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oxydations industrielles (exemples) 
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O2 : oxydant puissant mais inerte
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1. les singulets (S=0) réagissent aisément avec les doublets
(S=1/2) mais leur réaction avec les triplets (S=1) est interdite.

2. les doublets réagissent généralement plus lentement entre eux.

3. les doublets réagissent lentement avec les tr iplets

Règles de restriction de spin de Wigner :
Le nombre d'électrons non appariés doit rester constant avant et 
après chaque étape d'une réaction.

Barton et Sawyer (1993) :
- l’oxygène est probablement le plus important de tous les réactifs vitaux
- quel bonheur qu’il soit triplet et non singulet
- quel bonheur aussi que les complexes de cuivre et surtout de fer permettent de le 
domestiquer de manière à ce que nos corps soient oxydés mais seulement aux bons endroits.

7
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propriétés de l'oxygène moléculaire.

Thus, if only one-electron pathways are available for O2 reduction, the low reduc-
tion potential for one-electron reduction of O2 to O2

! presents a barrier that protects
vulnerable species from the full oxidizing power of O2 because the reaction cannot
get started. If O2

! is actually formed, however, it disproportionates quite rapidly in
aqueous solution (except at very high pH) to give H2O2 and O2 so that the stoichi-
ometry of the overall reaction is that of a net two-electron reduction. It is thus im-
possible under normal conditions to distinguish one- and two-electron reaction path-
ways for the reduction of O2 in aqueous solution on the basis of stoichiometry alone.

One-electron reduction of dioxygen to give superoxide

O2 þ e! ! O2
! ð2Þ

Disproportionation of superoxide to give dioxygen and peroxide

2 O2
! þ 2 Hþ ! H2O2 þO2 ð3Þ

Two-electron reduction of dioxygen to give peroxide

O2 þ 2 e! þ 2 Hþ ! H2O2 ð4Þ

Atom-Transfer Reactions. The atom-transfer reactions of O2 that are of most impor-
tance in biology are those in which carbon–oxygen bonds are formed. To appreciate
the thermodynamics of such reactions, consider the reactions of dioxygen with di-
hydrogen to give water (2 H2 þO2 ! 2 H2O, DG% ¼ !58 kcalmol!1), with methane
to give methanol (2 CH4 þO2 ! 2 CH3OH, DG% ¼ !30 kcalmol!1), and of ben-
zene to give phenol (2 C6H6 þO2 ! 2 C6H5OH, DG% ¼ !43 kcalmol!1). Despite
the fact that all three are highly exergonic, none of them occurs spontaneously and
rapidly at room temperature unless a catalyst or a free radical initiator is present.
To understand the sluggishness of O2 reactions with organic substrates, therefore,
it is important to consider the kinetic barriers to these reactions in addition to the
thermodynamics.

XI.1.2.2. Kinetics

The principal kinetic barrier to direct reaction of O2 with an organic substrate arises
from the fact that the ground state of the O2 molecule contains two unpaired elec-
trons and thus is a triplet. Typical organic molecules that are representative of bio-
logical substrates have ground states that contain no unpaired electrons, that is,

Table XI.1.1.
Standard Reduction Potential for Dioxygen Species in Water, pH 7, 25˚C

Reaction E% (V) vs. NHEa

O2 þ e! ! O2
! !0.33b

O2
! þ e! þ 2 Hþ ! H2O2 þ0.89

H2O2 þ e! þHþ ! H2OþOH þ0.38

OHþ e! þHþ ! H2O þ2.31

O2 þ 2 e! þ 2 Hþ ! H2O2 þ0.281b

H2O2 þ 2 e! þ 2 Hþ ! 2 H2O þ1.349

O2 þ 4 Hþ þ 4 e! ! 2 H2O þ0.815b

a Normal hydrogen electrode ¼ NHE.

b The standard state used here is unit pressure. If unit activity is used for the standard state of O2, the
redox potential for reactions of that species must be adjusted by þ 0.17V.
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O2 : structure électronique
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propriétés de l'oxygène moléculaire.
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contournement de la barrière d'activation : 

that this is the key step in the activation of dioxygen by flavin-dependent oxyge-
nases.

