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1. EXPERIMENTAL

General methods and materials. Air and moisture-sensitive reactions were performed on a 

dual-manifold vacuum/N2 line using standard Schlenk techniques, or in a N2 filled MBraun 

Unilab glovebox. Hexane was dried using a Braun SPS-800 solvent purification system and 

stored over a K mirror. THF was dried at reflux over Na/benzophenone and distilled under N2. 

THF was stored over activated 3 Å molecular sieves. Benzene-d6 (99%) was obtained from 

Goss Scientific, dried over Na and freeze-pump-thaw degassed three times, before being vac 

transferred prior to use. 
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Solution NMR spectroscopy. NMR samples were prepared in the glovebox under N2 

atmosphere in Young’s tap NMR tubes. 1H and 13C{1H} NMR spectra were recorded on 

300 MHz Varian VX-Works spectrometers. All chemical shifts were expressed as δ, in parts 

per million (ppm) relative to TMS (δ = 0). Solution phase Evans’ method NMR samples were 

prepared in both benzene-d6 and toluene-d8 as above and were run on the 500 MHz Bruker 

AVIII 500 spectrometer.

Single Crystal X-Ray Diffraction. Crystals were mounted on MiTeGen MicroMounts using 

perfluoropolyether oil and rapidly transferred to either a SuperNova A or Synergy DW 

diffractometer fitted with an Oxford Cryostreams Cryostream open-flow nitrogen cooling 

device.1 Data collections were carried out at low temperature, either 150 K or 100 K using Cu 

Kα radiation (l = 1.54178 Å) and data were processed using CrysAlisPro.2 Structures were 

solved using charge flipping algorithm (SUPERFLIP)4 and refined on F2 by full-matrix lest-

squares regression using the Olex-2 software suite.3 Using Olex2, the structures were solved 

with the SHELXT4 structure solution program using Intrinsic Phasing and refined on F2 with 

the SHELXL5 refinement package using least squares minimisation. Geometric calculations 

were performed using PLATON,6 and illustrations were created using ORTEP-3.7 The crystal 

structure solution of Ind*H was refined as a two-component twin, implementing the twin-law 

(–1 0 0 | 0 –1 0 | 0 0 1) with BASF = 0.4569. 

Ultraviolet–visible Spectroscopy. Optical measurement were conducted using UV-Vis-NIR 

spectrophotometer (PerkinElmer lambda 1050+). UV-Vis adsorption samples were prepared 

in the glovebox and were run in dry, degassed n-hexanes in a cuvette sealed with a Young’s 

tap. Spectra between 250 and 800 nm.
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Fourier-Transform Infrared Spectroscopy. FT-IR spectroscopy samples were prepared in the 

glovebox as discs using KBr that had been dried at 150 °C for eight hours under high vacuum. 

Discs were pressed in a custom-made barrel and sealed while run on a Nicolet iS5 

ThermoScientific IR spectrometer.

SQUID magnetomery details The magnetic susceptibility data was measured on a powdered 

sample with a Quantum Design MPMS-5 SQUID magnetometer. The accurately weighed 

(26 mg) sample was placed in a gelatine capsule and loaded into a non-magnetic plastic straw 

before being lowered into the cryostat. Experimental susceptibility data was collected in a 

temperature range of 1.8-300 K under an applied field of 1000 G, and corrected for the 

underlying diamagnetism of χdia = –3.8376×10–4 emu mol–1, using Pascal’s constants.8 

EPR details. CW-EPR spectra were collected in the Centre for Advanced ESR (CAESR) in the 

Inorganic Chemistry Laboratory at the University of Oxford. X-band measurements performed 

with a Bruker-Biospin Micro EMXplus spectrometer equipped with a PremiumX microwave 

bridge, a cylindrical TE011-mode resonator (SHQE-W), an ESR-900 liquid helium cryostat, and 

an Oxford Instruments ITC-503s temperature controller. Custom simulation scripts for matrix 

diagonalization were written in MatLabTM.

