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Abstract

The understanding of reactive processes involving organic sub-
strates is crucial to chemical knowledge and requires multidisciplinary
efforts for its advancement. Herein, we apply a combined multivari-
ate, statistical and theoretical analysis of coupled time-resolved X-
ray absorption (XAS)/ UV-Vis data to obtain detailed mechanistic
information for the C-H bond activation of 9,10-dihydroanthracene
(DHA) and diphenylmethane (Ph2CH2) by the nonheme FeIV -oxo
complex [N4Py·FeIV (O)]2+ (N4Py = N ,N -bis(2-pyridylmethyl)-N -
bis(2-pyridyl)methylamine) in CH3CN at room temperature. Within
this approach, we determine the number of key chemical species present
in the reaction mixtures and derive spectral and concentration pro-
files for the reaction intermediates. From the quantitative analysis of
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the XAS spectra the transient intermediate species are structurally
determined. As a result, it is suggested that, while DHA is oxidized
by [N4Py·FeIV (O)]2+ with a hydrogen atom transfer-electron transfer
(HAT-ET) mechanism, Ph2CH2 is oxidized by the nonheme iron-oxo
complex through a HAT-radical dissociation pathway. In the latter
process, we prove that the intermediate FeIII complex [N4Py·FeIII(OH)]2+

is not able to oxidize the diphenylmethyl radical and we provide its
structural characterization in solution. The employed combined ex-
perimental and theoretical strategy is promising for the spectroscopic
characterization of transient intermediates as well as for the mecha-
nistic investigation of redox chemical transformations on the second
to millisecond time scales.

1 Introduction

Heme and nonheme FeIV -oxo complexes play an important role in a wide
variety of reactions, including alkane hydroxylation.1,2 In biological systems,
the accepted mechanism for alkane hydroxylation is that of an initial hy-
drogen abstraction (HAT) by the Fe(O) high-valent species followed by an
oxygen rebound (OR) process between the formed substrate radical and the
resulting FeOH complex.3,4 Also in nonheme systems a HAT-OR mechanism
has been suggested for the activation of C-H bond containing alkanes, leading
the complex to a final FeII oxidation state.1,5–8 In some cases, the possibility
of forming alkene products has been observed.9–11 However, there have been
reports suggesting the HAT-OR mechanism is not the only active one.12,13

Notably, it has been shown through theoretical and experimental evidence
that the hydroxylation of a series of alkanes by [(Bn-TPEN)-FeIV (O)]2+ and
[N4Py·FeIV (O)]2+ occurs preferably through a dissociation of the substrate
radical (RD), previously formed via HAT, as opposed to the oxygen rebound
or desaturation pathways.2 According to this mechanistic hypothesis, it was
shown by a combination of electron paramagnetic resonance (EPR) and elec-
trospray ionization (ESI) mass spectrometry analyses of the reaction solu-
tions that the FeIII species [N4Py·FeIII(OH)]2+ was formed as a final product
during the process, a conclusion further supported by the conversion of the
UV-Vis silent FeIII end product to FeII upon reduction with ferrocene.2 How-
ever, to the best of our knowledge, neither the FeIII-OH intermediate con-
centration time evolution during the reactive process has been quantitatively
determined nor has the structure of the same species been characterized.
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Time-resolved spectroscopic monitoring of chemical processes has been
widespread and essential for the investigation of their underlying mecha-
nisms. Among the more common laboratory-based spectroscopic techniques,
energy dispersive X-ray absorption spectroscopy (EDXAS) sets itself apart as
an advanced tool to follow reactions occurring on the second to millisecond
time scales. Notably, EDXAS offers the possibility of gaining simultane-
ous information on the time evolution of the oxidation state of the given
photoabsorber and of its molecular surroundings within 5 Å with a good de-
gree of accuracy.14–16 We have recently applied this technique in combination
with UV-Vis spectroscopy for the identification of the succession of oxida-
tion states and for the measurement of pseudo-first-order kinetic constants
in bimolecular reactions involving nonheme iron complexes.14,15,17

