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The synthesis and structural characterisation of a series of alkaline earth ansa-octaphenylmetallocenes
(Mg, Ca, Sr, Ba) bearing an ethylene bridge are described. The complexes [AE(CsPh4CH,),(thf),] (AE = Mg
(1), Ca(2) n = 1; AE = Sr (3), Ba (4), n = 2) were obtained through reductive dimerisation of 1,2,3,4-tetra-
phenylfulvene, facilitated by zero-valent metals and fully characterised by NMR spectroscopy. Single-
crystal XRD studies reveal distinct binding differences of the Cp ligands to Mg in complex 1 compared to
the heavier analogues (n® vs. n°). Complex 3 is the first structurally characterised ansa-metallocene
complex of Sr. An ansa-effect was observed for the Ba complex 4 which showed good stability at room
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temperature in contrast to the previously described non-bridged analogue. Efficient transmetallation from
the Ca ansa complex 2 to FeCl, provided the new ansa-ferrocene complex [Fe(CsPhsCH>),l (5).
Structural, spectroscopic and electrochemical properties of this bent ferrocenophane complex were
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Introduction

Connecting two cyclopentadienyl ligands via a carbon- or hetero-
atom-based bridge of variable chain length can significantly
alter the coordination chemistry around a metal centre.”
Furthermore, substantial changes can be induced in the stability
and/or the reactivity of such organometallic complexes com-
pared to their non-bridged analogues.”” Even though iron-
based ansa-metallocenes (also called ferrocenophanes) have
been known since the 1960s,® a breakthrough was achieved by
the pioneering works of Brintzinger and co-workers from the
1980s with chiral group 4 metal complexes.”'® This has led to
many significantly improved polymerisation processes, a field
that is currently still under investigation."’™® This concept of
bridging ligands was rapidly extended to other metals but also

“College of Science and Engineering, James Cook University, Townsville 4811,
Australia. E-mail: peterjunk@jcu.edu.au

bIcGM, Univ. Montpellier, CNRS, ENSCM, 34090 Montpellier, France.

E-mail: florian.jaroschik@enscm. fr

“Université de Reims Champagne Ardenne, CNRS, ICMR UMR 7312, 51097 Reims,
France

“Institut de Recherche de Chimie Paris, UMR CNRS 8247 Chimie ParisTech, PSL
University, 75005 Paris, France

°LCM, CNRS, Ecole Polytechnique, Institut Polytechnique de Paris, 91120 Palaiseau,
France

ISchool of Chemistry Monash University Clayton, Vic, 3800, Australia

13918 | Dalton Trans., 2025, 54, 13918-13928

compared to those of the known unbridged octaphenylferrocene.

to other aromatic carbocycles, such as indenyls, fluorenyls and
many other n-systems."®2¢

In the early 1990s, Edelmann and coworkers reported on the
synthesis and characterisation of the first Ca and Sr ansa com-
plexes via reductive dimerisation of 6,6-dimethylfulvene® >°
induced by the corresponding alkaline earth (AE) metal.>** Only
the Ca-complex A could be structurally characterised after coordi-
nation with diazabutadiene (Fig. 1a). Interestingly, Ba metal was
reported not to react under these conditions. Subsequently,
several other examples of Mg and Ca ansa complexes were syn-
thesised, notably by Shapiro and coworkers,*** whereas Sr and
Ba complexes still remain scarce.**** Comprehensive reviews by
Schifer and Mukherjee nicely summarise the advances in this
domain.***® The main application of these complexes lies in the
transmetallation of the ansa-ligand system to other main group
or transition metals, providing efficient catalytic systems or com-
plexes with biological activity.*”*® Recent studies showed the
applicability of ansa-magnesocene complexes in the catalytic
cross-dehydrocoupling of amines and silanes or boranes.***°
Theoretical studies have been reported on the formation of the
AE ansa complexes via reductive dimerisation,” as well as the
structural influences of bridge length and coordinated solvent
molecules on various AE complexes.*

PolyarylCp chemistry of AE metals is far less developed
than the corresponding polyalkylCp chemistry.** In Hanusa’s
early work, the Ba-tetraphenylCp sandwich complex [Ba

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 Literature overview on first AE-ansa (a) and isolated AE-

polyarylCp complexes (b) and (c) and this work (d).

(CsPh,H),(thf)] B, obtained via a protolysis reaction from [Ba
(N(SiMe3),),] and CsPH4H,, was reported to decompose at
room temperature, hence limiting structural characterisations
to NMR studies (Fig. 1b).** The corresponding decaphenylbar-
ocene [Ba(CsPhs),], did not form at all under these conditions.
Several contributions from the Harder, Schulz, Cheng, and our
groups have shown new synthetic possibilities and some appli-
cations in this field.*>™*° Protolysis reactions with different
benzylic or alkyl group 2 precursors provided access to decaar-
ylmetallocenes [M(CsArs),] (Ar = 4-nBuCgH,) C and octaphenyl-
magnesocene [Mg(CsPhyH),] D (Fig. 1c).*>*® With very bulky
pentaarylCp ligands, the mixed mono-Cp AE alkyl complexes
[(CsArs)AE(CH,SiMes)(thf)] E (Ar = 3,5-iPrCqHj;) were obtained,
which could be further transformed to the dimeric hydride
complexes F. The latter showed good activity in the hydrogen-
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ation of alkenes.*” Approaches involving oxidation of zero-
valent AE metals using either organomercury reagents for
redox transmetallation/protolysis (RTP) reactions*®*® or cyclo-
pentadienyl radicals*® yielded mostly the sandwich complexes
C for Ar = Ph or 4-tBuC¢H,. When PhHgBr was employed as an
oxidant in the RTP process, the Ca half-sandwich complex
[(CsPhyH)CaBr(thf),], G could be isolated in good yields
(Fig. 1c).*®

In our ongoing work on the synthesis of polarylCp lantha-
noid complexes, we have recently reported an ansa-effect in the
luminescence properties of divalent octaphenyleuropocenes.>®
A significantly red-shifted emission coupled with an increased
emission lifetime was observed for the ansa complex [Eu
(CsPh,CH,),(thf),] compared to its non-bridged analogue [Eu
(CsPhyH),(dme)]. The analogous divalent ansa complexes of
Yb and Sm were also synthesised and
characterised.

