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Prevalence of highly oxygenated natural products

increased bioavailability

possibility for multitude of (non-)covalent interaction

prevents self-toxicity by regulating bioactivity

activity in electron transport

Oxygenation as privileged motiv

Dibrell, S. E.; Tao, Y.; Reisman, S. E. Acc. Chem. Res. 2021, 54, 1360.
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Molecular oxygen as an oxidant

O2 2 H2O
ΔH = −80 kcal/mole−4 H+4

E˚1/2 = +1.229 V vs. SHE

Huang, X.; Groves, J. T. J. Biol. Inorg. Chem.  2017, 22, 185.

driving force for biological oxygenations
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Molecular oxygen as an oxidant

O2 2 H2O
ΔH = −80 kcal/mole−4 H+4

E˚1/2 = +1.229 V vs. SHE

triplet ground state kinetically slow oxidant


reduction of 3O2 to O2−• is endergonic (ΔH = +7.8 kcal/mol)


BDE of H−OO• only 47 kcal/mol


spin-flip barrier involving closed shell reaction partners

BUT:

Huang, X.; Groves, J. T. J. Biol. Inorg. Chem.  2017, 22, 185.

driving force for biological oxygenations



Molecular oxygen as an oxidant

Activation of O2 by d-block metal cofactors 


in multiple spin states and oxidation states

Huang, X.; Groves, J. T. J. Biol. Inorg. Chem.  2017, 22, 185.

O2 2 H2O
ΔH = −80 kcal/mole−4 H+4

E˚1/2 = +1.229 V vs. SHE

driving force for biological oxygenations
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Radical rebound catalyzed by metallic cofactors

Cytochrome 
P450

⍺-ketoglutarate-dependent 
hydroxylase

nonheme-diiron 
hydroxylase
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Cytochrome P450 Catalyzed Oxidations
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Substrate class of cytochrome P450 catalyzed oxidations
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⍺-ketoglutarate dependent non-heme enzymes

⍺-ketoglutarate-dependent 
hydroxylases

largest subfamily of non-heme iron enzymes

most diverse set of oxidative transformations 
(hydroxylations, desaturation, ring closure/expansion)
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lationship between BDE ACHTUNGTRENNUNG(Fe=O) and BDE ACHTUNGTRENNUNG(FeO!H), where-
as Figure 5 b shows that, as the ligand becomes a better elec-
tron donor, the Fe=O bond becomes weaker. For X!=

CF3SO3
! through to X!= HO!, the BDE difference was

15 kcal mol!1. Therefore, as the anionic ligand in Cpd I be-
comes a better electron donor, it exerts two effects: i) it
strengthens the FeO!H bond and thereby enhances H-ab-
straction activity and ii) it weakens the Fe=O bond and
thereby encourages oxo-transfer reactivity. Both are
straightforward BEP effects.[13,14a, 17]

The second set of calculations for [(tmp)+ CFeIV(O) ACHTUNGTRENNUNG(p-Y-
PyO)]+ with PhEt also gave the familiar TSR with two
closely lying doublet (LS) and quartet (HS) profiles, as
shown in Figure 6 a.[3c] It can be seen that the barriers in the
HS or LS profiles are rather close for both substituents in p-
Y-PyO, where Y=Me and Cl. This is in agreement with the
experimental results for H-abstraction from PhEt (Table
S1), which show that the relative rates for p-Me/p-Cl is only
about 5, corresponding to less than 0.8 kcal mol!1 in barrier
differences. To ascertain the root cause of the close relative
reactivities, we calculated the BDE ACHTUNGTRENNUNG(FeO!H). At the highest
computational level (Table S9), the BDE values were virtu-
ally identical, 88.6 kcal mol!1 (p-Me) and 88.4 kcal mol!1 (p-
Cl), in line with the experimentally observed small reactivity
differences. In this case, the two components of BDE ACHTUNGTRENNUNG(FeO!
H) [Eq. (2)] are mutually and inversely dependent leading
to the calculated constancy of BDE ACHTUNGTRENNUNG(FeO!H). It is clear that

the BEP principle is not at work[17c,d] and the correlation
with either component will be meaningless.

