Crystal structure, redox and spectral properties of copper(ir)
complexes with macrocyclic ligands incorporating both oxamido
and imine groups
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The electrochemical and spectral behaviors of three copper(i) complexes [CuL'] 1, [CuL?] 2 and [CuL?] 3, where L',
L? and L? are the dianions of macrocyclic oxamido Schiff bases, have been investigated by cyclic voltammetry,
electronic and ESR spectra. These macrocyclic complexes, which incorporate both oxamido and imine groups, can
undergo quasi-reversible reduction (Cu™ —— Cu') and oxidation (Cu™ —— Cu™). The crystal structures of 1 and 2
have been determined by single-crystal X-ray analysis. The difference in ring size leads to significant differences in
molecular and crystal structure, electronic and ESR spectra and redox behavior. In the [14]N, macrocyclic complex,

2, the CuN, chromophore assumes a nearly square-planar co-ordination geometry, but the geometry in the [15]N,
macrocyclic complex, 1, is distorted towards tetrahedral. The results from spectroscopic and redox studies are
consistent with the crystallographic results and perfectly related to each other. The main factors that determine the

relative stability of Cu' and Cu™

Introduction

Redox-active transition metal complexes that stabilize various
oxidation states of the metal centers are of considerable
interest, because of their potential significance as models of
redox metalloenzymes™? and as effective redox reactants or
catalysts.** Furthermore, a recently emerged field of research
concerns the use of redox-active metal complexes, for instance,
copper(11) complexes with salen and related Schiff bases, as
synthetic chemical nucleases or DNA damaging agents.” For a
specific metal ion, the main factors that determine the redox
properties include the nature and the arrangement of the donor
atoms around the metal, which determine the ligand field,
and other structural characteristics of the ligands such as the
flexibility of the metal bonding site and the nature and the
position of substituents. Among various ligands, many Schiff
bases derived from salicylaldehyde and related aromatic alde-
hydes have been found to stabilize copper(1), with the Cu(1/1)
potential varying from —1.4 to —0.3 V,° while many polyaza
ligands containing deprotonated amide groups, which are
strong ¢ donors, tend to stabilize the copper(in) state, as
has been found in copper(m) complexes of oligopeptides,’
oxamides®* and oxamates.” In addition, many copper(i)
complexes of tetraazamacrocyclic ligands, which are also of
great biological importance, have been -electrochemically
investigated.'®"® Polyoxotetraazamacrocyclic ligands, which
contain deprotonated amide groups, can also stabilize cop-
per(1r), the Cu(i/m) potential depending upon, among other
factors, the ring size.!"® From these points of view, macrocyclic
ligands bearing the dual features of amides and Schiff bases are
of great interest. In fact, only a limited number of copper(ir)
complexes of macrocyclic ligands incorporating oxamido and
imine groups have been synthesized.'*' Since these mono-
nuclear complexes contain unbridged oxamido groups, they can
be used as precursors for heteropolynuclear complexes, as has
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in these complexes are the size, geometry and flexibility of the co-ordination cavity.

been done by us very recently.'S However, to our knowledge, no
copper(11) complex of this type has been crystallographically
and electrochemically characterized.

With the above points in mind, we report here the redox and
spectroscopic properties of three copper(i) complexes with
[15]N, and [14]N, macrocyclic oxamido Schiff bases 1-3, as
shown. The crystal and molecular structures of 1 and 2 are also
reported. The structural information allows us to justify the
differences in the redox and spectral behaviors of the com-
plexes, mainly in terms of the match between the metal cation
and the dimensions or the geometry of each macrocyclic
co-ordination cavity.
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Materials and syntheses

Experimental

All chemicals were of A.R. grade and used as received, except
those for electrochemical measurements. The salt n-Bu,NCIO,
was recrystallized from pentane—ethyl acetate and dried under
vacuum. Acetonitrile was purified by distillation from calcium
hydride under a N, atmosphere.

