
ELECTRONIC SUPPLEMENTARY MATERIAL

Vanadium aminophenolates in catechol oxidation: conformity with Finke’s common catalyst hypothesis

Pasi Salonen,a Risto Savela,b Anssi Peuronen,a Ari Lehtonena* 

* Corresponding author
a Group of Inorganic Materials Chemistry, Department of Chemistry, University of Turku, FI-20014 Turku, 
Finland.
b Laboratory of Molecular Science and Technology, Åbo Akademi University, FI-20500 Turku, Finland

Electronic Supplementary Material (ESI) for Dalton Transactions.
This journal is © The Royal Society of Chemistry 2021



Contents
GC-FID reference chromatograms ................................................................................................................5

GC-MS Chromatograms ................................................................................................................................8

GC-FID Chromatograms from reactions .....................................................................................................10
51V NMR spectroscopy ................................................................................................................................16

Negative mode ESI-MS ...............................................................................................................................18

EPR spectroscopy ........................................................................................................................................30

Identification of complex giving 8-line EPR spectrum ...............................................................................35

Non-catalytic oxidation of 2 to 3 ................................................................................................................37

References ..................................................................................................................................................38



Table of Figures

Figure S 1. All proligands and vanadium complexes used in this study. .......................................................1
Figure S 2. The reaction apparatus for 3,5-DTBC oxidation. .........................................................................3
Figure S 3. Approximate product distribution using column chromatography.............................................4
Figure S 4. GC-FID chromatogram of authentic 3,5-di-tert-butylcatechol. ...................................................5
Figure S 5. GC-FID chromatogram of authentic 3,5-di-tert-butyl-1,2-benzoquinone. ..................................6
Figure S 6. GC-FID chromatogram of authentic 3,5-di-tert-butyl muconic acid anhydride...........................7
Figure S 7. GC-MS chromatogram of 3,5-di-tert-butyl-2-pyrone/ 4,6-di-tert-butyl-2-pyrone. .....................8
Figure S 8. GC-MS chromatogram of 4,6-di-tert-butyl-2-pyrone/ 3,5-di-tert-butyl-2-pyrone. .....................8
Figure S 9. GC-MS chromatogram of  4′,6,6′,8-tetra-tert-butyl-3H-spiro[benzo[b][1,4]dioxine-2,2′-pyran]-
3-one. ............................................................................................................................................................9
Figure S 10. GC-FID chromatogram from reaction between V1 and 3,5-di-tert-butylcatechol. .................10
Figure S 11. GC-FID chromatogram from reaction between V2 and 3,5-di-tert-butylcatechol. .................11
Figure S 12. GC-FID chromatogram from reaction between V3 and 3,5-di-tert-butylcatechol. .................12
Figure S 13. GC-FID chromatogram from reaction between V4 and 3,5-di-tert-butylcatechol. .................13
Figure S 14. GC-FID chromatogram from reaction between V5 and 3,5-di-tert-butylcatechol. .................14
Figure S 15. GC-FID chromatogram from reaction between V6 and 3,5-di-tert-butylcatechol. .................15
Figure S 16. Full width 51V NMR 48-hour post-reaction spectra of V1–V6 in CDCl3 after treatment with 
100 eq. 3,5-DTBC. Very faint 51V NMR signals can be seen at ca. +1550 ppm vs. VOCl3 in the case of V3 
and V4 (highlighted in red)..........................................................................................................................16
Figure S 17. Full width 51V NMR spectra of V1–V6 in CDCl3 immediately after treatment with 100 eq. 3,5-
DTBC. ...........................................................................................................................................................17
Figure S 18. Negative mode ESI-MS spectrum of V1 + 100 eq. 3,5-DTBC at reaction t = 30 min. ...............18
Figure S 19. Negative mode post-reaction ESI-MS spectrum of V1 + 100 eq. 3,5-DTBC at reaction t = 48 h.
.....................................................................................................................................................................19
Figure S 20. Negative mode ESI-MS spectrum of V1 + 100 eq. 3,5-DTBC at reaction t = 30 min. ...............20
Figure S 21. Negative mode post-reaction ESI-MS spectrum of V2 + 100 eq. 3,5-DTBC at reaction t = 48 h.
.....................................................................................................................................................................21
Figure S 22. Negative mode ESI-MS spectrum of V3 + 100 eq. 3,5-DTBC at reaction t = 30 min. ...............22
Figure S 23. Negative mode post-reaction ESI-MS spectrum of V3 + 100 eq. 3,5-DTBC at reaction t = 48 h.
.....................................................................................................................................................................23
Figure S 24. Negative mode ESI-MS spectrum of V4 + 100 eq. 3,5-DTBC at reaction t = 30 min................24
Figure S 25. Negative mode post-reaction ESI-MS spectrum of V4 + 100 eq. 3,5-DTBC at reaction t = 48 h.
.....................................................................................................................................................................25
Figure S 26. Negative mode ESI-MS spectrum of V5 + 100 eq. 3,5-DTBC at reaction t = 30 min................26
Figure S 27. Negative mode post-reaction ESI-MS spectrum of V5 + 100 eq. 3,5-DTBC at reaction t = 48 h.
.....................................................................................................................................................................27
Figure S 28. Negative mode ESI-MS spectrum of V6 + 100 eq. 3,5-DTBC at reaction t = 30 min................28
Figure S 29. Negative mode post-reaction ESI-MS spectrum of V6 + 100 eq. 3,5-DTBC at reaction t = 48 h.
.....................................................................................................................................................................29
Figure S 30. Ambient atmosphere center field EPR spectra of V1–V6 in toluene recorded at RT 30 min 
after treatment with 100 eq. 3,5-DTBC. ......................................................................................................31



