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The complex formation between Cu(II) and Ni(II) and oxamide-N,N*diacetic acid (H,glyox, H,L) has been studied by poten-
tiometry in aqueous solution at 25 °C in 0.1 mol dm™ NaNOQ;. The two first acidity constants of H,L were pK,; = 2.86 (1) and
pK,; = 3.64 (1). The logarithms of the equilibrium constants for its Cu(II) and Ni(II) complexes according to the equations M2*
+ H,L* < M(H,L) and 2M?* + H,L* < M,L + 2H" were 2.62 (1) and -2.18 (1) for Cu(1l) and 1.93 (1) and -11.09 (1) for
Ni(II), respectively. Two new compounds of formulas {[Cu(H,glyox)(H,0),]-4H,0}, (1) and [Ni,(glyox)(H,0)¢]-4H,0 (2) have
been synthesized, and their crystal structures have been determined by X-ray crystallographic methods. The compounds crystallize
in the monoclinic system, space groups P2,/m and P2,/c, respectively, with cell dimensions a = 6.0070 (4) A, b = 22.329 (1)
A, c=58015(3) A, 8 = 105.784 (5)°,and Z = 2 for 1 and a = 6.9885 (7) A, b = 9.0530 (6) A, ¢ = 14.250 (1) A, B = 99.655
(7)°,and Z = 2 for 2. The structure of 1 was solved by direct methods and that of 2 by the heavy-atom method. Least-squares
refinements converged at R = 0.026 in both cases. The structure of 1 consists of infinite chains in which the oxamidato ligand,
deprotonated only at the carboxylate groups, is bis-monodentate. The copper atom is situated at a mirror plane in a distorted
square-pyramidal environment. The copper—copper intrachain separation is 13.321 A. The structure of 2 consists of neutral
binuclear units in which the oxamidato ligand is fully deprotonated and acts in a bis-tridentate fashion. Nickel coordination is
distorted octahedral. The nickel-nickel intramolecular separation is 5.368 A. The magnetic properties of 1 and 2 have been
investigated in the 4.2-300 K temperature range. A Curie law is observed for 1, whereas a relatively strong antiferromagnetic
coupling is observed for 2, evidenced by a rounded maximum in the susceptibility curve at ~41 K (J = -25 cm™ and g = 2.25,
where J is the exchange parameter in the isotropic Hamiltonian H = ~JS,.Sg). These magnetic behaviors are easily understood
in the frame of a localized-orbital model of exchange interactions. We discuss the striking influence of acid-base properties upon

the coordination ability of the ligand and the very different physical properties which can result therefrom.

Introduction

N-Substituted and N,N’-disubstituted oxamides such as I have
played a key role in the design of polymetallic systems. The

metric oxamidato bridges, and (iii) the bidentate character of the
mononuclear metal-oxamidato complex,?™ allows the formation
of di, 242858 tri- 9 and tetranuclear!? complexes as well as bi-

HC
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versatility of these ligands, which is based on (i) the wide variety
of substituted derivatives which can be realized, yielding different

numbers of chelate rings with different donor atoms, (ii) their easy
cis—trans conformational change affording symmetric and asym-
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metallic chains.8%!1 The mononuclear copper(II) complexes
have been used as chelating bricks to synthesize polymetallic
systems exhibiting predictable magnetic properties* and irregular
spin-state structures'? and very recently to build the exciting
molecular-based ferromagnets.’!! A recent review of the cop-
per(I) complexes with N,N’-substituted oxamides and related
ligands summarizes the coordination chemistry of such ligands.'?
Square-planar diamagnetic species are obtained in the case of
oxamidate-containing nickel(II) complexes due to the coordination
of the strong-field amide N atoms. This fact explains the lack
of magnetic studies concerning these complexes in contrast to the
relevant magnetochemical role played by the corresponding
copper(IT) compounds. However, paramagnetic nickel(II)—ox-
amide complexes can be obtained if the strength of the ligand field
of the substituted oxamide is decreased. This can be achieved
by choosing judiciously the nature of the donor group, X (car-
boxylate instead of amine nitrogen or pyridine for instance) and
introducing angular strain (series of five-membered chelate rings
instead of alternating six- and five-membered ones) as shown in
this paper.

Studies dealing with the formation of oxamidato complexes in
solution are scarce,'* while considerable efforts have been devoted
to the study of such species in the solid state and more especially
in the field of molecular materials. As a part of our research on
the complexes of oxamide derivatives with first-row transition-
metal ions,!’ we have investigated the formation of Cu(II) and
Ni(II) complexes with oxamide-V,N*-diacetic acid, H,glyox
(hereafter noted H,L), both in aqueous solution and in the solid
state. We report here on the complexing ability of L% with regard
to H*, Cu(II), and Ni(II). The crystal structures of the complexes
{[Cu(Hglyox)(H,0),)-4H,0}, (1) and [Niy(glyox)(H,0)¢]-4H,0
(2) together with their magnetic properties are also presented.

Experimental Section

Materials. All chemicals were of reagent grade and were used without
further purification. Carbonate-free NaOH (0.1 mol dm™) and HNO,
(0.1 mol dm™3) were used in the potentiometric titrations. All potentio-
metric measurements were carried out using 0.1 mol dm™ NaNO; as
background electrolyte.

Ligand and Complex Preparations. The ligand oxamide-N,N ~diacetic
acid was synthesized by following the general procedure reported in ref
13. A 20-mmol amount of glycine dissolved in about 25 mL of water was
neutralized with equivalent NaOH, and 10 mmol of diethyl oxalate in
25 mL of ethanol was added to the aqueous solution. After the mixture
was heated at 60 °C with stirring, an excess of HCI (pH ~ 1) was added
for precipitation of white crystals of free H,L. The product was filtered
off, washed with cold water, ethanol, and ether, and air-dried. Anal.
Caled for CgHgN,Og: C, 35.30; H, 3.95; N, 13.72. Found: C, 35.20;
H, 4.07; N, 13.85.

