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The new mononuclear FeII and CuII complexes [FeCl2(L1,3)]
[L1 (1), L3 (4)], [Cu(OTf)2(L1,2)] [L1 (2), L2 (3)] and [Cu(OTf)
(L3)(H2O)](OTf) (5) were generated by the treatment of
iron(II) chloride or copper(II) triflate in THF solution at ambi-
ent temperature with the 14-membered N2S2 macrocycles
6,7,13,14,15,16,17,18-octahydrodibenzo(e,m)-1,4,8,11-dithia-
diazacyclotetradecine (L1), 8,11-dimethyl-5,6,7,8,9,10,16,17-
octahydrodibenzo(e,m)-1,4-dithia-8,11-diazacyclotetradec-
ane (L2), and a new nine-membered NS2 macrocycle bearing
a pendant 2-methylpyridyl arm 7-(2-methylpyridyl)aza-1,4-
dithiacyclononane (L3). Complexes 1–5 were characterized
by IR spectroscopy, ESI-MS(+), elemental analysis and sin-
gle-crystal X-ray diffraction (for 2, 4 and 5). The oxidation

Introduction
In contrast to the rich coordination chemistry of simple

aza and thioether macrocycles containing three to four do-
nor atoms (e.g., 1,4,7-triaza- and 1,4,7-trithiacyclononanes,
1,4,7,10-tetraaza- and 1,4,7,10-tetrathiacyclododecanes, cy-
clams and other derivatives),[1–3] the application of the re-
lated mixed azathia ligands for the synthesis of metal com-
plexes has been explored to a much less extent.[3,4] However,
the combination of both hard N- and soft S-donor atoms
in such azathia macrocycles can significantly alter the struc-
tural and chemical properties of the resulting metal com-
plexes, thus promoting their specific uses in areas ranging
from supramolecular and biological chemistry to molecular
magnetism, electrochemistry and homogeneous cataly-
sis.[4,5]

Aiming at studying the coordination chemistry of FeII

and CuII with azathia macrocycles, we have concentrated
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catalytic properties of 1–5 were evaluated in two model reac-
tions: (i) the mild oxidation of cyclohexane to cyclohexanol
and cyclohexanone by H2O2 in MeCN and (ii) the solvent-
free oxidation of 1-phenylethanol to acetophenone by
tBuOOH under low microwave (MW) irradiation power
(10 W). The FeII complexes 1 and 4 exhibited the highest effi-
ciency in both homogeneous oxidation systems, leading to
maximum product yields (based on substrate) of up to 21 and
92% in the oxidation of cyclohexane and 1-phenylethanol,
respectively. In the latter transformation, markedly high val-
ues of TONs (up to 1200) and TOFs (up to 4200 h–1) were
also attained.

on the 14-membered N2S2 macrocycle[6] L1 and its recently
reported[7] N,N�-dimethyl derivative L2 (Scheme 1) as their
use in the synthesis of iron and copper complexes remains
poorly explored.[3,8] Another aim of this work was the func-
tionalization of a nine-membered NS2 macrocycle (7-aza-
1,4-dithiacyclononane) with a pendant pyridyl arm (2-
methylpyridyl) to obtain a new potentially tetradentate
N2S2-donor ligand L3, and to probe its complexation with
FeII and CuII. The choice of these metals was governed by
their relevance in the active sites of various oxygenases and
peroxidases,[9] especially those that can oxidize alkanes and
other substrates, e.g. methane monooxygenases and cyto-
chromes P450.[10] Although various N- or N,O-macrocyclic
complexes of Fe and Cu have been designed and used as
bioinspired catalysts,[11] only a limited number of studies
have been focused on the application of the related azathia

Scheme 1. Structural formulae of ligands L1, L2 and L3.
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metal complexes in homogeneous catalytic oxidations.
Thus, another objective of this study was the evaluation of
the oxidation catalytic properties of FeII and CuII com-
plexes bearing mixed-donor macrocycles L1–L3.

Herein, we describe the synthesis and characterization of
a series of mononuclear iron(II) and copper(II) complexes
[FeCl2(L1,3)] [L1 (1), L3 (4)], [Cu(OTf)2(L1,2)] [L1 (2), L2 (3)]
and [Cu(OTf)(L3)(H2O)](OTf) (5). Following our interest in
the mild oxidative functionalization of alkanes[12] and
alcohols,[13] the catalytic behaviour of 1–5 was also studied
in two homogeneous oxidation reactions, using cyclohexane
and 1-phenylethanol as model substrates.

Results and Discussion

Synthesis and Spectroscopic Characterization

To prepare the new iron and copper complexes with
macrocyclic azathia ligands, we have selected the 14-mem-
bered N2S2 macrocycles L1 and L2 (Scheme 1), as their ap-
plication in coordination chemistry is still limited.[3,6–8] For
comparative purposes, we have also synthesized a new nine-
membered NS2 macrocycle L3 bearing a pendant 2-meth-
ylpyridyl arm, which can also act as a tetradentate N2S2-
donor ligand. L3 has been obtained in 89% yield as a brown
oil by the treatment of 7-aza-1,4-dithiacyclononane[14] with
2-picolyl chloride hydrochloride in MeCN in the presence
of Na2CO3 and [Bu4N]Br. This synthetic procedure is based
on a previously described method for a related triaza
macrocyclic ligand.[15]

The reactions of iron(II) chloride or copper(II) triflate
with L1 and L2 in equimolar amounts at ambient tempera-
ture in THF led to the isolation of the neutral mononuclear
complexes [Fe(L1)Cl2] (1), [Cu(OTf)2(L1)] (2) and [Cu(OTf)2-
(L2)] (3) (Scheme 2). Similar reactions were carried out with
L3 resulting in the neutral complex [FeCl2(L3)] (4) and the
cationic derivative [Cu(OTf)(L3)(H2O)](OTf) (5). Although
reactions using iron(II) triflate instead of FeCl2 were also
attempted, the isolation of analytically pure products was
not successful. Compounds 1–5 were isolated as air-stable
solids in ca. 73–90 % yields (based on the metal salt) and
characterized by IR spectroscopy, ESI-MS(+), elemental
anaylsis and single-crystal X-ray diffraction (for 2, 4 and
5). The solution 1H NMR spectra of 1 and 4 reveal their
paramagnetic nature, as expected for the high-spin FeII

chloride complexes.[15,16]

The IR spectra of 1–5 show the typical ν(C–H) and
ν(C–X) (X = N, S, C) vibrations due to the presence of the
macrocyclic ligands.[17] In addition, the spectra of 1 and 2
show ν(NH) and δ(NH) vibrations with maxima in the ran-
ges of 3183–3038 and 1472–1469 cm–1, respectively. In the
CuII complexes 2, 3 and 5, several strong bands in the 1300–
1000 cm–1 range can be attributed to ν(SO3) and ν(CF3)
vibrations of the triflate moieties.[18] Hence, four highly in-
tense bands in 2 with maxima at 1265, 1223, 1160 and
1032 cm–1 can be tentatively assigned to νas(SO3), νs(CF3),
νas(CF3) and νs(SO3), respectively.[18] Although dry solvents
were used for the syntheses, 1, 4 and 5 show a high affinity
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Scheme 2. Synthesis and structural formulae of 1–5.

to water, adsorbing even traces from solvents and air. Thus,
their IR spectra also feature characteristic ν(H2O) bands at
3480 (1), 3430 (4) or 3454 (5) cm–1, and δ(OH) at 1629–
1633 cm–1.

