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Ind*),Mn, by lithiation of the proligand and subsequent salt metathesis with MnCl,. The solid state mole-
cular structure indicates a low-spin (S = 1) ground state for the Mn?* metal centre at 100 K. Solution EPR
spectroscopy, solid state magnetic susceptibility measurements, and computational studies suggest the
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Introduction

Following the discovery of the prototypical metallocene
complex, ferrocene,' the cyclopentadienyl anion (Cp) has
become ubiquitous in the isostructural transition metal metal-
locenes (n°-Cp,)M (e.g.: M = V-Ni),*® and further existing in
complexes exhibiting a range of hapticities.” Cp,M metallo-
cene sandwich complexes, were later expanded to include
s-block (Cp,Mg)*° and p-block (Cp,Sn and Cp,Pb) metals.'* >
More recently, homo- and heterobimetallic sandwich com-
plexes have been reported in the literature from across the per-
iodic table utilising Cp or sterically and electronically tuned
derivatives."*'® Additionally, increased steric bulk provided by
Cp permethylation, Cp*, yields increased kinetic stability com-
pared to their Cp analogues."”

The indenyl anion (CoH; ; Ind), formally a benzannulated
derivative of Cp, displays significantly altered chemistry from
Cp, predominantly due to its flexibility in binding modes, and
has become an important ligand framework in organometallic
chemistry. Transition metal bis(n’>-Ind) complexes are well
documented, with Ind,Fe and Ind,Co first reported in 1954;'®
however, it is notable that Ind,Mn has eluded characterisation
as a non-THF adduct. To date n°-, n*-, n’>- and n'-indenyl tran-
sition metal complexes have also been reported’®?° in
addition to mixed complexation modes with Nesmeyanov et al.
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complex undergoes a thermally accessible spin-crossover to a high-spin (S = 5/2) state.

reporting the synthesis of a tungsten complex displaying both
n®- and n’-bound Ind ligands to the same metal centre.”’ An
array of substituted manganocenes were reported by Hanusa
and co-workers in 2010 and later by Maekawa et al.>>** A spec-
trum of binding modes was reported, but five compounds
(Ind®,Mn, R = 2-SiMe;, 1,3-SiMe;, 1,3-'Pr, 1,3-Bu and 1,3-Cy)
displayed n° binding. Magnetic and (DFT) studies clearly illus-
trate that the above species all contain high-spin manganese,
mirroring the original discovery concerning Cp,Mn.

In many cases, indenyl metallocene, and indeed indenyl
metallocenophane, complexes, exhibit significantly divergent
reactivities compared to their Cp counterparts.** This is
reasoned to be caused by the ability of the indenyl group to
undergo 1°,n*-haptotropic ring slip while maintaining the aro-
maticity of the benzene ring. This phenomenon is commonly
referred to as the “indenyl effect”.>® The n°-n’ ring slip is for-
mally a two-electron oxidation of the metal, which becomes
electrophilic and coordinatively unsaturated, allowing conco-
mitant associative substitution processes not common for 18
electron complexes,® leading to a several-thousand-fold
increase in the rate of ligand substitution.?” This differing
reactivity is classically exemplified in the Sy2 (associative) sub-
stitution of PPh; into the rhodium complex, (°-Ind)Rh(CO),,
which proceeds 10° times faster than its Cp analogue.?®

