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The electrochemical behaviour of a family of monomeric copper(ir) complexes of the related tetraanionic
chelating ligands N,N '-o-phenylenebis(oxamate) (L) and its methylamide (L?) and bis(methylamide) (L3) has
been investigated by cyclic voltammetry in acetonitrile at 25 °C and 0.1 mol dm~® NEt,CIO, as supporting
electrolyte. The copper(mn)—copper (i) reduction potentials have been found to span a potential range from +0.41
to —0.02 V (vs. saturated calomel electrode), being reversible for all cases except the copper(i)-L* complex.

The trend in formal potentials along this series is explained in terms of the stronger donor properties of the
deprotonated-amido nitrogen atoms than those of the carboxylate oxygen ones. Hence, the stabilization of the
trivalent oxidation state of copper is attributed to the increasing number of deprotonated-amido donor groups.
A perfect correlation has been observed within this family between the Cu"'-Cu" potentials and the visible
absorption maxima of the copper (1) complexes. The relative gain in crystal-field stabilization energy for the

change from the d® (Cu", square planar) to the low-spin d® (Cu

, square-planar) electronic configuration is the

main factor in the overall thermodynamic stability of the copper(ir) complexes. The molecular structure of the
stable copper (i) complex [PPh,J[CuL’®]-MeCN has been determined by single-crystal X-ray analysis. The metal is
in a nearly square-planar environment formed by the four amido nitrogen atoms of the chelating ligand, with
short Cu-N bond distances (1.84-1.88 A) typical of trivalent copper.

The co-ordination chemistry of high-oxidation-state transition-
metal complexes is an area of considerable importance, because
of their biological significance as models of redox enzymes
and their potentially useful properties as catalytic oxidants,
although limited in scope owing to the small number of suitable
ligands."® One of them is the well known oxamide dianion
C,0,N,H,*" which acting as a bidentate ligand through its
strong electron-donating amide nitrogen atoms is able to stabil-
ize high oxidation states, as has been shown by Steggerda and
co-workers* for copper(in) and nickel(ir). However, the low
solubility of oxamide in common solvents and its weak acidity,
together with its hydrolytic decomposition in alkaline solution,
preclude an exhaustive exploration of its co-ordination chem-
istry. These difficulties can be almost overcome by using N,N’-
bis(co-ordinating group-substituted)oxamides,® which are more
reluctant to undergo hydrolysis and exhibit higher solubility.
Furthermore, in the presence of transition-metal ions and if the
substituted oxamide can form five- or six-membered chelate
rings, the amide deprotonates and co-ordinates simultaneously
at low pH.®” The ability of this class of ligands to stabilize high
oxidation states has been recently demonstrated by Lloret and
co-workers™ in an extensive study of copper chemistry with
N,N ’'-bis(carboxylate-substituted)oxamides, studies which are
at the foundations of the present work.

In this paper we explore the capacity of one specific family
of tetraanionic chelating ligands, namely N,N’-o-phenylene-
bis(oxamate), its methylamide and bis(methylamide) deriv-
atives, in the stabilization of copper(t) complexes. The trend in
formal potentials of the copper(ir)—copper (i) couples as the O-
carboxylic atoms are systematically replaced by N-amido ones
along this series is explained in the light of their different donor
properties. The crystal and molecular structure of the cop-
per(u) complex [PPh,][CuL®]-MeCN is also reported, which

R1 R?

L2 o NMe
L3 NMe NMe

constitutes one of the few examples of structurally character-
ized copper compounds in the rare +im oxidation state.®*

Experimental
Materials

All chemicals were of reagent-grade quality from commercial
sources and used as received, except those for electrochemical
measurements. The NEt,CIO, salt was recrystallized twice from
acetone—diethyl ether and dried at 80°C under vacuum.
Acetonitrile was purified by distillation from calcium hydride
on to activated 3 A molecular sieves and stored under argon.
The diethyl ester of N,N’-o0-phenylenebis(oxamic acid) was
prepared from ethyloxalyl chloride and o-phenylenediamine
by literature methods.*®

