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KINETICS OF FORMATION AND STABILITY CONSTANTS OF MONO 
AND BIS 2-TYROSINE COMPLEXES OF Cu(II), Co(II), AND Ni(1I) l  

MORTON L. BARR, ERWIN BAUMGARTNER, and KENNETH KUSTIN 

Contribution from the Department of Chemistry Brandeis University, Waltham, Massachusetts 021 54 

(Received July 17, 1972; infinal form October 6, 1972) 

The kinetics and stability constants of I-tyrosine complexation with copper(II), cobalt(I1) and nickel@) have 
been studied in aqueous solution at 25" and ionic strength 0.1 M .  The reactions are of the type M(HL)k3rp)+ + 
HL- * M(HL)L2-n)+(k,,, forward rate constant; k-,, reverse rate constant); where M =Cu, Co or Ni, HL- refers 
to the anionic form of the ligand in which the hydroxyl group is protonated, and n = 1 or 2. The stability constants 
(K, = k,/k-,) of the mono and bis complexes of Cu2+, Co2+ and Niz+ with I-tyrosine, determined by potentio- 
metric pH titration are: Cu2+, log K1 = 7.90 0.02, log K2 = 7.27 f 0.03; Co2+, log K1 = 4.05 f 0.02, 
log K2 = 3.78 +. 0.04; N W ,  log K1 = 5.14 fi 0.02, log K2 = 4.41 & 0.01. Kinetic measurements were made 
using the temperature-jump relaxation technique. Therate constants are: C U ~ + ,  kl=(1.1 kO.1) x 109 M-1 sec-1, 
k-1 = (14 i 3)  sec-1, k2 = (3.1 i 0.6) x 108M-1 see-1, k-2 = (16+ 4) sec-1; Co2+, kl = (1.3 f 0.2) x 
lo6 M-1 sec-1, k-1 = (1.1 k 0.2) x 102sec-1, kz = (1.5 0.2) x 106 M-1 sec-1, k-2 = (2.5 f 0.6) x 102 sec-1; 
Ni2+, kl = (1.4 k 0.2) x lO4M-1 sec-1, k-l = (0.10 f 0.02) w-1, k2 = (2.4 0.3) x 104M-1 sec-1, 
k-2 = (0.94 ? 0.17) sec-1. It is concluded that I-tyrosine substitution reactions are normal. The presence of the 
phenyl hydroxyl group in I-tyrosine has no primary detectable influence on the forward rate constant, while its 
influence on the reverse rate constant is partially attributed to substituent effects on the basicity of the amine 
terminus. 

INTRODUCTION 

The mechanism of formation for the first-row 
divalent transition metal ion a-amino acid com- 
plexes has been well characterized in recent  year^.^^^ 
Substitution has been shown to proceed via rapid 
ion pair formation followed by rate determining 
water release, allowing penetration of the ligand 
into the inner coordination sphere of the metal ion. 
For normal substitution this latter step, essentially 
insensitive to ligand characteristics such as basicity 
and polarizability,2 is controlled by the loss of the 
first water molecule from the metal ion's inner 
coordination sphere. Exceptions to this mechanism 
have been explained in terms of a shift to a steri- 
cally controlled rate determining step, such as in 
the formation of six membered cheiate r i n g ~ ; ~ , ~ , 6  
and, in the case of p~lyamines,~ by the enhance- 
ment of water loss from the metal ion's inner co- 
ordination sphere due to a proposed internal 
conjugate base mechanism. 

For normal substitution reactions, the relative 
stability of the ligand-metal complex is governed 
by the magnitude of the dissociation rate constant.8 
An important factor in this regard is the relative 

basicity of the amino acid. Generally, the efficiency 
of the ligand as a leaving group will be a strong 
function of this property. While recent kinetic 
studies of metal complexation with serine9 and 
phenylalanine'O have shown this trend to be the 
case, the kinetics of I-dopa (3,4-dihydroxyphenyla- 
1anine)'O and hydroxyprolinell appear to be 
anomalous. The irregularities were discussed in 
terms of hydrogen bonding between the hydroxyl 
group of the ligand and waters in the coordination 
sphere of the metal ion. The present investigation 
into the complexation of 1-tyrosine (hydroxy- 
phenylalanine) with Cu(II), Co(II),and Ni(II) was 
undertaken to aid in understanding the reported 
anomalous behavior of these a-amino acids. 