Similarly to Cp, permethylation confers kinetic stability to
permethylindenyl (Ind*) complexes through increased steric
bulk. This reduces the propensity for reactive collision, and
the positive inductive effect of the methyl groups through
ocH — T hyperconjugation generally increases the thermo-
dynamic stability.?® The synthesis of the bulky Ind*H ligand
precursor from (2E)-2-methylbut-2-enoic acid is well estab-
lished,* enabling its use in the preparation of Ind* metallo-
cenes (Ind*,M) for a variety of d- and f-block elements through
reactions with alkali metal Ind* salts and metal sources (such
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as Co(acac), or FeCl,-xTHF).>**® The electronic properties of
the Ind* ligand in Ind*,Fe have been studied by D. O’Hare
et al. - a combined electrochemical and photoelectron spectro-
scopic approach showed quantitatively the electron donating
nature of the Ind* ligand by a reduction in the first ionisation
energies and redox potentials compared to Cp*,Fe.*°
Manganocene, and its methyl-substituted derivatives, have
been extensively studied due to their unique property of
having two energetically accessible spin states (Fig. 1).*”*'
These can be readily interconverted, induced by external
stimuli such as light, pressure, or temperature, in a phenom-
enon known as spin-crossover.*” It has been found that while
Cp,Mn is a high-spin (°A;,) species and its permethylated
counterpart Cp*,Mn occupies an § = % (ZEzg) ground state,
whereas a singularly methylated Cp complex Cp’,Mn varies the
occupation of the two spin states quite significantly with
temperature.***® Work by Walter et al. has examined the high
temperature spin-crossover behaviours of a variety of manga-
nocenes using both EXAFS and solid-state magnetic measure-
ments,*® whilst recent studies have investigated the low-spin
d® metallocene as a photoredox agent.’® Herein, we report the
synthesis and characterisation of the manganese sandwich
complex, Ind*,Mn - the first indenyl-containing manganocene
to display thermally induced variation in the Mn>" spin state.

Results and discussion
Synthesis and characterisation of Ind*,Mn

Two procedures for the preparation of proligand (CoMe-H;
Ind*H) were used in this work: (1) methylation of hexamethyl-
indene (CoMegH,; Ind”H) by the action of Mel on the lithiated
precursor (Ind”Li), and (2) an improved synthesis following the
previously reported route, minimising reaction steps and opti-
mising reagents (ESIf)."* In both cases Ind*H was sub-
sequently deprotonated with "BuLi at —78 °C in THF and iso-
lated as a solid powder. Synthesis of Ind*,Mn was achieved by
adding two equivalents of Ind*Li to a stirred THF solution of
MnCl, at —78 °C, allowing to warm to room temperature over-
night (Scheme 1). Work-up afforded Ind*,Mn as a purple
solid.

The solution phase 'H NMR spectrum was paramagneti-
cally broadened as expected for a d®> Mn>* centre (Fig. S41). On
further investigation by variable temperature 'H NMR spec-
troscopy (Fig. 2), the manganocene’s wing tip methyl (Me,)
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Fig. 1 Mn d® ground states in distorted Oy, fields.
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Scheme 1 Synthesis of Ind*,Mn.
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Fig. 2 Variable-temperature 'H NMR spectra of Ind*,Mn in toluene-dg
solution.

resonance demonstrated a dramatic response to temperature
(A6 = 9.8 ppm between 333 and 233 K) whilst other Me reso-
nances varied slightly (A = 0.18 ppm) over the same tempera-
ture range. The temperature dependence of the chemical
shifts did not obey the Curie law (§ o« 7~') and we were unable
to extract meaningful quantitative data (vide infra; Fig. S127).
This has been similarly observed by Ashley et al. for the para-
magnetic bimetallic chromium permethylpentalene complex
and Cloke and co-workers for an asymmetric manganese pen-
talene complex; where variation in ligand field and sterics con-
found solution phase thermodynamic interpretation.>*~>*
Single crystals suitable for X-ray diffraction were obtained
from a concentrated hexanes solution after cooling to —24 °C
overnight. The molecular structure is depicted in Fig. 3. The
molecule crystallises in the triclinic space group P1; alternate
views are shown in Fig. S7,f and relevant bond lengths and
angles are given in Table S2.1 Scrutinising the molecular struc-
ture; the Ind* ligands are nearly coplanar, as shown by the low
value of the fold angles about the C¢-C5 ring junctions (1.91
(6)° and 2.68(6)°) and a tilt angle = 4.80(5)°. Crystal structures
previously reported for neutral Ind*,M complexes of the first
row transition-metals are those of Ind*,Cr,** and Ind*,Fe.’*
The expected trend in decreasing average M-C distance is
observed across the period (Cr = 2.182 A, Mn = 2.1272(13) A, Fe
=2.074 A). The average Mn-C distance is significantly different
from the values observed for all other structurally character-
ised alkyl manganocenes, Ind®,Mn where R = 2-SiMe;, 1,3-

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 Molecular structure of Ind*,Mn. For clarity, hydrogens atoms
were omitted (displacement ellipsoids are drawn at 30% probability).
Selected distances (A) and angles (°): MN—Cpcent 1.7400(6), Aym_c 0.073,
Am_c 0.077, RA 85.2(2), C¢—Cs 1.443(2), C,1—C,, 1.441(2). Ring-slip para-
meter (Am-c) defined in egn (S1).1 Rotation angle (RA) based on adapted
torsion angle, visually defined in Fig. $8.1>°