Herein, we combine multivariate statistical and theoretical analyses of time-
resolved coupled EDXAS/UV-Vis data to gain a comprehensive mechanistic
picture on the activation of C-H bonds in the substrates 9,10-dihydroanthracene
(DHA) and diphenylmethane (Ph2CH2) by the nonheme FeIV -oxo complex
[N4Py·FeIV (O)]2+. In particular, quantitative mechanistic and structural in-
formation for all the reaction intermediates is derived from the application
of principal component analysis (PCA) and a strategy belonging to the mul-
tivariate curve resolution (MCR) family. Through the employed method the
measured spectroscopic signal is decomposed into a set of N uncorrelated
spectra associated to the reaction key species and into the set of their rel-
ative concentrations.18 The use of MCR for the study of X-ray absorption
near edge structure (XANES) time-resolved data relative to chemical trans-
formations is a relatively new development,16 while there have been in the
past numerous applications of PCA to this end. For example, biochemi-
cal reactions,19,20 and phase speciation for an heterogeneous mixture of Co
organometallic species were investigated by means of PCA together with mul-
tiple data set fits of the extended X-ray absorption fine structure(EXAFS)
region and residual phase analysis. Further, the structures and the time
evolution of the concentrations belonging to the intermediates of a reaction
involving a methylrhenium trioxide catalyst in solution were obtained by
combining PCA, XANES anlysis and multidimensional interpolation of the-
oretical XANES spectra as a function of structural parameters.21 Conversely,
chemical systems so far mainly in the solid phase are being increasingly stud-
ied by means of the MCR algorithm, such as doped V2O5 lithium batteries,22

the effect of heating on the decomposition of chlorine layered double hydrox-
ide (LDH),23 Cu reducibility and speciation in Cu-CHA zeolite catalysts,24,25
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and chemical transformations involved in other solid state processes.26–32

The synergistic application of interdisciplinary spectroscopic and theoreti-
cal techniques holds promise for the study of chemical reactions occurring
on the second to millisecond time scales as demonstrated by the successful
application to the investigation of the activation processes of nonheme iron
complexes and of the oxidation of aromatic sulfides promoted by nonheme
FeIV -oxo complexes.16,33 In this work we show that the coupled XAS/UV-Vis
multivariate analysis can be applied profitably to the mechanistic analysis of
the most important reaction promoted by nonheme FeIV -oxo complexes, i.e.
the C-H activation of hydrocarbons.

2 Method

We investigated the oxidation reactions of DHA and Ph2CH2 by [N4Py·FeIV (O)]2+

in CH3CN at 25 ◦C, with the iron-oxo complex formed by reaction of the
Fe(II) complex with peroxyacetic acid (AcOOH) (220 mM, added as a 36-40
% w/w AcOH stock solution). Both processes were run under pseudo-first-
order conditions (DHA 45 mM and Ph2CH2 300 mM, respectively, added to
[N4Py·FeIV (O)]2+ 8 mM). The concentration of the substrates was chosen in
order to ensure their complete solubility and to keep the reaction time within
the limits dictated by the experimental set-up.

2.1 Decomposition of UV-Vis and EDXAS data into
the spectra and fractional concentrations of key
components

Time-resolved spectroscopical measurements of chemical processes yield a se-
ries of spectra that may be positioned in a matrixD, where the columns ofD
are the spectra measured at time t. According to Lambert-Beer’s law, at any
given time from reaction start a number N of “pure” and independent compo-
nents weighed by their fractional concentration contributes to the measured
signal.18 Decomposing the experimental data into the spectra associated to
the key reaction species and into their relative concentration profiles can offer
important insight into the reaction mechanism. In the present work, such
decomposition was performed with the PyFitit code,18 a software that uses
to such end an algorithm belonging to the MCR family.34
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The starting point of the employed approach is the Singular Value Decom-
position (SVD) equation:

