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Abstract: Bimetallic compounds containing direct metal-
group 13 element bonds have been shown to display
unprecedented patterns of cooperative reactivity to-
wards small molecules, which can be influenced by the
identity of the group 13 element. In this context, we
present here a systematic appraisal of group 13 metallo-
ligands of the type [(NON)E]™ (NON=4,5-bis(2,6-
diisopropylanilido)-2,7-di-tert-butyl-9,9-dimeth-
ylxanthene) for E=Al, Ga and In, through a compar-
ison of structural and spectroscopic parameters associ-
ated with the frans L or X ligands in linear d"
complexes of the types LM{E(NON)} and XM'{E-
(NON)}. These studies are facilitated by convenient
syntheses (from the In(I) precursor, InCp) of the
potassium indyl species [{K(NON)In}-KCp], (1) and
[(18-crown-6),K,Cp] [(NON)In] (1'), and lead to the
first structural characterisation of Ag—In and Hg—E (E=
Al, In) covalent bonds. The resulting structural, spectro-
scopic and quantum chemical probes of Ag/Hg com-
plexes are consistent with markedly stronger c-donor
capabilities of the aluminyl ligand, [(NON)ALI]", over its
gallium and indium counterparts. )

Introduction

Bimetallic compounds featuring metals of different elec-
tronic character have received significant recent attention,
not least due to their potential for the activation of small
molecules in cooperative fashion. Systems featuring direct
metal-metal bonds have featured heavily in such studies,
with the proximity of the two metal centres, and the
electronic perturbation brought about by the covalent
interaction, helping to enable novel patterns of reactivity
not accessible to either metal in isolation.! One class of
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bimetallic compound of this sort are systems featuring a late
d-block metal (M) and a group 13 element (E) such as
aluminium; with the combination of electron-rich and
electron deficient metal centres allowing for the activation
of kinetically inert substrates, such as C—H and C—F bonds,
and CO,.>*

The study and use of ‘metallo-ligands’ featuring
Group 13 metal centres has been greatly accelerated in
recent years due to the development of nucleophilic sources
of the [EX,]™ unit (typically as group 1 metal salts),”! which
allow access to M-Group 13 linkages via metathesis
chemistry. Historically, anionic gallyl and boryl reagents
were the first to be accessed (Figure 1);*” since then [BX,]
and [GaX,]™ ligands have been widely installed at metal
centres from across the Periodic Table, with metal boryl
complexes, for example, showing widespread synthetic
utility in C—H borylation chemistry.’! Subsequently, both
thallyl and indyl systems were accessed by our group and
the group of Coles, respectively,”” with the most electro-
positive Group 13 element aluminium predictably being the
last to yield tractable systems of the type [EX,] .4 As
such, aluminyl and indyl metalloligands have been much less
widely applied than their boryl and gallyl equivalents;*!*'
to our knowledge, no examples of covalently bound metal
thallyl complexes currently exist.
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Figure 1. Early examples of trielyl anions relevant to the current study.
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While a number of supporting ligand frameworks have
been employed to stabilize anionic E(I) systems, systematic
comparison of their behaviour as metallo-ligands as a
function of the Group 13 metal (i.e. E=AIl, Ga, In) has
proved difficult due to the absence of a contiguous set of
identically-supported systems. With this in mind, we sought
a convenient source of the [(NON)In]~ anion (NON=4,5-
bis(2,6-diisopropylanilido)-2,7-di-tert-butyl-9,9-dimeth-
ylxanthene), so that its chemistry as a metallo-ligand could
be systematically compared with that of its previously
reported aluminium and gallium congeners."* These studies
are reported here.

