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Noncovalent or weak interactions play important roles in molecular recognition and structual organization in chem-
ical and biological systems.  Hydrogen bonding and aromatic ring stacking are widely recognized for biomolecules, and
these and other types of weak interactions are recently attracting much attention as a clue to understanding the efficiency
and specificity of biological reactions.  We studied weak interactions around the metal center as factors for mixed ligand
(ternary) metal complex formation, molecular recognition, and construction of self-organized structures by potentiomet-
ric, spectroscopic, and crystallographic methods.  We concluded the electrostatic ligand–ligand interactions within Cu(

 

Ⅱ

 

)
and Pd(

 

Ⅱ

 

) complexes containing an acidic and a basic amino acid and aromatic ring stacking interactions between the ar-
omatic rings of an aromatic amino acid and a coordinated aromatic ligand such as 2,2

 

′

 

-bipyridine.  Selective adduct for-
mation between Pt(

 

Ⅱ

 

) complexes and uncoordinated mononucleotides were found to occur through stacking and hydro-
gen bonding.  In the systems with aromatic ring stacking, a close metal–aromatic ring contact was revealed in the solid
state, and the 

 

195

 

Pt NMR spectra indicated electron density decrease due to stacking.  As an extension of such studies, we
investigated metalloprotein–charged peptide electrostatic interactions and established the redox partner binding site of
plastocyanin and its subtle structural change due to the interactions.  The results demonstrated the use of charged oli-
gopeptides as models for the studies on protein–protein binding.  Weak interactions between [Cu(arginine)

 

2

 

]

 

2

 

+

 

 and its
counterions, such as benzene-1,3-dicarboxylate, led to controlled self-organization of the complex ion, giving crystalline
products with handed single-helical or double-helical structures and layer structures, depending on the anions used.

 

Noncovalent interactions play vital roles in biological sys-
tems.

 

1

 

  Hydrogen bonding and aromatic ring stacking are well
recognized for 

 

α

 

-amino acids and nucleotides and are essential
for the structures and functions of proteins and nucleic acids.

 

2

 

Other interactions such as cation–

 

π

 

3

 

 and CH–

 

π

 

4

 

 interactions
may also be important and are currently attracting much atten-
tion.  Specificity and efficiency of metalloenzymes owe much
to weak interactions involving the side chains of amino acid
residues,

 

1,2

 

 and the central metal ion serves as a site of inter-
molecular interactions by coordinating molecules in various
geometries and thus bringing them close together to interact
with each other.  In zinc finger proteins, repeats of peptide
units with four cysteine (cys) residues or with two cys and two
histidine (his) residues bind with zinc ions by a (cys)

 

4

 

 or a
(cys)

 

2

 

(his)

 

2

 

 donor set, respectively, to form finger-like struc-
tures with arginine, lysine, and polar amino acid residues at the
finger tips,

 

5

 

 whose charged or polar side chain groups have
been revealed to bind with the nucleic bases of DNA.

 

6

 

Formation of mixed ligand (or ternary) metal complexes de-
pends on combinations of donor atoms, steric requirements,

and ligand–ligand interactions in the resulting complexes.
Preferential formation of certain His-containing ternary Cu(

 

Ⅱ

 

)-
amino acid complexes in blood plasma, as revealed by tracer
studies,

 

7

 

 can be interpreted as due to the effective metal bind-
ing by His and ligand–ligand interactions between the side
chains of His and the other amino acid.

 

8

 

  Substrate specificity
of metalloenzymes may be regarded as the molecular recogni-
tion or the ligand selectivity at the active center of the metal–
protein–substrate ternary complex, whose reactivity is based
on the reactivity of the central metal ion and protein–substrate
noncovalent interactions.

 

1a,1f

 

  In addition to the ability of serv-
ing as a template for intermolecular interactions, transition
metal ions may function as Lewis acids, undergo redox reac-
tions, and exert electronic effects.  An important feature of
metal ions is that they exhibit characteristic electronic spectra
in the d-d region and circular dichroism (CD) spectra due to
the vicinal effect of coordinated 

 

α

 

-amino acids and other opti-
cally active ligands, both of which provide valuable informa-
tion on the mode and energy of weak interactions.  With these
points in mind we have been studying the structures and prop-
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erties of various metal–ligand systems containing amino acids,
peptides, and/or diimines, and metal complex–nucleotide and
metalloprotein–peptide systems, in order to obtain basic infor-
mation on interactions in biological systems.  This paper deals
with weak interactions occurring in and around the metal cen-
ter of low-molecular-weight complexes and metalloproteins
and their biological relevance with emphasis on hydrogen
bonds and aromatic ring stacking interactions.

 

Weak Interactions in and around the Metal Center

 

The interactions in metal ion-ligand systems may be classi-
fied as follows:

(1) Metal–ligand coordinate bonds
(2) Through-metal ligand–ligand interactions
(3) Through-space ligand–ligand interactions

i) Hydrogen bonds (electrostatic interactions)
ii) Aromatic ring stacking interactions
iii) CH–

 

π

 

 and other interactions
(4) Metal–aromatic ring close contact
(5) Interactions between a metal complex and an 

uncoordinated molecule

Interactions of type (2) are regarded as electronic interactions
between coordinated ligands mediated by the central metal
ion,

 

9

 

 and this has been shown for ternary Cu(

 

Ⅱ

 

) complexes ex-
perimentally.

 

9a,10

 

  On the basis of mechanistic considerations,
Tanaka presented an equation for estimating the stability con-
stants for ternary complexes of nitrogen- and oxygen-donor
ligands such as amino acids by introducing parameters named
ligand interaction terms, 

 

δ

 

ij

 

, determined by detailed surveys of
the reported stability constants.

 

11,12

 

  The 

 

δ

 

ij

 

 values accommo-
date the effects of through-metal ligand–ligand interactions; in
the absence of through-space interactions, the equation has
been shown to give excellent predictions of stability constants,
e.g., for histidine-containing Cu(

 

Ⅱ

 

) complexes.

 

13

 

  Here we will
focus on weak attractive interactions (3, i), ii)), (4), and (5).
Steric effects due to bulky groups may be regarded as through-
space interactions (3) but will not be considered in this paper.
Scheme 1 illustrates the cases of intra- and intermolecular in-
teractions involving metal complexes.

For amino acids with charged side chains, we may expect
electrostatic interactions or hydrogen bonds between the car-
boxylate group of aspartate (asp) or glutamate (glu) and the
ammonio group of monoprotonated lysine (lysH; H denotes a
proton attached to the 

 

ε

 

-amino group) or the guanidinium
group of monoprotonated arginine (argH; H denotes a proton
attached to the guanidino group), in such cases as Cu(asp)-
(argH) and Cu(glu)(lysH) (charges are omitted for clarity; all

 

α

 

-amino acids are 

 

L

 

-enantiomers unless otherwise noted).  The
aromatic side chains of phenylalanine (phe), tyrosine (tyr), and
tryptophan (trp) may undergo intramolecular stacking interac-
tions with the aromatic rings of 2,2

 

′

 

-bipyridine (bpy), 1,10-
phenanthroline (phen), etc. coordinated to the same metal ion.
On the other hand, adducts between a metal complex and an
uncoordinated molecule, such as Pt(DA)(argH)

 

≥

 

AMP (DA 

 

=

 

bpy or phen; AMP 

 

=

 

 adenosine 5

 

′

 

-monophosphate), may be
formed through weak intermolecular interactions.  Under fa-

vorable conditions, weak interactions between molecules lead
to self-organized structures such as helices and sheets, which
have been the subjects of great interest in the field of supramo-
lecular chemistry.

 

14

 

Evidence for the above interactions may be provided by
charge-transfer bands in UV-visible absorption spectra, ap-
pearance and magnitude anomaly of CD spectra, and 

 

1

 

H NMR
spectra showing changes in coupling constants and upfield
shifts due to the ring current effect of aromatic rings.  Ligand
selectivity in ternary or mixed ligand complex formation is re-
garded as a result of through-metal (electronic) and through-
space ligand–ligand interactions and is reflected on the solu-
tion equilibrium:

pM 

 

+

 

 qA 

 

+

 

 rB 

 

+

 

 sH  M

 

p

 

A
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B

 

r

 

H

 

s

 

β

 

pqrs

 

 

 

=

 

 [M

 

p
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q

 

B

 

r

 

H

 

s

 

]/([M]

 

p

 

[A]

 

q

 

[B]

 

r

 

[H]

 

s

 

) (1)

where M, A, B, and H refer to metal ion, ligand A, ligand B,
and proton, respectively, and p, q, r, and s are the stoichiomet-
ric numbers of the corresponding components in the complex
formed.

Isolation of mixed ligand complexes as crystals supports
their occurrence in solution, and structural determination by
X-ray crystallography provides direct evidence for ligand–
ligand interactions and clarifies their details in the solid state.
The mode of interactions revealed in the solid state may not be
the same as that in solution because of intermolecular interac-
tions necessary for crystal growth.

 

Scheme 1.   Intra- and intermolecular interactions involving
metal complexes.
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Ligand–Ligand Electrostatic Interactions or Hydrogen 
Bonds in Metal(

 

Ⅱ

 

)-Amino Acid and -Peptide Complexes

 

Ligand–ligand interactions in metal complexes have been
concluded from various lines of evidence.

 

(1) Synthetic Studies.    

 

The X-ray crystal structure analy-
sis of carboxypeptidase A (CPA) and the CPA–gly

 

•

 

tyr complex
(gly

 

•

 

tyr 

 

=

 

 glycyltyrosinate) disclosed for the first time the mo-
lecular structures of an enzyme and its complex with a model
substrate gly

 

•

 

tyr, which is bound to the enzyme through coor-
dination to the zinc ion and weak interactions of its tyr phenol
moiety and carboxylate terminus with the hydrophobic pocket
and arg guanidinium moiety of the enzyme molecule, respec-
tively (Fig. 1).

