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For the title complexes, the value of formation constant K(CuL + A) is higher than that of Ki(CuA,). According to
the mechanistic consideration, log K(CuL + A) is calculated for regular Cu(ll) complexes with neither special
enhancement nor diminution of the stability constant. Then, the difference of log K(CuL + A)(obs) — log K(CuL
+A)(calc) represents extrastabilization due to the hydrophobic interactions and the aromatic 77— interactions. The
former has been found to be proportional to the free energy of the transfer of side chains of aminocarboxylates A.
The discrimination between the hydrophobic and the aromatic ;z—s interactions has been attempted.
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interactions between metal ion and aromatic ring in the Then we have the simpler equation

coordinated ligand, the electrostatic interactions between .

chargeq groups of the coordmate@ Ilgan.ds, and the hydro-log K(CuL + A) = log K(CUA) + SXAYL) (@)
phobic interactions between coordinated ligands. The present Z Z ! !

paper describes the extent of the hydrophobic interactions ) ] ]

and the aromatie— interactions in the ternary complexes On the basis of the same consideration, we have the
CuLA with L = phen or'bpy and A= para-X-substituted following for the formation constant of CpA
Eheny:]alanin;te, thre thedstk;';\ctking or a;omatic tr)ing int%ra}[(r:]- log K,(CuA,) = log K(CuA) +

ions have been observed between phen or bpy an e

aromatic side chains opara-X-substituted phenylalani- {log Kog(CuA, A) ~ log Kog(Cu, A} +
natest34812Noncovalent interactions between two neutral :
aromatic molecules involve the interplay of several different Z
effects including (a) van der Waals interactions, (b) elec-

trostatic interactions for molecular charge distributions, (c) Where the term log 2 provides the statistical correction for
induced energy transfer, (d) charge transfer, and (e) deaquathe number of ways through which Cu&an dissociate.
tion.2! However, they are usually divided into two main We have the following interaction terms between the donor
categories: nonspecific hydrophobic interactidrsd aro- atoms of coordinated ligands (revised on the basis of the
maticsz— interactions mainly occurring through delocalized preferential coordination of carboxylate oxygen iff Astead
aromaticst systems through stacked molecules. of the previously postulated preferential coordination of the
terminal nitrogen of aminocarboxylat&dncrnay = —0.36,
ONHoyonL = 10.08,0nmnonan = domuoay = —0.10, with

On the basis of the mechanistic consideraffome have ~ N(CH), heterocyclic N; N(AL), aliphatic N; and O(AL),

the following equation for the formation constants of ternary aliphatic_ca_rboxylate 0.
copper(I) complexes CuLA: At an ionic strength of 0.1 mole dm (=M), values of

log Kos are calculated as 0.1 for [CuAtt, A-1] and 0.3 for
[Cu?", A™1] at 25 °C and ionic strength of 0.1 #. Then
we have
log K(Cu—phent A)(calc) = log K(Cu—bpy + A)(calc)

= log K,(CuA)(obs)— 0.56 (4)

J
0 X (A)Y(A) —log 2 (3)

Results and Discussion

log K(CuL + A) = log K(CuA) +
{log KoqCuL, A) — log Ko(Cu, A)} +

2 iéijxi(A)Yj(L) 1)

where charges are omitted for simplicity and the formation log K,(CuA,)(calc)= log K,(CuA)(obs)— 1.33 (5)
constants are defined as
log K(Cuen+ A)(calc) = log K,(CuA)(obs)— 0.86 (6)

— -1 -1
K(CUL + A) = [CuLAJICuL] Al These equations enable us to successfully calculate the

stability constants afegular complexewith neither special
enhancement of stability constant by noncovalent ligand
ligand interactions nor special diminution of stability constant
by steric hindrance between coordinated ligands. Noncova-
lent ligand-ligand interaction includes the electrostatic
interactions, the aromatic— interactions;>*&2and the

