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Abstract: Herein, we analyze the possibility of controlling
the electronic structure of mononuclear copper complexes
featuring new redox-active 4,5-bisguanidino-substituted
benzodioxole ligands. The nature of the guanidino groups,
the anionic counter-ligands, the applied solvent (polarity),
and the temperature are the parameters that decide if a CuII

complex with neutral ligand unit or a CuI complex with radi-
cal monocationic ligand unit is the adequate description.

Under special conditions, a temperature-dependent equilib-
rium of the two valence tautomeric forms (CuII/neutral
ligand and CuI/radical monocationic ligand) is achieved. Re-
moval of a ligand-centered electron from a paramagnetic
CuII complex with a neutral ligand unit leads to a diamagnet-
ic CuI complex with a dicationic ligand unit through a redox-
induced electron-transfer (RIET) process.

Introduction

Transition-metal complexes with redox-active ligands are cur-
rently intensively studied. Research in this field is spurred by
a variety of different potential applications, spanning from mo-
lecular catalysis[1] to the design of advanced materials for “spin-
tronics”,[2] which allow switching between different spin states
on a molecular level. Intramolecular electron-transfer processes
influence the reactivity and magnetic properties of these com-
plexes. In some cases, the complexes exhibit two or more iso-
meric (valence tautomeric) forms. It is particularly attractive to
switch between the valence tautomers by means of light irra-
diation or temperature.[3] Most work on valence tautomeric
complexes is focused on dioxolene-type ligands.[4] Such ligands
can also be found in biological systems. In particular, switching
from one to the other valence tautomeric form of the copper–
dioxolene complex in the enzyme amine-oxygenase was iden-
tified as a key step in the catalytic cycle.[5] The barrier between
the two valence tautomers in a mononuclear complex can be
influenced by changes in the spin multiplicity at the metal
center (e.g. , CoII/CoIII) and/or structural changes (e.g. CuI/CuII).[4]

A temperature-dependent equilibrium between two valence
tautomers CuII/semiquinolato and CuI/catecholato has been re-
ported for a few complexes with hybrid ligands (see
Scheme 1 a for an example).[6] It was also shown that the elec-
tronic structure can be controlled by the choice of the coun-
ter-ligand.[7] Hence, soft ligands stabilize the CuI/catecholato

form, whereas hard ligands favor the CuII/semiquinolato va-
lence tautomer (see Scheme 1 b).

Guanidino-substituted aromatic compounds (GFAs) consti-
tute a relatively new class of redox-active ligands developed
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Scheme 1. a) Example of a synthesized mononuclear copper complex for
which a temperature-dependent equilibrium between two valence tauto-
meric forms was reported. b) Example of the influence of the counter-li-
gands on the electronic structure of copper–dioxolene complexes. c) Select-
ed guanidino-substituted aromatic compounds. The synthesis of compounds
3 and 4 is shown for the first time in this work. Compounds 1, 2, and 5
were previously reported.
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by our group.[8] Examples comprise 1,2,4,5-tetrakis-(N,N,N’,N’-
tetramethylguanidino)benzene (1, see Scheme 1 c) and 1,4,5,8-
tetrakis-(N,N,N’,N’-tetramethyl-guanidino)naphthalene (2).[9] All
known GFA compounds are thermally stable and can be sub-
limed without decomposition. Also, salts of the GFA com-
pounds decompose at high temperatures without explo-
sion.[10, 11] Late transition metals such as copper strongly bind
to the imino nitrogen atoms of the guanidino groups in three
charge states of the ligands (neutral, radical monocationic, and
dicationic).[12] Furthermore, we recently showed that the elec-
tronic structures of dinuclear copper complexes of ligand 2
depend on the counter-ligands at the copper atoms.[13] As ex-
pected, hard counter-ligands prefer the CuII/neutral ligand
form and soft ligands prefer the CuI/dicationic ligand form.
Very recently, we reported a dinuclear Cu–GFA–Cu complex, in
which two valence tautomers (diamagnetic CuI–GFA2+–CuI and
paramagnetic CuII–GFA–CuII) are in a temperature-dependent
equilibrium in acetone solution.[14] It was also shown that the
electronic structure is extremely sensitive to the environment,
especially the solvent polarity. Whereas tetraoxolene-type
bridging ligands are typically negatively charged in com-
plexes,[15] the GFA ligands could adopt neutral or positive
charges in complexes. Therefore, tetraoxolene and GFA ligands
are complementary to each other. Guanidines are versatile li-
gands, and, for example, CuII complexes of the bisguanidine 5
catalyze atomic transfer radical polymerization (ATRP), but in
this case ligand–metal electron transfer does not take place.[16]

Herein, we report the synthesis and coordination chemistry
of two new redox-active 4,5-bisguanidino-substituted benzo-
dioxole ligands (3 and 4, see Scheme 2). The two compounds

can be used for the preparation of 4,5-bisguanidino-substitut-
ed o-dioxolene ligands, and thereby the oxolene and the gua-
nidine “concepts” could be merged in one ligand. We show
that the redox-active ligands 3 and 4 function in CuII com-
plexes as electron reservoirs. They are excellent model ligands
for studying the possibility of controlling the electronic struc-
ture by choice of the guanidino groups and the counter-li-
gands, as well as parameters such as solvent and temperature.

Results and Discussion

Ligand synthesis and characterization

In situ deprotonation of 5,6-diamino-2,2-dimethyl-[1,3]-benzo-
dioxole hydrochloride (for details of its synthesis see ref. [17]

and the Supporting Information) followed by guanidinylation
with either 2-chloro-N,N,N’,N’-tetramethyl-formamidinium chlo-
ride[18] or 2-chloro-1,3-dimethyl-4,5-dihydro-1 H-imidazolium
chloride[18] afforded the new redox-active 4,5-bisguanidino-sub-
stituted benzodioxoles 3 and 4 in greater than 70 % isolated
yield (see Experimental Section and the Supporting Informa-
tion, Scheme SI2). The new ligands 3 and 4 were structurally
characterized (see Figure 1 and the Supporting Information,

Figure SI3). Their structures show no peculiarities. The N1�C7/
N4�C12 bond lengths (1.295(1)/1.292(1) � for 3 and 1.293(2)/
1.287(2) � for 4) are in line with the imino C=N bond length
found in known guanidines.[9] Cyclic voltammetry (CV) experi-
ments show that 3 and 4 are oxidized in solution either in
a single reversible two-electron redox process or in two rever-
sible one-electron redox processes at different potentials, de-
pending on the applied solvent. In tetrahydrofuran (THF) or
acetonitrile (CH3CN), the CV curves show a single two-electron
wave (Figures SI5 and SI6 in the Supporting Information). On
the other hand, in dichloromethane (CH2Cl2), two separated
one-electron waves appeared. From the potential difference of
the two redox steps, the Gibbs free energy change DGcom for
comproportionation (e.g. , 32+ + 3!2 3+ C) was estimated to be
�13.5 kJ mol�1 for 3 and �12.5 kJ mol�1 for 4. In contrast to
1,2-bis(N,N,N’,N’-tetramethyl-guanidino)benzene (5, see
Scheme 1), the redox processes are fully reversible. The adia-
batic ionization energies calculated with density functional
theory (DFT) are included in Table 1.[17] The four compounds
can be ordered with respect to their first ionization potential I1

Figure 1. Visualization of the solid-state structure of 4 (structure of 3 shown
in the Supporting Information, Figure SI3). Thermal ellipsoids are drawn at
the 50 % probability level. Hydrogen atoms omitted for clarity.

Table 1. Redox potentials (E1/2 vs. Fc/Fc+ , in CH2Cl2) and calculated adia-
batic first and second ionization energies I1 and I2 (B3LYP and BP86 func-
tionals, def2-TZVPP basis set) for guanidino-substituted aromatic com-
pounds (n.r. means non-reversible in CV experiments).

E1/2 [V] I1 [eV] I2 [eV]

0/ + + /2 + B3LYP BP86 B3LYP BP86
1 �0.67 �0.67 4.66[19] 4.70 7.31[19] 7.44
4 �0.46 �0.33 5.17 5.20 8.42 8.52
3 �0.25 �0.11 5.26 5.28 8.51 8.59
5 n.r. n.r. 5.83 5.78 9.14 9.33

Scheme 2. Oxidation of 3 to 3(PF6)2 (similar reaction from 4 leads to 4(PF6)2).
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in the order 1 (4.66 eV)<4 (5.17 eV)<3 (5.26 eV)<5 (5.83 eV),
and the measured E1/2 values follow the same trend. The CV
curves are displayed in Figure SI5 in the Supporting Informa-
tion.

Chemical oxidation with two equivalents of ferrocenium
hexafluorophosphate, Fc(PF6), leads to the salts 3(PF6)2 and
4(PF6)2 in good yield (see Scheme 2). A visualization of their
solid-state structures and a table with a comparison of selected
bond parameters can be found in the Supporting Information,
Figures SI7 and SI8 and Table SI1. As expected, oxidation leads
to an increase of the former imino C=N double bonds N1�C7
and N4�C12 (from 1.295(1)/1.292(1) � in 3 to 1.381(3)/
1.385(3) � in 3(PF6)2 and from 1.293(2)/1.287(2) � in 4 to
1.373(4)/1.385(4) � in 4(PF6)2). All other C�N bond lengths de-
crease (Table SI1). In both 3(PF6)2 and 4(PF6)2, the guanidino
groups (the plane defined by atoms N2, C7, and N3 and that
defined by N5, C12, and N6) are oriented almost perpendicular
to the benzodioxole core. Such a conformation seems at first
to be unfavorable, since it prohibits formation of an extended
p-conjugated system. However, steric constraints prohibit
a planar conformation, and the p-interaction of the lone pairs
on N1 and N4 with the aza-allyl systems N5, C12, N6 and N2,
C7, N3, respectively, favors the orthogonal conformation (a de-
tailed analysis of this issue was recently performed for p-bis-
guanidino-benzenes).[20]

Two-electron oxidation clearly changes the electronic excita-
tion spectra. In the UV/Vis spectra, a new band at 450 nm ap-
peared for 32 + and 42+ , which was absent in the spectra of
the neutral compounds (Figures SI12 and SI13 in the Support-
ing Information), and is responsible for the orange color of the
dicationic compounds (the neutral compounds are pale-yellow
colored).