 

15

 

  This enzyme-substrate complex structure
prompted us to work out model mixed amino acid complexes
with oppositely charged side chain groups.  We could isolate
various ternary complexes M(A)(BH), such as Cu(asp)(argH)
(M 

 

=

 

 Cu(

 

Ⅱ

 

) or Pd(

 

Ⅱ

 

); A 

 

=

 

 asp, glu, ethylenediamine-

 

N

 

-
monoacetate (edma), etc.; BH (

 

ω

 

-protonated basic amino acids
(B) 

 

=

 

 argH, lysH, ornithine (ornH), etc.).

 

16,17

 

  It was possible
along this line to incorporate two interacting groups into one

ligand by combining amino acids A and B to form dipeptides
BH

 

•

 

A.

 

18

 

  Thus, arginylaspartate (argH

 

•

 

asp) and arginyl-
glutamate (argH

 

•

 

glu) gave Cu(argH

 

•

 

asp

 

•

 

H

 

−

 

1

 

) and Cu(argH

 

•

 

glu

 

•

 

H

 

−

 

1

 

) (H

 

−

 

1

 

 denotes deprotonation from the peptide bond).
Solid state structures of Cu(argH

 

•

 

asp

 

•

 

H

 

−

 

1

 

) and Cu(argH

 

•

 

glu

 

•

 

H

 

−

 

1

 

) showed that the interactions between the oppositely
charged groups occur intermolecularly and not intramolecular-
ly (Fig. 2),

 

18

 

 which is probably because interactions between
molecules are required for crystallization.  However, these
structures indicate that intramolecular interactions should oc-
cur within the complex molecule in dilute solution, and this is
supported by solution equilibrium and CD spectral studies
(vide infra).

Exchangeable Cu(

 

Ⅱ

 

) in human blood plasma is present as
complexes of serum albumin and amino acids, and according
to Sass-Kortsak et al. the ternary amino acid complexes con-
taining his, Cu(his)(asn), Cu(his)(thr), and Cu(his)(gln) (asn 

 

=

 

asparaginate; thr 

 

=

 

 threoninate; gln 

 

=

 

 glutaminate), are pref-
erentially formed.

 

7b

 

  Cu(his)(thr) was isolated from blood plas-
ma as crystals and structurally characterized by X-ray analysis
to have a 

 

cis

 

-configuration of the amino groups in a square-py-
ramidal geometry having his coordinated as a terdenate ligand
with its carboxylate moiety at an axial position.

 

19

 

  By assum-
ing the same coordination mode of his in the above complexes,
we inferred that the polar side chain groups of asn, gln, and thr
would interact with the carboxylate oxygens to stabilize the
complexes relative to those without such interactions, and iso-
lated as crystals a number of ternary complexes Cu(his)(Aa)
by using amino acids with a polar side group (Aa 

 

=

 

 asn, gln,
citrullinate (cit), serinate (ser), homoserinate (hmser)).

 

8

 

The X-ray structure analysis of Cu(his)(asn)20 revealed that
it has the same coordination structure as that of Cu(his)(thr)
and suggests that the asn amido NH2 moiety may form a hy-
drogen bond with the axially coordinated COO− group by ro-
tation of the asn side chain around the Cα–Cβ bond (Fig. 3).8

Cu(his)(ser) was also shown to have the cis-configuration.21

(2) Circular Dichroism and 1H NMR Spectra.     The

Fig. 1.   Schematic representation of the active site structure
of CPA–gly•tyr complex.15

Fig. 2.   Molecular structure and hydrogen bonding network in Cu(argH•asp•H−1).18
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1:1:1 Cu(Ⅱ)–A–BH systems exhibited a similar d-d absorp-
tion peak at 600–640 nm and negative CD peaks in the corre-
sponding region due to the vicinal effect of the asymmetric
carbons.16,17,22  According to Martin et al. the CD magnitude of
Cu(Ⅱ)- and Ni(Ⅱ)–oligopeptide complexes is an additive func-
tion of the magnitudes for the binary complexes of the compo-

nent amino acid residues.23  We found that in the absence of in-
teracting side chain groups the magnitude ∆εcalcd for
Cu(ala)(val) (ala = alaninate; val = valinate) can also be esti-
mated on the basis of additivity:9c,16,17

∆εcalcd = (∆εCu(ala)2 + ∆εCu(val)2)/2 (2)

Fig. 3.   Structure of Cu(his)(asn) (a)20 and possible intramolecular hydrogen bonding by conformational change (b).8

Table 1.   CD Spectral Data for Ternary Metal(Ⅱ)–L–Amino Acid Systems in Aqueous Solution9b,16,17,24,25,31

System   pH λmax ∆ε ∆εobsd/∆εcalcd

Cu(ala)(argH) 9.4 600 0.10 1.0
Cu(ala)(asp) 9.3 630 0.06 1.0
Cu(asp)(argH) 7.2 630 0.09 1.4

9.5 630 0.09 1.3
Cu(asp)(lysH) 7.2 640 0.08 1.2

9.6 640–650 0.08 1.1
Cu(asp)(ornH) 7.1 640 0.07 1.5
Cu(glu)(argH) 7.3 600 0.14 1.4

8.5 600 0.15 1.3
Cu(glu)(argH) 8.5 598 0.147 1.26

7.8 600 −0.173 1.44 50% aq ethanol
7.7 599 0.134 1.12 I = 0.1 M NaClO4

7.8 607 −0.143 1.05 I = 0.5 M NaClO4

Pd(ala)(asp) 6.4 345 0.57 1.00
 306 −0.84 1.00

Pd(asp)(lysH) 6.2 351 0.41 0.70
308 −0.94 0.80

Pd(cySO3)(lysH) 6.4 349 0.20 0.87
306 −0.89 0.90

Pd(his)(ser) 6.9 321 −0.11 0.58
Pd(his)(hmser) 7.1 323 −0.10 0.64
Pd(his)(asn) 6.8 307 −0.12 0.64
Pd(his)(gln) 7.0 325 −0.15 0.74

Pd(hisOMe)(gln) 7.0 336 −0.084 1.04
Cu(ala)(pser) 7.1 623 −0.116 0.99 I = 1 M NaClO4

7.5 630 −0.128 0.96 I = 0.1 M NaClO4

7.8 625 −0.127 0.88 50% aq methanol

Cu(pser)(argH) 7.8 616 −0.214 1.57
8.1 610 −0.273 1.96 50% aq methanol

775 0.074 2.2
Cu(ptyr)(argH) 9.5 595 −0.271 1.19 I = 1M NaClO4

9.9 586 −0.361 1.94 I = 0.1 M NaClO4

10.0 585 −0.411 2.54
10.4 581 −0.500 3.50 50% aq methanol



O. Yamauchi et al. Bull. Chem. Soc. Jpn., 74, No. 9 (2001) 1529

where ∆εCu(ala)2 and ∆εCu(val)2 are the CD magnitudes for the bi-
nary 1:2 complexes, Cu(ala)2 and Cu(val)2, respectively.  The
magnitudes for Cu(asp)(ala) and Cu(val)(argH), for example,
agreed well with the calculated values.  The magnitude additiv-
ity has also been found to hold for the Pd(Ⅱ) complexes such
as Pd(ala)(argH).24  However, when A and BH having oppo-
sitely charged groups were used, the magnitudes for 1:1:1
Cu(Ⅱ)–A–BH such as Cu(asp)(argH) significantly deviated
from the ∆εcalcd values,9c,16,17 and the corresponding Pd(Ⅱ) sys-
tems also exhibited anomalous magnitudes.24  The anomaly
became more pronounced in media with lower polarity and de-
creased at high ionic strengths.  The extent of magnitude
anomaly can be expressed by a relative magnitude, which is
defined as the ratio of the observed magnitude ∆εobsd to the cal-
culated one: ∆εobsd/∆εcalcd.  Selected CD spectral data and rela-

tive magnitudes are summarized in Table 1, which indicates
that the asymmetry of the side chains is increased due to the
electrostatic side chain–side chain interactions.

While the his-containing Cu(his)(Aa) systems (Aa = asn,
ser) showed no appreciable magnitude enhancement in spite of
the expected hydrogen bond as shown in Fig. 3b,8 the ∆ε val-
ues observed for the corresponding Pd(Ⅱ) systems were much
smaller than the ∆εcalcd values, which were calculated accord-
ing to Eq. 3:25

∆εcalcd = ∆εM(DL-his)(L-Aa) + ∆εM(L-his)(DL-Aa) (3)

No anomaly was observed for the systems containing histidine
methyl ester (hisOMe), Pd(hisOMe)(Aa) (Aa = ser, gln),
which shows that the charged carboxylate group is necessary
for the interactions (Table 1).  Other systems such as
Cu(his)(lysH) and Cu(his)(AA) (AA = phe, tyr, trp) exhibited
anomalous CD magnitudes (vide infra).  These results indicate
that the CD magnitude may be affected more strongly by inter-
actions between charged groups than by interactions involving
a polar group such as amido and hydroxy groups.

