge transfer from Al to Li. Comparison with Dipg Dipg b
magnesium and zinc aluminyl systems reveals changes to both the
M-Al bond and the (NON)AI fragment (where NON = 4,5-bis(2,6-
diisopropylanilido)-2,7-di-tert-butyl-9,9-dimethylxanthene) consistent
with greater covalent character, with the latter complex being shown
to react with CO, via a pathway that implies that the zinc centre acts

as the nucleophilic partner.

E = O: Coles 2019
E = CH,CH,: Hill, McMullin 2020

MesSi Sie,

/ \@ - \
N UKDON
| @A OAIi o iAI©® \
Low-valent main group compounds have attracted significant N [K(12-c-4),] N: K /‘N
recent interest, not least by challenging traditional perspectives Ad Dipp  Dipp
of electronic structure/bonding and the potential for s/p-block -
Kinjo, 2020 Harder, 2020

elements to find applications in small molecule activation.!"
Within this sphere, the isolation of molecular Al(l) compou
such as Schnéckel's (Cp*Al,? and Roesky's (Nacnac
(where Nacnac”™ = HC(MeCDippN),)! offered a counterpoint
to the near universal view of aluminium compounds
Lewis acidic.! More recently these systems have
extensive use in the activation of small molecules, m
the ready propensity of the aluminium centr
oxidative addition and related processes.”

cently reported examples of aluminyl systems supported by
ions. (Dipp = 2,6-diisopropylphenyl; 12-c-4 = 12-crown-4)

profound effect on key orbital energies, in particular based on
the degree of m-donor stabilization of the formally vacant
bital at AL As such, a number of these systems have
hown to possess a narrow energy separation between o
wt symmetry frontier orbitals (superficially the HOMO and
O) and to display unusual/unprecedented patterns of
activity, for example involving the cleavage of C-H and C-C
bonds of simple unactivated hydrocarbons.'%1%31 A
alternative strategy to modulate the reactivity profiles of anionic
Al(l) compounds (e.g. as nucleophiles or as reducing agents) is
to vary the identity of the 'partner' metal, and through it the
degree of charge separation and associated hard/soft character
at Al. Studies to date hint that the nature of the counter-cation
can have a noticeable effect on reactivity at the aluminium
centre.”'%"* Of systems reported to date, only two are
accessible as separated ion pairs featuring the effectively
'naked' aluminyl anion, with the K" cation having been
sequestered by the use of a cryptand or crown ether ligand.['"?
the  Cation exchange has been touched upon in the synthesis of
aluminyl compounds featuring Mg,”®"°? Ca,l"™ Ay, YU'® of
cu" partners, but to our knowledge no other alkali metal
aluminyl compounds have been reported.

reported as long ago as 2006 and 1
first structurally characterized alumi

substituents (Figure 1).
generated as K' salts,
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Inorganic Chemistr boratoryy, Department of Chemistry, novel synthetic routes to lithium, magnesium and zinc aluminyl
th Parks Road, Oxford, OX1 3QR, UK systems - the former representing the first example of a
compound featuring a direct lithium-aluminum bond. With these
science Center, University of compounds in hand, we present a systematic appraisal of the
4, Finland, FI-40014 effects of the partner metal on the nature of the M—Al bond
through crystallographic, computational and reactivity studies.
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Two synthetic approaches have been probed with the
intention of expanding the range of accessible aluminyl
compounds featuring a xanthene-derived NON backbone. These
involved either the use of aluminium iodide precursor (NON)AII
(2) and alternative reducing agents (alkali metals, Mg(l);
Scheme 1), or metathesis chemistry employing the existing
(dimeric) potassium aluminyl compound K3[(NON)AI], (1) and
electrophilic sources of the second metal (Scheme 2).

Dlpp Dlpp Dlpp
Na metal
AI—I —AI----O
Dlpp Dlpp D|pp
'Bu
2 3
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Scheme 1. Chemistry of (NON)AIl (2) in the presence of selected reducing
agents: syntheses of Al(ll) dimer 3 and magnesium aluminyl complex 4.

