
ION ASSOCIATION Inorganic Chemistry, Vol. 10, No. 9, 1971 1957 

The results of the present structure determination 
support the idea that the M-N-0 angle in complexes of 
the type MX(NO)L2 may be sensitive to changes of 
M, X, L and the coordination geometry of the com- 
plex. Further studies of these compounds are in pro- 
gress. of computer time. 
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Calorimetric studies have been made a t  25' of the formation of nickel complexes of diglycine, triglycine, and glycyl-?- 
aminobutyric acid and of subsequent proton dissociation from the triglycinate species a t  higher pH. The data have been 
combined with potentiometric measurements to provide AG, AH, and A S  data for each of the equilibria. Values of the 
thermodynamic data strongly support a common structure for all the mono complexes a t  lower pH in which the nickel ion is 
bound to the terminal NHz and the oxygen of the peptide group. 

There is considerable interest in the elucidation of 
the structures of metal peptide complex species in 
aqueous solution in view of their importance as model 
systems in biological studies. The results of a recent 
calorimetric study2 of copper di-, tri-] and tetraglycine 
complexes indicated a common structure for each CuL+ 
species where L- represents the polyglycine anion. In 
these complexes, the copper ion is probably bound to 
the terminal amine nitrogen and the oxygen atom of the 
fpst peptide group in a five-membered chelate ring 
structure. Under progressively more alkaline condi- 
tions, stepwise ionization of the peptide hydrogen atoms 
takes place and metal coordination is transferred from 
the oxygen to the nitrogen atom of the peptide group 
in the formation of multichelated structures. Paster- 
nack and his coworkers have recently studied the reac- 
tions of copper(I1) with both glycylglycine and glycyl- 
sarcosine using temperature-jump techniques. The 
kinetic results are consistent with the proposed biden- 
tate nitrogen and oxygen binding a t  lower pH. The 
proton ionization from the glycylglycine complex a t  
higher pH is much slower and takes place with a con- 
siderably larger activation energy than that for the 
formation of CuL+ reflecting the proposed structural 
rearrangement. 

The coordination changes which take place in the 
presence of copper ions appear to be quite well char- 
acterized, but in the case of the corresponding nickel 
complexes, the situation is much less clear. In the pH 
range 4.5-6, stability constants for complexes between 
the nickel ion and the polyglycine anions, NiLf, were 
first reported by Evans and Monk4 and by Li and 
C h e r ~ . ~  In one case,4 it was suggested that the metal- 
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ligand bonding involves neither the terminal amino nor 
the carboxylate groups. Li and Chen, however, pro- 
posed a metal-peptide chelate structure in which the 
nickel ion is attached to the terminal amino group and 
the immediately adjacent peptide group.5 The kinetics 
of formation of the nickel-glycylsarcosine complex was 
studied, using a temperature-jump method by Kustin 
and Pasternack.6 By comparing the kinetic data with 
those of the corresponding cobalt(I1) complexes it was 
suggested that the coordination of the charged carboxyl- 
ate group was not important in the formation of the 
nickel complexes. The rate constant for the glycyl- 
sarcosine complex was close to the values for the tri- 
and tetraglycine species' indicating the nonparticipa- 
tion of the carboxylate group in the oligoglycine ligands 
as well. The results of a recent nmr investigation, on 
the other hand, have been interpreted in terms of the 
binding of the charged carboxylate group to the nickel 
ion under neutral and slightly acidic conditions.8 

The magnitude of the enthalpy changes accompany- 
ing ion association reactions in solution can yield infor- 
mation concerning the nature of the ligand atom bound 
to the metal ion,$ but hitherto, no direct calorimetric 
studies have been made of the nickel-polyglycine sys- 
tems. In the present work, potentiometric and calori- 
metric investigations have been made of the formation 
of nickel complexes with glycine, diglycine, triglycine, 
and glycyl- y-aminobutyric acid and also the proton 
dissociations from the nickel-polyglycine species. 

