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Abstract: A hydrocarbon-soluble barium anthracene
complex was prepared by means of metal vapour
synthesis. Reaction of 9,10-bis(trimethylsilyl)anthracene
(Anth”) with barium vapour gave deep purple Ba-
(Anth”) which after extraction with diethyl ether crystal-
lised as the cyclic octamer [Ba(Anth”)-Et,Ol;. Dissolu-
tion in benzene or toluene led to replacement of the
Et,0 ligand with a softer arene ligand and isolation of
Ba(Anth”)-arene. Diffusion ordered spectroscopy
(DOSY NMR ) measurements in benzene-dys indicate
solution species with a molecular weight that equals a
trimeric constitution. Natural population analysis (NPA)
assigned charges of +1.70 and —1.70 to Ba and Anth”,
respectively, relating to highly ionic Ba’*/Anth"*" bond-
ing. Preliminary reactivity studies with air, Ph,C=NPh,
or H, show that the complex reacts as a Ba” synthon by
release of neutral Anth”. This soluble molecular Ba”/Ba"
redox synthon provides new routes for the syntheses of
barium complexes under mild conditions. )

The alkaline-earth metals (Ae) are among the most
abundant elements on earth, have low electronegativity, and
produce highly reactive ionic complexes typically in the +II
oxidation state."! Apart from their applications in homoge-
neous catalysis,”) a major focus has been on their lower
oxidation states and subsequent uses in bond activation.”!
Although there has been quite some progress in the
chemistry of Be and Mg in the +1 or 0 oxidation states
(Scheme 1, I-V),P! there is only a single example of a Ca'
complex (VI).!! Heavy Ae’ complexes Ae(N,)s, Ae(CO)s,
and Ae(C4Hg); (Ae=Ca, Sr, Ba) have been isolated and
detected, however only in a neon matrix at 12 K. In these
and aforementioned complexes (e.g. I, II or VI), a large
proportion of the metal’s valence electrons are delocalised
over the ligands resulting in metal oxidation state
ambiguities.® %

[*] Dr. O.P. E. Townrow, Dr. C. Firber, Prof. Dr. U. Zenneck,
Prof. Dr. S. Harder
Inorganic and Organometallic Chemistry, Universitit Erlangen-
Niirnberg
Egerlandstrasse 1, 91058 Erlangen (Germany)
E-mail: sjoerd.harder@fau.de

 © 2023 The Authors. Angewandte Chemie International Edition
published by Wiley-VCH GmbH. This is an open access article under
the terms of the Creative Commons Attribution License, which
permits use, distribution and reproduction in any medium, provided
the original work is properly cited.

Angew. Chem. Int. Ed. 2024, 63, €202318428 (1 of 6)

(@)

W Si
t@ &

@-=—=0) C ome—w )

tBu 62\\N \ﬁé\ Ccl)\\?/oo
fN\\ / \ Bu Ph

_owg g 3 P“‘('_?
Bu \/ N | “ph
Na_ Ca_
\*29 tBu Oo/é \C‘):>
0.
Y 9
\]|
,N
g / I >ea”
—Ca \N/
\jg\ il /brcl
(b) THF
THR.__ | THF
bulk Mg® + anthracene Mg”
(activated) THF

)

+ Mg?*(THF)g + "atomic” Mg°

Scheme 1. Low-valent Ae metal complexes and synthons. (a) Formulas
I-VII1. (b) Synthesis and reactivity of Mg(anthracene) according to
Ramsden and Bogdanovic.
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Preparing well-defined complexes of the heavier Ae
metals in low oxidation states has been found to be
extremely challenging due to drastic reactivity increases
from Be to Ba. In addition, the increase in metal size makes
it progressively more difficult to implement superbulky
ligands to achieve complex stabilisation. For example, the
attempted synthesis of the heavier Ca' analogue of IV led
either to reduction of the aromatic solvent (VII) or rapid N,
activation (VIII), even at temperatures as low as —50°C.['!
In the context of small molecule activation, the participation
of d-orbitals for Ca, Sr, and especially for Ba has been
controversially discussed,'*'? however, was also found to be
not crucial.'*'" Although VII and VIII should be formu-
lated as species in which CgH¢®™ or N,”~ anions bridge two
Ca’" ions, with few exceptions, these binuclear complexes
generally react as Ca' synthons by elimination of benzene or
N, delivering one electron per Ca centre for substrate
reduction.!'151¢]

Development of Ae” synthons, i.e. formal Ae’" species
that react reductively like the bare Ae’ metal, would enable
two-electron reduction at a single metal centre. One such
complex, Mg(Anth) (Anth =anthracene), was first described
in 1965 by Ramsden,'” and its chemistry was further
developed by Bogdanovi¢."! This compound crystallises
from THF as the monomer Mg(Anth)-(THF); (IX) in which
Mg** bridges the 9 and 10 carbon positions of a bent
anthracene dianion (Scheme 1b)."! The complex is in
equilibrium with neutral anthracene and a form of highly
reactive “atomic” Mg". The presence of excess anthracene
can also result in the formation of an anthracene radical
anion.” As a source of soluble zerovalent magnesium, IX
has enabled the facile syntheses of challenging Grignard
reagents,”!! transition metal salt reductions,” and is an
excellent medium for hydrogen storage in the presence of a
transition metal catalyst (Mg’ + H,—~MgH,).”