A second way to overcome this spin conservation obstacle is via reaction of
3O2 with a paramagnetic (transition) metal ion, affording a superoxometal com-
plex (Fig. 4.1, Reaction (3)). Subsequent inter- or intramolecular electron-transfer
processes can lead to the formation of a variety of metal–oxygen species
(Fig. 4.2) which may play a role in the oxidation of organic substrates.

Basically, all (catalytic) oxidations, with dioxygen or peroxide reagents, either
under homogeneous or heterogeneous conditions, can be divided into two types
on the basis of their mechanism: homolytic and heterolytic. The former involve
free radicals as reactive intermediates. Such reactions can occur with most or-
ganic substrates and dioxygen, in the presence or absence of metal catalysts.
This ubiquity of free radical processes in dioxygen chemistry renders mechanis-
tic interpretation more difficult than in the case of hydrogenations or carbonyla-
tions where there is no reaction in the absence of the catalyst.

4.2 Mechanisms of Metal-catalyzed Oxidations: General Considerations 135

Fig. 4.1 Reactions of triplet oxygen.

Fig. 4.2 Metal–oxygen species.
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ligands
résidus des aminoacides 

NB : d'autres types de ligands existent (goupes prosthétiques, cofacteurs...)
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HSAB ⇒ liaisons stables = acide dur/base dure ou acide mou/base molle

acides durs intermédiaires mous
petite taille
charge (DO) élevée
polarisabilité faible

Fe3+, Co3+, Cr3+, Mn2+, 
Ca2+, Na+, Al3+, Li+, 
Mg2+, H+… 

grande taille
charge (DO) faible
polarisabilité élevée

Fe2+, Co2+, Cu2+, 
Ni2+, Zn2+... 

Cu+, Pt2+, Ag+... 

bases dures intermédiaires molles
petite taille, électronégatif
polarisabilité faible, difficile 
à oxyder

grande taille, peu 
électronégatif, polarisabilité 
grande, facile à oxyder

H2O, OH-, RO-, O2-, 
F-, Cl-, NH3, RNH2, 
RCOO-, CO32-, 
PO43-,... 

py, N3-, N2, 
imidazole, O2,  Br-... 

I-, H2S, RSH, RS-, 
CO, CN-, PR3... 

théorie HSAB – spécificité des ligands & ions métalliques. 
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champ cristallin (champ de ligand) 

série spectrochimique 

A splitting of magnitude D7 is produced and it depends on both the nature of the metal ion and of the ligand.
In the case of the octahedral field, each electron placed in one of the t2g orbitals is stabilised by a total of
e2/5D, while electrons placed in the higher energy eg orbitals are destabilised by a total of 3/5D. The splitting
for a tetrahedral complex, Dtet is less than for an octahedral one and algebraic analysis shows that Dtet is about
4/9Doct.

Two factors will determine how electrons redistribute themselves among the d orbitals: (a) the tendency for
electrons to repel each other results in the half-filling of the d orbitals by single electrons before electron pairing
occurs and (b) the orbitals of low energy will be filled before higher energy orbitals are occupied. The
difference in energy D will determine which of those two factors will become important. A strong ligand field
will result in a large D which in turn will lead to the low energy t2g orbitals being occupied in preference to the
eg orbitals leaving the eg vacant and hence available for bonding. The resultant electronic configuration of the
central ion is then known as spin-paired. A weak ligand field will result in half-filled orbitals and the spin-free
configuration.

Different ligands will cause different separation of the d orbitals. This is evident in the multitudes of colors
available for a given metal ion when the ligand or stereochemistry varies. The ability of the ligands to cause a large
splitting of the energy between the orbitals is independent of the metal ion, its oxidation state, and the geometry of
the molecule. The ranking of the ligands in order of their ability to cause large orbital separations gives rise to
spectrochemical series, a shortened version of which is the following:

I! < Br! < SCN! < S2! < Cl! < NO3
! < F! < OH! w RCOO! < H2O w RS!

< NH3 w Im (imidazole) < bpy (2,20-bipyridine) < CN! < CO

Thus, iodide is a weak field ligand and gives small ligand field splitting, while carbon monoxide gives a strong
field and a largeD. The energy difference D over this range of ligands increases by a factor of about two. It must be
noted that this series must be used as a simple and useful rule and not taken as universally accepted, as it has been
built on experimental data for metal ions in common oxidation states.