The polycrystalline samples of [CuL'] 1, [CuL?] 2 and [CuL?]
3 were prepared by the template reactions of 2,2'-(oxalyldi-
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Fig. 1 An ORTEP" drawing of complex 1 with the atom numbering
scheme.

imino)bis(phenyl glyoxylate) with appropriate diamines and
copper(I1) acetate in the presence of triethylamine as described
elsewhere.'>* Slow evaporation of ethanol solutions of 1 and 2
yielded red single crystals suitable for X-ray analyses.

Physical measurements

UV-Visible spectra in acetonitrile were recorded on a Shimadzu
UV-2101PC UV-VIS scanning spectrophotometer, and X-band
ESR spectra on a Bruker ER 200 D-SRC ESR spectrometer.

Cyclic voltammetry was performed with a BAS-100B electro-
chemical analyzer in 0.1 mol dm™* acetonitrile solutions of
n-Bu,NCIO, at room temperature. A three-electrode cell was
employed with a platinum working electrode, a platinum wire
auxiliary electrode and a saturated calomel reference electrode.
The solutions were deaerated by an argon stream prior to all
measurements, and were kept under argon during the
measurements. All formal potentials were taken as the average
of the anodic and cathodic peak potentials (E,,) and are
referred to the saturated calomel electrode (SCE). Ferrocene
was added after each run as an internal standard, and the
ferrocenium—ferrocene couple was observed at 0.400 V at a scan
rate of 100 mV s~

Crystallography

Intensity data for single crystals of complex 1 and 2 were
collected on a Siemens P4 diffractometer. The structures were
solved by direct methods and subsequent Fourier difference
techniques, and refined anisotropically by full-matrix least
squares on F2.'® Crystal data and structure refinements are
summarized in Table 1.

CCDC reference number 186/1896.

See http://www.rsc.org/suppdata/dt/b0/b000504p/ for crystal-
lographic files in .cif format.

Results and discussion
Description of the structures

[CuL'] 1. The structure of complex 1 consists of the neutral
copper(1) complex of the [15]N, macrocyclic oxamido dianion.
A perspective view of 1 with the atom numbering scheme is
depicted in Fig. 1 and selected bond lengths and angles are
listed in Table 2. The copper atom lies on a twofold axis that
passes through the C7 atom and the center of the C—C bond of
the oxamido group, and consequently the molecule has a C,
symmetry. The macrocyclic ligand co-ordinates to the copper
atom via two deprotonated oxamido nitrogens and two imine
nitrogens. The copper atom resides right in the mean plane of
the four donor atoms, and the deviations from the mean plane
are £0.240 A for N1 and N1" and +0.254 A for N2 and N2".
Consequently, the CuN, chromophore assumes a square-planar
geometry with an appreciable distortion towards tetrahedral.
The C1-N1 (imine) distance (1.290 A) is typical of C=N bonds.
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Table 1 Summary of crystal data for [CuL'] 1 and [CuL?] 2

1 2
Formula C,sH,4,CuN,O4 C,4,H,,CuN,O4
Formula weight 540.02 526.00
Crystal system Monoclinic Monoclinic
Space group C2le C2le
alA 24.859(3) 23.871(3)
bIA 13.2164(10) 8.0074(12)
clA 7.0968(6) 25.775(3)
pr 96.19(2) 115.663(8)
UIA} 2318.0(4) 4440.8(10)
z 4 8
#(Mo-Ka)/cm™! 9.93 10.30
TIK 293(2) 293(2)
Reflections measured 2411 3906
Unique reflections 2048 3094
R(int) 0.0428 0.0452

R1, wR2 [I > 20(I)]
R1, wR2 (all data)

0.0578, 0.1331
0.0626, 0.1537

0.0492, 0.0817
0.0618, 0.1062

Table 2 Selected bond lengths (A) and angles (°) with es.d.s in
parentheses”

