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Photoactive Fe(lll)pyclen complexes for light-driven @erobic:sorozss
oxidation of p-xylene

Matteo Alberti,® Greta Rossi,? Djihed Boucherabine,? Fausto Cargnoni,®* Mario Italo Trioni,c Giulia
Taini,®> Dominika Zakutna,? Arianna Gentilin,? Luka Pordevié¢, Andrea Sartorel®* and Alessandro
Casellize”

Iron complexes have drawn attention for decades as biomimetic models of enzyme active sites that promote oxidative
transformations. Many reports indeed deal with catalytic systems where iron complexes catalyze the oxidation of organic
compounds, exploiting chemical oxidants, including dioxygen, through thermal activation. Conversely, reports where the
photochemical activation of iron complexes is proven are less frequent. In this work, we describe the photochemical
activation of iron(l11) pyclen complexes, [Fe(Ill)(X)2pyclen]X (pyclen = 3,6,9-triaza-1(2,6)-pyridinacyclodecaphane; X = Cl, Br,
OTf, 1a-c; OTf = triflate, CF35037), and their application to the aerobic oxidation of p-xylene with visible light (up to 415 nm).
Complexes 1a-c have been synthesized and characterized, combining structural analysis, Mdssbauer spectroscopy, and
magnetization. Notably, spectroscopic UV-Vis analyses combined with DFT and TD-DFT calculations show that they have an
extended absorption up to the visible region attributed to (pyclen/X) ligand-to-metal transitions, and that the absorption of
light may induce a homolytic cleavage of the Fe—X bond. The nature of X impacts the photochemical activity of the iron
complexes towards the oxidation of p-xylene with visible light, with 1b (X = Br) leading to the privileged formation of p-
tolualdehyde, while 1a (X = Cl) and 1c (X = OTf) are almost inactive. The reactivity of 1b is rationalized by the photochemical
generation of bromine radical (Bre) as the active species operating through a hydrogen atom transfer (HAT) reactivity
towards p-xylene, as supported by the Bond Dissociation Free Energy (BDFE) of H-Br (BDFE = 87 kcal/mol) and of the C-H
bond in p-xylene (BDFE = 80 kcal/mol). Kinetic and EPR evidence support a radical autooxidation pathway. This work will
guide new studies on the photochemical reactivity of iron complexes towards light-driven, sustainable organic oxidation

processes.

Introduction

The selective oxidation of hydrocarbons plays a crucial role in
industrial synthesis and academic research.! Despite recent efforts
to use more sustainable routes, industrial oxidation processes

heavily rely on highly toxic metal-oxo reagents (e.g., KMnQO,) and
metal oxide surfaces.? Although progress in developing more

sustainable processes has been reported in recent decades,? the
demand for selective, efficient, and eco-friendly oxidation methods
continues to grow.

The use of iron* - the most abundant transition metal on Earth - and

its complexes has attracted considerable interest in oxidation

catalysis for organic synthesis, biochemistry, and industrial

applications.® Significant advancements in this field over recent years

have been highlighted in several comprehensive reviews.®-%6 Natural
mononuclear nonheme iron enzymes are pivotal in essential
oxidative transformations, efficiently catalysing a wide range of
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chemical reactions.'”'® Efforts to develop synthetic models that
replicate Nature's strategies continue to be a highly active research
area.’>? In both these enzymes and their synthetic counterparts,
high-valent iron-oxo intermediates, such as iron(lll)-superoxo,
iron(lll)-peroxo, iron(lll)-hydroperoxo, and iron(IV)- or iron(V)-oxo

species, play a central role.17:26

Iron(ll)-superoxo species have been identified as active species in
C-H bond activation and oxygen atom transfer (OAT) reactions.?’
However, their activity is largely limited to weak, activated C-H
bonds in hydrocarbons. In contrast, the reactivity of nonheme
iron(ll1)-hydroperoxo species remains a topic of debate and is the
subject of extensive experimental and theoretical investigations.?®
Meanwhile, nonheme iron(lV)-oxo species are established as
competent oxidants, capable of abstracting hydrogen atoms in C-H
bond activation reactions.?