D = U ·Σ · V +E (1)

where the product U · Σ contains, on its N columns, a set of values that
may be associated to the normalized absorption coefficients, Σ is a diago-
nal matrix known as the singular value term, whose elements are sorted in
decreasing order, while V can be interpreted as the concentration matrix as-
sociated to the N-selected components. Lastly, the error matrix E represents
the lack of fit between the experimental data matrixD and the reconstructed
matrix µ = U ·Σ · V . The SVD deconvolution depends on the correct esti-
mation of the number of components N present in the experimental spectral
matrix. This may be achieved by combining different statistical tests and
empirical evidences.18 Among them, in this work we chose to use the scree
plot and Imbedded-Error (IE) function analyses since they are readily inter-
preted (further discussed in Section 2.6 of the ESI).
At this point, all matrices in eq. 1 are solely mathematical solutions to the
decomposition problem without physico-chemical meaning. Once N is estab-
lished, the approach implemented by PyFitIt requires the introduction of a
N × N transformation matrix T in eq. 1, using the relation I = T · T−1:

D = U ·Σ · T · T−1 · V +E (2)

where the spectra belonging to the key reaction species are given by S =
U · Σ · T and their concentration profiles by C = T−1 · V . Subsequently,
the matrix elements Tij of matrix T are modified by sliders to achieve S
and C which are chemically and physically interpretable. Once this step is
achieved, one can finally write:

D = S ·C +E (3)

The unknown number of Tij elements of T is in principle equal to N2. In or-
der to reduce such ambiguity, some constraints were imposed. In the case of
the analyses of the UV-Vis data for both reactions, the transformation matrix
elements were varied in order to extract spectral components in accord with
the UV-Vis spectra known to belong to the reaction species. At wavelenghts
superior to 513 nm, the UV-Vis spectrum of complex [N4Py·FeII(CH3CN)]2+
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is comprised of the shoulder of a transition centered at λ = 495 nm. In that
same spectral range, the UV-Vis spectrum of complex [N4Py·FeIV (O)]2+

is constituted by a broad peak centered at approximately λ = 695 nm.
The spectra of these two species are shown in Fig. S5. Lastly, complex
[N4Py·FeIII(OH)]2+, exhibits a very weak, if any, absorbance in this spectral
range.2,35

In the case of the DHA reaction, a 2 × 2 matrix A1 was defined containing
four elements. The solution for the decomposition presented in eq. 3 was
obtained using the following matrix:

A1 =

(
−0.298 −0.168
+0.082 −3.198

)
(4)

Conversely, the following 3 × 3 matrix A2 was defined, containing nine ele-
ments, to decompose the UV-Vis data relative to the Ph2CH2 reaction:

A2 =

−0.0011 −0.0090 −0.0110
−0.0019 +0.0070 −0.0468
−0.0520 +0.0342 +0.0274

 (5)

In the case of the decomposition of the EDXAS dataset relative to the
Ph2CH2 oxidation, the normalization of all spectral components contained
in matrix S was required. This procedure reduces the unknown number of
the transformation matrix elements from N2 to N2 − N . The solution for
the decomposition was obtained using the following 3 × 3 matrix A3:

A3 =

 1/σ 1/σ 1/σ
+0.120 −0.220 −0.180
+0.100 −0.420 +0.370

 (6)

where σ = 0.0869 is the normalization coefficient.
For all analyses the non-negativity of both UV-Vis and XANES extracted
spectral and concentration profiles was implemented by looking for a set of
parameters capable of furnishing absorption and concentration profiles that
were non-negative.18,36 For the detailed explanation of how these constraints
are imposed, see Ref.18

3 Results and discussion

Fig. 1 presents the UV-Vis time course of the reaction of DHA with [N4Py·FeIV (O)]2+

followed through the absorbance decrease due to the decay of [N4Py·FeIV (O)]2+

6



(λ= 695 nm) and the absorbance increase due to the buildup of [N4Py·FeII(CH3CN)]2+

(λ = 513 nm). These spectroscopic data were subjected to two statistical
tests in order to determine the number of chemical species contributing to
the total measured signal. In particular, a scree plot and an IE-function test
were performed (refer to Section 2.6 of the ESI for additional details).18,36,37

The presence of an elbow in the scree plot between the second and third
Principal Component (PC) (Fig. 2a), as well as the fact that the IE-function
is minimized by N = 2 suggest that there are two active species contributing
to the UV-Vis spectra (Fig. 2c).