Building on these results, the aim of the current work was
to extend the previously described reductive dimerisation of
1,2,3,4-tetraphenylfulvene from lanthanoid to alkaline earth
metals, in order to (i) investigate a potential ansa-effect to
stabilise the Ba complex; (ii) verify the structural analogies
often described for Ca and Yb as well as for Sr and Eu/Smy; (iii)
examine the structural differences that the smaller Mg and the
much larger Ba could provide (Fig. 1d). Additionally, the
transmetallation reaction of the Ca-ansa complex with FeCl,
was probed to access the first bridged transition-metal
octaphenylmetallocene.

structurally

Results and discussion
Synthesis of ansa-AE complexes via reductive dimerisation

Historically, the synthesis of group 2 and lanthanoid ansa com-
plexes by reductive dimerisation has utilised a range of reaction
conditions and stoichiometric ratios of metal to fulvene.”’ >
Previously, we described the synthesis of divalent ansa-octaphe-
nyllanthanocene complexes of samarium, europium and ytter-
bium by employing a 2 : 1 ratio of metal : fulvene in THF, with a
crystal of iodine for metal activation, and stirring the resulting
mixture for 72 hours.”® Following suit, these reaction con-
ditions were initially employed for the attempted synthesis of
ansa-octaphenylmagnesocene [Mg(CsPh,CH,),(thf)] 1)
(Scheme 1). However, it turned out that in this case a 4: 1 ratio
of Mg : fulvene provided the best results.

Compared to the analogous synthesis involving Ln metals,
considerably more insoluble material was observed after
72 hours when magnesium turnings were used. The super-
natant solution was found to only contain small amounts of
unreacted fulvene, whilst the pale yellow-green precipitate
could be solubilised in hot benzene or toluene and was identi-
fied as the Mg-ansa complex [Mg(CsPh,CH,),(thf)] (1). Once
dissolved, the material remained soluble, even upon cooling.
Crystals suitable for X-ray diffraction were grown from a layer-
ing of n-pentane over a toluene solution of 1, affording the
ansa metallocene complex 1-Toluene as yellow needles (Fig. 2).

Dalton Trans., 2025, 54,13918-13928 | 13919
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Scheme 1 Synthesis of [Mg(CsPh4CH,),(thf)] (1) by reductive dimerisa-
tion of 1,2,3,4-tetraphenylfulvene with activated Mg metal.

Fig. 2 ORTEP diagram of complex 1-Toluene showing atom-numbering
scheme for relevant atoms. Thermal ellipsoids are drawn at the 50%
probability level. Hydrogen atoms and lattice solvent are omitted for
clarity. Selected bond lengths in (A): Mg(1)-C(1) 2.412(3), Mg(1)-C(2)
2.677(3), Mg(1)-C(3) 2.750(3), Mg(1)-C(4) 2.580(3), Mg(1)-C(5) 2.332(3),
Mg(1)-C(32) 2.331(4), Mg(1)-C(33) 2.586(3), Mg(1)-C(34) 2.790(3), Mg
(1)-C(35) 2.669(3), Mg(1)-C(36) 2.344(3) Mg(1)-O(1) 2.008(3).

Whereas already described ansa metallocenes of group
2 metals are primarily based on magnesium and calcium,
their strontium and barium counterparts are far less
documented.>*>® Alongside this, there is no report on a struc-
turally characterised strontium ansa metallocene complex.
Accordingly, the established methodology was extended to
calcium, strontium, and barium in order to access their corres-
ponding ansa metallocene complexes. Similar reaction con-
ditions, with metal filings in a 2:1 ratio of metal: fulvene,
afforded complexes of the general form [AE(CsPh,CH,),(thf),]
(AE = Ca (2), n =1, Sr (3), n = 2, and Ba (4), n = 2) in moderate
to good yields (Scheme 2). In all cases, considerably less in-
soluble material was observed when compared to the reaction
with magnesium, and as such, the supernatant solutions were
separated by filtration and either evaporated to dryness and
the residue crystallised from THF (in the case of 2 and 3), or,
in the case of 4, concentrated directly to induce crystallisation
at room temperature. Satisfactory elemental analyses or
MALDI-TOF mass spectra were obtained for all complexes.
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Scheme 2 Synthesis of calcium (2), strontium (3) and barium (4) ansa
metallocene complexes by reductive dimerisation of 1,2,3,4-
tetraphenylfulvene.

NMR spectroscopy

Complexes 1-4 were analysed by "H and **C NMR spectroscopy
in Cg¢Dg, with the characteristic CH,~CH, bridge shifts being
summarised in Table 1. Most notably, the spectra showed
striking similarity to those of the previously described diamag-
netic ytterbium(u) analogue [Yb(CsPh,CH,),(thf)] in C¢Dg, with
resonance for the CH,-CH, tether appearing at 3.44 ppm and
27.8 ppm for the "H and "*C{'H} NMR spectra respectively.*
In all cases, the CH,-CH, bridge appeared as a distinct singlet
in the range of 3.2 to 3.5 ppm in the '"H NMR spectra, and
between 27.2 and 27.9 in the "*C{"H} NMR spectra. For the Cp
carbons, in the ">C{"H} NMR spectra, signals were observed
between 124 and 125 ppm for the heavier complexes 2-4. In
the case of the Mg complex 1, two particularly shifted signals
were observed at 117 and 121 ppm, in agreement with a vari-
ation in coordination mode, as observed in the solid state (see
below). It should be noted that even though the complexes
were isolated as thf-solvates, no difference between co-
ordinated and free THF was observed in the "H NMR spec-
trum, probably due to rapid exchange processes at the metal
center.*®

