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A series of iron aluminyl complexes have been synthesised in good
crystalline yields from reactions between bulky diamido aluminium
iodide complexes and K[Fe(CO),Cpl in the solid state. The series of
metal-metal bonded complexes have been characterised by X-ray
crystallography and were investigated using density functional
theory to probe the effects of ligand substitution on the Al-Fe
bond.

Mechanochemistry has been deemed a future direction of
‘green chemistry’." This is because reactions can be performed
solvent-free (or near solvent-free), cheaper, safer, and often
with less energy input than traditional solution-state
chemistry.”> Mechanochemistry is already widely used in
many areas of chemistry® but has only recently started to make
an impact in main group synthesis.* "' Some examples of note
include Kubota, Ito and co-workers 2021 report that Grignard
reagents can be synthesised mechanochemically in high yields
(Fig. 1, 1).'* Furthermore, the Grignard ‘paste’ isolated from
the mill reacted mechanochemically with a range of electro-
philes typical of Grignard reagents. In 2022, Harder and co-
workers showed that magnesium radical complexes could be
synthesised by the mechanochemical reduction of magnesium
iodide precursor complexes with potassium-coated KI (Ir)."***
Last year, Garcia, Garcia-Alvarez and co-workers reported a
fast, scalable and solvent-free method to access the commonly
named “Lappert’s heavier tetrylenes” E[N(SiMe;),], (E = Ge,
Sn, Pb) by a mechanochemical synthesis (III)."> Earlier this
year Yamashita and co-workers also reported that non-solvated
dialkylaluminyl anion can be isolated from the mechanochem-
ical reduction of the dialkylaluminium iodide with an Na/K
alloy (Iv).*®
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Mechanochemical synthesis of iron aluminyl
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In terms of using mechanochemical reactions in the syn-
thesis of metal-metal bonded compounds, results in the litera-
ture are scarce. Harder and co-workers recently showed that
Mg(1)-Mg(1) bonded dimers can be synthesised through the
mechanochemical reduction of p-diketiminate magnesium
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Fig. 1 Selected main group mechanochemical reactions. Ar = aryl, TMS
= trimethylsilyl, R/R*/R? = various organic groups.
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iodide compounds (Fig. 1, V)."” However, the group proposed
that the Mg-Mg bond was likely formed upon extraction into
CeDg via radical dimerisation. In this work, we build on these
recent reports showing that mechanochemical synthesis can
be used in the preparation of heterobimetallic complexes with
unsupported metal-metal bonds.

Six diamido aluminium iodide complexes were used as pre-
cursors in this work, four bearing xanthene-based diamido
ligands  ([®PPNONP*~,  [P"PPPNON]*-,  [*“NONJ*,
["™SNON]*7), one bearing a diamidosilyl ligand, [DAS]*~, and
one bearing two monodentate amido ligands [Dipp(TIPS)N]|™
for an acyclic comparison (Scheme 1).'* The four xanthene-
based ligands all feature the same 2,7-di-tert-butyl-9,9-di-
methylxanthene scaffold and vary only by the substituents on
the nitrogen donors. ("’PPNON)AII and [Dipp(TIPS)N],AIl have
been reported previously,'*?° but ("FSNON)AII, (*""PPNON)
Al ("®*"NON)AII and (DAS)AII are reported as part of this work
(see ESIT for synthesis and characterising data).

With the range of aluminium iodide compounds in hand,
our attention turned to the synthesis of the iron aluminyl com-
plexes. A number of iron aluminyl complexes have previously
been reported,*" all synthesised in the solution phase through
reactions between bulky aluminium (di)halide complexes and
the [Fe(CO),Cp]~ (Fp) anion (either the Na or K salt). Taking
inspiration from these previous studies, the reaction between

("SNON)AIl and K[Fp] in benzene was investigated.

\

(°*PNON)AIFp

Y

(PPtBuNON)AIFp

(DAS)AIFp

Scheme 1 Mechanochemical synthesis of the five iron aluminyl
complexes.
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Monitoring the reaction by "H NMR spectroscopy, it was deter-
mined that after stirring the suspension for 16 hours at room
temperature, the reaction only saw 51% conversion to the iron
aluminyl complex. Stirring the reaction for another 2 days led
to complete conversion to the desired iron aluminyl complex
("SNON)AIFp. In comparison, the addition of the same
reagents (0.25 mmol scale) as solids into an IKA Ultra-Turrax
Tube Drive fitted with a 20 mL ball mill tube, 30 stainless steel
balls and 258 mg of graphite as flux, saw complete conversion
within one hour of milling. Upon workup, this gave (""*NON)
AlFp in a 79% yield (Scheme 1). A similar procedure was used
in the synthesis of (*"P'PPNON)AIFp, (*"NON)AIFp, (*"PPNON)
AlFp and (DAS)AIFp, which upon workup, all gave moderate to
good crystalline yields of the iron aluminyl complexes
(33-68%). Unfortunately, even after multiple attempts in both
solution and the solid state, the reaction between the acyclic
precursor [Dipp(TIPS)N],AII and K[Fp] led to decomposition in
every case, yielding a complex mixture of products by "H NMR
spectroscopy.