Conversely, Fig. 3 presents the UV-Vis spectra recorded during the oxi-
dation of Ph2CH2 by [N4Py·FeIV (O)]2+. The faster absorbance decrease at
λ = 695 nm (τ1/2 = 38 s) compared to the slower increase at λ = 513 nm
(τ1/2 = 54 s) supports the presence of a third species (Fig. 3b, right panel).
Also in this case the statistical tests were performed on the UV-Vis reaction
data. The presence of an elbow in the scree plot curve separating the singular
values associated to the third and fourth components (Fig. 2b), and the fact
that the IE-function is minimized by N = 3 (Fig. 2d) indicate that there are
three active species in the reaction data mixture. Such hypothesis is further
corroborated by the absence of an isosbestic point in the UV-Vis spectra for
the reaction of Ph2CH2 and its presence in the spectral data for the reaction
of DHA, as shown in Figs. 1b and 3b.

The EDXAS simultaneous experiment was employed to shed light on
the underlying mechanisms and to quantitatively characterize the structures
of the intermediates. Fig. 4 presents the EDXAS experimental measure-
ments, while Fig. S1 presents the same EDXAS data where a constant energy
cut (white dashed line) starting from the absorbance maximum of the first
EDXAS spectrum (for both chemical reactions) was drawn, together with
the evolution of all the spectral maxima (blue full line). One may see from
Fig. S1 that the EDXAS spectra, for both the DHA and Ph2CH2 reactions,
shift to lower energies over time, due to the FeIV reduction. Interestingly,
from this qualitative analysis it appears that in the case of the DHA process
this shift is continuous from reaction start, whereas for the Ph2CH2 oxida-
tion the shift is very slow until t ∼ 100 s and then becomes more evident.
These differences can be ascribed to the formation of FeIII at the beginning
of the Ph2CH2 oxidation, whose effect would be to slow down the spectral
edge shifts to lower energies if compared to the DHA process where there is
no buildup of the FeIII species.

In order to obtain insights into the different mechanisms in place for the
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Figure 1: UV-Vis monitoring of the reaction of [N4Py·FeIV (O)]2+ (8 mM)
with DHA (45 mM) in CH3CN at 25 ◦C. (a) Time evolution of selected
UV-Vis spectra from reaction start. (b, left panel) Changes in the UV–Vis
spectra, where the first and last reaction spectra are depicted in red and
blue, respectively. An arrow indicates the isosbestic point’s presence. (b,
right panel) Time course monitoring at λ = 695 nm and λ = 513 nm.

two processes, the UV-Vis data of both reactions were decomposed into the
spectra of the reaction components and into their relative concentrations
through the transformation matrix approach described in Section 2.1.18 Fig.
5a and b shows the isolated UV-Vis spectra and fractional concentrational
profiles relative to the oxidation of the DHA substrate. The first UV-Vis
spectrum (red line in Fig. 5a) belongs to complex [N4Py·FeIV (O)]2+ with the
characteristic absorbance maximum located at λ = 695 nm. The second spec-
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Figure 2: Statistical analysis results. Scree plot and IE-function test for the
UV-Vis reaction spectra involving DHA (panels a and c, respectively) and
Ph2CH2 (panels b and d, respectively). A red arrow indicates the number of
principal components necessary to reproduce the UV-Vis datasets suggested
by each statistical test.

trum (blue line in Fig. 5a) is assigned to complex [N4Py·FeII(CH3CN)]2+, a
species known to have an absorption maximum at λ = 450 nm. The isolated
spectra are in perfect agreement with those belonging to the pure species,
shown in Fig. S6.

