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Potentiometric studies on the ternary systems Cu2+-mapox2--H+ and Cu2+-dmapox2--H+ where mapox2- and dmapox2- are the 
dianions of N,N’-bis[ 3-(methylamino)propyl]oxamide and N,N’-bis[ 3-(dimethylamino)propyl]oxamide, respectively, have been 
carried out a t  25 OC and 0.1 mol NaN03.  The proton association constants corresponding to the equilibria L2- + j H t  2 
H,LP2)+ were found to be log fi2 = 24.0 (2), log b3 = 34.31 ( l ) ,  and log fi4 = 44.06 (1) for L = mapox and log b2 = 24.0 (2), 
log b3 = 33.49 ( l ) ,  and log b4 = 42.34 (1) for L = dmapox. The values of the stability constants related to the equilibria pCu2+ 
+ qL2- + rHt k [ C U ~ L ~ H , ] [ ~ ~ ) + ~ ~ ~  were log fi212 = 36.70 (E),  log fi211 = 31.70 (8), log fiZl0 = 26.41 ( l ) ,  log 8320 = 47.28 
(2), log fi4u) = 67.53 (2), and log fill,, = 17.09 (1) for L = mapox and log fi212 = 34.64 (9), log fi211 = 29.12 (9, log fi210 = 23.24 
( l ) ,  log = 14.66 (1). and log fi21-2 = 4.88 (1) for L = dmapox. The molecular structure of the complex [Cu2(mapox)(N3),], 
has been determined by single-crystal X-ray analysis. The compound crystallizes in the monoclinic system, space group P 2 1 / n ,  
with a = 11.439 (3) A, b = 10.522 (1) A, c = 7.376 (1) A, fi  = 106.47 (4)O, and Z = 2. Refinement of the atomic parameters 
by least squares gave a final R factor of 0.052 (R, = 0.059) for 1036 unique reflections having I 2  341). The structure consists 
of neutral one-dimensional chains of copper(I1) ions bridged alternatively by the oxamidato and azido groups. The former acts 
as a bis-terdentate ligand whereas the latter is bound through a nitrogen in an asymmetrical end-on fashion. Copper environment 
can be best 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 a nitrogen atom of the azide ligand whereas the apical position is filled by a nitrogen atom 
of another azide group. The ligand dmapox presents only the trans conformation in its metal complexes, whereas the ligand mapox 
can adopt either the cis or trans conformations. The greater flexibility of mapox allows the formation of mono-, di-, tri-, and 
tetranuclear complexes, in contrast to the restriction to the dinuclearity imposed by the trans configuration in dmapox. The values 
of the stability constants of these systems and the different chelating capabilities of N,N’-bis(alky1-substituted)oxamidate ligands 
are analyzed and discussed in the light of the available structural data and steric effects caused by the presence of methyl 
substituents on amine groups. 

Introduction 
The oxamide dianion can act as a chelating or a bis-chelating 

ligand like the parent oxalate dianion to yield monomeric, dimeric 
and one-dimensional complexes with first row transition-metal 
ions.2 Moreover, its strong electron-donating capability due to  
the presence of deprotonated N-amide atoms stabilizes high ox- 
idation states? However, the low solubility of oxamide in common 
solvents and its hydrolytic decomposition in alkaline solution 
preclude an exhaustive exploration of its coordination chemistry. 
These difficulties can be overcome by using N,”-bis(coordinating 
group substituted)oxamides! They are more reluctant to undergo 
the hydrolytic reaction and their solubility can be much increased 
by choosing the appropriate substituent. Furthermore, in the  
presence of transition-metal ions and if the oxamide has another 
coordinating group a t  a position which can form a five- or six- 
membered chelate, the amide deprotonates and coordinates si- 
multaneously in a low p H  range, as shown r e ~ e n t l y . ~ - ~  
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In the framework of our current solution and solid-state research 
work concerning the N,N’-bis(substit~ent)oxamides,6-~ we have 
investigated the  complex formation between copper(I1) and N,- 
N’-bis[3-(methylamino)propyl]oxamide (H2mapox) and N,N’- 
bis[3-(dmethylamino)propyl]oxamide (Hzdmapox) aiming at both 
characterizing the chelating ability of these ligands and ration- 
alizing the synthesis of their mononuclear and polynuclear metal 
complexes. 

