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Abstract: The kinetics of complexing of nickel(II} by methionine (I), cysteine (II), penicillamine (III), cysteine ethyl ester
(IV), glycylmethionine (V), glutathione (VI), tyrosine (VII), m-tyrosine (VIII), and o-tyrosine (IX) have been measured by
stopped-flow methods. The study generally covered the range of pH 6-7 with large excess of nickel(II), (1-6) X 102 M,
compared to amino acid, ~1 X 10™3 M. A detailed analysis of the pH dependence of the rates indicates that initial com-
plexing is at the carboxylate group of the zwitterion for I, II, III, VI, VII, VIII, and IX. Ligands II, III, and IV show a reac-
tion path involving initial complexing at the sulfhydryl group. Previously used reasons for neglecting reaction of the simple

amino acid zwitterion are reexamined.

The results of a number of kinetic studies of ligand com-
plexing of nickel(II), summarized in two recent reviews,!2
have indicated that the rates depend largely on the charge
of the reacting ligand. As has been shown by Wilkins and
coworkers!3 these observations can be used to indicate the
reactive form of a ligand when several tautomeric forms or
basic sites are present. In the work reported here several lig-
ands with at least two basic groups have been studied in
order to determine the effect of the bifunctional nature of
the ligand on the rates of complexing. Several ligands relat-
ed to cysteine have been studied because the microacid dis-
sociation constants for each group are more generally
known for the sulfur containing amino acids. The microdis-
sociation constants for tyrosine are also known, and it was
of interest to study this system because it is fairly certain
that the phenolic group is not involved in the complexing of
nickel(II) by tyrosine.

A detailed analysis of various reaction pathways for
metal ion complexing of an amino acid indicates that initial
complexing probably occurs at the carboxylate group of the
amino acid zwitterion. This is followed by proton loss from
the amino group and chelate ring closure. This seems to be
the dominant pathway as long as the hydrogen ion concen-
tration is >10? times the acid dissociation constant of the
amino group. Since the amino acid zwitterion previously
has been assumed not to react, the reasons and experimen-
tal evidence for this assumption are reexamined.

Experimental Section

Materials. All amino acids were used as obtained from Aldrich
Chemical Co. unless otherwise indicated. The glycylmethionine
and glutathione were purchased from Calbiochem Co., and the L-
tyrosine and 2,6-lutidine were from Eastman Organic Chemicals.
The Bromothymol Blue was from British Drug Houses and the
Chlorophenol Red from Fisher Scientific Co. The solutions of
nickel(II) were prepared and standardized as described previous-
ly.4

Kinetic Measurements. A standard Aminco-Morrow stopped-
flow system, described previously,* was used. The transmittance
change was monitored at 405 nm when Chlorophenol Red (pK, ~
6) was the indicator and at 620 nm when either Bromothymol Blue
(pKa ~ 7.3) or no indicator was used. Absorbance values were cal-
culated from the transmittance and the usual semilogarithmic plot
of absorbance change vs. time was used to determine the reaction
half-time (f1/2). For each set of concentration conditions four-ten
runs were made, and the average half-time was used to obtain the
rate constants given here. The pH was measured as described pre-
viously.# The ionic strength was maintained at 0.15 M by addition
Of KNO3.

Both indicators mentioned above were used in the study of cyste-

ine ethyl ester. Reaction of the latter ligand and also penicillamine
and cysteine was studied in the absence of indicator. Blank experi-
ments in which indicator and nickel(II) solutions or indicator and
ligand solutions were mixed showed no absorbance change of a
magnitude or time scale such as to interfere with the results re-
ported. Freshly prepared solutions of the amino acids were used in
all cases, and no aging effects of these solutions were observed ex-
cept for glutathione as noted in the following section. In several
systems when no indicator and/or two different indicators were
used, no significant difference in rate constants could be detected.
Therefore, no correction has been applied for the acid-base prop-
erties of the indicator.

Results

Since the rate constants calculated from the kinetic data
will often depend directly on the value of the ligand acid
dissociation constant used, it seems appropriate to give
some consideration to the latter values. Results from the lit-
erature at 25° are collected in Table 1.

It is most common in the literature to give the apparent
acid dissociation constant which is the hydrogen ion activity
times the ratio of concentrations of the basic to acidic forms
of the ligand. These values can be determined directly from
standard potentiometric titrations. The apparent dissocia-
tion constant, when used in conjunction with the measured
hydrogen ion activity (H*) in the present type of study,
yields rate constants in the usual terms of the concentra-
tions of the reactants.

In two studies on cysteine type ligands® the acid disso-
ciation constants reported are concentration constants in
which an activity coefficient has been used to calculate the
hydrogen ion concentration. The apparent dissociation con-
stant at ~0.1 M ionic strength can be obtained from the
concentration constant by multiplying by 0.837 or adding
0.08 to the pK,.

A consideration of the results in Table I shows that the
pK, values are generally in agreement. Even uncertainties
of 0.15 in the pK, generally would not affect any qualitative
kinetic arguments. It should be noted, however, that the mi-
croconstants K»xy and Kany are obtained by using a spec-
trophotometric method to determine K2xy, and then Kanp
is calculated from the relationship Kang = K2 — Kaxu.
Therefore errors in K3, and Kaxy also appear in Kann, and
the uncertainty in Kong may be large if Kyxy is similar to
K>,.

Cysteine and Related Ligands. The complex formation
constants for nickel(II) complexes of methionine,? penicil-
lamine,>® and cysteine® indicate that the product will be
>90% in the form of the monocomplex (Table II). Forma-
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Table I. Summary of Ligand Acid Dissociation Constants (25°)
Ligand PK;a  PKoxH® PK,NH®  Ref

Methionine 9.120 c
9.10 d

9.15 e

Penicillamine 7.96b c
7.97 f

7.95 8.05 ~8.7 g

Cysteine! 8.210 c
8.22b h

8.38 8.55 8.88 i

8.37 8.53 8.86 j

8.27 k

Cysteine ethyl ester 6.69 7.45 6.77 j
6.77 i
Glycylmethionine 8.51 m
Glutathione 9.20 9.20 9.20 j
8.74 8.92 9.20 n