X-ray diffraction studies of ansa-AE complexes

Single crystal X-ray diffraction studies were undertaken on
complexes 1-4, however for complex 2 only connectivity could
be established. All complexes consist of the same general
arrangement, of the metal cation ligated by two bent cyclopen-
tadienyl moieties which are bridged by a CH,—-CH, tether, and
one (Mg (1) and Ca (2)) or two (Sr (3) and Ba (4)) THF mole-
cules, analogous to the Yb, and Sm and Eu complexes respect-

Table 1 Summary of *H and **C NMR chemical shifts (in C¢Dg) of the
CH,-CH; bridge in complexes 1-4

'H NMR chemical shift BC{'H} NMR chemical shift

Complex (ppm) (ppm)
Yb*° 3.44 27.8
1 (Mg) 3.22 27.9
2 (Ca) 3.43 27.5
3 (sr) 3.49 27.6
4 (Ba) 3.43 27.2

This journal is © The Royal Society of Chemistry 2025
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Table 2 Comparison of the bond lengths (A), angles (°), slippage (°), and slip parameter (A) of complexes 1-Toluene, 3-3 THF and 4-2 THF with the
analogous divalent lanthanoid ansa complexes (in order of increasing ionic radius)°

1-Toluene [Yb [Eu 3-3 THF [Sm 4-2 THF
Parameter (Mg) (CsPh4CH,),(thf)] (CsPh,CH,),(thf),] (Sr) (CsPh4CH,),(thf),] (Ba)
Ionic radius 0.72-0-89" 1.08 1.25 1.26 1.27 1.42
Coordination number (see note 7 7 8 8 8 8
T)
M-Cn(1 2.244(2) 2.411(1) 2.616(2) 2.646(2) 2.625(2) 2.852(1)
M-Cn(2) 2.250(2) 2.415(1) 2.625(2) 2.643(2) 2.627(3) 2.813(1)
M-O(1 2.006(2) 2.389(2) 2.605(3) 2.607(3) 2.646(4) 2.809(3)
M-0(2) — — 2.628(3) 2.584(3) 2.613(4) 2.828(3)
C(1)-C(30)-C(31)-C(32) 57.3(3) 59.5(3) 60.1(4) 59.8(4) 59.7(5) 68.5(3)
(dihedral angle)
A (intersection angle of Cp 43.3(2) 55.4(1) 64.2(1) 64.8(6) 64.2(1) 68.4(1)
planes)
Cn(1)-M-Cn(2) (y) 136.8(1) 124.6(1) 115.8(1) 115.2(1) 115.2(1) 111.7(1)
Cn(1)-Cn(2) (B) 120.8(2) 120.5(1) 111.7(2) 111.5(2) 112.0(2) 106.5(1)
Slippage (y-p) 16.0 4.1 4.1 3.7 3.8 5.2
Slip parameter (A(M_C])b 0.27-0.31 0.07-0.16 0.05-0.06 0.04-0.06 0.04-0.06 0.19-0.20

“No data for Mg®" with a coordination number of 7 is available, thus the selected radius represents a value between CN6 and CN8. bSee eqn (S1)

in SI for definition.

ively.T In contrast to previously described AE octa and pentaar-
ylmetallocenes, none of the new complexes 1-4 exhibit a uni-
directional propeller-like arrangement of the phenyl rings.*>™*°
This may be related to the steric hindrance brought about by
the tether. Nevertheless, intra- and inter-ligand non-classical
C-H-C =m-bonds between neighbouring phenyl groups are
present in all complexes. Selected bond lengths and angles for
1, 3, and 4 have been summarised in Table 2, alongside those
of the analogous divalent lanthanoid complexes.’® Overall,
there is no major variance in the torsion angle C(1)-C(30)-C
(31)-C(32) of 1 and 3 with their Ln counterparts, however, the
large Ba®* cation in 4 causes a deviation from this trend, with
an increased dihedral angle.

Complex 1 crystallises in the trigonal space group R3
(Fig. 2) with one molecule of toluene in the lattice, alongside
fractions of disordered molecules of pentane. The bent
arrangement in 1 with a Cn-Mg-Cn (Cn = ring centroid) angle
of 136.8(1)° is significantly different from the previously
described octaphenyl [Mg(CsPh H),] and decaaryl [Mg(Cs(4-
tBu-C¢H,)5),] magnesocenes.*®*® Both reported sandwich com-
plexes are perfectly linear, with a Cn-Mg-Cn bond angle of
180°, and adopt an 1’ coordination mode. Note that the octa-
phenyl complex exhibits minor skewing owing to the asymme-
try of the ligand with Mg—-C bond distances ranging from 2.291
(2) to 2.422(2) A. In the latter complex the Cn-Mg bond dis-
tances are 2.016(12) and 2.063(6) A, which are considerably
shorter than those observed in complex 1 (2.245(2) and 2.244
(2) A). As observed by Burger and co-workers,”* introduction of
a CH,-CH, bridge results in the bent orientation of the Cp
planes about the Mg centre, and the resulting coordination
gap is filled by coordinating solvent, affecting the hapticity of

+The ionic model for determining coordination numbers is employed with each
Cp ligand counting for 3 and each THF ligand for 1.

