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The synthesis of the first half-sandwich complexes based on the
cyclononatetraenyl (Cnt = CoHo™) ligand (ILn"'(4°-Cnt)(*-BH4)»
(thf)] (Ln = La, Ce)) is reported. The title compounds were obtained
from the reaction of [Ln(BH4)s(thf)3] and [K(Cnt)]. Further solvation
of [Ln"'(4°-Cnt)(33-BH,)(thf)] with tetrahydrofuran (THF) resulted in
a reversible decoordination of the Cnt ring and the formation of the
ionic species [Ln"(4*-BH,),(thf)s][Cntl. Removal of THF from
[La"'(r,g-Cnt)(qz-BH4)2(thf)] gave the polymeric compound [La"'(n-nz:
n?-BHa)2(r*-BHa)(°-Cnt)] .

The ground-breaking discovery of ferrocene paved the way
towards modern organometallic chemistry." The arising family
of metallocene and sandwich compounds, i.e. complexes where
a metal ion or atom is complexed by two cyclic and aromatic
ligand moieties, was quickly expanded from d- to f-elements.”
Although not literally being sandwich compounds, trivalent
tris-cyclopentadienyl complexes of the type [Ln™(i°-CsH;)s]
reported by Wilkinson and Birmingham? are generally consid-
ered to be the starting point of lanthanidocene as well as
organolanthanide chemistry.® While tris-cyclopentadienyl
complexes are rarely used for further derivatization, the rapid
development of organolanthanide complexes started when
bis(cyclopentadienyl)lanthanide halides became available. Al-
ready in 1963 Dubeck et al. reported on the synthesis of a
variety of thermally stable bis(cyclopentadienyl)lanthanide
chlorides.’ A significant advance was the stabilization of highly
reactive organolanthanide species with the pentamethylcyclo-
pentadienyl ligand in the early 1980s.**® The resulting com-
pounds, which show high solubility in nonpolar solvents,
crystallize well, and are stable towards ligand redistribution
due to the steric properties of the pentamethylcyclopentadienyl
ligand.*® In the form of bis(pentamethylcyclopentadienyl)
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lanthanide o-alkyl and hydride complexes such as [(n°-CsMes),
Ln™CH(SiMe;),] and [(°-CsMes),Ln"™(u-H)],, this compound
class plays a key role in the catalytic 6-bond metathesis.”

Similarly, the pentamethylcyclopentadienyl ligand and related
systems facilitated the selective synthesis of mono-(cyclopentadie-
nyl) lanthanide complexes (half-sandwich complexes). A number of
mono-(cyclopentadienyl) lanthanide bisborohydride compounds
were prepared,® in which different substitution patterns on the
five membered ring have been achieved.” The synthesis of the
analogue species with an unsubstituted cyclopentadienyl ligand is
very difficult because a rearrangement to the thermodynamic more
stable bis(cyclopentadienyl) compound is often observed.'

Recently, the “bigger brother” of cyclopentadienyl, which is
the cyclononatetraenyl anion (Cnt = CoHy ), a flat and mono-
anionic 10n-electron aromatic ligand,"' was introduced in
coordination chemistry. Inspired by work of Sitzmann et al.
on barium compounds,'® Nakajima et al."* and Nocton et al.'*
introduced the Cnt ligand in the coordination sphere of diva-
lent lanthanides forming homoleptic sandwich compounds
[Ln"(n°-Cnt),] (Ln = Eu, Sm, Tm, Yb). The groups of Noc-
ton and us disclosed the heteroleptic trivalent sandwich
compounds [(Cnt)Ln"(#%-COT)] (COT = cyclooctatetraendiid,
CgHg” )" We showed that the Er complex [(Cnt)Er™(;#®-COT)]
showed interesting single molecular magnet behaviour."* Sol-
vation of [(Cnt)Ln"(4%-COT)] (Ln = La, Ce, Nd, Tb, Er) with THF
resulted in neutral [(3*-Cnt)Ln"(thf),(4®-COT)] (Ln = La, Ce)
and ionic [Ln™(thf),(#*-COT)][Cnt] (x = 4 (Ce, Nd, Tb), 3 (Er))
species in a solid-to-solid transformation. The resulting com-
pounds act as switchable luminophores and single-molecule
magnets.’® Nocton and co-workers also reported on the
tris(cyclononatetraenyl) rare earth complexes [Ln"(Cnt)s]
(Ln =Y, Gd, Tb, Dy, Ho, Er, Tm)."” These compounds were
obtained by salt metathesis form Lnl; and [K(Cnt)]."" In con-
trast to [(°-CsHs)Ln™], not all carbon atoms are bound to the
lanthanide metal. Instead, the Cnt ligand is significantly bent
in order to adapt to the size of the metal ion. For the smaller
metals the ligand does not switch away but swings over the
metal ion, maximizing electrostatic interactions."”