Experimental Section 
Glycine was obtained from Baker and Adamson and the di- 

glycine and glycyl-7-aminobutyric acid were obtained from 
Nutritional Biochemical Corp. and used without further purifi- 
cation. The source of triglycine and the method of purification 
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have been described Nickel nitrate solution was 
prepared by dissolving the solid salt obtained from Fisher Scien- 
tific, in doubly distilled water which had been boiled and cooled 
under nitrogen. The concentration of nickel was determined by 
titrating samples against standard EDTA solutionlo and also by 
passing samples through a Dowex 50 cation-exchange column 
and titrating the displaced acid with standard sodium hydroxide. 
The results from the two methods agreed to  within O.lyc. Potas- 
sium nitrate solution was also standardized by the ion-exchange 
method. 

Potentiometric Experiments.-Emf measurements were made 
using the apparatus and methods described previously.za Titra- 
tions were performed by adding sodium hydroxide to  a solution 
containing a metal t o  ligand molar ratio of 1 : 2 for glycine, digly- 
cine, and glycyl-7-aminobutyric acid. In the case of triglycine, 
both 1 : 1 and 1 : 2 molar ratios were used. I n  determining the 
protonation constants of the ligands, similar titrations were per- 
formed in the absence of nickel ion. The ionic strength was 
maintained a t  0.1 M by the addition of potassium nitrate solu- 
tion. This mixture was titrated calorimetrically with nitric 
acid. 

Results and Discussion 
Successive proton dissociations of the ligand mole- 

cules can be expressed in terms of equilibria 1 and 2 

H2L+ i HL' + H +  kl (1) 

HL* + L- + H +  k2 ( 2  1 
in which L- represents the anionic form of the ligands 
G- = glycine, GG- = diglycine, GGG- = triglycine, 
and G-y-A- = glycyl- y-aminobutyric acid. kl and 
kz were determined potentiometrically by titrating the 
neutral ligands with nitric acid and sodium hydroxide, 
respectively. The method of evaluating kl and kz 
from the experimental data has already been de- 
scribed.2a Values of kl  and kz for glycine and glycyl-y- 
aminobutyric acid obtained in a similar manner are 
given in Table I ;  each value corresponds to the mean 

TABLE I 
PROTOS DISSOCIATION COSSTASTS AT 25' 

F------ Glycine ------ --Glycyl- y-aminobutyric acid--- 
Ref I, M pki pk2 Ref I ,  A4 p k l  pk2 

This 0 . 1  2 . 3 9 i  9 . 5 6 &  This 0 . 1  4 . 2 2 = t  8 , 1 2 &  
work 0 . 0 2  0 . 0 1  work 0 . 0 2  0.01 

11 -0 2 . 3 9  9 . 7 7  
12,13 0.1 2 . 3 5  9 . 6 0  

of a t  least 21 experimental points. Some l i te ra t~re~1-1~ 
values for glycine are also presented for comparison in 
Table I and it is seen that the agreement with the 
present work is good. 

To determine the enthalpy of proton dissociation 
AHA and AH, corresponding to  equilibria 1 and 2, 
respectively, the ligand solutions were titrated with 
nitric acid. For equilibrium 2, the ligand solution con- 
tained initially a suitable amount of sodium hydroxide 
while for equilibrium 1, no alkali was added prior to  
titrations. The experimental procedure and method of 
calculation have been reported for the di- and triglycine 
systems2& the results for glycine and glycyl-y-amino- 
butyric acid are given in Table 11. The calorimetric 
results of Anderson, Greenhalgh, and Izattll for glycine, 
given in parentheses in Table 11, refer to I = 0. 

