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Na+ interaction very similar to t h a t  with Ni(salen). Similar 
explanations are reported in literature to explain why the Ni 
complexes with high steric hindrance are unable to form associated 
species or to coordinate two molecules of pyridine giving the 
octahedral  complex Ni(SB-R)2.2Py.22 
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The influence of side-chain residues on the thermodynamic properties of simple and mixed complexes has been investigated by 
potentiometric and calorimetric methods for ML, ML2, and M(bpy)(L), where M = Cu(I1) and Zn(II), bpy = 2,2’-bipyridyl, 
and L = malonate, methylmalonate, n-propylmalonate, isopropylmalonate, n-butylmalonate, isobutylmalonate, dimethylmalonate, 
di-n-propylmalonate, and di-n-butylmalonate. The presence of noncovalent ligand-ligand interaction is indicated by a more 
favorable enthalpy change accompanying the complex formation of mixed zinc(II)-2,2’-bipyridyl species with n-propyl-, isobutyl-, 
n-butyl-, di-n-propyl- and di-n-butylmalonates. The EPR parameters of mixed copper(I1) complexes show that the metal ion reaches 
the same geometry and coordination number with little or no influence of side-chain groups. This result together with the 
thermodynamic data indicates that, in the mixed copper(I1) complex, solvophobic ligand-ligand interaction is not present. The 
diagnostic character of a thermodynamic approach is confirmed by ’H N M R  data on mixed zinc(I1) complexes, which show an 
upfield shift only for those species having more exothermic AHo formation values. 

Introduction 
Noncovalent interactions between molecules or side-chain 

groups of macromolecules are known to provide t h e  specificity 
and flexibility required in most important biological processesZ-lo 
and have been also invoked to explain drug biological activity.” 
Many model systems have been studied, such as molecules of low 
molecular weight containing nucleic acid bases connected by 
polymethylene chains.IZ Analogously, since indirect interactions 
mediated through metal  cat ions have been found in biological 
 system^,'^-'^ a number of metal complexes with noncovalent in- 
teractions between side-chain groups have been investigated.lbZ2 

In the model systems t h e  above-mentioned interactions play an 
important role, providing distinct features in stability,23 rea~t ivi ty:~ 
selective s y n t h e s i ~ , ~ ~  racemate  resolution,Z6 and thermodynamic 
s t e r e o s e I e c t i ~ i t y . ~ ~ , ~ ~  

On t h e  basis of calorimetric data and EPR parameters, we 
revealed the presence of side-chain interactions in mixed complexes 
of metal ions containing ATP and amino or biofunctional 
ligands such as histamine3I and in copper(I1) complexes of linear 
dipeptides.j2 The enthalpy change was found to become more 
favorable and the entropy change less favorable if the side chains 
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Table 1. Thermodynamic Parameters of Proton Complex Formation of Malonates at 25 OC and I = 0.1 mol dm-," 
-AGO, AH', AS', call 

eq u i I i br iu m log K kcal/mol kcal/mol (mol deg) 
Ht + MAL2- + HMAL- 5.25b 7.16 0.65c 26.3' 

H+ + MeMAL2- + HMeMAL- 5.35 (1) 7.30 (1)  0.58 (4) 26.4 ( I )  
H+ + HMeMAL- H2MeMAL 2.89 (2) 3.94 (3) 0.04 (3) 13.3 ( I )  
H+ + IProMAL2- HIProMAL- 5.49d 7.49 1.40 (1) 29.81 (4) 
Ht + HIProMAL- + H21ProMAL 2.74d 3.75 0.18 ( I )  13.18 (3) 
Ht + ProMAL2- + HProMAL- 5.42 (1) 7.39 (1) 0.94 ( I )  27.93 (4) 
Ht + HProMAL- + H2ProMAL 2.77 (2) 3.78 (3) 0.25 (2) 13.52 (6) 

27.23 (6) Ht + IBuMAL2- == HIBuMAL- 5.36 (1) 7.31 (1)  0.82 (2) 
Ht + HIBuMAL- + H ~ I B u M A L  2.87 (1) 3.91 ( I )  0.37 (3) 14.35 (9) 
HC + BuMAL2- F= HBuMAL- 5.46 ( I )  7.45 (1) 0.95 (3) 28.2 (1) 
Ht + HBuMAL- + H ~ B u M A L  2.81 (2) 3.83 (3) 0.14 (5) 13.3 ( I )  
Ht + DMeMAL2- + HDMeMAL- 5.65 ( I )  7.70 ( I )  1.02 (1) 29.25 (4) 
Ht + MDMeMAL- H2DMeMAL 2.93 (2) 4.00 (3) -0.11 (2) 13.93 (6) 

Ht + HDProMal- == H2DProMAL 1.85 (3) 2.52 (4) 0.55 ( I )  10.3 ( I )  
Ht + DBuMAL2- == HDBuMAL- 7.19d 9.81 0.69 (4) 35.2 ( I )  
Ht  + HDBuMAL- + H2DBuMAL 2.00d 2.73 0.73 (4) 11.6 (1) 
H+ + CPRD2- == HCPRD- 7.19' 9.8Ie 0.38( 31.6' 
H+ + HCPRD- + H2CPRD 1.63' 2.22' 0.31' 8.Y 

Ht + HMAL- == H2MAL 2.62b 3.57 -0.53' 10.0c 

Ht + DProMAL2- + HDProMAL- 7.13 (1) 9.72 (1)  0.81 (5) 35.3 ( I )  

3a values given in partentheses. bReference 38. 'Reference 39. dReference 36. 'Reference 44. 

interact. In  zinc(I1) ternary c ~ m p l e x e s * ~ - ~ '  the AHo and ASo 
values were diagnostic of the presence of noncovalent interactions, 
while in the analogous copper(I1) the thermody- 
namic data seemed to indicate their absence, thus suggesting that 
the geometric coordination requirements of the metal ion influ- 
enced such an interaction occurrence. 

This paper deals with the ligand-ligand interactions in systems 
containing a metal ion, the 2,2'-bipyridyl ligand (bpy), and ma- 
lonate ligands (L) in which the methylene hydrogen atoms are 
substituted with alkyl residues, so that different distances may 
be obtained between the alkyl chains of the coordinating car- 
boxylate groups and the pyridine rings of the diimine bound to 
the metal ion. To have further information on these complexes, 
EPR and ' H  NMR parameters have also been determined, in 
addition to potentiometric and calorimetric measurements. 