Metals can also be arranged according to a spectrochemical series:

Mn2þ<Ni2þ< Co2þ< Fe2þ<V2þ< Fe3þ< Co3þ<Mn3þ<Mo3þ< Rh3þ< Ru3þ< Pd4þ< Ir3þ< Pt4þ

When CFT is applied to metal ions of a symmetrical spherical charge, such as the alkali metal ions Kþ and
Naþ, the energy calculations show that large cations of low charge should form few coordination compounds.
Transition metal cations, however, contain electrons in orbitals which are not spherically symmetric and which
affect bond energies and properties of the metal concerned. The weakness of the CFT is further highlighted by
the spectrochemical series. One would expect negatively charged ligands to give stronger crystal fields than
neutral ones if only pure electrostatic repulsions were in operation. The position of the negatively charged halide
ions as weak field ligands therefore seems odd, as does the fact that hydroxide ion is a weaker field ligand than
its parent acid water, despite having the same donor ion. CFT is incapable of explaining the differences in
magnetic and spectral properties of coordinated metal ions compared to the free metal ion, and indeed in
explaining why these properties depend on the nature of the ligand. For example, ½FeF3!6 $ has magnetic
properties corresponding to five unpaired electrons, whereas those of [Fe(CN)6]

3! correspond to only one
unpaired electron.

Such discrepancies between empirical observations and theory eventually prescribed a need to describe the
bonding in complexes of various symmetries not only taking into account the electrostatic interactions but also
the overlap interactions of themolecular orbitals. This theory is referred to as the ligand field theory (LFT). Consider

7. This is referred to as the crystal field splitting in CFT measuring the magnitude of the electrostatic interaction or the ligand field stabi-
lisation energy in LFT measuring the strength of the ligand field. In this book, we shall simply refer to it as the energy difference or ‘splitting’.
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Activation réductrice de O2 : 
Méthane Monooxygénase

27

Murray, Lippard, Acc. Chem. Res., 2007, 40, 466
Sazinsky, Lippard, Acc. Chem. Res., 2006, 39, 558 
Merkx et al. Angew. Chem. 2001, 40, 2782 

interactions between Glu-134, Glu-197, and Glu-111 in
ToMOH (Fig. 3a), whereas the amino group from the side chain
of Gln-140 performs this role in MMOH (Fig. 3b) (8). The
hydronium ion assignment preserves charge neutrality and is
supported by the out-of-plane displacement of the O-atom from
the H-bond acceptor O-atoms in Glu-111, Glu-134, and Glu-
197. Since Glu-111 of ToMOH and Gln-140 of MMOH do not
align sequentially with one another, the proteins seemed to
have evolved different strategies to preserve these interactions.
Both Glu-111 and Gln-140 are part of localized hydrogen bond-
ing networks linking these residues to amino acids on helix F,
which forms part of the canyon region proposed for binding the
coupling protein (37). Disruption of these hydrogen bonds due
to binding of the coupling protein may allow this regulatory
component to alter the chemical reactivity of the diiron center.
These newly identified local hydrogen bonding networks in

both the MMOH and ToMOH active sites highlight features not
previously thought to be significant to the function of the
enzyme.

The bridging ligands in the ToMOH active site are best fit as
a hydroxide ion at the position cis to the coordinating histidines
and a thioglycolate ion at the trans position that is accessible to
solvent from the substrate binding cavity. We tentatively as-
sign the latter ligand as thioglycolate, a component in the
purification buffer of the protein, based on the size and shape of
its electron density (Fig. 2c). Some residual difference density
remains in the vicinity of the sulfur atom even after thioglyco-
late is modeled, suggesting possible partial oxidation to the
sulfinate or perhaps positional disorder. Other buffer compo-
nents such as dithiothreitol, sulfate ion, glycerol, ethylene gly-
col, and water, do not fit the density as well as thioglycolate
and leave even more residual difference density. Nonetheless,

FIG. 1. Structure of ToMOH and comparison to MMOH. Ribbon diagrams of the ToMOH (a) and MMOH (b) structures colored by
polypeptide chain. The !-, "-, and #-subunits are depicted in teal, purple, and blue, respectively. Superposition of the ToMOH (blue) and MMOH
(purple) !- (c) and "-subunit (d) backbone trace in stereo. Letter A in c denotes the A-helix (see Ref. 8 for full helix labeling scheme). e, ribbon
diagram of the ToMOH #-subunit. f, ribbon diagram of the MMOH #-subunit. All graphics here and below were prepared using PyMOL unless
noted otherwise (W. L. DeLano (2002) www.pymol.sourceforge.net).