EXPERIMENTAL 

Reagent grade Fisher Ni(NO,), .6H20, 
Co(N03), - 6H20, Baker CU(NO,)~ - 3H20 and 
KN03 were used without further purification as 
were all other chemicals. I-Tyrosine was obtained 
from Mann/Schwartz. Indicators used were Ald- 
rich phenol red, Eastman chlorophenol red and 
bromocresol green. 
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264 M. L. BARR, E. BAUMGARTNER AND K. KUSTIN 

Stock solutions of KN03, metal nitrates, ligand 
and indicators were prepared by weight. The metal 
content of the stock solutions was determined by 
passing aliquots of the solutions through a cation 
exchanger (Dowex SO) ,  and titrating the liberated 
acid with standardized sodium hydroxide solution. 
Solutions to be studied kinetically were prepared 
either by dissolving weighed amounts of solid 
materials in Belmont Springs distilled water, or by 
mixing the desired volumes of stock solution into 
100 ml volumetric flasks. Appropriate volumes of 
the indicator stock solutions were added and the 
ionic strength brought up to 0.1 A4 by the addition 
of KN03.  The final pH was adjusted by dropwise 
addition of NaOH and/or HN03 to k0.02 pH 
unit measured with a Radiometer TTTlc titrator 
assembly (Copenhagen) used as a pH meter. 
Hydrogen ion concentrations were obtained by 
dividing the measured hydrogen ion activities by 
y = 0.739 from the Davies equation. The tem- 
perature in all experiments was 25 1" C. 

HL- z H+ + L2- 
HzL z H+ + HL- 
H3L+ * H+ + H2L 
M2f + HL- M(HL)+ 
M(HL)+ + HL- * M(HL)2 

The details of the temperature-jump apparatus 
have been described elsewhere. 12-14 Blank experi- 
ments with metal ions (2.00 to 10.0 x M )  
and indicator, and with ligand and indicator gave 
no discernible relaxation effects for copper and 
cobalt. Solutions of nickel and indicator showed 
relatively small effects over a wide range of pH 
and are attributed either to complexation with 
indicator or metal hydrolysis. This problem was 
circumvented by carefully controlling the conditions 
of the experiments such that the blank effects were 
either negligible, or the time constants would not 
interfere with the desired effect (typical relaxation 
times for the blanks were longer than 100 msec). 

In determining the stability constants of the 
complexes, and the acid dissociation constants for 
tyrosine, a double walled cell of approximately 
200ml capacity was used. It's teflon cover was 
fitted with inlets for nitrogen gas, electrodes, and a 
2 ml Gilmont microburet. The temperature of the 
solutions was kept at 25 +- 0.1 C by circulating 
water from a thermostat through the wall of the 
cell. The glass electrode was calibrated with 
standard buffer solutions and checked before and 

after each titration. The solutions introduced into 
the cell were in stoichiometric ratios of 1 : 1, 
2 : 1, and 3 : 1 ligand to metal. 

RESULTS AND TREATMENT OF DATA 

Stability Constants.-Values of the stepwise stabil- 
ity constants for Cu(II), Co(I1) and Ni(I1) with 
I-tyrosine have not been previously reported at an 
ionic strength of 0.1 M, although values have been 
reported at ionic strengths of 0.37 M (Ni and Cu), 
and 0.01 M.15,'6 

To interpret the temperature-jump data, only 
two metal-ligand equilibria are necessary. As 
explained below, the stability constant data is most 
reliable in the titration region where no more than 
two complexes, particularly the first two, pre- 
dominate. Under these circumstances, the equili- 
bria between the species present in the solutions are 
as follows 

where H3L+ is the fully protonated species, H2L 
is the neutral zwitterion, and HL- and L2- are 
the anionic forms of the ligand; M2+ is the free 
metal ion; and M(HL)+ and M(HL)2 are the 
complexed species. 

Values of i i , 1 7  the average number of ligand 
molecules bound per metal ion, and [HL-] were 
obtained for each point along the titration curve. 
One, two or three parameters were adjusted in a 
nonlinear least squares program (ORGLS)ls run 
on a DEC PDP-10 computer in order to obtain 
the best fit of calculated vs. experimental values of 
ii. The results are listed in Table I. The maxi- 
mum relative errors in these determinations are 
+11%. 