Preparations
H,L? and H,L%. A methanolic solution (50 cm?®) of diethyl
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N,N "-0-phenylenebis(oxamate) (10 mmol) was treated with
either 2 equivalent (for H,L?) or an excess, at least 3
equivalents (for H,L3), of methylamine (33% in ethanol) at
room temperature. The mixture was kept at 65 °C for half an
hour with vigorous stirring and the white precipitate was fil-
tered off, washed with methanol and diethyl ether, and dried
under vacuum (ca. 90%) (Found: C, 51.9; H, 4.8; N, 15.4.
C,,H3N;O; requires C, 51.1; H, 4.7; N, 15.05%. Found: C, 52.0;
H, 4.9; N, 20.2. C;,H,N,O, requires C, 51.8; H, 5.1; N, 20.1%).
Vmax/CM ™ (KBr) 3259s (NH) and 1762vs, 1740vs and 1690vs
(CO) for the diethyl ester; 3310s and 3263s (NH) and 1718s and
1657vs (CO) for H,L? 3379s, 3323s and 3257s (NH) and 1690s
and 1660vs (CO) for H,L3. §,,[(CD,),SO] 1.35 (6 H, t, 2 CHy,),
4.34 (4 H, q,2 CH,0), 7.24 (2 H, dd, m-H of C4H,), 7.56 (2 H,
dd, o-H of CsH,) and 9.26 (2 H, s, 2 NH) for diethyl ester; 2.72
(3 H, d, CH;N), 3.85 (3 H, s, CH;0), 7.28 (2 H, dd, m-H of
CgH,), 7.52 (1 H, dd, o-H of C;H,), 7.62 (1 H, dd, o-H of C;H,),
8.99 (1 H, d, NH alkyl), 10.36 (2 H, s, NH aryl) and 10.58 (2 H,
s, NH aryl) for H,L? 2.73 (6 H, d, 2 CH;N), 7.29 (2 H, dd, m-H
of C¢H,), 7.60 (2 H, dd, o-H of C;H,), 8.99 (2 H, g, 2 NH alkyl)
and 10.50 (2 H, s, 2 NH aryl) for H,L3.

Na,[CuL']-3H,0 1, Na,[CuL?]-2H,0 2 and Na,[CuL®]-H,0 3.
The cuprate(m) salts 1-3 were synthesized by following a pro-
cedure analogous to that reported previously for 1:'* to a sus-
pension of the corresponding oxamate (5 mmol) in water (250
cm?®) was added an aqueous solution (25 cm®) of NaOH (1.00 g,
25 mmol). The mixture was stirred at 60 °C for 15 min. An
aqueous solution (50 cm®) of Cu(CIO,),-6H,0 (1.85 g, 5 mmol)
was then added dropwise with stirring. The resulting mixture
was charged with water until complete dissolution. It was then
filtered, reduced to approximately half the initial volume on a
rotatory evaporator when a solid began to appear. The powdered
precipitate was filtered off, washed with ethanol and ether, and
air-dried.

[NMe,],[CuL']-H,O 4, [NMeg,],[CuL?-H,O 5 and [NMe,],-
[CuL?®]-H,0O 6. The cuprate(u) salts 4-6 were prepared similarly:
to a suspension of the corresponding oximate (5 mmol) in
methanol (100 cm®) was added a 25% methanol solution (10
cm®) of NMe,OH (25 mmol). The resulting mixture was stirred
at 60 °C for 15 min until complete dissolution. A methanolic
solution (50 cm®) of Cu(ClO,),-6H,0 (1.85 g, 5 mmol) was then
added dropwise with stirring. It was filtered to remove solid
NMe,ClO,, reduced to ca. 10 cm® on a rotatory evaporator, and
an equal volume of acetonitrile added to precipitate the remain-
ing NMe,ClO,. The mixture was filtered again and treated suc-
cessively with ether and acetone to give a hygroscopic solid
which was rapidly filtered off and dried under vacuum.

[PPh,],[CuLY-H,O 7, [PPh,],[CuL?-4H,0 8 and [PPh,],-
[CuL®-5H,0 9. The cuprate(i) salts 7-9 were obtained by
metathesis of the sodium salts 1-3, respectively, with tetra-
phenylphosphonium chloride in water at room temperature as
follows: PPh,CI (3.75 g, 10 mmol) dissolved in the minimum
volume of water was added dropwise to a previously filtered
aqueous solution of the corresponding sodium salt (5 mmol). A
polycrystalline solid precipitated immediately, and was filtered
off, washed with ethanol and ether, and air-dried.

[PPh,J[CuL®-MeCN 10. The copper(in) complex 10 was
obtained by chemical oxidation of the corresponding copper (i)
complex with iodine in dichloromethane as follows: to complex
9 (1.10 g, 1 mmol) dissolved in dichloromethane (50 cm®) was
added a dichloromethane solution containing a slight excess of
I, (0.15 g, 0.6 mmol) with gentle warming. The intensely
coloured solution was filtered and then allowed to evaporate
slowly. Recrystallization from acetonitrile afforded the desired
product as well shaped large prismatic brown-black crystals
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suitable for X-ray analysis, which were separated by hand from
the residual PPh,l. The compound exhibits unusual stability;
for instance, no significant decomposition occurs during the
recrystallization procedure even over several days.

Analytical and general physical characterization data for the
copper compounds 1-10 are listed in Table 1.

