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Section S1 — Treatment of experimental data

Since HERFD-XANES filters background photons with high efficiency (in contrast to conventional
XANES and TFY XANES), all spectra were only area normalized and smoothed to reduce the white noise

(not necessary).

VtC-XES spectra are superimposed by the high-energy slope of the K13 emission line and therefore need
to be background corrected. There are multiple ways to do this, either the K/51,3 emission line is measured
within every VtC-XES scan or the Kf51,3 emission line is measured separately and only a section of the
K13 high-energy slope is recorded within every VtC-XES spectra. The separate Kf13 and VtC-XES
spectra can be joined together to obtain the whole KAB-XES spectra. The Kpf13 high-energy slope is
subtracted, by either fitting the whole K513 line with any suitable function like a pseudo-voigt functions,
or only a section of the K13 high-energy slope is fitted by any suited decay function. The resulting fit is
subtracted to obtain the background corrected VtC-XES spectra. All VIC-XES data in this work were

corrected by the latter method and area normalized for comparison.



Section S2 - Structural parameters

Table S1: Atomic and centroid distances in 1 and 1H.

Compounds
Distances 1H LH 1 1
(cryst.) (DFT) (cryst.) (DFT)
: 167A | 1.67A | 166A [ 167A
Cp-Fe
1.67 A 1.67 A - -
Cp-Fe - - 1.67 A 1.69 A
Fe-Fe 221A 217 A
1.64 A 1.62 A
Fe-H 1.66 A 1.62 A
1.54 A 1.62 A
1.55 A 1.62 A
1.73 A 1.71 A
HH 1.73 A 1.71 A
1.52 A 1.71 A
1.52 A 1.71 A

Chart S1. Comparison of crystal (left) and DFT structure (right).




Chart S2. Molecule 1 from the X-ray crystal structure of 1, distances/A. Fel-C1 2.063(3), Fe1-C5
2.056(3), Fe1-C9 2.054(3), Fe1-C13 2.056(3), Fe1-C17 2.065(3), Fe1->Cpcent. 1.661, Fe1-C61
2.062(3), Fe1-C62 2.063(3), Fe1-C63 2.059(3), Fel-C64 2.066(3), Fe1l-C65 2.069(3), Fel-Cpeent.
1.673. Molecule 2: Fe2-C21 2.049(3), Fe2-C25 2.053(3), Fe2-C29 2.052(3), Fe2-C33 2.053(3), Fe2—
C37 2.052(3), Fe2—>Cpeent. 1.662, Fe2-C66 2.058(3), Fe2—-C67 2.058(3), Fe2-C68 2.054(3), Fe2-C69
2.058(3), Fe2—-C70 2.065(3), Fe2—Cpcent. 1.669. Molecule 3: Fe3—C41 2.053(3), Fe3—C45 2.056(3),
Fe3-C49 2.063(3), Fe3-C53 2.064(3), Fe3-C57 2.057(3), Fe3—>Cpcent. 1.666, Fe3—C71 2.057(3), Fe3—
C6 22.053(3), Fe3—C73 2.059(3), Fe3-C74 2.056(3), Fe3—-C75 2.063(3), Fe3—Cpeent. 1.667
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Chart S3. X-ray crystal structure of 1H, distances/A. Fel-Fel# 2.2145(6), Fel-C1 2.074(2), Fe1-C2
2.061(2), Fe1-C3 2.048(2), Fe1-C4 2.060(2), Fe1-C5 2.072(2), Fe1->Cpcent. 1.673. The five-membered
rings are disordered, only one of two possible orientations of isopropyl groups around the ring is shown
for each °Cp ligand.
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Section S3 — Additional figures and charts
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Figure S1. Experimental CtC-XES spectra of complexes 1 and 1H.
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Figure S2. Comparison of experimental (top) and theoretical (Ms = 1, bottom) Fe K-edge XANES spectra

of 1H. Transitions were incremental broadened as a function of the absorption energy.
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Figure S3. Comparison of experimental (top) and theoretical (Ms = 1, bottom) Fe K-edge VtC-XES
spectra of 1 and 1H.
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Figure S4. Comparison of experimental (top) and theoretical (Ms = 1, bottom) Fe K-edge

