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1. Mdssbauer spectroscopy
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Figure S1: Mossbauer spectra of 2 measured at 4.2 K with various applied fields (0 T, 5
T, 7 T). The red solid lines represent the spectral simulation of an S = 0 peroxodiiron(lll)
species, representing ~80% iron in the sample. The black arrows indicated possible high-
spin ferric impurities.
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Figure S2: Mdssbauer spectra of 2+H* measured at 4.2 Kand O T.
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Figure S3. 4.2 K MOssbauer spectra of 3 (with various applied magnetic fields, 2.0T, 4.0T,
7.0T respectively). Black: experimental spectra; red: the theoretical simulation of a typical
high-spin ferric species, representing mono-ferric impurities in the sample that occupies
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~20% of the total iron. Please note that this mono-ferric simulation is only for the purpose
of estimating the contribution of this species in the spectra in order to remove it for further
analysis of the majority iron species in the sample (see Figure S4).
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Table S1: Simulation parameters used in fitting the spectral components of 3 shown in

Figure S4.

Species Diiron(1V) Diiron(l1l)
component component

Spin state S=0 S=0
Isomer shift (mm/s) -0.04 0.48
Quadrupole splitting (mm/s) | 2.00 -1.22
n 0.4 0.9
Line width (mm/s) 0.3 0.50
Percentage (%) 35 % 35%
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Figure S4: 4.2 K Mdssbauer spectra of 3 (with various applied magnetic fields (2.0T, 4.0T,
7.0T respectively)). Red: experimental spectra of the sample after removal of high-spin
ferric impurities (See Figure S3); black: the theoretical simulations of the sum of the
diiron(lll) and diiron(IVV) components; blue: the theoretical simulations of only the diiron(IV)
component. See Table S1 for simulation parameters.
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Figure S5: 4.2 K Mdssbauer spectra of decayed product of 3 measured under various
applied magnetic fields (7 T, 4 T, 2 T, 0.1 T). Black: experimental spectra; red: the
theoretical simulations of the sum of the diiron(lll) and high-spin mono-ferric species;
blue: the theoretical simulations of the diiron(lIl) species with parameters of & = 0.48 mm/s
and AEq = -1.22 mm/s, representing ~40% of the total iron in the sample; green: the
theoretical simulation of a high-spin mono-ferric species with parameters of D ~ 1 cm-1,
E/D =0.33, 0 =0.43 mm/s, AEq =-0.58 mm/s, n = 1.5, Ax= Ay = A ~-21 T, representing
~60% of the total iron. Please note that the parameters used for simulating the mono-
ferric species are only for the purpose of estimating the relative concentration of this
species. More analyses need to be carried out to exclusively determine all the parameters,
which is beyond the scope of the current study.
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2. X-ray Absorption Spectroscopy
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Figure S6a. Fe K-edge XANES features for 2 (top left), 2+H* (top right), 3 (bottom left),
and decayed 3 (bottom right).
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Figure S6b. Fe K-edge pre-edge features for 2 (top left), 2+H"* (top right), 3 (bottom left),

and decayed 3 (bottom right).
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Table S2. K-edge energies and pre-edge fitting parameters

Species K-edge (eV) Peak Position (eV) Area (units)
2 7126.3 7114.5 18.2
2+H* 7126.7 7114.7 9.9
7113.3 23

Total =12.2
3 7127.5 7115.0 9.2
7113.9 5.8
7114.9 3.2

Total =18.2
Decayed 7126.3 7113.8 14.1
3 7115.1 5.8

Total =19.9
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Figure S7. Fourier transformed and k-space (inset) EXAFS data (dotted black line) and
best fit (red line) for 2 + H* (Top) and 3 decay (Bottom).
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Table S3. EXAFS fitting parameters for 2, 3, 2+H* and decayed 3; best fits in bold font