Among nonheme catalysts, iron complexes with polyamine and
aminopyridine ligands occupy a prominent position.2%3% Notably,
iron(ll) complexes of tetradentate N4 donor ligands, such as
[Fe(CF3S0s),(pyclen-Mes)], (pyclen = 3,6,9-triaza-1(2,6)-
pyridinacyclodecaphane; CF3SOs;~ is the triflate anion further
abbreviated OTf), are readily oxidized by H,O, to form a
hydroperoxo iron(lll) species.3%32 This species, following acid-
triggered O—0 bond cleavage, becomes active in the stereospecific
hydroxylation of strong C—H bonds.33

Our group has focused on the synthesis and coordination behavior of
pyridine-based 12-membered tetraaza-macrocyclic ligands.3*3> We
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the and characterization of robust

[Fe(lI)X2(pyclen)]* complexes, which are highly active and selective
for alkene oxidation using hydrogen peroxide as the terminal

described synthesis

oxidant, without the need for additives (Figure 1a).3® Noteworthy,
depending on the anion (X7) of the iron(lll) complex used as the
catalyst, we observed selective formation of epoxide (X = Cl) or a
clean dihydroxylation reaction (X = OTf). Intrigued by these results,
we further explored the reactivity of iron(lll) pyclen complexes in the
selective oxidation of alcohols using H,0,, without any acid co-
catalyst (Figure 1b).3” Hydrogen peroxide is an appealing oxidant
since the only by-product is water; however, the ideal oxidant is
surely molecular oxygen, O, which can address sustainability
priorities in industry.3® In this context, the combined use of visible
light and dioxygen for the photocatalytic oxidation of hydrocarbons
offers an atom-economic and greener alternative to traditional

methods.32:40

While iron complexes have been extensively investigated in the
chemical activation of oxidants, their reactivity with light towards
photocatalytic processes remains less explored.*! These retain
particular interest since the recent renaissance of photocatalysis
towards sustainable processes and synthetic organic chemistry, with
solar reforming being indeed an emerging technology for circular
chemical industries.*? Recent examples dealt with FeXs (X = Cl, Br)
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photochemical reactivity towards upcycling of polystyrene,, via
photochemical generation of X- radicals (Figuie!1¢).49%0/D5DT02534F

Inspired by our findings and the assessed photochemical reactivity of
FeXs,* we aimed to investigate iron(lll)(pyclen) complexes bearing
halide or pseudo-halide ligands as photochemical active species for
the generation of radicals. We report here that Fe(lll) pyclen
complexes are indeed competent catalysts for the aerobic catalytic
oxidation of p-xylene induced by visible light, without needing any
additive. In particular, [Fe(lll)Xz(pyclen)]* complexes, with chloride,
bromide, and triflate ligands (1a, 1b, and 1c, respectively) were
synthesized and fully characterized, combining structural analysis,
Mossbauer spectroscopy, and magnetization. UV-Vis spectroscopic
analysis shows that the iron complexes have an extended absorption
up to the visible region, and TD-DFT calculations predict that these
absorptions are due to (pyclen/X) ligand-to-metal transitions and
that the absorption of light may induce a homolytic cleavage of the
Fe—X bond. Consistently, the Fe(lll) pyclen complex carrying a
bromide ligand 1b is active in the oxidation of p-xylene to yield p-
tolualdehyde (Figure 1d), operating through a photoinduced radical
chain mechanism.

b) Panza, 2020
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Figure 1. a-b) Oxidation reactions catalysed by [Fe(l1I)(X).pyclen]X complexes using H,0; as the terminal oxidant; c) photochemical valorisation of polystyrene with FeXs (X = Cl, Br);
d) selective light-induced (white light or 405 nm LED) aerobic oxidation of p-xylene reported in this work.
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Results and Discussion
Synthesis and characterization of Fe(lll) Pyclen complexes

Complexes 1a-c were obtained by treating pyclen with the
appropriate iron(lll) salt precursor (Scheme 1). In the case of
complexes 1a and 1b, they were recovered from the reaction
medium as precipitates in high yield and purity. Conversely, the
higher solubility of the triflate complex, 1c, rendered its collection
more complicated, and any attempt to precipitate the complex from
acetonitrile met with failure. The product was then collected by
evaporation of the solvent as a deep yellow oil in quantitative yield
and then treated with cold diethyl ether to obtain a brownish
precipitate. Nonetheless, HR-MS analysis confirmed the expected
formation of the complex.