SiMe;, 1,3-'Pr, 1,3-Bu and 1,3-cyclohexyl (Table 1), where the
reported average Mn-C distance is 2.41 A.**®* Furthermore,
the average Mn—Cpcen: distance is 1.7400(6) A for Ind*,Mn
compared to 2.05 A for the other Ind®,Mn complexes. By both
measures, the Ind*,Mn distance is 0.3 A shorter, clearly indi-
cating a major change in the electronic structure.

In fact, the measured Mn-Cpc,: distance much more
closely matches the value for Cp*,Mn (1.734 A), a low-spin
manganocene.>® A DFT analysis conducted by Maekawa et al.
on the effect of the spin state of Mn in their bis(indenyl) ana-
logue suggested dramatically different values for the M-Cpeene
distance in the low- and high-spin cases, encouraging us to inves-
tigate the effect of Ind* computationally.>® Interestingly, the
rotation angle (RA) for Ind*,Mn is 85.2(2)°, whereas that for the
chromium and iron species are 180° and 151° respectively; this
value is similar to that found for the cationic cobalt and chro-
mium species, and does not fit previous conclusions that the RA
for permethylindenyl complexes fall broadly into two regions:
180° for the neutral species and 90° for the cations.?' However, it
is in good agreement with the observed and calculated values for

Table 1 Comparison of relevant parameters for other crystallographi-
cally characterised indenyl manganocenes

Ind®,Mn M-Cavg. (A) CpeenM (A) Ay ” (A) RA?(9)
R=1,2,3,4,5,6,7-Me 2.127 1.740 0.075 85.2

R = 2-SiMe,>? 2.409 2.079 0.14 180

R = 1,3-SiMe;* 2.42 2.085 0.12 83.7

R =1,3-Pr*? 2.4 2.04 0.07 176

R =1,3-Bu?® 2.42 2.10 0.156 86.0

R = 1,3-cyclohexyl®®  2.383 1.96 0.148 91.35

“Ring-slip parameter (Ayc) defined in eqn (S1).} ® Rotation angle (RA)
based on adapted torsion angle, visually shown in Fig. $8.1°°
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Ind®,Mn, where R = 1,3-Bu and 1,3-SiMe; are reported as 86.0°
and 83.7° respectively.>** It was noted that the ring-slip para-
meter values (4y_¢ = 0.073 and 0.077 A) were within the range of
literature values (0.07-0.156 A).

Electron paramagnetic resonance (EPR) studies

The temperature dependence of the X-band CW-EPR signal for
Ind*,Mn was studied between 4.5-160 K in a toluene glass.

Representative spectra are shown in Fig. 4. At 12 K, the
signal is characteristic of low-spin Mn>*. As the temperature
approaches 100 K, the unresolved outer manifold transitions
of high-spin Mn**, Mg = +5/2 < Mg = +3/2 and Mg = +3/2 < Mg
=+, are apparent on either side of the sextet of >’Mn hyperfine
lines at g = 2 from the low-spin Mn>" and Mg = £ & Mg = 1 of
high-spin Mn”". Double integration of the total EPR signal
over the temperatures studied reveals an increasing amplitude
with temperature as the high-spin state is populated. The low-
spin signal was simulated, shown in Fig. S13,f providing
g-values of g = 2.56 and g, = 1.975, while the *’Mn hyperfine
simulations were A;(>Mn) = 206 MHz and A, (°’Mn) = 80 MHz.
The theory of Maki and Berry has a separation of g and g,
defined as follows:*’

g =2+4(1-¢")/(1+)
gL =4L/(1+2) 1)

£ =(5/9)/ (1 iy (6/5)2))

Here, the observed g-values of g and g, are described with
respect to the orbital reduction factor, «/, effective spin orbit

dy"/dB*Temp(K)

300 320 340 360 380
B, (mT)