Extension of this work to the heavier Ae metals would
not only enrich low-valent s-block metal chemistry but also
provide new key reagents in Ae metal chemistry. Although
syntheses of Ae(Anth) (Ae=Ca, Sr, Ba) have been
previously described, experimental details such as colour
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and composition are contradicting.*? As these complexes
are sparingly soluble, their analysis has been restricted to
FT-IR, UV/Vis, and solid-state *C NMR spectroscopy as
well as inconclusive quench experiments.’! Herein, we
report on the synthesis, structure and full characterisation of
a Ba anthracene complex and its preliminary reactivity as a
Ba’ synthon.

To improve solubility and stability, we aimed for the
reduction of 9,10-bis(trimethylsilyl)anthracene (Anth”) with
Ba’ (Scheme 2). As pointed out earlier by Lehmkuhl
etal P! the —M effect of a Me,Si-substituent (negative
hyperconjugation) is larger than the +1I inductive effect and
consequently Anth” is easier to reduce than Anth, enhanc-
ing complex stability. Indeed, Raston and co-workers
reported the monomeric structure of Mg(Anth”)-(THF),
and showed that its decomposition into Mg’ and Anth” is
much slower than that of IX.”® Despite the more facile
reduction of Anth”, and the more negative reduction
potential of Ba’ (E°=-2.92V vs. NHE) vs. Mg’ (E’=
—2.36 V vs. NHE), the reaction between Ba’ and Anth” in
benzene was found to be extremely slow (Figure S1). Even
with mechanochemical activation or the use of highly
activated Ba’ obtained by co-condensation with heptane
using a method reported by Timms,* no satisfactory
conversions were obtained. It is well-known that the poor
reactivity of the heavier Ae’ elements, in combination with
the very high reactivity of its compounds,®!! obstructs
complex syntheses directly from the metal.® This difference
with the very facile synthesis of Mg compounds, e.g.
Grignard reagents, can be explained by the unusually low
atomisation enthalpy of Mg® (35.3 kcalmol™), relative to
Ba’ (43.0 kcalmol").**] This led us to probe the synthesis of
Ba(Anth”) by metal vapour synthesis (MVS), a method
which brings the ligand in contact with discrete metal atoms.
The direct reaction with metal atoms instead of with bulk
metal has the advantage of starting at a higher free energy
level which is closer to the transition state by approximately
the free energy of metal sublimation (Scheme 2a).F%® 3
These thermodynamic and kinetic advantages enable access
to compounds which cannot be prepared by any other

Scheme 2. (a) Reaction of Ba® vapour with Anth” to give 1. (b) Left: Diagram of the rotary metal evaporator reactor used in the synthesis of
[Ba(Anth”)] (1). A=reaction vessel (2 L, 2 7x10~* mbar), B=coolant (EtOH/liquid N,, —116°C), C=Ba metal in crucible heated by a resistive
tungsten coil, D=Anth" in MeCy, E=valve for Schlenk line connection after synthesis. Right: Photograph during the reaction, showing vaporising
liquid Ba in the resistively heated crucible. Note the deep purple suspension of 1 in the background.
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means,”™ and previously allowed the synthesis of Ba-
(COT)-(THF), (COT =cyclooctatetraene).!

As Anth” is poorly volatile, we converted a rotary
evaporator into an MVS reactor to vaporise the metal atoms
directly into a cooled solution of ligand (Scheme 2b).F"! The
rotating reactor vessel provides a continuously replenishing
film of ligand solution to the vaporised metal atoms under
temperature-controlled conditions. Metallic Ba” was evapo-
rated from a resistively heated crucible (7 x 10~* mbar) into
a methylcyclohexane solution of excess Anth”. Over the
course of an hour, a fine deep purple suspension of
Ba(Anth”) (1) was formed, and following filtration and
extraction of the residue with either benzene, toluene, or
diethyl ether; deep purple solutions of Ba(Anth”)-L (1-L;
L=Arene, Et,0) were obtained (Scheme 2b). In contrast to
Mg(Anth")(THF), (IX), which is stabilised by THF,!
extraction of Ba(Anth"”) with THF or THP (tetrahydropyr-
an) led to formation of a dark, insoluble, hitherto undefined
precipitate. Dependent on vaporisation rate and ligand
concentration, typical isolated yields of 1.L are around 32 %
relative to Ba’. The product is highly sensitive to air and
moisture, and unstable to extensive drying in vacuo, the
toluene adduct being the most stable to the latter. In
contrast to the co-condensation of Ca’ and benzene, where
Ca’ inserted in the benzene C-H bond to produce
PhCaH, no evidence for such a process is observed here.

