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B(6,8) may behave in an unusual fashion, probably 
involving hydrogen-exchange and/or spin-coupling 
processes. It should be noted that the assignments 
suggested here are quite similar to  the results found 
earlier for BloH12(ligand)2 derivatives.a 

The X-ray crystal structure of B9H14- has been 
shown to fit a 2613 topological representation and to 
be different than that of BgH13(CH8CN).l4 At room 
temperature in solution both the llB and proton nmr 
spectra suggest that BgH14- is undergoing a relatively 
fast hydrogen atom exchange process. There are 
three boron atom environments of area 3 each with one 
nonexchanging hydrogen attached to each of the nine 
boron atoms and five rapidly exchanging hydrogen 

(14) N. N .  Greenwood, H. J. Gysling, J. A. McGinnety, and J. D. Owen, 
Chem. Commun., 605 (1970). 

atoms. In  the case of the anionic derivative BgH18- 
(NCS)- a l1B nmr spectrum quite similar to that of 
the neutral B9H13(ligand) derivatives was observed. 
Thus in this case the rapid exchange process described 
above is not operative. 
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The stability constants of the ternary Cu* complexes containing pyrocatecholate and, as a second ligand, 2,2’-bipyridyl, 
4- (2’-pyridyl)imidazole, 2-picolylamine, 4-aminomethylimidazole, and ethylenediamine were determined by potentiometric 
titration. For the equilibrium Cu(pyrocatecholate)za- + Cu(amine)z* $ 2Cu(pyrocatecholate)(amine) the corresponding 
constants are log X = 6.15, 5.47, 4.64, 3.46, and 2.65 ( I  = 0.1; temperature 25’). All five mixed-ligand complexes are 
more stable than one would expect on purely statistical grounds (log X = 0.6). The importance of the ?r system of the N 
ligand for the stability of the ternary complexes is obvious from the given series. The imidazole group, often suggested as a 
binding site for metal ions in enzymes, clearly has qualities similar to those of the pyridyl group; i . e . ,  the stability of 
ternary Cu2 + complexes containing these groups is increased. 

With ligands containing 0 as donor atoms, Cu2+-2,2’- 
bipyridyl forms ternary complexes that are more stable 
than the corresponding binary Cu2+-0 ligand 1 : 1 com- 
p l e x e ~ . ~ ~ ~ - ~  In addition, the Cu2+-2,2’-bipy 1 : 1 
complex has discriminating qualities : 0 rather than 
N ligands are more stably b o ~ n d . ~ , ~  For the Cu2+- 
histamine 1 : 1 complex a similar but less pronounced be- 
havior was found.’ 

It was suggested2s5 that the “aromaticity” of the li- 
gand containing N as donor atoms is important for the 
stability of the resulting mixed-ligand complexes. To 
test this hypothesis, the following series of bidentate N 
ligands was chosen and the stability of their ternary 
complexes with Cu2+ and pyrocatecholate was deter- 

(1) Presented in part a t  the 158th National Meeting of the American 
Chemical Society, New York, N. Y., Sept 1969; see Abstract No. BIOL 53. 
This work was supported by 8 research grant from the Schweizerischen 
Nationalfonds zur Ftirderung der wissenschaftlichen Forschung. 
(21 Part VIII :  
1.3) Correspondence should he addressed to this author. 
(4) G. A. L’Heureux and A. E. Martell, J .  Inorg.  Nucl. Chem.,  a8, 481 

(1966). 
(5) H.  Sigel, Chimia,  21, 489 (1967). 
(6) The terms “0 ligand” and “N ligand” are used for ligands containing 

(7) P .  R .  Huher, R .  Griesser, B .  Prijs, and H. Sigel, Eur. J .  Biochcm., 10, 

R .  Griesser and H .  Sigel, Inorg.  Chem., 9, 1238 (1970). 

0 or N as donor atoms. 