Complex 1

Cu-N(2) 1.923(4) N(1)-C(1) 1.290(6)
Cu-N(1) 1.965(4) N(1)-C(6) 1.474(6)
Cu---0(3" 2.986(4) N(2)-C(5) 1.355(6)
Cu---Cu™ 5.0339(13) N(©2)-C(8) 1.397(6)
N(2)-Cu-N(2Y 87.4(2) C(1)-N(1)-C(6) 121.1(4)
N(2)-Cu-N(1" 165.3(2) C(1)-N(1)-Cu 126.1(4)
N(2)-Cu-N(1) 92.7(2) C(6)-N(1)-Cu 112.6(3)
N(1")-Cu-N(1) 90.9(2) C(5)-N(2)-C(8) 121.3(4)
N(2)-Cu-0(3%) 89.6(2) C(5)-N(2)—Cu 112.2(3)
N(1)-Cu-O(3") 101.12(14) C(8)-N(2)—Cu 126.4(3)
N(2)-Cu-0(3"™) 93.60(14) N(1)-C(1)-C(9) 124.0(5)
N(1)-Cu-O(3™) 75.7(2) N(1)-C(1)-C(2) 119.7(5)
o(3")-Cu-0(3™) 175.54(14) C9)-C(1)-C(2) 116.3(4)
Complex 2

Cu-N(1) 1.915(5) N()-C(7) 1.396(8)
Cu-N(3) 1.919(5) N(2)-C(5) 1.275(7)
Cu-N(2) 1.943(5) N(©2)-C(3) 1.479(8)
Cu-N(4) 1.951(5) N(@3)-C(2) 1.353(8)
Cu---0(5h 3.095(6) N(3)-C(13) 1.392(8)
Cu---Cu' 6.220(2) N(4)-C(6) 1.288(8)
N(1)-C(1) 1.360(8) N(4)-C4) 1.466(8)
N(1)-Cu-N(3) 87.0(2) C(1)-N(1)-Cu 108.6(4)
N(1)-Cu-N(2) 93.9(2) C(7)-N(1)-Cu 127.1(5)
N(3)-Cu-N(2) 177.8(3) C(5)-N(2)-C(3) 121.2(6)
N(1)-Cu-N(4) 172.1(3) C(5)-N(2)—Cu 126.7(5)
N(3)-Cu-N(4) 93.5(2) C(3)-N(2)-Cu 111.9(4)
N(2)-Cu-N(4) 85.9(2) C(2)-N(3)-C(13) 123.0(6)
N(1)-Cu-O(5Y 75.2(2) C(2)-N(3)-Cu 111.5(5)
N(3)-Cu-O(5" 86.2(2) C(13)-N(3)-Cu 125.4(5)
N(2)-Cu-O(5Y 96.0(2) C(6)-N(4)-C(4) 123.8(6)
N(4)-Cu-O(5" 97.0(2) C(6)-N(4)—Cu 125.3(5)
C(1)-N(1)-C(7) 122.7(6) C(4)-N(4)—Cu 110.7(4)

¢ Symmetry codes: complex 1, I — x,y, —z+ 4 Il x, —y + 1,z = L III
-x,y+1,—-z+2;2,1-x+2,—-y+2,—z+1.

The Cu—N2 (amido) bond (1.923 A) is shorter than the Cu-N1
(imine) bond (1.965 A), consistent with the stronger donor
ability of the deprotonated amido nitrogen compared to the
imine nitrogen. The two symmetry-related phenyl rings tilt on
the opposite side of the N, plane with a dihedral angle of
26.4°. The six-membered diimine chelate ring assumes a twist
conformation.'®

In the crystal of complex 1 the neutral molecules are stacked
in such an offset way that the two “vacant” co-ordination sites
above and below the CuN, moiety are occupied by the oxamido
oxygens (03" and O3™) arising from two adjacent molecules,
with an interatomic Cu - - - O distance of 2.986 A, indicative of
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Fig. 2 Projections of the quasi-1-D chain formed along the ¢ axis via
intermolecular interactions in the crystal structure of complex 1: (a)
down the b axis and (b) down the « axis.

weak co-ordination bonds. Taking into account the weak inter-
actions, the copper atom may be said to be in a highly elongated
octahedral N,O, environment. In addition, each two neigh-
boring phenyl rings related by the (x, —y + 1, z — 1) transform-
ation are inclined towards each other at a dihedral angle of
17.9° and separated by 4.045 A, indicating the presence of weak
n—n stacking interactions (Fig. 2a). As a result of the above two
types of weak intermolecular interactions, the [CuL'] molecules
are stacked along the ¢ axis to form a quasi-one-dimensional
chain, in which copper atoms are arranged in a zigzag fashion
(Fig. 2b). The nearest intrachain Cu - - - Cu distance is 5.034 A.