8.75 d

8.93 9.13 o

Tyrosine 9,21 p
9.12 9.63 9.28 q

m-Tyrosine 9.09 p
o-Tyrosine 8.60 2

2pK,NH and pK,xH are microdissociation constants for
the amino and either -SH or —OH groups on the amino
acids, ®Recalculated as an apparent pK as described in the
text. ¢Reference 5, = 0.10 M. dN. C. Li and R. A. Manning,
J. Am. Chem. Soc., 77,5225 (1955), 0 =0.15M. eYa. M.
Azizov, A, Kh. Miftakhova, and V. F. Toropova, Russ. J.
Inorg. Chem., 12, 345 (1967), u = 0.16 M. FE. J. Kuchinskas
and Y. Rosen, Arch. Biochem. Biophys., 97, 370 (1962), u
=0.15 M. gE. W. Wilson and R. B. Martin, ibid., 142, 445
(1971), 4 = 0.16 M. hReference 6, u = 0.1 M. IR, G. Kallen,
J. Am. Chem. Soc., 93, 6227 (1971),u=1.0M. /R.E.
Benesch and R. Benesch, ibid., 77, 5877 (1955), u = 0.02 M.
kG. Gorrin, ibid., 78, 767 (1956), u = 0.10 M. !The activity
constants determined by Coates et al, 7rans. Faraday Soc.,
3032 (1969), have not been included because parameters
were not given to calculate the apparent constants given here,
mReference 10, u = 0.16 M. "Reference 11, u = 0.16 M.
OD. L. Rabenstein, J. Am. Chem. Soc., 95,2797 (1973), u
=0.20-0.55 M. PReference 17, u=0.16 M. 9R. B. Martin
et al, J. Biol. Chem., 233, 1429 (1958), u=0.16 M.

tion constants have not been measured for cysteine ethyl
ester and nickel(II), but values for the methyl ester® predict
that the ligand is present >94% as the monocomplex. For
glycylmethionine,'© and glutathione!! the ligand is >90% in
the monocomplex form in the product. As a result only the
kinetics of the formation of the monocomplex have been ob-
served in this work.

In all cases, the reaction was monitored by observing the
color change of an indicator. The magnitude of the absorb-
ance change was twice as large with penicillamine, cysteine,
and cysteine ethyl ester as it was with methionine, under
identical conditions of pH, indicator, and ligand and metal
ion concentration. This shows that twice as many protons
are released when the former three ligands complex to nick-
el(II) and indicates that all three coordinate both the amino
and sulfhydryl groups.

The above conclusion also is consistent with the fact that
an absorbance change at 620 nm, in the absence of indica-
tor, could only be observed for penicillamine, cysteine, and
cysteine ethyl ester. The direct observation of an absorb-
ance change under these concentration conditions is not
typical for -NH, and CO3~ coordination and implies that
sulfur is bonding to nickel(II) in these systems. Neither gly-
cylmethionine nor glutathione complexing showed any di-
rect absorbance change implying that sulfur does not coor-
dinate. This same conclusion was reached for glutathione
on the basis of formation constant comparisons!! and more
recently on the basis of circular dichroism studies.!?

Table 1. Kinetic Data for Formation of Monocomplexes of
Nickel(I) (0.15 M KNO,, 23.7°)2

10® 102

[Ligand], [Nickel], 10 %o psq,
M M pH M sec™!
Methionine 0.96 3.45 6.36 0.13
1.07 1.73 6.58 0.20
1.07 1.73 6.79 0.34
0.96 3,45 6.83 0.36
1.07 1.73 6.87 0.43
Penicillamine 1.24 1.04 5.83 6.60
1.37 2.76 5.85 6.0
1.24 1.04 6.19 8.3
1.08 1.04 6.20 8.4
1.37 2.76 6.32 8.0
1.08 1.04 6.43 10.4
0.94 1.04 6.59 12.8
1.37 2.76 6.62 12,5

0.94 1.04 6.74 14.9
1.24 1.04 6.96
0.94 1.04 7.06 26.9
1.37 2.76 7.15 30.5
Cysteine 1.38 1.04 6.00 9.13
1.14 1.38 6.11 10.5
1.28 1.73 6.46 12.2
0.97 3.45 6.48 12.35
1.28 1.73 6.49 13.6
1.38 1.04 6.50 14.3
1.38 1.04 6.62 15.5
1.28 1.73 6.69 15.8
1.28 1.73 6.80 16.8
0.97 3.45 6.83
1.28 1.73 6.91 18.5
1.38 1.04 7.04 23.3

Cysteine ethyl 1.10 1.73 5.93 13.62
ester 1.08 1.73 6.08 16.7

1.09 1.04 6.13 20.5¢

1.12 1.73 6.20 22.3¢

1.07 1.04 6.28 24,7

1.12 1.73 6.31 24.6¢

1.07 1.04 6.41 26.5b

1.08 1.73 6.41 24.5

1.12 1.73 6.59
1.07 1.04 6.64 35.4b
1.12 1.73 6.85 40.7¢
1.07 1.04 6.91 47.2b
1.10 1.73 6.99 44.2b
1.12 1.73 7.04 44 .5¢
Glycylmethionine 1.02 6.19 6.41 0.61
1.02 6.19 6.48 0.65
1.00 2.48 6.59 0.84
1.02 6.19 6.68 1.13
1.00 6.19 6.83 1.46
1.00 248 6.92 1.72
1.00 6.19 6.96 2.05
1.00 2.48 6.99 2.32
Glutathione 1.14 6.19 5.85 0.097
1.04 6.19 5.89 0.11
0.99 6.19 5.97 0.12
1.04 6.19 6.02 0.15
0.99 6.19 6.03 0.17
1.14 1.98 6.11 0.23
1.00 1.98 6.19 0.28
1.14 6.19 6.19 0.27
0.97 1.98 6.28 0.30
0.86 1.98 6.35 0.37

2 All experiments were done in 0.015 M lutidine buffer and were
observed by monitoring the color change of Bromothymol Blue at
620 nm unless otherwise indicated. »No indicator added; the color
change at 620 nm was observed. ¢Chlorophenol Red indicator used
and observed at 405 nm.

It should be noted that if cysteine ethyl ester solutions
were not freshly prepared or protected from oxygen, a sec-
ond slower reaction than that reported here could be ob-
served. In the case of glutathione the system could only be
studied up to about a pH of 6.4, The results became irrepro-
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Figure 1. Variation of kobsa(K2a + (HT))(H*)~! with (H*)! at
23.7°: for cysteine (X), vertical scale X10~2; for penicillamine (O),
vertical scale X102 for cysteine ethyl ester (D), vertical scale X1073;
for methionine (+); for glycylmethionine (A}, vertical scale X10~1.

ducible at higher pH values and appeared to depend on the
age of the glutathione solution.