238 (1969). 

mined by potentiometric titrations: 2,2‘-bipyridyl,8 
4-(2’-pyridyl)imidazole, 2-picolylamineJ 4-aminometh- 
ylimidazole, and ethylenediamine.8 

One way to characterize the stability of ternary com- 
plexes is according to eq 1, i . e . ,  by comparing the differ- 
ence in stability between eq 2 and 3.9 The connection 

A log K = log K C U ( N L ) C u ( ~ L ) p ~ r  - log KCUCu(pyr)  (1) 

(8 )  The 2,2’-bipyridyl-Cuz +-pyrocatecholate2 and the ethylenediamine 
Cu2 +-pyrocatecholate’ systems were already investigated in different con- 
nections; these results2r7 are also used now. 

(9) Abbreviations: pyrocatecholate, pyr; ligand with N as donor atom, 
NL; general ligand, L. Charges are omitted in all equations. 
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TABLE I 
NEGATIVE LOGARITHMS OF ACIDITY CONSTANTS OF THE LIGANDS AND LOGARITHMS OF 
STABILITY CONSTANTS OF THEIR BINARY Cu2+ COMPLEXES (I = 0.1 (NaClOd), 25°)8 

2,2’-Bipyridy12 -0.2“ 4.49b 8 .  OOb 5 .  60b 13. 60b 
4-(2’-Pyridyl)imidazolec 1.33 5.49 8.76 6.40 15.16 
2-Picolylamine 2.05 =k 0.02 8.70 i 0.01 9.72 =k 0.03 7.75 17.47 
4-Aminomethylimidazole 4.73 i 0.02 9.35 i 0.01 9.22 =!= 0.03 7.95 17.17 
Ethylenediamine7 7.10 9.89 10.44 9.16 19.60 
Pyrocate~holate~~’ 9.32 13. OOd 13.96 11.07 25.03 

P K ~ H , L  P K ~ H L  Log Log K ~ ~ ~ c ~ L ~  Log Ligand 

a R. H. Linnel and A. Kaczmarczyk, J .  Phys. Chem., 65, 1196 (1961). G. Anderegg, Hela. Chim. Acta, 46, 2397 (1963). W. J. 
d D. D. Perrin, Nature (London), 182, 741 (1958); Eilbeck, F. Holmes, G. G. Phillips, and A. E. Underhill, J .  Chem. Soc. A ,  1161 (1967). 

C. A. Tyson and A. E. Martell, J .  Amer. Chem. Soc., 90,3379 (1968). 

TABLE I1 
LOGARITHMS OF STABILITY CONSTANTS OF SOME TERNARY PYROCATECHOLATE-CU~+-N LIGAXD 

COMPLEXES (I = 0.1  (NaC104), 25°)9 
Log Log Log 

N ligand S ~ ~ C ~ ( N L ) ~ Y ~  K ~ ~ ( ~ ~ ) c U ( N L ) ~ ~ ~ ~  K ~ ~ ( ~ ~ ~ ) c U ( D ~ ~ ) N L ~  A log K Log x 
2,2’-Bipyridylz 22.39 14.39 8.43 +0.43 6.15 
4- (2’-Pyridyl)imidazole 22.83 zt 0.03 14 07 8.87 so.11 5.47 
2-Picolylamine 2 3 . 5 7 4 ~ 0 . 0 4  13,85 9.61 -0.11 4.64 
4-Aminomethylimidazole 2 2 . 8 3 i  0.04 13,61 8.87 -0.35 3.46 
Ethylenediamine’ 23.64 13.20 9.68 -0.76 2.65 

