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Organic radicals are normally extremely reactive, and often
nonselective and toxic species. They are found in a number of
proteins, some of which are involved in essential processes
such as photosynthesis and DNA synthesis.[1] Nature has
therefore nicely succeeded in domesticating them and taking
advantage of their high reactivity. Galactose oxidase (GO,
Scheme 1), which catalyzes aerobic oxidation of primary

alcohols to aldehydes, is one of these fascinating radical
proteins. Its active site consists of a copper(II) ion coordi-
nated to two histidine residues, one tyrosine residue, and a
tyrosyl radical (Tyr272C) essential for catalysis.[2] Many com-
plexes involving coordinated phenoxyl radicals were devel-
oped in the last ten years to gain insight into the copper–
radical interaction. Unfortunately, most of them decompose
so quickly that they must be generated in situ and charac-
terized at low temperature.[3] For these reasons, crystal
structures of true phenoxyl radicals[4] coordinated to transi-
tion metals are very rare.[5–7]

Because they are functional mimics of the GO active site,
one-electron oxidized CuII salen complexes (involving o,p
sterically hindered phenolates) have received considerable
interest.[8–9] Spectroscopic investigations suggested the occur-
rence of a coordinated phenoxyl moiety in these complexes.
However, no X-ray crystal structure is yet available to

definitely confirm this assumption and reveal the structural
changes associated with radical formation. We have now
succeeded in obtaining the radical complex [Cu(SalOMe)]+

(Figure 1) as single crystals. Its structure is described below
and compared to that of its nickel(II) analogue, which could
be also crystallized.

Prior to preparing the radical species, the bis(phenolate)
precursor [Cu(SalOMe)] was structurally characterized; the
copper ion has an almost square-planar geometry. Its cyclic-

Scheme 1. Active site of galactose oxidase and model complexes.

Figure 1. a) X-Ray crystal structure of [Cu(SalOMe)]+SbF6
� (thermal

ellipsoids set at 50%). b, c) Selected bond lengths [�] in the phenoxyl
and phenolate rings, respectively, for [Cu(SalOMe)]+SbF6

� (standard
text) and [Ni(SalOMe)]+SbF6

� (italics). d) Selected bond lengths [�] in
the neutral complexes [Cu(SalOMe)] (standard text) and [Ni(SalOMe)]
(italics).
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voltammetry curve displays two reversible one-electron
redox waves at E1

1=2 = + 0.28 and E2
1=2 = + 0.44 V versus

ferrocene/ferrocenium (Fc/Fc+) and is attributed to the
formation of mono- and bis(phenoxyl) radical species.
Electrogenerated [Cu(SalOMe)]+ exhibits absorptions at 409
and 460 nm, as well as a broad band at l> 1100 nm,[10] which
correspond to p–p* and charge-transfer transitions of phe-
noxyl radicals.[3] It is X-band EPR-silent, as expected for
magnetic coupling between the radical and metal spins.

Single crystals of [Cu(SalOMe)]+ were obtained by oxida-
tion of the neutral precursor with a silver salt[11] and diffusion
of pentane into the solution.[7] A striking feature in the
structure of [Cu(SalOMe)]+ is the nonequivalence in the Cu�O
bond lengths (Figure 1): while the Cu�O1 bond length is
1.867(3) �, that is, similar to the Cu�O bonds in [Cu(SalOMe)],
the Cu�O2 bond is much longer (1.940(3) �). Detailed
investigation of the C�C and C�O bond lengths within the
ring containing O1 reveals strong analogies with the pheno-
late moieties of [Cu(SalOMe)]. In contrast, the bond lengths in
the ring containing O2 exhibit new features. The C18�C19
and C15�C16 bonds are equivalent (1.342(7) and 1.350(7) �,
respectively) and dramatically shorter than the C15�C20,
C16�C17, C17�C18, C19�C20 bonds (1.446(6), 1.393(6),
1.433(6) and 1.482(6) �, respectively). In addition, the
C19�O2 and C17�O4 bonds are about 0.05 � shorter in
[Cu(SalOMe)]+ with respect to the neutral precursor. These
features are consistent with a quinoid structure for the ring
containing the O2 atom, and thus a radical character for this
moiety (Scheme 2).[6] Finally, close contacts exist between the

negatively charged counterion and the electron-deficient
radical ring. This interaction likely contributes to localization
of the radical on one ring and mimics the stabilizing
interaction between Tyr272C and Trp290 in the GO active
site.[2] Density functional calculations on [Cu(SalOMe)]+SbF6