Results and Discussion

In contrast to previously reported methodologies for the
synthesis of group 13 systems of the type [EX,]” (which
largely rely on the reduction of E™ halide precursors),®! we
hypothesised that the more readily available nature of E!
precursors might offer an alternative metathesis approach
for the heavier group 13 metals. With this in mind, we
examined InCp as a convenient In(T) source,’ aiming to
use the reaction with K,[NON] to access the potassium salt
of the indyl anion, [K{(NON)In}],, and precipitate the
sparingly soluble KCp by-product. In practice, this reaction
proceeds rapidly, leading to the formation of a bright yellow
solution, followed by immediate precipitation of a yellow
microcrystalline material. Some of the crystalline material
was of sufficient quality for single crystal X-ray diffraction
studies, although due to relatively rapid crystallisation, the
data obtained can only be used to establish connectivity.
The structure of [{K(NON)In}-KCp],, 1 (Figure 2), confirms
that In(I) has been assimilated by the NON framework via
substitution of the cyclopentadienyl ligand. However, the
KCp co-product, rather than precipitating out of the
benzene reaction solvent, has been retained, resulting in a
coordination polymer in which [(NON)In]|~ fragments are
bridged by potassium arene interactions involving both the
Cp and NON fragments.

1 is resolutely insoluble in compatible solvents (but can
act as a viable source of the [(NON)In]™ unit in situ, see
below). With the aim of generating a more tractable
derivative, however, two equivalents of 18-crown-6 were
added, leading to the formation of a related species 1’,
featuring  discrete  [(18-crown-6)K(u,m’n’-CsHs)K (18-
crown-6)]" and [(NON)In]~ ions.™ Crystallization from
ortho-difluorobenzene yielded single crystals suitable for X-
ray crystallography (Figure 2), and 1’ could also be charac-
terised in solution by multinuclear NMR spectroscopy. The
KCp by-product is again retained, this time in the form of
the crown ether inverse-sandwich cation [(18-crown-6)K(p,-
7’°-CsHs)K(18-crown-6)]". No close K-In contacts are
observed in the solid state.

With a complete set of NON-stabilised aluminyl, gallyl
and indyl systems in hand, complexation studies were
targeted to give systematic insight into their electronic
structure, and (in particular) to probe their relative capa-
bilities as o-donor metallo-ligands. With a view to minimis-
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Figure 2. Molecular structures of [{K(NON)In}-KCp], (1; upper), and
[(18-crown-6) K (p,-n° n*-CsHs) K(18-crown-6)][((NON)In] (1, lower) in the
solid state as determined by X-ray crystallography. Hydrogen atoms
and solvent molecules omitted, and selected groups shown in
wireframe format for clarity; thermal ellipsoids set at the 40% level.

Key bond lengths (A) and angles (°): (for 1) In—N 2.342(4), 2.388(3);
In—-O 2.564(3); 120.7(1).

ing the complicating influence of steric factors, we targeted
linear d' metal complexes of the types LAgE(NON) and
XHgE(NON). In the former case, the aluminyl and gallyl
complexes (‘Bu;P)AgAI(NON) and (‘BusP)AgGa(NON)
have previously been reported by us,”! and so (‘BusP)Agln
(NON) was targeted for initial comparison, via the bond
length and coupling constant associated with the Ag—P bond
trans to the indyl ligand. Accordingly, the reaction of
(‘BusP)Agl with 1 in toluene leads to the immediate
formation of a bright yellow solution, and a colourless
precipitate. Single crystals of the product were obtained
from hexane solution, and X-ray crystallography was
exploited to confirm the identity of the silver indyl complex
2 (Figure 3 and Table 1). As such, this chemistry not only
delivers the first example of a silver—indium covalent
bond,!"® but also, confirms that KCp inclusion species 1 is
able to react as a functional source of the indyl anion
[(NON)In]".

Table 1: NMR parameters and bond lengths for silver complexes
(‘Bu,P)AgM (NON) (M=Al, Ga, In).