As discussed above, the CV experiments in CH2Cl2 solution
indicate that the formation of the radical monocation from the
neutral compound and its dication is exergonic for 3 and 4.
Indeed, the radical monocationic compounds 3+ C and 4+ C can
be generated by mixing the neutral and dicationic compounds
together. The radical monocation is not only present in CH2Cl2

solutions (leading to a brown-colored solution), but also in
CH3CN and other solvents. Upon addition of equimolar ratios
of neutral 3 to a solution of 3(PF6)2 in CD3CN, the 1H NMR spec-
tra were free of distinct signals, in line with formation of a para-
magnetic compound.

Instead, a signal was detected in the EPR spectrum (with
clear signs of hyperfine coupling (HFC) in the case of com-
pound 3+ C, see Figure 2 and Figure SI9 in the Supporting Infor-
mation). In line with the nuclear spin and its relative natural
abundances, the HFC pattern is dominated by coupling to ni-
trogen nuclei, and the experimental spectrum can be fitted
satisfactorily with two pairs of equally treated nitrogen nuclei
(see Figure 2). This spin system is in line with the calculated
spin density distribution in the radical monocation 3+ C, dis-
played in Figure SI11 in the Supporting Information. Two of
the amino N atoms carry only a small percentage of the spin
density, explaining the nuclei spin system of two pairs of
equally treated nitrogen atoms in the EPR spectrum (see the
results of the natural bond orbital (NBO) analysis in the Sup-

porting Information, caption of Figure SI11). Deviations from
the simulated spectra are presumably due to weak HFC to the
two nitrogen nuclei with small atomic spin density and to the
13C nuclei. The spin density distribution in 4+ C is comparable,
but the spin density on the imino N atoms (N1 and N4) is
slightly lower (see caption of Figure SI11 in the Supporting In-
formation), and that on the amino N2, N3, and N6 (but not N5)
atoms is slightly higher. For some reason, in the EPR spectra of
4+ C no comparable HFC is visible (Figure SI10 in the Support-
ing Information).

The presence of the radical monocationic ligands is also visi-
ble in the UV/Vis spectra. Upon addition of equimolar ratios of
neutral 3 to a solution of 3(PF6)2 in CH3CN, the electronic tran-
sition at 450 nm diminished and a new band around 370 nm
appeared in the UV/VIS spectra (Figure SI12 in the Supporting
Information), with a long tail extending into the visible region.
In the spectra recorded for an equimolar mixture of 4 and
4(PF6)2, a strong band at approximately 370 nm with a shoulder
at around 385 nm and a broad band with a double maximum
structure at 675 and 733 nm could be assigned to the radical
monocation 4+ C (Figure SI13 in the Supporting Information).

Synthesis of copper complexes and solid-state characteriza-
tion

Reaction of the new ligands with CuX2 (X = Cl, Br) yielded the
mononuclear complexes [3(CuX2)] and [4(CuX2)] in greater than
80 % yield. Moreover, reaction between Cu(OAc)2 and 3 or 4
gave [3{Cu(OAc)2}] and [4{Cu(OAc)2}] . The complexes were
structurally characterized by single-crystal X-ray diffraction, and
their electronic structures further analyzed by EPR, UV/VIS
spectroscopy, and cyclic voltammetry (CV) measurements. Fi-
nally, quantum chemical calculations were drawn on to com-
plete the analysis of the complexes, which could either be de-
scribed as CuII complexes with neutral ligand units or as CuI

complexes with radical monocationic ligand units. The struc-
tural characterization (Figure 3 and Figures SI15–SI16 in the

Figure 2. Second derivative of an EPR spectrum (9.631859 GHz) for an equi-
molar mixture of 3 + 3(PF6)2 in diglyme at room temperature together with
a simulated spectrum. Fit parameters: giso = 2.0035, AN1(2N) = 4.1 G,
AN2(2N) = 2.3 G, FWHMiso = 2.3 G.
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Supporting Information) showed that the geometry around
the copper atom in the complexes is in between that com-
monly expected for CuII (square planar) and CuI (tetrahedral),
as shown by Figure 3 and the dihedral angles given in Table 2.
Such geometries were also observed for other dinuclear com-
plexes with guanidine ligands (e.g. , 2),[12–14] and deviations
from square-planar coordination geometries in CuII complexes
could be explained by p-bonding contributions to the Cu–
ligand bonding.[21] Therefore, the small dihedral angles at the
copper atoms are not in dissonance with a CuII complex de-
scription. The C=N (imino) bond lengths N1�C7 and N4�C12
increase upon coordination (see Table 2), as is typical for guani-
dine–metal complexes.[9] A structural comparison of the free
neutral and oxidized ligands 3/4 and 32 +/42+ (Table SI1 in the
Supporting Information) with the ligands in the copper com-
plexes [3(CuCl2)] , [4(CuCl2)] , and [3(CuBr2)] (Table SI3 in the
Supporting Information) is also in harmony with a description
in terms of CuII complexes with neutral ligands. As expected,
the hard acetate counter-ligands in [3{Cu(OAc)2}] and
[4{Cu(OAc)2}] also favor the CuII/neutral ligand form (Table SI4
in the Supporting Information). In the solid state, the copper
atoms of [3{Cu(OAc)2}] and [4{Cu(OAc)2}] are weakly coordinat-
ed by the second oxygen atom of each acetate group (OC=O�
Cu�2.7 �, Figures SI17 and SI18 and Table SI4 in the Support-
ing Information).

The calculated structures (B3LYP functional, def2-TZVPP
basis set, Table SI5 in the Supporting Information) are generally
in good agreement with the experimental solid-state struc-
tures. The dihedral angle ](CuN2, CuX2) shows some devia-
tions (Table SI5 in the Supporting Information). But for
[4(CuCl2)] there are different independent molecules in one el-
ementary cell, the dihedral angles of which range from 50.708
to 64.358 (see Table 2) and the DFT-calculated dihedral angle of
61.178 is in this range. In line with the description as CuII com-
plexes, the calculated spin density distribution in all four com-
plexes shows that the copper states contribute most to the
singly occupied molecular orbital (SOMO, Cu�60 %, X�20 %,
N�15 % atomic spin densities from NBO analysis, Table SI6 in
the Supporting Information). EPR measurements at room tem-
perature confirm the CuII isomer in the solid state (Figure SI19–
SI20 in the Supporting Information). Hence, it can be conclud-
ed that all the studied complexes, without any interaction with
the environment or with the weak intermolecular interactions
present in the solid state, should be described as CuII com-
plexes with neutral ligand units.

Electronic structure in solution

As demonstrated in a number of seminal contributions,[22] EPR
is particularly suited for the analysis of the electronic structure
of complexes with redox-active ligands in solution. A g-factor
near the free-electron value typically indicates an organic
(ligand) radical (bound to CuI), whereas a significantly higher
g-factor argues for a metal (CuII) radical (with a neutral
ligand).[23] For [3(CuCl2)] dissolved in THF, CH2Cl2, or CH3CN,
a relatively broad signal centered at g = 2.11 was measured, in-
dicating a metal-centered radical (CuII/neutral ligand). Weakly
anisotropic spectra lacking a clear HFC structure were recorded
(Figure SI23 in the Supporting Information) at room tempera-
ture. By contrast, the EPR spectrum at 120 K in a frozen THF
solution is a typical anisotropic CuII spectrum, and a fit of the
spectrum returned a HFC constant ACu = 117 G and g-factors of
2.059, 2.146, and 2.292 (Figure SI24 in the Supporting Informa-
tion). Even at 35 K, the resolution was unfortunately not suffi-
cient to determine the other HFC constants.

Replacing the chlorido ligand by the softer bromido coun-
ter-ligand clearly affects the electronic structure. Besides the
main signal at g = 2.11, a weak signal at g = 2.003 with a distinct
HFC pattern was observed in the EPR spectrum of [3(CuBr2)] at

Figure 3. Molecular structure of [3(CuCl2)] . Thermal ellipsoids are drawn at
the 50 % probability level. Hydrogen atoms omitted for clarity. Visualizations
of the structures of the other complexes [3(CuX2)] and [4(CuX2)] can be
found in the Supporting Information, Figures SI13–SI16.

Table 2. Selected structural parameters for the copper halide complexes. Bond distances in �, dihedral angle at the copper atom in degrees. For [4(CuCl2)]
and [3(CuBr2)] (Figures SI15 and SI16 in the Supporting Information, for more structural parameters see Table SI3) the atom numbering equals that used in
Figure 3 for [3(CuCl2)] .

[3(CuCl2)][a] [4(CuCl2)][b] [3(CuBr2)] 3

C1�C2/C4�C5 1.396(4)/1.379(4) 1.408(4)/1.379(4) 1.410(6)/1.377(6) 1.410(2)/1.377(2)
N1�C1/N4�C2 1.423(3)/1.421(3) 1.408(4)/1.413(4) 1.418(5)/1.407(5) 1.410(1)/1.418(2)
N1�C7/N4�C12 1.352(4)/1.325(3) 1.343(6)/1.341(6) 1.341(6)/1.334(6) 1.292(1)/1.295(1)
] (CuN2, CuX2) 45.0 50.7–64.4 48.9

[a] Crystal structure without THF solvent molecule, Fdd2 space group. [b] Crystals with two different space groups are obtained. Two independent mole-
cules are found for the P21/n crystal structure and three independent molecules for the Pca21 crystal structure. Average bond lengths are listed. For the di-
hedral angle significant deviation is observed, and therefore the angle range is given.
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room temperature (AN = 5.2 G, Figure SI25 in the Supporting In-
formation). The quintet pattern measured in CH3CN or THF fits
to two equivalent nitrogen nuclei, assignable to the two imino
nitrogen nuclei, in line with the calculated atomic spin density
distribution (caption of Figure SI22 in the Supporting Informa-
tion). The weak signal with the low g-factor near the free-elec-
tron value is assigned to [3+ C(CuIBr2)] , which is generated in
small amounts by intramolecular charge transfer from its
[3(CuIIBr2)] isomer in solution. The stabilization of the CuI/radi-
cal monocationic ligand form for the bromido counter ligand
is in line with the hard-and-soft-acid-and-bases (HSAB) con-
cept.