Several crystal structures of [FeXa(pyclen)]* cationic complexes,
balanced with various counterions, have been reported.37:46-50
Interestingly, crystallization of compound 1a via solvent diffusion
(methanol/diethyl ether, v/v = 1:2)
precipitation of two distinct crystal morphologies: clear, yellow,

led to the concomitant

regular blocks (1a) and elongated, dark brown plates (1a'). While

structural analysis of the former matched previously published work
by Green and co-workers (CCDC No 1578766),*° featuring a chloride
counterion, the latter displayed a novel structure, which was
determined via X-ray diffraction (Figures S1-S4, Tables S1-S7 in
Supplementary Information, including a detailed comparison of the
X-ray structural features of compounds 1a' with analogous structures
published in the Cambridge Crystallographic Data Centre, including
1a and 1b). X-ray diffraction analysis of 1a' revealed that, although it
shares the same molecular geometry and cis-folded tetraaza-
macrocycle configuration as 1a, it incorporates a divalent [Fe(I1)Cl4]?~
anion in its second coordination sphere. The presence of [MCl,]""
counterions in cationic coordination

species as analogous

compounds has been previously observed by our group3® and
others.*®>! Auto reduction of Fe(lll) to Fe(ll) accompanied by
oxidation of the halide with concomitant release of X, gas has been

previously reported.>?

Dalton Transactions

View Article Online
DOI: 10.1039/D5DT02534F

In all these structures, the Fe(lll) center adopts a distorted octahedral
geometry, coordinated by the four nitrogen atoms of the macrocycle
and two monodentate X-type ligands. The pyclen scaffold displays a
cis-folded conformation, which has been demonstrated by molecular
mechanics calculations to be preferred when M-N bond lengths are

greater than 2.0 A.53

We gained further insight into the structural distortion of these
complexes with respect to an ideal octahedral arrangement by
comparing experimental structures with those computed for the gas
phase and solvated states of 1a and 1b. Interestingly, the crystalline
structures are in better agreement with data extracted from solvated
complexes than from gas-phase ones, as detailed in Tables S4 and
S11 of the Supplementary Information section. Indeed, for both 1a
and 1b, the relevant geometrical parameters of gas-phase molecules
differ from the experimental crystalline values by almost 0.05 to 0.1
A, while the inclusion of solvation effects in the computations
reduces these discrepancies by more than half. This outcome
suggests that the dissolution of 1a, 1b, and 1c in a solvent with
medium polarity partially mimics crystal field effects. This analysis,
though
description of the systems under investigation by the employed

limited to geometrical features, supports a proper

computational approach.

To elucidate the oxidation state of the iron complexes, Mdssbauer
spectroscopy was performed on solid-state samples at room
temperature using nitrogen-flushed sample holders. Fitting results
are summarized in Table S8, with a qualitative analysis provided in
the Supplementary Information. As expected, complex 1a exhibits
high-spin Fe3* center (see Figure S5, left). In contrast, complexes 1b
and 1c display signatures of Fe?*. For 1b, this likely arises from partial
reduction of FeBrs to FeBr, under vacuum and heating conditions
(Figure S5, right). In the case of 1c, however, the Fe?* signal originates
from impurities in the commercial Fe(OTf); precursor, which
Méssbauer analysis revealed to contain up to 46% Fe?* (Table S9). To
resolve this, we synthesized in-house pure Fe(OTf); starting from
pure anhydrous FeCls, and when complex 1c was prepared with this
iron(lll) triflate source, the Mdssbauer spectroscopy did not show
any evident sign of the presence of Fe?* (Figure S6, right).

® X
MsO NP ~OMs | N | A X
? 5 Sy
i N i) N iv) q@?,"“
TN NCTs O HN NG N LT
1]
NN
Is ? Q/E\) H L,H
S
TSHN " ~"NHTs
96% 88% 1a (X = Cl, 88%)

1b (X = Br, 75%)
1c (X = OTF, 99%)

