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In this work, we obtain detailed mechanistic and structural information on bimolecular chemical reactions
occurring in solution on the second to millisecond time scales through the combination of a statistical,
multivariate and theoretical analysis of time-resolved coupled X-ray Absorption Spectroscopy (XAS) and
UV-Vis data. We apply this innovative method to investigate the sulfoxidation of p-cyanothioanisole and
p-methoxythioanisole by the nonheme Fe'V oxo complex [N4Py-FeV(O)>* (N4Py = N,N-bis(2-pyridyl-
methyl)-N-bis(2-pyridyl)methylamine) in acetonitrile at room temperature. By employing statistical and
multivariate techniques we determine the number of key chemical species involved along the reaction
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paths and derive spectral and concentration profiles for the reaction intermediates. From the quantitative
analysis of the XAS spectra we obtain accurate structural information for all reaction intermediates and
provide the first structural characterization in solution of complex [N4Py-Fe'”(OH)]2+. The employed strat-
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1. Introduction

Synergistic and interdisciplinary efforts are required to
strengthen the comprehension of chemical reactivity. In fact,
the increasing complexity of the systems investigated by
modern researchers makes it necessary to extend the tools
available for the elucidation of reaction mechanisms and for
the structural characterization of their transient intermediates
that are frequently silent to conventional experimental
methods of detection. Indeed, the accurate understanding of
the elementary steps that from reactants lead to products
should allow one to address previously unsolved mechanistic
controversies and to access the structures of the reaction key
species, whose knowledge is essential to comprehensively
describe a given transformation.

In this work, we present an innovative method to study the
mechanisms of bimolecular chemical reactions occurring in
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egy is promising for the spectroscopic characterization of transient species formed in redox reactions.

solution on the second to millisecond time scales and to
characterize the structures of their relevant chemical inter-
mediates. The employed approach combines a statistical,
multivariate and theoretical analysis of time-resolved coupled
Energy Dispersive X-ray Absorption Spectroscopy (EDXAS)/UV-
Vis data. Within this framework, we apply to the coupled
EDXAS/UV-Vis experimental spectra a method that integrates
Principal Component Analysis (PCA) and a strategy belonging
to the Multivariate Curve Resolution (MCR) family to decom-
pose the measured signals in a set of N uncorrelated spectra,
associated to the reaction key components, and in the set of
their relative concentrations, following the Lambert-Beer law.
The extracted concentration profiles are then used for a
mechanistic analysis of the investigated processes. Finally,
quantitative information on the molecular geometry of all reac-
tion intermediates is gained by theoretical X-ray Absorption
Near Edge Structure (XANES) simulations.

MCR methods have been extensively employed to extract
qualitative and quantitative information from the spectro-
scopic monitoring of chemical processes, using, for instance,
UV-Vis,"™* fluorescence,”” nuclear magnetic resonance,®°
circular dichroism,"'* near-infrared (NIR),"*™*® Fourier
Transform IR (FTIR),"**® time-resolved FTIR,"”>' and Raman
spectroscopy.”>*® Among these conventional experimental
approaches, X-ray absorption spectroscopy (XAS) stands out as
an advanced technique that is being increasingly applied to
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follow chemical reactions involving organic substrates.**>°
XAS offers, in fact, some important and unique advantages:
the capability of following both the electronic and structural
variation in configuration around a certain photoabsorbing
atom,”” and the possibility to extract structural insight by
reproducing the experimental spectra with theoretical simu-
lations of growing reliability. For instance, we have recently
used EDXAS in combination with UV-Vis spectroscopy to
identify the sequence of oxidation states in bimolecular reac-
tions occurring in solution on second to millisecond time-
scales and to measure reliable pseudo-first order kinetic
constants.”®>’

The application of PCA to XANES time-resolved data relative
to chemical reactions has been widespread, while that of MCR
is a relatively new development. Frenkel et al. employed PCA
together with multiple data set fits of the Extended X-ray
Absorption Fine Structure (EXAFS) region and the residual
phase analysis,*® a method employed as well to investigate bio-
chemical processes.’™** An additional method relying on PCA
and on the assumption that at a certain time the percentage of
the intermediate state is 100% was proven to be successful for
the analysis of the reduction and reoxidation of Cu-doped
ceria catalysts.*® Further, the joint use of PCA with a XANES
multidimensional interpolation approach was applied to
EDXAS data coming from a reaction involving a methyl-
rhenium trioxide catalyst in solution. This strategy enabled the
determination of the geometries and of the concentration time
evolution pertaining to the reaction intermediates.**
Conversely, the MCR algorithm is gaining increasing interest
for the understanding of chemical transformations, with
studies dedicated, for example, to ZnO Q-dot growth models,*
phase speciation of chlorine under temperature-programmed
transformation,®® Cu speciation and reducibility in Cu-CHA
zeolite catalysts,®”*® and other systems so far mainly in the
solid phase.**** By combining the analyses of both EDXAS
and UV-Vis spectroscopic data, herein we develop an approach
that allows one to greatly reduce the non-uniqueness of the
extracted solutions to the decomposition problem, thereby lim-
iting the rotational ambiguity that affects the MCR methods
which rely on a single set of spectroscopic measurements.*>*®