220 240 260 280 400

Fig. 4 X-band CW-EPR of the Ind*;Mn complex at 12, 40 and 100 K.
Conditions were a microwave power of 50 W, 100 kHz modulation
amplitude of 0.8 mT, microwave frequency of 9.372(4) GHz and a time
constant of 20.48 ms.
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coupling parameter, ¢ = k'§,, and an axial distortion parameter,
6. It was found that this molecule has an axial distortion of |4
= 1700 cm™', with ' = 0.89, using the literature spin orbit
coupling of & =305 cm ™",

According to eqn (1), the Ind* ligand provides a new
extreme of an axial distortion, shown in Fig. S8.1 Comparison
of the g-values of Ind*,Mn with those of Cp,Mn, Cp*,Mn, and
Cp',Mn reveals a clear trend.*®

The g-value of the lowest symmetry ligand, Cp’, is most
similar to that of Ind*, followed by Cp* and Cp. On a lesser
note, samples in frozen solution provide g-values that are

closer than samples in magnetically-dilute solids.

Magnetic susceptibility measurements

The solid state magnetic susceptibility of Ind*,Mn has been
measured between 6-300 K (Fig. 5). No difference was observed
between the magnetic susceptibility data of a zero-field cooled
(ZFC) compared to a field cooled (FC) sample over this temp-
erature range. Attempts to fit the data to the Curie-Weiss law
either gave very poor agreement or unrealistic values. For
example, a least squares fit to the magnetic susceptibility data
between 50 and 200 K gives a Weiss constant, § = =76 K, and
an effective magnetic moment, y¢ = 4.18up. Such a large value
for the Weiss constant, implied antiferromagnetic behaviour,
is not reasonable for a paramagnetic metallocene (Fig. $10%).>®

In the solid state, Ind*,Mn undergoes a thermally induced
spin-crossover. At 6 K, s = 1.67up which is close to the value
predicted on the basis of the low temperature EPR (ue =
1.89ug. S = %; (g) = 2.19). Between 6 K and 300 K, the effective
magnetic moment of the sample steadily increases, reaching a
Hegr = 3.85up at 300 K, which is consistent with a thermally
induced partial population of a high-spin, S = 5/2 state.
Assuming an ideal high-spin excited state with a peg = 5.92,
the magnetic moment at 300 K is consistent with a 36% popu-
lation of this high temperature form.*” A derived Arrhenius
plot (InK vs. T~') over the studied temperature range enabled
reasonable extraction of thermodynamic parameters via a
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Fig. 5 Temperature dependence of reciprocal molar magnetic suscep-
tibility (1/ymo1) and effective magnetic moment (ue¢) for Ind*,Mn.
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linear fit regression (Fig. S11;} R* = 0992, AH = 0.485 +
0.007 k] mol™!, and AS = -7.98 + 0.17 J mol").*° Negligible
enthalpic contributions in the solid state suggest an entropy
driven process towards the thermally induced spin-crossover.
Variable-temperature single-crystal X-ray diffraction was also
employed to probe the system; all crystal structures exhibit
largely the same unit cell parameters, with only minor vari-
ations attributed to thermal expansion. Notably, there were no
significant changes to the RA, suggesting that any geometry
induced spin-state transition does not manifest in the crystal-
line phase; however, the complex may behave differently in a
toluene glass/solution due to reduced conformational rigidity.
Consequently, we believe the magnetometry studies isolate the
thermodynamic data associated with purely the spin-crossover
phenomena, whilst the NMR spectroscopic data includes a
second regime related to the ligand geometry, supported by
DFT (vide infra), confounding the extraction of thermodynamic
parameters.

The solution phase effective magnetic moment was
measured at 298 K using the Evans method® and found to be
2.53 pup in a range of hydrocarbon solvents. Negligible variation
of the moment over the accessible temperature range,
193-333 K, was observed. The existence of a low-spin configur-
ation contrasts all previously reported manganese bis(indenyl)
complexes which have high-spin, S = 5/2 ground states from
4-300 K: (Ind®,),Mn (R = 'Pr, ‘Bu, or Cy), pregr = 5.25-5.9up.°

The magnetic susceptibility behaviour of Ind*,Mn reflects
the trend observed with bis(indenyl)chromium(u) complexes
studied by Hanusa, Yee and co-workers, where the staggered
and eclipsed conformations favour high-spin ground states,
and the gauche conformations are generally associated with
low-spin complexes.®® In addition, they also report a general
correlation between increasing methylation and a propensity
for low-spin ground states; this trend is mirrored in magnetic
studies on the manganocenes Cp,Mn, Cp*;Mn, and
Cp’,Mn.**™*® Extrapolating from these observations, Ind*,Mn
would be expected to favour a low-spin configuration.

