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1. Introduction



The current industrial and environmental preoccupations meet on their common
need for more efficient and cheaper catalysts. These high-tech catalysts are required for a
more efficient degradation of pollutants, which is one of their two main uses, or for high-
scale synthetic purposes. Oxidation of different types of molecules such as alkyl
aromatics, alkenes and alcohols are of particular importance as it lead to small molecules
used as starting products for more complex syntheses in fine chemicals production
(pharmaceutics, cosmetics, polymerization monomers...). As the transformed functions
can lead to different products, the selectivity of the catalyst is essential to the overall

catalytic system’s efficiency.

For these synthetic purposes, bioinspired heme-like catalysts were developed as their
natural models are active oxidant catalysts, highly selective and performing. Porphyrin’s
structure common to these enzymes was therefore used by synthetic chemists aiming at
developing new catalytic structures. Phthalocyanines, tetraazabenzoporphyrins analogs of
porphyrins, after having been used as simple dyes and pigments, rise interests since a few
decades as their multi functional structure (large delocalized aromatic system,
metallation, flexibility on a substitution pattern point of view) as well as their exceptional
stability in time and extreme conditions (temperature, pH, etc...). They are known to
possess better catalytic properties than the prophyrins, especially thanks to their superior

stability in oxidation conditions.

All these reasons lead to wide investigation of the oxidation catalytic properties of iron
phthalocyanines. Novel edifices were developed, based on the ability of iron to form
dimeric structures via single atom bridge. Previous works evidenced that substituted O-
bridge diiron phthalocyanines complexes are better oxidation catalysts than
corresponding monomers, and following investigations regarding methane’s oxidation
extended to other types of single atom bridge proved that the most efficient dimers are
substituted N-bridged.

Unsubstituted N-bridged dimers were indeed thought during a long time to be inactive,
but it was proved that suitable substitution pattern confers them excellent catalytic

properties.



The promising results exhibited by the first t-Butyl substituted N-bridged catalyzing

methane’s oxidation proved that such complexes are worth to be studied more in details.

We therefore prepared a series of N-bridged diiron phthalocyanines, substituted by
electron withdrawing alkylsulfonyl moieties. Substituents of different sizes have be
chosen in order to compare the effect of their nature with the already known electron-
donating t-Butyl substituted (FePc'Buy),N.

These complexes have been tested towards the oxidation of two families of compounds
of considerable industrial importance: alkyl aromatics and alcohols. The monomeric

monoiron phthalocyanines have been tested as well for the oxidation of cyclohexene.

These PhD works have been achieved within a co-directed co-tutelle framework, and
therefore included the complete chain from the synthesis of the phthalocyanines until
their evaluation as oxidation catalysts. This double thematic directs the organization of
this manuscript, with a bibliographic part summarizing firstly the main phthalocyanines
synthetic features, then presenting the more important data regarding the use of synthetic
heme like oxidation catalysts. We will then develop our results on a synthetic point of

view and then detail the results regarding their catalytic properties.



2. Bibliographic Data



2.1. Phthalocyanines

2.1.1. Generalities

The first recorded observation of a phthalocyanine occurred in 1907 (Braun and
Tscherniac, 1907). During the synthesis of o-cyanobenzamide from phthalamide and
acetic anhydride, Braun and Tcherniac observed the production of a colored impurity of
unknown structure and origin [1] (Scheme 2.1). However, this colored by-product was

not studied any further.
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Scheme 2.1. The first synthesis of a phthalocyanine as reported by Braun and Tcherniac

(o)

Similarly, in 1927, de Diesbach and von der Weid (Fribourg University) described an
exceptionally stable blue material prepared during the reaction of 1,2-dibromobenzene
with copper cyanide in boiling pyridine [2]. Hindsight allows us to interpret these
byproducts as being metal-free (H,Pc) and copper(Il) phthalocyanine (CuPc),
respectively. In 1928, chemists from the Scottish Dyes Ltd. found a dark-blue compound
during the synthesis of phthalimide from phthalic anhydride and ammonia. This
compound was extremely stable with respect to acids and alkalis, and it was suggested
that it has the structure of FePc based on the results of a detailed study of its properties
and structure [3-5]. Imperial Chemical Industries (ICI) were eager to understand the
structure of this novel substance and a sample was sent to J. F. Thorpe at Imperial
College, London. He, in turn, gave it to a newly appointed lecturer, the remarkable R. P.
Linstead (1902—-1966), ‘as it appeared that the substance might prove to be of academic
interest. Thus, a collaboration between Linstead and ICI was initiated that culminated in
the publication of a series of six papers in the Journal of the Chemical Society, papers
that described the structure of phthalocyanine and the synthesis of some of its metal

derivatives [6—11]. Linstead conceived the name phthalocyanine as a combination of the



prefix phthalo, originally from naphtha (rock oil), to emphasize the association with its
various phthalic acid derived precursors, and cyanine (blue). The correct structure of
phthalocyanine was elucidated using a combination of elemental analysis, ebullioscopic
molecular mass determination and oxidative degradation (which produces phthalimide).
Subsequently, work carried out by Robertson was the first example of a single crystal X-
ray study being used to confirm a structure postulated from conventional chemical
analysis [12—15]. The potential of phthalocyanines as pigments was immediately obvious
to workers at ICI, which began trading copper(Il) phthalocyanine under the name
Monastral Blue in 1935 [5]. 1.G. Farbenindustrie and Du Pont also commenced
production. Industrial manufacture of phthalocyanine was based on the methodology
developed by Wyler at the ICI research center at Blackley, Manchester. The Wyler
method involves heating inexpensive phthalic anhydride in a melt of urea, metal salt, and
suitable catalyst (e.g., ammonium molybdate) and this is still the method of choice for
industrial-scale manufacture of phthalocyanine colorants [5]. Water-soluble dyes based
on sulfonated phthalocyanines and, subsequently, reactive dyes for permanent textile
coloration were developed in the 1950s and 1960s. Today, many thousands of tons of
phthalocyanines are produced worldwide, per annum, to help satisfy the demand for

colorants and optoelectronic materials.

Phthalocyanines (formally known as tetrabenzo [5,10,15,20]-tetraazaporphyrins) are
more stable analogs of the porphyrins and are more commonly used in industry.
Phthalocyanine (Pc) molecules have a conjugated system of 18 & electrons and possess a
very high thermal and chemical stability. The structure of the phthalocyanine ring
resembles the naturally occurring porphyrins with the only basic difference being the aza

groups instead of methine corner links (Figure 2.1).
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Figure 2.1. Relationship of the phthalocyanine with the porphyrin macrocycle

Phthalocyanine offers up to sixteen sites for substitution and the established numbering

system for the basic ring system is given in Figure 2.2, where peripheral refers to the 2, 3

positions and non-peripheral refers to the 1, 4 positions.
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Figure 2.2. Numbering system of the phthalocyanine ring.



Depending on the position of the substituents in the precursor, different structural isomers
are formed during the preparation of phthalocyanines. Asymmetric precursors, like 3-, 4-,
3,4-, 3,5- substituted phthalonitriles, form a mixture of structural isomers during the
tetracyclomerization. As an example, four isomers of 2,(3)-tetrasubstituted
phthalocyanine are shown in Figure 2.3: (C4) 2,9,16,23-, (Dan) 2,10,16,24-, (Cyy)
2,9,17,24- and (C;) 2,9,16,24- tetra substituted complexes.

Figure 2.3. Constitutional isomers from 2,(3)-tetrasubstituted phthalocyanines

Symmetrically disubstituted precursors, due to their location, form either the

2,3,9,10,16,17,23,24 or 1,4,8,11,15,18,22,25 octasubstituted phthalocyanines (Figure 2.4)



Figure 2.4. 2,3- and 1,4- octasubstituted phthalocyanines.

2.1.2. Methods for the Preparation of Phthalocyanines

It should be noted that the basic reactions used to prepare phthalocyanine derivatives
today are fundamentally those developed in the 1930s by Linstead, Wyler, and their co-
workers, although with some practical modifications. The various 1,2-disubstituted

benzene precursors to metal phthalocyanines are shown in Figure 2.5 [16].
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Figure 2.5. Precursors for the Synthesis of Phthalocyanines.



For each of these precursors, the reactants and conditions favor a cyclotetramerization of
the precursor to form the phthalocyanine macrocycle. These methods are not discrete as
one type of precursor is often an intermediate in the cyclotetramerization reaction of
another. For example it is known that phthalonitrile is the intermediate in the copper(l)
cyanide induced cyclotetramerization of 1,2-dibromobenzene as, under less forcing
conditions, this is a commonly used method of preparing substituted phthalonitriles (the
Rosenmund von Braun reaction). Similarly, isoindolinediimine is prepared from the
reaction of phthalonitrile with ammonia and it is clearly an intermediate in the
cyclotetramerization of phthalonitrile induced by ammonia under more forcing

conditions.

2.1.2.1. Metal-free Phthalocyanines

Metal-free phthalocyanines can be obtained directly by the cyclotetramerization of four
precursor units, or, in order to benefit from a template effect assistance, from the

demetallation of lithium, sodium or magnesium phthalocyanines in acidic conditions.

Most syntheses of metal-free phthalocyanine use either phthalonitrile or
isoindolinediimine (diiminoisoindoline) as the starting material. It is also possible to
prepare metal-free phthalocyanine from 2-cyanobenzamide by heating in ethanol under
reflux (Scheme 2.2.a) to yield the blue product in low yield [1]. Higher yields (40%) were
obtained when catalysts like metallic magnesium or magnesium salts were added and the

reaction mixture was heated to over 230 °C (Scheme 2.2.b).
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Scheme 2.2. Synthesis of metal-free phthalocyanine from o-cyanobenzamide

When phthalonitrile is used as starting material, a very easy synthesis is afforded upon
treatment with sodium or lithium in n-pentanol (Scheme 2.3) or other alcohols, at 135-
140 °C to give the disodium or dilithium phthalocyanine which could be demetallated

with concentrated H,SO4 or glacial acetic acid [17,18].

\a“°\
W', N
\,\°‘ \)\03“ N
N\ —NH N\
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Scheme 2.3. Synthesis of metal-free phthalocyanine from phthalonitrile

Phthalonitrile can also be fused with magnesium or sodium metal (Scheme 2.3) above
200 °C to give the magnesium and sodium phthalocyanines which can be demetallated
with concentrated H,SOj.

Using reducing agents like hydroquinone, tetrahydropyridine or 4,4’-dihydroxobiphenyl
as co-reactants and fusing at 180 °C in a sealed tube yielded the phthalocyanine in 43%
yield (Scheme 2.3) [19,20].
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Phthalonitrile can easily be converted into 1,3-diiminosoindoline by bubbling gaseous
ammonia into a methanol solution of the phthalonitrile at room temperature. When the
1,3-diiminosoindoline was heated in in 2-N,N-dimethylaminoethanol the substituted

metal-free phthalocyanine can be obtained in 85% yield (Scheme 2.4).

\\N
NH \ NH N\
CN  \u,
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Phthalonitrile Isoindolinediimine

H,Pc

Scheme 2.4. Synthesis of metal-free phthalocyanine from diiminoisoindoline

2.1.2.2. Metallated phthalocyanines

This part will present the different methods available for the preparation of metallated
phthalocyanines. As the topic of this thesis is the synthesis of iron phthalocyanines, these
methods will be illustrated by examples in which the metal is iron. The precursors

presented Figure 2.5 can all be used for the preparation of metal phthalocyanines.

Phthalic acid, phthalic anhydride, phthalimid or phthalamide

Unsubstituted or conveniently substituted phthalic acid, phthalic anhydride, phthalimide
or phthalamide together with urea are often used instead of phthalonitrile, and catalysts
such as ammonium molybdate may be employed [21-23] to yield metallated substituted
phthalocyanines (Wyler method) (Scheme 2.5). Indeed most commercial processes are
based on these compounds, especially phthalic anhydrides as starting materials rather

than the more expensive phthalonitriles.
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Scheme 2.5. Synthesis of metallated phthalocyanines using substituted phthalic acid,
phthalic anhydride, phthalimide or phthalamide as starting materials.

Weber and Bush [24] synthesized the widely employed iron tetrasulfophthalocyanine
(FePcS) by refluxing at high temperature (about 180°C) a mixture of the monosodium
salt of the 4-sulfophthalic acid, urea and iron salt in nitrobenzene in the presence of
ammonium molybdate as catalyst (Scheme 2.6). A mixture of sulfonated FePc complexes

(FePcSpix) can be obtained by direct sulfonation of unsubstituted FePc with oleum.

SO,Na

NaO,S

/@ECOOH FeSO,, urea, PhNO,
NaO,S COOH

SO;Na
NaO,S

Scheme 2.6. Synthesis of iron tetrasulfophthalocyanine (FePcS).
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Iron tetracarboxy- or octacarboxyphthalocyanine (FeTCPc) or (FeOCPc) complexes can
be prepared using trimellitic acid or benzene-1,2,4,5-tetracarboxylic dianhydride in the
presence of urea. Iron tetraamidophthalocyanine is obtained as the intermediate and is
easily converted by acid hydrolysis to iron tetracarboxyphthalocyanine (FeTCPc)
(Scheme 2.7) or iron octacarboxyphthalocyanine (FeOCPc) complexes (Scheme 2.8) by

reacting with aqueous sulphuric acid.

COCH
HOOC

/@COOH 1-FeSO,, urea, PhNO,
HOOC COOH 2-HpSO4

COOH
HOOC
Scheme 2.7. Preparation of iron tetracarboxyphthalocyanine (FeTCPc).
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FeSO,, urea, PhNO,

Scheme 2.8. Preparation of octa carboxy (FeOCPc) iron phthalocyanine.
When perhalosubstituted phthalic anhydrides were treated under conditions similar to

phthalic acid, the hexadecachlorophthalocyanine, hexadecabromophthalocyanine were

obtained in up to 80% yield (Scheme 2.9) [25,26].
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Scheme 2.9. Preparation of iron hexadecahalophthalocyanines.

Phthalimide is clearly an intermediate in the synthesis of metal phthalocyanines from
phthalic anhydride and the patent literature is rich in methods that include it as a starting

material for phthalocyanine manufacture [27-29].

Phthalonitriles
Heating phthalonitrile with a metal or a metal salt without solvent is a direct and
convenient method. It is clear that most reactions are carried out at more than 200 °C. In

addition to unsubstituted metal phthalocyanines, substituted derivatives have been

prepared using this method (Scheme 2.10.a).

et

Scheme 2.10. Preparation of Metal Phthalocyanine from Phthalonitrile
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Metal phthalocyanines can be prepared from phthalonitrile with suitable metal salts in
solution. High boiling solvents such as DMF, DMAE, quinoline and 1-chloronaphtalene
are useful to prepare metal phthalocyanines (Scheme 2.10.b).

Using DBU or DBN as a base with metal salt and a solvent such as pentanol provides

efficient method to prepare metal phthalocyanine from phthalonitrile (Scheme 2.10.c).

Diiminoisoindoline or o-cyanobenzamide
Reactions between diiminoisoindoline or o-cyanobenzamide and a finely devided metal,
metal hydride or metal chloride may also be employed to yield the particular metallated

phthalocyanine (Scheme 2.11).

O
CN

Metal salt, solvent

or >
heat
NH
NH
NH

Scheme 2.11. Preparation of Metal Phthalocyanine from Diiminoisoindoline or

o-cyanobenzamide.

Metallation of free-phthalocyanines
Metal-free phthalocyanines are also metallated by refluxing with the appropriate metal or

metal salt in solvents like quinoline or DMF (Scheme 2.12).
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Scheme 2.12. Preparation of Metal Phthalocyanine from Metal-free Phthalocyanine

Substituted iron phthalocyanines are prepared as unsubstituted ones, according to these
described methods. Complexes FePcR containing different numbers of substituents R,
where R is a halogen atom or alkyl, aryl, nitro, alkoxy, aryloxy, alkylthio, arylthio,
arylsulfonyl, polyfluoroalkoxy, polyfluorosulfamoyloxy, carboxy, sulfo, etc. groups, are

described in the literature [30-42].

2.2. Single atom bridged diiron phthalocyanines

The nature of iron permits the presence of axial substituents. This property is used to
prepare various single atom bridged diiron phthalocyanines. These diiron
phthalocyanines can be represented by the formula PcFe-X-FePc, X being O (u-oxo

species), C (u-carbido species) or N (p-nitrido species).

2.2.1. Dimeric p-oxo iron phthalocyanines

In 1965, a first p-peroxo dimeric complex was reported. It was prepared by adding
oxygen to iron (II) tetrasulfophthalocyanine (FePcS) in aqueous solution [43]. Dale
reported that unsubstituted iron(II) phthalocyanine in dimethyl sulfoxide (Me,SO) were

unstable in air [44]. Jones and Twigg observed later that solutions of FePc were unstable

18



in air or in the presence of pure oxygen [45], this was then attributed to the formation

[FePc-O-FePc] (Scheme 2.13).

FePc + O,

FePc
OR FePc

FePc(O,)FePc

FePc(0,) > colorless oxidation product

\R / FePc

FePcO  ——— 2 FePcO ——— FePcO — e [FPC-O-FePe

Scheme 2.13. Mechanism of the formation of [FePc-O-FePc]

Ercolani et al. [46] investigated the interaction of FePc with dioxygen and identified the
conditions for the interaction between the two species in concentrated H,SO4. It was
shown two different crystalline forms of p-oxo iron phthalocyanine dimer (p-oxo (1)
and p-oxo (2)) can be prepared depending on experimental conditions (Figure 2.6) [47].
The first p-oxo (1) dimer was proposed to possess a bent structure while p-oxo (2)

species has linear Fe-O-Fe fragment.

Nw__ _N
e
O o)
N! N
~Fel
[\
p-oxo (1) p-oxo (2)

Figure 2.6. Schematic representation of p-oxo (1) and p-oxo (2).
Several tetra- and octasubstituted p-oxo diiron phthalocyanines represented in Figure 2.7
have been studied by mass spectrometry, UV-vis, Mossbauer, NMR and EPR techniques

[48]. Mossbauer and magnetic susceptibility data indicate the presence of

19



antiferromagnetically interacting couples of high-spin (5/2, 5/2) Fe(Ill) for both isomers
[49-51]. The isomer shift and quadrupole splitting values for the p-oxo (1) are 0.36 and
0.44 mm s™', and for the p-oxo (2) are 0.26 and 1.26 mm s™', respectively. The antiferro-
magnetic constants J, obtained from measurements in the range 300-4 K, are respectively
-120 and -195 cm™ for p—oxo(1) and p-oxo(2) isomers. Voltammetry studies in pyridine,
where species were in the [(pyridine) FePc],O) form, showed two oxidation couples at

0.47 (removal of an electron from Fe) and 0.87 V, and two reductions at - 0.59 and -0.95

V [52].

R
R R . R
=2y ==,
—N = D —N =X X R
N F —N N = _—N
R N:I- = R_SIQ\N:’_ =
R o R R™ R R
R 0O R

R X R
R=Et
R =t-Bu R = O(CH2)7CH3
R= CHZoCH2CH3 _
R = OCH,C(CH2), R =CO,CH,3

R = COZCH2CH3

Figure 2.7. Substituted p-oxo diiron phthalocyanines

2.2.2. Dimeric p-carbido iron phthalocyanines

The  first p-carbido  complex, p-carbido  bis(tetraphenylporphyrinatoiron),
[(TPP)Fe=C=Fe(TPP)], was reported by Mansuy et al in 1981[53]. (FePc),C was
obtained by reacting FePc with Cl4 in chloronaphthalene at 140-150°C for 30 min in the
presence of reducing reagents such as sodium dithionite or iron powder [55,56]. This p-
carbido dimer was also characterized structurally [54]. FePc=C=FePc showed an

antisymmetric Fe-C-Fe stretching vibration at 990 cm™, a Q band peak at 620 nm in

20



pyridine, and isomer shift and quadruple splitting values of -0.16 and 2.69 mm s™ at 77
K. The negative value of the isomer shift in Mossbauer spectrum indicates that iron is in
+4 oxidation state.

Comparison of the IR data of p-carbido and p-oxo diiron complexes is given in Table
2.1. IR spectrum with specific absorption at 940 (for [(TPP)Fe-C-Fe(TPP)]) and 990 (for
[FePc-C-FePc]) cm™ to be assigned as v (Fe-C-Fe), p-oxo diiron complexes show
characteristic Fe-O-Fe peak at 885 (for [(TPP)Fe-O-Fe(TPP)]) and 852 (for [FePc-O-
FePc]) cm™.

Table 2.1. Comparison of the IR data of p-carbido and p-oxo diiron complexes.

Compound v (Fe-C-Fe) (cm™) v (Fe-O-Fe) (cm™)
[(TPP)Fe-C-Fe(TPP)] 940 -
[FePc-C-FePc] 990 -
[(TPP)Fe-O-Fe(TPP)] - 885
[FePc-O-FePc] - 852, 824

2.2.3. N-bridged diiron phthalocyanines

The first p-nitrido species with tetrapyrrolic macrocycles belonging to the class of
formula (L)M-N-M(L), (TPP)Fe-N-Fe(TPP) (TPP = tetraphenylporphyrinato anion) was
described in 1976. It was extensively investigated and the conclusion was drawn for the
presence of both iron centres in the oxidation state +3.5 (Scheme 2.14) [57]. The p-
nitrido bis(tetraphenylporphyrinatoiron) [(TPP)Fe-N-Fe(TPP)] was prepared by thermal

or photochemical decomposition of the monomeric azide ([TPP)FeNs].

xylene, 14h, N, atm.
2 (TPP)FeN; p (TPP)FeNFe(TPP) + 5/2N,
reflux
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(TPP)FeNFe(TPP):

Scheme 2.14. The first p-nitrido diiron porphyrin complex, a) formally Fe(III)NFe(IV)
localized structure and b) Fe(3.5)NFe(3.5) delocalized structure.

[(TPP)Fe-N-Fe(TPP)] is characterized by the presence of Fe-N-Fe band at 910 cm’ in the
IR spectrum (Figure 2.8) and by a single doublet in its Mdssbauer spectrum exhibit of the
presence of only one type Fe center. Although the complex is a formally mixed valence
Fe'-Fe'Y species, but it is generally accepted that, owing to the electron delocalization,

two Fe centers have both an intermediate oxidation state +3.5.

Figure 2.8. IR spectra of [(TPP)Fe-N-Fe(TPP)].
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The analogous phthalocyanine counterpart was also prepared and intensively studied. It
was shown that the Fe centers also share the same oxidation state (+3.5), PcFe’~-N-

Fe*Pc (Scheme 2.15) [58].

= N\ X
>N w N
N Fe N
. LN z
N | °N
N ! A /
N
N
< S /N\ S
N -N=—
N jmdm _N

Scheme 2.15. The first p-nitrido diiron phthalocyanine.

This unsubstituted p-nitrido diiron phthalocyanine was prepared by the reaction of iron
phthalocyanine (FePc) with NaNj in 1-chloronaphtalene (Scheme 2.16), apparently

through the intermediacy of an unstable metal azide specie.

Cl
FePc
or +NaN; FePc-N-FePc
265 °C, N,
FePc-O-FePc yield, 90%

Scheme 2.16. Preparation of FePc-N-FePc complex

No single-crystal X-ray work is available for [FePc-N-FePc]. However, the complex is
isomorphous with its p-oxo analogs [FePc-O-FePc] (n-oxo (2)) and [MnPc-O-MnPc].
Available data support the presence of a linear Fe-N-Fe triatomic system in a formally
mixed valence Fe(Ill)-Fe(IV) complex. The IR spectrum of p-nitrido diiron
phthalocyanine shows characteristic Fe-N-Fe vibration at 915 cm™. Its Mossbauer

spectrum shows single doublet (5 = 0.06 cm™), supporting the presence of two equivalent
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Fe centers (Figure 2.9 and Figure 2.10). Therefore, both Fe centers have the intermediate

oxidation state +3.5 in the proposed formulation [FePc’”-N-FePc*] similarly with TPP

dimer.
80}
~ | f
= 60} i
0 |
]
4 /‘
% 4CT
o Fe-N=Fe
x
I-_
20F

1200 1000 800

WAVENUMBER (cm ™)

Figure 2.9. IR spectrum of unsubstituted [FePc-N-FePc].
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Figure 2.10. Mossbauer spectra of [FePc-N-FePc].

The EPR spectrum (Figure 2.11) obtained at 77 K on a solid sample of [FePc],N shows a
typically axially symmetry spectrum (g = 2.03, g = 2.13), consistent with a low-spin

complex having an A; ground state. These parameters are similar to those observed for
[Fe(TPP)]oN [59].
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Figure 2.11. EPR spectrum of solid unsubstituted [FePc-N-FePc].

There are a number of interesting aspects associated with the synthesis and
characterization of p-nitrido complexes of general formulas (Pc)M—-N-M(Pc), (Pc)M—N-
M(P) and (Pc)M—-N-M'(P) with M and M' = transition metal ions:

(a) Reaction mechanisms of formation of formally mixed valence M"-N-M"" or M"'-N
M"Y species,

(b) Extensive electronic charge redistribution and magnetic coupling occurring for the
two metal ions operated by the bridging N atom along the linearly arranged M—N-M
moiety,

(c) Oxidation state for the Fe atoms >3 and easy access to stable materials containing iron
in a high-valent state, e.g. Fe (IV),

(d) ‘Metal-centred’ or ‘ligand-centred’ monoelectronic oxidation occurring as a function
of the specific nature of the species under investigation,

(e) Chemical and electrochemical redox behaviour.

p-nitrido diiron phthalocyanine or porphyrin complexes can be oxidized by
HsPV,Mo,004 or by ferrocenium hexafluorophosphate. Single doublet in its Mdssbauer
spectrum with negative isomer shift value (-0.10 mm s™) indicates two equivalent Fe (IV)
sites. Therefore, the oxidized complex can be formulated as [FePc"V-N-FePc'V]". The
Massbauer spectra of [FePc'-N-FePc' ](PFs), and [(py)FePc' -N-FePc" (py)](PFs) are
presented in Figure 2.12.
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Figure 2.12. Mossbauer spectra of [FePc'V-N-FePc'V](PFs) (A), and [(py)FePc' -N-
FePc'"(py)](PFs) (B).

In the Mossbauer spectra of the oxidized [FePc' -N-FePc' ](PFs) and [(py)FePc' -N-
FePc"(py)](PFs), only one quadrupole doublet is observed with a isomer shift of -0.09
and -0.10 mm/s and a quadrupole splitting in the 2.06 and 1.76 mm/s. The isomer shift
values are definitely lower, as expected, than those found in the series of (u-oxo)Fe(III)
complexes and for the precursor, [FePc™-N-FePc ], and fall in the range expected for
Fe(IV) as is the case of [FePc'-N-FePc'V](PFs). Thus, conversion of [FePc' -N-
FePc'V](PF¢) into its corresponding six-coordinate N-base adducts leaves the positive
charge entirely located on the two Fe ions of these bimetallic systems.

Oxidation of [FePc®”-N-FePc*] with bromine, trifluoroacetic acid, or concentrated nitric
acid leads to [(Br)FePc-N-FePc(Br)|Br, [(CF3CO;)FePc-N-FePc(CF;CO,)](CF;CO,),
[(NO3;)FePc-N-FePc(NO;3)][(NO3;) complexes, which contain Fe(IV) as indicated by
Mossbauer data [60]. The structure of [(Br)FePc-N-FePc(Br)] obtained by
electrochemical oxidation of [FePc-N-FePc] in DMF/LiBr containing hexacoordinated Fe

centers and linear Br-Fe-N-Fe-Br fragment was reported (Figure 2.13) [60].
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1.639 A°

2.495 A°
Figure 2.13. Structure of [(Br)FePc-N-FePc(Br)].

Although a number of N-bridged binuclear complexes on phthalocyanine and porphyrin
as well as mixed ligand systems [61] have been described (Figure 2.14), they often
contain unsubstituted macrocyclic ligands. Because of that, these p-nitrido binuclear

complexes exhibit only limited solubility in common organic solvents.

Figure 2.14. The mixed ligand system of p-nitrido diiron complex.
The mixed ligand complex [(TPP)Fe-N-FePc] is stable under air and at high temperatures

(>300 °C) under inert atmosphere. IR spectrum of [(TPP)Fe-N-FePc] shows characteristic
Fe-N-Fe vibration at 930 cm™.
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Table 2.2. The characteristic Fe-N-Fe vibration values of p-nitrido complexes.

Compound

IR [(v (Fe-N-Fe) (cm™)]

[(TPP)Fe-N-Fe(TPP)]

[FePc-N-FePc]
[(TPP)Fe-N-FePc]

910
915
930

Table 2.2 shows that the absorption of [(TPP)Fe-N-FePc] is located at higher frequency
than those observed for [(TPP)Fe-N-Fe(TPP)] (910 cm™) and for [FePc-N-FePc] (915

cm™).

Table 2.3. Mossbauer data of p-nitrido species

Complex & /mm ™
[(TPP)Fe-N-Fe(TPP)]  0.148
[FePc-N-FePc] 0.06
[(TPP)Fe-N-FePc] 0.13
[(TPP)Mn-N-FePc] 0.19
[(TPP)Fe-N-RuPc] 0.03

AEq/mms™

1.07
1.76

1.45
1.21
0.90

I'/mms’
0.44
0.19

0.32
0.13
0.22

Iron state
Fe (+3.5)
Fe (+3.5)
Fe (+3.5)
Fe (+3)
Fe (+4)

T/K
71
77

77
78
78

The Mossbauer spectrum of [(TPP)Fe-N-FePc] shows a doublet with an isomer shift 6 =

0.13 mm s™ and a quadrupolar splitting AEq = 1.45. These values are between values of

[(TPP)Fe-N-Fe(TPP)] (8 = 0.148 mm s, AEqg = 1.07 mm s) and values of [FePc-N-

FePc] (8=0.06 mms™, AEg=1.76 mm s™) (Table 2.3).
Q

Heterobimetallic p-nitrido species with identical or different ligands have recently been

described, containing the phthalocyanine macrocycle (Figure 2.15) [62].
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Figure 2.15. Heterobimetallic p-nitrido complexes

These species were prepared via the corresponding azido complexes according to Scheme

2.17.

