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Mononuclear and heterodinuclear complexes of the salen-type ligand H2LH2 [H2LH2 = 2,20-[1,2-dihydroxy-
benzene-4,5-diylbis(nitrilomethylidine)]bis(3,5-di-tert-butylphenol)] were prepared, whereof [{Mn(CH3

OH)2}LH2]Cl, [ML(ZrCp�2)] (M = Ni, Cu, CrCl(py); py = pyridine, Cp* = pentamethylcyclopentadienyl) were
characterized by X-ray analysis. Additionally, cyclic voltammetric investigations were performed to ascer-
tain the influence of the second transition metal complex fragment [ZrCp�2]2+ on the metallo salen ligand.
Moreover, the complexes were tested in the catalytic epoxidation of styrene. Although the complexes
are quite sensitive towards oxidants, monometallic complex [{Mn(CH3OH)2}LH2]Cl exhibited a conversion
of 70.6% with styrene oxide selectivity of 88% over 1 h at room temperature.

� 2009 Elsevier B.V. All rights reserved.
1. Introduction

The use of salen ligands in monometallic complexes was stud-
ied extensively after Kochi and coworkers [1] reported their high
and chemoselective catalytic activity in epoxidation reactions.
Extensive studies were done by Jacobsen and coworkers [2] and
Katsuki and coworkers [3], who reported independently the impor-
tance of chiral manganese(III) complexes with a large number of
salen ligands with various chiralities and bulky alkyl or aryl groups
in the enantioselective catalytic oxidation of unfunctionalized
olefins.

Despite extensive work on tuning the asymmetric induction of
salen ligands, hardly any attention was paid to O-functionalized
salen complexes, e.g., with hydroxyl or carboxyl substituents, or
their activity in catalytic epoxidation [4]. There is only one publica-
tion, by Katsuki and coworkers in which a carboxy-functionalized
salen complex is employed in the catalytic epoxidation of chro-
mene [5]. This is in contrast to the large number of existing studies
on alkoxy-substituted salen complexes and early/late heterobime-
tallic compounds (ELHBs) thereof [6], with special focus on their
magnetic behavior [7].

This paper focuses on metal–metal interactions in dinuclear
transition metal complexes based on catechol-substituted salen li-
gands. Dinuclear transition metal complexes are of interest, as
potentially interesting electronic and catalytic properties can be
expected due to metal–metal interaction which, however, in many
cases can neither be predicted nor fully explained [8]. The easy
accessibility and high stability of transition metal salen complexes,
All rights reserved.

kins).
as well as their well-known catalytic activity in oxidation reac-
tions, make these compounds highly suitable for the study of me-
tal–metal interactions in heterobimetallic salen complexes.
2. Results and discussion

2.1. Synthesis

The dihydroxy-functionalized salen ligand H2LH2 (H2LH2 = 2,20-
[1,2-dihydroxybenzene-4,5-diylbis(nitrilomethylidine)]bis(3,5-di-
tert-butylphenol) [9] (Scheme 1) was employed in the synthesis of
monometallic and heterobimetallic complexes. This ligand has two
sets of donor atoms – the N2O2 coordination sphere and the cate-
chol diimine backbone – which allow the coordination of two or
more transition metals. Heterobimetallic complexes were prepared
as shown in Scheme 1.

First, the monometallic N2O2-coordinated nickel [10], copper,
chromium, and manganese complexes [NiLH2] [10], [CuLH2],
[Cr(Cl)LH2]�2 [pyH]Cl and [{Mn(CH3OH)2}LH2]Cl were prepared
by treating the ligand with an appropriate transition metal salt
or complex. Second, zirconium was introduced into the catechol
diimine backbone via methane elimination by reaction of the
monometallic complexes with [Cp�2ZrðCH3Þ2] [11]. [Cr(Cl)LH2]
could be obtained with two equivalents of [pyH]Cl. After separa-
tion by filtration the mother liquor was treated with an excess of
pyridine and a second product, namely, [Cr(Cl)LH2]�2 py, was ob-
tained. It was therefore necessary to use a 1.7-fold excess of
[Cp�2ZrðCH3Þ2] in the synthesis of the heterobimetallic compound
[CrCl(py)L(ZrCp�2)] because of the presence of two equivalents of
[pyH]Cl in the starting material [Cr(Cl)LH2].
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Scheme 1. Synthetic pathway to the heterobimetallic salen complexes.

Fig. 1. Molecular structure of [{Mn(CH3OH)2}LH2]Cl�CH3OH. Solvent molecules are
omitted for clarity. ORTEP thermal ellipsoids at 50% probability.
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2.2. Molecular structures

While several monometallic copper(II) [12], nickel(II) [12g,13],
manganese(III) [14] and chromium(III) [15] salen complexes were
structurally characterized, the number of complexes which exhibit
a diamine backbone with additional donor groups [16] is limited,
as is the number of homo- and heterometallic complexes thereof
[16d,17]. The molecular structures of [{Mn(CH3OH)2}LH2]Cl�
CH3OH, [NiL(ZrCp�2)]�3 benzene, [CuL(ZrCp�2)]�2.5 toluene and [CrCl
(py)L(ZrCp�2)]�2 toluene are shown in Figs. 1–5. Crystallographic
data and selected bond lengths and angles are listed in Tables 1
and 2.

