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Abstract: A covalently-linked salen–
C60 (H2L) assembly binds a range of
transition metal cations in close proximity to the fullerene cage to give complexes [M(L)] (M = Mn, Co, Ni, Cu,
Zn, Pd), [MCl(L)] (M = Cr, Fe) and
[V(O)L]. Attaching salen covalently to
the C60 cage only marginally slows
down metal binding at the salen functionality compared to metal binding to
free salen. Coordination of metal cations to salen–C60 introduces to these
fullerene derivatives strong absorption
bands across the visible spectrum from

400 to 630 nm, the optical features of
which are controlled by the nature of
the transition metal. The redox properties of the metal–salen–C60 complexes
are determined both by the fullerene
and by the nature of the transition
metal, enabling the generation of a
wide range of fullerene-containing
charged species, some of which possess
Keywords: carbon nanotubes · catalysis · fullerenes · salen · transition
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Introduction
Fullerenes and their derivatives possess redox and optical
properties that make them ideal components in systems for
photoactivation, such as photovoltaics and photocatalysis.[1–3]
Transition-metal complexes also provide a wealth of redox,
optical and magnetic properties, and the combination of fullerene with bound transition metal ions can be utilised to
form molecular or supramolecular systems with tunable
physicochemical properties. This represents an important
step towards the development of molecular electronic devices for data storage, molecular machines,[4] molecular
switches, sensors, photoconductors and photoactive dyads as
well as the next generation of light activated catalysts.[5] The
desire to fabricate such systems has led to the development
of several classes of fullerene and metal containing compounds. These include endohedral fullerenes,[6] in which

[a] M. A. Lebedeva, Dr. T. W. Chamberlain, Dr. E. S. Davies,
Dr. D. Mancel, B. E. Thomas, Dr. M. Suyetin, Dr. E. Bichoutskaia,
Prof. Dr. M. Schrçder, Prof. Dr. A. N. Khlobystov
School of Chemistry, University of Nottingham
Nottingham NG7 2RD (UK)
E-mail: M.Schroder@nottingham.ac.uk
Andrei.Khlobystov@nottingham.ac.uk
Supporting information for this article is available on the WWW
under http://dx.doi.org/10.1002/chem.201300872.

Chem. Eur. J. 2013, 19, 11999 – 12008

two or more unpaired electrons. The
presence of the fullerene cage enhances the affinity of these complexes for
carbon nanostructures, such as single-,
double- and multiwalled carbon nanotubes and graphitised carbon nanofibres, without detrimental effects on the
catalytic activity of the metal centre, as
demonstrated in styrene oxidation catalysed by [Cu(L)]. This approach
shows promise for applications of
salen–C60 complexes in heterogeneous
catalysis.

metal atoms are trapped inside the fullerene cage, and various solid-state co-crystallites[7] and charge-transfer systems,[8]
in which the fullerene cage and the metal are held together
by electrostatic or other intermolecular interactions. Transition-metal complexes, where the transition metal atoms are
bonded to the outside of the fullerene,[9] and so-called metalated bucky-ligands, in which a metalated ligand is covalently attached to the fullerene cage, are also important targets.
The synthesis of fullerene derivatives containing metal
binding groups has received significant attention,[10] due in
part to the molecular nature of the species formed in which
the metal atoms are bound in discrete coordination environments. A large variety of ligand moieties have been attached
to C60, including macrocycles, such as porphyrins,[11] phthalocyanines,[12] and crown ethers[13] and tri-, bi- and monodentate metal binding groups, such as terpyridines, bipyridines,[14] and dipyrrins,[15] and pyridines.[16] However, the
rapid advancement of this area has been hindered by difficulties in the synthesis of functionalised fullerene ligands or
the poor solubility of the resultant metal complexes. Therefore, no “universal” {fullerene}–{metal binding group} combination has yet been identified that can coordinate a wide
variety of metal centres.
We report herein the synthesis of a new {metal receptor}–
C60 dyad assembly incorporating the tetradentate N2O2-coordinating Schiff-base ligand salen (N,N’-ethylenebis(salicylimine)). We demonstrate that the salen moiety in this system
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can bind to a wide range of transition metal cations
({IVV(O)}, CrIII, MnII, FeIII, CoII, NiII, CuII, ZnII and PdII) to
form stable and soluble metal complexes. The introduction
of redox-active metal centres enables fine-tuning of the electron-acceptor properties of the salen–C60 compounds and
significantly broadens the range of available reduced states,
which are both important for the application of fullerenes in
photovoltaics and electrocatalysis. Furthermore, many of the
reduced species possess two or more unpaired electrons presenting an opportunity for the exploitation of the electrochemically controlled magnetic states of salen–C60 complexes in quantum information processing and molecular
spintronic devices. MACHTUNGRE(salen)–C60 complexes exhibit catalytic
activity in reactions of (ep)oxidation, characteristic of
metal–salen complexes.[17] The presence of a fullerene cage
bound to a metal–salen moiety does not hinder catalysis but
facilitates the deposition of these catalytic centres onto a variety of carbon-based support materials offering a new
methodology for engineering catalytically active surfaces at
nanoscale.

