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Weak Forces in Thermodynamic Stereoselectivity of 
Dipeptide Complex Formation in Aqueous Solution 

The thermodynamic stereoselectivity of a wide series of dipeptide complexes with 
proton and copper (11) ions is examined. In particular. i t  is shown that non-covalent 
interactions are the driving forces of the chirality discrimination. Furthermore, the 
diagnostic character of AH" and AS" values is brought to light and compared with 
the spectroscopy approach for correlating the stereoselectivity with the structural 
properties of complexes. 

Key Words: non-covalent interactions, thermodynamic stereoselectivity, copper (11) 
complexes of diastereoisomeric dipeptides 

The biological activity of a molecule often depends upon its ster- 
eochemistry, a fact well recognized for over a century. Carboxy- 
peptidase is a zinc enzyme which only stereospecifically splits the 
terminal amino acid from a peptide in the L-form,l while chy- 
motrypsin reacts efficiently with only one stereoisomer, the L- 
tryptophan methyl ester, to catalyze its hydrolysis.2 

Notwithstanding the relevance of the above systems and other 
macromolecules in the stereochemical specificity of biological pro- 
cesses, accurate descriptions of the origins of stereoselectivity are 
rare. The complexity of natural systems may be the reason why 
attempts are often made to reach a better understanding of ster- 
eoselectivity by the investigation of models. Since chiral discrim- 
ination between macromolecules is a highly complex process and 
represents the outcome of a large number of simultaneously oc- 

C(:I IWII Gordon and Brciich. 
Scicncc Puhlkhcrs S.A. 

Printcd in the United Kingdom 

85 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
3
:
0
6
 
1
5
 
J
a
n
u
a
r
y
 
2
0
1
1



curring molecular processes, the models allow easier quantitative 
identification of the nature and character of the forces determining 
a specific kind of biological recognition. Detailed understanding 
of such forces, sometimes called “secondary bonds,” is of the 
greatest interest, since it promises to lead to a better insight into 
many life processes. 

In this context, bearing in mind that the results obtained by the 
investigation of a model may only answer those questions which 
are already included in the model, it is the purpose of this Comment 
to review thermodynamic stereoselectivity in the complex forma- 
tion of dipeptides. 

The measurement of formation constants can be applied to the 
formation of labile complexes. Such labile complexes predominate 
in biological systems, and therefore thermodynamic stereoselec- 
tivity is the most important aspect, as kinetic stereoselectivity is 
for inert complexes. 

According to Pettit’s report3 that “potentiometric titrations, sup- 
ported where possible by calorimetric studies, provide the more 
reliable quantitative results,” mainly papers reporting a poten- 
tiometric and calorimetric approach have been reviewed. 

AW and AS” values have been used to understand the nature 
of the above-mentioned “secondary  bond^"^-^ that are weak forces, 
including hydrogen bonds, van der Waals, hydrophobic and elec- 
trostatic interactions, and to understand how their “weak” char- 
acter makes them indispensable to chiral molecular recognition. 
Furthermore, being aware that many researchers lack confidence 
in obtaining structural information from thermodynamic param- 
eters, and in order to achieve unambiguous results, spectroscopic 
measurements (UV, CD, NMR and e.p.r.) were carried out on 
the investigated systems by the devotees of thermodynamic ster- 
eoselectivity. Stereoselectivity is defined, within the context of 
transition metal chemistry, as the difference in the properties of 
molecular diastereoisomers. In particular, a dipeptide synthesized 
from optically pure amino acids can exist as four isomers, divided 
into two pairs. The LL and DD isomers are optically active or 
“pure” isomers, whereas the LD and DL isomers are meso or 
“mixed” isomers. The members of each pair are enantiomeric and 
the two pairs are diastereoisomeric. It has been shown that the 
formation constants of the enantiomeric dipeptides are indeed 
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identical as e ~ p e c t e d , ~  while proton and metal complexes of dia- 
stereoisomer dipeptides show, in general, thermodynamic ster- 
eoselectivity . 

PROTON COMPLEX FORMATION 

Reported values of proton complex formation constants for dia- 
stereoisomeric dipeptides are presented in Tables I and 11. 

Stereoselective effects between the diastereoisomeric dipeptides 
are significant: log p values concerning the protonation of the 
amino group is higher for the D,L-peptide than for the L,L-isomer, 
while the opposite behavior is observed in the protonation of the 
carboxylate group. This trend is also observed in the diastereoiso- 
mer pairs of dipeptides containing other protonation sites (Table 
11) with the significant exception of histidyl-histidine systems.17 
The carboxylate protonation constant value of D-his-L-his is higher 
than that of L,L-isomer. A particular trend in the non-terminal 
protonation sites was not noted. 

In general, stereoselectivity increases as the size of the side chain 
increases. The difference in stability ranges from 0.15 to 0.55 I.u. 
(logarithmic unity) on going from the ala-ala3 couple to the tyr- 
trp On the basis of the log p values only, thermodynamic 
stereoselectivity in proton complex formation can be explained in 
different ways. Due to the fact that molecular models show that 
the meso isomer can fold more easily than the pure isomer, 
Ellenbogen9 attributed this stereoselectivity to differences in the 
electrostatic interaction. In the folded conformation of the zwit- 
terion the oppositely charged NH: and COT groups are nearer 
in the case of the L,D isomer than in the case of the L,L one, 
which, consequently, is less stabilized than the meso diastereoiso- 
mer. Nakon and Angelici' interpreted the observed stereoselec- 
tivity by assuming that the dipeptides remained in the folded p- 
conformation in acid, neutral, and basic solutions. On the basis of 
this assumption, supported by experimental results,18-20 it can be 
seen that protonation of the carboxyl group is electrostatically less 
stable in the L,D isomer than in the pure isomer due to the close 
proximity of the positively charged NH; group. For a similar 
reason protonation of the amine group is more stabilized in the 
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TABLE 1 

Proton complex formation constants of some diastereoisomeric dipeptides 
at 25°C and I = 0.1 mol dm-' 

logK(C0- ) logK(NH,) Ref. 