Scheme 1. Synthetic route used to obtain ferric complexes 1a-c. i) K,COs, CH3CN, reflux; ii) H,SO4 conc., microwave; iii) NaOH; iv) FeXs, CH3CN, A. Commercially available iron(ll1)
trifluoromethanesulfonate may be heavily contaminated with the iron(ll) species (up to 43%, see Supplementary Information and Table S9). Therefore, we synthesized an
Fe(llI)(OTf); precursor in-house from ferric chloride to avoid any trace of Fe(ll), as detailed in the Supplementary Information.
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The spin states of complexes 1a and 1b were further assessed using
macroscopic magnetization measurements. Zero Field Cooled (ZFC)
and Field Cooled (FC) magnetization curves were measured at 0.5 T,
and in both samples, they overlapped completely. The temperature
dependence of the molar magnetic susceptibility-temperature
product (ymT) for complexes 1a and 1b is presented in Figure 2. For
complex 1a (Figure 2a), deviation from ideal Curie or Curie-Weiss
(represented by the teal dashed line in Figure 2a) behavior at low and
high temperatures indicates antiferromagnetic interactions and
zero-field splitting. These effects were modelled using the modified
Van Vleck approach.>* The result, which incorporates both zero-field
splitting and axial distorsion, yielded an excellent fit (Figure 2a,
magenta line). The fit parameters are summarized in Table 1, while
the equation, derived for this system, is as follows:

_ Xzt 2xx
3
2D —6D
Xy = NgZug 1+ 9e KT + 25¢KT—0)
° _2D 6D
=9 14 e kKT=0) 4 ¢ kKT-0)
20 D
9 8 1le KT—0) 5e kT—0)
_ Ng%d RT—0) D"~ 20~ 2D
Xx = YRR 5 _

1+ ¢ kKT-0) 4 ¢ KT-0)

In contrast, complex 1b displays typical antiferromagnetic behavior
with a gradual decline in yuT at low temperatures (Figure 2b). The
Curie-Weiss law describes its magnetic profile well across the full
temperature range, consistent with a high-spin Fe3* center. The
effective magnetic moment of 5.87(4) uB closely matches the spin-
only value of 5.91 uB, with a Curie-Weiss temperature of -7.66 K
(Table 2).

These data nicely agree with theoretical computations on gas-phase
anions derived from 1a, 1b, and 1c. Indeed, the wavefunction
analysis indicates that in all systems the oxidation state of iron is +3,
and the most stable spin arrangement presents 5 unpaired electrons
in the half-filled d shell of the metal atom. The oxidation state of the
metal atom remains +3 also considering medium- and low-spin
arrangements, where the number of unpaired electrons is 3 and 1,
respectively. As for the energetics, medium- and low-spin states are
less stable than the high-spin arrangement by more than 10 kcal/mol
in all compounds, and solvation in acetonitrile does not alter this
picture (data are collected in Table S10). It is therefore unlikely that
thermal energy at 298 K and solvation might induce spin flips or
changes in the oxidation state of iron. Based on Madssbauer
spectroscopy, macroscopic magnetic measurements, and ab initio
computations, we can assess that - at the experimental conditions
considered in this study — 1a, 1b, and 1c contain a Fe(lll) atom with 5
unpaired electrons.

4| J. Name., 2012, 00, 1-3
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Figure 2. xuT product as a function of temperature, for compound 1a (a) and

compound 1b (b).

Table 1. Fitted parameters for xuT product of compound 1a.

Parameter Value
Grot® 2.041(2)
D 20.0(1) cm™
0 -2.44(4) K

°Grot = (2 9x + G2)/3

Table 2. Results from Curie law and Curie - Weiss law fits for compounds 1a and 1b.

Hefr (s, Mesf (M, Curie
Sample Curie) - Weiss) Fcw (K)
1a 5.5164(4) 5.7063(7) -5.28
1b 5.7506(2) 5.87(4) -7.66

This journal is © The Royal Society of Chemistry 20xx
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Spectroscopic characterization of the complexes

Figure 3 reports the experimental and calculated UV-Vis spectra of
1a, 1b, and 1c in acetonitrile; the calculated spectra represent the
experimental profile well, except that computed absorptions fall at
somewhat different energies with respect to experimental ones,
which comes as no surprise considering the limitations of the TD-DFT
scheme.®> Quite importantly, in the specific systems studied here,
the difference between computed and measured spectra allows for
a direct comparison between absorption peaks.