[CuL?] 2. The structure of complex 2 consists of the neutral
copper(11) complex of the [14]N, macrocyclic oxamido anion.
A perspective view of 2 with the atom numbering scheme is
depicted in Fig. 3 and selected bond lengths and angles are
listed in Table 2. The copper atom in 2 is 0.048 A out of the
mean plane of the four nitrogen donors from the macrocyclic
ligand, and the deviations of all the nitrogen atoms from the
plane are +0.084 A, much less than those in 1. Consequently,
the metal ion is in a slightly distorted square-planar environ-
ment, which is obviously different from that in 1. The N, plane
is approximately coplanar with the two phenyl rings, which tilt
slightly on the same side of the N, plane, and the dihedral
angles of the N, plane with the C7-C8-C9-C10-C11-C12 and
C13-C14-C15-C16-C17-C18 planes are 9.5 and 17.5°, respect-
ively. These dihedral angles are smaller than that observed in 1,
suggesting that somewhat more efficient m delocalization is
present in the [14]N, macrocyclic molecule. The five-membered

Fig. 3 ORTEP drawings of complex 2: (a) the molecular structure
with the atom numbering scheme and (b) the quasi-dimer structure
formed via weak co-ordination bonds.

diimine chelate ring assumes a gauche conformation'® and the
diimine chelate angle (N2-Cu—N4, 85.9°) is smaller than that in
1 (N1-Cu-N1%, 90.9°), the other three chelate angles being
practically identical to those in 1. Furthermore, the Cu-N
distances for both imino and amido nitrogens are shorter than
those in 1, suggesting stronger co-ordination bonding in 2.
These structural features indicate that the co-ordination cavity
in the [14]N, macrocyclic complex is smaller than that in the
[15]N, species.

The closest contact between adjacent molecules is
Cu---052—-x, 2—y, 1 =2 (3.095 A), indicating the
presence of a weak co-ordination bond. As a result of the
weak intermolecular interaction, a quasi-dimer is formed
between two [CuL!] complexes related by an inversion center
(Fig. 3), with a Cu- - - Cu distance of 6.220 A. Therefore, one
may say that the co-ordination geometry of the copper atom
in 2 is a quasi-square pyramid. No intra- or inter-dimer n—7
stacking interactions between phenyl rings are evident.

The differences in intermolecular interactions and con-
sequently in the crystal structures of 1 and 2 are most likely
due to the difference in the cavity sizes of the two macrocycles.
The [15]N, macrocycle (L'), which is derived from 1,3-
diaminopropane and contains a six-membered diimine chelate
rings, has a larger co-ordination cavity than the [14]N, macro-
cycle (L?), which contains a five-membered diimine chelate ring
imposed by the ethylenediimine group. Therefore, the metal
atom in 1 is located right in the cavity, leaving a “vacant” site
for weak co-ordination bonding on each side of the CuN,
moiety, while the metal ion in 2 is slightly displaced out of the
cavity and prefers to form one weak co-ordination bond on
only one side, towards which Cu is displaced, and the co-
ordination on the other side is precluded by steric effects.
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Table 3 Summary of physical data for complexes 1, 2 and 3

ESR*“ Cu(u/n)® Cu(u/mr)®

Complex 8 g.° Ziso” Aio? A Jmax/nm (e/M ' cm ™) E,/IV AE,/mV E,/V AE,/mV

1 2.169¢ 2.038 2.084 81.3 164 286 (22600), 374 (13400), —1.015 102 1.036 98
2.175¢ 415 (8400), 636 (150)

2 2.145¢ 2.035 2.078 88.7 183 287 (21500), 376 (12700), —1.130 117 0.976 92
2.156¢ 420 (7600), 542 (185)

3 2.146°¢ 2.031 2.077 88.8 187 287 (21100), 372 (11500), —1.125 92 0.986 85
2.155¢ 420 (8100), 540 (200)

“ 4 values are in 107* cm™". * Scan rate = 100 mV s~'. E,;, values (vs. SCE) were taken as the averages of the anodic peak potentials (E,,) and the

cathodic (E,.) peak potentials, AE, =|E,

. — E,. “Values calculated from polycrystalline spectra. ¢ Values calculated from solution spectra in

acetonitrile at room temperature. ¢ Values estimated from frozen solution spectra in acetonitrile at 77 K.