This journal is © The Royal Society of Chemistry 2025

the Cp moieties. In 1, the Mg-C bond distances for the two Cp
moieties are non-uniform, going from 2.331(4) to 2.790(3) A
(see Fig. 2), indicative of a deviation from the classical 1’
coordination. In order to evaluate this ring slippage, two
different parameters have been introduced in the literature.
For ansa-complexes, the ring slippage is often considered,
which is defined as the difference of the angles y—f, where y
represents the angle between the vectors from the metal to the
ring centroids and f the angle between the vectors normal to
the ring centroids (see Table 2 and Fig. 4)." For 1, this angle
has a high value of 16°, whereas typical n°> complexes, such as
the ansa-lanthanoid analogues (Sm, Eu) display angles around
4° (Table 2). Alternatively, in Mg and transition-metal indenyl
complex, a slip parameter Ay ¢ was defined according to eqn
(S1) (see SI).>>™* For the n’-bound Mg(indenyl), complex, a
An_c value of 0.27 A was calculated,®® whereas for a recent di-
Mg-pentalenide complex [MgBu(thf),],[Ph,Pn], a Ay ¢ value of
0.23 A was obtained.”® Applying eqn (S1) to complex 1, a Ay_¢
value of 0.27-0.31 A was calculated (see Table S2), pointing
towards a hapticity change from n° to n*like for both Cp
ligands. This corroborates with the high value for the slippage
angle of 1. This n*-like coordination of the Cp moiety is also in
agreement with the observations in the ">CG{"H} NMR spectrum
described above. Compared to a representative ansa complex,
[Mg(Cp™“"C(CH3;),),(thf)],>” a similar shift in hapticity is
observed for one of the Cp ligands (Ay_c = 0.13 A, see
Table S3), with Mg-C bond distances ranging from 2.342 to
2.525 A, though a smaller range than for 1. Furthermore, the
dihedral angle of the (C(CHj;),), bridge (22.8(2)°) is much less
pronounced than that of complex 1 (57.7(3)°), likely as a result
of the bulky methyl substituents in the former restricting its
flexibility. Along this line, it should be noted, that the pre-
viously reported Yb ansa-complex revealed two Ay_¢ values of
0.07 and 0.16 A, clearly showing deviation from n° coordi-
nation for one of the Cp ligands (Table 2). However, the slip-

Dalton Trans., 2025, 54,13918-13928 | 13921
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Fig. 3 ORTEP diagram of complex 3-3 THF (left) and 4-2 THF (right)
showing atom-numbering scheme for relevant atoms. Thermal ellip-
soids are drawn at the 50% probability level. Hydrogen atoms and lattice
solvent are omitted for clarity. Selected bond lengths of 3-3 THF (A): Sr
(1)-Cn(1) 2.645(2), Sr(1)-Cn(2) 2.643(2), Sr(1)-O(1) 2.607(3), Sr(1)-0O(2)
2.584(3); and 4-2 THF (A): Ba(1)-Cn(1) 2.825(1), Ba(1)-Cn(2) 2.813(1), Ba
(1)-0O(1) 2.828(3), Ba(1)-0O(2) 2.809(3).

Fig. 4 Visual representation of geometric parameters, o, y and p, in a
generic C, ansa complex.

page angle of 4.1° did not reflect this Cp ligand shift, as this
value was close to the n°> bound Eu and Sm complexes
(3.8-4.1°, Ay_c = 0.04-0.06 A) (Table 2). Consequently, Ay_c
can provide more information on ring slippage, as will be seen
further below.

Complex 2 crystallises with three molecules of THF in the
lattice in the C2/c space group, and is isomorphic to the pre-
viously reported [Yb(CsPh,CH,),(thf)] complex (unit cell of 2: a
= 43.60, b = 12.39, ¢ = 20.94, f = 93.4° unit cell of [Yb
(CsPh,CH,),(thf)]: @ = 43.66, b = 12.38, ¢ = 20.94, f = 93.6°).>°
Repeated attempts to obtain satisfactory data for 2 were under-
taken, however, only connectivity of the complex could be
established (see SI for ORTEP diagram). Whilst several Ca ansa
metallocene complexes with a C-C bridge are known, they typi-
cally exhibit a coordination number of 8 (see [Ca(Cp
(CPh),),(thf),],>® and [Ca(CsMe,CH,),(thf),]).>® Complex 2 is
rather unique in that the steric influence of the phenyl groups
around the Cp moieties restricts the coordination number to 7.

Complexes 3 and 4 both crystallise in the monoclinic space
group P2, (Fig. 3), with three and two THF molecules in their
respective lattices. Despite there being several examples of
strontium ansa metallocene complexes described in the litera-
ture, complex 3 is the first to have been structurally character-
ised by single crystal X-ray diffraction studies. Owing to this,
there is limited comparison to be made, as the corresponding
octaphenyl strontocene has not been structurally character-
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ised. When compared to the somewhat analogous pentaaryl
strontocene complexes, the strontium to centroid bond dis-
tances of 3 (Sr(1)-Cn(1) = 2.646(2) and Sr(1)-Cn(2) = 2.643(2) A)
are considerably longer than those of [Sr(Cs(4-nBu-CsH,)s),]
(sr(1)-Cn = 2.513(1)),* [Sr(Cs(4-tBu-C¢H,)s),] (Sr(1)-Cn(1) =
2.492 A and Sr(1)-Cn(2) = 2.495 A)," after correcting for differ-
ences in ionic radii (Sr** 1.18 A, CN = 6; Sr** 1.26 A, CN = 8).*°
As the ionic radii of Sr**, Eu**, and Sm*' cations are very
similar (1.26 vs. 1.25 and 1.27 A respectively for eight-coordi-
nate cations),” analogous complexes of Sr, Eu and Sm metals
show similar structural properties, and as such, a better com-
parison can be drawn by comparing 3 with the previously
reported [Ln(C5Ph,CH,),(thf),] complexes of Eu and Sm.”° The
three complexes exhibit comparable metal to centroid dis-
tances (Sr(1)-Cn(1) = 2.646(2) and Sr(1)-Cn(2) = 2.643(2) A
versus Eu(1)-Cn(1) = 2.616(2) and Eu(1)-Cn(2) = 2.625(2) A and
Sm(1)-Cn(1) = 2.625(2) and Sm(1)-Cn(2) 2.627(3) A). The Cn
(1)-Sr(1)-Cn(2) angle of 115.2(1)° is also very close to that of
the Cn(1)-Eu(1)-Cn(2) angle of 115.8(1)°, and 115.8(1)° for Cn
(1)-Sm(1)-Cn(2). All three complexes exhibit low slippage
angles from 3.7 to 4.1° and Ay,_¢ values between 0.04 to 0.06 A
in agreement with n*> Cp-ligand coordination.