ESI-MS(+) of all compounds reveal fragmentation with
the loss of one Cl (1 and 4), OTf (2 and 3) or H2O (in
5) ligand, in agreement with the detection of the heaviest
[FeCl(L1)]+ (m/z = 421.1), [Cu(OTf)(L1)]+ (m/z = 542.0),
[Cu(OTf)(L2)]+ (m/z = 570.1), [FeCl(L3)]+ (m/z = 345.1) and
[Cu(OTf)(L3)]+ (m/z = 466.0) fragments in 1–5, respectively.
Further fragmentation pathways typically involve the elimi-
nation of the second OTf ligand and the removal of the
macrocycle, as confirmed by the presence of the [Cu-
(L1–3)]+ and [L1–3 + H]+ fragments with the expected iso-
topic distribution patterns.[19] The elemental analyses of 1–
5 are consistent with the proposed formulations (Scheme 2),
which are further confirmed (for 2, 4 and 5) by single-crys-
tal X-ray diffraction analyses.

X-ray Crystal Structures

[Cu(OTf)2(L1)] (2): The molecular structure of 2 (Fig-
ure 1, a) is composed of discrete mononuclear units. A
highly distorted octahedral environment about the Cu1
atom is filled by one L1 and two triflate ligands. The donor
atoms of L1 occupy the equatorial positions and adopt cis-
N2S2 coordination with almost equal distances for the pairs
of Cu1–N [average 1.994(2) Å] and Cu1–S [average
2.299(1) Å] bonds (Table 1). The binding of L1 involves the
S3–Cu1–S4 [91.49(3)°], N1–Cu1–N3 [87.11(8)°], S3–Cu1–
N1 [94.94(6)°] and S4–Cu1–N3 [95.33(6)°] bite angles that
approach an idealized value of 90°. The axial sites are occu-
pied by monodentate triflate ligands, which are weakly
bound through the long Cu1–O3 [2.636(2) Å] and Cu1–O6
[2.808(2) Å] bonds, defining the most deviated O3–Cu1–O6
angle [146.72(6)°] from the regular octahedral geometry
around the Cu1 atom. The binding of both triflate ligands
is reinforced by intramolecular N1–H1···O2 [2.978(3) Å,
167.6(1)] and N3–H3···O5 [3.044(3) Å, 164.7(1)°] hydrogen
bonds between the NH groups of L1 and oxygen atoms of
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OTf. The packing pattern of 2 is dominated by intermo-
lecular O2···O2i [3.034(2) Å, (i) 1 – x, 1 – y, 1 – z] and
O5···O5ii [2.977(3) Å, (ii) 1 – x, 1 – y, –z] short contacts
between adjacent triflate moieties, giving rise to hound-
stooth-like supramolecular 1D chains (Figure 2). In gene-
ral, the bonding parameters in 2 (Table 1) are comparable
to those encountered in CuII complexes with related N2S2

ligands.[8]

Figure 1. Crystal structures of 2 (a), 4 (b) and 5 (c) with the partial
atom labeling scheme. Displacement ellipsoids are drawn at the
50% probability level. Hydrogen bonds are shown as dashed lines.
H atoms are omitted for clarity.

Figure 2. Structural fragment of 2 showing the linkage of adjacent
[Cu(OTf)2(L1)] units through intermolecular O2···O2i [3.034(2) Å,
(i) 1 – x, 1 – y, 1 – z] and O5···O5ii [2.977(3) Å, (ii) 1 – x, 1 – y,
–z] contacts (red dotted lines), generating a houndstooth-like sup-
ramolecular 1D chain. H atoms are omitted for clarity.

[FeCl2(L3)] (4): The crystal structure of 4 consists of dis-
crete neutral [FeCl2(L3)] units (Figure 1, b) in which the six-
coordinate iron(II) atom bears one tetradentate macrocycle
L3 and two chloride ligands, giving rise to a distorted octa-
hedral geometry. The equatorial sites are occupied by the
S1 and N2 donors from the nine-membered NS2 ring of
L3, which are trans to the N1 atom from the pendant 2-
methylpyridyl arm and the Cl2 atom, respectively. The re-
maining S2 atom of L3 and the Cl1 ligand lie in axial posi-
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Table 1. Selected bond lengths [Å] and angles [°] for 2, 4 and 5.

Compound 2

Cu1–N1 1.995(2) S3–Cu1–S4 91.49(3)
Cu1–N3 1.992(2) O6–Cu1–O3 146.72(6)
Cu1–S3 2.2974(7) N1–Cu1–O6 121.84(7)
Cu1–S4 2.3007(7) N1–Cu1–O3 85.20(7)
Cu1–O6 2.808(2) N3–Cu1–O6 85.21(7)
Cu1–O3 2.636(2) N3–Cu1–O3 117.76(7)
N1–Cu1–N3 87.11(8) S3–Cu1–O6 73.18(5)
N1–Cu1–S3 94.94(6) S3–Cu1–O3 86.47(5)
N1–Cu1–S4 158.61(6) S4–Cu1–O6 79.55(4)
N3–Cu1–S3 155.76(7) S4–Cu1–O3 74.84(5)
N3–Cu1–S4 95.33(6)

Compound 4

Fe1–N1 2.141(3) S1–Fe1–S2 85.18(3)
Fe1–N2 2.328(3) Cl1–Fe1–Cl2 98.84(3)
Fe1–S1 2.4771(10) N1–Fe1–Cl1 90.66(8)
Fe1–S2 2.5857(10) N1–Fe1–Cl2 107.08(8)
Fe1–Cl1 2.4442(9) N2–Fe1–Cl1 93.03(7)
Fe1–Cl2 2.3625(9) N2–Fe1–Cl2 167.75(7)
N1–Fe1–N2 75.62(10) S1–Fe1–Cl1 93.93(3)
N1–Fe1–S1 155.61(8) S1–Fe1–Cl2 95.86(4)
N1–Fe1–S2 87.19(8) S2–Fe1–Cl1 172.56(3)
N2–Fe1–S1 80.22(7) S2–Fe1–Cl2 88.60(3)
N2–Fe1–S2 79.54(7)