For the complexes [4(CuCl2)] and [4(CuBr2)] with the stronger
electron-donor ligand 4, two EPR signals were detected at
room temperature, a broad one at g�2.11 (�3250 G) and
a sharp one at g = 2.003 (�3450 G; see Figure 4 and Fig-
ure SI26 in the Supporting Information). The appearance of
these two signals could be interpreted as the co-existence of
both valence tautomeric complexes (the form with CuII and
neutral ligand and its valence tautomer with CuI and radical
monocationic ligand). Interestingly, the relative intensity of the
two signals heavily depends on the applied solvent (see
Figure 4 and Figure SI26 in the Supporting Information). The
signal intensities from double integration (area of the first de-
rivative signal) are compared in Table 3. Please note that the
values arising from quantitative analysis of the EPR spectra by
double integration are afflicted by a large error of about
10 %.[6a, 24] The solvent effect is larger for the chloro complexes

than for the bromido complexes, but in both cases an increase
in the solvent polarity stabilizes the electronic structure [4+

C(CuIX2)] (see Table 3).
This trend is in accordance with the larger degree of charge

separation in the [4+ C(CuIX2)] complex compared with the
[4(CuIIX2)] isomeric form, which leads to a larger solvent effect.

At 35 K, a HFC is observed in the EPR spectra of [4(CuCl2)] in
THF solution. The ACu value of 88 G derived from curve fitting
(Figure SI27 in the Supporting Information) is in line with a tet-
rahedrally coordinated copper atom.[22] Direct coordination of
THF solvent molecules is therefore improbable. In frozen solu-
tions of CH2Cl2 and CH3CN at 35 K, CuII EPR spectra were mea-
sured with a broad signal at g = 2.11. For the bromido com-
plexes [3(CuBr2)] and [4(CuBr2)] , the signals in the EPR spectra
at 35 K are broader and less anisotropic than for the chlorido
complexes [3(CuCl2)] and [4(CuCl2)] . The EPR spectrum of
[4(CuCl2)] at 35 K in CH3CN solution indicates that the CuII radi-
cal character dominates (with only small ligand radical charac-
ter), whereas at higher temperature the signal at g�2.003 in-
creases, signaling a temperature-induced conversion to
a ligand-centered radical. Reversible temperature-dependent
intramolecular electron-transfer processes are observed for
both complexes of ligand 4, interconverting the two valence
tautomers. Figure 5 reproduces the EPR spectra measured at
different temperatures for [4(CuCl2)] in CH3CN. The spectrum
recorded at 242 K shows a HFC pattern with five discrete lines
(AN�4.7 G), consistent with coupling to the two imino nitro-
gen nuclei (see also the calculated atomic spin density from
the NBO analysis in the Supporting Information, caption to Fig-
ure SI22). At room temperature, the signal at g�2.003 clearly
dominates. This ligand-centered EPR signal of [4(CuCl2)] shows
no HFC, like the signal of the free radical ligand 4+ C. The EPR
spectra recorded for the complex [4(CuBr2)] show a similar
temperature-dependent equilibrium of both valence tautomer-
ic forms [4(CuIIX2)] and [4+ C(CuIX2)] (see the EPR spectra in Fig-
ure SI28 in the Supporting Information).

The temperature-dependent equilibrium between the two
valence tautomers implies that their interconversion is subject
to a significant barrier. For copper complexes, such a barrier is
generally caused by the structural differences of the two iso-
mers (e.g. , coordination geometry changes).[4] Previous studies
on dinuclear copper complexes also suggest that the process-
es are entropy-driven (like most thermal equilibria between va-
lence tautomers),[4, 14] and that the reorganization of the sol-
vent cage upon interconversion has a major contribution.[21, 25]

An unambiguous discrimination between the two valence
tautomeric forms of the copper complexes on the basis of
their UV/Vis spectra is less straightforward (see the UV/Vis

Figure 4. EPR spectra (9.633 GHz) measured for [4(CuCl2)] in different sol-
vents at room temperature. The ligand-centered signal increases relative to
the metal-centered signal with increasing solvent polarity.

Table 3. Solvent dependence of the electronic structure by double inte-
gration of the EPR signals. Contribution of radical character in %.

[4(CuIICl2)] [4+ C(CuICl2)] [4(CuIIBr2)] [4+ C(CuIBr2)]

THF (er = 7.58) 97 3 84 16
CH2Cl2 (er = 8.93) 88 12 71 29
CH3CN (er = 37.5) 18 82 33 67
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spectra in the Supporting Information, Figures SI29–SI34). Nev-
ertheless, in the variable-temperature UV/Vis spectra of
[4(CuCl2)] and [4(CuBr2)] in CH3CN (see Figures SI35–SI36 in the
Supporting Information) the conversion between the two va-
lence tautomers is clearly visible. The presence of isosbestic
points (at 352, 545, and 792 nm for [4(CuCl2)] and at 493 nm
for [4(CuBr2)]) confirms clean and reversible isomerization, and
an equilibrium between the two valence tautomeric forms. An
estimation of the reaction enthalpy and Gibbs free energy for
interconversion (as carried out for a dinuclear copper complex
with a bridging GFA ligand)[14] is unfortunately hampered by
the heavy band overlap.

As expected, the acetato complex [4{CuII(OAc)2}] is clearly
a CuII complex with neutral ligands in all applied solvents. The
EPR spectra at room temperature in CH3CN show a quartet
structure (g = 2.123, Aiso = 56 G) and no signal near the free-
electron g-factor (Figure SI37 in the Supporting Information).
The EPR signal in THF solution is similar. Thus, the electronic
structure of the acetato complexes could not be altered by sol-
vent variations (Figure SI37–SI38 in the Supporting Informa-
tion). This result is in line with the HSAB concept. The harder
oxygen ligand stabilizes the CuII/neutral ligand form with re-
spect to the CuI/radical monocationic ligand form.

The nature of the guanidino groups, the counter-ligands,
the solvent polarity, and the temperature are parameters that
clearly affect the electronic structure of the copper–bisguani-
dine complexes.

Oxidation of copper complexes

For applications, it is important that the ligand units (3 or 4)
can provide the copper atoms with electrons. The CV measure-
ments showed that the complexes [3(CuX2)] (X = Cl or Br)
could be oxidized reversibly in two separate one-electron
steps at different potentials (Figure 6 a and Figure SI40 in the
Supporting Information). The potential of the first one-electron
redox step of the ligand 3 is similar for the chlorido (E1/2 =

�0.12 V) and bromido (�0.15 V) complexes and only slightly
higher than for the free ligand 3 (�0.25 V). A potential E1/2 =

0.36 V for X = Cl and 0.42 V for X = Br for the second one-elec-
tron redox step could be deduced from the CV curve. The po-
tential difference DE between the first and second one-elec-
tron redox events is 0.48 V for X = Cl and 0.57 V for X = Br, and

Figure 5. EPR spectra (9.639260 GHz) recorded for [4(CuCl2)] in CH3CN solu-
tion at different temperatures.

Figure 6. Comparison between the CV curves of a) the free ligand 3 and the
complexes [3(CuX2)] and b) the free ligand 4 and the complexes [4(CuX2)]
(X = Cl or Br) in CH2Cl2 solution (0.001 m, measured with Bu4NPF6 (0.01 m) as
supporting electrolyte, a Ag/AgCl electrode, and with potentials given vs.
Fc/Fc+).
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a Gibbs free energy change of 46.3 kJ mol�1 for X = Cl and
55.0 kJ mol�1 for X = Br could be estimated for the dispropor-
tionation of the monocationic complex into neutral and dicat-
ionic complexes. This means that the monocationic ligand is
stabilized by complex formation. A similar observation was
made for dinuclear complexes of ligand 1.[26] The complexes
could also be reduced (CuII!CuI at Ered =�1.04 V for [3(CuCl2)]
and �0.86 V for [4(CuBr2)]), but this copper-centered redox
process is irreversible (Figure SI41 in the Supporting Informa-
tion). A corresponding oxidation wave was observed at
�0.27 V for the chlorido and at �0.22 V for the bromido com-
plex.

The CV curves recorded for the [4(CuX2)] complexes look sig-
nificantly different. They show only one reversible redox step
at E1/2 =�0.30 V for X = Cl and at �0.34 V for X = Br (see Fig-
ure 6 b and Figure SI42 in the Supporting Information). From
its potential, this redox process might be ligand-centered.
However, a clear copper redox wave at negative potential is
not visible, and therefore the assignment is not straightfor-
ward. The temperature-dependent equilibrium between both
valence tautomers of [4(CuX2)] (X = Cl or Br) might affect the
redox processes in the CV curve. To differentiate between
copper- and ligand-based redox processes and motivated by
the observation of reversible redox processes in the CV curves
and their negative potential relative to the Fc/Fc+ redox
couple, chemical oxidation was carried out on a preparative
scale with Fc(PF6) as the oxidizing reagent. These chemical oxi-
dation experiments were successful and led to the synthesis of
the two salts [4(CuCl2)]PF6 and [4(CuBr2)]PF6 as dark-colored
solids in good yield. Elucidation of the electronic structure of
these compounds and their descriptions either as diamagnetic
CuI compounds with dicationic ligand units ([42+(CuIX2)]PF6) or
as paramagnetic CuII complexes with radical monocationic
ligand units ([4+ C(CuIIX2)]PF6) required again a detailed structur-
al and spectroscopic analysis.

