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found in PdC1222 but similar to the average Pt-Cl dis- 
tance of 2.37 (1) A found5 for the ethanol adduct of a 
platinum (11) isocyanide complex. 

The C-N and N-N bond distances of the chelate ring 
indicate some multiple-bond character for these bonds 
and are similar to the distances found in diformyl- 
hydrazine23 and diacetylhydrazi?e. 24 The C-N dis- 
tances are 1.325 (4) and 1.341 (8) A in these c?mpounds, 
whereas the c2-N~ distance here is 1.309 (6) A ;  the N-N 
distance of 1.395 (8) A found here is identical with 
1.392 (7)23 and 1.396 (9) AZ4 in the hydrazine deriva- 
tives. 

is not significantly 
different from the CZ-NZ distance and indicates multi- 
ple-bond character for the C-N bond external to the 
ring, This distance also implies that  there will be a 
large barrier to rotation about the C2-Nl bond and that 
cis-trans isomerism about this bond might be observed 
under certain conditions. Indeed, in the closely related 
complex resulting from the addition of methylhydra- 
zine to Pt(CNCH3)dz+ both isomers occur in the same 
molecule. 26 

A projection of the structure along c is shown in Fig- 
ure 2. The molecular plane of the complex is normal to 
the c axis of the crystal, and the molecules are stacked 
to  form infinite chains parallel to c. The interplanar 

The N-N distance in hydrazine is 1.46 A.25 
The C2-N1 distance of 1.327 (7) 

(22) A. F. Wells, Z. Kvislallogr., KYistallgcomeluie, Kvistallphys., Kristall- 

(23) Y. Tomiie, C. H. Koo, and I. Nitta,  Acta Cwstallogv., 11, 774 (1958) 
(24) R. Shintani, i b i d . ,  13, 609 (1960). 
(25) R .  L. Collin and W.  N. Lipscomb, i b i d . ,  4, 10 (1951). 
(26) W. M. Butler and J. H. Enemark, to be submitted for publication. 

chem., 100, 189 (1938). 

Figure ?.-The crystal structure of [ ( C H ~ ) Z C Q N ~ H ~ ]  PdClz 
projected along the c axis. 

distance is c/2 (3.420 A) and the P d .  * .Pd distance is 
3.606 A. 
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The reaction between copper-triglycine (CuH-zL-) and EDTA is catalyzed by the released triglycinate ion (L-). This 
autocatalysis reaction is shown to proceed via the his-triglycine complex, CUH-ZLZ~-, which is attacked more readily by 
EDTA4- than is the mono complex, CuH-zL-. Steric hindrance prevents EDTB from being an effective nucleophile with 
the mono complex and the postulated role of the second triglycine in the autocatalysis process is to facilitate the formation 
of a complex with only one Cu-N(peptide) bond. The his complex is more readily converted to such a form than is the 
mono complex and this form does not sterically hinder nitrogen coordination by EDTA to a planar copper site. The detailed 
kinetic dependence of L-, OH-, and EDTA4- is accounted for including the appearance of rate maxima as a function of 
pH and L- concentration and limiting rates a t  high EDTA concentrations. 

Introduction 

The transfer of copper ion from the copper(I1)- 
triglycine complex to ethylenediaminetetraacetate ion 
is catalyzed by the released triglycine in solutions 
above pH 8. The exchange reaction is given in eq 1 
where L- is the glycylglycylglycinate ion and CuH- zL - 
is the complex in which two protons are ionized from 
the peptide nitrogens. EDTA is a poor nucleophile in 
its reaction with CUH-~L- and the manner in which a 

EDTA4- + 2 H ~ 0  20H - 

HEDTA3- + H,O 
CuEDTA2- + L- (1) 

second triglycinate ion activates the transfer of copper 
to EDTA is of interest. Steric factors are important in 
controlling which ligands are able to react as nucleo- 
philes with CuH-,L-, and EDTA, as well as other 
ligands with only tertiary nitrogens, is sterically hin- 
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dered. Nevertheless, the path of autocatalysis ob- 
served for the reaction is the formation of a bis-trigly- 
cine complex and its attack by EDTA. 