Crystal Structure of the Toluene Monooxygenase Hydroxylase 30603
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Structure du site actif 
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FeIII-FeIII 3,1 Å FeII-FeII 3,3 Å 

MMOHred MMOHox 

MMOR, the bridging hydroxides are extruded, presumably
as water molecules, and Glu-243 undergoes a carboxylate
shift to occupy the bridging position cis to the histidine
ligands while remaining chelated to Fe2 (Figures 1 and
2A).1 A newly supplied water molecule coordinates weakly
to Fe1 in a terminal position. As a consequence, the Fe-
Fe distance increases to 3.3 Å and an open coordination
site is formed on Fe2 facing the active-site pocket. X-ray
absorption spectroscopy (XAS) and X-ray crystallographic
investigations of the Fe2+ and Mn2+ forms of ToMOH,
respectively, reveal that the reduced form of ToMOH is
very similar to that of MMOHred, except that the metal-
metal distance for ToMOHred is slightly longer at 3.4 Å.11,12

Density functional theory (DFT) calculations suggest that
an open coordination position at Fe2 in MMOH is the
primary site of O2 activation by sMMO and perhaps all
BMMs.13 Synthetic model studies of carboxylate-rich di-
iron compounds also reveal the necessity of such open
positions for oxygenation chemistry to occur.14

Glu-243 of MMOH is the only iron-coordinated amino
acid that appears to alter its coordination mode and
positioning as MMOH cycles through different oxidation
states of the reaction cycle, according to both structural
and computational investigations (Figure 1).1,13,17 For RNR-
R2, more than one iron-coordinating carboxylate alters
its conformation, in addition to the residue analogous to
Glu-243 (Figure 2). The carboxylate groups of Asp-84 and
Glu-204 in RNR-R2 shift between monodentate and bi-
dentate coordination modes to Fe1 and Fe2.15 For ru-

brerythrin, the iron atom, Fe1, moves 1.8 Å to bind to
either His-56 or Glu-97 when the oxidation state changes.
The ligand positions remain fixed.16 Unlike the situation
in these enzymes, the positions of the analogous ligands
and iron atoms in MMOH and ToMOH are restricted by
second-sphere hydrogen-bonding interactions. Although
different for MMOH than for ToMOH,7 these restraints are
presumably required to preserve conformational rigidity
for these residues within the active site. For example, DFT
calculations revealed that, without such a constraint, a
monodentate terminal glutamate residue in reduced
MMOH prefers to become bidentate and chelating, thus
blocking a key coordination site required for O2 activa-
tion.17 The relative flexibility and positioning of carboxylate
ligands in these different diiron proteins appear to be key
components in tuning the reactivity of their respective
dimetallic cores.

Helix E of the MMOH and ToMOH four-helix bundle
has a π-helical segment in a region of the protein that
contributes a glutamate ligand to the diiron center and
several residues to the active-site pocket. This 10 amino
acid stretch of π helix in the middle of a mostly R-helical
segment also occurs in RNR-R2, ∆9 desaturase, and
rubrerythrin; it is absent in ferritin, bacterioferritin, and
hemerythrin. The differences in helical structure may be
of functional significance, but there is currently no clear
understanding of such. The enzymes harboring the π-he-
lical segment tend to have highly flexible iron ligands,
which change position and orientation with metal oxida-