Experimental Section 
Chemicals. 2,2'-Bipyridyl (Erba RPE) was recrystallized from a 

water-ethanol mixture. The pK value was in agreement with the value 
(pK = 4.461 ) previously determined." Dicarboxylic acids were prepared 
by hydrolysis of the related diethyl esters (Fluka), and their purity 
(299.6%) was checked by both alkalimetric titrations and melting point 
determination. Metal nitrate stock solutions were prepared and stand- 
ardized as previously reported.29 Standard solutions were prepared by 
using twice-distilled water. 2,9-Dimethyl-l,lO-phenanthroline (Fluka) 
was used as received. 

EMF Measurements. Details of potentiometric measurements were 
previously de~cribed. ,~-)~ The electrode couple was standardized by 
titrating HNO, (5-10 mmol d d )  with KOH (100 mmol dm-') a t  25 
OC and I = 0.1 mol dm-' (KNO,). At least five independent potentio- 
metric titrations have been performed for each system. 

Calorimetric Measurements. Details of the calorimetric measurements 
are as previously r e p ~ r t e d . ~ ~ ~ ~ ~  The heats of protonation were obtained 
by titrating the malonic acids (15-60 mmol dm-') with 100 mmol dm-, 
KOH and by titrating HL-/L2- buffers (IC-20 mmol dm-') with "0,. 
The simple metal complex formation heats were determined by using 
either the dicarboxylate ligand or a solution containing the metal ion as 
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titrants. The formation heats of mixed species were determined by 
titrating copper(I1)- or zinc(I1)-Bpy systems with malonate dianions. At 
least seven titrations for each system have been carried out. Throughout 
this paper the calorie unit is equivalent to 4.184 J. 
EPR Spectra. EPR spectra were recorded with a conventional X-band 

spectrometer (Bruker ER 200 D) operating at  9.3-9.5 GHz, equipped 
with a standard low-temperature unit. Metal complex solutions were 
prepared in water by adding the appropriate mono- or disubstituted 
malonate to copper(I1) nitrate and adjusting the pH to a value of about 
6. A typical molar ratio for the mono species was [ C U ~ ~ ] : [ L ]  = 1.05:1, 
while that for the bis species was [ C U ~ ~ ] : [ L ]  = 1 : l O  ([Cu2'] = 5 mmol 
d ~ n - ~ ) .  In  the case of the mixed complexes a slight excess of malonate 
was employed (typical molar ratios were [Cu2']:[bpy]:[L] = l:l:2). 
Methanol up to 10% was added to these solutions to improve resolution. 
All the spectra were run at the temperature of 150 K. 
'H NMR Spectra. ' H  N M R  spectra were obtained at 80 MHz with 

a Bruker WP-80 spectrometer in D 2 0  solution in the Fourier transform 
mode. The uncertainties in the chemical shift values were zk0.2 Hz. The 
dianion analytical concentrations were 1-5 mmol dm-3. For each simple 
or mixed species, the respective [Zn2']:[L] and [Zn2+]:[bpy]:[L] con- 
centration ratios were chosen in order to optimize their formation degree. 
The simulations were performed by the computer program DOEC4' using 
the previously determined formation constants. However, owing to the 
rather low values of formation constants, formation degrees ranging from 
50% to 70%, depending on the specific system, were obtained together 
with significative percentages of both free mono- and dianion. DSS 
(4,4-dimethyl-4-silapentane- I-sulfonic acid), the usual 'H N M R  refer- 
ence in water, has not been used in order to prevent the eventual inter- 
ference of the trimethylsilyl group with the intramolecular hydrophobic 
interaction. Thus, TMA (tetramethylammonium ion) was used 
throughout as reference (3.188 ppm). 

Calculations. ACBA,~*  MINIQUAD:' and DOEC4' programs were used 
to calculate the parameters of an acid-base titration, the formation 
constants, and the AHo values for the proton and the metal complex 
formation, respectively. 

Throughout the paper the errors in the thermodynamic parameters are 
expressed as 3 times the standard deviation or uncertainty range (max- 
imum deviation from the mean). 

Results and Discussion 
Influence of Side-Chain Groups on the Thermodynamic Pa- 

rameters. Proton Complex Formation. The values of log K,  AGO, 
AHo, and ASo for the protonation of the malonate ligands are 
reported in Table I. Thermodynamic data for dicarboxylate 
ligand protonations in aqueous solution have been r e p ~ r t e d ~ ~ , ~ ~  
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33, 211. 

(42) Arena, G.; Rizzarelli, E.; Sammartano, S.; Rigano, C. Talanta 1979, 
26, 1 .  

(43) G a p ,  P.; Vacca, A,; Sabatini, A. Inorg. Chim. Acta 1976, 18, 237. 
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1975, 12, 19. 
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Table 11. Thermodynamic Functions of Copper(I1) Simple Malonate Complexes at 25 OC and I = 0.1 mol d d a  
- A G O ,  AHo, M0, call 

equilibrium log K kcal/mol kcal/mol (mol deg) 
Cu2+ + MAL2- == [Cu(MAL)] 5.05b 6 M b  1.41b 27.7b 
[Cu(MAL)] + MAL2- + [Cu(MAL),I2- 2.90b 3.90b -0.19b 1 2.4b 
Cu2+ + MeMAL2- + [Cu(MeMAL)] 4.89C 6.67 2.17 (3) 29.6 ( 1 )  
[Cu(MeMAL)] + MeMALZ- * [CU(M~MAL)~]~-  2.60e 3.54 0.34 (6) 13.1 (2) 
Cu2' + IProMAL2- + [Cu(IProMAL)] 5.37d 7.32 1.65 (3) 30.1 (3) 

Cu2+ + ProMAL2- + [Cu(ProMAL)] 4.92 (1) 6.70 (1) 2.46 (3) 30.8 ( 1 )  
[Cu(ProMAL)] + ProMAL2' + [CU(P~OMAL)~]~-  3.22 (2) 4.39 (3) 1.06 (6) 18.3 (2) 
Cu2+ + IBuMAL" + [Cu(IBuMAL)] 4.84 (1) 6.60 (1 )  2.48 (1) 30.45 (4) 
[Cu(IBuMAL)] + IBuMAL2- + [CU(IBUMAL)~]~- 3.08 (2) 4.20 (3) 1.47 (4) 19.1 (2) 
Cu2+ + BuMAL2- * [Cu(BuMAL)] 4.98 ( 1 )  6.79 (1) 2.43 (5) 30.9 (2) 