Relaxation Spectra.-The concentrations of the 
various species were calculated by means of a 
Newton-Raphson iteration method. Use was made 
of the constants listed in Table I. The experimental 
relaxation times listed in Table I1 were obtained by 
averaging at least three oscillographic traces. The 
deviations were usually less than 220% in these 
averaged relaxation times. The exponentiality of 
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KINETICS OF FORMATION AND STABILITY CONSTANTS 

TABLE I 

Stoichiometric Equilibrium Constants at 25" C 

Metal Complexation of Tyrosine 

265 

metal ion log K1 log K2 log KiK2 ionic strength 
(M) 

Ni(I1) 5.14 & .02 4.41 & .01 9.55 * .02 
4.76 3.82 8.58 

- 10.1 

8.1 

- 
Co(I1) 4.05 .02 3.78 f .04 7.83 .02 

cum 7.90 _+ .02 7.27 2 .03 15.18 _+ .04 
- - 

7.80 6.92 14.72 
- - 15.0 

0.1' 
0.37b 
0.01" 
0.1" 
0.01" 
0.1" 
0.37b 
0.01" 

Acid Dissociation of Tyroshed 

PK, PKb P K ~ '  
2.34 9.11 10.13 

Acid Dissociation of Indicators' 

indicator K d M )  

chlorophenol red 
phenol red 
bromocresol green 

1.00 x 10-6 
1.26 X 10-8 
2.19 x 10-5 

present study; 
I. M. Kolthoff, J. Phys. Chem., 34, 1466 (1930). 

ref. 15; 'ref. 16; R. B. Martin, et aZ.,J. Biol. Chem., 233,1429 (1958); 

the effects were checked by semilogarithmic plots 
of absorbance against time. 

The observed relaxation processes have been 
interpreted by the following reaction scheme, 
assuming only HL- to be the attacking form of the 
ligand 

M(HL)k3Z,n" + HL- * M(HL)$*-")+ K, = k,/k_, 
(1) 

where n is one or two. In the anionic form of the 
ligand, HL-, the phenolic hydroxyl group is 
assumed to be protonated. The experimental condi- 
tions were controlled so that this assumption would 
be true for all experiments. Except in the case of 
cobalt, the observed relaxation times always 
represented two coupled reactions. Cobalt was also 
studied under pseudo first order conditions, where 
n equals one in (1). The general treatment proposed 
by Hammes and Steinfeld19 has I been applied in 
calculating the relaxation times, '7, which can be 
found from the set of linearized rate expressions 

by the solution of a quadratic secular determinant 
in those cases where coupling for n = l  and n=2 
is important. For cases where n=l  only and total 
metal concentration > total ligand concentration, 
a linear plot of 1 / ~  vs. corrected equilibrium 

concentrations according to eq. (2) yields both 
kl and k k l ;  a least squares plot is shown in 
Figure 1. The alpha term in Eq. (2) arises from 
coupling to the faster protolytic equilibria of both 
the ligand and indi~at0r. l~ From the slope, 
kl  = 1.30 (k0.04) x lo6 M-' sec-l and from the 
intercept, k-l = 1.10 (IfI0.05) x lo2 sec-l. The 
ratio of these quantities, K1 = 1.2 X 104M-', is 
in excellent agreement with the value of 
1.1 x lo4 M-I obtained by potentiometric titra- 
tion for Co(I1). 

In evaluating the rate constants for the Cu(II) 
studies, we used a nonlinear least squares program 
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266 M. L. BARR, E. BAUMGARTNER AND K. KUSTIN 

TABLE I1 

Relaxation Spectra of Tyrosine Complexes" 

0.500 
0.500 
1 .00 
2.00 
1.50 
0.500 
4.00 
5.00 
6.00 
6.50 
3.00 
3.00 

1.20 
2.04 
2.06 
2.09 
3.06 
2.15 
2.14 
2.04 
2.21 
4.01 
1.94 
3.20 

4.03 
4.01 
4.02 
4.01 
4.09 
4.44 
4.01 
4.10 
4.13 
4.13 
4.42 
4.43 

1.2 
1.2 
1.2 
1.2 
1.2 
1.2 
1.2 
1.2 
1.2 
1.2 
1.2 
1.2 

31 
21 
15 
13 
8.0 
7.3 
7.4 
4.3 
4.3 
2.9 
2.8 
2.2 

28 
24 
17 
11 
9.3 
9.2 
7.0 
5.0 
4.1 
2.8 
2.9 
2.2 

~cooI)~,, 103 

0.500 
1 .00 
1.50 
1 .OO 
3.00 
2.00 
4.00 
6.00 
7.99 
4.00 
2.00 
9.99 
0.999 
7.99 

mi(II)]o x lo3 

7.55 
5.04 
4.00 
3.68 
3.68 
3.00 
8.94 
7.45 
7.00 
5.96 
4.51 
6.71 
2.48 

2.10 
2.99 
1.11 
1.99 
1.27 
2.11 
2.10 
2.43 
0.223 
0.223 
0.223 
0.223 
0.119 
0.447 