FIGURE 2. Dioxygen-utilizing carboxylate-bridged diiron centers. (A) Oxidized (top) and reduced (bottom) MMOH. (B) Oxidized (top) and
MnII-reconstituted ToMOH (bottom). (C) Oxidized (top) and reduced (bottom) RNR-R2. (D) Oxidized (top) and reduced (bottom) rubrerythrin. (E)
Reduced stearoyl-ACP ∆9 desaturase. (F) Reduced bacterioferritin. (G) Methemerythrin. The active site of C. trachomatis RNR-R2 is identical
to that of MMOHox, although the bridging species is unknown. Fe1 is on the left, and Fe2 is on the right. All atoms and side chains are
depicted in a ball and stick model and are colored by atom type [carbon (gray), oxygen (red), nitrogen (blue), sulfur (yellow), iron (orange), and
manganese (green)].
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MMOR, the bridging hydroxides are extruded, presumably
as water molecules, and Glu-243 undergoes a carboxylate
shift to occupy the bridging position cis to the histidine
ligands while remaining chelated to Fe2 (Figures 1 and
2A).1 A newly supplied water molecule coordinates weakly
to Fe1 in a terminal position. As a consequence, the Fe-
Fe distance increases to 3.3 Å and an open coordination
site is formed on Fe2 facing the active-site pocket. X-ray
absorption spectroscopy (XAS) and X-ray crystallographic
investigations of the Fe2+ and Mn2+ forms of ToMOH,
respectively, reveal that the reduced form of ToMOH is
very similar to that of MMOHred, except that the metal-
metal distance for ToMOHred is slightly longer at 3.4 Å.11,12

Density functional theory (DFT) calculations suggest that
an open coordination position at Fe2 in MMOH is the
primary site of O2 activation by sMMO and perhaps all
BMMs.13 Synthetic model studies of carboxylate-rich di-
iron compounds also reveal the necessity of such open
positions for oxygenation chemistry to occur.14

Glu-243 of MMOH is the only iron-coordinated amino
acid that appears to alter its coordination mode and
positioning as MMOH cycles through different oxidation
states of the reaction cycle, according to both structural
and computational investigations (Figure 1).1,13,17 For RNR-
R2, more than one iron-coordinating carboxylate alters
its conformation, in addition to the residue analogous to
Glu-243 (Figure 2). The carboxylate groups of Asp-84 and
Glu-204 in RNR-R2 shift between monodentate and bi-
dentate coordination modes to Fe1 and Fe2.15 For ru-

brerythrin, the iron atom, Fe1, moves 1.8 Å to bind to
either His-56 or Glu-97 when the oxidation state changes.
The ligand positions remain fixed.16 Unlike the situation
in these enzymes, the positions of the analogous ligands
and iron atoms in MMOH and ToMOH are restricted by
second-sphere hydrogen-bonding interactions. Although
different for MMOH than for ToMOH,7 these restraints are
presumably required to preserve conformational rigidity
for these residues within the active site. For example, DFT
calculations revealed that, without such a constraint, a
monodentate terminal glutamate residue in reduced
MMOH prefers to become bidentate and chelating, thus
blocking a key coordination site required for O2 activa-
tion.17 The relative flexibility and positioning of carboxylate
ligands in these different diiron proteins appear to be key
components in tuning the reactivity of their respective
dimetallic cores.

Helix E of the MMOH and ToMOH four-helix bundle
has a π-helical segment in a region of the protein that
contributes a glutamate ligand to the diiron center and
several residues to the active-site pocket. This 10 amino
acid stretch of π helix in the middle of a mostly R-helical
segment also occurs in RNR-R2, ∆9 desaturase, and
rubrerythrin; it is absent in ferritin, bacterioferritin, and
hemerythrin. The differences in helical structure may be
of functional significance, but there is currently no clear
understanding of such. The enzymes harboring the π-he-
lical segment tend to have highly flexible iron ligands,
which change position and orientation with metal oxida-

FIGURE 2. Dioxygen-utilizing carboxylate-bridged diiron centers. (A) Oxidized (top) and reduced (bottom) MMOH. (B) Oxidized (top) and
MnII-reconstituted ToMOH (bottom). (C) Oxidized (top) and reduced (bottom) RNR-R2. (D) Oxidized (top) and reduced (bottom) rubrerythrin. (E)
Reduced stearoyl-ACP ∆9 desaturase. (F) Reduced bacterioferritin. (G) Methemerythrin. The active site of C. trachomatis RNR-R2 is identical
to that of MMOHox, although the bridging species is unknown. Fe1 is on the left, and Fe2 is on the right. All atoms and side chains are
depicted in a ball and stick model and are colored by atom type [carbon (gray), oxygen (red), nitrogen (blue), sulfur (yellow), iron (orange), and
manganese (green)].
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Interaction entre composants
le dilemme des oxygénases 