The pH and nickel(II) dependence of the observed rate
constants are consistent with the rate equation normally
found for these reactions!+3

_ _0.693
o Tty NPT

which can be rearranged to

+ (" B,
The plot of the left-hand side of eq 2 vs. (H*)~! is shown in
Figure 1. Results for glutathione are not plotted because of
the limited pH range studied. Values of ki" and k;’ are
given in Table IV.

Tyrosine and Related Ligands. The complex formation
constants for nickel(IT) with tyrosine have been determined
by Albert,!> Weber and Simeon,'# and Barr, Baumgartner,
and Kustin.!®> The results of the latter two studies are in
moderate agreement and indicate that 70-85% of the tyro-
sine remains uncomplexed under the least favorable of our
experimental conditions. Therefore, the system has been
treated as one coming to equilibrium, and the results are
found to be adequately. represented by

Flowsa = kansd Ni**] = (ks'/(K, + (H))[Ni**] + kg’
3)

No formation constants are available for m- and o-tyro-
sine with nickel(II). However, the results of Letter and
Bauman!® with copper(II) indicate that all these tyrosine
systems may have similar formation constants. Therefore,
the kinetic results for m- and o-tyrosine complexing have
also been fitted to eq 3. The appropriate plots of the kinetic
results are shown in Figure 2. In all three cases, a least-
squares analysis of the data in Table III gives the values of
k3’ and k-3’ in Table IV.

RN + By

k &, = @) @)

Discussion

The kinetic results are summarized in Table IV. The
values of the intercept and slope of eq 2 or 3 are useful for
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Figure 2. Variation of k’gpsa With [Ni2*](K2. + (H*))~! for: tyrosine
(O); m-tyrosine (O); and o-tyrosine (4A), at 23.7°.

Table 11I. Kinetic Data for Formation of Monocomplexes
of Nickel(I) (0.15 M KNO,, 23.74

108 10?
[Ligand],  [Nickel], K obsds
M M pH sec™!
Tyrosine 0.96 1.73 6.89 0.45
0.96 1.73 6.92 0.51
0.96 1.73 6.97 0.61
0.98 1,98 6.65 0.28
0.98 1.98 6.77 0.36
0.90 1.98 6.85 0.50
0.90 1.98 7.12 0.91
0.90 1.98 7.13 0.87
0.73 3.45 6.85 0.79
0.73 3.45 6.97 1.21
0.52 4.95 6.35 0.39
0.52 4.95 6.49 0.52
1.00 4.95 6.50 0.51
1.00 4.95 6.65 0.74
0.52 4,95 6.80 0.96
1.00 4.95 6.81 1.00
0.52 4.95 6.93 1.38
1.00 4.95 6.98 1.56
1.00 4.95 7.07 1.91
1.00 6.19 6.68 0.90
1.00 6.19 6.96 1.87
1.00 6.19 6.98 2.10
m-Tyrosine 0.97 1.70 6.44 0.33
0.97 1.70 6.67 0.50
0.98 1.70 6.75 0.61
0.98 1.70 6.94 0.95
0.48 3.45 6.98 1.67
0.73 3.45 7.05 1.93
0.88 4.50 6.78 1.28
0.88 4.50 6.93 1.87
0.88 4.50 7.03 2.47
o-Tyrosine 1.10 2.73 6.00 0.12
1.10 2.73 6.41 0.34
0.67 2.76 6.82 0.60
0.67 2.76 7.01 0.86
0.55 3.45 6.84 0.76
0.55 3.45 7.18 1.66

@ All experiments were done in 0.015 M lutidine buffer, and ob-
served by monitoring the color change of Bromothymol Blue at
620 nm.

comparison purposes since they are essentially independent
of the K3, value (since K3, «< (H¥) in general) and of any
mechanistic assumptions. Previous results of Wilkins et
al3b for cysteine (k" = (3.5 £ 1) X 102 M~ ! sec™!, k' =
(20 £ 2) X 1073 sec™!) and penicillamine (k" = (3.5 £ 1)
X 102 M~1sec™!, ky’ = (22 £ 3) X 105 sec™!) are in sub-
stantial agreement with values found in the present work.
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Table IV. Summary of Kinetic Results

10%,’a,¢

Ligand 107% ' a M~ sec™! sec ™
Methionine 0.544
Penicillamine 48=+1 21.7
Cysteine 8.5=:1.5 14.5
Cysteine ethyl ester ~7.0 133
Glycylmethionine 2.30
Glutathione 1.63
Tyrosine (0,245 x 107*d 0.3320
m-Tyrosine (0.12£0.07) x 10725 0.4730
o-Tyrosine (4.1+5.00x 102 0.316d

4k, and k," as defined by eq 2. 2 k_;’ and k,’ as defined by eq 3.
¢ Estimated 95% confidence limits are generally +10% of value
given.

Our values of k»’ for cysteine seems consistent with that of
Davies et al.17 at 20°,

The results of Kustin et al.l3 predict k' = (1.4 X
10%)(7.8 X 10710) = 11 X 1078 sec™!, compared to our
value of 3.3 X 107% sec™! for tyrosine. This discrepancy is
larger than hoped for or found in other comparisons. The
problem may result from the use by Kustin et al. of appar-
ent acid dissociation constants measured by Martin et al.!®
in conjunction with hydrogen ion concentrations instead of
activities. There may also be difficulties in separating the
kinetics of formation of the first and second tyrosine com-
plexes in the T-jump work.!3

The complexing of a simple amino acid represented by
~O-N, where O~ is the carboxylate end and N is the
amino end of the ligand, is given by the reaction scheme

by
M + “O-NH == MONH

21

K, lT +H* K{LT +H* 4)
M+ 0N =2 MoN 2= M/O>
ks ke \N

This scheme and numbering system is that used previously
by Wilkins et al.,3® with the addition of the reverse step
ks3.19 With the assumption that the proton equilibria K;
and K,” are very rapidly attained compared to all other
steps, it can be shown that the concentration changes will be
exponential and characterized by two time constants

yg =
—{—(a1 + 4y + asq + k53) *

v (a1 + a2 + as + k53)2 - 4(0103 + a1k53 + a2k53)}/2
(5)
where
[M]
K + (H*)

Ry () + gk
@ = K + (H)

