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Stabilization of Copper(l11) lons with Deprotonated Hydroxyiminoamide
Ligands: Syntheses, Structures, and Electronic Properties of Copper(ll) and
Copper(l111) Complexes
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Copper(ll) and copper(lll) complexes were prepared with
two novel ligands, N,N’-bis(2-(1-hydroxyimino-2-methyl-1-
phenyl)propyl)dimethylmalondiamide (H,mal55) and N,N’-
bis(2-(1-hydroxyiminoethyl)phenyl)dimethylmalondiamide
(H4smal66), both of which contain two amide and two oxime
functionalities as potential ligand donor groups. The two
copper(ll)  complexes  (NEty)[Cu(Hmal55)] (1) and
(NEt,)[Cu(Hmal66)] (2) can be reversibly oxidized in
acetonitrile at a redox potential of -0.120 and -0.075 V vs.
the Fc/Fc* redox couple, respectively. While the quantitative
electrolysis of 1 results in the preparation of the oxidized
complex [Cu(Hmal55)] (3), which is sufficiently stable to be
isolated, isolation of the oxidation product of 2 was not
attempted because of its long-term instability. The properties
of the complexes were investigated by means of various
spectroscopic  methods (UV-vis, ESR, NMR, and IR

spectroscopy) and by X-ray structure analysis. The structure
determinations and the spectroscopic investigations of the
complexes reveal a square-planar CuN, coordination
environment for each complex in the solid state and in
acetonitrile solution. In both the oxidized and reduced
oxidation states of the complexes, the coordinated ligands
remain triply deprotonated with a hydrogen atom bridging
both oxime oxygen atoms. The ligands can therefore be
regarded as pseudo-macrocyclic. The characterization of the
oxidation products clearly identifies the electron-transfer
reaction as being metal-centered. For the first time, the
structure of a copper(lll) complex with a ligand containing
oximes as donor groups was determined. The redox
potentials of the copper complexes are compared to related
Cu"'/Cu" redox couples.

Introduction

The stability of highly oxidized metal ions in complexes is
determined for the most part by the type of donor functions
provided by the ligand. In general, anionic and highly pola-
rizable donor groups are needed to achieve high oxidation
states at the metal sites. For example, deprotonated amides
as part of a multidentate ligand are well known to stabilize
the trivalent oxidation state of the central ion in mononu-
clear copper and nickel complexes.! Thus, copper(lll)
complexes have been synthesized and successfully isolated
with ligands which contain carboxylate,? amine,? thiol-
ate,®l alcoholate, and phenolate or further amide
groups® in addition to the deprotonated amide functions.

Another type of ligand donor function that has been
demonstrated to generate high-valent metal ions is the de-
protonated oxime group.[® While ligand systems with oxi-
mato groups produce stable nickel(l11) and even nickel(1V)
complexes, ! this ligand donor group seems to be consider-
ably less well-established in the coordination chemistry of
copper(l11) ions. To our knowledge, the Cu''/Cu" redox
chemistry has only been reported for two mononuclear cop-
per complexes containing such ligand donor functions.® In
these complexes the metal ion is coordinated to two imine
and two oxime nitrogen atoms in a square-planar geometry.
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Further, since metal ions can be bound by the depro-
tonated oximate group via the nitrogen as well as via the
oxygen atom, this type of ligand donor group has an advan-
tage: multinuclear complexes which display interesting mag-
netic properties® can be prepared and may, therefore, be
potentially useful for the development of new materials in
the field of molecular magnetism. [0

In light of the low Ni'""/Ni'" redox potentials obtained
for nickel complexes with either amidate or oximate groups
in the ligand environment,** some years ago we initiated
an investigation of the complexation properties of tetraden-
tate ligands comprised of two deprotonated amide and two
oxime groups. The ligands used in this study, H,mal55 and
H,mal66, are depicted below. They contain two amide and
two oxime functions for the complexation of metal ions.
Until recently™? complexes with such a combination of do-
nor groups in a ligand were unknown. In a recent com-
plexation study of copper(ll) ions,*?3 Kozlowski et al. em-
ployed the tetradentate amide-oxime ligand Hypap, in
which the oxime function is adjacent to the carboxylate
portion of the amide group. In contrast, in both the acyclic
amide-oxime ligands used in our investigation, the oximate
groups lie on the side of the amine residues of the amide
functions. In addition, the ligands H,mal55 and H,mal66
are designed to contain no hydrogen atom attached to a
carbon atom in the o position to any donor atom; this fea-
ture has been shown to be very helpful in abolishing or at
least in retarding possible decomposition reaction pathways
of amidato complexes after the metal ion is oxid-
ized.[AI8I4 The two ligands Hymal55 and Hymal66 dis-
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tinguish themselves by the different carbon chain lengths of
the two hydroxyliminoamine components. Therefore, while
ligand Hymal55 is expected to form two five- and one six-
membered chelate rings with the metal ion upon com-
plexation, ligand Hymal66 will render only six-membered
chelate ring sizes.
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Here we introduce the results of the complexation reac-
tions of the two novel amide-oxime ligands, H,mal55 and
H,mal66, with copper ions, emphasizing the effects of the
distinctive structural features of the ligands on the proper-
ties of the resulting complexes. The syntheses, as well as the
structural and electronic properties of the copper(ll) com-
plexes, are described. The results of an electrochemical
investigation, from which the isolation and first structural
characterization of a copper(l11) complex with oximate do-
nor groups in the ligand environment ensued, are presented.

Results and Discussion

Preparation of the Ligands and the Copper(ll)
Complexes

Scheme 1 illustrates the synthesis of the ligand H,mal55
X 0.5 H,0, which was obtained from dimethylmalonyl di-
chloride and a-amino-isobutyrophenone in two reaction
steps with an overall yield of 54%. Using a similar pro-
cedure, the ligand Hymal66 X H,O was synthesized from
dimethylmalonyl dichloride and 2-amino-acetophenone in
a 62% overall yield.