Amino acids coordinated to a metal ion may be expressed
by three staggered rotamers Ⅰ, Ⅱ, and Ⅲ (Fig. 4b).  Solvent de-
pendence of the fractional populations of rotamers calculated
from the vicinal coupling constants of the 1H NMR spectra for
Pd(Ⅱ)–asp(or cySO3)–BH (cySO3 = cysteate; BH = lysH)
clearly indicated that the population calculated according to
Pachler and Feeney26 of rotamer Ⅲ (PⅢ), which enables the in-
teraction to occur, increases with the CD3OD content (Fig. 5)
and decreases with temperature significantly, supporting the
existence of electrostatic interactions within the complex mol-
ecule.24

(3) Stability Enhancement and Stereoselectivity Due to
Ligand–Ligand Interactions.    Intramolecular interactions
may give rise to cis–trans isomerism of planar complexes due
to the steric requirements for the interactions.17  Figure 6

Fig. 4.   Intramolecular hydrogen bonds in Pd(L-cySO3)(L-argH) (a) and three staggered rotamers for α-amino acids (b).

Fig. 5.   Solvent dependence of PⅢ for ternary Pd(Ⅱ)-amino
acid systems.24  �, Pd(cySO3)(lysH); �, Pd(cySO3)(ala);
�, Pd(cySO3)2.
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shows the configurations favoring the interactions expected for
diastereomeric complexes.  Brookes and Pettit observed a
small but significant difference in the stability constants for
Cu(L- or D-his)(L-BH) (B = arg, lys, orn), where complexes
Cu(L-his)(L-BH) were more stable than Cu(D-his)(L-BH).27

They ascribed the difference to the side chain interactions by
assuming that the complexes have a cis-configuration similar
to that shown in Fig. 3.  The Cu(L- or D-A)(L-BH) systems (A
= asp, glu) did not exhibit the stability enhancement and stere-
oselectivity due to electrostatic interactions, indicating lack of
stability difference between the cis- and trans-forms (Fig. 6).28

The pKa values for the ω-ammonio group of lysH and ornH in
Cu(L-A)(L-BH) (A = asp or glu) were higher than those for
Cu(L-ala)(L-BH) having ala in place of A, which implies that
protonation of this group is favored due to the interactions.28

No stability differences were detected for the Cu(L- or D-
his)(L-Aa) systems (Aa = asn, gln, ser, thr, etc.);13 as described
earlier, the estimates of the stability constants for Cu(L-his)(L-
Aa) calculated according to Tanaka’s equation11b were in ex-
cellent agreement with the experimental values, which sug-
gests that there were no influential through-space ligand–
ligand interactions under the conditions employed (I = 0.1 M
(KNO3)).  Electrostatic interactions between amino acid side
chains have also been reported for a Cu(Ⅱ) complex containing
DL-8-N-trimethylornithinate and DL-homocysteinate.29  Proba-
bly due to a solubility difference between the geometric iso-
mers as shown in Fig. 6 and as expected from the structural re-
quirement for interactions (Fig. 3), the ternary complexes iso-
lated from Cu(DL-A)(L-BH) and Cu(DL-his)(L-asn) systems in
aqueous ethanol or methanol were found to have incorporated
D-A and L-his in 39–9330 and 98%8 optical purity, respectively.
The Pd(DL-A)(L-BH) systems also incorporated L-enantiomers
preferentially.24  These findings serve as indications of the ex-
istence and effect of ligand–ligand interactions.

Phosphorylation of the hydroxy group of ser and tyr gives
O-phosphoserinate (pser) and O-phosphotyrosinate (ptyr), re-
spectively.  The negatively charged phosphoester group can
now interact with the positively charged argH and lysH side
chains; the systems such as Cu(pser)(argH) and Cu(ptyr)-
(argH) exhibited greatly enhanced relative CD magnitudes (Ta-
ble 1).31  For the systems Cu(A)(BH), where A denotes pser,
ptyr, and edma and BH to argH and lysH, we may consider the
following hypothetical equilibrium:31,32

Cu(A)(B′) + Cu(A′)(BH)  Cu(A)(BH) + Cu(A′)(B′)
log K = log βCu(A)(BH) + log βCu(A′)(B′) − log βCu(A)(B′) 

− log βCu(A′)(BH) (4)

where A′ and B′ are amino acids without any interacting side

chain group, and ligand–ligand interactions occur only in
Cu(A)(BH).  Stabilization of this complex relative to others is
evaluated by the log K values given by the log β values such as
log βCu(A)(BH), which are overall stability constants for the com-
plex species indicated.  In the absence of any electrostatic in-
teractions or hydrogen bonds favoring a particular complex,
formation of the four complexes in Eq. 4 occurs statistically, so
that log K is equal to zero, but when Cu(A)(BH) is stabilized
by the interactions, the equilibrium shifts to the right, giving
log K > 0.  Table 2 shows that complexes such as Cu(ps-
er)(argH) have log K values of 0.36–0.73 at I = 0.1 M (KNO3)
and that the values decrease at I = 1.0 M (KNO3), indicating
that the complexes are stabilized by the electrostatic interac-
tions.31  Complex stabilization due to electrostatic interactions
was also detected for Cu(edma)(argH) etc. relative to
Cu(en)(ala), although its crystal structure exhibited intermo-
lecular interactions.32  Similar electrostatic interactions stabi-
lized the complexes containing the deprotonated form (I2tyrO,
deprotonated from the phenol moiety) of 3,5-diiodotyrosinate
(I2tyr), Cu(I2tyrO)(BH).33  Analysis of the solution equilibria
of Cu(argH)2 in 0.1 M KNO3 and 0.1 M guanidinium chloride
(Gua•Cl) indicated the formation of an adduct, Cu(argH)2•
Gua, with the Gua+ ion probably bound with the two side
chain guanidinium groups of coordinated argH molecules.34

Pt(bpy)(argH) was inferred to form a dimer through stacking
of bpy and H2O-bridged hydrogen bonds between the side
chain guanidinium groups of argH.34

The Cu(Ⅱ) complexes of dipeptides (L = BH•A) incorporat-
ing charged amino acid residues within one molecule may be

Fig. 6.   Geometric isomerism due to steric requirements for ligand–ligand interactions.

K

Table 2.   Log K Valuesa) for Cu(A)(BH) Systems31

System
log K

I = 0.1 M I = 1 M
Cu(ptyr)(argH) 0.65 0.24
Cu(pser)(argH) 0.42 0.03
Cu(ptyr)(lysH) 0.73 0.40
Cu(pser)(lysH) 0.36 0.18

a) Ionic strengths were adjusted with KNO3.
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stabilized relative to Cu(Ⅱ)–gly•gly (gly•gly = glycylglyci-
nate) because of the Cu(Ⅱ)–side chain and side chain-side
chain interactions in complexes CuL, where L coordinates to
Cu(Ⅱ) through the amino nitrogen and the peptide oxygen.  As
compared with Cu(gly•gly), the Cu(BH•A) complexes (BH =
argH or lysH; A = asp or glu) exhibited higher stabilities, as
evaluated by the log β110 values for CupLqHr, the order being
BH•asp � BH•glu � BH•gly.18  This means that the electro-
static interactions between the oppositely charged side chains
of argH or lysH and asp or glu stabilize the resulting complex-
es Cu(BH•A).  Contribution of the interactions may also be
evaluated by the following hypothetical ligand exchange reac-
tion:18

Cu(gly•gly•H−1) + BH•A  Cu(BH•A•H−1) + gly•gly
log Kex = log β11-1(Cu(BH•A•H-1)) + log β011(gly•gly) 

− log β11-1(Cu(gly•gly•H-1)) − log β011(BH•A) (5)

The log Kex values which were calculated from the log β values
were found to be positive and in the order argH•asp > argH•
glu � lysH•asp > lysH•glu > gly•asp > argH•gly � lysH•gly
> gly•glu, which indicates that complexes with at least one
charged side chain are preferred to Cu(gly•gly•H−1) without
any side chain.  The thermodynamic parameters revealed that
the ∆H0 and ∆S0 values were both positive, which shows that
the entropy factor contributes to the hypothetical ligand ex-
change reaction and thus the stabilization of Cu(BH•A•H−1).
The entropy effect may be ascribed to liberation of water mol-
ecules from the interacting side chain groups, supporting the
conclusion that intramolecular electrostatic interactions are
important.  In this connection, Kozlowski et al. detected the
strong effect of the peptide side chain groups in the Cu(Ⅱ)
complex of asn•ser•phe•arg•tyr-NH2 (= asparaginylserylphe-
nylalanylarginyltyrosinamide), where the side chains were
concluded to form hydrogen bonds and/or fences around
Cu(Ⅱ), thus shielding the coordination plane from the bulk of
solution.35,36

Intramolecular Aromatic Ring Stacking Interactions

Aromatic ring stacking has been recognized as a principal
mode of interactions in biological systems such as DNA struc-
turing, intercalative binding of planar organic molecules, and
molecular recognition.  Stacking of the side chain aromatic
rings of aromatic amino acid residues is important for stabiliz-
ing the tertiary structure of proteins,1d and stacking has been
observed, e.g., for the active sites of galactose oxidase37 and
cytochrome c oxidase38 as well as the proposed electron trans-
fer pathway in the cytochrome c (cyt c)–cytochrome c peroxi-
dase (Ccp) couple.39  While the aromatic–aromatic interactions
were interpreted as due the entropy effect of the classical hy-
drophobic interactions, they are still debatable, and for nucleic
bases and aromatic amino acids electrostatic factors may be
more important.  Hunter et al. qualitatively explained the π–π
interactions between porphyrins and between phenyalanine
residues in proteins in terms of electrostatic interactions.40  In-
terest in stacking in the coordination sphere prompted us to ob-
tain detailed information on the structures and stabilities of ter-
nary complexes containing aromatic diimines (DA) and aro-
matic amino acids.