Results and Discussion

The synthesis of 5 (H2L) began with protection of 4,5-ophenylene diamine with a tert-butyloxycarbonyl (Boc)
group[18] to give 1 in 80 % yield. Subsequent bromination
with N-bromosuccinimide (NBS) in the presence of benzoyl
peroxide in CCl4[19] gave the bis(bromomethyl) derivative 2
in 20 % yield. Compound 2 was treated with C60 fullerene in
the presence of KI and 18-crown-6 in dry toluene[20] to give
the Diels–Alder cycloaddition product 3 in 20 % yield. Deprotection of the amine groups in 3 was achieved using a
large excess of TFA (10 equiv) in CHCl3 to give 4 (65 %
yield). The diamine 4, which decomposes gradually over a
few days, was purified by column chromatography and characterised spectroscopically. Condensation of freshly prepared 4 and 3,5-di-tert-butyl salicylic aldehyde was carried
out in the presence of a catalytic amount of TFA in tetrahydrofuran (THF) instead of the more commonly used alcoholic solvents[21] in order to improve the solubility of the
fullerene precursor. Mixtures of compounds 4 and 5 cannot
be readily separated and so the conversion of 4 to 5 was performed with a significant excess of aldehyde to ensure full
conversion of the diamine (monitored by TLC and MALDI
MS). Any aldehyde present after the reaction was conveniently removed from the product material by washing with
methanol (MeOH).

Ligand synthesis: We have developed a five-step procedure
for the synthesis of a salen–C60 metal receptor, 5, which incorporates a salen metal binding moiety and a C60 cage covalently linked via a cyclohexenyl bridge (Scheme 1). Four
tert-butyl groups were introduced into the aromatic backbone to provide solubility to 5 and its corresponding metal
complexes. Complexes of the corresponding salen–C60 systems not incorporating tert-butyl groups were found to be
only very sparingly soluble.

