J. Phys. Chem. A999,103,2751-2755 2751

Cation Affinities of Cyclohexadepsipeptide: Ab Initio Study

Chunzhi Cui and Kwang S. Kim*

National Creatve Research Initiatie Center for Superfunctional Materials, Department of Chemistry,
Pohang Uniersity of Science and Technology, San 31, Hyojadong, Pohang 790-784, Korea

Receied: July 8, 1998; In Final Form: February 8, 1999

The interactions of cations (Lj Na", Be*, Mg?") with a cyclohexadepsipeptide composed of glycines and
glycolic acids have been investigated using ab initio calculations. The crucial role played by the orientation
of the ion—dipolar moiety could possibly explain the binding preference upon complexation with alkali cations
since the dipole moment of the amide carbonyl moiety is greater than that of the ester carbonyl moiety. We
find that cations prefer to bind amide carbonyl oxygen atoms rather than ester oxygen atoms. This should
also explain why the binding affinities of the cyclohexadepsipeptide for cations are larger than those of 18-
crown-6 and [¢]starand in the gas phase. However, in divalent cationic cases which have twice the charge
of the monovalent cationic species, the coordination numbers related to eltéiayge interactions tend to

be somewhat more important than the +afipolar moiety interactions. The self-consistent reaction field
(SCREF) results for hexahydrated complexes of Méth the cyclohexadepsipeptide indicate that cations prefer

to bind amide carbonyl oxygen atoms rather than ester oxygen atoms in solution as well as in the gas phase.
The complexation of two cyclohexadepsipeptide molecules with one cation (i.e., 2:1 sandwich-type complexes)
in the gas phase has also been discussed to affirm the possible existence of such complexes suggested by
Ovchinnikov. In these complexes, a cation binds mainly amide carbonyl oxygen atoms. If glycines and glycolic
acids are replaced by other residues, these modified cyclodepsipeptide ionophores could show different
selectivities for cations with varying flexibilities.

I. Introduction studies>1° To design useful ionophores, various important
. . o . concepts such as hegjuest size complementarity, rigidity of
Cyclodepsipeptides are often present in biological systems host molecules, and ierdipolar moiety orientations in host
(such as valinomycin, enniatins, beauvericin), many of which gyest complexes have been propos&iAb initio calculations
are complexing agents for alkali and alkaline earth metal are proved to be a powerful means for studying the intrinsic
cations! Enniatins, which are kinds of cyclohexadepsipeptide, factors which influence the hosguest complexation. Here, we
are antibiotics known to be active against gram positive and performed ab initio calculations of cyclohexadepsipeptitle (
from their ability to affect the transport of metal ions across Gayssjan 94 suitéof programs. In addition to the study of the
biological membrane3These antibiotics act as mobile carriers complexation ofl with various small size cations (tj Nat,
which ferry cations across cell membranes. Itis suggested thatgez+  and M@+), we investigated the difference in cationic

many enniati_ns form 2:1 or_2:2 (host/cqtion) complexes W?th affinity between amide carbonyl groups and ester carbonyl
alkali or alkaline earth metal ions and their membrane-affecting groyps.

activity is due to the formation of sandwich aggregates. The
2:1 (host/cation) complexes are assumed to be of a sandwich o
structure in which two macrocyclic hosts enclose a cation. HN‘(),\
Ovchinnikow@ suggested that in enniatins containing both