The concentration profiles extracted from the UV-Vis data (Fig. 5b) have
been employed as mathematical constraints for the analysis of the EDXAS
reaction spectra shown in Fig. 4a. For the Lambert-Beer law,18 the two
reaction components contribute to each experimental EDXAS spectrum reg-
istered at time t with their own EDXAS spectra weighted for their relative
concentration. As a consequence, one can write the matrix of the experimen-
tal EDXAS spectra DDHA as:

DDHA = SDHA ·CDHA +E (7)

where every column of DDHA is an EDXAS experimental spectrum for the
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Figure 3: UV-Vis monitoring of the reaction of [N4Py·FeIV (O)]2+ (8 mM)
with Ph2CH2 (300 mM) in CH3CN at 25 ◦C. (a) Time evolution of selected
UV-Vis spectra from reaction start. (b, left panel) Changes in the UV–Vis
spectra, where the first and last reaction spectra are depicted in red and
blue, respectively. An arrow indicates the isosbestic point’s absence. (b,
right panel) Time course monitoring at λ = 695 nm and λ = 513 nm.

DHA oxidation, matrices SDHA and CDHA contain on their columns and
rows, respectively, the XANES spectral and concentration profiles belonging
to [N4Py·FeIV (O)]2+ and to [N4Py·FeII(CH3CN)]2+, while E is the resid-
uals matrix.38 Since the concentration matrix CDHA is available from the
decomposition of the UV-Vis data, matrix SDHA may be recovered as:

SDHA = DDHA ·CT
DHA · (CDHA ·CT

DHA)−1 (8)
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Figure 4: Time evolution of the Fe K-edge EDXAS spectra of the oxidations
of DHA (a) and Ph2CH2 (b) by [N4Py·FeIV (O)]2+ in CH3CN at ◦C. The
first and last reaction spectra are depicted in red and blue, respectively. A
magnification of the characteristic 1s→3d dipole-forbidden transition region
is shown in the insets of both panels.

where CT
DHA denotes the transpose of CDHA. Matrix E contained in

Equation 7 is minimized by refining the spectra S of eq. 8.
The obtained XANES spectra are presented in Fig. 5c and are assigned
to [N4Py·FeIV (O)]2+ (red line in Fig. 5c) and to [N4Py·FeII(CH3CN)]2+

(blue line in Fig. 5c). The energy position of the main absorption edge
unambiguously identifies the oxidation state of each spectral component. In
fact, the first inflection points of the spectra belonging to the FeIV initial

11



Figure 5: UV-Vis spectra (a) and fractional concentration profiles (b) ob-
tained through the matricial decomposition of the UV-Vis data for the DHA
oxidation. The UV-Vis spectra in panel (a) are on the same scale. (c) Fe
K-edge XANES spectra derived through matricial division and assigned to
the two reaction key species (the region of the characteristic 1s→3d dipole-
forbidden transition is shown in the inset).

species and to the FeII product lie at higher and lower energies, respectively.
The identification of the FeIV spectrum is further strengthened by the pres-
ence of a characteristic 1s→3d transition centered at approximately 7113 eV
(see inset in Fig. 5c). In fact, it is well established that, because of their
non-centrosymmetry, FeIV -oxo complexes including [N4Py·FeIV (O)]2+ pos-
sess relatively intense 1s→3d transitions.39,40

In the case of the Ph2CH2 oxidation, both the UV-Vis and the EDXAS reac-
tion data were subjected to independent transformation matrix decomposi-
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tions into the spectral and concentration profiles of the three main reaction
components.

Figure 6: Results of the MCR decomposition applied to the spectra for the
Ph2CH2 reaction. UV-Vis and XANES extracted spectra assigned to the
reaction key species (panels (a) and (c), respectively) and associated con-
centration profiles (panels (b) and (d), respectively). The UV-Vis spectra
in panel (a) are on the same scale. The dotted lines in panel (d) constitute
the concentrations obtained through the decomposition of the UV-Vis and
EDXAS reaction data, while the full lines are meant to aid in the visualiza-
tion.