�

confirm the asymmetry of the complex: the spin densities at
O2 (0.24) and N2 (0.20) are larger than those at O1 (0.20) and
N1 (0.16). Similar analysis applies when comparing the spin
populations within each aromatic ring. It is instructive to
compare the structural features of [Cu(SalOMe)]+SbF6

� with
those of [Cu(SaltBu)]+SbF6

� , which has been identified as a
copper(III) complex.[12] The latter exhibits symmetrical Cu�O
and Cu�N bonds which are much shorter (1.841 and 1.876 �
respectively). A weak interaction between [Cu(SaltBu)]+ and

the SbF6
� counterion was detected, but in this case it occurs

mainly through an axial Cu�F bond (2.76 �) due to the
symmetry of the molecule and the ligand demand of the CuIII

ion.
From these first structural data on a copper(II) radical

salen complex, the nature of the magnetic interaction could
be deduced. The metal-centered SOMO has dx2�y2 character
(square-planar copper), whereas the ligand SOMO is mainly
developed on the aromatic ring close to SbF6

� (65%
contribution). As shown in Figure 2 the dx2�y2 and p-radical

orbitals are strictly orthogonal, so that they cannot overlap.
The coupling is then necessary ferromagnetic and the ground
spin state of the radical complex [Cu(SalOMe)]+ is para-
magnetic (S = 1). The zero-field splitting (ZFS) parameters of
the triplet are likely larger than 0.3 cm�1 because of its
X-band silence in the 4–100 K temperature range.[13] This is
confirmed by CASSCF-based ab initio calculations, which
predict ZFS parameters of D = + 0.722 cm�1 and E/D =

0.150.[14] In addition, broken-symmetry DFT calculations
show that the exchange coupling constant J is large
(+331 cm�1), which evidences a strong ferromagnetic inter-
action between the metal and the radical, similar to those of
+ 195 and 100–300 cm�1 in bis(o-iminobenzosemiquino-
nato)[15] and bis(o-semiquinonato)[16] copper(II) complexes,
respectively.

In addition to the copper complexes, the nickel analogues
were isolated. The cyclic voltammetry curve of [Ni(SalOMe)]
exhibits two anodic responses, at E1

1=2 = + 0.22 and E2
1=2 =

+ 0.64 V versus Fc/Fc+, which both correspond to one-
electron processes. Electrolysis of [Ni(SalOMe)] results in
formation of [Ni(SalOMe)]+, which is EPR-active and exhibits
radical bands at 421 and 976 nm.[10]

Single crystals of [Ni(SalOMe)]+SbF6
� were grown under

conditions similar to those used to isolate the copper radical
analogue. [Ni(SalOMe)]+SbF6

� exhibits strong structural anal-
ogies with [Cu(SalOMe)]+SbF6

� (Figure 1), with a similar
quinoid distribution of bond lengths in the ring that has the
O2 atom proximal to the SbF6

� ion. The radical is thus again
preferentially localized on one side of the molecule. The spin-
density plot calculated by DFT confirms that the SOMO of
[Ni(SalOMe)]+SbF6

� is a delocalized p orbital which is mainly

Scheme 2. Canonical forms of p-methoxyphenoxyl radicals.

Figure 2. Localized SOMOs of a) [Cu(SalOMe)]+SbF6
� , b) [Cu(SalOMe)],

and c) [Ni(SalOMe)]+SbF6
� .
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developed on the aromatic ring close to SbF6
� (63%

contribution). A new important feature, namely, a 10%
contribution from the metal dyz orbital (Figure 2), appears
when the radical SOMO of [Ni(SalOMe)]+SbF6

� is compared to
that of [Cu(SalOMe)]+SbF6

� . Therefore, while the ligand-
radical structure is not metal-dependent, the composition of
the radical SOMO is.[17–18]

The 100 K EPR spectrum of electrogenerated
[Ni(SalOMe)]+ is characterized by a rhombic (S = 1=2) signal
with g values of 2.015, 1.992, and 2.054,[19] which could be
nicely reproduced by DFT calculations (computed values
gxx = 2.020, gyy = 1.990, and gzz = 2.050). The giso value of 2.02
is intermediate between those reported for ZnII-coordinated
phenoxyl radicals (2.005) and [Ni(SaltBu)]+ (2.04).[20] This
reflects enhanced participation of the ligand in the SOMO, as
expected for an increased electron-donating effect of the
methoxyl group.