A = _kSJL{i_/._ ()
ST K+ (HY)

a; = (k12(H+) + k43K1)

It may also be noted that the formation constant of the
complex is related to the constants in the reaction scheme

by
k k. K'\( k k
ro- (p)() - ()G o
t kaq / \ k53 Ky (ku k53
If (a1 + a2 + a3 + ks3)? > 4 (ay1a3 + arkss + axks3),

then eq 5 can be expanded to first order with the binomial
expansion to give

-1 x1+=

@y + a; + ag + k53){
')/*:_ 2

[2(0103 T ayksy + az’iﬂ)]} (8)
(01 + ay + as + k53)2

v. = (ag + ay + ag + ky) (9)

and
— (0103 + a1k53 + a2k53)
* ﬁ1+a2+a3+k53)

Y (10)

The observed reaction rate is presumed to be governed by
the smaller time constant v4.20 Therefore the expression for
v+ will be simplified by a consideration of the experimental
conditions ([M] < 0.1 M; 5 < pH < 7) and the fact that for
simple amino acids pK; 2 9. Recent work?! has shown that
for glycine coordinated to (NH3)sCo** the K, of the NH3+
group is about ten times greater than that for the free gly-
cine zwitterion. This provides an upper limit for K’ of an
amino acid coordinated to a +2 metal ion, so that K, <
10K ;.

The values of a, and a3 can be compared without making
very restrictive assumptions. Hoffmann?? has observed a
correlation between rate of ligand dissociation and pK, of
carboxylic acid ligands. This correlation predicts k5; =~ 10*
sec™! and k34 = 5 X 103 sec™!. From numerous previous
studies!? the correlation of ligand charge and complexing
rate predicts k43 ~ 105 M~ ! sec™!and k;, = 5 X 103 M1
sec™!, Then with (H*) > K, K¢/, and [M] < 0.1 it is easily
shown that a; > a; and therefore

Mqag + ayks,
Ye =

ay + az + kg (11)

The substitution of expressions for a1, a», and a3 from eq 6,
and multiplication of numerator and denominator by (K’
+ (H™)) yields

Ve =

(k12(2—11*)++($4)3)1<1) k35K1 /[M] + k53(k21(H*) + k34K1/)

Byt (HY) + Ki'(ky + kg5) + ks3(K,” + (HY)

(12)

If the reaction goes to completion then ks3 ~ 0 and eq 12
can be simplified to the expression obtained by Wilkins et

(Byy + gk (H) kK’
kpy(H*) + Ki"(kgy + Fy5)

In previous applications®® it was assumed that k»;(H™)
< Kll(k34 +‘k35) and that k35 > kig in which case eq 13
simplifies to

K, + H* k;aK

kobsd( - (H*)( )) = ky + (Ho)i

This rate law has been found to be consistent with experi-

mental results for complexing of a wide range of ligands

with basic groups. In the case of simple amino acids where

there is only a carboxylate and an amino group capable of

chelation, it has been found that k1> = O. This is the origin

of the oft quoted statement that an amino acid zwitterion,

with the amino group protonated, does not react with a
metal ion.

However, on close analysis the assumption that k2;(H™)
< Ky'(k34 + k3s5), needed to obtain eq 14 from 13, seems
questionable. The results of Taube et al. on
(NH;3)sCo0,CCH;NH337* give a value equivalent to K’ of

(13)

(14)
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3 X 10=% M for coordinated glycine.?! The K’ for glycine
coordinated to Ni?* probably would be even smaller but 3
X 10~° M will be taken as a reasonable upper limit, The
work of Hoffmann?? predicts that k»; = 10* sec™! for the
glycine zwitterion. Therefore the denominator of eq 13 is
104(H™*) + (3 X 107%)(kaq + k35), and k> (H) < K" (k34
+ k3s) only if (k3s + kas) = 107 sec”!. Hoffmann’s re-
sults?? show that k34 cannot be that large; therefore one
must assume that k35 ~ 107 sec™!. This is 103 times larger
than the water exchange rate, and one is forced to the con-
clusion that either ring closing has considerable associative
character or the presence of the coordinated amino acid has
a large labilizing effect on the dissociation of a water mole-
cule from nickel(II). There does not appear to be a prece-
dent for such a large effect.

It seems therefore that one might better return to eq 13
with the assumption that k3, (H*) > Ky'(k34 + k3s) rather
than the reverse. It is convenient to rearrange eq 13, using
the fact that (k43/kas) = (K1'k12/K1k21) to obtain

. N
() ) - hko ()
obsd (H+) -

By (H?) + Ki'(kgy + kss)

(15)
Clearly kzl(H+) > K1/k34 if k21(H+) > Kll(k34 + k35)
and eq 15 simplifies to

K, + (HY) kKB
s (B 2) = )

kK 'k
_ P1afly Ras
T () (16)

This result gives the experimentally observed rate law for
these reactions, and implies that the reaction with nickel-
(IT) proceeds by a rapid preequilibrium followed by rate
controlling ring closure.

In applying eq 16 to experimental results one might seek
to determine if k35 is independent of the ligand as expected
for a dissociative ring closure reaction. However, this is not
truly valid because the ligand is in the first coordination
sphere of the metal ion and might produce specific effects
on the rate of water dissociation. A problem also arises in
that neither K" nor (k,2/k31) is known. If our experimen-
tal results for methionine are used in conjunction with pre-
viously used estimates of K’ ~ 3 X 10~° M and (ky2/k21)
= (5 X 103/10%) = 0.5 M, then a value for k35 = 3.5 X 10°
sec™! is obtained. All that can be said is that this value is
not unusual for substitution on nickel(II).

The important conclusion from this analysis is that the
amino acid zwitterion may be kinetically active when it is
the dominant species in solution. It has been assumed until
now that the appearance of the (H*)~! term in the experi-
mental rate law meant that the zwitterion species was not
reactive. However, such a term strictly means that a proton
is lost before the transition state for the slowest step is at-
tained. The above analysis shows that the highest energy
transition state occurs in the ring closing step (kas) after
deprotonation of the coordinated ligand.