Cu2+ + DMeMAL2- == [Cu(DMeMAL)] 4.57c 6.23 3.93 (3) 34.1 (1) 

[Cu(lProMAL)] + IProMAL2- F= [CU(IP~OMAL)~]~-  3.59d 4.89 0.52 (5) 18.1 (2) 

[Cu(BuMAL)] + BuMAL2- =t [Cu(BuMAL),I2- 3.34 (2) 4.55 (3) 1.26 (6) 19.5 (2) 

[Cu(DMeMAL)] + DMeMAL2- + [CU(DM~MAL)~]~-  2.52e 3.44 1.96 (3) 18.1 (1) 
Cu2' + DProMAL2- + [Cu(DProMAL)] 5.15  (1) 7.02 ( 1 )  3.27 (6) 34.5 (2) 

Cu2' + DBuMAL2- [Cu(DBuMAL)] 5.10' 6.95 3.29 (5) 34.3 (2) 
[Cu(DProMAL)] + DProMAL2- + [Cu(DProMAL),I2- 3.18 (2) 4.34 (3) 3.05 (9) 24.8 (4) 

[Cu(DBuMAL)] + DBuMAL2- + [CU(DBUMAL)~]~- 3.05' 4.16 3.75 (8) 26.5 (3) 

O 3 0  values given in parentheses. bReference 39. CReference 34. dReference 36. eReference 35. 
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and the AHo and ASo values, as well as the pK differences (pK 
= log K, - log K2), discussed on the basis of electrostatic theories 
(electrostatic interaction between carboxylate groups) and in- 
tramolecular hydrogen bonding in mono anion^.^^^^^ 

As shown in Table I, an increasing spread of the two constants 
can be observed in the dialkylmalonates, especially for the dipropyl 
and dibutyl derivatives. The first protonation step of these two 
dianions shows a ASo value more positive than that for the di- 
methylmalonate as well as the other monoalkyl derivatives. To 
explain this trend, one has to consider that the two carboxylate 
groups will stay as far apart as possible in order to minimize their 
electrostatic interaction. The formation of the monoanion relieves 
this electrostatic repulsion to some extent. This protonation step 
is entropy-driven, due to the desolvation processes of the charged 
groups caused by the partial neutralization of the charges. The 
small differences among the monosubstituted malonates seem to 

reflect small structural differences due to the type of chain. The 
introduction into malonic acid of two large substituents restricts 
the possibility of free rotation of carboxylate groups, as one can 
see by the Dreiding models. The dianion will be destabilized, the 
carboxylate groups being forced closer to each other. At some 
critical separation, a hydrogen bond occurs in the monoanion, 
giving rise to an entropic stabilization. The same behavior is shown 
by cyclopropanedicarboxylic acid,44 in which the rigid ring con- 
strains the carboxylate groups in a coplanar situation (see Table 
1). 

Simple Complex Formation. As previously reported for anal- 
ogous copper(I1) dicarboxylate c o m p l e ~ e s , ~ ~ ~ ~ ~ ~ ~ ~  the formation 
reactions are endothermic and the entropy values are large and 
positive (see Table 11). In the first step the exothermic formation 
of the new bonds is counterbalanced by both the more endothermic 
reaction of metal desolvation and the breakdown of the solvent 
lattice around the reacting species. On the other hand, the sub- 
sequent release of solvent molecules, due to neutralization of the 
cation charge, accounts for the positive entropy changes. The 
introduction of an alkyl group slightly decreases the stability of 
the copper(I1) complexes with respect to that of [Cu(MAL)], 
except for [Cu(IProMAL)], which is the most stable. In the case 
of disubstituted dicarboxylates, the stability of [Cu(DProMAL)] 
and [Cu(DBuMAL)] complexes is larger than that of [&(MAL)] 
and [Cu(DMeMAL)] due to a less unfavored enthalpy contri- 
bution. As in the case of free dianion protonation results, the 
introduction of the substituent gives a certain amount of rigidity 
to the position of the coordinating groups, in DPro and DBu 
malonates, matching well with the peculiar geometry of the co- 
ordination sphere of the copper(I1) ion. This explanation can be 
extended to the [Cu(IProMAL)] species, as well. In the case of 
IProMAL proton complexation this effect is less evident, even if 
the ASo, value is the most positive among the monoalkyl deriv- 
atives. 

The AHo and ASo changes due to the formation of bis com- 
plexes are lower than those obtained for the mono complexes 
(Table 11). Formation of a doubly charged anionic complex from 
an uncharged complex involves less desolvation and, consequently, 
a less positive AHo value, as previously found for other di- 
carboxylate ligands.39 

AGO, AHo, and ASo values for the formation of simple zinc(I1) 
complexes are reported in Table 111. These species are enthal- 
pically unfavored but entropically favored, as already found for 
the analogous copper(I1) complexes. The stability of [Zn(MAL)] 
is not significantly altered by the introduction of one alkyl group. 
Unlike the case for the copper(I1) complexes, the formation of 

(45) Christensen, J.  J.; Izatt, R. M.; Hansen, L. D. J .  Am. Chem. Soc. 1967, 
89, 21 3 and references therein. 
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Table 111. Thermodynamic Functions of Zinc(I1) Simple Malonate Complexes at 25 "C and I = 0.1 mol d ~ n - ~ '  