Below pH 8 the reaction has little or no L-  catalysis 
and was found to depend upon either a first-order 
rearrangement of CuH-ZL- or proton transfers from 
general acids (HX) such that the rate equals (kd  + 
~ H X  [HX]) [CUH-ZL-I.~ The general acids include 
H30+, H2EDTA2-, and acid forms of buffers. The 
rate constant for the molecular rearrangement (kd) 
does not vary with pH and therefore this pathway con- 
tributes to the rate above pH 8. Under the conditions 
used in the present study the general acid catalysis 
path does not contribute significantly to the observed 
reaction rates. On the other hand, the catalysis by 
L-  in eq 1 is very important. 

Experimental Section 
Kinetic runs were performed using a Durrum-Gibson stopped- 

flow spectrophotometer with a 2.0-cm cell path. The photo- 
multiplier output was interfaced to a Hewlett-Packard 2115A 
general-purpose digital computer as described elsewhere.3 Using 
this system, up to 250 data points may be taken a t  a rate as 
fast as 1 point/msec. .4 least-squares analysis of the confor- 
mance of the data to a programmed rate law is performed on line. 
After on-line analysis, data from all stopped-flow experiments 
were recorded on punched paper tape for possible later off-line 
calculations. 

The  reaction between copper-triglycine and EDTA was fol- 
lowed by the disappearance of CuH-aL- which has a higher 
molar absorptivity than CuEDTA2- at 235 nm (4650 8s. 3650, 
respectively). Each rate constant is the average of at least four 
kinetic runs and is listed with its standard deviation. 

Triglycine was obtained (chromatographically homogeneous) 
from Mann Research Laboratories, Xew York, N. Y.,  and was 
used without further purification. A 9.85 X Ni stock 
solution of Cu(C104)2 was prepared from the twice-recrystallized 
salt and standardized against EDTA. Diethylenetriamine- 
pentaacetic acid was obtained from the J .  T. Baker Chemical 
Co. and recrystallized from water as the free acid. A 0.0920 M 
stock solution was prepared and standardized by the mole ratio 
method with copper(I1). The copper-triglycine solutions were 
freshly prepared before each series of reactions. Ionic strength 
was maintained a t  0.10 M with IYaCIOa. Hydrogen ion concen- 
trations were calculated from pH measurements using -log 
[H+] = pH - 0.11,4 and hydroxide ion concentrations were calcu- 
lated from P K , ~  = 13.78. Sodium tetraborate was used as the 
buffering agent (total borate 5.0 X M ) .  The protonation 
constants for the ligands used in this study are as follows: HL, 
pK, = 7.88;6 H(EDTA)3-, pKa = 10.26;6 H(DTPA)4- ,  pK, = 
10.42;6 H2(DTPA)3-, pK, = 8.'76.6 All of the above were de- 
termined at an ionic strength of 0.1 at 25.0' with the exception 
of H(EDTA)3-which was determined at 20.0'. 

Results 
The rate of the exchange reaction in eq 1 depends 

upon the pH and upon the concentrations of the com- 
plex, of triglycine, and of EDTA, but the dependence 
is complicated. The major facts are as follows. (1) 
The reaction is first order in [CuH-2L-I under all 
conditions. (2) The L- catalysis increases from pH 
8 to 9.7 and in this pH range there is little or no EDTA 
dependence (Table I, section A). (3) Above pH 
9.7 the rate decreases with pH and becomes dependent 

( 1 )  G K. Pagenkopf and D. W. Margerum, J .  Amev. Chem. Soc., 92, 

(2) G. K .  Pagenkopf and D. W. Margerum, ib id . ,  90, 601, 6963 (1968). 
(3) B. G. Willis, J. A. Bittikoffer, H. I,. Pardue, and  D. W. Margerum, 

Anal.  Chem.,  42, 1430 (1970). 
(4) R .  G. Bates, "Determination of pH," Wiley, X e w  York, N. Y., 1964, 

p 74. 
( 5 )  H. Hauer, E. J. Billo, and D. W. Margerum, J .  Amel.. Chem. Soc., 

98, 4173 (1971). 
(6) L. G. Sill& and A. E.  Martell, "Stability Constants of Metal-Ion Com- 

plexes,'' 2nd ed, T h e  Chemical Society, London, 1964. 