HERFD-XANES spectra of 1 and 1H.
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Figure S5. Comparison of calculated VtC-XES (left) and XANES (right) spectra utilizing crystal and

optimized structures of 1 and 1H.
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Figure S6. Comparison of theoretical Fe K-edge VtC-XES spectra of complexes 1 (dark blue), 1H
(light blue) and 1H excluding all transitions of donor orbitals with significant hydride density (red).



Chart S4. LUMO and LUMO+1 of 1H.
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Figure S7. *H NMR of 1H in CgDe.
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Figure S8. 'H NMR of 1 in CsDs.



Section S4 — Composition of {H,} and Fe localized orbitals

Table S2. AO populations of hydride localized orbitals of 1H.

Element Population(® / %

[ fragment | H-82°1 | H-54 [ H-41| H-20 H-14 H-9 L+2[ L+3
(orbital) (Lo) (20) | (30) (4o) (50) (60) (1u) (21)
Fe(s,p,d) | 234 132 | 34.8 30.6 10.8 60.8 49.6 46.8
Fe (s) 12.4 34 | 02 0 0 0.6 0 0
Fe (p) 8.2 7 7 5.2 5.4 0.2 8 9.8
Fe (d) 2.8 28 | 27.6 25.4 5.4 60 41.6 37
Hs (s, p) 29 16.2 | 26.6 16.4 11.2 13.2 13 12.8

&l population of the given element via Loewdin reduced orbital population analysis. All given values
are the sum over all AOs of a given element or fragment.
bTH: HOMO, 'L : LUMO

Table S3. AO populations of Fe localized orbitals of 1H.

Element Populationl® / %
(orbital) | H-9I | H-7 | H-3 H-2 H-1 H Ll L+1 L+2 L+3
Fe
608 | 68 | 848 | 874 | 876 | 858 | 722 | 724 | 496 | 468
(s, p, d)
Fe (9) 06 |12 | 02 2.4 0 0 0 0 0 0
Fe (p) 02 | 08| 02 1.2 0 0.2 3 2.8 8 0.8

Fe (d) 60 66 84.4 83.8 87.6 85.6 69.2 69.6 41.6 37

& population of the given element via Loewdin reduced orbital population analysis. All given values
are the sum over all AOs of a given element.
bIH: HOMO, [ L : LUMO

Section S5 — VtC-XES and XANES transitions



Table S4. Comparison of all relevant TD-DFT core-excited states of complexes 1 and 1H concerning

relevant ligand/element populations (acceptor orbitals), energies and normalized intensities.

Calc. Norm. Element/ | Core-excited
Cmpd | Feature | Transition | energy®®/| Int.lPl/ Ligand state LUMOs
eV a.u. character contribution
1 7113.01 0.031 Fe 0.95 LUMO
! A 2 7113.02 0.029 Fe 0.95 LUMO+1
1 7112.36 0.037 Fe 0.95 LUMO
2 7112.36 0.452 Fe 0.95 LUMO
A 3 7112.45 0.040 Fe 0.96 LUMO+1
4 7112.45 0.411 Fe 0.96 LUMO+1
1H 5 7114.55 0.891 H 0.95 LUMO+2
6 7114.55 0.009 H 0.95 LUMO+2
° 7 7114.74 1.000 H 0.94 LUMO+3
8 7114.74 0.008 H 0.94 LUMO+3

el all values were shifted by 151.5 eV, [PInormalized to 1 (all values were divided by the overall

highest value)




Section S6 — XYZ coordinates of all optimized structures

Optimized structure of 1:
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0.90416030033973

1.58106204269609

2.65457388743697

1.31717748169555

1.95630640700496

1.52455599745871

0.28548244163912

1.30670744173649

0.25022304456388

1.65915534654700

1.83237031345562

1.58289536786193

3.07350929580845

3.23111257741411
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4.99684136352778