Light turquoise-colored plates of complex 1 suitable for X-ray analysis
were obtained from aqueous solutions of copper(II) nitrate trihydrate and
H,L in a 1:1 molar ratio at pH ~3 by slow evaporation. The crystals
were collected, washed with cold water, and air-dried. They gave a
satisfactory analysis for {[Cu(H,glyox)(H,0);]-4H,0}, (1). Anal. Caled
for C¢gHyN,0,3Cu (1): C, 18.39; H, 5.15; N, 7.15. Found: C, 18.56;
H, 5.50; N, 7.30.

Slightly wedge-shaped green crystals of complex 2 suitable for X-ray
analysis were obtained by a procedure analogous to the one described for

(10) (a) Okawa, H.; Kawahara, Y.; Mikuriya, M.; Kida, S. Bull. Chem. Soc.
Jpn. 1980, 53, 549. (b) Lloret, F.; Journaux, Y.; Julve, M. Inorg. Chem.
1990, 29, 3967.
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Sletten, J.; Renard, J. P. Inorg. Chem. 1987, 26, 138. (c) Kahn, O,;
Pei, Y.; Verdaguer, M.; Renard, J. P.; Sletten, J. J. Am. Chem. Soc.
1988, 110, 782. (d) Pei, Y.; Kahn, O.; Sletten, J.; Renard, J. P;
Georges, R.; Gianduzzo, J. C.; Curely, J.; Xu, Q. Inorg. Chem. 1988,
27, 47. (e) Lloret, F.; Nakatani, K.; Journaux, Y.; Kahn, O.; Pei, Y.
J. Chem. Soc., Chem. Commun. 1988, 642.
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(13) Ojima, H.; Nonoyama, K. Coord. Chem. Rev. 1988, 92, 85.

(14) (a) Sprta, F.; Bartusek, M. Collect. Czech. Chem. Commun. 1974, 39,
2023. (b) Votava, J.; Havel, J.; Bartusek, M. Chem. Zvesti 1975, 29,
734.

(15) Part 1: Lloret, F.; Julve, M,; Faus, J.; Journaux, J.; Philoche-Levisalles,
M.; Jeannin, Y. Inorg. Chem. 1989, 28, 3702.
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Table I. Crystallographic Data for {{Cu(H,L)(H,0),]-4H,0}, (1)
and [Ni,L(H,0)-4H,0 (2)

1 2
chem formula CHoN,CuOy CsH14N3Ni,O
a, 6.0070 (4) 6.9885 (7)
b A 22.329 (1) 9.0530 (6)
¢, A 5.8015 (3) 14.250 (1)
8, deg 105.784 (5) 99.655 (7)
v, A3 748.8 (2) 888.8 (2)
z 2 2
fw 391.77 497.68
space group P2,/m (No. 11) P2,/c (No. 14)
T, °C 21 21
A A 0.71073 0.71073
Pealeds B-Cm™ 1.737 1.860
u, cm™! 15.265 22,078
transm coeff 0.55-0.66 0.42-0.60
Re 0.026 0.026
R} 0.040 0.034
5 2.23 1.63

“R = TWFol = IFl/ZIFl. *Ry = [ZwWIIFo| = IFJP/ ZwIFf!]'/%; the
weighting scheme is defined by w = 1/¢,? with o5 = ¢ {ILp)™"/? and ¢,
= {02 + (0.03N,.)2'/2 5 = [Zw(IF,| - |F])2/(NO - NV)]'/2,

1 but at pH ~6.5. The crystals gave a satisfactory analysis for [Ni,-
(glyox)(H;O)s]-4H20 (2). Anal. Calcd for C6H24N20]6Ni2 (2): C,
14.48; H, 4.86; N, 5.63. Found: C, 14.65; H, 5.02; N, 5.70.

Physical Techniques. IR spectra were taken on a Perkin-Elmer 1750
FTIR spectrophotometer as KBr pellets, and the reflectance spectra were
recorded on a Perkin-Elmer Lambda 9 spectrophotometer as Nujol mulls
on filter paper.

Magnetic measurements were carried out on polycrystalline samples
in the 4.2-300 K temperature range by means of a Faraday type mag-
netometer equipped with a helium flow cryostat. The magnetic field
independence of the susceptibility was checked at room temperature.
Mercury tetrakis(thiocyanato)cobaltate(II) was used as a susceptibility
standard. Corrections for the diamagnetism were estimated from Pascal’s
constants as —192 X 107 and —238 X 107 ¢cm® mol™! for complexes 1 and
2, respectively.

Potentiometric titrations were carried out by using a previously de-
scribed titration assembly.'> The temperature of all solutions was held
at 25 °C by circulating constant-temperature water through the water-
jacketed titration cell. The standard potential of the cell, E®, was cal-
culated by applying the Gran method.!® The computer program su-
PERQUAD!” was used to process data and calculate both basicity and
stability constants. Solutions of H,L with ¢; = 107~10"2 mol dm™ and
of metal to ligand ratios in the range 0.5-3 with ¢yy = (2-5) X 107 mol
dm™? were titrated with NaOH (0.1 mol dm™) to determine the acidity
constants and complex formation, respectively.

Crystallographic Data Collection and Structure Determination. All
measurements were carried out at room temperature on an Enraf-Nonius
CAD4 diffractometer using graphite-monochromated Mo K radiation
(A =0.71073 A). The crystal data are summarized in Table I. A full
length table of crystallographic data is given as supplementary material
(Table S1). The crystals used for data collection were 0.60 X 0.28 X 0.41
and 0.49 X 0.20 X 0.19 mm for 1 and 2, respectively. Cell dimensions
were in each case determined from 25 reflections with 26 angles in the
range 13-25°. In each case, reflections in the octants h,k,+/ up to 20
= 60° were collected; 2233 and 2576 unique reflections were measured
for 1 and 2, respectively. Three reference reflections monitored
throughout each data collection showed no significant sign of crystal
deterioration. The random error in any one reflection is calculated as
o; = [a2 + (0.03¢.2)2]!/2. The data were corrected for absorption by a
Gaussian integration method, the ranges of transmission factors being
0.55-0.66 and 0.42-0.60 (x = 15.265 and 22.078 cm™) for 1 and 2,
respectively.