0 NRR’ 

R = R’ = H; H2apox 

R = H, R’ = CH,; H2mapox 

R = R ’  = CH,; H2dmapox 

In this paper we report on the  complexing ability of mapox*- 
and dmapox2- ligands toward hydrogen ions and copper(I1) in 
aqueous solution. T h e  crystal structure of the first mapox-con- 
taining copper(I1) complex of formula [ C ~ ~ ( m a p o x ) ( N ~ ) ~ ] , ,  is also 
reported. Finally, a discussion on the steric constraints induced 
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Table I. Crystallographic Data for [Cu2(mapox)(N3)2], 

chem CIOHZOC~2N1002 space group m l n  
formula 

fw 439.4 T, OC 18 
0, A 11.439 (3) A, A 0.71073 
b, A 10.522 (1) Pcalcd, g 1.71 
c, A 7.376 (1) p. cm-' 26.1 
@, deg 106.47 (4) transm coeff 0.74-1 
V, A3 851.3 (3) R = xlw/xlFol 0.052 
Z 2 R,' = [CW(AF)~/~WF~]~/~ 0.059 

a Unit weights. 

by the presence of methyl substituents on the amine groups and 
their influence on the adoption of cis and/or trans conformations 
of such ligands is carried out in the light of both solution and 
solid-state studies. 
Experimental Section 

Materials. Copper(I1) nitrate trihydrate, sodium azide, N-methyl- 
1,3-~ropanediamine, N&-dimethyl- 1,3-~ropanediamine, and diethyl ox- 
alate were of reagent grade quality. They were purchased from com- 
mercial sources and used without further purification. Carbonate-free 
NaOH (0.1 mol dm-') and HNO, (0.1 mol d ~ n - ~ )  were used in the 
potentiometric titrations. The stock solution of copper(I1) nitrate was 
prepared in doubly distilled water and the concentration of the metal ion 
determined by standard methods. All potentiometric measurements were 
carried out in 0.1 mol dm-' NaN03  as background electrolyte. 

Ligands and Complex Reparatiom. The ligands NJV'-bis[3-(methy- 
lamino)propyl]oxamide (Hzmapox) and N,N'-bis[ 3-(dimethylamino)- 
propylloxamide (H&"ax) were prepared by using the usual method:1° 
A methanolic solution of diethyl oxalate (0.1 mol) was treated with either 
N-methyl- 1,3-propanediamine (0.2 mol) (H2mapox) or N,N-dimethyl- 
1,3-propanediamine (0.2 mol) (H2dmapox) at room temperature. The 
mixture was kept a t  80 OC for half an hour with stirring and the white 
precipitate was filtered off, washed with methanol and diethyl ether, and 
dried under vacuum. Analytical data (C, H, N) agree for the anhydrous 
ligands. 

[C~~(mapox)(N,)~] ,  was obtained as follows: aqueous solutions of 
copper(I1) nitrate (2 mmol, 10 mL) and H2mapox (1 mmol, 50 mL) were 
mixed with stirring and neutralized by adding lithium hydroxide (2 
mmol) dissolved in a minimum amount of water. The resulting blue 
solution was filtered and a dark green precipitate separated when adding 
slowly an aqueous solution of NaN3 (2 mmol, 20 mL). The solid was 
filtered, washed with water, and dried in a desiccator over silica gel. 
Anal. Calcd for CIOH20C~2N1002: C, 27.33; H, 4.55; N, 31.85. Found: 
C, 27.30; H, 4.45; N, 31.90. Single crystals of [C~~(mapox)(N,)~], were 
obtained by slow diffusion of aqueous solutions of [CuZ(mapox)l2' and 
azide in an H-shaped tube. 

Physical Techniques. The potentiometric titrations were carried out 
by using equipment (potentiometer, buret, stirrer, microcomputer, etc.) 
that has been previously described."* The temperature of all solutions 
was held at 25.0 OC by circulating constant-temperature water through 
the water-jacketed titration cell. The standard potential of the cell, EO, 

was determined by the Gran method." The computer programs su- 
PER QUAD^^ and BEST', were used to process emf data from each experi- 
ment and calculate the equilibrium constants. In all the cases, both 
computer programs provided very close results in their refinement pro- 
cesses. The slight differences observed can be attributed to the different 
weighting schemes. So, the constants reported herein are the mean 
values. 