In order to obtain detailed information on aromatic rings in
complexes in solution we studied various ternary M(Ⅱ)-ligand
systems with aromatic rings by various methods, and estab-
lished the existence of aromatic ring stacking in metal com-
plexes containing aromatic amino acids and its contribution to
stabilization of complexes.  We also found that stacking be-
tween DA and a side chain aromatic ring decreases the electron
density of the central metal ion.

(1) Evaluation of Stability Enhancement Due to Stack-
ing.    Stability of complexes with aromatic rings may be af-
fected by stacking between coordinated ligands, metal–aro-
matic ring interactions, etc.9a,9b,41  Aromatic rings in metal
complexes may exert electronic or solvophobic effects on the
central metal ion.  Sigel et al. established the intramolecular
stacking of the nucleic bases of coordinated nucleotides and
arylcarboxylates with DA coordinated to the same metal
ion.9b,42,43  They also evaluated the stabilization due to stacking
of his-containing ternary Cu(Ⅱ) complexes with tyr, trp, etc. by
calculating the equilibrium constants such as 10∆∆log K for an
equilibrium typically shown for Cu(his)(trp) and concluded the
stacking interaction in these complexes:44,45

Cu(trp) + Cu(his)(ala)  Cu(his)(trp) + Cu(ala) (6)

Aromatic ligands bpy and phen (denoted as DA) are excel-
lent ligands for Cu(Ⅱ), Pd(Ⅱ), Fe(Ⅱ), etc.  When coordinated to
Cu(Ⅱ) in a planar geometry, DA serves as acceptors of the π-
back donation by Cu(Ⅱ) and favors coordination of σ- and π-
donor ligands such as carboxylates.9a  Amino acids favorably
bind with Cu(DA) to form ternary complexes.  The situation is
most favorable for coordination of aromatic amino acids AA
(= phe, tyr, and trp), because there can be additional stabiliza-
tion in the resulting complex M(DA)(AA) (M = Cu(Ⅱ), Pd(Ⅱ))
by the stacking interaction between DA and the side chain aro-
matic ring of AA.  We determined the stability constants for a
number of Cu(DA)(AA) systems (DA = bpy, phen, histamine
(hista), 2-aminomethylpyridine (ampy), ethylenediamine (en);
AA = phe, tyr, trp, tyr with deprotonated phenol OH group
(tyrO), ptyr) by pH titration at 25 °C and I = 0.1 M (KNO3)
and evaluated the stability enhancement due to the stacking in-
teractions by Eq. 7, which is a modification of Eq. 4 :46,47

Cu(DA)(ala) + Cu(en)(AA)  Cu(DA)(AA) 
+ Cu(en)(ala)

log K = log βCu(DA)(AA) + log βCu(en)(ala) − log βCu(DA)(ala) 
− log βCu(en)(AA) (7)

where DA and AA are bidentate ligands with aromatic rings
which can undergo stacking interactions while en and ala have
no such rings.  Therefore, stacking occurs only in Cu(DA)-
(AA), whose stabilization is evaluated by the log K value by
assuming that all the complexes have comparable coordination
structures and donor sets.  Equation 7 is similar in context to
Eq. 6 except that the donor set in each complex is maintained
nearly the same in Eq. 7.

(2) Structure–Stability Relationship.    Table 3 summariz-
es the log K values calculated for various Cu(DA)(AA) com-
plexes from the relevant log β values with Cu(en)(ala) as stan-
dard.  It is clearly seen from Table 3 that the complexes with

Kex

∆∆logK10

K
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large interacting aromatic rings have higher log K values as
compared with those with small aromatic rings.  Thus,
Cu(phen)(trp) (log K = 1.39) is more stabilized than Cu(his-
ta)(trp) (0.60), Cu(ampy)(trp) (0.48), and Cu(phen)(tyr) (1.05),
all of which have a smaller DA or AA.46  When the aromatic
rings are of comparable size, the electron density difference
due to substituents affects the log K values; the value for
Cu(phen)(htrp) (htrp = 5-hydroxytryptophanate) is 0.83 log
unit higher than that for Cu(phen)(trp).  Since complexes with
valinate (val), Cu(DA)(val), have log K values � 0.12, the re-
sults indicate that there is a stacking interaction in the ternary
complexes when both DA and AA have aromatic rings, and
this interaction stabilizes the complexes.  The stability se-
quence as expressed in terms of the side chain aromatic rings
of AA is as shown in Chart 1.

Stabilization of ternary complexes with p-substituted phen-
ylalaninate (X-phe) Cu(DA)(X-phe) (DA = bpy, phen; X-phe
= DL-F-, DL-Cl-, DL-Br-, I-, NO2-, and NH2-phe) was also
evaluated by the log K values.  The stability sequence was
found to be Br > OH > Cl � NH2 > H > F, although there
were some ambiguities regarding the order of X = I and

NO2.48  However, the ternary complexes containing I2tyr and
its deprotonated form I2tyrO, Cu(DA)(I2tyr) and Cu(DA)-
(I2tyrO), respectively, were disclosed to have large log K val-
ues which are much larger than those for tyr (Table 3),49 sug-
gesting that the iodine atoms strongly assist the stacking inter-
actions.  The molecular structures of Cu(bpy)(tyr),31 Cu(bpy)-
(I2tyr),49 etc. in the solid state have been disclosed to have a
stacked structure as shown in Fig. 7 for Cu(hista)(I2tyrO),50

and the stacking in Cu(bpy)(I2tyr) was not affected by deproto-
nation of the OH group.49  Other complexes having medium to
large log K values, such as Cu(bpy)(trp)51 and Cu(phen)(trp),52

have been shown to have a stacked structure by X-ray analysis.
Cu(phen)(phe) (log K = 0.64) was found to have both the
stacked and unstacked structures, while Cu(bpy)(phe) (0.60)

Table 3.   Log K Valuesa) for Cu(DA)(AA)46,49

L-AA Side chain
DA

hista ampy bpy phen

val 0.06 0.12 0.02 0.08

phe 0.26 0.22 0.60 0.64

tyr 0.51 0.55 0.90 1.05

tyrO− 0.11 0.38 0.25

I2tyr 0.84 0.69 1.88 2.18

I2tyrO− 0.28 0.50 1.20 1.38

trp 0.60 0.48 1.19 1.39

htrp 0.87 0.82 1.80 2.22

ptyr −0.15 −0.14 −0.02

a) Calculated according to Eq. 7.

Chart 1.   Stability sequence expressed in structures of AA.

Fig. 7.   Molecular structure of Cu(hista)(I2tyrO).50
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showed only the unstacked structure,48 which suggests that the
log K value of 0.6 for Cu(bpy or phen)(AA) could be a border-
line value for intramolecular stacking to occur in the solid
state.  In contrast stacking with a coordinated imidazole ring in
Cu(hista)(phe) (Fig. 8) and Cu(hista)(tyr) having rather small
log K values of 0.3–0.5 (Table 3) was established by X-ray
crystal structure analysis,53 supporting the previous conclu-
sions from the solution equilibrium and spectral stud-
ies.41,42,44,47

Stacking of aromatic rings has also been concluded for
Cu(DA)(L) complexes, where DA refers to bpy or phen and L
to tyr-containing dipeptides, tyr•X (X = gly, L/D-ala, -tyr, -trp,
and -phe).54  The log K values were calculated from Eq. 7′ by
replacing AA and ala with dipeptides tyr•X and gly•gly, re-
spectively:

Cu(DA)(gly•gly) + Cu(en)(L)  Cu(DA)(L) 
+ Cu(en)(gly•gly) (7′)

where stacking is possible only in Cu(DA)(L).  The coordina-
tion modes of dipeptides depend on the pH of the solution; at
pH 5–8, L is bound to Cu(Ⅱ) through the amino nitrogen and
peptide carbonyl oxygen atoms to form Cu(DA)(L).  The log K
values calculated with Cu(en)(gly•gly) as standard were larger
than 0.91, showing that Cu(DA)(L) complexes are strongly sta-
bilized by stacking.  At pH 8–10, L coordinates to Cu(Ⅱ)
through the amino nitrogen, peptide nitrogen, and carboxylate
oxygen atoms in the Cu(Ⅱ) plane as a terdentate ligand to form
Cu(DA)(L•H−1) such as Cu(phen)(tyr•gly•H−1), which has
been revealed to have a square-pyramidal structure with stack-
ing between the phenol moiety of the tyr residue and phen co-
ordinated at an equatorial and an axial position (Fig. 9)54 as
previously shown for Cu(phen)(gly•gly•H−1).55  A correspond-
ing Pd(Ⅱ) complex was shown to have a planar structure with
N4 coordination (Fig. 10).54  The Cu(DA)(L•H−1) complexes
are similarly stabilized, but the log K values calculated with
Cu(en)(gly•gly•H−1) as standard (0.35–1.33) were smaller
than those for Cu(DA)(L).

Table 3 shows that complexes Cu(DA)(ptyr) (ptyr = O-
phosphorylated tyrosinate) have small negative log K values,

indicating that the stacking interaction is virtually cleaved by
phosphorylation of the tyrosine phenol OH group.  Deprotona-
tion of tyr to give tyrO also decreased the values.  The stacked
or closed species of Cu(DA)(AA) in solution is considered to
be in equilibrium with the unstacked or open species, and its
fractional population PST may be calculated from log K by the
following relationship:9b,44,47b,56

(8)

KST = K − 1; PST = 1 − 10−log K

For Cu(bpy)(tyr) we have PST = 0.87, but for Cu(bpy)(tyrO)
and Cu(bpy)(ptyr) the PST values are 0.44 and 0.0, respectively
(Table 4).  The destabilizing effect of introducing negative
charges into the aromatic ring can probably be ascribed to the
hydrophilicity and/or bulkiness of the modified (and hydrated)
group, which destroys the stacked structure.

