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ABSTRACT
Repulsive Steric Interactions
in some cases:
also attractive H-bonding
Cholestery] R
(L)-Gluf—] Cu(i — (AA <
H

Quantum chemical calculations were used to rationalize the observed enantiodifferentiation in the complexation of a-amino acids to chiral
Cu(ll) complexes. Apart from Cu(ll)-s interactions and steric repulsions between the anchoring cholesteryl-Glu moiety and an aromatic amino
acid R group, hydrogen bonding also plays a role. In fact, in the case of tryptophan, C=0---H-N hydrogen bonding between the glutamate
moiety and the tryptophan N-H group compensates for the loss of intramolecular hydrogen-bonding and diminished Cu(ll)—z interactions.

The large-scale separation of chiral compounds remains ato enantiomeric enrichment. This process leads to operational
topic of considerable interest given the relative ease of many selectivities,op, as high as 14.5 and 8.2 for phenylglycine
reactions that yield racemic mixturé©ne approach to this  (PheGly) and Phe, respectivélfhese values were, at a basic
problem regarding the separation @famino acids makes level, rationalized using steric arguments depicted in Figure
use of ultrafiltration, which allows the process to be set up 1, since the highest values fas, were found for relatively
in a continuous rather than a batchwise fasRichhis
approach is based on the selective complexation of one o
the enantiomers to a chiral Cu(ll) complex based on
cholesteryl-()-glutamate. This compound is embedded in a w
micelle, which is of a size that is too large to pass through
the pores of an ultrafiltration membrane. Selective complex- R
ation of one of the enantiomers thus leads to preferential O-Gu—{Cain}—{ A <
H

passing of the other enantiomer through the pores and thus H

T Wageningen University. . o o . ) )
* Emory University. Figure 1. Enantiodifferentiation of amino acid AA based on steric
(1) Franco, P.; Minguillén, C. Techniques in Preparative Chiral Separa- interactions with cholesteryl anchor.
tions. InChiral Separation Techniques. A Practical Approg8bramanian,
G., Ed.; Wiley-VCH: Weinheim, 2001.
2) Overdevest, P. E. M.; de Bruin, T. J. M.; Sudhdélter, E. J. R.; van't - .
Rie(t,)K.; Keurentjes, J. T. F.; van der Padt, Iad. Eng. Chem. Reg001, ~ 1arge substituents. A most surprising result, however, was

40, 5991. obtained for Trp, for whiclw,, = 1.0+ 0.1 was measured.
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Thermodynamic data on the enantiodifferentiation obtained
by isothermal titration calorimetry showed that the com-
plexation of the amino acid to the cholesteny)-¢lutamate-
Cu(ll) complex is driven by entropic contributions (the
reaction is endothermic) and that differences in complexation

sets 6-31G(d,p) for all atoms except Cu, for which 6-311G-
(d) was used [which we call 6-31G(d,p)(Cul)], and followed
by single-point B3LYP/6-311+G(d,p) computations on the
entire system.

The importance of Cu(Ih interactions can best be seen

of enantiomeric amino acids are solely caused by differencesfrom the evaluation of energies of conformations that either

in the enthalpy of complexatighThis allows for a quantita-
tive study of the complexation by quantum chemical
methods, as these are very well suited for obtaining small

differences in complexation enthalpies. The present paper

have or do not have such interactions. A clear example is
provided by the complex GlyCu(Il)—Trp, as displayed in
Figure 2. In the top conformer, several atoms of the five-

aims to present a rational approach to clarification of the _

remarkable lack of enantioselectivity for Trp via detailed
quantum chemical studies.