peptide units and ester links, a cation binds probably the amide

carbonyl oxygen atoms instead of the ester carbonyl oxygen

0 (0]
o) 00
atoms. This is contrasted to the case of valinonfyeihere a \,(),o
1

00 NH

cation is octahedrally coordinated to six ester carbonyl groups,
as its coordination with amide carbonyl oxygen atoms is
disfavored due to the spatial hindrance by kkenethyl group.
Though these experimental results are very interesting, some
views which are only suppositions based on indirect experi-
mental methods need further clarifications. Therefore, it is All the structures of cyclohexadepsipeptitland the 1:1 ion
important to investigate their structures as well as binding complexes were fully optimized by Hartre€ock (HF) calcula-
energetics with cations and to investigate whether cations aretions using the 3-21G and 6-35G* basis set, respectively.
bound to amide group oxygens {®r to ester group oxygens  Vibrational frequency calculations were also carried out at the
(O¢). For this end, we employed theoretical approaches. HF/3-21G level forl and 1:1 complexes, and the thermal
There have been a number of theoretical studies of ionophoresquantities for the corresponding complexes were calculated using
including ab initio calculations, molecular mechanics, molecular HF/3-21G level frequency results. Basis set superposition error
dynamics, and Monte Carlo simulations, as well as experimental correction (BSSEC) was carried out at the HF/3-21G and HF/

10.1021/jp982919z CCC: $18.00 © 1999 American Chemical Society
Published on Web 03/26/1999

II. Calculation Method
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TABLE 1: Binding Energies of 1:1 Cation Complexe$

HF/3-21G HF/6-3%G*

sym —AE (—AEB) —AH (—AHB) —AG (—AG®) —AE (—AEB) —AH (—AHB)>  —AG (~AGB)P
1 C 0.0 (0.0) 0.0 (0.0) 0.0 (0.0) 0.0 (0.0) 0.0 (0.0) 0.0 (0.0)
LLita Cs 156.6 (131.0) 155.1 (129.5) 142.2 (116.6) 105.7 (104.2) 104.2 (102.7) 91.3 (89.8)
1-Na*a Cs 80.0 (78.4) 79.7 (78.9) 65.3 (63.7)
1-Na* Cs 128.1 (92.2) 127.9 (92.0) 113.5 (77.6) 78.1 (75.5) 77.9 (75.3) 63.4 (60.8)
1-Be*a Cs 489.3 (463.8) 485.9 (460.3) 471.5 (446.0) 428.0 (426.0) 424.6 (422.5) 410.2 (408.2)
1-Be*e Cs 464.1 (439.3) 463.4 (438.6) 445.6 (420.8) 402.1 (400.0) 401.4 (399.3) 383.6 (381.5)
1-Mg2* Cs 386.3 (347.4) 385.1 (346.1) 367.9 (329.0) 309.0 (305.4) 307.8 (304.2) 290.6 (287.0)

aEnergies are in kcal/molAE, AH, andAG are interaction energies, enthalpies, and free energies without BSSEC (298 K and 1 atm), respectively,
while AEB, AHB, AGB are the corresponding ones with BSSEC. H&E, and AE® are interaction energies without ZPE correctibithermal
energies for complexes optimized at the HF/6-&* level are calculated using those at the HF/3-21G le¥8ince structured-Naa was not
located at the HF/3-21G level, the thermodynamic quantiti€ka*a’ are calculated using the thermal energied-dfa*a under the assumption
that the difference in thermal energies betwdeNata’ and1-Na*a is not large.

TABLE 2: HF/6-31+G* Predicted Geometrical Parameters of Cation-Cyclohexadepsipeptide Complexes

r(M=0)  ¢a  r(M=0) e  r(M=N) r(M=0) r(Or+0) r(OeO)  r(H=H)  r(H=-Op
1Li*a 1.877 31.5 3.489 102.9  3.847 3.717 3.228 3.942 7304  3.201,4.179
1-Be*a 1.551 25.3 3.183 98.7  3.625 3.514 2.683 4.284 7710  3.446,4571
1-Be*'e 2.918 89.2 1.579 326  3.584 3.606 3.889 2.718 7221  3.366,3.954
1-Na‘a 2.214 29.0 3.942 106.1  4.189 3.977 3.619 3.732 6.935  3.083,3.869
1-Na* 2.279 67.8 2.444 761 3.647 3.649 3.700 3.340 7077  3.125,3.960
1-Mg?* 2.067 60.7 2.159 66.1  3.609 3.595 3.187 3.252 7589 3.414,4.242

a Distances are in angstroms; angles in degreé-.--Y) denotes the distance between atom X and the neighbored atom Y. The notations of each
atom are the following: M, a cation; £amide carbonyl oxygen; Qester carbonyl oxygen atom; N, amide nitrogen atom; O, ester alkoxyl oxygen
atom; H, amide hydrogen atomg, and ¢ are the supplementary angle between the-®} vector and the amide=€0 group, and that between
M---O, vector and the ester=€0 group, respectively.