equilibrium 
-AGO, AH",  AS", call 

log K kcal/mol kcal/mol (mol des) 
Zn2+ + MAL2- == [Zn(MAL)] 
Zn2+ + MeMAL2- + [Zn(MeMAL)] 
Zn2' + HMeMAL- [Zn(HMeMAL)]' 
[Zn(MeMAL)] + MeMAL2- + [Zn(MeMAL),I2- 
Zn2' + IProMAL2- + [Zn(lProMAL)] 
[Zn(IProMAL)] + IProMAL2- + [Zn(IProMAL),I2- 
Zn2' + ProMAL2- + [Zn(ProMAL)] 
Zn2' HProMAL- == [Zn(HProMAL)]' 
[Zn(ProMAL)] + ProMAL2- + IZn(ProMAL),I2- 
Zn2+ + IBuMAL2- + [Zn(IBuMAL)] 
Zn2' + HIBuMAL- == [Zn(HIBuMAL)]' 
[Zn(lBuMAL)] + IBuMAL2- * [ Z ~ ( I B U M A L ) ~ ] ~ -  
Zn2+ + BuMAL2- + [Zn(BuMAL)] 
Zn2+ + HBuMAL2- + [Zn(HBuMAL)]' 
[Zn(BuMAL)] + BuMAL2- [ Z ~ ( B U M A L ) ~ ] ~ -  
Zn2' + DMeMAL2- = [Zn(DMeMAL)] 
[Zn(DMeMAL)] + DMeMAL2- * [Zn(DMeMAL)2]2- 
Zn2' + DProMAL2- + [Zn(DProMAL)] 
[Zn(DProMAL)] + DProMAL2- + [ Z ~ ( D P ~ O M A L ) ~ ] ~ -  
Zn2' + DBuMAL2- + [Zn(DBuMAL)] 
[Zn(DBuMAL)] + DBuMAL2- + [ Z ~ ( D B U M A L ) ~ ] ~ -  

2.85b 
2.64 (4) 
1.05 (6) 
1.4 ( I )  
2.85 (3) 
2.69 (4) 
2.75 (4) 
1.15 (6) 
2.06 (6) 
2.97 (3) 
2.01 (6) 
2.03 (5) 
2.80 (3) 
1.65 (6) 
2.16 (5) 
2.20' 
1.8 (1) 
2.50 (2) 
1.83 (5) 
2.52 (3) 
1.99 (6) 

3.89 
3.60 (6) 
1.43 (8) 
1.9 (1) 
3.89 (4) 
3.67 (5) 
3.75 (6) 
1.57 (8) 
2.81 (8) 
4.05 (4) 
2.74 (8) 
2.77 (7) 
3.82 (4) 
2.25 (8) 
2.95 (7) 
3.00 
2.5 (2) 
3.41 (3) 
2.50 (7) 

2.71 (8) 
3.44 (4) 

2.66 (4) 
3.06 (7) 

4.27 (7) 

3.88 (4) 

3.71 (6) 

3.59 (6) 

4.48 (5) 

4.65 (5) 

5.49 (6) 

22.0 ( I )  
22.3 (2) 

27.4 (2) 

25.6 ( I )  

26.0 (2) 

24.8 (2) 

25.0 (2) 

26.7 (2) 

30.0 (2) 

'3a values given in parentheses. bReference 37. 'Reference 34. 

Table IV. Thermodynamic Functions of Copper(I1) and Zinc(I1) Simple Complexes with 2,2'-Bipyridyl at 25 OC and I = 0.1 mol dm-3" 
-AGO, -AH", AS", call 

equilibrium log K kcal/mol kcal/mol (mol deg) 
Cu2+ + bpy == [Cu(bpy)12' 8.1Ib 1 1.05 10.656 1 .3b 
[Cu(bpy)12' + bpy + [Cu(bpy)2I2' 5.556 7.57 6.09b 5 .Ob 
[cu(bpy)2l2+ + ~ P Y  + [Cu(bpy)312+ 3.396 4.63 7.9b -1 1 .ob 

[Znnbpy)2l2' + bpy + [zn(bpy)312' 3.20' 4.36 5.38 (6) -3.4 (2) 

Zn2+ + bpy + [Zn(bpy)12' 5.04' 6.87 7.04 (3) -0.6 ( I )  
[zn(bpy)12' + bPy * [Zn(bpy)2l2' 4.5OC 6.14 6.06 (6) 0.3 (2) 

'3a values given in parentheses. bReference 48. 'Reference 37. 

Table V. Thermodynamic Functions for the Formation of Copper(I1) Mixed Complexes with Malonates and 2,2'-Bipyridyl at 25 "C and I = 0.1 
mol dm-3u 

-AGO, -AH", ASo, call 
equilibrium 1% P kcal/mol kcal/mol (mol deg) 

Cu2' + bpy + MAL2- + [Cu(bpy)(MAL)] 13.40b 18.28 10.216 27.2b 
Cu2' + bpy + MeMAL2-+ [Cu(bpy)(MeMAL)] 13.32c 18.17 10.90 (2) 24.38 (6) 
Cu2' + bpy + IProMAL2- + [Cu(bpy)(IProMAL)] 1 3.98d 19.07 10.42 (1) 29.01 (3) 
Cu2' + bpy + ProMAL2- + [Cu(bpy)(ProMAL)] 13.40 ( I )  18.28 (1) 10.24 ( I )  26.97 (3) 
Cu2+ + bpy + IBuMAL2- + [Cu(bpy)(IBuMAL)] 13.42 ( 1 )  18.30 (1) 9.81 (1) 28.48 (3) 
Cu2+ + bpy + BuMAL2- [Cu(bpy)(BuMAL)] 13.30' 18.14 (1) 9.32 (1) 29.58 (3) 
Cu2+ + bpy + DMeMAL2- [Cu(bpy)(DMeMAL)] 12.81' 17.47 7.98 (3) 31.83 (9) 
Cu2+ + bpy + DProMAL2- == [Cu(bpy)(DProMAL)] 13.81 (1 )  18.83 (1) 8.80 (2) 33.64 (6) 
Cu2' + bpy + DBuMAL2- + [Cu(bpy)(DBuMAL)] 13.72d 18.71 9.01 (4) 32.5 (1) 

'30 values given in parentheses. bReference 50. <Reference 38. dReference 36. 

the zinc(i1) complexes with unsubstituted malonate and mono- 
alkylmalonates is more favored than that with the dipropyl- and 
dibutylmalonates, which show the most unfavorable enthalpy 
contribution. Hence, the large substituents, forcing the carboxylate 
groups to stand closer and coplanar, favor the formation of the 
copper(I1) complexes, while in the zinc(I1) complexes this ligand 
structural feature does not contribute in a favorable way, probably 
owing to a preference for a tetrahedral stereochemistry by the 
zinc( 11) ions. Moreover, the similarity among isopropyl, di-n- 
propyl, and di-n-butyl derivatives is reconfirmed. 