The results of the decomposition of the UV-Vis data are shown in Fig.
6a,b. The first spectrum (red line in Fig. 6a) and second spectrum (blue line
in Fig. 6a) are assigned to complexes [N4Py·FeIV (O)]2+ and [N4Py·FeII(CH3CN)]2+,
respectively. The third extracted spectral component (green line in Fig. 6a),
having a very low signal, is identified as belonging to [N4Py·FeIII(OH)]2+. In
fact, it is known that this species exhibits a very weak UV-Vis absorbance, if
any, in the investigated spectral region.2,35 This hypothesis is supported by
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the associated extracted concentration profiles for the three reaction species,
presented in Fig. 6b. The concentrations of the FeIV initial species and FeII

product decay and increase, respectively, while that of the FeIII intermediate
increases to reach a maximum before decaying towards what appears to be
a constant value.
The extracted XANES spectra and fractional concentration profiles belong-
ing to the three reaction key species are presented in Fig. 6c,d. The spectral
component whose inflection point lies at the highest energy (red line in Fig.
6c) is assigned to complex [N4Py·FeIV (O)]2+. The spectra whose main ab-
sorption edges lie at the lowest (blue line in Fig. 6c) and intermediate (green
line in Fig. 6c) energies are assigned to complexes [N4Py·FeII(CH3CN)]2+

and [N4Py·FeIII(OH)]2+, respectively. Notably, the correct identification of
the FeIV and FeII species is further confirmed by the presence of the char-
acteristic 1s→3d transition in the FeIV spectrum (see inset in Fig. 6c),
and by the near equivalence of the FeIV and FeII spectra with the spectra
of [N4Py·FeIV (O)]2+ and [N4Py·FeII(CH3CN)]2+, respectively, derived from
the DHA reaction data (Figs. 5c and 6c). The dipole-forbidden transition
is weak and centered at approximately 7112 eV in the spectrum of the FeIII

compound, because of the lower oxidation state.
The fractional concentration extracted from the analysis of the EDXAS data
(see Fig. 6d) for the FeIV initial species exponentially decays to zero, while
that of the FeII species increases. Conversely, the concentration of the FeIII

component increases to reach a maximum between t = 50 s and t = 90 s and
then slowly decreases towards a plateau.41

Altogether the results obtained from the combined XAS/UV-Vis anal-
ysis indicate that a different reaction path exists for the two investigated
reactions. In the case of DHA the FeIV initial species is directly converted
into the FeII product, while in the case of Ph2CH2 an intermediate FeIII

complex is formed.To have a further proof of this finding ferrocene (Fc) has
been added at the reaction end. In the case of Ph2CH2 addition of Fc causes
an increase of the absorbance at λ = 450 nm, ascribed to the FeIII → FeII

reduction while, on the other hand, performing the same procedure on the
DHA reaction mixture produces no significant increase in the FeII UV-Vis
absorption band, thus confirming the previous results (see Section 2.4 of
ESI). These findings differ from those previously reported in the literature,
where it was found that FeIII represents a major reaction product in the re-
action of DHA with [N4Py·FeIV (O)]2+ employing iodosobenzene to generate
the FeIV -oxo complex.2 Conversely, in our experimental conditions due to
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the generation of the FeIV -oxo complex through AcOOH in acetic acid, acid
species such as AcOH and AcOOH are present in the reaction mixture which
may increase the redox potential of the FeIII-OH complex and render it ca-
pable of oxidizing in a very fast process the DHA radical to the DHA cation,
yielding FeII straight away. The increased reactivity of the FeIII hydroxide
under our reaction conditions would be enough to oxidize the DHA radical,
since the formation of the cation would benefit from the driving force of its
re-aromatization to anthracene. Conversely, the oxidation of the diphenyl-
methyl radical would yield a dibenzylic cation that would not possess the
same driving force. Indeed, the percentages of FeIII and FeII produced in
the reaction of Ph2CH2 with [N4PyFeIV (O)]2+ generated by reaction of the
FeII complex with AcOOH in our conditions (66% of FeIII and 34% of FeII)
are lower and higher, respectively, than those observed by carrying out the
reaction in the conditions employed by Nam et al.,2 with the FeIV -oxo com-
plex generated by reaction with PhIO (73% for FeIII and 27% for FeII).42