For compound 1 the intensity data distribution did not conclusively
distinguish space groups P2, and P2,/m. The structure was solved in the
noncentrosymmetric space group by direct methods. The full-matrix
least-squares refinement in P2, led to unreasonable differences between
chemically equivalent bonds and angles and to large correlation coeffi-
cients between parameters. Refinement was hence continued in the
centrosymmetric space group. A disordered model for one of the water

(16) (a) Gran, G. Analyst (London) 1952, 77, 661. (b) Rossotti, F. J. C.;
Rossotti, H. J. Chem. Educ. 1965, 42, 375.

(17) Gans, P.; Sabatini, A.; Vacca, A. J. Chem. Soc., Dalton Trans. 1985,
1195,
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Table II. Atomic Parameters®®
atom x/a y/b z/c B, A?
(@ {[CU(HZL)(Hzo)sl"‘HzO}n 1)

Cu 041466 (3) 0.2 0.14609 (3)  1.529 (4)
Ol 04121 (1) o 33709 (5) 0.1360 2) 214 (2)
02 00954 (2)  0.33490 (5) 0.2638(2) 2.75(2)
03 0.2931(2) 0.48660 (5) 0.6331(2) 251(2)
04  07565(2)  0.2500 0.0680 (3)  2.60 (3)
05 05374 (3)  0.2500 0.5017 (3)  2.94 (3)
06  0.2203(3)  0.2500 -0.1926 3) 247 (3)
07 03376 (2) —0.08960 (6) 0.1257(2)  3.16 (2)
081  0.1066 (3)  0.6670 (1)  0.3565 (3)  2.78 (4)
082 00094 (4)  0.6437 (1) 03189 (4)  3.07 (4)
N1 00668 (2) 045853 (5) 02664 (2) 189 (2)
Cl 02469 (2) 036223 (5) 0.1997(2) 1.71 (2)
C2  02477(2) 042979 (6) 0.1860 (2)  1.96 (2)
C3 01069 (2)  0.48468 (5) 04789 (2)  1.64 (2)
HI  —0.066 (3) 0.4602 (9)  0.191 (3) 0.5 (3)*
H4  0.849 (4) 0.2135(9)  0.113 (4) 2.0 (5)*
HS  0.633 (6) 0.280 (2) 0.554 (7) 9 (1)*
H6  0.146 (3) 0.2206 (9)  —0.229 (4) 1.7 (4)*
H21 0383 (3) 0.446 (1) 0.278 (4) 1.9 (4)*
H22  0.216 (3) 0.441 (1) 0.022 (3) 1.5 (4)*
H71 0402 (4)  —0.106 (1) 0.044 (4) 2.5 (5)*
H72 0421 (3) —0.072(1) 0.202 (4) 1.7 (4)*
(b) [Ni,L(H;0)4])-4H,0 (2)

Ni 038541 (3) 0.18522 (2) 0.35433 (1) 1.707 (3)
Ol  0.5184(2) 03920 (1)  0.35264 (8) 2.11 (2)
02 07330(2) 05416 (1) 043666 (8) 2.82 (2)
03  06881(2) 00230 (1) 060010 (8) 2.19 (2)
04  02155(2) 0.1807 (2)  0.22588 (9) 3.75 (3)
05  0.1512(2) 0.2805(2)  0.40985(9) 2.77 (2)
06  0.60033 (2) 0.0850 (1)  0.28734 (8) 2.59 (2)
07 08683 (2) 02975(2) 02474 (1)  3.41 (3)
08 08909 (3) -0.0584 (3) 04111(2)  6.34(5)
N1 05590 (2)  0.1811 (1)  0.47838 (9) 1.84 (2)
Cl  06427(2) 04227(2) 04257(1) 1.81(3)
C2  06832(2) 03075(2) 05046 (1)  1.97 (3)
C3  05724(2) 0.0585(2) 05238 (1)  1.68(2)
H21  0.818 (3) 0.283 (2) 0.517 (1) 0.5 (4)*
H22  0.666 (3) 0.352 (2) 0.566 (1) 0.5 (4)*
H4l  0.233 (3) 0.150 (2) 0.186 (1) 0.7 (4)*
H42  0.129 (3) 0.211 (2) 0.223 (1) 1.0 (4)*
HS51  0.182 (3) 0.344 (3) 0.450 (2) 1.9 (5)*
H52  0.128 (5) 0.326 (3) 0.385 (2) 5.1 (9)*
H61  0.567 (3) 0.029 (2) 0.242 (1) 0.7 (4)*
H62  0.670 (4) 0.047 (3) 0.324 (2) 3.1 (6)*
H71  0.779 (4) 0.236 (4) 0.262 (2) 4.2 (1)*
H72 0823 (4) 0.348 (3) 0.215 (2) 2.0 (5)*
H81 1.043(6)  —0.026 (5) 0.389 (2) 9 (1)*
H82 095 (1) -0.089 (6) 0483 (5) 19 (2)*

2Estimated standard deviations in the last significant digits, as ob-
tained from the least-squares refinement, are given in parentheses. *B
values marked with an asterisk denote isotropically refined atoms. The
isotropic equivalent thermal parameter is given as B, = 4/

3T 80,

molecules (O81/082) had to be adopted.

For compound 2 the Ni position was determined from a Patterson
map, and the remaining non-hydrogen atoms were localized in subsequent
Fourier maps.

