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1. Computational Details 
 
All geometry optimizations were performed with the Gaussian09 package[1]  at the PBE0 level.[2] Re 
was represented by a quasi-relativistic core potential (RECP) from the Stuttgart group and the 
associated basis set[3]-[5]. The remaining atoms (H, C, N, O and Cl) were represented by a triple-ζ 
pcseg-2 basis set.[6] NMR calculations were performed within the GIAO framework using ADF 
2014[7] with the PBE0 functional and Slater-type basis sets of triple-ζ quality (TZ2P). Relativistic 
effects were treated by the 2 component zeroth order regular approximation (ZORA).[8]-[12] Analysis 
of scalar-relativistic natural localized molecular orbitals were done with the NBO 6.0 program.[13] 
Calculated NMR shielding tensors were analyzed using these scalar-relativistic NLMOs.[14]-[17] The 
3D representation of the calculated shielding tensors is obtained as polar plots[18],[19] of functions  ∑ij 
ri sijrj, with scaling factors adjusted towards the best readability. 
EFG tensors were calculated using the ADF 2014 code, using the PBE0 functional and a Slater-type 
TZ2P basis set on all atoms. 
Energies were calculated as single point calculations from the optimized structures, using GD3 
dispersion corrections[20] and the SMD model[21] to account for the solvent (dichloromethane). 
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2. Calculations of Shielding Tensors 
 
 
 

Table S1: 17O shielding- and chemical shift tensor principle components of investigated peroxides and non-
peroxide analogues (all values in ppm). 
Compound s11 s22 s33 siso d11 d22 d33 diso 
H2O 310 327 367 335 25 8 -32 0 
H2O2 -30 108 342 140 364 227 -7 195 
DMDO -301 171 262 44 636 164 73 291 
Acetone -904 -405 312 -332 1239 740 23 667 
mCPBA (OH) -205 89 285 56 540 245 50 278 
mCPBA (O) -93 74 99 27 428 261 236 308 
mCBA (OH) -7 174 259 142 342 161 76 193 
mCBA (C=O) -283 -200 293 -63 618 535 42 398 
tBuOOH (O) -78 0 262 61 413 335 73 273 
tBuOOH (OH) -51 107 333 130 386 228 2 205 
tBuOH 205 231 283 240 130 104 52 95 
MeReO2(O2)Py trans -361 -22 114 -90 695 357 221 425 
MeReO2(O2)Py cis -230 -45 23 -84 565 380 312 419 
MeReO(O2)2Py trans -193 -71 134 -43 528 406 201 378 
MeReO(O2)2Py cis -228 -23 9 -81 563 358 326 416 
MeReO(O2)2 OH2 trans -172 -59 143 -29 507 394 192 364 
MeReO(O2)2 OH2 cis -237 -30 6 -87 572 365 329 422 
MeReO2(O2) trans -311 0 100 -70 646 335 235 405 
MeReO2(O2) cis -267 -39 -1 -102 602 374 336 437 
MTO -1058 -383 -236 -559 1392 718 571 894 

 
 
 

Table S2: NCS analysis of investigated peroxides – s11 (all values in ppm). 

 spara sdia 

components of spara 
LP‚‘p‘ LP‚‘s‘ s(R-O/Re-O)	 s(O-O)	

H2O2 -412 379 -415 -7 -4 7 
tBuOOH (O) -472 380 -462 -5 0 -16 

tBuOOH (OH) -434 382 -427 -18 -10 18 
mCPBA (O) -491 381 -175 -35 -175 -37 
mCPBA(OH) -584 382 -561 - - -15 

DMDO -692 388 -699 - - - 
MeReO(O2)2Py cis -613 390 -411 -9 -127 -37 

MeReO(O2)2Py trans -575 386 -424 - -126 -33 
MeReO2(O2)Py cis -616 386 -518 -10 -34 -56 

MeReO2(O2)Py trans -751 389 -421 -29 -288 -25 
MeReO(O2)2 OH2 cis -612 387 -406 - -172 -43 

MeReO(O2)2 OH2 trans -558 387 -399 - -118 -42 
MeReO2(O2) cis -650 383 -523 - -54 -65 

MeReO2(O2) trans -697 386 -405 -14 -264 -33 
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Table S3: NCS analysis of investigated peroxides – s22 (all values in ppm). 

 spara sdia 

components of spara 

LP‚‘p‘ LP‚‘s‘ s(R-O/Re-O)	 s(O-O)	
H2O2 -256 361 -5 -80 -153 -23 

tBuOOH (O) -358 362 0 -154 -144 -37 
tBuOOH (OH) -259 362 -11 -62 -165 -24 
mCPBA (O) -289 361 - -101 -78 -80 
mCPBA(OH) -271 364 - -86 -202 13 

DMDO -190 361 2 -66 -197 96 
MeReO(O2)2Py cis -409 385 -313 -39 -59 -12 

MeReO(O2)2Py trans -454 382 -261 -46 -109 -17 
MeReO2(O2)Py cis -435 392 -258 -31 -172 8 