FePc
(TPP)Fe-N-FePc
/1—ch|oronaphtalene _
130-135°C yield, 30 %
22 h, N, atm.
(TPP)FeN3
\ RuPc
(TPP)Fe-N-RuPc
xylene
120°C yield, 84%
7 h, N, atm.
Cl
(TPPIMANg - +FePe (TPP)Mn-N-FePc

142 °C, 22 h, N, atm.
yield, 53 %

Scheme 2.17. Preparation of mixed ligands and mixed metal p-nitrido species.

Reaction of ([TPP)FeN;] with RuPc gave the first example of a p-nitrido dinuclear
heterometallic and heteroleptic complex, [(TPP)Fe-N-RuPc] [61]. The Mdssbauer data
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for [(TPP)Fe-N-RuPc] (8 = 0.03 mm s™', AEq = 0.90 mm s™) evidenced the formulation
[(TPP)Fe'Y-N-Ru"Pc] (Figure 2.16).
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Figure 2.16. Mossbauer spectrum of [(TPP)Fe-N-RuPc].

The [(TPP)Mn-N-FePc] complex was prepared by reaction of corresponding
([TPP)MnN3] with FePc in 1-chloronaphthalene. Their molecular and electronic
structures were characterized by EPR, IR, Raman, UV-Vis, Mdssbauer spectroscopies,
and X-ray study. Mssbauer spectrum shows a doublet with isomer shift 8 = 0.19 mm s™'

and quadrupolar splitting AEg = 1.21 mm s (Table 2.3).

All these p-nitrido diiron phthalocyanines, bearing either same ligands or different
ligands and metals were unsubstituted complexes. These unsubstituted dimers are
insoluble in common organic solvents that make their purification and use difficult. This
kind of complexes were generally believed to be catalytically inactive, thus they have
never been used as oxidation catalysts. Nevertheless, Sorokin and co-workers have
recently discovered remarkable catalytic properties of diiron p-nitrido tetra-t-
butylphthalocyanine (FePc'Bug),N), in particular in the oxidation of methane and benzene

at unprecedently mild conditions (Figure 2.17) [63].

30



Figure 2.17. Organosoluble (FePc'Buy):N.

IR spectra of (PcFe'Buy),N exhibits strong absorption at 938 cm™ due to Fe-N-Fe anti-

symmetric stretching mode (Figure 2.18). These values are close to this observed for

unsubstituted (PcFe),N at 915 cm’.

084 ‘|||| |r|| [ | III | ANAT ™

T, %

[] |.1 'I

AR TN
' |
0.4+ |L| \

0,2 5

0.0

T —T T 1
400 500 ©00 70O 800 900 1000 1100 1200 1300 1400 1500 1600

v, em’

Figure 2.18. IR spectrum of (FePc'Buy):N.

(FePc'Buy),N interacts with biologically and ecologically relevant H,O,. The addition of

H,0, to a solution of (FePc'Buy),N changed UV-Vis and EPR spectra (Figure 2.19 and
Figure 2.20).
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The intensity of Q band at 636 nm (n — n* phthalocyanine transition) was increased and
weak band at 710 nm disappeared. These changes indicate a metal-centered reaction with
H,O, without significant transformation of phthalocyanine macrocycle and
monomerization. Monomeric phthalocyanine forms exhibit Q band in 665 — 680 nm
region. The rate of the spectral changes correlates with H,O, concentration (A). These

observations indicate the interaction of H,O, with diiron N-bridged phthalocyanine.

(FePc'Buy);N exhibited a signal at g = 1.99 indicative of one unpaired electron and of a
low spin Fe(III) state, after addition of H,O, at 25 °C, a strong signal at g = 4.25 and a
feature at g = 8.16 along with an enlarged signal at g =2.07 and a small signal at g = 1.99
of the (FePc'Buy):N left were detected (Figure 2.20).
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., nm
Figure 2.19. UV-Vis spectral changes during the reaction of (FePc'Bug),N with 1000
equivs of H,O,. (A) : kinetic curves of interaction of [(FePc'Buy),N with H,0,; [H20,] =
3.4x 107 M (curve 1), 2.26 x 10> (curve 2), 5.65 x 10™ (curve 3), 2.82x10™ (curve 4).

32



a Fe(I1)00" compiex —| b
|
1 I
| |,I
/ LS Fe(ll)OOH

| g=199
)
8.16 7

Initial complex (LS Fe(lll))

u—aw"/ ’ r.,'.l—nh«u-ﬂ | \
‘ | .':m‘r\..x-f |‘ whhd ,,-") I \II
| e e \ / 1.99
A

II "I'
\ [ all
207 [\

T T T T 1
0 2000 3000 4000 5000

' 2450 ' 3500
Field [G]

Figure 2.20. EPR spectra of (FePc'Buy),N in acetone after addition of 5 equivs of H,O,

(FePc'Buy)oN coordinates H,0, to form hydroperoxo complex Fe'VNFe™OOH which is
probably in equilibrium with the deprotonated form Fe''NFe'OO". (FePc'Bug):N oxo
complex could be formed from Fe'"NFe" OOH via heterolytic cleavage of the O-O bond

(Scheme 2.18).

Scheme 2.18. Proposed mechanism of the formation of high valent diiron oxo species in

(FePctBu4)2N—H202 system

XPS spectrum of (FePc'Buy),N was given in Figure 2.21. The 1s N XPS spectrum along
with strong signal at 398.7 eV from nitrogen atoms of phthalocyanine cycle exhibits a

small signal at 402.4 eV which can be assigned to strongly bonded bridging nitrogen.
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Figure 2.21. XPS spectrum of (FePc'Buy),N

2.2.4. Supported Iron Phthalocyanines

Solubility of phthalocyanines in the common organic solvents is important for their use
as homogeneous catalysts and for mechanistic studies. From practical point of view, it is
desirable to separate and to re-use the catalysts after reaction. Heterogeneous catalysts
generally offer the advantage of simple separation and recovery. Phthalocyanine
complexes can be supported onto different supports to obtain heterogeneous catalysts.
Metallophthalocyanines have been fixed onto zeolites [64] and polydimethylsiloxane

membranes [65,66], activated carbon black [67], MCM-41-type molecular sieves [68]
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and by sol-gel processing [69]. The fixation of iron phthalocyanines onto suitable
supports could provide selective and stable catalysts with facile recovery and recycling.

Supported phthalocyanine catalysts were prepared by fixation of monomeric and dimeric
forms of FePcS onto amino-modified silica and were used for the selective oxidation of
aromatic compounds. Firstly, FePcS was reacted with SO,Cl to be converted into the
corresponding FePc(SO,Cl)s, FePc(SO,Cl); was fixed to amino modified mesoporous

MCM-41 (Schema 2.19) [70].

SO3Na
= 03Na
A N;N N
Nao3s@"€“§u@soma =——= NaO,S o SO;Na
N_N N/
J
SO;Na
SO3Na
S0,CI
/ 2
—1
Clo,S ° SO,Cl _ _sogl
—
CI0,S _
— S0,CI
+ —_— g
NH> NH, NH : ettt
A e D
_——1
_ SO,CI

Scheme 2.19. Schematic representation of the monomeric and dimeric FePcS catalysts

supported on silica.

These supported iron phthalocyanines were tested towards the oxidation of 2,3,6-
trimethylphenol to trimethyl-1,4-benzoquinone (precursor of vitamin E) and naphthalene,
2-methylnaphthalene and 2,3-dimethylnaphthalene to corresponding quinones.
Noteworthy, dimeric supported catalysts were more active and selective in these aromatic
oxidations. However, p-oxo-dimer structure is unstable during oxidation reactions
undergoing transformation to monomer supported species which are less active and

selective [71a,71b].
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The supported dimer structure can be reinforced by a covalent linking between two
phthalocyanines, established by the two amino functions of N,N’-diethyl-1,3-
propanediamine reacting with phthalocyanines’ sulfonyl chloride groups (Schema 2.20)

[71b].

1
] S0.Cl -
A —
] JEt — SO,NEt
_ HN A
— (o] B —— -
— - Q
— HN_ ]
_ Et —1
B — SO,NEt
_ SO,CI -
—

Scheme 2.20. Stabilisation of a dimer structure by covalent linking of two adjacent

phthalocyanine molecules with N,N’-diethyl-1,3-propanediamine.

N,N’-diethyl-1,3-propanediamine linked dimeric phthalocyanine complexes proved to be

more active and selective in the oxidation of these organic compounds.
Sorokin and coworkers prepared supported iron phthalocyanine bearing eight

triethoxysilyl units (Scheme 2.21) and tested the use of this supported catalyst in catalytic

epoxidation of olefins and oxidation of phenols [71a + ref. 55 from 71a].
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Scheme 2.21. Preparation of FePc-SiO,
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Recently, the direct covalent bonding of functionalized phthalocyanine on
nanoparticulate TiO, material has been reported (Scheme 2.22) [72]. The good catalytic
activity of this TiO, supported catalyst was demonstrated in the aerobic oxidation of [3-
isophorone to ketoisophorone, important intermediate for the preparation of flavors and

fragrances fine chemicals.

SO,TixOy(OiPr)z
/ o /
NN N=R« = 0
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N Ly ENZD-SOH R @“{,Fgl_@—somxowowr)z 025Q’N/ e/N@soz

" "

S0, TiO,

HO;S R 0;8
o
R = SO,TixOy(OiPr)z 77777}777
TiO,

Scheme 2.22. Preparation of FePcS-TiO,.

Generally, the catalytic properties of immobilized p-oxo dimeric iron phthalocyanines
were better than those of the mononuclear species, confirming the interest of the

immobilization of these complexes to enhance the catalysis efficiency.
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2.3. Use of iron complexes as oxidation catalysts

2.3.1 Introduction to bio-inspired heme-like catalysts

In the area of oxidation catalyzed by transition metal complexes [73,74], synthetic
metalloporphyrins occupy a particular place: they are analogues of the prosthetic group of
heme-containing enzymes which selectively catalyze various oxidation reactions with the
same transition metal (iron) and the same macrocyclic ligand (protoporphyrin IX).
Biological oxidations by heme enzyme can be classified as follows: oxygenations of
organic substrates catalyzed by cytochrome P-450 [75], oxidations by peroxidases [76],
oxidative halogenations by chloroperoxidases and hydrogen peroxide dismutation by
catalase [77]. The particular feature of cytochrome P-450 is the axial coordination of
cystein ligand to iron porphyrin. There are no close contacts with aminoacids in the distal
site [75,78]. In turn, histidine is the proximal ligand in peroxidases while distal amino
acids, close to the prosthetic group, are present to favor the heterolytic cleavage of the O-

O bond of hydrogen peroxide by a push-pull mechanism [76,78].

The catalytic cycle of cytochrome P450.,, is triggered as the camphor molecule enters
into the active site and displaces the axial water molecule. Consequently, the
displacement of the iron from the plane of the porphyrin ring increases from 0.30 A in the
resting state of the enzyme to 0.44 A in the pentacoordinated complex (Scheme 2.23).
This makes the heme a better electron sink and triggers an electron transfer from the
reductase protein; this electron-transfer event then initiates the cycle.

After the substrate binding step, an electron transfer from the reductase causes the
reduction of the iron(Ill) center to the ferrous state. The reduced form of cytochrome
P450 is an extremely efficient reducing agent as expected for an iron(II) porphyrin
complex. One electron from the iron(Il) center and one from the triplet oxygen pair create
an iron(I1I)-oxygen bond. This oxygen-iron complex is relatively stable. The intermediate
oxygen-iron has to be regarded as an superoxide ion coordinated to an iron(IIl) center
with an unpaired electron on the terminal oxygen atom. The second reduction step is the

rate-determining step in many cytochrome P450s. This relatively slow step generates a
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negatively charged iron(Ill)-peroxo complex which is quickly protonated at this stage to
generate the iron(IIl)- hydroperoxo complex. The second proton is necessary to produce
an iron(V)-oxo species.

At the end of the cycle, camphor is converted to 5-exo-hydroxycamphor that forms a

complex with the heme.

Scheme 2.23. Schematic representation of the different intermediates generated during

the catalytic cycle of cytochrome P450 [79].

Synthetic iron porphyrin complexes have been investigated as bioinspired models for the
catalytic action of the enzyme Cytochrome P-450 in oxidation reactions. Iron porphyrins
can catalyze a wide variety of oxidation reactions including epoxidation, hydroxylation,
dealkylation, dehydrogenation, and oxidation of amines, sulfides, alcohols and aldehydes,
[82] even for unreactive substrates such as unactivated hydrocarbons.
Metallophthalocyanine (MPc) complexes have been used as alternative catalysts, because
they have a similar structure to porphyrins, are cheaper and more stable to degradation

[84—89]. The higher oxidation states of the central transition metal ions are more readily

40



accessible in the porphyrin series than in the phthalocyanine series [80]. In other words,
phthalocyanine ligand tends to stabilize the lower oxidation states of metal compared to
porphyrin one. This implies that high oxidation states metallophthalocyanines should be
stronger oxidizing agents than their porphyrin analogues in the same oxidation state. In
porphyrin series the kind of the cleavage of O—O bond (homolytic vs heterolytic, Scheme
2.24) is determined by the structures of porphyrin ligand and peroxide and the presence
of axial ligand, which favors a heterolytic O—O bond cleavage [81].

0O

homolytic cleavage

o /
\ o]

heterolytic cleavage

Scheme 2.24. Proposed mechanism of the formation of active species from monomeric

form of FePc and TBHP.

In the case of dimeric FePc complex with a peroxide oxidant, the hypothesis of a
heterolytic cleavage of O—O bond with parallel formation of ‘BuO™ (Scheme 2.25) rather
than a radical is much more favorable than in the case of monomeric FePc. This is due to

the possibility of the delocalization of the charge on two iron atoms of the dimer.
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Scheme 2.25. Proposed mechanism of the formation of active species from dimeric form

of FePcS and TBHP.

The first oxidation system with synthetic iron porphyrin as a catalyst was developed by
Groves and co-workers in 1979 [83]. This oxidation system, which consists of terminal
oxidant iodosylbenzene (PhIO) and catalyst [Fe™ (por)Cl], can effect both epoxidation of
styrenes and cyclohexene, and hydroxylation of cyclohexane and adamantane. However,

porphyrins degrade in oxidative media under reaction conditions.

This part of the thesis is limited to the study of iron catalysts in oxidation of cyclohexene,
toluene/p-xylene, and alcohols.

The field of oxidation catalyzed by iron complexes is extremely large and can not be
reviewed here in full details. We decided to restrict this part to sections related to the
analyses performed with the molecules we prepared during the course of this PhD work.
Iron complexes can be divided in non-heme and bioinspired heme-like complexes, their
use as oxidation catalysts will be detailed hereafter. Reaction conditions, selectivities and

terminal oxidants will be given for each reaction.
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2.3.2. Oxidation of cyclohexene

The catalytic oxidation of hydrocarbons (alkanes, aromatics, alkylaromatics, olefins) is
important topic from synthetic, industrial, and biological points of view [90,91]. For
example, allylic alcohols are important building blocks in organic chemistry, which can
be further functionalized, for example, by Sharpless epoxidation, asymmetric
dihydroxylation, rearrangements or cross-metathesis to give access to a broad variety of
synthetic intermediates for natural products and fine chemicals. The iron-catalysed
oxidation of cyclohexene is discussed in this part. Reaction conditions, selectivities,

terminal oxidants are given.

Iron porphyrin complexes have intensively been investigated because they can serve as
chemical models for cytochrome P450 monooxygenase [92]. Allylic hydroxylation by
heme iron complexes follows the rebound mechanism depicted in Scheme 2.26. Starting
from iron(Ill) porphyrin complex, the high-valent iron(IV)-oxo porphyrin m-cation
radical is formed with various oxidants such as single oxygen atom donors (i.e.
iodosobenzene) or hydroperoxides (i.e. alkyl hydroperoxides, H,O,, peracids). Iron(IV)-
oxo porphyrin m-cation radical species induces hydrogen abstraction from the alkene
substrate, resulting in the formation of porphyrin Fe(IV)(OH) complex and allylic radical.
Porphyrin complexes, however, are prone to oxidative decomposition and therefore
synthetic applications are often hampered by rapid catalyst deactivation. This problem
can be overcome by attaching electron-withdrawing groups to the periphery of the
porphyrin system. Another problem is the poor chemoselectivity. In many cases, addition
to the C=C double bond and formation of the epoxide are much faster than the

corresponding hydrogen abstraction, which leads to the allylic alcohols.
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Scheme 2.26. Proposed mechanism shown for the hydroxylation of cyclohexene [92].
This is illustrated by a study by Appleton et al. [93], who also observed that the

chemoselectivity depended on the ring size of the alkene (Scheme 2.27). Cyclohexene

oxide was obtained as a major product by Fe(TPP)Clg catalyst.
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Scheme 2.27. Oxidation of cyclohexene by Fe(TPP)Cls.

Groves and coworkers described oxygen transfer reactions from iodosylbenzene to olefin
such as cyclohexene catalyzed by synthetic iron porphyrin [94]. lodosylbenzene used as
oxidant and react with iron porphyrin in the presence of cyclohexene to produce epoxide

in good yield (67 %) (Table 2.4).

Table 2.4. Epoxidation Catalyzed by Iron Porphyrin [73].

Alkene Catalyst Products yield (%)
OH

O FeTPPCI © (}0
15 67
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Nam and coworkers reported a catalytic oxygenation of cyclohexene by various iron
porphyrins (for structures see Figure 2.22) and performed detailed mechanistic studies on
cyclohexene epoxidation and a hydroxylation with oxoiron(IV) porphyrin 7w-cation
radicals under various reaction conditions [95]. Cyclohexene oxygenation with
oxoiron(IV) porphyrin m-cation radicals bearing electron-rich and electron-deficient
porphyrin ligands at different reaction temperatures was tested. Oxoiron(IV) porphyrin -
cation radicals bearing electron-rich porphyrin ligands (6 and 7) afforded cyclohexene
oxide as a major product at high temperatures. As the reaction temperature became lower,
the yields of cyclohexene oxide decreased but the yields of cyclohexen-3-ol increased. At
a very low temperature (-100 °C), cyclohexen-3-ol was produced. The selectivity toward
C=C and C-H oxidation by 6 and 7 depends on the reaction temperature: C=C

epoxidation is preferred at high temperatures and allylic C—H hydroxylation at low

temperatures.
Iron Porphyrins X Y V4
[Fe(TPFPP)]" (3)  F F F
[Fe(TDFPP)]" (4) F H H
[Fe(TDCPP)]"(5) (I H H
[Fe(TMP)]" (6) CH; H CH,4
[Fe(TDMPP)]* (7)  CH, H H

Figure 2.22. Structures of the iron porphyrin complexes used in oxidation [74].
When cyclohexene oxygenation was tested with oxoiron(IV) porphyrin n-cation radicals
bearing electron-deficient porphyrin ligands (3, 4, and 5), the temperature effect on the
regioselectivity of C=C epoxidation versus allylic C—H hydroxylation disappeared and

cyclohexene oxide was obtained as a major product (Scheme 2.28).
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Scheme 2.28. Change of regioselectivity toward C=C epoxidation versus C—H

hydroxylation depending on reaction conditions [95].

Bandyopadhyay and coworkers used FoTPPFe(III)Cl (Figure 2.23(a)) as the catalyst and
TBHP as the terminal oxidant to oxidize cyclohexene [96]. The oxidation reactions of
cyclohexene (200 mM) with TBHP (2 mM) in presence of FoTPPFe(III)Cl (50 uM) were
studied in CH;CN-H,0 (9.09%) at 25 °C under argon and under dioxygen. Oxidation
reaction was completed in only 10 min when the reaction was kept under argon and 2-

cyclohexen-1-ol was the main product.

Figure 2.23. Iron porphyrin catalysts Fe(TFPP)CI] [ X=H] (a) and Fe(TFPPBr3)Cl [ X=Br]
(b) [96,97].
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Tumas and coworkers showed the oxidation of cyclohexene using molecular oxygen and
catalyzed by halogenated iron porphyrins (Figure 2.23 (a and b)) in supercritical carbon
dioxide [97]. They found that selectivity for epoxidation of cyclohexene is higher in

scCO; than in organic solvents.

In comparison with metal porphyrins, the corresponding metal phthalocyanines are much
more stable against oxidative decomposition. Murahashi et al. reported that chlorinated
Fe(IT) phthalocyanine is particularly well suited for aerobic allylic oxidation employing
acetic aldehyde as a cofactor (Table 2.5) [98]. Under these conditions, cyclohexene is
converted to a mixture of 1 and 2 in 70% overall yield and the epoxide 3 as byproduct
(30%). Acetic aldehyde is proposed to form peracetic acid in the presence of Fe catalyst.
Although the authors postulate a transfer an oxygen atom to the Fe phthalocyanine
complex leading to an iron(IV) species as reactive intermediate, a classical free-radical
mechanism involving Ac:, AcO- and AcOO- radicals seems to be operating in this

system.

Table 2.5. Oxidation of cyclohexene using chlorinated iron phthalocyanines [98].

Alkene Yield (%) Products (Selectivity, %) TON
0] OH
@ 76 320
(70)
1 2
(}O (30)
3
o]

(PcClyg)Fe?*
H3CJ\H + 0 chj\ooH

By (PcClyg)Fe?
H3C OOH (PCC|16)Fe4+=O
-CH3COOH
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The oxidation of cyclohexene catalysed by Fe(Il) tetra-fert-butylphthalocyanine was
reported by Kasuga [99]. The main product after oxidation was cyclohexene oxide and
small amount of 2-cyclohexene-1-one.

Weber et al. utilized binuclear p-oxo iron(Ill) t-butylphthalocyanine (Figure 2.24) as
catalyst in the oxidation of cyclohexene. The main products were 2-cyclohexen-1-one
(39%) and 2-cyclohexen-1-ol (48%), while cyclohexene oxide was obtained in only 12%
yield [100].

Figure 2.24. Molecular structure of p-oxo iron(IIl) phthalocyanines catalysts [100].

Nyokong and coworkers showed oxidation of cyclohexene wusing iron
hexadecachlorophthalocyanine (FePcCl;s, Figure 2.25) and the catalytic activity of iron
polychloro phthalocyanine is compared to that of unsubstituted FePc [101]. The FePcCls
catalyst is selective to the formation of 2-cyclohexene-1-one (Table 2.6). While
unsubstituted PcFe showed the higher selectivity towards 2-cyclohexen-1-ol
perchlorinated FePcCl;s was more selective for 2-cyclohexene-1-one formation (Table

2.6) [101].
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Cl
Cl cl Cl

iron polychlorophthalocyanine (FePcClyg)

Figure 2.25. Molecular structure of Fe(Il) perchlorinated phthalocyanine (FePcCl;)
[101].

Table 2.6. Oxidation of cyclohexene by Cl;sFePc. Selectivity values for FePc are given
in parentheses [101].

Product Yield (%) Selectivity (%) TON
Cyclohexene oxide 3.5 7.8 (3.8) 39.8
2-cyclohexene-1-ol 9.1 20.0(71.2) 209
2-cyclohexene-1-one 32.7 72.2(25.0) 494

Sorokin and coworkers prepared supported iron phthalocyanines (see part 2.2.4) to test
them in cyclohexene oxidation [71]. Oxidation products were obtained using a catalyst:
substrate: isobutyraldehyde ratio of 1:265:530. Cyclohexene was oxidized into epoxides

with quite good selectivities: the yield of cyclohexene oxide was 78 % (Table 2.7).
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Table 2.7. Oxidation of olefins by molecular oxygen catalyzed

by FePc@Si02-supported catalyst in acetonitrile.

Alkene Conversion (%) Time (h) Products (Yield, %)
@ 01 9 (}O (78)
OH

&
O

Recently, Sorokin et al. reported the activity of FePcS—SiO, for the allylic oxidation of
cyclohexene with TBHP [102].

The main product of the allylic oxidation of cyclohexene with TBHP over FePcS—SiO,
was the allylic ketone, 2-cyclohexen-1-one (Table 2.8).
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Table 2.8. Product yield in the allylic oxidation of cyclohexene with TBHP over
FePcS-SiO, [102].

Yield® (%)
Entry  Catalyst (mmol) Solvent TBHP (mmol) Temperature (°C) 1 2
1 0.25 CH;CN 1.3 40 25 6
2 0.5 CH;CN 1.3 40 30°¢ 4
3 1.0 CH,CN 1.3 40 43 7
4 0.5 CH;CN 1.3 25 25 4
5 0.5 CH;CN 1.3 60 28 3
6 0.5 CH,CN 1.3 70 25 s
7 2.0 CH;CN/CH,CL, (1:1) 2.6 40 40 4
8 2.0 CH,;CN 2.6 60 35 2
9 0.5 CH,CN 2.6 60 28 6
10° 2.0 Ethanol 2.6 60 15 6
11 0.5 Toluene 1.3 40 14 5
12 0.5 Ethyl acetate 1.3 40 18 3
13 0.5 Acetone 1.3 40 2 11
14 0.5 14 1.3 40 22 4

In conclusion, an intensive research in the field of iron-catalyzed allylic oxidations has
been performed. It should be noted that in many cases a direct comparison of different
catalysts is difficult, because the yields of isolated pure products and detailed
experimental procedures are not described in details. This has to be considered as a major
drawback concerning synthetic applications. Many studies on oxidation of cyclohexene
involved iron porphyrins. These studies can be classified in three different categories: (i)
isolation of high-valent iron porphyrin intermediates, (ii) catalytic studies, or (iii) kinetic
studies. Some discussions on the product analyses and kinetic studies implicate a high-
valent iron-oxo porphyrin radical cation, (Por")Fe'V=0, as oxidizing species which reacts

with cyclohexene by different possible reaction pathways: (i) a direct oxygen atom
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transfer, (i) a free radical addition followed by a fast ring closure, (iii) an electrophilic
addition and fast ring closure, (iv) a reversible metallaoxetane formation, and (v) an
electron transfer followed by a collapse to a radical or to a carbocation. However, a
careful analysis of the product distribution indicates a classical free radical mechanism in

many cases.

2.3.3. Oxidation of toluene and p-xylene

Oxidation of alkyl aromatics is a very important process in industrial chemistry[103].
The production of terephthalic acid by oxidation of p-xylene is probably the most
sound example of industrial benzylic oxidation: its worldwide annual production is
about 44 million t/y. The industrial process is based on the radical oxidation in the
presence of Co and Mn ions in acetic acid at harsh conditions (about 200°C, 1.5 MPa)
[104]. Stoichiometric oxidation by permanganate or Cr'' oxidants are also used to
perform benzylic oxidations. These stoichiometric oxidants are not only relatively
expensive, but they also generate copious amounts of waste. From both an economic
and environmental point of view, the effective catalytic oxidation processes that use
clean, inexpensive oxidants for converting alkyl benzenes to carbonyl compounds on
an industrial scale is the most gratifying route. Several catalytic approaches have been
described in quest of cleaner and more general processes. Along with dioxygen[105],
TBHP is widely used as the oxidant in combination with Cr[106], Co[107], Mn[108],
Fe[109] and Rh[110]. based catalysts. Vanadium-based polyoxometalates have been
shown to be useful catalysts for benzylic oxidation [111]. Alkyl aromatic compounds
can be oxidized either at benzylic positions or in the aromatic nuclear. Consequently,
the selectivity issue is very important. Catalytic systems capable of selectively
oxidizing either only benzylic or only aromatic sites are highly desirable. However,
this task is difficult to achieve. For example, toluene was oxidized by iron (II)
complexes bearing hexa-, penta- or tetra-azadentate ligands-H,O, system to mixture
of isomeric cresols, benzyl alcohol and benzaldehyde [112]. Benzylic and ring

oxidation products were obtained with comparable yields. The addition of reducing
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agents shifted oxidation in favour of aromatic ring oxidation to give total TON~7
[112]. Oxidation of toluene performed by metalloporphyrin systems has often resulted

in the mixture of products of benzylic and aromatic oxidation [113].

2.3.3.1. Iron Porphyrins

Huang and coworkers used chitosan supported complexes monomeric and dimeric iron

tetraphenylporphyrins for oxidation of toluene (Scheme 2.29) [114].

CH; CHO CH,OH
catalyst
0,

+ + by-products

Scheme 2.29. The toluene oxidation catalyzed by the given catalysts with air [114].

The main oxidation products were benzaldehyde and benzyl alcohol along with small
amount of benzoic acid. Compared with chitosan-supported p-oxo dimeric iron
tetraphenylporphyrins, the toluene oxidation catalyzed by chitosan-supported monomeric
iron tetraphenylporphyrins provided the higher yields of main products, the higher
toluene conversion, the better selectivity and the higher catalyst TON, from 1.5 to 4.5 h
reaction time, for example, at the reaction time of 4.5 h, they were 5 % vs 2 %, 6 % vs 2
%, 91 % vs 91 % and 6x10° vs 1x10°. The results indicate that in the toluene oxidation
catalyzed by two supported catalysts, chitosan produces better improving effect for the
catalytic performance of mono iron tetraphenylporphyrins [114].

p-oxo bis[ (porphyriniron(IIl)] was prepared by Guo and coworkers for use in toluene

oxidation with molecular oxygen (Figure 2.26) [115].
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Figure 2.26. Structures of iron tetraphenylporphyrin catalysts [115].

The oxidation of toluene with molecular oxygen catalyzed by (TPPFe'"

alcohol, benzaldehyde and benzoic acid (Scheme 2.30).

),0 gave benzyl

CH3 CHO CH,OH COOH

(TPPFe'),0
0 + +
2

Scheme 2.30. Oxidation of toluene by O, to corresponding products [115].

Table 2.9. Comparison of catalytic property of (TPPFe™),0 and TPPFe™CI [115].

Selectivity
Catalysts TON Toluene conversion  (-aldehyde +-ol), %  -aldehyde/-ol

(TPPFe™),0 21830 7 59 1

TPPFellC1 12593 4 61 1

111

The results showed that p-oxo dimeric iron porphyrin (TPPFe "),O more efficient

catalyst for toluene oxidation than monomeric iron porphyrin TPPFe'Cl (Table 2.9)
[115]. Altough the selectivity of benzaldehyde and benzyl alcohol for the two reactions is

11T

similar, the TON and toluene conversion for (TPPFe'),0 are two times more than
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monomeric iron porphyrin TPPFe'Cl. This may be due to higher stability of p-oxo
dimeric iron porphyrin (TPPFe™),0 [116].