Figure 7 visualizes the solid-state structure of the [4(CuCl2)]+

cation in [4(CuCl2)]PF6 (for [4(CuBr2)]PF6, the small crystal size
unfortunately prohibited structural characterization). Table 4
compares some structural parameters of the cationic complex

with those of the free monocationic ligand (from DFT calcula-
tions, Table SI2 in the Supporting Information) and for the free
dicationic ligand in the hexafluorophosphate salt. The dihedral
angle ](CuN2, CuX2) measures 89.948 and thus adopts a value
typical for CuI. The C1�C2, C4�C5, N1�C1, and N4�C2 bond
lengths are similar to the DFT-calculated bond lengths for free
4+ C, but the N1�C7 and N4�C12 bond lengths clearly argue for
a dicationic ligand unit (see Table 4 and Table SI1 in the Sup-
porting Information). Super-conducting quantum interference
device (SQUID) measurements of solid [4(CuCl2)]PF6 show dia-
magnetic behavior at T = 100 K and 300 K (dM/dH<0; see Fig-
ure SI45 in the Supporting Information). Hence, in solid
[4(CuCl2)]PF6 the electronic structure could be described in
terms of a CuI complex with a dicationic ligand unit, [42 +

(CuICl2)]+ .
The electronic excitation bands in the UV/Vis spectra of

[4(CuCl2)]PF6 and [4(CuBr2)]PF6 are quite similar and compara-
ble to those found in the spectrum for the salt 4(PF6)2 (Fig-
ure SI46 in the Supporting Information). However, the two
complexes differ in the visible region between 500–950 nm,
which explains the color differences (dark blue for [4(CuCl2)]PF6

and dark green for [4(CuBr2)]PF6 in solution and in the solid
state). In CD3CN solution, broad 1H NMR signals for
[4(CuCl2)]PF6 were observed at room temperature, and a weak
signal in the EPR spectra (Figure SI48 in the Supporting Infor-
mation). Temperature-dependent NMR experiments in CD2Cl2

and CD3CN (Figure SI47 and SI48 in the Supporting Informa-
tion) indicate that for X = Cl the diamagnetic form [42 +

(CuIX2)]PF6 is energetically preferred over its valence tautomeric
form [4+ C(CuIIX2)]PF6. With increasing temperature, a paramag-
netic shift of the 1H NMR signals is observed and the signals
become broader, indicating the presence of small quantities of
the paramagnetic [4+ C(CuIICl2)]PF6 valence tautomer. In CD2Cl2

solution the shift is more distinct than in CD3CN solution. EPR
measurements in CH3CN are in line with the 1H NMR measure-
ments, and at room temperature weak signals are observed for
ligand- as well as copper-centered radicals, which are virtually
extinguished at low temperatures (Figures SI49 and SI50 in the
Supporting Information).

DFT calculations (BP86 and B3LYP) for the closed-shell singlet
state (CS, with electronic structure [42 +(CuICl2)]+) and the trip-
let state (T1, with electronic structure [4+ C(CuIICl2)]+) show that
the calculated CS state structure (especially the C�N and C�C
bonds) fits better to the experimentally derived solid-state
structure than the calculated triplet structure (Tables SI7–SI10
in the Supporting Information). Only the dihedral angle

Figure 7. Molecular structure of the [4(CuCl2)]+ cation in the salt
[4(CuCl2)]PF6 as determined by single-crystal X-ray diffraction at 120 K. Ther-
mal ellipsoids drawn at the 50 % probability level. Hydrogen atoms and the
co-crystallized CH3CN solvent molecule were omitted for clarity.

Table 4. Selected structural parameters of [4(CuCl2)]PF6 and 4(PF6)2 (bond
distances in �, angles in degrees) in comparison with the calculated
bond lengths (B3LYP/def2-TZVPP). Atom numbering from Figure 7 for
[4(CuCl2)]PF6.

4+ C (calcd) 4(PF6)2 (X-ray) [4(CuCl2)]PF6 (X-ray)

C1�C2/C4�C5 1.472/1.460 1.523(4)/1.448(4) 1.485(8)/1.432(9)
N1�C1/N4�C2 1.333/1.343 1.279(4)/1.294(4) 1.336(8)/1.320(8)
N1�C7/N4�C12 1.301/1.310 1.373(4)/1.385(4) 1.384(8)/1.378(8)
] (CuN2, CuX2) 89.8
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](CuN2, CuX2) fits better to the T1 state (81.78 for B3LYP/def2-
SVP) than to the CS state (63.18), but it was already shown for
the neutral complex that this angle varies to a large extent in
the solid-state structures, indicating a flat potential. The ener-
gies of the closed-shell singlet and triplet states are very simi-
lar. For calculations with the BP86 functional, the closed-shell
singlet state is slightly below the triplet state (16 kJ mol�1 with
the def2-SVP and 21 kJ mol�1 with the def2-TZVPP basis set), in
agreement with the experimental results. As already discussed,
the energy difference between the two states heavily depends
on the applied functional and particularly the amount of exact
electron exchange.[14, 27] For B3LYP, the closed-shell singlet state
energy is slightly higher than that of the triplet state
(25 kJ mol�1 with the def2-SVP and 21 kJ mol�1 with the def2-
TZVPP basis set, see the Supporting Information). The energy
of the BS (broken symmetry) state is slightly lower than that of
the T1 state, indicating weak antiferromagnetic coupling.

Compound [4(CuBr2)]PF6 dissolved in CD3CN shows sharp
signals at room temperature in the 1H NMR spectrum (Fig-
ure SI51 in the Supporting Information), so that the diamag-
netic valence tautomer [42+(CuIBr2)]PF6 dominates in CD3CN so-
lution even at room temperature. EPR experiments show that
only a tiny amount of the paramagnetic [4+ C(CuIIBr2)]+ valence
isomer exists in CH3CN solution at room temperature (Fig-
ure S52 in the Supporting Information). On the basis of the ex-
perimental results, we can exclude halide dissociation upon ox-
idation of the complex. In the solid state, the complex
[4(CuCl2)]PF6 was proven by structural characterization. In solu-
tion the cations [4(CuX2)]+ (X = Cl, Br) prevail. Hence, similar
1H NMR spectra were recorded in CD3CN and CD2Cl2 solutions
(Figures SI47 and SI48 in the Supporting Information), indicat-
ing the presence of the same diamagnetic complex in both
solutions. In particular, equilibria as expected from dissociation
and/or substitution processes leading to the presence of differ-
ent complexes in solution and in the solid state, could be ex-
cluded on the basis of these NMR data. Halide dissociation
from the cationic complex is also unlikely as it would increase
the charge. Finally, our CV experiments show reversible redox
processes, which should not occur if the redox process is ac-
companied by ligand dissociation or exchange.

It can be concluded, then, that one-electron oxidation of
[4(CuIIX2)] , which under the same conditions is in a tempera-
ture-dependent equilibrium with its valence tautomer
[4+ C(CuIX2)] , gives [42 +(CuIX2)]PF6. Oxidation is therefore accom-
panied by a redox-induced electron transfer (RIET) from the
ligand to the copper atom. Consequently, the second redox
process in the CV experiment (Figure 6 b), involving the mono-
cationic complex [42 +(CuIX2)]+ as the reduced form and the di-
cationic complex as the oxidized form, should be an irreversi-
ble copper-centered redox step.

Conclusion

New redox-active 4,5-bisguanidino-substituted benzodioxole li-
gands were synthesized, and their redox properties studied. In
cyclic voltammetry measurements, two electrons are removed
either at the same potential in a single reversible two-electron

redox process, or in two separate reversible one-electron redox
processes at different potentials, depending on the applied
solvent. Their dications were synthesized by oxidation with fer-
rocenium salts, and the radical monocationic ligands were gen-
erated in a comproportionation equilibrium in solutions con-
taining both the neutral ligand and its dication. Having studied
systematically all three possible charge states of the free li-
gands, the electronic structure in copper complexes, synthe-
sized by reaction of the neutral ligands with CuII compounds,
was investigated.

The results show that the electronic structure of these com-
plexes subtly depends on the guanidino group, the counter-li-
gands at the copper atom, the applied solvent (polarity), and
on the temperature, stabilizing either a CuII complex with neu-
tral ligand unit or a CuI complex with radical monocationic
ligand unit. The conditions were then fine-tuned to achieve
a temperature-dependent equilibrium between the two va-
lence tautomeric forms (CuII/neutral ligand and CuI/radical
monocationic ligand). Finally, it was demonstrated that redox-
induced electron-transfer (RIET) processes could be induced by
oxidation of the copper complexes. Scheme 3 summarizes the
characterized complexes with the Lewis structures that fit best
their experimentally verified electronic structures.

The results presented and discussed in this work are the
basis for ongoing research activities in our group. First, the re-
sults show that the new redox-active ligands are involved in in-
tramolecular electron-transfer processes with the attached
metal atoms, and could stimulate their application in molecular
catalysis (e.g. , oxidation of unsaturated hydrocarbons). More-
over, the removal of the acetal protection group from 3 and 4
leads to new bisguanidino-substituted catechol ligands, which
could be applied as bridging ligands in hetero-bimetallic tran-
sition-metal complexes.