X-ray Structure Determination. The intensity data were collected on 
a Philip PW 1100 diffractometer with monochromatized Mo KLY radia- 
tion (A = 0.710 73 A) by using the w-20 scan technique. The air-stable 
crystal selected for X-ray analysis had roughly a rombohedral shape with 
approximate dimensions 0.45 X 0.40 X 0.15 mm. Unit-cell parameters 
were obtained by least squares from the setting angles of 25 reflections 
in the 15-16O 8. The crystallographic data, conditions employed for the 
intensity data collection and some features of the structure refinement 
are listed in Table I. The intensities of two standard reflections mea- 
sured every 2 h showed no significant variations. Intensity data were 

(IO) Ojima, H.; Yamada, Y .  Bull. Chem. SOC. Jpn. 1970, 43, 3018. 
(11) (a) Gran, G. Analyst (London) 1952, 77, 661. (b) Rossotti, F. J.; 

Rossotti, H. J .  Chem. Educ. 1965, 42, 375. 
(12) Gans, P.; Sabatini, A.; Vacca, A. J. Chem. Soc., Dalton Trans. 1985, 

1195. 
( 1 3 )  Martell, A. E.; Motekaitis, R. J. The Determinafion and Use of Sta- 

bility Constants; VCH Publishers: New York, 1988. 

Table II. Atomic Coordinates and Thermal Parameters'*b for 
Non-Hydrogen Atoms of [Cu2(mapox)(N7),1. 

x l a  
0.02310 (9) 
0.0999 ( 5 )  

-0.0686 (6) 
4 . 0 4 3  (1) 
0.1292 (7) 
0.2278 (7) 
0.3227 (8) 
0.0490 (7) 

-0.165 (1) 
-0.163 (2) 
-0.138 (1) 
-0.022 (1) 

Y l b  
0.9010 (1) 
1 . o m  ( 5  j 
0.8693 (6) 
0.749 (1) 
0.9479 (9) 
0.9933 (8) 
1.040 (1) 
1.0481 (7) 
0.772 (1) 
0.670 (2) 
0.672 (1) 
0.693 (1) 

Z I C  

0.1855 (1) 
0.3646 (8) 
0.3675 (9) 

0.026 (1) 
0.085 (1) 
0.133 (1) 
0.497 (1) 
0.360 (2) 
0.230 (2) 
0.064 (2) 

-0.081 (2) 

0.020 (2) 

io4 u,, A2 
390 
414 
409 
73 1 
568 
55  1 
798 
350 
558 
870 
78 1 
815 

"Estimated standard deviations in the last significant digits are given 
in parentheses. U, = '/3E,xjUi,aia,ai.ap 

Table III. Bond Lengths (A) and Angles (deg)a*b for 
ICu,(mapox)(NAl. 

CU(l)-O(l) 
Cu(l)-N(l) 
CU( 1)-N( 2) 
CU( 1)-N(3) 
CU( l)-N(3)' 
O( 1 ),, 
C(l)-C(l)" 
C( l ) iLN(l)  

N(l)-Cu(l)-O(l) 
N(2)-Cu(l)-O(I) 
N(2)-Cu( 1 )-N( 1) 

N(3)-Cu( 1)-N(l) 
N(3)-Cu( 1)-N(2) 
N(3)LCu(l)-O(l) 
N(3)'Cu( 1)-N( 1) 
N( ~)'CU( 1)-N(2) 
N(3)'-Cu( 1)-N(3) 
C(1)-O(1)-C41) 
C(l)"N(l)-Cu(1) 
C( l ) W (  1)-0(1) 
C( l)-C( l)iLN( 1) 

N(~~-cw-o(~) 

Bond Distances 
1.980 ( 5 )  N(l)-C(2) 1.50 (1) 
1.952 (7) C(2)-C(3) 1.44 (2) 
2.024 (9) C(3)-C(4) 1.33 (2) 
1.976 (8) C(4)-N(2) 1.47 (1) 
2.542 (9) N(2)-C(5) 1.33 (1) 
1.274 (9) N(3)-N(4) 1.19 (1) 
1.52 (1) N(4)-N(5) 1.15 (1) 
1.30 (1) 

83.6 (2) N(l)'LC(l)-O(l) 129.3 (7) 
174.1 (4) C(1)rLN(1)-C(2) 116.8 (7) 
95.7 (3) C(2)-N(l)-Cu(l) 128.8 (6) 
89.1 (3) C(4)-N(2)-Cu(l) 118.5 (7) 

172.6 (3) N(l)-C(2)-C(3) 112.3 (9) 
91.5 (4) N(2)<(4)-C(3) 125.1 (11) 
93.1 (3) C(2)-C(3)-C(4) 130.9 (13) 
97.0 (3) C(5)-N(2)-C(4) 116.6 (10) 
92.8 (4) C(5)-N(2)-Cu(l) 120.9 (8) 
84.7 (3) Cu(l)-N(3)-Cu(l)' 95.3 (3) 