Convenient assembly of protein complexes (MMOH, MMOB, MMOR) : 
 - electron consumption ⟷ substrate hydroxylation;
 - protection of reactive oxygenated diiron intermediates (⥇reduction by reductase);

➯ Possible competition between MMOB and MMOR for a shared binding site on MMOH.
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compared spectroscopic properties of Q and model complexes

controversy.1,3−5,10,13−23 EXAFS13 analysis of rapid freeze
quench (RFQ) MMOHQ samples shows that the diiron cluster
was modeled with two short asymmetric Fe−O bonds to each
iron (1.77 and 2.05 Å) and a remarkably short Fe···Fe distance
of 2.46 Å. This short distance and the observation that both
Fe−O bonds are longer than the typical length of a terminal
Fe(IV)O bond (∼1.65 Å)24−27 suggested a bis-μ-oxo
diiron(IV) diamond-core structure. However, high-level
computational studies have never been able to reproduce
such a short Fe···Fe distance and instead produce optimized
diiron(IV) diamond-core structures with diiron distances of
2.6−2.8 Å.11,12,14,28−31

These computational studies are consistent with the
geometry of the small molecule diamond-core model complex
[Fe2(μ-O)2 (TPA*)2](ClO4)4 (d(Fe···Fe) = 2.72 Å) reported
by Que and co-workers.17 Recent continuous flow resonance
Raman15 studies on MMOHQ at 4 °C establish the insertion of
two equivalent oxygen atoms into the core of MMOHQ, both
originating from O2. The vibrational frequency of 690 cm−1

downshifting by 36 cm−1 when MMOHQ was prepared with
18O2 and the presence of a mode centered at 673 cm−1 when
16O18O was used were consistent with the tetra-atomic
vibrational mode of diamond-core model complexes. Notably
absent were the characteristic vibrational modes of either an
FeO or Fe−OH moiety. Additionally, no frequency shift was
obtained in the observed mode when MMOHQ was prepared in
D2O, which would argue against a species with an exchangeable
proton, as might be expected for the open-core models.
However, an exploration of these vibrational assignments
through calculations has yet to be made. There is also debate as
to whether the diamond-core is sufficiently reactive to effect
hydrogen atom abstraction from methane based on the much
higher reactivity found for model compounds upon opening of
the diamond core.19 It follows therefore that MMOHQ might
exist as or isomerize to the open-core form in order to gain the
necessary reactivity.19 Due to this ongoing controversy, we
believe that there is a need for further experimental and
theoretical studies in order to validate the nature of MMOHQ.
Herein, we adopt a new approach to address the nature of

MMOHQ through the application of Fe Kα high-energy-
resolution fluorescence-detected X-ray absorption spectroscopy

(HERFD XAS).32−35 The MMOHQ spectra are interpreted
versus parallel studies on the open- and closed-core model
compounds shown in Scheme 2. HERFD XAS is measured by

scanning through the metal K-edge and measuring the resultant
2p to 1s Kα fluorescence using a high-resolution Bragg optic.
Through this indirect detection method, the 1s core hole
lifetime broadening is suppressed, and an ∼2- to 4-fold
improvement in experimental resolution relative to that of
standard XAS is achieved. To illustrate this point, Figure 1
depicts a comparison of the pre-edge region of standard XAS
data (measured in total fluorescence yield mode (TFY)) versus
a HERFD XAS spectrum for model 3. When the pre-edge
features were modeled by pseudo-Voigt line shapes (excluding

Scheme 1. Proposed Catalytic Cycle of sMMO with
Spectroscopically Characterized Intermediates

Scheme 2. Reaction of 1 with H2O2 to Form Diiron(IV)
Complexesa

aEach iron center has a supporting TPA* ligand where TPA* =
tris[3,5-dimethyl-4-methoxy)pyridyl-2-methyl]amine.