In solutions containing nickel ions with metal t o  
(10) G. Schwarzenbach, "Complexometric Titrations," H. Irving, Trans- 

(11) K. P. Anderson, W. 0. Greenhalgh, and  R.  bl. Iza t t ,  I i z o i g .  Chem., 6, 

(12) E. J. King, J .  Ai i ter .  Chem. SOC., 67, 2178 (1945). 
(13) E .  J. King, i b r d . ,  73, 155 (1951). 

lator, Interscience, New York, N. Y., 1957. 

2106 (1966). 

TABLE I1 
THERMODYNAMIC FESCTIONS FOR PROTON DISSOCIATIOK AT 25" 

AG, A H ,  A S ,  
Equilibrium kcal mol-1 kcal mol-1 cal deg-1 mol-1 

Glycine 
1 3 . 2 3  1.10 -7 .2  
2 13.04 10.20 - 9 . 5  

Glycyl- yaminobutyric Acid 
1 5 76 0 -19 .3  
2 11.07  1 0 . 1  -3 .2  

(10.76) ( - 8 . 6 )  

ligand molar ratios less than 1 : 2  reactions 3-5 with 

S i 2 +  + L- SiL+  K1 (3 1 
KiL- + L- z+= XiLz Rz (4) 

NiGGG" NiGGGH-2- + 2H+ 812 ( 5 )  

equilibrium constants K1, K2, and 012, respectively, 
must be taken into account. Equilibrium 5 applies to  
the nickel-triglycine system a t  pH values greater than 
8, NiGGH-2- referring to  the deprotonated species. 
K1 and Kz for all the systems were determined potentio- 
metrically by titrating a mixture of nickel nitrate with 
the respective ligands in 1 : 2 molar ratio with standard 
sodium hydroxide. The ionic strength of the solution 
was maintained a t  0.10 * 0.002 ;21 by adding potassium 
nitrate solution. 

Values of K1 and K2 were calculated by using expres- 
sions for mass balance and electroneutrality and the 
derived eq 6 involving the average ligand number a, l4  

The K1 and K 2  values, obtained from the linear plots of 
%/(I - %)[L]  against (a - 2)[L]/(1 - a), were re- 
fined by choosing a set of Kz values in the neighborhood 
of the value indicated graphically and calculating K1 
values for each titration point. The value of Kp cor- 
responding to the lowest standard deviation in K1 was 
determined and typical sets of data for diglycine and 
glycyl- y-aminobutyric acid are summarized in Table 111. 

TABLE 111 
ASSOCIATIOX COSSTANTS FOR SICKEL COMPLEX FORMATIOS WITH 

GLYCTLGLYCISE (GG) ASD GLYCYL- ~-AMISOBUTYRIC 
ACID (G-?-A) 

_____-_ GG" _-_----_ __--_ G-y-Ab _____ 
Ioa[Si- 1 0 4 ~ ~ -  103[xi~- 

10o[GG-], GG] ,  10-1K1, A,-A-1, -,-A], 10-4K1, 
PH M M J I - 1  pH &I M 34 ~ ' 