[Indlo' x 105 

7.26 
7.35 
5.82 
6.01 
5.91 
6.40 
6.02 
6.32 
5.95 
5.95 
5.98 
5.83 
5.74 
5.96 

2.0 3.7 
2.0 2.8 
1.25 3.8 
1.25 3.0 
1.25 1.7 
1.25 1.1 
1.25 0.88 
1.25 0.39 
1.25 2.8 
1.25 4.5 
1.25 5.7 
1.25 3.1 
1.25 9.8 
1.25 2.0 

3.4 
3.1 
3.8 
2.8 
1.9 
0.80 
0.87 
0.31 
2.9 
4.3 
5.7 
3.1 
8.6 
1.7 

7.60 
7.00 
5.98 
7.30 
5.96 
5.36 
3.76 
2.91 
2.99 
2.40 
4.62 
1.31 
5.07 

7.00 
7.40 
7.15 
6.95 
6.93 
7.15 
5.91 
5.92 
5.94 
5.92 
5.74 
5.90 
5.75 

3 .O 
1.2 
2.0 
4.0 
4.0 
2.0 
1.25 
1.25 
1.25 
1.25 
2.4 
1.25 
2.4 

[Ind]od x 105 
~ 

13 
13 
17 
19 
21 
21 
42 
50 
68 
89 

111 
109 
222 

10 
16 
18 
20 
20 
24 
42 
57 
56 
79 

121 
127 
184 

All concentrations are molar; subscript zero refers to stoichiometric concentration at 25" C 
and ionic strength 0.1 M. 
Ind = bromocresol green. 
Ind=phenol red for first two experiments reported; i.e. pH = 7.26 and 7.35; Ind=chloro- 
phenol red for remainder of experiments. 
Ind=phenol red for first 6 experiments reported; Ind=chlorophenol red for the remainder. 
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267 KINETICS OF FORMATION AND STABILITY CONSTANTS 

(ORGLS) based on the quadratic secular deter- 
minant. In the cases of Co(I1) and Ni(II), it was 
found that this function was inadequate due to the 
relatively large errors generated by the quadratic 
expression. Therefore, an iterative trial and 
error program was employed, instead, to obtain 
rate constants corresponding to the best fit of 
calculated vs. observed relaxation times. In both 
programs, two parameters were adjusted corres- 
ponding to kl and k,. The reverse rate con- 
stants were then calculated from the expression 
K, = k,/k-, as defined in Eq. (1). The results are 
summarized in Table 111. The maximum relative 
errors in the forward rate constants are 20% 
while the maximum errors in the reverse rate 
constants are -t 25 %. 

For Co(I1) and Cu(II), only one relaxation time 
is observed. Observation of one, rather than two 
effects is due to the fact that the other relaxation 
time either lies outside the limits of the temperature- 
jump instrument, or its magnitude is too small to be 
detected. Nickel spectra, on the other hand, fre- 
quently yield an extremely slow relaxation time in 
addition to the one reported in Table 11. Its time 
constant is effectively infinitely long with respect to 
the time scale of the instrument. This slow effect is 
due to a special set of conditions leading to an 
additional relationship amongst the concentration 
variables, so that the maximum number of relaxa- 
tion times reduces to one, within the approxima- 
tions made in the linearized rate expressions. '' 

I .  1 * ~ 1 1 1 1 1 1 1 1 , , 1 1 1 , , ~  

[co(l1)1/(1+ a )  (M) x 10-5 

0 2.0 4.0 6.0 8.0 10.0 12.0 14.0 16.0 18.0 20.0 

FIGURE 1 Plot of 1 / ~  vs. [Co(II)l/(l+ac). 