M d(Ag—P)/A 3p/ppm Y agp/Hz
Al - 58.9 161 (broad)”
Ga! 2.4335(6) 65.4 278, 322
In 2.408(1) 68.5 334, 385

“ Not resolved into '“Ag and '®Ag components due to quadrupolar
broadening (YAl; I =5/2).
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Figure 3. (upper) Synthesis and (lower) molecular structure of
(‘BusP)AgIin(NON), 2, in the solid state as determined by X-ray
crystallography. Hydrogen atoms and solvent molecules omitted, and
selected groups shown in wireframe format for clarity; thermal
ellipsoids set at the 40% level. Key bond lengths (A) and angles (°):
Ag—P 2.408(1), Ag—In 2.584(1), P—Ag—In 172.8(1).

The structure of 2 features a near linear P—Ag—In
skeleton (172.8(1)°) in common with its gallyl counterpart;*!
the P-Ag bond trans to the metallo-ligand is somewhat
shorter for the indyl compound (2.408(1) vs 2.4335(6) A),
implying that the heavier trielyl ligand has a weaker trans
influence. Consistently, the 'J,, coupling constants meas-
ured for 2 in benzene-ds solution (334 and 385 Hz for the
7Ag and '®Ag isotopes, respectively) are larger than those
measured for (‘Bu;P)AgGa(NON) (278 and 322 Hz).! For
additional context, the corresponding '/ Agp coupling constant
measured for (‘BusP)AgAI(NON) is much lower (161 Hz)
and is not resolved into '"Ag/"” Ag components, presumably
due to the quadrupolar nature of “’Al In addition, the
P NMR spectrum of the aluminyl complex in benzene-d,
solution features ‘free’ ‘BusP in equilibrium with the
complex itself, consistent with the very high trans labilising
ability of the [(NON)AI]~ donor.”! As such, we have been
unable to crystallise (‘Bu;P)AgAI(NON) from hydrocarbon
solution. With this in mind, we turned instead to mercury(II)
systems of the type XHgE(NON), hypothesizing that the X-
ligand would be less labile, and would therefore allow us to
structurally characterise (for the first time) a complete series
of otherwise identical aluminyl, gallyl and indyl complexes.

While a number of supporting Hg—X systems were
examined, most promising results were obtained for the
borylmercury systems {(HCDippN),}|BHgE(NON) (hitherto
abbreviated as (boryl)HgE(NON)), for which (i) the
bromide-bridged precursor [(boryl)Hg(u-Br)],, is readily
available;'"” and (ii) benchmarking of the [(NON)E]"
ligands against other supporting group 13 ligand frameworks
is also possible, by comparison with the known compounds
(boryl),Hg and (boryl)Hg{Ga(NDippCH),}.l""
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Gallyl complex (boryl)HgGa(NON) is the most straight-
forward to synthesise and isolate (Scheme 1 and Figure 4).
Addition of [(boryl)Hg(p-Br)], to a solution of
K,[(NON)Ga], in benzene-dg leads to clean conversion to a
new highly symmetrical species, (as judged by the presence
of two Dipp CH; and one Dipp CH signals for the NON
backbone in the '"H NMR spectrum). Crystallisation from
hexane yields a pale yellow crystalline material in 62 %
yield, which is stable at room temperature (in an inert
atmosphere) and can be characterised by multinuclear NMR
spectroscopy and elemental microanalysis. Moreover, X-ray
diffraction could be employed to confirm the structure of
the mercury gallyl product, (boryl)HgGa(NON), 4 (Figure 4
and Table 2). This compound offers direct comparison on
another level with the diazabutadiene-supported gallyl
complex (boryl)Hg{Ga(NDippCH),},l'™ which was previ-
ously reported by us, and which also features the expected
linear Ga—Hg—B skeleton.

The indium congener, (boryl)HgIn(NON) (5) can be
synthesized in similar fashion from (boryl)Hg(p-Br)], and in
situ generated 1, with accompanying precipitation of KBr
and KCp. '"HNMR spectroscopy is consistent with a
molecular structure in solution similar to that of 4, and
single crystals could also be obtained from hexane, although
in lower yields (ca. 34 %) due to slow decomposition of the
product to indium metal. X-ray diffraction confirms the
formation of complex 5 (Figure4 and Table2), which
features the first example of an unsupported covalent bond
between indium and mercury.