Whilst crystallisations from benzene or toluene only
produced microcrystalline needles of Ba(Anth”)-arene
(1-benzene or 1-toluene) unsuitable for X-ray diffraction,
crystallisation from diethyl ether gave dark purple crystals
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of Ba(Anth")-Et,0 (1-Et,0) of good quality. The crystal
structure shows a cyclic octamer in which Ba is sandwiched
between two Anth” ligands by #*-coordination to a central
ring and #’-coordination to a flanking ring (Figure 1).
Additional coordination of Et,0O creates a bent sandwich
which induces the curvature needed for cyclisation. As all
Ba atoms lie in the mirror plane and Ba—Ba’-Ba angles vary
between 134.74(2)° and 135.26(2)° with Ba—Ba’ distances of
6.3061(4) A to 6.3327(4) A, they span a nearly perfect
octagon with ideal angles of 135°. This is in contrast to the
recently reported cyclic structure of octameric [Ba-
(Cbz)SiH;]s (Cbz is a bulky carbazolide ligand)*” in which
the ring is non-planar and irregular. Prerequisites for the
self-assembly of such circular aggregates are a combination
of large and small ligands, or formation of a polymeric bent
supersandwich both leading to curvature and ring formation.
Thus, dodenuclear Mg, clusters have been isolated,*” and
most recently even larger cyclic M5 supersandwiches were
crystallised (M =Sr, Sm, Eu)."!

The planarity and bond lengths of the two different
symmetry independent Anth” anions in 1-Et,0 (Figure 2)
are more similar to the structures of neutral Anth” or the
Anth”*" radical anion than Anth”*" in Mg(Anth”)-(THF),
(Figure S24).27%41 This observation should not lead to
conclusions on ligand charge, which is closer to —2 than—1
(see below), but is related to the large size and low
electronegativity of Ba resulting in highly ionic multihapto
Ba-Anth” bonding. The more covalent Mg—C bonds in
Mg(Anth”)-(THF), result in rehybridisation of C towards
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Figure 1. (a) Crystal structure of the octameric complex [Ba(Anth”)-Et,O], (1-Et,0); H atoms excluded for clarity (Ba red, Si orange, O blue). (b)
Space-filling model for 1-Et,0. (c) Selected Ba—C and C—C bond lengths (A) for centrosymmetric 1-Et,0.
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Figure 2. Visualisations of the frontier Kohn-Sham molecular orbitals for a monomeric model of 1-Et,0 (M06-2X(D3)/Def2-TZVPP).

The 'H NMR spectrum of a purple solution of 1-Et,0 in
benzene-d, displays two pairs of mutually coupling multiplet
signals (6.43/6.11 ppm and 5.86/5.35 ppm) of two protons
each, assigned to the aromatic C—H environments, and one
singlet at 0.36 ppm integrating to 18 protons assigned to the
Me;Si-substituents. The two pairs of aromatic multiplet
signals indicate an asymmetric Anth” ligand in which, like
the crystal structure, the symmetry is broken by Ba
coordination to one of the outer rings, resulting in the
polarisation of negative charge into this ring and an upfield
shift of 'H signals below 6 ppm.*¥ A similar trend was
observed for the aromatic signals in Mg(Anth”)-(THF),
(6.50 and 6.75 ppm, THF-d;).’ They are, however, not as
far shifted as those for the anthracene dianion in Na,(Anth)
(3.36 and 4.25 ppm, THF-dg).*! Unfortunately, solvent and
ligand incompatibilities preclude a more direct comparison
of these species by NMR spectroscopy.

Regardless of the solvent used for crystallisation
(benzene, toluene, or Et,0), the 'H, “C and *Si NMR shifts
measured in benzene-d; are identical. This is explained by
complete substitution of the neutral ligand (benzene,
toluene, or Et,0) by benzene-d,, as supported by additional
signals for the free neutral ligand, and is in agreement with
the strong preference for interaction of Ba®>", a soft cation,
with soft arene ligands.***! 'H NMR spectra of 1-Et,0 in
toluene-dy in the temperature range of —70 to +50°C show
hardly any changes (Figure S18). At higher temperatures, a
new set of small signals indicates formation of a second
species but even at +50°C asymmetric Ba—Anth” bonding is
observed. Higher temperatures could not be applied due to
limited complex stability. Already at room temperature,
some decomposition (ca. 5%) to free Anth” is usually
observed due to the extreme sensitivity of the compound.