5 . 6 0 1  0 . 2 4 2  1 . 3 0 3  1 . 2 5 8  6 . 4 1 0  0 . 8 0 3  1 . 7 1 6  1 . 2 7 8  
5 . 7 3 4  0.316 1 . 5 6 7  1 . 2 4 8  6 . 5 2 9  0 . 9 8 8  1 . 8 1 9  1 . 2 6 3  
5 . 8 5 1  0 . 3 9 8  1 . 8 1 6  1 . 2 4 6  6 . 5 7 5  1 . 0 6 9  1 . 8 5 3  1 . 2 6 1  
5 . 9 5 8  0.488 2 . 0 4 7  1 . 2 4 5  6 , 6 2 1  1 , 1 5 7  1 . 8 8 0  1 . 2 5 3  
6 . 0 5 9  0,590 2 . 2 8 9  1 . 2 4 2  6 . 6 6 7  1 . 2 4 9  1 , 9 0 4  1 . 2 5 1  
6 . 1 5 8  0 . 7 0 3  2 . 4 4 9  1 , 2 4 0  6 . 7 1 4  1 . 9 5 0  1 . 9 2 1  1 . 2 4 1  
6 . 2 4 8  0 . 8 3 0  2 . 6 1 6  1 . 2 3 6  6 . 7 5 8  1 . 4 4 9  1 . 9 3 7  1 . 2 4 6  
6.336 0 . 9 6 7  2 . 7 6 4  1 , 2 4 3  6 , 8 0 4  1 . 5 6 2  1 . 9 4 5  1 . 2 3 9  
5 . 4 2 6  1. 127 2 . 8 8 2  1 . 2 3 6  6 . 8 4 9  1 , 6 7 5  1 . 9 5 3  1 . 2 4 4  
6 , 5 1 3  1 , 3 0 4  2 . 9 7 8  1 . 2 3 4  6 . 8 9 5  1 , 7 9 8  1 . 9 5 4  1 . 2 4 4  
6 . 6 0 1  1 , 5 0 8  3 . 0 4 5  1 . 2 2 4  6 . 9 4 2  1 . 9 3 5  1 . 9 4 7  1 . 2 3 6  
6 . 6 8 7  1 . 7 2 7  3 .094  1 . 2 2 9  6 . 9 8 8  2 , 0 7 1  1 . 9 4 1  1 . 2 4 2  
6 . 7 7 5  1 . 9 8 2  3 . 1 1 3  1 . 2 2 3  7 . 1 0 6  2 . 4 6 6  1 . 9 0 2  1 . 2 4 3  
6 . 8 6 1  2 . 2 5 4  3.118 1 . 2 3 5  7 . 2 2 8  2 , 9 2 2  1 . 8 4 4  1 . 2 6 1  

7 . 3 5 7  3 . 4 8 5  1 . 7 5 6  1 . 2 5 4  
7 . 4 9 0  4 . 1 2 1  1 . 6 6 1  1 . 2 9 9  

a Total ligand concentration 1.116 x AT; total nickel 
concentration 5.710 X AI. *Total ligand concentration 8.072 
x 10-3 AI; total nickel concentration 3.807 X M. 

(14) F. J. C Rossotti and H. Rossotti, "The Determination of Stability 
Constants," McGraw-Hill, Kew York, X. I-., 1961. 
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Values for the equilibrium constants and their standard 
deviations are given in Table IV together with values 
obtained by other workers. 

TABLE I V  
ASSOCIATION CONSTANTS IN KNOs MEDIA 

Reactions Log K I, M Rei 

1. Ni + G S  NiG 5.79 0 . 1  (KNOz) U 
5.73 0 . 1  (KC1) b 

2. NiG + G e NiGz 4.78 0 . 1  (KN08) U 
4.76 0 . 1  (KCI) b 

3. Ni + GG S NiGG 4.11 0.1 (KN03) a 
4.17 0.14 
3.34 0 .1  (KNOa) c 
3.93 0.16 (KN03) d 

4. NiGG + GG S NiGGz 3.21 0 . 1  (KNOs) u 
4.07 0 . 1  (KNOB) c 
3.25  0.15 (KNOs) e 

5. Xi + G-7-A e NiG-?-A 4.11 0.1 (KNOa) a 
6, NiG-r-A+G-y-A=Ni(G-y-A)z 3 .38  0.1 (KNO8) a 
7. Ni + GGG S NiGGG 3.69  0 . 1  (KNOa) a 

3.72 0.15 (KN03) e 
3.70 0.16 (KNOa) d 

8. NiGGG + GGG e Ni(GGG)z 3.04 0 . 1  (KNOB) a 
2.90 0.16 (KN03) d 

4 .18  0.15 (KN03) e 

a This work. * H. Irving, R. J .  P. Williams, D. J. Ferrett, 
and A. E. Williams, J .  Chewz. Soc., 3494 (1954). M. K .  Kin1 
and A.  E. Martell, J .  Amer. Chem. Soc., 89, 5138 (1967). R .  B. 
Martin, M. Chamberlin, arid J. T. Edsall, zbid., 82, 495 (1960). 
e Reference 4. 