Physical techniques

Proton NMR spectra were recorded at 250 MHz on a Briker
AC 250 spectrometer. Chemical shifts are reported in & (ppm)
vs. SiMe, with the deuteriated solvent proton residuals as
internal standard. The ESR spectra were recorded on a Briker
ER 200 D spectrometer at X-band at 298 K, IR spectra on a
Perkin-Elmer 882 spectrophotometer as KBr pellets and visible
solution spectra on a Cary 1 UV/VIS spectrophotometer.
Elemental analyses (C, H, N) were performed by the Micro-
analytical Service of Institut de Chimie des Substances
Naturelles (Centre National de la Recherche Scientifique).

Cyclic voltammetry was performed using a Princeton
Applied Research Model 362 scanning potentiostat. The electro-
chemical studies were carried out in acetonitrile using 0.1 mol
dm~® NEt,CIO, as supporting electrolyte. The tetramethyl-
ammonium and tetraphenylphosphonium cuprate(i) salts (1.0
mmol dm~3) gave identical results. The working electrode was a
glassy carbon disc (0.32 cm?) which was polished with 0.3 um
polishing powder, sonicated, washed with distilled water and
acetone, and vacuum dried. The reference electrode was
Ag(AgCIO,) separated from the test solution by a salt bridge
containing the solvent/supporting electrolyte, with platinum as
auxiliary electrode. All experiments were performed in standard
electrochemical cells under an inert atmosphere at 25 °C. All
formal potentials were taken as the anodic peak potentials (E,)
and are referred to the saturated calomel electrode (SCE),
which was consistently measured as —0.26 V vs. the AgCIO,~Ag
electrode. The peak-to-peak separations (AE,) of the copper
couples, when both anodic and cathodic peaks were detected,
were similar to that of the ferrocenium—ferrocene couple under
the same conditions, i.e. around 50 mV. Plots of peak current vs.
the square root of the scan rate over the range 50-200 mV s !
were linear for couples that are stated to be reversible.

Crystallography

Crystal data and data collection parameters. C;3H3;;CuN;O,4P,
M =718.24, monaoclinic, space group P2,/a, a=10.847(2),
b =22.081(4), c = 14.898(4) A, B =110.53(2)°, U = 3568 A® (by
least-squares refinement on diffractometer angles from 25
centred reflections, 12 <0 <20°), 293 K, graphite-mono-
chromated Mo-Ka radiation, A =0.71069 A, Z=4,D,=1.42 g
cm~3, F(000) = 1476, brown-black prism with dimensions
0.25 x 0.11 x 0.08 mm, p(Mo-Ka) = 9.5 cm™.

Corrections for Lorentz-polarization effects but not absorp-
tion were carried out (the latter was not considered necessary
given the low p value); Enraf-Nonius CAD-4 diffractometer,
data collection range 1 < 0 < 25°, three standard reflections
monitored throughout data collection showed no significant
variation in intensity; 6630 reflections measured, 4080 unique
with I = 3o(1) used in all calculations.

Structure solution and refinement. The structure was solved
by Patterson methods and refined by the full-matrix least-
squares method on F2. All non-hydrogen atoms were refined
anisotropically. The hydrogen atoms were located from a differ-
ence synthesis and refined with an overall isotropic thermal
parameter. The final full-matrix least-squares refinement, mini-
mizing Sw(|F,| — |F)> with unit weights, converged at R=
R’'=0.048 {R=X(IF,| — [F)/Z(F,)) and R’ =[Z(IF| — [F))*
SwF, 2]}, for 445 refined parameters, goodness of fit =1.484,
maximum A/c =0.1, maximum Ap=1.569 e A%, minimum
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Table 1 Analytical® and physical data for the copper complexes

Complex Colour J(CO)’/cm™?
1 Na,[CuL]-3H,0 Violet 1643s, 1617vs
2 Na,[CuL?-2H,0 Pink 1610vs (br)
3 Na,[CuL?-H,0 Red 1602vs (br), 1580s
4 [NMe,],[CuL']-H,0 Violet 1620vs (br)
5 [NMe,],[CuL?-H,0 Pink 1603vs (br)
6 [NMe,],[CuL®]-H,0 Red 1600s (br), 1582vs
7 [PPh,J,[CuL-H,0 Violet 1647s, 1620vs
8 [PPh,],[CuL?-4H,0 Pink 1641m, 1603vs
9 [PPh,],[CuL?-5H,0 Red 1602s, 1580vs
10 [PPh,][CuL®]-MeCN Brown-black 1656vs, 1629s

equired values are given in parentheses. ® In r.
2 Required val g parenth ®In KB

Analysis (%)

vield%) C H N

85 29.3(29.2)  245(2.45)  6.7(6.8)
80 323(325)  29(27) 9.85 (10.3)
80 355(35.9)  3.2(3.0) 13.6 (13.9)
) 45.4(45.2)  6.05(6.3)  11.8(11.7)
85 46.0 (465) 6.8 (6.8) 14.6 (14.3)
85 47.9 (47.65) 6.6 (7.2) 16.6 (16.7)
95 69.6 (69.1) 4.6 (4.6) 3.0 (2.8)
) 65.5(65.9) 4.8 (5.15) 3.7(3.9)
) 65.0(65.1) 5.4 (5.5) 5.1 (5.1)
45 62.0(62.0) 4.7 (4.8) 9.7 (9.5)