Computational studies

Magnetometry measurements at 300 K indicate that 36% of
the complex exists in the high-spin state.*” At 130 K, EPR spec-
troscopy reveals the loss of hyperfine splitting, suggesting the
presence of a high-spin complex. This observation is consist-
ent with the expectation that a significant high-spin popu-
lation would overwhelm the signal from the low-spin state and
may likewise explain the lack of variation of the effective mag-
netic moment in solution using the Evans method. Given the
discrepancies between observed spin-crossover behaviours in
the NMR and EPR spectroscopic, and SQUID magnetometric
measurements, the complex was computationally investigated
in order to probe the ligand influence on the Mn spin-state.
Accurate computational prediction of relative spin state
energy levels for metal complexes are notoriously difficult to
obtain.®>®* Screening a variety of DFT functionals from the
crystallographically-defined coordinates of Ind*,Mn yielded a
wide range of electronic energy difference between the low-

This journal is © The Royal Society of Chemistry 2025
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and high-spin states (approximately 420 k] mol™" AEy;
Table S41). Given the disparity in AEy;, similarly observed in
the literature for manganese spin-crossover complexes,** more
accurate methods were utilised to ascertain an appropriate
functional for the reactive surface. Consequently, complete
active space self-consistent field with second-order N-electron
valence state perturbation theory (CASSCF/NEVPT2) along with
domain-based local pair natural orbital coupled-cluster theory
(DLPNO-CCSD(T)) were selected due to their increased
reliability in determining AFy;: CASSCF-NEVPT2 AEy; =
117 kJ mol ™" and CCSD(T) AEy;, = 134 kJ mol".*> Reasonable
agreement between the methods (AE = 17 k] mol™") prompted
selection of the DFT functional MN15 (AE = 138 kJ mol™"), due
to its alignment with CCSD(T).**> Consequently, optimised geo-
metries were performed, with a scan across the RA for the opti-
mised low- and high-spin structures where single point calcu-
lations were performed at DLPNO-CCSD(T) (Fig. 6). The poten-
tial energy surfaces of the high-spin and low-spin states were
found to intersect, supporting the experimental observation
that Ind*,Mn undergoes thermally induced spin-crossover.

In order to probe the differences in the nature of the Cp*
and Ind* ligand architectures, supplementary energy
decomposition analysis (EDA), via sobEDA, of L,Mn (R = Ind*
and Cp*) was carried out. The total energy interaction was
found to be broadly similar (Table S71). While both ligands
stabilise the manganese centre through electrostatic and
orbital (E,y,) interactions, the Ind* ligand contributes both
larger Pauli repulsive (E,.p,) and orbital attractive forces, mark-
edly counteracting one another. Increased E,., is reasonably
explained by the imposed steric requirements of the benzan-
nulated ring. Further decomposition of E,;;, was undertaken
using EDA-NOCV. The pairwise deformation densities reveal
that, in the Ind* complex, the benzene ring contributes
additional electron density to the Mn centre through its
extended n-system (Fig. S167).

4~ Ho i

Normalised Energy (kJ mol™)

—=— High Spin
—e— Low Spin

T T T T
0 20 40 60 80 100 120 140 160 180
Rotation Angle (°)

Fig. 6 Single point calculations performed at CCSD(T) for both high-

and low-spin Ind*;Mn, energies normalised to the low-spin complex at
5°.
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Conclusions

The solid state structure and the low temperature magnetic
responses of Ind*,Mn suggest that it is the first indenyl
manganese complex with a low-spin ground state. At room
temperature the solid state magnetic moment suggest that a
high-spin (S = 5/2) configuration is significantly populated.
Given the ubiquity of Cp*, certain circumstances likely
demand increased steric constraint; consequently use of Ind*
as an alternate ligand framework may provide attractive
complex properties and we hope this puts into greater focus
the work being done already within the group.®*™®