111.2 ( 5 )  N(4)-N(3)-Cu(l) 124.1 (7) 
114.1 ( 5 )  N(4)-N(3)-Cu(l)' 112.8 (7) 
117.8 (9) N(5)-N(4)-N(3) 176.2 (10) 
112.9 (9) 

Bond Angles 

a Estimated standard deviations in the last significant digits are given 
in parentheses. Roman numeral superscripts refer to the following 
equivalent positions relative to x ,  y, z: (i) -x, 2 - y, -2; (ii) -x, 2 - y, 
1 - 2 .  

collected in the 0 range 1-25' with scan speed 1.5O min-' and scan width 
(1.2 + 0.34 tan 8 ) O .  The space group n 1 / n  was deduced from systematic 
absences. The intensities were corrected for Lorentz-polarization and 
absorption effects, the transmission factors varied from 0.74 to 1 (an 
empirical absorption correction was performed by use of DIFABS'~). No 
extinction correction was applied. A total of 1488 reflections were col- 
lected in the 1 5 0 5 25' range and from these, 1036 were unique with 
I2 341) and were used for the structure refinement. 

The copper atom was located on a Patterson map and all other non- 
hydrogen atoms were found in subsequent Fourier maps. Full-matrix 
least-squares refinements were carried out (282 parameters) with an- 
isotropic thermal parameters for all non-hydrogen atoms. Hydrogen 
atoms were neither found in difference m a p  nor introduced in calculated 
positions. The function minimized was xw(lFol - lFc1)2 and each re- 
flection was assigned a unity weight. The scattering factors of all atoms 
and the anomalous dispersion correction term for Cu were taken from 
ref 15. The computer program C R Y S T A L S ~ ~  was used in the crystallo- 
graphic calculations. The refinement converged at R = 0.052, R, = 
0.059. The final difference-Fourier map shows residual maxima and 
minima of 0.53 and -0.42 e A-3. All crystallographic calculations were 

(14) Walker, N.; Stuart, D. Acta Crystallogr., Sect. A 1983, A39, 159. 
(1  5 )  International Tables for X-ray Crystallography; Kynoch Press: Bir- 

mingham, England, 1974; Vol. IV, pp 99-100 and 149. 
(16) Carruthers, J. R.; Watkin, D. W. J. CRYSTALS, an advanced crys- 

tallographic computer program; University of Oxford, Chemical 
Crystallographic Laboratory: Oxford, England, 1985. 
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Figure 1. (a) ORTEP view of the binuclear [ C ~ ~ ( m a p o x ) ( N ~ ) ~ ]  unit 
showing the atom labeling. Thermal ellipsoids are drawn at the 30% 
probability level. (b) A view of a fragment of the one-dimensional 
[Cu2(mapox)(NJ2], chain running parallel to the c-axis. 

perforined on a VAX725 computer and molecular drawings were pro- 
duced by the ORTEP'' program. The final atomic parameters and bond 
distances and angles are listed in Tables I1 and 111, respectively. Com- 
plete crystal data, anisotropic thermal parameters, least-squares planes, 
and observed and calculated structure factors are given in Tables S1- 
S4.18 
Results and Discussion 

Description of the Structure. The structure of [Cu2L(N&ln 
consists of neutral zigzag chains of copper(I1) ions bridged by both 
mapox*- and azido groups. The former acts as a bis-terdentate 
ligand whereas the latter bridges copper atoms in an asymmetrical 
end-on fashion. A perspective view of the asymmetric unit and 
of a symmetry-related unit is depicted in Figure, la. Inversion 
centers standing at  the middle of the C( l ) -C(  1)'' bond and Cu- 
(l)-Cu( 1)' distance lead to one-dimensional chains of copper 
atoms running parallel to the c-axis as shown in Figure lb. 

Each copper atom is surrounded by four nitrogen atoms (N( l), 
N(2), N(3), and N(3)') and one oxygen atom (O(1)) occupying 
the vertices of a distorted square-based pyramid. The basal plane 
is built by the carbonyl oxygen 0(1) ,  amide nitrogen N( l) ,  and 
amine nitrogen N(2) atoms of the oxamidate ligand and one 
azide-nitrogen N(3) atom of the dissymmetrical azido bridge, the 
apical position being occupied by the symmetry-related azide 
nitrogen N(3)' atom of the other dissymmetrical azido bridge. The 
largest deviation from the least-squares plane through N( 1)N- 
(2)N(3)0(1) is 0.039 A at  0(1) ,  and the metal atom is pulled 
out of this plane toward the apical site by 0.006 A. The three 
equatorial cop r(I1) oxamidate distances (1.952 (7), 2.024 (9), 

respectively) are close to those found in other oxamidato bridged 
copper(l1) complexes.2d-**6a,c~19-21 The significant shortening of 

and 1.980 ( 5 )  I= for Cu(1)-N(l), Cu(1)-N(2), and Cu(l)-O(l) ,  

(17)  Johnscjn, C. K. ORTEP; Report ORNL-3794; Oak Ridge National 
Laboratory: Oak Ridge, TN, I97 1. 