L-Ala-L- Ala 
D- Ala-D-Ala 
L-Ala-D-Ala 
D- Ah-L-  Ala 
L-Ala-L-Phe 
L- Ah-D-Phe 
L-Lys-L- Ala 
L-Lps-D- Ala 

L-Lys-D-Lys 
D-Leu-D-Leu 
L-Leu-L-Leu 
L-Leu-D-Leu 
D-Leu-L-Leu 
L-Val-L-Phe 
I--Val-D-Phe 
1-Phe-L-Val 
L-Phe-D-Val 
I.-Leu-L-Ala 
L-Leu-D-Ala 
L-Pro-L- Ala 
LPro-D- Ala 
L-Pro- L-Phe 
L-Pro-D-Phe 

L-Met-D-Val 
L-Met-L-Phe 

L-Aln-L-Leu 
D-Ala-L-Leu 

1-Leu-D-Phc 
L-Leu-L-Ileu 
D-Leu-L-lleu 
I.-Val-L-Val 
L-VabD-Val 
L-Met-L-Met 
L-Met-D-Met 
D-Met-L-Met 

L-Lys-L-Lys 

L-Met-L-Val 

L-Met-D-Phe 

L-Leu-L-Phe 

3.30, 3.31 
3.30 
3.12 
3.15 

3.25. 3.13 
3.02, 2.95 

3.22 
3.00 
3.01 
2.85 
3.52 

3.45. 3.46 
3.05. 3.17 

3.13 
3.19. 3.20 
2.87. 2.92 

3.10 
3.09 
3.36 
2.98 
3.21 
3.15 
3.40 
2.91 
3.43 
3.07 
3.11 
2.87 
3.31 
3.12 
3.18 
2.89 
3.42 
3.05 
3.39 
3.04 

3.22, 3.23 
3.04 
2.91 

8.17, 8.15 
8.14 
8.30 
8.28 

7.89. 7.93 
8.08, 8.18 

7.62 
7.74 
7.53 
7.53 
7.89 

7.91. 7.91 
8.20. 8.28 

8.25 
7.89. 7.68 
8.24, 8.06 

7.41 
7.77 
8.08 
8. I7 
8.98 
9.09 
8.70 
9.OX 
7.15 
7.69 
7.29 
7.72 
8.02 
8.24 
7.69 
8.15 
7.77 
8 .08 
7.97 
8.22 

7.43. 7.39 
7.63 
7.54 

7, 8 
9 
7 
8 
8. 10 
8. 10 
9 
9 
9 
9 
7 
7. I 1  
7 .  11 
7 
3.  12 
3. 12 

3 
3 
3 
3 
1 
3 
3 
3 
3 
3 
3 

10 
1 0  
10 
10 
10 
I 0 
13 
13 
13. 14 
13 
14 

> 

meso isomer. The presence of side chains can promote hydropho- 
bic interaction between the two alkyl residues and the amide group. 
This "secondary" weak bond has the effect of bringing the charged 
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groups closer to each other in the meso isomer, thus increasing 
the stereoselectivity. 

Kaneda and Martells discussed stereoselectivity as a result of a 
conformational analysis carried out with the aid of molecular models, 
correlating different hydrophobic regions to a preferred cis con- 
figuration. Pettit and Hefford, in their review,’ considering the 
explanations to date, list the different aspects that can contribute 
to the stereoselectivity and seem to incline toward conformational 
and steric origins of proton complex stereoselectivity. 

AGO, AHo and ASo values for the protonation of some dipeptides 
are reported in Table I l l .  As can be seen, the protonation of the 
amine group is favored on enthalpy grounds, while that of the 
carboxylate only reveals a favorable entropy contribution. The 
overall negative AHo value of amine protonation has been ascribed 
to several factors2*; in particular, there is an exothermic contri- 
bution due to the nitrogen bond formation that is greater than the 
endothermic desolvation contributions of both the amine group 
and the H,O+ ion. The positive contribution of ASo in the case of 
the carboxylate oxygen takes place due to the desolvation processes 
of the anion as well as that of H,O+ and from the consequent 
charge neutralization. In the case of the protonation of the amine 
group, the solvation process occurs more easily than that for the 
carboxylate and this accounts for its less favorable entropy con- 
tribution. Analogously, the several processes of desolvation and 
consequent cleavage of solvent bonds explain the resulting slight 
endothermic contribution of the carboxylate protonation. In this 
context. it was possible to interpret the differences in the ther- 
modynamic parameters between the diastereoisomers of each com- 
plex, as well as the different behavior of the Ala-Ala, Ala-Leu 
and Met-Met systems with respect to the other dipeptides with 
branched alkyl side chains and aromatic residues. As regards the 
latter systems, it must be pointed out that the higher stability of 
the L,D derivative is due mainly to a more positive entropy con- 
tribution, while for the other dipeptides the order is reversed, i.e., 
“mixed” derivative is favored by a more negative enthalpy change. 
Since the p-conformation constrains the COO- and NH; groups 
on the same side of the L,D-diastereoisomer molecules and then 
at a shorter end-to-end distance than the L,L-dipeptide, the degree 
of neutralization of the overall charge in L-Ala-D-Ala is greater 
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than that occurring in the case of L-Ah-L-Ala peptide. The greater 
desolvation of the protonated amine group gives rise not only to 
a more positive entropy contribution, but also to a lower enthalpy 
change. due to the cleavage of solvent bonds, which is not balanced 
by the NH;-COO ~ electrostatic interaction. Thus the stereo- 
selectivity here is due to a gain in entropy because of the confor- 
mation in the peptides. As regards the other dipeptides, it is pos- 
sible to observe an enthalpy stabilization of the L,D- with respect 
to the L,L-derivative. Thus, one has to suppose that something 
else, besides electrostatic interaction. is occurring that can explain 
this difference. On the basis of a suggestion from Angelici et al.’ 
it has been proposed that for this group of dipeptides a solvophobi$* 
or. according to a more classical definition, a hydrophobic 
interaction23.2J takes place in the “mixed” diastereoisomer, facil- 
itated by the favorable conformation that placed the two side chains 
closer to each other in the L,D diastereoisomers (Fig. 1). Calo- 
rimetric studies on different systems have in fact shown that the 
solvophobic interaction is enthalpy favored.25.’h Furthermore, the 
entropy driven stereoselectivity of amino group protonation is ob- 
served only for the dipeptides in which the side chains are small 
(Ala-Ala and Ala-Leu) and thus are not able to interact solvo- 
phohically with each other. The only exception among the systems 
reported in Table 111 is i n  the Met-Met dipeptide pair. but it can 
be explained with the major conformational freedom of this vcry 
long chain; that the elongation of the side chain does not involve 
enhancement of the solvophobic interaction has recently been re- 
ported in the l i t e ra t~re . ’~  