2.2.1. [{Mn(CH3OH)2}LH2]Cl�CH3OH
The complex [{Mn(CH3OH)2}LH2]Cl�CH3OH was obtained as

brown needles from methanol. The short a axis causes this mor-
phology. In [{Mn(CH3OH)2}LH2]Cl�CH3OH the Mn atom is octahe-
drally coordinated (Fig. 1). Two methanol molecules occupy the
apical positions (Mn–O ca. 225 ppm) in the [{Mn(CH3OH)2}LH2]+
cations. These bonds are considerably longer than the equatorial
Mn–O bonds (ca. 187 pm) due to Jahn–Teller distortion (d4 high-
spin). The d4 high-spin state was confirmed by a magnetic moment
of l = 4.8 lB (room temperature), which is in good agreement with
the theoretical value of 4.9 lB (spin only). The chloride ion bridges
one coordinated methanol ligand (d(O6H� � �Cl) = 241(2) pm) of
molecule A and one OH group (O40H0) of the catechol backbone
of the inverted cation B (d(O40H� � �Cl) = 237(2) pm) by hydrogen
bonds (Fig. 2, top). In addition, the noncoordinating methanol
(O7-H) is also involved in hydrogen bonding to this chloride ion
(d(O7H� � �Cl) = 234(2) pm). The second hydroxo group (O3H) of
the catechol moiety is involved in hydrogen bonding with the non-
coordinating methanol (d(O3H� � �O7) = 191(2) pm) and the other
Mn-coordinated methanol molecule of the inverted complex
(d(O50H0� � �O3) = 219(2) pm). This hydrogen-bonded unit is re-
peated along the a axis, and thus a one-dimensional chain is
formed (Fig. 2, bottom). This arrangement causes the catechol rings
of neighboring molecules to be in close proximity (ca. 340 pm),
which is expected considering the expected p–p stacking. The dis-
tance is comparable to that in graphite layers (335 pm) [18] (see
Table 3).

2.2.2. [NiL(ZrCp�2)]�3 benzene and [CuL(ZrCp�2)]�2.5 toluene
The heterobimetallic complexes [ML(ZrCp�2)] (M = Ni, Cu) crys-

tallize from toluene (M = Cu) or benzene (M = Ni), and both metal
centers have a square-planar N2O2 coordination sphere (Figs. 3
and 4). The Ni–O, Cu–O, Ni–N, and Cu–N bond lengths are in the
expected range [19]. The intramolecular M���Zr distances differ
only slightly [786.0(2) (M = Ni) and 794.4(1) pm (M = Cu)]. The
Zr–O3 and Zr–O4 bond lengths are about 208 (M = Ni) and
207 pm (M = Cu), and the O3–Zr–O4 bond angle is 78� in both com-
plexes. These values are in agreement with those of related mono-
metallic Zr complexes [20].

2.2.3. [CrCl(py)L(ZrCp�2)]�2 toluene
Crystals of [CrCl(py)L(ZrCp�2)] 2 toluene were obtained from tol-

uene. The complex crystallizes in the orthorhombic space group
P212121 as a racemic twin (twin domain ratio: 0.65:0.35) with four
molecules in the unit cell (Fig. 5). The Cr–O and Cr–Cl bond lengths
are in the expected range [21] and similar to those of mononuclear
chromium(III) chloro salen complexes with or without additional
donor ligands [15a–d]. The Cr–N3 bond (210.6(2) pm) is about
10 pm longer than Cr–N1 and Cr–N2 (201.4(2) and 201.6(2) pm,
respectively). In contrast to the corresponding heterobimetallic
Ni/Zr and Cu/Zr complexes the Zr atom is located above the C34–
C35–O3–O4 plane (the dihedral angle between C34–C35–O4–O3



Fig. 2. Diamond 3.0 plot of a section of the crystal structure of [{Mn(CH3OH)2}LH2]Cl�CH3OH. Hydrogen bonds stabilize a dimeric unit (top) and a chain structure along the a
axis.

Fig. 3. Molecular structure of [NiL(ZrCp�2)]�3 benzene. Solvent molecules and H
atoms are omitted for clarity. ORTEP thermal ellipsoids at 50% probability.