Log K C u ( N L ) ~ u ( ~ ~ ) p y r  was calculated according to eq 5 (cf. ref 2) and independently by taking into account only the species Cu(NL), 
Cu(NL)pyr, Htpyr, Hpyr, and pyr (Le . ,  it was assumed that the Cu(NL) 1 : 1 complex is formed for 100% and this before the reaction 
with pyr occurs): 14.35,2 2,2’-bipyridyl; 13.98 + 0.04, 4-(2’-pyridyl)imidazole; 13.76 i 0.03, picolylamine; 13.55 =k 0.08, 4-amino- 
methylimidazole; 13.23 i 0.08, ethylenediamine. A comparison of these results with those of the table suggests that this simplification 
is reasonable; this will be of importance for the corresponding ternary NL-Cu-adenosine 5’-monophosphate complexes: P. R .  Huber 
and H. Sigel, unpublished results. Calculated according to log KCU(PYr)~U(pyr)~~ = log P C u ~ u ( ~ ~ ) p y r  - log KCU~U(pyr) .  

The values expected for A log K (eq 1) are negative 
(KM31L > KMLbfLn), because more coordination positions 
are available for bonding of the first ligand to a given 
metal ion than for the second ligand. The value ex- 
pected for X on statistical grounds is 4, ; .e. ,  log X = 
0.6.1° 

Experimental Section 
Material~.4-(2’-Pyridyl)imidazole was synthesized ac- 

cording to Clemo, Holmes, and Leitch.” 4-Aminomethyl- 
imidazole dihydrochloride was made starting from fructose to 
4-hydro~ymethylimidazole,~~ oxidizing with HNOs to the alde- 
hyde,13 preparing the oxime,14 and reducing with HZ (atmospheric 
pressure, 5% Pd on C)  in methanol saturated with HCl.I5 a- 
Picolylamine was from Dr. F. Raschig GnibH, Ludwigshafen, 
Germany. 

Measurements.-These were done as previously described.2 
Determination of Equilibrium Constants.-All constants were 

measured by potentiometric titrations (25”, I = 0.1 (NaCIOa)). 
The acidity constants of the ligands and the stability constants 
of the binary complexes were calculated as described recently.2 
The stability constant, P C U ~ u ( ~ ~ ) p y r  (eq 4), of the ternary systems 
was computed2 (IBM 1620) from the data obtained by titrating 
solutions containing a 1 : 1 : 1 Cu: NL:pyr ratio and by taking 
into account the species H2(NL), H(NL), NL, Cu(NL), Cu(NL)2, 
Hzpyr, H w ,  pyr, Cu(pyr), Cu(pyr)z, Cu, and Cu(NL)pyr.8 
By titrating solutions containing Cu2+ alone or a 1 : 1 Cu: NL 
ratio it was shown that hydrolysis could be ignored in the pH 
region used for the evaluation of the data. 

The uncertainties given in Tables I and I1 are 3 times the 
standard deviation (which results in a more than 99% security 
that the “right” value is within the given limits):dZA2/N(N- 1). 
A is the difference between a measured and the average 
value, and N the total number of values. The given data are the 
results of a t  least three independent titrations (done on different 
days), and each titration curve was evaluated a t  a t  least eight 
different pH values, i.e., N 2 24. 

For all other materials see ref 2. 

(10) R. DeWitt and J. I. Watters, J. Amev.  Chem. SOC., 76,  3810 (1964); 

(11) G. R. Clemo, Th. Holmes, and G. C. Leitch, J .  Chem. Soc., 753 (1938). 
(12) J. R. Totter and W. J. Darby, Ovg. Syn . ,  24, 64 (1964). 
(13) F. L. Pyman, J .  Chem. Soc., 109, 186,191 (1916). 
(14) W. Hubbali andF.  L. Pyman, ibid. ,  21 (1928). 
(15) R. A. Turner, Ch. F. Huebner, and C. R.  Scholz, J. Ameu. Chem. Soc., 

S. Kida, Bull. Chem. SOC. J o p . ,  29, 805 (1956). 

71, 2801 (1949). 

Results and Discussion 
The acidity constants of the ligands and the stability 

constants of their binary Cu2+ complexes are given in 
Table I. Table I1 contains the constants of the mixed- 
ligand-Cu2+ complexes formed by pyrocatecholate and 
a second ligand with N as the donor atom. 