2683 (1970). 
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TABLE I 
EFFECT OF TRIGLYCINE AND EDTA CONCENTRATIONS ON THE 

RATE O F  THE EXCHANGE REACTION BETWEEN CUH-~L- AND 
EDTA ([CUH-~L-IT = 3.95 X M, 

p = 0.10 (NaClOd), 25.0 f 0 . l o )  
109[L -1exoess, 104[EDTAlT, 

M M P H  kobsd, SeC-' 

A. p H  below 9.7 
0.50 2.00 8.8 0.174 f 0.001 
1.00 2.00 8 .8  0.225 f 0.002 
1.50 2.00 8.8 0.312 i 0.004 
2.00 2.00 8.8 0.351 f 0.006 
0.50 2.00 9 . 2  0.232 f 0.001 

0.455 f 0.006 1.00 2.00 9 . 2  
1.50 2.00 9 .2  0.508 f 0.009 
2.00 2 .00  9.2 0.634 f 0.007 
1.00 1.00 9 .09  0.29 f 0.01a 
1.00 2.00 9.03 0.24 f 0.01" 
1.00 3.00 9.07 0.27 f O.0lu 
1.00 4.00 9.07 0 .27  i 0.Ola 

EDTA Dependence above p H  9.7 
1 .00  1.00 10.85 0.30 f 0.Ola 
1 .00  2.00 10.92 0.59 f 0.07" 
1.00 3 .00  10.89 0.73 f 0.03" 
1 . 0 0  4.00 10.87 0.93 f 0.06" 

Limiting Rate  a t  High EDTA4- Concentration 

B. 

C. 
90.0 41.2 9.77 12.1 i 0 . 2  
90.0 82.4 9 .77  14.1 f 0 . 3  
90.0 124 9.81 14.9 f 0 . 1  
90 .0  206 9 .94  15.0 f 0 . 2  
90.0 270 9.94 1 5 . 5  f 0 . 7  

D.  Triglycine Dependence above pH 9.7 
0.50 2 .00  10.65 0.66 i 0.03 
1 .oo 2.00 10.70 0.91 f 0.03  
1 , 5 0  2.00 10.65 1 . 0 3  i 0.02 
2.00 2.00 10.65 1.20 i 0.01  
2.50 2.00 10.65 1.20 f 0.03 
4.00 2.00 10.62 1.03 f 0 . 0 3  
6.00 2.00 10.64 0 .95  f 0.06 
8.00 2.00 10.63 0.82 f 0.03 

10.0 2.00 10.68 0.74 f 0.02 
E. EDTA4- Dependence a t  High pH 

1.00 2.00 11.60 0.265 f 0.006 
0.04 1 .oo 11.58 0.164 f 0.008 
0.04 2 .00  11.58 0.284 i 0.019 
0.04 3.00 11.58 0.350 4 0.007 
0.04 4.00 11.61 0.376 f 0.006 
0.04 6.00 11.58 0.492 f 0.008 
0.04 8 , O O  11.59 0.611 i 0.012 

H(EDTA4)a- Dependence at pH NQ 
0,005 2.00 8.92 0.132 f 0.001 
0.005 5.00 8.93 0.126 f 0.003 
0.005 10.0 8 . 9 5  0.187 f 0.004 
0.005 41.3 8 .95  0.212 f 0.016 
0,005 103 8.96 0.28 i 0.03 
0.005 206 9.00 0.440 f 0.015 
0.005 310 9.00 0.57 f 0.02 

"These rate constants were calculated from data stored on 

F. 

Polaroid film. 

upon EDTA (Table I, section B).  (4) The rate 
reaches a limiting value a t  high EDTA4- concentra- 
tions (Table I, section C). ( 5 )  Above pH 9.7 the rate 
increases with increasing triglycine concentration but 
reaches a maximum and then decreases as the trigly- 
cine concentration is further increased (Table I, section 
D).  (6) Above pH 11.5 the contributions from k d  

and a direct reaction of EDTA4- with CuH-sL- be- 
come more important than the autocatalytic path 
(Table I, section E) .  (7) At low pH a slight depen- 
dence in H(EDTA)3- is found with H(EDTA)3- 
in great excess and free triglycine in only trace amounts 
(Table I, section F). 
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Typical autocatalytic kinetics are observed when 
reaction 1 is studied without excess triglycine as seen in 
Figure 1. In  order to establish the mechanism the 