The red copper(ll) complexes (Et,N)[Cu(Hmal55)] (1)
and (Et;N)[Cu(Hmal66)] (2) were prepared by refluxing the
corresponding ligand with one equivalent of Cu(OAc), X
H,O in the presence of two equivalents of Et;,NOAc X 4
H,O in absolute ethanol. The elemental analyses of both
compounds suggest that the coordinated ligand is triply de-
protonated. The absence of N—H stretching vibrations be-
tween 3310 and 3370 cm~! in the IR spectra of the com-
plexes indicates that both amide nitrogen atoms are depro-
tonated upon complexation.
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Scheme 1. Synthesis of the ligand Hymal55

Structures of the Copper(11) Complexes

Perspective views of the copper(ll) complex anions are
displayed in Figures 1 and 2. A comparison of selected
bond lengths and angles is listed in Table 1. In the crystal
lattice of 1 - 0.5 Et,0, two crystallographically distinct, but
otherwise chemically equivalent complexes are found. In
both complexes 1 and 2, the copper(ll) ions are bound to
two deprotonated amide and two oxime nitrogen atoms in
essentially square-planar arrangements. The copper ions of
the two symmetry-unrelated complex anions in the crystal
lattice of 1 - 0.5 Et,O deviate by 0.052 and 0.075 A, respec-
tively, from the calculated least-squares-plane of the four
nitrogen donors. A similar deviation of the copper ion from
the least-squares Nj-plane (0.052 A) is observed in 2. In
both complexes, the dihedral angle between opposing CuN,
planes does not exceed 6.5°. The structure analysis of both
copper(Il) complexes provides further evidence that the two
oximate oxygen atoms are bridged by a proton; this is in
agreement with the previously mentioned elemental analy-
ses and IR spectra. Similar to the crystal structure of the
related complex anion [Cu(Hpap)]~,*?3 the hydrogen-
bridging is found to be asymmetric. This feature of a hydro-
gen atom bridging both oximate oxygen atoms gives the li-
gands a pseudo-macrocyclic appearance with only six-mem-
bered chelate rings occurring in 2, while in 1 the chelate
ring sizes alternate between five and six. The interatomic
O—0 distance between the oxime oxygen atoms measures
2.427 £0.005 A and 2.417 A for 1 and 2, respectively.

The different fused chelate-ring sizes have a profound ef-
fect on the degree of ruffling of the pseudo-macrocyclic ring
as well as on the Cu—N bond lengths. Thus, while most of
the atoms of the ligands backbone in 1 (except those of the
methyl and the phenyl groups) lie approximately in the
same plane as the CuN, unit, the ligand backbone in 2 ex-
hibits a more saddle-like appearance in order to still be cap-
able of accommodating the copper ion. The two phenylene
rings in 2 are positioned under the CuN, plane, forming
interplanar angles of 45.0—49.2° with the CuN, plane,
while the two oxime oxygen atoms and the atoms of the
malonyl bridge are located above the CuN, plane. Values
of 36.5° and 31.7° are calculated for the interplanar angle
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Figure 1. Perspective view of the structure of one of the two crystal-
lographically independent [Cu(Hmal55)]~ anions in 1 - 0.5 Et,O
showing thermal ellipsoids at 50% probability and the atom-num-
bering scheme

enclosed by the CuNjy-plane and the least-squares planes
passing through the atoms N(2), C(9), C(11), and N(3) and
through the atoms O(1), N(1), N(4), and O(4), respectively.
In addition, the average Cu—Ngmige and CU—Ngyime dis-
tances in 1 of 1.906 £0.005 A and 1.950 £0.011 A, respec-
tively, increase to 1.946 +0.006 A and 2.000 £0011 A in 2.

The Cu—Ngmige bond lengths compare well with those
found in other square-planar amidato copper(ll) com-
plexes. BIL2a[15] Reference values for Cu—Ngyime distances
in square-planar copper(l1) complexes containing vic dioxi-
mate ligand donor groups are rare; the copper(ll) ion is
five-coordinate in most complexes with this type of donor
function. 81 The Cu—Ngyime bond lengths (1.954 and 1.962
A) in the square-planar complex anion [Cu(Hpap)]~, which
possesses the same sequence of fused chelate ring sizes as
1, resemble those observed in 1.123

Electronic Properties of the Copper(l1) Complexes

The magnetic moments of 1 and 2 were determined to be
1.81 and 1.85 pg, respectively, which is consistent with the
S = 1/2 state of the mononuclear copper(I1) complexes. The
ESR spectra of the complexes dissolved in an acetonitrile/
toluene mixture (v/v = 1:4) and in pure ethanol were re-

Figure 2. Perspective view of the structure of the [Cu(Hmal66)]~
anion in 2 showing thermal ellipsoids at 50% probability and the
atom-numbering scheme. The location of the hydrogen atom which
asymmetrically bridges both oxime oxygen atoms is disordered over
two positions; the present view shows only one of these positions

corded at room temperature and at 100 K, respectively. The
spectra are shown in Figure 3 and the ESR parameters ob-
tained by simulation of the spectra are listed in Table 2.
Thus, the solution of 1 at room temperature renders an iso-
tropic ESR signal at gis, = 2.075, which is split into four
lines by the hyperfine coupling to the I = 3/2 spin of the
copper nucleus. Further, superhyperfine splitting is ob-
served due to the coupling to the nuclear spins | = 1 of the
four nitrogen donor atoms of the ligand. The values for g;s,
and AV, = 94.0-10~% cm™? are typical for square planar
or for tetragonally elongated octahedral compounds of cop-
per(ll) ions with an equatorial N,-ligand donor environ-
ment. Through the interpretation of the powder spectrum
of a frozen ethanolic solution of 1, one arrives at the same
conclusion. Thus g, = 2.170 and A®Y, = 210-10 % cm !
have values that are predicted by a scatter plot of g, vs.
ACY, for a monoanionic complex with a square planar or
tetragonally distorted octahedral CuNj-coordination
core.[*] The g-values and the hyperfine coupling constants

Table 1. Selected bond lengths [A] and angles [deg] in (NEt,)[Cu(Hmal55)] (1), (NEt,)[Cu(Hmal66)] (2), and [Cu(Hmal55)] (3)

(NEt,)[Cu(Hmal55)] (NEt,)[Cu(Hmal66)] [Cu(Hmals5)]®!