It is noteworthy that the conclusion, often drawn in ear-
lier work, that k;2 = O requires some explanation if one is
to retain the dissociative ion pair mechanism. The problem
is to explain why, for example, glycine zwitterion does not
even react as a normal neutral ligand for which k12 & 5 X
10° M~! sec™! might be expected. It has been proposed
that hydrogen bonding and/or electrostatic interaction is
responsible for blocking the reactivity of the carboxylate in
a structure such as

CH.
H_ ., 2
~5T N

H \H~--O/

0
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A similar effect would be expected for the ethylenedi-
amine cation H3N+*CH>CH,;NH; where the greater basici-
ty of the NH, group compared to CO»~ might favor hydro-
gen bonding. However, this cation reacts only two times
slower than nonhydrogen bonded cations.2? In addition, pK,
values indicate hydrogen bonding in the phthalate cation,
but it shows a normal reactivity (k = 3.4 X 10*'M~!
sec~1)24 toward nickel(II). In another study Johnson and
Wilkins2S found that the neutral form of 8-hydroxyquino-
line showed normal reactivity toward nickel(II). They con-
cluded that hydrogen bonding must be weak or not effective
in blocking the nitrogen atom. The normal reactivity of 8-
hydroxyquinoline with OH~ 2% was noted as evidence for
the kinetic ineffectiveness of hydrogen bonding in this sys-
tem. By the same reasoning the fact that amino acid zwit-
terions also have nearly diffusion controlled rates of reac-
tion with OH~ 27 may indicate that hydrogen bonding does
not affect the reactivity of the amino acid zwitterion.

Other evidence for the lack of reactivity of carboxylate
zwitterions comes from systems such as pyridine-2-carbox-
ylate studied by Cassatt and Wilkins.32 The results, cov-
ering a range of pH 2-7, were analyzed according to eq 14,
and it was concluded that k;2 = 30 M~ sec™! at 25°. This
rate constant was attributed to the presence of a small
amount of the neutral species

“ 7

.

N" Scou

and the zwitterion

a

\+
IT CO,”
H

was taken to be unreactive. However, if one returns to eq

13, if k35 > k314, a simple rearrangement gives
ki (H') + kK

By (H*) )

21 +
K1/k35 +1 (Ki + (H ))
For pyridine-2-carboxylate K; = 4 X 10~ M, 32 and if
values of k21, k3s, and K’ of 2.5 X 104 sec™!, 2.5 X 10*
sec™!, and 4 X 1075 M, respectively, are assumed, then
ka1(K1'k3s)™! = 2.5 X 10* M~!. The experimental results
are very well fitted by eq 17 with k;; = 8.5 X 103 M~!
sec™! and k43 = 4 X 10* M~! sec™!, as shown by the re-
sults in Table V. Cassatt and Wilkins fitted the results by
the equation

Robsa = < (17)

_ 30" + (1.04 x 107
obsd — (40 X 10-6) + (H+) (18)

k

As shown in Table V this equation does not predict the ex-
perimental results well in the pH range 3-4.6.

It cannot be concluded definitely that eq 17 is the correct
representation of the results for pyridine-2-carboxylate be-
cause it was necessary to assume values of ka2, k3s, and
Ky’. However, reasonable estimates of these parameters
lead to a value of k,2 which is typical for a neutral ligand.
It seems probable that the zwitterion of pyridine-2-carbox-
ylate does react with nickel(II).

The analysis of the results for the tyrosine systems re-
quires that the reverse rate constant ks3 be retained in eq
12. If other approximations already noted are made then it
is readily shown that

kipkys Ky (H' ) M .
_ . K -:- (H*) + Fotksy () (19)
Y E T HD + kg (Ry + (@)
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Table V. Kinetic Data for Reaction of Nickel(II) with
Pyridine-2-carboxylate

10 kg psqs M sec I ————

Calcd Calcd
pH Exptla (eq 185) (eq 17¢)
7 26 254 26.6
5 8.9 7.45 10.2
5 10 7.45 10.2
4.8 7.5 5.26 7.95
4.6 7.1 3.59 6.11
4.6 5.9 3.59 6.11
4.3 3.8 1.95 3.98
4.0 2.3 1.02 2.45
3.0 0.27 0.13 0.33
2.3 0.062 0.051 0.067

@ Data from ref 3a at 25° u = 0.30 M. 2 R. G. Wilkins, private
communication, has pointed out that the results are better rep-
resented by eq 18 if one assumes k,, = 3.2 X 10* M~ sec ™ and
pK, = 5.3, rather than 2.6 X 10% M~ sec™ and 5.4, respectively.
A >20% deviation still exists for pH 3.0-4.3. ¢ Calculated using
values given in the text, and k,, = 1.18 X 10* as required by micro-
scopic reversibility.

The relative basicities of the leaving groups indicate that
k>, > ks3 and since (H*) > K/, then the denominator of
eq 19 simplifies to k»; (H*) and

_ kukyKy'  [M]
=T B E) (20
This equation has the same form as eq 3 with
’
ksl — ﬁﬁ&ﬁ_K_i (21)
Ry
and
k_3/ = k53 (22)

The ratio of these experimental rate constants can be relat-
ed to known constants through eq 7

Ry RuksKy g

kg’ Ry1kss e
F: - tyrosine pK; = 9.2 and log K¢ = 5.14,15 therefore K1K¢
= 8.7 X 1075, This value can be combined with the experi-
mental k3 = 3.3 X 1076 to calculate k-3 = 3.8 X 1072
sec~!. The latter is less than the upper limit of 4.5 X 1072
sec™! obtained from the kinetic results so that at least the
equilibrium constant and kinetic results are not inconsist-
ent. However, the calculated value of k-3" is about three
times smaller than that calculated by Kustin et al.!3

For m- and o-tyrosine Ky values for the nickel(II) com-
plexes are not known. If it is assumed that the ratio of K
values for nickel(II) is the same as that found for copper-
(IT) with tyrosine, m-tyrosine, and o-tyrosine,! then k_3’
is calculated to be 5.5 X 1072 and 9 X 1072 sec™! for m-
and o-tyrosine, respectively. These calculations show that
there are at least no apparent inconsistencies between the
kinetic results and probable formation constant values for
m- and o-tyrosine.

Again, as with methionine it is not possible to calculate
kis from ki’ because ki;, k2:, and K,” are unknown. If
(k12/k21) = 0.5 and K,” = 10K}, as assumed for methio-
nine, then for tyrosine k35 is 1 X 103 sec™!. This seems to
be a reasonable value for substitution on nickel(II) but only
indicates that the interpretation used does not lead to any
obvious inconsistencies.