I 0; I O  15 20 2 5  30 
Time, sec 

Figure 1 .-Autocatalytic behavior of the exchange reaction 
between CuH-zL- and EDTA with no excess triglycine present. 
[CUH-ZL-IT = 1.97 X M ,  [EDTA] = 2.50 X loM3 M ,  pH 
10.0,25.0", p = 0.1 (NaClOd), X 555 nm, cell path 0.2 cm. 

reaction is studied by stopped-flow mixing of CuH-2L- 
solutions with a mixture of excess triglycine and EDTA, 
so that the concentrations of L- and EDTA are essen- 
tially constant during the reaction. First-order ki- 
netics are observed with the rate equal to kobsd [CuH-2- 
L-1. Figure 2 shows the pH dependence of kobsd when 

'80 I,,,,,,,I 8 5  90 95 100 105 110 116 

-Log [H'] 

Figure 2.-Effect of pH on the observed rate constant for the 
triglycine-catalyzed reaction of CuH-zL- with EDTA. [CUH-2- 
L-IT = 3.95 X M ,  [L-IeXCeSS = 1.00 X M ,  [EDTAIT = 

, 2.00 X M ,  [boric acid-borate buffer] = 5.0 X M ,  25.0", 
f i  = 0.10 (NaC104). The points are experimental. The portion 
of the solid line where kobsd is increasing with pH is calculated 
from k d ,  kL ,  and kHX (HX = Haof,  H2EDTA2-, and H3BOa). 
The portion of the solid line where kobsd is decreasing with pH is 
calculated from kd, k z ,  kslk-2, k-alk4, and kb: 0, EDTA; 0, DTPA. 

[L-] = M and [EDTA] = 2 X M .  Below 
pH 9.7 kobsd = k d  d- kl[L-I [OH-]. Table I, section A, 
shows the increase in kobsd as [L-] increases a t  pH 8.8 
and a t  pH 9.2. In  this pH region the kobsd value is in- 
dependent of the EDTA concentration as seen from the 
data a t  p H  9.03-9.09 in Table I, section A. The value 
of k1 has been determined by independent kinetic stud- 
ies of the mono- and bis(triglycinato)cuprate(II) equi- 
librium and is 1.26 X lo7 M--2 sec-l.' 

Above pH 9.7 the rate of formation of the bis com- 
plex ( C U H - ~ L ~ ~ - )  becomes so fast that  later steps in the 
reaction sequence are rate determining. The proposed 
mechanism is given in eq 2-5. The initial hydroxide 
acceleration followed by hydroxide inhibition is seen 
in Figure 2. 

k i  

k- I 

CuH-zL- + L-  + OH- CUH-zLz2- + OH- (2) 

kz 

k- z 
CUH-ZLZ'- )r CUH-ILZ- + OH- (3 ) 

ka 

k- 8 
CUH-~LZ-  + EDTA4- J_ Cu(H-1L)EDTA4- + L- (4) 

kP 
Cu(H_1L)EDTA4- ----f CuEDTA2- f L- + OH- (5) 

Above pH 11.5, hydroxide ion so severely inhibits the 
reaction sequence in eq 2-5 that triglycine catalysis be- 
comes a minor contributor to the observed rate. In 
this region the rate is due largely to a combination of 
the k d  path ( k d  = 0.12 sec-l)(? and the direct attack of 
EDTA4- on CUH-~L- ( k ,  = 600 M-' sec-l) (data in 
Table I, section E). In  earlier work' nucleophilic 
reactions were not observed with EDTA a t  pH 8-9 be- 
cause H(EDTA)3- is an even poorer nucleophile than 
EDTA4-. Studies of the direct rate of H(EDTA)3- 
attack on CuH-2L- yield a rate constant (15 A4-l 
sec-l) which is l/&h that of EDTA4- and is very sensi- 
tive to autocatalysis by triglycine (the H(EDTA) 3 -  

rate constant is determined from data in Table I, sec- 
tion F). 