Compound 5

Cu1–N1 1.9921(13) S1–Cu1–S2 89.99(1)
Cu1–N2 2.0338(11) O31–Cu1–O1 85.11(4)
Cu1–S1 2.3216(4) N1–Cu1–O31 80.84(4)
Cu1–S2 2.5121(4) N1–Cu1–O1 90.11(5)
Cu1–O31 2.7925(12) N2–Cu1–O31 89.24(4)
Cu1–O1 1.9831(11) N2–Cu1–O1 171.39(5)
N1–Cu1–N2 82.57(5) S1–Cu1–O31 76.70(3)
N1–Cu1–S1 155.86(4) S1–Cu1–O1 96.62(4)
N1–Cu1–S2 111.80(4) S2–Cu1–O31 166.38(3)
N2–Cu1–S1 88.37(4) S2–Cu1–O1 99.46(3)
N2–Cu1–S2 87.52(3)

tions with an S2–Fe1–Cl1 angle of 172.56(3)° (Table 1). As
expected, the axial Fe1–S2 [2.5857(10) Å] and Fe1–Cl1
[2.4442(9) Å] bonds are elongated relative to the Fe1–S1
[2.4771(10) Å] and Fe1–Cl2 [2.3625(9) Å] distances. In ad-
dition, the Fe1–N2 [2.328(3) Å] bond is significantly longer
than the Fe1–N1 [2.141(3) Å] distance, presumably because
of a stronger trans influence of the Cl2 than the S1 atom.
The major deviation from the octahedral geometry con-
cerns the N1–Fe1–S1 angle of 155.61(8)°, whereas the bite
angles within the chelate rings of L3 vary from 75.62(10)°
[N1–Fe1–N2] to 85.18(3)° [S1–Fe1–S2]. Most of the bond
ing parameters in 4 are comparable with those of iron(II)
complexes with related nine-membered N2S or NS2 macro-
cyclic rings.[20]

[Cu(OTf)(L3)(H2O)](OTf) (5): In contrast to 4, the crys-
tal structure of 5 comprises a [Cu(OTf)(L3)(H2O)]+ cation
and a triflate anion (Figure 1, c). The Cu1 atom exhibits a
distorted octahedral geometry formed by two S and two N
donors of L3, one water (O1) and one monodentate triflate
(O31) ligand. The latter, along with the S2 atom of L3, oc-
cupy axial positions and their binding involves long Cu1–
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O31 [2.7925(12) Å] and Cu1–S2 [2.5121(4) Å] bonds, and a
S2–Cu1–O31 angle of 166.38(3)°. The donor atoms in equa-
torial sites are connected through normal Cu1–N1
[1.9921(13) Å], Cu1–N2 [2.0338(11) Å], Cu1–S1
[2.3216(4) Å] and Cu1–O1 [1.9831(11) Å] distances, which
are comparable to those found in 2 (Table 1) and other CuII

complexes with related NS2 macrocyclic ligands.[14b,21] In 5,
the geometry of L3 is similar to that in 4. Furthermore, the
coordinated water molecule O1 acts as a double intramolec-
ular H-bond donor to O atoms of the triflate ligand [O1–
H1A···O32: 2.715(2) Å, 168.4(1)°] and the triflate anion
[O1–H1B···O21i: 2.698(2) Å, 158.3(1)°, (i) 2 – x, 1 – y, 1 –
z], additionally stabilizing the structure (Figure 1, c).

Mild Peroxidative Oxidation of Cyclohexane

Following our interest in the development of new Fe[22]

and Cu[23] catalytic systems for the selective oxidation of
alkanes under mild conditions, we tested the catalytic po-
tential of 1–5 for the peroxidative oxidation of cyclohexane
to cyclohexanol and cyclohexanone (Scheme 3, a). This
transformation has been selected as a recognized model and
easy to follow reaction.[24] In addition, it generates oxygen-
ate products, which is important as cyclohexanol and cyclo-
hexanone are intermediates in nylon-6,6� and polyamide-6
production.[25] The catalytic tests were undertaken by re-
acting cyclohexane at 25 °C in MeCN with aqueous H2O2

in the presence of 1–5 (0.2 mol-% vs. C6H12) and an acid
additive (optional). Previously, it was found[22,23] that the
efficiency of various iron[22] and copper[12d,23] catalytic sys-
tems can be dramatically improved upon addition of an
acid promoter (additive). Hence, we have investigated the
promoting influence of various acids, namely pyrazinecar-
boxylic (Hpca), nitric, triflic (TfOH) and trifluoroacetic
(TFA) acids, and the results are summarized in Table 2. The
activity values discussed below concern the total yields, i.e.
the sum of the mol-% yields of the two products (cyclohexa-
nol and cyclohexanone) based on cyclohexane. The separate
yields of cyclohexanol and cyclohexanone in each run are
given in Table S1 (Supporting Information).

Scheme 3. (a) Mild peroxidative oxidation of cyclohexane to cyclo-
hexanol and cyclohexanone. (b) Solvent-free peroxidative oxidation
of 1-phenylethanol to acetophenone under MW irradiation.

All complexes 1–5 act as catalyst precursors for the mild
oxidation of cyclohexane (CyH) to cyclohexyl hydroperox-
ide CyOOH (primary product), cyclohexanol (CyOH) and
cyclohexanone (Cy�O), which are the major final products
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Table 2. Mild oxidation of cyclohexane by H2O2 in the presence of
1–5 and different acid additives.[a]

Entry Acid Total yield [b] [%]
additive 1 2 3 4 5

1 – 2.5 8.3 10.3 12.2 8.6
2 Hpca 17.5 0.4 0.2 15.9 (8.0)[c] 0.2
3 HNO3 19.2 5.8 7.3 15.8 (7.5)[d] 4.5
4 TfOH 21.3 6.1 6.0 18.0 4.8
5 TFA 20.0 6.0 6.1 16.7 4.1

[a] Reaction conditions (unless otherwise stated): CH3CN (3.0 mL),
cyclohexane (5.0 mmol), catalyst precursor (10 μmol, 0.2 mol-% vs.
C6H12), H2O2 (7.0 mmol, 30% in H2O), acid additive [Hpca
(50 μmol), HNO3, TfOH or TFA (200 μmol)], 6 h reaction time,
25 °C. [b] Moles of products (cyclohexanol + cyclohexanone)/
100 mol of cyclohexane determined by GC analysis after treatment
with PPh3. Total TON values (moles of products/moles of catalyst
precursor) can be estimated as 5 � total% yield. For yields of cyclo-
hexanol and cyclohexanone in each run see Table S1. [c] MW-as-
sisted (10 W power) reaction (30 min, 50 °C). [d] TBHP (7.0 mmol,
70% in H2O) was used instead of H2O2, reaction at 80 °C for 6 h.