In all cases reported here A log K is less negative than 
one might expect from the value of log K C u L ~ u ~ z  - log 
KCucu~ (cf. Table I), and in two cases even positive 
values of A log K are obtained (Table 11). In addi- 
tion, the values for X are greater than expected statis- 
tically by factors of lo2  through 3 X lo5. That the 
greatest part of the increased stability is not due to a 
simple neutralization of charge in the ternary complex 
compared with the two binary ones (both have a 
charge of 2) is evident from the ethylenediamine- 
Cu2+-oxalate system16 with log X = 1.3 .2  The stabil- 
ity of the ternary N ligand-Cu2+-pyrocatecholate com- 
plexes (Table 11) increases by changing the N ligand 
in the series ethylenediamine < 4-aminomethylimid- 
azole < 2-picolylamine < 4- (2’-pyridy1)imidazole < 
2,2‘-bipyridyl. Therefore, the “aromaticity” of the 
N ligand is decisive; ethylenediamine forms only u 
bonds with Cu2+, whereas 2,2‘-bipyridyl is additionally 
able to form n bonds (back-donation); i.e., the given 
series is an order of increasing n-acceptor q~a1ities.l~ 
A change in the systems from the pyridyl to an imid- 
azole group shows that the latter is not quite as effective 
a a acceptor. 

Besides the obvious importance of the n system of 
the N ligand for the stability of the ternary Cu2+ com- 
plexes, the n system of the 0 ligand also has some effect. 
The log X value of the ethylenediamine-Cu2+-pyro- 

This is what one would expect. 

(16) W. B. Schaapand D. L. McMasters, i b i d . ,  SS, 4699 (1961). 
(17) For a further discussion, see ref 2. In addition, it is of interest to 

note that the stability of the ternary complexes investigated here increases 
with decreasing basicity of the N ligand; in fact, if the sum of P K ~ H ~ L  and 
P K ~ H L  is plotted against A log K or log X ,  straight lines with negative slopes 
result. This problem is under further investigation and shall be discussed 
later together with additional examples. 



AN ASSOCIATED ETHYLENEDIAMINE LIGAND 

1 2 3 4 5 6 7 8  
P H  

Figure 1.-Variation with pH of the concentrations (given as 
the percentage of the total Cu2+ present) of the several species 
present in an aqueous solution of Cu2+, 2-picolylamine (pa), qnd 
pyrocatecholate (pyr) (each M ) ;  Cu(pyr)z is less than 0.4% 
a t  pH <8. For comparison the concentration of the ternary 
complex in the systems containing 2,2'-bipyridyl (bipy) or ethyl- 
enediamine (en) instead of 2-picolylamine is also given (dashed 
lines). All data were computed with the constants given in 
Tables I and 11. 

catecholate complex (cf. Table 11) is about 1.3 log units2 
greater than that of the ethylenediamine-Cu2+-oxalate 
system.l6 This suggests that in complexes like 2,2'- 
bipyridyl-Cu2 f-pyrocatecholate a cooperative effect 
may occur between the ?r systems of the two ligands 
bound to the same Cu2+.lS 

(18) The general aspects of the stability of ternary complexes were dis- 
cussed in ref 2 and in R.  F. Pasternack and H. Sigel, J .  Amev. Chem. Soc., 92, 
6146 (1970). 
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As an example, the concentrations of the several spe- 
cies present in the ternary system 2-picolylamine-Cu2+- 
pyrocatecholate are given in Figure 1. A t  higher pH 
values the concentration of the mixed complex domi- 
nates strongly and all concentrations tend to approach 
limiting values. Of special interest is a comparison be- 
tween the mentioned system and the formation of the 
ternary complexes containing 2,2'-bipyridyl or ethylene- 
diamine (dashed lines) instead of 2-picolylamine. This 
evidently demonstrates the larger stability of the ter- 
nary 2,2'-bipyridyl-Cu2+-pyrocatecholate complex, 
as this one is formed in the lowest pH range and reaches 
the highest concentration. 