Fig. 4. Molecular structure of [CuL(ZrCp�2)]�2.5 toluene. Solvent molecules and H
atoms are omitted for clarity. ORTEP thermal ellipsoids at 50% probability.
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and O4–Zr–O3 is 13.4(1)�). The dihedral angle is only 3.2� smaller
than the corresponding angle in [Cp�2Zr{O(CH3)C@C(CH3)O}], for
which an interaction of the double bond with Zr is proposed
[20].
2.3. Cyclic voltammetry

Cyclic voltammetry was carried out to elucidate the electro-
chemical behavior of the monometallic and heterobimetallic com-
plexes (reversible or irreversible redox behavior, stability, redox
potentials, etc.) and to study the influence of the zirconocene frag-
ment on the electronic properties.

We chose the complexes [NiLH2] and [NiL(ZrCp�2)] as represen-
tative examples. Catechols were already extensively investigated



Fig. 5. Molecular structure of [CrCl(py)L(ZrCp�2)]�2 toluene. Solvent molecules and
H atoms are omitted for clarity. ORTEP thermal ellipsoids at 50% probability.

Table 1
Crystallographic data and structure refinement for [{Mn(CH3OH)2}LH2]Cl�CH3OH, [NiL(ZrCp�2)]�3 benzene, [CuL(ZrCp�2)]�2.5 toluene, and [CrCl(py)L(ZrCp�2)]�2 toluene.

[{Mn(CH3OH)2}LH2]Cl�CH3OH [NiL(ZrCp�2)]�3 benzene [CuL(ZrCp�2)]�2.5 toluene [CrCl(py)L(ZrCp�2)]�2 toluene

Formula C39H58ClMnN2O7 C74H92N2NiO4Zr C66.50H86CuN2O4Zr C75H95ClCrN3O4Zr
f.w. (g mol�1) 757.26 1223.43 1132.13 1281.21
Space group P �1 P21/c P �1 P212121

a (pm) 780.99(8) 1472.2(3) 1324.05(6) 1590.7(3)
b (pm) 1526.5(3) 1872.2(4) 1349.59(6) 1799.5(4)
c (pm) 1827.8(5) 2572.5(5) 1898.86(8) 2517.9(5)
a (�) 74.88(2) 90 99.587(1) 90
b (�) 88.64(1) 105.88(3)� 110.371(1) 90
c (�) 87.32(1) 90 98.384(1) 90
V (nm3) 2.1011(7) 6.820(2) 3.0593(2) 7.208(2)
Z 2 4 2 4
qcalc. [g/cm�3] 1.197 1.192 1.229 1.181
Absorption coefficient (mm�1) 0.424 0.476 0.565 0.380
F(0 0 0) 808 2600 1200 2716
Crystal size (mm) 0.83 � 0.19 � 0.08 0.4 � 0.3 � 0.3 0.4 � 0.4 � 0.2 0.5 � 0.3 � 0.2
h Range for data collection (�) 2.71–32.01 2.46–28.07 1.73–28.30 1.89–28.30
No. of reflns. collected 64191 29961 27605 48497
No. of indep. reflns, Rint 13,358, 0.0379 16,430, 0.0347 14,267, 0.0201 16,699, 0.0265
Restraints/parameters 0/671 180/760 96/725 0/791
Goodness-of-fit on F2 1.046 0.741 1.025 1.153
R [I > 2r(I)] R1 = 0.0399 R1 = 0.0396 R1 = 0.0362 R1 = 0.0469

wR2 = 0.0921 wR2 = 0.0889 wR2 = 0.0877 wR2 = 0.0889
R (all data) R1 = 0.0719 R1 = 0.0750 R1 = 0.0494 R1 = 0.0574

wR2 = 0.1057 wR2 = 0.0933 wR2 = 0.0934 wR2 = 0.0928
Largest difference peak and hole (e/106 pm3) 0.428 and �0.369 0.937 and �0.477 0.418 and �0.360 0.500 and �0.423

Table 2
Selected bond lengths [pm] and angles [�] of [{Mn(CH3OH)2} LH2]Cl�CH3OH, [NiL(ZrCp�2)]�3 benzene, [CuL(ZrCp�2)]�2.5 toluene and [CrCl(py)L(ZrCp�2)]�2 toluene.

[{Mn(CH3OH)2} LH2Cl�CH3OH [NiL(ZrCp�2)]�3 benzene [CuL(ZrCp�2)]�2.5 toluene [CrCl(py)L(ZrCp�2)]�2 toluene

M–O1, 2, 5, 6 186.5(1), 187.2(1), 225.1(1), 224.8(1) 185.6(2), 186.1(2) 190.2(1), 188.6(1) 191.6(2), 193.2(2)
M–N1, 2, 3 198.5(1), 197.8(1) 186.3(2),186.2(2) 194.4(2), 194.4(2) 201.6(2), 201.4(2), 210.6(2)
Zr–O3, 4 – 208.1(2), 207.9(2) 207.0(1), 206.9(1) 207.2(2), 207.6(2)
Zr–Ct1, 2 – 224.6, 222.8 224.2, 223.5 226.1, 223.1
N1–C15 130.3(2) 130.2(3) 130.1(2) 129.6(4)
N2–C30 129.6(2) 130.1(3) 130.0(2) 129.1(4)
N1–M–O2 174.65(4) 174.97(9) 177.07(7) 171.20(9)
N2–M–O1 174.64(4) 175.30(9) 176.63(6) 172.03(9)
O5–M–O6 174.43(4) – – –
N3–M–Cl – – – 178.15(7)
O3–Zr–O4 – 78.02(6) 78.18(5) 78.66(7)
Ct1–Zr–Ct2 – 138.6 139.4 139.6

Table 3
Results of catalytic experiments with mono- and heterobimetallic salen complexes
(longer reaction times and their respective conversion rates and yields are given in
brackets).