Despite the importance of blue copper proteins, studies
of copper(ll) diamino acid complexes have been surprisingly
spars€. The paucity of molecular mechanics studiés
certainly partially due to the lack of suitable analogues of
the highly constrained and unusual metal environments
commonly found in metalloproteirfsin addition, quantum
chemical studies of De Bruin et al. have shown that copper-
(I diamino acid complexes display a wide variation of ESP
charges in highly similar geometriésyhich hampers ac-
curate molecular mechanics studies.systematic density
functional study of Gly-Cu(Il)—Gly showed that the trans
orientation (NH group of one amino acid close to the
carboxylate of the other rather than close to the othegp NH
group) is much more stable than the cis orientation and the
only configuration that needs consideratfolihe present
investigation studies the other interactions (sterics,
Cu(ll)---mr interactions and hydrogen bonding) that determine
the relative stabilities of diamino acid Cu(ll) complexes. All
studies were performed with Gaussian@®ptimizations
were performed with the B3LYP functional with the basis
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enantioselectivity; if 0< aop < 1, there is a preference for binding the
L-enantiomers to the selector; anddj, > 1, morep-enantiomers are bound.
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(9) Nevertheless, recently a force field for such complexes has been
developed: Sabolovi¢, J.; Tautermann, C. S.; Loerting, T.; Liedl, K. R.
Inorg. Chem2003,42, 2268.
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K.; Salvador, P.; Dannenberg, J. J.; Zakrzewski, V. G.; Dapprich, S.; Daniels,
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Figure 2. Gly—Cu(ll)—Trp complexes with (top) and without
(bottom) stabilizing Cu(ll)—ainteractions.

membered Trp ring are 3.0—3.1 A from the copper atom,
and its energy is 1.49 kcal/mol lower than that of the bottom
conformer in which the aromatic group is not in close
proximity to the Cu(ll). This indicates significant Cu(H)t
interactions. An even stronger interaction (5.50 kcal/mol) is
obtained for stacking of a benzyl group (as in PHe).
Cholesteryl-()-glutamate Cu(ll) complexes also display
intramolecular interactions of the side chaisO group of
glutamate. The strongest involves hydrogen bonding. If there
is no steric hindrance from the side-chain of the other amino
acid, near-linear intramolecular =€D---H—N hydrogen
bonds can be formed, which are relatively sho{©-N) ~

A. D.; Strain, M. C.; Farkas, O.; Malick, D. K.; Rabuck, A. D
Raghavachari, K.; Foresman, J. B.; Ortiz, J. V.; Cui, Q.; Baboul, A. G.;
Clifford, S.; Cioslowski, J.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz,
P.; Komaromi, I.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A.;
Peng, C. Y.; Nanayakkara, A.; Challacombe, M.; Gill, P. M. W.; Johnson,
B.; Chen, W.; Wong, M. W.; Gonzalez, C.; Pople, J@aussian 03, version
A.1. Gaussian, Inc.: Pittsburgh, PA, 2002.

(11) (@) Use of DFT methods on systems in which metal-ign
interactions with a dispersion component play a substantial role demanded
a comparison with methods in which dispersion interactions are properly
accounted for. Such comparison showed that none of our conclusions are
qualitatively affected by the method used. Details of the comparison between
B3LYP (Gaussian 03), local MP2 (Jaguar 4.1), and normal MP2 (Gaussian
03) will be published elsewhere. Zuilhof, H.; Morokuma, K. Unpublished
data.(b) For a detailed methodological comparison in the case of Ag(l)
ethene complexes, which hinge on such interactions, see: Kaneti, J.; De
Smet, L. C. P. M.; Boom, R.; Zuilhof, H.; Sudhdélter, E. J.JRPhys. Chem.