Scheme 3. Electronic structures of copper complexes featuring the new
redox-active 4,5-bisguanidino-substituted benzodioxole ligands 3 and 4.
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Experimental Section

All synthetic work was carried out under inert gas (Ar) atmosphere
by using standard Schlenk techniques. Solvents were dried prior to
their use by using a MB-SPS-800 from MBraun, degassed, and
stored over molecular sieves. Diamino-2,2-dimethyl-[1,3]-benzo-
dioxole hydrochloride,[17] 2-chloro-N,N,N’,N’-tetramethyl-formamidi-
nium, and 1,3-dimethyl-4,5-dihydro-1 H-imidazolium chloride were
synthesized as described in the literature.[18] 2,2-Dimethyl-[1,3]-ben-
zodioxole, N,N,N’,N’-tetramethylurea, and 1,3-dimethyl-2-imidolidi-
none were purchased from ABCR. Oxalyl chloride, all applied
copper salts, and ferrocenium hexafluorophosphate were acquired
from Sigma–Aldrich. NMR spectra were recorded with Bruker DRX
200, Bruker Avance II 400, or Bruker Avance III 600 spectrometers.
High-resolution electrospray ionization (HR-ESI) spectra were mea-
sured with a Finnigan LCQ quadrupole ion trap. High-resolution
fast atom bombardment (HR-FAB) mass spectrometric data were
recorded with a JEOL JMS-700 magnetic sensor aperture. IR spec-
troscopic measurements relied on an FTIR Biorad Merlin Excalibur
FT 300 spectrometer. Elementary analysis was carried out at the Mi-
croanalytical Laboratory of the University of Heidelberg. CV meas-
urements were recorded with an E&G Princeton 273 apparatus
with Ag/AgCl as the reference electrode and (nBu)4NPF6 (Fluka,
electrochemical grade) as the supporting electrolyte. Cyclic voltam-
mograms were referenced to Fc/Fc+ . Helium-cooled X-band EPR
spectra were measured with a Bruker ESP 300 E. In figures with
several EPR spectra, one referenced frequency is given for reasons
of comparability. The dc-SQUID measurements were taken with
a MPMS-XL apparatus from LOT Quantum Design. CCDC 1476843–
1476855 and 1476859—1476861 contain the supplementary crys-
tallographic data for this paper. These data are provided free of
charge by The Cambridge Crystallographic Data Centre. Suitable
crystals for single-crystal structure determination were taken direct-
ly from the mother liquor, surrounded by perfluorinated polyether
oil, and fixed on a cyro loop. The crystals of the compounds 3
(CCDC 1476860), 4 (CCDC 1476859), 3(PF6)2 (CCDC 1476855),
[3(CuCl2)] (CCDC 1476851), [3(CuCl2)]·0.6 THF (CCDC 1476850),
[3(CuBr2)] (CCDC 1476854), [4(CuCl2)] (CCDC 1476853), 2,2-dimeth-
yl-5-nitro-[1,3]-benzodioxole (CCDC 1476849), 2,2-dimethyl-5-nitro-
[1,3]-benzodioxole (CCDC 1476852), 3(BF4)2 (CCDC 1476861), and
[3{CuII(OAc)2}] (CCDC 1476848) were measured with a Nonius-
Kappa CCD diffractometer with MoKa radiation.[28] Crystal structure
determination was performed by using the SHELXT-PLUS software.
SHELXS-97 and SHELXS-2014 were used to solve the structure by
direct methods and refined with SHELXS-97 and SHELXS-2014.[29, 30]

Graphical handling of the structural data during solution and re-
finement were performed with XPMA.[31] Atomic coordinates and
anisotropic thermal parameters of non-hydrogen atoms were re-
fined by full-matrix least-squares calculations.[31] For the crystals of
[4CuCl2] (CCDC 1476844), [4CuCl2](PF6) (CCDC 1476846), [4(Cu(OA-
c)2)]·1.25 H2O (CCDC 1476845), [4(PF6)] (CCDC 1476843), and [4(BF4)]
(CCDC 1476847) full shells of intensity data were collected at low
temperature with an Agilent Technologies Supernova-E CCD dif-
fractometer (CuKa radiation, microfocus X-ray tube, multilayer
mirror optics). Data were corrected for air and detector absorption,
Lorentz, and polarization effects;[32] absorption by the crystal was
treated with a semiempirical multiscan method (complex
[4CuCl2])[33, 34] or numerically (Gaussian grid, [4CuCl2](PF6) and
[4(Cu(OAc)2)]·1.25 H2O)).[32, 35] The structures were solved by the
charge flip procedure[36] and refined by full-matrix least-squares
methods based on F2 against all unique reflections.[37] All non-hy-
drogen atoms were given anisotropic displacement parameters.
Hydrogen atoms were generally input at calculated positions and
refined with a riding model. When justified by the quality of the

data, the positions of some hydrogen atoms (those on the arene
ring carbon atoms in [4(BF4)2]) were taken from difference Fourier
syntheses and refined. Hydrogen atoms of solvent water molecules
were placed tentatively, as implemented in the Olex2 software.[38]

When found necessary, disordered groups and/or [BF4]� and [PF6]�

anions were subjected to suitable geometry and adp restraints.
Owing to severe disorder and fractional occupancy, electron densi-
ty attributed to solvents of crystallization (n-hexane and/or diethyl
ether) was removed from the structure of [4CuCl2] with the BYPASS
procedure,[39] as implemented in PLATON (SQUEEZE).[40] Partial
structure factors from the solvent masks were included in the re-
finement as separate contributions to Fcalc. Crystals of [4Cu(OA-
c)2]·1.25 H2O were twinned by merohedry. Twin refinement of the
possible cases (rotation and reflection combined with or without
inversion) revealed the twin operation to be a reflection (twin
matrix M = (0 1 0 1 0 0 0 0 1); det. M =�1). Final two-component re-
finement was carried out with this matrix to give twin fractions
0.75:0.25).[37] DFT calculations were carried out with the TURBO-
MOLE program package.[41] The BP86[42] or B3LYP[43] functional was
used, in combination with the def2-SVP and def2-TZVPP basis
set.[44] The structures, MOs, and spin density functions were visual-
ized with the Gaussian 09 software.[45]

5,6-Bis-(N,N,N’,N’-tetramethylguanidino)-2,2-dimethyl-[1,3]-
benzodioxole (3)

A cooled solution of 2-chloro-N,N,N’,N’-tetramethyl-formamidinium
chloride (1.507 g, 8.813 mmol, 2.5 equiv) in acetonitrile (22 mL) was
added to an ice-cooled suspension of 5,6-diamino-2,2-dimethyl-1,3-
benzodioxole dihydrochloride (0.892 g, 3.525 mmmol). NEt3

(4.9 mL, 10 equiv) was added to the resulting red solution. The re-
action mixture was stirred for 5 h and then slowly warmed to
room temperature. A methanolic solution of NaOMe (5.4 m, 3.9 mL,
6 equiv) was added to the filtrate and the volatile compounds
were removed in vacuo. Subsequently, distilled water (10 mL) was
added to the residue. After 3 h of stirring, the precipitated product
was isolated by filtration. The crude product was dissolved in Et2O
(30 mL) and dried over Na2SO4. After solvent removal, the product
was obtained as a pale yellow solid (1.110 g, 2.978 mmol, 84 %
yield). Crystals were grown from Et2O solutions. Elemental analysis
calcd (%) for C19H34N6O2 (376.50 g mol�1): C 60.61, H 8.57, N 22.32;
found: C 60.79, H 8.70, N 22.13; 1H NMR (600.13 MHz, CD2Cl2): d=

5.93 (s, 2 H, Har), 2.64 (s, 24 H, -NMe), 1.67 (s, 6 H, -CMe) ppm;
13C NMR (150.90 MHz, CD2Cl2, HSQC, HMBC): d= 158.8 (C7, C12),
141.6 (C1, C2, C4, C5), 137.2 (C1, C2, C4, C5), 116.4 (-CMe), 102.7
(C3, C6), 39.6 (-NMe), 25.2 (-CMe) ppm; HR-MS (ESI+ , CH2Cl2/
CH3OH): m/z (%) = 377.26600 (100) [M + H]+ ; IR (CsI): n= 2991 (w),
2935 (w), 2877 (w), 2800 (w), 1606 (s), 1586 (s), 1485 (s), 1373 (s),
1258 (m), 1221 (s), 1155 (s), 1136 (s), 979 (s), 884 (s), 851 (s), 789
(m) cm�1; UV/Vis (CH3CN, c = 5.65737 � 10�5

m, d = 1 cm): l (e in
l mol�1 cm�1) = 227 (40 601), 300 (10 236), 334 (11 527) nm; CV in
CH2Cl2 (100 mV s�1): E1/2 =�0.25 (rev. 1 e� , �0.19/�0.31), �0.11 (rev.
1 e� , �0.05/�0.17) V; Crystal data for 1: Mr = 376.51, 0.33 � 0.55 �
0.50 mm3, monoclinic, space group P21/c, a = 8.999(2) �, b =
20.263(4) �, c = 11.951(2) �, b= 97.03(3)8, V = 2162.90 �3, Z = 4,
dcalcd = 1.156 Mgm�3, 2q= 4.6 to 58.38, MoKa radiation (graphite-
monochromated, l= 0.71073 �), T = 100 K, measured reflections
11 645, independent 5818, Rint = 0.0313, final R indices [I>2s(I)]:
R1(F) = 0.043, wR2(F2) = 0.130.
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5,6-Bis-(N,N’-dimethyl-N,N’-ethylene-guanidino)-2,2-dimeth-
yl-[1,3]-benzodioxole (4)

A suspension of CH3CN (20 mL) and 5,6-diamino-2,2-dimethyl-1,3-
benzodioxole dihydrochloride (0.878 g, 3.469 mmol) was cooled
with ice. A solution of 2-chloro-1,3-dimethyl-4,5-dihydro-1 H-imida-
zolium chloride (9 mL, 0.961 m, 8.671 mmol, 2.5 equiv) was added
to this suspension. NEt3 (4.9 mL, 10 equiv) was added to the result-
ing red solution. The reaction was slowly warmed up and stirred
for 5 h. A methanolic solution of NaOMe (3.9 mL, 5.4 m, 6 equiv)
was added to the filtered solution. Shortly afterward, the solvent
was removed and the residue treated with water (10 mL). After 2 h
of stirring, the precipitated product was isolated by filtration. The
product was dried over Na2SO4 and extracted with Et2O. Solvent
residues were extricated with n-hexane from the product. After sol-
vent removal, a pale-yellow solid was obtained (0.940 g,
2.573 mmol, 73 % yield). Crystals were grown from Et2O solution at
ambient conditions. Elemental analysis calcd (%) for C19H30N6O2