Cu—N(1) 1.940(4) 1.951(4)] 2.010(2) 1.903(2)
Cu—N(2) 1.908(4) 1.910(4)] 1.940(2) 1.860(2)
Cu—N(3) 1.901(4) 1.906(4)] 1.951(2) 1.860(2)[!
Cu—N(4) 1.961(4) 1.949(4)] 1.989(2) 1.903(2)t!
N(1)—Cu—N(2) 82.5(2) 82.5(2)] 87.0(1) 83.1(1)
N(1)—Cu—N(3) 177.1Q2) 175.3(2)] 173.4(1) 175.4(1)!
N(1)—Cu—N(4) 93.9(2) 94.5(2)] 94.1(1) 95.5(1)!
N(2)—Cu—N(3) 100.3(2) 99.6(2)] 91.5(1) 98.0(1)!
N(2)—Cu—N(4) 173.3(2) 174.4(2)] 178.8(1) 175.4(1)"
N(3)—Cu—N(4) 83.3(2) 83.0(2)] 87.5(1) 83.1(1)!

[l The corresponding bond lengths and angles in the crystallographically distinct second complex anion in 1 are listed in square brackets.
— [®I The atom numbering scheme of [Cu(Hmal55)] (3) (cf. Figure 6) is adapted to that of (NEt,)[Cu(Hmal55)] (1). Thus, the atoms N(1')
and N(2') in Figure 6 correspond to the atoms N(4) and N(3) in Table 1, respectively.
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indicate further that the unpaired electron resides in the d,,-
orbital of the copper(ll) ion if the coordinate system is ar-
ranged in such a way that the z axis lies perpendicular to
the CuN, plane and the x axis bisects the Njmnige—Cu—
Namige angle. The ESR spectra of 2 have rather similar ap-
pearances except that the g, value is slightly larger and the
ACY, value is smaller than that of 1. A smaller g, value and
a larger AY, value is correlated to the greater ligand field
strength that the ligand Hmal55%~ exerts on the copper ion.
Thus, the ESR data confirm the presence of weaker Cu—N
bonds in 2 as compared to those in 1, a fact which has
already been established by the structure determinations.
The electronic absorption spectra of the copper(ll) com-
plexes 1 and 2 are shown in Figure 4. The visible region of

[Cu(Hmalss)[
s
80 G RT

100K

[Cu(Hmalee)]”

Gieo
800, l RT

gd. 9, 9%
100G 100 K

Figure 3. X-Band ESR spectra of (Et;N)[Cu(Hmal55)] (1) (top)
and (Et;N)[Cu(Hmal66)] (2) (bottom) in acetonitrile/toluene (v/iv =
1:4) at room temperature and as frozen glass in ethanol at 100 K
(g-values are indicated)

Table 2. ESR properties of complexes 1 and 2 in acetonitrile/tolu-
ene mixture at room temperature and in frozen ethanol at 100 K

data (NEt,)[Cu(Hmal55)] (NEt,)[Cu(Hmal66)]
solution spectra at room temperature:

Jiso 2.075 2.080

AU (1074em™Y)  94.0 90.7

AN (10 cm™Y) 149 14.3

powder spectra at 100 K:

Ox, Oy, Oz 2.037, 2.056, 2.170  2.046, 2.050, 2.200
Ac“x‘,‘ Ac“yl, ACY, 35.1, 33.9, 210 34.0, 28.9, 193
(107*cem™h)

AN, AN AN, 16.1, 14.4, 13.6 15.9, 15.6, 14.0
(1074 cm™1)
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the spectrum corresponding to 1 comprises two absorption
bands at 405 and 509 nm. Based on their positions and
intensities, the bands are attributed to d—d transitions. The
energy range of the absorption bands indicates either that
the coordination geometry observed in the solid state is pre-
served in solution or that any possible axial coordination by
solvent molecules must be rather weak.[*8l Electrochemical
evidence*® supports the notion that, in acetonitrile, solvent
molecules are, if at all, extremely weakly coordinated to the
axial coordination sites. Similar d—d transitions appear as
shoulders with slightly higher intensities in the spectrum of
2; the lower energies of the absorption bands agree with
the previously stated proposition that a smaller ligand field
strength is exerted by the ligand Hmal66°~ as compared to
Hmal55%~. The intense absorption around 280 nm is attri-
buted to an amidato-to-copper(ll) charge transfer tran-
sition. 201
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Figure 4. Electronic absorption spectra of the copper(ll) complexes
1 and 2 in acetonitrile

Electrochemical Properties

The electrochemical properties of the copper(ll) com-
plexes were investigated by cyclic voltammetry and by coul-
ometry in acetonitrile solution. The cyclic voltammograms
of 1 and 2 are depicted in Figure 5. Both complexes reveal
electrochemically reversible oxidation reactions (the current
ratio lipa/ipcl = 1; ip/v’? and the separation of the peak-
potentials AE, are independent of the scan rate v) at —120
and —75 mV vs. the ferrocene/ferrocenium (Fc/Fc™) redox
couple in acetonitrile, respectively. No reversible reductions
are observed. Coulometric oxidations of the complexes at
an applied potential of 80 mV for 1 and 125 mV for 2 pro-
duce dark brown-red solutions. Quantitative electrolysis
demonstrates that the complexes are oxidized by one elec-
tron; immediate re-reduction results in the recovery of 98
and 95% of the reduced complexes 1 and 2. The long-term
stability of the oxidized species was examined spectropho-
tometrically. Thus, 95% of the oxidation product of 1 are
still present after 3 d and 91% after six days, indicating that
isolation of the oxidized compound should be feasible. In
contrast, only 67% and 51% of the oxidized species of 2
can be detected after 3 and 6 d, respectively.?Y] Due to this
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Figure 5. Cyclic voltammograms (50 mV/s) of 1 (solid line) and 2
(dashed line) at a Pt-foil electrode in acetonitrile at room tempera-
ture; peak potentials in mV vs. Fc/Fc* redox couple are indicated

apparent instability, no isolation of the oxidation product
of 2 was attempted.