L 0 L L 
“ p u r e  ” “mixed“ 

FIGURE 1 Tentative structures of L,L- and [.,D-dipeptides in aqueous solution. 
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However, the difference observed in the thermodynamic param- 
eters must be taken with care as a measure of the solvophobic 
effect on the amphiprotic species. In fact, this weak force takes 
place in all the protonation states of the "mixed" diastereoisomers, 
but becomes more effective and stronger for the amphiprotic spe- 
cies, owing to the electrostatic interaction. which should make the 
molecules more rigid and bring the side chains closer. Thus, in the 
protonation process there is only a variation in the extent of this 
interaction. 

The 'H NMR result,12 summarized in Table IV, supported these 
suggestions. As expected, the deprotonation process causes a grad- 
ual downfield shift. This behavior shows no exception in those 

TABLE IV 

Chemical shifts (in Hz at 80 M Hz) of the methyl protons 

Cationic Dipolar Anionic 
Dipeptide Species Species Species 

L- Aka-L- Ala 
L-Ala-D-Ala 

D-Ala-L-Leu 
L-Leu-L-Ileud 
D-Leu-L-Ileu" 
L-Leu-L-Leu' 
L-Leu-D-Leu' 
I-- Ala-L-Phe 
L- Ala-D-Phe 
L-Val-L-Phe' 
L-Val-D-Phe' 
L-Leu-L-Phe' 
L-Leu-D-Phe' 
L-Leu-L-Tyr' 

L- Ala-L-Leu 

D-Leu-L-Tyr 

124.6hi116.8' 
123.7h/1 16.7' 

124.8"/76.3' 
123.9"175.2' 

80.0 
81.0 

78.8h/76.S 
80.4h/75. I' 

118.9 
100.2 
83.6 
58.8 
72.9 
60.5 

72.4 
61.5 

124.3"/108.x' 
120.6"/108.3' 

1 23.Yh/73 .6' 
121 8hl74.1' 

76.9 
76.9 

77.1V75. 3' 
77.7h174.1' 

118 2 
97.9 

82.3 
57.3 
71.7 
58.6 

71 .0 
58.2 

10 t.2v 108.2 
100.3"/107.5" 

10 1. 4h/73, 4' 
1O0.Oh/73 .5' 
76. I 
75.8 

70.6h/75.@ 
71 .0h/74.0' 

91 .o 
82.9 

65.1) 
56.2 
67.6 
58.4 

66.2 
61.6 

.'Reference 12. 
"Methyl close to the amino groups. 
'Methyl close to the carboxylic groups 
"The reported value refers to the leucine methyl doublet while both the non- 

equivalent methyls of isoleucine owing to their low intensity are not distinguishable 
in the spectra. 

'The value is referred to the doublet of the two equivalent methyls. 
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dipeptides the side chains of which are both alkyl residues. In the 
case of D,L-Leu-Tyr, however, the methyl chemical shift in the 
amphyprotic species is upfield even with respect to that in the 
anionic species. In order to minimize the protonation effect, the 
chemical shift differences of related methyl groups of correspond- 
ing species between the two diastereoisomers of the same dipeptide 
were calculated (Table V). These data show that, in all the di- 
peptides with an aromatic moiety, the differences are highest for 
the amphiprotic species. Furthermore, the chemical shifts observed 
for the "mixed" diastereoisomer are always upfield with respect 
to the corresponding "pure" dipeptide. This trend was rationalized 
as follows: (i) solvophobic interaction is effective in all the species 
of the "mixed" diastereoisomers with an aromatic moiety; (ii) the 
extent of this interaction varies in the different species, being great- 
est in the amphiprotic species and smallest in the anionic species. 
It is noteworthy that spectroscopic and thermodynamic data are 
quite consistent. Some differences can be explained bearing in 
mind that the electrostatic interaction also takes place in these 
"mixed" diastereoisomers, and therefore the thermodynamic pa- 
rameters are the algebraic sum of different effects. In particular, 
as regards the enthalpy contribution, this corresponds to a negative 

TABLE V 

Differences between the chemical shift (in Hz) o f  corresponding methyls of 
corresponding species of the two diastereoisomcrh of each dipeptide 

( f i . , , , , , <  - fi .,,,<,I--).' 

Dipept ide" 
Cationic 
Species 

Dipolai 
Species 

Aln-Ala 
A I :I- LC u 
Leu-I leu' 
Leu-Leu 
Ala-Phe 
V UI - P he 
Leu-Phe 
Leu-Tyr 

+ 0.91 + 0 .  I "  
+ 0.Yi + 1. I" 

- 0.2 
- I .6'/ + I .?' 

+ IX.7 
+ I4.X 
+ 12.4 
+ 10.9 

+3 .7 ' /+0 .5"  
+ 2 ,  I '/ - 0.5" 

0.0 
0.0'1 + I .P 
+ 20.3 
+ 2.5.0 
+ 13.1 
+ 12.x 

Anionic 
Species 

+O.Y/+0.7" 
+ I .J'/ - 0 .  I" 

+o 3 
- 0.J'i + I .(PI 

+ X . I  
+9.7 
+Y.2 
+ 4.6 

.'"Pure" = L.L: "mixed" = L. D o r  D. L. 
"Reference 12. 
'Methyls close to the amino groups. 
"Methyls close to the carboxylic groups. 
cThe two equivalent methyls of leucine. 