In the case of complex 4, the planes of the two cyclopenta-
dienyl rings are at an angle of 111.7(1)° with respect to the
barium centre (i.e. Cn(1)-Ba(1)-Cn(2)) which is considerably
smaller than that of 3 owing to the much larger ionic radius of
the eight-coordinate Ba*>* cation compared to that of the eight-
coordinate Sr** cation (1.42 A vs. 1.26 A respectively).”® Both
octa- and deca-phenyl barocenes have been reported,**®
however, no X-ray crystal structures have been obtained for the
more comparable octaphenyl barocene.** Complex 4 exhibits
barium to centroid distances of 2.813(1) and 2.825(1) A, con-
siderably longer than those of decaphenyl barocene (2.670 A),
but this elongation is common among barocene species that
do not display a parallel, planar Cp arrangement.®”®! The
large ionic radius of the Ba®* cation, when compared to the
smaller Sr** cation, leads to a larger slippage angle (3.7° vs.
5.2°), however the observed ring shift away from pure n°-
coordination mode in the Ba complex is even more pro-
nounced when considering the Ay values, with 0.04 A for 3
vs. 0.19-0.20 A for 4 (Table S4 and S5).

Transmetallation reaction

Various transition metal octaphenylmetallocenes have been
described in the literature, including Fe, Ru, Ti, however, to
the best of our knowledge no related ansa-bridged example
has been reported.®*®® To examine the transmetallating pro-
perties of the new Ca-ansa complex 2, which was selected
based on Ca being the most abundant and least toxic metal in
the group 2 series, and to study the influence of the bridge in
transition-metal complexes, we have synthesised and fully
characterised the ansa-octaphenylferrocene complex 5. Indeed,
iron ansa complexes have been studied for a long time for
their coordination behaviour, their reactivity, especially for the
production of metallapolymers, and their biomedicinal
applications.®””7* Reaction of equimolar amounts of 2 with

This journal is © The Royal Society of Chemistry 2025
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Ph Ph
Ph rt.,24 h Ph
Ca—thf + FeCl, —> |=‘e
Ph THF Ph
Ph Ph Ph Ph
Ph Ph
[Ca(C5PhsCHy),(thf)] [Fe(C5PhyCHy),]
2 5

Scheme 3 Synthesis of ansa ferrocene complex 5 via transmetallation
with 2 and FeCl,.

FeCl, in THF at room temperature afforded, after filtration of
the formed CaCl, and workup, the new ansa-ferrocene [Fe
(CsPh,CH,),] 5 as a dark red powder in a very good (94%) yield
(Scheme 3). HR ESI-MS confirmed the identity of the complex.
Crystals of complex 5 suitable for XRD analysis were
obtained from a saturated THF/pentane solution at —20 °C.
Complex 5 crystallises in the tetragonal space group I4,/a, with
two molecules of THF in the lattice. It is comprised of a 6-coor-

Fig. 5 ORTEP diagram of complex 5:2 THF showing atom-numbering
scheme for relevant atoms. Left: showing the n° coordination mode of
Cp to Fe; right: showing the ansa bridge. Thermal ellipsoids are drawn at
the 50% probability level. Hydrogen atoms and lattice solvent are
omitted for clarity. Selected bond lengths (A): C(1)-Fe(1) 2.000(2), C(2)-
Fe(1) 2.074(2), C(3)-Fe(1) 2.107(2), C(4)-Fe(1) 2.096(2), C(5)-Fe(1) 2.098
(2), C(32)-Fe(1) 1.996(2), C(33)-Fe(1) 2.072(2), C(34)-Fe(1) 2.113(2),
C(35)-Fe(1) 2.101(2), C(36)2.089(2) Fe(1)-Cn(1) 1.676(1), Fe(1)-Cn(2)
1.676(1).

Table 3 Comparison of the bond lengths (A), angles (°), slippage (°) and and slip parameter (A) of complex 5 with related iron complexes
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dinate Fe®" centre, ligated by the ansa ligand in a bent fashion,
with no coordinated solvent (Fig. 5).F