Metal complex formation: The efficacy of 5 to bind a range
of metal centres was investigated. The general procedure involved the heating of 5 and a metal salt as a solution in a
10:1 v/v mixture of THF/MeOH under reflux. The majority
of the metal precursors utilised were MII salts (M = Mn, Co,
Ni, Cu, Zn, Pd) or {IVV(O)}, which formed neutral metal–
salen complexes upon complexation. For MCl3 salts (M = Cr
and Fe), treatment with 5 resulted in the formation of
metal–salen complexes having
an additional chloride ligand
bound
to
the
metal
(Scheme 1). For V(O), Cu and
Ni, the rate of metal complex
formation was significantly increased in the presence of
triethyl amine as a base.[22]
Complexes 6–12 and 14 were
found to be highly soluble in
solvents typically used for solubilising fullerenes (CS2, o-dichlorobenzene (ODCB)) and
displayed moderate solubility
in common organic solvents,
such as CHCl3, CH2Cl2, and
THF. In contrast the Zn complex, 13, was found to be insoluble in all solvents including
DMF and pyridine, consistent
with other ZnII–salen systems;
this is attributed to the formation of ZnOZn bonds between two or more molecules,
Scheme 1. Synthesis of the fullerene–salen ligand, 5, and corresponding metal complexes 6–14.
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which drastically reduces the solubility of the complex.[23, 24]
MALDI-TOF MS for each of the complexes 6–14 shows a
molecular ion and peak distribution entirely consistent with
theoretical predictions and confirms the presence of 1:1
metal/ligand stoichiometries in all cases (see the Supporting
Information). The resultant complexes were found to be
stable under ambient conditions in air, with the exception of
the Mn complex, 8, which was observed to oxidise partially
to MnIII in air forming an oxo-bridged binuclear complex
[(Salen)MnOMnACHTUNGRE(Salen)] as confirmed by MALDI-TOF
MS and CV measurements (see the Supporting Information).
Metal complex formation with salen–C60 (H2L) is accompanied by a change in the colour of the reaction mixture.
Therefore, the kinetics of the metal coordination process
can be conveniently followed by UV/Vis absorption spectroscopy. Additionally, for diamagnetic compounds, such as the
Pd (14) and Ni (11) complexes, 1H NMR spectroscopy can
be used to monitor complex formation by observing the loss
of the OH signal of the free ligand, H2L, at 13.42 ppm, the
shifts of the imine proton signal at 8.84 ppm in H2L to lower
values (8.36 ppm for [Ni(L)], 8.70 ppm for [Pd(L)] and the
shifts of the aromatic ring signals from 7.57 and 7.39 ppm in
H2L to higher values (8.19 and 7.53 ppm in [Pd(L)], and
8.00 and 7.38 ppm in [Ni(L)], respectively). Infrared spectroscopy can also confirm the deprotonation of the salen
moiety through the loss of nACHTUNGRE(OH) at 3445 cm1 in all metal
complexes. However, the C=N bond stretch observed between 1615–1620 cm1 experiences only a minor shift in
complexes 6–14 as compared to the free ligand H2L (see the
Experimental Section).
Metal binding studies: To quantify the kinetics of complexation, the coordination of Co, Ni, Cu and Pd cations to H2L
was investigated in detail. These data were compared to
those obtained for metal complexation to a reference salen
ligand with identical structure but not attached to C60 (compound 15 (H2L’), Scheme 2) in order to evaluate the influence of the fullerene moiety on the ability of the salen to