Oxygen atom transfer (OAT) to organic and inorganic sub-
strates may be promoted by high-valent metal-oxo species with
heme and nonheme ligands formed in heme and nonheme
iron oxygenases and their synthetic counterparts.’’"*®
OAT is a key step in numerous biological and catalytic reac-
tions and its mechanism has been widely investigated.**™
Two distinct pathways have been proposed for sulfoxidation
reactions catalyzed by high-valent metal-oxo complexes: a
direct oxygen transfer (DOT) and an electron transfer preced-
ing an oxygen transfer (ET-OT).*®%>">* This mechanistic dichot-
omy has been recently investigated in detail for the oxidation
of aromatic sulfides promoted by [N4Py-Fe'(O)]** (N4Py = N,N-
bis(2-pyridylmethyl)-N-bis(2-pyridyl )methylamine), that oxi-
dizes para-X substituted thioanisoles (where X = CHj;, H, Cl,
CN) through a DOT process in the presence of perchloric acid
or without acid additives.”””> Conversely, if the same reactions
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are performed in the presence of Sc(OTf); or triflic acid a
metal ion-coupled ET and a proton-coupled ET have been
shown to occur, respectively, prior to the OT.>**” The switch to
the ET-OT process was made clear in the reaction of
[N4Py-Fe™(0)]** (1.0 x 10~* M) with p-methoxythioanisole (4.0
x 107* M) in the presence of Sc** (4.0 x 10~ M), by the transi-
tory appearance at 580 nm of the UV-Vis absorption signal
associated to the p-methoxythioanisole radical cation formed
after the initial ET step.?” Additional substrates, such as aryl-1-
methyl-1-phenylethyl and aryl diphenylmethyl sulfides, are
also known to be oxidized by [N4Py-Fe™(O)]** with an ET-OT
mechanism as demonstrated by the observation of fragmenta-
tion products deriving from C-S bond cleavage of the corres-
ponding aryl sulfide radical cations.>®*™%*

Herein, we show the potential of our approach by investi-
gating the sulfoxidation of two differently para-substituted
thioanisoles, p-cyanothioanisole and p-methoxythioanisole,
by the nonheme Fe"™ oxo complex [N4Py-Fe'V(O)]*", with the
twofold aim of shedding light onto the reaction mechanisms
and determining the structure of the elusive intermediates
that are formed during the reaction pathways. The successful
application of our methodology may provide a new tool to
gain a comprehensive structural, mechanistic and kinetic
picture for reactions involving organic substrates and occur-
ring in solution on the second to millisecond time scales,
together with contributing to understand the reactivity of
nonheme complexes.

s%ﬁ

Estimate the number
of pure species in the
dataset: Scree and IE
plots

i

Apply the MCR method
(TM approach)
Constraints:
+ Non negativity
*  Mass balance condition

| I
UV-Vis EDXAS
pure spectra pure spectra
and and
l Stop I

Fig. 1 Flow diagram reporting the procedure followed to decompose
the UV-Vis and the EDXAS data sets relative to the oxidation of
p-CNCgH,4SCHs and of p-CH30CgH4SCHs by [N4Py-Fe'V(O)1?*. Starting
from the UV-Vis data, the number of chemical species contributing to
the series of spectra is estimated by analyzing the Scree and the
Imbedded Error (IE) function plots, respectively. The same number of
species is supposed to characterise the EDXAS data set referring to the
given reaction. Subsequently, the transformation matrix based MCR
approach is applied to both data sets, allowing one to retrieve the spec-
tral and concentration profiles of the pure species.

This journal is © The Royal Society of Chemistry 2020
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2. Results and discussion