Fig. 8.   Molecular structure of [Cu(hista)(phe)(ClO4)].53

K

Fig. 9.   Molecular structure of Cu(phen)(tyr•gly•H−1) show-
ing stacking between the tyr phenol ring and axially coor-
dinated phen.54

Fig. 10.   Molecular structure of Pd(bpy)(tyr•gly•H−1).54
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(3) Absorption, CD, and NMR Spectral Properties.
Stacking of DA with nucleotides in Cu(Ⅱ) complexes has been
found to give rise to a charge-transfer (CT) band in the region
300–400 nm,57 and similar bands were also observed for
Cu(DA)(AA), etc.  For example, the complexes Cu(DA)(X-
phe) (X-phe = p-H-, HO-, Br-, I-, and NH2-substituted phe)
exhibited difference spectra with weak broad bands at 310–400
nm.48,58  The bands have been assigned to CT between the
stacked rings and hence support the existence of stacking inter-
actions in Cu(DA)(AA) in solution.  In this connection the
(protonated phen)–(protonated trp or htrp) systems, which
were without Cu(Ⅱ), exhibited a well-resolved CT peak at
360–370 nm.46  The CD spectra of Cu(DA)(AA) with stacking
exhibited a negative peak at 570–600 nm, whose magnitude
was much stronger than that for Cu(en)(AA) and Cu(DA)(val)
and was in the order of AA, phe < tyrO < tyr < trp, reflecting
the distortion and increased rigidity of the side chain confor-
mation due to stacking.46  CD magnitude anomaly47a and sta-
bility difference27,47a between Cu(L-his)(AA) and Cu(D-
his)(AA) have been detected for Cu(his)(AA) (AA = phe, tyr,
and trp) due to stacking interactions, which is in agreement
with the conclusion from the ∆∆log K values (Eq. 6).44

1H NMR upfield shifts due to the ring current effect serve as
a strong support for stacking interactions in solution.  Studies
on the ternary Pd(Ⅱ) complexes of aromatic amino acid-con-
taining dipeptides L clearly showed that stacking exists in
Pd(DA)(L) (DA = bpy, 4,7-diphenyl-1,10-phenanthroline-
4′,4
-disulfonate (bphen); L = tyr•gly, tryptophylglycinate
(trp•gly), phenylalanylglutamate (phe•glu), etc.)59 as later re-
vealed for Pd(bpy)(tyr•gly) in the solid state (Fig. 10).54  From
the observed upfield shifts for the aromatic side chain protons

and the shifts for complete stacking calculated from the
Johnson–Bovey diagram,60 the PST values were calculated to
be as high as 0.98 for Pd(bphen)(trp•gly) at 25 °C, the structur-
al dependence of PST being similar to that determined by pH ti-
tration (Table 4).

Metal Ion–Aromatic Ring Interactions

The side chain aromatic ring of Cu(tyr)2
61 and Cu(Ⅱ)–gly•

trp (gly•trp = glycyltryptophanate)62 has long been known to
be tilted over the Cu(Ⅱ) coordination plane in the solid state.
Martin pointed out that the ratio of the stepwise stability con-
stant for Cu(phe)2 to that of Cu(phe), K2/K1, is higher than that
for the Cu(Ⅱ)–gly and -ala complexes.63  As a result of in-
tramolecular stacking as seen in Cu(bpy)(tyr) the side chain ar-
omatic ring is located close to and above the Cu(Ⅱ) plane, to be
within a weak bonding distance (3–3.5 Å).  In fact the enthalpy
change for log K2 of Cu(trp)2 has been found to be more nega-
tive than that for Cu(ala)2,64 showing a stronger Cu(Ⅱ)-ligand
bond.  These observations may indicate a Cu(Ⅱ)-aromatic ring
interaction, which should affect the electron density of the
metal ion and therefore the stability constants of the complex
formed.  Our preliminary ab initio molecular orbital calcula-
tion by the density functional method of [Cu(bpy)(trp)(H2O)]+

which involves a bpy-indole stacking interaction showed that
there are bonding orbitals formed between Cu(Ⅱ) and the pyr-
role moiety of the indole ring.65

The Cu(Ⅱ) complexes of tyr-containing dipeptides,
Cu(tyr•X•H0(or −1)) (tyr•X = tyr•gly, tyrosylphenylalaninate
(tyr•phe), tyrosyltyrosinate (tyr•tyr), tyrosyltryptophanate
(tyr•trp), etc.), formed at neutral pH easily dimerize to
Cu2(tyrO•X•H0(or −1))2 upon dissociation of the phenol OH
group at pH 8–11 through the phenoxide bridge,66 as previous-
ly reported by Hefford and Pettit for tyr•gly.67  With active
dipeptides L-tyr•L-X, this reaction was accompanied by a re-
markable magnitude change and sign inversion of the CD
spectra at 650–690 nm, whereas no such change was observed
for the meso dipeptides L-tyr•D-X.  Assuming that the mono-
meric complex Cu(L-tyr•L-X•H(0 or −1)) has a structure with the
C-terminal aromatic ring R tilted over Cu(Ⅱ), we concluded
that this conformation is distorted upon dimerization to Cu2(L-
tyrO•L-X•H(0 or −1))2 due to steric hindrance (Fig. 11), resulting
in the drastic CD spectral change.  No conformational distor-
tion and therefore no CD spectral change would occur with

Table 4.   Populations of Stacked Species, PST, for 
Cu(DA)(AA) Systems (I = 0.1 M (KNO3); 25 °C)47b

AA
Species DA

pqrs phen bpy ampy hista
phe 1110 0.77 0.75 0.40 0.45
tyr 1111 0.91 0.87 0.72 0.69
tyrO 1110 0.44 0.58 0.22
ptyr 1110 0.00 0.00 0.00
trp 1110 0.96 0.94 0.67 0.75
htrp 1111 0.99 0.98 0.85 0.87

Fig. 11.   Dimerization of Cu(tyrO•X•H−1) and concomitant conformational change.66
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Cu(L-tyr•D-X•H−1) where R is on the other side of the coordi-
nation plane and not affected by the phenoxide bridging.  Ves-
tues and Martin concluded from the 1H NMR spectra that the
aromatic side chain of Pd(Ⅱ)-phenylalanylphenylalaninate in
solution prefers to be above the metal coordination plane.68

The stability constants for the ternary complexes Cu(DA)(AA)
(DA = en, N,N′-dimethyl- or -dibenzyl-substituted en; AA =
phe, tyr, trp, etc.), where there is no aromatic ring stacking and
Cu(Ⅱ)–aromatic ring contact is rather limited, indicated that
the complexes are slightly stabilized, and this has been as-
cribed to the tilted conformation of the aromatic ring and the
resulting effect on hydration on Cu(Ⅱ).69  The effect of stack-
ing on the electron density of the central metal ion has been
shown for Pt(Ⅱ) by 195Pt NMR (vide infra).

The indole ring is an electron-rich aromatic ring, and as
seen from Table 3 it stabilizes the ternary complexes by stack-
ing most effectively.  Although it does not bind with a metal
ion under usual conditions, it was found to coordinate to Pd(Ⅱ)
through the nitrogen70 to form Pd–3H-indole complex having
the NH proton at the C3 position, which was also observed to
bind with Pd(Ⅱ)71a,71b and Pt(Ⅱ).71b  By designing tripodal N3-
donor ligands with a pendent indole ring and changing the
electron density of the central metal ion from Cu(Ⅱ) to Cu(Ⅰ),
we synthesized the Cu(Ⅰ) complex of a tripodal ligand, N-[2-
(3-indolyl)ethyl]bis(6-methyl-2-pyridylmethyl)amine (Me2-
IEP), and revealed that it has a tetrahedral structure with a
unique Cu(Ⅰ)-indole η2-type bond involving the C2–C3 moiety
(Fig. 12).72  The bond is stable in methanol but is broken in
CH3CN, indicating that it is rather weak.  The redox potential
of this complex was determined to be slightly higher than a
similar complex without the Cu(Ⅰ)–indole bonding, which may
indicate stabilization of the Cu(Ⅰ) state due to the π-back dona-
tion from Cu(Ⅰ) to the indole ring.  Recently a Cu(Ⅰ)–macrocy-
clic NS2 ligand complex with a pendent naphthyl ring was
found to form a weak Cu(Ⅰ)-naphthyl η2-type bond.73

These results suggest that aromatic rings in the vicinity of
the metal coordination sphere may have an electronic effect on
the central metal ion and affect its reactivity either through di-
rect bonding or through indirect close contact.  The metal ion
in turn may affect the reactivity of the aromatic rings.  Apart
from direct metal ion–aromatic ring interactions, cation-π in-
teractions between a cationic portion of a coordinated ligand
and an aromatic ring in the side chain have been reported.74

Interactions between Metal Complexes 
and Uncoordinated Molecules

Weak interactions around the central metal ion do not al-
ways involve coordination to the metal ion.  Ligand–ligand in-
teractions may be generalized as intermolecular interactions
around the metal center, where the roles of the metal ion may
be to exert structural and electronic effects and transmit rele-
vant information to the outside.  Metal complexes can interact
with noncoordinating molecules or ions in solution.  When
they are exchange-inert or stable enough to maintain their
structural identity, it is possible to acquire information on the
modes of interactions by spectroscopy and on the structural de-
pendence and energy of adduct formation by measuring the
equilibrium constants.  From this point of view, we studied the
adduct formations in metal-containing systems, such as Pt(Ⅱ)

complex–nucleotide systems.  Studies on intermolecular inter-
actions between small molecules were then extended to the
metalloprotein–charged peptide systems, with a view to clari-
fying the biological recognition site.  As a step toward rational
construction of supramolecular assemblies, we studied self-or-
ganization of molecules in the systems composed of the 1:2
Cu(Ⅱ)–arg complex ion, Cu(arg)2

2+, and its aromatic and other
dinegative counterions such as isophthalate (= benzene-1,3-
dicarboxylate).