Castro and coworkers showed selective oxidation of toluene to benzyl alcohol with good
yield [117].

The reaction of octaethylporphyrin iron(IIl) chloride with potassium crown ether (18
crown-6) nitrite in N-methylpyrrolidone-1% acetic acid under argon generates the
iron(III) nitrite salt (PFeNO,). The latter is a unique and selective oxygen atom transfer
reagent. The reaction of a broad range of substrates (S) proceeds quantitatively to yield
the  oxidized  substrate and  the iron(Il)  porphyrinnitrosyl adduct:
PFeNO,+ S —— PFeNO* SO.

2.3.3.2. Iron Phthalocyanines

Zhao and coworkers used iron phthalocyanines to oxidize nitrotoluene in ionic liquid
[omim][BF4] (Figure 2.27) [118]. The experimental results showed that both the length
of alkyl chains on the 1-alkyl-3-methylimidazolium cations and the anions had some
effect on the reaction, and the best results were obtained by using [omim][BF,4] as an
ionic liquid phase. [omim][Tf;N], [omim][BF4] and [dmim][BF,4] ionic liquids showed
good solubility for the phthalocyanines complexes and PNT (Table 2.10).

CHs COOH
AN 02 + FePc AN
X OmimBF 2

N 2 4 N02

1: p-nitrotoluene (PNT) 2: o-nitrotoluene (ONT)

3: m-nitrotoluene (MNT) 4: 2,4-dinitrotoluene (DNT)

Figure 2.27. Oxidation of nitrotoluenes to nitrobenzoic acids.
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Table 2.10. The oxidation of nitrotoluenes to nitrobenzoic acids by FePc [118].

Entry Substrate Ionic liquid NaOH P(O)(MPa) Isolated yield (%)
1 PNT [omim][BF4] 15 2.0 92.2
2 PNT [omim][BF4] 1.5 2.0 88.7
3 PNT [omim][BF4] 1.5 2.0 85.3
4 PNT [omim][BF4] 1 2.0 70.1
5 PNT [omim][BF4] 15 25 93.0
6 PNT [omim][BF4] 1.5 1.5 83.5
7 PNT [omim][Tf,N] 15 2.0 12.7
8 PNT [dmim][BF4] 15 2.0 72.4
9 PNT [No ionic liquid] 15 2.0 Trace
10 PNT [omim][BF4] 15 2.0 92.0
11 ONT [omim][BF4] 15 2.0 92.8
12 MNT [omim][BF4] 1.5 2.0 Trace
13 DNT [omim][BF4] 1.5 2.0 93.2
14 Toluene [omim][BF4] 1.5 2.0 Trace

Reaction conditions: 0.2 mol of nitrotoluenes in the solution of 10.0 mL ionic liquid and

5.0 mL water at 90 °C for 12 h.

The oxidation of nitrotoluenes in ionic liquid-water liquid-liquid biphasic catalytic

reaction system by iron phthalocyanines were studied and exhibited good yields and

selectivities.
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2.3.4. Oxidation of alcohols

Oxidation of alcohols to aldehydes and ketones is one of the most important
transformations in organic synthesis [119]. In particular; the oxidation of primary
alcohols to aldehydes is important since they find wide applications as intermediates in
fine chemicals particularly for perfume and pharmaceutical industries [120,121].
Numerous catalytic methods are now known which can be used to oxidize alcohols using
either O, or H,O, as the oxidant. These oxidants are to be preferred because they are
inexpensive and produce water as the sole byproduct. Most of the catalysts reported so
far, the use of a solvent in the reaction is required, while it is highly desirable to develop
a process without a solvent from the viewpoint of green chemistry. Avoiding the use of
solvent is important advantage from environmental and industrial points of view. The
world-wide annual production of carbonyl compounds is over 10’ tonnes and many of

these compounds are produced from the oxidation of alcohols. [122].

2.3.4.1. Iron Porphyrins
Nam and coworkers described alcohol oxidation reactions (Figure 2.22) with

spectroscopically well characterized oxoiron(iv) porphyrin m-cation radicals,

[(tdepp) Fe'V=0]" (Scheme 2.31) and [(tmp) Fe'V=0]" (Figure 2.28) [123].

Figure 2.28. Structures of iron porphyrin complexe [123].

58



[(Porp)*FeV=0]* [(Porp)Fe""T*

>

PhCH,OH PhCHO

Scheme 2.31. Oxidation of benzyl alcohol by high-valent iron oxo complexes porphyrins

[123].
Wang and coworkers prepared TEMPO-linked iron porphyrins (Figure 2.29) for selective

oxidation of benzyl alcohol to benzaldehyde [104]. The catalytic oxidation system
includes catalyst (1 mol %), KBr (10 mol %) and aqueous NaOCl (1.25 equiv, pH 8.6).

OCH,COO N-O

8a; R=H

8b; R=CI

Figure 2.29. Structure of TEMPO-linked iron porphyrins [124].
Benzyl alcohol was oxidized to benzaldehyde by these TEMPO-linked iron porphyrins

(Scheme 2.32) in good yields. When 8a was used as catalyst, benzaldehyde yield was
86%. The yield of benzaldehyde was 92% in the presence of 8b as catalyst [124].
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CH,OH CHO
Catalyst

NaOClI, KBr,
CH,Cl,/H,0

Scheme 2.32. Oxidation of benzyl alcohol [124].

Meunier and coworkers studied the oxidation of 3,4-dimethoxybenzyl alcohol (veratryl
alcohol) in presence of iron porphyrin (Scheme 2.33) [125]. Two categories of catalysts
were used: (i) free water-soluble iron derivative of tetrasodium meso-tetrakis(p-
sulfonatophenyl) porphyrin (TPPS) and (ii) the same iron porphyrin immobilized onto an
ion-exchange resin, Amberlite IRA-900 EGA, by strong physical adsorption.

CHO
CH,OH OCH,3
OCH,
OCH, CH,OH
OCH, o
o
OCH,

Scheme 2.33. Oxidation of veratryl alcohol

Studies have been performed on the oxidation of veratryl alcohol by the soluble catalyst,

FeTPPS, and the corresponding insoluble one, FeTPPS-Ad (Table 2.11).
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Table 2.11. Hydrogen Peroxide and Potassium Monopersulfate Oxidation of Veratryl
Alcohol, Catalyzed by FeTPPS, FeTPPS-Ad [125].

% of catalyst ratio of imidazole conversion
run catalyst vs 1 oxygen donor to catalyst in 1 min
1 FeTPPS 0.2 H,0, 5
2 FeTPPS 0.2 H,0, 100 7
3 FeTPPS 0.2 KHSOs4 67
4 FeTPPS 0.2 KHSOjs 100 65
5 FeTPPS—Ad 10 H,0, 6
6 FeTPPS— Ad 10 KHSOs4 50

The catalytic activity is higher for soluble catalyst FeTPPS, compared to the
corresponding resin-immobilized catalyst, FeTPPS-Ad. However, the latter supported

catalyst can be recycled, losing only 5% of the initial activity.

2.3.4.2. Iron Phthalocyanines

Zhdankin and coworkers studied the oxidation of alcohols by p-oxo diiron(Ill) t-
butylphthalocyanine complex (Figure 2.30) using organic iodine (V) compounds as the

oxidant species [126].

Figure 2.30. Structure of p-oxo diiron(III) t-butylphthalocyanine complex [126].
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The oxidation of alcohols was studied at room temperature in dry dichloromethane with
0.7 mol equiv (1.4 equiv of active oxygene) of the iodine(V) reagent and 0.1 equiv of the

appropriate catalyst [126].

o\\l/o \\I //O O\\I '/o
O—i-Pr HN___CO,CH;
; 2 | :
IBX ester IBX amide 2-iodylphenol ether

Figure 2.31. Hypervalent iodine (V) oxidants [126].

The oxidation of 4-methoxybenzyl alcohol using oxidant IBX ester 1 at room temperature
in the presence of Fe(IlI) phthalocyanine complex (10 mol %) afforded the aldehyde in a
100% conversion (95% isolated yield after chromatography) after 1 h stirring at room
temperature. The conversion was much lower when oxidants 2 (IBX amide) and 3 (2-
iodylphenol ether) were employed for the oxidation of benzylic alcohols under similar
conditions using the same catalyst Fe(Ill) phthalocyanine complex [126]. The allylic
alcohol oxidation exhibited the same reactivity in the catalytic oxidations while the

aliphatic substrates were much less reactive.

Then, Ford and Hampton studied the oxidation of veratryl alcohol in water catalyzed by
iron tetrasulfophthalocyanine [127]. The FePcS-catalyzed oxidations of DMBA with
hydrogen peroxide and concentrations of 1-3 mol% FePcS based on DMBA, all resulted

in the same 31% conversion of DMBA during 15 minutes at 85°C.
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2.3.5. General Conclusion

Oxidation processes are carried out in a highly selective manner by mono- or
dioxygenases under mild conditions in nature. Monooxygenase is cytochrome P-450,
which features an iron porphyrin core and can catalyze a wide variety of oxidation
reactions including epoxidation, hydroxylation, dealkylation, dehydrogenation, and
oxidation of amines, sulfides, alcohols and aldehydes, even for unreactive substrates such
as unactivated hydrocarbons. Metalloporphyrins, with a core structure closely resembling
that of the iron porphyrin core of cytochrome P-450, have been extensively studied as
catalysts for oxidation reactions. Thus, numerous iron complexes such as iron porphyrins
and phthalocyanines were prepared and used in different oxidation reactions. High-valent
oxo iron porphyrins have been observed in the reactions of synthetic iron porphyrins with
PhIO or m-CPBA (m-chloroperbenzoic acid) and have been reported to be able to oxidize
alkenes, alkanes, phosphines, amines and sulfides by oxygen atom transfer and/or
insertion reactions. Iron phthalocyanine complexes have been used as alternative
catalysts, because they have a similar structure to porphyrins, are cheaper and more stable
to degradation.

FePc complexes can be prepared from different precursors such as phthalic acid, phthalic
anhydride, phthalamide, phthalonitrile etc... FePcS, which is widely used for oxidation
catalysis, is prepared from the corresponding sulfonated phthalic acid. The nature of iron
allowing the presence of axial substituents, this property is used to prepare single atom
bridged diiron phthalocyanines such as p-oxo, p-carbido and p-nitrido. Sorokin and
coworkers showed that p-oxo diiron sulfophthalocyanine has better catalytic activities
than the monomeric iron sulfophthalocyanine. Other p-oxo diiron phthalocyanines such
as p-oxo diiron t-butylphthalocyanine [126] were then studied more extensively in
several oxidation reactions, using different oxidants and reaction conditions. Sorokin et al
compared the catalytic activites of p-oxo, p-carbido and p-nitrido diiron t-butyl
phthalocyanines towards oxidation of methane: when p-oxo and p-carbido diiron t-butyl
phthalocyanines were inactive, p-nitrido diiron t-butyl phthalocyanine proved to be a

very efficient catalyst in very mild conditions (water, ambient temperature) [63a]. This
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complex was then used in several oxidation reactions (benzene, ethane and propane). The
unusual electronic structure of this complex was determined: its formal Fe''-N=Fe'Y
structural unit is a Fe’>~N-Fe>” mixed-valence state with electronically equivalent iron
atoms.

In addition to the oxidation of methane, benzene or propane mentioned above, oxidations
of other compounds are of importance from environmental and industrial point of view.
This is the case of cyclohexene, toluene, xylenes or alcohols, whose oxidation products
are used in many applications on a large scale. Currently, these oxidations are often
achieved by using of highly polluting heavy-metal derivatives, such as chromates, and

there is a strong need for alternative solutions.
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3. Results and discussion
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3.1 Syntheses and characterizations

3.1.1. Phthalonitriles

Two types of precursors for the preparation of phthalocyanine complexes have been

prepared, namely, mono- and disulfonyl- substituted phthalonitriles.

3.1.1.1. Monosulfonyl phthalonitriles

Monosulfonyl phthalonitriles were prepared in two different methods represented on
Scheme 3.1.
Method 1: In two steps from corresponding thiols followed by oxidation,

Method 2: In one step from corresponding alkylsulfinate salts.

CN CN CN
N XN
= CN 4 C =

N CN

X CN
Method 2 RSO,Na O,N--
Z > CN

Scheme 3.1. Two methods for the preparation of monosulfonyl phthalonitriles.

Depending on the availability of the starting products, method 1 or 2 was selected for the
preparation of desired monosulfonyl phthalonitrile. 3-nitrophthalonitrile and 4-

nitrophthalonitrile are common precursors in both method 1 and 2 to prepare alkylthio
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phthalonitriles and alkylsulfonyl phthalonitriles (Table 3.1). These two precursors were

synthesized according to literature protocol [128].

Table 3.1. Preparation methods of alkylsulfonyl phthalonitriles

CN
o L
W\

CN

%

Compound R Method
4 hexyl 1
6 hexyl(3-position) 1
8 t-butyl 1
10 methyl 2
12 ethyl 2
14 adamantyl 1
16 cyclohexyl 1

In the case of R = hexyl, t-butyl, adamantyl and cyclohexyl, method 1 was chosen as the
starting thiols (hexanethiol, adamantanethiol, cyclohexanethiol, t-butanethiol) are easy to
handle. The syntheses of alkylthio phthalonitriles 3, 5, 7, 13 and 15 were achieved in high
yield (around 75%) by base-catalysed nucleophilic substitution of nitro groups in 3 or 4-
nitrophthalonitrile using corresponding thiols in classical conditions (K,CO;, DMSO,
room temperature).

The resulting alkylthiophthalonitriles were then oxidized by oxidant such as m-
chloroperbenzoic acid (m-CPBA) or hydrogen peroxide (H,O;) to lead to the expected
alkylsulfonyl. In the case of R = hexyl, adamantly and cyclohexyl m-chloroperbenzoic
acid (m-CPBA) was used as oxidant to prepare corresponding sulfonylphthalonitrile
derivatives 4, 6, 14, 16 in dichloromethane (CH,Cl,). t-butylthiophthalonitrile 7 was

oxidized with H,O, in acetic acid at reflux temperature.
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There is no influence of the nature of R on the nucleophilic substitution’s and oxidation’s

yields (Table 3.2).

Table 3.2. Nucleophilic substitution’s and oxidation’s yields

Yields (%)
R Nucleophilic Oxidation
substitution

hexyl (4-position) 80 73
hexyl (3-position) 85 75
t-butyl 75 73
adamantyl 81 73
cyclohexyl 75 73
dihexyl 82 76

After oxidation of the alkylthiophthalonitriles to corresponding alkylsulfonyl
phthalonitriles, melting points of all nitriles increased. The changes of the melting point

are given in Table 3.3.

Table 3.3. The change of the melting point after oxidation

Melting point (°C)

SR SOR
a Phthalonitrile Phthalonitrile
hexyl (4-position) 67 104
hexyl (3-position) 68 100
t-butyl 76 180
adamantyl 144 266
cyclohexyl 93 161

In addition to the characteristic strong C=N stretches observed around 2230 cm™ for both

alkylthio and alkylsulfonyl phthalonitriles, the comparison of their IR spectra evidences
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the apparition of the O=S=0 large vibrations around 1150 and 1320 cm™ after oxidation

(Figure 3.1).

hexylzul fonyl phthal onitnile

—\_,-f/ﬂ_

1156

hexylthio phthalonitrile

| ' | ' T T ' T ' |

3500 3000 2500 2000 1400 1000

Wavenumber (cm™)

Figure 3.1. Comparison of IR spectra of alkylthio phthalonitrile and alkylsulfonyl

phthalonitrile.

'H NMR spectra of alkylsulfonylphthalonitriles are different from those of
alkylthiophthalonitriles. While the aromatic protons of alkylthiophthalonitriles appear at
7.5-7.8 ppm, the aromatic protons of alkylsulfonylphthalonitriles are shifted at 8.0-8.3

ppm reflecting the increase of electron-withdrawing character of substituents upon

oxidation to SO,R (Figure 3.2).
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adamantylsulfonyl phthalonitrile
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Figure 3.2. 'H NMR spectra of adamantylthio and adamantylsulfonyl phthalonitriles 13
and 14.

In the case of R = methyl or ethyl, the use of corresponding thiols was difficult
because of their strong smell. To overcome this problem, we used sodium
methanesulfinate and sodium ethanesulfinate to obtain alkylsulfonylphthalonitriles 10
and 12 directly thus avoiding an oxidation step (Scheme 3.2) (Method 2). Sodium
alkylsulfinate salts can easily be prepared from corresponding RSO,Cl by the treatment
with Na,SOs3 in high yield (92%) [129]. This approach afforded methyl 10 and ethyl 12
sulfonyl phthalonitriles (Table 3.4).
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Nast3

RSO,Cl ———> RSO,Na
NaHCO3

R =CH;,

R= CH2CH3

Scheme 3.2. Preparation of sodium alkylsulfinate salts

Table 3.4. Nucleophilic substitution’s yields of methyl and ethylsulfonyl

phthalonitriles
R Yield of nucleophilic
substitution (%)
methyl 60
ethyl 62

3.1.1.2. Disulfonyl phthalonitrile

Phthalonitrile 2 was synthesized in two steps similar to those of method 1, starting
from 4,5-dichlorophthalonitrile [130a], by nucleophilic substitution with hexylthiol
[130b], in the presence of K,CO; to give 1, followed by oxidation with H,O, in acetic

acid at refluxing temperature [131] as indicated in Scheme 3.3.

cl CN RS CN RO,S CN
o O T X
cl CN RS CN RO,S CN

R =CgHq3

Scheme 3.3. Preparation of dialkylsulfonyl phthalonitrile
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As for the monosubstituted phthalonitriles, the melting point after oxidation increases.
The dialkylthio phthalonitrile’s melting point is 70 °C after oxidation; dihexylthio
phthalonitrile’s melting point is 114 °C.

'H NMR spectra exhibits changing of aromatic proton after oxidation of dialkylthio

phthalonitriles. The aromatic proton of dialkylthiophthalonitrile appear at 7.4 ppm, but
aromatic protons of dialkylsulfonylphthalonitriles shifted at 8.6 ppm (Figure 3.3).
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Figure 3.3. "H NMR spectra of dihexylsulfonyl (A) and dihexylthio (B) phthalonitriles.
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3.1.2 Monomeric iron phthalocyanines

3.1.2.1 Reaction’s conditions

The described synthesis of alkylsulfonyl phthalocyanines reports that the best
solvent is a o-dichlorobenzene-DMF mixture, as other solvents induce the degradation of
the starting phthalonitrile [132-135]. Therefore, the monomeric iron sulfonyl
phthalocyanines peripheral-tetra hexyl (17), nonperipheral-tetra hexyl (18), peripheral
tetra-t-butyl (20), peripheral tetra methyl (21), peripheral tetra ethyl (22), peripheral tetra
adamantyl (23), peripheral tetra cyclohexyl (24) and peripheral octa hexyl (19) were
obtained by treating the corresponding phthalonitriles (4, 6, 8, 10, 12, 14, 16 and 2) in the

presence of FeCl, in a (3:1) o-dichlorobenzene-DMF mixture (Scheme 3.4).

0

o I g XN FeCl, Feﬁ
AT Z=N—" N
1 \_~~cn DMF:o0-DCB Zg\Nz%

=\
SO,R
4,6,8,10,12,14, 16 17,18, 20, 21, 22, 23, 24

RO,S CN FeCl, N N
— % . N Sre—N=—
oS cN  DMF: 0-DCB ROS-—S=N N
2

RO,S
) 1 so,r SOR

Scheme 3.4. Preparation of monomeric iron phthalocyanines

These monomeric iron phthalocyanine complexes were characterized by classical

characterization techniques: FT-IR, UV-vis, EA, ESI-MS and MALDI-MS.
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3.1.2.2. Characterizations

Infrared Spectroscopy

Metallated phthalocyanines have very similar infrared spectra, with bands around
3030 cm™ corrresponding to the aromatic C-H stretching vibrations, at around 1610 and
1475 cm™ bands to C-C ring skeletal stretching vibrations and at around 720 cm™ bands
to C-H out of plane bending vibrations [136]. IR was used to evidence the presence of
several characteristic functions (mainly -SO,, C-H, C-C). The sharp peak of C=N
vibrations in the IR spectra of phthalonitriles 2, 4, 6, 8, 10, 12, 14 and 16 (around 2230
cm’™") entirely disappeared after conversion into iron phthalocyanines. The compared IR
spectra of cyclohexylsulfonyl phthalonitrile and cyclohexylsulfonyl iron phthalocyanine

are given in Figure 3.4.

cyclohexylsulfonyl iron phthalocyanine

cyclohexylsulfonyl phthalonitrile

(-CN)—

I T T T T T T T 1
3000 2500 2000 1500 1000

Wavenumber (cm™)

Figure 3.4. The IR spectra of cyclohexylsulfonyl phthalonitrile and cyclohexyl

sulfonyl iron phthalocyanine.
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UV/Visible Spectroscopy

Metallated phthalocyanines have characteristic UV/Visible spectra with a strong
absorption band in the visible region called the Q-band and a weaker absorption in the
UV region called the B or the Soret band. UV/Visible data in chloroform for all the
monomeric iron phthalocyanines are given in Table 3.5. The UV/Visible spectrum of 19

is given as example in Figure 3.5 and shows a Q band at 670 nm and a B band at 354 nm.

Q band
Bband

Absorbance

T T
L] 100 sm &0 oo BT

Wavelength (nm)

Figure 3.5. UV-vis spectrum of monomeric iron octa-(hexylsulfonyl)phthalocyanine (19)

Table 3.5. UV/Visible data of monomeric iron phthalocyanines (" in sulphuric acid).

UV-vis (CHCl3), Amax (log €)

Compound Q band B band
17 tetra-p-hexyl 680 (4.7) 306 (4.6)
18 tetra-np-hexyl 682 (4.8) 347 (4.6)
19 octa-p-hexyl 670 (4.8) 354 (4.6)
20 tetra-p- Bu 683 (4.8) 287 (4.7)
21 tetra-p-methyl 665 (4.7) 327 (4.6)
22 tetra-p-ethyl 670 (5.1) 336 (4.6)
23 tetra-p-adamantyl 683 (4.8) 336 (4.5)
24 tetra-p-cyclohexyl 681 (4.7) 326 (4.3)
FePc (non substituted)” 780 300
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When compared to the absorption values of the corresponding alkylthio phthalocyanines
described in literature, the alkyl sulfonyl iron phthalocyanines with the long alkyl chain,
small alkyl chain and bulky substituent (17-24) exhibited blue shifted Q bands. This
observation may be due to the effect of the electron-withdrawing ability of the Pc ring
substituent; the methylsulfonyl and ethylsulfonyl groups may have more electron-
withdrawing ability than adamantylsulfonyl and t-butylsulfonyl groups. In addition, the
substituent’s size may affect this blue shift. Therefore, small electron-withdrawing

substituted phthalocyanines shift more than bulky substituted ones.

Mass Spectroscopy

Mass spectra showed expected molecular peaks for 17, 18, 19, 20, 21, 22, 23 and 24. The
ESI-MS spectrum of 22 is given in example in Figure 3.6.

[M+H]" peak was observed at m/z = 1161 for 17, [M+H]" peak was observed at m/z =
1161 for 18, [M+H]" peak was observed at m/z = 1753 for 19, [M]" peak was observed at
m/z = 1049 for 20 [M]" peak was observed at m/z = 880 for 21, and [M+H]" peak was
observed at m/z = 1361 for 23, [M]" peak was observed at m/z = 1152 for 24.

936.2131

a) ! Experimental
Inkens. II 972175
3 I 2382139
1250+
7 | il 939.2206 - -
- 90342264 gas o178 |\ I\ A f 9402109 H3E.2131
10007 5360571
750 b) I Theoretical
E : 370597
200+
] 38,0570
:505 LB o 11 | | 1 APV
E 934 s 936 937 538 939 940
O d=—r—r——p—r—r—r—r—p—T7 L s B S e By S e L e el T — Y ¥ T i T T rSr—tr—i
204 0 400 500 200 o0 200 Q00 1000 miz

Figure 3.6. Molecular peak cluster of 22 in ESI-MS spectrum (a) and simulated
molecular peak cluster for 22, C4oH3,FeNsOgS4 (b).

76



3.1.3. Dimeric N bridged diiron phthalocyanines

3.1.3.1. Reaction’s conditions

p-Nitrido diiron phthalocyanines are usually prepared by the treatment of
monomeric iron complex with NaNj; at high temperature in chloronaphthalene (Scheme
3.5) [61,62,137]. In our case, some solubility problems led us to use xylene or DMSO as
solvent [63,138]. The choice of the solvent depends on the solubility of the monomer

precursor (Table 3.6) and has no significant influence on the yields.

: N\ -
SOzR N - NFe\N//
NaN, 5/’ ’ N7 /Zj SO,R
RO,S

RO,S
AN _— N SO,R
NZ N Fe— = N RO,S N ‘/?/
&}V\N@-SOZR SR =N
RO,S N /@—

RO,S

Scheme 3.5. Preparation of p-Nitrido diiron phthalocyanines.

Table 3.6. The choice of solvent to prepare N bridged diiron phthalocyanines.

N bridged diiron phthalocyanines Yield (%) Solvent

[FePc],N (non substituted) [10] 90 chloronaphthalene
25 57 xylene
26 58 xylene
27 59 chloronaphthalene
28 64 chloronaphthalene
29 50 xylene
30 48 dimethylsulfoxide
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3.1.3.2. Characterizations

The successful preparation of p-nitrido phthalocyanines (25-30) were characterized by
ESI-MS analyses, FT-IR, UV-vis and EPR methods.

In addition, hexylsulfonyl 25 and t-butylsulfonyl 26 p-nitrido phthalocyanines were more
deeply studied by Mdossbauer techniques as well as by X-ray photoelectron spectroscopy
(XPS) and Fe K-edge X-ray absorption spectroscopy (XANES, EXAFS, high resolution

K emission spectroscopy).

Infrared Spectroscopy

The IR spectrum of unsubstituted p-nitrido diiron phthalocyanine (PcFe),N
exhibit characteristic absorptions due to the anti-symmetric Fe-N=Fe stretching vibration
at 915 cm” [58b]. This Fe-N=Fe vibration appears around 930 cm™ for electron
withdrawing alkyl sulfonyl substituted derivatives [138]. Fe-N=Fe vibration shifted to
938 cm™ for electron donating ‘Bu N-bridged diiron complex [63]. These values clearly
show that the substituent nature affects the anti-symmetric Fe-N=Fe stretching vibration

shifts (Figure 3.7).
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Figure 3.7. Substituent effect on the anti-symmetric Fe-N=Fe stretching vibration

shifting.

Accordingly, the Fe-N-Fe anti-symmetric stretching vibrations in the IR spectra of 25,

26, 27, 28, 29 and 30 are given in Table 3.7. For each of these complexes, the Fe-N=Fe

stretching vibration are the same 930 cm™.
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Table 3.7. The Fe-N=Fe anti-symmetric stretching vibrations of p-nitrido diiron

phthalocyanines 25, 26, 27, 28, 29 and 30.

N-bridged diiron phthalocyanines v (Fe-N=Fe) (cm™)

[FePc],N (non substituted)* 915
25 931
26 929
27 928
28 930
29 930
30 931

The p-nitrido complexes 25, 26, 27, 28, 29 and 30 can be divided in two groups
depending on the size of their substituents: 25, 27 and 28 bear small substituents (methyl,
ethyl and hexyl), while 26, 29 and 30 have bulky substituents, respectively t-butyl,
adamantyl and cyclohexyl groups. The IR spectra of 25, 27 and 28 having small
substituents (hexyl, methyl and ethyl) showed a strong signal at respectively 2010, 2030
and 2034 cm™ assigned to N3 vibration (Figure 3.8) while the signal in this range was
absent in the spectra of 26, 29 and 30 with bulky substituents. These data suggest the
presence of an azide anion, needed probably for compensation of a positive charge in 25,
27 and 28. Thus, 25, 27 and 28 can be tentatively assigned as (PcFe''NFe'YPc)™N3”
complexes. The absence of N3 signal in IR spectra of 26, 29 and 30 suggests that 26, 29
and 30 are neutral: that is consistent with PcFe"'NFe' Pc structure. These suggestions

were confirmed by further analyses (EPR, see below).
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Figure 3.8. The IR spectra of 25, 27 and 28 showing N3~ vibration.

The two dimers with small substituents (27 and 28) have nearly identical IR spectra
(Figure 3.9.A and B), demonstrating that both their oxidation state and their geometry are
similar. By contrary, despite their same oxidation state, the IR spectra of the two dimers
bearing bulky substituents (29 and 30) are different (Figure 3.9 C and D). This is
probably due to a different geometric arrangement modifying the recorded vibrations, the
steric hindrance of an adamantyl group being more important than the one of a
cyclohexyl group, thus imposing maybe more rigid structures, even if adamantyl and

cyclohexyl substituents can both be considered as being bulky.
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Figure 3.9. IR spectra (1100-500 cm™) of small substituted (27) (A), (28) (B) and bulky
substituted (29) (C) and (30) (D) N-bridged complexes.

Mass Spectroscopy

The ESI-MS spectra of the all sulfonyl p-nitrido complexes exhibit unique molecular
peaks corresponding to the expected values of the molecular ion (Table 3.8). The isotopic
patterns fit the theoritical ones (see the spectrum of the adamantyl derivative (29) on

Figure 3.10).
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Table 3.8. ESI-MS values of p-nitrido diiron phthalocyanine 25, 26, 27, 28, 29 and 30.

N bridged diiron phthalocyanines

ESI-MS (m/z)

2760.0265

25 2335.9 [M]*
26 2134.6 [M+Na]"
27 1797.04 [M+Na]’
28 1906.36 [M+Na]"
29 2760.02 [M+Na]"
30 2341.43 [M+Na]’
fd'ﬂll.c'“: 2’&}?’2"“
a) Experimental .I. I- 27609962

800

6004 27587369 2?5'9173?6

wol D) Theoretical won ]

200_ | Tm;“ b 276?\_:”%
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Figure 3.10. Molecular peak cluster of 29 in ESI-MS spectrum (a) and simulated

molecular peak cluster for 29, Cy44H 44Fe;2N17016SsNa (b).
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Electron Paramagnetic Resonance Spectroscopy

EPR spectroscopy is an important technique used to evidence the presence of an unpaired

electron(s) in the compound that helps to determine the spin and oxidation state of the

metal. While cationic dimers are EPR silent, neutral dimers exhibit a feature belonging to

S=1/2 species with axial symmetry of iron environment.