T T T T T T
2600 2800 3000 3200 3400 3600
HAG

Fig.4 X-Band ESR spectra of (a) a polycrystalline sample of complex
1 (9.486 GHz), (b) an acetonitrile solution of 1 at room temperature
(9.775 GHz), (c) an acetonitrile solution of 1 at 77 K (9.425 GHz), (d)
an acetonitrile solution of 2 at 77 K (9.430 GHz).

Spectroscopic studies

The X-band room-temperature ESR spectra of polycrystalline
samples and acetonitrile solutions of complex 1, together with
the frozen solution spectra of 1 and 2 in acetonitrile at 77 K,
are shown in Fig. 4. The room-temperature spectra of 2 and
3 are similar to those of 1, and the frozen solution spectrum
of 3 is similar to that of 2. The parameters obtained from
the spectra are listed in Table 3. The solid spectra are axial
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Fig. 5 Cyclic voltammogram for complex 1 in acetonitrile at 100
1

mVs .
with g, > g, >2.02, typical of a copper(r) (d°) ion in axial
symmetry with the unpaired electron present in the d._ .
orbital.'”?® The room-temperature solution spectra show
hyperfine splitting lines characteristic of copper(i1) complexes,
and superhyperfine splitting lines due to the co-ordinated
nitrogen atoms (ay = 13 G). The hyperfine splittings were also
observed in frozen solutions. The g, 4, and 4, values for
four-co-ordinate copper(i1) complexes with similar ligands
carry information about the co-ordination geometry around
the metal ion.?*? It has been revealed experimentally and the-
oretically that, on going from a square-planar geometry to a
corresponding tetrahedrally distorted one, the g, value increases
and the 4, and 4, values decrease. As is shown in Table 3, the
two [14]N, complexes 2 and 3 show no significant difference
in g, 4, and A4;, but the g, value of the [15]N, complex 1 is
significantly larger, and its 4;, and A4, values are significantly
smaller, compared with those of 2 and 3. This fact, combined
with the visible spectral results (see below), indicates that the
N, co-ordination cavity of 1 in the solution is significantly
distorted towards tetrahedral, as has been revealed by X-ray
analysis in the solid state.

The electronic absorption spectra of complexes 1, 2 and 3 in
acetonitrile exhibit essentially similar patterns in the 250-500
nm region, with three strong bands due to intraligand and
charge-transfer transitions. A broad and much less intense band
for 1 was observed at 636 nm, assignable to envelope of the d—d
transitions of Cu™ in an environment close to square planar.®2°
The corresponding d—d bands for 2 and 3 appear at 542 and 540
nm, respectively, as shoulders of the near-ultraviolet bands. The
significant red shift in the maximum of the d-d band for 1
relative to those for 2 and 3, in spite of the presence of the same
CuN, chromophore, indicates that a weaker ligand field is
associated with the [15]N, macrocyclic ligands compared with
the [14]N, ones.” This is consistent with the larger g, value, the
tetrahedral distortion of the co-ordination geometry?*** and
the longer Cu-N distances in 1, as demonstrated by crystal-
lographic studies.

Redox studies

The three complexes exhibit similar electrochemical behavior.
The cyclic voltammograms in acetonitrile are exemplified by
that of 1 in Fig. 5 and the data collected in Table 3. All the



complexes show two quasi-reversible redox processes in the 1.5—
—1.5V vs. SCE potential range. The wave detected at negative
potentials (E;, = —1.02 to —1.13 V vs. SCE) is assignable to the
Cu(1/1) couple and the other at positive potentials (£, = 0.976
to 1.036 V vs. SCE) to the Cu(u/mr) couple. The suggestion that
the redox processes are metal centered is based on the following
considerations. First, although the “free” macrocyclic ligand
is not available, its precursor, diethyl 2,2'-(oxalyldiimino)-
bis(phenyl glyoxylate), and related Schiff bases derived from
salicyldaldehydes, show no redox wave in the experimental
potential range. Secondly, if the processes were ligand centered,
different aliphatic diimine fragments would not cause signifi-
cant differences in formal potentials. In fact, although the two
[14]N, complexes 2 and 3 undergo redox processes at nearly
the same potential, the [15]N, complex 1 shows significant
shifts in the formal potentials of both couples: the Cu(u/1)
potential is less negative and the Cu(1/111) one is more positive.