(1) Adduct Formation between Platinum DNA Intercala-
tors and Mononucleotides.    Pt(Ⅱ) complexes with a planar
aromatic ligand such as bpy, phen, and 2,2′:6′,2
-terpyridine
(terpy) are known to intercalate into DNA base-pairs by stack-
ing and electrostatic interactions, and ∆- or Λ-Ru(phen)3

2+ and
other Ru(Ⅱ) complexes have been revealed to recognize right-
handed and left-handed DNA structures by groove binding by
weak forces.75  Stacking is regarded as an important driving
force for the intercalative binding of Pt(Ⅱ)–aromatic ligand
complexes into the nucleic base-pairs.  Considering that the
energy and structural dependence of the interactions determine
the site specificity of intercalator– and protein–DNA binding,
we studied the adduct formation between a Pt(Ⅱ) complex
Pd(DA)(en) (DA = bpy, phen, etc.) and a mononucleotide
NMP (= AMP, guanosine 5′-monophosphate (GMP), cytidine
5′-monophosphate (CMP), etc.) by spectroscopic and calori-
metric measurements.76  The first indication that they form ad-
ducts was given by the CD spectra of the Pt(bpy)(en)–NMP
systems (NMP = AMP, GMP, CMP) at pH 7–8, which exhibit-
ed a positive peak at ~320 nm due to the vicinal effect of the
asymmetric carbons of NMP.77  The CD peak was much weak-
er with adenosine used in place of NMP, and the peak observed
for AMP decreased with the increase of the ionic strength ad-
justed by NaClO4, which indicates that the adduct formation is
partly due to the electrostatic interactions between the Pt(Ⅱ)
complex and the ribose phosphate moiety.  Addition of NMP to
Pt(DA)(en) (DA = bpy, phen, 3,4,7,8-tetramethyl-1,10-phen-
anthroline (Me4phen), 5-nitro-1,10-phenanthroline (nphen))
caused the absorption spectral changes, as revealed by the dif-
ference spectra in the aromatic π-π* transition and CT regions
(290–340 nm), indicating that the electronic states of the aro-
matic rings were affected by the adduct formation.78  The 1H
NMR spectra of NMP in the Pt(DA)(en)–NMP systems exhib-
ited upfield shifts of the purine (H2 and/or H8) or pyrimidine
(H5 and H6) signals and the ribose (H1′) signals due to the

Fig. 12.   Unique η2-type bonding between Cu(Ⅰ) and the 
indole ring in Cu(Me2IEP).72
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ring current effect, but no upfield shifts were detected for
Pt(en)2–NMP.78,79  X-ray structure analysis of [Pt(bpy)(en)]•
AMP•10H2O revealed the stacking interaction between the ad-
enine ring of AMP and coordinated bpy.80  These observations
established that Pt(DA)(en) and NMP form adducts through
stacking between the aromatic rings of the complex and NMP
and the electrostatic interactions involving the phosphate
group.  Extended Hückel molecular orbital calculations using
the reported parameters showed the CT interaction between
the π orbital of AMP (next HOMO) and the π* orbital of
[Pt(bpy)(en)] (LUMO) (Fig. 13a).  The proposed binding
mode, which shows that the two oxygen atoms of the phos-
phate group interact with the Pt(Ⅱ) ion and the coordinated
amino group, is compatible with the calculated net positive
charges of these groups (Fig. 13b).78

The equilibrium for the adduct formation is given as fol-
lows:

Pt(DA)(en) + nNMP  Pt(DA)(en)≥(NMP)n

βn = [Pt(DA)(en)≥(NMP)n]/[Pt(DA)(en)][NMP]n (9)

Insights into the structural and thermodynamic aspects of the
adduct stability were provided by the stability constants log βn

(n = 1, 2) and thermodynamic parameters for various
Pt(DA)(en)–NMP systems determined by the spectroscopic
and calorimetric measurements.78,79,81,82  Table 5 summarizes
the log β1 values and the relevant parameters ∆H0 and ∆S0 de-
termined at 25 °C.  The stability constants log β1 are in the
range 2–3 at I = 0.1 M (NaClO4 or NaCl) and are dependent
on both the DA and NMP structures.  Pt(Ⅱ) complexes with a
large DA such as Me4phen exhibited a log β1 value as large as
3.07.  The order of the stability with respect to NMP was found
to be AMP � GMP > IMP > CMP (IMP = inosine 5′-mono-
phosphate), which shows that purine nucleotides form more
stable adducts than pyrimidine nucleotides.  Adenosine (Ado)
and cytidine (Cyt), which do not have the phosphate moiety,
form adducts that are 0.3–0.5 log unit less stable, indicating
that the electrostatic interactions as shown in Fig. 13b partly
contribute to the adduct formation.

The thermodynamic parameters shown in Table 5 reveal that
the reaction is always accompanied by negative enthalpy
changes and negative entropy changes (∆H0 < 0 and ∆S0 < 0)
for the purine nucleotides.  No liberation of heat was observed
for uridine 5′-monophosphate.  The results clearly show that
the adduct formation is enthalpically driven, implying that the
stacking may be regarded as a weak bonding interaction, i.e. a
nonclassical hydrophobic interaction.  This is not surprising
because the enthalpy contribution has already been pointed out
e.g. for Cu(his)(trp), Cu(ATP)(his), and related systems by
Arena, Rizzarelli, et al.64,83  The stacking in Pd(DA)(tyr•gly)
was also found to be enthalpically driven from the temperature
dependence of the equilibrium constants for stacking.59

Although the log β1 values for AMP, GMP, and IMP are in
the range 2.3–2.5 for Pt(phen)(en), a closer look at the thermo-
dynamic parameters reveals that the ∆H0 values are much more
negative for AMP and GMP (~−26 kJ mol−1) than the value
for IMP (−11.9 kJ mol−1) and that the ∆S0 values were nega-
tive for AMP and GMP but positive for IMP (Table 5).82  This

Fig. 13.   Extended Hückel MO calculations (a) and the proposed binding mode (b) for [Pt(bpy)(en)]–AMP and [Pt(phen)(en)]–AMP,
respetively.78

βn

Table 5.   Stability Constants, log β1, and Thermodynamic
Parameters, ∆H0 and ∆S0, for Formation of Pt(DA)(en)–
NMP Adducts in Water at 25 °C79,81,82

DA NMP I log β1
∆H0/kJ 
mol−1

∆S0/J mol−1 
K−1

phen AMP 0.1 2.51 −25.6 −38
phen AMP 0.2 2.48 −21.1 −23
phen Ado 0.1 2.21 −15.8 −11
phen Ado 0.2 2.24 −14.4 −6
phen GMP 0.1 2.49 −26.2 −40
phen GMP 0.2 2.47 −20.0 −20
phen IMP 0.1 2.34 −11.9 5
phen CMP 0.1 2.17 −6.5 20
phen Cyt 0.1 1.63 −5.0 15
Me4phen AMP 0.1 3.07 −22.9 −18
Me4phen Ado 0.1 2.74 −16.1 −2
Me2phen AMP 0.1 3.00 −23.3 −21
nphen AMP 0.1 2.44 −22.7 −30
bpy AMP 0.1 2.30 −18.0 −16
bpy Ado 0.1 1.91 −14.2 −11
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indicates that stacking interaction is stronger with AMP and
GMP than with IMP.  The difference in the thermodynamic
properties between the purine nucleotides may be explained by
the amino group, which is present in adenine and guanine but
absent in IMP (Fig. 14) and which is considered to increase the
electron density of the purine ring, because the amino group in
adenine and guanine has almost no basic character.  This elec-
tron density increase is favorable for stacking because the aro-
matic rings of DA are electron-deficient due to coordination to
Pt(Ⅱ).  The 13C NMR spectra of Pt(Me2phen)(en)–NMP
showed that the upfield shifts (∆δ) due to stacking of the C2
moiety were much larger for AMP and GMP than for IMP,
which is in line with the conclusion from the thermodynamic
considerations (Fig. 14).82  The above results may suggest that
intercalative binding occurs preferentially at the guanine-cy-
tosine base-pair where both bases have an amino group.

All the adducts have the stability constants which are much
larger than the constants for self-association of NMP (usually
less than 1 log unit)76 and the Pt(Ⅱ) complexes (0.25 for
Pt(phen)(en)),79 demonstrating the important contribution of
the Pt(Ⅱ) ion to the adduct stability by changing the electron
density, increasing the structural rigidity, and thus favoring the
adduct formation.  When Pt(phen)(en) formed an adduct with
AMP, the 195Pt signal suffered downfield shifts relative to that
of Pt(en)2, and the shifts were linearly correlated with the en-
thalpy changes of the adduct formation, i.e., 21.5, 23.2, and 9.8
ppm for AMP, GMP, and IMP, respectively.79  This suggests
that the electron density of the Pt(Ⅱ) center is decreased due to
delocalization of the electrons over the aromatic rings interact-
ing with each other through stacking, resulting in stabilization
of the Pt(Ⅱ) complex–AMP adduct.