Table 2 Selected bond lengths (A) and interbond angles (°)* for
[PPh,J[CuL?-MeCN 10

Copper environment

Cu-N(1) 1.845(4) Cu-N(@3) 1.879(4)
Cu-N(2) 1.881(4) Cu-N(4) 1.844(4)
N(1)-Cu-N(2) 85.02) N(2)-Cu-N(3) 106.0(2)
N(1)-Cu-N(3) 168.7(2) N(2)-Cu-N(4) 168.3(3)
N(1)-Cu-N(4) 84.3(2) N(3)-Cu-N(4) 84.9(2)
L3

C(1)-0(1) 1.221(7) C(2-0(2) 1.232(7)
C(3)-0(3) 1.231(7) C(4)-0(4) 1.233(7)
C(1)-N(1) 1.347(7) C(2)-N(2) 1.334(7)
C(3)-N(3) 1.343(7) C{4)-N(4) 1.348(7)
C(5)-N(1) 1.398(6) C(6)-N(4) 1.405(6)
C(11)-N(2) 1.457(6) C(12)-N(3) 1.460(6)
C(1)-C(2) 1.523(7) C(3)-C(4) 1.519(7)
0(1)-C(1)-N(1)  126.0(5) 0B3)-CB3)-N@)  125.9(5)
0(2-C(2-N(2)  126.6(4) O(4)-C(4)-N(4)  126.1(5)
0(1)-C(1)-C(2)  123.8(5) 0(3)-C(3)-C(4)  121.2(5)
0(2)-C(2-C(1)  120.0(5) O(4)-C4)-C(3)  123.3(5)
N()-C(1)-C(2)  110.2(4) N@)-C(3)-C(4)  112.8(4)
N@2-C(2-C(1)  113.3(4) N(4)-C(4)-C(3)  110.6(4)
C(1)-N(1)-C(5)  127.7(4) C(3)-N(3)-C(12)  118.2(4)
C)-N@2)-C(11)  117.2(4) C)-N(4)-C(6)  128.0(4)
N()-C(5)-C(6)  112.7(4) N(@4)-C(6)-C(5)  112.2(4)
N(1)-C(5)-C(10)  127.4(5) N(4)-C(6)-C(7)  127.6(5)

* Estimated standard deviations in the last significant digits are given in
parentheses.

Ap=-0.306e A3 f, ' and f” taken from the literature.’® All
calculations were performed by using SHELXS 86, SHELX
76 and ORTEP?® programs. Selected bond distances and
angles are listed in Table 2.

Atomic coordinates, thermal parameters, and bond lengths
and angles have been deposited at the Cambridge Crystallo-
graphic Data Centre (CCDC). See Instructions for Authors,
J. Chem. Soc., Dalton Trans., 1997, Issue 1. Any request to the
CCDC for this material should quote the full literature citation
and the reference number 186/365.

Results and Discussion
Structure of complex 10

The crystal structure of [PPh,]J[CuL?-MeCN 10 consists of dis-
crete monomeric copper complex anions, [CulL®", tetra-
phenylphosphonium cations, and acetonitrile molecules of
crystallization. A perspective view of the mononuclear anionic
entity with the atom-numbering scheme is depicted in Fig. 1(a).

The copper atom is co-ordinated to the four deprotonated-
amido nitrogen atoms of the chelating ligand in a nearly
square-planar geometry. The Cu-N (amide) bond distances lie

Fig. 1 (a) Perspective view of the anionic mononuclear unit of
[PPh,J[CuL®]-MeCN 10 with the atom-numbering scheme. Thermal
ellipsoids are drawn at the 30% probability level; hydrogen atoms have
been omitted for clarity. (b) Crystal packing diagram viewed down the ¢
axis of the unit cell

in the range 1.84-1.88 A, being significantly shorter than those
of the analogous bonds to copper(i) (1.93-1.96 A),” and simi-
lar to those observed in other copper (1) complexes containing
bonds to amido nitrogens.®® The shrinking of the metal-
nitrogen bonds for Cu"' compared to Cu'' is a unique feature of
this class of complexes. It is due to the diminution of the ionic
radius on going from a di- to a tri-valent metal ion and
enhanced by the relative gain in crystal-field stabilization of the
low-spin d® over the d° electronic configurations in a square-
planar co-ordination geometry. The same phenomenon can be
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observed for the isoelectronic nickel(i) ion; M—N (amide) bond
distances for low-spin d® nickel(11) square-planar complexes are
shorter than those of high-spin d® octahedral ones (average 1.88
and 1.97 A, respectively).”??" Therefore, the metal-nitrogen
bond lengths decrease in the order Ni'' (O,) > Cu" (D,,) > Ni"
(D,) > Cu'™ (D,,), as expected on the basis of the crystal-field
stabilization effects.