It is seen that the values compare very well with the 
literature values except in the case of nickel diglycine 
where values of K1 and Kz in ref 15 are in reverse order 
from the values obtained in this work and by  other^.^'^^ 

A t  the higher pH values reaction 5 must be taken into 
account in the case of nickel triglycine. Defining 
a = 1 + [H]/kl + [HI2/Klk2, P = [HI + [Nal - 
[OH], and y = 1 - [Hl2/k&2, we derive the equation 

[LI3 + b[LI2 + c[L] + d = 0 (7) 

in which 
201 f (4TNi - TL - P)K2 b =  

a + ?  

where T N ~  is the total concentration of nickel ion, and 
TL, the total concentration of triglycine. Equation 7 
was solved by using a Newton-Ralphson iterative 
procedure and calculated values of p12 are given in 
Table V ;  the mean value of p& is 16.44 f 0.01. 

Determinations of the enthalpy of reaction corre- 
sponding to equilibria 3-5 were carried out by titrating a 
mixture containing nickel ions, ligand, potassium 
nitrate, and sodium hydroxide with nitric acid. The 
advantages of this back-titration procedure have been 
discussed earlier. 2a The measured heat change, Qexptl, 

corrected for the heat of dilution of the nitric acid into 
0.1 A4 potassium nitrate is made up of terms associated 
with the formation of the various species represented 
by subscripts in the equation 

Qerpt i  = Q N ~ L  + Q N ~ L ?  + QHL + Q H ~ L  + Q H ~ O  (8) 

(15) M. K.  Kim and A. E. Martell, J .  Amer. Chem. Soc., 89, 5138 (1967). 
(16) R. B. Martin, M .  Chamberlin, and J,  T. Edsall, ib id . ,  82, 495 (1960). 

TABLE V 
DISSOCIATION CONSTANTS OF NICKEL-TRIGLYCINE COMPLEXESa 

lO'[L], 104[MLl, lO'[MLzl, lO*[MLH-z], 
PH M M M M 10 1 7812 

7.467 2.133 2.870 6.711 0.054 3.588 
7.596 2.232 2.874 7.035 0.115 4.165 
7.732 2.310 2.859 7.243 0.191 3.764 
7.831 2.347 2.815 7.245 0.293 3.712 
7.911 2.362 2.757 7.139 0.408 3.661 
7.978 2.364 2.691 6.973 0.531 3.587 
8.034 2.356 2.619 6.766 0.658 3.520 
8.082 2.341 2.544 6.532 0.788 3.480 
8.125 2.322 2.467 6.283 0.920 3.433 
8.164 2.299 2.389 6.024 1.052 3.387 
8.196 2.271 2.310 5.752 1.186 3.407 
8.226 2.241 2.229 5.478 1.320 3.419 
8.255 2.208 2.149 5.202 1.453 3.427 
8.284 2.173 2.068 1.928 1.586 3.398 
8.310 2.135 1.987 4.652 1.719 3.401 
8,332 2.094 1.906 4.375 1.852 3.450 
8.352 2.048 1.824 4.100 1.984 3.526 
8.372 2.003 1.743 3.827 2.116 3.596 
8.390 1.954 1.661 3.558 2.247 3.675 
8.428 1.847 1.498 3.034 2.506 3.815 
8.462 1.727 1.335 1.335 2.527 4.041 
8.501 1.593 1.171 2.045 3.017 4.200 
a Initial conditions: total ligand concentration 5.303 X 

M ;  total metal concentration 6.506 X lov3 M .  

from which eq 9 may be derived, where A[Ni] and 

A [NiL2] represent the concentration changes of these 
species from point to point in the enthalpy titrations 
for which Qexptl is measured. Individual Q values were 
calculated using the methods described previously.2a 
Values of AHN~L and AHN~L,~ were obtained by a least- 
squares procedure from the linear plots of (QN~L + 
Q N ~ L J / A  [Nil against A [NiLz]/A[Ni]. Some typical 
plots are given in Figures 1 and 2 and values of the 

A[NiL2] /A[Ni]. 