(2) Interactions between Charged Side Chain Groups of

Metal Complexes and Uncoordinated Molecules.     Palladi-
um(Ⅱ) forms stable planar complexes with N-donor ligands
such as bpy, en, and amino acids.  Although Pd(Ⅱ) complexes
are not exchange-inert, their existence in solution is long
enough to be detected separately in the NMR time scale.  Pos-
sible electrostatic interactions or hydrogen bonds were studied
for the systems involving Pd(Ⅱ), diaminoalkanecarboxylates
(A = L- and DL-forms of 2,3-diaminopropionate (dap) or 2,4-
diaminobutyrate (dab)), and a biogenic polyamine spermidine
(spd = N-(3-aminopropyl)-1,4-diaminobutane) as a basis for
the intermolecular side chain-side chain interactions.84  13C
NMR spectra of the 1:1 Pd(Ⅱ)-spd system revealed that
Pd(spd) with spd as a terdentate ligand is the major species at
neutral pH, whereas for the 1:2 Pd(Ⅱ)-spd system, Pd(spdH)2

with N4 coordination (spdH = spd with one of the terminal
amino groups protonated) is also formed.  For the ternary sys-
tems 1:1:1 Pd(Ⅱ)–A–spd no mixed ligand complexes were
formed, but instead Pd(A)2 and Pd(spd)2, both with N4 coordi-
nation, were the main species.  The only detectable species in
the systems 1:2:x Pd(Ⅱ)–A–spd (x � 10) was Pd(A)2 with spd
uncoordinated, and the positive CD peak of Pd(L-A)2 at 280–
290 nm suffered a magnitude decrease with addition of spd
while its absorption spectrum stayed unchanged, which indi-
cates that the conformation of L-A is affected by hydrogen
bonds or electrostatic interactions with fully protonated spd,
spdH3, as shown in Fig. 15.  The approximate log β1 values for
Pd(A)2–spdH3 adducts were 2.4 and 2.6 for A = L-dpa and L-
dba, respectively, at I not fixed.  The population of the trans
form of Pd(L-dba)2 was estimated to increase as compared
with the cis form due to the interactions.  The effect on the CD
magnitude was more pronounced when diamines, 1,3-diami-
nopropane and 1,4-diaminobutane (putrescine), were used in

Fig. 14.   Comparison of the structures and 13C NMR upfield shifts due to stacking of the nucleic bases in [Pt(Me2phen)(en)] 
systems.82

Fig. 15.   Intermolecular interactions between Pd(dab)2 and protonated spd.84
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place of spd, probably because they interact with the carboxy-
late oxygens more effectively.

The mentioned mode of interactions shows an intrinsic af-
finity of biogenic amines for negatively charged groups, such
as the phosphoester groups of DNA, and further suggests that
interactions between charged groups exposed to the outside are
important for stabilization of molecules and molecular recog-
nition.

(3) Metalloprotein–Charged Peptide Interactions, Their
Structural Effects, and Molecular Recognition.     Intramo-
lecular ligand–ligand electrostatic interactions or hydrogen
bonds have been concluded for complexes involving an acidic
amino acid with a negatively charged side chain and a basic
amino acid with a positively charged side chain, such as Cu(L-
glu)(L-lysH) and Cu(L-asp)(L-lysH) (vide supra).  The Pd(Ⅱ)
complex–polyamine adduct formation mentioned above
presents a different mode of interactions.84

Electrostatic interactions are one of the essential forces for
complex formation or molecular recognition between electron
transfer proteins.  Plastocyanin (PC), a Cu-containing mobile
electron transfer protein existing in the thylakoid lumen of
photosynthetic organisms, is negatively charged at neutral pH.
It contains consecutive acidic residues (negative patch) located
at a solvent-accessible site near a tyrosine residue remote from
the Cu center.85  PC receives an electron from cytochrome f
(cyt f) of the cytochrome b6f complex, which is an integral oli-
gomeric membrane protein complex existing in the photosyn-
thetic organism.  A lysine residue-rich positively charged site
(positive patch) has been revealed to exist at the solvent-ex-
posed site of cyt f by X-ray structural studies,86 and the electro-
static interaction between the negative patch of PC and the
positive patch of cyt f has been inferred to be the driving force
for the formation of the cyt f-PC complex.87  According to the
X-ray crystal structure analysis, the cyt c–CcP complex is also
formed by the electrostatic interaction of the positively
charged sites of cyt c with the negatively charged sites of
CcP.39

As an extension of intermolecular electrostatic interactions
between small molecules, we studied electron transfer protein–
charged peptide systems in order to clarify the partner recogni-
tion sites and the effects of intermolecular interactions on the
metal site structures in the reactions between electron transfer
proteins.  To investigate the molecular recognition character of
proteins, we used the charged peptides schematically shown in
Fig. 16 as recognition site models for one of the proteins and
determined the electron transfer rates between the redox cou-
ple in the presence and absence of the charged peptides, where
positively charged peptides interact with the negatively
charged sites of proteins while negatively charged peptides in-
teract with the positively charged sites.88  Thus, lysine peptides
interacted with the consecutive asp and glu residues of the neg-
ative patch of PC and competitively inhibited electron transfer
from reduced cyt f or cyt c to oxidized PC.89,90  The inhibitory
effect of lysine peptides were explained as competitive inhibi-
tion due to neutralization of the PC negative patch by forma-
tion of PC•lysine peptide complexes (Fig. 17), which demon-
strates that lysine peptides function as models for the PC inter-
acting site of proteins.  Sykes et al. showed that small redox-
inactive inorganic compounds inhibit electron transfer between

PC and cyt c,91 cyt f,92 or inorganic redox partners,93,94 which
has been explained by competitive inhibition due to the inter-
action between the positive charges of the redox-inactive inor-
ganic compounds with the negative charge of PC.  In line with
these conclusions, decreasing the net charge of the PC negative
patch by mutation resulted in the decrease in the electron trans-
fer rate from reduced cyt c to oxidized PC and the inhibitory
effect of lysine peptides.89  These observations strongly sup-
port the conclusion that the negative patch of PC is the domi-
nant cyt c/f molecular recognition site.  Likewise, negatively
charged aspartic acid peptides (asp peptides) up to pentaaspar-
tate (penta-asp) served as competitive inhibitors of the electron
transfer from cyt c or cyt f to PC,90 which is ascribable to the
cyt c or cyt f-asp peptide complex formation similar to the PC–
lysine peptide complex.  Lysine peptides, however, promoted
electron transfer from [Fe(CN)6]4− to oxidized PC,95 which
may be explained as due to formation of PC–lysine peptide or
lysine peptide–[Fe(CN)6]4− complexes subsequently forming
an electron transferring complex, PC–lysine peptide–
[Fe(CN)6]4−, without repulsion of the negative charges.

Lysine peptides have been found to be very useful for inves-
tigating the molecular interaction induced structural changes
of metalloproteins having absorption bands in the visible re-
gion, where the peptides do not have any absorption.  The ab-
sorption spectra of oxidized PC with and without pentalysine

Fig. 16.   Structures of charged peptides used.

Fig. 17.   Schematic representation of PC (PDB 1BYO)85d in-
teracting with tetra-lys.
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(penta-lys) and their difference spectrum are shown in Fig.
18A.  Peaks and troughs detected in the difference spectrum at
about 460 and 630 nm and at about 560 and 700 nm, respec-
tively,89 revealed that the absorption band centered at about
600 nm shifts to a longer wavelength and that the 460- and
700-nm absorption band intensities increase and decrease, re-
spectively, on interaction with the lysine peptide.  Since the
600-nm band is assigned to the S(Cys)-to-Cu(Ⅱ) LMCT
band,96 the result indicates that the structure of the Cu site (at
least the Cu–S(Cys) bond) should be altered.  Some of the Ra-
man bands at 375–475 cm−1 slightly shifted to lower frequen-
cies, and the relative intensities of some of the lower frequency
bands in this region increased slightly when tetra-lys was add-
ed (Fig. 18B).  The νCu-S related 375- and 420-cm−1 bands
were especially affected, indicating that the Cu–S(Cys) bond
was weakened on addition of lysine peptides.  Binding of
lysine peptides also caused the redox potential shift to a higher
value.  These findings suggest that the peptides induce a struc-
tural change in PC to make the copper site adapted for facile
electron transfer.89,97,98  The structural change might be related

to the report by Kostic et al., who proposed that PC and cyt c
or cyt f bind and react with each other in different configura-
tions resulting from the protein-protein interaction termed as
the gating process for electron transfer,99–101 showing possible
configurations for the diprotein complex by computer simula-
tion.102,103  Structural changes were also observed for cyt f, cyt
c, and CcP on interaction with charged peptides.90,104

We extended our study to a system composed of two pro-
teins, PC–cyt c.89,90  Interaction of PC with cyt c caused chang-
es in the resonance Raman spectrum of PC, which were similar
to those observed for the PC–lysine peptide interactions.  This
indicates that PC interacts with cyt c and lysine peptides in a
similar way and that lysine peptides can be excellent models
for the PC recognition site of cyt c.89  In connection with the
absorption spectral change by lysine binding, the association
constants between PC and cyt f or cyt c have been obtained by
measuring the increase of the Soret band intensity of cyt f or
cyt c.105–107  When asp peptides up to penta-asp were added to
the cyt c solution, changes in the absorption spectrum in the
Soret region were detected, and the difference spectral pattern
was similar to that observed for cyt c–PC interactions,90 which
demonstrates that asp peptides mimic PC in the interaction
with cyt c.