The deprotonated L® forms three five-membered chelate rings
around the metal ion with N (amide)-Cu-N (amide) bond
angles in the range 84.3-85.0°, values which are close to 90°
corresponding to the ideal square-planar geometry. The four
nitrogen donor atoms around the copper are practically
coplanar; two of them, N(1) and N(3), are above their least-
squares plane by 0.063 and 0.051 A, respectively, while the
other two, N(2) and N(4), are approximately the same height
below this plane (0.056 and 0.067 A, respectively). The ruffling
of the N, co-ordination scheme around the copper(m)
ion results in a slight tetrahedral distortion from planarity,
as in the related tripeptidecopper(u) complex of tri-a-
aminoisobutyric acid (average value 0.05 A)° and the o-
phenylenebis(biuretato)copper(ir) complex (0.12 A).2 The 6-5-
6-membered chelate ring system of the o-phenylenebis-
(biuretate) [0-C¢H,(NCONHCONH),] ligand may contribute
to the larger magnitude of the tetrahedral distortion compared
to that found in the 5-5-5-membered ring systems of the tri-a-
aminoisobutyrato and present copper(iir) complexes, contrary
to that reported previously for oxamidocopper(ir) complexes.’

The entire L® ligand backbone is quasi-planar, with bond
distances close to those found for the L* ligand in the copper (i)
complex [Ru(bipy),][CuL*]-9H,0 (bipy = 2,2'-bypridine).?* The
observed C-N distances from the aromatic ring to N(1) and
N(4) are those of single bonds, in this case close to 1.4 A (1.40
and 1.41 A, respectively). Moreover, the six C-C bond lengths
in the aromatic ring are almost equivalent (average 1.39 A),
reflecting complete n delocalization within the aromatic ring.
All these features are evidence against any ligand-centred oxi-
dation consistent with a semiquinone-like ligand (i.e. L® is a
‘redox innocent’ ligand)*® and, hence, unambiguously confirm
a copper(m) formulation. Interestingly, within the oxamido
fragment the C=0O bonds decrease (average 1.23 A) while the
C-N ones lengthen (average 1.34 A) when compared to those of
analogous copper (i) complexes.”?* This reflects more double-
bond character for the carbonyl group in complex 10, as has
been shown for the other copper(ir) complexes reported.®°
Also, significant deviations from the least-squares plane formed
by atoms Cu, N(1), N(2), N(3) and N(4) are seen for C(11) and
C(12) belonging to the methyl groups. The approximately
equal displacement of the methyl groups above and below the
least-squares plane, 0.449 and 0.339 A, respectively, probably
reflects the presence of steric constraints between them. In
this sense, this effect can contribute to the very slight tetra-
hedral distortion from planarity of the copper(um) centre, as
described above.

The closest distances for possible axial interaction with
copper(m) are 3.128 and 3.285 A for the oxygen atoms O(3'") (I
i+x,1—y, z)and OQ2") (Il —=i+x, {—y, z) from adjacent
molecules, respectively, which are however not reasonable
bonding distances. These two non-bonded axial interactions
can be seen very nicely in Fig. 1(b) which shows the packing
diagram viewed down the ¢ axis of the unit cell. Both of the
Cu---0 lines are practically perpendicular to the plane of the
four Cu-N bonds, such that adjacent complexes are stacked
almost parallel to each other. The angle between the mean basal
planes of the copper atoms from two neighbouring units is 4.4°.
Thus, the copper in this structure is strictly four-co-ordinated as
found for all copper (1) complexes reported to date..** There is,
however, one case of a five-co-ordinated copper(ir) complex
with a distorted square-pyramidal geometry. The copper is co-
ordinated to a macrocyclic nitrogen-donor ligand with the fifth
apical position being occupied by an oxygen atom from a
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Fig. 2 (a) *H NMR spectrum of the copper (i) complex 10 in CD,CN
at room temperature (solv = solvent, o = tetraphenylphosphonium cat-
ion, X =impurity) and (b) the powder ESR spectrum of copper(i)
complex 3 at room temperature; G=10"*T

hydroxo group (Cu-O 2.74 A).* Apical co-ordination is fre-
quently observed in oxamidatocopper(i) complexes [Cu-O
(H,0) 2.23-2.29 A],"*9 whereas oxamidatonickel() complexes
are usually square-planar diamagnetic species owing to the
presence of strong-field amide nitrogen atoms within the co-
ordination sphere. The axial Cu-O bond length in the above-
mentioned square-pyramidal copper(m) complex is longer
than the corresponding Ni-O (H,O) bond lengths for the only
octahedral nickel(ir)—oxamide complex reported (average 2.12