One of the main conclusions from this investigation 
is that not only the pyridyl but also the imidazole group 
has a stability-increasing effect on the formation of ter- 
nary Cu2+ complexes with ligands containing 0 as 
donor atoms. In this connection i t  is of interest to 
note the observation of Girotti and Breslowlg that cop- 
per(I1) acetate is bound more firmly to ribonuclease 
than Cu2+ and a t  least some of the binding sites offered 
by ribonuclease are imidazole groups. Considering 
this example, it can be hoped that by further systematic 
studies of mixed-ligand complexes a t  least in part an 
answer may be found to the question:20 What are the 
control mechanisms that determine the coordination 
and coordination tendency of metal ions in biological 
systems? 

(19) A. W. Girotti and E. Breslow, J .  B i d .  Chem., 243, 216 (1968). 
(20) H. Sigel and D .  B. McCormick, Accounts Chem. Res., 3, 201 (1970). 
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The influence of certain T-bonding ligands upon (a)  the acidity of an associated u-bonding ethylenediamine ligand and (b) 
ligand lability in complexes of platinum(I1) is evaluated via deprotonation reactions and iimr and tga data. 

It has been known for some $ime that stability in 
coordinated ethylenediamine increases with increase in 
the charge on the transitional metal ion about which the 
ligand is c o ~ r d i n a t e d . ~ , ~  More recently i t  has been 
shown that, while [Pt(en)2]12 and its Pd analog are not 
deprotonated by the relatively weakly basic ammonia 
molecule, introduction of one bipy ligand enhances the 
acidity of the remaining en ligand.4J Accordingly, i t  

(1) Abbreviations: 2,2'-bipyridine, bipy; pyridine, py; l,Z-bis(diphenyl- 
arsine)ethane, EDA;  1,2-bis(diphenylphosphine)ethane, EDP; ethylenedi- 
amine, en; en minus n protons, en-nH; diethylenetriamine, dien; N , N -  
dimethylethylenediamine, udmen; N,N'-dimethylethylenediamine, sdmen; 
N,N,N'-trimethylethylenediamine, tmen; 1,2-dicyanoethylene-1,2-dithiolato 
ion, MNT; 1,lO-phenanthroline, phen. 

(2) F. P .  Dwyer and J. W .  Hogarth, J. Amev. Chem. Soc., 76, 1008 (1953). 
(3) G. W. Watt, L. E. Sharif, and E. P .  Helvenston, Inovg. Chem., 1, 6 

(1962). 
(4) G. W. Watt and D. G. Upchurch, J .  Amev. Chem. Soc., 90, 914 (1968). 
( 5 )  G. W. Watt and D. H. Cartpr, J .  I l zovg .  Nucl. Chem., 81, 1863 (1969). 

was of interest to investigate the effect of other T- 
bonding or potentially n-bonding ligands upon proton 
lability in an associated en ligand. 

Experimental Section 
Unless otherwise indicated, all experimental methods, includ- 

ing analytical procedures, were the same as those described in 
recent publications from this 1aborat0ry.S~~~~ All of the plat- 
inum(I1) complexes employed in this work were prepared and 
characterized as described elsewhere.' 

Although most of the reactions reported here were carried out 
in liquid ammonia a t  or below -33.5", it was necessary in some 
cases to expose the complexes to liquid ammonia a t  higher tem- 
peratures, For this purpose a modified Soxhlet-type extractor 
was employed and a typical procedure was as follows. A small 
sample (0.8-0.9 g) of the complex in an extraction thimble was 
placed in the extractor and the system was evacuated for >8 

(6) G. W. Watt and J. K. Crum, J .  Amev. Chem. Soc., 87, 5366 (1965). 
(7) G. W. Watt and J. E. Cuddeback, J. Inovg. Nucl. Chem., in press. 