In order to analyze the results for systems with three
coordinating groups, SH, NH», and CO,~, such as cysteine
and penicillamine, the scheme shown in Scheme I will be
used. In this scheme initial complexing by the NH; group
has been neglected for reasons already discussed for methi-
onine and tyrosine. In particular for cysteine and penicil-

(23)

lamine the *NHj group has a pK of ~8.8 (see Table I) so
that the approximation used to derive eq 16 will still be
valid, and the term involving initial -NH, complexing
(k43K in the previous scheme) should still be small relative
to other terms. It has also been assumed in Scheme I that
chelation will occur via the sequence of reactions which in-
volve formation of the smallest chelate ring. Thus, if cyste-
ine is represented as HSNH>CO,~, then the monodendate
complex MO,CNH,SH may react to bond the NH; group
to the metal and not the SH group. Scheme I also applies
only to systems in which complex formation goes to comple-
tion, because the last step has been written as irreversible.

The reaction scheme in Scheme I can be simplified as
shown in Appendix A. It is also shown there that if various
rate and equilibrium constants are estimated and the steady
state approximation is used then from A25

RopsalK, + (H?))

k 'K' ’
() = kg + i R

Ryt (H') (24)

Note that kobsd here and in eq 1 and 2 equals kpsa/[Ni2*]
in A2S.

Equations 2 and 24 have the same form and the experi-
mental results give k1’ = kg values of 8.5 X 102 and 4.8 X
102 M~! sec™! for cysteine and penicillamine, respectively.
The values of kg are significantly lower than the estimate
of 5 X 10> M~! sec™! used to obtain A23 and A25. This es-
timate was based on the rate constant for the neutral forms
of tyrosine and methionine. However, the latter systems in-
volved a neutral zwitterion reacting to complex its negative
substituent whereas kg involves a neutral zwitterion react-
ing to complex a third neutral substituent. This difference
in the charge at the actual reacting site should influence the
appropriate ion pair formation constant?® and thereby lower
the value of kig  as observed. The difference between peni-
cillamine and cysteine could be rationalized as a steric ef-
fect.

It should be noted that if our estimate of kg was too
high then perhaps the neglect of the k23K)2 term to get
A23 is not justified. However, it is possible that the effects
which make k,¢ smaller than estimated may also lower kjs
and the approximation that k;g:(H%) > k3K is still
valid. If k2gK2 cannot be neglected then it will appear as
k23K 15/(H*) in eq 24, and would be another contribution
to the experimental k,’ value.

It is not possible to analyze the ky’ values of 1.45 X 104
and 2.2 X 1074 sec™! for cysteine and penicillamine be-
cause ky4/k4, and Ky s are not known. If our previous es-
timate of the equivalent of (ki4/k41’) = 0.5 is used, and
K45 =~ 1078 M, then for cystemne ks'g = 4 X 104 sec™!, not
an unlikely value for chelate ring closing on nickel(II).

In summary the kinetic analysis indicates that com-
plexing of nickel(II) by cysteine and penicillamine proceeds
in one path through initial carboxylate binding via species
1, 4,5, 6, and 7’ successively in Scheme I. A competing
path involves —-SH complexing first by the 1 — 8’ reaction
and possibly some contribution from reaction 2 — 8 in
Scheme 1.

To analyze the results for cysteine ethyl ester another
reaction scheme must be employed because the carboxylate
group is no longer capable of reacting. Furthermore the
amino group is sufficiently acidic (pK = 6.77) that the ap-
proximation used to derive eq 16 is no longer valid since
(H*) ~ K, now. The reaction scheme in Scheme II with a
numbering system similar to Scheme I has been used.

The predicted rate law for this scheme has been simpli-
fied and analyzed in Appendix B. The resulting equation,
B10, after substitution of K, = K;2 + Ky3 and kopsd =
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Scheme I
® ® ® © oD
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L+ - e /)
S —NH:,’—CO2 — MOZCNH3S —_— MOZCNHZS — M\ S —_— Mi—NHZ
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ll !
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o+ _ M + _ S/ _ M \H
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Scheme II 103. This is a reasonable value for reaction of a neutral lig-

®

NHZ-SH —ﬁ

MNH MNH s} /
!

\\;

VHS-SH ———) NHS MSHNH

-I@)

NHS'S

+

MSNHS MSNH

O

k’obsd/ [M], and rearrangement yields

@

M
—— 2

, K+ H) _— (Ry, 110 + hyge)Kiy + EygkKyy
obsd (H+) - 18! (H+)

(25)

The experimental results are consistent with this rate law
with ky/ = k1g = 7 X 102 M~ sec™! and ky' = (k3 1r +
k3o )Ky3 + kysK12 = 1.33 X 1073 sec™!

The value of kyg is similar to that obtained for cysteine.
However, for the ester kyg is for complexing of a uniposi-
tive ion while for cysteine it is for the neutral zwitterion.
This result indicates that the charge on the HSN*tH3- reac-
tive unit is more important than net charge in controlling
the reactivity. This argument has been used here already to
rationalize the low kg values for the neutral zwitterions of
cysteine and penicillamine.

In ko', if it is assumed that k23K is the dominant term,
then ks = 3.7 X 10* M~! sec™!. This value seems too
large for a neutral zwitterion. On the other hand if (k3,1 +
k39)K13 is the dominant term, then (k3 ;1 + k3or) = 7.5 X

and and indicates that this term dominates in k5.

The overall results for cysteine ethyl ester show that the
rate controlling step in the complexing is initial binding of
ligand to metal. The major reaction paths are through -SH
complexing of the unipositive ion and NH;, and SH com-
plexing of the neutral molecule.

A discussion of the complexing of a peptide such as gly-
cylmethionine
20

\NH(|3HCO{

+
H,NCH,C

((|3Hz)z

SCH,
is complicated by uncertainty- as to the nature of the final
product. Recent evidence for polyglycine systems?® indi-
cates that the NH, and C=O0 groups are chelated in the
final product. The results of the present study on methio-
nine indicate that the SCH3 group does not complex, proba-
bly for steric reasons.

The pK, of glycylmethionine is similar to those of cyste-
ine and penicillamine (Table I); however, the k»’ value for
glycylmethionine is about ten times smaller than that for
the other two ligands. A similar lower rate has been noted
by Pasternack et al.3% for polyglycine systems compared
with glycine.