Figure S 31. Ambient atmosphere center field EPR spectra of V1–V6 in toluene recorded at RT 6 hours 
after treatment with 100 eq. 3,5-DTBC. ......................................................................................................32
Figure S 32. Ambient atmosphere center field EPR spectra of V1–V6 in toluene recorded at RT 24 hours 
after treatment with 100 eq. 3,5-DTBC. ......................................................................................................33
Figure S 33. Ambient atmosphere center field EPR spectra of V1–V6 in toluene recorded at RT 72 hours 
after treatment with 100 eq. 3,5-DTBC. ......................................................................................................34
Figure S 34. Newly recorded ambient atmosphere center field EPR spectrum of V2 in toluene at RT 48 
hours after treatment with 100 eq. 3,5-DTBC.............................................................................................35
Figure S 35. Negative mode ESI-MS spectrum of V2 at 48 hours after treatment with 100 eq. 3,5-DTBC. 36



1

N

OH
t-Bu

t-Bu

HO

OH N

OH
t-Bu

t-Bu OH

O

NH H
N

OH
t-Bu

t-Bu OH
t-Bu

t-Bu

H4L1 H2L2

N

O
t-Bu

t-Bu

V OO

HO

O

N

O
t-Bu

t-Bu

VO O

OH

O

N

O
t-Bu

t-Bu O

O

N

O

t-Bu

t-Bu

O

V
O
O
O

t-Bu

t-Bu

N

O

t-Bu

t-Bu

N

V
O
O
O

t-Bu

t-Bu

N

O

t-Bu

t-Bu

N

V
O
O

O
t-Bu

t-Bu N
N

O
t-Bu

t-Bu O
t-Bu

t-Bu

N
N

HO
t-Bu

t-BuO
t-Bu

t-Bu

V

V1

VO

V2 V3

V4 V5

V6

O
O
H

OH
OH

t-Bu

t-Bu

N

O

OH

t-But-Bu

H2L3

OH
t-Bu

t-Bu

N

N

OH

t-But-Bu

H2L4 H2L5

OH

N
N

OH
t-Bu

t-Bu

t-Bu

t-Bu

H4L6

Figure S 1. All proligands and vanadium complexes used in this study.
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Figure S 3. Approximate product distribution using column chromatography.
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GC-FID reference chromatograms

Figure S 4. GC-FID chromatogram of authentic 3,5-di-tert-butylcatechol.
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Figure S 5. GC-FID chromatogram of authentic 3,5-di-tert-butyl-1,2-benzoquinone.
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Figure S 6. GC-FID chromatogram of authentic 3,5-di-tert-butyl muconic acid anhydride.
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GC-MS Chromatograms

Figure S 7. GC-MS chromatogram of 3,5-di-tert-butyl-2-pyrone/ 4,6-di-tert-butyl-2-pyrone.

Figure S 8. GC-MS chromatogram of 4,6-di-tert-butyl-2-pyrone/ 3,5-di-tert-butyl-2-pyrone.
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Figure S 9. GC-MS chromatogram of 4′,6,6′,8-tetra-tert-butyl-3H-spiro[benzo[b][1,4]dioxine-2,2′-pyran]-3-
one.
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GC-FID Chromatograms from reactions

Figure S 10. GC-FID chromatogram from reaction between V1 and 3,5-di-tert-butylcatechol.
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Figure S 11. GC-FID chromatogram from reaction between V2 and 3,5-di-tert-butylcatechol.
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Figure S 12. GC-FID chromatogram from reaction between V3 and 3,5-di-tert-butylcatechol.