K(CuA) = [CuA][Cu] Y[A] *

andKopg(CuL, A) andKog(Cu, A) denote formation constants
of outer-sphere complexes [CuL, A] and [Cu, A], respec-
tively. In the last term of eq 19; denotes the effect of the
donor atomX; in the ligand A on the donor atord in the
ligand L, andXi(A) andY;(L) denote the number of the donor hydrophobic interactiort$? of the coordinated ligands.
atomsx; in A andY; in L, respectively. With L= noncharged In the ternary complexes CuLA with & phen or’bpy
amines such as bpy and phen, the second term involvingand A= para-X-substituted phenylalaninatésydrophobic
formation constants of outer-sphere complexes is dropped.interactions and aromatic—z interactions are both antici-
pated to operate and the electrostatic interactions has already

(21) Hunter, C. AChem. Soc. Re 1994 101-109. been involved in eq 1. In Table 1, stability constants log
(22) 1t is, of course, difficult to discriminate clearly between thex

interaction and the hydrophobic interaction, but the latter, especially K(Cu + A), log K(CuL + A), and log Ky(CuA,) are

nonspecific hydrophobic interaction, is defined as the tendency of collected?

hydrocarbons (or olipophilic hydrocarbon-like groups in solutes) to

form intermolecularaggregates or analogous intramolecular interac- By the use of IogK(Cu + A)(ObS), values of |OQ((CUL

tions in aqueous solution. The name arises from the attribution of the + A) for L = bpy and phen are calculated. The difference

phenomenon to the apparent repulsion between water and hydrocarbon _ ;

(Mller, P.Pure Appl. Chem1994 66, 10771184). The hydropho- SOT log .K(CUL + A)(obs) — log K(CuL + A)(calc) is th(.an .

bicity scale proposed by Nozaki and Tanfété the transfer energy ~ 9iven in Table 2. These values represent extrastabilization

(solubility) of amino-acid side chains from water to ethanol or dioxane. dye to the aromatiec—sr interactions and/or hydrophobic
The hydrophobic parameters calculated by using the effects of the

substituents on the partitiéhfor the side chains gfara-X-substituted

phenylalanines are also a nonspecific hydrophobicity scale, while
aromatic 7—z interaction is a specific or enhanced hydrophobic

interaction that mainly occurs with delocalizedsystems between
stacked molecules.
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(23) Nozaki, Y.; Tanford, CJ. Biol. Chem1971, 246, 2211-2217.
(24) Leo, A.; Hansch, C.; Elkins, BChem. Re. 1971 71, 525-616 (cf.
Table XI).



Interactions in Copper(ll) Ternary Complexes

Table 1. Stability Constant of the Copper(ll) Ternary Complexes 25
CuLA with L = bpy or phen and A= para-X-Substituted
L-Phenylalaninate 2+
log K(CuL + A)(obs) 3 15 | NHyPhe Tyr
A logK(Cu+ A)(obs) L=phen L=bpy L=A o)
Ala 8.330 7.881 8.016 6.940 f 1r
NH2—Phe 7.874 8.541 8.960  6.59 2 A
NO,—Phe 7.421 7.754 7.915 6.241 = 0.5
Tyr 7.848 8.609 8.596 4.720 g
Phe 7.931 8.320 8.413 6.903 0 -
F—Phe 7.403 7.931 7.965 6.422
Cl—Phe 7.314 8.131 8.192 6.504
Br—Phe 7.340 8.252 8.324  6.558 -0.5
|—Phe 7.623 8.642 8.616 7.362 0 5 10 15 20 25
Io—Tyr 5.151 6.929 6.761 4.491 AG JkJmol™

Table 2. Stability of Copper(Il) Ternary Complexes CuLA with &=

phen or bpy and A (A= para-X-Substituted.-Phenylalaninate) as
Related with the Free Energy of the Transfer of Side Chains of Amino
Acids (AG/kJ mol1)

log K(CuL + A)(obs)— log K(CuL + A)(cal)

Figure 1. Stability constant of copper(ll) ternary complexes CuLA with
L = phen Q) or bpy (J) and A (A) = para-X-substituted phenylalaninates
as a function of the free energy of the transfer of side chains of amino
acids AGt/kJ mol-1). Each point (left to right) refers to the amino acid
reported in Table 2 in the order they are listed in the first column (top to
bottom).