In water containing 0.05 m NEt,(ClO,) as supporting
electrolyte, the oxidation potentials for 1 and 2 were deter-
mined to be 750 and 770 mV vs. NHE, respectively. The
electrochemical behavior of the complexes in water is, how-
ever, less ideal than that in acetonitrile, as demonstrated by
the peak current ratio and by the incipient appearance of
adsorption phenomena for the oxidation product of 1. Ad-
dition of NEt,OH effectuates a shift of the potential of 2
by 60 mV to a more negative value, indicating that the coor-
dinated ligand looses its bridging proton in a more basic
medium. However, the shape of the electrochemical re-
sponse demonstrates decomposition of the oxidized species;
for 1 oxidation was no longer observed upon addition of
base; this means that the stability of the fully deprotonated
copper(ll) complex [Cu(mal55)]?~ is very limited in water.

Preparation of Copper(111) Complexes

Indeed, consecutive coulometric oxidation of complex 1
in acetonitrile, evaporation of the acetonitrile, and recrystal-
lization of the obtained residue from toluene/hexane affords
analytically pure product. The elemental analysis of the
compound is consistent with its formulation as
[Cu(Hmal55)] (3). The IR spectrum of 3 is very similar to
that of 1 except that the features corresponding to the coun-
ter cation NEt, are now absent. For the purpose of com-
paring spectroscopic data, solutions of the oxidation prod-
uct of 2 were electrochemically generated in situ and, in
light of the apparent instability of the oxidized species, im-
mediately used for the respective measurements.

Eur. J. Inorg. Chem. 1999, 163—172

Structure of the Copper(111) Complex [Cu(Hmal55)]

A crystal structure determination was carried out on a
single crystal of 3. A perspective view of the complex is
presented in Figure 6. In Table 1 some selected bond
lengths and angles of compound 3 are compared to those
of the reduced complex. Overall, the ligand environment,
as well as the coordination geometry at the center ion, is
preserved upon oxidation of 1. The copper ion in 3 deviates
by approximately the same amount (0.073 A) from the
least-squares N,-plane as in 1 and also the dihedral angles
between opposing CuN,-planes are still under 6.5°. The
structure analysis provides evidence that the H-bridging be-
tween the oxime oxygen atoms still persists in complex 3.
Compared to complex 1, the Cu—N distances are reduced
by 0.05 A, indicating metal-centered oxidation. The de-
crease of the copper-donor atom bond lengths upon oxi-
dation of the metal ion is, however, considerably smaller
than that observed in other square-planar copper(ll)/cop-
per(111) couples with acyclic ligands.>3% In our opinion,
the modest reduction of Cu—N bond lengths, despite the
loss of a strongly c-antibonding electron, can be attributed
to the pseudo-macrocyclic nature of the coordinated ligand,
which does not allow a tighter enclosure of the metal ion
by the ligand without introduction of steric strain on the
ligand backbone. A closer inspection of the structural pa-
rameters of the ligand reveals no major differences between
complex 1 and 3 except that the ruffling of macrocyclic ring
seems to be a little bit more pronounced in the oxidized
complex. This observation is also manifested by the rather
small decrease of the interatomic O—O distance between
the oxime oxygen atoms from 2.427 +0.005 A in 1 to 2.400
A in 3. The Cu"—N_mige bond length of 1.860 A is at the
high end of the range of values observed for a bond length
between a copper(l11) ion and a deprotonated amide nitro-
gen donor atom.?=51

Figure 6. Perspective view of the structure of [Cu(Hmal55)] (3)
showing thermal ellipsoids at 50% probability and the atom-num-
bering scheme. The location of the hydrogen atom which asymme-
trically bridges both oxime oxygen atoms is disordered over two
positions; the present view shows only one of these positions

As previously noticed for other amidato copper(l11) com-
plexes,? 5 in response to the higher positive charge on the
copper ion upon oxidation, the partial double bond charac-
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ter of the C—N bond in the deprotonated amide function
is reduced in order to provide the amide nitrogen atom with
a higher negative charge. Thus, the average C—N and C—-0O
bond lengths change from 1.325 and 1.240 A in 1 to 1.358
and 1.233 A in 3, respectively. The strengthening of the
C—0 bond upon oxidation of the metal ion is accompanied
by an increase of the C=0 stretching frequency by 28 cm 1
in the IR spectra.

Spectroscopic Properties of the Copper(111) Complex

The diamagnetism of complex 3 which would be expected
for a complex with a copper(111) ion is confirmed by NMR
spectroscopy. The NMR spectrum of 3 in CD,ClI, clearly
establishes that the ligand is still bound to the metal ion in
its triply deprotonated form, i.e. the oxime oxygen atoms
are still bridged by a proton. A similar result is obtained
when the oxidation product of 2 is examined by NMR spec-
troscopy immediately after its electrochemical generation.

Addition of a base like triethylamine to a solution of
complex 3 in deuterated acetonitrile or dichloromethane
seems to cause deprotonation of the oxime group, which
is, however, accompanied by decomposition reaction(s) of
the complex.

Intense absorption bands with extinction coefficients be-
tween 1000 and 8000 m~* cm~1 are present in the visible
regions of the electronic absorption spectra of both oxid-
ized complexes (Figure 7). These bands are tentatively attri-
buted to LMCT transitions. In general, two strong absorp-
tion bands are observed in the spectra of copper(lll) pep-
tide complexes at 260—280 nm and at 380—400 nm attri-
buted to the ¢ and m N(peptide)-to-copper(lll) charge
transfer transitions, respectively.[*:?21 Copper(111) imine-oxi-
mate complexes yield a LMCT band between 515 and 581
nm. The absorption bands in the electronic absorption
spectra of the complexes [Cu(Hmal55)] and [Cu(HmMal66)]
occur at rather similar energies. Except for the intense band
around 773 nm for [Cu(Hmal66)], the visible regions in the
spectra of both oxidized complexes resemble each other.
The reason for the additional appearance of an intense
band around 773 nm for [Cu(Hmal66)] is attributed to a
LMCT transition involving the phenylene moieties of the
ligand. Such LMCT transition are likely to occur with the
oxidized copper ion in [Cu(Hmal66)], since here the sp?
hybridized donor atoms are part of t-molecular orbital sys-
tems extending over the phenylene units.