A).7b
Spectroscopic properties

'H NMR and ESR. The 'H NMR spectrum of complex 10
obtained in deuteriated acetonitrile is shown in Fig. 2(a). The
signal assignment was simply deduced on comparison with the
'H NMR spectrum of the free oxamide. The sharp singlet at §
3.16 is attributed to the N-methyl protons of the tetradentate L®
ligand (8 2.73 for free L®). The presence of only one double
doublet at 3 7.00 associated with the m-proton of the benzene
ring (8 7.29 for free L®) instead of two probably suggests that
the o-proton signal is masked by the strong signals from the
aromatic protons of the tetraphenylphosphonium cation
located in the low-field region 6 7.6-8.1.1 Both the sharpness of
the NMR peaks as well as their almost negligible chemical shift
compared to those of free L are indicative of a diamagnetic

t This hypothesis is based on a comparison with the '"H NMR spectrum
of the isoelectronic diamagnetic nickel(i) complex [PPh,],[NiL®]-5H,0,
which shows the expected two double doublets at 6 6.54 and 8.01
derived from the two sets of m- and o-protons, respectively. The reson-
ance corresponding to the N-methyl protons appears at & 3.11 in this
case.
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copper(m) complex and, hence, a low-spin d® electronic con-
figuration for Cu'"".

The diamagnetism of complex 10 is also reflected in its ESR-
silent spectrum, in contrast to the paramagnetic copper(ir)
complexes. For instance, the related copper(u)-L® complex 3
shows an ESR spectrum typical of a d® copper(i) electronic con-
figuration in axial symmetry as illustrated in Fig. 2(b), with g,
and g, values equal to 2.17 and 2.05, respectively. The corre-
sponding g values for the other two copper(i) complexes of
the series are g,=2.16 and g, =2.06 for 1 and g,=2.17 and
g, = 2.06 for 2, thus revealing a tetragonal environment of the
Cu'" for all these complexes.

Infrared and electronic. The most relevant CO absorption
bands for the copper complexes 1-10 are listed in Table 1. With-
in the divalent metal series, the asymmetric C=0 resonance fre-
guency, corresponding to the average of the two vibrational
modes v,(CO) and v,(CO) according to the literature,? are red
shifted following the sequence L'>L%?>L® [e.g. for the
copper(m) tetraphenylphosphonium salts 7-9 where both bands
are clearly shown], in line with the expected trend as the oxa-
mato moieties are replaced by oxamido ones.™

Furthermore, noticeable shifts are observed for the infrared
frequencies of the C=O amide group from protonated H,L3
ligand to the copper(u)- and copper(i)-L° complexes, reflect-
ing the different extents of m delocalization of the carbonyl
double bond of the NCO amide fragment for each species.
These observations are in accord with a weakening of the
double-bond character of the C=0O moiety and a more pro-
nounced double-bond character of the C-N bond due to the
increased contribution of resonance form Il upon substitution
of an amide proton by a metal ion (i.e. lower energy C=0 fre-
quencies for the metal complexes).” As discussed above, strong-
er Cu—N bonds are noted for the copper (1) when compared to
those of the copper(i1) complex, suggesting that delocalization
of the excess of electron density resident on the deprotonated
nitrogen in the NCO amido group is rendered more difficult
in this case. That being so, resonance form | would be
favoured thereby conferring less double-bond character to the
C-N bond and a more double-bond character to the C-O bond
as is experimentally found [i.e. the C=O frequencies for the
copper(r) complex are intermediate between those of the
copper(i) complex and of the pro-ligand].F Interestingly, from
this peculiar difference in the infrared spectra between copper-
() and -(x) complexes, Steggerda and co-workers* concluded
that the metal in the compound obtained by electrolytic oxi-
dation of the bis(oxamidato)copper(i) complex was effectively
in the trivalent oxidation state, even when no structural evi-
dence was available at that time.