2 Fe-N/O Fe-O/N FeessCIN FeeesFe GOF
Fit N R(A) o%10% N R(A) 0%10%) N R(A) o%10%) N R(A) o0%10°) Eo F F
1 4 213 731 - - - - - - - - - 1.72 955 658
2 4 212 455 2 185 503 - - - - - - 401 601 655
3 4 212 4861 2 185 514 - - - 1 306 695 -341 539 653
4 4 211 485 2 184 490 3 291 357 1 306 357 -537 508 649
5 4 211 508 2 184 492 3 294 070 1 307 020 -324 466 646
3 324 068
6 4 211 503 2 184 494 4 294 137 1 307 031 -3.56 468 646
3 324 0.56
3 Fe-N/O Fe-O/N FeeesC/N FeessFe GOF
Fit N R(A) o’(100 N R(A) o100 N R@A) o’10°) N RA) o’(10 E F P
) )
1 2 209 267 - - - - - - - - - 67.9 883 631
2 2 204 234 2 181 68 - - - - - - 739 764 628
3 2 201 -060 2 18 361 - - - - - - 241 69 626
2 213 009 - - - - - - - - - - - -
4 2 199 054 2 181 396 - - - 04 270 026 -3.95 535 623
2 211 057 - - - - - - - - - - - -
5 2 199 017 2 181 361 - - - 04 271 000 -4.08 522 621
2 211 001 - - - - - - 04 290 866 - - -
6 2 199 017 2 181 358 - - - 04 270 013 -3.97 527 621
2 211 009 - - - - - - 04 328 6.31 - - -
7 2 199 032 2 181 375 2 290 877 04 270 000 -3.02 505 618
2 211 020 - - - - - - 04 328 7.05 - - -
8 2 199 040 2 181 392 2 299 560 04 270 -020 -1.70 498 616
2 212 038 - - - 2 282 350 04 327 327 - - -
9 2 199 028 2 181 372 2 291 840 04 271 001 -323 486 616
2 211 013 - - - 2 361 311 04 332 332 - - -
10 2 197 022 2 179 415 2 290 640 04 270 007 -517 517 618
2 209 019 - - - - - - 04 328 697 - - -
11 24 195 346 12 178 115 2 292 748 04 271 0.00 -2.56 503 618
24 209 182 - - - - - - 04 329 736 - - -
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2+H" Fe-N/O Fe-O/N Feee<C/N FeeeeFe GOF
Fit N R(A) o0%10%) N R(A) o0%10%) N R(A) o%10%) N R(A) 0%10%) E, F F
1 4 210 3.49 - - - - - - - - - 1.91 732 470
2 4 209 222 2 189 501 - - - - - - -5.22 648 469
3 4 209 218 2 189 525 - - - 1 3.07 805 -469 629 467
4 4 208 1.97 2 189 458 3 291 0.29 1 3.06 3.01 -4.89 590 465
5 4 2.09 1.85 2 189 494 6 295 13.14 1 3.11 6.01 -4.02 587 455
6 4 209 1.79 2 189 462 4 293 232 0.8 3.09 157 -455 585 457
7 4 2.09 1.89 2 189 487 5 293 4.09 1 3.09 280 -437 594 457
8 4 2.09 1.84 2 189 476 5 294 463 0.8 3.09 183 -427 591 456
Decayed Fe-N/O Fe-O/N FeeC/N FeessFe GOF
3
Fit N R(A) 02g10' N R(A) 02g10' N R(A) 02g10' N R(A) 02g10' Eo F F
) ) ) )
1 6 207 394 -2.45 893 392
2 4 207 113 -1.70 745 392
3 4 205 211 1 182 -0.80 -4.01 569 391
4 4 205 184 1 182 -1.00 -5.81 558 389
1 171 13.82
5 4 205 094 2 183 286 -7.61 575 391
6 4 206 100 2 1.83 349 1 336 144 -429 548 389
7 4 207 092 2 183 303 4 291 2.81 1 336 1.89 -3.93 534 387
8 4 207 095 2 183 407 4 296 346 1 334 1.01 -1.80 451 386
5 317 0.05

S12



3. Resonance Raman spectroscopy
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Figure S8: (Top) Resonance Raman spectra of 3 generated by adding Sc(OTf)s to a
mixture of 1%0,-2 and '80,-2 in CH3CN at -40°C, demonstrating that mixed-labeled 3
does not form. (Bottom) Scheme showing the experimental results of the mixed labeling
experiment. Filled oxygen atoms denote 80 isotope and hollow oxygen atoms denote

160 isotope.
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4. UV-vis studies and related kinetic analyses
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Figure S9: Comparison of self-decay curves of 2 and 2+H* in CH3CN at -40 °C.

20

1.5

1.0+

Absorbance

0.54

0.04+— . Y v r ; Y
400 600 800 1000
Wavelength (nm)

Figure S10: UV-vis spectra of the changes to 2 upon the addition of HCIO4 (1.5 equiv.)
in CH3CN at -40 °C. 2 was generated by adding (1.5 eq) DBU/H20 to a 1 mM solution of

1 in CH3CN.
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Figure S11: UV-vis spectra of the formation of 2+H* (red) after the addition of triflic acid
(1.5 eq) to a CH3CN solution of 2 (green) at -40°C. 2 was generated by adding (1.5 eq)
DBU/H20 to a 1 mM solution of 1 in CH3CN.