The aim of our investigation is to address the need of new
methods capable of shedding light onto chemical reactions
whose previously proposed mechanisms are still controversial,
also by accurately determining the three dimensional structure
of the key reaction intermediates. Here, we present an innova-
tive approach that combines theoretical and advanced experi-
mental techniques which possess a structural and oxidation
state sensitivity not accessible to other experimental pro-
cedures. The method was applied to evaluate the reactivity of
p-cyanothioanisole (p-CNC¢H,SCH3) and of p-methoxythioani-
sole (p-CH30CqH,SCH;) with the nonheme Fe™ oxo complex
[N4Py-Fe™(0)]**, whose oxidations are slower and faster,
respectively.>® To this end, a multivariate statistical analysis
was applied to the coupled EDXAS/UV-Vis data of both reac-
tions as outlined in the flow-diagram reported in Fig. 1. In par-
ticular, the number N of chemical species present in the reac-
tion mixtures is determined by applying two different statisti-
cal tests to the UV-Vis data sets, namely the Scree plot and the
imbedded-error (IE) function test. The XAS and UV-Vis experi-
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mental data are then decomposed into the N spectral and con-
centration profiles belonging to the reaction intermediates
using the transformation matrix (TM) MCR method
implemented in the PyFitlt software (refer to the Method
section of the ESIf for additional details).” Both reactions
were carried out under pseudo-first-order conditions
(p-CNC¢H,SCH; 800 mM and p-CH30C¢H,SCH; 100 mM,
respectively, added to [N4Py-Fe'(O)]** 15 mM) in CH;CN at
25 °C, with the iron-oxo complex pre-formed by reaction of the
Fe" complex [N4Py-Fe"(CH;CN)]** with peroxyacetic acid
(220 mM, added as a 36-40% w/w AcOH stock solution).

Fig. 2 presents the UV-Vis time course of the reaction of
[N4Py-Fe™(0)]** with p-CNC¢H,SCH; followed through the
absorbance decrease due to the decay of [N4Py-Fe"™(O)]*" (4 =
695 nm) and the absorbance increase due to the formation of
[N4Py-Fe"(CH;CN)]** (4 = 513 nm). The presence of the iso-
sbestic point in Fig. 2b (left panel, inset) suggests the direct
interconversion of the Fe' species to the Fe" state with no
intermediate involved. Conversely, Fig. 3 presents the UV-Vis
spectra recorded during the reaction of the nonheme Fe' oxo
complex and p-CH;0C¢H,SCH;. The absence of an isosbestic
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Fig. 2 UV-Vis monitoring of the reaction of [N4Py-Fe'V(O)]?* (15 mM) with p-CNCgH4SCH3 (800 mM) in CHsCN at 25 °C. (a) Time evolution of
selected UV-Vis spectra from reaction start. (b) Changes in the UV-Vis spectra with a magnification of the spectral region between 1 = 550 nm and
A =590 nm (left panel) and time course monitoring at 2 = 695 nm and 1 = 513 nm (right panel). The first and last difference UV-Vis reaction spectra

are highlighted in red and blue, respectively (left panel).
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Fig. 3 UV-Vis monitoring of the reaction of [N4Py-Fe'V(O)]2+ (15 mM) with p-CH3sOCgH4SCH3 (100 mM) in CH3CN at 25 °C. (a) Time evolution of
selected UV-Vis spectra from reaction start. (b) Changes in the UV-Vis spectra with a magnification of the spectral region between A = 550 nm and
A =590 nm (left panel) and time course monitoring at 2 = 695 nm and 4 = 513 nm (right panel). The first and last difference UV-Vis reaction spectra

are highlighted in red and blue, respectively (left panel).

point and the sharp absorbance decrease at A = 695 nm com-
pared to the slower corresponding increase at 1 = 513 nm are
indicative of the possible presence of a third, intermediate
species. It is instructive to note that the absorbance time evol-
ution at 4 = 695 nm closely resembles the previously reported
absorbance evolution at 4 = 695 nm for the reaction of
p-CH;0CgH,SCH; and [N4Py-Fe"(O)]*" in the presence of
SC3+.47

In order to gain a quantitative insight into the number of
pure chemical species contributing to the overall UV-Vis
signals, the spectroscopic data were subjected to a statistical
analysis as previously mentioned. In the Scree plot, the singu-
lar values associated to each principal component (PC)
extracted through the Singular Value Decomposition (SVD)
procedure are analyzed and plotted versus the number of com-
ponents characterizing the data set (see Fig. 4). The identifi-
cation of an elbow in the resulting curve marks the distinction
between signal and noise related components. As for the reac-
tion involving p-CNC¢H,SCH3, one may see in Fig. 4a that after
the second component the intensities of the singular values
rapidly drop down towards an approximately flat line. On the

Dalton Trans.

other hand, the Scree plot analysis for the p-CH;0C¢H,SCH;
reaction (Fig. 4c) reveals that the third PC contributes non-neg-
ligibly to the experimental data, while starting from the fourth
PC all components are associated to noise.

As detailed in the ESIL T given a number % of PCs employed
to represent the experimental data matrix, it can be shown that
the IE-function decreases for 4 < N and increases for 4 > N as a
function of the number of PCs. It follows that the IE-function
is minimized by the number of relevant components contri-
buting to the overall signal. Fig. 4b and d show the IE-function
test results for the UV-Vis data and the IE-function is mini-
mized by N = 2 and N = 3 for the p-CNC¢H,SCH; and
p-CH30C¢H,SCH; reactions, respectively. These findings are in
good agreement with the Scree plot analysis, suggesting that
while in the case of the p-CNCsH,SCH; reaction there are only
two active species, namely the Fe" reactant and Fe'' product,
in the case of p-CH;0C¢H,SCH; a third species contributes to
the experimental UV-Vis data.