Interestingly, the concentration of the FeIII component, towards the end of
the reactive process, appears to approach a constant value, in combination
with that of the FeII product. This finding, together with the fact that the
concentration of the FeIII complex is non-zero at reaction end as verified
through the addition of Fc, suggests that the FeIII-OH species is in part
converted to FeII by reducing species formed as the reaction proceeds, such
as hydroperoxides. Overall, the concentration profiles extracted through the
EDXAS data (Fig. 6d) and the UV-Vis data (Fig. 6b) share a high degree
of similarity. Solely small differences occur whose origin may be assigned
to the larger experimental noise affecting the XANES data and to a certain
amount of rotational ambiguity due to the use of the transformation ma-
trix approach.18 Such rotational ambiguity may also account for the small
underestimation of the FeIII/ FeII product ratio determined by the multi-
variate decomposition of the coupled EDXAS/UV-Vis data if compared to
that assessed through the addition of Fc to the reaction mixture (which is
approximately equal to 2, see Fig. S3), together with the non-quantitative
nature of the latter method.
The mechanistic implications of these results may be rationalized as shown
in Fig. 7. In the case of DHA, the initial HAT from the FeIV -oxo complex
is followed by a fast ET (Fig. 7 a, step a) to produce the FeII complex with
little or no accumulation of the FeIII oxidation state and a cation which likely
undergoes a fast deprotonation (desaturation/aromatization process) to pro-
duce anthracene.43 In the case of Ph2CH2 the HAT is slower and followed
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by a radical dissociation step (Fig. 7 b, step b) leading to a diphenylmethyl
radical which can be likely oxidized to the corresponding cation precursor
of the hydroxylation product Ph2CHOH and the accumulation of the FeIII

complex whose concentration is partly depleted upon reduction to FeII (Fig.
7 b, step c).44 On the basis of such framework, we suggest that the active
third species (other than the initial FeIV and final FeII complexes) may be
identified as [N4Py·FeIII(OH)]2+.

Figure 7: Proposed mechanisms for the investigated reactions. Upper part:
(a) electron transfer from the radical to [N4Py·FeIII(OH)]2+. Lower part: (b)
escape of the radical from the ion cage; (c) reduction of [N4Py·FeIII(OH)]2+

to [N4Py·FeII(CH3CN)]2+.

In order to obtain detailed structural information for the reaction inter-
mediates and to confirm their proposed chemical identification, a full multi-
ple scattering (MS) analysis was performed for the XANES spectra isolated
from the EDXAS dataset relative to the Ph2CH2 oxidation (see Section 2.7 of
ESI).48–52 In the case of the FeIV and FeIII species, the iron first coordination
shell is made up by the four nitrogen atoms belonging to the N4Py backbone
(NPy), by one nitrogen atom bound to three carbon atoms (Namine) and
by an oxygen atom. Conversely, in the FeII complex the iron metal cation
is coordinated by the four NPy atoms, by a single Namine atom and by a
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Fe-Namine Fe-NPy Fe-NACN Fe-O
N r(Å) N r(Å) N r(Å) N r(Å)

FeIV

Cryst.45,46 1 2.033(8) 4 1.957(5) - - 1 1.639(5)
EXAFS39 - - 4 1.96 - - 1 1.64
This work 1 2.08(5) 4 2.01(5) - - 1 1.69(5)
FeIII

This work 1 1.97(5) 4 2.10(5) - - 1 1.89(5)
FeII

Cryst.47 1 1.961(3) 4 1.967(3) - 1.976(3) 1 1.915(3) - -
This work 1 1.98(5) 4 1.98(5) 1 1.96(5) - -