The experimental spectrum of 1a reveals the presence of three main
absorption bands centered at 258, 320, and 377 nm. These features
are also found in the simulated spectra. As expected, none of the
three peaks comes from a single absorption transition. On the
contrary, they should be ascribed to three clusters of pyclen/Cl
ligand-to-metal electronic transitions, which become less intense
and more dispersed as the photon energy decreases (see
Supplementary Information). The inspection of these data revealed
the presence of chlorine-to-iron transitions, and the corresponding
photon energy resides in the range relevant to the experiments
presented here. This prompted us to computationally investigate the
possibility of Fe—Cl homolytic bond dissociation. The computed
threshold for homolytic breaking of a Fe—Cl bond is 3.34 eV
(corresponding to a wavelength of 371 nm, thus falling within the
lowest energetic absorption band (green bands in Figure 3a-b). As
can be seen in Figure 4 (left panel), the wavefunction analysis of the
transitions just above the threshold reveals that, upon excitation, a
single electron is transferred from the chloride ligands to the metal
center, and the complex gains enough energy to expel a chlorine
radical. Though this is not a rigorous proof that homolytic
dissociation occurs, since it does not consider alternative relaxation
phenomena and other limiting effects, it is a significant indication
that this might be the case, being the excited moiety higher in energy
than the species corresponding to homolytic dissociation.

In 1b, the less energetic absorption bands are redshifted with respect
to 1a, and they are centered at 395 and 470 nm, respectively (see
Figure 3c). Besides the extension of the absorption towards longer
wavelengths, the attribution of the electronic transitions follows
similar considerations to what was discussed previously for 1a. The
computed threshold for homolytic dissociation of Fe—Br bond in 1b
is 2.94 eV (corresponding to 421 nm) and falls between the less
energetic electronic transitions (green and orange bands in Figure 3c-
d). In particular, the calculated band centered at 382 nm (green band
in Figure 3d) presents a neat Br-to-metal charge transfer, as shown
in Figure 4 (middle). This intense transition is likely to be the main
reason for photoinduced homolytic dissociation of a Fe—Br bond in
1b (vide infra).

The experimental spectrum of 1c is somewhat different from 1a and
1b ones. Indeed, it presents two intense bands centered at 249 and
326 nm, followed by a low-intense broad band centered at 379 nm.
The recorded data evidence the presence of another smooth and
broad shoulder located at even

in the absorbance, longer

This journal is © The Royal Society of Chemistry 20xx
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wavelengths. This feature suggests that several transitjons with low
intensity are widely distributed around 500°hiR.1The thebretickl
simulation of 1c, indeed, produced two neat peaks at 248 and 354
nm, in agreement with the recorded data. However, their intensities
are comparable to each other, while experimentally the peak at 249
nm is much more intense than the one at 326 nm. At longer
wavelengths, first principles computations predict a sparse set of
transitions, distributed from 550 to 650 nm. This is consistent with
the experiment, even if the recorded data are not strictly reproduced
by theory. Overall, we can affirm that the allowed electronic
transitions of 1c cover a wider energy range as compared to 1a and
1b. Most of them have partial ligand-to-metal charge transfer
character, and they are almost comparable in intensity to one
another, thus generating a poorly structured spectrum. Likely, the
difficulty in reproducing the fine details of the experimental
spectrum of 1c reflects the more complex electronic structure of this
moiety with respect to 1a and 1b, consistently with the reliability of
the computational approach adopted.’® We also note that the
predicted geometry of 1c could not be confirmed by experimental
data, at variance with respect to 1a and 1b.

Direct calculation of the energy required to promote the homolytic
cleavage of Fe-OTf bond in 1c was hampered by a proper description
of the OTfe radical by DFT (see Supplementary information). We thus
estimated a value of 3.89 eV (corresponding to a wavelength of 319
nm), by comparing the relative stability of Cle and OTfe radicals with
the CISD method in terms of the BDFE of H-Cl and H-OTf (CISD stands
for Configuration Interaction with Singles and Doubles electron
excitations). This high value is in line with the expected instability of
the oxygen-centered OTfe radical and rules out the possibility of
generating it from 1c with visible light.