(372.46 g mol�1): C 61.27, H 7.58, N 22.56; found: C 61.35, H 7.60, N
22.86; 1H NMR (399.89 MHz, CD2Cl2): d= 6.16 (s, 2 H, Har), 3.16 (s,
8 H,-NCH2-), 2.60 (s, 12 H, -MMe), 1.59 (s, 6 H, -CMe) ppm; 13C NMR
(150.90 MHz, CD2Cl2, HSQC, HMBC): d= 154.0 (C7, C12), 141.6 (C1,
C2, C4, C5), 134.9 (C1, C2, C4, C5), 116.6 (-CMe), 103.4 (C3, C6), 48.9
(-NCH2-), 34.9 (-NMe), 25.6 (-CMe) ppm; HR-MS (ESI+ , CH3OH): m/z
(%) = 373.23464 (100) [M + H]+ ; IR (CsI): n= 2988 (w), 2933 (w),
2843 (w), 1655 (s), 1605 (m), 1482 (s), 1441 (w), 1412 (m), 1390 (m),
1352 (w), 1281 (m), 1245 (m), 1215 (m), 1189 (m), 1140 (s), 1072
(w), 1035 (s), 969 (s), 891 (s), 846 (s), 805 (s), 788 (m), 730 (s), 712
(m), 663 (m), 625 (m), 545 (w), 514 (m), 471 (w), 407 (m) cm�1; UV/
Vis (CH3CN, c = 2.214 � 10�5

m, d = 1 cm): l (e in l mol�1 cm�1) = 220
(shoulder), 277 (9823), 336 (13 212) nm; CV in CH2Cl2, (100 mV s�1):
E1/2 =�0.46 (rev. 1 e� , �0.37/�0.55), �0.33 (rev. 1 e� , �0.27/�0.39)
V; Crystal data for 4·H2O: Mr = 390.49, 0.60 � 0.40 � 0.30 mm3, mono-
clinic, space group P21/c, a = 8.022(16) �, b = 13.315(3) �, c =
18.984(4) �, b= 97.51(3)8, V = 2010.3(7) �3, Z = 4, dcalcd =
1.290 Mgm�3, 2q= 3.7 to 61.18, MoKa radiation (graphite-monochro-
mated, l= 0.71073 �), T = 100 K, measured reflections 11 386, inde-
pendent 5813, Rint = 0.0680, final R indices [I>2s(I)]: R1(F) = 0.053,
wR2(F2) = 0.141.

3(PF6)2

Compound 3 (51.4 mg, 0.137 mmol) was dissolved in CH3CN
(5 mL). FcPF6 (90.4 mg, 0.274 mmol) was added to the yellow solu-
tion. The resulting orange-colored solution was mixed at room
temperature for 5 h. Then, the solvent was removed under
vacuum. The residue was washed with 2 � 2 mL toluene and 4 �
4 mL n-hexane. The residue was dissolved in CH3CN (3 mL) and the
solution was filtered. Then, this solution was overlaid by Et2O
(18 mL). The crystalline orange product (50.1 mg, 0.075 mmol, 55 %
yield) was isolated by filtration and washed with 2 � 2 mL Et2O. Ele-
mental analysis calcd (%) for C19H32F12N6O2P2 (666.43 g mol�1): C
34.24, H 4.84, N 12.61; found: C 34.73, H 4.76, N 12.98; 1H NMR
(399.89 MHz, CD3CN): d= 6.01 (s, 2 H, HC3, HC6), 3.02 (s, 24 H, -NMe),
1.82 (s, 6 H, -CMe) ppm; 13C NMR (100.55 MHz, CD3CN, HSQC,
HMBC): d= 165.9 (C7, C12), 161.1 (C1, C2, C4, C5), 159.8 (C1, C2,
C4, C5), 127.8 (-CMe), 97.3 (C3, C6), 42.3 (-NMe), 25.8 (-CMe) ppm;
19F NMR (376.23 MHz, CD3CN): d=�72.84 (d, J = 706.6 Hz) ppm;
31P NMR (161.88 MHz, CD3CN): d=�144.64 (sept, J = 706.6 Hz)
ppm; IR (CsI): n= 2957 (w), 1621 (s), 1590 (m), 1520 (w), 1473 (w),
1408 (s), 1311 (m), 1292 (w), 1261 (m), 1221 (m), 1191 (w), 1176 (w),
1158 (w), 1093 (w), 1070 (w), 1024 (w), 986 (w), 838 (vs), 782 (m),
705 (w), 672 (w), 558 (s), 503 (w), 471 (w) cm�1; UV/Vis (CH3CN, c =
1.068 � 10�4

m, d = 0.2 cm): l (e in l mol�1 cm�1) = 225 (27 488), 300

(12 733), 450 (3255) nm; Crystal data for [1 a](PF6)2: Mr = 666.45,
0.40 � 0.30 � 0.15 mm3, monoclinic, space group P21/n, a =
8.1660(16) �, b = 12.125(2) �, c = 28.503(6) �, b= 97.72(3)8, V =
6244.96 �3, Z = 12, dcalcd = 1.580 Mgm�3, 2q= 3.66 to 60.128, MoKa

radiation (graphite-monochromated, l= 0.71073 �), T = 100 K,
measured reflections 16 150, independent 8220, Rint = 0.0415, final
R indices [I>2s(I)]: R1(F) = 0.052, wR2(F2) = 0.148.

4(PF6)2·CH3CN

Compound 4 (50.1 mg, 0.135 mmol) was dissolved in CH3CN
(5 mL). FcPF6 (89.0 mg, 0.269 mmol) was added to the solution.
The resulting orange solution was stirred at room temperature for
16 h. Then, the solvent was removed under vacuum. The residue
was washed with 4 � 3 mL Et2O. Then, it was dissolved in CH3CN
(3 mL) and the solution was filtered. This solution was overlaid by
Et2O (36 mL). The crystalline orange product (83.2 mg, 0.118 mmol,
88 % yield) was isolated by filtration and washed with 2 � 2.5 mL
Et2O. Elemental analysis calcd (%) for C19H28F12N6O2P2·CH3CN
(703.47 g mol�1): C 35.86, H 4.44, N 13.94; found: C 35.98, H 4.04, N
14.34; 1H NMR (399.89 MHz, CD3CN): d= 6.13 (s, 2 H, HC3, HC6), 3.85
(m, 8 H, -NCH2-), 2.78 (s, 12 H, -MMe), 1.96 (s, 3 H, CH3CN), 1.82 (s,
6 H, -CMe) ppm; 13C NMR (100.55 MHz, CD3CN, HSQC, HMBC): d=
163.8 (C7, C12), 128.5 (-CMe), 49.8 (-NCH2-), 33.0 (-NMe), 25.8 (-CMe)
ppm; no signals found for C1–C6; 19F NMR (376.23 MHz, CD3CN):
d=�72.86 (d, J = 706.6 Hz) ppm; 31P NMR (161.88 MHz, CD3CN):
d=�144.63 (sept, J = 706.6 Hz) ppm; IR (CsI): n= 3091 (w), 2950
(w), 2910 (w), 2255 (w), 1636 (s), 1606 (s), 1558 (w), 1473 (w), 1414
(s), 1367 (m), 1301 (m), 1259 (s), 1217 (s), 1157 (w), 1087 (w), 1024
(w), 982 (w), 838 (vs), 785 (m), 694 (w), 652 (w), 558 (s), 503 (w)
cm�1; UV/Vis (CH3CN, c = 1.560 � 10�4

m, d = 0.2 cm): l (e in
l mol�1 cm�1) = 225 (27 488), 300 (12 733), 450 (3255) nm; Crystal
data for 4(PF6)2·CH3CN: Mr = 703.47, 0.21 � 0.04 � 0.03 mm3, ortho-
rhombic, space group Pbca, a = 14.8644(4) �, b = 18.2389(6) �, c =

21.3201(6) �, V = 5780.1(3) �3, Z = 8, dcalcd = 1.617 Mgm�3, 2q= 4.1
to 67.68, CuKa radiation (l= 1.54184 �), T = 120 K, measured reflec-
tions 152 345, independent 5195, Rint = 0.1393, final R indices [I>
2s(I)]: R(F) = 0.056, wR(F2) = 0.149.

[3(CuCl2)]

Compound 1 (54.1 mg, 0.147 mmol) was dissolved in diethyl ether
(3 mL). To this solution, anhydrous CuCl2 (18.8 mg, 0.140 mmol,
0.95 equiv) was added and stirred for 2 days. The green precipitate
was isolated by filtration and washed with diethyl ether (2 mL). Re-
leased from solvent remnants in vacuo 68.8 mg (0.134 mmol) of
the product was obtained, which corresponds to 96 % yield. Crys-
tals were grown by slow diffusion of n-hexane into THF. Elemental
analysis calcd (%) for C17H32Cl2CuN6O2 (510.95 g mol�1): C 44.66, H
6.31, N 16.45; found: C 44.31, H 6.06, N 16.49; HR-MS (FAB, NPOE):
m/z (%) = 377.3 (100) [L + H]+ , 513.1244 (22.4) [L + 63Cu37L2]+ and
[L + 65Cu37L35Cl] , 511.1242 (62.4) [L + 65Cu35L2]+ and [L + 63Cu37L35Cl]+