In both cases, non-hydrogen atoms were refined anisotropically.
Hydrogen atoms were localized in difference Fourier maps (except those
of disordered water O81/082) and refined isotropically. Extinction
parameters were included and adjusted in the final refinement cycles (g
= 2,28 X 107 and 3.68 X 1077, respectively). The refinements, based
on 2101 and 2228 reflections with F, > 24, converged at R = 0.026, R,,
= 0.040, s = 2.23 and R = 0.026, R, = 0.034, s = 1.63 for compounds
1 and 2, respectively. Scattering factors, including corrections for
anomalous dispersion, and programs used are those of refs 18 and 19.
All calculations were done on a MICRO-VAX II computer. Atomic

(18) Cromer, D. T.; Waber, T. International Tables for X-ray Crystallog-
raphy, Kynoch Prms Birmingham, England, 1974; Vol. IV, p 99 (Table
2.2

(19) Frez, B A. The SDP-User’s Guide (SDPVAX V.3); Enraf Nonius:
Delft, The Netherlands, 1985.
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Table III. Bond Distances (A) and Angles (deg) Involving
Non-Hydrogen Atoms

(a) {[Cu(H,L)(H,0);])-4H,0}, (1)
Bond Distances

Cu-01 1.9454 (7) 03-C3 1.228 (1)

Cu-04 2.220 (1) Ni1-C2 1.444 (1)

Cu-05 1.993 (1) N1-C3 1.326 (1)

Cu-06 1.994 (1) Cl-C2 1.511 (1)

01-Cl 1.278 (1) C3-C3 1.533 (2)

02-Cl 1.234 (1)

Bond Angles
01-Cu-01t 176.70 (4) C2-N1-C3 122.26 (8)
01-Cu-04 89.67 (2) 01-C1-02 124.31 (8)
01-Cu-05 91.65 (2) 01-C1-C2 114.19 (7)
01-Cu-06 88.44 (2) 02-C1-C2 121.49 (8)
04~-Cu-05 96.26 (5) N1-C2-C1 114.44 (7)
04-Cu-06 97.18 (4) 03—-C3-N1 126.29 (8)
05-Cu-06 166.56 (5) 03-C3-C3i 120.3 (1)
Cu-01-C1 115.51 (6) N1-C3-C3i 113.42 (9)
(b) [Ni,L(H,0)¢]-4H,0 (2)
Bond Distances

Ni-O1 2.0921 (9) 02-C1 1.244 (2)

Ni-O3i 2.0858 (9) 03-C3 1.282(1)

Ni-04 2.008 (1) NI1-C2 1.447 (2)

Ni-05 2.117 (1) NI1-C3 1.280 (2)

Ni-06 2.131 (1) Cl-C2 1.525 (2)

Ni-N1 1.969 (1) C3-C3i 1.541 (2)

01-C1 1.270 (2)

Bond Angles

O1-Ni-Q3! 160.97 (3) 06-Ni-N1 90.87 (5)
0O1-Ni-04 101.74 (5) Ni-01-C1 115.51 (8)
0O1-Ni-05 90.71 (5) Ni-03i-C3 109.72 (8)
0O1-Ni-06 91.37 (4) Ni-N1-C2 117.99 (8)
O1-Ni~N1 79.59 (4) Ni-N1-C3 116.87 (8)
03-Ni-04 97.28 (5) C2-N1-C3 124.4 (1)
O3-Ni-05 90.33 (5) 01-C1-02 123.7 (1)
03i-Ni-06 89.21 (4) 01-C1-C2 118.1 (1)
O3-Ni-N1 81.38 (4) 02-C1-C2 118.1 (1)
04-Ni-05 88.45 (6) N1-C2-C1 108.7 (1)
04-Ni-06 86.60 (5) 03-C3~-N1 128.9 (1)
04-Ni-N1 177.16 (5) 03-C3-C3i 118.3 (1)
05-Ni-06 174.93 (5) N1-C3-C3i 112.7 (1)
05-Ni-N1 94.05 (5)

“Roman numeral superscripts refer to the following equivalent posi-
tions relative to x, y, z: (i) =x, 1 =y, 1 - z; (ii) x, !/, - y, z. *Roman
numeral superscript refers to the following equivalent position relative
tox,y,zz ()1-x,-y, 1 -z

parameters for the two structures are listed in Table II.  Anisotropic
thermal parameters and structure factors are given as supplementary
material (Tables S2a, S2b, S6a, and Séb).

Results and Discussion

Description of the Structures. For complexes 1 and 2, the
structural building blocks are shown in Figure | and selected bond
distances and angles are listed in Table III. Distances and angles
involving hydrogen atoms are found in the supplementary material
(Tables S3a and S3b).

Structure of 1. The structure of this complex consists of
[Cu(H,L)], chains running along the 2, axis, Cu being situated
at a crystallographic mirror plane and the midpoint of the oxamide
C—C bond at an inversion center. The ligand is deprotonated only
at the terminal carboxylate groups and is bis-monodentate. The
Cu coordination is approximately square pyramidal with two water
molecules (OS5 and O6) and two symmetry-related carboxylato
oxygen atoms (O1 and O1%) in the equatorial plane and a water
molecule (O4) in the axial position. The sixth position is screened
by the proximity of the carboxylato oxygen 02 (Cu-02 = 2.907
A). Atomic deviations from a least-squares plane through O1,
O1%, OS5, and 06 are 0.123, 0.123, -0.119, and -0.126 A, with
Cu displaoed 0.111 A from this plane. The dihedral angle between
this equatorial plane and the plane of the carboxylate group (O1,
02, C1) is 97.0°. The oxamido group (O3, N1, C3, O3, N1},
C3) is planar within experimental error and makes an angle of
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Figure 1. (a) Top: Section of the chain in complex 1 with the atom-
numbering scheme used. Waters of crystallization O7 and O81/082
have been omitted for clarity. Thermal ellipsoids are plotted at the 70%
probability level. Hydrogen atoms are given an arbitrary radius. Sym-
metry operations: (i) —x, 1 ~y, —z; (ii) x, |/, ~y, 2; (iii) ~x, !/, + y, —2.
(b) Bottom: Binuclear unit in complex 2 with the atom-numbering
scheme used. Thermal ellipsoids are plotted at the 70% probability level.
Hydrogen atoms are given in arbitrary radius. Symmetry operation: (i)
1-x,-y,1-2z

76.1° with the carboxylate group. Torsional angles are listed in
Table S5a.