Dimers bearing small groups: [FePc(SOzhexyl)4]oN (25),[FePc(SO,methyl)4],N (27) and
[FePc(SO,ethyl)4]oN (28) show no EPR signals confirming Fe(IV)Fe(IV) formulation.
[FePc(SO,'Bu)s]:N (26) [FePc(SO,adamantyl);];N (29) and [FePc(SOscyclohexyl),],N

(30) dimers show a typically axially symmetry spectrum, consistent with a low-spin

complex having an A, ground state (Figure 3.11).
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Figure 3.11. X-band 77 K EPR spectrum of 26 (A), 29 (B) and 30 (C).
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The solid state EPR spectra of the four N-bridged dimers were recorded at 77 K. These
parameters are similar to those observed for non-substituted nitrido—dimers of Fe(III)
octaphenyltetraazaporphine and appear to be indicative of extensive delocalization over
the two iron centers. Solid non-substituted (PcFe),N was studied by Bottomley et. al.
[58b] who also found an axial signal with g;=2.13 and g,=2.03. It should be noted that
considering exchange between Fe (S=5/2) and Fe'v (S=2) centres with

antiferromagnetic coupling leads to the ground state S=1/2 and X-band EPR spectra

I I IV
Fe

similar to one—center Fe™ with g values close to 2, as observed in the Fe species of
a ribonucleotide reductase [139]. The absence of nitrogen hyperfine structure in EPR
spectrum is in accordance with Fe™°-N—Fe¢™ formalism [140]. p-Nitrido bridged
species exhibit an exceptional inertness and stability because of the delocalisation of an
unpaired electron. Data obtained by other spectroscopic methods are also in agreement
with formulation of 26 with t-butylsulfonyl, 29 with adamantylsulfonyl and 30 with
cyclohexylsulfonyl substituents as neutral Fe"'Fe'Y N-bridged dimer and 25 with
hexylsulfonyl, 27 with methylsulfonyl and 28 with ethylsulfonyl as cationic Fe' Fe'
complex containing N3~ for compensation of charge. The presence of N3 in 25, 27 and 28
were evidenced by the presence of 2010, 2034 and 2030 cm™ strong signal in IR

spectrum.

UV/Visible Spectroscopy

Phthalocyanine systems exhibit two strong absorption bands in electronic
absorption spectra. The positions of Soret band (near 340 nm) and of intense Q band
(between 600 and 700 nm due to m—=* ligand transition) of phthalocyanine complexes
are affected by electronic interaction between ligands as well as by the state of central
atom, axial ligation and peripheral substitution [141-143]. The origin of the UV-Visible
spectrum is well explained by Gouterman’s 4-orbital linear combination of atomic orbital
model, (Scheme 3.6). According to the theory, the highest occupied molecular orbitals
(HOMOs) of the MPc ring are the ajy(m) and ay,(m), the lowest unoccupied orbital
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(LUMO) of the MPc ring is the ey(m). The Q and B bands arise from transitions from the
aju(m) (Q band), and a,(m) and by, (B bands), respectively to the e, orbital.

Pc ring orbitals metal orbitals Pc ring orbitals metal orbitals
lel b2u —
bw l]1u
eg eg "

I b1ﬂ b1g

B Q B Q
a1g aw

Ay XX a,, XX

— X X eg XX e
b2u — X — b e X X,

— X — e X X m— b2 2u — X — e X, X e— b2
ay a,, g
eg — X — eg — ) ) —
metal to ligand (MLCT) ligand to metal (LMCT)

Scheme 3.6. Gouterman’s 4-orbital linear combination of atomic orbital model

Metal oxidation or reduction is characterised by a shift in Q band without much lowering
in intensity while ring oxidation will result in collapse of the Q band and formation of a
broad peak at around 500 nm. This results in a ‘hole’ in the a;, (7) level which allows
transition from the low-lying, e, () level to the HOMO. Ring reduction also results in
collapse of Q band followed by formation of new bands between 550 nm and 650 nm

(Scheme 3.7).

86



blu(x*)

] ] ]
X
) ] 1 rh e(™)
Q B Q B Q B
XX XX X
) alu(ﬂ)
XX XX XX A2y(7r)
——— I I -
_xx XX _xx X _xx XX eg(m)
neutral MPc(-2) ring reduced MPc(-3)  ring oxidised MPc(-1)

Scheme 3.7. Energy level diagram for one-electron ring reduced or ring oxidised MPc

complex

The UV-vis spectra of 25, 26, 27, 28, 29 and 30 have been recorded: the strong n—m*
interaction between two phthalocyanine moieties in dimers results in a blue shift as
compared with monomer complexes: from 680 nm to 657 for 17/25, from 683 nm to 638
for 20/26, from 665 nm to 654 nm for 21/27, from 670 nm to 652 nm for 22/28, from 683
nm to 639 nm for 23/29 and from 681 nm to 634 nm for 24/30, respectively (Figure
3.12) (Table 3.9).

a) . b)

680 657

Absorbance

Absorbance

T T T T 1 T T T T ]
400 500 600 700 800 400 500 600 700 800
Wavelength (nm) Wavelength (nm)

Figure 3.12. UV-vis spectra of hexylsulfonyl iron phthalocyanine 17 (a), hexylsulfonyl
p-nitrido diiron phthalocyanine 25 (b)
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Table 3.9. UV-vis data of p-nitrido diiron complexes.

UV-vis
Compound Amax (nm)(solvent)
FePc-N-FePc 625 (py)
690 (solid)
(TPP)Fe-N-Fe(TPP) 531, 403, 380 (CHCLy)
25 657, 344, 297 (CH,Cl,)
26 638, 339 (CH,Cly)
27 654, 319 (CH,Cly)
28 652, 319 (CH,Cl,)
29 639, 319 (CH,Cly)
30 634, 319 (CH,Cly)

Table 3.9 clearly shows that UV-vis spectra of 25, 27 and 28 are quite different. This
difference can be explained by the difference in the oxidation state of iron: it has been
previously described that unsubstituted neutral (FePc),N can easily be oxidized to
cationic (FePc),N" complex, resulting in a red shift of Q band from 626 nm to 634 nm in
pyridine [58b]. Q bands of oxidized 25, 27 and 28 (Fe''Fe' state) are red shifted
compared to those of neutral 26, 29 and 30 (FemFeIV state). HsPV,Mo0,9049 or
ferrocenium hexafluorophosphate can be used as oxidant to oxidize p-nitrido diiron
phthalocyanine to cationic forms. Thus, 26, 29 and 30, obtained as PcFe'Y'NFe"Pc neutral
form, were oxidized by HsPV,Mo0,0O4 to PcFe'VNFe!VPc'. Table 3.10 gives the UV-vis

modifications for p-nitrido diiron dimers after oxidation.
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Table 3.10. UV-vis changing of p-nitrido diiron phthalocyanines after oxidation.
UV-vis

Compound Amax (Nm)

Neutral Cationic

(after oxidation)

FePc-N-FePc 625 637
26 638 647
29 639 651
30 634 649

In turn, 25, 27 and 28, synthesized as PcFe'V"NFe'VPc™ cationic oxidized form, were
reduced by hydrazine. Table 3.11 gives the UV-vis changes of p-nitrido diiron dimers

after reduction.

Table 3.11. UV-vis changes of p-nitrido diiron phthalocyanines after reduction.

UV-vis
Compound Amax (Nm)
Cationic Neutral
(after reduction)
25 657 638
27 654 632
28 652 633

Figure 3.13 shows the UV-vis spectra of the dimers in their two oxidation states. These

experiments indicate interconversion between Fe''Fe'¥ and Fe' Fe'" states.
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Figure 3.13. UV-vis spectra of Me (dash line) and reduced Me (solid line) (A), Et (dash

line) and reduced Et (solid line) (B), Ad (solid line) and oxidized Ad (dash line) (C), cye

(solid line) and oxidized cyc (dash line) (D), Hex (dash line) and reduced Hex (solid line)
(E), oxidized ‘Bu (dash line) (F), ‘Bu (solid line).
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°"Fe M6sshauer spectroscopy
>"Fe Mossbauer spectroscopy was used to confirm the different oxidation states of 25 and
26.

Figure 3.14, Figure 3.15, Figure 3.16 and Figure 3.17 give Mossbauer spectrawhich were
obtained at 77 K for 25 and 26. For the comparison, °’Fe Mdssbauer spectra of (FePc¢),N

and ((TPP)Fe),N are given as well.
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Figure 3.15. >'Fe Mossbauer spectra of ((TPP)Fe),N.
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Figure 3.16. °'Fe Mdssbauer spectra of 25 at 77 K. Subspectra are derived from a least-

squares fit.
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Figure 3.17. °’Fe Mdssbauer spectra of 26 at 77 K. Subspectra are derived from a least-

squares fit.
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These spectra fit to one doublet signals with hyperfine parameters listed in Table

3.12.

Table 3.12. Experimental hyperfine parameters for complexes 25 and 26 from

Maossbauer spectra recorded.

Complex & /mm s’ AEq / mm s I'/mms" Ironstate T /K

(FePc),N 0.06 1.76 0.19 Fe (+3.5) 77

(Fe(TPP))N 0.18 1.08 Fe (+3.5) 131
25° -0.11 1.33 0.32 Fe (+4) 77
26" -0.03 1.47 0.42 Fe(+3.5) 77

“ All experimental values are within 0.02 mm s; & = isomer shift, AEq = quadrupolar

splitting, I' = half width at half height.

Fe'"-N—Fe'” unsubstituted phthalocyanine shows a single doublet with an isomer shift of
0.06 mmys. For the p-nitrido diiron porphyrin one doublet with § = 0.18 mm s was
observed [144]. Complex 25 exhibits a doublet with isomer shift § = - 0.11 mm s™ and
quadrupolar splitting AEq = 1.33. Similar hyperfine parameters were reported for Fe(IV)
N-bridged phthalocyanine and porphyrin complexes [58b,59,140,145], although
published AEq values for five- and six-coordinated Fe(IV) centers were higher. The
negative value of the isomer shift (-0.11 mm/s) clearly corresponds to iron(IV). For the
corresponding p-nitrido diiron porphyrin complex one doublet with & = 0.04 mm s was
observed at 298 K. Based on these data equivalent iron sites with intermediate iron
oxidation state of +3.5 were assumed. The isomer shift of -0.03 mm s observed for 26 is
too high for Fe (IV) site. Unpaired electron in 26 having formally Fe"-N—Fe'" state is
delocalized between two Fe sites with a time scale shorter than the hyperfine Larmor time
(t1=10" s). The Fe sites appeared with a formal +3.5 state. The fact that 25 complex is

EPR silent is in accordance with Mossbauer data which show equivalent Fe(IV) sites.

93



X-ray photoelectron spectroscopy (XPS)

In earlier studies of porphyrin complexes XPS has been utilized for elucidation of
rapid electronic exchange [146]. The time scale of XPS is 10° faster as compared with
Maossbauer time scale (10™"° vs 107 s). If two different iron sites would constitute Fe-N-
Fe unit, one could expect two separate iron 2ps/; signals. A single narrow peak (1.6 eV at
half-height) was observed for (TPPFe),N (TPP = tetraphenylporphyrin) for Fe 2ps, by
Kadish et al [146]. They concluded that only one type of Fe atom was presented in this
Fe’”-N—Fe’” porphyrin complex because of rapid electronic exchange. X-ray
photoelectron spectra typical of the Fe 2p binding energy region (700-730 eV) are
depicted in Figure 3.18. The Fe 2p XPS spectrum shows two signals. The peak of the
lower binding energy (BE) is due to the Fe 2p3/; spin component while that at higher BE

is assigned to Fe 2py».
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Figure 3.18. Expansion of XPS spectrum (700-730 eV, Fe 2p) for (TPPFe),N.

This spectrum is extracted from ref [146].

The authors concluded that only one type of Fe atom was presented in this Fe’~-N-Fe*~

porphyrin complex because of rapid electronic exchanges. For the p-nitrido diiron
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phthalocyanines 25 and 26, similar expansion of XPS spectra are obtained. The Fe 2p
region XPS spectra of 25 and 26 are shown in Figure 3.19.
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Figure 3.19. Expansion of XPS spectrum (704-742 eV, Fe 2p) for 25 and 26.

The narrow Fe 2p;;, BE peak of 25 was observed at 709.2 eV with the peak width at
half-height of 1.2 eV. The Fe 2ps/, signal of 26 was detected at higher BE of 709.9 eV
with a greater width of 2.2 eV. Both 25 and 26 contain only one type of iron site. A
lower BE of 25 with respect to that of 26 suggests charged complex in the former
case.

The 1s N XPS spectra of 25 and 26 exhibit strong signals at 398.5 and 398.8 eV,
respectively, due to nitrogen atoms of phthalocyanine cores with shoulders at higher
BE expected for bridging nitrogen atom (Figure 3.20).

The binding energies of N 1s, Fe 2p3; were measured and are listed in Table 3.13.
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Figure 3.20. Expansion of XPS spectrum (395-405 eV, N 1s) for 25 and 26.

Table 3.13. Binding Energies for p-nitrido diiron complexes.

Complex Metal Oxidation State Binding Energy, eV

Fe 2psp Nls
(Fe(TPP)),N +3.5 708.5 (1.6) 398.3
(Fe(TPP)),0 3 710.5 (3.1) 398.3
25 +4 709.2 (1.2) 398.5
26 +3.5 709.9 (2.2) 398.8

What is clearly suggested from the XPS data, in contrast to the Mdssbauer and

crystallographic data, is that the environment about the Fe center is low spin.
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X-ray absorption near-edge structures (XANES)

X-Ray absorption spectroscopy can probe the relationships between
stereochemistry, oxidation and spin states of iron phthalocyanine. The low-energy range
is known as XANES. Both EXAFS and XANES have been applied to synthetic
tetrapyrrolic macrocycles [147] and to haemoproteins [148] in particular to carbonyl
myoglobin, where a polarized single-crystal study was published [149]. The Fe K-edge
spectra of dimer complex 25 and 26 were recorded and compared to that of mononuclear
complex to provide a basis for comparison and for simulation. The XANES spectra for

mononuclear 20 and binuclear 25 and 26 are presented in Figure 3.21a.
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Figure 3.21. Pre-edge region of the XANES spectra for 20, 25(-) and 26(----) : a)

experimental spectra; b) FEFF simulation spectra.
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The XANES spectrum of mononuclear 20 demonstrates a small but well defined
pre-edge absorption peak at 7112.9 eV. Such pre-edge peak observed in the monomeric
iron phthalocyanine is typical for the octahedral or square-pyramidal Fe(IIl) complexes

(Figure 3.22) [150]. In the pre-edge weak peak attributable to the 1s - 3d transitions.

X 0
N——————N N\—. N _ S
IS ST N
P - S ~ N ] e
N—/ \N NN N/ >
X
Square planar Square pyramidal Octahedral

2.5

20—

Absorbznce
) [
t I
T
%00 o

Q
«

a L TR I L L
7085 7125 7165
Energy/eV

Figure 3.22. Iron K-edge spectra of (a) square-planar compound (b) square-pyramidal,

(c) square-pyramidal, (d) square-pyramidal (e) octahedral.

Formation of p-nitrido dimer led to the increase of pre-edge intensity. This can be
expected because addition of short axial bond Fe-N would raise covalence character of
z’—type iron orbitals and therefore their mixing with the p orbitals [150]. The appearance
of the second lobe at 7114.1 eV was observed for the Fe(IV)-N-Fe(IV) complex 25. The
increase of the pre-edge intensity is consistent with higher oxidation state of iron since
(other parameters being equal) it increases the number of free d-orbitals and therefore the
probability of 1s-3d electron transfer increases as well. An increase of the pre-edge
energy is also in agreement with the hypothesis of iron oxidation state as it means an

increase of the efficient positive charge on the iron central ion and therefore a stronger
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electron bonding. While the general reason of the pre-edge peak splitting is obviously due
to removal of 3d orbitals degeneration and existence of multiple excited states. The
XANES spectrum of Fe(IV)-N-Fe(IV) complex 25 exhibits the second lobe at 7114.1 eV,
while Fe(III)-N-Fe(IV) complex 26 exhibits at 7112.9. The increase of the pre-edge
intensity is consistent with higher oxidation state of iron. The simulated spectra
reproduced quite well the qualitative difference between three compounds, though the
simulated pre-edge peak of monomer is less pronounced than in the experiment (Figure

3.20b).

EXAFS spectra and fitting

Simulation of the EXAFS part of XAS Fe K spectra and fitting of the experimental
curves performed using VIPER program allowed confirming the identity of dimer
compound and refining its structure. Due to the large molecular size, and inner position
of iron in the p-nitrido dimer only the environment inside one molecule may have
appreciate impact on the spectra. Therefore iron integer coordination numbers are
obviously imposed. The model topology was fixed for both monomer and dimer trial
structures, and the numbers of neighbors (CNs) were also fixed for each simulation. Only
the distances (and the concomitant angles) were variables. This strongly facilitates fitting
and allows better adjusting of the distances with the precision of 0.02 A or even better. At
the same time the number of coordination shells which can be fitted also increases, due to
the additional independent parameters available, liberated from the fixing of CNs. The
linearity of the fragments in the structure can be relatively easy checked using the
EXAFS fitting. In the nearly planar phthalocyanine complexes, due to the expected
linearity of the N-Fe-N fragments both for bonding and non-bonding nitrogen atoms, the
corresponding multiple scattering paths may become important despite the small nitrogen
mass. By contrast, if linearity is broken and the iron atom goes out from the
phthalocyanine plane, the contribution of such paths rapidly decreases. This makes
simulation very sensitive to the deviations of the N-Fe-N and Fe-N-Fe angles from 180°.

At the same time multiple scattering paths do not need new parameters to be introduced
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in the fitting procedure since they are not independent. Their amplitudes can be taken into

account automatically together with the generic single scattering paths. The EXAFS

fitting results are presented in Table 3.14 and the simulated and experimental spectra in

Figure 3.23.

Table 3.14. EXAFS fitting results for the Fe K edge spectrum of 26.

Scatterer

N
N
C
Fe
N
N

R/A?

1.669(5)
1.945(5)
2.97(2)
3.33(1)
3.41(2)
4.06(3)

Number DW factor /

A2
1° 0.0032(5)
4° 0.0071(8)

8 0.0073(8)
1° 0.0032(5)
4 0.0072(8)
4 0.0083(8)

“ only the mean distances are available in EXAFS, thus making this technique unable to address any small

orthorhombic distortions; ® due to closeness of the Fe-N-Fe fragment geometry to linearity, additional

multiple scattering paths must be taken into account for this apparent distance.
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Figure 3.23. R-space fitting of real and imaginary parts of the EXAFS spectrum of p-

nitrido dimer 26. Module — FT amplitude in the experimental and simulated (model)

spectra; Im- imaginary part of FT in the experimental and simulated EXAFS spectra.
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Monomeric phthalocyanine exhibits only small intensity at 3 A distance. The axial
Fe-N distance in the dimer was fitted independently on the Fe-Fe distance. The
obtained ratio of Fe-Fe to Fe-N distances is very close to 2. This strongly suggests a
linearity of the Fe-N-Fe fragment. From simple trigonometric considerations it
follows that iron is slightly deviated out of plane towards the central nitrogen, by ca
0.24 A. This leads to the estimation of the in-plane N-Fe-N angle of 168-170°.
However, EXAFS study can not address some essential features of the complexes
geometry. Thus, the symmetry of the problem prevents from determining of staggered
vs. eclipsed configuration of the Pc planes of the dimer. Slight (0.01-0.02 A)
deviations of the projected iron position from the Pc ring centre can not be excluded

as well.

Figure 3.24. EXAFS structure of p-nitrido dimer 26.

Structural features of 26 determined from EXAFS data (Figure 3.24) can be
compared to the X-ray structure of (Br)PcFe''—~N—Fe'VPc(Br) reported by Moubaraki et
al. [60] Fe-N bond distance of linear Fe-N-Fe fragment of 26 is longer than in
unsubstituted (Br)PcFe'"—N-Fe'VPc(Br) : 1.669 A vs 1.639 A, respectively. Thus, the
distance between two iron atoms is 3.33 A suggesting n—m interaction between Pc planes.
However, EXAFS data don’t allow to conclude on the possible staggering in this

binuclear structure. Both iron atoms are displaced out of the N4 phthalocyanine planes by
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0.24 A indicating five-coordinated iron state. In the only published N-bridged iron
phthalocyanine X-ray structure for (Br)PcFe''—N—Fe'VPc(Br) iron atoms are in the Ny
plane [60]. The similar withdrawing of iron atoms from N; plane of 0.32 A with
shortening of Fe-N distance was previously observed in N-bridged iron porphyrin

1

complex [151]. The structural parameters of N-bridged diiron phthalocyanine with Fe -

N-Fe!Y unit were determined for the first time.

High resolution K4 emission spectra

Kp emission can be described as a two step process. On the first stage a 1s
electron is ejected from the K core and a hole is created. On the second step 3p electron is
relaxed to the K core and Kf fluorescence is emitted, while final state with a hole on 3p
level is created. The strong coupling between 3p and 3d orbitals leads to the appearance
of extended multiplet structure, usually containing so-called Kf;3; and Kf’ components
[152]. Due to the coupling of 3p hole with 3d electrons, position and intensity of Kf; 3
and Kp’ peaks strongly depend on the oxidation state and spin state of the element under
study. The KB’ structure exhibited by the iron complexes which is due to a spin flip
process merges with the Kf; 3 peak as the spin on the atom decreases. At the same time
the KB, 3 peak moves towards lower energies. Thus, the simple qualitative distinction of
high spin and low spin iron complexes is possible from the shape of emission spectra. A
detailed theoretical explanation of this method can be found in the recent review [152]. u-
nitrido diiron phthalocyanine 25 shows a low-spin (S=0) iron emission spectrum which is

different from monomer high spin species (Figure 3.25).
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Figure 3.25. High resolution K} fluorescence spectra of iron of 25 and of the

reference monomeric high spin Fe(III)Pc complex.
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The spectra of Fe(IlI)-N-Fe(IV) t-butyl and non-substituted phthalocyanine

complexes also showed the spectra characteristic of low spin iron.

3.1.3.3. Conclusions

Six N-bridged diiron phthalocyanines bearing electron-withdrawing alkylsulfonyl (alkyl
= hexyl, t-butyl, methyl, ethyl, cyclohexyl and adamantyl) substituents have been
prepared and characterized by ESI-MS analyses, FT-IR, UV-vis and EPR. Hexylsulfonyl
and t-butylsulfonyl substituted complexes were characterized additional spectroscopic
techniques: Mossbauer, XANES, EXAFS, high resolution Kf emission and X-ray
photoelectron spectroscopies. The effect of the nature of the substituents has been
compared with unsubstituted and electron-donating substituted complexes. The influence
of alkylsulfonyl substituents on the oxidation state of N-bridged diiron complexes is
striking taking into account their very close electron-withdrawing properties. The size of
alkyl substituents is clearly important. While hexylsulfonyl, methylsulfonyl and
ethylsulfonyl substituted complexes are cationic (PcFe''NFe'VPc) N3~ complexes, bulkier
t-butylsulfonyl, adamantylsulfonyl and cyclohexylsulfonyl substituents are formally
neutral PcFe"NFe''Pc complexes. Due to rapid electron exchange t-butylsulfonyl,
adamantylsulfonyl and cyclohexylsulfonyl substituted complexes can be described as
Fe’”-N-Fe system with two equivalent Fe(+3.5) sites as it was proposed by Ercolani et
al. in the case of the unsubstituted complex. One can suggest that geometrical
conformations of dimers could not be the same in the case of small and bulky
alkylsulfonyl substituents. Depending on the sterical factors the distances between two
phthalocyanine planes and/or staggering angle between them could be different in two
cases thus influencing on the ground oxidation state. In order to get insight further
spectroscopic and theoretical studies are necessary. Especially useful would be X-ray
structural determination, but in the case of tetra-substituted phthalocyanines this task is
highly challenging because of the presence of four positional isomers. It is worth to note

that a N-bridged diiron tetrasubstituted phthalocyanine contains ten positional isomers.
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The bulky substituted complexes such as 26, 29 and 30 should adopt more staggered
conformation with respect to 25, 27 and 28 complexes. Unfortunately, no X-ray structure
of diiron Fe'Y'-N—Fe""" phthalocyanine complex is yet available. The only published X-ray
structure  was determined for (Br)PcFe''—N-Fe'VPc(Br) species containing  six-
coordinated iron sites and a linear Br—Fe—-N—Fe—Br fragment. The two phthalocyanine
rings are staggered by an angle of 39° with in plane location of the iron atoms. Fe-N
bond distance was quite short (1.639 A) thus suggesting the significant m—conjugation

along internal bridging system.
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3.2 Oxidation tests

3.2.1. Oxidation of cyclohexene by monomeric sulfonyl substituted

Fe(II) phthalocyanines

Hydroxylation and epoxidation reactions by iron porphyrin complexes have been studied
very extensively, these complexes being bioinspired chemical models of the cytochrome
P450 monooxygenase. Compared to metal porphyrins, corresponding metal
phthalocyanines are much more stable against oxidative decomposition.

The oxidation of cyclohexene catalysed by Fe(Il) tetra-t-butylphthalocyanine
(FePc'Bu) in dichloroethane was reported [99]. The main oxidation product was
cyclohexene oxide (E), with small amounts of 2-cyclohexen-1-one (ONE) [99] FePcCl,¢
was used as well for the oxidation of cyclohexene by TBHP in a 3:7 DMF-CH,Cl,
solvent mixture [101] Reported products for the oxidation of cyclohexene in these
conditions are E and ONE and 2-cyclohexen-1-ol (OL) after long reaction times [101]

In this work, five monomeric iron phthalocyanine complexes: 17, 18, 19, FePcS and
FePcF6 have been tested in oxidation of cyclohexene in the presence of TBHP at 40 °C
in different solvents including acetonitrile and co-solvent systems (acetonitrile:water in
different proportions). FePcS was used as standart catalyst to find optimal conditions for
oxidation of cyclohexene. The catalytic activities of these phthalocyanines bearing
electron-withdrawing sulfonyl groups or fluorine were compared. Oxidation reaction’s
products were identified using gas chromatography coupled with mass spectrometry
method (GC-MS) and quantified by gas chromatography (GC). These products are E, OL
and ONE (Scheme 3.8). Product yields, conversion and reaction times are shown in

Table 3.15.
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epoxidation
H 0
: Cyclohexene oxide E

Cyclohexene

L
allylic oxidation

2-cyclohexene-1-one ONE 2-cyclohexene-1-ol OL
Scheme 3.8. The products of oxidation of cyclohexene.
Table 3.15. Allylic oxidation of cyclohexene with TBHP in presence of mononuclear

iron phthalocyanines in acetonitrile.

Catalyst Time (h) Conversion (%) ONE (%) OL (%) E (%)

17 2 100 24 3 2
18 5.5 97 28 4 1

19 4 100 38 2 2
FePcS 2.5 100 22 1 5
FePcFi6 2.5 100 30 1 2

The present work shows the formation of ONE as the main product (in addition to OL
and E) when iron phthalocyanines 17, 18, 19, FePcS and FePcF;¢ are employed as a
catalyst, and in shorter times than reported before. The presence of electron withdrawing
groups at catalyst molecule may affect the rate of formation and properties of active
species, resulting in different product selectivities. TBHP oxidant is converted to t-
butanol during the catalytic process. Among the tested iron phthalocyanine complexes,
19 emerged as the best one, providing a higher selectivity of the oxidation of cyclohexene
into ONE (Table 3.15). Figure 3.26 shows that the yield of the ONE increased with time,
but OL started to decrease after 1h. This oxidation kinetics suggests that OL is an
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intermediate oxidation product in the course of oxidation of cyclohexene to ONE. Yields

for OL and E were nearly similar after 4 h.
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Figure 3.26. Variation of product yield with 19 catalyst and conversion of cyclohexene.

The catalytic activity of 19 was compared to other iron phthalocyanines 17, 18, FePcS
and FePcFy4. Altough 17 had the shortest reaction time (2 h) to complete full conversion
of cyclohexene, the yield of ONE was low. Yields depend in small extent on the
substituent nature and position: while 17 and 18 have same hexylsulfonyl substituents but
in different position, they showed similar catalytic activities. Consequently, the
substituent position on the phthalocyanine moiety, peripheral on 17 or non-peripheral on
18, doesn’t significantly influenced on the catalytic activity. The yield of the ONE
increased with time, but OL and E started to decrease when 18 was the catalyst. (Figure

3.27)
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Figure 3.27. Cyclohexene conversion with catalyst 18 and evolution of product yields in

time
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The yield observed for the formation of cyclohexene oxide E from the oxidation
of cyclohexene in the presence of FePc'Bu and reducing agent (isobutylaldehyde) was
higher (57% after 8 hours) than those reported in this work [99]. The catalytic activity of
FePcF6 was compared to those of FePcS after 2.5 hours of reaction time. Both catalysts
showed selectivity towards ONE, but when FePcF;¢ was used as catalyst, higher yield in
ONE was obtained, probably because of ring halogenation which stabilizes the complex

against oxidative degradation (Table 3.15).

As can be seen from Table 3.15, although cyclohexene conversion was completed in
several hours, the total yields of ONE, E and OL were only about 40%. It means that
most of the oxidation products couldn’t be detected by GC. These undetected products
are probably cleavage products of oxidized cyclohexene (Scheme 3.9). These putative

products are more difficult to analyze, this work is still in progress.

CHO COOH COOH
—_—
CHO CHO COOH
Scheme 3.9. Possible cleavage products from oxidation of cyclohexene.