The observed lack of a pronounced pH-depen- 
dence of the rate constants of the type produced by 
two or more attacking species excludes any 
reaction pathways via hydrolytic species such as 
MOHf or other protonated forms of the ligand, 
within experimental error. In fact, if this conclusion 
were not true, then the rate expressions would not 
be consistent with the assumed reaction mechanism 
and additional pH dependent terms would appear 
in the rate law. The anions of a large number of 
amino acids and pyridine carboxylates have been 
shown to be the sole attacking  specie^.^^'^^^^ 

Stability Constants.-In the pH range studied (5  to 
8), the potentiometric titrations indicate essentially 
only the mono and bis complexes to be present. 
Although it was found that for all three metal ions 
studied, best fit to the experimental data was 
obtained for either two or three parameters, in the 
cases of nickel and cobalt the maximum value of ii 
was less than 1.6. It was thus assumed that the tris 
complex, if present at all, is insignificant under 
experimental conditions. Indeed, when only two 
complexes are assumed, the treatment used by 
Kustin and Liu"*l7 yielded no deviations from 
linearity when E/(l - ii)[HL] was plotted vs. 
[HL](ii - 2)/(ii - 1). The slope yields K,K, and 
the intercept yields K1. Values of the stability 
constants for Co(I1) and Ni(I1) reported in Table I 
varied by & 20 %when a third parameter was fit. 

In the case of copper, values of ii exceeded 2.0 
and such a linear treatment yielded minor devia- 
tions from linearity at the upper pH limit. How- 
ever, the value of K3 for copper-tyrosine was three 
orders of magnitude lower than the mono or bis 
complex stability constants. The deviation from 
linearity and the low value of K3 may be due to 
hydrolytic species of Cu(I1). 

TABLE I11 

Rate Constants of Metal Complexation at 25" C and Ionic Strength 0.1 M 
- 

metal kl(M-1 sec-1) k2(M-* sec-1) k-l(sec -*) k-2Csec-1) 
I 

Ni(T1) (1.4 0.2) x 104 (2.4 i: 0.3) x 104 0.10 i: 0.02 0.94 i: 0.17 
Co(I1) (1.3 f 0.2) x 106 (1.5 I0 .2 )  x 106 (1.1 f 0.2) .< 102 (2.5 i: 0.6) y. 102 
Cu(I1) (1.1 f 0.1) :< 109 (3.1 i: 0.6) x 108 14 f 3 16 f 4 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
8
:
2
0
 
2
4
 
J
a
n
u
a
r
y
 
2
0
1
1



268 M. L. BARR, E. BAUMGARTNER AND K. KUSTIN 

The stability constants reported here are in 
reasonable agreement with those determined at 
different ionic strengths.15, l6  In those studies no 
evidence was found for the tris complex of Ni(I1) 
or Cu(I1). Values of the acid dissociation con- 
stants of tyrosine, also quoted in Table I, were 
determined at ionic strength 0.16 M.16 Our results 
are within experimental error of these values. 

Relaxation Spectra.-1-Tyrosine is a bidentate 
chelating agent which forms five membered ring 
complexes with the first row divalent transition 
metal ions. The detailed multistep mechanism of 
complex formation for such systems has been 
described elsewhere.2 The postulated results for 
normal substitution are that kl = Ki,k,, where 
k, is the water exchange rate constant,21 Kip is the 
ion pair formation constant and kl is the forward 
rate constant for complexation. The kinetic results 
indicate that the k, rate constants of 1.1 x lo9, 
1.3 x lo6 and 1.4 x 104M-' sec-l for Cu(iI), 
Co(1I) and Ni(iI), respectively, compare favorably 
with other amino acids with a single negative 

charge.4* 5 *  9 9  lo, 22, 23  Thus, allowing for varia- 
tion in the ion pair formation constant, the kinetics 
of the metal ions studied with tyrosine follow the 
normal substitution pattern. 

A characteristic of Cu(I1) complex formation is 
that k l  > k2. This inequality may result from the 
inhibition of an inversion process of equatorial 
and axial waters when a bidentate ligand is present 
in the inner coordination sphere of ~ o p p e r . ~  This 
relation between the rate constants is also true for 
Cu(i1)-tyrosine. 