1(0,+°0,): 5.631, 5.832, 7.867
1(0,+0,): 3.615, 3.731, 4.190
r(H-+H): 3.829, 4.935, 5.770

6-314-G* optimized geometries using the counterpoise meffod.
To consider the effect of solvation, hexahydrated systems of
complexes between Naand 1 have been investigated at the
HF/3-21G level. Then, the SCRF method was employed to
investigate the influence of bulk solvent using a dielectric
constante = 80.0 based on the Onsager moteBCRF(HF)/
3-21G calculations were carried out at the HF/3-21G geometries
of hexahydrated systems. In our study of the complexation of
1 with cations, the amide and the ester carbonyl groups point
to the opposite sides of the molecular plane from each other as
in beauvericin (Figure 2% The complexation of two cyclo-
hexadepsipeptide molecules with one cation (i.e., 2:1 sandwich-
type complexes) in the gas phase has also been investigated at (HewOo

the HF/3-21G level. For 1:1 complexes, the calculated enthalpies lonONCH

and free energies showed the same trends as the intemakigyre 1. Structure and selected geometrical parameters of cyclo-
energies, and the results at the HF/3-21G level also showed thenexadepsipeptide of C; symmetry (distances in A).

same trends as the ones at the HF/6-GT level (Table 1).

ThUS, the f0||OWII"Ig discussions are based on results of geo-the Cavity surrounded by SiX Carbony' oxygen atoms and two
metrical parameters and binding energies evaluated at the HF/are external binding sites outside the cavity (the number of
6-31+G* level unless otherwise specified (Table 2). binding sites, of course, depends on a specified cation). A
complex in which a cation binds only three, @oms inside
the cavity will be denoted aBMa, where “M” denotes a cation
and “a” denotes amides. A complex in which a cation binds
only three Q atoms inside the cavity will be denoted &#/e,
where “e” denotes esters. A complex in which a cation binds
all six carbonyl oxygen atoms inside the cavity will be denoted
as1-M. In the case of the external binding, a cation binds either
three Q atoms or three @atoms outside the molecular cavity.
The former complex will be denoted d4sMa’, and the latter

I1l. Results and Discussion

All the cation complexes ot have C; symmetry, whereas
the uncomplexed cyclohexadepsipeptilé¢Figure 1) hasC;
symmetry. The uncomplexed structuteof C3 symmetry is a
saddle point of order 2, which is less stable than thaCpf
symmetry by 6.2 kcal/mol. Compared foof C3 symmetry,
two of three amide hydrogen atomsyHn 1 of C; symmetry
interact more strongly with the neighboring ester carbonyl
oxygen (Q) atoms, while the remaining\-atom orients outside ~ complex as1-Me'. We have located six structures of 1:1
and all amide carbonyl oxygen atomsJ@re separated far from  complexes I-Li *a’, 1-Be?ta, 1-Be?'e, 1-Nata', 1-Na', and
each other to decrease the Coulombic repulsion. In addition, 1-Mg?*a, respectively) at the HF/6-31G* level. However, at
improper dihedral angles of two amide nitrogen atoms become the 3-21G levell-Na*a’ could not be located as the Néon

more planar to strengthen tleconjugation. All these factors
contribute to the stability of structudeof C; symmetry relative
to that1 of C3 symmetry.