MeReO2(O2)Py trans -406 380 -229 -44 -85 -29 
MeReO(O2)2 OH2 cis -413 380 -231 -40 -170 11 

MeReO(O2)2 OH2 trans -437 382 -271 -37 -144 0 
MeReO2(O2) cis -425 386 -260 -17 -188 6 

MeReO2(O2) trans -382 382 -257 -33 -43 -43 
  

Table S4: NCS analysis of investigated peroxides – s33 (all values in ppm). 

 spara sdia 

components of spara 

LP‚‘p‘ LP‚‘s‘ s(R-O/Re-O)	 s(O-O)	
H2O2 -59 394 -56 7 1 -13 

tBuOOH (O) -143 399 -110 -10 4 - 
tBuOOH (OH) -70 393 -47 -6 -16 0 
mCPBA (O) -300 388 -150 -81 -11 -64 
mCPBA(OH) -118 393 -67 -7 -35 - 

DMDO -130 388 -109 - 10 -9 
MeReO(O2)2Py cis -347 366 -22 -66 -244 -17 

MeReO(O2)2Py trans -232 364 -35 -29 -144 0 
MeReO2(O2)Py cis -336 365 -3 -61 -341 105 

MeReO2(O2)Py trans -255 366 -26 -28 -228 55 
MeReO(O2)2 OH2 cis -356 367 -79 -66 -268 73 

MeReO(O2)2 OH2 trans -222 365 -28 -28 -264 114 
MeReO2(O2) cis -362 360 10 -62 -357 102 

MeReO2(O2) trans -259 359 9 -28 -299 103 
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3. Quadrupolar Coupling Calculations MTO, -Bisperoxide and -Monoperoxide 
 
Table S5: CQ  Parameters of MTO-derived compounds 

 CQ [MHz] V33 [a.u.] hQ 

MTO -4.58 0.76 0.56 

MeReO(O2)2Py oxo 2.14 -0.36 0.10 

MeReO(O2)2Py trans -15.16 2.52 0.92 

MeReO(O2)2Py cis -14.97 2.49 0.85 

MeReO2(O2)Py oxo 1 -5.06 0.84 0.32 

MeReO2(O2)Py oxo 2 -5.07 0.84 0.94 

MeReO2(O2)Py trans -13.00 2.16 0.91 

MeReO2(O2)Py cis -17.21 2.86 0.70 

MeReO(O2)2 OH2 oxo 1.34 -0.22 0.32 

MeReO(O2)2 OH2 trans -14.98 2.49 0.95 

MeReO(O2)2 OH2 cis -14.98 2.49 0.89 

MeReO2(O2) oxo 1 -4.53 0.75 0.76 

MeReO2(O2) oxo 2 -4.53 0.75 0.76 

MeReO2(O2) trans -13.27 2.21 0.94 

MeReO2(O2) cis -16.21 2.70 0.81 
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4. Chemical ShieldingTensor Orientations in MTO peroxo species 
 
 

 
 
Figure S1. CST Orientation for the peroxo oxygens a) MeReO2(O2)Py, b) MeReO(O2)2 OH2 and c) 
MeReO2(O2). Shielding values (s) are shown in ppm, with the corresponding chemical shift values 
(d) in parenthesis. 
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5. Graphical Representation of the Results of the NCS Analysis 

 
Figure S2. Non-metal-based peroxides – s11 components (reproduction of Figure 4b in main text). 

 
Figure S3. Non-metal-based peroxides – s22 components. The dominant contributions arise from 
the s(O–R) and LP ‘s’, judging from the tensor orientation both orbitals couple to s*(O–O). s(O–
O) also contributes in all cases, for mCPBA (OH) and DMDO its contribution is shielding. 

 
Figure S4. Non-metal-based peroxides – s33 components. 
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Figure S5. MTO bisperoxide – s11 components (reproduction of Figure 9b in main text). 

 
Figure S6. MTO bisperoxide – s22 components. The dominant contribution arises from the LP ‘p’. 

 
Figure S7. MTO bisperoxide – s33 components. The dominant contribution to deshielding arises 
from s(O–Re) which presumably couples to s*(O–O). 
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Figure S8. MTO monoperoxide – s11 components. For the cis oxygen, the contribution of the LP 
‘p’ is dominating, for the trans oxygen, s(O–Re) also contributes significantly. 

¨  
Figure S9. MTO monoperoxide – s22 components. For both the cis and the trans oxygen, LP ‘p’ 
and s(O–Re) contributions to spara are the most significant. 
 

 
Figure S10. MTO monoperoxide – s33 components. The largest deshielding arises from s(O–Re); 
similar to the DMDO and mCPBA (OH) s22-component, s(O–O) contributes to shielding of spara. 
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6. Visual Representations of Relevant NLMOs of Peroxide Compounds 
 

 
Figure S11. NLMOs of DMDO with relevance to the paramagnetic deshielding. 
 

 
Figure S12. NLMOs of mCPBA with relevance to the paramagnetic deshielding. 
 