In the case of the reactions of 2 with the group 1 m
lithium and sodium, no evidence is found for the formatlon of the
corresponding Li/Al or Na/Al containing compounds
reduction approach. While the use of lithium meta
cleavage of the supporting AI-N bonds, sodium m
excess) offers a convenient synthesis of the
[(NON)AI]; (3; 60% isolated yield).) In situ NMR
indicate the formation of the hydride (NON)
side-product in a ca. 1:8 ratio. Isolated samples o
shown to be resistant to further reduction chemistry (i
presence of either Na or K metals or KCs), and it is therefor
proposed that the formation of potassium aluminyl compou
from (NON)AII (2) does not proceed 3 as an interme
Accordingly, the reaction of 2 with
benzene-des solution generates (after 2
of aluminium centres) of potassium alumin
Al(lll) iodide 2. Over a period
mixture is converted slowly in

llic/electrophilic
experiment are
that Al-Al bond formation is s

of the sodium metal reduction, the
er step is presumably slower
(potentially due to surface area effects); no significant amounts
of Al(I) products are observed - but rather 3 and (NON)AIH
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resulting from alternative reactions of the first formed [(NON)AI]
radical.

With this in mind we were
reactivity of 2 with Jones' reagent,
Nacnac"®® = HC(MeCMesN),) which h
convenient (and soluble) two-electron
solution.!"® Accordingly, th
than one equivalent of the
solution at 80°C is show
magnesium aluminyl
ca. 90% isolated yi 4. While 4 reviously been reported
from the metathe reaction of ssium aluminyl 1 with
(Nacnac"**)Mgl(OHiR, i tep  protocol offers
significantly impro

keen to investigate the
ac"*)Mgl. (where
hown to be a

2 with slightly greater
*)Mg]. dimer in toluene
moothly, yielding the
gAI(NON) (4) in

reviously been shown to offer a
struction of M—Al bonds from aluminyl
the other hand, such an approach has
the formation of related derivatives
featuring more ele itve metals, such as lithium.
Nonetheless, we find that the reaction of potassium compound 1
jth lithium i e in diethyl ether provides access to the desired

jum alumi@l compound (Et,0),LIAI(NON) (5; Scheme 2).'"! 5

viable route to th
f [9,10d,15-1

'Bu,

7 Dipp
O N OEt,
\

=6

Lil, Et,0 /
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»
2. KI /
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74 P O N Mes Me
—N N \
\ oA
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Scheme 2. Synthesis of lithium and zinc aluminyl complexes 5 and 6 via
metathesis chemistry utilizing the potassium aluminyl nucleophile 1.

Figure 2. Molecular structure of 5 in the solid state as determined by X-ray
crystallography. Hydrogen atoms and solvent molecule omitted and selected
substituents shown in wireframe format for clarity. Thermal ellipsoids set at the
40% probability level. Key bond lengths (A) and angles (°): Al-Li 2.750(4), Li—
O 1.912(4), 1.948(4), Al-N 1.961(2), 1.974(2), Al-O 2.114(2), N-AI-N
121.9(1), torsion angles between NC, and AIN; planes 54.1, 62.0.
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is extremely reactive - accounting for the low isolated yield (ca.
20%), but has been characterized by multinuclear NMR and
elemental microanalysis and its structure in the solid state
confirmed by X-ray crystallography (Figure 2).

The structure of 5 confirms that it is monomeric in the solid
state, featuring a single Li—Al contact, and a three-coordinate
lithium centre ligated by two additional Et,O ligands. The
associated metal-metal distance (2.750(4) A) is significantly
longer (ca. 10.4 %) than the sum of the respective covalent radii
(2.49 A) hinting at a strong electrostatic contribution to the
overall Li—Al interaction (see below). The monomeric nature of 5
contrasts with the dimeric structure observed for potassium
compound 1 (which features K---Al and K---arene contacts in the
ranges 3.844(1)/4.070(1) and 3.226(3)-3.474(3) A, respect-
ively).®™ This structural dichotomy finds close precedent in
related boryl complexes, with the direct M—B contacts observed
for lithium systems,”?" contrasting with the dimeric, K---arene
bridged structure determined for the potassium analogue.?? By
means of additional comparison, the Li-B bond lengths
measured for lithium boryl complexes typically fall 0.1-0.15 A
(4.7-7.1 %) outside of the sum of the respective covalent radii
(.12 A).U’ZO’Z”

With mononuclear lithium and magnesium aluminyl
compounds in hand (together with the effectively 'naked'
[(NON)AI]" system within the separated ion pair [K(2.2.2-
crypt)JAIINON)]),"" we sought to expand further the scope ,of
hard/soft and ionic/covalent character available to metal alu
compounds via the synthesis of a related system featup
zinc-aluminium bond. Accordingly the reaction of 1 with
(Nacnac"®%)ZnI®* in toluene at room temperature allow,
to (Nacnac¥**)ZnAI(NON) (6) in ca. 75% isolated yiel
2). 6 is obtained as a pale yellow crystalline mate
been characterized by multinuclear NM
microanalysis and single crystal X-ray diffraction