The mechanism given in eq 2-5 accounts for the 
dramatic increase and subsequent decrease of the rate 
of the triglycine-catalyzed reaction as a function of pH. 
It also accounts for the other major facts which have 
been outlined. In  order to determine the relative con- 
tributions of eq 3-5 to the observed kinetic behavior 
above pH 9.7, eq 6 may be derived by assuming that 
C U H - ~ L ~ ~ -  is present in equilibrium concentrations 
(& = k ~ / k - ~  = 175 M-9' and applying stationary- 
state conditions to the concentrations of CuH- lLz- 
and Cu(H- 1L)EDTA4-. The experimentally observed 
first-order rate constant ( k o b s d )  is corrected in eq 6 for 

the k d  and k j  paths and for the degree to which Cu- 
H-2Lz2- is formed (eq 7). For data obtained under 

conditions of constant triglycine concentration (see 
Table 11) eq 6 may be rearranged to yield eq 8, where 
A = k-pk--[L-] + k-2k4, B = k2k3k4K1[L-]/(l + 

(7) G. R. Dukes and D. W. Margerum, submitted for publication 
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TABLE I1 
DEPENDENCE O F  kobsd ON pH AT CONSTANT TRIGLYCINE CONCENTRATION ([CUH-~L-IT = 3.95 X M ,  

[L-Ieaoess = 1.00 X 10- M ,  [EDTAIT = 2.00 X M ,  p = 0.10 (NaC104), 25.0 i 0.1') 
-log [ H f ]  kobsd, sec-' -log [H +] 

10.12 1.02 f: 0.04  10.42 
10.13 1.06 i 0.03  10.56 
10.40 0.88 i 0.07 10.59 
10.41 0.96 i 0.05 10,81 
10.41 0.87 i 0.03 

kobsd, SeC-'  -log [H'] kobsd, S e C - I  

0.94 i 0.02 10.91 0.55 f 0.03 
0.84 & 0.02  10.95 0.50 =t 0.06 
0.80 i. 0.03 10.96 0.54 i 0.05 
0.59 f 0.03 11.48 0.265 =!= 0.006 

Figure 3.-Determination of kz for the reaction of CuH-zL- 
The points are experimental and the solid line is with EDTA. 

a linear least-squares fit to  the data. 

Kl[L-]), and C = k3k4. Figure 3 is a plot of l/k'o,,sd 

1 -  il [OH-] c _ -  
klobsd B [EDTA4-] -'r B 

m. [OH-]/ [EDTA4-]. From the intercept of Figure 3 
(0.40) a value of 16.7 sec-I is calculated for kz,  which 
agrees well with the limiting rate found a t  high ED- 
TA4- concentrations. In a similar manner, for data 
obtained under conditions of constant pH and ED- 
TA4- concentration, eq 6 m'ay be rearranged to the 
form of eq 9, where D = k-k-3[OH-], E = k2k3k4. 

[EDTA4-], and F = k-zkd [OH-] + k3k4 [EDTA4-]. 

(9) 

Figure 4 is a plot of l/k'&d(Kl[L-]/(1 -I- KI[L-])) us. 
[L-] (see Table I, section D for data). From the 
slope and intercept of Figure 4 (slope = 53.7 sec M-I 
and intercept = 0.115 sec) and the value of kz deter- 
mined from Figure 3 (16.7 sec-l) the ratios of k 3 / k -  2 and 
k L 3 / k 4  may be determined. The calculated value of 
k 3 / k - 2  is 4.76 and k-8/k4 = 1.52 X l o3  -IC1. 

Discussion 
The rate constants evaluated or used in this study 

are given in Table 111. The contributions from the 
three acid reactants (Hz(EDTA)2-, HaBO3, and H,O+) 
are negligible for most of the conditions used. How- 
ever, these constants account for the slight upturn in 
the calculated curve near pH 8 in Figure 2 .  In  previ- 
ous work2 the general acid (HX) catalytic pathway was 
established for the reaction of CuH- 2L- with HX in the 
presence of EDTA. The value of R H S  was shown to 
be directly dependent upon the acidity constant of 

0.1 

' 0  2 4 6 8 IO I2 

Figure 4.--Determination of kslk-2 and k-3/k4 for the reaction of 
The points are experimental and the CuH-zL- with EDTA. 

solid line is a linear least-squares fit to the data. I 

TABLE I11 

(25.0°, fi  = 0.10 (NaC104)) 

For Reactions in Basic Solution 
kd 0.12 sec-1 
ki 
k-1 
kz 16.7 sec-' 
k3/k-2 4.76 