after the autodecomposition of CyOOH and its reduction
with PPh3 (in the latter case giving only CyOH).[26] The
iron(II) complexes 1 and 4 exhibit a good activity (yields
of up to 21 and 18 %, respectively), whereas the copper(II)
compounds 2, 3 and 5 are less active, showing maximum
yields of 8–10% (Table 2). Interestingly, the activities of
these two groups of catalyst precursors are affected in dif-
ferent ways by the presence of an acid additive. In the sys-
tems containing 1 and 4, the yields of oxygenates increase
from 2.5 and 12 % to 18–21 and 16–18%, respectively, on
addition of various acid promoters. Turnover numbers
(TONs) up to 105 and 90 are also achieved with 1/TfOH
and 4/TfOH, respectively (Table 2, entry 4). These activity
levels are comparable or even superior to those exhibited
by a variety of iron containing catalysts in the mild oxi-
dation of cyclohexane.[12a,15,16b,23a,23c,27]

In contrast to 1 and 4, the introduction of various acids
to the systems based on the Cu complexes 2, 3 and 5 results
in a reduction of activity (Table 2). This observation is un-
expected considering that the majority of the previously re-
ported Cu systems[12d,23] for the peroxidative oxidation of
cyclohexane were active only in the presence of an acid pro-
moter. A noteworthy exception concerns a dipicolinate CuII

coordination polymer,[28] the activity of which was also sup-
pressed upon addition of an acid additive.

Although in the systems containing 1 and 4 the yields of
oxygenates do not vary significantly with the type of acid
additive, it should be mentioned that the highest activity
is observed with TfOH, followed by TFA and other acids
(Table 2). Hence, higher activities in the presence of acid
additives can be associated with a substitution of Cl– li-
gands in 1 and 4. This is confirmed by the ESI-MS(+)
analysis of the mixture obtained upon treatment of 4 with
HOTf in MeCN, which shows the generation of
[Fe(OTf)(L3)]+ species (m/z = 459.0), and the intensity of
the parent [FeCl(L3)]+ peak (m/z = 345.1) significantly de-
creases. The role of an acid promoter is not yet fully estab-
lished but can be involved in proton transfer steps leading
to the activation of the catalyst precursor through proton-
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ation of the macrocyclic ligands with consequent unsatura-
tion of the iron centre, as well as in the enhancement of the
oxidizing properties of metal intermediates and hydrogen
peroxide and decreasing the eventual catalase ac-
tivity.[12a,12d,22a,23] Water, a component of the reaction me-
dium, can promote H+ transfer steps involved in the genera-
tion of hydroxy radicals (HO·) from H2O2, which act as the
H atom abstractor from CyH to afford the easily oxidizable
cyclohexyl radical.[12d,12g]

The ability of 2–4 to catalyze the oxidation of cyclohex-
ane in acid-free systems is a noteworthy feature, considering
that the yields of oxygenates obtained in such systems reach
values of 8–12%, which are quite respectable in the field
of mild functionalization of alkanes.[24,29] Moreover, all the
catalyst precursors show a high selectivity towards cyclo-
hexanol (the main final product) and cyclohexanone, as no
other products of the oxidation of cyclohexane were de-
tected.

As observed for other Cu and Fe catalytic sys-
tems,[22a,22b,23] introduction of a radical trap (CBrCl3 or
Ph2NH) into the reaction mixture results in a considerable
suppression of the catalytic activity. This behaviour, along
with the formation of cyclohexyl hydroperoxide (typical in-
termediate product in radical-type reactions) supports a
free-radical mechanism[12d,22a,28,30] for cyclohexane oxi-
dation in this study. The formation of intermediate peroxo
complexes can also occur upon reaction of 1–5 with hydro-
gen peroxide. In fact, the generation of peroxo species was
proven in the cyclohexane oxygenations with the FeII cata-
lyst precursor [Fe(OTf)2(L�)] [L� = 1-(2-pyridylmethyl)-4,7-
dimethyl-1,4,7-triazacyclononane] that bears an aza macro-
cyclic ligand closely related to L3.[15] The dicopper peroxo
derivatives supported by 1,4,7-triisopropyl-1,4,7-trithiacy-
clononane macrocycles have also been reported.[11f,31]

For comparative purposes, we have also tested tert-butyl
hydroperoxide (TBHP) as an oxidant for the oxidation of
cyclohexane catalyzed by 4, which was less efficient (i.e.
7.5% vs. 16 % total yield). A similar yield of 8% is obtained
in the MW-assisted oxidation of cyclohexane by the 4/
Hpca/H2O2 system. In contrast, TBHP is a better oxidant
towards the selective oxidation of 1-phenylethanol to aceto-
phenone in the presence of 1–5, a transformation that is
also significantly accelerated by MW irradiation, discussed
below.

Microwave-Assisted Solvent-Free Oxidation of 1-
Phenylethanol

By switching from an alkane (cyclohexane) to a more
reactive alcohol substrate, 1-phenylethanol, we have evalu-
ated the catalytic potential of 1–5 for the oxidation of the
latter to acetophenone (Scheme 3, b). These tests were per-
formed following our recently developed procedure[13a,13b]

for the MW-assisted oxidation of secondary alcohols,
namely by reacting 1-phenylethanol with TBHP (70 % in
H2O) in the presence of the catalyst precursor 1–5 and an
acid additive (optional) at 80 °C in a solvent-free medium
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under MW-irradiation. The influence of various reaction
parameters such as the type of acid additive, temperature,
time and the amounts of catalyst precursor and oxidant
were investigated, and the results are shown in Table 3 and
Table 4.

Table 3. MW-assisted solvent-free oxidation of 1-phenylethanol to
acetophenone by TBHP catalyzed by 1–5.[a]

Entry Cat. Acid Yield[b] TON
precursor additive [%] (TOF [h–1])[c]

1 1 – 15.3 77 (153)
2 2 – 38.8 194 (388)
3 3 – 22.2 111 (222)
4 4 – 20.6 103 (206)
5 5 – 23.6 118 (236)
6 1 HNO3 68.4 342 (684)
7 1 TFA 71.6 358 (716)
8 1 Hpca 74.6 373 (746)
9 2 HNO3 0.9 5 (10)
10 2 TFA 1.5 8 (15)
11 2 Hpca 1.1 5 (10)
12 4 HNO3 67.4 337 (674)
13[d] 4 HNO3 68.0 340 (680)
14 4 TFA 72.2 362 (722)
15[d] 4 TFA 85.6 428 (856)
16 4 Hpca 75.2 376 (752)
17[d] 4 Hpca 92.1 461 (921)

[a] Reaction conditions (unless otherwise stated): 1-phenylethanol
(5.0 mmol), catalyst precursor (10 μmol, 0.2 mol-% vs. substrate),
acid additive [Hpca (50 μmol), HNO3 or TFA (200 μmol)], TBHP
(10.0 mmol, 70% in H2O), MW irradiation (10 W power), 30 min
reaction time, 80 °C. [b] Moles of acetophenone/100 mol of 1-phen-
ylethanol (GC yield). [c] TON = moles of acetophenone/moles of
catalyst precursor; TOF = TON per hour (values in brackets). [d]
Reaction was carried out at 100 °C.