In order to obtain further insights into the mechanisms in
place for the two processes, the UV-Vis data were decomposed
in a set of spectral and concentration profiles referring to the

This journal is © The Royal Society of Chemistry 2020
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Fig. 4 Statistical analysis results. Scree plot and IE-function test for the UV-Vis reaction spectra involving p-CNCgH4SCH3 (panels (a) and (b),
respectively) and p-CH3zOCgH4SCH3 (panels (c) and (d), respectively). A green arrow indicates the number of principal components necessary to

reproduce the UV-Vis data set suggested by each statistical test.

reaction components. Fig. 5a and b show the isolated UV-Vis
spectra and fractional concentrational profiles for the
p-CNC¢H,SCH; reaction. The first spectrum (red) belongs to
complex [N4Py-Fe"™(0)]*", exhibiting an absorbance maximum
at 4 = 695 nm, while the second spectrum (blue) is assigned to
complex [N4Py-Fe"(CH;CN)]*". The extracted spectra are in
excellent agreement with the known spectra for the two
species, shown in Fig. S2.1 The exponential fit of both concen-
tration profiles provides a pseudo-first-order kinetic constant &
=0.052 + 0.002 s—* (Fig. S37). This value is slightly higher than
that reported in the literature,*® a result that can be rational-
ized on the basis of the higher reactivity of the Fe" oxo
complex induced by the acid medium (vide infra).

At this point, one can use the relative concentrations
acquired by means of the UV-Vis data decomposition as math-
ematical constraints for the analysis of the EDXAS
p-CNCcH,SCH; reaction spectra (previously subjected to a
smoothing procedure using the Savitzky-Golay filter)®* shown
as a continuous evolution in Fig. S1a.f This procedure allows
one to recover the XANES spectra associated to the species
present in the reaction mixture. According to the Lambert and
Beer law," it is possible to assert that each EDXAS spectrum,
constituting the experimental data set, can be written as the
linear combination of the two spectra, corresponding to the
identified reaction components and weighted by their relative
concentrations. It follows that the experimental EDXAS data
set D can be expressed as:

D=S-C+E (1)

This journal is © The Royal Society of Chemistry 2020

where every column of D is an EDXAS experimental spectrum
while matrices S and C contain respectively, on their columns
and rows, the EDXAS spectra and concentration profiles refer-
ring to the two reaction key species. Finally E is a matrix of
residuals depending on the chemical species involved in the
data mixture.®® Because the concentration matrix C has been
retrieved from the UV-Vis data set shown in Fig. 5b, it can be
properly employed in the classical least squares method to
recover matrix S as:

s=p-c'-(c.-chH! (2)

where the letter T denotes the transpose operator. The set of
spectral profiles S given by eqn (2) are refined in order to mini-
mize the residuals E of eqn (1). Fig. 5¢c shows the derived
XANES spectra assigned to complex [N4Py-Fe™(O)]** (red) and
to complex [N4Py-Fe"(CH;CN)** (blue).

In order to determine the energy position of the Fe main
absorption edges we have decomposed the threshold region of
each spectrum as the sum of an arctangent function account-
ing for the transition into the continuum and a Lorentzian
function due to the 1s — 4s transition, as shown in Fig. S4.t
The oxidation state of each XANES spectrum is assigned by the
energy position of the main absorption edge determined as
that of the arctangent inflection point. These values are 7124.7
eV and 7126.2 eV for the Fe and Fe"™ complexes, respectively,
and are listed in Table S1f together with the edge energy
values of the same complexes previously determined.®® The
absolute energy difference between these last two values is

Dalton Trans.
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Fig. 5 UV-Vis spectra (a) and fractional concentration profiles (b)
obtained through the matricial decomposition of the UV-Vis data for
the p-CNCgH,4SCH3 oxidation. (c) Fe K-edge XANES spectra derived
through matricial division and assigned to the two reaction key species.
A magnification of the pre-edge region is shown in the inset.