( 1  8 )  Supplementary material. 
(19) Bencini, A.; Benelli, C.; Fabretti, A. C.; Franchini, G.; Gatteschi, D. 

Inorg. Chem. 1986, 25, 1063. 
(20) Bencini, A.; Di Vaira, M.; Fabretti, A. C.; Gatteschi, D.; Zanchini, C. 

Inorg. Chem. 1984, 23, 1620. 
(21) Yoshino, A.; Nowacki, W. Z .  Krystallogr. 1974, 139, 337. 

Table IV. Equilibrium Data' for Basicity and Formation of Cu(I1) 
Complexes with L2- (L = mapox, dmapox) in Aqueous Solution (25 
O C  in 0.1 mol dm-3 NaNOJ 

log B 
mapox dmapox 

(1) 2H+ + L2- 0 H2L 24.0 (2) 24.0 (2) 
(2) H+ + H2L e H3Lt 10.31 (1) 9.49 (1) 
(3) 2H+ + H2L e H4L2+ 20.06 (1) 18.34 (1) 
(4) 2Cu2+ + H2L 0 [Cu2(H2L)I4+ 12.70 (2) 10.64 (9) 

(6) 2CuZt + H2L Q [Cu2LI2+ + 2H+ 2.41 (1) -0.76 (1) 

-- reacn 

(5) 2Cd t  + H2L [Cu,(HL)]" + H+ 7.70 (8) 5.12 (50) 

(7) 3Cu2+ + 2H2L e [CUJL~]" + 4H+ -0.72 (1) 
(8) 4Cu2+ + 3H2L 0 [Cu4L3I2+ + 6H+ -4.47 (1) 
(9) Cu2+ + H2L 0 [CUL] + 2Ht -6.91 (1) 
(10) 2Cu2+ + H2L + H20 Q -9.34 (1) 

[CuZL(OH)]+ + 3H+ 

[ C U ~ L ( O H ) ~ ]  + 4Ht 
-19.12 (1) (1 1) 2Cu2+ + H2L + 2H20  Q 

Values in parentheses are standard deviations in the last significant 
digit. 

the Cu( 1)-N( 1) bond length agrees with the stronger basicity of 
the deprotonated amide nitrogen atom (vide infra). The two 
copper-nitrogen (azido) bonds are markedly different from each 
other, the equatorial distance (Cu(1)-N(3) = 1.976 (8) A) being 
shorter than the axial one (Cu(l)-N(3)' = 2.542 (9) A). This 
structural feature had been observed in other polynuclear cop- 
per(I1) complexes containing asymmetrical end-on azido 
bridges.22-26 The N(2)-Cu(l)-O(l)  and N(l)-Cu(l)-N(3) 
angles are 174.1 (4)' and 172.6 (3)O, respectively. Distortion of 
the metal environment is also evident from the values found for 
the N(l)-Cu(l)-O(l)  and N( l)-Cu(l)-N(2) angles (83.6 (2)O 
and 95.7 (3)", respectively). 