94 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
3
:
0
6
 
1
5
 
J
a
n
u
a
r
y
 
2
0
1
1



(favorable) contribution of the solvophobic interaction, which is 
not completely counterbalanced by the positive contribution of the 
electrostatic interaction, and should be considered larger than that 
present in the case of Ala-Ala and Ala-Leu (the solvophobic in- 
teraction itself makes the molecule shorter). 

Summarizing, the results also show that the extent of solvopho- 
bic interaction is determined not only by the size but also by the 
shape, i.e., the kind of branching of the side chain, as can be seen 
by comparing the data of Leu-Leu with those of Leu-Ileu. Fur- 
thermore, other things being equal, the interaction between an 
alkyl and aryl group is more effective than an interaction between 
two alkyl groups. 

METAL COMPLEX FORMATION 

The generalized overall formation reaction of metal(I1) ions with 
peptide ligand is given in Eq. (1), where L is the negative species 
with peptide ligands. 

mM2+ + IL + hH+ c [M,(LIHh)]. (1) 

(Charges on the ligand and the metal(I1) complexes are omitted 
for clarity in notation.) The stability constant is defined by Eq. 
( 2 ) .  

In dipeptides with non-coordinating side chain residues, different 
stability constants have been found in the formation of peptide 
nitrogen deprotonated complex species MLH- (see Eq. (3)). 

while for other species the published results cannot confirm the 
presence of stereoselectivity. This might be due to the fact that 
the ML, MLH-2, ML2H - and so on are minor species and their 
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stability constant values suffer from a high degree of uncertainty. 
Experimental limits for nickel(I1) systems (tendency to form in- 
soluble species at low pH) and the impossibility of obtaining un- 
ambiguous speciation for zinc(1I) (tendency to form polynuclear 
and hydrolytic species) are likely to be the causes of the fact that 
the data reported in literature are pertinent nearly exclusively to 
copper(I1) complexes (Table VI). In the case of dipeptides con- 
taining potential donor atoms in their chains, different stability 
constants have been found also for other mononuclear species as 
well as for dimer complexes (Table VII). 

When only the log p values of all systems reported in Table VI 
are examined, it can be seen that it is not possible to identify a 
particular trend in the stereoselectivity of [Cu(L)] species, while 
the stability constant values pertinent to the [Cu(LH- J) com- 
plcxes show that the L,L diastereoisomers form more stable metal- 
complexes than the D,L ones. Furthermore, the difference in- 
creases with the increase in length of the alkyl side chain residues. 

Similarly, in some respects. to the discussion on the thermo- 
dynamic origin of the chelate effect, different conclusions have 
been drawn with respect to this stereoselectivity: i.e.. some in- 
vestigators have ascribed the effect to entropy loss, while others 
have suggested an entropy gain as the most important factor in 
contributing to the enhanced stability of copper(I1) complexes with 
L,L dipeptides? In particular, Kaneda and Martells stated that a 
relatively more extensive hydrophobic region results in an unfa- 
vorable entropy contribution and in a relative lowering of stability. 
Nakon and Angelici,' on the other hand, suggested that by creating 
an internal micelle. with a large hydrophobic region, it is possible 
to decrease an energetically unfavorable solvent-complex inter- 
face, leading to the formation of a more stable complex. Pettit et 
af. , I h  in agreement with Nakon and Angelici's point of view, hy- 
pothesized that the positive stabilization found in the optically 
active complex could be the result of the hydrophobic interaction 
between the two side chains, which are close together in the op- 
tically active complex, but are on the opposite sides of the basal 
plane in the "mixed" complex. Previously, differences in steric 
interference between the peptide side chains and coordinated water 
had been claimed to account for the preferential formation of the 
optically homogeneous complex." 
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TABLE VI 

Metal complex stability constants of some diastereoisomeric dipeptides at 25°C 
and I = 0.1 mol dm-’ 

logPll,l h P I  1.1 P K L  logPIz,, Ref.  

CU 111) 
L- Ah-L-Ala 
L- Ala-D-Ala 
D-Ala-L-Ala 
L- Ala-L-Phe 
L- Ala-D-Phe 
L-Leu-L-Leu 
L-Leu-D-Leu 
L-Val-L-Phe 
L-Val-D-Phe 
L-Phe-L-Val 
L-Phe-D-Val 
L-Leu-L- A h  
L-Leu-D-Ala 
L-Pro-L-Ala 
L-Pro-D-Ala 
L-Pro-L-Phe 
L-Pro-D-Phe 
L-Leu-L-lle 
D-Leu-L-Ile 
L-Leu-L-Phe 
L-Leu-D-Phe 
Ni( l l )  
L-Ala-L-Ah 
D- Ala-L- Ala 
L-Val-L-Phe 
L-Val-D-Phe 
L-Phe-L-Val 
L-Phe-D-Val 
L-Leu-1- Ala 
L-Leu-D- Ala 
L-Pro-L- Ala 
L-Pro-D- Ala 
L-Pro-L-Phe 
L-Pro-D-Phe 
Zn(l1) 