1.7 eV, in good agreement with the absolute energy difference
between the main absorption edges of the Fe'¥ and Fe" species
that we report, which is equal to 1.5 eV. Interestingly, the Fe'"
species possesses an intense 1s — 3d dipole-forbidden tran-
sition located at 7113.3(2) eV. In fact, it is known that
nonheme Fe™ oxo complexes show relatively intense 1s — 3d
transitions due to their non-centrosimmetry and it has been
reported this is the case also for complex [N4Py-Fe¥(O)]**.57%
This same feature is very weak and centered at 7111.8(2) eV
in the spectrum of the Fe" complex (see inset in Fig. 5c.
Previously, Rohde et al. reported pre-edge energies of 7114.3 eV
and 7112.9 eV for the Fe' and Fe" complexes, respectively, and
that the transition area belonging to the Fe' species is approxi-
mately six times greater than that of [N4Py-Fe''(CH;CN)**.°® In
a following work, the pre-edge energies of a series of Fe',*’
Fe™ 7% and Fe' complexes were uniformly re-assessed in order
to eliminate ambiguities due to the differences in normaliza-
tion and calibration procedures and a pre-edge energy of
7113.6 eV was reported for complex [N4Py-Fe™(O)]*", a value in
line with the one we have determined for the Fe' species.”* If
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one were to apply the same energy shift of —0.7 eV to the litera-
ture pre-edge energy of [N4Py-Fe"(CH;CN)]**, the estimated cor-
rected value would be 7111.2 eV. This last value is coherent
with the energy value of 7111.8(2) eV that we report for the pre-
edge transition of the Fe" species, and is also in good agree-
ment with the pre-edge energies of other Fe" high valent iron
complexes such as, for example, [Fe"CL,]*” and [Fe''Cl,]*"
which are equal to 7112.1 eV and 7111.8 eV, respectively.”"
These findings further support the chemical identification of
the two iron complexes.

Conversely, the results of the decomposition of the UV-Vis
data relative to the p-CH;0C¢H,SCH; oxidation are shown in
Fig. 6a. The first (red) and second (blue) spectrum belong to
complexes [N4Py-Fe™(0)]** and [N4Py-Fe"(CH;CN)J**, respect-
ively. The third extracted spectral component (green), showing
a very faint signal, is assigned to [N4Py-Fe'"(OH)J*". In fact, it
is known that the Fe™ complex exhibits a very weak, if any,
absorbance in the spectral region of interest.”>”® The fact that
the MCR approach exploited in this work is able to identify a
chemical species that has a very low UV-Vis signal is not sur-
prising. The spectral decomposition procedure is based on the
PCA of the collected set of experimental data, and it aims to
identify algebraically a set of pure spectral profiles (having a
chemical physical meaning) able to explain the highest vari-
ations in the data excluding the noise.”>’* The presence of a
pure, almost silent species clearly influences the system under
study, causing an appreciable intensity variation of the experi-
mental signal especially between 0.0 and 0.5 s. It is worth
noting, in fact, that each experimental UV-Vis spectrum of the
data set can be expressed as the linear combination of the
three pure constituents provided by the MCR approach. It
follows that the chemical species possessing the spectral con-
tribution shown in Fig. 6a in green will provide the strongest
contribution in the data set variance when its fraction will
reach its maximum. The associated concentration profiles for
the three reaction species, shown in Fig. 6b, support this
hypothesis. The concentration of the Fe™ intermediate
increases to reach a maximum before decaying to zero, while
those of the Fe' initial species and Fe" product decay and
increase, respectively, as expected.

Because of these findings, we postulate the existence of a
substrate-induced mechanistic switch from a DOT process
involving p-CNCcH,SCH; to a proton-coupled ET process for
p-CH3;0C¢H,SCH3;, as shown in Fig. 7B. Within this hypoth-
esis, in the latter case due to the acidity of the medium, the ET
from the sulfide to [N4Py-Fe™(0)]** is coupled with a proton
transfer to  produce the sulfide radical cation
p-CH3;0CeH,SCH;* and the complex [N4Py-Fe"™(OH)]*
(Fig. 7B). The fact that in the ms timescale we do not measure
an appreciable contribution to the UV-Vis signal from
p-CH3;0C¢H,SCH;™", which is characterized by an intense
absorption band centered at A = 580 nm (¢ = 7500 M '
em™"),”>”7® may be ascribed to a fast competitive decay process
of the radical cation due to a nucleophilic attack to the sulfur
atom by AcOH and/or AcOOH (at the beginning of the reac-
tion, the substrate, AcOOH and AcOH are approximately in a

This journal is © The Royal Society of Chemistry 2020
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Fig. 6 Results of the decomposition of the spectroscopic data for the p-CH3OCgH,SCH3 oxidation. UV-Vis and Fe K-edge XANES extracted spectra
assigned to the reaction key species (panels (a) and (c), respectively) and associated concentration profiles (panels (b) and (d), respectively). The
dotted lines in panel (d) constitute the concentrations obtained through the decomposition of the EDXAS reaction data, while the full lines represent

the best-fit analytical solutions to a Fe'V = Fe'

A.
SCH3
s AR rNEpe —DOT o
CN
B.
e
SCH3 SCH3
+ EalV 2+ ET
[N4Py-Fe'(O)] ?
OCH3 OCHj3
a Nu
S(O)CH3
OCH3;

Fig. 7 Proposed mechanisms for the investigated reactions.