Under typical reaction conditions (Table 3), all the cata-
lyst precursors 1–5 exhibit some activity in the absence of
an acid additive, leading to the yields of acetophenone in
the 15–21% and 22–39% ranges for the Fe and Cu cata-
lyzed systems, respectively (entries 1–5). As in the oxidation
of cyclohexane, a positive influence of acid additives is only
observed when using the iron containing 1 and 4, whereas
the introduction of different acid additives to the most
active Cu system with 2 results in almost the full suppres-
sion of the catalytic activity (i.e. 1–2 % vs. 39% yields, en-
tries 9–11 vs. 2). Bearing these features in mind, 1 and 4
have been used in further tests.

The addition of HNO3, TFA or Hpca as acid additives
to 1 and 4 leads to a remarkable yield increase from 15 and
21 % to 68–75 and 67–75%, respectively (Table 3, entries 1,
4, 6–8, 12, 14, 16). In the 4/TFA and 4/Hpca systems, the
yields of acetophenone can be further augmented to 86 and
92 %, respectively, on increasing the reaction temperature
from 80 to 100 °C (entries 15, 17). However, further increas-
ing the temperature was not attempted for safety reasons.
Given the fact that pyrazinecarboxylic acid (Hpca) shows a
slightly stronger promoting effect and is typically required
in a lower fourfold amount than that of HNO3 or TFA to
achieve comparable yields, we have selected the 1/Hpca and
4/Hpca systems to study the influence of other reaction pa-
rameters (Table 4).
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Table 4. MW-assisted solvent-free oxidation of 1-phenylethanol to
acetophenone by TBHP with the 1/Hpca and 4/Hpca systems.[a]

Entry Cat. precursor/ TBHP Yield[b] TON
Hpca [μmol] [mmol] [%] (TOF [h–1])[c]

Catalyst precursor 1

1 10/50 5 59.2 296 (592)
2 10/50 7 73.8 369 (738)
3 10/50 10 74.6 373 (746)
4 10/50 15 68.9 345 (690)
5[d] 10/50 10 72.0 360 (1440)
6[e] 10/50 10 70.4 352 (4224)
7 1/5 10 20.0 1000 (2000)
8[d] 1/5 10 13.5 675 (2700)

Catalyst precursor 4

9 1/5 10 24.1 1205 (2410)
10 2.5/12.5 10 24.8 496 (992)
11 5/25 10 35.6 356 (712)
12 10/50 10 75.2 376 (752)
13 10/10 10 39.8 199 (398)
14 10/100 10 72.3 362 (724)
15 10/200 10 73.3 367 (734)
16 10/50 5 66.1 331 (662)
17 10/50 7 68.6 343 (686)
18 10/50 15 76.1 381 (762)
19[f] 10/50 10 65.2 326 (54)
20[g] 10/50 – 9.5 48 (96)

[a] Reaction conditions (unless otherwise stated): 1-phenylethanol
(5.0 mmol), catalyst precursor 1 or 4 (1–10 μmol, 0.02–0.2 mol-%
vs. substrate), Hpca (10–200 μmol), TBHP (5.0–15.0 mmol, 70% in
H2O), MW irradiation (10 W power), 30 min reaction time, 80 °C.
[b] Moles of acetophenone/100 mol of 1-phenylethanol (GC yield).
[c] TON = moles of acetophenone/moles of catalyst precursor;
TOF = TON per hour (values in brackets). [d] 15 min reaction
time. [e] 5 min reaction time. [f] Reaction under conventional heat-
ing for 6 h. [g] H2O2 (10.0 mmol, 30% in water) was used instead
of TBHP, reaction at 50 °C.

An interesting feature of the iron(II) systems for the
MW-assisted oxidation of 1-phenylethanol is the high oxi-
dant efficiency, as the yields of acetophenone attain values
of 59 (1/Hpca) and 66% (4/Hpca) in an equimolar reaction
between the substrate and TBHP (Table 4, entries 1, 16). A
1.4-fold excess of TBHP leads to higher yields of 74 (1/
Hpca; entry 2) and 69% (4/Hpca; entry 17), which slightly
increase to maximum values of 75% (entries 3, 12) with a
twofold excess of TBHP. A further increase of the oxidant
amount (threefold molar excess) results in a similar yield of
76 % in the 4/Hpca system, whereas in the 1/Hpca system
the yield drops to 69% (entries 18, 4) possibly due to the
increased water content coming with TBHP. It should be
noted that in contrast to TBHP, hydrogen peroxide (30%
in H2O) is not a suitable reagent for the oxidation of 1-
phenylethanol, as attested by the low 10 % yield of aceto-
phenone with the 4/Hpca system (entry 20).

Another important feature of 1 and 4 concerns the rela-
tively low loading (0.2 mol-% vs. substrate) necessary to
reach high yields of acetophenone (i.e. up to 92 %) with
substantial TON and TOF values of 461 and 921 h–1,
respectively (Table 3, entry 17). Such a catalyst loading is
significantly lower to those commonly applied (up to 5 mol-
% vs. substrate) in most of the state-of-the-art systems for
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the oxidation of secondary alcohols.[25a,32,33] Moreover,
these iron(II) systems can furnish appreciable yields of ace-
tophenone (20–24%) when operating with a 10-fold re-
duced amount of 1 and 4 (i.e. 0.02 mol-% vs. substrate),
thus giving rise to remarkably high TONs (up to 1205) and
TOFs (up to 2410 h–1) (Table 4, entries 7, 9).