Still, however, if the FeO!H bond strength does not re-
spond to the electron-donating/withdrawing character of the
ligand, why does the experimentally observed pattern for
the p-Y-PyO ligands follow the same direction as that ob-
served for anionic ligands? Here we need a word of caution:
the accuracy of theoretical barriers is not sufficient to distin-
guish cases with such close reactivity as observed in experi-
ments. With this caveat in mind, we can try to see if theory
can give us any insight into the experimental observations.
Thus, it is evident from Figure 6 a that the barriers for the
HS process for the two substituents are either identical or in
the wrong direction and, hence, in mismatch with experi-
mental trends. As such, we certainly cannot invoke a single-
state reactivity on the HS surface as being the factor behind
the observed data. We note, however, that the LS 2TSH spe-
cies exhibits a small preference for the p-Me substituent
over p-Cl and therefore the observed trend may be rooted
in TSR.[3c,5a, 19] We may therefore consider a TSR scenario
wherein the reactions start on the HS surface and cross over
to the LS state, and either passes through 2TSH on the LS
state or proceeds by a blended reactivity, passing mostly
through 2TSH with some fraction of 4TSH; a fraction that is
larger for the donor substituents. The data for the first sce-
nario is apparent from Figure 6 a. Here the net LS barrier

Figure 5. a) BDE of Fe=O versus BDE of FeO!H (the respective bond
dissociations to the most stable spin states). b) BDE of Fe=O versus elec-
tron affinities of axial-ligand radicals.

Figure 6. a) Reaction profiles and b) TSs on doublet (LS) and quartet
(HS) of H-abstraction of ethylbenzene by [(tmp)+ CFeIVOACHTUNGTRENNUNG(p-Y-PyO)]+ .
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highly reactive nitrene intermediates involved

requires fast C−H abstraction
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16 e− d6-complex with nitrene radical ligand (non-redox innocent)

intramolecular C−H amination preferred / 
intermolecular challenging 

highly reactive nitrene intermediates involved

requires fast C−H abstraction
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White (2018/2021)

Allylic C−H aminations by radical rebound
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Aziridination using manganese catalysts
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Aziridination using manganese catalysts
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Aziridination using manganese catalysts

NaN3 (aq.,4 equ.), PhIO (3−6 equ.)
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Development of non-heme catalytic systems 

Chen, M. S.; White, M. C. Science 2007, 381, 783.

How can we mimic non-heme hydroxylases?

PivO

Me

H
PivO

Me

OH



Development of non-heme catalytic systems 

Chen, M. S.; White, M. C. Science 2007, 381, 783.

PivO

Me

H
PivO

Me

OH

How can we mimic non-heme hydroxylases?

Fe



Development of non-heme catalytic systems 

Chen, M. S.; White, M. C. Science 2007, 381, 783.

Fe(S,S-PDP)

Fe

White (2007)
2 SbF6

−

51% yield 
d.r. > 99:1 non-heme catalyst

Fe
N

N NCMe

N
NCMe

N

PivO

Me

H
PivO

Me

OHFe



Development of non-heme catalytic systems 

Chen, M. S.; White, M. C. Science 2007, 381, 783.

Fe(S,S-PDP)

Fe

White (2007)
2 SbF6

−

N FeIII

N

N

N
MeCN
MeCN

N FeV

N

N

N
ON FeIV

N

N

N
OH

H

H

H

H

OH H2O2

H2O + 2 MeCN2 MeCN

non-heme catalyst

Fe
N

N NCMe

N
NCMe

N

51% yield 
d.r. > 99:1 

PivO

Me

H
PivO

Me

OHFe



Development of non-heme catalytic systems 

Chen, M. S.; White, M. C. Science 2007, 381, 783.

Fe(S,S-PDP)

Mechanistically similar to 
metalloporphyrin oxidation

Fe

White (2007)
2 SbF6

−

N FeIII

N

N

N
MeCN
MeCN

N FeV

N

N

N
ON FeIV

N

N

N
OH

H

H

H

H

OH H2O2

H2O + 2 MeCN2 MeCN

non-heme catalyst

Fe
N

N NCMe

N
NCMe

N

51% yield 
d.r. > 99:1 

PivO

Me

H
PivO

Me

OHFe



Development of non-heme catalytic systems 

Chen, M. S.; White, M. C. Science 2007, 381, 783.

1 equiv. of C−H substrate 

lower oxidant loading  

improved TON 

higher site selectivities 
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Catalyst Design for Selective C–H Oxidation

Howell, J.; Feng, K.; Clark, J.; Trzepkowski, L.; White, M. C. J. Am. Chem. Soc. 2015, 137, 14590.
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Gormisky, P.; White, M. C. J. Am. Chem. Soc. 2013, 135, 14052.

Site-selectivity for Fe(PDP) vs. Fe(CF3-PDP)

Catalyst Design for Selective C–H Oxidation
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Strategies for Overcoming Substrate Control: N–Complexation

N-heterocycles prone to catalyst complexation and/or oxidation to N-oxide

C–H bonds adjacent to nitrogen are activated toward functionalization
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Challenges of N-Heterocycle Remote Oxidation
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Late-stage C–H methylation via radical rebound

Gormisky, P.; White, M. C. J. Am. Chem. Soc. 2013, 135, 14052.
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Thank you!

Any Questions?