13

Figure S 13. GC-FID chromatogram from reaction between V4 and 3,5-di-tert-butylcatechol.
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Figure S 14. GC-FID chromatogram from reaction between V5 and 3,5-di-tert-butylcatechol.
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Figure S 15. GC-FID chromatogram from reaction between V6 and 3,5-di-tert-butylcatechol.
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51V NMR spectroscopy

Figure S 16. Full width 51V NMR 48-hour post-reaction spectra of V1–V6 in CDCl3 after treatment with 100 
eq. 3,5-DTBC. Very faint 51V NMR signals can be seen at ca. +1550 ppm vs. VOCl3 in the case of V3 and V4 
(highlighted in red).
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Figure S 17. Full width 51V NMR spectra of V1–V6 in CDCl3 immediately after treatment with 100 eq. 3,5-
DTBC.
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Negative mode ESI-MS

Figure S 18. Negative mode ESI-MS spectrum of V1 + 100 eq. 3,5-DTBC at reaction t = 30 min.
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Figure S 19. Negative mode post-reaction ESI-MS spectrum of V1 + 100 eq. 3,5-DTBC at reaction t = 48 h.
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Figure S 20. Negative mode ESI-MS spectrum of V1 + 100 eq. 3,5-DTBC at reaction t = 30 min.
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Figure S 21. Negative mode post-reaction ESI-MS spectrum of V2 + 100 eq. 3,5-DTBC at reaction t = 48 h.
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Figure S 22. Negative mode ESI-MS spectrum of V3 + 100 eq. 3,5-DTBC at reaction t = 30 min.
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Figure S 23. Negative mode post-reaction ESI-MS spectrum of V3 + 100 eq. 3,5-DTBC at reaction t = 48 h.
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Figure S 24. Negative mode ESI-MS spectrum of V4 + 100 eq. 3,5-DTBC at reaction t = 30 min.
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Figure S 25. Negative mode post-reaction ESI-MS spectrum of V4 + 100 eq. 3,5-DTBC at reaction t = 48 h.
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Figure S 26. Negative mode ESI-MS spectrum of V5 + 100 eq. 3,5-DTBC at reaction t = 30 min.
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Figure S 27. Negative mode post-reaction ESI-MS spectrum of V5 + 100 eq. 3,5-DTBC at reaction t = 48 h.
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Figure S 28. Negative mode ESI-MS spectrum of V6 + 100 eq. 3,5-DTBC at reaction t = 30 min.
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Figure S 29. Negative mode post-reaction ESI-MS spectrum of V6 + 100 eq. 3,5-DTBC at reaction t = 48 h.



30

259 EPR spectroscopy

260 Discussion

261 30 min (Figure S 30a-f): EPR spectra recorded shortly (30 min) after treatment of V1–V6 with 100 eq. 3,5-
262 DTBC reveal that, with the exception of V2 (figure 30b), all complexes (figure 30a, c-f) show a rather similar 
263 EPR spectrum consisting of a single absorption. With a g factor close to 2.0023 this signal most probably 
264 arises from free 3,5-di-tert-butyl-1,2-semiquinone radicals. In contrast, V2 shows a more complicated 10-
265 line EPR spectrum with a g factor of 2.0036 and a 51V hyperfine coupling constant of ca. 2.05 G. This 
266 spectrum is almost identical to a 10-line EPR spectrum reported for [V(3,5-DTBC)2(3,5-DTBSQ•)] with a 
267 A(51V) = 2.1 G and g factor = 2.004.[2] Given that V2 is based on a tridentate dianionic ligand (L2, see Figure 
268 S 1), instead of tetradentate dianionic ligands as is the case with V1 and V3–V6 it is reasonable thus to 
269 conclude that V2 has more rapidly undergone transformation compared to V1 and V3–6 due to 
270 comparatively more facile dissociation of L2, and the more susceptible nature of V2 towards leaching.

271 6 hours (Figure S 31a–f): EPR spectra recorded 6 hours after treatment of V1–V6 with 100 eq. 3,5-DTBC 
272 show little change in the case of V2 (Figure S 31b), which still shows the characteristic signal for [V(3,5-
273 DTBC)2(3,5-DTBSQ•)]. In the case of V1, V3 and V6 the EPR spectra show at least two signals, namely those 
274 from free 3,5-DTBSQ• and  [V(3,5-DTBC)2(3,5-DTBSQ•)] (Figure S 31a c and f). These findings further 
275 support the notion that V1, V3–V6, bearing tetradentate ligands, degrade more slowly than V2 to [V(3,5-
276 DTBC)2(3,5-DTBSQ•)], from which the active catalyst is formed by oxidation. Complexes V4 and V5 still 
277 show a characteristic signal from a S = ½ radical, 3,5-DTBSQ• (Figure S 31d and e).