The electronic absorption spectrum of the copper (i) com-
plex 10 in acetonitrile is shown in Fig. 3, and compared to that
of the corresponding copper(i) complex 9 [curves (d) and (c),
respectively]. It consists of an intense band in the UV region
centred at 340 nm, with three distinct shoulders which extend

¥ This correlation between the position of the CO amide absorption
bands and the metal-nitrogen (amido) bond lengths is further con-
firmed by the nickel(ir) complex [PPh,],[NiL®]-5H,0, which also shows
two strong v(CO) bands at 1616 and 1590 cm™?, i.e. intermediate
between those of the corresponding copper(i)- and copper(im)-L3
complexes (see Table 1). The metal-nitrogen bond lengths decrease in
the order Cu" > Ni" > Cu"" along this series of square-planar com-
plexes as mentioned in the structural discussion.
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Fig. 3 Electronic absorption spectra of the copper(i) complexes 7-9
[curves (a)—(c)] and the copper (i) complex 10 (d) in acetonitrile

into the visible region located at 380, 460 and 600 nm, respect-
ively. The high-energy peak, which also appears in the spectrum
of the copper (1) complex as a single band with almost the same
location and intensity, is commonly assigned to the t—r* transi-
tion within the aromatic ring of the ligand, while the weak
shoulders on the low-energy tail of this intraligand absorp-
tion band may then originate from d-d transitions. For a
diamagnetic copper(i) ion with a d® electronic configuration in
a square-planar environment three transitions are expected.
These correspond to the individual transitions from the four
lower-lying fully occupied d orbitals to the upper empty d
orbital (i.e. 'A;;—> "By, 'Aj;— 'A,, and A ,—— 'Ey
transitions in D,, symmetry).>* However, it is not possible to
determine unequivocally the assignment of these transitions
because the energy order of the lower four d orbitals is not
known. The four lower d orbitals are often so close together in
energy that individual transitions therefrom to the upper d level
cannot be distinguished. This is the case for example for the
isoelectronic yellow nickel(ir) complex [PPh,],[NiL?]-5H,0,
which shows a single shoulder on the low-energy tail of the
intraligand absorption band at ca. 420 nm.

The electronic absorption spectra of acetonitrile solutions of
the copper(11) complexes 7-9 show a similar pattern consisting
of the above-mentioned intraligand band in the UV region, at
ca. 340 nm, with a second less intense band in the visible region,
the location of which varies over the narrow range 560-500 nm
depending upon the nature of the copper(i) complex, i.e. at
560, 520 and 500 nm, respectively [curves (a)—(c) in the insert of
Fig. 3]. This low-energy band is the typical d—d transition band
of Cu" in a square-planar environment which actually envel-
opes three d—d transitions (i.e. ’B;,— °A,4, ?B;;— *By, and
*Byg—> ’Eyq in Dy, symmetry).** If the relative positions and
intensities of these three transitions remain constant, the pos-
ition of the maximum for the band envelope is a measure of the
ligand-field strength and, hence, indicative of the crystal-field
stabilization energy (c.f.s.e.). So, the observed blue shift in the
visible absorption maxima along this series of copper(ir) com-
plexes is in agreement with the stronger ligand field associated
with nitrogen-donor ligands rather than oxygen ones, e.g. the
CuN,0, chromophore for [CuL']*", CuN,O for [CuL??*" and
CuN, for [CuL®? . This ligand-field effect merely reflects a
stronger metal-ligand o-bonding destabilization of the singly
occupied highest occupied molecular orbital of the copper(i)
complex, as will be evidenced from the electrochemical
behaviour.

Electrochemical study
The electrochemical behaviour of this series of copper com-
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Fig. 5 The Cu'"'-Cu" redox potentials as a function of the copper ()
d-d absorption maxima

plexes is illustrated in Fig. 4, which shows the voltammograms
of the copper(ir) complexes 4-6 in acetonitrile [curves (a)—(c),
respectively]. All the copper(i) compounds undergo one-
electron oxidation in the potential range 0.41 to —0.02 V vs.
SCE, all of them being reversible except for the former, where
no reverse reduction peak is detected even at high scan rates,
revealing that a fast chemical reaction is coupled to the electro-
chemical process in that case. This reaction is tentatively
assigned to a copper(im)-catalysed hydrolytic decomposition of
the oxamate ligand L* yielding the corresponding oxalato com-
plexes. Actually, hydrolysis of amides proceeds by nucleophilic
attack of H,O (or OH™ in basic medium) on the amide group
carbon atom. Since higher-valent metal ions are much more
polarizing, substituting a copper-(i) for a -(1r) ion increases the
positive charge density on the amide carbon and thus increases
its susceptibility to nucleophilic attack.™