Figure 1.-Plot of ( Q N ~ L  + Q N ~ L ~ ) / A [ N ~ ]  against A[NiLd /A[Ni] 
for nickel-glycylglycine complex formation a t  25'. 
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Figure 2.-Plot of (QNIL + QN~L*) /A[K~]  against A[P\'iL?] /A[Si] 
for nickel-glycyl--y-aminobutyric acid complex formation a t  25'. 

TABLE VI 
THERMODYNAMIC FUNCTION 

AG, 
kcal 

Reactions mol-1 

Ni + G e KiG -7.88 
S iG  + G NiGz -6 .49  
Ni + GG + NiGG -5 .61  
XiGG + GG e NiGG2 - 4 . 3 8  
Ni + G - ? - A S  NiG--y-A -5.61 

S i  + GGG S NiGGG - 5  03 
SiGGG + GGG e NiGGGz -4 .17  
NiGGG e NiGGGH-z + 2H+ 2 2 . 5  

a Estimated values (see text). 

NiG-?-A + G - y - A e  Ni(G-y-A)z -4 .61  

AT 25' 
A H ,  
kcal 

mol-1 

- 5 . 0  
-4 .4  
- 5 . 4  
-4 .2  
- 4 . 6  
-4 .2  
-5.00 
-4 .2Q 
19.7 

AS, 
cal deg-1 

mol-1 

9.6 
7 .0  
0 .  i 
0 . 6  
3 . 4  
1 . 7  
0 .6a  

- 0 . 5 a  
-9 .4  

thermodynamic functions are given in Table VI .  
Because of the narrow pH range accessible to  experi- 
mental study of the triglycine system before the inter- 
ference of equilibrium 6, i t  was not possible to deter- 
mine A H N ~ L  and A H N ~ L ~  by the method described 
above. The value of A H N ~ L I I - ~  was determined by 
introducing a term QNiLH-* into eq 8 and solving for 
ionic species in a manner similar to  that described 
above. Values of A H K ~ G G G  and AHN~(GGG)* required 
for the calculation were assumed to  be the same as the 
corresponding values for glycine, diglycine, and glycyl- 
y-aminobutyric acid. The justification for this choice 
stems from the fact that for the copper complexes, the 
values of AHc~L for glycine, diglycine, and triglycine 
were almost identicaLZa Moreover, the value of 
AHX~LH-? in the present work is not a t  all sensitive to  
the individual choices of AHNiGGG and AHNi(GGG)*,  

since the concentrations of these species were very 
small. 

It is seen in Table VI that free energies of formation 
of mono and bis nickel-glycine complexes are appreci- 
ably more negative than in the case with diglycine or 
glycyl- y-aminobutyric acid. Moreover, these enhanced 
stabilities are the result of more favorable entropy 

changes; the enthalpy change in each case is strikingly 
constant. This indicates that  the ligands are bound 
in these complexes in bidentate structures similar to  
that for glycine itself with the nickel ion bonded to  the 
terminal NHz group and the oxygen of the first peptide 
group. The results for glycyl- y-aminobutyric acid lend 
particular weight to the validity of this conclusion. 
The enthalpy changes for the formation of its complexes 
are close to  those for the corresponding diglycine com- 
plexes. Glycyl-y-aminobutyric acid would not be 
expected to  act as a tridentate ligand since such a com- 
plex would involve the formation of an unstable eight- 
membered ring structure. An alternative possibility 
for formulating the structure of the NiL+ species would 
involve the nitrogen of the peptide group. In the case 
of the diglycine complex, the carboxylate group would 
be in a favorable position to coordinate with the nickel 
atom since the resulting structure would involve a 
stable five-membered ring. However, in the case of 
glycyl- y-aminobutyric acid, the formation of such a 
complex would still involve an unstable seven-mem- 
bered ring structure. 