278 24 hours (Figure S 32a–f): EPR spectra recorded 24 hours after treatment of V1–V6 with 100 eq. 3,5-DTBC 
279 begin to show significant changes when compared to the 6 h and 30 min spectra, respectively. For 
280 example, V1 shows an 11-line EPR spectrum (Figure S 32a) with g factor ~ 2.0034 and A(51V) ~ 2.95 G, very 
281 close to the values reported for Pierpont’s complex  (g ~ 2.004–2.006, A(51V) = 3.05 G).[2]  The 11-line 
282 spectrum may suggest that [V(3,5-DTBC)2(3,5-DTBSQ•)], which gives a 10-line spectrum, might also be 
283 present in some proportion. Complexes V3 and V5 both afford a 10-line EPR spectrum (Figure S 32c and 
284 e) with g factors 2.0036 and 2.0037, and 51V hyperfine coupling constants of 2.09 and 2.07 G, respectively. 
285 Both agree well with the 10-line EPR spectrum reported for [V(3,5-DTBC)2(3,5-DTBSQ•)] with a A(51V) = 2.1 
286 G and g factor = 2.004.[2] The EPR spectrum of V6, on the other hand, is poorly resolved, but is beginning 
287 to show changes towards the formation of [V(3,5-DTBC)2(3,5-DTBSQ•)] (Figure S 32f). V2 affords the most 
288 interesting EPR spectrum, clearly showing at least two distinct EPR signals (Figure S 32b). Namely, a 10-
289 line spectrum having a g ~ 2.0035 and A(51V) = 2.05 G consistent with [V(3,5-DTBC)2(3,5-DTBSQ•)] is 
290 observed at the center field. Additionally, an 8-line EPR signal with g ~ 2.0021 and A(51V) = 8.91 G is visible 
291 in the background. While the 8-line spectrum is typical for S = 7/2 vanadium containing complexes, the g 
292 factor strongly suggests an organic radical. 

293 72 hours (Figure S 33a–f): EPR spectra recorded 72 hours after treatment of V1–V6 with 100 eq. 3,5-DTBC 
294 start to show signs of considerable deterioration. This is expected, since Pierpont’s complex is known to 
295 be oxygen sensitive, slowly deteriorating to V2O5 and free 3,5-DTBQ.[2,3] The 72-hour measurements 
296 signify the end of the EPR reaction monitoring experiments.
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Figure S 30. Ambient atmosphere center field EPR spectra of V1–V6 in toluene recorded at RT 30 min after treatment with 100 eq. 3,5-DTBC. 
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Figure S 31. Ambient atmosphere center field EPR spectra of V1–V6 in toluene recorded at RT 6 hours after treatment with 100 eq. 3,5-DTBC. 
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Figure S 32. Ambient atmosphere center field EPR spectra of V1–V6 in toluene recorded at RT 24 hours after treatment with 100 eq. 3,5-DTBC.
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Figure S 33. Ambient atmosphere center field EPR spectra of V1–V6 in toluene recorded at RT 72 hours after treatment with 100 eq. 3,5-DTBC.
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Identification of complex giving 8-line EPR spectrum

The oxidation of 3,5-DTBC in the presence of V2 affords an 8-line EPR spectrum with a g ~ 2.0021 – 2.0023 
and A(51V) ~ 8.60 – 8.91 G after 24 hours of reaction onset. At approx. 48 hours, this signal reaches its peak 
intensity (see figure 4b in the main text). This EPR signal is markedly different when compared to the EPR 
signals afforded by the other pre-catalysts at t = 48 hours, which all give a characteristic 9-line signal for 
the Pierpont’s complex.

As such, attempts were made to identify this compound by EPR spectroscopy and ESI-MS spectrometry. 
For this purpose, ca. 1 mg of V2 and about 44.5 mg 3,5-DTBC (~ 1:100 [V]:[3,5-DTBC]) were dissolved in 
ca. 1 mL toluene in a test tube, and left to stand at RT in a fume hood under ambient atmospheric 
conditions. After ca. 48 hours of reaction onset, the characteristic 8-line EPR spectrum was once again 

observed (Figure S 34).