 
Figure S13. NLMOs of tBuOOH with relevance to the paramagnetic deshielding. 
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7. Graphical Representation of the Calculated EFG Tensors  
 

 
Figure S14. Representation of 17O EFG tensors of a) H2O, b) tBuOOH (O), c) tBuOOH (OH) and d) 
mCPBA (O). 
 

 
Figure S15. Representation of 17O EFG tensors of the MTO bisperoxide of the peroxo-oxygens 
pseudo-cis and pseudo-trans to the methyl group (cis: CQ = -15.0 MHz, h = 0.85; trans: CQ = -15.2 
MHz, h = 0.92; oxo: CQ = 2.14 MHz, h = 0.10). The size of the EFG tensor for the oxo-oxygen is 
increased by a factor of eight with respect to the peroxo-oxygen atoms. 
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Figure S16. Representation of 17O EFG tensors of the MTO monoperoxide of the peroxo-oxygens 
pseudo-cis and pseudo-trans to the methyl group (cis: CQ = -13.0 MHz, h = 0.91; trans: CQ = -17.2 
MHz, h = 0.70, oxo 1: CQ = -5.06 MHz, h = 0.32; oxo 2: CQ = -5.08 MHz, h = 0.94). The size of the 
EFG tensor for the oxo-oxygen atoms is increased by a factor of two with respect to the peroxo-
oxygen atoms. 
 
 
8. Natural Hybrid Orbital (NHO) Directionality and Bond Bending Analysis  
 
Table S6: Deviation of the natural hybrid orbitals from the O–O axis. 

 NHO deviation 

H2O2 2.5° 

tBuOOH 1.9° 

mCPBA 2.8° 

DMDO 16.8° 

MeReO(O2)2L 2.5° 

MeReO2(O2)L 9.5° 
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9. Experimental Section 
 
NMR Measurements 
All measurements were obtained on a Bruker Avance III 600 MHz NMR spectrometer (14.1 T) at 
low temperatures (110 K) using a 3.2 mm probe. The magnetic field was externally referenced by 
setting the signal of liquid H2O (at RT) to 0 ppm. Measurements were performed in a 3.2 mm zirconia 
rotor closed with a VESPEL drive cap, or in a 3.2 mm sapphire rotor closed with a zirconia cap. 
Static WURST-CPMG[22] (Wideband, Uniform Rate, and Smooth Truncation pulse with CPMG 
echo-train acquisition) experiments were performed to obtain the 17O NMR spectra. Detail of the 
WURST pulse: 50 us length, 80 steps, 0.5 MHz sweep width, sweeping from low to high frequency. 
SPINAL64 with 100 kHz rf-frequency was used for 1H decoupling. Simulations of the spectra were 
performed using the QUEST software.[23] 

 
Synthesis of 17O labelled compounds and sample preparation 
17O enriched H2O2 was synthesized according to literature procedure[24] and impregnated on 
mesoporous silica prior to measurement (ca. 1 µl of 1.4 wt% aqueous solution per mg of solid).   
17O enriched acetone was synthesized according to literature procedure[25] using H217O in place of 
H218O. The sample was measured as a frozen solution. 
17O enriched MTO was synthesized according to literature procedure.[26] 
 
 
10. Solid-State NMR Spectra and Simulations 
 
For the molecules considered in this study, both the chemical shift anisotropy (CSA) and the 
quadrupolar coupling significantly impact the appearance of the 17O NMR spectrum. Hence, the 
simulation of the spectra depends on 8 parameters: 3 for the CSA (the isotropic chemical shift diso, 
the span W and the skew k, or alternatively the three principal components of the chemical shift tensor 
d11, d22, and d33), 2 for the quadrupolar interaction (CQ and h), and 3 parameters relating the 
orientation of the chemical shift tensor to the orientation of the EFG-tensor (Euler angles a, b, and 
g). The simulation of one spectrum with 8 independent parameters is associated with a significant 
uncertainty associated with each of the parameters. Herein the spectra were simulated starting with 
information obtained from DFT calculations as a first guess, and then modifying the individual 
parameters until a good simulation of the experimental spectrum was obtained. While the obtained 
simulated spectra hence provide a benchmark for the calculated values, showing that the results 
obtained from DFT calculations are at least reasonable, the exact numbers should be considered with 
caution. 
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Figure S17. WURST-CPMG spectrum (black) of H2O2 and corresponding simulation (red). 
Simulation parameters: CQ = -16 MHz, h = 0.8, diso = 195 ppm, W = 370 ppm, k = 0.3, a = b = g = 
0°. 
 

 
Figure S18. WURST-CPMG spectrum (black) of acetone and corresponding simulation (red). 
Simulation parameters: CQ = 12 MHz, h = 0.6, diso = 625 ppm, W = 1200 ppm, k = 0.2, a = 45°, b = 
g = 90°. 
 

 
Figure S19. WURST-CPMG spectrum (black) of MTO and corresponding simulation (red). 
Simulation parameters: CQ = -4 MHz, h = 0.6, diso = 820 ppm, W = 820 ppm, k = -0.7, a = 0°, b = 90° 
g = 60°. 
 
11. Optimized Structures of all Calculated Species 
Optimized Structures of all species are provided as .xyz files as supplementary material.  
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