Finally, in the case of the more highly reducing aluminyl
anion, the analogous synthetic approach is not as straightfor-
ward. Addition of [(boryl)BHg(u-Br)], to a solution of
K,[(NON)ALI], at room temperature leads to a complex
"H NMR spectrum in which (boryl),Hg (6) can be observed
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Scheme 1. Syntheses of (boryl)HgE(NON) complexes (E=Al (3), Ga
(4), In (5)) from [(boryl)Hg(u-Br)]..

Table 2: Structural parameters for mercury complexes (boryl)HgM-
(NON) (M=Al (3), Ga (4), In(5)) and related compounds.

M/E d(Hg—B)  d(Hg—E) re(E) /(B-Hg-M) &

(A) A A ) (Ppm)
3 Al 2222(3)  2.594(1) 1.21 175.2(1) 75.7
4Ga 2181(4)  2.554(1) 122 179.5(1) 60.0
51n 2199(7)  2.709(1) 142 178.0(2) 54.4
6B 2150(3) 2.151(3) 0.84  179.0(1) 68.6
77Ga  2116(5)  2.476(1) 122 179.1(1) 56.4
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Figure 4. Molecular structures of 3 (upper), 4 (centre) and 5 (lower) in
the solid state as determined by X-ray crystallography. Hydrogen atoms
and solvent molecules omitted, and selected groups shown in
wireframe format for clarity; thermal ellipsoids set at the 40% level. For
key geometric data see Table 2.

as well as a major new species, the signals of which decrease
steadily over the course of 1h at room temperature. Use of
the less reducing bis(aluminyl)-magnesium compound,
Mg{AI(NON)},,™ as the aluminyl source results in a cleaner
product mixture (as judged by in situ '"H NMR), with fewer
unidentified side products, but decomposition of the major
species still proceeds at room temperature. Reaction in a
concentrated toluene solution at room temperature followed
by immediate filtration and storage at 243 K, however, leads
to the formation of single crystalline material, allowing for
its investigation by X-ray crystallography. The solid-state
structure  determined confirms the formation of
(boryl)HgAI(NON) (3; Figure 4 and Table 2), a mercury
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aluminyl complex, and the first structurally authenticated
species containing a Hg—Al bond.

Structurally, complexes 3-5 feature very similar close-to-
linear coordination geometries at the central metal centre,
consistent with expectations for divalent mercury. The
Hg—B bond lengths associated with the boryl group trans to
the Al-, Ga- or In-based metallo-ligand are consistent with
the hypothesis that the aluminyl ligand is a stronger o-donor
that its gallyl counterpart: the bond length is significantly
longer for the aluminium donor (2.222(3) vs 2.181(4) A).
Unfortunately, the quality of the X-ray data in the case of
indyl complex 5 renders any related analysis statistically
insignificant. Interestingly, comparison of the structural data
measured for the gallyl systems 4 and (boryl)Hg
{Ga(NDippCH),} (7) reveals a markedly longer trans Hg—B
bond in the case of 4 (2.181(4) vs. 2.116(5) A) suggesting
that the NON-ligand framework confers stronger donor
properties on the group 13 donor than its diazabutadiene-
derived analogue.

With a view to better understanding the structural
properties of compounds 3-5 we also examined their
electronic structures through a variety of quantum chemical
techniques—carried out in each case on related model
systems (3*-5*) in which the backbone ‘Bu groups of the
NON ligands were replaced by Me for computational
efficiency (see ESI for computational details). The geo-
metries of the fully optimized structures agree closely with
those measured crystallographically in the solid state,
especially with respect to the Hg—B and Hg—E bond lengths.
Quantum Theory of Atoms in Molecules (QT-AIM) and
Electron Localization Function (ELF) methods were found
to be the most informative probes of electronic structure;
key data for model compounds 3*-5* are listed in Table 3
and shown pictorially (in the case of aluminyl compound 3*)
in Figure 5.