S3



2. Synthesis and Characterisation

Updated ligand synthesis. The procedures are based upon a literature preparation.9 Oxalyl 

chloride replaces thionyl chloride as the chlorinating agent and dichloromethane is 

introduced as the low boiling solvent, allowing the chlorination and Friedel-Crafts reactions 

to be combined in one pot. Methyllithium was found to be too basic to easily effect the ketone 

reduction and methylation and a softer cerium-based variant was introduced.10-12 Iodine was 

succeeded by LiCl as the dehydrating agent, eliminating the need for column 

chromatography.10 

Synthesis of 2,3,4,5,6,7-hexamethylindanone. 9.69 g (97 mmol, 1 eq.) trans-2-

methylbutenoic acid was dissolved in 250 mL DCM and stirred under a flow of N2 and 12.19 g 

(97 mmol, 1 eq.) oxalyl chloride added. A catalytic drop of DMF was added causing the 

reaction to effervesce vigorously and the reaction was stirred for 16 hours. The reaction vessel 

was cooled to <5 °C in an ice-bath and 13.16 g (98.5 mmol, 1.02 eq.) AlCl3 was added. 12.3 g 

(92 mmol, 0.95 eq) 1,2,3,4-tetramethylbenzene was mixed with 25 mL DCM and was added 

in a slow dropwise manner, and the reaction mixture allowed to warm to room temperature, 

stirring, over four hours. 125 mL conc. HCl was mixed with 125 mL ice and was added to the 

reaction mixture, quenching it, before the DCM layer was decanted. The aqueous layer was 

extracted with two further portions of DCM and the combined organic phase washed with 

water, dried with MgSO4, filtered, and removed in vacuo, affording the product as an off-

white crystalline solid in 96 % yield (19 g, 88 mmol).

Synthesis of 1,2,3,4,5,6,7-heptamethylindan-1-ol. 20 g anhydrous CeCl3 (81.1 mmol, 1.5 eq.) 

was activated by stirring in 300 mL dry, degassed THF under a nitrogen atmosphere for 16 h, 
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before cooling to −78 °C. 47.3 mL methyllithium (1.6 M in Et2O; 75.7 mmol, 1.4 eq.) was added 

fast dropwise to the white suspension turning it bright yellow. The solution was allowed to 

stir for a further hour warming to −35 °C before dropwise addition of 11.69 g 2,3,4,5,6,7-

hexamethylindan-1-one (54.1 mmol, 1 eq.) in 100 mL THF, warming to room temperature and 

stirring for a further 12 h. The reaction mixture was quenched with 400 mL saturated aqueous 

ammonium chloride solution and was extracted in DCM (3 × 150 mL), dried over anhydrous 

MgSO4 and reduced in vacuo affording a light brown oil. This oil was triturated with 2 mL 

hexane (4 °C), which was decanted after one hour affording an off-white crystalline solid in 

96% yield (12.05 g, 51.9 mmol). 

Synthesis of Ind*H. 9.21 g 1,2,3,4,5,6,7-heptamethylindan-1-ol (39.7 mmol, 1 eq.) was 

dissolved in 150 mL dry DMSO and allowed to stir under N2. 2.53 g anhydrous lithium chloride 

(59.5 mmol, 1.5 eq) was quickly added to the pale brown solution, a reflux condenser was set 

up and the flask was heated to 110 °C and allowed to stir for 48 h, darkening in colour. Upon 

cessation of stirring, a dark brown immiscible layer can be seen to form which solidifies to a 

pale-yellow wax on cooling of the reaction mixture to room temperature. The product is 

extracted in pentane (3 × 150 mL), washed with distilled water (150 mL), dried over 

anhydrous MgSO4 and removed under reduced pressure affording a pale brown crystalline 

solid in 92% yield (7.85 g, 36.6 mmol).
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Figure S1 Molecular structure of Ind* (displacement ellipsoids are drawn at 30% probability). Selected distance, C6-C5 
1.407(2) Å

Table S1 Selected experimental crystallographic data for Ind*H.