EDTA4- + CUH-ZL- ( K 5 )  
H(EDTA)'- + CUH-ZL- 

RATE CONSTANTS EVALUATED OR USED I N  THIS STUDY 

1.26 X lo7 M - 2  sec-l 
8 .79 X lo4 M-l sec-' 

k-slka 1.52 x 103 M-1 

6 .0  X loa M-l sec-l 
15 M-l sec-l 

For Acid Reactants 

f CuH-zL- 2 . 2  M-I sec-l 
3.1 x 103 M-' sec-' 

4 . 9  x lo6 M-l sec-l 

Hz(EDTA)'- + CUH-ZL- 

+ CuH-nL- 

HX. Hence, the kinetic contributions of HL and of 
H(EDTA)3- as general acids can be calculated and 
shown to be insignificant under the conditions used. 
No rate dependence was found for HL and the high 
pK, value for H(EDTA)3- indicates that  it cannot be 
acting as an acid with CUH-ZL- but must be reacting 
as a nucleophile as in the case for L- and for ED- 
TA4-. 

The nucleophilic reactivity of H(EDTA)3- and of 
EDTA4- with CUH-~L-  is much less than for diamines 
or polyamines (which have rate constants of about lo' 
M-' sec-I) or for ethylenediaminediacetate (EDDA) 
(kobsd = 3.6 X l o 4  In the case sec-' a t  pH 8.4).' 
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of the nickel complex i t  has been shown* that amino- 
carboxylate chelates are less effective than diamines but 
that  they do react with NiH-zL-. Furthermore, 
even aminocarboxylates which contain only tertiary 
nitrogens can react if one of the carboxylate groups is 
not sterically blocked from entering a planar coordina- 
tion site (in the plane of the metal and the nitrogen 
atoms of triglycine). This mode of reaction is pro- 
posed for CUH-~L- and €DTA4- (125 = 600 M-'  sec-l) 
via an in-plane coordination of one of the EDTA4- 
carboxylate groups. Therefore, steric factors (the two 
tertiary nitrogens in EDTA vs. the two secondary nitro- 
gens in EDDA) and to a lesser extent electrostatic fac- 
tors make EDTA4- a relatively ineffective nucleophile 
with CuH-*L-. H(EDTA)3- (k = 15 M-' sec-') 
is an even poorer nucleophile because the protonation of 
one nitrogen reduces the basicity of the adjacent nitro- 
gen (the pKa value for Hz(EDTA)2- is 4.1 units less 
than that for H(EDTA)3-). The kinetic studies of the 
autocatalysis reactions show that EDTA4- can react 
more readily with C U H - ~ L ~ ~ -  than i t  does with CuH-2- 
L-. The peculiar pH maximum in Figure 2 might be 
explained by a somewhat different mechanism than 
given in eq 3 and 4 if H(EDTA)3- is assumed to be the 
major reactant with CUH-ZLZ*- rather than EDTA4-. 
In this mechanism eq 3 and 4 would be replaced by eq 
10 and 11, and the steps in eq 2 and 5 would be the same. 

CUH-ZL~'- J_ [CUH-ZL~'-] * (10) 

[CuH-&-] * 4- H(EDTA)'- 
Cu(H_IL)EDTA'- + L- (11) 

As in the previous case a limiting step is needed a t  high 
EDTA concentrations and this is provided in eq 10 
where [ C U H - ~ L ~ ~ - ] *  is a reactive form with only one 
amine nitrogen and two peptide nitrogens coordinated 
to Cu(11). In  eq 11 H(EDTA)3- acts both as a nucleo- 
phile and as an acid. Such a double role has been sug- 
gested for the unusual effectiveness of H2P04- in its 
reaction with NiH-2L- ( L e . ,  H2PO4- as a coordinating 
acid).g The kinetic data can be resolved using reac- 
tions 2, 10, 11, and 5 in much the same manner as with 
reactions 2-5. However, there are two reasons which 
indicate that the path in eq 10 and 11 is unlikely. 
First, H(EDTA)3- is not an effective coordinating acid 
with CuH-zL- and would not be expected to be with 
CuH-2Lz2- unless there were a juxtaposition of the 
H(EDTA)'- proton and a [CUH-~LZ~-]* peptide 
nitrogen in that reaction. In short, a molecular rear- 
rangement specific for C U H - ~ L ~ ~ -  must be proposed for 
this path. Second, if H(EDTA)3- were acting as a 
coordinating acid with C U H - ~ L ~ ~ - ,  then the same be- 
havior would be expected for other ligands. This was 
tested with diethylenetriaminepentaacetate (DTPA) 
as the exchanging ligand. The DTPA points in Figure 
2 show the same behavior below pH 9.7 as the EDTA 
reactions. Above pH 9.7, however, the rate constants 
for DTPA (run under identical conditions) are about a 
factor of 2 larger than for EDTA. The pKa value of 
H(DTPA)4- is 10.42 compared to a value of 10.26 for 
H(EDTA)3- and if the ligands were acting as coor- 
dinating acids, the rate constants in the DTPA experi- 
ments would be smaller, not larger, than for EDTA. 
Also, there is unlikely to be a second specific molecular 