L-Ala-D- Ala 
L-Ah-L-Phe 
L-Ala-D-Phe 

L- Ah-L- Ala 

5.54. 5.31 
5.71 
5.60 

5.20. 5.35 
5.42. 5.18 
5.21. 5.24 
5.48, 5.20 
5.35. 4.66 
5.31, 4.82 

4.65 
4.86 
5.62 
5.56 
6.60 
6.48 
6.53 
6.23 
4.96 
4.96 
4.96 
5.07 

4.14 
3.90 
3.19 
3.24 
2.77 
3.08 
3.36 
3.34 
4.41 
4.44 
4.25 
4.05 

3.73 
3.87 
3.38 
3.61 

1.75 
1.56 

1.76, 1.93 
1.49, 1.56 

1.845. 1.71 
1.395, 1.27 

1.155 
0.939 
1.845 
1.384 
2.936 
2.654 
3.271 
2.551 
1.21 
0.59 
1.89 
1.19 

3.72. 3.58 
3.96 
4.04 

3.44. 3.42 
3.93, 3.62 
3.88, 3.86 
4.88. 4.57 
3.50. 2.95 
3.91, 3.55 

3.45 
3.92 
3.77 
4.18 
3.66 
3.83 
3.26 
3.68 
3.75 
4.37 
3.07 
3.89 

8.67 
9.06 
8.50 
9.30 
8.65 
9.28 
8.92 
9.20 
8.33 
8.34 
7.76 
8.53 

7.02 
6.92 
5.39 
6.32 
5.21 
6.08 
5.97 
6.15 
7.88 
8.67 

8.65 
- 

6.88 
7.04 
6.20 
6.55 

7,  8 
7 
8 
7, 28 
7, 28 
7. 11 
7. 11 
3, 28 
3. 28 
3 
3 
3 
3 
3 
3 
3 
3 

28 
28 
28 
28 

3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
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Sigel and Martinz9 observed that upon deprotonation of the 
species formed by copper(I1) ions and some dipeptides with two 
nonglycyl residues at pH = 4 (the coordination at the amide ni- 
trogen occurs according to the equilibrium [Cu(L)]+ e [Cu(LH-,)I 
+ H’) the corresponding equilibrium acidity constant pK& is 
more acidic for the “pure” than for the “mixed” isomers. They 
suggested that hydrophobic interactions between side chains on 
the same side of the chelate plane in the LL complex provide a 
favorable effect compensating for the steric inhibition responsible 
for the high pK&,, values found in other peptide systems such as 
Gly-Leu and Gly-ILeu. 

Though complexes of dipeptides have been studied by means of 
several different experimental methods, all the above suggestions 
about the driving forces of thermodynamic stereoselectivity have 
been put forward on the basis of AGO values only. Table VIII 
shows the AH” and AS” in addition to the related AG“ values of 
the main species [Cu(LH- of some diastereoisomers.28 Com- 
parison with the thermodynamic parameters pertinent to the cop- 
per(I1) DL-Alanyl-DL-alanine species shows a similar trend in AH” 

TABLE VIII 

Thermodynamic functions for the complex formation of copper (11) with 
diastereoisomeric dipeptides at 25°C and I = 0.1 mol dm-2  (KNO,)  

-AG;i 1 .  AH;, i As;,., 
Ligand kcal mol- I kcal mol-I cal mol-I deg-l Ref. 

L- Ala-L- Ala 2.48 1.96 14.9 28 
L- Ala-D- Ala 2.39 1.54 13.2 28 
L- Ala-L-Phe 2.633 0.35 10.0 28 
L- Ala-D-Phe 2.126 1.41 11.9 28 
L-Val-L-Phe 2.326 0.61 9.8 28 
L-Val-D-Phe 1.73 1.66 11.4 28 
L-Leu-L-Phe 2.582 0.10 9.0 28 
L-Leu-D-Phe 1.616 1.10 9.0 28 
L-Leu-L-Tyr 2.41 2.0 14.8 28 
L-Leu-D-Tyr 1.79 3.23 16.8 28 
L-Leu-L-Ile 1.65 1.88 11.8 28 
D-Leu-L-Ile 0.81 3.71 15.2 28 
L-Leu-L-Leu 1.81 1.64 l i .6 28 
L- Leu- D-Leu 0.82 4.06 16.3 28 
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and ASo values. The species in the equilibrium Cu2+ + L c 
[Cu(LH-,)] + H +  are entropically favored. The formation en- 
thalpy reflects both the proton dissociation of peptide hydrogen 
and the new formation of bonds between copper(I1) and the pep- 
tide and amine nitrogens, and the carboxyl oxygen atom. Although 
there are no enthalpy data available for the dissociation of the 
hydrogen from an unbound peptide group, the value would be 
expected to be even more endothermic than the enthalpy changes 
accompanying the proton dissociation from the zwitterions. Thus 
the resulting endothermic enthalpy changes are due to the prev- 
alence of the deprotonation contribution in addition to the car- 
boxylate bond formation with respect to the nitrogen bond for- 
mation, The above consideration also constitutes the basis for 
understanding the differences in AH” and AS” changes between 
the L,L and L,D diastereoisomers and among different dipeptide 
pairs. The enthalpy changes accompanying the formation of LL 
diastereoisomers of all dipeptides reported in Table VIII, except 
L-alanyl-L-alanine, are less positive than those associated with the 
corresponding LD species. This trend is opposite to that reported 
for the proton complex  formation,"'^'*^*' but it is understandable 
considering the set of donor atoms around the metal ion. In fact, 
the involvement of peptide nitrogen in the planar coordination 
geometry of the [Cu(LH-,)] species requires the side chain groups 
to be on the same side with respect to the coordination plane, 
when an LL dipeptide is considered (Fig. 2a). 

In agreement with the rationalization of thermodynamic data 
pertinent to proton complex formation, weak solvophobic inter- 
action is reflected in a gain of enthalpy contribution for the for- 
mation of a “pure” [Cu(LH ~ ])] complex. The formation of “mixed” 
[Cu(LH ~ ,)] species involves. on the contrary, the elimination of 
the interaction present in the ligand before complex formation 
(Fig. 2b). The differences in AH” complexation values between 
the “pure” and the “mixed” isomers with aromatic residues are 
lower than those observed between the diastereoisomers of the 
dipeptides containing butyl side chains. This can probably be at- 
tributed to the fact that an interaction between alkyl groups and 
phenyl rings is less effective, owing to their spatial orientation, 
than the interaction between alkyl groups. It cannot be excluded 
that direct interaction between the d electrons of the metal ion 
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H 

0 

FIGURE 2 Hypothesized structure of [Cu(LH ,)] species; (a) L,L- (b) L,D-di- 
peptide. 

and the T ring system, recently invoked,28 decreases the solvo- 
phobic interaction between the two side chains. 

