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Herein, we present a novel approach towards organometallic group
13/15-compounds, i.e. the reaction of nanoparticular arsenic and
antimony with low-valent aluminium species. The reaction of the
two-electron reducing agent [AlCp*], (Cp* = CsMes) with arsenic
nanoparticles gave rise to a mixture of two unprecedented deca-
and dodecanuclear Al-As clusters. In contrast, the analogous
transformation with nanoparticular antimony yielded the already
known Al-Sb compound [(AlCp*)zSb,]. Additionally, two different
dialanes [AlCp*X], (X = Br, I) were employed as one-electron
reducing agents, forming calix like coordination compounds upon
reaction with nano arsenic. The isolated species significantly
enlarge the accessible structural variety of molecular group 13/15
compounds, highlighting the exceptional utility and reactivity of
nanoscale group 15 precursors.

Low-valent organometallic compounds of aluminium have
been known for several decades. Textbook examples are the
mono valent compounds [AICp*], (Chart 1, left) (Cp* = CsMes),
and [Al(°PPBDI)] (°"PPBDI = diisopropylphenyl--diketiminate),*
which were studied intensively.” Very recently, the reactivity of
[AI(P'PPBDI)] was enhanced by deprotonating one methyl group
in the ligand backbone to obtain the corresponding aluminyl-
anion.” However, the first anionic Al(1) complex exhibiting a
unique reactivity was reported shortly before, establishing a
new generation of Al(1)-compounds.? These recent advances in
the synthetic chemistry of molecular Al(1)-species, as well as in
depth reactivity studies, have brought low-valent group 13
compounds back to the spotlight of main group organometallic
chemistry.® Besides above mentioned monovalent alumi-
nium(i) compounds, isolable divalent aluminium compounds
are well-established.*>® One example is [AICp*X], (X = Br, 1)
(Chart 1, right), which can be isolated as an intermediate from
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the synthesis of [AlCp*], by the reduction of [AICp*X(p-X)], with
sodium or potassium. Due to their tendency to dispropor-
tionate easily, these dialanes have only been used spora-
dically in dialumination reactions of organic substrates or
simple oxidation reactions so far.”

In contrast, [AICp*], has been reacted with a large number of
organic substrates and main group elements.*>**® Thus, the
aluminium group 16 heterocubanes [Cp*AlE], (E = O, S, Se, Te)
(Chart 2, left) can be obtained by reaction of [AICp*], with the
corresponding group 16 elements.”'° Similarly, [AICp*], reacts
with white phosphorus resulting in [P,(Cp*Al)s] (Chart 2,
centre), which consists of a P,Alg cage.'' In contrast, no
reaction has been reported of an Al(r) species with the heavier
group 15 elements As, Sb, Bi.

The corresponding derivatives [Pn,(AlCp*)s;] (Pn = As, Sb, Bi)
(Chart 2, right) can only be obtained by reaction of [AlCp*],
with organometallic precursors as arsenic, antimony and
bismuth source since the direct reaction with the elements
was not observed.'” Recently, we reported on elemental arsenic
(As°(mano)) and antimony (Sb°nano) nanoparticles, which
react with samarocene as highly reactive elemental group 15
precursors.”® Herein, we showcase that this concept can be
extended to low-valent main group chemistry. Due to the
drastically increased surface-to-volume ratio compared to
often unreactive bulk material the nanoparticles used in this
work exhibit increased reactivity."* In addition, compared to

*?I%IQ* i

(X=Br,1)
a b

Chart 1 Classes of low-valent aluminium compounds of relevance to this
work: (a) Al()-tetramer [AlCp*], (left) and (b) Cp*-containing dialanes
[AICp*X], (X = Br, 1) (right).
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Chart 2 Products from the reaction of [AlCp*], with (a) elements of
group 16 (left) (b) white phosphorus (centre) and (c) group 15 organyls
(right).

yellow arsenic (As,), which is highly photosensitive and rapidly
decomposes to the thermodynamically more stable grey
arsenic,"” As’ano) as well as Sb%nano) are employable in
redox-chemistry, while being readily storable and handleable.

Herein, we report the reactivity of nanoparticular arsenic
and antimony towards [AICp*],, which led to the formation of
new aluminium-arsenic compounds exhibiting unexpected
structural motifs, as well as a reported aluminium-antimony
compound. Furthermore, we used the divalent aluminium
species [AICp*X], (X = Br, I) for the first time in a purely
inorganic transformation as a one-electron reducing agent.

The reaction of [AICp*], with an excess of arsenic nanoparticles
at 70 °C in toluene for several days resulted in two different
compounds. Despite several attempts and variation of the reac-
tion conditions as well as the stoichiometry, [(Cp*Al)sAs,] (1) and
[(Cp*Al)sAs;Al] (2) were only obtainable as a mixture of yellow (1)
and red crystals (2) (Scheme 1). Additionally, the similar solubility
of both species in common organic solvents prevented fractional
crystallization. Nevertheless, both compounds could be charac-
terised by manually separating the crystalline products. During
the formation of compound 1, formally one and a half [AICp*],
moieties are reacting with arsenic nanoparticles. The aluminium
atoms are oxidized to give six [AI""]-centres, each capped by one
Cp*-ligand. The respective As atoms are present in oxidation state
-3 building up an As,Als cage structure, which is known for the
lighter phosphorus congener."