The deprotonated mapox2- ligand adopts the trans conformation 
forming one five and one six-membered chelate ring on each metal 
ion. The three atoms around N( 1) lie in a plane with bond angles 
of 114.1 (9, 128.8 (6), and 116.8 (7)O for C(l)ii-N(l)-Cu(l), 
C(2)-N(l)-Cu(l), and C(1)iN(1)-C(2), respectively. This fact 
together with the bond lengths and planarity of the oxarnidato 
bridge indicate that N (  1) and its symmetry-related N (  1)" are 
sp2-hybridized and that the *-electrons of C( 1)"-0( 1)" and of 
C( 1)-0( 1) are delocalized to form a conjugated system. The 
least-squares plane through the four closest donor atoms of Cu( 1) 
(N( l ) ,  N(2), N(3), O(1)) forms a dihedral angle of 3.8O with 
the oxamidato plane (N( 1)C( 1)"0( 1)"0( l )C(  1)N( l)ii). The 
distance between the mean plane Cu( l)O( 1)N( 1)N(2)N(3) and 
the symmetry-related one concerning the Cu( 1)' atom is 2.602 
A. Mean planes Cu( 1)0(1)N(l)N(2)N(3) and Cu(l)N(3)Cu- 
(1)iN(3)i form a dihedral angle of 90.3'. The azido bridge is 
quasi-linear (N(3)-N(4)-N(5) = 176.2 (lO)O, whereas the Cu- 
(1)-N(3)-N(4) linkage is bent (124.1 (7)O). The N(3)-N(4) 
and N(4)-N(5) bond lengths, equal 1.19(1) and 1.15(1) A, re- 
spectively, differ by a significant amount as observed in other 
asymmetric end-on azido-bridged copper(I1) complexes.22-26 In 
the cases where the azide anion acts as a terminal ligand, the two 
bond lengths concerned show a larger difference, the longer bond 
involving the nitrogen atom linked to the meta1.22,24,25,27-29 This 
structural pattern of azido ligand essentially linear and asymmetric, 
the shorter N-N bonds being more remote from the metal atoms, 
agrees with the general trend for coordinated azides.30 
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Agrell, I Acta Chem. Scand. 1969, 23, 1667, and 1906, 20, 1281. 



Oxamidato Complexes of Cu(I1) Inorganic Chemistry, Vol. 31, No. 13, I992 2959 

b 

PH 
Figure 2. Distribution diagram for the system H+/L2-, L = mapox2- (a) 
and dmapox2- (b). 

The copper-copper separations through mapox2- and azido 
bridges are 5.247 (2) and 3.360 (2) A for Cu(l)..Cu(l)ii and 
Cu( l)...Cu( l)i, respectively. The shortest interchain metal-metal 
separation is 6.667 A for Cu( l)-4!u( l)iu or Cu( l).-Cu( l)iv where 
iii and iv denote the symmetry operations x - - y, z - 'I2 
and x + ]I2, 3 / 2  - y, z + 

Acidity Constants of H4mapox2+ and H4dmapoxz+. Aqueous 
solutions of Hzmapox or Hzdmapox of variable concentration (cL 
= (1-8) X mol dm-3) previously acidified were investigated 
by potentiometry by using KOH (0.1 mol dm-3) as titrant. Data 
processing of 100 experimental points from different series in the 
pH ranges 8.0-1 1.6 (H2mapox) and 7.5-1 1.6 (H2dmapox) allowed 
us to determine their deprotonation constants. They are listed 
in Table IV (eqs 1-3) under the form of protonation constants. 
These values show that L2- behaves as a relatively strong base 
in the two first protonation steps (eq 1) and its basicity decreases 
slightly in the two last protonation steps (eqs 2 and 3). This is 
consistent with the greater basicity of the deprotonated amide-N 
atoms with regard to the amine-N atoms which are involved in 
such equilibria. Taking into account that the value of log 8. for 
qs2(10 .12(1) )  a n d 3  (19.57 ( l ) ) i n t h e c a s e o f L = a p ~ x , ~ ~ t h e  
proton affinity of the pendant amine groups follows the usual trend 
(Hzmapox > H2apox > H2dmapox) observed for N-alkyl-sub- 
stituted amines. The values for the logarithms of the stepwise 
protonation constants of the amino groups of H2L are within the 
range observed for aliphatic amines.3' The distribution diagrams 
for H+/mapox2- and H+/dmapox2- are depicted in parts a and 
b of Figure 2, respectively. The only existing species a t  lower pH 
values is H4L2+ in both cases. H3L+ is the major species in a very 
narrow pH range around 10 for mapox and 9.4 for dmapox, 
whereas the neutral H2L one predominates at pH > 10.5 (mapox) 
or pH > 9.7 (dmapox). At pH > 11, the deprotonation of H2L 
occurs to yield the fully deprotonated L2- species. We have treated 
potentiometrically data up to pH = 11.6 where less than 20% of 
L2- is present. The high value of the overall protonation constant 

respectively. 

PH 
Figure 3. Distribution diagram for the systems Cu2+/mapox2-/H+ (a) 
and Cu2+/dmapox2-/H+ (b) as a function of pH (c, = cL = 5 X lo-' 
mol dm-'). 1, 2, 3, 4, 5 ,  6, and 7 in (a) refer to [Cu2+], [Cu2- 
(H2mapox)14+, [Cu2(Hmapox)13++, [Cu2b-"x)12+, [C~,(mapox)~l~+, 
[Cu4(mapox)3]2'. and [Cu(mapox)], respectively. 1, 8, 9, 10, 11, and 
12 in (b) correspond to [Cu2+], [Cuz(H2dmapox)l4+, [Cu2(Hdmapox)], 
[Cu~(dma~ox)1~+, [Cu2(dmapox)(OH)1+, and [C~~(dmapox)(OH)~I, 
respectively. 