Figure 3. Molecular structu
crystallography. Hydrogen ato
substituents shown in wireframe f
40% probability level. Key bond len
Zn-N 1.994(2), 1 2

127.2(1), torsion an

6 in the solid s ermined by X-ray

nd solvent molecu itted and selected

t for clarity. Thermal ellipsoids set at the

(A) and angles (°): Al-Zn 2.4678(6),

1.911(2), AI-O 1.975(1), N-Al-N
, planes 77.5, 59.5.

ized via a different approach -
involving the insertion ral Al(I) compounds such as
(Nacnac®™)Al or (Cp*Al),, into Zn—X bonds (X = N(SiMes)z,*®
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Et,?® Br,”” or H?®). The metal-metal bond lengths determined
for these compounds fall within a tight range (2.448(2)-2.491(1)
A), and that for 6 (2.468(1) A) is copgistent with these systems.

Table 1: Key bond distances (in A) determine
aluminyl compounds 3, 4, 5 and 6 (featuring

together with the 'naked' aluminyl anion [(NON
a

ographically for metal
Al interactions),

M Srood A% 5B d(M-AIYA  d(AI-O)A  d(AI-N) /A
none’ - . - 75(1)  2.022(1)
’ 2 2.049(1)

Li (5) 249 098  2750(4) 2.114(2) 1.961(2)
1.974(2)

Mg @® 262 R 1.31 2.696“ 1.992(1)  1.904(1)
. 1.918(2)

Al (3)® 2.52 1.61 2.646(1)  1.976(1) 1.896(2)
1.983(1) 1.900(2)

1.901(2)

1.902(2)

Zn (GN 2468(1) 1.975(1)  1.894(2)
1.911(2)

@ Data taken frgm the structure of the ion pair [Kg2.2.2-crypt)][AI(NON)]
ich featureiK---Al contacts shorter than 5 A%

he X-ray crystallographic studies carried out on [K(2.2.2-
[AI(NON)] and on compounds 3-6 (Table 1) allow some

losely approach the sum of the respective covalent
radii, as would be expected on the basis of the Pauling
electonegativites of the metals concerned (Li: 0.98; Mg: 1.31; Zn
cf. Al 1.61).") The measured M-Al separations are,
tively 10.4, 2.9 and 1.6% greater than the sum of the
lent radii for the Li, Mg and Zn derivatives 5, 4 and 6.2°%*
reasing covalency in the M-AIl bond, and the associated
ithdrawl of electron density from the aluminium centre also
brings about noticeable changes in the geometry of the
supporting NON ligand scaffold. Thus, a steady contraction in
the AlI-O distance associated with the secondary xanthene ether
donor is observed (from 2.175(1) to 1.975(1) and
1.976(1)/1.983(1) A) from the most ‘ionic' [K(2.2.2-
crypt)][AIINON)], to the most 'covalent' derivatives, 3 and 6,
complementing the shift of electron density from aluminium into
the M—Al bond. A similar contraction (ca. 6.5 %) is measured for
the amido AI-N distances, implying a sequentially more positive
partial charge at Al.

With a view to rationalizing these structural changes, we
sought to obtain a more in depth understanding of the nature of
the M-Al bonds in compounds 3, 4, 5 and 6 through quantum
chemical methods (see Table 2 and ESI). The geometries
calculated for each of these complexes and the ‘naked’ anion
[(NON)AIT™ agree well with the structures determined by X-ray
crystallography. In the case of the unprecedented lithium
aluminyl complex 5, the HOMO and LUMO (Figure 4) are best
described as an orbital of sigma bonding character between Al
and Li, and an Al-centred p-orbital, respectively. The Wiberg
Bond Index (WBI) for the Li—Al bond is relatively low (0.32), and
occupancy of the Li 2s orbital as determined by NAO methods is

For internal use, please do not delete. Submitted Manuscript
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also small (0.25 e). Consistently, an Atoms in Molecules
(QTAIM) calculation reveals a bond path between Li and Al
(Figure 4), albeit one with a relatively low electron density, p(r),
at the Bond Critical Point (BCP; 0.019 e A®).

On transitioning successively from Li to Mg to Zn (Table 2) it
is evident that (i) the HOMO is successively stabilized; (ii) the
WBIs for the M-Al interactions increase; (iii) the population of
the ns atomic orbital of the partner metal M is raised; and (iv) the
electron density, p(r), at the BCP between M and Al increases,
as expected on the basis of increasing covalent character of the
M-Al bond.