J. Name., 2013, 00, 1-3 | 5
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Figure 3. UV-Vis experimental (left) and theoretical (right) spectra for 1a (top) (a and b,
respectively), 1b (middle) (c and d), and 1c (bottom) (e and f) complexes. Left panels: the
experimental data are reported as a solid red line, while data obtained by Gaussian fitting
are depicted as a dashed black line. Right panels: the computed electronic transitions are
reported as solid black lines; the solid red line (the simulated spectrum) is obtained by
smearing delta-like absorption peaks with a Gaussian function, and the dashed black line
is obtained by fitting the simulated spectrum with the same criterion adopted for
experimental data. The fitting Gaussian functions embrace several transitions each, and
they are reported as a guide for the eye. In Figure S10 (Supplementary Information), all
the Gaussians that were used to fit the spectra are reported.

Figure 4. Representative electron density maps for sample electronic transitions above
the dissociation threshold of 1a (left), 1b (middle), and 1c (right). Maps are obtained as
the difference between the electron density of the excited state and the ground state,
and they refer to the main components of transitions at 357 nm (left), 389 nm (middle),
and 486 nm (right). Positive values are in light-blue, negative values in red. In the three
transitions reported, electron excitation removes an electron from the ligands (X) and
localizes it onto the Fe atom, which is likely to induce homolytic Fe—X dissociation when
this is energetically allowed, i.e. in the case of 1a and 1b.

6 | J. Name., 2012, 00, 1-3

Photochemical aerobic oxidation of p-xylene
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With the indication from UV-Vis spectrosco&?‘a:%8'1195’?/93%%2&8?1@
on the possibility of promoting the homolytic cleavage of the Fe—X
bond by light, we finally explored the photochemical activity of iron
pyclen complexes towards the light driven aerobic oxidation of
organic substrates, in particular of p-xylene. Among its oxidation
products is terephthalic acid, a chemical of interest for polymer
industry with an annual production of ca 90 million tons in 2024
through the Amoco process, employing a cobalt-manganese-
bromide catalyst in acetic acid as the solvent, at 175-225°C
temperature and 15-30 bar air pressure.>’-% Besides terephthalic
acid, intermediate oxidation products retain interest, such as p-
methylbenzyl alcohol, p-tolualdehyde, and p-toluic acid. The
oxidation of p-xylene requires the activation of the benzylic C—H
bonds, characterized by a Bond Dissociation Free Energy of 80
kcal/mol; the oxidative activation of C—H bonds is a very hot topic,®%~
66 and there is current interest in developing systems for the
photochemical oxidation of p-xylene exploiting visible light.

Recently, Sun and co-workers used UV irradiation (Hg lamp, 500W,
0-2 Sun) to boost an ozonization process, reaching 84% terephthalic
The
decatungstate photocatalyst was employed in a continuous-flow

yield in acetonitrile solvent.®’ tetrabutylammonium
photoreactor achieving >90% yield of terephthalic acid upon
irradiation at 365 nm.%® The same irradiation wavelength was
exploited to activate titanium oxide nanoparticles, for the oxidation
of p-xylene to p-methylbenzyl alcohol and p-toulaldehyde as the
primary oxidation products.®® In alternative, quinone organic
photocatalysts, able to promote photochemical hydrogen atom
abstraction (hydrogen atom transfer — HAT — reactivity), were
considered for the oxidation of p-xylene with visible light in acetone
solvent, obtaining p-toluic acid as the main product, while
terephthalic acid was obtained in ca 27% yield from overoxidation of

p-toluic acid.”

As anticipated in the introduction, inspired by the recent reports by
Oh and Stache dealing with the photochemical generation of halogen
the photooxidation of commercial

radicals from FeXs for

polystyrene,*®* we envisioned to investigate the photochemical
activity of iron pyclen derivatives. The excitation of ligand-to-metal
charge transfer bands in coordination complexes is indeed a
convenient strategy for photochemical generation of halogen

radicals using low-energy light.”! Halogen radicals are reactive

species for C—H activation’? since they can induce HAT reactivity;’374
the key reactivity descriptor is the bond dissociation energy of the H—
Halogen bond, being 102 kcal/mol for HCI (identifying Cle as a potent
hydrogen atom abstractor), 87 kcal/mol for HBr and 71 kcal/mol for
HI (I is indeed not useful for HAT).”>