Complex Oxidant Reaction time
(h)

Conversion
(%)

Yield (styrene
oxide) (%)

– PhIO 18 0 0
– tbhp 18 1 1
[CuLH2] tbhp 1 (21) 0.6 (18.3) 0 (5.9)
[Cr(Cl)LH2]�2 py tbhp 1 (18) 0.6 (9.5) 0 (4.6)

PhIO 1 (18) 6.2 (9.7) 3.3 (5.2)
[{Mn(CH3OH)2}

LH2]Cl
tbhp 18 10.1 6.0
PhIO 1 70.6 61.9

[CuL(ZrCp�2)] tbhp 21 3.3 2.0
[CrCl(py)L(ZrCp�2)] tbhp 18 1.3 0.7

PhIO 18 0.7 0.7
PhIO 18 0 0
tbhp 18 1 1

Conditions: CH2Cl2, 20 �C, complex:oxidant:styrene = 0.04:2:1,
ncomplex = 3 � 10�5 mol.
Oxidants: tbhp = tert-butyl hydroperoxide, PhIO = iodosobenzene.
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by cyclic voltammetry and showed complex redox active behavior
[22], while salen-type complexes with a catechol diimine backbone
were also studied but without accurate assignment [23]. The cyclic
voltammograms of [NiLH2] and [NiL(ZrCp�2)] are depicted in Fig. 6.

The monometallic complex shows four signals, with two irre-
versible processes at Ep,a = 1.06 V (vs. SCE) and Ep,c = �0.29 V (vs.



Fig. 6. Cyclic voltammograms of [NiLH2] (—) and [NiL(ZrCp�2)] (- -) in
dichloromethane.
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SCE), and two quasireversible processes at E1/2 = 1.26 V (vs. SCE)
and E1/2 = 1.59 V (vs. SCE). Although the latter have large peak dif-
ferences of DEpa,c = 370 mV and DEpa,c = 320 mV, respectively, they
can still be regarded as quasireversible, since DEpa,c of the known
reversible Fc/Fc+ system is 230 mV under the same conditions.
These discrepancies are caused by the applied three-electrode
arrangement with a salt bridge filled with the supporting electro-
lyte. A comparison of the peak currents of the irreversible signal
at Ep,a = 1.06 V and the two quasireversible signals reveals a ratio
greater than 2:1. Therefore, the irreversible oxidation at
Ep,a = 1.06 V (vs. SCE) probably corresponds to a two-electron pro-
cess, whereas the quasireversible processes are single electron
transfer reactions. This assumption is supported by measurements
on differently substituted catechols in different solvents, which
show that the irreversible reaction H2Cat ? Q + 2 H+ + 2 e�

(Cat = catechol; Q = ortho-quinone) occurs in aprotic solvents in
the potential range between 0.96 and 1.36 V [22]. The two quasire-
versible processes of [NiLH2] can be assigned to E(NiII/NiIII) and
E(NiIIIL/NiIIIL�+) [or E(NiIIL/NiIIL�+) and E(NiIIL�+/NiIIL��2+)] by compar-
ison with known salen complexes [12c,13e]. When the 4,5-dihy-
droxy diimine backbone is replaced by a 4-carboxy-substituted
diimine backbone, lower redox potentials are observed [E1/2 =
1.03 V (vs. SCE) und 1.20 V (vs. SCE)] [17] which give further evi-
dence of a two-electron oxidation at Ep,a = 1.06 V (vs. SCE) to give
a strongly electron-withdrawing ortho-quinone diimine backbone.
The peak at Ep,c = �0.29 V (vs. SCE) could not be assigned but is cer-
tainly associated with the reduction of the ortho-quinone.

The heterobimetallic complex [NiL(ZrCp�2)] shows only irrevers-
ible processes, six of which are anodic (Ep = 0.39, 0.71, 1.04, 1.44,
1.66 and 2.32 V) and two cathodic (Ep = �0.42, �1.17 V). The sig-
nals at 1.66 and 2.32 V are also observed in the starting material,
[Cp�2Zr(CH3)2] and can be assigned to oxidation of the Cp* ligands.
The Ip values of the signal at 0.39 and 0.71 V indicate one-electron
oxidation processes. The signals are shifted to lower potential com-
pared to [NiLH2] and indicate that oxidation of the heterobimetal-
lic complex is more facile. However, it is not possible to ascertain
that these processes are the one-electron oxidation steps of the
catecholato ligand as observed in the literature [24]. The other sig-
nals cannot be assigned.