Table I V  shows the thermodynamic data pertinent to the 
complex formation of copper(I1) and zinc(I1) with 2,2'-bi- 
pyridy1.37,48 

Mixed Complex Formation. The thermodynamic parameters 
concerning the formation of copper(I1) ternary complexes show 
negative enthalpy and positive entropy changes (Table V), as found 
for other copper(I1) mixed complexes with bpy and di- 
 carboxylate^.^^^^^ The trend of stability is the same as that 

(49) Arena, G.; Cali, R.; Rizzarelli, E.; Sammartano, S.; Barbucci, R.; 
Campbell, M. J .  M. J .  Chem. Soc., Dalton Trans. 1977, 581. 

observed in the simple malonate complexes and can be ascribed 
to the same geometric features already discussed. In fact, [Cu- 
(bpy)(IProMAL)] is the most stable complex along the series of 
the mixed complexes with the monoalkyl derivatives and [Cu- 
(bpy)(DBuMAL)] and [Cu(bpy)(DProMAL)] are more stable 
than [Cu(bpy)(DMeMAL)]. 

AGO, AHo, and ASo values for the formation of zinc(I1) mixed 
complexes are given in Table VI. From the AGO values only, 
the complexes seem to have a similar behavior. The zinc(I1) 
complexation is both enthalpically and entropically favored. The 
negative enthalpy changes indicate that bipyridyl is acting as a 
bidentate ligand, while the positive entropy values are ascribable 
to the neutralization of the metal ion charge. [Zn(bpy)(BuMAL)] 
formation is more enthalpically and less entropically favored than 
for all the other ternary complexes. This behavior is also shown 
by [Zn(bpy)(DBuMAL)] and [Zn(bpy)(DProMAL)] if compared 
with [Zn(bpy)(DMeMAL)]. This trend is different from what 
is found for zinc(I1) malonate simple complexes (Table 111). In 

(50) Arena, G.; Cali, R.; Rizzarelli, E.; Samrnartano, S.; Barbucci, R.; 
Campbell, M .  J. M. J .  Chem. Soc., Dalton Trans. 1978, 1090. 
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Table VI. Thermodynamic Functions for the Formation of Zinc(I1) Mixed Complexes with Malonates and 2,2'-Bipyridyl at 25 OC and I = 0.1 
mol dm-)' 

equilibrium 
Zn2* + bpy + MAL2- 
Zn2+ + bpy + MeMAL2-* [Zn(bpy)(MeMAL)] 
Zn2+ + bpy + IProMAL2- + [Zn(bpy)(IProMAL)] 
Zn2+ + bpy + ProMAL2- * [Zn(bpy)(ProMAL)] 
Zn2+ + bpy + IBuMAL2- + [Zn(bpy)(IBuMAL)] 
Zn2+ + bpy + BuMAL2- * [Zn(bpy)(BuMAL)] 
Zn2+ + bpy + DMeMAL2- * [Zn(bpy)(DMeMAL)] 
Zn2+ + bpy + DProMAL2- == [Zn(bpy)(DProMAL)] 
Zn2+ + bpy + DBuMAL2- + [Zn(bpy)(DBuMAL)] 

[Zn(bpy)(MAL)] 

"3a  values given in parentheses. bReference 36. 

1% P 
7 . 9 9  
7.64 (3) 
8.02 (4) 
7.52 (4) 
7.77 (4) 
7.83 (4) 
7.30 (3) 
7.65 (4) 
8.25 (3) 

-AGO, 
kcal/mol 
10.84 
10.42 (5) 
10.94 (6) 
10.25 (6) 
10.59 (6) 
10.68 (6) 
9.96 (4) 

10.43 (6) 
11.25 (4) 

-AHo,  
kcal/mol 
4.48 (7) 
3.63 (8) 
1.91 (6) 
3.70 (8) 
3.30 (9) 
8.77 (9) 
1.97 (9) 
3.81 (9) 
3.62 (2) 

AS', call 
(mol deg) 
21.4 (3) 
22.8 (3) 
30.3 (2) 
22.0 (4) 
24.4 (3) 
6.4 (4) 

26.8 (4) 
22.2 (4) 
25.6 (4) 

Table VII. Thermodynamic Functions of the 2,2'-Bipyridyl Coordination to Zinc(I1) and Copper(I1) Malonate Complexes at 25 OC and I = 0.1 
mol dm-' 

-AGO, -AHo, ASa, cal l  
equilibrium 1% P kcal/mol kcal/mol (mol deg) 

IZn(MAL)l + b w  * [Zn(bw)(MAL)l  5.10 6.95 7.14 -0.6 
Zn(MeMAL)] + bpy [Znibpy)(MeMAL)] 
[Zn(IProMAL)] + bpy [Zn(bpy)(IProMAL)] 
[Zn(ProMAL)] + bpy == [Zn(bpy)(ProMAl)] 
[ZnnIBuMAL)] + bpy + [Zn(bpy)(IBu/MAL)] 
[Zn(BuMAL)] + bpy + [Zn(bpy)(BuMAL)] 
[Zn(DMeMAL)] + bpy [Zn(bpy)(DMeMAL)] 
[Zn(DProMAL)] + bpy == [Zn(bpy)(DProMAL)] 
[Zn(DBuMAL)] + bpy * [Zn(bpy)(DBuMAL)] 
[Cu(MAL)I + bpy + [Cu(bpy)(MAL)I 
[Cu(MeMAL)] + bpy F= [Cu(bpy)(MemAL)] 
[Cu(IProMAL)] + bpy F= [Cu(bpy)(IProMAL)] 
[Cu(ProMAL)] + bpy == [Cu(bpy)(ProMAL)] 
[Cu(IBuMAL)] + bpy + [Cu(bpy)(IBuMAL)] 
[Cu(BuMAL)] + bpy + [Cu(bpy)(BuMAL)] 
[Cu(DMeMAL)] + bpy + [Cu(bpy)(DMeMAL)] 
[Cu(DProMAL)] + bpy == [Cu(bpy)(DProMAL)] 
[Cu(DBuMAL)] + bpy + [Cu(bpy)(DBuMAL)] 

fact, in t h e  binary systems t h e  presence of a long chain involves 
an enthalpy contribution tha t  is more positive than that  found for 
both unsubst i tuted malonate  a n d  short-side-chain mono- and 
disubstituted malonates .  