, 509.1266 (54.3) [L + 63Cu35L2]+ , 478.1580 (12.7) [L + 65Cu37Cl]+ ,
476.1589 (58.6) [L + 65Cu35Cl]+ and [L + 63Cu37Cl]+ , 474.1593 (74.9)
[L + 63Cu35Cl]+ ; IR (CsI): n= 3074 (w), 2998 (w), 2983 (w), 2935 (m),
2886 (w), 2790 (w), 1586 (m), 1546 (m), 1515 (m), 1488 (m), 1464
(w), 1400 (s), 1331 (m), 1275 (m), 1229 (m), 1166 (s), 1137 (m), 1105
(w), 1066 (m), 1020 (m), 981 (s), 935 (w), 916 (m), 894 (s), 857 (m),
816 (m), 803 (m), 784 (w), 731 (w), 702 (w), 629 (w), 512 (w), 486
(w) cm�1; UV/Vis (CH3CN, c = 5.010 � 10�4

m, d = 0.2 cm): l (e in
l mol�1 cm�1) = 233 (21 001), 324 (12 493), 410 (1968, shoulder), 755
(637) nm; CV (CH2Cl2, 100 mV s�1): E =�0.26 Eox(Cu) (irrev. 1 e�),
�1.04 Ered(Cu) (irrev. 1 e�), �0.12 (rev. 1 e� , �0.06/�0.18), 0.36 (rev.
1 e� , 0.29/0.43) V. Crystals grown from Et2O solution: crystal data
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for [3(CuCl2)]: Mr = 510.95, 0.35 � 0.25 � 0.20 mm3, orthorhombic,
space group Fdd2, a = 20.443(4) �, b = 37.518(8) �, c = 12.751(3) �,
V = 9780(3) �3, Z = 16, dcalcd = 1.388 Mgm�3, 2q= 3.92 to 60.088,
MoKa radiation (graphite-monochromated, l= 0.71073 �), T =
100 K, measured reflections 7141, independent 6990, Rint = 0.0309,
final R indices [I>2s(I)]: R1(F) = 0.039, wR2(F2) = 0.103. Crystals
grown by diffusion of n-hexane into a solution of THF: crystal data
for [3(CuCl2)]·0.6 C4H8O: Mr = 554.21, 0.30 � 0.30 � 0.20 mm3, mono-
clinic, space group C2/c, a = 18.354(4) �, b = 13.463(3) �, c =
23.882(5) �, b= 102.63(3)8, V = 5758(2) �3, Z = 8, dcalcd =
1.279 Mgm�3, MoKa radiation (graphite-monochromated, l=
0.71073 �), T = 100 K, 2q= 4.38 to 59.228, measured reflections
12 872, independent 6616, Rint = 0.0368, final R indices [I>2s(I)]:
R1(F) = 0.0791, wR2(F2) = 0.2540.

[3(CuBr2)]

Compound 3 (51.3 mg, 0.136 mmol) was dissolved in THF (4 mL).
Then, anhydrous CuBr2 (30.8 mg, 0.136 mmol) was added. The sus-
pension was stirred for 2 days. Thereafter, the reaction mixture was
filtered and the solid residue was dissolved in THF (1 mL). From
the collected and filtrated solution, the solvent was removed in
vacuo and the residue was washed with Et2O (2 � 2 mL). After re-
moval of all solvent traces, a brown powder was obtained
(70.3 mg, 0.117 mmol, 85 % yield). Crystals were grown from THF
solution. Elemental analysis calcd (%) for C19H32CuBr2N6O2

(599.86 g mol�1): C 38.04, H 5.38, N 14.01; found: C 38.34, H 5.38, N
13.97; HR-MS (FAB, NPOE) m/z (%) = 520.1024 (100) [M�Br]+ ,
603.0225 (14.1) [L + 65Cu81Br2]+ , 601.03231 (52.3) [L + 63Cu81Br2]+

and [L + 65Cu79Br81Br]+ , 599.0234 (67.5) [L + 63Cu79Br81Br]+ and [L +
65Cu79Br2]+ , 597.0214 (28.2) [L + 63Cu79Br2]+ , 522.1039 (32.0) [L +
65Cu81Br]+ , 520.1024 (100.0) [L + 63Cu81Br]+ and [L + 65Cu79Br]+ ,
518.1055 (72.5) [L + 63Cu79Br]+ ; IR (CsI): n= 2995 (w), 2934 (w), 2885
(w), 2791 (w), 1580 (m), 1553 (m), 1515 (m), 1487 (m), 1400 (s),
1330 (m), 1274 (m), 1252 (m), 1229 (s), 1213 (s), 1166 (s), 1136 (m),
1105 (w), 1066 (m), 1020 (m), 980 (s), 935 (w), 915 (m), 893 (s), 856
(m), 817 (s), 803 (m), 793 (w), 699 (w), 629 (w), 510 (w), 483 (w)
cm�1; UV/Vis (CH3CN, c = 2.00227 � 10�4

m, d = 0.2 cm): l (e in
l mol�1 cm�1) = 221 (24 782), 244 (shoulder, 18 786), 325 (15 501),
345 (13 936), 416 (2056), 802 (651) nm; CV (CH2Cl2, 100 mV s�1): E =
�0.23 Eox(Cu) (irrev. 1 e�), �0.86 Ered(Cu) (irrev. 1 e�), �0.08 (rev.
1 e� , �0.06/�0.11), 0.42 (rev. 1 e� , �0.36/�0.48) V; Crystal data for
[3(CuBr2)]: Mr = 599.87, 0.30 � 0.20 � 0.10 mm3, orthorhombic, space
group Fdd2, a = 20.739(4) �, b = 38.076(8) �, c = 12.761(3) �, V =
10077(3) �3, Z = 16, dcalcd = 1.582 Mgm�3, 2q= 4.28 to 60.428, MoKa

radiation (graphite-monochromated, l= 0.71073 �), T = 100 K,
measured reflections 45 279, independent 7400, Rint = 0.0675, final
R indices [I>2s(I)]: R1 = 0.038(F), wR2(F2) = 0.081.

[4{Cu(OAc)2}]

Compound 4 (67.4 mg, 0.181 mmol) was added to a suspension of
anhydrous Cu(OAc)2 (32.2 mg, 0.177 mmol, 0.98 equiv) and Et2O
(2 mL). The suspension was stirred for 2 days. After removal of the
solvent, the residue was dissolved in THF (2.5 mL) and the blue so-
lution was filtered into n-hexane (20 mL). The obtained precipitate
was separated by filtration and washed with 3 � 2 mL n-hexane. Re-
moved from solvent residues, a blue powder was obtained
(74.2 mg, 0.134 mmol, 76 % yield). Crystals were gained by diffu-
sion of n-hexane into THF. Elemental analysis calcd (%) for
C23H34CuN6O6 (554.11 g mol�1): C 49.86, H 6.19, N 15.17; found: C
49.92, H 6.33, N 14.69; HR-MS (ESI, CH3CN): m/z (%) = 476.18340
(100) [M�2 OAc + MeCN]+ , 494.17019 (35.7) [M�OAc]+ ; IR (CsI): n=
3448 (bm), 2988 (w), 2932 (w), 2886 (w), 2804 (w), 1560 (s), 1488

(s), 1413 (s), 1388 (s), 1335 (m), 1292 (m), 1242 (s), 1213 (s), 1163
(s), 1084 (w), 1025 (m), 979 (s), 909 (m), 824 (s), 785 (w), 713 (w),
678 (m), 620 (w), 578 (w), 509 (w), 466 (w) cm�1; UV/Vis (CH3CN,
c = 9.051 � 10�5

m, d = 0.2 cm): l (e in l mol�1 cm�1) = 232 (24 782),
326 (10 960), 347 (11 841), 481 (161) nm; CV (CH2Cl2, 100 mV s�1):
E =�1.72 Ered (irrev.), �0.27 (rev., 1 e� , �0.21/�0.32), 0.16 Eox (irrev.)
V; Crystal data for [4(Cu(OAc)2)]·1.25 H2O (water traces from the ap-
plied Cu(OAc)2)]·H2O reagent): Mr = 576.62, 0.15 � 0.10 � 0.09 mm3,
tetragonal, space group P41, a = 14.24839(5) �, b = 14.24839(5) �,
c = 52.7665(5) �, V = 10712.47(12) �3, Z = 16, dcalcd = 1.374 Mgm�3,
2q= 3.4 to 71.08, CuKa radiation (graphite-monochromated, l=
1.54184 �), T = 120 K, measured reflections 610 708, independent
20 526, Rint = 0.0669, final R indices [I>2s(I)]: R1(F) = 0.029, wR2(F2) =
0.074.

[4(CuCl2)]

Ligand 4 (39.3 mg, 0.106 mmol) was dissolved in Et2O (3 mL). After
addition of anhydrous CuCl2 (13.4 mg, 0.100 mmol, 0.95 equiv), the
suspension was stirred for 2 days at room temperature. The green
suspension was filtered and the precipitate washed twice with
Et2O (2 mL). The solvent residues were removed in vacuo and
a green solid was obtained (49.9 mg, 0.098 mmol, 98 % yield). Ele-
mental analysis calcd (%) for C17H28Cl2CuN6O2 (506.92 g mol�1): C
45.02, H 5.57, N 16.58; found: C 44.79, H 5.43, N 16.28; HR-MS
(FAB, NPOE): m/z (%) = 377.23 (100) [L + H]+ ; 509.0946 (6.8) [L +
63Cu37L2]+ and [L + 65Cu37L35Cl] , 507.1025 (7.1) [L + 65Cu35L2]+ and
[L + 63Cu37L35Cl]+ , 505.0961 (2.5) [L + 63Cu35L2]+ , 474.1258 (8.6) [L +
65Cu37Cl]+ , 472.1250 (23.5) [L + 65Cu35Cl]+ and [L + 63Cu37Cl]+ ,
470.1241 (25.0) [L + 63Cu35Cl]+ ; IR (CsI): n= 2988 (w), 2933 (w), 2883
(w), 1612 (m), 1564 (s), 1537 (m), 1481 (m), 1410 (m), 1372 (m),
1297 (m), 1214 (s), 1160 (s), 1087 (m), 1024 (m), 977 (s), 906 (m),
852 (w), 821 (s), 708 (w), 561 (m), 507 (m), 466 (m) cm�1; UV/Vis
(CH3CN, c = 1.58567 � 10�4

m, d = 0.2 cm): l (e in l mol�1 cm�1) = 224
(28 631), 315 (9510), 347 (10 535), 384 (5134, shoulder), 445 (1771),
612 (shoulder), 675 (886), 736 (955), 816 (568, shoulder) nm; CV
(CH2Cl2, 100 mV s�1): E =�0.35 (rev. Eox =�0.26 and Ered =�0.35/
�0.53), 0.22 Eox (irrev.), 0.44 Ered (irrev.) V; Crystals grown by diffu-
sion of n-hexane into a solution of THF: crystal data for [4(CuCl2)]:
Mr = 506.91, 0.40 � 0.30 � 0.25 mm3, monoclinic, space group P21/n,
a = 11.934(2) �, b = 33.276(7) �, c = 12.895(3) �, b= 110.03(3)8, V =
4811.1(17) �3, Z = 8, dcalcd = 1.400 Mgm�3, 2q= 2.44 to 64.088, MoKa

radiation (graphite-monochromated, l= 0.71073 �), T = 100 K,
measured reflections 32 936, independent 16 731, Rint = 0.0504, final
R indices [I>2s(I)]: R1(F) = 0.049, wR2(F2) = 0.142. Crystals grown in
diethyl ether: crystal data for [4(CuCl2)]: Mr = 506.91, 0.29 � 0.04 �
0.03 mm3, orthorhombic, space group Pca21, a = 32.8250(9) �, b =
17.4668(3) �, c = 13.3167(3) �, V = 7635.1(3) �3, Z = 12, dcalcd =
1.323 Mgm�3, 2q= 3.70 to 71.328, CuKa radiation (graphite-mono-
chromated, l= 1.5418 �), T = 110 K, measured reflections 240 238,
independent 14 611, Rint = 0.1175, final R indices [I>2s(I)]: R1(F) =

0.065, wR2(F2) = 0.146.