(8) E. J Blllo, G. F. Smlth, and 1) W Margerum, J .  Amer.  Chem. Soc , 

(9) E J Bill0 and D. W. Margerum, zbrd , 92, 6811 (1970). 
93, 2635 (1971). 

rearrangement which would put the proton of H(DT- 
PA)S- in juxtaposition with a peptide nitrogen of 
[CUH-~L~~-]* .  On the other hand the mechanism in 
eq 3 and 4 would account for the enhanced reactivity 
of DTPA. The H(DTPA)4- species would be expected 
to be a better nucleophile than H (EDTA) 3- because the 
proton can be more distant from the aminocarboxylate 
group which is reacting. Thus, one proton does not 
decrease the basicity of the ligand nearly as much as is 
the case with EDTA (the pKa value for Hz(DTPA)~- 
is 1.7 units less than for H(DTPA)4- compared to a 
4.1-unit difference for the corresponding EDTA spe- 
cies). The DTPA experiments were run only to test 
the proposed mechanism and the individual rate con- 
stants were not resolved. 

An additional point can be made in regard to the pro- 
posed mechanism in eq 3 and 4. It was not possible to  
fit the data if these two reactions were combined into 
one step. Therefore, i t  appears that  the reaction in 
eq 3 must precede the EDTA4- attack. The EDTA 
does not initiate the cleavage of a peptide nitrogen bond 
to copper but rather takes advantage of such a reaction. 

The fact that  EDTA is much more reactive with the 
bis-triglycine complex of copper seems a t  first inconsis- 
tent with the steric effects found for the mono-trigly- 
cine complex.' However, the bis complex is more 
easily converted to a form which does not sterically 
hinder the most effective path for nucleophilic attack, 
which is via nitrogen coordination by EDTA to a planar 
copper site. The multiple coordination in the mono- 
triglycine complex forces all its coordinate groups to 
bond in one plane as is shown in structure I of Figure 5. 

ll 

n m 

Figure 5.-Proposed structures for the first two steps in the mech- 
anism of triglycine autocatalysis. 

Upon removal of the carboxylate group from the coor- 
dination plane (structure II), the planar site occupied 
by water is readily attacked by primary and secondary 
amines but tertiary amines are sterically hindered due 
to limitations imposed by the methylene group on the 
adjacent peptide nitrogen and the hydrogens on the 
adjacent amine terminal. Therefore, the carboxylate 
group and one peptide nitrogen need to be removed from 
the coordination plane of copper in order to allow ED- 
TA to react in this manner. On the other hand, the 
bis-triglycine complex needs to free only a peptide 
nitrogen to permit a similar nucleophilic reaction with 
EDTA since, as is seen in structure 111, the monodentate 
triglycine moiety is free to move thus accommodating 
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tertiary nitrogen attack at the planar site occupied by 
water. Thus, both CuH-lL and CuH-lLZ- are very 
reactive with EDTA. Comparison of the log K H  val- 
ues, 6.7 (for CuH-zL- + H+ CuH-1L) and 8.7 (for 
CuH-2Lz2- + H +  @ CuH-1L2-), gives a thermody- 
namic indication of the relative ease of formation of the 
reactive species. Therefore, the postulated role of 
triglycine in the autocatalysis reaction is to facilitate the 
formation of a complex with only one Cu-N(peptide) 
bond. 

Triglycine autocatalysis has also been observeda in 
the reaction of nickel-triglycine (NiH- 2L-) with 
EDTA but the mechanism was not established. 