Recently, t h e  enhanced stability of mixed copper(I1) and 
zinc( 11) complexes with monocarboxylate anions ( L )  containing 
alkyl or aryl  subst i tuent  groups and 1 , lo-phenanthrol ine or  
2,2'-bipyridyl (L') was attributed to  a solvophobicsl or, according 
t o  a more classic definition, hydrophobicsZ and stackings3 lig- 
and-ligand interactions, on  the  basis of t h e  relationship between 
log K M ~ ~  or log K M L ' ~ ~ , ~  and  pKHHL.54-57 For our systems, t h e  
plot of log KMML vs pK"L + pKHLH2L does not reveal any simple 
relationship between the  stability of the  binary complexes and the 
basicity of t h e  ligands. Hence, the  carboxylate dianions, though 
having the  s a m e  donor  atoms, cannot  be considered as belonging 
t o  one series of s t ructural ly  simple related ligands.s8 No com- 
parison with the  corresponding relationship of ternary complexes 
can be made. However, the values of thermodynamic parameters 
pertinent to the  equilibrium [Zn(L)]  + bpy * [Zn(bpy)(L)] can 
be more useful (Table  VII) .  In  fact ,  assuming as reference 

Sinanoglu, 0. In Molecular Interaction; Ratajczak, H., Orville-Thomas, 
W. J . ,  Eds.; Wiley: New York, 1982; Vol. 3,  p 283. 
Ben-Naim, A. Hydrophobic Interaction; Plenum Press: New York, . .  
1980. 
Molecular Association in Biology; Pulman, B., Ed.; Academic Press: 
New York, 1968. Porschke, D.; Eggers, F. Eur. J .  Biochem. 1972, 26, 
490. 
Sigel, H. Angew. Chem. 1982,94,421; Angew. Chem., Int. Ed. Engl. 
1982, 389. 
Dubler, E.; Haring, U. K.; Scheller, K. H.; Baltzer, P.; Sigel, H. Inorg. 
Chem. 1984. 23. 3785. .~ .~ ~ 

Malini-Balakrishnan, R.; Scheller, K.  H.; Haring, U. K.; Tribolet, R.; 
Sigel, H. Inorg. Chem. 1985, 24, 2067. 
Sigel, H.; Tribolet, R.; Scheller, K .  H. Inorg. Chim. Acta 1985, 100, 
151. 
Martell, A. E.; Calvin, M. Chemistry of the Metal Chelate Compounds; 
Prentice-Hall: Englewood Cliffs, NJ, 1952. 

5.00 
5.17 
4.77 
4.80 
5.03 
5.10 
5.15 
5.73 
8.35 
8.43 
8.61 
8.48 
8.58 
8.32 
8.24 
8.66 
8.62 

6.82 
7.05 
6.50 
6.54 
6.86 
6.96 
7.02 
7.81 

1 1.40 
11.50 
11.75 
11.57 
11.70 
11.35 
11.24 
11.81 
11.76 

6.69 
6.18 
7.58 
7.01 

12.36 
6.45 
8.46 
9.10 

11.62 
13.07 
12.07 
12.70 
12.29 
11.75 
11.91 
12.07 
12.30 

0.5 
2.9 

-3.6 
-1.6 

-18.4 
1.8 

-4.5 
-4.4 
-0.5 
-5.6 
-1 .o 
-3.6 
-2.1 
-1.3 
-2.3 
-0.9 
-1.8 

Table VIII. Spin Hamiltonian Parameters Obtained for Simple 1:2 
Copper(I1) Mono- and Disubstituted Malonate Complexes in 
Water-Methanol Mixtures at 150 K' 

ligand 
MAL 
MeMAL 
EtMAL 
ProMAL 
BuMAL 
IProMAL 
IBuMAL 
IPenMAL 
BenMAL 
DMeMAL 
DEtMAL 
DProMAL 
DBuMAL 

gll 
2.347 
2.334 
2.327 
2.326 
2.325 
2.324 
2.325 
2.324 
2.321 
2.319 
2.320 
2.319 
2.319 

A , , .  cm-' 
0.0162 
0.0167 
0.0169 
0.0169 
0.0169 
0.0169 
0.0170 
0.0170 
0.0168 
0.0173 
0.0172 
0.0172 
0.0173 

g, 
2.076 
2.074 
2.070 
2.069 
2.069 
2.069 
2.069 
2.069 
2.069 
2.067 
2.067 
2.069 
2.068 

A,, cm-' 
0.0016 
0.0017 
0.0017 
0.0016 
0.00 17 
0.0017 
0.00 16 
0.0016 
0.0017 
0.001 5 
0.0016 
0.0015 
0.0016 

OErrors: gll = 0.002; AI, = 0.0002 cm-l; g, = 0.005; A ,  = 0.0004 
cm-'. 

systems the  complexes with MeMAL and DMeMAL derivatives 
for t h e  mono- and disubstituted malonates, respectively, t h e  fa- 
vorable enthalpy contribution to  the  complex formation increases 
with t h e  increase in length and in size of alkyl residues s tar t ing 
f rom t h e  n-propyl group,  while t h e  entropy changes go from 
positive t o  negative values. T h e  behavior of mixed zinc(I1) 
complexes c a n  be  rationalized by assuming t h a t  a solvophobic 
interaction between t h e  alkyl residues a n d  t h e  pyridyl rings is 
present in both the complexes of monosubstituted (R, = n-propyl, 
isobutyl, and  n-butyl) and  disubstituted (R, = R, = n-propyl and  
n-butyl) malonates. T h e  presence of noncovalent interactions in 
metal complexes with biofunctional ligands previously showed a n  
enthalpically favorable a n d  a n  entropically unfavorable contri- 
b ~ t i o n . * ~ - ~ '  

T h e  thermodynamic functions associated with t h e  formation 
of mixed copper(I1) complexes (see T a b l e  VII )  d o  not show a n  
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Table IX. Spin Hamiltonian Parameters Obtained for Copper(I1) 
Mono- or Disubstituted Malonate Mixed Complexes with 
2,2’-Biovridvl in Water-Methanol Mixtures at 150 K O  

ligand gl, All, cm-’ g, A,, cm-’ AN,, cm-’ 
MAL 2.268 0.0185 2.055 0.0013 0.0012 
MeMAL 2.266 0.0186 2.054 0.0012 0.0012 
E t M A L  2.267 0.0186 2.055 0.0012 0.0013 
ProMAL 2.266 0.0186 2.055 0.0012 0.0013 
BuMAL 2.267 0.0186 2.055 0.0012 0.0013 
IProMAL 2.266 0.0187 2.057 0.0013 0.0013 
IBuMAL 2.268 0.0186 2.058 0.0012 0.0013 
IPenMAL 2.268 0.0186 2.054 0.0013 0.0013 
BenMAL 2.260 0.0189 2.053 0.0014 0.0013 
DMeMAL 2.260 0.0190 2.056 0.0012 0.0013 
DEtMAL 2.264 0.0188 2.055 0.0013 0.0013 
DProMAL 2.264 0.0189 2.057 0.0012 0.0013 
DBuMAL 2.264 0.0188 2.056 0.0012 0.0013 