1.0:2.2:4.4 ratio) that prevents the radical cation accumu-
lation (Fig. 7B, pathway a). This hypothesis is supported by the
observation that the nucleophilic attack to the sulfur atom rep-
resents the main decay pathway of radical cations of aryl
benzyl sulfides generated by anodic oxidation in AcOH leading
to the corresponding sulfoxides.”® Moreover, the relative con-

This journal is © The Royal Society of Chemistry 2020

2 . .
= Fe" mechanistic scheme.

O
+ [N4Py'Fe”'(OH)]2”—>b

S(O)CH3

+ [N4Py*Fe'(CHyCN)[>*

CN
SCHy
.
H*, SCH,
CHj

+ [N4PyFe'(CH3CN)J?* + H,0

OCH;

tribution of this process increases in the presence of the elec-
tron donating aryl p-OCH; substituent. Under this hypothesis,
the [N4Py-Fe'(OH)]*" species is stable enough to be detected
in the ms timescale. Its decay to Fe" is likely due to one-elec-
tron oxidation of another substrate molecule, which is present
in large excess (Fig. 7B, pathway b). This reaction would be
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favoured both by the acid environment that enhances the
redox potential of the Fe™ species, and by the para-methoxy
substituent, that makes the aryl sulfide a stronger reducing
agent.

To verify the consistency of the matricial decomposition of
the UV-Vis data relative to the p-CH;0C¢H,SCH; oxidation,
the Savitzky-Golay smoothed EDXAS reaction data (presented
in Fig. S1bf) were independently subjected to the matricial
decomposition approach, in order to extract the three spectral
and concentration profiles. The derived XANES spectra and
fractional concentration profiles are presented in Fig. 6¢c and
d. The threshold regions of all XANES spectra were analyzed to
determine the energies of the main absorption edges, as pre-
viously outlined, and the results are shown in Fig. S5.7 The
XAS spectrum in blue was fixed to coincide with the EDXAS
spectrum measured at ¢ = 3.0 s from reaction start and it is
assigned to complex [N4Py-Fe'(CH;CN)]**. This assumption is
motivated by the fact that the experimental XAS spectra and
the energy positions of the main absorption edges show no
variation after 3.0 5.>° Moreover, the experimental XAS spec-
trum measured at 3.0 s has an edge position at 7124.7 eV and
it is very similar to the XANES component of the Fe' species
extracted spectrum extracted from the p-CNC4H,SCH; reaction
EDXAS data (Fig. 5c¢). The XANES components whose main
absorption edges lie at the highest (red) and the intermediate
(green) energies are assigned to complexes [N4Py-Fe™(O)]*
and [N4Py-Fe"™(OH)J**, respectively. In fact, the spectral com-
ponents assigned to the Fe" and Fe™ species possess main
absorption edge energy values of 7126.2 eV and of 7125.4 eV,
respectively, as shown in Fig. S5a and S5b.} The edge energy of
the Fe"™ complex is identical to that of the same species deter-
mined from the analysis of the p-CNCsH,SCH; reaction EDXAS
data. The Fe'™ complex possesses an intermediate main edge
energy value if compared to those of the Fe¥ and Fe" com-
plexes as expected due to the intermediate oxidation state,
similarly to complex [N4Py-Fe(OO'Bu)]*",°® as listed in
Table S1.f The identification of the XANES spectra is strength-
ened by the presence of the characteristic 1s — 3d transition
located at 7113.6(2) eV, 7112.4(2) eV and 7111.8(2) eV in the
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spectra assigned to the Fe™, Fe'™ and Fe" complexes, respect-
ively (see inset of Fig. 6¢). This feature is intense in the spec-
trum of the Fe" complex, less intense in that of the Fe
species, and weak in that of the Fe" compound, as previously
reported for the same Fe' and Fe species and for the com-
pound [N4Py-Fe™(OO'Bu)]*".°® Additionally, the energy of the
pre-edge peak of [N4Py-Fe'(OH)]** is quite similar to those of
other Fe'™ high-valent complexes, such as [Fe(CN),]>~ and
[Fe'(prpep),] which are both equal to 7112.6 eV.”*

The fractional concentration of the Fe' reactant rapidly
decays to zero, while the concentration of the Fe'" species stea-
dily increases, as expected for the reaction product.
Conversely, the concentration of the Fe™" component increases
to reach a maximum between ¢ = 0.4 s and ¢ = 0.8 s before
reaching zero at ¢ = 3.0 s. These results are in good agreement
with the UV-Vis reaction monitoring of the decrease of the
Fe' absorbance and the increase of the Fe™ absorbance shown
in Fig. 3b and closely resemble the concentration profiles
obtained by analyzing the UV-Vis data (Fig. 6b). The concen-
tration profile trends shown in Fig. 6b and d show an evident
level of similarity. The occurring differences can be attributed
to the higher amount of noise affecting the XANES measure-
ments and to a certain level of rotational ambiguity connected