Proposed mechanism of formation of OL is given in Scheme 3.10. At the first step iron

phthalocyanine (FePc) react with TBHP with formation of PcFe'"

—OOBu peroxo
complex. This peroxo complex can undergo homolytic or heterolytic cleavage of O-O
bond to give the high-valent iron(IV)-oxo phthalocyanine PcFe''=0 and BuO- radical
(homolytic cleavage) or high-valent iron(IV)-oxo phthalocyanine cation radical
Pc"Fe'V=0. Both pathways can occur in this reaction. Iron(IV)-oxo species induces
hydrogen abstraction from the allylic position of cyclohexene resulting in the formation

of Fe’"(OH) complex and allylic radical. In a rebound process and subsequent cleavage,

the allylic alcohol is produced and the precursor catalyst is regenerated by replacement of
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the axial ligand with water or solvent. In the case of homolytic O-O cleavage, BuO-
radical can also react with cyclohexene via allylic hydrogen abstraction leading to the
same products. Based on the product distribution, a contribution of a free radical

mechanism can not be exluded.

Q > FePcS, FePcFg
T
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Scheme 3.10. Proposed mechanism for the hydroxylation of cyclohexene.

The choice of the solvent was previously shown to strongly influence the
oxidation results. Traylor’s group used mixed solvents, such as CH,Cl,-MeOH-H,0 and
CH,Cl,—MeOH, for the successful hydroxylation of alkanes by hydroperoxides [153].
Similar effects for other mixed solvent systems, such as CH;CN-H,0O, CH,Cl,—~CH3CN
and CH;CN-CH,Cl,—H,0, have also been observed in hydroxylating various C—H bonds
[154].
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We therefore decided to test the catalytic activity of FePcS for oxidation of cyclohexene
in different solvent system (acetonitrile, dichloroethane, acetone, dichloromethane, acetic
acid, methanol, dimethylformamide). Mixed solvents were tested as well (10-20 % of

water in acetonitrile). Results are summarized in Table 3.16.

Table 3.16. Solvent effect on oxidation of cyclohexene with TBHP catalysed by FePcS

Entry Solvent Time  Conversion ONE OL E
(h) (%) (%) (%) (Y0)
1 CH;CN 2.5 100 22 1 5
2 C,H4Cl, 4 79 24 6 1
3 CH3;COCH; 2.5 98 26 1 6
4 CH,Cl, 3.5 79 23 7 1
5 CH;COOH 2.5 95 28 5 4
6 CH;0H 3.5 81 22 11 3
7 DMF 3 42 7 2 3
8 CH;CN + %10H,0 3 98 35 2 8
9 CH;CN + %20H,0 3 96 34 2 7

CH;CN containing 10% of H,O (entry 8) is the best solvent system for oxidation of
cyclohexene by TBHP in the presence of FePeS. When CH3OH was used as solvent, the
yield of OL increased (Entry 6). In chlorinated solvents such as dichloroethane (C,H4Cl,)
(entry 2) and dichloromethane (CH,Cl,) (entry 4), the yield of OL increased, while the
lowest yields in E are observed. However, the yield of E increased in acetone
(CH3COCH3), CH3CN+%10H,O and CH3;CN+%20H,0, and decreased in the other
solvents. As expected, the formation of the oxidation products in the tested conditions
depends on the nature of the solvents. The stability of solvents in the presence of oxidant
is quite important to complete conversion into oxidation products in good yield. CH3;CN
is more stable solvent than the others. Using H,O in combination with CH3CN results in
the increase of ONE yield because H,O can participate in the formation of some reaction

intermediates.
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In conclusion, the catalytic activity of the novel electron-withdrawing phthalocyanines
prepared during these works (monomeric iron phthalocyanine complexes 17, 18, 19) for
the oxidation of cyclohexene, using TBHP as the oxidant, has been extensively studied
and compared with the catalytic activity of the known phthalocyanines FePc¢S and
FePcF ¢, and with litterature data reporting the activity of FePc'Bu and FePcCl .

The main product of the allylic oxidation of cyclohexene in the presence of electron-
withdrawing substituted phthalocyanines catalysts was cyclohexenone. The allylic
alcohol OL and the epoxide E were also detected in minor amounts. Octahexylsulfonyl
substituted complex 19 gave the highest yield and selectivity for ONE.

We investigated the effect of solvent on the oxidation of cyclohexene. The product
selectivity varied with the solvent. The highest yield of ONE was obtained in a CH3CN +
10 % H,0O mixture.

3.2.2. Oxidation of toluene and p-xylene by t-butylsulfonyl and

hexylsulfonyl substituted p-nitrido diiron dimers

Oxidation of alkylaromatics is an important transformation in chemistry and
industry. These reactions are often performed with corrosive, toxic or carcinogenic
materials and with low selectivity. The composition of products obtained is dependent on
the reaction conditions (catalyst, oxidizing agent and solvent). The reactivity of N-
bridged diiron phthalocyanines 25, 26, 27, 28, 29 and 30 in homogeneous conditions was
investigated in the oxidation of aliphatic C-H bonds vs aromatic oxidation. We studied
the oxidation of toluene and p-xylene by TBHP, catalyzed by these six phthalocyanines
complexes. The oxidations were carried out without solvent using neat substrate.
Avoiding the use of solvent is important advantage from environmental and industrial
points of view.

In addition, the catalytic activities of 25 and 26 immobilized on silica were

investigated.
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3.2.2.1 Oxidation of toluene and p-xylene in homogenous system

Catalytic oxidation of toluene

We played on two parameters: the catalyst concentration in the reaction mixture
and the reaction temperature. First, 25 and 26 were tested in the relatively concentrated
conditions (1 mM) in 1 mL of neat substrate at three different temperatures (20, 40 and
60 °C). The oxidant concentration was 206 mM. Benzylic alcohol (1), benzaldehyde (2)

and benzylic acid (3) were the main products of oxidation of toluene (Scheme 3.11).

COOH

CH,OH CHO
2 3

1

Scheme 3.11. Oxidation of toluene

Table 3.17 shows the results of toluene oxidation catalyzed by 25 and 26. The oxidation
was more efficient with 25 at 40 °C (total TON = 197) while 26 provided a higher total
TON = 115 at 60°C. Significantly, only traces of products of aromatic oxidation, p-cresol
and 2-methyl-1,4-benzoquinone were detected by GC-MS. Thus, the catalytic system
demonstrates a strong preference for the oxidation of aliphatic C-H bond compared with
aromatic oxidation. Among the products of benzylic oxidation, benzylic acid was the
principal product, accounting for 73-83 % depending on experimental conditions. The
ratio of products was very similar for these two catalysts. While 25 and 26 were quite
selective to benzoic acid, up to 83 %, (FePcBuy),N afforded benzaldehyde as principal
product with selectivity up to 51 %. Although the reason of this selectivity change is not
yet clear, the results obtained provide a possibility of tuning of selectivity of the

oxidation by the appropriate modification of the structure of phthalocyanine ligand.
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Table 3.17. Oxidation of toluene by TBHP catalyzed by 25 and 26.

Catalyst T (°C) TON 1(%) 2(%) 3 (%)

20 92 6 21 73
25 40 197 5 12 &3

60 167 6 13 81

20 59 7 20 73

40 86 7 16 77
26

60 115 7 16 77

Effect of catalyst concentration

Then, we decided to study the influence of the catalyst concentration in hope to achieve
more efficient oxidation in termes of TON in the diluted conditions. 26 was chosen as the
standart catalyst to test oxidation of toluene in the presence of different catalyst
concentrations, from 10° M to 10° M. After determination of optimal oxidation
conditions, the other complexes (25, 27, 28, 29 and 30) have also been tested in the same
conditions for oxidation of toluene and p-xylene.

The catalytic activities of 26 at different concentrations are presented in Table 3.18 and

Figure 3.28.

Table 3.18. Oxidation of toluene in different concentration using TBHP by 26.

Concentration (M) TON; TON; TON; Total TON

107 6 14 66 86
5x10™ 23 51 61 135
107 56 139 167 362
5x107 180 580 480 1240
107 930 2820 480 4230
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The oxidations were carried out without solvent, in various catalyst’s concentrations at 40
°C.

When the concentration of catalyst progressively decreased from 107 M to 10° M, we
observed significant increase of TON from 86 to 4230. As can be seen in Table 3.18,
while benzoic acid was the main product when concentration of the catalyst was between
10° M and 10* M, benzaldehyde became the principal product at lower catalyst
concentrations (5x10” and 107). The effect of catalyst concentration on TON and

product distribution is shown in Figure 3.28.

5000
4000
- 3000 B PhCHO
lC_) B PhCH20H
2000 O PhCOOH
1000
0 —_ : -—:l_l_u_l :

10-3M 5x10-4M 10-4M 5x10-5M 10-5M

Concentration (M)

Figure 3.28. Catalyst’s oncentration effect on the oxidation of toluene.

It appears that the best conditions for 26 in termes of TON are reached for a catalyst
concentration of 10° M. Thus, the reactivity of 25, 26, 27, 28, 29 and 30 was evaluated
at this catalyst concentration in the same reaction conditions (without solvent, 40°C, 24
h). The results are summarized in Table 3.19. From the results obtained for 25 and 26 in
concentrated conditions, we expected that catalysts with bulky substitutents 26, 29 and 30
would be more efficient than 25 and 28 having small substitutents. Interestingly, when
using 27, the oxidation was more efficient (total TON = 9040). However, catalysts with
bulkier substituents 26, 29 and 30 were more efficient than 25 and 28. Among the

products of benzylic oxidation, benzaldehyde was always the principal product, even if
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the ratio of products was slightly different for all catalysts. The catalysts 26, 29 and 30
provided more benzyl alcohol than 25, 27 and 28.

Table 3.19. Oxidation of toluene in 10 M concentration by 25, 26, 27, 28, 29 and 30.

Catalyst TON 1/% 2/% 3/%
25 3800 6 89 5
26 6572 17 65 18
27 9040 14 80 6
28 4550 14 82 4

2
8

29 6010 13 85
30 7460 19 73

Temperature effect

The temperature effect was also studied using 10 M concentration of 26. The results at
40 and 60 °C are compared in Table 3.20. When temperature increased, we observed an
almost two-fold increase of total TON. While the total TON was 6572 at 40 °C, TON was
12280 at 60 °C. The product selectivity was changed with increasing of temperature. The
selectivity for benzaldehyde was higher at 60°C as compared to that at 40°C.

Table 3.20. Oxidation of toluene catalyzed by 26 (10 M) at 40 and 60 °C.

T/°C TON 1/% 2/% 3/%
40 6572 17 65 18
60 12280 18 75 7
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Catalytic oxidation of p-xylene

Catalytic oxidation of p-xylene in the presence of 10 M catalyst

The oxidation of p-xylene yields also products of benzylic oxidation: 4-methylbenzyl

alcohol (4), p-tolualdehyde (5) and p-toluic acid (6) (Scheme 3.12).

CH,OH CHO COOH
—_— + +
4 5 6

Scheme 3.12. Oxidation of p-xylene

p-Toluic acid (6) was the main product in each case (Table 3.21). While in
oxidation of toluene 25 was superior to 26 in terms of turnover numbers and selectivity to
benzoic acid, 26 showed higher turnover numbers and selectivity than 25 in oxidation of
p-xylene. A high performance was obtained at 60 °C with 26: TON attained almost 600
catalytic cycles. Interestingly, both catalysts perform the selective oxidation of only one
methyl group. We didn’t observe the products of oxidation of both methyl groups.
Products of aromatic oxidation were also absent. In contrast to p-oxo iron
phthalocyanines [70,71], p-nitrido iron phthalocyanines in combination with TBHP show
different selectivity in oxidation of alkylaromatics, oxidizing only methyl groups rather
than aromatic ring. While Fe-O-Fe catalyst performed oxidation of aromatic rings to form

quinones, Fe-N=Fe complex was quite selective in oxidation of alkyl substituents.
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Table 3.21. Oxidation of p-xylene by TBHP catalyzed by 25 and 26 (10~ M).

Catalyst T/°C TON 4/% 5/% 6/%

20 164 14 34 52
25 40 291 15 25 60
60 312 17 28 55
20 185 14 34 52
26 40 339 13 22 65
60 587 15 19 66

Catalytic oxidation of p-xylene using diluted catalyst concentrations.

Under diluted conditions 29 was the best catalyst in the oxidation of p-xylene

showing higher turnover numbers: TON attained almost 22000 catalytic cycles (Table

3.22). All catalysts perform the selective oxidation of only one methyl group. We

didn’t observe the products of oxidation of both methyl groups. Products of aromatic

oxidation were also absent. While 30 showed lower turnover numbers, the selectivity

of p-tolualdehyde higher than the others. In contrast to the experiments with 10° M

catalyst concentration, the experiments with 10° M catalyst showed much higher

TONs. While TON attained almost 600 catalytic cycles in oxidation of p-xylene in the

presence of 10° M 26, TON was 13300 when the concentration of the catalyst was 10”

> M. Catalysts having small substitutents (25, 27 and 28) were more selective to p-

tolualdehyde.

Table 3.22. Oxidation of p-xylene catalyzed by 25, 26, 27, 28, 29 and 30 (10'5 M).

Catalyst TON 4/% 5/% 6/%
25 10950 17 80 3
26 13300 17 78 5
27 12420 16 80 4
28 10630 9 85 6
29 21890 22 73 5
30 7960 8 90 2
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3.2.2.2. Oxidation of toluene and p-xylene by silica supported

phthalocyanines

Preparation of SiO; supported N-bridged diiron phthalocyanines 25 and 26.

Preparation of SiO, supported p-Nitrido Diiron Phthalocyanines:
20 pmol, 30 pmol, 40 pmol, 50 pmol

SiO,
p-Nitrido Diiron Phthalocyanines: L .
20 pmol, 30 pmol, 40 pmol, S0 pmol (Aérosil 200 Si02 >99.8 %
DEGUSSA 200 m?/g)

CH,Cl, or Acetone

mixing for 2h at room temperature
evaporation of solvent without heating
drying at 60 °C

Scheme 3.13. Preparation of supported SiO,-N-bridged diiron phthalocyanines

We prepared 4 samples of supported SiO,-25 using different relative amounts of
silica/25: 20, 30, 40 and 50 pmol of 25 per 1 gram of silica, to modulate silica covering
ratio and then to test selectivities in oxidation reaction. Resulting supported catalysts are
hereafter designated as Si0,-25(20), Si0,-25(30), S10,-25(40), Si0,-25(50). Even if it is
commonly admitted that a covering ratio of 70% is optimal (corresponding in our case to
S10,-25(40)), we tested the catalytic activities of Si0,-25 for different covering ratio.

Diffuse reflectance UV—Vis spectroscopy is a convinient method for characterization of
supported catalysts. The DR UV-Vis spectrum of Si0,-25(40) in solid state is shown in
Figure 3.29. The spectrum of silica-supported 25 (Q band at 663 nm) is similar to the one
of the unsupported phthalocyanine 25 (Q band at 657 nm) indicating that dimeric

structure of 25 was retained upon supporting onto silica.
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Figure 3.29. Solid state UV-vis spectrum of Si0,-25(40).

Two complexes, 25 and 26, were tested for toluene oxidation after their immobilization
onto Si0,. The results were compared to those previously obtained in homogeneous
systems. The process of the immobilization is illustrated on Scheme 3.13. All
immobilization procedures were performed using 1 g of silica with a specific surface of
200 m?/g. The size of iron phthalocyanine molecule can be estimated as 25A x 25A.
Hence, one can estimated a surface occupied by iron phthalocyanine molecules according
to the formulism indicated in Equation 3.1, for different amounts of phthalocyanine and

different covering ratio.

FePc 75 Ao A= 28x25 =625 A° 2 = B25x1 00 m2
25 A» B25x1020 m2 1 1 ol 3762 5% 10% m2
® B.02 x1022 2109 mol x
% = 3762 5x10% mzmal x = 7525x10-2
7525%102

100 =37.62 %
200

Equation 3.1.Calculation of covering of silica by iron phthalocyanine molecules
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Catalytic oxidation of toluene with SiO;-25

The results of catalytic oxidation of toluene in the presence of Si0,-25 are listed in Table
3.23. It is generally hoped that supported catalysts are more efficient than unsupported
ones. It should be noted that TONs obtained in the presence of supported catalysts were
comparable with TON obtained in homogeneous oxidation of toluene in the presence of
25. Noteworthy, supported catalysts prepared with different amount of 25 were all more
selective to benzaldehyde than unsupported iron phthalocyanine 25. A very high
selectivity of oxidation of toluene to benzaldehyde, up to 98 %, was achieved. SiO,-
25(40) was even more active than homogeneous catalyst (TON=4070 vs 3800). It was
seen that at higher loading (case of Si0,-25(50)), the catalytic activity decreases,
probably because of aggregation phenomena when not all iron phthalocyanine molecules
are accessible for substrate leading to decrease of the catalyic activity. These results

confirm that a 70% covering ration is optimal, as generally described.

Table 3.23. Oxidation of toluene catalyzed by Si0,-25
Pcumol® TON 1/% 2/% 3/%
20 2513 0.1 98 1.9
30 3290 5 93 2
40 4070 4 94 2
50 3640 1 97 2

2 Phthalocyanine concentration used for the preparation of the supported catalyst.

The recycling experiments of Si0,-25(40) in these conditions (TBHP at 40 °C for 24h)
showed that the catalyst was quite stable. S10,-25(40) was still active after the 3 run.
The TON for benzaldehyde was 3470 for 1 run, 3034 for 2" run and finally 2889 for 3™
run. It should be noted that quantitative recovering of very small amounts of the

supported catalysts after reaction is a difficult task. Some part of the material could be
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lost during recycling work-up. Consequently, one can conclude that the supported

catalyst can be recyled and re-used with practically no loss of catalytic activity.

3500+
3000+
2500+
TON 2000+ B PhCHO
OPhCOOH
1000+

500+

0-

1st Run 2nd Run 3rd Run

Scheme 3.14. The recycle testing of Si0,-25(40) for oxidation of toluene

Catalytic oxidation of toluene with SiO,-26

The optimal conditions determined for the preparation of SiO,-25 were used for
supporting 26 onto silica. We prepared therefore Si0,-26(40).
The results of the catalytic oxidation of toluene in the presence of Si0,-26(40) are listed

in Table 3.24. The high TON and selectivity to benzaldehyde were observed.

Table 3.24. Oxidation of toluene by Si0,-26(40)

T/°C TON 1/% 2/% 3/%
40 4220 6 91 3
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Catalytic oxidation of p-xylene with SiO,-25

Si0,-25(40) was used as the catalyst for the heterogeneous oxidation of p-xylene.
Significantly, we didn’t observe p-toluic acid and p-tolualdehyde was obtained with 95 %
selectivity (Table 3.25).

Table 3.25. Oxidation of p-xylene by Si0,-25(40)
T/°C TON 4/% 5/% 6/%
40 7370 5 95 -

In conclusion, catalytic properties of N-bridged complexes were evaluated in the
industrially important oxidation of alkylaromatic compounds (toluene and p-xylene),
using TBHP as the oxidant. Heterogenous systems based on 25 and 26 silica
supported were tested. Surprisingly, 6 formation wasn’t observed during oxidation of
p-xylene by Si0,-25. Novel complexes 25, 26, 27, 28, 29 and 30 in combination with
TBHP exhibit a high selectivity in oxidation of toluene and p-xylene with high

turnover numbers.

3.2.3. Oxidation of alcohols by hexyl and t-butylsulfonyl substituted p-

nitrido diiron dimers

Oxidation of alcohols to aldehydes and ketones is one of the most important
transformations in organic synthesis (Scheme 3.15) [119a]. In particular, the oxidation of
primary alcohols to aldehydes is important since they find wide applications as
intermediates in fine chemistry, particularly in perfume and pharmaceutical industries
[120,121]. Most of the catalysts reported so far, the use of a solvent in the reaction is
required, while it is highly desirable to develop a process without a solvent from the

viewpoint of green chemistry. Avoiding the use of solvent is important advantage from
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environmental and industrial points of view. The world-wide annual production of
carbonyl compounds is over 10’ tonnes and many of these compounds are produced from
the oxidation of alcohols. [9-17] [91a,122,155-157] The oxidation of alcohols is often
carried out using stoichiometric inorganic oxidants such as permanganate [158], bromate
[159], or Cr(VI) based reagents which generates large amount of heavy metal waste [160
]. Several transition metal-based homogeneous systems such as palladium [161],
ruthenium [162], manganese [163], tungsten [164], rhenium [165], and copper [166,167],
have also been reported. However, these methods have some drawbacks as the industrial
processes from the environmental point of view, because they require a stoichiometric
amount of toxic metal ions, harmful organic solvents, or a large amount of energy
consumption with high pressures and/or high temperature. Oxidation reactions are
sometimes carried out in halogenated organic solvents, typically chlorinated
hydrocarbons, which are environmentally undesirable. Therefore, development of the
catalytic process of alcohol oxidation under mild conditions is essential for green
chemistry. In order to avoid the use of organic solvent, a use of supercritical carbon
dioxide as an effective reaction medium to perform the oxidation of primary and
secondary aliphatic alcohols to corresponding carbonyl compounds with chromium
trioxide supported silica has been reported [168]. A clean procedure for oxidation of
alcohols by O, was also published [169]. Transition metal complexes of phthalocyanines
and porphyrins are widely investigated owing to the presence of similar structural units in
biological systems such as proteins and enzymes. By contrast to porphyrins, a cheap and
facile preparation of phthalocyanines, their availability at a large scale as well as their
chemical and thermal stability make them industrially viable candidates for oxidation
catalysis Metallophthalocyanines have been used as efficient biomimetic catalysts for
oxidation, reduction and other reactions of organic compounds [71¢,170-178]. It has been
also shown that cytochromes P450 and their model compounds are able to catalyze the
oxidation of alcohols [179,180]. The solvent-free selective oxidation of several alcohols
to aldehydes and ketones with TBHP by 25 and 26 was tested.

Benzyl alcohol was first examined as a standart substrate with TBHP as oxidant.
Considering the solubility of the catalyst 25 and 26 in alcohols, the oxidation reaction

was initially carried out without additional solvent in the presence of a catalytic amount
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of 25 and 26. The progress of the reaction was monitored by GC. The reaction products

were identified by GC-MS.

CH3 CH3

H_ OH | Catalyst 25 or 26 o) |
>\ + HyC—C—O0O0H )J\ + H C—C—OH + H,0
R! R2 | 40°C R DR
CH, CH;§
R'= Aryl, alkyl
R2= H, alkyl

Scheme 3.15. Oxidation of alcohols to aldehydes or ketones with high turnovers by 25
and 26.

As shown in Table 3.26, secondary and primary alcohols are converted into the
corresponding ketones and aldehydes respectively, with very high turnover numbers
(Entries 1, 4, 5 and 6) (TON = moles of aldehyde or ketone formed per mole of the
catalyst). We know that, the preparation of aromatic aldehydes from the corresponding
primary alcohols is not easily achieved because they are readily converted into carboxylic
acids when using strong oxidants such as permanganate. Among the various alcohols
studied, n-pentanol, 2-butanol and benzylalcohol were found to be the most reactive;
shorter reaction times were required for their oxidations (Entries 1, 5 and 6, Table 3.26).
Table 3.26 shows the catalytic performances of the catalyst 25 and the catalyst 26 for the
solvent-free oxidation of alcohols by TBHP. Both catalysts could catalyze the solvent-
free selective oxidation of alcohols to aldehydes and ketones with selectivities higher
than 99%. The oxidation of secondary benzylic alcohol remains general to afford the
ketone in high TON (entry 4). Furthermore, aliphatic alcohols were found to be more
reactive than aromatic alcohols (Table 3.26, entries 5 and 6). Very high TONs of 62750
and 41020 were obtained for pentanal with 25 and 26.
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Table 3.26. Oxidation of alcohols with TBHP catalyzed by 25 and 26

Entry Substrate Product Time (h) TONP® Selectivity (%)
25 26
CH,OH CHO
1 l 1 1 12370 14940 > 99
CH,OH CHO
2 © © 24 6360 3230 > 99
OCHj, OCH;
CH,OH CHO
3 ? ? 24 5300 1450 > 99
OH (o)
4 24 14970 15430 100
OH (o)
5 \/l\ 1 13340 27380 100
OH H
B /\/\6/ 1 62750 41020 100

* The reactions were carried out under the following conditions: alcohol- 10 mL ;

catalyst 25 or 26 - 0.01 mM ; 70 % TBHP - 206 mM; temperature, 40 °C ® TON for
aldehyde = moles of aldehyde formed per mole of catalyst.
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Benzyl alcohol was converted to benzaldehyde with high TON at 80 °C (Table 3.27,
entry 1). Primary benzylic alcohol with electron donating substituent such as p-
methoxybenzyl alcohol was also converted to the p-methoxyaldehyde (entry 2). On the
other hand, the TON of p-chlorobenzylalcohol oxidation significantly increased (entry 3).
In the case of primary alcohol oxidation, the overoxidation of aldehyde into carboxylic

acid was not observed and the corresponding aldehydes were obtained selectively.

Table 3.27. Oxidation of different aromatic alcohols with TBHP by 25 and 26 at 80 °C

Entry Substrate Product Time (h) TON Selectivity (%)
25 26

CH,OH CHO

1 1 17680 18380 > 99
CH,OH CHO

2 24 14050 9970 >99
OCHj,4 OCH,3
CH,OH CHO

3 24 40990 42280 > 99
Cl Cl

The reactions were carried out under the following conditions: alcohol= 10 mL ; catalyst

25 0r 26=0.01 mM ; 70 % TBHP = 206 mM; temperature, 80 °C

The influence of temperature on benzyl alcohol oxidation and product selectivity was
examined (Table 3.28). When reaction temperature was increased gradually from 20 to
80 °C, the rate of the reaction was also increased. Both catalysts could catalyze the
solvent-free selective oxidation of benzyl alcohol to benzaldehyde. Selectivity was higher
than 99% for each temperature. At 80 °C highest TON (17680 for 25 and 18380 for 26)

was obtained after 1 h.
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Table 3.28. Effect of temperature on benzyl alcohol oxidation to benzylaldehyde®

Entry Temperature (°C) TON Selectivity (%)
25 26
1 20 8140 7560 >99
2 40 12370 14940 > 99
3 60 14310 15330 >99
4 80 17680 18380 >99

* The reactions were carried out under the following conditions: benzyl alcohol = 10 mL;

catalyst 25 or 26 = 0.01 mM ; 70 % TBHP = 206 mM; time = 1h

The influence of TBHP concentration increase from 1030 mM to 4120 mM on benzyl

alcohol oxidation and product selectivity was examined (Table 3.29). When TBHP

amount was increased gradually from 1030 to 4120, the rate of the reaction and TON

increased. After adding 4120 mM TBHP, highest TON (31190 for 25 and 43270 for 26)

was obtained.
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Table 3.29. Effect of TBHP concentration on benzyl alcohol oxidation to

benzylaldehyde®
Entry  TBHP Concentration (mM) TON Selectivity (%)
25 26
1 1030 16970 17390 >99
2 2060 23460 23800 > 99
3 3090 25820 25510 > 99
4 4120 31190 43270 >99

* The reactions were carried out under the following conditions: benzyl alcohol= 10 mL ;

catalyst 25 or 26= 0.01 mM ; time = 1h; temperature, 40 °C.

OtBu
3c—|—00H

s e =

Scheme 3.16. Proposed mechanism for the oxidation of alcohol
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In conclusion, electron-withdrawing substituted p-nitrido bridged diiron phthalocyanine
catalysts exhibit a very high activity and an unusual selectivity in the oxidation of
aromatic and aliphatic alcohols. The proposed catalytic method is a green alternative
since avoiding the use of solvent is important advantage from environmental and

industrial points of view.

129



4. Experimental Part
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4.1. Synthesis of phthalonitriles

4.1.1. 1,2-dicyano-4,5-Bis(hexylthio)benzene (1)

cl CN P N CN

2 CgHy3SH

K,CO, / DMSO
cl CN

\/\/\/S CN

1

4,5-Dichloro-1,2-dicyanobenzene (10 g, 50.8 mmol) and 1-hexanethiol (14.76 g, 101.6
mmol) were dissolved in anhydrous dimethyl sulfoxide (DMSO) (60 mL) under argon
atmosphere. After stirring for 15 min at room temperature, dry and finely powdered
potassium carbonate (25 g, 181 mmol) was added portionwise over 15 min with efficient
stirring. The reaction mixture was stirred under argon at 90°C for 24 h. Then the mixture
was poured into 200 mL of ice-water. The resulting solid was collected by filtration and
washed with water. After drying in vacuo at 50 °C, the crude product was recrystallised

from ethanol to give pure 4,5-Bis(hexylthio)-1,2-dicyanobenzene (1).

15 g, Yield (82 %)
C20H2sN>S, MW: 360.17 g/mol
Melting Point: 70 °C
IR (KBr) v(cm™): 2970, 2950, 2860, 2240, 1560, 1450, 1420, 1350, 1280, 1260, 1230,
1205, 1120, 935, 905, 715
EA: Calculated : C 66.62, H 7.83, N 7.77, S 17.79
Found : C 67.20,H 7.70,N 7.93, S 17,57
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4.1.2. 1,2-dicyano-4,5-Bis(hexylsulfonyl)benzene (2)

/\/\/\S N /\/\/\g CN
H,0, g
CH;COOH (o)
\/\/\/S CN \/\/\/g CN
él)
1 2

4,5-Bis(hexylthio)-1,2-dicyanobenzene (1.5 g, 4.16 mmol) was dissolved in 50 mL of
acetic acid at 90 °C. To the stirred solution was added a total of 23 mL of 33 % H,O; in
I mL portions in the course of 4 h. The resulting mixture was allowed to cool to room
temperature and stirred overnight, and the white precipitate was collected by filtration,
subsequently washed several times with water, and crystallized from ethanol (50 mL) to

give pure 4,5-Bis(hexylsulfonyl)-1,2-dicyanobenzene (2).