Table 1: Fe K-edge XANES structural parameters of the [N4Py·FeIV (O)]2+

(FeIV ), [N4Py·FeIII(OH)]2+ (FeIII) and [N4Py·FeII(CH3CN)]2+ (FeII), com-
plexes compared to available literature crystallographic and EXAFS data.
N is the number of coordinating atoms. RFe−Namine

and RFe−NPy
are the

average distances between the metal cation and the single tertiary nitrogen
atom and the four secondary nitrogen atoms of the N4Py molecule, respec-
tively, RFe−NACN

is the distance between the metal cation and the nitrogen
solvent atom while RFe−O is the distance between the metal cation and the
coordinating oxygen atom . In all cases, except for the crystal data reported
in Ref.,47 the average Fe-NPy distance is presented. The errors affecting the
listed distances are enclosed by parentheses.
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CH3CN solvent nitrogen atom (NACN). A fitting procedure for the FeIV and
FeII extracted XANES components has been performed by optimizing the
nonstructural parameters while the Fe–NPy, the Fe–Namine, the Fe–O and
the Fe–NACN distances were allowed to vary within ±0.05 Å of the crystal-
lographic ones. Conversely, in the case of the FeIII complex, the Fe–ligand
distances were refined together with the nonstructural parameters during the
fitting. The best-fit results are shown in Fig. S7 along with the associated
molecular clusters. Overall, the agreement between the theoretical spectra
and the isolated components is very good. The structural parameters are
listed in Table 1, while the full list of the nonstructural parameters together
with the residual error Rsq are reported in Table S1.

One may note that for the FeIII complex the Fe-Namine and Fe-NPy dis-
tances are equal to 1.97(5) Å and 2.10(5) Å, respectively, while the calcu-
lated Fe-O distance is 1.89(5) Å, a value that differs from the Fe-O distance
of 1.69(5) Å simulated for the FeIV complex. The reported bond lenghts
for the FeIII-OH intermediate are higher than the average Fe-N distance of
1.99 Å and the Fe-O distance of 1.81 Å evaluated using DFT-based calcula-
tions.2 Conversely, the average Fe-NPy distance of 2.10(5) Å refined here for
[N4Py·FeIII(OH)]2+ is very similar to the average Fe-NPy distances present
in the crystal structure of complex [N4Py·FeIII(OCH3)]

2+, where a methoxy
group coordinates the iron site. Indeed in this structure the two distinct
cations that comprise the asymmetric unit have Fe-Namine, Fe-O and average
Fe-NPy distances of 2.198(3) Å, 1.772(3) Å and 2.11(2) Å, and of 2.100(3) Å,
1.789(3) Å and 2.05(2) Å, respectively.53 Additionally, in the crystal structure
of complex [FeIII(OH)(N4Py2NpNH ][OTf]2 a Fe-O distance equal to 1.837(3)
Å has been reported, a value that is in line with the Fe-O distance of 1.89(5)
Å we have obtained.54 Finally, it is of note that the Fe-NPy, Fe-Namine,
Fe-O and Fe-NACN distances presented in this work for the FeIV , FeIII and
FeII complexes are identical within statistical errors to the same distances
evaluated for these complexes, as determined by a multivariate and theoret-
ical analysis of EDXAS data for the oxidation of para-methoxythioanisole
by [N4Py·FeIV (O)]2+ in CH3CN at room temperature and in the presence of
AcOOH and AcOH.33
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4 Conclusions

In this work it is shown through a combined spectroscopic, multivariate sta-
tistical and theoretical investigation that the activation mechanism of C-H
bonds by a nonheme FeIV -oxo complex differs depending on the employed
hydrocarbon substrate. In particular, we suggest that [N4Py·FeIV (O)]2+

oxidizes Ph2CH2 through a HAT-RD mechanism in which FeIII is formed
both as a reaction intermediate and a product. By contrast, we find that
in the oxidation of DHA a HAT-ET mechanism is in place without the ac-
cumulation of FeIII . Through a direct analysis of the time-resolved coupled
EDXAS/UV-Vis reaction spectra collected at room temperature and by per-
forming a quantitative analysis of the extracted XANES spectra of the key
reaction components, we acquire mechanistic information on the process and
we structurally characterize all reaction intermediates. The implemented
strategy can be useful in the future to gain further insight into the mecha-
nisms of complex reactive processes involving organic substrates.
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