Cp* s 5o Cp*
p* . As p
AS? Al Al~As
foouch 2N S
toluene, 70 °C AS  As /,\ As
N + As-I-Al
7d [ M7 | BANESY
AV AN ot A—AsT A Cpr
Cp* As Cp* Cp
C *
[AICp14 P 2
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2d M Cp* =
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7d
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Scheme 1 Reactivity of [AICp*]4 towards group 15 nanoparticles (As®mano)
and Sbo(nano))'
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Fig. 1 (left) shows the molecular structure of compound 1 in
the solid state. The As,Al¢ framework can be described by two
face-sharing Al,As, cubes, each missing one arsenic atom on
the opposite corners. Formally, 1 can be considered as fusion of
two [(AlCp*);As,]'® molecules. The four outer All atoms are
each bearing a Cp*-ligand in a n*-coordination mode with an
Al1-Ctgp» (Cteps = centroid of the Cp* moiety) distance of
1.9066(8) A, while the inner two Al2 atoms are only
n'-coordinated by their corresponding Cp*-ligands with an
Al2-C bond length of 2.067(3) A. The bond lengths of the
Al-As bonds vary from 2.4186(7) A for Al1-As2 to 2.5019(6) A
for Al2-As1, which is within the expected range of comparable
compounds with Al-As single bonds.*®"” As expected, the Al-As
bonds are longer compared to the Al-P bonds of the isostruc-
tural phosphorus compound, while the Al-C distances are
consistent with reported ones."*

As mentioned above, another type of crystals obtained from
the same reaction of [AlCp*], with Aso(nano) could be charac-
terised. This revealed the formation of another, previously
unknown aluminium arsenic cage complex (Fig. 1, right). As
illustrated in Fig. 1, compound 2 consists of an AssAl, cage,
which can be described as two distorted face-sharing cubes
lacking only one arsenic atom at one corner. In addition, the
arsenic atoms Asl and As2 are four-fold coordinated and
bridged by one more aluminium atom (Al2). All other As atoms
are three-fold coordinated by aluminium atoms, which are all
in a trivalent oxidation state. For Al2, AlI3, and Al4 the
Cp*-ligands are n’-coordinated (Al2-Ctcp- 1.896(2) A, Al3-Ctcpe
1.904(2) A, Al4-Ctg,- 2.092(2) A), while Al5 exhibits a
n*-coordination mode (Al1-Ctcp- 2.360(2) A) of the five mem-
bered ring. In contrast, the central aluminium atom (Al1) is not
bound to a Cp*-ligand. Instead, Al1 is exclusively tetrahedrally
coordinated by four arsenic atoms. The average Al1-As bond
length is 2.4647 A, which is comparable to values observed in
compound 1 and further Al-As single bonds known from
literature."®® The other Al-As bonds in compound 2 are in a
similar range.

After the successful reduction of Aso(nano) with [AlCp*],, we
decided to examine the reactivity towards Sbo(nano). Actually, we
isolated the already reported compound [(AlCp*);Sb,] (3)

Q

¢
RoA AL
>

Fig. 1 Molecular structure of compound 1 (left) and compound 2 (right) in
the solid state. For better clarity: hydrogen atoms are omitted and Cp*-
ligands are transparent. Color code: As (dark red), Al (light blue), C
(transparent black).
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(Scheme 1) instead of a compound isostructural to 1 or 2. The
formation of compound 3 was confirmed by X-ray diffraction
and NMR studies. In the '"H NMR, the resonance for the Cp*
methyl protons was observed at 6 = 2.08 ppm while in the
BC{'"H} NMR two resonances, one for the methyl carbon at
0 =12.0 ppm and one for the ring carbon at é = 116.1 ppm were
detected, which is consistent with the literature.*>*** However,
we could show once again, that Sbo(nano) is a highly reactive
source for elemental antinomy to form organometallic com-
pounds, which are not accessible from bulk antimony.">*

Our next challenge consisted in studying the reactivity of the
nanoparticles towards Al(u)-species. In contrast to [AICp*],,
these species usually act as a one-electron reducing agent. As
reactive precursor we used the dialanes [AICp*X], (X = Br, I)
(Chart 1). By using two different halogens we had the
opportunity to study the influence of the substituents on the
reactivity."”” For both species a reaction with arsenic
nanoparticles was observed after stirring the reaction mixture
in toluene at 80 °C for four days, yielding [(Cp*AlBr);As] (4) and
[(Cp*All);As] (5) (Scheme 2). These reactions are, to the best of
our knowledge, the first purely inorganic transformations of
this type of dialanes. Formally, elemental As is triply reduced to
[As™™] upon reaction, while the [Al"] atoms are oxidized to
[AI"]. During this process the Al-Al bond is cleaved. The
observed differences in the yields (4 = 51%; 5 = 29%) could
stem from the less stable Al-Al bond in the iodine compound,
which could favor some unidentified side reactions.™ In con-
trast, no reaction with Sbo(nano), even under harsh conditions,
was observed, indicating a slightly lower reactivity compared to
Aso(nano)-