The cyclodepsipeptidgis found to have five types of binding

entered the cavity ofl from outside without energy barrier.
Vibrational frequency calculations showed théti *a', 1-Be**a,

1-Na*, and1-Mg?*a are at the minima of the energy hyper-
surfaces, bufl-Be?*e is a saddle point of order 2. However,

sites for cations, of which three are internal binding sites inside we stopped locating the local minimum related td3e*"e
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Figure 2. Structures of cation complexes of cyclodepsipeplidtop
views in 1st and 3rd rows and side views in 2nd and 4th rows). H
atoms in methylene groups were removed to improve visualization.

becausd-Be?Teis less stable thahrBe?a and the magnitude
of degenerate imaginary frequencies (18.1 irénis very small.

In the case of L, 1 has only one binding sitel{Li *a'). Li*
binds only three @Qatoms outside the cavity (Figure 2)."Lis
bound externally td. at the distance of 0.22 A from the plane
of three Q atoms along th&€; axis, and the distance between
Li* and Q [r(M+--Oy)] is 1.877 A5 For 1:Li*a, the supple-
mentary angle, for DM---O,=C (where subscript “a” denotes
amide) is 31.5. This value, which is far less than 9Ghows
that the G=C dipole has a relatively favorable orientation
toward the Li" cation. We attempted to locate other binding
sites ofl for Li*. But, when the LT cation is around @atoms

(Side View)
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1-Na™ where N4 is coordinated by six oxygen atoms. This
phenomena can be explained using the concept ofddpolar
moiety orientations, since it is very similar to our particular
study on the binding of Li and N& by [1g]starand and 12-
crown-4. In our previous study of crown ethers and starands,
ion—dipolar moiety orientations were found to play an important
role in the host-guest complexatiotf For example, in the case

of binding of Lit and N& to [1g]starands (which is a cyclic
ionophore having spherical cavity comprised of six ketal oxygen
moieties), the cations favor the external binding for thg-[1
starand in which the cation is bound to three ketal oxygen atoms
encompassing the upper part of the cavity (the lower part of
the cavity is encompassed by the other three ketal oxygen
atoms). The internal binding in which the cation is bound to all
six ketal oxygen atoms is disfavored. When a cation is located
at the center of the starand, the supplementary angle between
the metal-to-oxygen vector and the dipole of the corresponding
ketal moiety is more than 90resulting in very unfavorable
energeticd? In the case of 12-crown-4, the change is more
drastic. Instead of binding a Nacation at the center of the
cavity comprised of the four ether oxygen atoms, the somewhat
flexible 12-crown-4 structure drastically transforms itself into
a hat structure with four oxygen atoms on the top so as to have
favorable ion-dipolar moiety orientations with respect to the
Na' cation located above the volcano (i.e., from a structure with
S, symmetry to one witlC, symmetry)t%:17 Thus, it should be
noted that the main factor affecting the preference of the external
binding in the starand and 12-crown-4 is the-atipolar moiety
orientations. Fofl-Na‘*a', the NBO® charge is 0.976 for Na
—0.831 for Q, and—0.677 for Q, respectively, the Coulombic
interaction energy of Nawith three Q atoms is—122 kcal/

mol and that with six @ and Q atoms is—177 kcal/mol. For
1-Nat, the NBO charges are 0.919 for Na-0.778 for Q and
—0.733 for Q, and the Coulombic interaction energy of Na
with six OO atoms is —196 kcal/mol. The Coulombic
interaction between Naion and oxygen atoms fdi-Na*a' is
much less than that fot-Na™ and, thus, it hardly seems to
explain the relative stability af-Na*a'. Therefore, we propose
that the main reason for the preference of the external binding
of 1 for Na" would be also due to better iemipolar moiety
orientations, as is evident from the dataggffor 1-Na‘ta' and
1-Na*.