The copper—copper separation within the chain is 13.321 A.
The closest interchain separations are those associated with the
unit cell translations along ¢ (5.802 A) and a (6.007 A). The
chains are interconnected through an extensive hydrogen bond
network., The alternative positions of the disordered water
molecule (081, O82) are both suitable for hydrogen bonding to
02, 06, and O7, while only O81 forms a hydrogen bond to OS.
A list of hydrogen bonds is included in Table S4a.

Structure of 2. This compound forms centrosymmetric binu-
clear molecules with L* acting as a bis-terdentate ligand. Ni has
a distorted slightly elongated octahedral environment with three
atoms from the L* ligand and one water molecule in the equatorial
plane and two water molecules filling the axial Xositions. The
equatorially coordinated atoms lie within £0.024 A from the best
least-squares plane through these atoms, the Ni atom being sit-
uated only 0.023 A from the plane. The oxamido group (N1, O3,
C3, N1i, O3}, C3/) is planar within experimental error, Ni deviating
by 0.228 A from this plane. The dihedral angle between the planes
of the equatorial ligands and the oxamido group is 9.6°. Torsional
angles are listed in Table SS5b. The deprotonation at N1 and the
metal coordination at O3 and N1 lead to highly significant changes
in bond distances N1-C3 and O3-C3 as compared to the cor-
responding distances in complex 1: 1.326 (1) and 1.228 (1) A
for 1 and 1.280 (2) and 1.282 (1) A for 2. N1-C3 and 03-C3
distances in 1 are very close to the reported ones for neutral and
substituted oxamides.” When the oxamide is deprotonated and
both oxygen and nitrogen atoms are coordinated to metal ions,
a more effective m-delocalization in the NCO fragment results,
as evidenced by the nearly identical N1-C3 and O3-C3 distahices
in the deprotonated coordinated amide. These structural features
have already been observed by some of us in a recently reported
oxamide-containing copper(II) complex'® and are the reason for
the noticeable efficiency of the oxamidato bridge to transmit
electronic effects (see magnetic properties).

The nickel-nickel separation within each binuclear unit is 5.368
A. The shortest intermolecular metal-metal distances occur
between molecules related by a screw-axis translation, nickel-

(20) (a) Ayerst, E. M.; Duke, J. R. C. Acta Crystallogr. 1954, 7, 588. (b)
Van der Veken, B. J.; Desseyn, H. O.; Herman, M. A. Z. Naturforsch.
1977, 324, 775.
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Figure 2. Thermal variation of the molar susceptibility for complexes 1
and 2 in the form x\T versus T: (open points) experimental results;
(solid line) best theoretical fit.

nickel (1 - x, !/, + y, 1/, — z) = 5.787 A, and by a unit cell
translation along a, nickel-nickel (1 + x, y, z) = 6.989 A. All
oxygen atoms participate in hydrogen bonds; a list is found in
Table S4b.

Electronic and IR Spectra. The reflectance spectrum of 1
consists of a charge-transfer band centered at 28 600 cm™! and
a broad band at 13 500 cm™!, which contains the unresolved d—d
transitions. The position of this last band is consistent with a
square-pyramidal structure as observed. The square-planar
surrounding and coordination of strong-field amine N atoms can
be ruled out because d—d transitions at much higher energy would
be observed in such a case.!* The reflectance spectrum of 2 is
typical of an octahedral Ni(IT) complex,?! exhibiting three maxima
at 8930, 14400, and 29400 cm™! (A, = 8930 cm™!; nephelauxetic
ratio 8 = 0.858). A shoulder is observed on the middle band at
15260 cm™!. This splitting is due to spin—orbit coupling that mixes
the 3T ,(F) and 'E, states, which are very close in energy for A,
values of ~9000 cm1.22

The IR spectra of 1 and 2 display a band (s, br) centered at
3400 cm™!, which reveals the presence of water in both cases. In
addition, a single absorption of medium intensity is observed at
3340 cm™ (»(N-H) stretching band) for 1, revealing the existence
of N~H amide groups. This band has been observed for free H,L
ligand at 3320 cm™!. The amide I band is located at 1640 (s) and
1580 (s) cm™! for complexes 1 and 2, respectively. Taking into
account that this absorption is centered at 1640 (s) cm™ for free
H,L, it can be inferred that a protonated amide group is present
in complex 1, as shown recently by some of us in a related ox-
amide-containing Cu(Il) complex.!* As far as complex 2 is
concerned, the shift to lower wavenumbers of the amide I band
is consistent with the presence of a bridging oxamidato ligand.
»,(COO0) and »,,(COO) stretching vibrations of carboxylate groups
appear as strong absorptions at 1670 and 1390 cm™ for 1 and
at 1660 and 1400 cm™! for 2, leading to A values [A = »,(COO)
= 1,,(CO0)] of 280 (1) and 260 (2) cm™'. These values are
consistent with unidentate carboxylate coordination?> in both cases.
Moreover, A increases in the order Ni(II) < Cu(lIl), as expected
for the increasing order of the metal-oxygen interaction.?* All
these spectral features are in agreement with the above described
structures.

Magnetic Properties. The thermal variations of the molar
susceptibility of both complexes are shown in Figure 2 as the

(21) Cotton, F. A.; Wilkinson, G. Advanced Inorganic Chemistry, 4th ed.;
Wiley: New York, 1980.

(22) See ref 21, p 787.

(23) Deacon, G. B.; Phillips, R. J. Coord. Chem. Rev. 1980, 33, 227.