LUMO (right, at -0.05 eV, -5 kJ moI") for lithium aluminyl complex 5 u
PBE1PBE hybrid exchange functional and Def2-SVP basis set (MO diagrams
are drawn with an isovalue of 0.05 au). (lower) QTAIM analysis of i
bond critical points (BCPs) in green. The values of p(r) and Vzr(r
between Li and Al are 0.019 e A® and 0.038 e A”®, respectively.

Table 2: Orbital energies/separations, Wiberg Bond Indices
calculated orbital occupancies for complexes 3, 4, 5 and 6.

M HOMO energy WBI NAO orbital QTAIM p(r) at
and HOMO- (M-AI) occupancies Bond Critical
LUMO gap Point (BCP) /
/ eV (kJ mol™) e A®
Li (5) -4.12 (-397) 0.32 25 e 0.0’
4.06 (392)
Mg (4) -5.00 (-483) 0.52 Mg(3s): 0.46 e 0.036
4.07 (393)
Al (3) -6.40 (617)7 0.9 Al(3s): 0.76 e Y 0.057
5.89 (568)° :0.86e
Zn (6) -5.20 (501) 0.74 Zn(4s): 0.74 e 0.060
4.32 (417)

I-Al o-bonding in!raction is primarily
late to this orbital.

? In the case of compound 3 t
located in the HOMO-4; data giv

ic charges calculated for
N)AI]" are presented in
are in broad agreement with the results
co-workers,™ which suggest that the

tructure for anionic aluminium
diamido-stabilized Al" fragment.
Moreover, the variatio charge distribution within our
NON-stabilized aluminyl complexes as a function of partner

Figure 5. These res
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metal M is in agreement with the structural trends presented in
Table 1. As such, increased covalency in the M—Al bond on
progressing from Li to Mg to Zngis reflected in increasingly
positive natural charges at alum hich then provides a
rationale for the (experimentally obse ntraction in Al-O
and Al-N bond lengths.

.N&%/“N@\

the corres ing complexes of lithium, magnesium, aluminium and zinc;
t) predofiflant resonance structure proposed by Schoeller and co-
rs for a model aluminyl system.lso]

Figure 5. DFWIated natural charges for naked aluminyl anion [(NON)AIT,

more covalent nature of the M—Al bond for zinc complex
ed in the WBI and NAO orbital occupancies given in
ther with the relatively similar natural charges
calculated §f the two metal centres (and the very similar electro-
negativites of zinc and aluminium),® led us to consider
experimental methods to probe the bond polarity. In previous
we have used the regiochemistry of insertion of hetero-
s (such as carbodiimides and carbon dioxide) into a polar
| bond as a probe of the electro-/nucleophilic nature of the
metals."® More recently Hill and co-workers have used a
imilar approach to differentiate between nucleophilic and
electrophilic copper centres in copper aluminyl systems featuring
different supporting ligand sets.""”? With this in mind, we set out
to examine the reactivity of 6 towards similar probe molecules.

In the case of diisopropylcarbodiimide, in situ NMR
monitoring reveals conversion to a single species, which is
characterized by a low-field *C NMR shift (at 8c = 200.4 ppm),
consistent with conversion of the 'PrNCNPr unit into a bent
diaminocarbene fragment (cf. 8c = 219.9 and 220.9 ppm for gold
and copper compounds featuring M{C(N'Pr)z}Al motifs).!">'" In
this case, however, the product could not be crystallized -
potentially due to the prescence of excess carbodiimide - and so
the corresponding reaction with carbon dioxide was targeted in
order to provide easier purification and access to definitive
structural data. In similar fashion, this reaction leads to the
growth of a new *C NMR signal at 8¢ = 219.7 ppm, (cf. 8¢ =
242.3 and 234.9 ppm for gold/copper compounds featuring
M(CO,)AI units),!"®" and the product in this case (7) could be
crystallized from hexane, allowing its identity to be definitively
established by multinuclear NMR and analytical methods, and its
connectivity to be determined crystallographically (Scheme 3
and Figure 6).
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Scheme 3. Insertion of CO, into the Zn-Al bond of 6, establishing lithium « zinc

regiochemistry consistent with nucleophilic character at zinc.
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We report the synthesis of the first example of a molecular compound featuring a
Li—Al bond, and a systematic analysis of the bonding in this and related Mg and Zn
systems through structural, quantum chemical and reactivity probes.
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