DOSY NMR measurements on crystalline 1-Et,0 in
benzene-ds show that there is no interaction between the
diethyl ether and 1, presumably due to exchange with
benzene-d, capping the Ba’" ion to give 1-benzene. Using
Stalke’s method for molecular weight determination,*! the
estimated value of 1596 g mol ' is in good agreement with a
trimeric structure: [Ba(Anth"”)-(C¢Dg)l; MW =
1632 gmol ™). The deviation of 2.3% fits with values for
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Et,0 (found: 75 g mol™, 1.3% deviation) and remains of
pentane (found: 70 gmol™', 2.8 % deviation), used to wash
the crystals. From this, it is clear that the octameric solid
state structure of 1-Et,0 is not retained in benzene solution,
and that the nature of the coordinated solvent and the
temperature influence the nuclearity of the complex.

A monomeric model Ba(Anth”)-Et,O, extracted from
the crystal structure of 1-Et,0, was optimised by density
functional theory (DFT) at the M06-2X(D3)/Def2-TZVPP
level of theory, which includes dispersion corrections. ! In
contrast to the octameric solid-state structure, Ba bridges
the 9 and 10 positions of Anth” symmetrically, whilst Et,O
prefers to reside over one of the flanking rings. Natural
population analysis (NPA) assigns a charge of +1.70 to Ba
and —1.70 to Anth”, showing that bonding is ca. 85 % ionic.
This fits well within the usual range of +1.7 to + 1.8 charges
for Ba’* in amide or hydride complexes™ but is consid-
erably higher than the charge of +1.40 in the tris-benzene
complex Ba(C¢Hy);,"® showing that it is considerably more
facile to transfer the two Ba valence electrons to one Anth”
ligand than to three benzene ligands. The formation of
Ba(Anth”) from Ba’ atoms and Anth” is quite exothermic:
AH = —47.6 kcalmol™" (AG,y3=—40.0 kcalmol ™). However,
these are gas phase values and if one considers the atom-
isation enthalpy for Ba metal (AH=43.0 kcalmol'),* the
thermodynamic advantages of MVS over solution methods
can be clearly observed.

Although the Ba’>*/Anth”*~ bond is mainly ionic, there is
a small covalent contribution. The frontier Kohn-Sham
molecular orbitals show that the HOMO and HOMO-1
exhibit overlap of Ba d,, and d,2 2 orbitals respectively with
the C p-orbitals of Anth” (Figure 2). The calculated natural
electronic configuration for Ba, [Xe]6 s"*5d**6p”", indi-
cates that barium is mainly using low-lying d-orbitals to
interact with Anth”. The first unoccupied orbital (LUMO) is
an sp-hybrid orbital located on Ba, protruding in the free
coordination space and explaining further aggregation.

Preliminary reactivity studies show that 1-benzene reacts
by two-electron oxidation, typical for elemental Ba’. Reac-
tions with Ph,C=NPh, H, or air all resulted in formation of
Anth”. Although bulk Ba metal only reacts with H, to BaH,
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at high temperature,’" 1-benzene reacted either in benzene
solution or as a solid instantaneously with only one bar H, at
room temperature to give Anth” and BaH, (the latter was
proven by deuterolysis with D,O and detection of H-D;
Figure S23). '"H NMR analysis revealed complete conversion
to Anth” with no evidence for dihydro-anthracene forma-
tion. In stark contrast, Mg(Anth)-(THF); reacted only
slowly with H, to give MgH, and Anth-H,."**! As described
previously for the reaction of Ph,C=NPh with activated
Ba’,?l 1.benzene was also found to enable the immediate
two-electron reduction of Ph,C=NPh to produce Ba’",
Ph,C-NPh?" and free Anth”. In presence of THF, the Ba
complex crystallized as the dimer [(Ph,CNPh)Ba-(THF);],,
which previously has been fully characterized.*"

This preliminary communication describes the first
isolation and full characterisation of a Ba-anthracene
complex (1), accessible by means of metal vapour synthesis.
Its octameric cyclic structure is testimony to the rich
structural variation of s-block metal complexes. Theoretical
calculations are in agreement with ionic Ba®"/Anth"*~
bonding but analysis of the small covalent contributions
revealed considerable Ba d-orbital occupation. Although the
oxidation state of Ba in 1 is close to 411, its instant reactivity
with H, under release of Anth” nicely exemplifies the
thermodynamic advantages of a hydrocarbon-soluble molec-
ular Ba’ synthon. Reactivity studies of 1 and syntheses of
further Ba’ synthons are currently in progress.

Electronic Supporting Information available
Experimental details, NMR spectra, crystallographic details
including ORTEP,® details for DFT calculations. The

authors have cited additional references within the Support-
ing Information.”**
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