The five iron aluminyl complexes have been characterised
by X-ray crystallography, and their solid-state structures are
shown in Fig. 2. All five complexes have similar solid-state
structures, bearing an unsupported Al-Fe bond between a dia-
midoaluminium fragment and the Fe(CO),Cp moiety.
However, upon closer inspection, the solid-state structures
reveal some interesting trends. Firstly, comparing the four
NON-coordinated complexes, the Al-Fe bond length shortens
from 2.4356(8) A in (""NON)AIFp to 2.3860(5)/2.3854(5) A in
(*BUPPPNON)AIFp/(*"PPNON)AIFp, with that of (P**"NON)AIFp in
between at 2.4085(11) A (Table 1).

As the difference in Al-Fe bond length could be a conse-
quence of sterics, a comprehensive analysis of the steric pro-
files of all five ligands, using both SambVca 2.1 (% buried
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Fig. 2 Solid-state structures of (PPPNON)AIFp (top-left), (‘B“PPPNON)
AlFp (top-right), (B“NON)AIFp (middle-left), ("PSNON)AIFp (middle-
right) and (DAS)AlIFp (bottom) as determined by single-crystal X-ray
crystallography. Displacement ellipsoids set at the 50% probability level.
Hydrogen atoms have been omitted and selected organic groups have
been shown in wireframe for clarity.
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Table 1 Selected bond lengths and angles of the iron aluminyl
complexes

Al-Fe (A)  Al-O(A) O-Al-Fe (°) N--N(A)
(°*PPNON)AIFp 2.3854(5)  1.9577(11) 113.23(4) 3.247(2)
(‘BUPPPNON)AIFp  2.3860(5)  1.9204(10)  110.95(3) 3.289(2)
(**"NON)AIFp 2.4087(10)  1.915(2) 107.08(7) 3.308(4)
(""SNON)AIFp 2.4356(8)  1.9142(18)  101.66(6) 3.384(4)
(DAS)AIFp 2.2884(7) — —

volume) and AtomAccess (% accessible surface area),”>** was

conducted. Both methods were unanimous in the ordering of
the ligands in terms of sterics, finding the following trend:
BUNON < DAS < PUPIPPNON < TSNON < P"PPNON (see ESIt for
further details). This ordering does appear to correlate with
the measured Al-Fe bond length of the complexes; therefore, it
can be concluded that sterics alone cannot be responsible for
the differences in structures. Returning to the solid-state struc-
tures of the four Al-Fe NON-complexes, trends mirroring those
of Al-Fe bond length can also be seen in the O-Al bond
length, O-Al-Fe angle and N---N separation (Table 1).
Together, these observations show that moving from
(P'PPNON)AIFp to (""SNON)AIFp, the Al centre is being
“pulled” further into the tridentate NON-binding pocket (as is
seen by the decreasing Al-O length), increasing N---N separ-
ation and reducing the O-Al-Fe angle.

In an attempt to rationalise the observed trend in terms of
electronics, the series of iron aluminyl complexes was investi-
gated using density functional theory (DFT). The geometry of
all five complexes was optimised at the PBE0-D3B]J/BS1 level of
theory. The optimised geometries are in good agreement with
the single-crystal X-ray data, producing the same ordering of
Al-Fe bond lengths (Table 2) as observed in the solid-state (see
ESIf for further details).”® As expected, all five iron aluminyl
complexes display similar electronic structures: in every case,
the HOMO and HOMO-1 are NON/DAS ligand-based orbitals,
which include electron density from the nitrogen lone pairs.
In the four NON complexes, the HOMO—2 corresponds to the
Al-Fe o-bonding orbital, which is a similar energy for
(P'PPNON)AIFp, (B"PPPNON)AIFp and (**"NON)AIFp (—6.56 to
—6.55 eV), but slightly higher for (""*NON)AIFp (—6.53 eV) due
to the significantly more o-donating N-bound TIPS groups.
This orbital for the ("**NON)AIFp complex is shown in Fig. 3.
In the (DAS)AIFp complex, the equivalent orbital is much

Table 2 Summary of the key findings from DFT and NBO analysis of
the five iron aluminyl complexes

Al-Fe bond Bond NPA NPA

length (A) index charge Qo  charge Qg
(""SNON)AIFp  2.390 0.373 +1.821 —0.443
(*"NON)AIFp  2.363 0.357 +1.816 —0.447
(‘B"P'PPNON)  2.352 0.350 +1.840 —0.430
AlFp
(P'PPNON)AIFp  2.326 0.349 +1.881 —0.468
(DAS)AIFp 2.285 0.393 +1.732 —0.466
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Fig. 3 Molecular orbital (HOMO-2) of the o(Fe—Al) bond between
(BY“NON)ALFp, showing approximate sigma symmetry along the Al-Fe
axis. Hydrogen atoms omitted for clarity, and MO rendered with an iso-
value of 0.035 e~ A=3. Aluminium atom depicted in pale pink and iron
atom in purple.

lower in energy at —7.87 eV and corresponds to the HOMO—12.
In all compounds, three iron-based molecular orbitals that are
high in d-character can be located between HOMO-5 and
HOMO-13, which are all polarised towards the Al centre.