(24) Nakamoto, K.; Morimoto, Y.; Martell, A. E. J. Am. Chem. Soc. 1961,
83, 4528.
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product x T versus T. The xyT product for complex 1 follows
a Curie law, revealing that no exchange interaction between Cu(II)
ions is operative in the temperature range studied. The data fit
the Curie expression

_Neg
XM= akT

with g = 2,10 and Na = 60 X 107 ¢cm?® mol~!. Na is the tem-
perature-independent paramagnetism, and N, 8, and k have their
usual meanings. As far as complex 2 is concerned, the xy7T
product has the value expected for two S = 1 states at room
temperature. Upon cooling down, it decreases markedly tending
to an § = 0 ground state at low temperatures. A rounded
maximum in the susceptibility curve is observed at about 41 K.
Such a behavior is characteristic of a relatively strong antifer-
romagnetic interaction between two single-ion triplet states.
Taking into account that the intramolecular interaction in 2 can
be interpreted by the isotropic spin Hamiltonian H = ~JS§ 4«55,
where J is the exchange parameter and S, = Sy = 1 (local spins),
xy may be expressed as?*

_ 2NBg*  exp(J/kT) + 5 exp(3J/kT)
XM= T 1+ 3 exp(/kT) + 5 exp(3J/kT)

+ Na (1)

+ Na (2)

The last term in this expression is assumed to be 200 X 10~ ¢cm®
mol™! for two Ni(II) ions. We have not considered the effect of
the zero-field splitting on the magnetic behavior because it is
expected to be negligible due to the large stabilization of the singlet
ground state.?® A least-squares fit of all experimental data leads
to J = -25 cm™ and g = 2.25, with an agreement factor R =
E(Xexptl(i) - Xuled(i))z/z(Xexptl(i))z of 1.25 x 107,

The unpaired electron of the Cu(II) ion in complex 1 can be
described by a magnetic orbital of d,, symmetry partially delo-
calized on the nearest-neighbor O1, Ol%, O5, and O6 atoms
(average Cu(II)-O distance is 1.97 A). The presence of an axial
oxygen (04) at 2.22 A leads to a small admixture of d,: in the
magnetic orbital. However, the spin density is large on the four
basal atoms and much smalier on the apical position. The absence
of coupling between Cu(II) ions in 1 is easily understood by taking
into account that no overlapping between two d,, magnetic orbitals
through the H,L?" bridging ligand (the intrachain copper—copper
separation is 13.321 A) is possible. Although the interchain
copper—copper distances are much shorter (about 6 A) due to
extensive hydrogen bonding, any interchain pathway for exchange
interaction is not available.

As far as we are aware, this is the first time that the structure
and magnetic properties of a u-oxamidato nickel(II) binuclear
complex are reported. Recently, it has been demonstrated that
the oxamidato bridge exhibits a remarkable efficiency to propagate
an antiferromagnetic interaction between two copper(II) ions
separated by more than 5 A.%8251527 This strong interaction
is due to the large ¢ in-plane overlap of the d,, magnetic orbitals
through the oxamidato bridge as illustrated in II. However, the

Y

L.

II

J value for complex 2 (~25 cm™) is much smaller than the reported
ones for the related u-oxamidato copper(II) binuclear complexes
(—480 t0 -585 cm™). To deal with comparable values, the number

(25) Earnshaw, A. Introduction to Magnetochemistry; Academic Press:
London and New York, 1968.
(26) Duggan, M. D; Barefield, E. K.; Hendrickson, D. N. Inorg. Chem.
1973, 12, 985.
27 S\’/erdaguer, M.; Julve, M.; Gleizes, A.; Kahn, O. Nouv. J. Chim. 1985,
, 325,

Lloret et al.

Table IV. Equilibrium Data®® for Basicity and Formation of Cu(II)
and Ni(1I) Complexes with L* in Aqueous Solution (25 °C and 0.1
mol dm= NaNO;)

€q

no. reacn log 8

i 2H* + L¥ < H,L* 24.2 (%)

ii H* + H,L* < H,L- 3.64 (1)
iti 2H* + H,L* < H,L 6.50 (1)
iv Cu?* + H,L* < Cu(H,L) 2.62 (1)

v 2Cu** + H,L* «> Cu,L + 2H* -2.18 (1)
vi 2Cu?** + L* < Cu,L 22.0 (5)
vii Ni** + H,L* > Ni(H,L) 1.93 (2)
viii 2Ni?* + H,L* > Ni,L + 2H* -11.09 (1)
ix 2Ni?* + L%« Nij,L 13.1 (5)

?Values in parentheses are standard deviations in the last significant
digit. ®Equilibria vi and ix are obtained by combining eq i with egs v
and viii, respectively.

of unpaired electrons on each paramagnetic center (one for Cu(II)
and two for Ni(II)) should be taken into account; hence, the n?|J]
values should be compared:?

Jowce > 4nini
530 cm™' 100 cm™!

They illustrate once more the special ability of Cu(II) as compared
to Ni(II) to yield antiferromagnetic interactions, everything being
equal. Similar trends have been observed for bridging bis-bidentate
ligands such as 2,2’-bipyrimidine® and oxalate.*® Keeping in mind
the d,;, exchange pathway, the larger J value in the case of Cu(II)
can be attributed to a larger spin delocalization on the bridge:
the energies of the 3dc,, orbitals are lower than those of Ni(II)*!
and the M(II)-N,O (oxamidato bridge) average distance for
Cu(II) is shorter than the observed one for Ni(II) (1.96 and 2.03
A, respectively). Furthermore, the presence of ferromagnetic
contributions in the case of Ni(II), which are negligible for Cu(II),
contributes to the lowering of the observed J value for 2. However,
these considerations do not explain easily the considerable dif-
ference between such J values. We think that the main factor
in this case could be the larger deviation of Ni(II) from the best
basal plane (0.228 A) when compared to Cu(II) (about 0.1 A).157

Let us compare now the magnitude of the J values observed
for complex 2 and the related u-oxalato complex [Ni,(cy-
clam),0x](NOQ;,),* (-25 and -34 cm™!, respectively), where cyclam
is 1,4,8,11-tetraazacyclotetradecane. The opposite trend was
expected according to extended Hilckel calculations on oxalate
and oxamidate ligands:?” the less electronegative the atoms of
the bridge are (the higher the energy of the molecular orbitals
of the bridge), the larger the delocalization of spin density on the
bridge and consequently the larger the antiferromagnetic coupling
J. Distortions of the octahedral environment of the metal ion are
the origin of such unexpected results. Both oxalato and oxamidato
bridges are planar in both structures. However, the Ni(IR ion
is only 0.027 A out of the oxalate plane whereas it is 0.228 A out
of the oxamidate one. This structural difference leads to a lowering
of the ¢ in-plane overlap of the d,, magnetic orbitals through the
oxamidato bridge with respect to the oxalato one and, conse-
quently, to a smaller J value.