Unlike the forward rate constant, the reverse rate 
constant should reflect the ability of the ligand to 
function as a leaving group, and is therefore 
dependent upon ligand characteristics. Substitution 
of electron withdrawing groups should lower the 
basicity of the ligand and facilitate dissociation of 
the complex. For a given metal ion, the overall 
stability of the complex may be reflected in the 
basicity of the leaving group, if normal substitution 
holds and other effects do not interfere. A com- 
parison of k- , for proline,' alanine,5 tyrosine, 
phenylalanine'O and serine9 listed in Table IV 

TABLE IV 
Dissociation Rate Constants of Some Cu(II), Co(I1) and Ni(I1) a-Amino 
Acid Complexes and AminepK( -HN3 +)" Values at 25" C and Ionic Strength 

0.1 M 

metal ion ligandb k-l(sec-1) PK(NH~+) 

Ni(I1) serine 
tyrosine 
glycine 
alanine 
aminobutyric acid 
proline 
hydroxyproline 

serine 
carnosine 
glycine 
alanine 
aminobutyric acid 
proline 
hydroxyproline 

phenylalanine 
tyrosine 
alanine 
dopa 
hydroxyproline 
proline 

Co(I1) tyrosine 

Cu(I1) serine 

0.11 
0.10 
0.057 
0.033d 
0.032d 
0.024 
0.014 
1.1 x 102 
93 
87 
34 
1.1 x 102d 
1 I d  
3.1 
1.2 
32 
22 
14 
1 Od 
8.3 
3.1 
3.0 

9.12" 
9.11 
9.70 

10.01d 
10.18d 
10.60e 
9.47 
9.11 
9.12' 
9.36 
9.70 

10.01d 
10.lgd 
10.60' 
9.47 
9.12' 
9.13" 
9.1 1 
9.86d 
8.71 
9.47 
10.60' 

Compiled in reference 16; * serine-reference 9, glycine-reference 23, 
aminobutyric acid-reference 6, proline-reference 1 1,  alanine-reference 4, 
hydroxyproline-reference 1 1,  dopa-reference 10, phenylalanine-reference 
10, carnosineJ. Am. Chem. Soc., 90,2805 (1968); at ionic strength 0.2 M ;  

at 20" C; at unknown ionic strength. 
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KINETICS OF FORMATION AND STABILITY CONSTANTS 269 

shows this trend-with decreasing bascity of the a- 
amino group; viz., 3.0, 10, 14, 22, 32sec-’ 
respectively for Cu(I1). Figures 2 and 3 illustrate 
this trend for Co(1I) and Ni(I1). (A plot of pH of 
the a- amino group vs. log K1 lends additional 
support to  this hypothe~is .~~)  

0.0 s 

PK (-NH3+) 

FIGURE 2 Plot of pK (-NH3+) vs. log reverse rate 
constant (k-1) for Co(I1) cc-amino acid complexes at 25” C 
and ionic strength 0.1 M. The data is compiled in Table IV: 

(a) pK value determined at ionic strength 0.2 M ;  
(b) values determined at 20” C; 
(c) at unknown ionic strength. 

1 oabub 

proCo 1 
0 
9.0 9.5 10.0 10.5 

PK (-NH3’) 

FIGURE 3 Plot of pK (-NH3+) vs. log reverse rate 
constant (k-1) for Ni(I1) cc-amino acid complexes at 25” C 
and ionic strength 0.1 M. (Vide Figure 2 for (a), (b) and (c).) 

Recent kinetic studies of hydroxyproline’ and 
I-dopa’O with metal ions have demonstrated excep- 
tions to this trend. It is apparent that the sub- 

stituent effects discussed above do not operate 
for these ligands. For Cu(I1)-dopa and &(IS)- 
hydroxyproline, the k d l  rate constants are 8.3 
and 3.1 sec-l respectively; these values are less 
than most of the other amino acids studied. These 
observations have been explained in terms of 
hydrogen bonding between the hydroxyl group of 
the ligand and water molecules in the coordination 
sphere of the metal ion.lO+ l 1  This anomalous be- 
havior appears to hold for the forward rate con- 
stant as well, where hydrogen bonding may mis- 
orient the incoming ligand. The fact that all the 
amino acids containing hydroxyl groups do not 
follow this behavior suggests that the steric require- 
ments of the ligand molecule can play an important 
role in the kinetics of complexation. 

The above discussion is interesting in light of the 
study of polyamine complexation with metal ions.’ 
Here, hydrogen bonding between an amine group 
and water molecules about the metal ion results in 
enhancement of the overall substitution rate con- 
stant, while in the cases of I-dopa and hydroxy- 
proline, hydrogen bonding results in a depression 
of the overall rate constant. The interest in these 
two diverse systems lies in the possible variation of 
substitution rate constants of the first row divalent 
transition metal ions. Therefore, under certain 
circumstances, characteristics of the ligand may 
contribute to the magnitude of the forward sub- 
stitution rate constant, even though water loss is 
the rate determining step. 
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