Comparison of Redox Potentials

In Figure 8a, the redox potentials of compounds 1 and 2
are compared with those of some selected copper complexes
in agueous solutions. With the exception of complex 12,
all complexes contain at least two deprotonated amide func-
tions as ligand donor groups, while complexes 1, 2, and
12 possess two vicinal dioximate ligand donor groups as a
common feature.
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Figure 7. Electronic absorption spectra of a solution of [Cu(H-
mal55)] (3) and an electrochemically generated solution of [Cu(H-
mal66)] in acetonitrile

Complexes 4—12[8219.237261 haye the same square-
planar CuN, coordination environment as complexes 1 and
2. In addition, complexes 1—10 all contain a malondiamide
bridge in the ligand.1°23241 The type of nitrogen donor
group of the two other coordination sites causes the poten-
tial to vary by approximately 0.7 V. Thus, a relatively high
redox potential (1.34 V) is achieved with r-acceptor ligand
donor functions such as pyridine units (4),2%! while the in-
troduction of further negatively charged donor groups in
addition to the two already provided by the malondiamide
unit affords low potentials (e.g. complex 10).10! In accord-
ance to this general trend, the redox potentials of 1 and 2
lie between those complexes containing amine donor
groups[t®®:23.241 in addition to the malondiamide moiety
and that of complex 10.

The effect of the ring size of the macrocycle on the redox
potential is illustrated by the complexes 6, 8, and 9, which
contain fifteen-, fourteen-, and thirteen-membered rings,
respectively. [*°2241 Thus, the copper(l11) ion is best accom-
modated by a small ring size, as demonstrated by the low
redox potential. A similar trend is also observed in com-
plexes with acyclic ligands where the lowest redox potentials
are found with 5-5-5 fused ring systems.[?%! In general agree-
ment with this tendency, the redox potential of 2, contain-
ing a sixteen-membered pseudo-macrocyclic ring, is 20 to
45 mV (depending on the employed solvent) higher than
that of 1, in which the pseudo-macrocyclic ring is fourteen-
membered. Thus, the difference in the redox potential of 45
mV observed in acetonitrile corresponds to a 4.3 kJ mol !
stabilization of the trivalent oxidation state relative to the
divalent oxidation state upon changing the ring size of the
pseudo-macrocycle from sixteen in 2 to fourteen in 1. The
long-term instability of the oxidation product of 2 is very
likely also related to the facts that the cavity in the sixteen-
membered macrocyclic ring is too large to accommodate
the rather small copper(l11) ion and that the already sub-
stantially ruffled ligand in copper(l1) complex 2 cannot sus-
tain any further ruffling in order to reduce the cavity size
after the oxidation of the metal ion.

With respect to the dioximato complex 12,11 the redox
potential of complex 1, which possesses the same pseudo-
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Figure 8. Schematic presentation of the redox potentials of 1 and 2 compared to those of related Cu'"'/Cu'" redox couples in a) water
(left) and b) acetonitrile (right). Data are taken from this work and other investigations!®-4.82.190.23-26]

macrocyclic ring size, is lowered by more than 200 mV. This
substantial decrease is a testimony of the considerable stabi-
lizing influence that two deprotonated amide functions ex-
ert on the high oxidation state of copper ions.

The redox properties of copper(ll) peptide complexes
were extensively surveyed by Margerum and cowork-
ers. 2511261 The copper(11) complex of the triply deprotonated
triglycine ligand (13) with a CuN3zO coordination environ-
ment is oxidized at 0.92 V.[?°! Substitution of all hydrogen
atoms by methyl groups (cf. 14) causes a substantial de-
crease of the Cu'''/Cu'' redox potential.l?®! The presence
of methyl groups in a-position to ligand donor atoms may
therefore be regarded as another contributing factor to the
stabilization of the oxidized complex 3.

In Figure 8b, the influence on the Cu'"'/Cu"' redox poten-
tial of various donor types in combinations with two depro-
tonated amide donor functions is examined for square
planar copper complexes dissolved in acetonitrile. Granting
that chelate ring sizes are not always comparable for these
complexes, a general trend, however, can still be discerned.
Thus, the stabilizing influence of donor groups on the tri-
valent oxidation state increases in the order amine®¥ < oxi-
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mate ~ phenolate® < deprotonated amide®® < al-

coholate < alkylthiolate. !

Conclusion

Two novel ligands containing two amide and two oxime
donor groups were synthesized and their coordination
properties were investigated with copper ions. The structure
analyses reveal a square-planar coordination geometry
around the copper(l1) ion in the solid state; this geometry
is preserved upon dissolving the complexes in acetonitrile,
as indicated by spectroscopic and electrochemical methods.
While both amide nitrogen atoms are deprotonated, only
one oxime donor group is deprotonated upon coordination
of the ligand. The residual oxime hydrogen atom bridges
the two vicinal oxime oxygen atoms, thereby furnishing the
ligand with a pseudo-macrocyclic appearance.

Special emphasis was given to the investigation of the
redox properties of the complexes. Thus, both copper(ll)
compounds can be oxidized to their corresponding cop-
per(111) oxidation states. However, only the oxidation prod-
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uct of complex 1 displays sufficient stability to be isolated,
resulting in the first structural characterization of a cop-
per(111) complex containing oximes donor functions in its
ligand sphere. The coordination geometry around the cop-
per(111) ion is essentially the same as in the reduced com-
plex.