Considerable experimental evidence indicates that 
the bonding of Cu(I1) to serum albumin involves the 
a-amino terminal plus one or more peptide nitrogen 

in a manner similar to the bonding in copper- 
triglycine. Mixed complexes of copper(I1) with serum 
albumin and several amino acids have been shown to 
exist in the blood in equilibrium with the copper(I1)- 
serum albumin complex12-16 (the major fraction of la- 

(10) E. Breslow, J .  Bid.  Cheni., 239, 3262 (1964). 
(11) K. A. Bradshaw, W. T. Shearer, and F. 11. N .  Gurd, ib id . ,  243, 

(12) P. Z. Neumann and A. Sass-Kortsak, Vox S a w . ,  8, 111 (1963). 
3817 (1968). 

bile copper(I1) in the blood). These mixed complexes 
have been postulated to be important intermediates 
in the transfer of copper from the blood to various 
organs and tissues.17-20 In  the present work the trans- 
fer of copper(I1) from a mixed copper(I1)-tripeptide 
complex is much faster than from the parent mono 
complex and this type of kinetic behavior may bear 
some relevance to the function of the mixed copper(I1)- 
serum albumin-amino acid complexes in the biological 
transport of copper. 
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The temperature-dependent infrared, far-infrared, and electronic spectra and magnetism of a series of thermochrom ic 
copper complexes of N.N-diethylethylenediamine (asynz-(C2Hj)pen) are reported. These data, together with some existing 
esr data, confirm that the thermochromic behavior of these complexes arises through a temperature-dependent axial inter- 
action between the anion and the CuNi plane, with the more square form being favored a t  lower temperature. In  the  
series Cu(asym-(C2Hj)len)2Xp where X- = C10,-, BFI-, and NOa-, the thermochromism of the tetrafluoroborate and nitrate 
complexes is demonstrated for the first time. In the case of the nitrate, two mutually interconvertible isomers, one square 
and one six-coordinate, have been isolated and identified. 

The study of thermochromic materials (compounds 
whose color is temperature dependent) has excited in- 
terest for some time.' A number of such complexes 
were reported in a study of the products of reaction of 
some copper salts with various N-alkyl-substituted 
ethylenediamines. Of particular interest has been the 
study of c o m p l e ~ e s ~ - ~  of N ,  N-diethylethylenediamine 
(asym- (CzH&en) of molecular formula Cu (asym- 
(CzHa)zen)zXz. The perchlorate derivative (X- = 
Clod-) is red a t  room temperature but turns blue above 
about 40°.2,4,5 The color change is reversible. Ther- 
mochromic behavior was sought for other copper com- 
plexes of this ligand but none was found.4 In our hands 

(1) J. H.  Day,  C h e m  Rev., 63, 65 (1963). 
(2) P. Pfeiffer and H. Glaser, J .  Prak t .  Chem., [2] 151, 134 (1938). 
( 3 )  S. Yamada and S. Miki, Bzdl. Chem. SOL. J a p . ,  36, 680 (1963). 
(4) W. E. Hatfield, T. S. Pipet-, and U.  Klabunde, Inorg.  C h e m . ,  2, 629 

(1963). 
( 5 )  H. Yokoi, R.1. Sai, and T. Isobe, Bull. Chem. Soc. .Tap., 42, 2232 

(1969). 

both the tetrafluoroborate salt (X- = BF4-) and the 
nitrate (X- = NOa-) were found to be reversibly ther- 
mochromic. In the latter case, two isomers, a red and 
a purple form, have been separately established. The 
electronic, vibrational, and magnetic properties of 
these complexes are reported here and interpreted in 
terms of varying tetragonal distortion. 

Experimental Section 
The tetra- 

fluoroborate complex is sufficiently thermochromic to change 
color (from red to purple) on contact with any warm surface, 
such as living skin. Since i t  is difficult to believe that earlier 
workers4s5 could have missed this thermochromism, we assume 
that our preparation, which probably differs from earlier prepara- 
tions (these were not adequately described so cannot be repro- 
duced), gives rise to the product in a different crystalline phase 
than had previously been observed. The preparation is given 
below. Electronic spectra were recorded as transmittance 

All the complexes have been reported before.2s6 

(6) A. B. P. Lever and E.  Mantovani, I n o u g .  Chein. ,  10, 817 (1971). 