Experimental
Synthesis of Ind*H

7.40 g 1,2,4,5,6,7-hexamethyl-1H-indene (Ind#H, 36.9 mmol, 1
eq.) was dissolved in 150 mL THF and was cooled, in a 300 mL
schlenk under N,, to —78 °C before fast dropwise addition of
23.1 mL n-butyllithium (1.6 M in hexanes; 36.93 mmol, 1 eq.).
The reaction mixture was allowed to warm to room tempera-
ture over 16 h before cooling to —78 °C and 2.53 mL Mel
(40.63 mmol, 1.1 eq.) added dropwise. The reaction mixture
was allowed to warm to room temperature over 2 h. THF was
removed in vacuo and the residue dissolved in DCM and trans-
ferred to a separating funnel containing brine solution.
Product was extracted in 3 X 50 mL DCM, dried over MgSO,,
DCM removed by rotary evaporation before placing the oil in a
—4 ©°C freezer. Crystalline solid product was isolated by
Buchner filtration and recrystallised from EtOH at —4 °C yield-
ing 7.35 g (92%) yellow, crystalline 1,2,3,4,5,6,7-heptamethyl-
indene (Ind*H). 'H NMR (Benzene-ds, 298 K, 400 MHz) &
(ppm): 3.03 (q, 1H, *Jyy = 7.5, CH), 2.44 (s, 3H, Ar-Me), 2.21
(s, 3H, Ar-Me), 2.18-2.13 (m, 9H, Ar-Me and Cp-Me), 1.82 (s,
3H, Cp-Me), 2.43 (d, 3H, *Jyy = 7.5, Cp-Me).

Synthesis of Ind*,Mn

One equivalent of MnCl, (0.27 g, 2.18 mmol) was stirred in an
ampoule in 30 mL THF for 16 hours, yielding a white suspen-
sion. This mixture was cooled to —78 °C and a slurry of two
equivalents of Ind*Li (1.00 g, 4.36 mmol) in 30 mL THF
added. The yellow-brown mixture was allowed to warm to room
temperature and stirred for 15 hours, affording a brown-
orange solution. The solvent was removed under vacuum to
give a brown-orange solid. Extraction with hexane gave a
purple solution, which was filtered through Celite and dried in
vacuo affording a purple solid in 60% yield (0.543 g,
1.30 mmol). "H NMR (benzene-d,, 298 K, 499.9 MHz) § (ppm):
9.06, 3.05, 2.44, 2.16, 1.82, 1.18 (all broad). “*C{'H} NMR
(benzene-dg, 298 K, 499.9 MHz) § (ppm): 145.3, 142.3, 141.2,
133.5, 132.7, 130.6, 128.6, 126.5, 46.6, 16.8, 16.4, 16.3, 16.3,
16.1, 15.5, 12.3. MS (EI): calc.: 481.2667 found: 481.2301. UV/
Vis: Amax(f-hexanes) = 533.1 nm (e = 5.30 x 10> mol™" dm’
em™"). FT-IR (KBr, cm™"): 2965 (s), 1616 (m), 1447 (m), 1385
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(s), 1261 (s), 1093 (m), 1022 (m), 801 (s). CHN analysis (calcu-
lated, found; %): C = 79.79, 79.91; H = 8.80, 8.83.

X-ray crystallography details

Colourless single crystals of Ind*H were isolated from concen-
trated pentane solution at room temperature. CicHyy, M, =
214.33, monoclinic, P2,/c, a = 13.0353(4) A, b = 10.9285(4) A, ¢
=9.0453(3) A, @ = 90°, = 91.765(3)°, y = 90°, V = 1287.95(7) A®,
Z = 4, T = 150 K, block, colourless, 5161 independent reflec-
tions, R; = 0.0470, wR, = 0.1368 [I> = 26(I)]. CCDC deposition
number: 24210307 Dark purple single crystals of Ind*,Mn
were isolated from a concentrated solution (hexanes) after
cooling to —24 °C overnight. C3,H,,Mn, M, = 481.59, triclinic,
P1, a =9.05120(10) A, b = 10.43980(10) A, ¢ = 15.81240(10) A, «
= 73.2730(10)°, § = 84.7780(10)°, y = 63.9150(10)°, V = 1284.09
(2) A%, Z = 2, T=100°K, block, purple, 5238 independent reflec-
tions, R(int) = 0.0279, R; = 0.0290, WR, = 0.0801 [I > = 24(1)].
CCDC deposition number: 2421029.F
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