This journal is © The Royal Society of Chemistry 2023
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For the intended synthesis of the target compounds the
trisborohydrides of the rare earth elements [Ln"(BH,);(thf);]*®
were employed as suitable precursors. The BH,  ligand exhibits
many advantages over other anionic ligands, especially over
chloride because it is much more electron-donating and better
soluble in common organic solvents.'® Although BH, " is isos-
teric with CI™, the electronic properties allow the isolation of
otherwise unsaturated and inaccessible species. Moreover,
halide derivatives have a significant larger tendency to form
ate complexes or bridged derivatives, which are less soluble.
The BH, ligand can also be identified spectroscopically and
thus is a suitable probe to monitor reactions by 'H and/or "'B
NMR as well as by IR spectroscopy.® [Ln"(BH,);(thf);] is con-
veniently accessible from LnCl; and NaBH,.'®>°

Reaction of [Ln™(BH,);(thf);] with [K(Cnt)] in a 1:1 ratio at
60 °C in toluene led to the anticipated half-sandwich complexes
[Ln™(5°-Cnt)(7*>-BH4),(thf)] (Ln = La (1), Ce (2)).>" Crystals of
these compounds were isolated from toluene at —10 °C in good
yields of 68% and 72%, respectively, after filtration (Scheme 1).
Interestingly, in the analogous reaction starting from
[Sm"™(BH,);(thf);], only the earlier reported divalent sandwich
complex [Sm"(;°-Cnt),],"* was isolated (Scheme 1). A similar
reduction was observed by reacting Sm"™'I; with three equiva-
lents of [K(Cnt)]."” Attempts to synthesize corresponding com-
pounds of the smaller lanthanides Er'" and Dy™ were
unsuccessful. Here, no reaction was observed at moderate
temperatures, probably due to the smaller ionic radius. Only
from about 150 °C in xylene a clear color change and the
formation of a colorless precipitate was observable. However,
it was not possible to isolate characterizable products from the
reaction mixtures.

Both compounds 1 and 2 crystallize in the monoclinic space
groups P2,/n (1) and P2,/c (2), respectively and show the
expected piano-chair-like coordination motif consisting of an
n’-coordinated Cnt ligand, two terminal #*-coordinated BH,
anions and a coordinated THF molecule (Fig. 1). Thus, com-
pounds 1 and 2 represent the first half-sandwich complexes of
the Cnt ligand at all. At first glance, this structural motif
resembles the silylated cyclooctatetraendiid complexes
[Ln™(»5-COT™%)BH,] (Ln = La, Ce, Sm, Er; COT"™® = 1,4-bis-
triisopropylsilyl-cyclooctatetraendiid)).>> Only the number of
borohydride and THF ligands is inverted for charge balance.

Within 1 and 2 the Ln-Ct (Ct = ring centroid) distances
account for 2.1149(2) A (1) and 2.0739(4) A (2), with Ln-C
distances from 2.906(4)-2.985(3) A (1) and 2.869(7)-2.929(7) A

thf

toluene, 60 °C, H4B\ : _BH,
Lall X
[L"(BH )s(thf)s] + [K(CNt] —————> ! vield:
43S - KBH, (@) Ln =La (1): 68%
Ln =La, Ce Ln = Ce (2): 72%
toluene, 60 °C,
[Sm"(BH,)5(thf)s] + [K(Cnt)] 12h Sr'n“ + unknown side products
- KBH,

§

Scheme 1 Synthesis of 1 and 2 (top), and reaction of [K(Cnt)] with
[Sm"(BH.)s(thf)s] (bottom).

This journal is © The Royal Society of Chemistry 2023
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Fig. 1 Left: Molecular structure of [La"'(7°-Cnt)(n*-BH4)o(thf] (1) in the
solid-state. Right: Molecular structure of [Ce"(;3°-Cnt)(y>-BH.),(thf)] (2) in
the solid-state. Carbon bound hydrogen atoms are omitted for clarity. For
detailed bond lengths and angles see Fig. S15 and S16 (ESI¥).
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(2), respectively. There is a tiny shift of the Cnt-ring from the
ideal #°-coordination in 2, that however is still within the error
range. The positions of all hydride atom could be localized and
freely refined, confirming beyond doubt the coordination mode
of the borohydride ligands in the solid state (Fig. 1). Moreover,
Raman spectra of the two compounds show bands at 2231 cm™*
and 2453 cm ™~ * for 1 and 2234 ecm™* and 2452 cm ™ * for 2, which
are characteristic for this binding mode.?® As described earlier
Raman spectroscopy is a valuable tool for the characterization
of Cnt complexes.’>® The characteristic ring vibrations of
the Cnt ring (Vasym(n’-Cnt) = 1520 em™ ' (1), 1522 em™ ' (2);
Veym(*-Cnt) = 678 em ™' (1), 679 em ™' (2)) and Ln-Cnt vibration
(ALn-Cnt) = 145 cm™* (1), 140 cm™* (2)), can be clearly assigned. The
remaining, less intense bands between 800 cm ™' and 1500 cm ™"
were attributed to the THF ligand, respectively.**