[4(CuBr2)]

Compound 4 (50.3 mg, 0.135 mmol) was dissolved in THF (3 mL)
and anhydrous CuBr2 (28.7 mg,0.128 mmol) was added. The sus-
pension was stirred for 3 days at room temperature. After solvent
removal, the residue was dissolved in CH3CN (3 mL) and filtered.
The solvent was removed and the product was washed with dieth-
yl ether (2 � 2 mL). Solvent traces were removed in vacuo, and
a brown solid was obtained (61.1 mg, 0.106 mmol, 83 % yield). Ele-
mental analysis calcd (%) for C19H28CuBr2N6O2 (595.83 g mol�1): C
38.30, H 4.74, N 14.11; found: C 38.10, H 4.70, N 14.36; HR-MS (FAB,
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NBA): m/z (%) = 516.0766 (100) [M�Br]+ ; 598.9922 (7.3) [L +
65Cu81Br2]+ , 596.9910 (26.6) [L + 63Cu81Br2]+ and [L + 65Cu79Br81Br]+ ,
594.9932 (30.4) [L + 63Cu79Br81Br]+ or [L + 65Cu79Br2]+ , 516.0766
(100.0) [L + 63Cu81Br]+ and [L + 65Cu79Br]+ , 514.0778 (92.3) [L +
63Cu79Br]+ ; IR (CsI): n= 2989 (w), 2938 (w), 2886 (w), 1609 (s), 1560
(s), 1534 (s), 1481 (s), 1411 (s), 1378 (s), 1297 (m), 1242 (m), 1214
(s), 1158 (m), 1024 (m), 977 (s), 905 (m), 851 (w), 821 (s), 707 (w),
563 (m), 508 (m), 468 (m) cm�1; UV/Vis (CH3CN, c = 1.215 � 10�4

m,
d = 0.2 cm): l (e in l mol�1 cm�1) = 204 (49 338), 219 (48 528), 313
(11 256), 345 (11 800), 445 (2142, shoulder), 613 (658, shoulder), 673
(860), 736 (936), 824 (624, shoulder) nm; CV (CH2Cl2, 100 mV s�1):
E =�0.30 (rev. , �0.21/�0.38), 0.32 Eox (irrev.), 0.62 Eox (irrev.) V.

[4(CuCl2)]PF6

[4(CuCl2)] (63.3 mg, 0.125 mmol) was dissolved in CH3CN (7 mL)
and ferrocenium hexafluorophosphate (40.5 mg, 0.122 mmol,
0.98 equiv) was added. The reaction mixture was stirred for 16 h
and then filtered. The solution of the filtrate was removed. The res-
idue was washed with 5 � 2 mL diethyl ether. The product was crys-
tallized by diffusion of diethyl ether into an acetonitrile solution.
The dark blue–green crystalline needles were washed with 2 � 2 mL
diethyl ether and solvent residues were removed in vacuo. The
final product (53.5 mg, 0.082 mmol, 67 %) was gained by crystalliza-
tion. Elemental analysis calcd (%) for C19H28Cl2CuF6N6O2P
(651.88 g mol�1): C 35.01, H 4.33, N 12.89; found: C 35.11, H 4.29, N
13.32; 1H NMR (399.89 MHz, CD3CN): d= 7.65 (bs, 2 H, HC3, HC6), 4.65
(bs, 8 H, -NCH2-), 3.41 (s, 12 H, -MMe), 1.51 (s, 6 H, -CMe) ppm;
13C NMR (100.55 MHz, CD3CN, HSQC, HMBC): d= 49.4 (-NCH2-), 33.0
(-NMe) ppm; no signals found for -CMe, -CMe, C1–C7, and C12;
19F NMR (376.23 MHz, CD3CN): d=�72.9 (d, J = 706.4 Hz) ppm;
31P NMR (161.88 MHz, CD3CN): d=�144.6 (sept, J = 706.4 Hz) ppm;
HR-MS (ESI+ , CH3CN): m/z (%) = 505.09492 (100) [M]+ ; 509.09033
(24.4) [L + 65Cu37Cl2]+ , 507.09209 (66.8) [L + 63Cu37Cl2]+ and [L +
65Cu35Cl37Cl]+ , 505.09492 (100) [L + 63Cu35Cl37Cl]+ or [L + 65Cu35Cl2]+ ;
IR (CsI): n= 3055 (w), 2992 (w), 2938 (w), 2819 (w), 1621 (s), 1569
(s), 1559 (s), 1465 (s), 1400 (s), 1371 (s), 1340 (m), 1310 (m), 1256
(s), 1221 (s), 1161 (m), 1088 (m), 1021 (m), 980 (m), 917 (m), 839
(vs), 807 (w), 769 (m), 701 (w), 672 (w), 648 (s), 558 (s), 512 (w), 488
(w) cm�1; UV/Vis (CH3CN, c = 1.2347 � 10�4

m, d = 0.2 cm): l (e in
l mol�1 cm�1) = 202 (44 432), 214 (34 740, shoulder), 261 (8981,
shoulder), 329 (15 898), 458 (3845), 584 (1352), 786 (701, shoulder)
nm; Crystal data for [4(CuCl2)]PF6·CH3CN: Mr = 692.94, 0.24 � 0.06 �
0.04 mm3, monoclinic, space group P21/n, a = 6.53266(8) �, b =
32.9648(5) �, c = 12.98832(18) �, b= 91.3298(11)8, V = 2796.25(7) �3,
Z = 4, dcalcd = 1.646 Mgm�3, 2q= 3.66 to 71.158, CuKa radiation
(graphite-monochromated, l= 1.5418 �), T = 120 K, measured re-
flections 107 179, independent 5359, Rint = 0.0475, final R indices
[I>2s(I)]: R1(F2) = 0.094, wR2(F2) = 0.234.

[4(CuBr2)]PF6

[4(CuBr2)] (79.3 mg, 0.133 mmol) was dissolved in CH3CN (6 mL).
Ferrocenium hexafluorophosphate (43.2 mg, 0.130 mmol,
0.98 equiv) was added to the solution and the mixture was stirred
for 16 h. The solvent of the filtrate was removed and the residue
washed with 5 � 3 mL Et2O. The product was further purified by dif-
fusion of Et2O into a CH3CN solution. The crystalline product was
washed with 3 � 3 mL Et2O and the solvent residues were removed
in vacuo. Dark-green crystalline needles of the product (87.5 mg,
0.118 mmol, 91 % yield) were obtained. Elemental analysis calcd
(%) for C19H28Br2CuF6N6O2P (740.79 g mol�1): C 30.81, H 3.81, N
11.34; found: C 30.71, H 4.14, N 11.41; 1H NMR (399.89 MHz,
CD3CN): d= 6.40 (s, 2 H, HC3, HC6), 4.05 (m, 8 H, -NCH2-), 3.04 (s, 12 H,

-MMe), 1.81 (s, 3 H, CH3CN), 1.82 (s, 6 H, -CMe) ppm; 13C NMR
(100.55 MHz, CD3CN, HSQC, HMBC): d= 127.4 (-CMe), 49.9 (-NCH2-),
33.9 (NMe), 25.3 (-CMe) ppm; no signals found for C1–C7 and C12;
19F NMR (376.23 MHz, CD3CN): d=�72.86 (d, J = 706.6 Hz) ppm;
31P NMR (161.88 MHz, CD3CN): d=�144.63 (sept, J = 706.6 Hz)
ppm; HR-MS (ESI+ , CH3CN): m/z (%) = 594.99242 (100) [M]+ ;
598.98892 (16.6) [L + 65Cu81Br2]+ , 596.99051 (77.5) [L + 63Cu81Br2]+

and [L + 65Cu79Br81Br]+ , 594.99242 (100) [L + 63Cu79Br81Br]+ and [L +
65Cu79Br2]+ , 592.99463 (40.6) ; IR (CsI): n= 3058 (w), 2964 (w), 2905
(w), 1617 (s), 1570 (s), 1465 (s), 1465 (s), 1400 (s), 1369 (s), 1340 (w),
1308 (m), 1257 (s), 1222 (s), 1158 (m), 1088 (w), 1020 (m), 841 (vs),
807 (s), 769 (m), 741 (w), 699 (w), 673 (w), 647 (m), 558 (s), 502 (w),
486 (w) cm�1; UV/Vis (CH3CN, c = 1.31666 � 10�4

m, d = 0.2 cm): l (e
in l mol�1 cm�1) = 218 (47 591, shoulder), 328 (14 700), 456 (3515),
786 (874) nm.
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Copper Complexes of New Redox-
Active 4,5-Bisguanidino-Substituted
Benzodioxole Ligands: Control of the
Electronic Structure by Counter-
Ligands, Solvent, and Temperature

Redox-active guys : The electronic
structure of mononuclear copper com-
plexes featuring new redox-active 4,5-
bisguanidino-substituted benzodioxole
ligands can be controlled by several pa-
rameters and a temperature-dependent
equilibrium between two tautomeric
forms (CuII/neutral ligand and CuI/radical
monocationic ligand) can be achieved.
One electron removal leads to a redox-
induced electron transfer (RIET; see
figure).
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