Owing to the smaller size of the Fe** cation and the more
covalent bonding character involving the d-orbitals, the struc-
tural parameters of complex 5 vary considerably from the
above reported highly ionic AE ansa complexes. Most notably,
the Cn(1)-Fe(1)-Cn(2) angle of 161.5(1)° represents the largest
angle of the ansa series, a stark difference to the untethered
tetraphenyl analogue, [Fe(CsPh,H),], as well as the decaphenyl
analogue, [Fe(CsPh;),] which both exhibit a linear coordi-
nation mode with Cn-Fe-Cn angles of 180° (Table 3).°>”> The
bond distances from the Fe centre to the Cp carbons vary by
approximately 0.1 A across the complex 5 (1.996(2) to 2.113(2)
A, with an average of 2.075(2) A). These are in line with the
average Fe-C bond distances of the octa- and decaphenyl-ferro-
cene complexes previously reported (2.094(3) and 2.164(6) A
respectively), with 5 displaying slightly shorter Fe-C distances
than its untethered counterpart. The slippage parameter of 5
was found to be 5.3°, a value comparable to that of the Ba>*
complex 4. However, a huge difference in An_c) was observed:
for the ansa-ferrocene 5 a typical value for n’-coordination
mode was determined (0.04-0.05 A), while the Ba ansa-
complex showed a value of 0.19-0.20 A, indicative of deviation
from n’-coordination. Once again, the Apc) provides more
information about the coordination situation than the slip-
page angle. In 5, the dihedral angle of the C(1)-C(30)-C(31)-C
(32) linkage is 47.4(2)°, significantly smaller than that
described for 1-4, owing to the short Fe-C bond lengths and
comparatively small metal centre, yet considerably larger than
that of unsubstituted [Fe(CsH,CH,),], which has a dihedral
angle of 35.1(9)°,”® and much larger than the tetramethyl teth-
ered [Fe(CsH4(CH,),),] angle of 25.4°.77 It should further be
mentioned that numerous inter and intraligand non-classical
C-H-C n-bonds between the phenyl rings, often observed in
octa and decaphenylmetallocenes, are present and certainly
also play a role in the geometry of complex 5.

Compound 5 is stable in air in the solid state and in solu-
tion for several days. It shows similar characteristics in the IR
spectrum and the "H and "*C{'H} NMR spectra (in THF-dg) to
the AE metal complexes, with the ethylene bridge at 3.24 ppm
and 33.6 ppm, respectively. Comparative NMR studies between

62,75,76

Parameter 5-2 THF (Fe) [Fe(CsPh,H),] [Fe(CsPhs),] [Fe(CpCH,),]
Ionic radius 0.61 0.61 0.61 0.61
Coordination number (see note ) 6 6 6 6

M-Cn(1) 1.676(1) 1.695(1) 1.723(1) 1.630(3)
M-Cn(2) 1.676(1) 1.628(3)
C(1)-C(30)-C(31)-C(32) (dihedral angle) 47.3(2) — — 35.1(9) and 41.9(2)*
a (intersection angle of Cp planes) 18.5(4) — — 15.8(2)
Cn(1)-M-Cn(2) (y) 161.5(1) 180.0 180.0 164.2(2)
Cn(1)-Cn(2) (B) 156.2(1) 180.0 180.0 158.4(3)
Slippage (y-p) 5.3 0.0 0.0 5.8

Slip parameter (A-c)) 0.044-0.055 — — 0.059-0.065

“Significant disorder is observed along the ansa bridge, resulting in two distinct dihedral angles for this complex.

This journal is © The Royal Society of Chemistry 2025
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5 and the unsubstituted analogue, [Fe(CsPh,H),], revealed only
differences in the "*C{"H} NMR shifts of the Cp carbons (82.7,
94.0, 95.0 ppm and 67.2, 86.1, 92.0 ppm respectively) which is
to be expected when substituting the Cp proton of the CsPh,H
ligand with a CH,CH,, bridge.®*

The UV/vis spectrum of 5 in dichloromethane shows strong
absorptions at 286 nm and 301 nm, with a shoulder at
345 nm, as well as a weak broad absorption at 500 nm, similar
to those of the non-bridged octaphenylferrocene (262 nm,
340 nm, 502 nm).®> While it has been noted that non-linearity
of ferrocenes can significantly affect the absorption spectra of
these complexes leading to stronger absorptions at higher
wavelengths,”””’® the bending in 5 does not have a significant
effect.

Cyclic voltammetry studies of 5, conducted in dichloro-
methane solution using an Ag/Ag" reference electrode with 0.1
M TBAP (tetrabutylammonium perchlorate) as the supporting
electrolyte (see SI), showed only a small influence of the intro-
duction of the ansa-bridge on the E** value compared to the
unbridged octaphenylferrocene (0.06 V vs. 0.10 V with respect
to the Ag/Ag*couple).®® The value for 5 is therefore very close to
the parent ferrocene Fe(CsHs), (0.07 V). This further suggests
that there is no major influence of the bent structure of the
ansa-ferrocene on the electronic properties. Nevertheless, the
reversibility of the redox-processes observed indicates the
stability of the oxidized ferrocenophanium complex,”* which
will be further investigated in future studies.

Experimental
Materials and general procedures

All manipulations were performed under nitrogen, using stan-
dard Schlenk techniques. Solvents (THF and toluene) were dis-
tilled from sodium benzophenone before use, whilst hexane
and pentane were purified by a solvent purification system.
1,2,3,4-tetraphenylfulvene was prepared by the literature
method.>® Infrared spectra (4000-400 cm™) for 1-4 were
obtained as Nujol mulls between NaCl plates with a Nicolet-
Nexus FT-IR spectrometer. The Infrared spectrum for 5 was
collected using a PerkinElmer Spectrum 100 FT-IR spectro-
photometer equipped with ATR or transmission modules.
Absorption bands are reported in wavenumbers (cm™') and are
designated as strong (s), medium (m), or weak (w). "H and **C
{'"H} NMR spectra were recorded with a Bruker 400 MHz
spectrometer. The chemical shifts were referenced to residual
protio solvent peaks (*H) or the deuterated solvent (**C{'H}).
UV-Vis spectra were obtained using a JASCO V-770 spectro-
photometer with a dual-beam configuration. Matrix-free
LDI-MS experiments were performed on a MALDI micro MX
mass spectrometer (Waters/Micromass Manchester UK)
equipped with a N, laser (1 = 337 nm, 4 ns pulse duration up
to 20 Hz repetition rate and max 320 pJ per pulse) in the posi-
tive-ion mode for data acquisition. HR ESI-MS data for 5 were
obtained in the positive mode using a Synapt G2-S (UEB205-
Waters) spectrometer. Cyclic Voltammetry experiments were
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performed with a potentiostat/galvanostat (Princeton Applied
Research - AMETEK VersaSTAT4) driven by the VersaStudio
software (V2.50.3), in a three-electrode cell containing 0.1 M
tetrabutylammonium perchlorate (TBAP) in CH,Cl,, using Pt
wires as working and counter electrodes and an Ag wire as a
pseudo-reference electrode respectively. All potentials were
recalibrated and reported using the Ferrocenium/Ferrocene
couple as internal reference. All Cyclic Voltammograms (CVs)
were recorded at a scan rate of 0.1 V s™'. Crystal data and
refinement details are given in Table S1. CCDC numbers
2464826 for 1, 2464827-2464829 for 3-5 contain the sup-
plementary crystallographic data for this paper.