(4) Self-Organization of Complex Molecules through
Guanidinium–Carboxylate Hydrogen Bonding.     Intramo-
lecular ligand–ligand interactions in small complex molecules
may be converted to intermolecular interactions in concentrat-
ed solution and in the solid state (Scheme 1).  In fact, the elec-
tron spin resonance spectrum of Cu(Ⅱ)–argH•asp exhibited the
broadening of the Cu(Ⅱ) hyperfine structures already in 2 mM
solution, indicating that the complex species associate with
each other even in dilute solution through hydrogen bonding as
shown in Fig. 2.18  The crystal structures of this and other com-
plexes such as the [Pt(bpy)(en)]≥AMP adduct80 exhibit infi-
nite structures formed by hydrogen bonding and/or aromatic
ring stacking.  They form three-dimensional (3D) structures,
whose architecture is determined by combinations of a variety
of factors such as the molecular structure, chemical bonding,
and topology.  Supramolecular chemistry has attracted a great
deal of attention in recent years, and interesting structures such
as helices composed of metal ions with a tetrahedral geometry
and oligobipyridines etc. have been reported.14  In view of the
functions of organized molecules in chemical and biological
systems, we studied self-organization of Cu(Ⅱ)–amino acid
complex molecules.108

The guanidinium group of arg is well known as the hydro-
gen bonding partner for the carboxylate and phosphate moi-
eties in proteins.  It can form two types of two parallel hydro-
gen bonds with a carboxylate group.109  In the course of the
studies on ligand–ligand interactions in systems involving
argH, the molecular structure of [Cu(L-argH)2](NO3)2 was re-
vealed to have two arg molecules in the cis-configuration in the
coordination plane, probably owing to the hydrogen bonds be-
tween the coordinated amino groups and a nitrate ion.32  The
crystal structure is contructed by a 3D infinite network of hy-
drogen bonds involving the guanidinium group, nitrate ion,
and water molecules.  When the nitrate ion was replaced by
benzene-1,3-dicarboxylate (mba), the resulting complex
[Cu(L-argH)2](mba) also showed a cis-configuration fixed by

Fig. 18.   Absorption and resonance Raman spectra of oxi-
dized PC.89  (A): Absorption spectra of PC with (a) and
without (b) penta-lys and their difference spectrum (a–b)
multiplied by 20 (c).  The baseline of the difference spec-
trum is shown as a dotted line.  (B): Resonance Raman
spectrum in the 200–600 cm−1 region for oxidized PC with
(a) and without (b) penta-lys and the difference spectrum
obtained by subtracting this spectrum from that with
penta-lys and multipying it by 10 (c).
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the hydrogen bonds between the coordinated amino groups
and the oxygen atoms from the two carboxylate groups of
mba, and the crystal structure was revealed to have a 1D infi-
nite {–[Cu(L-argH)2]2+–mba2−–}n chain of complex molecules
connected by the hydrogen bonds between the arg guanidini-
um groups of the complex and the carboxylate groups of mba
(Fig. 19).110  The hydrogen bonds between the coordinated
amino groups and the dicarboxylates bind two nearby parallel
helices together to form a right-handed double-helical struc-
ture.  With the use of D-argH in place of L-argH a left-handed
double-helical structure was formed in [Cu(D-argH)2](mba),
which suggests that the handedness of the helix is determined
by the chirality of the α-carbon atom of arg.  The same double-
helical structure was formed with aromatic dianions pyridine-
2,6-dicarboxylate (2,6-dpc) and pyridine-3,5-dicarboxylate
(3,5-dpc), where no nitrogen coordination was observed.110

The [Cu(L- or D-argH)2]2+ ion in these structures serves as a
building block, having two extended arg side chains which are
connected by the counterions (and water molecules), leading to
the self-organization.

One of the key factors for the unique double-helical struc-
ture is that all the dicarboxylates used have the interacting
groups in the meta-positions, so that the oxygen atoms from
the two carboxylate groups are in positions suitable for hydro-
gen bonding with the coordinated amino groups in the cis-po-
sitions.  As a result of this and because of the α-carbon chirali-
ty, the side chains of the two arg molecules are extended in the
opposite directions to be hydrogen bonded with the neighbor-
ing aromatic dicarboxylates, and the Cu(Ⅱ) coordination struc-
ture is distorted from the plane by the bridge formation.  On
the other hand, benzene-1,4-dicarboxylate (pba), benzene-1,3-
disulfonate (mbs), and benzene-1,2,4,5-tetracarboxylate (py-
romellitate) (pma) used as counteranions gave a 1D infinite {–
[Cu(L-argH)2]2+–}n tape structure formed by the hydrogen
bonds between the guanidinium and coordinated carboxylate
groups.111  For the systems with pba, the Cu(Ⅱ) center exhibit-
ed a trans-geometry, and the two arg side chains were extend-
ed sideways on the same side of the coordination plane, result-
ing in a tape rather than a helical structure.  The tapes are hy-
drogen-bonded by pba tilted and existing between them to
form a 2D sheet, which then form a 3D layer structure through
the hydrogen bonds between the carboxylate and coordinated
amino groups.  Close contact between Cu(Ⅱ) and the aromatic
ring of pba (3.18 Å) is considered to contribute to formation of
the layer structure.  Similar structures and bonding modes have
been observed for mbs and pma.111

An inorganic dianion, SO4
2−, formed through hydrogen

bonds with the arg guanidinium groups a 1D infinite {–[Cu(L-
argH)2]2+–SO4

2−–}n chain with a right-handed single-helical
structure ascribable to the cis-configuration of the Cu(L-argH)2

complex, due to the amino group–sulfate oxygen hydrogen
bonds, which further contributed to formation of a double-
stranded single helix.112

These results are summarized in Scheme 2, which shows
that self-organization of molecules and thus the structure of a
supramolecule may be controlled by a combination of factors
such as the geometry around the metal center, structure and
chirality of ligands, and selection of counterions.

Concluding Remarks

The importance of weak interactions is apparent from the
structures and functions of highly organized and controlled bi-
ological systems.  Although the energy of one interaction alone
is small, e.g., ∆H0 = ca. −20 kJ mol−1 for the Pt(Ⅱ) complex–
NMP interactions (Table 5), multiple interactions can be as
strong as a covalent bond and suitable for molecular recogni-
tion and specific binding, such as in enzyme–substrate and an-
tigen–antibody complexes.  Because of the weakness of inter-
actions, they are flexible, take place as soon as the interacting
molecules come close together, and easily dissociate depend-
ing on the conditions, which is a great advantage for quick bio-
logical response.

Fig. 19.   Infinite double-helical structure of {–[Cu(L-
argH)2]2+–mba2−–}n.110
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From the studies on model systems incorporating interact-
ing molecules, it is possible to collect information on weak in-
teractions and their structural dependences, which are rather
difficult to follow in systems with proteins and complex mole-
cules.  Findings on model systems may point to the possibili-
ties in biological systems and offer clues to biological reaction
mechanisms.  As shown earlier, the complex Cu(bpy)(tyr),
which is stabilized by intramolecular stacking with the log K
value of 0.90 (Table 3), is no more stabilized when the tyr phe-
nol OH group is phosphorylated to the phosphoester, –OPO3

2−.
However, the negatively charged phosphoester moiety now
shows the affinity for a positively charged group such as the
arg guanidinium and the lys ammonio group, resulting in the
stabilization of Cu(argH)(ptyr) and Cu(lysH)(ptyr) (Table 2).
These findings indicate that phosphorylation of tyr may con-
vert the aromatic ring stacking to electrostatic interactions be-
tween the phosphoester and guanidinium groups, on the basis
of which we suggested a possible scheme of protein conforma-
tional changes due to the change in the interaction mode from

stacking to electrostatic bonding, as shown in Fig. 20.31,46

The stacking involving the his imidazole ring has been
shown to occur in Cu(hista)(phe) and Cu(hista)(tyr) in
solution45,46 and in the solid state,53 suggesting its possibility in
proteins.  Kohzuma et al.113 recently isolated a new plastocya-
nin from the fern, Dryopteris crassirhizoma, and discovered by
X-ray analysis of the molecular structure that the active site Cu
has a his ligand (His 90) which is stacked with the phenyl ring
of an adjacent phe residue in a manner very similar to that dis-
closed in Cu(hista)(phe) (Fig. 8).53  This is the first example of
stacking between a coordinated imidazole ring and a nearby
aromatic ring in proteins, and the Cu site exhibits a high redox
potential as compared with the other known plastocyanins,
probably as a result of the electron density decrease due to
stacking.

The ideas of weak interactions in small complexes have
been shown to be applicable to certain metalloprotein-contain-
ing systems such as plastocyanin–lys peptide and plastocya-
nin–cytochrome c systems and have provided valuable infor-

Scheme 2.   Counteranion-controlled self-organization of [Cu(argH)2]2+.110−112

Fig. 20.   Possible conformational change due to phosphorylation of the stacked tyr phenol OH group.31,46
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mation on so far undetected phenomena, such as the subtle
structural change of the plastocyanin Cu site upon interaction
with lys peptides and cytochrome c.  This may contribute to
our understanding of protein–protein binding and its effect on
the functions of proteins.  Apart from biological significance,
aromatic ring stacking, which is strong in aqueous media, may
be effective for fixing the structure or conformation of organic
molecules in synthetic chemistry.  A stacking-enhanced enanti-
oselectivity has recently been reported for Cu(Ⅱ)- and Ni(Ⅱ)-
catalyzed Diels–Alder reactions in water using complexes in-
volving an aromatic amino acid, tyr or trp, as ligand, which
stacks with the coordinated pyridine ring of a dienophile, pro-
tecting one side of this from the attack by the diene.114

It is by nature difficult to determine the mode and energy of
weak interactions, but such interactions are ubiquitous and
their effects have been recognized and reported explicitly or
implicitly for selectivity and effeciency of reactions.  They will
be essential for understanding biological molecular recogni-
tion and specificity and will serve as attractive forces for con-
struction of organized reaction systems from component mole-
cules, which will open up a new field of chemistry.
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