Solution Study. The observed proton association constants of
L* together with the stability constants of its Cu(II) and Ni(II)
complexes are reported in Table IV, The protonation equilibrium
constants of the ligand show that it behaves as a relatively strong
base in the two first protonation steps and that its basicity is much
decreased in the last two protonation steps. This is consistent with
the different basicities of the deprotonated amide N atoms and

(28) (a) Girerd, J. J; Charlot, M. F.; Kahn, O. Mol. Phys. 1977, 34, 1063.
(b) Charlot, M. F.; Girerd, J. J.; Kahn, O. Phys. Status Solidi B 1978,
86, 497.

(29) Julve, M.; De Munno, G.; Bruno, G.; Verdaguer, M. Inorg. Chem. 1988,
27, 3160. .

(30) Battaglia, L. P.; Bianchi, A.; Corradi, A. B.; Garcia-Espafia, E.; Mi-
cheloni, M.; Julve, M. Inorg. Chem. 1988, 27, 4174.

(31) Yamaguchi; Nakano, M.; Namimoto, H.; Fueno, T. Jpn. J. Appl. Phys.
1988, 27, L1835,



Oxamidato Complexes of Cu(II) and Ni(II)

100
tk

50

1 4 7 10 13
-Log[H]
Figure 3. Distribution diagram for the system H*-L*.

carboxylate groups which are involved in such equilibria. The
values for the logarithms of the stepwise protonation constants
of the carboxylate groups of H,L?" are very close to the previously
reported ones for such a ligand,'* and they are within the range
observed for S-(electronegative group)-substituted carboxylic
acids.’?> The distribution diagram for the system H*/L* based
on fitted equilibrium constants is depicted in Figure 3. The
predominant species at lower pH values are H,L and H,L~ whereas
the concentration of H,L> becomes significant at pH > 3.40, being
the only existing species in the range 5.60 < pH < 11.30. At pH
> 11.30, the deprotonation of the amide groups takes place to yield
the L* species. The determination of the deprotonation constants
involving N-H amide groups by potentiometry in aqueous solution
is not reliable because very basic media are required. In fact, we
have not observed any deprotonation of H,L? for pH < 11. This
observation is general for some N,N’-disubstituted oxamides that
we have studied. A detailed analysis of the potentiometric data
in the range 11 < pH < 11.6 reveals that some deprotonation
occurs, the emf-computed data being consistent with the simul-
taneous loss of two protons (log 8 = 24.0-24.6). In the present
case, a value of 24.2 (5) (equilibrium i) was computed. The high
value of its standard deviation reflects the low precision which
is associated with the determination of this constant due to the
low extent of deprotonation (ca. 10%) in a highly basic medium.
The very weak acidity of the amides makes quantitative equi-
librium measurements difficult, and a few values appear in the
literature.3* The acidity values observed for monoamides vary
in the range pK, = 13-15. Although no acidity constants were
reported for oxamides, a greater acidity for them would not be
unexpected due to the NCO w-delocalization in deprotonated
oxamides, as well as to the major electron withdrawal of the other
neighboring oxamide group. We have used the value of log 8 =
24.2 (5) only to calculate the equilibrium constants of egs vi and
ix.

The complex-forming ability of H,L with regard to M(II) (M
= Ni, Cu) has been investigated in the 2.30-5 (M = Cu) and
2.50-9 (M = Ni) pH ranges. Potentiometric studies at greater
pH values could not be carried out because of the precipitation
of blue and green neutral binuclear M,L complexes, respectively.
Only the M(H,L) and M,L species exist in the above mentioned
pH ranges. The values of the stability constants for M(H,L)
complexes (egs iv and vii) are of the same order of magnitude
as those for 1:1 M:carboxylate ligand complexes in which the
carboxylate acts as a monodentate ligand.?? Therefore, H,L* most
probably coordinates to Cu(II) and Ni(II) through one of its
carboxylate groups to yield mononuclear M(H,L) species. The
stability constant of the copper(II) complex (2.62 (1)) is somewhat
greater than that of the corresponding nickel(II) complex (1.93
(2)), as expected according to the higher stability of the copper(II)

(32) Sillén, L. G.; Martell, A. E. Stability Constants of Metal-Ion Com-
plexes, Suppl. No. 1; The Chemical Society: Oxford, England, 1971.
(33) Sigel, H.; Martin, R. B. Chem. Rev. 1982, 82, 385.
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Figure 4. Distribution diagram for the system Cu?*~L+-H* as a func-
tion of pH (cy = ¢ = 5 X 107 mol dm™?).
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Figure 5. Distribution diagram for the system Ni**-L+—H* as a function
of pH (cp = ¢ = 5 X 107 mol dm™).

complexes. As far as M,L species are concerned, the high values
of their logarithms of their stability constants (eqs vi and ix) reveal
the chelating character of the L* ligand. In fact, the structure
of complex 2 illustrates its bis-terdentate character. Again, the
value of the stability constant for the Cu,L species is greater than
that for Ni,L. It is interesting to note that the value of the stability
constant for Cu,L is somewhat smaller than the corresponding
one for [Cuy(pmox)]?* (log 8 = 26.1 (1)),'* where pmox is the
dianion of N,N“bis(2-pyridylmethyl)oxamide. Although in both
cases five-membered chelate rings are involved, the higher affinity
of copper(II) for pyridyl groups instead of carboxylate leads to
such different values. The M(II)-H,L system (M = Cu, Ni) was
studied some years ago'* also by potentiometry in aqueous solution
and only the M(HL)", Cu,L, and Ni(H,L) species were found.
The M(HL)" species was observed by us neither in the present
study nor in other studies that we have carried out with related
ligands such as H,pmox!® and H,apox (N,N'-bis(3-amino-
propyl)oxamide).3* Moreover, the formation of Ni,L and Cu-
(H,L) species, which are the parents of Cu,L and Ni(H,L),
respectively, was not observed in the early studies.!“ However,
in our study such species have been observed in solution and they
have been isolated and characterized by X-ray diffraction (com-
plexes 2 and 1, respectively). It deserves to be pointed out that
the Cu(H,L) complex exists as a mononuclear species in solution
and it evolves slowly to complex 1 by polymerization at low pH
values. The formation of other M*-L* complexes could not be
followed because the precipitation of M,L species occurs. Such
species are, however, readily soluble in more basic media, yielding
violet (Cu(II)) and yellow-green (Ni(II)) solutions of the ML

(34) Lloret, F.; Julve, M,; Faus, J.; Ruiz, R.; Castro, I.; Mollar, M.; Phi-
loche-Levisalles, M. Inorg. Chem., following paper in this issue.
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mononuclear complexes that we have isolated as tetra- and pen-
tahydrate sodium salts, respectively.