2.4. Catalytic investigations

Selected mono- and heterobimetallic complexes were tested in
catalytic oxidation reactions. Since the discovery of salen com-
plexes, in particular Cr and Mn complexes, as excellent catalysts
in the epoxidation of unfunctionalized olefins, extensive work
has been done in this area [25]. Despite this fact, only one report
is given in the literature in which heterobimetallic salen complexes
were tested in catalytic epoxidation reactions. It was shown that a
second transition metal in close proximity to the catalytically ac-
tive transition metal diminishes its catalytic activity [26]. There-
fore, it was interesting to investigate the influence of a second
transition metal which is connected to the catalytically active cen-
ter through a phenylene ring.

Styrene was chosen as substrate for the catalytic epoxidation
reactions. As the heterobimetallic complexes are air-sensitive all
reactions were carried out under N2 atmosphere.

Treatment of a solution of a monometallic or heterobimetallic
complex with PhIO led to complete decomposition of the com-
plexes over about 1 h. Despite this decomposition [{Mn(CH3

OH)2}LH2]Cl showed a conversion of 70.6% with a styrene oxide
selectivity of 88%. On the other hand, this complex gave only
10.1% conversion after 18 h with ButOOH (tbhp) as oxidant. Hence,
it was concluded that the salen complexes are quite stable towards
tbhp, but the catechol diimine backbone is probably oxidized to
ortho-quinone or ortho-semiquinone. The monometallic chromium
complex showed lower catalytic activity than the manganese com-
plex, as expected. In the case of PhIO as oxidant the extension of
the reaction time from 1 h to 18 h did not result in an equivalent
increase in conversion, whereas this is the case for tbhp. This fact
also supports the assumptions concerning complex stability men-
tioned before. The monometallic Cu complex also showed poor cat-
alytic activity with a conversion of 18.3% and a styrene oxide
selectivity of 32% after 21 h.

The experiments indicate that the heterobimetallic complexes
always exhibit lower activity than the corresponding monometal-
lic complexes, in accordance with further investigations in our
group [17d]. The decreased catalytic activity in the heterobimetal-
lic complexes might be caused by more facile oxidation and
decomposition (lower redox potentials, see cyclic voltammetry)
when PhIO was used. A steric influence of the bulky [ZrCp�2]2+ frag-
ment may only play a role in the catalytic process if the heterobi-
metallic complex is retained in solution. Both the tert-butyl groups
and the ZrCp�2 fragment shield the catalytically active transition
metal and can thus lower the catalytic activity.

2.5. Experimental

All preparations were carried out under an inert N2 atmosphere
by standard Schlenk techniques. Solvents were dried with either
sodium (thf, toluene, n-hexane) or CaH2 (acetonitrile, dichloro-
methane, methanol) and then distilled under N2 atmosphere. The
compounds [MnCl2(THF)2], [CrCl3(THF)3] [27] [Cp�2Zr(CH3)2] [11],
[NiLH2] [10] and H2

tBu4Salpn-4,5-(OH)2 [9] were synthesized
according to published procedures. All other compounds are com-
mercially available. Elemental analyses were carried out on a CHN–
O–S analyzer (Heraeus). IR spectra were recorded as KBr pellets on
an FTIR spectrometer System 2000 (Perkin–Elmer). Mass spectra
were recorded on an FT–ICR–MS device type APEX II (Bruker–Dal-
tonics). NMR spectra were recorded on an AVANCE DRX 400 spec-
trometer (Bruker) with TMS as reference. The magnetic
susceptibility at room temperature was determined with a mag-
netic balance MK II from Alfa–Aesar (Johnsen–Matthey). EPR spec-
tra were recorded for [CuLH2] and [CuL(ZrCp�2)] on an X-band EPR
spectrometer ESP300E (Bruker). Cyclic voltammetry was carried
out under N2 atmosphere in dry, O2-free dichloromethane with a
three-electrode cell at room temperature (20 ± 2 �C). A platinum
working electrode (diameter 2 mm, Metrohm), a platinum-plate
counter-electrode (Meinsberg) and a Ag/AgCl reference electrode
(filled with LiCl-saturated ethanol solution, Metrohm) in combina-
tion with a salt bridge, which was freshly filled with the supporting
electrolyte before all measurements were applied. A 0.1 m solution
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of [n-Bu4N]BF4 in dry, O2-free dichloromethane was used as sup-
porting electrolyte. The analyte concentration was 3 mm and the
scan rate 0.1 V/s. The cyclovoltammograms were recorded with a
PAR 273A (Princeton Applied Reasearch, now Ametek) potentiostat
and analyzed with ‘‘PowerCV”. The system Fc/Fc+ was used as
external standard. All redox potentials are referenced to SCE and
were recalculated based on the system Fc/Fc+ [28].