bind metals. Reactions between CoACHTUNGRE(OAc)2, NiACHTUNGRE(OAc)2, and
CuACHTUNGRE(OAc)2 and H2L and H2L’ were monitored by UV/Vis
spectroscopy in THF, and between PdACHTUNGRE(OAc)2 and the same
ligands by 1H NMR spectroscopy in deuterated THF.

Scheme 2. Synthesis of complexes of a reference salen ligand without fullerene 15 (H2L’).
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The reaction between the metal salts and H2L can be represented by:
H2 L þ MX2 ¼ ML þ 2 HX

ð1Þ

in which X is anion. The salts MACHTUNGRE(OAc)2 (M = Co, Ni, Cu)
are six-coordinate, octahedral complexes in solution with
the metal centres bound by either four oxygen atoms of two
bidentate carboxylates and two solvent molecules in axial
positions as in the case of CuACHTUNGRE(OAc)2,[25] or by two oxygen
atoms of two monodentate carboxylates and four solvent
molecules as found for NiACHTUNGRE(OAc)2[26] and CoACHTUNGRE(OAc)2.[21, 27] In
contrast, PdACHTUNGRE(OAc)2 exists as discrete trimers in solution[28]
with the metal centre strongly bound to four equatorially
coordinated acetate oxygen atoms and two weakly coordinated molecules of solvent in the axial positions. Therefore,
Equation (1) can be treated as ligand substitution of an octahedral complex according to the Eigen–Wilkins mechanism (Scheme 3).

Scheme 3. The Eigen–Wilkins mechanism for the substitution of an acetate ligand by H2L at MII (M = Co, Ni, Cu, Pd).

Within the framework of the Eigen–Wilkins formalism
(for details see the Supporting Information) the observed
rate constants (kobs) have been measured for each complex
formation at three different temperatures and subsequently
the activation energies (Ea) for complex formation were determined from the Arrhenius equation for Co, Ni, Cu and
Pd complexes (Table 1, Table 2).
Figure 1 and Figure 2 summarise the analyses for complex
formation as measured by UV/Vis and 1H NMR spectroscopy (see the Supporting Information for the control experiments). Comparisons of the formation of complexes [M(L)]
and [M(L’)] (M = Co, Ni, Cu, Pd; Tables 1 and 2) confirms
that the presence of the C60 fullerene moiety slows down
metal binding by 5–15 %, corresponding to a 10–20 kJ mol1
increase in the activation barrier. The higher activation barriers observed for complexation reactions for H2L can be related to an increase in steric bulk of the ligand, which inhibits the approach to the metal acetate molecule during the initial stage of complex formation, or the electron withdrawing (inductive) effect of the fullerene cage on the salen
moiety.
DFT geometry optimisation of the complexes [M(L)] confirms that the salen group binds to the metal centres in a
square plane as observed in conventional metal–salen complexes that do not incorporate the fullerene (Figure 3 a).[29]
The donor atoms are arranged in a slightly distorted square
planar geometry around the Ni centre with bond angles deviating only marginally from 908 (Table 3). The cyclohexenyl
ring, which links salen and C60 moieties, adopts a boat-like
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Table 1. Observed rate constants kobs [s1 m1] activation energies Ea [kJ mol1] and lnACHTUNGRE(A·KE) parameters for formation of [M(L)] and [M(L’)] (M = Cu, Co, Ni) determined by UV/Vis spectroscopy at various temperatures [8C].