As a promoter, Hpca is typically required in a fivefold
molar excess over the catalyst precursor. An equimolar
amount of Hpca is not enough to reach the optimum yields,
whereas higher loadings (i.e. a 10- or 20-fold molar excess)
lead to comparable results (Table 4, entries 12–15). The role
of Hpca is presumably in the activation of the metal catalyst
precursors e.g. by protonation of L1 and L3, or through its
coordination to the iron centre. The good promoting behav-
iour of Hpca was previously recognized for other Fe con-
taining catalytic systems.[22a,26b,27a,27b,27d]

The relevance of MW irradiation concerns the dramatic
acceleration of the oxidation. In contrast to the oxidation
of 1-phenylethanol under conventional heating (maximum
65 % yield after 6 h; entry 19), even higher yields of aceto-
phenone can be achieved at much shorter reaction times (5–
30 min) when applying a very low MW irradiation power
(10 W). Although under typical conditions in the 1/Hpca
system, the acetophenone yield of 75 % (TOF = 746 h–1) is
attained after 30 min of MW irradiation, the reaction time
can be further reduced to 5 min, resulting in a comparable
yield of 70% with a remarkably high TOF of 4224 h–1

(Table 4, entry 3 vs. 6). It should also be mentioned that
very high selectivities (� 98%) are typically observed in our
MW-assisted oxidations, as confirmed by mass balances.

Although the investigation of the mechanism of the ca-
talysis lies outside the scope of this work, on the basis of
previous studies[13a,13b] and experiments with radical traps
resulting in the suppression of the catalytic activity, we pro-
pose that the MW-assisted oxidation of 1-phenylethanol
proceeds by a free-radical mechanism with the participation
of tBuO· and tBuOO· radicals.[13b,34]

A noteworthy feature of our MW-assisted oxidations is
the use of a very weak MW irradiation (10 W). This con-
trasts with most of the MW-assisted organic reactions re-
ported to date, which require a much higher power of MW
irradiation (typically above 200 or even 500 W).[35] Further-
more, apart from high yields and TOFs (up to 92 % and
4200 h–1, respectively), an important feature of the 1/Hpca
and 4/Hpca systems is that they are solvent-free. This con-
trasts with the common use of organic solvents or costly
ionic liquids in many state-of-the-art methods for the oxi-
dation of alcohols.[32,33,35b,36]

Conclusions

This work has extended the application of mixed 14-
membered N2S2 azathia macrocycles L1 and L2 in coordina-
tion chemistry, resulting in new mononuclear complexes 1–
3. In addition, a new nine-membered NS2 macrocyclic li-
gand L3 with a pendant 2-methylpyridyl arm has been gen-
erated and used to prepare the FeII and CuII complexes 4
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and 5, respectively. Compounds 1–5 broaden the limited
family of macrocyclic azathia complexes of iron and copper
and represent rare examples of derivatives that find applica-
tion in homogeneous oxidation catalysis.

As 1–5 are not intact in the course of the catalytic reac-
tions, they act as catalyst precursors for the mild and selec-
tive oxidations of two different classes of substrates includ-
ing an alkane (cyclohexane) and an alcohol (1-phenyle-
thanol). Inclusion of various acid additives has revealed a
significant activity enhancement in systems with 1 and 4,
whereas the activity of copper(II) complexes 2, 3 and 5 is
reduced by the addition of an acid. Hence, 1 and 4 are more
efficient in both cyclohexane and 1-phenylethanol oxi-
dations and exhibit comparable levels of activity, in spite of
being based on different macrocyclic ligands.

This study also widens the scope of MW irradiation ap-
plied to oxidative transformations[35] and extends the range
of catalytic systems that it can be applied to. Their activity
is drastically accelerated by a low MW irradiation power
(10 W), achieving good yields of acetophenone (up to 92%)
in the solvent-free oxidation of 1-phenylethanol, in addition
to remarkably high values of TONs (up to 1200) and TOFs
(up to 4200 h–1).

The features observed here will be accounted for in fur-
ther research focused on the extension of both synthetic
and catalytic areas by widening the type of azathia macro-
cycles and metal complexes used, as well as by broadening
the substrate versatility of the catalytic transformations.
Moreover, the use of an aqueous MeCN medium under
mild conditions in the case of the cycloalkane oxidation
with H2O2, and the use of low power MW irradiation in a
solvent-free system in the alcohol oxidation, are significant
steps towards the development of green catalytic systems in
those fields.

Experimental Section

Materials and Methods: Unless stated otherwise, all reactions and
operations were carried out at ambient temperature (ca. 25 °C) un-
der dinitrogen using standard Schlenk techniques. Solvents were
dried and distilled before use, and reagents were obtained from
commercial sources (Aldrich) and used as received. L1 and L2 were
prepared according to the procedure described by Fritz et al.,[7] and
7-aza-1,4-dithiacyclononane[14] (the starting material for L3) was
obtained by a modification of the literature method.[14b]

C, H, N and S elemental analyses were carried out by the Microan-
alytical Service of the Instituto Superior Técnico. 1H and 13C{1H}
NMR spectra were measured with Bruker Avance II 300 or 400
(UltraShieldTM Magnet) spectrometers at ambient temperature. 1H
and 13C chemical shifts (δ) are expressed in ppm relative to Me4Si,
and J values are given in Hz. IR spectra (4000–400 cm–1) were re-
corded with a Bio-Rad FTS 3000MX instrument as KBr pellets,
and wavenumbers are given in cm–1. ESI-MS were run with a 500-
MS LC Ion Trap instrument (Varian Inc, Alto Palo, CA, USA)
equipped with an ESI source. Scanning was performed from m/z =
50 to 1500. The fragmentations of compounds were observed in
the positive mode (capillary voltage = 80–105 V). GC analyses were
undertaken with a Fisons Instruments GC 8000 series gas chroma-
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tograph with a DB-624 (J&W) capillary column (FID detector) and
Jasco-Borwin v.1.50 software.

7-(2-Methylpyridyl)-7-aza-1,4-dithiacyclononane (L3): A Schlenk
flask was charged with 2-picolyl chloride hydrochloride (500 mg,
3.05 mmol), 7-aza-1,4-dithiacyclononane (500 mg, 3.06 mmol) and
anhydrous CH3CN (10 mL). Na2CO3 (1.1 g) and tetrabutylammo-
nium bromide (40 mg, 0.12 mmol) were added, and the resulting
suspension was heated to reflux under N2 for 20 h. The mixture
was cooled to ambient temperature and filtered. The solid inor-
ganic salts collected were washed with CH2Cl2 and then discarded.
The combined organic fractions were evaporated under reduced
pressure to afford a brown oil, which was treated with CH2Cl2
(100 mL) and H2O (100 mL), followed by the adjustment of pH to
13 with 3 m aqueous KOH. After stirring for 1 h, the layers were
separated and material in the aqueous phase was extracted into
CH2Cl2 (3 �100 mL). The combined organic fractions were dried
with anhydrous Na2SO4, and the solvent was removed at reduced
pressure to yield L3 as a brown oil (700 mg, 89%). 1H NMR
(CDCl3, 400 MHz, 298 K): δ = 8.54 (d, J = 4.4 Hz, 1 H, pyHα),
7.68 (t, J = 7.6 Hz, 1 H, pyHγ), 7.46 (d, J = 7.6 Hz, 1 H, pyHβ),
7.19–7.17 (m, 1 H, pyHβ), 3.86 (s, 2 H, pyCH2N), 3.19 (s, 4 H,
SCH2CH2S), 3.07–3.05 (m, 4 H, NCH2CH2S), 2.75–2.73 (m, 4 H,
NCH2CH2S) ppm. 13C{1H} NMR (CDCl3, 100.6 MHz, 298 K): δ
= 159.55 (pyCq), 149.49 (pyCα), 136.74 (pyCγ), 123.76 and 122.48
(pyCβ), 63.38 (pyCH2N), 58.13, 35.20 and 33.28 (CH2CH2) ppm.
ESI–MS(+) (CH2Cl2): m/z = 255.1 [L3 + H]+.