As shown in Fig. 2, compound 4 exhibits a calix-like struc-
tural motif with an [As~™] centre, bonded to three [AI"™'Cp*]
units, which in turn are bridged to the adjacent aluminium
atoms via one bromine atom each. Every [Al"'] centre is capped
by a n®-coordinated Cp*-ligand with an average Al-Ctcp- dis-
tance of 1.9367 A. The As1-Al bond lengths vary from 2.4118(13) A

ASO(nano)
toluene, 80 °C,
4d

S ———

[AICP™X],

(X=1,Br)

5(X=1)
Scheme 2 Reactivity of the dialanes [AICp*X], (X = Br, I) towards Aso(nam).
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Fig. 2 Molecular structure of compound 4 in the solid state (left) and side
view of the calix-like core structure (right). For better clarity: hydrogen
atoms are omitted and Cp*-ligands are transparent. Color code: As (dark
red), Al (light blue), Br (orange), C (transparent black).

to 2.4374(12) A, which is consistent with previously reported
compounds.’®™® As expected, the bond lengths for the
bridging bromine atoms (e.g. Al1-Br2 2.5569(13) A and
Al2-Br2 2.6091(13) A) are slightly longer than for terminal
Al-Br bonds (2.31 A-2.41 A) and in the same range as
other Al-Br bond lengths in a bridging bonding mode
(e.g. 2.513 A-2.516 A).>"7%?° The calix-like structure with an
opening angle (angle between Al1-Al2—AI3 plane and As1-Al1-
AI3-Br1 plane, Fig. S19, ESIt) of 124.12°, is the result of the
trigonal pyramidal coordination of the central As atom (As1).
The As-Al-Br angles are between 95.79(4)° and 98.33(5)°.

In the solid state, compound 5 (Fig. 3) forms a calix-like
structure similar to compound 4 with an opening angle of
125.59° (angle between Al1-Al1’-Al1” plane and As1-Al1-Al1’-11
plane, Fig. S21, ESIt). However, the bonding situation of the
halide is different. While the Al1-11 distance (2.706(2) A) is in the
range of Al-I single bonds,”® the Al1’-I1 distance (3.088(2) A) is
beyond these values. However, it is still shorter than the sums of
the van der Waals radii.”* Therefore, a weak interaction may occur
(shown as dashed lines in Scheme 2 and Fig. 3), which results in
an asymmetrically bridged Al-halide bond. Compared to com-
pound 4, the As-Al-X (X = I) angle (102.29(5)°) is wider, which can
be explained by the asymmetrically, rather than symmetrically
bridged, Al-halide bonding situation. The Al1-C distances in 5 are
similar (2.141(6) A to 2.434(5) A) compared to compound 4,
resulting in a n’-coordination of the Cp*ligand (Al1-Ctcp-
1.946(3) A). The As1-Al1 bond length is 2.407(2) A, which is, as
expected, in the same range as for compounds 1, 2 and 4.

In summary, we investigated the reactivity of Al(1)- and Al(u)-
compounds towards elemental As and Sb nanoparticles. By

As1

Fig. 3 Molecular structure of compound 5 in the solid state (left) and side
view of the calix-like core structure (right). For better clarity: hydrogen
atoms are omitted and Cp*-ligands are transparent. Color code: As (dark
red), Al (light blue), | (purple), C (transparent black).
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using As"(nano) new products, which are not accessible by the
classic route (decomposition of organoarsenides) were synthe-
sised. Thus, the As,Als cage 1 and the unusual aluminium
arsenic AssAl, cage 2 were obtained by our new synthetic
approach. Furthermore, the dialanes [Cp*AlX], (X = Br, I) were
applied as single electron reducing agents for the reduction of
Aso(nano). The resulting compounds 4 and 5 were isolated in a
calix-like structural motif in the solid state. In addition, the
conversion of Sb®(nano) With [AICp*], confirmed the high reac-
tivity of the nanoparticles by isolating compound 3. In conclu-
sion, we have successfully broadened the application of group
15 nanoparticles as reactive source for these elements and used
them for the first time in main group chemistry.

All authors have given approval to the final version of the
manuscript. A. H. synthesized and analysed all compounds
with support from L. M., A. H. and L. M. conducted X-ray
experiments. PWR originated the idea, supervised the work,
and interpreted the results. All authors contributed to the
preparation of the manuscript.
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