Experimental Section

Methods: *H-NMR: Varian Gemini 200 and Bruker AM 360,
TMS as internal standard. — UV-vis: Varian Cary 5 E. — IR: Per-
kin-Elmer 1720 FT-IR. — ESR: Bruker ESP 300E. The ESR spec-
tra were analyzed with the programs ESR V1.0 of Frank Neese
(Diploma, University of Konstanz, June 1993) and SimFonia 1.2
of Bruker. — Electrochemistry: PAR Model 270 Research Electro-
chemistry Software controlled Potentiostat/Galvanostat Model
273A with the electrochemical cell placed in a glovebox. Electro-
chemical experiments were performed on 1—2 mwm acetonitrile solu-
tions containing 0.2 M (BusN)CIO, as supporting electrolyte unless
otherwise mentioned; a higher than normal electrolyte concen-
tration was applied to minimize solution resistance. All potentials
were measured vs. a SCE reference electrode at 25°C. The poten-
tials were not corrected for junction potentials. A Pt-foil electrode
was employed as the working electrode. Under these conditions
the potential for the ferrocene/ferrocenium ion couple was 0.43 V.
Coulometric experiments were performed using a Pt-gauze elec-
trode. — Magnetic susceptibilities: Johnson Matthey Magnetic Sus-
ceptibility Balance at room temperature. The values for the diamag-
netic susceptibilities of the ligands and the other components of the
complexes were taken from the literature.?”) — Chemical analyses:
Chemical analyses were carried out by the analytical laboratory of
the authors’ institute and by H. Kolbe, Mulheim.

Preparation of Ligands and Complexes. — Materials: 2-Aminoace-
tophenone (Aldrich), dimethylmalonic acid (Merck), copper(ll)-
acetate monohydrate (Riedel), and tetraethylammonium acetate
tetrahydrate (Fluka) were purchased from the indicated sources
and used without further purification. Dimethylmalonyl dichlo-
ride?® and 2-amino-2-methylpropiophenone hydrochloride?®!
were prepared according to previously published procedures.

N,N’-Bis[2-(1-hydroxyimino-2-methyl-1-phenyl)propyl]dimethyl-
malondiamide Hemihydrate (H,mal55 x 0.5 H,O). — (a) N,N’'-
Bis[2-(2-methyl-1-oxo-1-phenyl)propyl]dimethylmalondiamide  Mo-
nohydrate: At room temperature, dimethylmalonyl dichloride (2.5
g, 15 mmol) was added dropwise to a stirred solution containing 2-
amino-2-methylpropiophenone hydrochloride (7.2 g, 36 mmol) and
triethylamine (10.4 mL, 75 mmol) in dichloromethane (150 mL).
Stirring of the reaction mixture was continued for 12 h. After the
addition of water (30 mL), dichloromethane was added until a clear
solution was produced. The organic phase was separated and sub-
sequently washed with 2 N HCI (200 mL), saturated sodium car-
bonate solution, and water before it was dried over MgSO,. Re-
moval of the solvent in vacuo yielded the product as a white solid
(4.8 g, 73% yield) which was further recrystallized in EtOH in order
to obtain an analytically pure sample. — C,5H3,N,O5 (440.54):
calcd. C 68.16, H 7.32, N 6.36; found C 68.21, H 7.38, N 6.58. —
IH NMR (200 MHz, [Dg]Me,S0): § = 0.92 (s, CHs, 6 H), 1.43 (s,
CHs, 12 H), 7.32—7.56 (m, Ph—H, 6 H), 7.89 (d, Ph—H, 4 H),
8.00 (s, N—H, 2 H). — IR (KBr): ¥ = 3344, 1684, 1644, 1514, 1466,
1447, 1385, 1258, 1217, 1174, 1160, and 718 cm~* (strong bands
only). —

b)  N,N’-Bis[2-(1-hydroxyimino-2-methyl-1-phenyl)propyl]dimeth-
ylmalondiamide Hemihydrate: A suspension consisting of N,N’-
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Bis[2-(2-methyl-1-ox0-1-phenyl)propyl]dimethylmalondiamide
monohydrate (2.2 g, 5.0 mmol) and hydroxylammonium chloride
(14 g, 201 mmol) in pyridine (150 mL) was stirred for 12 h at 60°C.
After removal of the solvent in vacuo, the resulting solid was redis-
solved in chloroform (200 mL). The chloroform solution was first
washed with water (200 mL), then three times with 2 N HCI (100
mL) and finally with water (100 mL). After drying the solution
over MgSO,, the solvent was evaporated in vacuo to yield the prod-
uct (1.7 g, 74% vyield) as a white solid. — C,5H33N40,5 (461.56):
calcd. C 65.06, H 7.21, N 12.14; found C 65.02, H 7.00, N 11.83.
— 1H NMR (200 MHz, [Dg]Me,SO): & = 1.03 (s, CH3, 6 H), 1.42
(s, CH3, 12 H), 7.02—-7.07 (m, Ph—H, 4 H), 7.25—7.37 (m, Ph—H,
6 H), 7.95 (s, 2 H), 10.57 (5, 2 H). — IR (KBr): ¥ = 3456, 3312,
2983, 2933, 1663, 1644, 1539, 1512, 1455, 1444, 1420, 1387, 1358,
1216, 1014, 959, 771, 723, and 705 cm~? (strong bands only).