of complexes 6–12 and 14, no bands
that could be assigned to metal-tofullerene transitions were observed.
Parameter T H2L + CoII H2L’ + CoII T H2L + NiII H2L’ + NiII T H2L + CuII H2L’ + CuII
All measurements indicate that the
[8C]
[8C]
[8C]
metal centre maintains a square
kobs
25
0.369 
0.625 
30
0.024 
0.0249 
25
1.485 
1.960 
planar or square-base pyramidal ge0.003
0.003
0.002
0.0003
0.007
0.009
ometry in solution despite the close
35
1.292 
1.327 
40
0.0549 
0.0719 
30
2.526 
2.875 
proximity of the fullerene group to
0.009
0.051
0.0002
0.0004
0.008
0.013
40
2.042 
2.501 
50
0.1389 
0.1114 
35
3.632 
3.905 
the metal (Figure 3).
0.019
0.010
0.0001
0.0040
0.013
0.006
The transition metal centres also
89.5  2.7
69.1  0.3
70.7  0.3 61.1  1.0
67.7  0.2
53.2  0.3
Ea
provide
redox features, which in com35.1
27.4
24.3
20.6
27.7
22.1
lnACHTUNGRE(A·KE)
bination with the electron–acceptor
properties of the fullerene cage form
a basis for redox tuneable electronTable 2. Observed rate constants kobs [s1 m1] activation energies Ea
[kJ mol1] and lnACHTUNGRE(A·KE) parameters for [Pd(L)] and [Pd(L’)] determined
spin active molecular systems. The electrochemical behavby 1H NMR spectroscopy at various temperatures [8C].
iours of compounds 5–12 and 14 have been investigated by
Parameter
T [8C]
H2L + PdII
H2L’ + PdII
cyclic and square-wave voltammetry at a glassy carbon electrode as ODCB solutions containing [NBu4 + ]ACHTUNGRE[BF4] (0.2 m)
kobs  103
45
1.651  0.031
1.994  0.041
55
3.572  0.071
3.989  0.100
as the supporting electrolyte (Table 5). The nature of the
65
6.273  0.151
6.300  0.204
electron transfer for each redox process was assessed by
59.7  0.2
51.5  0.5
Ea
monitoring the peak-to-peak separation and the ratio of
25.6
13.3
lnACHTUNGRE(A·KE)
peak currents at a range of scan rates between 0.02 and
0.3 Vs1. As a typical example the cyclic voltammogram of
[Cu(L)] 12 is presented in Figure 4, and the results for all
conformation providing an angle of 1248 between the plane
complexes are summarised in Table 5. These measurements
defined by [NiACHTUNGRE(salen)] and the fullerene cage (Figure 3 b).
confirm that the potentials of the three observed quasi-reDespite the angular conformation of the cyclohexenyl conversible reductions of the fullerene moiety are essentially
nection, the metal centre is separated by about 6.7  from
unperturbed by variations of the metal centre and differ
the fullerene, thus precluding any interactions between the
only slightly from those in the metal-free ligand H2L
d-orbitals of the metal centre and the p-system of the
carbon cage. However, the proximity of the fullerene cage
(Table 5). These values are similar to others reported previto the donor atoms of the salen group is likely to have some
ously for fullerene derivatives.[39, 40] Clearly, the large dishindering effects on metal coordination, which is consistent
tance (6.7 ) separating the metal centre of the salen
with the kinetic measurements discussed above.
moiety from the surface of the fullerene cage (Figure 3) and
the lack of electronic conjugation between these centres is
Optical and redox properties of metal complexes: H2L exsufficient to preclude any electronic interactions between
the metal and the fullerene.
hibits two bands at 710 and 436 nm in the UV/Vis spectrum
In addition to the observed quasi-reversible fullerenecharacteristic of a [6,6]-functionalised fullerene cage,[30] and
based reductions, metal centres contribute extra reduction
strong bands at 300–430 nm associated with p–p* and n–p*
processes. For example, 6 exhibits two quasi-reversible
transitions in the salen moiety.[31] Thus, the optical propermetal-related reductions for the {V(O)}IV/III and {V(O)}III/II
ties of H2L can be viewed as a superposition of the individual fullerene and salen components. The coordination of a
processes at 1.43 and 1.66 V, respectively, but the CoII/I
2
metal centre to L results in the retention of absorption
process in 10 at 1.30 V is essentially irreversible. Combands associated with the fullerene moiety, albeit with a
plexes 9 and 12 exhibit quasi-reversible reductions at
shift to lower wavelengths compared to those of the free
0.53 V FeIII/II and 1.36 V CuII/I, respectively. The reduction of the metal centres in 11 and 14 observed at 1.59 V
ligand. The optical transitions associated with the metal–
NiII/I and 1.56 V PdII/I, respectively, are also quasi-reversisalen centres appear between 366–630 nm, are metal dependent and in some complexes overlap with the bands of
ble. Since 8 is prone to oxidation in air during purification
the fullerene moieties (Table 4).
and storage, the process observed at 0.25 V was assigned
The absorption bands for complexes 6–12 and 14 are asto the MnIII/II reduction in an oxo-bridged binuclear complex
signed as either d–d transitions based on the metal centre,
[(L)Mn-O-Mn(L)], which forms over time as a result of paror d–p* charge transfer transitions from the metal to the
tial oxidation in air, consistent with the results of MALDI
ligand, typically with higher extinction coefficients for the
MS for this complex (see the Experimental Section). The
latter. These data correlate well with other reported salen
CrIII complex 7 shows no metal-based reductions, which is
[32–38]
complexes
consistent with the control complex [Cr(L’)Cl] and the fact
indicating that the electronic transitions
that CrII is significantly less stable than CrIII, so that reducbased on the metal centres remain largely unperturbed by
the presence of the fullerene cage. Although metal-to-ligand
tion to CrII occurs at a much more negative potential, outoptical transitions dominate the UV/Vis absorption spectra
side of the range of potentials studied. Thus, the choice of
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Figure 1. UV/Vis spectroscopic data for the titration of H2L into MX2 (left) and plots of lnACHTUNGRE[H2L]/ACHTUNGRE[H2L]0 versus t used for the determination of the rate
constant (right) for the formation of: a) [Co(L)], 10, b) [Ni(L)], 11, and c) [Cu(L)], 12. Arrows in a)–c) (left) indicate the increase in concentration of
[M(L)]; squares, triangles and diamonds and the corresponding temperature values describe the rate constants determination at different temperatures
(right).