2.5.1. Synthesis of [CuLH2]
A solution of 1.00 g (1.74 mmol) H2LH2 in 50 ml methanol was

added in one portion at room temperature to 0.38 g (1.74 mmol)
Cu(OAc)2�H2O. The dark brown mixture was stirred under reflux
for 30 min. After cooling, the volume of the resulting solution
was reduced to 15 mL by evaporation in vacuo. The suspension
containing a microcrystalline brown solid was stored for 1 h at
0 �C and was then filtered at 0 �C by using a filtration cannula.
The resulting solid was washed with cold methanol and dried in
vacuum. M.p. >260 �C. Yield: 0.85 g (77%). Anal. Calc. for C36H46Cu-
N2O4: C, 68.20; H, 7.31; N, 4.41. Found: C, 68.35; H, 6.81; N, 4.43.
ESI MS, m/z (fragment, relative intensity %) in acetone: 634.3
([M]+, 100). IR (cm�1): 3516 (w), 2957 (s), 1615 (s), 1591 (s),
1524 (s), 1464 (m), 1430 (m), 1386 (m), 1360 (m), 1292 (s), 1171
(s), 1132 (m), 910 (w), 849 (w), 841 (w), 790 (w), 531 (m). EPR (tol-
uene, 293 K, 130 K): aCu

0 = 87.9 � 10�4 cm�1, g0 = 2.102,
gk ¼ 2:205; g? = 2.051, ACu

k = 203.7 � 10�4 cm�1, ACu
? ¼ 33:7�

10�4 cm�1 (aCu
0 , ACu

i = ±1.0 � 10�4 cm�1, gi = ±0.001). Magnetic mo-
ment: leff = 1.85 lB (spin only calc. 1.73 lB).

2.5.2. Synthesis of [{Mn(CH3OH)2}LH2]Cl�CH3OH
A solution of 0.19 g (0.7 mmol) [MnCl2(THF)2] in 5 mL methanol

was rapidly added to a solution of 0.46 g (0.7 mmol) H2LH2�py in
25 mL methanol. The resulting solution was stirred for 10 min at
room temperature. Dry O2 was directly introduced into the solu-
tion by a cannula while refluxing for 1 h. The solution turned dark
brown within a few minutes. The solution was cooled to room tem-
perature and reduced to approximately 3 mL by evaporation in
vacuum. The resulting microcrystalline compound was separated
by filtration. Crystals suitable for X-ray diffraction could be ob-
tained from methanol at room temperature. M.p.: >300 �C. Yield:
0.28 g (53%). Anal. Calc. for C36H46ClMnN2O4�3CH4O: C, 61.85%;
H, 7.72; N, 3.70; Cl, 5.3. Found: C, 62.68; H, 7.47; N, 3.71; Cl, 5.2.
ESI MS, m/z (fragment, relative intensity %) in methanol: 626.3
([M–Cl–3CH3OH]+, 100). IR (cm�1): 3416 (m), 3163 (br), 2959 (s),
1611 (s), 1583 (s), 1530 (s), 1463 (s), 1422 (m), 1392 (s), 1361
(s), 1297 (s), 1293 (s), 1273 (s), 1251 (s), 1201 (m), 1179 (s),
1134 (m), 1105 (m), 1028 (w), 953 (w), 931 (w), 913 (w), 843 (s),
823 (w), 780 (m), 751 (w), 639 (w), 561 (m), 547 (w), 536 (w),
511 (w), 493 (w), 425 (w). Magnetic moment: leff = 4.82 lB (spin
only calcd. 4.90 lB).

2.5.3. Synthesis of [Cr(Cl)LH2]�2 [pyH]Cl and [Cr(Cl)LH2]�2 py
0.7 g (1.88 mmol) [CrCl3(THF)3] was added in small portions to