By analogy to the mechanism proposed here for cysteine
and penicillamine one would predict that the nickel(II)
would complex first at the CO; ~of glycylmethionine. This
would have to be followed by several chelate ring closing
and opening steps if the final product has the NH; and
C=0 groups coordinated to the metal ion. These interme-
diate chelation steps may explain the lower reactivity of the
polypeptide systems, as suggested by Pasternack et al.30
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Alternatively the nickel(II) might complex at the C=0
group first followed by proton loss and ring closure of the
NH; group. This mechanism would lead to a rate law anal-
ogous to eq 16 where k,2/k21 would be the equilibrium con-
stant for formation of the NiO=C- complex. If this equi-
librium is less favorable than that with a carboxylate group,
then this could explain the slower reaction of the peptide
ligands.

In the case of glutathione

- 0
/
0,CCHCH,CH,C 0
\NHCHC<
*NH, | NHCH,CO,~

2

SH

the available evidence!!:!? indicates that the SH group is
not involved to any large extent in complexing to nickel(II).
The kinetic results are consistent with this in that no k¢’
could be detected. For penicillamine, cysteine, and cysteine
ester, k" is associated with complexing at the SH group.

Although the k»’ value for glutathione is similar to that
for glycylmethionine, this does not mean necessarily that
the complexing mechanism is different from that of a sim-
ple amino acid. The reaction may occur at the glutamyl
CO;~ and NH; groups and the mechanism in eq 4 would
apply. Then, from eq 16, assuming that K’ parallels pKnu
(Table I), one would expect k,’ for glutathione to be similar
to that for tyrosine and methionine as observed experimen-
tally.
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Appendix A

If all the species related by proton transfer reactions are
grouped together then Scheme I reduces to

'“’V - \
NG
kM kde Rt

where the concentrations of A, B, C, etc. are related to
those in Scheme I by

(Al

(A] = [1] + [2] + [3]

(B] = [4] + [4/] + [5] + [57]

(c] = [6] + [6] 82)
(D] = (8] + (8] + [9] + [97]

[E] = [10] + [10/

(F] = (7] + [7]

and total ligand concentration is
(T] = [A] + [B] + [C] + [D] + [E] + [F]

If a steady state is assumed for the mono- and bidendate
complexes B, C, D, and E, and if the observed rate constant
k’obsd (as in eq 3) is defined by

d[F)

i (A3)

= Fowal[T] = [F])

then it can be shown that
kefkdékav[kba(kcf + kcb) + kbckcf] +
kcfkbckab[kda(kef + ked) + kefkde]

{[kba(kcf + kcb) + kbckcf][ (kef + ked) (kda +
kad) + kde(kef + kad)] + [kda(kef + ked) +
kefkde][kcf + kcb + kbc]kab} (A4)
Fortunately this expression can be simplified by writing the
composite rate constants in eq A4 in terms of specific values
from Scheme I and then considering the magnitude of indi-

vidual terms. A comparison of eq Al and Scheme I shows
that

’ —
kobsd -

kel Cl = kg n[6] + Rg6] (A5)

where kg7 .is the rate constant for conversion of species 6
to 7’ in Scheme I, and other rate constants in the scheme
are similarly defined.

Also, defining

6)(H*
K, = L[]Gi,]—) (A6)
and noting that [C] = [6] + [6], it is easily shown that
K (H*)
L./ T N
[6] - KG + (H+) [C] and [6] - KG + (H+)[C] (Aj)
Substitution of eq A7 into eq AS shows that
kg (H) + B K,
_ Fer g7/
kot = ) (A8)
Similarly it can be shown that
b, = Fus (H*) + EeK, (49)

K; + (H)
It seems reasonable that the rate constants for chelate ring
closing k¢'7> and k¢7 will be much greater than those for
ring opening k¢ s and kgs. Therefore

ko >> ko (A10)
and similarly
ke >> koy
Furthermore defining
[4)a), . _ (5] BE) ()

M= e 6 =TT K = T
it can be shown that
By (K (H*) + kKK, (H*)
T KKK, + (B)) + K (K, + (H))H)
(A12)

3 B g Ky (HY) + koK KoKy
T KK (K + B) + KK, + (B))ED

with the approximation that, for pH <7, (H*) > K4 > K5
~ K45,31 then

Beo oo KOG K,

b ke JGEHD)
ba KK, + K;(H

= Kk + K@) e = ) (a13)

In addition it seems likely that k41 > ks¢, therefore

Bra > Py, (A14)

With the added approximations that (H*) > K¢ and ke
= ks¢ then

B > by (A15)

It can also be shown that for (H*) > K1y, K13, and kg
> klg'[M], and k10f7' > k14f[M], then

kef > kad: kab
Conditions A10, Al4, and A5 reduce A4 to

(A16)
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k/obsd =
Bofl Raokoghpn + Focka(Bgy + By))
kblkef(kad + kda + kde) + kdekad + kefka,b kda + kde)

(A17)

and with A16 this reduces further to

% _ kdekadkba + kbckab(kda + kde) (AIB)
obsd —
kba(kad + kda + kde)

Further simplification in this way is not possible because
there does not seem to be any way to reliably estimate
Kg(=[8](H*)/[8']), Ko (=[91(H*)/[9']), nor ke:1. How-
ever, it is possible to resort to the experimental results and
make one more simplification that

(kda + kde) > ka.d (A19)

This must be so because k’obsd is found to be first order in
[NiZ*] in the present work, but only k,q and k,p, contain the
metal ion concentration. Therefore if the opposite of Al9
were true, then [Ni2*] would cancel in numerator and de-
nominator of A18 and k’ops¢ Would be independent of metal
ion concentration. Therefore application of Al9 to AI8
gives

k k )
’ — [ —="de Zhe —
k obsd — <kda + kde>kad + <kba kab -

1 <Em
<1 T (kda/kde))k“ * \ T,

The ratio in the denominator of the first term is

ka Ky (H) (kgKy + by (H)

Rao  Kog(Ky + ®)) (kg 10Ky + kg, 100 (H'))
Estimates of this ratio are difficult but some attempt can be
made with the ultimate justification being consistency with
the experimental rate law. The latter requires that (kda/
kge) be either small relative to 1, or independent of (H).
Based on the assumption that the pK, of a coordinated HS-
group will be increased about as much as that of a coordi-
nated water molecule, then Kg and K will be ~10~2 M and
Ks, Ko > (H™). It also seems probable that kg 10 = ko, 10
~ 10% sec™!, Then for (H*) < 1075 the ratio kga/kge < 1 if
kgy < 107! and kg; < 105. These upper limits for the rate
constants seem reasonable, and therefore A20 simplifies to