[FeCl2(L1)] (1): Anhydrous FeCl2 (77 mg, 0.61 mmol) was added to
a stirring solution of L1 (200 mg, 0.61 mmol) in THF (5 mL). The
reaction mixture was stirred at ambient temperature for 5 h under
N2 and then concentrated to half of the initial volume. The ad-
dition of Et2O (5 mL) resulted in the formation of a precipitate,
which was collected by filtration, washed with Et2O and dried in
vacuo to give 1 as a yellow solid (204 mg, 73%).
C18H26Cl2FeN2O2S2 (1·2H2O, 493.3): calcd. C 43.83, H 5.31, N
5.68, S 13.00; found C 43.91, H 5.08, N 5.59, S 12.51. IR (KBr): ν̃
= 3480 (w), 3038 (w), 2960 (w), 2925 (w), 2870 (w), 1629 (m), 1472
(m), 1442 (s), 1307 (m), 1384 (m), 1082 (m), 956 (m) and 769 (vs)
cm–1. ESI-MS(+) (MeCN): m/z = 421.1 [FeCl(L1)]+, 331.2 [L1 +
H]+.

[Cu(OTf)2(L1)] (2): A solution of Cu(OTf)2 (221 mg, 0.61 mmol) in
THF (5 mL) was added to a stirring solution of L1 (200 mg,
0.61 mmol) in THF (5 mL). The reaction mixture was stirred at
ambient temperature for 5 h and then concentrated to half of the
initial volume. The addition of Et2O (10 mL) resulted in the forma-
tion of a fine precipitate, which was collected by filtration, washed
with Et2O and dried in vacuo to give 2 as a green solid (350 mg,
83%). C20H22CuF6N2O6S4 (692.2): calcd. C 34.70, H 3.20, N 4.05,
S 18.53; found C 34.71, H 3.03, N 3.88, S 18.42. IR (KBr): ν̃ =
3183 (w), 2920 (w), 2860 (w), 1629 (w), 1469 (m), 1421 (w), 1265
(vs), 1223 (vs), 1160 (s), 1032 (vs), 996 (m), 767 (s) and 637 (vs),
576 (m) and 517 (m) cm–1. ESI-MS(+) (MeCN): m/z = 542.0
[Cu(OTf)(L1)]+, 394.1 [Cu(L1)]+, 331.2 [L1 + H]+. X-ray quality
single crystals of 2 were obtained by slow diffusion of diethyl ether
into a concentrated MeCN solution of 2.

[Cu(OTf)2(L2)] (3): A solution of Cu(OTf)2 (503 mg, 1.39 mmol) in
THF (3 mL) was added to a stirring solution of L2 (500 mg,
1.39 mmol) in THF (10 mL). The mixture became cloudy after a
few seconds, and a dark green precipitate started to form. The re-
sulting suspension was stirred for 5 h and the precipitate was col-
lected by filtration. The precipitate was washed with THF and
Et2O and dried in vacuo to yield 3 as a green solid (890 mg, 89%).
C22H26CuF6N2O6S4 (720.3): calcd. C 36.69, H 3.64, N 3.89, S
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17.81; found C 36.55, H 3.89, N 3.60, S 17.99. IR (KBr): ν̃ = 2985
(w), 2920 (w), 1632 (m), 1469 (m), 1258 (s), 1163 (s), 1031 (vs), 759
(s), 639 (vs), 575 (m) and 518 (m) cm–1. ESI-MS(+) (CH2Cl2): m/z
= 570.1 [Cu(OTf)(L2)]+, 421.2 [Cu(L2)]+, 359.2 [L2 + H]+.

[FeCl2(L3)] (4): A solution of anhydrous FeCl2 (55 mg, 0.43 mmol)
in THF (3 mL) was combined with a solution of L3 (109 mg,
0.43 mmol) in THF (3 mL) and stirred overnight under N2. A yel-
lowish solid precipitated and the solvent was removed by a cannula.
The precipitate was washed with Et2O and dried in vacuo to give
4 as a yellow solid (150 mg, 90%). C12H18.5Cl2FeN2O0.25S2

(4·0.25H2O, 385.7): calcd. C 37.37, H 4.83, N 7.26, S 16.63; found
C 37.20, H 4.76, N 6.92, S 16.52. IR (KBr): ν̃ = 3430 (m), 2957
(m), 2920 (m), 2853 (m), 1630 (m), 1603 (s), 1477 (s), 1430 (vs),
1307 (m), 1082 (m), 956 (m) and 769 (vs) cm–1. ESI-MS(+)
(CH2Cl2/MeOH): m/z = 345.1 [FeCl(L3)]+. X-ray quality single
crystals of 4 were obtained by slow diffusion of diethyl ether into
a concentrated MeCN solution of 4.

[Cu(OTf)(L3)(H2O)](OTf) (5): A solution of Cu(OTf)2 (156 mg,
0.43 mmol) in THF (3 mL) was combined with a solution of L3

(109 mg, 0.43 mmol) in THF (3 mL) and stirred overnight under
N2. The addition of Et2O (20 mL) caused the immediate precipi-
tation of a solid, which was collected by filtration and dissolved in
CH2Cl2 (10 mL). This solution was evaporated to dryness in vacuo,
affording 5 as a fine greenish blue powder (210 mg, 77%).
C14H20CuF6N2O7S4 (634.1): calcd. C 26.52, H 3.18, N 4.42, S
20.23; found C 26.18, H 3.12, N 4.18, S 20.64. IR (KBr): ν̃ = 3454
(m), 3038 (w), 2986 (w), 2928 (w), 1633 (m), 1613 (m), 1442 (m),
1274 (vs), 1252 (vs), 1172 (s), 1029 (vs), 771 (m), 640 (vs), 574 (m)
and 518 (m) cm–1. ESI-MS(+) (CH2Cl2): m/z = 466.0 [Cu(OTf)
(L3)]+, 317.1 [Cu(L3)]+, 255.1 [L3 + H]+. X-ray quality single crys-
tals of 5 were obtained by slow diffusion of diethyl ether into a
concentrated MeCN/MeOH solution of 5.