This journal is © The Royal Society of Chemistry 20xx
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Table 3. Photocatalytic oxidation of p-xylene to p-tolualdehyde. Standard conditions: 1 ml of solution containing 80 mM p-xylene and 2.5 mM iron cataDlz)slt_in acetdit¥iretirta distinh
with white light (33 mWcm2) for 24 h under air atmosphere. a: irradiation with blue LED (405 nm, 18 mWcm) for 2 hours. :

hv

10.1039/D50DT02534F

CHO

Catalyst

>

CH4CN, 24 h, RT, Air

# Deviations p-tolualdehyde Other products, yield (%)
Catalyst from standard . -
conditions yield(%) / selectivity(%)
1 la - =1 -
2 1b - 3145 /7945 p-toluic acid 7.5+3
terephthalic acid 1.5+0.5
p-methylbenzyl alcohol < 1
3 1c - 5 -
4 1b 0, instead of 31/81 p-toluic acid 6
air p-methylbenzyl alcohol 1
5 1b Acetone as the 20/55 p-toluic acid 15
solvent p-methylbenzyl alcohol < 1
6 1b Propylene 2/>95
carbonate as -
the solvent
7 1b In p-xylene -
neat -
8 FeCls - 24+3 /56 p-toluic acid 13
terephthalic acid 1
p-methylbenzyl alcohol 5
9 FeBrs3 - 20/66 p-toluic acid 6
p-methylbenzyl alcohol 4
10 FeCls Acetone as the 4/22 p-toluic acid 5
solvent terephthalic acid 9
11 1b LED 405 nm? 21/87 p-toluic acid 1

p-methylbenzyl alcohol 2

We thus tested the photochemical reactivity of 1la-c towards the
oxidation of p-xylene (80 mM in acetonitrile solution), using a home-
made photoreactor exploiting cheap household lamps emitting
white light (33 mW/cm?, equivalent to 1/3 of the irradiation by the
sun),’® see the emission spectrum in Figure S11 overlapped with
absorption spectra of Fe pyclen derivatives. The reaction mixtures
from the photocatalytic tests were analyzed through *H-NMR, adding
mesitylene as the internal standard (Figure S12). The results are
summarized in Table 3. The results can be discussed as follows:

(a) 1bwas the only iron complex being significantly active (entries 1-
3in Table 3), promoting the formation of p-tolualdehyde as the main
reaction product (31+5% yield, corresponding to 9.9+1.6 turnovers
based on the iron catalyst, entry 2 in Table 3). The results were
obtained from 6 replicated experiments, including two different
batches of 1b. Control experiments confirmed that light, the iron

catalyst, and the aerobic atmosphere are necessary for the
photochemical oxidation of p-xylene. Running the reaction under O
atmosphere did not lead to a significant improvement of the yield
and selectivity (entry 4 in Table 3).

(b) The selectivity for p-tolualdehyde among other oxidation
products was 79+5%, with p-toluic acid being also detected. The C—H
bond in aromatic aldehydes are stronger than the C—H bond of a
benzylic —CH3 group (the C-H bond in benzaldehyde has a BDFE of 89
kcal/mol, while the C-H bond in p-xylene has a BDFE of 80
kcal/mol);%37> overoxidation of p-tolualdehyde is thus more
demanding than oxidation of p-xylene, and explains the good
selectivity of the process.

(c) The reactivity of 1b is maintained also in acetone as the solvent,*?
entry 5 in Table 3, although with a decreased selectivity (p-
tolualdehyde vyield 20%, selectivity 55%); we also tested the

Please do not adjust margins
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possibility of conducting the reaction in propylene carbonate as a
green solvent, where a decreased yield of 2% was registered (entry 6
in Table 3); no reactivity was observed in neat p-xylene (entry 7 in
Table 3). These results suggest a non-innocent role of the solvent in
promoting the target reactivity.

(d) A photochemical reactivity was observed also with FeCl; and with
FeBrs3,*3 although with slightly lower yield with respect to 1b (entries
8-10in Table 3). In particular, we observed a decrease in the reaction
selectivity and the increased formation of p-methylbenzyl alcohol
along with p-toluic acid as major by-products.