N,N’-Bis[2-(1-hydroxyiminoethyl)phenyl]dimethylmalondiamide
Monohydrate (H;mal66 - H,O). — (a) N,N’-Bis[2-(1-oxoethyl)phen-
ylldimethylmalondiamide: Dimethylmalonyl dichloride (2.02 g, 12
mmol) was slowly dropped into a solution of 2-aminoacetophenone
(6.48 g, 48 mmol) in absolute toluene (50 mL) at 0°C. The reaction
mixture was warmed to room temperature and stirred for 3 h. The
resulting solid was collected by filtration and washed twice with
toluene (30 mL). Afterwards, the solid was resuspended under in-
tense stirring for 20 min in an aqueous solution (400 mL) saturated
with sodium hydrogen carbonate. After filtration, the solid was
washed with copious amounts of water and dried in
vacuo at room temperature. Recrystallization of the raw product
(3.02 g, 69% yield) from glacial acetic acid yields analytically pure
product as a white solid. — C,;H,,N,0, (366.42): calcd. C 68.84,
H 6.05, N 7.65; found C 68.54, H 6.25, N 7.62. — *H NMR (200
MHz, [De]Me,SO): & = 1.62 (s, CH3, 6 H), 2.65 (s, CH3, 6 H), 7.23
(ddd, Ph—Hg, 2 H, J5c = 1.0 Hz, Jpc = 7.2 Hz, Joq = 8.1 Hz), 7.63
(ddd, Ph—Hy, 2 H, J, = 8.6 Hz, Jy. = 7.2 Hz, Jpq = 1.4 Hz), 8.08
(dd, Ph—Hg, 2 H, Jpq = 1.4 Hz, J4 = 8.1 Hz), 8.55 (dd, Ph—H,,
2H, Jp = 8.6 Hz, Joc = 1.0 Hz), 11.92 (5, N—H, 2 H). — IR (KBr):
v = 3215, 1668, 1655, 1607, 1584, 1517, 1479, 1452, 1441, 1384,
1364, 1355, 1314, 1298, 1251, 1226, 1167, 1150, 1122, 961, 910, 762,
and 605 cm~? (strong bands only).

(b) N,N’-Bis[2-(1-hydroxyiminoethyl)phenyl]dimethylmalondiamide
Monohydrate: Using a similar procedure as in the synthesis of
N,N’-Bis[2-(1-hydroxyimino-2-methyl-1-phenyl)propyl]dimethyl-
malondiamide hemihydrate, N,N’-Bis[2-(1-hydroxyiminoethyl)-
phenyl]dimethylmalondiamide monohydrate was prepared in a 90%
yield (3.11 g) in the form of a white solid from N,N’-bis[2-(1-oxo0-
ethyl)phenyl]dimethylmalondiamide (3.02 g, 8.3 mmol) and hy-
droxylammonium chloride (21 g, 302 mmol) in pyridine (180 mL).
An analytically pure sample was obtained by recrystallization from
ethanol. — C,;H,5N4O5 (414.46): calcd. C 60.86, H 6.32, N 13.52;
found C 6053, H 653, N 13.67. — H NMR (200 MHz,
[De]MeyS0): & = 1.55 (s, CH3, 6 H), 2.20 (s, CH3, 6 H), 7.16 (ddd,
Ph—Hg, 2 H, Joc = 1.1 Hz, Jpe = 7.6 Hz, Joq = 7.7 Hz), 7.34 (ddd,
Ph—Hy, 2 H, Jp = 8.1 Hz, J,, = 7.6 Hz, J,y = 1.4 Hz), 7.54 (dd,
Ph—Hg, 2 H, Jpg = 1.4 Hz, Joq = 7.7 Hz), 8.27 (dd, Ph—H,, 2 H,
Jap = 8.1 Hz, Joc = 1.1 Hz), 11.01 (5, 2 H), 11.52 (5, 2 H). — IR
(KBr): ¥ = 3368, 2925, 1664, 1624, 1580, 1526, 1447, 1394, 1369,
1310, 1295, 1270, 1246, 1124, 1009, 922, and 756 cm~?! (strong
bands only).

(NEt,)[Cu(Hmal55)] (1): A solution was prepared from H,mal55 X
0.5 H,0 (231 mg, 0.5 mmol), tetraethylammonium acetate tetra-
hydrate (261 mg, 1.0 mmol), and copper(ll) acetate monohydrate
(100 mg, 0.5 mmol) in absolute ethanol (50 mL). After the reaction
mixture was heated at reflux for a short time, the solvent was com-
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Table 3. Summary of Crystal Data, Intensity Collection and Refinement Parameters for (NEt,)[Cu(Hmal55)]-0.5 Et,O (1), (NEt,)[Cu-

(Hmal66)] (2), and [Cu(Hmal55)] (3)

Data 1 2 3
fOI’mU|a C35H54CUN504.5 C29H41CUN504 C25H29CUN404
M, [g mol ] 680.37 587.21 513.06
crystal dimensions [mm] 0.5x 0.3 x0.2 0.6 X 0.5 X 0.5 0.7 X 0.7 X 0.03
crystal system triclinic monoclinic orthorhombic
space group P1 (No.2) P2,/c (No.14) Pnma (No.62)
. 4 4 4
a[A] 13.317(4) 10.893(3) 9.886(2)
b [A] 16.311(6) 9.745(2) 25.613(8)
c [A] 19.162(7) 28.194(8) 9.081(3)
a [deg] 100.42(3) 90 90
B [deg] 102.78(3) 96.86(2) 90
Y [deg] 112.79(2) 90 90
V [A°] 3574(2) 2971(1) 2299(1)
Peatc [9 cmM 3] 1.264 1.313 1.482
diffractometer Hilger & Watts Syntex P2, Enraf-Nonius-CAD4
temperature [K] 153 293 153
L [A] 0.71073(Mo-K,) 0.71073(Mo-K,) 1.54178(Cu-K,)
pfem™4 6.56 7.76 16.78
F(000) 1456 1244 1072
scan method »-20 ®-20 ®-20
20 limits 2.3° =20 =50.1° 5.1° =20 = 55.1° 6.9° = 20 = 152.8°
unique reflections 12444 6851 2481
reflections with F, > 4 o(F,) 8259 4518 2134
number of variables (restraints) 810(5) 438(0) 166(0)
GooF on F? @ 1.089 1.120 1.100
R (WR?),% &bl 7.05 (17.21) 4.92 (12.56) 5.32 (14.63)

[@ For all reflections with F, > 4 6(F,). — PIR = IRl — IF I/ 2 IFl. — I wWR? = {Z [w (F,2 — F2)? /2 [w (F,)?] H2.

pletely removed in vacuo. The residue was treated with acetonitrile
(40 mL) and the resulting red solution was filtered. Slow diffusion
of ether into the acetonitrile solution afforded analytically pure
product in the form of orange-red needles, which, upon standing,
easily lost the ether molecules incorporated in the crystal lattice
(234 mg, 73% vyield). — C33H49CuUNsO, (643.33): calcd. C 61.61, H
7.68, N 10.89; found C 61.31, H 7.68, N 10.81. — Absorption spec-
trum (acetonitrile): Anax (em) 509 (84,4), 405 (141), 260 (sh, 14100),
225 (sh, 25700), and 203 (42500) nm. — IR (KBr): ¥ = 2968, 1589,
1493, 1451, 1393, 1362, 1341, 1320, 1199, 1173, 1151, 1089, 1036,
1018, 1010, 923, 886, 825, 785, 737, 699, 656, and 537 cm ™~ (strong
bands only).