1.34 g, Yield (76 %)
C20H2sN204S; MW: 424.15 g/mol
Melting Point: 114 °C
IR (KBr) v(cm™): 3097, 2959, 2928, 2861, 2244, 1545, 1464, 1336, 1314, 1149, 1125,
919, 795, 728, 648, 570, 525, 512, 474
EA: Calculated: C 66.62, H 7.83, N 7.77, S 17.79
Found : C67.20,H 7.70,N 7.93, S 17,57
Mass Spectrum (ESI-MS) m/z: 447.23 [M+Na]

"H NMR (CDCly): § = 0.8 (t, 6 H, CHz), 1.3- 1.7 (m, 16 H, CHy), 3.7 (t, 4 H, CHy),
8.6 (s, 2 H, ArH).
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4.1.3. 1,2-dicyano-4-(hexylthio)benzene (3)

CN CN
CeHq3SH

K,CO,; / DMSO
O,N CN s CN

A mixture of 4-nitrophthalonitrile (2.5 g, 14.45 mmol) and 1-hexanethiol (2.1 g, 14.45
mmol) in DMSO (10 mL) was stirred at room temperature for 10 min. Then, dry
potassium carbonate (2 g, 14.5 mmol) was added in small portions during 2 h. The
mixture was vigorously stirred under argon atmosphere at room temperature for 16 h.
Water (50 mL) was added, and the product was extracted with CH,Cl, (3 x 50 mL). The
organic phase was washed with water (3 x50 mL) and dried over sodium sulfate. The
solvent was removed under reduced pressure, and the residue was recrystallized from

ethanol to give 4-hexylthio-1,2-dicyanobenzene (3).

2.8 g, Yield (80 %)
Ci14HsN2S MW: 244.10 g/mol
Melting Point: 67 °C
IR (KBr) v(cm™): 3068, 2917, 2855, 2232, 1568, 1474, 1453, 1422, 1297, 1198, 1155,
857, 833, 796, 728, 555
EA: Calculated: C 68.81, H 6.60, N 11.46, S 13.12
Found : C67.36,H6.21,N 11.76, S 13,60
Mass Spectrum (ESI-MS) m/z: 267.10 [M+Na]
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4.1.4. 1,2-dicyano-4-(hexylsulfonyl)benzene (4)

CN CN
m-CPBA

CH,Cl,

O

N\

To a solution of 1,2-dicyano-4-hexylthiobenzene (2 g, 15.06 mmol) in dry CH,Cl, (8.5
mL) cooled at 0 °C was slowly added m-chloroperbenzoic acid (6.35 g, 36.75 mmol) in
CH,CI; (150 mL). The mixture was warmed to room temperature and vigorously stirred
at this temperature overnight (12 h). A saturated sodium sulfite solution was then added,
and the organic phase was extracted with CH,Cl, (3 x 50 mL) and dried over Na,;SO,.
The solvent was removed under reduced pressure, and the solid was recrystallized from

ethanol to give 1,2-dicyano-4-hexylsulfonylbenzene (4) as a white solid.

3.03 g, Yield (73 %)
Ci14H16N2SO, MW: 276.09 g/mol
Melting Point: 104 °C
IR (KBr) v(cm™): 3097, 3037, 2950, 2867, 2241, 1540, 1476, 1398, 1317, 1286, 1147,
1111, 1075, 920, 882, 848, 774, 622, 526
EA: Calculated: C 60.85, H 5.84, N 10.14, S 11.60
Found : C 60.16, H 5.94,N 10.29, S 11,70
Mass Spectrum (ESI-MS) m/z: 299.14 [M+Na]

"H NMR (CDCL): §= 1.1 (t, 3 H, CH;), 1.4- 2 (m, 8 H, CH,), 3.4 (t, 2 H, CHy),
8.0 (d, 1 H, ArH), 8.1 (d, H, ArH), 8.4 (s, 1 H, ArH).
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4.1.5. 1,2-dicyano-3-(hexylthio)benzene (5)

CN CN
CgH43SH

K,CO3; / DMSO
CN CN

NO, S

5
A mixture of 3-nitrophthalonitrile (2.5 g, 14.45 mmol) and 1-hexanethiol (2.1 g, 14.45
mmol) in DMSO (10 mL) was stirred at room temperature for 10 min. Then, dry
potassium carbonate (2 g, 14.5 mmol) was added in small portions during 2 h. The
mixture was vigorously stirred under argon atmosphere at room temperature for 16 h.
Water (50 mL) was added, and the product was extracted with CH,Cl, (3 x 50 mL). The
organic phase was washed with water (3 x50 mL) and dried over sodium sulfate. The
solvent was removed under reduced pressure, and the residue was recrystallized from

ethanol to give 3-hexylthio-1,2-dicyanobenzene (5).

3 g, Yield (85 %)
Ci4HsN2S MW: 244.10 g/mol
Melting Point: 68 °C
IR (KBr) v(ecm™): 3068, 2917, 2855, 2232, 1568, 1474, 1453, 1422, 1297, 1198, 1155,
857, 833, 796, 728, 555
EA: Calculated: C 68.81, H 6.60, N 11.46, S 13.12
Found : C 68.22,H 6.40, N 11.53, S 13,08
Mass Spectrum (ESI-MS) m/z: 267.10 [M+Na]
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4.1.6. 1,2-dicyano-3-(hexylsulfonyl)benzene (6)

CN

CN
m-CPBA
—)
CH,ClI,
CN CN
S;
5

6

To a solution of 1,2-dicyano-4-hexylthiobenzene (2 g, 15.06 mmol) in dry CH,Cl, (8.5
mL) cooled at 0 °C was slowly added m-chloroperbenzoic acid (6.35 g, 36.75 mmol) in
CH,ClI; (150 mL). The mixture was warmed to room temperature and vigorously stirred
at this temperature overnight (12 h). A saturated sodium sulfite solution was then added,
and the organic phase was extracted with CH,Cl, (3 x 50 mL) and dried over Na;SOs.
The solvent was removed under reduced pressure, and the solid was recrystallized from

ethanol to give 1,2-dicyano-3-hexylsulfonylbenzene (6) as a white solid.

3.1 g, Yield (75 %)
C14HsN2SO, MW: 276.09 g/mol
Melting Point: 100 °C
IR (KBr) v(cm™): 3084, 2953, 2870, 2236, 1544, 1433, 1329, 1287, 1161, 1130,
851, 822, 764, 639, 518
EA: Calculated: C 60.85, H 5.84, N 10.14, S 11.60
Found: C60.33,H5.90,N 10.19,S 11,73
Mass Spectrum (ESI-MS) m/z: 299.14 [M+Na]

"H NMR (CDCls): § = 0.8 (t, 3 H, CHs), 1.0- 1.8 (m, 8 H, CH>), 3.5 (t, 2 H, CH>),
8.0 (d, 1 H, ArH), 8.1 (t, H, ArH), 8.4 (d, 1 H, ArH).
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4.1.7. 1,2-Dicyano-4-(tert-butylthio)benzene (7)

CN CN
C(CH;);SH
—>
K,CO,; / DMSO HsC,
O,N CN S CN
H,C
3 CHs 7

A mixture of 4-nitrophthalonitrile (2.5 g, 14.45 mmol) and tert-butylthiol (1.3 g, 14.45
mmol) in DMSO (10 mL) was stirred at room temperature for 10 min.Then, dry
potassium carbonate (2 g, 14.5 mmol) was added in small portions during 2 h. The
mixture was vigorously stirred under argon atmosphere for 16 h. Water (50 mL) was
added, and the product was extracted with CH,Cl, (2 x 50 mL). The organic phase was
washed with water (3 x50 mL) and dried over sodium sulfate. The solvent was removed
under reduced pressure, and the residue was recrystallized from ethanol to give 1,2-

Dicyano-4-(tert-butylthio)benzene (7).

2.4 g, Yield (75 %)
Ci2HiN>,S MW: 216.07 g/mol
Melting Point: 76 °C
IR (KBr) v(cm™): 3092, 2972, 2234, 1582, 1537, 1478, 1356, 1162, 1076, 923, 845,
748, 618, 527
EA: Calculated: C 66.63, H 5.59, N 12.95, S 14.82
Found : C 66.32,H 6.06, N 12.73, S 14,48
Mass Spectrum (ESI-MS) m/z: 239.06 [M+Na]
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4.1.8. 1,2-Dicyano-4-(tert-butylsulfonyl)benzene (8)

CN CN
H,0,
—>
HaC CHCOOH o O
3><s CN 3><s CN
%
H.C H,;C
: CH, , CH, .

1,2-Dicyano-4-(tert-butyl thio)benzene (2.3 g, 0.011 mmol) was dissolved in 50 mL of
acetic acid at 90 °C. To the stirred solution was added a total of 60 mL of 33% H,0, in 1
mL portions in the course of 4 h. The resulting mixture was allowed to cool to room
temperature and stirred overnight, and the white precipitate was collected by filtration,
subsequently washed several times with water, and crystallized from ethanol (50 mL) to

give pure 1,2-Dicyano-4-(tert-butylsulfonyl)benzene (8) as a white powder.

1.8 g, Yield (73 %)
C12H1oN>SO, MW: 248.06 g/mol
Melting Point: 180 °C
IR (KBr) v(cm™): 3106, 3087, 2982, 2233, 1590, 1472, 1302, 1286, 1128, 1107, 839,
685, 557
EA: Calculated: C 58.05, H4.87, N 11.28, S 12.91
Found : C5747,HS5.11,N 11.16, S 12.67
Mass Spectrum (ESI-MS) m/z: 248.3 [M] "

"H NMR (CDCly): § = 1.3 (s, 9H), 8.1 (d, 1H), 8.2 (d, 1H), 8.3 (s, 1H)
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4.1.9. Sodium methanesulfinate (9)

Na2803
CH3SOZCI EE— CH3SOZNa
NaHC03
9

A solution of sodium sulfite (5.0 g, 39.6 mmol) in H,O (19.0 mL) was vigorously stirred
for 10 min at 20 °C NaHCO; (6.8 g, 81.4 mmol) was added, and the mixture was stirred
for 1 h at 50 °C. Methanesulfonyl chloride (3.0 mL, 39.2 mmol) was carefully added, and
after the addition, the mixture was vigorously stirred at 50 °C for 4 h. After cooling to 20
°C, the H,O was evaporated. MeOH (5.0 mL) was added to the white residue to separate
the sodium methanesulfinate from MeOH insoluble salts, and the mixture was stirred

overnight. Filtration and evaporation gave 3.7 g (94%) of the title product.

4.1.10. 1,2-Dicyano-4-methylsulfonylbenzene (10)

CN
DMSO CN

CH3SOzNa + —_—

o
S
O,N CN s CN
HC” Yy

10

A mixture of 4-nitrophthalonitrile (1.73 g, 10 mmol) and sodium metansulfinate (1.02 g,
10 mmol) was stirred in DMSO (50 mL) at 80 °C under argon for 24 h. Then the mixture
was poured into water (500 cm’). The resulting solid was collected by filtration and
washed with water. After drying in vacuo at 50 °C, the crude product was recrystallised

from ethanol.
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1.2 g, Yield (60 %)
CyHegN,SO, MW: 206.01 g/mol
Melting Point: 166 °C
IR (KBr) v(cm™): 3100, 3026, 2938, 2236, 1591, 1388, 1325, 1152, 965, 764, 645, 534
EA: Calculated: C 52.42, H2.93, N 13.58, S 15.55
Found: C52.20,H2.84,N 13.29,S 15.70
Mass Spectrum (ESI-MS) m/z: 207.03 [M+H]

"H NMR (CDCLy): &= 3.1(s,3 H, CH), 8.1 (d, 1 H, ArH), 8.3 (d, H, ArH),
8.4 (s, 1 H, ArH).

BC NMR (CDCL): & = 145.6, 134.9, 132.6, 132.1, 120.8, 117.8, 114.2, 114.0, 44.5.

4.1.11. Sodium ethanesulfinate (11)

Nast3
CH;CH,SO,CI —— 3=  CH,CH,SO,Na

NaHCO3
1

A solution of sodium sulfite (5.0g, 39.6 mmol) in H,O (20 mL) was vigorously stirred for
10 min at 20 °C NaHCOs (6.8 g, 81.4 mmol) was added, and the mixture was stirred for 1
h at 50 °C. Ethanesulfonyl chloride (3.0mL, 39.2 mmol) was carefully added, and after
the addition, the mixture was vigorously stirred at 50 °C for 4 h. After cooling to 20 °C,
the H,O was evaporated. EtOH (5.0mL) was added to the white residue to separate the
sodium ethanesulfinate from EtOH insoluble salts, and the mixture was stirred overnight.

Filtration and evaporation gave 3.7 g (95 %) of the title product.

140



4.1.12. 1,2-Dicyano-4-ethylsulfonylbenzene (12)

CN CN
DMSO
CH3CH2802N3 + —_—
o)
A\Y
O2N CN /S\\ CN
HC™ Y
3HC” 12

A mixture of 4-nitrophthalonitrile (1.73 g, 10 mmol) and sodium etansulfinat (1.28 g, 10
mmol) was stirred in DMSO (50 mL) at 80 °C under argon for 24 h. Then the mixture
was poured into water (500 cm®). The resulting solid was collected by filtration and
washed with water. After drying in vacuo at 50 °C, the crude product was recrystallised

from ethanol.

1.36 g, Yield (62 %)
C10HgN2SO; MW: 220.03 g/mol
Melting Point: 130 °C
IR (KBr) v(cm™): 3103, 3077, 2943, 2239, 1591, 1387, 1314, 1133, 1051, 849, 738, 654
EA: Calculated: C 54.53, H 3.66, N 12.72, S 14.56
Found: C 54.12, H3.72,N 12.90, S 14.12
Mass Spectrum (ESI-MS) m/z: 221.08 [M+H]

'H NMR (CDCL): § = 1.3 (t, 3H), 3.2 (q, 2H), 8.0(d, 1H), 8.2 (d, 1H),8.3 (s, 1H)

BC NMR (CDCL): & = 144.2, 134.7, 132.8, 132.6, 120.6, 117.8, 114.3, 114.1, 50.6, 7.2

141



4.1.13. 1,2-Dicyano-4-adamantylthiobenzene (13)

SH CN CN
+ —_
DMSO
O,N CN S CN
13

4-Nitrophthalonitrile (2.5 g, 14.5 mmol) and adamantanethiol (2.5 g, 14.6 mmol) were
dissolved in anhydrous dimethyl sulfoxide (DMSO) (10 mL) under argon atmosphere.
After stirring for 15 min at room temperature, dry and finely powdered potassium
carbonate (6 g, 43.5 mmol) was added portionwise over 15 min with efficient stirring.
The reaction mixture was stirred under argon at room temperature for 24 h. Then the
mixture was poured into 200 cm’ of ice-water. The resulting solid was collected by
filtration and washed with water. After drying in vacuo at 50 °C, the crude product was

recrystallised from ethanol.

3.3 g, Yield (81 %)
CisHisN>S MW: 294.1 g/mol
Melting Point: 144 °C
IR (KBr) v(cm™):2914, 2881, 2848, 2232, 1580, 1474, 1339, 1103, 1036, 843, 684, 526.
EA: Calculated: C 73.43, H 6.16, N 9.51, S 10.89
Found: C73.10,H 6.30,N 9.45, S 10.70.
Mass Spectrum (ESI-MS) m/z: 317.2 [M+Na]

"H NMR (CDCL): § = 1.6-2.2 (m, 15H), 7.7(d, 1H), 7.8 (d, 1H), 7.9 (s, 1H)

3C NMR (CDCl): § = 141.2, 141.0, 140.1, 133.2, 115.9, 115.4, 115.3, 115.2, 50.1,

44.1, 36.2, 30.1.
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4.1.14. 1,2-Dicyano-4-adamantylsulfonylbenzene (14)

CN CN
m-CPBA
P o)
CH,Cl, \
s S CN
A
o
13 14

To a solution of 1,2-dicyano-4-adamantylthiobenzene (3 g, 10 mmol) in dry CH,Cl, (50
mL) cooled at 0 °C was slowly added m-chloroperbenzoic acid (17.2 g, 100 mmol) in
CH,Cl; (500 mL). The mixture was warmed to room temperature and vigorously stirred
at this temperature overnight (12 h). A saturated sodium sulfite solution was then added,
and the organic phase was extracted with CH,Cl, (3 x 50 mL) and dried over Na;SOs.
The solvent was removed under reduced pressure, and the solid was recrystallized from

ethanol to give 1,2-dicyano-4-adamantylsulfonylbenzene (14) as a white solid.

2.4 g, Yield (73 %)
CisH1sN2SO, MW: 326.1 g/mol
Melting Point: 266 °C
IR (KBr) v(cm™): 3100, 3033, 2910, 2860, 2232, 1591, 1455, 1390, 1301, 1284, 1185,
1141, 1040, 856, 628, 560
EA: Calculated: C 66.23, H 5.56, N 8.58, S 9.82
Found: C66.11,H5.14, N 8.09, S 9.64
Mass Spectrum (ESI-MS) m/z: 325.2 [M-H]

'H NMR (CDCL): § = 1.4-2.2 (m, 15H), 8.0(d, 1H), 8.1 (d, 1H), 8.2 (s, 1H)

BC NMR (CDCL): § = 140.8, 135.3, 134.9, 134.0, 120.4, 117.0, 114.4, 114.3, 62.5,

35.6,35.1,28.2
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4.1.15. 1,2-Dicyano-4-cyclohexylthiobenzene (15)

CN CN
SH K,COs
+ —
% DMSO
ON CN S CN

[T

4-Nitrophthalonitrile (2.5 g, 14.5 mmol) and cyclohexanethiol (1.7 g, 14.6 mmol) were
dissolved in anhydrous dimethyl sulfoxide (DMSO) (10 ml) under argon atmosphere.
After stirring for 15 min at room temperature, dry and finely powdered potassium
carbonate (6 g, 43.5 mmol) was added portionwise over 15 min with efficient stirring.
The reaction mixture was stirred under argon at room temperature for 24 h. Then the

mixture was poured into 200 cm’

of ice-water. The resulting solid was collected by
filtration and washed with water. After drying in vacuo at 50 °C, the crude product was

recrystallised from ethanol.

2.6 g, Yield (75 %)
CisHisN2S  MW: 242,09 g/mol
Melting Point: 93 °C
IR (KBr) v(cm™): 2860, 2236, 1578, 1470, 1343, 1102, 1090, 837, 760, 524
EA: Calculated: C 69.39, H 5.82, N 11.56, S 13.23
Found: C68.90,H5.76, N 11.89, S 13.33
Mass Spectrum (ESI-MS) m/z: 265.18 [M+Na]

"H NMR (CDCLy): § = 1.2-2.2 (m, 10H), 3.3 (m, 1H), 7.5(d, 1H), 7.6 (s, 1H),7.7 (d, 1H)

BC NMR (CDCL): & = 140.7, 130.3, 130.1, 130.0, 117.8, 115.8, 115.6, 111.1, 45.6,

32.8,25.8,25.6
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4.1.16. 1,2-Dicyano-4-cyclohexylsulfonylbenzene (16)

CN CN
m-CPBA
—>
CH,Cl,
O\
s CN s CN

N\
% "o
15 16

To a solution of 1,2-dicyano-4-cyclohexylthiobenzene (3 g, 12 mmol) in dry CH,Cl, (50
mL) cooled at 0 °C was slowly added m-chloroperbenzoic acid (20.6 g, 120 mmol) in
CH,Cl; (500 mL). The mixture was warmed to room temperature and vigorously stirred
at this temperature overnight (12 h). A saturated sodium sulfite solution was then added,
and the organic phase was extracted with CH,Cl, (3 x 50 mL) and dried over Na;SOs.
The solvent was removed under reduced pressure, and the solid was recrystallized from

ethanol to give 1,2-Dicyano-4-cyclohexylsulfonylbenzene (16) as a white solid.

2.4 g, Yield (73 %)
Ci14H14N>,SO, MW: 274,08 g/mol
Melting Point: 161 °C
IR (KBr) v(cm™): 3073, 3036, 2856, 2237, 1590, 1456, 1313, 1112, 1109, 847, 766, 542
EA: Calculated: C 61.29, H 5.14, N 10.21, S 11.69
Found: C61.08,H5.70, N 10.88, S 11.20
Mass Spectrum (ESI-MS) m/z: 313.18 [M+K]

"H NMR (CDCL): & = 1.0-2.1 (m, 10H), 2.9 (m, 1H), 8.0 (d, 1H), 8.2 (d, 1H), 8.3 (s,1H)

BC NMR (CDCl): & = 142.8, 134.2, 133.7, 133.3, 120.3, 117.2, 114.0, 113.9, 63.7,

25.3,24.8,24.7
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4.2. Synthesis of monomeric iron phthalocyanines

4.2.1. Tetra-(hexylsulfonyl)phthalocyaninatoiron(Il) (17)

O=wn=0

CN
DMF : 0-DCB N
—>
\
N FeCl,
S\ CN
\O \
|
S‘\_\_\

=0

(@)
Il

(7]

]

o
O=

4 (300 mg, 1.08 mmol) was heated at 130°C in a mixture of o-dichlorobenzene-DMF
(3:1) under argon for 8 h in the presence of FeCl, (0.27 mmol). The solvent was removed
under reduced pressure. The green-blue solid was extracted with CH,Cl, and washed
with water. 2a was isolated by chromatography on silica gel using a mixture of CH,Cl,-

EtOH (100:1).

58 mg, Yield (18 %)

CscHgaFeNgOgSs MW: 1160.3 g/mol

IR (KBr) v(cm™): 1326, 1257, 1143, 1076, 818, 745

EA: Calculated: C 66.62, H 7.83, N 7.77, S 17.79
Found: C67.20,H7.70,N 7.93,S 17,57

Mass Spectrum (ESI-MS) m/z: 1161.3 [M+H]

UV/Vis (CHCL): e = 680, 600, 306 nm
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4.2.2. Tetra-np-(hexylsulfonyl)phthalocyaninatoiron(II) (18)

CN
DMF : 0-DCB
—_—
FEC|2
CN
0=s=0
6 18

A mixture of 1,2-Dicyano-3-hexylsulfonylbenzene (300 mg; 1.08 mmol) was heated at
130 °C in a mixture of o-dichlorobenzene-DMF (3:1) under argon for 8 h in the presence
of the corresponding metallic salt, iron(I) chloride [FeCl;] (0.27 mmol). After the
solvent was concentrated under reduced pressure, the green solid was extracted with
CH,Cl, and washed with water. Compound 18 was isolated from the tetra-np-
hexylsulfonylphthalocyaninato iron (II) by chromatography on silica gel using a mixture

of CH,Cl,-ethanol (100:1) was employed.

55 mg, Yield (17 %)

CscHgaFeNsOgSs MW: 1160.3 g/mol

IR (KBr) v(cm™): 1326, 1257, 1143, 1076, 818, 745

EA: Calculated: C 66.62,H 7.83, N 7.77, S 17.79
Found : C67.20,H7.70,N 7.93,S 17,57

Mass Spectrum (ESI-MS) m/z: 1161.2 [M+H]

UV/Vis (CHCL): Ay =670, 603, 347 nm
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4.2.3. Octa-(hexylsulfonyl)phthalocyaninatoiron(Il) (19)

CN
DMF : o-DCB

FeCl,
CN

0=n-00=n=-0

NN
NN
2

19

A mixture of 1,2-dicyano-4,5-bis(hexylsulfonyl)benzene 2 (250 mg; 0.6 mmol) was
heated at 130 °C in a mixture of o-dichlorobenzene-DMF (3:1) under argon for 8 h in the
presence of iron(Il) chloride [FeCl,] (0.15 mmol). After the solvent was concentrated
under reduced pressure, the green solid was extracted with dichloromethane and washed
with water. Compound 19 was isolated by chromatography on silica gel using a mixture

of dichloromethane-ethanol (100:1) as eluent.

61 mg, Yield (23 %)

CgoH112FeNgO16Sg MW: 1752.53 g/mol

IR (KBr) v(cm™): 1310, 1100, 1070, 808, 740

EA: Calculated: C 66.62, H 7.83,N 7.77, S 17.79
Found : C67.20,H7.70,N 7.93,S 17,57

Mass Spectrum (ESI-MS) m/z: 1753 [M+H]"

UV/Vis (CHCL;): Aper =670, 354 nm
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4.2.4. Tetra-(t-butylsulfonyl)phthalocyaninatoiron(II) (20)

HaC CH%
S~
HC &
CN  DMF :0-DCB
0 >
H3C><“s\\ CN FeCIZ
o)
H,C CH.
8
O-
H,C
H,C

A mixture of 1,2-Dicyano-4-(2-Methyl-2-propanesulfonyl) benzene (1 g, 4 mmol) was
heated at 130°C in a mixture of o-dichlorobenzene-DMF (3:1) under argon for 8 h in the
presence of FeCl, (1 mmol). The solvent was removed under reduced pressure. The blue
solid was extracted with CH,Cl,. 20 was isolated by chromatography on silica gel using a

mixture of CH,Cl,-EtOH (100:1).

250 mg, Yield (25 %)

CasHagFeNgOgSs MW: 1049.05 g/mol

IR (KBr) v(cm™): 1296, 1143, 1140, 1123, 697, 564

EA: Calculated: C 66.62, H 7.83, N 7.77, S 17.79
Found: C67.20,H7.70,N 7.93,S 17,57

Mass Spectrum (ESI-MS) m/z: 1049.1 [M]"

UV/Vis (CHCL): 4,.c =683, 629,287 nm
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4.2.5. Tetra-(methylsulfonyl)phthalocyaninatoiron(II) (21)

CN DMF :0-DCB
(o)
< CN FeC|2

/s\\

H:C” o
10

A mixture of 1,2-Dicyano-4-(methylsulfonyl)benzene (1g; 4.8 mmol) was heated at 130
°C in a mixture of o-dichlorobenzene-DMF (3:1) under argon for 8 h in the presence of
the corresponding metallic salt, iron(II) chloride [FeCl,] (1.5 mmol).After the solvent
was concentrated under reduced pressure, the blue solid was extracted with CH,Cl,.
Compound 21 was isolated from the tetra methylsulfonyl phthalocyaninato iron by

chromatography on silica gel using a mixture of CH,Cl,-ethanol (1:1) was employed.

250 mg, Yield (24 %)
Cs6Ha4FeNgOgSs MW: 880.12 g/mol
IR (KBr) v(cm™): 2926, 1599, 1404, 1300, 1146, 1047, 834, 720, 578, 530
EA: Calculated: C, 49.09; H, 2.75; N, 12.72; S, 14.56
Found : C,49.28; H, 2.70; N, 12.98; S, 14.20
Mass Spectrum (ESI-MS) m/z: 880.14 [M]"

UV/Vis (CHCL): Ayax = 665,327 nm
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4.2.6. Tetra-(ethylsulfonyl)phthalocyaninatoiron(II) (22)

CN DMF :0-DCB
—
CN

A mixture of 1,2-Dicyano-4-(ethylsulfonyl)benzene (1.5 g; 7 mmol) was heated at 130
°C in a mixture of o-dichlorobenzene-DMF (3:1) under argon for 8 h in the presence of
the corresponding metallic salt, iron(Il) chloride [FeCl,] (1.75 mmol).After the solvent
was concentrated under reduced pressure, the blue solid was extracted with CH,Cl,.
Compound 22 was isolated from the tetra ethylsulfonyl phthalocyaninato iron by

chromatography on silica gel using a mixture of CH,Cl,-ethanol (1:1) was employed.

995 mg, Yield (62 %)
CaoH3,FeNsOgSs MW: 936.06 g/mol
IR (KBr) v(cm™): 2938, 1605, 1455, 1402, 1306, 1143, 1046, 838, 724, 582, 533
EA: Calculated: C, 51.28; H, 3.44; N, 11.96; S, 13.69
Found : C,51.08;H,3.37; N, 11.18; S, 12.94
Mass Spectrum (ESI-MS) m/z: 936.21 [M]"

UV/Vis (CHCL): Apee =670, 606,336 nm
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4.2.7. Tetra-(adamantylsulfonyl)phthalocyaninatoiron(II) (23)

CN bMmF:0-DCB

o »
W FeClZ
S CN
N\
g ’

14

A mixture of 1,2-Dicyano-4-(adamantanylsulfonyl)benzene (1 g; 3 mmol) was heated at
130 °C in a mixture of o-dichlorobenzene-DMF (3:1) under argon for 8 h in the presence
of the corresponding metallic salt, iron(Il) chloride [FeCly] (0.7 mmol).After the solvent
was concentrated under reduced pressure, the blue solid was extracted with CH,Cl,.
Compound 23 was isolated from the tetra adamantanylsulfonyl phthalocyaninato iron by

chromatography on silica gel using a mixture of CH,Cl,-ethanol (100:1) was employed.

495 mg, Yield (47 %)
C7H7,FeNgOgSs MW: 1360.37 g/mol
IR (KBr) v(cm™): 2925, 2848, 1602, 1513, 1404, 1300, 1140, 1090, 1037, 970, 826,
750, 704, 580
EA: Calculated: C, 63.52; H, 5.33; N, 8.23; S, 9,42
Found: C,63.21;H, 5.67;N, 8.16; S, 9,88
Mass Spectrum (ESI-MS) m/z: 1361.54 [M+H]"

UV/Vis (CHCL): Apgr =683, 336 nm
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4.2.8. Tetra-(cyclohexylsulfonyl)phthalocyaninatoiron(Il) (24)

CN DMF :0-DCB
ﬁ
0, FeCl,
S CN
0

A mixture of 1,2-Dicyano-4-(cyclohexylsulfonyl)benzene (1 g; 3.65 mmol) was heated at
130 °C in a mixture of o-dichlorobenzene-DMF (3:1) under argon for 8 h in the presence
of the corresponding metallic salt, iron(Il) chloride [FeCl;] (1 mmol).After the solvent
was concentrated under reduced pressure, the blue solid was extracted with CH,Cl,.
Compound 24 was isolated from the tetra cyclohexylsulfonyl phthalocyaninato iron by

chromatography on silica gel using a mixture of CH,Cl,-ethanol (100:1) was employed.

420 mg, Yield (40 %)
CseHscFeNgOgSs MW: 1152.25 g/mol
IR (KBr) v(cm™): 2938, 2856, 1605, 1449, 1402, 1306, 1145, 1102, 1050, 1002, 889,
824, 758, 683, 591, 548
EA: Calculated: C, 58.32; H,4.89; N, 9.72; S, 11,12
Found: C,58.06;H,4.37;N,9.95; S, 10.88
Mass Spectrum (ESI-MS) m/z: 1152.77 [M]"

UV/Vis (CHCls): Apax = 681,326 nm
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4.3. Synthesis of p-nitrido diiron phthalocyanines

4.3.1. p-Nitrido-bis [tetra-(hexylsulfonyl)phthalocyaninatoiron] (25)

ROS  x

NN N
N CFe -
ROZS&N\N% IN SO,R
SO,R N’ N~F”e:N‘: >
—Fel " X
RO,S~<__S—=1 =1 =
SO,R
R = hexyl (17) 2

R = hexyl (25), X= N3

17 (200 mg, 0.17 mmol) and sodium azide (2g) were suspended in 70 ml of oxygen-free
xylene (mixture of isomers) under argon. The mixture was heated for 24 h at 150°C under
intensive stirring. The reaction mixture was cooled and resulting blue green solution was
separated from insoluble material by filtration. The solution was chromatographed on
ALO; (neutral) with CH,Cl, to remove impurities. Then 25 was collected using

CH,Cl,:EtOH (100:1) mixture as eluent.