(30) Dori, Z.; Ziolo, R. F. Chem. Rev. 1973, 73, 247. 
(31) Martell, A. E.; Smith, R. M. CririculSrubiliry Consranfs; Plenum Press: 

New York, 1974, 1975, 1976, 1977, 1982, 1989; Vols. 1-6. 

of the oxamidato group that we have determined illustrates the 
great basicity of this entity and accounts for the difficulty asso- 
ciated to its potentiometric determination in aqueous solution. In 
spite of the lack of accuracy in the determination of this constant, 
we have observed that the deprotonation of the amide groups of 
oxamide is not influenced by the nature of its N,N'-substituents. 
In fact, a value close to 24 for log is obtained for other oxa- 
midate ligands.6 

Stability Constants of the Complexes Cu"-H2mapox and 
C&H&mpox. Aqueous solutions of copper(I1) nitrate and H2L 
(cL/cM = 0.5-1.5; CM = (1-5) x mol dm-3 (L = mapox) and 
cM = (2-4) X mol dm-3 (L = dmapox)), previously acidified, 
were titrated with KOH (0.1 mol dm-3). Data processing by the 
programs SUPERQUAD and BEST of 164 (Cu"-Hzmapox) and 122 
(CdLHzdmapox) experimental points from different experiments 
in the pH range 5.2-10.1 allowed us to characterize thermody- 
namically the equilibria involved in the formation of mono-, di-, 
tri-, and tetranuclear complexes whose stoichiometries and stability 
constants are listed in Table IV (eqs 4-1 1). 

The distribution diagrams of the systems Cu"-H2mapox and 
Cu"-H2dmapox are depicted in parts a and b of Figure 3, re- 
spectively. As shown in Figure 3a, the dinuclear complexes 
[Cu2(HZmapox)l4+ and [Cu2(Hmapox)13+ are formed in low 
percentages a t  lower pH values. [C~,(mapox)]~+ is the main 
species in neutral conditions, whereas the formation of the tri- 
nuclear and tetranuclear complexes occurs a t  pH 2 8. The 
mononuclear complex [ Cu(mapox)] is the predominant species 
a t  pH > 10 for a 1:l Cu"/H2mapox molar ratio. This distribution 
diagram is very close to the previously reported one for the parent 
Cu"-H2apox system.6c In contrast, only the dinuclear species 
[ Cu2( H2dmapox)] '+, [ Cu2(Hdmapox)] '+, [ Cu2(dmapox)] 2+, 
[Cu2(dmapox)(OH)]+, and [ C ~ ~ ( d m a p o x ) ( O H ) ~ ]  are formed in 
the Cu1*-H2dmapox system. As in the preceding system, the 
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Scheme I 

H,L + 2 Cu2+ 

a) R, R’ with steric hindrance b) R, R’ without steric hindrance 

R R N  

’ “RR’ 

dinuclear [Cu2(dmapox)12+ complex is the main species in neutral 
conditions, [Cu2(H2dmapox)14+ and [Cu2(Hdmapox)I3+ being 
formed in low percentages at lower pH values. At high pH values, 
the deprotonation of coordinated water molecules m u r s  leading 
to the formation of hydroxo complexes. The acid-base equilibria 
involving these species are given in eqs i-iv. The first two pKa 

K .  I 
[ C ~ ~ ( H ~ d m a p o x ) ( H ~ O ) ~ ] ~ +  0 [ C ~ ~ ( H d m a p o x ) ( H ~ O ) ~ ] ~ +  + 

magnitude greater than the two later ones (eqs iii and iv). The 
first pair would correspond to the deprotonation of coordinated 
amido groups, whereas the second pair would concern the de- 
protonation of coordinated water molecules. The acidity of the 
coordinated water in [ C ~ ~ ( d m a p o x ) ( H ~ O ) ~ ] ~ +  (eq iii) is close to 
those reported for the copper(I1) complexes [C~(dien)(H,O)]~+ 
(pK, = 9.17)3” and Cu(terpy)(H20)I2+ (pK, = 8.1 1),32b dien and 
terpy being diethylenetriamine and 2,2’:6’,2”-terpyridine. 