transition metal modifies the energy of the orbitals of the
metal–salen moiety with respect to the fullerene thus tuning
the electronic- and spin-states of the resultant fullerene/
{metal–salen} adduct. Incorporation of transition metals Fe,
Mn, Co, Ni, Cu, Pd or {V(O)} into H2L increase the capacity
of these fullerene derivatives for uptake of one or two electrons, in addition to the three electrons that can be reversibly deposited onto the fullerene cages in all studied complexes (Scheme 4).
All of the metal complexes 6–12 and 14 exhibit oxidation
processes related to the formation of phenoxyl radicals on
the salen moiety or oxidation of the metal centre (Table 6).
For example, 6 and 10 show metal-based oxidations at
+ 0.57 V {V(O)}IV/V and + 0.74 V CoII/III, respectively. Furthermore, the two tert-butyl groups on the phenol part of
the ligand in the ortho and para positions are known to stabilise phenoxyl radicals,[41] which form in H2L at + 1.17 V.
Metal coordination to H2L stabilises the oxidised state of
the salen moiety, thus lowering the potential for phenoxyl
radicals formation to between + 0.99 and + 1.06 V.[42] Additionally, the CrIII, MnII, NiII and CuII centres in complexes 7,

Chem. Eur. J. 2013, 19, 11999 – 12008

8, 11 and 12 promote the formation of a second phenoxyl
radical in the salen as indicated by the oxidation potentials
observed at + 1.12, + 1.41, + 1.42 and + 1.29 V, respectively.
However, the presence of highly charged {V(O)}V, CoIII and
FeIII centres inhibits oxidation of salen and shifts the potential of phenoxyl radicals formation to more anodic values
(Scheme 4 b).
Oxidation of the fullerene cage was not observed in our
experiments.[43] Typically, oxidised fullerene species are difficult to access and have only limited stabilities, but the presence of the metal–salen group attached to the fullerene cage
provides one or two reversible oxidations, some of which
lead to the formation of electron-spin active species, without
having to oxidise the fullerene cage (Scheme 4 b). The ability to generate molecules with high total electron spin is desirable for molecular electronics and magnetic applications.[44]
Catalytic properties: Metal–salen compounds are known as
catalysts for oxidation,[45] ring-opening of epoxides,[46] aldol
condensation[47] and epoxidation[48] reactions. We have
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Table 4. UV/Vis absorption bands for compounds 5–14 in CH2Cl2 solution.
Compound

UV/Vis, lmax [nm] (e [ 103 dm3 mol1 cm1])
fullerene moiety
metal–salen moiety

5

710 (0.413), 436
(6.587)
702 (0.31), 436
(14.87)
703 (0.31), 433
(4.20)
703 (0.68), 432
(7.32)
702 (0.65), 432
(11.54)
703 (0.729), 432
(15.555)
702 (0.20), 433
(4.98)
708 (0.62), 439
(22.88)
insoluble
706 (1.478), 436
(12.153)

6
7
8
9
10
11
12
13
14

Figure 2. 1H NMR spectroscopic data for the titration of H2L into MX2
showing an increase in the size of the aromatic H peak at 8.56 ppm of the
complex [Pd(L)] and the decrease of the aromatic H peak at 7.81 ppm of
the free ligand with complex formation.

–
418 (14.68)
483 (4.36), 406 (4.45)
630 (1.06), 581 (1.68), 486 (6.97), 366
(20.18)
406 (13.66)
596 (3.784), 544 (6.655), 398 (25.184)
525 (4.35), 497 (5.43), 386 (15.28)
455 (23.53), 415 (21.92)
insoluble
528 (9.885), 494 (10.882), 408
(16.819)

Table 5. Electrochemical data[a] for the reduction of compounds 5–12
and 14 (cyclic and square wave voltammograms are presented in the Supporting Information).
Compound Fullerene reduction, E1/2 [V]
(DE [V])

5
6
7
8
9
10
11
12
14

Figure 3. Calculated geometry of [Ni(L)], 11, illustrating: a) the square
planar geometry of the [NiACHTUNGRE(salen)] moiety, and b) its position with respect
to fullerene cage.

Table 3. Selected bond lengths [] and angles [8] of the [Ni(L)], 11.
Length []
NiN1
NiN2
NiO3
NiO4

12004

Angle [8]
1.85
1.84
1.84
1.84

O3-Ni-O4
O3-Ni-N2
O4-Ni-N1
N1-Ni-N2

www.chemeurj.org

84.2
95.0
95.3
86.3

Metal salen reduction, E1/2 [V]
(DE [V])
E1/2red4
E1/
2red5

DE Fc + /Fc
[V][b]

0.14

E1/2red1

E1/2red2

E1/2red3

0.61
(0.15)
0.61
(0.15)
0.60
(0.11)
0.61
(0.10)
0.61
(0.15)
0.61
(0.16)
0.61
(0.15)
0.62
(0.13)
0.61
(0.09)

0.99
(0.17)
1.00
(0.15)
0.98
(0.10)
0.98
(0.10)
1.00
(0.15)
0.99
(0.16)
0.99
(0.15)
1.00
(0.15)
1.01
(0.10)

1.52
(0.15)
1.55
(0.13)
1.52
(0.12)
1.52
(0.10)
1.52

–

–

1.43
(0.15)
–

1.66 0.12
–

0.11

0.25
(0.10)
0.53[b]

–

0.07

–

0.10

1.55
(0.14)
1.53
(0.08)
1.55
(0.14)
1.52
(0.10)

1.29
(0.17)
1.588
(0.09)
1.36
(0.16)
1.56
(0.09)