Since AH" and ASo differences could also originate from a dif- 
ferent number of solvent molecules in the first coordination sphere 
of the two diastereoisomers, auxiliary data is needed to exclude 
stereoselectivity due to different coordination numbers of the metal 
ion in the [Cu([LH-,)] species. In order to obtain information 
about this aspect, EPR experiments have been carried out on some 
copper(I1) complexes of diastereoisomeric dipeptides containing 
non-coordinating side chain groups.28 As one can see in Table IX, 
the g,, values are characteristic of axial copper(I1) complexes in 
tetragonally distorted octahedral, square-base pyramidal or square- 
planar stereochemistries, all copper(I1) geometries being associ- 
ated with a dX2-y? ground state. The A,,  values are higher than those 
found in the case of copper(I1)-bis(amino acidato) complexes which 
contain the same CuN202 c h r ~ m o p h o r e . ~ " - ~ ~  These higher A,, val- 
ues support the idea that a greater extent of the tetragonal elon- 
gation of the two apical water molecules is probably present in the 
copper(I1) dipeptide system and, as a consequence, the metal ion 
should be considered to be essentially square-planar. In addition, 
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two trends can be observed in Table IX. First, when the size and 
type of R ,  and R ,  are varied, there is a slight decrease in g,, values 
and a small increase in A,, values from copper(I1)-Ala-Ala to cop- 
per(I1)-Val-Phe complexes. These shifts, parallelling those ob- 
served from the copper(I1)Gly-Gly complex to Gly-Phe, have been 
ascribed to a probable substituent effect on the donor capabilities 
of both the two nitrogens and of the carboxylate oxygen coordi- 
nated to metal ion. There are also differences within each pair of 
copper(I1) dipeptide complexes: A,,  values are generally higher in 
the case of copper(I1) complexes with LL dipeptides than those 
with LD dipeptides. In contrast, g, ,  is always slightly greater in the 

TABLE 1X 

Spin-Hamiltonian parameters for copper (11) dipeptide complexes in water - 
methanol (95%-5%) mixtures at 150 K and room temperature 

L w n d  gll A,, g ,  A -  g,,,, A,,,, g, A Ref.  

Ala- Ala 
LL 
LD 

Ala-Leu 
LL 
LD 

Leu-Leu 
LL 
LD 

Leu-Ile 
LL 
D L  

A I a - P h e 
LL 
LD 

Leu-Phe 
LL 
LD 

Leu-Tyr 
LL 
LD 

Val-Phe 
LL 
LD 

Gly-Gly 
Gly-Leu 
Gly-Phe 

2.246 182 2.050 
2.246 182 2.050 

2.248 183 2.046 
2.247 182 2.049 

2.244 184 2.047 
2.245 178 2.049 

2.243 186 2.046 
2.246 182 2.049 

2.240 187 2.045 
2.243 183 2.043 

2.237 187 2.045 
2.241 184 2.044 

2.238 187 2.045 
2.240 185 2.046 

2.239 187 2.045 
2.241 185 2.046 

2.249 179 2.052 
2.250 180 2.049 
2.242 184 2.046 

15 
15 

15 
15 

15 
15 

15 
14 

15 
15 

15 
15 

15 
15 

15 
15 

11 
12 
15 

2.118 
2.118 

2.117 
2.117 

2.117 
2.117 

2.117 
2.117 

2.117 
2.117 

2.117 
2.117 

2.116 
2.116 

2.116 
2. I16 

2.121 
2.119 
2.116 

70.6 2.053 15 
70.6 2.053 15 

72.5 2.052 17 
72.1 2.053 17 

72.5 2.051 17 
71.3 2.051 18 

71.8 2.051 15 
71 4 2.ost 16 

72.9 2.050 16 
72.3 2.051 17 

72.5 2.050 15 
72.3 2.051 16 

72.4 2.052 15 
72.2 2.052 16 

72.1 2.051 15 
72.3 2.052 16 

67.4 2.055 12 
68.2 2.054 12 
71.3 2.053 15 

28 
28 

2x 
28 

28 
28 

28 
28 

2x 
28 

28 

28 
28 

28 
28 

20 
28 
28 
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case of the copper(I1) complex with the LD isomer, even if little 
affected. 

Considering the particular stereochemistry of each pair of LL 
and LD dipeptide complexes, it can be supposed that in the former 
case, in which the side chain groups are on the same side, the 
opposite coordination site would be approachable by a solvent 
molecule. In contrast, for the latter, in which these groups are on 
opposite sites with respect to the ideal basal plane, either a square 
plane or an elongated octahedron would have been the probable 
geometry of these copper(I1) complexes. None of these assump- 
tions can be justified on the basis of the reported magnetic param- 
eters, because more remarkable shifts in both g, ,  and A,, would have 
been expected by a coordination number ranging from 4 to 5 or 
6.33 Thus, to explain the higher A,, value of L,L dipeptide com- 
plexes with respect to corresponding LD isomer species, other 
factors have been invoked.28 In particular, considering that in the 
[Cu(LH ,)I species of LL diastereoisomeric molecules the side 
chains can interact above the plane of coordination, it has been 
suggested that, as a consequence of this weak interaction, a certain 
constraint is experienced by the basal plane. Thus, the donor atoms 
of dipeptide coordinated to metal ion could achieve a quasi-ideal 
planar conformation. In contrast, where this interaction is not 
possible (for the LD dipeptide complexes), the lower A,, values 
seem to reflect a small tetrahedral distortion, in agreement with 
Freeman’s crystallographic that the basal plane formed by 
the dipeptide chelate group is distorted toward a tetrahedral sit- 
uation. The assertion about the role of solvophobic forces is rein- 
forced by the spectroscopic data collected in other solvents. In 
fact, when the proportion of the organic solvent was changed and 
the alkyl residues of the solvent could compete with the intra- 
molecular solvophobic interaction of the side chains, it was found 
that the differences present in water tended to be minimized (see 
Tables IX and X). For instance, in an n-propyl alcohol-water 
mixture (80%-20%), the A,, differences fall within experimental 
error. Furthermore, it is remarkable that when one of the alkyl 
side chain groups is substituted with a phenyl or phenolic ring, the 
above-mentioned differences tend to become smaller. There must 
be another factor that plays a certain role in these complexes. 
Probably, the “stiffening” effect exerted by the side chain inter- 
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actions occurring in the LL complex is, at least partly, counter- 
balanced by a similar effect taking place in the LD complexes with 
dipeptides having aromatic groups. A possible d-n interaction be- 
tween the copper(I1) and the aromatic ring could account for this 
trend.15 