1.2
1.0
0.8

0.6 1

Absorbance

0.4

0.2 1

00 T T T T T T T T T T 1
200 300 400 500 600 700
Wavelength (nm)

Figure S12: Near-UV-visible spectrum of 3 in CH3CN at -40 °C. 3 was generated from 2
by the addition of (2 eq) Sc(OTf)s in a 0.5 cm cuvette. 2 was generated by adding (1.5
eq) DBU/H20 to a solution of 1 (0.25 mM).

S15



2.0~

1.5 4
3 3
C
@®
£ 1.0 -
@]
n
O
<
0.5
2
0.0

T T T T T T T T T T T T 1
400 500 600 700 800 900 1000
Wavelength (nm)

Figure S13: UV-vis spectra showing the formation of 3 (black) upon addition of Al(OTf)3
(2 eq) to a solution of 2 (green) in which solvent at -40°C. 2 was generated by adding (1.5

eq) DBU/H20 to a 1 mM solution of 1 in CH3CN.
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Figure S14: UV-vis spectra of the 2+H"* (red) observed upon addition of Sc(OTf)s to 2
(green) in the presence of 0.2 M water at -40°C. 2 was generated by adding (1.5 eq)
DBU/H20 to a 1 mM solution of 1 in CH3CN.
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Figure S$15: Eyring plot for the generation of 3 from 2 in CH3CN from -40 °C to -20 °C by
monitoring the 600-nm chromophore associated with 3, the analysis of which affords AH*
= 55(2) kd mol! and AS* = -62(10) J K" mol'.
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Figure S16: Second-order rate constants for the reaction of 3 with 1,4-cyclohexadiene in
CH3CN at -40°C.
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5. DFT Calculations and Results

All coordinates and related data will be uploaded onto iochem-bd.org. All DFT calculations
were performed with the Amsterdam Density Functional (ADF),"? and QUILD3s programs.
Molecular orbitals were expanded in an uncontracted set of Slater type orbitals (STOs) of
triple- quality with double polarization functions (TZ2P).#® Core electrons were not
treated explicitly during the geometry optimizations (frozen core approximation?). An
auxiliary set of s, p, d, f, and g STOs was used to fit the molecular density and to represent
the Coulomb and exchange potentials accurately for each SCF cycle.

Geometries of all possible spin states were optimized with the QUILD® program using
adapted delocalized coordinates until the maximum gradient component was less than
10 a.u. Energies, gradients and Hessians® (for vibrational frequencies, including the
Raman intensities) were calculated using S12g,” in all cases by including solvation effects
through the COSMQ? dielectric continuum model with appropriate parameters for the
solvents.® For computing Gibbs free energies, all small frequencies were raised to 100
cm™ in order to compensate for the breakdown of the harmonic oscillator model.'0!
Scalar relativistic corrections have been included self-consistently in all calculations by
using the zeroth-order regular approximation (ZORA)'2. For all calculations carried out
with S12g the Becke'®'* grid of VeryGood quality was used, except the calculations of
the frequencies which were performed with a Becke grid of Normal quality.

All DFT calculations were performed using the unrestricted Kohn-Sham scheme. In case
of the anti-ferromagnetically coupled systems, a locally adapted version of QUILD could
be used that allows for geometry optimization using the SpinFlip approach'® within ADF:
at each geometry iteration first a high-spin (all-up) calculation is done, whose orbitals and
densities are then used to do a restart (at the same geometry!) where one of the Fe atoms
has the spin densities change sign (from spin-up to spin-down) to lead to the open-shell
singlet state; the geometry optimization and vibrational frequencies only involve the
energy, gradients and Hessians of this second job at each (geometry iteration) step.
However, a faster route to achieving the same results was used which involves the
ModifyStartPotential where starting densities on the Fe atoms were prepared with spin-
up density on one, and spin-down on the other.

All computational data have been uploaded (DOI: 10.19061/iochem-bd-4-15, link:
http://www.dx.doi.org/10.19061/iochem-bd-4-15) onto the |OCHEM-BD platform
(www.iochem-bd.org) to facilitate data exchange and dissemination, according to the
FAIR principles'® of OpenData sharing.
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Figure S17: Correlation between experimental and theoretically calculated frequencies
for O—0 vibrations for the peroxodiiron(lll) complexes (dashed line). Two different
configurations of 2, corresponding to the DU and DD conformations, are labelled in red.
The other complexes have been labelled in black. The linear correlation suggests that
the computation methods used here can account for the vibrational features amongst
the complexes discussed in the discussion in the main text.
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Figure $18: DFT structures of 2 indicating the preference of Sc3* for binding to the
peroxo ligand over the oxo ligand.
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Figure S$19: DFT structures of m2, showing the preference of Sc3* for binding to the
peroxo ligand over the oxo ligand
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Table S4: Theoretically calculated frequencies for O—O vibrations and comparison with
the experimentally obtained values.