(NEt,)[Cu(Hmal66)] (2): In a procedure similar to that described
for the synthesis of complex 1, complex 2 was prepared from
H,mal66 X H,O (207 mg, 0.5 mmol), tetraethylammonium acetate
tetrahydrate (261 mg, 1.0 mmol), and copper(l1) acetate monohydr-
ate (100 mg, 0.5 mmol) as dark red blocks (202 mg, 69% yield). —
C,9H41CuNs0O, (587.22): caled. C 59.32, H 7.04, N, 11.93; found
C 59.30, H 7.06, N 11.93. — Absorption spectrum (acetonitrile):
Amax (Em) 547 (307), 430 (sh, 501), 310 (sh, 9790), 272 (35500), 251
(sh, 30000), and 223 (24200) nm. — IR (KBr): ¥ = 2985, 2950,
1617, 1597, 1586, 1573, 1481, 1439, 1394, 1350, 1304, 1262, 1245,
1174, 1083, 1000, 957, 942, 867, 841, 772, 765, 744, and 530 cm !
(strong bands only).

[Cu(Hmal55)] (3): A solution of (NEt,)[Cu(Hmal55)] (163 mg, 0.25
mmol) in acetonitrile (20 mL) containing 0.1 M NaClO, as support-
ing electrolyte was oxidized at +0.08 V vs Fc/Fc™ in an electro-
chemical cell placed in a glove box. The electrolysis was carried out
at a platinum net electrode with a PAR Model 273A Potentiostat/
Galvanostat controlled by the PAR Model 270 Research Electro-
chemistry Software. After the oxidation was completed, the solvent
was completely removed in vacuo. The solid was treated with tolu-
ene (30 mL) and the resulting dark red-brown solution was filtered.
Hexane (120 mL) was layered upon the solution. Slow mixing of
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the two layers by diffusion afforded analytically pure product in
the form of dark red blocks (64.5 mg, 51% vyield). —
CosH29CUN,O, (513.08): caled. C 58.52, H 5.70, N 10.92; found C
58.38, H 5.76, N 10.88. — 'H NMR (360 MHz, CD,Cl,): § = 1.36
(s, CH3, 6 H), 1.64 (s, CH3, 12 H), 7.27 (m, Ph—H, 6 H), 7.48
(m, Ph—H, 4 H), 16.68 (s, N=0OH, 1 H). — Absorption spectrum
(acetonitrile): Amax (em) 700 (sh, 944), 533 (sh, 4460), 436 (8030),
373 (7590), 279 (17700), and 242 (15900) nm. — IR (KBr): v =
2986, 2937, 1617, 1593, 1560, 1452, 1394, 1371, 1362, 1351, 1224,
1200, 1124, 879, 747, and 700 cm™* (strong bands only).

Solutions of [Cu(Hmal66)]: For the purpose of comparing spectro-
scopic data, solutions of the oxidation product of 2 in acetonitrile
were electrochemically generated in situ at an applied potential of
0.125 V vs Fc/Fc* and, in light of the apparent instability of the
oxidized species, immediately used for the respective measurements.
Absorption spectrum (acetonitrile): Amax (em) 773 (5350), 500 (sh,
5100), 420 (8040), 313 (sh, 12600), 269 (35200), and 243 (35400)
nm.

Crystal Structure Analyses of the Copper Complexes: Table 3 con-
tains the cell parameters of the crystals and experimental details
on the data collections and structure refinements. The positions of
the non-hydrogen atoms were determined by SHELXS 8639 and
by Fourier difference maps using the program SHELXL-93 (1 and
2) or SHELXL-97 (3).2% The structural parameters were refined
with the program SHELXL-93 or SHELXL-97, using F? of all
symmetry-independent reflections except those with very negative
F2-values. Empirical absorption correction on the data set of 3 was
applied by using the program DIFABS. All non-hydrogen atoms
were refined anisotropically unless stated otherwise. The ether mol-
ecule in 1-0.5 Et,0 is disordered and the atoms of this crystal sol-
vent are therefore ill defined, resulting in large temperature factors
and somewhat distorted bond lengths. The non-hydrogen atoms of
this molecule were therefore refined isotropically. The tetraethylam-
monium cation in 2 is disordered and was modeled by two separate
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molecules. Half of the complex 3 is related to the other half by a
symmetry plane passing through the copper atom and the atoms
of the dimethylmethylene group of the dimethylmalondiamide unit.
Hydrogen atoms were assigned idealized locations and their iso-
tropic temperature factors were refined, except for those bound to
the oxime oxygen atoms in 1, in which complex the positions and
the isotropic temperature factors were refined. The locations of the
hydrogen atoms which asymmetrically bridge both oxime oxygen
atoms in 2 and 3 are disordered over two positions.

The largest peaks (holes) in the final difference Fourier maps corre-
spond to 1.13 (—1.12) e A~3,0.56 (—0.45) e A~2, and 0.68 (—0.67)
e A3 for structures analyses of 1, 2, and 3, respectively.

Crystallographic data (excluding structure factors) for the struc-
tures reported in this paper have been deposited with the Cam-
bridge Crystallographic Data Center as supplementary publication
no. CCDC-101423. Copies of the data can be obtained free of
charge on application to The Director, CCDC, 12 Union Road,
Cambridge CB2 1EZ, UK (Fax: Int. code +44 (1223) 336-033;
E-mail: deposit@chemcrys.cam.ac.uk).
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