Potentiometric experiments a t  very high ligand to  
metal ratios led Martin, Chamberlin, and EdsallI6 to  
suggest that dissociation of the peptide hydrogen atom 
occurs a t  pH > l o .  Recentlyli a solid-state X-ray 
structure determination of single crystals obtained from 
such solutions indicates that  the coordination center in 
the complex involves the primary amine nitrogen, the 
deprotonated peptide nitrogen atom, and the carbox- 
ylate group. 'L'nlike the corresponding copper system 
in which dissociation takes place in the monodiglycinate, 
CuL+, in the case of nickel, dissociation occurs only in 
the bis species, Pr'iLZ. In the present study, attempts 
to  determine the enthalpy of proton dissociation were 
unsuccessful since, in the accessible ranges of ligand to 
nickel ratio, precipitation of nickel hydroxide took place 
before the proton dissociation could be studied. In the 
corresponding triglycinate complexes, the proton dis- 
sociation could be studied without interference from 
nickel hydroxide. I t  is interesting to note here again 
that the nickel-triglycine system is different from its 
copper analog. Whereas in the copper-triglycine 
system, the dissociation of the two peptide protons 
occurs in a stepwise manner with a pK difference of close 
to 2 units,2a in the nickel system the dissociation 
appears to  take place in a single step as is evidenced 
from the flat titration curve. Further, the onset of 
dissociation is accompanied by the appearance of an 
absorption band with a maximum at  430 mp, which 
increases in intensity with no shift in frequency as dis- 
sociation progresses. In  contrast, for the copper system 
the absorption maximum undergoes a shift in frequency 
as titration progresses.*j The nmr results of Mathur 
and Martin18 also suggest that the dissociation of 
peptide protons occurs in one step in nickel triglycine. 

The dissociation of peptide hydrogen from nickel 
triglycinate is accompanied by a change in color from 
pale green to very intense yellow. The yellow complex 
is diamagnetic whereas the original green complexes 
are paramagnetic. The change in color and magnetic 
behavior accompanying the dissociation process has 
been attributed to a change in coordination from octa- 

( l i )  H. C. Freeman, J ,  M. Guss, and 1%. I,. Sinclair, Chem. Commun.,  485 
(1968) .  

(18) K. Mathur and K. B. Martin, J .  Phys. Ciiem., 69, 668 (1965). 
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hedral for the green complex to planar for the yellow 
complex. Recently an X-ray structure determination 
of solid single crystals of nickel-tetraglycine complex 
shows that the fiickel ion is coordinated to the four 
available nitrogen centers arranged in a plane while the 
carboxylate group remains free. l7 This corresponds 
closely to the suggested structure for nickel triglycine 
with the carboxylate group in place of one of the nitro- 
gens in the tetraglycine complex. An X-ray structure 
determination of nickel diethylenediaminomalonate, 
which shows a color change behavior similar to that of 
nickel triglycine, confirms that in this complex the nickel 
ion is again planar. 