115 mg, Yield (57 %)

Ci12H128FeaN 1701685 (+N3) MW: 2334.6 g/mol

IR (KBr) v(cm™): 931 (Fe=N-Fe), 2010 (N3)

EA: Calculated: C, 57.16; H, 5.52; N, 10.12; S, 10.90
Found: C,57.42;H,5.62; N, 8.53;S,9.61

Mass Spectrum (ESI-MS) m/z: 2335.9 [M-N;]"

UV/Vis (CHCL): 4,0 = 657,344 nm
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4.3.2. p-Nitrido-bis [tetra-(tert-butylsulfonyl)phthalocyaninatoiron] (26)

RO,S : N

N VN
== SOR RO,S<—=N -

N N
N Nee "> _ "N Ros ,L\’;ELSOZR
RO,S< =N =N=N ﬁg\_jN SO,R
o NSRS
ROZS@\N——\N:&N
R =t-butyl (20) SO,R
R = t-butyl (26)

20 (170 mg, 0.16 mmol) and sodium azide (1.5 g) were suspended in 70 ml of oxygen-
free xylene (mixture of isomers) under argon. The mixture was heated for 24 h at 150°C
under intensive stirring. The reaction mixture was cooled and resulting dark blue solution
was separated from insoluble material by filtration. The solution was chromatographed
on AlOs (neutral) with CH,Cl, to remove impurities. Then 26 was collected using
CH,Cl,:EtOH (100:1) mixture as eluent. Evaporation of solvent afforded pure 26 as a
dark blue powder.

100 mg, Yield ( 58 %)

CocHosFeaN17016Ss MW: 2110.37 g/mol

IR (KBr) v(cm™): 929 (Fe=N-Fe)

Mass Spectrum (ESI-MS) m/z: 2134.6 [M+Na]"

UV/Vis (CHCL): 40 = 638,339 nm
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4.3.3. p-Nitrido-bis [tetra-(methylsulfonyl)phthalocyaninatoiron] (27)

RO,s X

N SFe N e S RO;S SO,R
ROZS@\N—N;E N SO,R
RO,S<_S=N—N=
R = methyl (21) é\SOZR

R = methyl (27), X= Ny

21 (170 mg, 0.16 mmol) and sodium azide (1.1 g) were suspended in 70 ml of a-
chloronaphthalene under argon. The mixture was heated for 24 h at 190 °C under
intensive stirring. The reaction mixture was cooled and resulting dark blue solution was
filtered. The dark blue solid was washed with water and ethanol. The solution was
chromatographed on Al,Os (neutral) with CH,Cl, to remove impurities. Then 27 was
collected using CH,Cl,:EtOH (1:1) as eluent. Evaporation of solvent afforded pure 27 as
a dark blue powder.

100 mg, Yield ( 59 % )

C7,HagFeaN 1701685 (+N3) MW: 1773.99 g/mol
IR (KBr) v(cm™): 928 (Fe=N-Fe), 2034 (N3)
Mass Spectrum (ESI-MS) m/z: 1797.04 [M+Na]"

UV/Vis (CHCls): Apax = 645,319 nm
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4.3.4. p-Nitrido-bis [tetra-(ethylsulfonyl)phthalocyaninatoiron] (28)

RO,s X

N Neo— _ s ROS SO,R
RO,8< SN —N=N 1IN SO,R
=som N NERS—
Rozscﬁ—:“w—_w/é”
R = ethyl (22) SO,R

R = ethyl (28), X= N

22 (170 mg, 0.18 mmol) and sodium azide (1.1 g) were suspended in 70 ml of a-
chloronaphthalene under argon. The mixture was heated for 24 h at 190 °C under
intensive stirring. The reaction mixture was cooled and resulting dark blue solution was
filtered. The dark blue solid was washed with water and ethanol. The solution was
chromatographed on Al,Os (neutral) with CH,Cl, to remove impurities. Then 28 was
collected using CH,Cl,:EtOH (1:1) as eluent. Evaporation of solvent afforded pure 28 as
a dark blue powder

110 mg, Yield (64 % )

CsoHeaFeaN17016Sg (+N3) MW: 1886.11 g/mol

IR (KBr) v(cm™): 930 (Fe=N-Fe), 2030 (N3)
Mass Spectrum (ESI-MS) m/z: 1911.36 [M+Na]"

UV/Vis (CHCls): Apax = 652,319 nm
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4.3.5. p-Nitrido-bis [tetra-(adamantylsulfonyl)phthalocyaninatoiron] (29)

RO,S
SO,R

RO,s<—SN _N—
R = adamantyl (23) _\@SOZR

R = adamantyl (29)

23 (200 mg, 0.16 mmol) and sodium azide (1.5 g) were suspended in 70 ml of oxygen-
free xylene (mixture of isomers) under argon. The mixture was heated for 24 h at 150 °C
under intensive stirring. The reaction mixture was cooled and resulting dark blue solution
was separated from insoluble material by filtration. The solution was chromatographed
on Al,O; (neutral) with CH,Cl, to remove impurities. Then 29 was collected using
CH2CI2:EtOH (100:1) mixture as eluent. Evaporation of solvent afforded pure 29 as a
dark blue powder.

100 mg, Yield ( 50 % )

Ci44H144FeaN17016Ss MW: 2734.74 g/mol

IR (KBr) v(cm™): 930 (Fe=N-Fe)

Mass Spectrum (ESI-MS) m/z: 2774.91 [M+K]"

UV/Vis (CHCL): 40 = 639,319 nm
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4.3.6. pu-Nitrido-bis [tetra-(cyclohexylsulfonyl)phthalocyaninatoiron] (30)

RO,S con
2
RO,S Fe:*jf}N
=3 SO:R Rosz;\ T‘“é
N’ N/Fe:N:SZN\ _ NaNs  Rros SO,R
RO,S<_ SN =N= SO,R

SO,R EN}lg/\Niff;
RO,S~<_—S—=N—N=N
R = cyclohexyl (24) ﬁso

R = cyclohexyl (30)

2

24 (100 mg, 0.16 mmol) and sodium azide (1.5 g) were suspended in 70 ml of dry
dimethylsulfoxide (DMSO) under argon. The mixture was heated for 24 h at 170 °C
under intensive stirring. The reaction mixture was cooled and resulting dark blue solution
was separated from insoluble material by filtration. The solution was chromatographed
on Al,O; (neutral) with CH,Cl, to remove impurities. Then 30 was collected using
CH,CIL:EtOH (100:1) mixture as eluent. Evaporation of solvent afforded pure 30 as a
dark blue powder.

48 mg, Yield (48 %)

Ci12H112FeaN17016Ss MW: 2318.48 g/mol

IR (KBr) v(cm™): 931 (Fe=N-Fe)

Mass Spectrum (ESI-MS) m/z: 2341.43 [M+Na]"

UV/Vis (CHCls): Apax = 634,319 nm
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Reduction of p-Nitrido dimers 25 and 27, 28.

25, 27 or 28 (25 mg) was dissolved in CH,Cl, and hydrazine (1 mL) was added. This
mixture was kept at constant stirring for 2h under argon. After evaporation of all the
components, the crude product was dissolved in CH)Cl, and the solution was
chromatographed on AlL,O; (neutral) with CH,Cl,:EtOH (100:1) mixture. The product

was recovered by evaporation of the solvent.

Oxidation of p-Nitrido dimers 26, 29 and 16.

26, 29 or 30 (25 mg) was dissolved in CH,Cl, and 1.0 g of oxidant (HsPV,Mo0,0040) was

added. This mixture was kept at constant stirring for 2h under argon. The reaction

mixture was then filtered and the solution was chromatographed on Al,O3 (neutral) with

CH,Cl,:EtOH (100:1) mixture. The product was recovered by evaporation of the solvent.
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GENERAL CONCLUSION
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From the available data on bioinspired heme-like oxidation catalysts, we decided to
prepare several monomeric and N-bridged iron phthalocyanines, substituted by electron-
withdrawing hexylsulfonyl substituents of various number, size and position, and to test

them as oxidation catalysts.

The catalytic activity of monomeric iron phthalocyanines tetra peripheral and
nonperipheral, as well as octa peripheral, has been tested for the oxidation of cyclohexene
and compared with the catalytic activity of the known phthalocyanines FePeS and
FePcFi6. The main product of the oxidation of cyclohexene in the presence of electron-
withdrawing substituted phthalocyanines catalysts was cyclohexenone, in very satisfying

yields.

Six N-bridged diiron phthalocyanines bearing electron-withdrawing alkylsulfonyl
(alkyl = hexyl, t-butyl, methyl, ethyl, cyclohexyl and adamantyl) substituents were
prepared and deeply characterized by ESI-MS, UV-visible, FTIR, EPR. Moreover,
Mossbauer, XANES, EXAFS, high resolution K3 emission and X-ray photoelectron
spectroscopies were used to characterize hexyl and t-butyl substituted dimers. An
interesting effect related to the size of the substituents on the electronic state of iron
atoms was evidenced: while small substituted complexes (hexylsulfonyl,
methylsulfonyl and ethylsulfonyl) are cationic (PcFe''NFe' Pc)'Ns", bulky substituted
complexes (t-butylsulfonyl, adamantylsulfonyl and cyclohexylsulfonyl) are neutral
PcFe'"NFe'VPc. The catalytic activity of the six electron-withdrawing dimeric
phthalocyanines was tested in the industrially important oxidation of alkylaromatic
compounds (toluene and p-xylene). These N-bridged diiron phthalocyanines show

high selectivity in oxidation of toluene and p-xylene.

In addition, hexyl and t-butyl substituted dimers were used in the oxidation of aromatic

and aliphatic alcohols and exhibit high selectivity.
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This thesis proved the efficiency of N-bridged diiron phthalocyanines substituted by
electron-withdrawing alkylsulfonyl groups as oxidation catalysts, in conditions required

by environmental and industrial preoccupations.

The results obtained during this PhD gave rise to two publications (one published and

included at the end of this manuscript, one accepted), and at two other are being written.

1. Isci U, Afanasiev P, Millet JIMM, Kudrik EV, Ahsen V and Sorokin AB. Dalton
Trans. 2009, 7410-7420.
2. Isci U, Dumoulin F, Ahsen V and Sorokin AB. J. Porphyrins Phthalocyanines 2009,

accepted.
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u-Nitrido-bis [tetra-(hexyl-sulfonyl)phthalocyaninatoiron] (3a) and p-nitrido-bis
[tetra-(zert-butylsulfonyl) phthalocyaninatoiron] (3b) complexes have been prepared and fully
characterized by electrospray ionization mass spectrometry, UV-Vis, FTIR, EPR, Mossbauer
techniques as well as by X-ray photoelectron and Fe K-edge X-ray absorption spectroscopies. Small
changes at the periphery of the phthalocyanine ligand introduce a difference in the iron oxidation state.
While 3b with zert-butyl substituents is a neutral complex with a mixed-valence Fe**~N-Fe**
structural unit, 3a having n-hexyl substituents is an oxidized cationic Fe"V-N-Fe'¥ complex. The
structural parameters of N-bridged diiron phthalocyanine with a Fe*>~N-Fe** unit were determined
for the first time. Iron atoms in 3b are displaced out of plane by 0.24 A and the Fe-N bond distance of
the linear Fe-N—-Fe fragment is equal to 1.67 A. Both complexes selectively catalyze benzylic oxidation
of alkyl aromatic compounds by ‘BuOOH. Toluene was oxidized to benzoic acid with 80% selectivity,
and the total turnover number was as high as 197. p-Toluic acid was the principal product of p-xylene
oxidation. In this case the turnover number achieved 587 substrate molecules per molecule of catalyst.

The described catalytic system is complementary to the recently reported system based on p-nitrido
diiron tetrabutylphthalocyanine-H,O, which effectively oxidizes the benzene ring.

Introduction

Binuclear iron complexes constitute active sites of many metallo-
proteins, e.g. soluble methane monooxygenase (MMO), toluene
monooxygenases, phenol hydroxylase, alkene monooxygenase,
butane monooxygenase and others.! These enzymes mediate
demanding oxidations of alkanes, including methane, olefins and
aromatic compounds. Numerous biomimetic studies have been
directed to model active sites of these enzymes with the objective
of reproducing their catalytic activity.? A number of structural and
spectroscopic models of MMO using diiron non-heme complexes
have been published although no systems capable of oxidizing
methane are yet available.

Phthalocyanine complexes are widely used in numerous tech-
nological and catalytic applications due to their outstanding
electronic and optical properties.> Recently, we proposed the use
of a stable binuclear N-bridged diiron tetrabutylphthalocyanine
complex as a catalyst for oxidation.* This unusual complex with
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T Electronic supplementary information (ESI) available: ESI-MS and IR
spectra of 3a and 3b. See DOI: 10.1039/b902592h

formally a Fe™-N=Fe" structural unit is a Fe**~N-Fe** mixed-
valence compound with equivalent iron atoms. This complex
bearing electron-donating terz-butyl substituents on the macro-
cycle activates H,O, to give a very strong oxidizing species.
We have shown an efficient oxidation of CH, at extremely
mild conditions: in pure water at 25-60 °C. This is the first
example of a bio-inspired oxidation of methane.* The same
catalyst performs the oxidation of benzene, another difficult-to-
oxidize substrate, to phenol via benzene oxide accompanied by
a NIH shift that is usually associated with oxidation mediated
by cytochrome P-450 and toluene monooxygenase.*” Thus, this
binuclear macrocyclic complex with a Fe**~N-Fe* motif exhibits
very interesting catalytic properties and represents a novel scaffold
in the oxidation catalysis. A limited number of N-bridged binuclear
phthalocyanine complexes containing an unsubstituted phthalo-
cyanine ligand has been described in the literature.”> N-bridged
complexes involving porphyrin® and mixed ligands systems’ have
been prepared and characterized. Binuclear p-nitrido complexes
of non-heme ligands have also been reported.® Before our work,
p-nitrido bridged binuclear complexes have never been evoked as
oxidation catalysts. In order to enlarge the choice of N-bridged
complexes and to gain a deeper insight into this new catalytic
chemistry we decided to prepare p-nitrido diiron phthalocyanine
with electron-withdrawing substituents to check how the changes
to the structure of this complex influences its catalytic properties.
Two novel N-bridged diiron complexes have been prepared and
fully characterized by electrospray ionization mass spectrometry
(ESI-MS), UV-Vis, FTIR, EPR, Méssbauer techniques as well
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as X-ray photoelectron spectroscopy (XPS) and Fe K-edge
X-ray absorption spectroscopy (XANES, EXAFS, high resolution
KpB emission spectroscopy). The catalytic properties of these
novel complexes were studied in the oxidation of alkylaromatic
compounds exemplified by toluene and p-xylene.

Results
Synthesis

p-Nitrido diiron phthalocyanines are usually prepared by the
treatment of monomeric iron complexes with NaN; at high
temperatures in chloronaphthalene.® Our attempts to use iron
tetrasulfophthalocyanine as the starting material were unsuccess-
ful, probably due to the electrostatic repulsion of the negatively
charged sulfonate groups in the formed dimeric structure. To
overcome this problem we employed a phthalocyanine bear-
ing neutral alkylsulfonyl groups (Scheme 1). Alkylsulfonyl-1,2-
dicyanobenzenes (1a, alkyl = C¢H;; 1b, alkyl = C(CHj;);) were
prepared from 4-alkylthio derivatives by oxidation with H,O, or m-
chloroperbenzoic acid. Iron tetra-(alkylsulfonyl)phthalocyanines
2a and 2b were obtained by heating 4-alkylsulfonyl-1,2-
dicyanobenzenes in an o-dichlorobenzene-DMF (3:1) mixture
in the presence of FeCl,. u-Nitrido dimeric complexes 3a and
3b were obtained by the treatment of 2a and 2b with NaNj in
xylene at 140 °C with good yields. The successful preparation of
3a and 3b was evidenced by ESI-MS. The ESI-MS spectrum of 3a
exhibits a strong molecular peak at m/z = 2335.9 with an isotopic
pattern identical to a simulated pattern for C,;,H,N;0,,SsFe,
with a maximum at m/z = 2335.6 (see ESI{). The small peak of
(M + Na)* at m/z = 2358.9 with an expected isotopic cluster
pattern was also detected. In the case of 3b the parent peak
was (M + Na)* at m/z = 2134.6. Again, an isotopic pattern
of this peak was identical to those for a simulated pattern of
CysHosN,0,4SsFe,Na with m/z = 2134.4. IR spectra of 3a and 3b
exhibits strong absorptions at 931 and 929 cm™, respectively, due
to the Fe-N-Fe anti-symmetric stretching mode (see ESIT).%7
These values are close to those observed for unsubstituted
(PcFe),N* at 915 cm™ and for (PcFe'Bu,),N* at 938 cm™. The IR
spectrum of 3a shows a strong signal at 2010 cm™ assigned to N;~
vibration. As expected, upon reduction with sodium dithionite
this signal disappeared (see ESIt).

Electron paramagnetic resonance

The EPR spectrum of monomeric precursor 2b shows an
anisotropic feature with three g values, 2.177, 2.062 and 1.950, due

to orthorhombic distortion, common for low spin Fe(111) species
(S = 1/2). Since low spin Fe(111) phthalocyanines complexes are
usually hexa-coordinated, one can suggest the coordination of a
water molecule along with CI". Formation of the p-nitrido dimer
leads to the increase of symmetry from rhombic to axial. In the
77 K EPR spectrum of 3b in the solid state, the major feature
belongs to a S = 1/2 species with axial symmetry of an iron
environment and the corresponding values of g-tensor of 2.115 and
2.005, respectively, with a line width of 50 G for both components.

High spin impurity (S = 5/2) was also detected in the weak
field region (g values near 4.3), which represents less than 0.5%
of the signal intensity (Fig. 1). The signal has no observable
hyperfine splitting. The small deviation of the g values from 2.0
suggests that the unpaired electron is in the d,, orbital with a
d..*d,.’d,,' ground state configuration.” The d,2 » orbital in the
low spin d° complexes is therefore unoccupied, allowing iron
to drop closer to the phthalocyanine plane. Therefore small
displacement of iron from the planar structure can be expected.
The parameters of the EPR spectrum are similar to those of
the earlier reported non-substituted nitrido-dimers of Fe(1ir)
octaphenyltetraazaporphine,’® but no hyperfine structure caused
by nitrogen could be seen in our case. Solid non-substituted
(PcFe),N was studied by Bottomley er al.,* who also found
an axial signal with g, = 2.13 and g, = 2.03. It should be
noted that considering exchange between Fe™ (S = 5/2) and
Fe! (S = 2) centres with antiferromagnetic coupling leads to
the ground state S = 1/2 and X-band EPR spectra similar to

25
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Fig. 1 X-Band 77 K EPR spectrum of p-nitrido dimer 3b. Insert: signal
of high spin Fe(111) species impurity.
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one-center Fe'"" with g values close to 2, as observed in the Fe'"Fe'Y
species of a ribonucleotide reductase.!! However, Mossbauer
spectroscopy showed that the two iron sites in complexes 3a and
3b are electronically identical, suggesting the valence-delocalized
description for both Fe'VFe'Y and Fe™Fe" species. Therefore, a
common molecular orbital system should be considered for these
complexes. In a DFT study by Ghosh et al,”> a S = 0 ground
state was predicted for p-nitrido bridged Fe"VFe'Y heme, with filled
xz—-xz, yz—yz and xy—xy orbitals, while LUMOs are z*-like orbitals.
Addition of one electron would create a S = 1/2 Fe"'Fe'Vsystem,
in agreement with our findings. The 3a compound shows no EPR
signals at 77 K.

UV-Vis spectra

The positions of the Soret band (near 340 nm) and of the intense
Q band (between 600 and 700 nm due to n—n* ligand transition) of
phthalocyanine complexes are affected by electronic interactions
between the ligands as well as by the state of the central atom,
axial ligation and peripheral substitution.'** The strong n-w
interaction between two phthalocyanine moieties in dimers results
in a blue-shift as compared with monomer complexes: from
690 nm to 657 nm for 2a/3a and from 683 nm to 638 nm for
2b/3b, respectively. It should be noted that despite the apparently
small differences in the structures of the phthalocyanine ligands
(n-hexylsulfonyl vs. tert-butylsulfonyl substituents), the UV-Vis
spectra of 3a and 3b are quite different (Fig. 2). This difference can
be explained by the difference in the state of the iron. Taking into
account the absence of EPR signals for 3a one can propose the
Fe'VFe!v oxidation state for this complex. Indeed, unsubstituted
(FePc),N can easily be oxidized to the cationic (FePc), N* complex
resulting in the red shift of Q band from 626 nm to 634 nm in
pyridine.** Thus, 3b was oxidized by H;PV,Mo,,0,, under argon
or by ferrocenium hexafluorophosphate.® The UV-Vis spectrum
of oxidized 3b showed a maxima at 334 and 647 nm as compared
to 339 and 638 nm for 3b (Fig. 2(b)). In turn, 3a was reduced by
hydrazine or Na,S,0, in CH,Cl, solution resulting in the species
with the Q band blue-shifted to 638 nm compared to 657 nm for
3a in Fe'VFe'v oxidation state (Fig. 2(a)). The initial 3a and the
oxidized 3b as well as the initial 3b and the reduced 3a exhibit
similar UV-Vis features. These UV-Vis data are in agreement with
the proposed assignment of iron oxidation states in 3a and 3b
indicating the conversion of the Fe(1v)-N-Fe(1v) core to Fe(1ir)-
N-Fe(1v) for 3a and Fe(ii)-N-Fe(1v) core to Fe(1v)-N-Fe(1v)
for 3b.

5"Fe Mossbauer spectroscopy

STFe Mossbauer spectroscopy is a useful technique for the de-
termination of iron oxidation and spin states in phthalocyanine
complexes.”® The existence of two forms of p-oxo diiron phthalo-
cyanines, bent p-oxo(1) and linear p-oxo(2), was proven using
this method.**s Zero-field Mdssbauer spectra of 3a and 3b were
recorded at 77 K (Fig. 3,4). These spectra fit to one doublet signals
with hyperfine parameters listed in Table 1. Complex 3a exhibits
a doublet with isomer shift § = —0.11 mm s™' and quadrupolar
splitting AE, = 1.33. Similar hyperfine parameters were reported
for Fe(1v) N-bridged phthalocyanine and porphyrin complexes™!*
although published AEj values for five- and six-coordinated Fe(1v)
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a 638
104 3a — reduced 3a
657 nm 638 nm
[0}
(]
c
©
2
o
172
Q
<
X T X T . T . T . T . T . T . T . T . 1
300 350 400 450 500 550 600 650 700 750 800
1,8~
| b A, M
1,61 638
144 3b — oxidized 3b
12'! 638 nm 647 nm
<
3 \
& 1,0-
g
2
2 08
<
064
04
024
owtr—s—r—v—-e—-—r-r-—or—- -r-—-mrr—-a-r-or-—-—mra

300 350 400 450 500 550 600 650 700 750 800
A, Nm

Fig.2 (a) UV-Visspectra of 3a(8.56 x 10 M in CH,Cl,, ---) and reduced
3a (—) after reduction by hydrazine in CH,Cl,. (b) UV-Vis spectra of 3b
(1.0 x 10° M in CH,Cl,, —) and oxidized 3b (---) after oxidation by
H;PV,Mo,,0,, in CH,Cl, under argon.

Table 1 Experimental hyperfine parameters for complexes 3a and 3b
from Mossbauer spectra recorded at 77 K¢

Complex &/mm s AE,/mm s I'/mms™' Iron state
3a —0.11 1.33 0.32 Fe (+4)
3b -0.03 1.47 0.42 Fe (+3.5)

“ All experimental values are within 0.02 mm s™'; d-isomer shift, AEq:
quadrupolar splitting, /: half width at half height.

centers were higher. One doublet signal with such a negative isomer
shift value indicates Fe'Y-N-Fe'" state for 3a.

For Fe"'-N-Fe' unsubstituted phthalocyanine complexes one
doublet with § = 0.06 mm s has previously been observed
at 77 K. For the corresponding -nitrido diiron porphyrin
complex one doublet with § = 0.04 mm s was observed at
298 K.% Based on these data equivalent iron sites, intermediate
iron oxidation states of +3.5 were assumed.**'* The isomer shift
of —=0.03 mm s™' observed for 3b is too high for an Fe(1v) site.
An unpaired electron in 3b having a formally Fe™-N-Fe' state is
delocalized between two Fe sites with a time scale shorter than the
hyperfine Larmor time (7, = 107 s). The Fe sites appeared with a
formal +3.5 state. The fact that complex 3a is EPR silent is in ac-
cordance with Mossbauer data which show equivalent Fe(1v) sites.
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Fig.3 *"Fe Mdssbauer spectra of 3a at 77 K. Subspectra are derived from
a least-squares fit.

cps

Velocity (mm/s)

Fig.4 "Fe M0ssbauer spectra of 3b at 77 K. Subspectra are derived from
a least-squares fit.

X-Ray photoelectron spectroscopy

X-Ray photoelectron spectroscopy (XPS) is not often used for
characterization of porphyrin-like complexes, although it can
provide useful information.’® In earlier studies of porphyrin
complexes XPS has been utilized for elucidation of rapid electronic
exchange.* The time scale of XPS is 10® faster as compared
with Mdssbauer time scale (107 vs. 107 s). If two different
iron sites would constitute an Fe-N-Fe unit, one could expect
two separate iron 2p;,, signals. A single narrow peak (1.6 eV at
half-height) was observed for (TPPFe),N (TPP = tetraphenylpor-
phyrin) for Fe 2p;,, by Kadish ez al.% They concluded that only
one type of Fe atom was presented in this Fe**~N-Fe** porphyrin
complex because of rapid electronic exchange. The Fe 2p region
XPS spectra of 3a and 3b are shown in Fig. 5.

The peaks of the lower binding energy (BE) are due to the Fe
2ps,» spin component while those at higher BE are assigned to Fe

52_
3a - 2p:9(B1008.002)
48_§
£ aa |
=1
2
5 )
£ A
= J
40_] | |
1
o
3b - 2p:zter008.001) ’/ \ / |
/ ] |
— N S\ ;oo
T P \ - \
o \
\
S
73‘5 72‘8 Téﬂ 7{2 764

Binding Energy (ev)

Fig. 5 Expansion of XPS spectrum (704-742 eV, Fe 2p) for 3a and 3b.

2p1/». The narrow Fe 2p;,, BE peak of 3a was observed at 709.2 eV
with the peak width at half-height of 1.2 eV. The Fe 2p;,, signal of
3b was detected at higher BE of 709.9 eV with a greater width of
2.2 eV. The broadening of the Fe 2p,,, signal was associated with
the involvement of the paramagnetic metal ions.* Both 3a and 3b
contain only one type of iron site. A lower BE of 3a with respect
to that of 3b suggests a charged complex in the former case.

The 1s N XPS spectra of 3a and 3b exhibit strong signals at
398.5 and 398.8 eV, respectively, due to the nitrogen atoms of the
phthalocyanine cores with shoulders at a higher BE expected for
a bridging nitrogen atom (Fig. 6).

These peaks are situated at 399.9 and 400.4 eV for 3a and
3b, respectively. In this case the resolution of signals from the
N atoms of the phthalocyanine cycles and the N-bridging atom
is not so clear as that observed for N-bridged diiron tetra-zerz-
butylphthalocyanine.’® The 1s N XPS spectrum of the latter
complex along with a strong signal at 398.7 eV showed a small
well-resolved signal at quite high BE of 402.4 eV which can
be assigned to the strongly bonded bridging nitrogen. One can
propose that the Fe-N-Fe unit is stronger bonded in the electron-
donating (FePc'Bu,),N with respect to 3a and 3b containing
electron-withdrawing phthalocyanine moieties. Indeed, ESI-MS
data support this proposal. While the ESI-MS spectrum of
(FePc'Bu,), N exhibits only a strong molecular peak with no signals
due to fragmentation to monomer units, the signals of monomer
fragments of 3a and 3b were observed in their ESI-MS spectra.

X-Ray absorption near-edge structures (XANES)

Depending on the iron oxidation state, the XANES varies in
the position and shape of the pre-edge peaks and of the main
jump. The pre-edge is more characteristic and sensitive to the
oxidation state variations and to the ligand environment of the
absorbing center. XANES technique was shown to be very useful
for the structural characterization of a variety of mononuclear
Fe complexes and Fe containing enzymes."”” However, very limited
XANES and EXAFS data are available for diiron structures.’® The
Fe K-edge spectra of dimer complexes 3a and 3b were recorded
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Fig. 6 Expansion of XPS spectrum (395-405 eV, N 1s) for 3a and 3b.

and compared to that of a mononuclear complex to provide a
basis for comparison and for simulation. The XANES spectra for
mononuclear 2b and binuclear 3a and 3b are presented in Fig. 7(a).
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Fig. 7 Pre-edge region of the XANES spectra for 2b, 3b and 3a:
(a) experimental spectra; (b) FEFF simulation spectra.

The XANES spectrum of mononuclear 2b demonstrates a small
but well defined pre-edge absorption peak at 7112.9 eV. Such a
pre-edge peak observed in the monomeric iron phthalocyanine is
typical for the octahedral or square-pyramidal Fe(1i1) complexes.”
The pre-edge transition is assigned to a dipole-forbidden but
quadrupole-allowed 1s — 3d transition. In the absence of the

inversion symmetry (C,,), the only mechanism of the pre-edge
intensity increase is that of the 3d-4p orbital mixing. The
rising part of the curve at a higher energy corresponds to a
Is — 4p Fe orbital transition.” In 2b the geometry around Fe(11r)
is presumably square-pyramidal due to an anion located at the
axial position.