Chemical formula C16H22

Mr 214.33
Crystal system, space group Monoclinic, P21/c

Temperature (K) 150
a, b, c (Å) 13.0353 (4), 10.9285 (4), 9.0453 (3)

β (°) 91.765 (3)
V (Å3) 1287.95 (7)

Z 4
Radiation type Cu Kα

µ (mm−1) 0.45
Crystal size (mm) 0.22 × 0.12 × 0.08

Diffractometer SuperNova, Dual, Cu at home/near, Atlas

Absorption correction

Multi-scan
CrysAlis PRO 1.171.42.72a (Rigaku Oxford Diffraction, 2022) Empirical absorption 
correction using spherical harmonics, implemented in SCALE3 ABSPACK scaling 
algorithm.

Tmin, Tmax 0.834, 1.000
No. of measured, independent 

and
observed [I > 2σ(I)] reflections

5161, 5161, 4125

(sin θ/λ)max (Å−1) 0.630
R[F2 > 2σ(F2)], wR(F2), S 0.047, 0.143, 1.09

No. of reflections 5161
No. of parameters 153
H-atom treatment H-atom parameters constrained

Δρmax, Δρmin (e Å−3) 0.25, −0.23
CCDC Deposition Number 2421030
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Figure S2 1H NMR Ind*(Benzene-d6, 298 K, 400 MHz).
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S7



-90-80-70-60-50-40-30-20-100102030405060708090100
δ / ppm

7.
16

 C
6D

6

-1012345678910
δ / ppm

1.
181.

82
2.

16
2.

44

3.
05

7.
16

 C
6D

6

9.
06

Figure S4 1H NMR full spectra of Ind*2Mn and insert is of relevant region (Benzene-d6, 298 K, 500 MHz).
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Figure S5 13C{1H} NMR full spectra of Ind*2Mn and inserts are of relevant regions (benzene-d6, 298 K, 499.9 MHz). 
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Figure S6 Fully labelled molecular structure of (Ind*)2Mn. For clarity, hydrogens atoms were omitted (displacement 
ellipsoids are drawn at 30% probability).

Figure S7 Alternate views of the molecular structure of (Ind*)2Mn. For clarity, hydrogens atoms were omitted 
(displacement ellipsoids are drawn at 30% probability).

Table S2 Selected bond lengths (Å) and angles (°) for Ind*2Mn.

M-Cavg 2.127
Cpcent-M 1.7400(6)

ΔM-C 0.073, 0.073
RA 85.2(2)

C6-C5 1.443(2)
C21-C22 1.441(2)
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Definitions of structural parameters. The rotation angle (RA) and indeed torsion angles all 

measure the twist of the two indenyl rings relative to one another with 0° being eclipsed and 

180° being staggered. However, these parameters are calculated in different ways but in this 

work RA is based on the torsion angle first introduced by Calhorda et al. [C(2)-Cpcent-Cpcent-

C(18)] and adapted for Ind*2Mn: [C(11)-C(2)-C(18)-C(27)].13 ΔM-C, also termed the ring-slip 

parameter is a measure of how far the metal distorts from η5- bonding towards η3- and is a 

reasonable quantifier of the “indenyl effect”. It is measured in angstroms and calculated 

according to Equation S1.

MnMnMn

M-C

RA = 90RA = 5 RA = 175

Figure S8 Visually defined structural parameters.

∆𝑀 ‒ 𝐶= {𝐶(8) + 𝐶(9)2 } ‒ {𝐶(1) + 𝐶(1) + 𝐶(3)3 }
Equation S1 Definition of ΔM-C.

Table S3 Selected experimental crystallographic data for Ind*2Mn.

Chemical formula C32H42Mn
Mr 481.59

Crystal system, space group Triclinic, P-1
Temperature (K) 100

a, b, c (Å) 9.0512 (1), 10.4398 (1), 15.8124 (1)
α, β, γ (°) 73.273 (1), 84.778 (1), 63.915 (1)

V (Å3) 1284.09 (2)
Z 2

Radiation type Cu Kα
µ (mm−1) 4.28

Crystal size (mm) 0.3 × 0.13 × 0.04
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Diffractometer XtaLAB Synergy R, DW system, HyPix-Arc 150

Absorption correction

Multi-scan
CrysAlis PRO 1.171.42.49 (Rigaku Oxford Diffraction, 2022) Empirical absorption 
correction using spherical harmonics, implemented in SCALE3 ABSPACK scaling 
algorithm.