Stereoselectivity in the copper(I1) complex formation of dipep- 
tide containing potentially coordinating side chain donor atoms 
has been mainly found in tyrosine derivatives (Table Vll). The 
tyrosine-containing dipeptides, similarly to simple dipeptide, form 
a main species [Cu(L)] below pH 8. There is significant stereo- 
selectivity in the 110 complexes (which correspond to the 11-1 
complexes of simple dipeptides), the optically active species being 
the more stable. On the basis of this trend in the stability constants, 
it has been ~uggested’~ that positive stabilization in the “pure” 
complexes may be due to the weak interaction between the aryl- 
alkyl or aryl-aryl groups which are close together in the optically 
active complexes, but are on opposite sides of the molecule in the 
“mixed” complexes. In the pH range 8-10, a dimeric species 
[Cu(LH-,)], was found. These species exhibit absorption and CD 
peaks at 380-400 nm at pH 8 ascribable to the charge transfer 
(CT) between Cu(I1) and the phenolate group. The dimer for- 
mation by the peptides with a C-terminal aromatic ring is favored 
for the active peptide, especially with tryptophan. On the basis of 
molecular models, Pettit et al. proposed an extended structure 
for the dimer (Fig. 3) where the stacking between the two bridging 

R. 

0 

H 
0 

Lo - 0  

R = l e u c y l  res idue  
FIGURE 3 Probable extended structure of [Cu,(I.H J2] complex H,L = tyro- 
sylleucine. 
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phenolate rings was considered to serve as a stabilizing factor. 
Yamauchi et ~ 1 . ’ ~  suggested a folded structure (Fig. 4) which may 
be stabilized by the weak non-covalent interaction between the 
two parallel aromatic rings and by additional stacking between 
closely disposed aromatic and/or pseudo-aromatic rings when R is 
equal to tyr or trp. Log Kd values (Table XI) pertinent to the 
following equilibrium: 

show for Tyr-Tyr and Tyr-Trp diastereoisomers that the active 
peptides are more stable than the meso ones. This can be explained 
by Yamauchi tentative structure1‘ in which the C-terminal indole 
and phenol groups may stabilize the active (but not the meso) 
complexes by solvophobic interaction. The trend of log Kd values 
for the peptides with short aliphatic or charged groups is not 
straightforward; due to steric hindrance and/or electrostatic re- 
pulsion, active complexes might be destabilized according to the 
proposed structure (Fig. 4), but not the “mixed” complexes, where 

H 

0 H 

FIGURE 4 Hypothesized folded structure o f  copper(I1)-Tyr-Tyr dymeric species. 
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TABLE XI 

Stability constants pertinent to 2[Cu(LH , I  [Cu2(LIH ,)I2 equilibrium of 
dipeptides at 25°C and I = 0.1 mol dm ' 

Dipeptide 1% K , ,  Ref 

L-Tyr-L-Ala 
L-Tyr-D-Ala 
L-Tyr-L-Arg 
L-Tyr-D- Are 
L-Tyr-L-Glu 
L-Tyr-D-Glu 
L-Tyr-L-Tyr 
L-Tyr-D-Tyr 
L-Tyr-L-Trp 
L-l'yr- D-Trp 

2.32 
2.56 
2. I4 
2.X3 
3 . 4  
3.12 
2.72 
2.03 
3.70 
2.44 

15 
15 

15 
15 

15 
IS 
IS 
15 
1s 
15 

the side groups are directed outside of the domain produced by 
the folded dimeric core. CD magnitude anomaly has been used to 
reinforce the proposed structures.15 For copper(I1) and nickel(I1) 
complexes of simple di- and tri-peptides, the CD magnitudes in 
the d-d region were found to be an additive function of the values 
of the complexes of the component amino acid  residue^.*^.^^ Thus, 
the estimated magnitude for the 1:l copper(I1) complex of 
a peptide X-Y is given by AECalcd = A E ~ ~ ( ~ - ~ ~ ~ )  + A E ( G ~ ~ . X )  where 
A E ~ ~ ( ~ - G ~ ~ )  and A E , - ~ ( G ~ . ~ ]  denote the magnitudes exhibited by the 
1:l complexes of X-Gly and Gly-Y, respectively. Table XI1 shows 
CD magnitude additivity in the region 600-700 nm in 1: 1 dipeptide 
systems at the dimeric species pH. The differences AE - AECalcd 

serve as a criterium of the magnitude additivity. While the addi- 
tivity in the d-d region holds for the complexes of the dipeptides 
with a C-terminal aliphatic amino acid or a D-aromatic amino acid, 
a large deviation from AEcalcd with sign inversion was found at pH 
9.0-10.3, with the peak at 600-700 nm for the active complexes 
comprising a C-terminal aromatic amino acid. This diastereospe- 
cific magnitude anomaly has been ascribed to the dimers,15 because 
it disappears at low concentration or in the presence of ammonia. 
The CD spectra in the d-d region observed for the Cu(I1) dipeptide 
complexes reflect the peptide side chain conformation. In this con- 
text, the magnitude enhancement exhibited by Cu(I1) and Ni(I1)- 
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TABLE XI1 

CD magnitude additivity in the region 600-700 nm in 1:l Cu(I1)-dipeptide 
systems’ 