Syntheses

[Mg(CsPh,CH,),(thf)] (1). A Schlenk flask was charged with
1,2,3,4-tetraphenylfulvene (0.200 g, 0.524 mmol), magnesium
metal strips (0.050 g, 2.1 mmol) and a crystal of iodine.
Anhydrous THF (5 mL) was added, and the reaction mixture
stirred for 72 hours. A pale green precipitate had formed, with
a dark orange supernatant solution. The supernatant solution
was removed by filtration, and the green solids dried under
reduced pressure. The solids were then suspended in toluene
(5 mL) and warmed gently to dissolve the material. The result-
ing solution was separated from unreacted magnesium strips
by filtration, dried under reduced pressure, and washed with
anhydrous hexane (5 mL) yielding 1 as a beige solid (0.065 g,
31%). Colourless needles suitable for X-ray diffraction studies
of 1-Toluene could be grown by layering a toluene solution of 1
with n-pentane. Anal. calc. for Ce,H;,OMg (861.40 g mol™"): C,
89.24; H, 6.08. Found: C, 91.37; H, 6.97%. "H NMR (400 MHz,
C¢Dg): 6 7.09-7.00 (m, 25H, ArH), 6.89-6.79 (m, 15H, ArH),
3.92 (br s, 4H, thf), 3.22 (s, 4H, CH,), 1.27 (m, 4H, thf). *C
{'"H} NMR (101 MHz, C¢Dg): § 138.4 (s), 138.0 (s), 132.1 (s),
131.7 (s), 127.4 (s), 125.6 (s), 125.0 (s), 124.5 (s), 121.7 (s), 117.4
(s), 32.0 (s), 27.5 (s), 23.1 (s), 14.3 (s). IR (Nujol, cm™): 1948 m,
1879 m, 1804 m, 1752 m, 1671 w, 1596 s, 1575 w, 1310 w,
1261 m, 1176 m, 1155 m, 1096 m, 1071 s, 1027 m, 1006 m,
910 m, 858 m, 839 m, 788 m, 769 w, 747 m, 697 .

[Ca(CsPh,CH,),(thf)] (2). A Schlenk flask was charged with
1,2,3,4-tetraphenylfulvene (0.220 g, 0.576 mmol), freshly filed
calcium metal (0.040 g, 1.00 mmol) and a crystal of iodine.
Anhydrous THF (5 mL) was added, and the reaction mixture
stirred for 72 hours. The resulting suspension was allowed to
settle, and the supernatant solution isolated by cannula fil-
tration. The solvent was concentrated under reduced pressure,
and left to stand, affording 2 as an orange-red precipitate
(0.105 g, 40%). Crystals of 2-3 THF for determining the connec-
tivity were obtained upon standing from a concentrated THF
solution. 'H NMR (C¢Ds, 400 MHz, 25 °C): § 7.13-6.74 (m,
40H, ArH), 3.65 (m, 12H, thf), 3.43 (s, 4H, CH,), 1.38 (m, 12H,
thf). *C{'"H} NMR (Ce¢Dg, 101 MHz, 25 °C): § 134.2 (s), 131.5
(s), 131.3 (s), 128.6 (s), 128.4 (s), 128.1 (s), 127.0 (s), 126.6 (s),
126.5 (s), 124.0 (s), 27.9 (s). MS (MALDI TOF): m/z (calc for
CeoH44Ca) = 805.07, m/z (found for CeoH,,Ca) = 805.55. IR
(Nujol, cm™): 1936 w, 1794 w, 1594 m, 1574 s, 1492 w, 1329 w,

This journal is © The Royal Society of Chemistry 2025
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1307w, 1260 w, 1174 w, 1155 w, 1099 w, 1071 m, 1026 m,
1015 m, 902 w, 863 W, 839 w, 796 w, 787 W, 750 m, 696 m.

[Sr(CsPh,CH,),(thf),] (3). The synthesis of 3 was carried out
in the same way as that of 1, but with strontium metal filings
(0.100 g, 1.15 mmol) in place of magnesium metal. After
72 hours, the solid material was allowed to settle, and the
supernatant solution isolated by filtration, and dried under
reduced pressure and washed with n-hexane, affording 3 as a
gold powder (0.16 g, 72%). Colourless crystals of 3-3 THF were
grown from a THF solution. Anal. calc. for C;,HggO3Sr
(1068.93 g mol ™" after loss of two lattice THF): C, 80.90; H,
6.41. Found: C, 80.96; H, 6.52%. 'H NMR (400 MHz, C¢Dg): &
7.09-6.99 (m, 25H, ArH), 6.89-6.76 (m, 15H, ArH), 3.60 (br s,
12H, thf), 3.49 (s, 4H, CH,), 1.36 (br s, 12H, thf). ">C{'"H} NMR
(101 MHz, CeDg): & 139.7 (s), 138.9 (s), 132.0 (s), 130.5 (s),
128.7 (s), 127.3 (s), 126.2 (s), 125.5 (s), 124.8 (s), 124.6 (s), 68.9
(s, thf) 27.6 (s), 25.5 (s, thf). IR (Nujol, cm™'): 1941 w, 1876 w,
1806 w, 1593 s, 1574 m, 1259 w, 1177 m, 1154 m, 1122 w, 1099
w, 1071 m, 1026 s, 907 m, 870 m, 789 m, 770 m, 743 s, 696 s,
616 w, 557 w.