Table 3. Ratio (the Enhanced Stability of (CuLA)/(Free Energy of the

1 = = =
A AG/kJ mol L = phen L= bpy L=A Transfer of Side Chains of A) fgrara-X-Substituted Phenylalanines
Ala 21 0.111 0.246 —0.06
NH,—Phe 35 1.227 1.146 0.05 A
NO.—Phe 8.9 0.893 1.054 0.20 L  NHy—Phe NQ-Phe Tyr Phe  FPhe CHPhe
Tyr 9.6 1.321 1.308 0.25
Cl—Phe 145 1.377 1.436 0.520
Br—Phe 15.4 1.472 1.544 0.548 A
I—Phe 16.8 1.579 1.553 L Br—Phe Phe b—Tyr
lo—Tyr 22.4 2.372 2.304 0.67
phen 0.096 0.0934 0.106
bpy 0.100 0.0924 0.103

On the other hand, Nozaki and Tanford have measured _ _
the free energy of the transfer of hydrophobic side chains of only for alanine, phenylalanine, and tyros#¥eThen, by
some amino acids and proposed to use the value as a measutsing the effect of substituents on the partitténye have
of the hydrophobicity of amino-acid side chafisAmong calculated the free energy of the transfer of side chains of
the amino acids given in Table 1, they have given the values para-X-substituted phenylalanines, and the values are given
in Table 2.
Now it appears interesting to see how the enhanced
stability of these ternary copper(ll) complexes is related
SRrCosinate, o502 1o b2 annal Hetiar gty to the free energy of the transfer of side chains of amino
serine. 2.5 vaiinate. 1.5 bicnate. 0.955 The values for five.  acids involved. The enhanced stability is plotted against the
member-ring chelates are about 1 order of magnitude higher than that free energy of the transfer of side chains of amino acids in
of the ammine complex, whereas they are all similar to that of the Figure 1
acetate complex. Thus, it follows that the formation of these chelates g :
should proceed by the dissociative interchange mechanism via the  From this figure, it is evident that the enhanced stability
preferential coordination of the carboxylate O end instead of the N ; AR
end of aminocarboxylate8. Then, the stability constant of chelates C_Orrelate_s with the free energy of the tran_Sfer of amino-acid
with aminocarboxylates should be calculated with revisegrms. side chains except for NHPhe and Tyr with [Cu(pherd}
On the other hand, previously glve_hte_rm§° should be utilized if or [Cu(bpy)F+. Then, the ratio (the enhanced stability)/(the
we postulate the preferential coordination of the N end of aminocar- . L .
boxylatest? free energy of the transfer of amino-acid side chainpfma-
g% 'E)Aieblerélé.; Fflhosendf'fBer.NBuns'e:nllgg(%?gblggé:igi4. X-substituted phenylalanine GPhe) is calculated and given
aas, . yS. em., Neue FO , . : H : : A
(28) Pearlmutter, A, F.. Stuehr, . Am. Chem. Sod968 90, 858-862. in Table 3, yvhere alanine is omltted pecausg it is not needed
(29) Pasternack, R. F.; Kustin, K. L.; Hughes, A.; GibbsJEAm. Chem. for determining the aromatict—s interactions on the
S0c.1969 91, 44014404, i
(30) Makinen, W. B.; Pearlmutter, A. F.; Stuehr, J.JEAm. Chem. Soc. enhance_d stability constants of [Cu(phen)A1 or [Cu(bpy)A.
1969 91, 4083-4088. It is evident from Table 3 that for CuLA with XPhe for
X = electron-donating substituents such as,NHr —OH,
the ratio is higher than that for the other-Rhe groups, for
which the enhanced stability is almost proportional to the
free energy of the transfer of amino-acid side chais{kJ
mol™1). Then, it is reasonable to assume that

(25) Rate constants of formation of copper(ll) aminocarboxylate chelates
and related complexes are as follows{kM~* sec! at 25°C and
ionic strength of 0.1 M): NH 0.226 acetate, 1.%7 glycinate, 448
sarcosinate, 2.8 a-alaninate, 1.3? 8-alaninate, 0.2? leucinate, 1.6:

(31) Pasternack, R. F.; Gibbs, E.; Cassatt, JJ.G2hys. Cheml1969 73,
3814-3819.