5.63488188683754

4.95725951700541

2.33970720130831

2.22615216478712

1.38200403071261
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2.34538986595905

2.22576423362209

1.38972873858118

2.54692747185462

3.34751046904731

3.49346129354660

3.46945495513323
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Optimized structure of 1H:
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17.85981468424518

16.92236605857818

16.71412832787431

15.65128618755192

16.99817523610834

16.84350438509146

19.04621204971813

19.62763107649644

10.44163734433558

9.82103324671574

11.50870622653839

6.90277398215747

7.52997476103032

6.94659516867196

5.87496501535715

6.53315771370864

6.94431149906048

5.49679129765699

6.52159874135484

4.57454760660425

5.22588758480776

3.56400780120137

4.55328772827450

4.12268087766873

4.41630057557735

4.12187898251039

3.09481092811423

6.72457138166660

6.57460576870667

6.07248702556511

7.75233674867496

6.56934336666599

6.24199708817159

1.08397252557165

1.85882913544313

1.37499980782682

0.59085510095236

-0.18395977097921

1.46680194912208

0.22813913341798

2.06170767231916

2.37635124571996

1.77190325031016

2.92953035443176

-2.09723406795189

-2.13595660595610

-1.87401424906029

-3.09564634351360

-0.93244904138893

-0.10392489266604

-1.83387259258845

-0.76019737159291

-4.74796957471479

-4.55503905138854

-5.57586089029586

-5.08696001348005

-3.76810596022755

-2.90788207605812



19.33595918608345

19.34333294212452

16.36289637958959

15.60792158106105

16.72394608749883

15.86576382817328

18.60965399927665

19.47670856041000

18.28095016912831

18.93728721208089

17.98051944817920

18.69546506692720

18.38067235780038

7.59731782783299

5.96273490736024

10.35475191759491

9.67663823505172

10.97402986697871

11.01718102704094

10.51201895126426

9.94517302364101

11.12847987822353

11.18855046053461

7.57843316933972

8.51733008289644

6.86495253941716

-3.98403844210500

-4.62582355125164

-3.69031895917724

-4.08959491700559

-4.51340815512813

-2.98166137709938

-2.53066844997411

-2.19514792012399

-1.69458671452159

-3.32243709710582

-0.52539525776617

0.58770536368641

0.87725561519476



Section S7 — Crystallographic data

Table S5. Crystallographic data, data collection and refinement.

1 1H
empirical formula  CzsHaoFe CaoH74Fe2
formula weight 396.42 666.69
crystal size [mm]  0.440x0.201x0.077 0.283x0.183x0.038
T [K] 150(2) 150(2)
2 [A] 1.54184 1.54184
crystal system Triclinic Monoclinic
space group P-1 C2/c
a[A] 15.7706(8) 25.2350(7)
b [A] 16.5484(7) 9.9852(2)
c [A] 16.6794(9) 16.5066(3)
a[°] 61.161(5) 90
L] 64.820(7) 112.144(2)
7 [°] 86.338(4) 90
V [A3] 3395.5(3) 3852.48(16)
Z 6 4
praled. [g cm3] 1.163 1.149
4 [mm] 5.350 6.193
é-range [°] 3.241-62.760 3.782-62.745
refl. coll. 25620 12301
indep. refl. 10806 3086

[Rint = 0.0487] [Rint = 0.0360]
data/restr./param. 10806/0/805 3086/0/244

final R indices

0.0451, 0.1046

0.0336, 0.0852

[>20(1)] @

R indices (all 0.0579, 0.1136 0.0364, 0.0872
data)

GooF P 1.021 1.073
Apmax/min (€-A3)  0.815/-0.342 0.307/-0.316

*R1 = 3[|Fo| - [Fell/EIFol, @R2 = [Sox(Fo? - F?)ZwFo?]"2. ® GooF = [Zw(F.’ - Fe?)?/(n-p)] %