Figure 1. Expansion of the pre-edge region of the Fe XAS total
fluorescence yield spectrum (top) vs the Fe Kα HERFD XAS
spectrum (bottom) on model complex 3.
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compounds shown in Scheme 2. HERFD XAS is measured by

scanning through the metal K-edge and measuring the resultant
2p to 1s Kα fluorescence using a high-resolution Bragg optic.
Through this indirect detection method, the 1s core hole
lifetime broadening is suppressed, and an ∼2- to 4-fold
improvement in experimental resolution relative to that of
standard XAS is achieved. To illustrate this point, Figure 1
depicts a comparison of the pre-edge region of standard XAS
data (measured in total fluorescence yield mode (TFY)) versus
a HERFD XAS spectrum for model 3. When the pre-edge
features were modeled by pseudo-Voigt line shapes (excluding
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rising edge in the same vicinity as MMOHQ, consistent with
diiron(IV) complexes. However, Figure 5B very clearly
illustrates that there is a significant difference between model
complex 3 and the open-core structure of model 4 in the pre-
edge region. Table 2 shows that the pre-edge area for the open-
core model is ∼36 units, while the diamond-core model 3 has
only ∼18 units of pre-edge area. This indicates much greater
3d−4p mixing in the former than in the latter. This difference is
also validated by TDDFT calculations of the XAS spectra
(Figure 5C), which are again in good agreement with
experiment. This finding highlights the predictive power of
such an approach.
Once again, it is useful to evaluate in greater detail the

geometric and electronic structural origins of the observed
changes in pre-edge intensity. Figure 6 displays the calculated
pre-edge transitions for both diiron(IV) models 3 and 4. As
shown in Table 1, diamond-core model 3 contains two
iron(IV) metal centers that are antiferromagnetically coupled
(S = 0) with Sloc = 1. Open-core 4, however, is a
ferromagnetically coupled diiron(IV) system (S = 2) with Sloc
= 1 units. For a more accurate investigation of the origin of the
pre-edge transitions of these complexes, Scheme 3 depicts a
simple d-orbital diagram for diiron models 3 and 4. Although
both models have the same local (Sloc = 1) spin state at each Fe,
the d-orbital ordering and magnetic coupling are different due
to the differences in geometry (Figure S6). In 3, the two Fe
atoms have equivalent electronic structures (hence only one Fe
is depicted in Scheme 3 for simplicity), with the dz

2 orbital
being the LUMO and the dx

2
−y

2 orbital being highest in energy
due to the strong interaction of the bridging oxo groups with
the xy-plane. In 4, the two irons are inequivalent due to the
presence of a hydroxo on one iron (1FeOH) and a terminal oxo

on the other iron (2FeO) (Scheme 3, right). Here the dx
2
−y

2

orbital is now the LUMO, and dz
2 is raised to the highest in

energy. These differences in electronic structure give rise to 6
unique pre-edge transitions for 3 and 12 possible pre-edge
transitions for 4, due to the presence of inequivalent irons in
the latter (as labeled in Scheme 3 and in Figure 6). In complex
3, the lowest energy pre-edge features correspond to the beta
transitions to the dxz and dyz orbitals (transitions 1 and 2, in
Figure 6, top). To higher energy, both alpha and beta
transitions to the unoccupied dz

2 (transitions 3 and 4) and
dx

2
−y

2 orbitals (transitions 5 and 6) are observed. The
transitions to the spin up and spin down orbital are split by
∼0.6 eV splitting due to spin polarization.38,51 Upon going to
the open-core structure in 4, the lowest energy pre-edge
transitions (< ∼ 7113 eV) again correspond to excitations to
the dπ orbitals. However, due to the inequivalence of 1FeOH
and 2FeO in terms of the local ligand field (Table 3 and Figure

Figure 4. Calculated Fe K-pre-edge XAS spectra applying a 1 eV
broadening and an energy shift of 151 eV for complex 1 (top) and
complex 2 (bottom).

Figure 5. (A) Kα HERFD XAS of models 3 and 4, together with the
data for MMOHQ. (B) Expansion over the pre-edge region. (C)
Calculated Fe K-pre-edge XAS spectra applying a 1 eV broadening and
an energy shift of 151 eV.