Once the 8-line spectrum was observed, the reaction mixture was sampled for negative mode ESI-MS 
(mass experiments performed in MeCN). The ESI-MS spectrum from this experiment (Figure S 35) reveals 
that species such as [V(3,5-DTBC)2(3,5-DTBSQ•)], with a m/z = 711.3835 (e.g. [V(3,5-DTBC)3]–), and half-
fragment of [VO(3,5-DTBC)(3,5-DTBSQ•)]2, with m/z = 507.2321 (e.g. [VO(3,5-DTBC)2]–), both of which are 
EPR active and give 10-line and 9-line spectra, respectively, are present only in very low intensity. In fact, 
the most intensive signal is given by [VO(L2)(3,5-DTBSQ•)], with an exact m/z = 618.3005 (e.g. [VO(L2)(3,5-
DTBC)]–), with a found m/z = 618.2806. These EPR and ESI-MS experiments provide compelling, albeit 
perhaps not perfectly irrefutable, evidence that the 8-line EPR spectrum is in fact from [VO(L2)(3,5-
DTBSQ•)], which is a major component of the post-reaction medium when V2 is used as the pre-catalyst. 
While we realize that a standalone synthesis and isolation of [VO(L2)(3,5-DTBSQ•)] and its EPR 

Figure S 34. Newly recorded ambient atmosphere center field EPR spectrum of V2 in toluene at RT 48 
hours after treatment with 100 eq. 3,5-DTBC.
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characterization would provide a certain answer, we did not attempt these. It should be noted, that 8-line 
EPR spectra with similar g and A(51V) values have been reported for [V(TCSQ•)3], where TCSQ• = 
tetrachloro-1,2-semiquinone.[4]

Figure S 35. Negative mode ESI-MS spectrum of V2 at 48 hours after treatment with 100 eq. 3,5-DTBC.
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Non-catalytic oxidation of 2 to 3
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Scheme S 2. Facile initial O2-mediated autoxidation of 1 to 2 as well as a proposed non-catalytic reaction 
mechanism involving H2O2-mediated Baeyer-Villiger like oxidation of 2 to the anhydride 3. The acceleration 
of this reaction by Lewis acids (e.g. V5+) may be reasonably expected (see text below). 

The substrate 1 is oxidized, albeit slowly, to the corresponding quinone 2 by O2, even without catalysis. 
This reaction is greatly accelerated by the introduction of an organic base, such as Et3N. The deprotonation 
of 1 may facilitate the oxidative formation of 3,5-di-tert-butylsemiquinone, which then undergoes further 
oxidation to 2. In this work, the oxidation of 1 to 2 was revealed to be effected by H2O2, in addition to O2. 
This reaction was found to be rather slow, but it may be greatly accelerated by the introduction of 1 mol-
% V1 (full conv. in 48 h), although moderate conversion (ca. 55 %) was observed without added V1 in 48 
h. The anhydride product 3 formed as a minor (yield 1–6 %) by-product in H2O2-mediated oxidation of 1 
under anaerobic conditions, the higher yield obtained in the presence of V1 and lower without a catalyst. 
This suggests that 3 may be formed in multiple separate ways: Firstly, 3 is the major product with yields 
ranging between 30–39 % in the aerobic V1–V6 catalyzed pathway. This pathway corresponds to the true 
dioxygenase reaction, whose mechanism, as proposed by Finke,[1] is shown in ESI Scheme S1.[5,6] It is 
important to emphasize that in this reaction 1 is directly converted to 3. However, 3 is also obtained in the 
absence of O2 with a yield of 1 % in the presence of two eq. H2O2 relative to 1. Moreover, the yield of 3 is 
increased to 6 % when V1 is used as catalyst in the presence of H2O2. This reactivity is reminiscent of a 
peracid-mediated Baeyer-Villiger -like oxidation of 2, which has been reported earlier.[7,8] It should be 
noted, that peracids such as m-CPBA are significantly more suitable oxidants for this reaction, since 2 is 
oxidized to 3 practically quantitatively in 5 minutes at 0 °C,[8] versus 1–6 % yield in 48 hours at 65 °C, as 
observed by us. These correspond to the second and third pathways for the formation of 3. Namely, 3 may 
be obtained from 2 by direct H2O2-mediated oxidation without catalysts (i.e. Scheme S2) or via a Lewis 
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acid (vanadium(V)) catalyzed pathway, the latter of which affords 3 in a greater yield. These reactions are 
separate to the true dioxygenase pathway, and most likely do not play a large role in the actual O2 
dioxygenase pathway, since H2O2 is formed in-situ – i.e. concomitant to the formation of 2 –, and in low 
amounts. 
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