The reactivity of the two radical complexes was studied
under single-turnover conditions with the commonly used
GO substrate benzyl alcohol. While the stability of electro-
generated [Cu(SalOMe)]+ is noteworthy at 300 K in CH2Cl2

(kdecomp = (0.0044� 0.0001) min�1), it quickly decomposes in
the presence of benzyl alcohol. Reduction of the phenoxyl
moiety by benzyl alcohol is evident through the disappear-
ance of the radical band in the UV/Vis spectrum and the
enhancement in the rate constant resulting from an increase
of the alcohol concentration. The plot of the observed rate
constant kobs as a function of the benzyl alcohol concentration
gave a straight line from which the second-order rate constant
k = (1.2� 0.2)m�1 min�1 could be extracted. Since no satura-
tion is observed at high benzyl alcohol concentrations, the
affinity of the substrate for [Cu(SalOMe)]+ is low, as observed
in GO.[21] Analysis of the reaction products by GC evidenced
the formation of (0.5� 0.1) equiv of benzaldehyde per com-
plex, while addition of NEt3 fully restored the spectrum of
[Cu(SalOMe)]. The reaction thus proceeds as reported by Pratt
et al. [Eq. (1)][9]

2 ½CuðSalOMeÞ�þ þ PhCH2OH! 2 ½CuðHSalOMeÞ�þ þ PhCHO ð1Þ

The cation [Ni(SalOMe)]+ is more stable than its copper(II)
congener (less than 20% decomposition after 20 h). In the
presence of benzyl alcohol the radical moiety is slowly
reduced with a second-order rate constant of k = (0.040�
0.005)m�1 min�1. This lack of reactivity is remarkable: It
underlines a crucial role of the metal ion in tuning the
catalytic properties of [Ni(SalOMe)]+ and [Cu(SalOMe)]+, which
exhibit structural analogies and similar oxidizing power.

In conclusion, we have reported the first X-ray crystal
structure of a copper(II) radical salen complex and demon-
strated that the SOMO is mainly localized on one side of the
molecule. Only one structure has been previously reported for
a first-row radical salen complex,[7] but in this nickel complex
the SOMO is fully delocalized (class III mixed-valent com-
pound). The structure of [Ni(SalOMe)]+ shows that a localized
radical character must alternatively be considered for the
nickel compounds in the solid state. Finally, the preference of
Nature for copper is not innocent: this metal contributes to
maintaining a large amount of spin density on the phenoxyl

group through magnetic coupling. For the nickel complex
(S = 1/2) a dyz orbital is accessible for accepting part of the
spin density. This sharing of the SOMO likely contributes to
the lower reactivity of the complex.

Experimental Section
The ligand was obtained by condensation of 3-tert-butyl-4-methoxy-2-
hydroxybenzaldehyde with (1R,2R)-(�)-trans-1,2-diaminocyclohex-
ane. The neutral complexes were obtained by mixing the ligand with
the appropriate metal acetate. [Cu(SalOMe)]+SbF6

� and [Ni-
(SalOMe)]+SbF6

� were obtained by addition of 1 equiv of AgSbF6 to
a solution of the neutral precursor in CH2Cl2. Elemental analysis
calcd (%) for C30H40F6N2CuO4Sb (791.95): C 45.50, H 5.09, N 3.54;
found: C 45.90, H 5.15, N 3.71. Elemental analysis calcd (%) for
C30H40F6N2CuO4Sb: (791.95) C 45.50, H 5.09, N 3.54; found: C 45.90,
H 5.15, N 3.71. Elemental analysis calcd (%) for C30H40F6N2NiO4Sb
(787.09): C 45.78, H 5.12, N 3.56; found: C 46.03, H 5.23, N 3.62.
Experimental, instrumental, crystallographic, and computational
details are presented in the Supporting Information.
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