a solution of 1.23 g (1.88 mmol) H2LH2�py in 50 mL toluene over
5 min at room temperature. The resulting red suspension was stir-
red for 15 min at room temperature and refluxed for 40 min. The
red solid was separated by filtration and washed with toluene.
[Cr(Cl)LH2]�2 [pyH]Cl, M.p.: >300 �C. Yield: 0.81 g (48%). Anal. Calc.
for C36H46CrClN2O4�2C5H6ClN: C, 62.15%; H, 6.58%; N, 6.30%; Cl,
11.98. Found: C, 60.56; H, 6.44; N, 6.68; Cl: 12.15. ESI MS, m/z
(fragment, relative intensity %) in methanol: 701.3 ([M–Cl–
[pyH]Cl–HCl]+, 29.8), 622.3 ([M–Cl–2[pyH]Cl]+, 100). IR (cm�1):
3411 (m), 2957 (s), 1610 (s), 1587 (s), 1526 (s), 1485 (m), 1462
(m), 1427 (m), 1386 (m), 1360 (m), 1292 (s), 1254 (m), 1171 (s),
1134 (w), 910 (w), 844 (w), 750 (w), 545 (w). Magnetic moment:
leff = 3.95 lB (spin only calc. 3.88 lB).
The solvent of the filtrate was evaporated in vacuum and 10 mL
n-hexane were added to the red solid resulting in a red suspension.
A small amount of red solid, which was separated from the suspen-
sion by filtration, was discarded. An excess of pyridine (0.5 g,
6.3 mmol) was added to the filtrate. A red precipitation formed
overnight. The solid was separated by filtration, washed with n-
hexane and dried in vacuum. [Cr(Cl)LH2]�2 py: M.p.: >300 �C. Yield:
0.29 g (19%). Anal. Calc. for C36H46CrClN2O4�2C5H5N: C, 67.66%; H,
6.91. Found: C, 67.01%; H, 6.91. ESI MS, m/z (fragment, relative
intensity %) in methanol: 780.4 ([M–Cl]+, 100), 701.3 ([M–Cl–
py]+, 63.5), 622.3 ([M–Cl–2py]+, 7.1). IR (cm�1): 3516 (w), 3115
(m), 3078 (m), 3053 (m), 2957 (s), 2704 (m), 1608 (s), 1589 (s),
1527 (s), 1504 (s), 1483 (s), 1483 (s), 1446 (s), 1427 (s), 1387 (s),
1361 (s), 1274 (s), 1254 (s), 1220 (m), 1202 (m), 1170 (s), 843
(m), 694 (m), 546 (m). Magnetic moment: leff = 3.74 lB (spin only
calcd. 3.88 lB).

2.5.4. Synthesis of [NiL(ZrCp�2)]
A solution of 0.1 g (0.25 mmol) [Cp*

2Zr(CH3)2] in 7 mL toluene
was slowly added to a stirred solution of 0.16 g (0.25 mmol) [NiLH2]
in 20 mL toluene at room temperature. During the addition slight gas
evolution was observed. The resulting suspension was stirred for
12 h at room temperature and then reduced to 4 mL by evaporation
of the solvent in vacuo. The resulting red suspension containing a
microcrystalline solid was stored for 2 h at �35 �C and then filtered
at �35 �C. The solid was washed with a small amount of n-hexane
and dried in vacuum. Crystals suitable for X-ray diffraction could
be obtained from benzene at room temperature. M.p. >300 �C. Yield:
0.1 g (40%). Anal. Calc. for C56H74N2NiO4Zr: C, 67.98; H, 7.54; N, 2.83.
Found: C, 68.45; H, 7.26; N, 2.96. 1H NMR (CD2Cl2, ppm): d = 7.88 (s,
2H, HCN); 7.33, 7.07 (2 � d, 2 � 2H, 4JHH = 2 Hz, HCarom.,salicylidene);
6.72 (s, 2H, HCarom.,catechol); 1.91 (s, 30H, H3CCp� ); 1.44, 1.30 (2 � s,
2 � 18H, H3Ct-Bu). 13C{1H} NMR (CD2Cl2, ppm): d = 163.04, 162.54,
140.24, 136.51, 134.84, 120.31; 151.90 (CN); 129.39, 126.86
(HCarom.,salicylidene); 124.20 (CCp� ); 100.38 (HCarom.,catechol); 36.19,
34.15 (Ct-Bu); 31.47, 29.92 (H3Ct-Bu); 10.90 (H3CCp� ). ESI MS, m/z (frag-
ment, relative intensity %) in dichloromethane/acetonitrile: 987.4/
986.4 (superimposition of [M]+/[M+H]+, 100), 1025.4 ([M+K]+,
40.4), 1009.4 ([M+Na]+, 33.9). IR (cm�1): 2956 (s), 1613 (sh), 1599
(s), 1525 (s), 1479 (s), 1431 (m), 1389 (s), 1271 (s), 1170 (s), 1132
(m), 932 (m), 916 (m), 590 (m), 547 (m).

2.5.5. Synthesis of [CuL(ZrCp�2)]
The synthesis of [CuL(ZrCp�2)] was performed in a similar man-

ner to the preparation of the analogous Ni complex. Crystals suit-
able for X-ray diffraction could be obtained from toluene at 0 �C.
M.p. >300 �C. Yield: 0.52 g (60%). Anal. Calc. for C56H74Cu-
N2O4Zr�C7H8: C, 69.60%; H, 7.60%; N, 2.57. Found: C, 69.83%; H,
7.76%; N, 2.70. ESI MS, m/z (fragment, relative intensity %) in thf/
acetonitrile: 992.3/991.3 (superimposition of [M+H]+/[M]+, 100).
IR (cm�1): 2954 (m), 1611 (sh), 1597 (s), 1524 (m), 1479 (s),
1433 (m), 1413 (m), 1386 (m), 1357 (m), 1327 (m), 1266 (s),
1168 (s), 1133 (m), 1026 (w), 912 (w), 790 (w), 588 (m). EPR (tol-
uene, 293 K, 130 K): aCu

0 = 90.1 � 10�4 cm�1, g0 = 2.101, gk ¼ 2:200,
g? ¼ 2:052, ACu

k = 208.0 � 10�4 cm�1, ACu
? = 35.1 � 10�4 cm�1 (aCu

0 ,
ACu

i = ±1.01 � 10�4 cm�1, gi = ±0.001). Magnetic moment:
leff = 1.92 lB (spin only calc. 1.73 lB).