As expected, the "H NMR spectra of 1 and 2 in solution show
a singlet that can be assigned to the nine isochronous aromatic
protons of the #°-Cnt ligand. In the case of the diamagnetic
species 1, the signal is localized at 6 = 7.01 ppm in THF-dg. In
the case of the paramagnetic compound 2, the corresponding
signal is shifted as expected and is located at 6 = 5.41 ppm. At
0 = 1.26-0.61 ppm for 1 in THF-dg and ¢ = 39.4 ppm for 2, the
broad resonances of the hydridic BH, protons were detected.
The corresponding signals in the "B NMR spectra were
observed at é = 19.8 ppm for 1 and 6 = 35.2 ppm for 2. However,
it should be noted here that in some cases the resonances in
the proton spectra of the diamagnetic compound 1 did not
show the expected integral ratio. In these cases, the integrals
over the borohydride resonances were too large. A contamina-
tion of the samples with the precursor [Ln"'(BH,);(THF);] is
unlikely since the precursor signals have different chemical
shifts. Therefore, we suggest that solubility equilibria may lead
to a changed chemical composition of the species in solution,
because the deviations changes with concentration.

Therefore, we investigated this issue in more detail by
performing solvation experiments of compounds 1 and 2 in
THF. Both 1 and 2 are readily soluble in warm THF, and single
crystals can be isolated after separation of insoluble residues by
filtration and slow cooling to room temperature (Scheme 2)
(note compounds 1 and 2 were crystallized from toluene).
Single crystal X-ray structural analysis revealed the formation
of ionic compounds [Ln"(i7*>-BH,),(thf);][Cnt] (Ln = La (3), Ce
(4)) featuring structural motifs with fully displaced Cnt ligands

Chem. Commun., 2023, 59, 9070-9073 | 9071
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© 1)60 °C,
BH, s
N j THE thf vacuum, 36 h
thf,, :‘thf HB 3 /BH4 2) toluene _-47By
LT:thf —_— Ln -
thf thf vaccum, Q -THF
BHy ~THF O Ln=Lla

Ln =La (3), Ce (4) Ln=Lla(1),Ce (2)

Scheme 2 Possible structural transformations of compounds 1 and 2 by
varying crystallization conditions. Left: lonic complexes 3 and 4 after THF
solvation and crystallization. Middle: Neutral parent compounds 1 and 2
after crystallization from toluene. Right: Polymeric and solvent-free spe-
cies 5 after drying in high vacuum and crystallization from toluene.

in both cases (Fig. 2).>' A similar displacement of the Cnt
ligand by THF was observed for the sandwich complexes
[(Cnt)Ln™(#%-COT)] (Ln = Ce, Nd, Tb, Er) with THF."®* Among
others the ionic species [Ln"(thf),(#*-COT)][Cnt] (x = 4 (Ce, Nd,
Tb), 3 (Er)) with a non-coordinated Cnt anion were isolated.
This clearly shows that the Cnt anion is significantly weaker
bound to the lanthanide ions than the smaller cyclopentadienyl
ligand.

Compounds 3 and 4 crystallize with one cation, two half-
occupied anions and two half-occupied non-coordinating
THF molecules in the asymmetric unit. Furthermore, one of
the THF ligands of 4 is statistically disordered. Since crystals
of the two compounds were reproducibly twinned, struc-
tural refinement was performed after twin integration with
X-area.”® The cationic units in both cases are pentagonal-
bipyramidal coordinated [Ln"(17*>-BH,),(thf)s]" fragments, with
the axial positions occupied by two BH, anions and the
equatorial positions by five neutral THF ligands each. A
similar structural motif is already known in the form of
[Nd™(;>-BH,),(thf)5][BPhy], which was prepared by protolysis
of a borohydride ligand in [Nd"™(BH,);(thf);] with [NH(Et)s]
[BPh,] in THF.>® Since the binding metric of the central cationic
fragment of 3 and 4 are almost identical to that [Nd"(;>-BH,),
(thf)s][BPh,], a detailed discussion will not be given here (see
Fig. S17 and S18 for selected bond lengths and angles, ESIT).