Table 2 Best-fit nonstructural parameters obtained from the MXAN
analysis of the Fe K-edge XANES spectra of the [N4Py-Fe'V(O)1?* (Fel),
[N4Py-Fe"'(OH)I?* (Fe"") and [N4Py-Fe'(CH3sCN)I1?* (Fe") complexes. Er is
the difference between the theoretical threshold energy and the first
inflection point of the XANES spectrum, E¢ is the Fermi energy level, E;
and A are the energy and amplitude of the plasmon, I'e,, is the experi-
mental resolution

Ey (eV) Egp (eV) Texp Eq (eV) As Ryq
Fe' -3.7 —0.4 0.6 23.0 11.0 1.89/2.5°
Fe'! -4.8 4.6 0.7 25.3 7.1 1.7%
Fe' -5.7 1.37 0.6 28.5 12.4 1.591.6°

“ Ryq is the residual function for the p-CH;0CsH,SCH; reaction. b Ryq is
the residual function for the p-CNC¢H,SCH; reaction.

Table 1 Best-fit structural parameters obtained from the analysis of the XANES spectra of the [N4Py-Fe'V(0)]2* (Fe'), [N4Py-Fe"(OH)I?* (Fe') and
[IN4Py-Fe'(CHsCN)I?* (Fe') complexes, compared to the available literature crystallographic and EXAFS data. Rre_namine and Rre_npy are the average
distances between the metal cation, the single tertiary nitrogen atom and the four secondary nitrogen atoms of the N4Py molecule, respectively.
Ree—nacn is the distance between the metal cation and the nitrogen solvent atom. Re._o is the distance between the metal cation and the coordinat-

ing oxygen atom, while N is the coordination number

Fe-Namine Fe_NPy Fe-Nacn Fe-O

N r(A) N r(A) N r(A) N r(A)
Fe'
Cryst.” 1 2.033(8) 4 1.957(5) — — 1 1.639(5)
EXAFS®’ — — 4 1.96 — — 1 1.64
This work 1 2.08(5) 4 2.00(5) — — 1 1.69(5)
FCHI
This work 1 1.97(5) 4 2.09(5) — — 1 1.89(5)
FeII
Cryst.” 1 1.961(3) 4 1.967(3)-1.976(3) 1 1.915(3) — —
This work 1 2.01(5) 4 2.01(5) 1 1.96(5) — —
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to the use of the transformation matrix approach, as described
by Martini et al.®°

By assuming a kinetic model for the reaction of the kind
FelV = Fe'" = Fel, the XAS-extracted concentration profiles
were simultaneously fitted with the mathematical solutions to
the differential equations describing the model (see eqn (10)
of the ESIt). The results are shown in Fig. 6d (full lines) super-
imposed to the concentration profiles (dotted lines). The good
agreement between the model and experimental concentration
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profiles (R* = 0.985) shows the versatility of our method, which
may be applied also to suggest kinetic models of chemical
reactions in solution occurring on the second to millisecond
time scales.

In order to obtain structural information for all the reaction
intermediates, a full multiple scattering (MS) analysis was
carried out for the XANES spectra obtained for the isolated Fe
species for both reactions.®*® The K-edge XANES spectra of
the Fe'V species are different from those of the Fe™ and Fe"

. =
o ul

Normalized u(E)
=
ul

o
o)

= L
o ul

Normalized u(E)
=
ul

o
o

e =
o ul

Normalized u(E)
D
ul

o
o

20 40 60
E-Eo (eV)

Fig. 8 Best-fit results for the Fe K-edge XANES spectral components extracted for the reaction between p-CHsOCgH,SCHs and [N4Py-Fe'V(0)]?*.
The extracted XANES spectra (blue, dotted lines) are assigned to complexes [N4Py-Fe'V(O)]?* (a), IN4Py-Fe"(OH)I?>* (b) and [N4Py-Fe"(CHsCN)I** (c)
and compared to the theoretical curves (red, full lines) calculated with optimized geometrical models. The associated molecular clusters are also
depicted, where iron, nitrogen, carbon, oxygen and hydrogen atoms are in yellow, cyan, orange, red and white, respectively.

This journal is © The Royal Society of Chemistry 2020
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complexes. In particular, the Fe' first coordination shell is
made up by the five nitrogen atoms belonging to the N4Py
ligand and one oxygen atom. A quantitative analysis of the
XANES spectra has been carried out with the MXAN program
starting from the crystallographic structure reported in ref. 90.
A fitting procedure of the Fe'¥ XANES extracted spectra has
been performed by optimizing the nonstructural parameters
while the Fe-Npy, the Fe-Nymine and the Fe-O distances (see
caption of Table 1) were allowed to vary within +0.05 A of the
crystallographic  ones. The best-fit results of the
p-CH3;0C¢H,SCH; and p-CNC¢H,SCHj; reactions are shown in
Fig. 8a, and Fig. S6a,T respectively, along with the associated
molecular clusters. The agreement between the theoretical and
experimental data is very good and the same structural and
nonstructural parameters have been obtained in both cases
(see Tables 1 and 2).