–

0.11

–

0.12

–

0.12

–

0.07

[a] Potentials (E1/2 = (Epa + Epc)/2) [V] quoted to the nearest 0.01 V. All
potentials are reported against the (h5-Me5C5)2Fe + /ACHTUNGRE(h5-Me5C5)2Fe couple
for 0.5 mm solutions in ODCB containing 0.2 m [nBu4N]ACHTUNGRE[BF4] as the supporting electrolyte (E1/2 ferrocene vs. (h5-Me5C5)2Fe + /ACHTUNGRE(h5-Me5C5)2Fe =
0.52 V). The anodic/cathodic peak separation (DE = EpaEpc) is given in
brackets where applicable. [b] The DE for the (h5-Me5C5)2Fe + /ACHTUNGRE(h5Me5C5)2Fe couple used as the internal standard.

chosen oxidation of styrene with tert-butyl peroxide leading
to benzaldehyde and styrene oxide as a model reaction to
ascertain the influence of the fullerene cage on the catalytic
properties of the metal centres. Cu-containing complex 12
demonstrates a catalytic activity comparable to fullerenefree Cu–salen complex, 18, confirming that the addition of

 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Chem. Eur. J. 2013, 19, 11999 – 12008

Transition Metal Complexes of a Salen–Fullerene Diad

FULL PAPER
Table 6. Electrochemical data[a] for the oxidation of compounds 5–12 and
14. All potentials are quoted versus the (Me5Cp)2Fe + /ACHTUNGRE(Me5Cp)2Fe couple
(detailed electrochemical data are presented in the Supporting Information).
Compound Metal oxidation E1/2 [V]
(DE [V])
E1/2ox1

Figure 4. The cyclic voltammogram of 12 in ODCB with [NBu4 + ]ACHTUNGRE[BF4]
(0.2 m) as supporting electrolyte at a scan rate of 0.1 Vs1.

the fullerene cage does not have a detrimental effect on the
activity of the metal centre (Figure 5). The electron withdrawing ability of fullerene depletes the electronic density
at the catalytic centre in complex 12 and may be responsible
for the slight increase in the observed catalytic activity of 12
as compared to the control compound 18. However, the observed increase is small and only marginally greater than the
error of these measurements (Figure 5).
The ability to anchor catalytic centres to solid supports is
essential for the development of effective heterogeneous
catalysts. Thus, salen has been supported on polymer
beads,[49] zeolites,[50] and covalently linked to the termini of
carbon nanotubes.[51] The presence of the fullerene cage in
complex 12 offers a new mechanism for anchoring catalytic

5

–

6
7

0.57 (0.14)
–

8
9

–
–

10
11

0.74 (0.18)
–

12

–

14

–

Salen oxidation
E1/2 [V] (DE [V])
E1/2ox2 E1/2ox3

DE Fc + /Fc
[V][b]

1.17
(0.15)
–
1.06
(0.12)
1.18
1.31
(0.15)
1.30
0.99
(0.15)
1.03
(0.15)
1.05
(0.15)

–

0.14

–
1.12

0.12
0.11

1.41
–

0.07
0.10

–
1.42

0.11
0.12

1.29
(0.16)
–

0.12
0.07

[a] Potentials (E1/2 = (Epa + Epc)/2) [V] quoted to the nearest 0.01 V. All
potentials are reported against the (h5-Me5C5)2Fe + /ACHTUNGRE(h5-Me5C5)2Fe couple
for 0.5 mm solutions in ODCB containing 0.2 m [nBu4N]ACHTUNGRE[BF4] as the supporting electrolyte (E1/2 ferrocene vs. (h5-Me5C5)2Fe + /ACHTUNGRE(h5-Me5C5)2Fe =
0.52 V). The anodic/cathodic peak separation (DE = EpaEpc) is given in
brackets where applicable. [b] The DE for the (h5-Me5C5)2Fe + /ACHTUNGRE(h5Me5C5)2Fe couple used as the internal standard.

centres utilising noncovalent interactions. Fullerenes have
significant affinity for sp2-carbon nanostructures, such as
nanotubes and nanofibres, due to strong specific van der
Waals forces. Indeed, titration
experiments reveal that 2–3times more of complex 12 can
be loaded onto single-, doubleand multiwalled carbon nanotubes compared to the nonfullerene
analogue
18
(Table 7). The impact of the
fullerene moiety on adhesion
efficiency is even more remarkable
for
graphitised
carbon nanofibres (GNF)—cylindrical structures with a set
of step-edges formed by rolled
up
sheets
of
graphene
(Figure 6)—as Cu–salen complex 18 showed no measurable
adsorption on GNFs although
complex 12 affinity for GNFs
is comparable to that for nanotubes (Table 7).
High resolution transmission
electron
microscopy
(HRTEM) confirms that complex 12 enters into hollow
Scheme 4. Schematic representation of: a) the sequential reduction, and b) oxidation processes occurring for
nanofibres and adsorbs on the
complexes 6–12 and 14. The fullerene cage is represented as a circle and the metal–salen moiety as a rectangle,
graphitic step-edges forming
where n is the number of d-electrons on the metal centre in the neutral complex.