[Ba(C5Ph,CH,),(thf),] (4). The synthesis of 4 was carried out
in the same way as that of 1, but with barium metal filings
(0.137 g, 1.00 mmol) in place of magnesium metal. After fil-
tration the solution was concentrated to ~2 mL and allowed to
stand at room temperature, yielding large colourless crystals of
4-2 THF (0.105 g, 38%). Anal. calc. for C4sHgoO,Ba (1046.53 g
mol ™" after loss of 2 lattice THF): C, 78.04; H, 5.78. Found: C,
78.88; H, 6.10%. 'H NMR (400 MHz, C¢Dg): & 7.08-6.99 (m,
26H, ArH), 6.83 (tt, 9H, ArH), 6.76 (tt, 5H, ArH), 3.48 (br s,
16H, thf), 3.43 (s, 4H, CH,), 1.35 (br s, 16H, thf) on single crys-
tals. ">C{"H} NMR (101 MHz, C¢Dq): 6 139.9 (s), 139.5 (s), 131.8
(s), 130.8 (s), 128.6 (s), 127.3 (s), 127.3 (s), 125.8 (s), 124.8 (s),
124.3 (s), 68.0 (s), 27.2 (s), 25.5 (s). IR (Nujol, cm™): 1958 m,
1883 m, 1805 m, 1743 m, 1596 s, 1575 w, 1328 w, 1308 w, 1257
w, 1180 m, 1155 w, 1125 w, 1068 m, 1028 m, 909 m, 790 m,
771w, 744 m, 695 m.

[Fe(CsPh,CH,),] (5). A vial was charged with 2 (0.100 g,
0.124 mmol), FeCl, (0.016 g, 0.126 mmol), and anhydrous THF
(1 mL). The reaction mixture was stirred for 24 hours before fil-
tering and concentrating, affording 5 as a red powder (0.096 g,
94%). Single crystals suitable for XRD studies of 5-2 THF were
obtained from a saturated THF/pentane solution at —20 °C. 'H
NMR (THF-dg, 400 MHz, 25 °C): § 7.50-7.24 (m, 8H, ArH),
7.22-7.06 (m, 8H, ArH), 7.05-6.86 (m, 16H, ArH), 6.83-6.61 (m,
8H, ArH), 3.25 (s, 4H, CH,). ">C{"H} NMR (THF-dg, 100 MHz,
25 °C): § 137.1, 134.4, 134.1, 133.2, 131.5, 127.7, 127.6, 127.2,
126.7, 95.0, 94.0, 82.7, 33.6. UV/vis: nm (CDCl;) 500, 340, 303,
272. HRMS (ESI'): m/z [M + H]" calc. for CgoHysFe: 821.2871;
found: 821.2852. IR (ATR) vilem™: 3381, 3053, 1948, 1599,
1499, 1443, 1260, 1155, 1094, 1069, 1026, 913, 799, 749, 693,
654, 618, 585.

Crystal and refinement data

Single crystals covered with viscous hydrocarbon oil were
mounted on a Kapton loop. Data for complex 1-Toluene and
5-2 THF were obtained at —123 °C (150 K) on a Stoe Stadivari

This journal is © The Royal Society of Chemistry 2025

View Article Online

Paper

diffractometer equipped with an EIGER2 1M CdTe detector
and a Mo microfocus source. Data for complex 3-3 THF were
obtained on the MX1: Macromolecular Crystallography beam-
line at the Australian Synchrotron, Victoria, Australia. Data for
complexes 2-3 THF and 4-2 THF were obtained at —150 °C
(123 K) and were measured on a Rigaku SynergyS diffract-
ometer. The SynergyS operated using microsource Mo-Ka radi-
ation (4 = 0.71073 A) and Cu-Ka radiation (4 = 1.54184 A). Data
collection and integration on the MX1: macromolecular crys-
tallography beamline was accomplished using Blu-Ice.”® For
complex 4-2 THF, data processing was conducted using
CrysAlisPro.55 software suite.’® Solid-state structures were
solved using the SHELXS-97 or SHELXT programs in conjunc-
tion with the X-Seed graphical user interface.’’®* The refine-
ment was performed with the SHELXL program®! using
Olex2.®> All hydrogen atoms were placed in calculated posi-
tions utilising the riding model.

Conclusions

A series of ansa-bridged alkaline earth octaphenylmetallocene
complexes from Mg to Ba was synthesised via reductive dimeri-
sation of 1,2,3,4-tetraphenylfulvene. The complexes were fully
characterised by multinuclear NMR spectroscopy and SC-XRD.
In the case of Sr, 3 represents the first structurally character-
ised ansa-metallocene, whereas for the Ba complex 4, the stabi-
lity of this ansa complex is significantly increased with respect
to the non-bridged analogue. The solid-state structures
revealed a notable ring-slippage for the Mg complex towards n®
like bonding, and to a lesser extent, for the Ba complex. For
the latter, the ethylene bridge was less twisted compared to the
other complexes with smaller cations. The Ca-ansa complex
was successfully employed in the transmetallation of the
ligand onto Fe(u) providing a new air-stable bent Fe-ansa
complex 5 with solution properties similar to those of the
linear non-bridged octaphenylferrocene. Studies concerning
the full synthetic potential and the reactivity, especially in
small molecule activation, of the new group 2 metal ansa com-
plexes is underway,****#¢ as well as investigations into the syn-
thesis of metallopolymers based on the
ferrocene.”>”*

new ansa-
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