Tmin, Tmax 0.548, 1.000
No. of measured, independent 

and
observed [I > 2σ(I)] reflections

48167, 5238, 5064

Rint 0.028
(sin θ/λ)max (Å−1) 0.629

R[F2 > 2σ(F2)], wR(F2), S 0.029, 0.081, 1.08
No. of reflections 5238

No. of parameters 312
H-atom treatment H-atom parameters constrained

Δρmax, Δρmin (e Å−3) 0.27, −0.34
CCDC Deposition Number 2421029

Figure S9 (A) FT-IR and (B) UV-Vis of (Ind*)2Mn.
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Figure S10 SQUID magnetronomy plots: (A) linear fit of 1/χ between 50-200 K calculated Weiss constant, θ = –44 K. 
Calculated fHS: μeff,exp

2 = fHS⋅μeff,HS
2 + fLS⋅μeff,LS

2. (3.85)2 = fHS(5.92)2 + (1 − fHS)(1.88)2. fHS ≈ 0.358;14 (B) χ vs T, (C) χT vs T, and (D) 
a hysteresis loop (T = 5 K) classically describe a paramagnetic system.
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Figure S11 lnK vs T–1 plot for high-spin, low-spin equilibrium for (Ind*)2Mn determined by solid-state magnetic susceptibility. 
R2 = 0.992, ΔH = 0.485 ± 0.007 kJ mol–1, and ΔS = –7.98 ± 0.17 J mol–1 .15

Figure S12 (A) Temperature variation and (B) reciprocal temperature variation of the 1H NMR chemical shift for the 
resonance of the wing-tip methyl group between 243 K and 333 K (Me2 in Figure 2) for (Ind*)2Mn. Black squares represent 

experimental data and the red line is the least-squares best fit to .10, 16, 17 R2 = 0.997, 
𝛿𝑜𝑏𝑠= 𝛿𝐿𝑆+

𝐶

𝑇[1+ 𝑒(∆𝐻 ‒ 𝑇∆𝑆 𝑅𝑇)]
ΔH = 32 ± 9 kJ mol–1, ΔS = 90 ± 30 J mol–1, C = 7000 ± 3000 K, and fHS = 17% at 300 K, fHS = [HS]/[LS]. The chemical shift 
measurements at 233 and 223 K are not included in this analysis, as they indicate an increasing shift upon decreasing 
temperature, which cannot be accounted for in the above model. This behaviour is most likely explained by a temperature 
dependence of the 1H NMR shift of Me2 due to the paramagnetic nature of the low spin complex. The result is a deviation 
from the above model, and correspondingly high errors in the derived thermodynamic parameters.
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Figure S13 X-band EPR simulation of the low-spin species of (Ind*)2Mn for data collected at 4.5 K.  Simulation parameter 
values are g|| = 2.56 and g = 1.975, A||(55Mn) = 206 MHz and A(55Mn) = 80 MHz. Inset: parametric plot of literature g-values 
for low-spin Mn(II) sandwich compounds with this work in solid dot.18 The inset line represents variation of the axial 
symmetry distortion parameter, δ, in equations 1a-c. Acquisition conditions were as stated in the main text.

Figure S14 Temperature dependence of individual components of the low-spin signal in the transition to a high-spin signal. 
In the g|| region, 4.5 K and 8 K data represent acquisitions following a re-freezing of the sample, while the small decrease 
in the 12 K intensity is due to slight saturation at that temperature. Acquisition conditions were as stated in the main text.
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Computational Details

General computation details. All calculations were performed using the ORCA software suite unless 

otherwise specified.19 A range of functionals were used to probe the ΔE¬HL for the crystal structure 

geometry, all utilizing the def2-TZVP basis set.20, 21 Specifically, we examined the following functionals: 

B3LYP,22-25 R2SCAN,26 M062X,27 WB97X,28 BP86,29 PBE,30 PBE0,31 MN15L,32 M06L,33 M05,33 M052X,34 

MN15,35 TPSSH,36 TPSS0,36 M06, r2SCANh,26 and OLYP.37 The functionals and their corresponding ΔE 

values are shown in Table S4.