To gain further insight into the Al-Fe bond, the series was
additionally investigated using natural bond orbital (NBO) ana-
lysis, with a summary of the findings is presented in Table 2.
The NBO corresponding to the o(Fe-Al) bond is similar in all
five complexes, containing significant contributions from the
3d(Fe) and 3s(Al) orbitals and are polarised toward the iron
centre (see ESI} for further details). The calculated Al-Fe bond
index is similar in all complexes, ranging from 0.35-0.39. This
is consistent with that calculated for previously reported iron-
aluminyl complexes,>* and therefore shows a significant ionic
contribution to the bond. The natural population analysis
(NPA) charge on the Al centre (Q,) also follows the same trend
as the Al-Fe bond lengths, with the Al centre in (*"PPNON)AIFp
calculated to have the largest positive charge (+1.88) and that
in ("™SNON)AIFp and (®*“NON)AIFp to have the smallest
(+1.82) of the four NON complexes (Table 2). The three-coordi-
nate (DAS)AIFp was found to have the lowest Qy of the series
at +1.73. In comparison, the charge on Fe (Qg.) remains much
more consistent across the series (—0.43 to —0.47). (*"PPNON)
AlFp has the largest difference in Q4 and Qg. and is conse-
quently the NON-complex with the shortest Al-Fe bond. The
differences observed in the DAS complex can be attributed to
the different coordination environment at aluminium and sig-
nificantly different N-Al-N bite angle, increasing the Al-s char-
acter of the bonding orbital.>

As an interesting final note to this study, in the mechano-
chemical reaction between ("PPNON)AIl and K[Fp], a small
(<2%) but reproducible side-product was observed. This was
most noticeable during the crystallisation of the (colourless)
complex (®PPNON)AIFp, which frequently produced a few
small, red crystals alongside the primary colourless crystals of
(°"PPNON)AIFp. X-ray crystallographic analysis of this side-
product revealed it to be [{(®PPNON)AIOC(u-FeCp)},], a
carbyne-bridged diiron complex with two (°'PPNON)AI moieties
bound to the oxygen atoms of the former carbonyl ligands

This journal is © The Royal Society of Chemistry 2024
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Fig. 4 Solid state structures of [{(PPPNON)AIOC(u-FeCp)}.l as deter-
mined by single-crystal X-ray crystallography. Displacement ellipsoids
set at the 50% probability level. Hydrogen atoms have been omitted and
selected organic groups have been shown in wireframe for clarity.

(Fig. 4). The compound is isostructural to the boron analogue
recently reported by us*® and similar to the benzylidyne-
bridged diiron complex previously reported by Sitzmann and
co-workers.”” It can be envisioned that [{(°’PPNON)AIOC(u-
FeCp)},] may be formed from the iron aluminyl complex
(P'PPNON)AIFp, by simple loss of a carbonyl ligand from each
iron centre and dimerisation. However, all attempts to convert
(P'PPNON)AIFp into the carbyne complex (refluxing the
complex in various solvents and/or irradiation with UV light)
either led to no reaction or decomposition of the (""PPNON)
AlFp. It is therefore proposed that the complex is formed in
the milling of ("PPNON)AIl and K[Fp], by initial nucleophilic
attack of one of the Fp carbonyl ligands on the electrophilic Al
centre. Nucleophilic reactivity of the [Fp]~ carbonyl ligands
has been previously reported,®® and a similar mechanism was
proposed for the boron analogue.>®

Conclusions

In conclusion, we have successfully synthesised a series of iron
aluminyl complexes via mechanochemical methods using
bulky diamido aluminium iodide complexes and K[Fe(CO),Cp]
in the solid state. These complexes were characterised by X-ray
crystallography, revealing significant structural insights into
the Al-Fe bonding environment. Density functional theory
(DFT) calculations further elucidated the electronic structure
and bonding interactions, highlighting the influence of ligand
substitution on the Al-Fe bond length and the nature of the Al
centre. Our findings underscore mechanochemistry as a
powerful tool for accessing heterobimetallic complexes with
unsupported metal-metal bonds, paving the way for future
advancements in main group and transition metal synthesis.

Data availability

The data supporting this article have been included as part of
the ESLf Finalised CIFs for all X-ray diffraction structures
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