51gn 

Dipeptide PH nm A€ k.,,‘<, A sion 
h,,,,, . Inver- 

L-Tyr-L- Ala 

L-Tvr-D- Ala 

L-Tyr-L- Arg 

L-Tyr-D-Arg 

L-Tyr-L-Tyr 

I.-Tyr-D-Tyr 

L-Tyr-L-Trp 

L-Tyr-D-Trp 

6.4 
9.8 

11.2 

6.2 
9.4 

11.4 
5.6 
9.1 

11.3 
5.6 
9.0 

11.2 
6.1 
9.0 

10.3 
11.5 

6.3 
9.0 

10. 1 
11.5 
6.6 
9.5 

11.0 
6.6 
9.5 

11.0 

680 
618 
595 
652 
670 
67.5 
655 
6x0 
680 
045 
662 
658 

647 
683 
6x3 
678 
635 
662 
665 
668 

636 
678 
680 
634 
655 
663 

-0.30 
+0.06 
+ 0 .  I 0  

+ 0.60 
+ 0.64 
+ 0.50 

- 0.50 
-0.31 
-0.36 
+O.69 
+0.82 
+ 0.74 

-0.66 
+ 0.39 
+0.35 
-0.59 
+(J.YU 
+0.79 
+ 0.85 
+0.94 
- 0.36 
+ 0.7s 
-0.11 
r I).?S 
t 0 . 9 1  
+0.72 

-0.19 
+0.01 
+ (1.09 
t 0.51 
t 0.64 
+ 0.52 
~ 0.25 
- 0.22 
- 0.25 
+ 0.59 
+ 0.71 - 0.66 

- 0.52 
-0.3x 
-0.42 
-(l.47 
+ 0.83 
+0.87 
i 0.88 
+0.86 

0.40 
- 0.29 
- 0 5 5  
- 1.00 
- 0.69 

-om 

0.1 I no 
0.05 n (1 

0.01 no 
0.09 no 
0.00 no 
0.07 no 

0 . 2 5  n 0 

0.U9 no 
(1.11 no  

( I .  10 110 

0 1 1  nu 
0 . 0 8  n o  

0.13 no 
0.77 yes 

0 . 1 2  no 
0.07 no 
0 .  OX no 
0.03 no 
0.08 no  

0.04 no 

0.77 Yes 

1.18 yes 
0.40 ycs 
0.20  n 0 
0.09 no 
0.03 no 

,‘Ref. 15 

tetra and pentapeptide complexes”’ has been interpreted as due 
to intramolecular hydrogen bonding. For Tyr-Tyr and Tyr-Trp 
copper(I1) complexes. the CD anomaly was ascribed to the con- 
formational change of the C-terminal aromatic amino acid,” be- 
cause this is more influential on the spectral  att tern'^.^' and its 
aromatic side chain prefers to be located above the metal coor- 
dination plane as in the Pd(I1)-phenylalanylphenilalaninate com- 
p l e ~ , ~ ~  in solution, or in the copper(I1) complexes of tyrosine,” 
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glycyl-L-leu~yl-L-tyrosine,~~ and gly~yl-l-tryptophan,~~ in the solid 
state. Assuming that the active monomeric species has the side 
chain conformation reported in Fig. 5 ,  it has been proposed that 
this conformation is distorted upon dimer formation by the bridg- 
ing phenolate rings to make the side group lose access to the 
copper(I1) coordination plane when the dimer has the structure 
reported in Fig. 4. No conformational change should occur with 
the meso complexes because of the outwardly directed side chain, 
thus giving an explanation for the diastereospecificity of the mag- 
nitude anomaly. The aromatic ring stacking in the active peptide 
complexes makes the side chain conformation more rigid, which 
is also compatible with the magnitude anomaly. 

The spectroscopic approach together with potentiometric mea- 
surements were used in the study of the stereoselectivity of histi- 
dine containing dipeptides (Table VII). The spectroscopic prop- 
erties (visible, c.d. and e.s.r.)” can identify the coordination mode. 
The reason for the stereoselectivity, explained by considering the 
preferred trans conformations of the peptide chains, is based only 
on the log p differences. In the case of copper(I1) complexes with 
L-methionyl-L-methionine ,I4 thermodynamic stereoselectivity was 
found in the formation of the amide-deprotonated complexes (Table 
XIII). In particular, the formation of the copper(I1) complex with 
L.L dipeptide is enthalpically favored. Structural information ob- 
tained by the EPR spectra in solution (L,L-isomer: glI = 2.243, 
A,I = 0,0186 cm-’, g, = 2.050, A,  = 0.0011 cm-’, g,,, = 2.119, 

0 
FIGURE 5 Tentative side chain conformation of monomeric copper(I1) peptide 
complex. 
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TABLE XI11 

Thermodynamic parameters of copper (11) complex formation of 
diastereoisomeric methionyl-methionine dipeptides at 25°C and 

I = 0.1 mol d m - ’  

-AG‘ll.l AH;,., AS;,  I 
Dipeptide kcal mol-’  kcal mol cal mol-’ deg ’ Ref. 

L- Met- L-Met 2.32 I .90 14.3 14 
D-Met-L-Met I .95 3.60 18.8 14 

A,,, = 0,00714 cm-’; D,L-isomer: g, ,  = 2.240, A,, = 0.0184 cm-I, 
g, = 2.049,A. = 0.0011 crn-l, g,,, = 2113, AiSo = 0,00703 cm-l) 
parallels the thermodynamic data: a slightly larger hyperfine cou- 
pling constant has been found in the case of the copper(I1) complex 
with Met-Met.14 Comparison with data pertinent dipeptides con- 
taining noncoordinating side chain groups (see Table IX) is evi- 
dence that the sulfur atom is not coordinated to the metal ion. 
The thermodynamic stereoselectivity of the amide deprotonated 
complex shows differences of 0.3 in log p and 1.7 kcal mol-I in 
AH”, and has been attributed to the hydrophobic interaction be- 
tween the residues of the side chains. This noncovalent “bonding,” 
as stressed above, is possible only for the L,L-diastereoisomer 
where the side chains are on the same side of the coordination 
plane. 

In conclusion, (a) thermodynamic stereoselectivity can be due 
to different kinds of non-covalent interactions and to the algebraic 
sum of their effects; (b) AH” and AS” values have proved diagnostic 
in evaluating the relative weight of these interactions; (c) enthalpy 
changes may also reflect the occurrence of solvophobic interactions2* 
when the responsible groups are significantly far from each other, 
thus showing a “sensitivity” comparable to spectroscopic ap- 
proaches (like NMR). 
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