Table S4 Functionals

Crystal structure
(kcal mol–1)

CCSD(T) 32.00623

CASSCF 27.633

MN15 33.39701

Functional ΔE (kcal mol–1)

BP86 -52.7907

PBE -52.744

TPSSh -45.242

OLYP -40.9621

WB97X -37.826

B3LYP -37.6495

R2SCAN -37.0324

r2scan-3c -36.508

wb97x-3c -30.9477

r2SCANh -28.4273

PBE0 -27.9945

pbeh-3c -11.1639

M062X -5.11955

M062X 5.119578

M052X 8.982872

MN15L 14.12748

M06 15.38958

M05 18.09392

TPSS0 30.55783

M06L 31.56466

MN15 33.39701

TPSSH 45.24218

We found that MN15 provided the best match with the CCSD(T) calculations detailed below. 

Geometry optimizations were performed on both the high and low spin electronic 
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configurations, along with scanning the RA angle for both the high and low energy 

configurations. Single-point calculations were performed with the CCSD(T) procedure 

outlined below.

CCSD(T)-DLPNO. The coupled cluster single, double, and perturbative triple excitation 

(DLPNO-CCSD(T)) calculations were carried out using the BP86 functional to generate 

reference orbitals.38-47 This functional has been shown to provide reliable results for spin-

splitting energetics and ground state predictions, as highlighted in reference [31]. The cc-

pVDZ basis set48 was used, with cc-pVTZ/C employed for correlated calculations to achieve 

better accuracy. VeryTightSCF thresholds were applied to ensure complete convergence of 

the self-consistent field (SCF) procedure, along with NormalPNO threshold, which provides a 

cost-effective balance between computational efficiency and accuracy.

The choice of BP86 orbitals was guided by literature precedence, which highlights their 

superiority in spin-state energetics and agreement with canonical CCSD(T) methods. For 

example, studies have shown that BP86 orbitals correctly predict the ground state for systems 

and offer mean deviations within 4 kcal/mol relative to canonical CCSD(T). These orbitals also 

exhibit an optimal balance in the number of pair natural orbitals (PNOs), as detailed in 

supplementary materials of prior studies.49

CASSCF/NEVPT. Complete active space self-consistent field (CASSCF) calculations followed by 

N-electron valence perturbation theory (NEVPT2) corrections were performed.47, 50-52 The 

active space comprised 9 electrons in 12 orbitals, including 2 bonding orbitals, 5 metal-

centred d orbitals, and 5 3 d’ double-shell orbitals. This choice of active space is supported by 

previous studies, which demonstrate that inclusion of the d’ double-shell orbitals enhance 
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accuracy for systems of this type. The def2-TZVP basis set was employed for all atoms, with 

def2-TZVP/C used for correlated calculations. 

Table S5 Orbital occupancy of CASSCF/NEVPT active space

Orbital Number Occupancy eH eV

126 1.7975      -0.306212        -8.3325
127 1.7441      -0.277597        -7.5538
128 1.3899      -0.187782        -5.1098
129 1.3158      -0.168846        -4.5945
130 1.1748      -0.112336        -3.0568
131 0.7016       0.089904         2.4464
132 0.6009       0.106506         2.8982
133 0.1847       0.191967         5.2237
134 0.0301       0.551555        15.0086
135 0.0290       0.586597        15.9621
136 0.0235       0.703114        19.1327
137 0.0081       1.119556        30.4647
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Table S6 Density matrix of CASSCF/NEVPT active space.