It is known that oxamidate ligands can adopt either cis or trans 
conformations (eq v) In a previous work,& we demonstrated that 

H+ pKa, = 5.52 (i) 
K.2 

[ Cu2( H d m a p o ~ ) ( H ~ O ) ~ ]  3+ Q [ C ~ ~ ( d m a p o x ) ( H ~ O ) ~ l  2+ + 

( V i  

H+ pK,, = 5.88 (ii) 

K*3 R 

uN [ C ~ ~ ( d m a p o x ) ( H ~ O ) ~ ]  2+ ts [Cu2(dmapox)(OH)( H20)]+ + 

K r  

H+ pK,, = 8.58 (iii) 

(32) (a) Castro, I.; Faus, J.; Julve, M.; Lloret, F.; Verdaguer, M.; Kahn, 0.; 
Jeannin, S.; Jeannin, Y.; Vaisserman, J. J .  Chem. SOC., Dalton Trans. 
1990, 2207. (b) Castro, I.; Faus, J.; Julve, M.; Philoche-Levisalles, M. 
Transition Mer. Chem. (Weinheim, Ger.) ,  in press. 

[ Cu2(dmapox) (OH) ( H 2 0 )  ] + Q. [ Cuz( dmapox) ( OH)2] + 
H+ pK,, = 9.78 (iv) 

values (eqs i and ii) are very close and more than 2 orders of 
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this conformational change does not involve a significant potential 
barrier a t  rmm temperature and an a b  initio calculation showed 
the trans conformation to be more stable than the cis one (log 
K = 1.6 in eq v) in the lack of steric hindrance. The cis con- 
formation would lead to mononuclear complexes which can act 
as ligands yielding di-, tri-, and tetranuclear entities (see Scheme 
I). The formation of these species has been observed in the 
complexes with mapox and apox ligands. The formation of the 
monomeric species involving the cis conformation of dmapox must 
be prohibited due to the steric hindrance between the four methyl 
substituents on the amine nitrogen atoms in contrast to what is 
observed for mapox, where the replacement of two methyl groups 
by two H atoms makes possible both conformations. At this 
respect, it seems interesting to compare the values of the logarithms 
of the stepwise stability constants given in eqs vi-viii. Too large 

KI 
Cu2+ + [Cu(mapox)] Cu[Cu(mapox)12+ log K ,  = 9.32 

(vi) 
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occurs in reaction viii. The higher stability of the trans conformer 
with regard to the cis one provides an additional stabilization of 
the dimeric species (eq vi) and, consequently, a decrease in the 
stability of the trimer (eq vii). Taking into account the energetic 
cost of the cis-trans conformational change (log K = 1.6 in eq 
v) we can obtain the values of 9.32 - 1.6 = 7.72 and 3.78 + 1.6 
= 5.38 for log K1 and log K2 (eqs vi and vii), respectively. The 
trend of the corrected values for the stepwise stability constants 
is in a better agreement with the expected result from a statistical 
viewpoint. 

The monohydroxo complex [Cu,(dmapox)(OH)]+ is a very 
interesting precursor of copper(I1) chains with alternating ox- 
amidato and hydroxo bridges. In this respect, we have isolated 
a compound of formula Cuz(dmapox)(OH)(N03).3H20 whose 
IR spectrum and magnetic behavior reveal the presence of both 
oxamidato and hydroxo bridges. Unfortunately, we have not yet 
succeeded in growing crystals of this interesting complex. The 
replacement of the coordinated water molecules by other related 
polyatomic ligands such as cyanate and thiocyanate allowed us 
to obtain single crystals of one-dimensional copper(I1) chains with 
alternating oxamidato and pseudohalogen bridges which are 
similar to that reported herein. 
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Cu[Cu(mapox)I2+ + 
K2 

[Cu(mapox)] e C u [ C u ( m a p o ~ ) ] ~ ~ +  log Kz = 3.78 (vii) 

C ~ [ C u ( m a p o x ) ] ~ ~ +  + 
4 

[Cu(mapox)] 0 C u [ C ~ ( m a p o x ) ] ~ ~ +  log K3 = 3.16 (viii) 

a difference can be observed between the values of log K1 and log 
Kz. This apparent anomaly can be explained by taking into 
account the cis-trans conformational change of mapox which is 
involved in eqs vi and vii. In reaction vi, mapox goes from the 
cis conformation ([Cu(mapox]) to trans ([Cu2(mapox)12+), 
whereas in (vii) it moves from trans (dinuclear species) to cis 
(trinuclear species) (see Scheme I). No conformational change 