X-ray Crystallography: X-ray quality single crystals of 2, 4 and 5
were obtained as indicated above. They were mounted in inert oil
within the cold N2 stream of the diffractometer. Intensity data were
collected using a Bruker AXS-KAPPA APEX II diffractometer
with graphite-monochromated Mo-Kα radiation (λ = 0.71073 Å).
Data were collected at 150 K using omega scans of 0.5° per frame
and a full sphere of data was obtained. Cell parameters were re-

Table 5. Crystal data and structure refinement details for 2, 4 and 5.

2 4 5

Empirical formula C20H22CuF6N2O6S4 C12H18Cl2FeN2S2 C14H20CuF6N2O7S4

Mr [gmol–1] 692.18 381.15 634.10
Crystal system triclinic orthorhombic triclinic
Space group P1̄ 212121 P1̄
Temperature [K] 150(2) 150(2) 150(2)
a [Å] 9.7709(9) 8.4818(13) 9.3128(3)
b [Å] 11.1332(11) 12.1005(19) 11.4488(4)
c [Å] 13.7123(11) 14.694(2) 11.6596(4)
α [°] 89.105(5) 71.559(1)
β [°] 75.572(5) 75.526(2)
γ [°] 65.292(4) 88.667(1)
V /Å3 1305.7(2) 1508.1(4) 1139.78(7)
Z 2 4 2
Dc [gcm–3] 1.761 1.679 1.848
μ(Mo-Kα) [mm–1] 1.240 1.617 1.414
Reflections collected 17866 14200 23733
Unique reflections 4624 4178 9021
Rint 0.0250 0.0589 0.0282
Final R1[a], wR2[b] (I � 2 σ) 0.0287, 0.0722 0.0377, 0.0804 0.0286, 0.0775
GOF on F2 1.058 1.034 1.078

[a] R1 = Σ||Fo| – |Fc||/Σ|Fo|. [b] wR2 = [Σ[w(Fo
2 – Fc

2)2]/Σ[w(Fo
2)2]]1/2.
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trieved using Bruker SMART software and refined using Bruker
SAINT[37a] on all the observed reflections. Absorption corrections
were applied using SADABS.[37a] The structures were solved by di-
rect methods using SHELXS–97 and refined with SHELXL-97
programs.[37b] Calculations were performed using the WinGX Sys-
tem–Version 1.80.03.[37c] All hydrogen atoms were inserted in calcu-
lated positions. Crystal data and details of data collection for 1, 4
and 5 are reported in Table 5.

CCDC-809154 (for 1), -809155 (for 4) and -809156 (for 5) contain
the supplementary crystallographic data for this paper. These data
can be obtained free of charge from The Cambridge Crystallo-
graphic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.

Peroxidative Oxidation of Cyclohexane by H2O2: Typical cyclohex-
ane oxidation reactions were carried out under atmospheric pres-
sure in 50 mL screwtop glass reactors (Stem® Omni Reacto Sta-
tion) without removal of air or moisture. The reactors were filled
with the catalyst precursor 1–5 (10 μmol), cyclohexane (5.0 mmol),
CH3CN (3 mL) and an acid additive (50–200 μmol) and placed in
the reaction station. The mixtures were stirred vigorously at 25 °C.
An aqueous solution of hydrogen peroxide (30%) (7.0 mmol,
0.71 mL) was then added and the reaction mixture was stirred for
6 h at 25 °C. Product analysis was performed as follows: 90 μL of
internal standard (cycloheptanone) and 10 mL of diethyl ether (to
extract the substrate and the organic products from the reaction
mixture) were added. This mixture was treated with an excess of
triphenylphosphane before GC analysis to reduce cyclohexyl hy-
droperoxide to cyclohexanol and hydrogen peroxide to water fol-
lowing a method developed by Shul’pin.[26] After stirring the final
reaction mixture for 10 min, a sample was taken from the organic
phase and analyzed by GC.

GC analyses of the aqueous phase revealed the presence of traces
(less than 0.1%) of oxidation products. Blank experiments were
also performed with different amounts of H2O2 and other reagents,
and confirmed that no cyclohexane oxidation products (or only
traces, below 0.4%) were obtained in the absence of the metal cata-
lyst precursor. Furthermore, the formation of chlorocyclohexane in
the reactions catalyzed by 1 and 4 was not observed.

Peroxidative Oxidation of 1-Phenyletheanol by tBuOOH. MW-As-
sisted Method: The catalytic tests under MW irradiation were per-
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formed in a focused MW CEM Discover reactor (10 mL, 13 mm
diameter), fitted with a rotational system and an IR temperature
detector. Typical oxidation reactions were carried out in a sealed
Pyrex tube under focused MW-irradiation as follows: 1-phenyle-
thanol (5.0 mmol), catalyst precursor 1–5 (1–10 μmol) and an acid
additive (5–200 μmol) were introduced into the reactor. An aque-
ous solution of TBHP (5.0–15.0 mmol, 70 % in H2O) was added,
and the cylindrical Pyrex reactor was placed in the MW reactor.
The system was left stirring under irradiation for 5–240 min within
the 40–100 °C temperature range.

Caution! Although no problems were encountered in this work, re-
actions of TBHP or H2O2 with organic compounds at elevated tem-
peratures may be explosive. Such tests should be performed with
due care.

After the reaction, the mixture was allowed to cool. A power of
10 W was selected for all experiments, as it was previously
found[13a] that 5 W is not sufficient to maintain the desired reaction
temperature, and a higher power (e.g. 20 W) does not improve the
product yield.

Conventional Method: For comparative purposes, several tests were
also carried out with conventional heating in air using 25 mL
round-bottomed flasks equipped with a reflux condenser. Under
typical conditions, the catalyst precursor (10 μmol) was placed into
the flask, followed by the addition of 1-phenylethanol (5.0 mmol),
an acid additive (200 μmol) and TBHP (10.0 mmol, 70% in H2O).
In all cases, the reaction mixtures were vigorously stirred for 30 min
with magnetic stirrers. The desired reaction temperature (typically
80 °C) was maintained with an oil bath.

Extraction and GC Analyses: In the methods mentioned above, the
reaction samples (after cooling to ambient temperature) were
treated with 5 mL of MeCN and 300 μL of benzaldehyde (GC in-
ternal standard). The aliquots were placed into Eppendorf vials
and centrifuged. Diethyl ether was added to dilute the sample fol-
lowed by GC analyses. Blank tests indicate that only traces of ace-
tophenone were generated in the absence of metal catalyst precur-
sor in the conventional method, whereas under MW irradiation the
formation of acetophenone does not exceed 6% in the metal-free
system.
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