Since the related full displacement of the Cnt ring with THF
in the ionic compounds [Ln"(thf),(y*-COT)][CNT] (x = 4 (Ce,
Nd, Tb), 3 (Er)) is fully reversible,'® we were interested to study
the back reaction of 3 and 4 to compounds 1 and 2. After drying
the crystals of the THF adducts 3 and 4 in high vacuum, Raman

Fig. 2 Left: Molecular structure of [La"(7-BH.),(thf)sl[Cnt] (3) in the
solid-state. Left: Molecular structure of [Ce"(7>-BH.,)(thf)sl[Cnt] (4) in
the solid-state. B For detailed bond lengths and angles see Fig. S17 and
S18 (ESIY).
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spectra of the isolated solids were obtained analogous to those
of the unsolvated compounds 1 and 2. In particular, the Ln-Cnt
vibrational bands are clearly observable (see above). As seen for
[(n°-CNT)Ln™(#5-COT)] (Ln = Ce, Nd, Tb, Er),*® this effect offers
some potential with respect to switchable materials.

Besides coordinating more THF molecules to the metal
atom in compounds 1 and 2, it is also possible to remove the
THF ligand from the coordination sphere in compound 1 by
drying this substance in high vacuum at 60 °C for several days.
As result a polymeric species [La™(u-n%5>-BH,),(r>-BH,)
(n°-Cnt)], (5) (Scheme 2) is formed.*' It should be noted,
however, that much of the originally used compound 1 seems
to be decomposed in this process, or the polymeric species is
only very poorly soluble in toluene and benzene. Thus, only a
few single crystals of 5 could be isolated after extraction of the
dried compound 1 with hot toluene and evaporation of the
solvent at room temperature. In case of compound 2 no crystal-
line product could be obtained.

In the "H NMR and "C{"H} NMR spectra of compound 5,
the expected peak for the CNT ligand is seen at 6 = 7.44 ppm
(*H) and 6 = 113.4 ppm (**C{'H}). The integral of the BH,
groups in the "H NMR spectrum (5 = 0.96-0.38 ppm) is higher
than expected (vide supra). Compound 5 crystallizes with three
units of the polymeric chain and two molecules of toluene in
the asymmetric unit. With respect to the monomeric units, a
piano-chair-like structural motif with an #°-coordinated Cnt
ligand is formed similar to the parent compound 1, with the
THF ligand of 1 replaced by a bridging p-1*:#°-BH, ligand of one
of the neighboring molecules (Fig. 3). The second borohydride
ligand remains in the original terminal #*-coordination mode.
The assignment of the binding modes is based on freely refined
BH, hydrogen atoms. The polymeric structure as a whole can be
described as a coordination polymer of the type [La™(u-#>:
7*-BH,),(n>-BH,)(n°-Cnt)],, with trigonal prism as chain links.
The average La-Ctcy,. and La-B(;>-BH,) distances are in good
agreement with those of the monomeric compound 1, aver-
aging to 2.03 A and 2.74 A, respectively. The La-B(*-BH,)
distances of the bridging borohydride ligands average 2.97 A,
slightly longer than those of the terminal 5>-BH, ligands, as
expected. In general, u-1*:n*bridging BH, groups are very rare
and to the best of our knowledge not reported for lanthanum.

28

Fig. 3 Molecular structure of the asymmetric unit of [La"(u-n%
17%-BH4)27°-BH4)(7°-Cnt)l,, (5) in the solid-state. Carbon bound hydrogen
atoms and toluene molecules are omitted for clarity. For detailed bond
lengths and angles see Fig. S19 (ESI¥).

This journal is © The Royal Society of Chemistry 2023
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However, bridging BH, groups with different coordination
modes have been previously observed for lanthanum,*” e.g.,
in [La™(Htp),(u-BH,)], (Htp = 2,5-di-tert-butylphospholyl)*® and
[La™(Cp™)(BH,),(thf),] (Cp™ = CsH,'Bu;-1,2,4).%°

In summary, we report the synthesis of the first Cnt half
sandwich complexes. The use of the borohydrides [Ln"™(BH,);
(thf);] of the early lanthanides La and Ce allowed the access to
the desired complexes [Ln"'(r°-Cnt)(7>-BH,),(thf)] (Ln = La (1),
Ce (2)) in good yields. Both compounds form piano stool
coordination polyhedra in the solid state. Depending on
amount of coordinated THF molecules a rich diversity of com-
pounds could be obtained, ranging from ionic pentagonal-
bipyramidal species (3 and 4) with a non-coordinated Cnt
ligand over monomeric half-sandwich complexes (1 and 2) to
a trigonal-prismatic coordination polymer (5).
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