Chem. Eur. J. 2013, 19, 11999 – 12008
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Table 7. Adsorption data for 18 and 12 on a variety of carbon nanostructures (single- (SWNTs), double- (DWNTs), and multiwalled carbon
nanotubes (MWNTs) and graphitised carbon nanofibres (GNFs)), quoted
in mmol of complex per g of carbon support material and measured by
UV/Vis spectroscopy in dichloromethane. Enhancement factor (last
column) is the increase of affinity due to the fullerene moiety in complex
12.
Carbon
structure

Complex 18
ACHTUNGRE[mmol g1]

Complex 12
ACHTUNGRE[mmol g1]

Enhancement
factor

SWNTs
DWNTs
MWNTs
GNFs

7.644  103
1.496  102
3.280  103
0

2.323  102
2.708  102
6.483  103
1.657  103

3.04
1.81
1.98
N/A[a]

[a] Not applicable.
Figure 5. Reaction profiles for the oxidation of styrene with tert-butyl hydrogen peroxide in the presence of 12 (circles), 18 (triangles) and with
no metal complex (squares).

van der Waals contacts with GNF (Figure 6 c). The fullerene
part of the complex can be clearly observed in HRTEM
images as a circle with diameter of approximately 0.7 nm,
but imaging of the Cu–salen part is more challenging because of the limited stability of organic groups in the electron beam. Energy dispersive X-ray (EDX) spectroscopy
performed for an isolated 12@GNF structure confirms the
presence of copper inside GNF (Figure 6 d).
Titration and electron microscopy measurements both
demonstrate that fullerene–salen complexes provide a facile
route for the secure anchoring of catalytic metal centres on

carbon support materials leading to a new family of hybrid
nanostructures that show promise for applications in heterogeneous catalysts.

Conclusion
We have developed a five-step synthetic procedure to link
fullerene C60 and salen units within a ligand molecule. The
salen part binds a wide range of transition metals [{V(O)}IV,
CrIII, MnII, FeIII, CoII, NiII, CuII, ZnII and PdII] bringing them
in close proximity to the fullerene cage (c.a. 6–7 ). Kinetics
studies confirm that complexation reactions are only slightly
hindered by the presence of the bulky fullerene moiety
when compared to fullerene-free analogues of salen. Com-

Figure 6. a) Schematic representation of complex 12 adsorbed on the step-edges in the internal channel of a graphitised carbon nanofibre. HRTEM
images of the 12@GNF composite show: b) the overall structure of the nanofibre, and c) a high-magnification image of a step-edge with adsorbed fullerene molecule (~ 0.7 nm circle in the centre of the white circle). d) EDX spectrum of an individual 12@GNF structure confirming the presence of copper
complex (the Ni peaks are due to the TEM specimen grid).
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parison of different transition metals indicated an increase
in activation energy of metal coordination following the
order Cu < Ni < Co. The presence of tBu groups in the
ligand enhances the solubility and promotes stability of
metal complexes with fullerene—two major problems that
have previously thwarted the development of this type of
compound.
The presence of the metal–salen group drastically affects
the optical properties of the fullerene derivatives. Although
the fullerene cage itself possesses only weak transitions in a
limited region of the visible spectrum (~ 430 nm), the metal–
salen group introduces strong absorptions in a wide range
from 400 to 630 nm, which are determined by the nature of
the transition metal. Furthermore, the presence of the
metal–salen moiety enhances the redox properties of these
dyad molecules by the addition of further acceptor orbitals
and, more importantly, by the incorporation of readily accessible donor orbitals. The optical and redox properties of
the fullerene and metal–salen moieties in these complexes
remain distinct despite the close proximity of the metal centres to the fullerene cage, and thus can be exploited in molecular electronics and spintronics, photovoltaics and catalysis. The presence of the fullerene cage crucially enables the
catalytically, optically and magnetically active metal–salen
centres to be anchored to a variety of carbon nanostructures
allowing the construction of nanoscale architectures with
well-defined structure and functional properties that can be
exploited in electronic devices and chemical nanoreactors.
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