Comparing the copper and nickel complexes of di- 
and triglycine reveals that the driving force in the dis- 

(19) R.  M. Lewis, private communication. 
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sociation of the peptide hydrogen from the complexes 
appears to be intimately related to the strength of the 
bond formed between the two metals with the ligands. 
Thus the copper complexes are formed with greater 
exothermic enthalpy changes than the nickel com- 
plexes, and correspondingly the dissociation of the 
peptide hydrogen from the copper complexes occurs a t  
lower pH than the nickel analog. In the diglycine case 
the dissociation occurs only from the bis complex sug- 
gesting that the formation of a mono complex is insuffi- 
cient to compensate energetically for the dissociation 
of a proton from the peptide group. It is also reason- 
able to assume that the resulting change of coordinat- 
ing centers from oxygen to nitrogen favors the copper 
ion as compared with the nickel ion in view of the 
higher copper-amine bond energy. 
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Halo groups attached to benzene rings are capable of occupying coordination positions in some triazene 1-oxide complexes 
of the general structure 1. On the basis of comparisons of magnetic moments and electronic spectra of the various complexes 
with those of one cobalt(I1) complex of definitely known structure it is concluded that  all the cobalt(I1) complexes except one 
(X = I )  are pseudooctahedral both in the solid state and in the solution phase (benzene) in which the complexes are mono- 
meric. The iodo complex is grossly planar in the crystalline state but becomes pseudooctahedral in the solution phase. 
All the pseudooctahedral complexes show splittings of the V I  crystal field band. The splittings (which follow the orders 
F < C1 < Br < I and OCH, < SCH3) are attributed to the low symmetry of the ligand field. In  this class of complexes, the 
octahedral quartet state of cobalt(I1) is more readily achieved than the octahedral triplet state of nickel(I1). Among nickel- 
(11) complexes, those having X = OCH3, OCgHe, and SCHB show magnetic moments and electronic spectra typical of a dis- 
torted octahedral geometry both in solid and in solution. On the other hand, nickel(I1) complexes with X = halogen are 
diamagnetic in the crystalline state but become partially paramagnetic in the solution phase. On the basis of spectral and 
magnetic data it is shown that planar ( S  = 0)  f pseudooctahedral ( S  = 1) equilibria exist in these solutions. The pseudo- 
octahedral form involves halogen coordination. The population of the octahedral configuration follows the order F < C1 < 
Br > I. A possible rationalization is discussed 
on the basis of a simple model. 

The parameters AH" (and A S " )  for the equilibria are found to be positive 

Introduction 
Triazene 1-oxides act as versatile ligands forming 

nonelectrolytic chelates with many metal ions 1,2 

However, there is a surprising paucity of data on struc- 
tural aspects of these extremely interesting complexes. 
The syntheses, stereochemistry, and electronic spectra 
of some cobalt(III),3 r h o d i ~ m ( I I I ) , ~  and ~hromiurn(II1)~ 
chelates derived from bidentate triazene 1-oxides were 
reported recently from this laboratory. All these com- 
plexes have a trafis-MN308 coordination sphere. In 
this paper complexes of the structural type 1 are charac- 
terized using spectroscopic and magnetic data. In 1 
the dotted line indicates that the donor group X may or 
may not be coordinated to the central metal atom. In  
what follows, the complexes 1 will be abbreviated as 
(RXhM. 

(1) M Elkins and L Hunter, J Chem SOC , 1346 (1938) 
(2) D N Purohit, Tulunta, 14, 353 (1967) 
(3) A Chakravorty, B Behera, and P S Zacharias, Inovg Chcm Acta,  2, 

(4) B Behera and A Chakravorty, J Inovg Nucl Chem , 81, 1791 (1968) 
85 (1968) 
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R- CHB, C,H,, n-C3H7 
X = F, C1. Br, I, OCH3, OC2HS, SCH, 
M = Co, Ni 

Experimental Section 
Preparation of Compounds.-The ligands were synthesized by 

treating the appropriate diazonium salts with substituted hy- 
droxylamine~.~ The complexes were prepared as crystalline 
solids by treating an ethanolic or methanolic solution of the 
ligand (0.02 mol) with an  aqueous or methanolic solution of the 
appropriate metal acetate (0.01 mol). In  the case of (CH3F)Co 
the reaction was carried out under nitrogen. Recrystallizations 
were done from acetone. 