2.5.6. Synthesis of [CrCl(py)L(ZrCp�2)]
A stirred suspension of 0.6 g (0.67 mmol) [CrClLH2]�2 [pyH]Cl in

25 mL thf was treated with a solution of [Cp�2Zr(CH3)2] (0.45 g,
1.146 mmol, 1.7 equiv) in 25 mL thf at room temperature over
10 min. The suspension was stirred for 14 h at room temperature
and then filtered. The solvent of the filtrate was removed in vacuo.
The resulting red solid was washed with 10 mL n-hexane and dried
in vacuum. Crystals suitable for X-ray diffraction could be obtained
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from toluene at 0 �C. M.p. >300 �C. Yield: 0.51 (69%). Anal. Calc. for
C56H74CrClN2O4Zr�C5H5N: C, 66.46%; H, 7.22%; N, 3.81. Found: C,
64.84%; H, 7.21%; N, 3.82. ESI MS, m/z (fragment, relative intensity
%) in thf/acetonitrile: 1138.5 ([M–Cl+py]+, 100), 1059.5 ([M–Cl]+,
38.5). IR (cm�1): 2956 (s), 1607 (s), 1595 (s), 1526 (s), 1484 (s),
1446 (s), 1425 (s), 1386 (s), 1360 (s), 1273 (s), 1269 (m), 1244
(m), 1167 (s), 1102 (s), 1070 (s), 1024 (s), 1015 (s), 928 (m), 911
(m), 842 (s), 799 (m), 782 (m), 755 (m), 728 (m), 693 (m), 587
(m), 562 (m), 541 (m), 513 (m), 493 (m). Magnetic moment:
leff = 3.89 lB (spin only calc. 3.88 lB).

2.6. Catalytic studies

The following procedure is representative. 1.5 � 10�3 mol of
the oxidant was added at 20 �C (±2 �C) in one portion to a solution
of 7.5 � 10�4 mol styrene and 3 � 10�5 mol salen complex in 6 mL
dry and oxygen-free dichloromethane. The reaction mixture was
stirred for the appropriate time and then 4 mL of a 1 m NaOH
aqueous solution and 7 mL H2O were added. Afterwards, the or-
ganic and aqueous phases were separated and the aqueous phase
was extracted twice with 12 mL dichloromethane. The combined
organic phases were washed with 8 mL brine and dried over
Na2SO4.

The products were separated by GC (gas chromatograph 5890A,
Hewlett-Packard, equipped with flame ionisation detector, column:
HP-5 (crosslinked 5% Ph Me Silicone, 30 m � 0.53 mm � 0.88 lm),
in- and outlet temperature 200 �C), and identified by comparison
with known compounds and by GC–MS.

2.7. X-ray crystallography

The data for [CuL(ZrCp�2)]�2.5 toluene and [CrCl(py)L(ZrCp�2)]�2
toluene were collected on a Siemens CCD diffractometer (SMART)
[29] in x scan mode. Data reduction with SAINT [30], including the
program SADABS [31] for empirical absorption correction. The data
for [NiL(ZrCp�2)]�3 benzene were collected on a Stoe IPDS imaging
plate diffractometer, u scan mode, numerical absorption
correction with XRED [32] and the data for [{Mn(CH3OH)2}
LH2]Cl�CH3OH on a Xcalibur-S diffractometer (Oxford Diffraction),
x and u scan mode. Data reduction with CRYSALIS Pro [33] includ-
ing the program SCALE3 ABSPACK [34] for empirical absorption cor-
rection. Used radiation: Mo Ka (k = 71.073 pm). The structures
were solved by direct methods and the refinement of all non-
hydrogen atoms was performed with SHELX97 [35]. For [{Mn
(CH3OH)2}LH2]Cl�CH3OH all H atoms were located on difference
Fourier maps calculated at the final stage of structure refinement
(except one disordered CH3 group), whereas for all other struc-
tures H atoms are calculated on idealized positions. Structure fig-
ures were generated with DIAMOND-3 [36]. CCDC 706848
([{Mn(CH3OH)2}LH2]Cl�CH3OH), 706849 ([NiL(ZrCp�2)]�3 benzene),
706850 ([CuL(ZrCp�2)]�2.5 toluene), and 706851 ([CrCl(py)
L(ZrCp�2)]�2 toluene) contain the supplementary crystallographic
data for this paper. These data can be obtained free of charge from
The Cambridge Crystallographic Data Centre via www.ccdc.cam.a-
c.uk/data_request/cif.
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