(e) The reaction with 1b was accomplished by using monochromatic
LED at 405 nm as light source, leading to 21% yield of p-tolualdehyde
after 2 h (selectivity 87%, entry 11 in Table 3). Estimation of the
absorbed photons with a power meter enabled to determine a
quantum yield ¢aos for the production of p-tolualdehyde of 0.14%.
All indications above suggest the photoinduced generation of
bromine radical participating in a HAT reactivity towards p-xylene,
forming H-Br and the p-xylene radical; this will react with dioxygen
to form an organic peroxy free radical that can engage HAT reactivity
with p-xylene and feed a chain process (Scheme 2). An EPR analysis
in the presence of 5-tert-butoxycarbonyl 5-methyl-1-pyrroline N-
oxide (BMPOQ) spin trap’’ revealed the appearance of a multi-
component signal compatible with an adduct between BMPO and
peroxides as reactive oxygen species,’®7? although the low intensity

Br |+ .
H Br

He
CH,

CH,

Scheme 2. Proposed photochemical mechanism and competent BDFE values.

Conclusions

In this work, we have reported the synthesis, characterization and
photocatalytic reactivity of iron(lll) complexes with tetradentate N4
3,6,9-triaza-1(2,6)-pyridinacyclodecaphane ligand (pyclen),
[Fe(l1)(pyclen)X,]X (X = Cl, 1a; X = Br, 1b; X = OTf, 1c). In particular,
the nature of the counterion has a marked effect on the
photocatalytic reactivity of the complexes, enabling the challenging
and ambitious light driven aerobic oxidation of p-xylene.

The crystal structure of 1a shows an octahedral Fe(lll) center with a
cis-folded pyclen configuration, with two chloride anions completing

8| J. Name., 2012, 00, 1-3

oS

of the signal did not allow a reasonable simulation and jdentification
of the components (Figure S13; BMPO was préferdfete DVIPO 255
dimethyl-1-pyrrolidine-N-oxide — due to its higher stability;””78
indeed, very weak EPR signals were observed under the same
conditions with DMPO spin trap). Organic hydroperoxides are
characterized by BDFE of the O—H bond around 85-90 kcal/mol (i.e.
BDFE referred to the ROO-H / ROOe couple).53 The occurrence of a
radical based process is also suggested by the kinetic profile of the
with 1b, the

initiation/propagation/termination phases (Figure S14).

reaction showing expected

Surprisingly, almost no reactivity was observed for 1a under
analogous conditions: in principle, photochemical homolysis of Fe—Cl
in 1a should lead to the formation of very reactive Cle. The poor
reactivity of 1a may be ascribed to a fast deactivation of the excited
state and is currently under further investigation. On the other hand,
the high energetic requirement for homolytic bond cleavage of Fe-
OTfin 1cis responsible for the low activity of this complex. We finally
verified the stability of the active Fe pyclen complex 1b under
photocatalysis conditions, where UV-Vis analysis revealed minor
changes of the absorption spectrum of the compound, suggesting
the stability of the Fe(lll)pyclen motif (Figure S15). For comparison, a
major bleaching of the absorption bands are instead observed for
FeBrs (Figure S15).

HOO.
CHO
_—
_—
s N
BDFE
60 H-Br 87 kcal/mol

80 kcal/mol

H.
CH,

ROO-H  85-90 kcal/mol
. J

the iron coordination sphere, consistently with 1b and 1c. M&ssbauer
and macroscopic magnetic measurements confirmed that the spin
state in all the complexes is 5/2, which is consistent with the results
that DFT calculations disclosed. The photochemical reactivity of the
title complexes was envisaged based on the absorption features in
solution, extending up to the visible region and associated to
(pyclen/X) ligand-to-iron transitions based on TD-DFT calculations.
These absorption features were successfully exploited for the
photochemical generation of bromine radicals (Bre) from 1b,
responsible for the aerobic oxidation of p-xylene to p-tolualdehyde
under visible light (up to 9.9+1.6 turnovers for the Fe complex, with

This journal is © The Royal Society of Chemistry 20xx
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a p-tolualdehyde selectivity up to 79+5% among other oxidation
products, and a quantum yield of 0.14% at 405 nm).

We believe that this work will contribute to the design of novel
photochemical routes exploiting coordination complexes of earth-
abundant transition metals; besides oxidation of substrates of
industrial interest like p-xylene considered in this work, applications
in the photochemical valorization of plastics are appearing in recent
literature. Future directions in this field should consider the
development of aqueous systems for the valorization of abundant
raw materials such as glycerol or furfural derivatives, while possibly
red-shifting the use of light towards the visible region.
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