A. 2002,106, 11106.

Org. Lett., Vol. 5, No. 17, 2003



account of all electronic effects of the copper coordination,
while the rest of the system is treated in an integrated fashion
at a lower level to take into account its effects on the
properties of the systefd.We used the Cu diamino acid
complex with the methyl ester of the glutamate as the model
that was treated at the “high level” B3LYP/6-31G(d)(Cul),
while HF/3-21G(d) calculations were used as the “low level”.
From these calculations, it appears that only the first six-
membered ring (A-ring) of the cholesteryl moiety can have
steric interactions with the side chain of the other amino acid.
However, as a result of the rotational freedom of the ester,
such interactions will be minimized via rotation of the ester
Figure 3. Intramolecular C=0-:+H—N hydrogen bonding in the C—O bond. This leads to a more extended overall geometry
glutamate moiety of a GlaCu(ll)—Gly complex. of the complex with a stronger dipolar character, which
would be favorable for embedding in the micelles. As a
result, the steric interactions of the cholesteryl complex can
be mimicked by the glutamate methyl ester, as displayed in
Figure 3.

2.9 A) and amount to~5—6 kcal/mol stabilization (see
Figure 3). Alternatively, and somewhat less stabilizing
(stabilization~3 kcal/mol), a G=0O---Cu interaction can be » o ] ] ) ]
observed if the glutamate side chain “bends over” a little The competition of stabilizing interactions is evident in
further, in whichr(O-+-Cu) is usually<3 A. the case ofl)-Glu—Cu(ll)—Phe complexes (see Figure 4).
Given the strength of this hydrogen bonding, it is clear If the side chains are positioned at the same side of the plane
that the steric hindrance provided by the glutamate chain or defined by the amino acid heteroatomsRhe), in syn
by the cholesteryl moiety that is attached to the glutamate orientation, then it is not possible to have simultaneous
will hamper any stabilizing Cu(ll)—snteractions. C=0-:-H—N and Cu(ll}y-- interactions. In the anti orienta-
The effect of the cholesteryl moiety was investigated by tion that is obtained witip-Phe, this is possible (Figure 4,
ONIOM calculation®? on cholesteryt(L)-Glu—Cu(Il)—Trp top left), making complexes af-Phe much more stable than
and cholesteryl-t(-Glu—Cu(ll)-Phe complexes. In these those of.-Phe, by>5 kcal/mol (precise value dependent on
calculations, the important part of the system (called “the conformational details). As a result, in micelle-enhanced
model”) is treated at the high level required to give a proper ultrafiltration experiments-Phe should bind more strongly

nO.H-N) =2.84 A

Figure 4. Anti and syn orientations ofL{-Glu—Cu(ll)—(p)-Phe (top left), )-Glu—Cu(ll)—()-Phe (top right), )-Glu—Cu(ll)—(D)-Trp
(bottom left), and )-Glu—Cu(ll)—(L)-Trp (bottom right) complexes, respectively.
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to the Cu-containing micelles, and a large and positive value complex, which implies that a significantly smaller enantio-
of o,pis expected, as indeed observed. This situation appliesselectivity is expected in the ultrafiltration experiments, as

to all other aromatic side chains, apart from to Trp. indeed observed. We attribute the small difference between
For (L)-Glu—Cu(ll)—Trp, a different situation arises. In  the experimental enantioselectivity (. = 1€ 0.1) and
the anti orientation, simultaneous=©---H—N and Cu(ll} computational stabilization values to the lack of hydration

-+t interactions can occur, making this a stable complex and micellar effects in the theoretically studied complexes
(Figure 4, bottom left). However, in the syn orientation, Cu- and intrinsic imperfections in the theoretical methods used.
(Ih)---r interactions can be combined with hydrogen bonding The present case study thus displays the power of quantum
if the glutamate moiety is bent slightly backward. This allows chemistry in the rationalization of transition-metal-based
a C=0---H—N hydrogen bond[O---H—N = 147°;r(N— (chiral) separations of organic compounds.

H---O) = 3.02 A] to be formed between the glutamate
C=0 bond and the tryptophan NH-bond (Figure 4; bottom
right). Although the resulting geometry is optimal neither
for Cu(ll)---sr bonding nor for hydrogen bond formation, this
geometry does as least provide the possibility of simultaneous
occurrence of both. As a result, the syn complex is calculated
to be only 2.2 kcal/mol higher in energy than the anti
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