In each of 3*-5*% the HOMO and HOMO-3 are
identified as o-bonding orbitals extending across the whole
of the E-Hg—B unit, with the HOMO-3 becoming the more
dominant bonding component from Al to Ga to In. QT-
AIM methods were also used to probe the nature of both
Hg—B and Hg—E bonds. Conventional bond paths and Bond

Table 3: Selected (calculated) parameters relating to the Hg—E and
Hg—B bonds in model mercury complexes 3*-5%.

Bond p(r) Vp(r) WBI Occupancy of ELF
(eA?)  (eA™) basin (e7)
3% Hg—B 0.100 —0.030 0.365 1.959 (37.6% Hg;
59.5% B)
Hg-Al  0.059  0.013 0.545  1.862 (75.5% Hg;
21.8% Al)
4% HgB 0105  —0054 0466  1.939 (41.6% Hg;
55.9% B)
Hg—Ga 0.069 0.004 0.576 1.919 (44.6% Hg;
54.1% Ga)
5%« Hg-B 0105  —0.068 0429 1.883 (44.0% Hg;
53.8% B)
Hg—in 0056 0032 0490  1.756 (40.8% Hg;
57.9% In)
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Figure 5. Analysis of bonding in model mercury aluminyl complex 3*:
(upper) HOMO and HOMO:-3 of 3*; (lower) Contour plot of the
Laplacian of the electron density in the plane of the Al-Hg—B moiety
from QT-AIM analysis: Bond Critical Points (BCPs) are shown in green,
along with the electron density [p(r)] and Laplacian of the electron
density [V’p(n)] at the Hg—Al and Hg—B bond critical points.

Critical Points (BCPs) were located for all Hg—E/Hg—B
linkages (Figure 5). Analysis of both the electron density at
the critical point p(r) and its Laplacian V*p(r), together with
the associated kinetic and potential energy densities at the
BCPs classify the Hg—B bonds as (polar) covalent and the
Hg—E bonds as metallic (Table 3).*") Comparisons of (i) the
values of p(r) for the Hg—B bonds (0.100, 0.105, 0.105 e A3,
for 3*, 4% and 5%, respectively); (ii) the Wiberg Bond Indices
(WBIs) for the Hg—B bonds (0.365, 0.466 and 0.429) and
(iii) the Bader charges at mercury (—0.44, —0.06 and —0.01)
and all imply that the aluminyl ligand in 3* is the strongest
o-donor of the three metallo-ligands. ELF calculations were
also used to analyse the electron density in the regions
between the Hg and E/B nuclei, and provide further
corroboration that the [(NON)AI]™ system is the strongest
o-donor of the three. As such, the Hg—B bond is more
polarized towards boron, and the Hg—E bond significantly
more polarized towards mercury in the case of (model)
aluminyl complex 3* (i.e. for E=Al; Table 3).

Conclusion

Facile syntheses of sources of the indyl anion [(NON)In]~
are reported, and their utility in the construction of In—Ag
and In—Hg covalent bonds has been demonstrated. In both
cases the corresponding aluminium and gallium congeners
have also been synthesised, thereby providing two complete
series showcasing the three metallo-ligands [(NON)E]™ (E=
Al, Ga, In) in which the supporting ligand scaffold is
unchanged. Crystallographic, spectroscopic and quantum
chemical comparisons of these complexes provide insight
into how the geometric and electronic structure of these
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ligands varies as group 13 is descended, and also allows for
comparison with metallo-ligands featuring alternative sup-
porting frameworks. In this regard the NON-supported
systems are thought to be stronger o-donors than their
diazabutadiene-derived analogues, with [(NON)AI|™ offer-
ing the most potent o-donation; consistent with aluminium‘s
position as the most electropositive metal of Group 13.!

Supporting Information

Included in the Supporting Information are synthetic and
characterizing data relating to new compounds, representa-
tive spectra, and details of quantum chemical calculations
and X-ray crystallography. CIFs are available from the
CCDC (2334028-2334034).12-4]
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