OErrors: gll = 0.02; All = 0.002 cm-’; g, = 0.005; A, = 0.0004 
an-’; AN = 0.0002 cm-I. The ANIl values for all complexes is 0.0010 
cm-’. 

analogous trend, and one could assert that the noncovalent in- 
teractions are not present, unless a change in the species coor- 
dination number occurs along the series. In fact, a further de- 
solvation of the metal ion would be accompanied by an enthal- 
pically unfavorable and an entropically favorable contribution, 
thus masking the thermodynamic effect due to a possible solvo- 
phobic interaction. Therefore, the presence of noncovalent in- 
teractions in the mixed copper(I1) complexes could be excluded 
only if  the coordination number of the metal ion is proved to be 
the same. 

EPR Parameters and Coordination Geometric Features of 
Copper(I1) Complexes. Tables VI11 and IX collect the magnetic 
parameters associated with the bis species and the ternary com- 
plexes with 2,2’-bipyridyl. With regard to the values for the mono 
species, the values of the magnetic parameters are nearly the same, 
showing no dependence on the type of substituent (Ell = 2.355 f 
0.001, dll = 0.0162 f 0.0001 an-] ,  gi = 2.081 f 0.001, 2, = 
0.0013 f 0.0001 cm-I), except for those of IProMAL (gll = 2.346, 
All = 0.0164 cm-I) and to a lesser extent for DProMAL (gll = 
2.352, All  = 0.0164 cm-I) and DBuMAL (gll = 2.351, All = 0.0164 
cm-I). These data suggest that the complexes achieve the same 
pseudooctahedral ~tereochemistry?~ the slight differences observed 
in the case of IProMAL, DProMAL, and DBuMAL being as- 
cribable to geometrical factors caused by the presence of bulky 
substituents. 

In the case of the bis species (see Table VIII) there is a marked 
decrease in gll values and a moderate increase in All values on going 
from MAL to MeMAL and EtMAL. As one goes along the 
series, the gll value remains constant and, within a slight fluctu- 
ation, the All value as well. A slightly pronounced shift in both 
gll and All can be observed for the disubstituted malonates. It is 
important to bear in mind that the bis species are negatively 
charged complexes. Thus, the lower gll and higher All values found 
for the bis species respect the theoretically expected trend.59 In 
this case, the electron-donating properties of the substituents are 
clearly evident. 

In  the case of the ternary complexes with 2,2’-bipyridyl (see 
Table IX) the magnetic parameters reflect the presence of the 
heterocyclic base in the coordination sphere of the copper(I1) 
complexes. No substantial difference can be observed along the 
series, thus meaning that the presence of 2,2’-bipyridyl gives rise 
to a leveling effect, as already found in the case of other mixed 
complexes.60 Superhyperfine splitting can be observed in the 
lowest field feature in the EPR spectra of these copper(I1) com- 
plexes, as well as in the perpendicular region. Five lines can be 
easily seen on the lowest field parallel line, thus indicating that 
both nitrogen donor atoms belonging to 2,2’-bipyridyl are surely 
involved in the coordination with copper(I1) ions. The magnetic 
parameters are characteristic of a CuN202 chromophore in a 

(59) Peisach, J.;  Blumberg, W. E. Arch. Eiochem. Eiophys. 1974, 165, 691. 
(60) Rizzarelli, E. Gazz. Chim. Iral. 1982, 112, 139. 

Table X. Chemical Shifts (ppm) Downfield from DSS of Terminal 
Methyls of Alkyl Chains of Malonates in Zinc(I1) Binary and 
2,2’-Bipyridyl Ternary Systems Compared with the Values of the 
Free Dianions 

syst 
ligand free dianion binary ternary 

MeMAL 1.232 1.342 1.255 
ProMAL 1.094 1.138 1.075 
IProMAL 1.079 1.174 1.166 
BuMAL 0.877 0.880 0.793 
IBuMAL 1.092 1.121 1.064 
DMeMAL 1.246 1.306 1.300 
DProMAL 1.076 1.114 0.827 
DBuMAL 0.863 0.861 0.849 

strong tetragonally distorted octahedral field,59 the two apical 
solvent molecules being surely confined to longer distances. 

For a comparison with the pattern found for the ternary com- 
plexes containing 2,2’-bipyridyl, EPR spectra of the ternary 
complexes with 2,9-dimethyl- 1,lO-phenanthroline have also been 
run. Previous EPR studies on copper(I1) chelates with the general 
formula CU(N-N)(CH~COO)~, where N-N is 2,2’-bipyridyl or 
2,9-dimethyl- 1, IO-phenanthroline, have shown differences in the 
magnetic parameters that are those one would expect by varying 
the stereochemistry from a pseudooctahedron with a flat equatorial 
plane to a pseudooctahedron with a tetrahedrally distorted 
equatorial plane.61*62 Also in this case, along this series of cop- 
per(I1) mixed complexes, the magnetic parameters (gll = 2.317 
f 0.002, A,, = 0.0158 f 0.0002 cm-l, EL = 2.061 f 0.002, d, 
= 0.001 3 f 0.0002 cm-I) do not show substantial differences on 
varying the malonate dianions. 

To conclude the discussion of the EPR results, the following 
points can be summed up: (a) Pseudooctahedral stereochemistries 
are obtained for all the complexes. (b) In the case of the mono 
complexes no effect of alkyl substituents can be noted, except for 
some subtle but reproducible difference in those with IProMAL, 
DProMAL, and DBuMAL dianions. (c) In the case of the bis 
complexes, which are negatively charged, a strong influence on 
the EPR parameters can be seen on varying the electronic ability 
of alkyl residues. (d) In the ternary species both 2,2’-bipyridyl 
and 2,9-dimethyl-l,lO-phenanthroIine have a leveling effect; 
though the latter causes the coordination plane to be slightly 
distorted toward a tetrahedral situation, no significant difference 
is observed along the series. 