The shift in the formal potentials of the copper(i)-
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copper(i) couples to more negative values, i.e. stabilizing the
higher oxidation state, which occurs upon ligand substitu-
tion along this series can be attributed to the greater donor
capacity (basicity) of the deprotonated-amido nitrogen atoms
compared to that of the carboxylate oxygen ones. Hence, the
electron density at the metal centre is enhanced as the number
of the N-amido donor groups is increased, thus facilitating its
oxidation. Moreover, the resulting copper(ir) complex is stabil-
ized towards hydrolytic decomposition, thus enabling its isol-
ation. The [CuL?* complex has three deprotonated-amido
nitrogens and a carboxylate oxygen bound to the metal. The
Cu'"'-Cu" potential is lowered by 290 mV (0.12 V) compared
to the [CuL'> complex (0.41 V), which contains two
deprotonated-amido nitrogens and two carboxylate oxygen
donor atoms. However, replacement of another carboxylate
group by an amido function in the complex [CuL®]", thus
providing an environment of four deprotonated-amido nitro-
gens bound to the metal, induces a change of only 100 mV
(—0.02 V) in the Cu'"'-Cu" potential, as compared to that of
[CuL??". This disappointing behaviour may be explained by
the slight distortion of the planar environment of copper ()
in the [CuL®~ moiety owing to the steric hindrance between
neighbouring methyl groups, as revealed by the structure of
10. Consequently, a decrease in the overall stability of the
copper(mm) complex is expected, which would result in an
increase in the Cu'"'-Cu" potential, as is confirmed by
experience.

It is to be noted that the energy values of the visible absorp-
tion maxima for the copper(mr) complexes increase in a non-
linear monotonic fashion with the number of amido groups
along this series, suggesting that a similar distortion of the pla-
nar environment of the metal is also operative in the Cu'"-L?
complex. Furthermore, there is a perfect correlation between
the Cu''-Cu'"" redox potentials and the visible absorption max-
ima of the copper(i) complexes, as illustrated in Fig. 5. The
same phenomenon has been previously observed by Margerum
and co-workers® in an exhaustive study involving a large num-
ber of copper(i)—peptide complexes. They concluded that this
correlation merely reflects the relative gain in the c.f.s.e. for the
change from d® Cu" (square planar) to d® Cu"" (low-spin,
square planar). This stabilization energy is estimated to be ca.
15/12 Dq when going from a d° electronic configuration in
square-planar geometry (13/12 Dq) to a low-spin d® electronic
configuration (28/12 Dq), to which the further effect due to the
increase in the value of Dq for the change of a di- to a tri-
valent ion is to be added.§ Then, any factor which increases
the c.f.s.e. for the copper(ir) complexes causes an even greater
increase for the copper(ir) complexes and, therefore, results in
a shift of the formal potentials of the copper(ur)-copper (i)
couples to more negative values thereby stabilizing the cop-
per (1) oxidation state.

In summary, it can be concluded that the selective stabiliz-
ation of this rather high oxidation state of copper in complex
10 is rendered possible by the strong electron-donating ability
of the deprotonated-amide nitrogen atoms and the near square-
planar co-ordination afforded by the disubstituted oxamide lig-
ands. This effect was first clearly demonstrated by Margerum
and co-workers? for copper—peptide complexes. In this respect,

§ The complex [NMe,],[NiL®]-4H,0 undergoes a reversible one-
electron redox process under the same conditions with a formal poten-
tial for the nickel(mr)-nickel(1r) couple equal to 0.13 V (vs. SCE), i.e. 150
mV higher than the corresponding copper()-L3 complex (—0.02 V).
However, the attainment of the trivalent state for the copper complex is
expected to be much more difficult, essentially owing to the larger value
of its third ionization energy compared to that of nickel. This anomal-
ous behaviour shows again the greater gain in c.f.s.e. in a square-planar
environment for the Cu"-Cu'' redox change with respect to the
Ni'"-Ni'"" process. The change from low-spin d® Ni" to low-spin d’ Ni""
involves a stabilization in terms of c.f.s.e. of only 3/12 Dq, which is a
relatively smaller energy gain compared to that of copper, i.e. 15/12 Dq.
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Table 3 The Cu''-Cu" redox potentials (vs. SCE) for complexes of a
related class of o-phenylenebis(amide) ligands

R R’ —‘ 4—
OYN NYO
R R
R R’ BN
(0]
Cl 0.51*
Cl Cl
J\ H 0.41°
o (e]
J\ H —-0.02°
o
Me
Cl —0.44>
Me (0]
Me H -0.47>

2 Ref. 10. ® This work.

the formal potential values for the copper compounds investi-
gated herein are intermediate between those found by Collins
and co-workers*® corresponding to diphenoxo- and dialkoxo-
substituted compounds, as illustrated in Table 3. Then, the
trend in the donor capacity of each co-ordinating group is as
follows: phenoxo < carboxylate < amido < alkoxo. Extension
of this work to other transition-metal ions with unusually high
oxidation states is in progress in our laboratory.
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