As far as the Fe"" complex is concerned, the MXAN analyses
have been conducted starting from the available crystallo-
graphic geometry.”’ In this structure, around the central Fe
cation there are the five nitrogen atoms of the N4Py backbone
and one nitrogen atom belonging to the CH;CN solvent. Also
in this case the minimization procedures were carried out
allowing a variation of the Fe-ligand distances within =0.05 A
of the crystal geometry. The results of the analyses are shown
in Fig. 8c, and Fig. S6bj for the p-CH3;0CsH,SCH; and
Pp-CNCH,SCH; reactions, respectively. Also in this case the
agreement between the experimental and theoretical spectra is
excellent and the same structural and nonstructural para-
meters have been obtained in both cases (see Tables 1 and 2).

The  XANES  spectrum  assigned to  complex
[N4Py-Fe"™(OH)]*" was calculated starting from the crystallo-
graphic geometry of [N4Py-Fe™(O)]**. The results of the ana-
lysis are shown in Fig. 8b where the experimental and theore-
tical curves are reported. Tables 1 and 2 list the associated
structural and nonstructural parameters, respectively. One may
note that for the Fe'™ complex the Fe-Nymine and average Fe-
Ny, distances are equal to 1.97(5) A and 2.09(5) A, respectively.
The simulated Fe-O distance is 1.89(5) A, a value quite
different from the Fe-O distance of 1.69(5) A evaluated in the
case of the Fe'¥ complex. These values are higher than the
average Fe-N distance of 1.99 A and the Fe-O distance of
1.81 A determined for the Fe"'-OH intermediate by DFT-based
calculations at the B3LYP/LACV3P*"//LACVP level.”” Further, in
the crystal structure of complex [N4Py-Fe'(OCH;)]*, where a
methoxy group coordinates the iron site, the asymmetric unit
possesses average Fe-Nymine, Fe-O and average Fe-Np, dis-
tances of 2.149(3) A, 1.780(3) A and 2.08(2) A, respectively.®*
These average Fe-Np, distances closely resemble the average
Fe-Np, distance of 2.09(5) A we have obtained in this investi-
gation for the Fe™-OH species. Recently, DFT calculations on
the hydroxide complex [Fe"(OH)(N3PyO**™)]", which shares
many structural similarities with complex [N4Py-Fe™(OH)]*",
led to an optimized geometry possessing a Fe-O distance of
1.96 A.%® Finally, in the crystal structure of complex [Fe''(OH)
(N4Py*NPNIY] [OTf], the Fe-O distance is equal to 1.837(3) A.**
It is of note that the Fe-Nypine, Fe-Np, and Fe-O distances pre-
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sented herein for complex [N4Py-Fe'"(OH)]** are identical
within statistical errors to the distances evaluated for the same
complex, as determined by a multivariate and theoretical ana-
lysis of EDXAS data for the oxidation of diphenylmethane by
[N4Py-Fe™(0)]** in CH;CN at room temperature and in the
presence of AcOOH and AcOH. To the best of our knowledge,
we present a first structural characterization of complex
[N4Py-Fe™(OH)]** in solution.

3. Conclusions

This work proves that it is possible to combine spectroscopic,
statistical and theoretical techniques to study the mechanism
of chemical reactions evolving in solution on the second to
millisecond time scales and to obtain structural information
on their relevant labile intermediates. To this end, we propose
an innovative method that is based on the multivariate ana-
lysis of coupled EDXAS/UV-Vis spectra and on the subsequent
quantitative analysis of the XANES spectra obtained for the
reaction key components. The potentialities of this approach
are demonstrated by its application to the sulfoxidation of
p-cyanothioanisole and p-methoxythioanisole by the nonheme
Fe'V' oxo complex [N4Py~FeIV(O)]2+. For these processes, we
suggest that, in the presence of AcOOH and AcOH,
[N4Py-Fe"V(0)]** oxidizes p-CH;0C4H,SCH; with a proton-
coupled ET mechanism, as opposed to the DOT occurring in
the p-CNCsH,SCH; oxidation. In the former reaction, we have
clear evidence of the formation of [N4Py-Fe'"(OH)]*" as a reac-
tion intermediate. Notably, thanks to the employed strategy,
the structures of all reaction intermediates are obtained. The
proposed method may be of interest for the future investi-
gation of complex chemical reactive pathways and for the
quantitative description of their fleeting intermediates.
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