Some of our EPR results32 on copper(I1) complexes with dia- 
stereoisomeric dipeptides have shown that, in the presence of a 
solvophobic ligand-ligand interaction, little difference in the gl, 
and All parameters could be observed, the copper(I1) chromophores 
being equal. No difference of this kind is observed in this case 
for the copper(I1) mixed complexes with either 2,2’-bipyridine 
or 2,9-dimethyl-1, 10-phenanthroline, thus giving no indication of 
the presence of an intramolecular ligand-ligand solvophobic in- 
teraction. 
IH NMR Investigation and the Solvophobic Interaction in 

Zinc(I1) Complexes. IH N M R  data are summarized in Table 
X. As is known, both protonation and metal complexation, 
involving electron donation by the ligand, are accompanied by 
a downfield shift. This behavior is shown by the data (Table X) 
referring to binary zinc(I1) complexes. In contrast, when the data 
of the free dianion are compared with those of the ternary com- 
plexes, two different behaviors are observed. In the case of short 
side chains, a downfield shift of the methyl groups is shown also 
in these ternary complexes, similar to the case of the binary 
complexes. If we look at the chemical shifts of the terminal methyl 
groups of the ligands with longer side chains, an upfield shift is 
observed. Such behavior is found when the involved hydrogen 
atoms lie above or below an aromatic ring.63 In our systems, it 
should be supposed that the peaks shift upfield as a consequence 

(61) Yokoi, H.; Addison, W. Inorg. Chem. 1977, 16, 1341. 
(62) Rehorek, T. D.; Spindler, H. Z .  Anorg. Allg. Chem. 1973, 175, 399. 
(63) Wagner, K. G.; Lawaczeck, R. J .  Magn. Reson. 1972, 8,  164. 
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of the methyl group proximity to the heteroaromatic system of 
bpy, this proximity being due to the solvophobic i n t e r a c t i ~ n . ~ ~  

Comparison of the data in Table VI1 with those in Table X 
shows that the ternary complexes in which IH NMR data suggest 
the presence of solvophobic interaction are those whose formation 
is enthalpically favored and entropically unfavored. However, 
it should be emphasized that, in these systems, no quantitative 
estimation of the extent of solvophobic interaction may be made 
by comparing the upfield shift values for two distinct reasons. First 
of all, the spectrum is always the weighted mean of the contri- 
butions due to the different labile species of the observed ligand. 
In particular, in order to obtain acceptable percentages of the 
ternary complex, it is necessary to increase the zinc(I1) ion con- 
centration and, consequently, in order to avoid the hydroxide 
precipitation, it is necessary to slightly lower the pH, thus favoring 
the monoanion formation. In such species, the methyl is shifted 
downfield, contributing to a decrease in the upfield shift due to 
the intramolecular solvophobic interaction. 

Second, if  we also neglect the speculation on the open-form- 
closed-form e q ~ i l i b r i u m , ~ ~  the upfield shift is a complex function 
of the electronic and geometric factors occurring in the specific 
system. 
Concluding Remarks 

Both thermodynamic parameters and the 'H NMR data show 
that in the ternary zinc(1l) complexes a solvophobic interaction 
occurs between the diimine heteroaromatic system and an alkyl 
side chain of the mono- or disubstituted malonate, provided that 
the side chain is long enough (at least three carbon atoms), as 
we have already noted in the stereoselective protonation of linear 
dipeptides.a 

Usually, the stability data of ternary complexes, through the 
use of A log K (the constant for the equilibrium MA + MB 
MAB + M), have been correlated with the upfield shifts observed 
for the hydrogen atoms involved in the i n t e r a c t i ~ n . ~ ~  However, 
in the case of copper(I1) complexes, owing to the broadness of 
the 'H N M R  peaks caused by the copper(I1)-promoted para- 
magnetic nuclear relaxation, the occurrence of intramolecular 
interactions between side chains has been also inferred by com- 
paring the A log K values with those of the mixed complexes, in 
which the length of the side chain prevents an intramolecular 
i n t e r a c t i ~ n . ~ ~ - ~ ~  Also our ternary copper(I1) complexes have A 
log K values higher than that of the ternary malonate one, but 
the AHo and ASo values, diagnostic in the case of zinc(I1) com- 
plexes, show no occurrence of noncovalent interaction. An ac- 
cidental masking effect, due to a different copper(I1)-solvent 
interaction in the ternary complexes, can be excluded on the basis 
of the EPR data. Furthermore, the EPR data are in agreement 
with the thermodynamic data, especially in the cases of copper(I1) 
IProMAL, DProMAL, and DBuMAL complexes. Even in the 
slightly tetrahedrally distorted complexes of the substituted 
phenanthroline, the different length and size of the alkyl chains 
do not give rise to significant differences in the EPR parameters. 
Thus, in these systems for the occurrence of intramolecular 
solvophobic interaction, a typical tetrahedral coordination geom- 
etry must be reached. 
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Slow addition of powdered ("4)2[O~C16] to NH2NH2.H20, followed by refluxing for 10 h, results in a mixture of [Os(N- 
H3)5(N2)]C12 and ~ i s - [ 0 s ( N H ~ ) ~ ( N ~ ) ~ ] C l ~ .  Further reaction of the mixture with NH2NH2.H20 results in -90% yield of 
[Os(NH3),(N2)]C12. When the reverse addition is performed (Le. NH2NH2.H20 is added to (NH,),[OsCl,]), the very exothermic 
reaction that follows produces the previously unknown nitrido-bridged complex [(NH3)50sNOs(NH3)5]C15.H20 in -90% yield. 
This compound is a convenient starting material for the preparation of a variety of trans,trans-[X(NH3)40sNOs(NH3)4X]"+ 
complexes in high yields. The electronic absorption spectrum of [(NH3)50sNOs(NH3)5]C15-H20 has been assigned with the aid 
of a MO diagram and a comparison of its spectrum with those of other p-N3- complexes of Ru and Os. 

Introduction 
Allen and co-workers first described the reaction of NH2N- 

H 2 ~ H 2 0  with ("4)2[0sC16] under conditions that result in 
moderate to good yields of [ O S ( N H ~ ) ~ ( N ~ ) ] C I ~ . ~ ~ ~  Because the 
dinitrogen complex is the starting material for the synthesis of 
a variety of pentaammine3-I2 and tetraamminel3-I7 complexes, 
the reaction has been improved on by various  worker^.^-^ In the 

'The University of Sydney. 
*Stanford University. 

same spirit, we have examined the reaction in more detail and 
also describe the results of the reverse addition of NH2NH2.H20 
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