The difference in the formal potentials can be rationalized in
terms of the flexibility and the size of the co-ordination cavity
in the complexes, and the geometric requirements and the size
of the metal ions in different oxidation states. The reduction of
Cu" (d%) to Cu! (d') involves a drastic increase in the metal
radius and a configuration change from square planar to tetra-
hedral. Obviously, the larger and more flexible 15-membered
co-ordination cavity with a tetrahedral distortion in 1, com-
pared with the 14-membered one in 2 and 3, tends to stabilize
the copper(1) complex, so the Cu(u/1) formal potential for 1 is
less negative than those for 2 and 3. On the other hand, Cu™
(d®) tends to assume a square-planar co-ordination geometry
with a low-spin ground state, and the oxidation of Cu® to Cu™
involves a drastic reduction in ionic radius. In comparison with
the tetrahedrally distorted 15-membered co-ordination cavity in
1, the smaller and more nearly coplanar 14-membered cavity in
2 and 3 seems to fit Cu™ better, thus tending to stabilize the
copper(ir) complexes, so the Cu(11/11) potentials for 2 and 3 are
less positive than that for 1.

The spectral and redox data listed in Table 3 reveal that com-
plex 1, which exhibits a significantly red-shifted d—d absorption,
relatively increased g and decreased 4, values, has a less neg-
ative Cu(1/1) potential and a more positive Cu(11/m1) potential
than those of 2 and 3, indicating that there may be correlations
between the spectral and redox properties of these com-
plexes. These phenomena have also been found for some other
copper(ir) complexes. Red shifts in d—d absorption maxima for
a series of macrocyclic copper(ir) complexes '* and a number of
copper(i1) complexes with N-substituted hydroxynaphthal-
dimines * have been related to stabilization of Cu'. On the other
hand, blue shifts in d-d maxima observed for a large number of
peptide—copper(ir) complexes”’ and a recently reported class of
substituted oxamido- and oxamato-copper(i1) complexes® are
related to stabilization of Cu™. A linear relation has also been
established between g, and the Cu(1/1) potential for a series of
macrocyclic copper(i) complexes.'® These relationships reflect
the relative loss in crystal-field stabilization energy (CFSE) on
reduction from d° to d'° and the relative gain in CFSE on oxid-
ation from d° to d® (low-spin). As discussed above, all the
spectral data for 1, the lower-frequency d-d absorption and
the larger g, and smaller 4, values, are indicative of a weaker
ligand field. A weaker ligand field around Cu" leads to a
smaller loss in CFSE on reduction and a smaller gain in CFSE
on oxidation, thus relatively stabilizing Cu' and destabilizing
CuHI.

In conclusion, the results from crystallographic, spectro-
scopic and redox studies on the present complexes are consist-
ent with and related to one another very well. This contribution
reveals that the present copper(il) complexes can undergo
both quasi-reversible reduction (Cu™ —— Cu") and oxidation
(Cu™ —— Cu™), and thus demonstrates that the macrocyclic
ligands incorporating both oxamido and imine groups can
stabilize both Cu' and Cu™. The main factors that determine

the relative stability of Cu' and Cu™ in these complexes are the
size, geometry and flexibility of the co-ordination cavity. It
seems to us worthwhile to extend this work by synthesizing
more macrocyclic systems with different ring sizes and by
introducing substituents into the macrocycles, to get a more
complete picture of the factors that influence the redox
behavior. It would contribute to the synthesis of model
compounds and help our understanding of the functioning of
metalloproteins related to electron transport. Further work
along this line is in progress.
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