The formation of a p-nitrido dimer led to an increase of pre-
edge intensity. This can be expected because the addition of a
short axial bond Fe-N would raise the covalence character of z*-
type iron orbitals and therefore their mixing with the p orbitals.'*
The appearance of the second lobe at 7114.1 eV was observed
for the Fe(1v)-N-Fe(1v) complex 3a. The increase of the pre-edge
intensity is consistent with a higher oxidation state of iron since
(other parameters being equal) it increases the number of free
d-orbitals and therefore the probability of 1s — 3d electron
transfer increases as well. An increase of the pre-edge energy is
also in agreement with the hypothesis of high iron oxidation state
as it means an increase of the efficient positive charge on the
iron central ion and therefore a stronger electron bonding. The
magnitude of the effect observed is consistent with earlier work
on Fe K pre-edge position vs. oxidation state.* While the general
reason of the pre-edge peak splitting is obviously due to removal of
3d orbitals degeneration and existence of multiple excited states,'
the exact attribution of lobes remains beyond of the scope of this
work. If the electronic structure of p-nitrido dimers resembles in
general features that of the dimers described in ref. 12 then the
possible 1s — 3d transitions should occur to promote an electron
to the empty lowest lying z* orbitals as well as degenerate (xz + xz,
yz + yz) and highest energy (x* — y*)-like manifolds. According to
the DFT calculations,'? these orbitals in the low spin heme dimers
are separated by ca. 1 eV energy value, that is in agreement with
the observed splitting of pre-edge lobes.

Multiple scattering ab initio calculations performed using FEFF
8 software provided a coherent description of the changes in
the pre-edge peak between the monomer and two dimers. The
simulated spectra reproduced quite well the qualitative difference
between these three compounds, though the simulated pre-edge
peak of the monomer is less pronounced than in the experiment
(Fig. 7(b)). The typical absolute errors in the estimation of density
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of state for first row metals compounds pre-edge peak and Fermi
level absorption edge by FEFF are 1 eV.*> However in the case of
similar compounds the FEFF8 simulations provide much better
precision achieving 0.2 eV.

EXAFS spectra and fitting

Simulation of the EXAFS part of the XAS Fe K spectra, and fitting
of the experimental curves performed using the VIPER program
confirmed the identity of the dimer compound and the refinement
of its structure. Due to the large molecular size, and inner position
of iron in the p-nitrido dimer only the environment inside one
molecule may have an appreciable impact on the spectra. Therefore
iron integer coordination numbers are obviously imposed. The
model topology was fixed for both monomer and dimer trial
structures, and the number of neighbors (CNs) were also fixed
for each simulation. Only the distances (and the concomitant
angles) were variables. This strongly facilitates fitting and allows
better adjusting of the distances with the precision of 0.02 A
or even better. At the same time the number of coordination
shells which can be fitted also increases due to the additional
independent parameters available, liberated from the fixing of
CNs. The linearity of the fragments in the structure can be
relatively easily checked using the EXAFS fitting. In the nearly
planar phthalocyanine complexes, due to the expected linearity
of the N-Fe-N fragments both for bonding and non-bonding
nitrogen atoms, the corresponding multiple scattering paths may
become important despite the small nitrogen mass. By contrast,
if linearity is broken and the iron atom goes out from the
phthalocyanine plane, the contribution of such paths rapidly
decreases. This makes simulation very sensitive to the deviations
of the N-Fe-N and Fe-N-Fe angles from 180°. At the same
time multiple scattering paths do not need new parameters to be
introduced in the fitting procedure since they are not independent.
Their amplitudes can be taken into account automatically together
with the generic single scattering paths. Table 2 resumes the results
of fitting, whereas the simulated and experimental spectra are
presented in Fig. 8.

The principal structural features of the complexes can be
deduced from the EXAFS data. First, the intense peak at about 3 A
indicates a binuclear diiron structure because this peak comes from
the relatively heavy iron neighbor. The monomeric phthalocyanine
exhibits only a small intensity at 3 A distance (data not shown).
The axial Fe-distance in the dimer was fitted independently on the
Fe—Fe distance. The obtained ratio of Fe-Fe to Fe—N distances is

Table 2 EXAFS fitting results for the Fe K edge spectrum of 3b

Scatterer R/A« Number DW factor/A?
N 1.669(5) 1® 0.0032(5)
N 1.945(5) 40 0.0071(8)
C 2.97(2) 8 0.0073(8)
Fe 3.33(1) 1 0.0032(5)
N 3.41(2) 4 0.0072(8)
N 4.06(3) 4 0.0083(8)
“Only the mean  distances are available in  EXAFS,

thus making this technique unable to address any small
orthorhombic distortions. ®*Due to the closeness of the Fe-N-Fe
fragment geometry to linearity, additional multiple scattering paths must
be taken into account for this apparent distance.

amplitude, a.u.

------- Model module

------- Model Im
-9 T . . . T :
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Fig.8 R-spacefitting of real and imaginary parts of the EXAFS spectrum
of p-nitrido dimer 3b. Module-FT amplitude in the experimental and
simulated (model) spectra; Im: imaginary part of FT in the experimental
and simulated EXAFS spectra.

very close to 2. This strongly suggests a linearity of the Fe-N-Fe
fragment. Moreover, the FT amplitude of this peak placed at
ca. 3 A (presented in Fig. 8 without phase correction) cannot
be explained without taking into account multiple scattering
paths with the contribution of nitrogen situated at half-distance.
Therefore, both Fe-N distances should be nearly equal.

From simple trigonometric considerations it follows that iron
is slightly deviated out of plane towards the central nitrogen,
by ca. 0.24 A. This leads to the estimation of the in-plane
N-Fe-N angle of 168-170°. However, the EXAFS study cannot
address some essential features of the complexes geometry. Thus,
the symmetry of the problem prevents the determination of
staggered vs. eclipsed configuration of the Pc planes of the dimer.
Slight (0.01-0.02 A) deviations of the projected iron position
from the Pc ring centre cannot be excluded as well. Higher DW
factors for the in-plane nitrogen and carbon, as compared to the
axial Fe-N-Fe fragment suggest higher rigidity of the last with
smaller amplitude of bending vibrations. However, this can be
also explained by some small static orthorhombic distortion of
the ring, increasing the apparent DW factors. It should be noted
that the EXAFS optimized geometry of our complexes bears a
striking similarity to the DFT-optimized geometry of the pu-nitrido
bridged heme dimers, described in ref. 12 They are also close
to the relevant crystallographic data for the bromide adduct to
the N-bridged diiron non-substituted phthalocyanine dimer® and
the crystal structure of the [(TPP)Fe],N (TPP = meso-tetrakis(p-
tolyl)porphyrin).*

High resolution Kf emission spectra

In order to gain an insight into the spin state of iron in the p-nitrido
dimers, high resolution K3 emission spectra were measured. Kf3
emission can be described as a two step process. In the first stage
a Is electron is ejected from the K core and a hole is created.
In the second step a 3p electron is relaxed to the K core and
Kp fluorescence is emitted, while the final state with a hole at
the 3p level is created. The strong coupling between 3p and 3d
orbitals leads to the appearance of an extended multiplet structure,
usually containing so-called K, ; and KB’ components.”® Due to
the coupling of the 3p hole with 3d electrons, the position and
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intensity of Kp, ; and K’ peaks strongly depend on the oxidation
state and spin state of the element under study. The K’ structure
exhibited by the iron complexes which is due to a spin flip process
merges with the Kf,; peak as the spin on the atom decreases.
At the same time the Kf3,; peak moves towards lower energies.
Thus, the simple qualitative distinction of high spin and low spin
iron complexes is possible from the shape of emission spectra. A
detailed theoretical explanation of this method can be found in
the recent review.”® In this study we have measured the spectra
of complex 3a. Complex 3a exhibits a typical emission spectrum
of low spin (S = 0) iron, very different from that of reference
monomer high spin species (Fig. 9).

0.3
025 Fe(IV)-N-Fe(Iv)
02 = = 'Fe(ll) monomer

0.15 ~

0.1

Emission intensity, norm

7.055
E, KeV

Fig. 9 High resolution K fluorescence spectra of iron of the 3a complex
and of the reference monomeric high spin Fe(1r)Pc complex.

This is again in agreement with the results of the DFT calcu-
lations on the p-nitrido heme dimer,"? predicting low spin state
for these type of compounds. Obviously, for the Fe(1r)-N—Fe(1v)
complex, S = 1/2 state should be formed by adding one electron to
the z* type orbital, detectable by EPR. The spectra of Fe(111)-N—
Fe(1v) tert-butyl and non-substituted phthalocyanine complexes
also showed the spectra characteristic of low spin iron.

Discussion on the structure of two p-nitrido dimers

Despite the same synthetic protocol for the preparation of
complexes 3a and 3b, several lines of evidence indicate their
different structures. Mossbauer spectra of 3a and 3b show one
doublet signal in each case with parameters corresponding to Fe**
and Fe™* states for 3a and 3b, respectively. EPR experiments
strongly support this assignment. While 3a was EPR-silent, 3b
exhibited a feature belonging to S = 1/2 species with axial
symmetry of an iron environment with g-tensor values of 2.115 and
2.005. The absence of a nitrogen hyperfine structure in the EPR
spectrum is in accordance with a Fe™*-N=-Fe*** formalism.*
u-Nitrido bridged species exhibit an exceptional inertness and
stability because of delocalisation of an unpaired electron. In
accordance with the cationic nature of 3a (Fe'VFe') and neutral
state of 3b (Fe"'Fe') the parent peaks in the ESI-MS were [M]*
and [M + Na]", respectively. Data obtained by other spectroscopic
methods are also in agreement with the formulation of 3b with
tert-butylsulfonyl substituents as a neutral Fe"Fe'Y N-bridged
dimer and 3a with n-hexylsulfonyl as a cationic Fe"VFe'Y complex
containing N;~ for compensation of charge. The presence of

N;~ in 3a was evidenced by the presence of a 2010 cm™ strong
signal in the IR spectrum. Upon reduction of 3a with sodium
dithionite this signal disappeared.

The synthesis of 3a and 3b was reproducible. The 3a and
3b materials with the same spectroscopic properties have been
obtained in three preparations of each complex. The reason for
the difference in the iron oxidation state is not yet clear. Electron-
withdrawing properties of n-hexylsulfonyl and terz-butylsulfonyl
substituents should be practically the same and should not
induce such a difference. One can speculate that the divergence
in the oxidation state of the Fe-N-Fe structural unit can be
attributed to the different steric properties of these substituents.
The 3b complex with bulkier terz-butylsulfonyl groups should
adopt a more staggered conformation with respect to complex
3a. Unfortunately, no X-ray structure of diiron FeV-N-Fe'!
phthalocyanine complex is yet available. The only published X-ray
structure was determined for (Br)PcFe'Y-N-Fe'YPc(Br) species?
containing six-coordinated iron sites and a linear Br—-Fe-N-Fe-Br
fragment. The two phthalocyanine rings are staggered by an
angle of 39° with an in plane location of the iron atoms. The
Fe-N bond distance was quite short (1.639 A) thus suggesting
the significant m—conjugation along internal bridging system.®
The structural features of 3b determined from EXAFS data
(Fig. 10) can be compared to the X-ray structure of (Br)PcFe'v—
N-Fe'VP¢(Br) reported by Moubaraki et al.?® The Fe-N bond
distance of the linear Fe-N—Fe fragment of 3b is longer than
in unsubstituted (Br)PcFe™-N-FeVPc(Br): 1.669 A vs. 1.639 A,
respectively. Thus, the distance between two iron atoms is 3.33 A
suggesting - interaction between Pc planes. However, EXAFS
data does not allow the conclusion on the possible staggering in
this binuclear structure. Both iron atoms are displaced out of the
N, phthalocyanine planes by 0.24 A indicating five-coordinated
iron state. In the only published N-bridged iron phthalocyanine
X-ray structure for (Br)PcFe'Y—N-Fe'VPc(Br) iron atoms are in the
N, plane.®

Fig. 10 EXAFS structure of p-nitrido dimer 3b.

The similar withdrawing of iron atoms from the N, plane of
0.32 A with shortening of the Fe-N distance was previously
observed in a N-bridged iron porphyrin complex.® The structural
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parameters of N-bridged diiron phthalocyanine with a Fe"-N-
Fe' unit were determined for the first time.

Catalytic oxidation of toluene

The catalytic potential of these novel complexes 3a and 3b was
evaluated in aromatic oxidation. Oxidation of alkyl aromatics is a
very important process in industrial chemistry.” The production
of terephthalic acid by oxidation of p-xylene is probably the most
sound example of industrial benzylic oxidation: its worldwide
annual production is about 44 million t/y. The industrial process
is based on the radical oxidation in the presence of Co and
Mn ions in acetic acid at harsh conditions (about 200 °C,
1.5 MPa).?® Stoichiometric oxidation by permanganate or Cr"!
oxidants are also used to perform benzylic oxidations. Several
catalytic approaches have been described in quest of cleaner
and more general processes. Along with dioxygen,” ‘BuOOH is
widely used as the oxidant in combination with Cr,** Co,*! Mn*,
Fe® and Rh* based catalysts. Vanadium-based polyoxometalates
have been shown to be useful catalysts for benzylic oxidation.*
Alkyl aromatic compounds can be oxidized either at benzylic
positions or in the aromatic nuclear. Consequently, the selectivity
issue is very important. Catalytic systems capable of selectively
oxidizing either only benzylic or only aromatic sites are highly
desirable. However, this task is difficult to achieve. For example,
toluene was oxidized by iron(11) complexes bearing hexa-, penta-
or tetra-azadentate ligands—H,O, system to a mixture of isomeric
cresols, benzyl alcohol and benzaldehyde.* Benzylic and ring
oxidation products were obtained with comparable yields. The
addition of reducing agents shifted oxidation in favour of aromatic
ring oxidation to give a total TON ~ 7.3 Oxidation of toluene
performed by metalloporphyrin systems has often resulted in the
mixture of products of benzylic and aromatic oxidation.”’

In order to estimate the reactivity of 3a and 3b towards oxidation
of aliphatic C-H vs. aromatic oxidation we have studied the
oxidation of toluene and p-xylene by ‘BuOOH. The oxidations
were carried out without solvent, in 1 mL of neat substrate at
20, 40 and 60 °C. Avoiding the use of solvent is an important
advantage from environmental and industrial points of view. The
concentrations of catalyst and oxidant were 1 mM and 206 mM,
respectively. Benzylic alcohol (4), benzaldehyde (5) and benzylic
acid (6) were the main products of oxidation of toluene (Scheme 2).

CH CH,OH COOH

—0 00

Scheme 2 Oxidation of toluene.

Table 3 shows the results of toluene oxidation catalyzed by 3a
and 3b. Using 3a the oxidation was more efficient at 40 °C (total
TON = 197) while 3b provided a higher total TON = 115 at 60 °C.

Significantly, only traces of products of aromatic oxidation,
p-cresol and 2-methyl-1,4-benzoquinone, were detected by GC-
MS. Thus, the catalytic system demonstrates a strong preference
for the oxidation of aliphatic C—H bonds compared with aromatic
oxidation. Among the products of benzylic oxidation, benzylic
acid was the principal product, accounting for 73-83% depending

Table 3 Oxidation of toluene by ‘BuOOH catalyzed by 3a and 3b“

Catalyst T/°C TON PhCH,OH (%) PhCHO (%) PhCOOH (%)
3a 20 92 6 21 73

40 197 5 12 83

60 167 6 13 81
3b 20 59 7 20 73

40 86 7 16 77

60 115 7 16 71
(FePcBu,),N 20 73 12 51 37

40 99 12 49 39

60 137 16 47 37

“Reaction conditions: [catalyst] = | mM, [[BuOOH] = 206 mM in | mL
of toluene, reaction time 24 h.

on experimental conditions. The ratio of products was very
similar for two catalysts. We have previously used the complex
(FePc'Bu,),N with electron-donating ferz-butyl substituents for
oxidation of methane and benzene.* The comparative experiments
with (FePc'Bu,),N as catalyst for the oxidation of toluene showed
the influence of the structure of the diiron N-bridged phthalocya-
nine on the catalytic properties (Table 3). While 3a and 3b were
quite selective to benzoic acid, up to 83%, (FePc'Bu,),N afforded
benzaldehyde as the principal product with selectivity up to 51%.
Although the reason of this selectivity change is not yet clear, the
results obtained provide a possibility of tuning of selectivity of
the oxidation by the appropriate modification of the structure of
phthalocyanine ligand. The catalytic activity of (FePc'Bu,),N in
terms of turnover numbers is comparable to that of 3a and 3b.

Catalytic oxidation of p-xylene

The oxidation of p-xylene has also resulted in the products of
benzylic oxidation: 4-methylbenzyl alcohol (7), p-tolualdehyde
(8) and p-toluic acid (9) (Scheme 3). Interestingly, this benzylic
oxidation occurred only at one methyl group. p-Toluic acid was the
main product (Table 4). While in the oxidation of toluene 3a was
superior than 3b in terms of turnover numbers and selectivity to
benzoic acid, 3b showed higher turnover numbers and selectivity
in oxidation of p-xylene. A high performance was obtained at
60 °C with 3b: TON attained almost 600 catalytic cycles. Both
catalysts performed the selective oxidation of only one methyl
group. We did not observe any products of the oxidation of
both methyl groups. Products of aromatic oxidation were also
absent. In contrast to p-oxo iron phthalocyanines, p-nitrido iron
phthalocyanines in combination with '‘BuOOH show different
selectivity in oxidation of alkylaromatics. While the Fe-O-Fe
catalyst performed oxidation of aromatic rings to form quinones,*
the Fe-N=Fe complex was quite selective in oxidation of alkyl
substituents.

e 4

Scheme 3 Oxidation of p-xylene.
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Table 4 Oxidation of p-xylene by ‘BuOOH catalyzed by 3a and 3b“

Catalyst T/°C TON 7 (%) 8 (%) 9 (%)
3a 20 164 14 34 52
40 291 15 25 60
60 312 17 28 55
3b 20 185 14 34 52
40 339 13 2 65
60 587 15 19 66

“ Reaction conditions were the same as those in footnote of Table 3.

Conclusions

We have prepared two novel N-bridged diiron phthalocya-
nine complexes bearing electron-withdrawing alkylsulfonyl sub-
stituents which were characterized by ESI-MS, UV-Vis, FTIR,
EPR, Mgssbauer, XANES, EXAFS, high resolution Kf emission
and X-ray photoelectron spectroscopies. Both complexes contain
one type of iron, but iron states are not the same. The complex
3a having n-hexylsulfonyl substituents contains a Fe'V-N-Fe!v
fragment while complex 3b with fert-butylsulfonyl substituents
is formally a Fe"V-N-Fe"™' complex. Due to rapid electron ex-
change, 3b can be described as Fe**~N-Fe** with two equivalent
+3.5 Fe sites as was proposed by Ercolani ez al. in the case of
the unsubstituted complex.>=** EXAFS fitting results for the Fe K
edge spectrum of 3b revealed a short Fe—N bond of 1.67 A.

The catalytic properties of both complexes were evaluated in
the industrially important oxidation of alkylaromatic compounds
by ‘BuOOH. Novel complexes 3a and 3b in combination with
‘BuOOH exhibit a high selectivity in oxidation of toluene and
p-xylene. This catalytic system is complementary to the recently
reported p-nitrido diiron tetrabutylphthalocyanine-H,O, system
which oxidizes benzene to phenol via benzene oxide with NIH
shift.* The results obtained in this work indicates the versatility
of diiron N-bridged phthalocyanines as oxidation catalysts.

Experimental
General methods

X-Band (9.5 GHz) EPR spectra were recorded at 77 K on a
Bruker ESP 300E spectrometer using a standard rectangular
(TE102) EPR cavity (Bruker ER4102ST). Microwave power of
1.6 mW and modulation amplitude 1 G was used. For quantitative
analysis the EPR spectra were simulated and the experimental
spectra were fitted using the simulation program EasySpin.*
Two stage fitting was implemented, beginning with Nelder/Mead
downhill simplex with coarse termination criteria and followed by
refinement using Levenberg/Marquardt iterative algorithm. XAS
experiments were carried out at the BMO01 beam line of the ESRF
synchrotron facility. The Fe K-edge spectra were monitored in the
transmission mode, using a Si(111) crystal monochromator. The
data were treated with FEFF* and VIPER® programs. Then the
edge background was extracted using Bayesian smoothing with
variable number of knots. The curve fitting was done alternatively
in the R and k spaces, and the fit was accepted only in the
case of simultaneous convergence in k- and R-spaces (absolute
and imaginary parts for the latter). Coordination numbers (CN),
interatomic distances (R), Debye-Waller parameter (o?), and

energy shifts (AE,) were used as fitting variables. True Debye—
Waller (DW) factors and amplitude factor were decorrelated from
the coordination numbers using fitting of spectra multiplied by dif-
ferent powers of k, similarly to the spectra treating in the previous
work.* Constraints were introduced on the variables such as DW
factors or energy shifts to get values lying in physically reasonable
intervals. Constraints imposed by the molecular structure were
also introduced. The quality of the fit was evaluated using the
values of variance and goodness. To simulate XANES spectra real
space full multiple scattering ab initio FEFF8.10 code was applied
to simulate XANES spectra and pre-edge peaks with the FMS and
SCF radii between 4 and 5 A, i.e. including the whole molecule
plane of the scatterer and the closest nitrogen and carbon atoms of
the second plane of the dimer. In order to address the spin states
and oxidation states of iron in the complexes under study, we
performed high resolution X-ray fluorescence measurements on
selected samples. The X-ray K3 emission spectra were measured
on the undulator beamline ID26 of the European Synchrotron
Radiation Facility (ESRF). The energy of the beam was selected
using Si(220) crystals. The emission spectroscopy was performed
using a spherically bent analyzer crystal (Si(531)). In order to
minimize radiation damage, the samples were cooled in a cryostat
to 30-50 K. The UV-Vis spectra were recorded on a Perkin-Elmer
Lambda 35 spectrophotometer. Infrared spectra were recorded
on a Brucker Vector 22 FTIR spectrometer using KBr pellets.
X-Ray photoelectron spectroscopy (XPS) spectra were collected
with a Kratos Axis Ultra DLD instrument using a hemispherical
analyzer and working at a vacuum better than 10~ mbar. All the
data were acquired using monochromated Al Ko X-rays (1486.6
eV, 150 W), a pass energy 160 eV and 1 eV step size for wide
scan and 40 eV pass energy with 0.1 eV step size for elemental
scan, and a hybrid lens mode. The area analysed is 700 um x
300 um. Charge neutralisation was required for all samples. The
peaks were referenced to the C—(C,H) components of the Cls
band at 284.6 eV. The Mossbauer spectra of the powder samples
were recorded at 77 and 293 K using a 2 GBq *’Co/Rh source
and a conventional constant acceleration spectrometer, operated
in triangular mode. The isomer shifts are given with respect to o-Fe
and were calculated, as the quadrupole splittings, with a precision
of about 0.02 mm s™*.

The reaction oxidation products were identified and quantified
by GC-MS (Hewlett Packard 5973/6890 system; electron impact
ionization at 70 eV, He carrier gas, 30 m X 0.25 mm cross-linked 5%
PHME siloxane [0.25 mm coating] capillary column, HP-5MS),
GC (Agilent 4890D system, N2 carrier gas, 15 m x 0.25 mm cross-
linked 5% PHME siloxane [0.25 mm coating] capillary column,
HP-5MS).

Materials

Solvents and chemicals were obtained from Sigma-Aldrich
and used without purification unless indicated. 1,2-Dicyano-
4-hexylthiobenzene* and 1,2-dicyano-4-zert-butylthiobenzene*
were prepared according to literature protocols.

1,2-Dicyano-4-hexylsulfonylbenzene (1a)

To a solution of 1,2-dicyano-4-hexylthiobenzene (2 g, 15.06 mmol)
in dry CH,Cl, (8.5 mL) cooled at 0 °C was slowly added
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m-chloroperbenzoic acid (6.35 g, 36.75 mmol) in CH,Cl, (150 mL).
The mixture was warmed to room temperature and vigorously
stirred at this temperature overnight (12 h). A saturated sodium
sulfite solution was then added, and the organic phase was
extracted with CH,Cl, (3 x 50 mL) and dried over Na,SO,. The
solvent was removed under reduced pressure, and the solid was
recrystallized from ethanol to give 3.1 g (73%) of 1a as a white
solid. Anal. Calcd for C;,HsN,0,S: C, 60.85; H, 5.84; N, 10.14;
S, 11,60. Found: C, 60.16; H, 5.94; N, 10.29; S, 11,70. '"H NMR
(250 MHz, CDCl;): 6 = 0.8 (t, 3H), 1.2-1.5 (m, 8H), 3.4 (t, 2H),
8.0 (d, 1H), 8.1 (d, 1H), 8.4 (dd, 1H) ppm; EI-MS: m/z 276 [M]*;
IR (KBr): v=1111, 1147, 2241 cm™.

1,2-Dicyano-4-terz-butylsulfonylbenzene (1b)

1,2-Dicyano-4-tert-butylthiobenzene (2.3 g, 0.011 mmol) was
dissolved in 50 mL of acetic acid at 90 °C. To the stirred solution
was added a total of 60 mL of 33% H,O, in 1 mL portions over
the course of 4 h. The resulting mixture was allowed to cool to
room temperature and stirred overnight. The white precipitate was
collected by filtration, washed with water, and crystallized from
ethanol (50 mL) to give 1.8 g (73%) of pure 1b as a white powder.
"H NMR (250 MHz, CDClL;): 6 = 1.3 (s, 9H), 8.1 (d, 1H), 8.2 (d,
1H), 8.3 (dd, 1H) ppm; EI-MS: m/z 248.3 [M]*. IR (KBr): v =
1125, 1130, 2235 cm™.

Tetra-(hexylsulfonyl)phthalocyaninatoiron (2a)

Compound 1a (300 mg, 1.08 mmol) was heated at 130 °C in a
mixture of o-dichlorobenzene-DMF (3 : 1) under argon for 8 h in
the presence of FeCl, (0.27 mmol). The solvent was removed under
reduced pressure. The green solid was extracted with CH,Cl, and
washed with water. 2a was isolated by chromatography on silica gel
using a mixture of CH,CL—EtOH (100: 1). Yield: (58 mg, 18%).
ESI-MS: m/z 1161.3 [M]*; calculated for Cs;Hg FeNgO,S,: 1161.2;
UV-Vis (CHCL): A (log &) = 680 (4.7), 600 (4.2), 306 (4.6) nm;
IR (KBr): v = 1326, 1257, 1143, 1076, 818, 745 cm™.

Tetra-(tert-butylsulfonyl)phthalocyaninatoiron (2b)

Compound 2b (1 g, 4 mmol) was heated at 130 °C in a mixture of
o-dichlorobenzene-DMF (3 : 1) under argon for 8 h in the presence
of FeCl, (1 mmol). The solvent was removed under reduced
pressure. The blue solid was extracted with CH,Cl,. 2b was isolated
by chromatography on silica gel using a mixture of CH,Cl,—~EtOH
(100:1). Yield: (250 mg, 25%). ESI-MS: m/z 1049.1 [M]* (100);
calculated for C,sH,sFeNO;S,: 1049.05; IR (KBr): v=1296, 1143,
1140, 1123, 697, 564 cm™; UV-Vis (CHCl;): A, (log &) = 683(4.8),
629(4.6), 287 (4.7) nm.

p-Nitrido-bis [tetra-(hexylsulfonyl)phthalocyaninatoiron]
[FePc(SO,CsH,3):N* N5~ (3a)

Compound 2a (200 mg, 0.17 mmol) and sodium azide (2 g) were
suspended in 70 ml of oxygen-free xylene (mixture of isomers)
under argon. The mixture was heated for 24 h at 150 °C under
intensive stirring. The reaction mixture was cooled and a resulting
blue green solution was separated from insoluble material by
filtration. The solution was chromatographed on Al,O; (neutral)
with CH,Cl, to remove impurities. Then 3a was collected using

CH,Cl,: EtOH (100:1) mixture as eluent. The IR spectrum
showed the presence of azide anion compensating a positive
charge of complex. Yield: (115 mg, 57%). ESI-MS: m/z 2335.9
[M — N;J* (100); calculated for C,,H,»Fe,N;;0,,Ss: 2335.6; IR
(KBr): v = 931 cm™ (Fe=N-Fe); UV-Vis (CH,Cl,) A,.., nm
(log &) = 657 (4.94), 344 (4.92), 297 (4.6) nm. Anal. Calcd for
C,.H»Fe,N,,0,,Ss: C, 57.16; H, 5.52; N, 10.12; S, 10.90. Found:
C, 57.42; H, 5.62; N, 8.53; S, 9.61.

p-Nitrido-bis [tetra-(zert-butylsulfonyl)phthalocyaninatoiron]
[FePc'SO,Bu,,N (3b)

Compound 2b (170 mg, 0.16 mmol) and sodium azide (1.5 g)
were suspended in 70 ml of oxygen-free xylene (mixture of
isomers) under argon. The mixture was heated for 24 h at 150 °C
under intensive stirring. The reaction mixture was cooled and
a resulting dark blue solution was separated from insoluble
material by filtration. The solution was chromatographed on
AlLO; (neutral) with CH,Cl, to remove impurities. Then 3b
was collected using CH,Cl,: EtOH (100: 1) mixture as eluent.
Evaporation of solvent afforded pure 3b as a dark blue powder.
Yield: (100 mg, 58%). ESI-MS: 2134.6 [M + Na]* (100); calculated
for C,;,H;xFe,N;04SsNa: 2134.4; IR (KBr): v = 929 cm!
(Fe=N-Fe); UV-Vis (CH,Cl,) A., nm (log &) = 638 (5.09), 339
(4.91).

Typical procedure for the oxidation of toluene and p-xylene

A 25 mL flask was charged with 1 mL of toluene or p-xylene
containing 1 mM catalyst. The reaction was started by the addition
of 70% 'BuOOH aqueous solution to obtain 206 mM oxidant
concentration in the reaction mixture. The reaction was run under
stirring at the desired reaction temperature under air for 24 h. The
course of the reaction was monitored by GC and the product yields
were determined using chlorobenzene as the external standard.
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