Journal of the American Chemical Society Article

DOI: 10.1021/jacs.7b09560
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HERFD XAS

1s → 4p

1s → 3d

J. Am. Chem. Soc. 2017, 139, 18024 

Tienberg et al., Acc. Chem. Res., 2011, 4, 280
Xue et al. Nat. Chem 2010, 2, 400
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KIE observed for MMOHQ decay : 50-100 for CH4 vs CD4.
KIE observed for product formation : 19.3 for CH4 vs CD4; 3.9 for the intramolecular effect in CD3H.

The reaction of CD4 with 18O2 results in 100 % CD318OH.
⇒ no exchange of oxygen or methyl hydrogen atoms with the solvent. 

a possible mechanism

bilan

hydroxylation du méthane par MMOHQ
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Kinetic Isotope Effect 

KIE : mechanistic phenomenon where isotopically substituted molecules react at different rates
➱ Interpretation of the rate differences provides information on the rate determining step (rds)

Primary isotope effect : labelled bond is made or broken in the rds
Secondary isotope effect : labelled bond is not made or broken in the rds
Normal isotope effect : kH/kD > 1
Inverse isotope effect : kH/kD < 1

Quick Review of Vibrational Spectroscopy

!  The vibrational energies (En) are dependent on the frequency of the bond stretch (!), which
is in turn dependent on the reduced mass of the two connected atoms (µ).

Internuclear Distance (r)

C H

r

!  The energy the molecule possesses in the ground vibrational state is known as the zero-point energy, and it 
forms the basis for the reactivity differences between isotopomers.

!  All bonds have quantized vibrational energy levels

n=3

n=2

99.9 % of C-H bonds are in
the ground vibrational
state (n=0) at room temperature

n=0

n=1

En = (n + 1) h!

µ  =  m1 · m2

m1 + m2

Three Key Equations

Zero-Point Energy

0.92

1.71

12C-12C

12C-13C

6.00

6.24

C-H

C-D

bond µ

E
n

e
rg

y

k 
µ2"c

1
! =

vibrational energy levels of chemical bonds 
(harmonic oscillator) :

depends on the bond stretch frequency, thus on 
the reduced mass of the two connected atoms

νC−H =
1

2π
k

µC−H

reduced mass :

µC−H=
mc ×mH
mc +mH

=
12
13

En = hν(n+ 1
2

)

NB : 99.9 % of C-H bonds are in the ground 
vibrational state (n=0) at RT.

➱ the ZPE forms the basis for the reactivity 
differences between isotopomers
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Kinetic Isotope Effect 

Primary isotope effect : C-H vs C-D homolytic cleavage
Physical Origins of Primary Kinetic Isotope Effects

Internuclear Distance (r)

C H

r

C D

r

n=0 (C-D)

n=0 (C-H)

Activation energy for
C-H bond homolysis

Activation energy for
C-D bond homolysis

C - H stretch

C - D stretch

frequency (cm-1)

2900

2100

ZPE (kcal/mol)

4.15 

3.00

rel. rate (300 K)

~6.9 

 1.0

!  As the C - H/D bond breaks at the transition state the stretch becomes a translation. As a result there is no new       
     stretch in the TS that corresponds to the stretch of ground state bond. For this mechanism, the isotope                    
      effect is entirely controlled by the difference in the ground state ZPE's.

!  Simplest case to treat is the homolytic cleavage of C - H/D bond where the bond is considered to be 
     fully broken at the transition state. Reaction progress followed by observing the C - H/D bond stretch.

Wesheimer, F.H. Chem. Rev. 1961, 61, 295

!!G = !ZPE

E
n
e

rg
y

µC−H=0.92      νC−H = 2900cm−1   ZPE=4.15 kcal.mol−1    rel. rate=6.9 (300K)

µC−D=1.71       νC−D = 2100cm−1   ZPE=3.0 kcal.mol−1      rel. rate=1 (300K)

kC−H
kC−D

= e
−ΔZPE
RT = e

1.15×103×4.18
8.32×300 = 6.86

classical limit

R-(H/D) → Product           kC-H ≠ kC-D
k
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