1 2 3 4 5 6 7 8 9 10 11 12

1 1.797502 1.00E-06 2.00E-06 -1.00E-06 0 1.00E-06 -5.00E-06 0 0 0 -1.00E-06 0

2 1.00E-06 1.744138 1.00E-06 -1.00E-06 -1.00E-06 -2.00E-06 -1.00E-06 0 1.00E-06 0 0 -1.00E-06

3 2.00E-06 1.00E-06 1.389855 2.40E-05 -4.00E-06 1.00E-06 -1.00E-06 0 0 -4.00E-06 0 0

4 -1.00E-06 -1.00E-06 2.40E-05 1.315782 -1.20E-05 0 0 4.00E-06 1.00E-06 -2.00E-06 -1.00E-06 0

5 0 -1.00E-06 -4.00E-06 -1.20E-05 1.174842 1.00E-06 0 1.00E-06 -2.00E-06 0 -1.00E-06 0

6 1.00E-06 -2.00E-06 1.00E-06 0 1.00E-06 0.701563 -1.10E-05 -1.00E-06 -1.00E-06 0 0 1.00E-06

7 -5.00E-06 -1.00E-06 -1.00E-06 0 0 -1.10E-05 0.600895 -7.00E-06 0 -2.00E-06 0 0

8 0 0 0 4.00E-06 1.00E-06 -1.00E-06 -7.00E-06 0.184731 0 0 0 0

9 0 1.00E-06 0 1.00E-06 -2.00E-06 -1.00E-06 0 0 0.030124 0 0 0

10 0 0 -4.00E-06 -2.00E-06 0 0 -2.00E-06 0 0 0.028982 0 0

11 -1.00E-06 0 0 -1.00E-06 -1.00E-06 0 0 0 0 0 0.023499 0

12 0 -1.00E-06 0 0 0 1.00E-06 0 0 0 0 0 0.008088
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Orbital 126 Orbital 127 Orbital 128 Orbital 129

Orbital 130 Orbital 131 Orbital 132 Orbital 133

Orbital 134 (two viewpoints) Orbital 135 (two viewpoints)

Orbital 136 (two viewpoints) Orbital 137 (two viewpoints)

Figure S15 Active space comprising 9 electrons in 12 orbitals, including 2 bonding orbitals, 5 metal-centred d orbitals, and 5 3 d’ double-shell orbitals.
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EDA. Energy decomposition analysis (EDA) was performed to gain insight into the bonding 

interactions within the studied systems, comparing the Ind* system with that of the Cp* 

ligand system. The initial decomposition analysis was conducted using the sobEDA method53 

with the Gaussian 16.C program54 and Multiwfn,55, 56 employing the MN15 functional and the 

def2-TZVP basis set, consistent with the ORCA setup. Further decomposition of the Eorb term 

was carried out using the EDA-NOCV method57, 58 in ORCA, allowing for detailed examination 

of pairwise deformation densities.

Figures. All molecular graphics and visualisations were generated using ChimeraX 1.9.59 This 

software was employed to create high-quality figures that effectively represent the geometric 

and electronic properties of the systems studied.

Table S7 sobEDA energy partitioning.a

Ligand Cp* I*

Total interaction energy -734.76 -717.47

Physical components of interaction energy derived by sobEDA

Electrostatic (Eels) -1020.16 -1012.13

Exchange (Ex) -80.59 -79.02

Pauli repulsion (Eeep) 605.69 767.52

Exchange-repulsion (Exrep = Ex + Erep) 525.1 688.5

Orbital (Eorb) -605.69 -767.52

DFT correlation (EDFTc) -76.03 -79.88

Dispersion correction (Edc) 0 0
Coulomb correlation (Ec = EDFTc + Edc) -76.03 -79.88

aUnits in kcal mol-1.

Table S8 EDA-NOCV pair densities.
I* Cp*

α β Σ α β Σ

Eorb -324.3 -331.37 -655.67 -343.46 -349.56 -693.01

pair1 -181.61 -169.4 -351.01 -138.8 -167.33 -306.13

pair2 -62.71 -71.48 -134.19 -132.6 -102.94 -235.54

pair3 -19.04 -46.82 -65.86 -35.23 -20.2 -55.43

pair4 -17.63 -6.66 -24.29 -9.05 -10.86 -19.91

S20



Ind* pair 1 Ind* pair 2 Ind* pair 3 Ind* pair 4

Cp* pair 1 Cp* pair 2 Cp* pair 3 Cp* pair 4

Figure S16 Pairwise deformation densities of Cp* and Ind*.
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