)kth (A20)

(A21)

k/ohsd = kad + (kbc/kba)kab (AZZ)
where
_ [ Fip(E) + RypKiy + k39'K13)
Fa = < @) + Ky, + K (3]

B Ryge (H*) M]
T (H) + Ky, + Ky 423)

if, on the basis of ligand charge k1g = 5 X 103 M1 sec™!,
kag = kzp = 2 X 10* M~1sec™!,and K2, K13 < 108 M
(for cysteine and penicillamine).
Similarly

_ (e (B + kpyKiy + kas'Kia) -
Fan = < H*) + Kyp + Ky3 (M) =
kyp (H)[M]

(H*) + Kyy, + Ky

Substitution of A13, A23, and A24 into A20 gives

kyy (H*)[M]
(H*) + Ky, + Ky

<k5' g Ky K5 ) < Ry H)[M] >
Ry K5 (H') J\(H') + Ky + Kig

With the substitution that (K4K4s5/Ks) = K45 and that the
measured apparent acid dissociation constant K, = (K12 +

(A24)

’
k obsd = +
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K3), and after rearrangement, it is found that

Tﬂ?(K &-—Y(H) kis' n %k?s' (A25)

Appendix B

The reaction scheme in Scheme II may be simply repre-
sented as

/k\E
s

D kde
where letters represent the total concentration of species re-
lated by rapid proton transfer reactions in Scheme II.

(A] = [1] + [2] + 3]
(D] = (8] + (8] + [9] + [9’]
(E] = [10] + [10]
[G] =
T] =

(B

(B2)

G] = [11] + [11/]

| [a] + [D] + [E] + [G]
If a steady state is assumed for the nonchelated intermedi-
ates D and G, then it can be shown that the observed rate
constant defined by

IE] b al(T] - [ED
is given by
B oy = Roekag\Raa + Rue) + Raokag(Rgy + R
Paglbaa + kaed + (Bgy + ke)lbyy + kyy + kgp)
(B3)
A comparison of Bl and Scheme II shows that
ke Gl = iy, g[117] =}§::'—f%);)[cv] (B4)
where Ky1 = [11}(H*)/[11’]. Therefore
ke = kg o)/ Ky + (H) (B5)
Similarly
p = R () + RyyioKy (B6)

ge K“ + (f_rb)

It seems very probable that the rate constant for ring clos-
ing k11/1¢- will be much greater than the rate constant for
dissociation of the amine coordinated ligand k1,3 so that

kge >> kg, (B7)

In addition, since only kaz and k,q contain the metal ion
concentration, terms containing these constants in the de-
nominator of B3 must be small with respect to the others. If
this were not the case then k’,psq Would be independent of
the [Ni2*] concentration, contrary to the experimental re-
sults.

Therefore B3 simplifies to

(kda + kde)kag + kdekad
(kyy + kge)

14
k obsd —

Fag + (B8)

b
(I + ky/ky)
Further comparison of Bl and Scheme II leads to

Rgr 1 Ky (H')? + Ro KoKy (H) + Rgio KoK oo (H?)
KK Ky + Ky(Ky + Kgg)[H*) + K (H')?

and (B9)

b Ry 1 KFgo(H™) + ko, 5 KeKoKsg
T KKKy + KKy + Kgp) () + Ky(H')

ky, =
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where K3 = [8](H")/[8'], Ko = [9](H*)/[9'], and Ky =
[9](H*)/[8]. With the reasonable assumption that Kz, Ko
> (H*), and since K3 = (H*), therefore Kgo > (H™), and
ko3 ~ kga > kg and kg1g = ky'1¢. These conditions show
that the last term in the numerator of the above two equa-
tions are the dominant ones. It seems likely, for reasons dis-
cussed in regard to cysteine, that K9 > 10~2, therefore kge
> kga as long as kg3 < 10%kg 10. If this condition is satis-
fied then

_ ko1 K

W= + Ky, + K13[M] *

Rig (H') + FysKiy + Rag Kig
(H) + Ky, + Ky

k/ob.sd= ku + &

(M] (B10)
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Abstract: Para- and metassubstituted tetraphenylporphyrin complexes of Ni(Il), Ni(p-X)TPP and Ni(m-X)TPP (X =
OCH3, CH3, H, F, Cl, COOCH;3, CN, and NO,), and para-substituted V(IV) tetraphenylporphyrins, VO(p-X)TPP (X =
OCHj3, CHj, H, Cl, and CN), react in the presence of high concentrations of piperidine in toluene to form the bis- and mono-
piperidine adducts, respectively Ni(X)TPP + 2Pip = Ni(X)TPP(Pip), (82) and VO(X)TPP + Pip = VO(X)TPP(Pip)
(K1Y). In most cases, equilibrium constants 8, and K" are less than unity. For reactions 1 and 2 a Hammett op relationship
is observed, with pNi(®) = 0,331, pN{m) = 0,413, and pV = 0.113. Thus substituents at such remote positions as the meta and
para positions of the phenyl rings significantly affect the axial reactivity of the metal. The extent of this effect is greatly in-
creased if the metal has a full compliment of d= electrons (Ni(II), d8, as compared to V(IV), d!). Inductive and resonance
contributions to the observed substituent effects are almost equal when X is in the para position, but inductive effects pre-
dominate when X is in the meta position. Either # induction or moderate = conjugation between phenyl and porphine rings
(or a combination of both) may be the mode of transmission of resonance effects. In dilute piperidine solutions, NiTPP
reacts to give the monopiperidine complex, whose electronic spectrum is almost indistinguishable from that of the reactant.
ESR splitting constants and g values of the VO(p-X)TPP complexes and their piperidine adducts are independent of the
substituent X.

The transmission of electronic effects from various points
on the porphyrin ring through the four porphyrin nitrogens
to the metal ion has long been an interest of those who have
investigated the physical properties and chemical reactions
of metalloporphyrins.2-3> Because of the conjugated nature
of the porphyrin ring system, electron donating or with-
drawing substituents on the periphery of the molecule have

been shown to affect the basicity of the porphyrin nitro-
gens.23 This, in turn, often affects the visible absorption
spectra, redox potentials, and axial ligation reactions of the
free bases and their respective metalloporphyrin com-
plexes.2*5 Some of the most detailed investigations of the
transmission of electronic effects in metalloporphyrins have
been carried out on Ni(II) complexes of natural or modified
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