(32) Barr, M. L.; Baumgartner, E.; Kustin, K. Coord. Chem1973 2,
263-270.

(33) Kustin, K; Liu, S.-T..J. Chem. Soc., Dalton Tran$973 278-284.

(34) Karpel, R. L.; Kustin, K.; Pasternack, R. Biochim. Biophys. Acta
1969 177, 434-441.

(35) Brubaker, J. W., Jr.; Pearlmutter, A. E.; Stuehr, J. E.; Vu, Tn¥ig.
Chem.1974 13, 559-563.

(36) Fuoss, R. MJ. Am. Chem. Sod.958 80, 5059-5061. enhanced stability- aAG, + P

()
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Table 4. Enhanced Stability Constant of the Copper(ll) Ternary
Complexes CuLA with L= phen or bpyand A= para-X-Substituted
Phenylalaninates: lol (Free Energy/kJ mok)

aromaticr—r interaction hydrophobic interaction

A L = phen L= bpy L = phen L= bpy
Ala <0.1(<0.5)  <0.1(<0.5) 0.2(1.1) 0.2(1.1)
NH,—Phe  0.9(5.1) 0.8(4.6) 0.3(1.7) 0.35(2.0)
NO,—Phe  <0.1(0.5) 0.2(1.1) 0.85(4.6) 0.9(5.1)
Tyr 0.4(2.3) 0.35(2.0) 0.9(5.1) 0.96(5.5)
Phe <0.1(<0.5) <0.1(<0.5) 1.0(5.7) 1.1(6.3)
F—Phe <0.1(<0.5) <0.1(<0.5) 1.1(6.3) 1.1(6.3)
Cl—Phe <0.1(<0.5) <0.1(<0.5) 1.4(8.0) 1.45(8.3)
Br—Phe <0.1(<0.5)  <0.1(<0.5) 1.5(8.5) 1.55(8.8)
I—Phe <0.1(<0.5) <0.1(<0.5) 1.6(9.1) 1.7(9.7)
Io—Tyr 0.3(1.7) 0.1(0.6) 2.1(12) 2.2(12.5)

whereP denotes the enhancement due to the aromatie
interactior?? and given by the deviation from the straight
lines in Figure 1. The value @& is close to 0 for X= —NO,,
—H, —F, —CI, —Br, and —I. From the above figures we
obtain

a = 0.095 for L= phen anda = 0.10 for L= bpy

Then itis possible to discriminate between the aronatier
interactions and the hydrophobic interactions as given in
Table 4.
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Crystal structures showing the aromatic stacking and the
n—m charge-transfer interactions of A with L have been
reported for A= NH,Phe and Tyf This is in accord with
the results given in Table 4. The ternary complex with-L
phen and A= Phe, however, showed two different crystal
structures, one with aromatic stacking and the other without
it.* In aqueous solution, the UV spectrum of the ternary
complex shows a weak charge-transfer absorption, which
disappears by the addition of acetonitrile. As given in Table
4, Cu(phen)(Phe) is stabilized by hydrophobic interaction
in solution

Finally, some words should be added for the figures given
in Table 4. The electron-withdrawing substituent | makes
the aromaticr—u interaction lower with bpy or phen bound
to the copper(ll) atom. This is why the aromatic-s
interaction for tyrosine is higher than that far-Tyr. On
the other hand, | substitution makes higher the free energy
of the transfer of amino-acid side chain higher and then the
stability enhancement by hydrophobic interaction for CuLA
is higher for b—Tyr than for tyrosine, and it is higher for
|—Phe than for phenylalanine as obser¢€d.
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