Complex | Experimental | Calculated | Factor
2-DD 825 855 0.9649
2-DU 825 920 0.8967
A 830 874.5 0.9491
B 844 920 0.9174
C 847 946.5 0.8949
D 847 927 .4 0.9133
E 853 946.4 0.9013
F 854 963.3 0.8865
G 928 1085 0.8553
H 908 1021 0.8893

Table S5: Comparison of vibrational frequencies from experiment and DFT
for 3 and m32@

Assignment® m3 (DFT®) | 3 (DFTP) 3 (exp.)
Antisymmetric | 517 (-20) | 531[-24] | 528 [-17]

stretch, vz
v4 568 (-17) | 556 [-23]
V1 583 (-24) | 663 [-24]
Symmetric 645 (-22) | 664 [-33] 653 [-30]

diamond core, v3 | 673 (-10)

a) Indicated in square brackets are the 80 isotope shifts; b) Numbers given to vi-vs correspond to the
normal mode displacement vectors as shown in Figure 7 in the main text and Figure S20, with numbers
consistent with ref 7 ¢) Obtained at S12g/TZ2P
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Figure S21. Atomic displacement vectors for the normal modes calculated for 2DU and
m2 (similar modes were observed for the other y-oxo diiron(lll) complexes, see Table
S6)
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Table S6. Computed vibrational frequencies (cm') at S12g/TZ2P with COSMO

solvation included (acetonitrile)

Vsym Vasym Vsym Vasym R (A) Z(°) R (A)

complex Fe-O2>-Fe Fe-O2-Fe Fe-O-Fe Fe-O-Fe Fe-Fe Fe-O-Fe 0-0
p-oxo diiron(lll) complexes
2-DU 413.3 485.2 501.4 635.0 3.086 118.4 1.385
2-DD 436.8 509.2 523.2 634.1 3.100 121.3 1.395
m2 398.4 484 .4 570.2 622.5 3.130 121.0 1.395
A BPPE 406.2 499.1 556.4 601.4 3.000 114.9 1.397
B BQPA 414.2 499.6 522.5 606.3 3.102 119.5 1.383
C 6Me3TPA 417.9 510.8 510.8 617.3 3.149 121.8 1.370
D 6Me2BPP 403.0 4921 496.4 618.7 3.163 121.9 1.381
E 6MeBQPA 421.4 499.4 509.7 619.4 3.132 121.0 1.372
F BnBQA 406.1 495.9 517.7 621.9 3.135 121.6 1.368
M-hydroxo diiron(lll) complexes

2+H* 493.9 395.7 319.2 471.5 3.255 106.2 1.370
m2+H* 419.1 467.2 374.9 407 1 3.505 121.1 1.339
G BnBQA 431.0 470.4 431.0 404.9 3.529 122.5 1.323
H 6Me2BPP 384.8 473.4 4452 473.4 3.534 121.3 1.346

Table S7. Computed Mdssbauer parameters (mm-s™') at S12g/TZ2P with COSMO

solvation included (acetonitrile)

complex Isomer shift (3) Quadr. Spl. (AEq)
p-oxo diiron(lll) complexes
2-DU 0.466, 0.448 0.800, 0.953
2-DD 0.437,0.437 1.384, 1.382
m2 0.502, 0.502 1.161,1.172
A BPPE 0.497, 0.504 1.282, 1.297
B BQPA 0.451, 0.427 1.659, 1.466
C 6Me3TPA 0.475, 0.445 1.495, 1.359
D 6Me2BPP 0.496, 0.501 1.308, 1.440
E 6MeBQPA 0.478, 0.442 1.481, 1.206
F BnBQA 0.485, 0.488 1.167, 0.919
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2+H*
m2+H*

G BnBQA

H 6Me2BPP

3-DU?
3-DD®

m3

M-hydroxo diiron(l1l) complexes

0.476, 0.510
0.540, 0.539
0.553, 0.533
0.573, 0.506

diamond core diiron(IV) complexes

-0.046, -0.046
0.010, 0.010
0.050, 0.049

1.173, 1.146
1.029, 1.035
1.407, 0.695
1.447, 1.151

2.119, 2.116
1.813, 1.808
1.963, 1.969

a) Relative energy 0.0 kcal-mol'; b) Relative energy +16.1 kcal-mol-!
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