The synthesis of M,L complexes was carried out in the light
of the respective distribution diagrams based on fitted equilibrium
constants (Figures 4 and 5). In order to obtain single crystals
of such species, aqueous solutions of copper(1I) nitrate (nickel(II)
nitrate) and H,L in a 2:1 molar ratio were prepared at pH = 3.
In the case of copper(lII), the slow polymerization of Cu(H,L)
leads to the insoluble polymeric complex 1. Nevertheless, Cu,-
L+6H,O can be isolated as a powder in weakly acidic aqueous
solutions. The nonpolymerization of the Ni(H,L) species allows
in this case the formation of single crystals of the insoluble complex
2 in nearly neutral aqueous solutions.

Conclusions. The versatility of N,N’-disubstituted oxamides
has allowed the synthesis of mono-, di-, and polynuclear complexes.
Strong antiferromagnetic coupling is observed in the u-oxamidato
polynuclear compounds. This work shows how one must be careful
when using the n?|J] values to estimate the magnitude of the
exchange coupling in binuclear nickel(II) complexes from the
known values for the corresponding copper(II) complexes through
a given bridge. Although nickel(II)-oxamide complexes are

usually diamagnetic, paramagnetic nickel(II) species can be ob-
tained by tuning the strength of the ligand field using as tools
appropriate N-substituted derivatives and angular strain. Finally,
this report provides a new example of complementarity between
solution and solid-state studies, showing how solution data can
orientate the synthetic work in order to obtain the desired products.
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Potentiometric studies on the quaternary system Cu*-M?**-apox?~H* (M = Mn, Co, Ni, Zn, Cd; apox*" = dianion of N,N"-
bis(3-aminopropyl)oxamide, CzH;sN,O, (L*)) have been carried out at 25 °C and 0.1 mol dm™ NaNO,. The proton association
constants corresponding to the equilibria L2~ + jH* < H,LU2* (8)) were found to be log 8, = 24.0 (2), log 8; = 34.15 (2), and
log 8, = 43.60 (2). The values of the stability constants related to the equilibria pCu?* + gL* <= [Cu,L 20+ (Bpq) were log
B11 = 20.33 (2), log 8, = 28.15 (2), log B3; = 51.68 (4), and log 8,3 = 74.35 (7), and those concerning the equilibria pM?* +
gCu?* + rLY <+ [M,Cu,L,|2*7* (8,.) were log 8;1; = 23.86 (2) (Mn), 24.31 (2) (Co), 24.86 (2) (Ni), 24.87 (2) (Zn), and
23.80 (2) (Cd); log B3, = 46.79 (3) (Mn), 47.77 (3) (Co), 48.70 (4) (Ni), 48.81 (4) (Zn), and 46.90 (3) (Cd); and log B;3; =
69.58 (3) (Mn), 70.66 (4) (Co), 72.30 (5) (Ni), 72.04 (5) (Zn), and 69.60 (3) (Cd). Since the ligand L*" can exhibit both cis
and trans conformations in its metal complexes, we have carried out an ab initio calculation to determine the energy involved in
such conformational change using (CH;NCO),? as a model system. The trans conformation is predicted to lie 2.25 kcal below
the cis one. Both the sign and magnitude of this result are in good agreement with our experimental data, and this result accounts
for the anomalies observed in the values of the stepwise stability constants. The molecular structure of the complex [Cu,L(NCO),]
has been determined by single-crystal X-ray analysis. The compound crystallizes in the monoclinic system, space group P2,/n,
witha = 13.237 (3) A, b = 7.715 (3) A, ¢ = 7.161 (3) A, 8 = 94.02 (1)°, and Z = 2. Refinement of the atomic parameters
by least-squares techniques gave a final R factor of 0.036 (R,, = 0.039) for 1101 unique reflections having I = 36(I). The structure
consists of neutral one-dimensional chains of copper(II) ions bridged alternatively by the oxamidato and cyanato groups. The
former acts as a bis-terdentate bridge whereas the latter is bound through nitrogen in an end-on fashion. The copper environment
can be described as square pyramidal: the equatorial plane is defined by the oxygen and nitrogen atoms of the amide, the nitrogen
atom of the amine group, and the nitrogen atom of the cyanato ligand whereas the apical position is filled by a nitrogen atom
of another cyanato group. The values of the stability constants of the system Cu?*~M?*~L?" are compared and discussed in light
of the available structural data.

Introduction “complexes as ligands”.> A nice example of this latter case is

For more than a decade, the design and synthesis of hetero-
polymetallic complexes have been a challenging field for inorganic
chemists.2 In general, the strategies to synthesize these species
are based (i) on the use of dissymmetric polynucleating ligands,’
(ii) on the use of both the kinetic and thermodynamic stability
“self-assembly method”,* or (iii) on working step by step by using

(1) (a) Universitat de Valencia. (b) Université Pierre et Marie Curie.

(2) Kahn, O. Struct. Bonding (Berlin) 1987, 68, 89.

(3) (a) Casellato, U.; Vigato, P. A. Coord. Chem. Rev. 1977, 23, 31. (b)
Groh, E. Isr. J. Chem. 1976/77, 15, 277. (c) Lindvedt, R. L.; Ahmad,
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