In the case of B, 1 has two binding sites1-Be*"a and
1-Be?te, for which B&" is bound to three Qatoms and to
three Q atoms, respectively. In both cases?Bés inside the
cavity surrounded by six carbonyl oxygen atoms (Figure 2).
1-Be**ais 26 kcal/mol lower in energy thahBe?*e. The Bé+
ion is bound internally td at a distance of 0.08 A along ti@&

outside the cavity, it penetrates through the cavity and binds axis from the plane of three {&toms forl-Be?*a, and it is of

the Q, atoms outside the cavity (i.€l;Li*a’) without energy
barrier.

For Na', 1 has two binding sites1-Na*a’ and1-Na*, for
which Na" is bound to three @atoms outside the cavity and
to all six carbonyl oxygen atoms (i.e., threg &nd three @
inside the cavity, respectively (Figure 2). When a"Naation
is around Q atoms outside the cavity, it enters into the cavity
without energy barrier. Fak-Na*a, the distances from Nato
O,and Q are 2.214 and 3.942 A, respectively, and the angles
¢a and ¢ are 29.0 and 106.1, respectively. Forl-Nat, the
distances from Nato O, and Q are 2.279 and 2.444 A,
respectively, and the anglefs, and ¢. are 67.8 and 76.2,
respectively. The binding energy of Navith 1 is 80.0 kcal/
mol for 1-Nata' and 78.1 kcal/mol fod-Na™. It is interesting
to note that the binding energy of the externally boarda*a’
in which Na' is coordinated by three negatively charged oxygen
atoms is 2 kcal/mol greater than that of the internally bound

0.18 A from the plane of three Latoms for1:-Be*te. The
distance between Bé and Q of 1-Be*ta (1.551 A) is shorter
than that between Bé and Q of 1-Be**e (1.579 A). The
supplementary anglg, for 1-Be?Ta (25.3) is smaller than the
supplementary angkg. for 1-Be*e (32.6)). All these differences
are responsible for the better stabilitylsBe?"a over1-Be?te.

For Mg?™, 1is found to have one binding sité-Mg?"). Mg?*
is bound to all six ester and amide carbonyl oxygen atoms inside
the cavity. The distance from Mg to O, and Q is 2.067 and
2.159 A, respectively? The anglesp, and ¢ are 60.7 and
66.1°, respectively. We also attempted to locate other binding
sites of 1 for Mg?". However, when a Mg cation is around
either Q or O, atoms outside the cavity, it enters into the cavity
without energy barrier. Thus, in the case of the complexation
of Mg2*™ with 1, the coordination number seems to play a more
important role than the iondipolar moiety orientations. This
could be explained in the following way. The ratio of charge
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ions, as it is a divalent cation. Therefore, thelgpn interacts 2
more strongly with negatively charged oxygen atoms. It is @()

) ™ B
evident from the deformation energy of the host which is a ‘%‘3 w ;& (‘T

> ¢ .
. hi < % o \;l, i AJJQ'VL/\
measure of energy difference between the fully optimized . °% %)‘

uncomplexed host and the deformed host upon compelxation V%O
. L L& O G
‘¢ b Ae v

to radius of M@ is much greater than that for alkali metal O (@ % .
I

with a cation. The deformation energy is 50.7 kcal/mol for
1-Mg?*, 51.0 kcal/mol for1-Be*"a, and 59.7 kcal/mol for <§

1-Be?te, while 18.4 kcal/mol forl-Lita’, 13.3 kcal/mol for ¢ 7
1-Nata, and 19.1 kcal/mol forl-Nata. Thus, the charge - %&W . \g s
charge interaction between a divalent ion and its coordinating Qgi‘( QE%' a4 %%{:M
O atoms seems to be more important than the chadgmlar ) 5 (]

moiety interaction. It may be concluded similarly that 2Be (f f 0% & )‘> é&)‘

ion binds oxygen atoms inside the cavity mainly due to the -

stronger chargecharge interaction. The reason the bind B&" 1'Na*a’h I"Na*a’h’ 1:Na‘e’h

ions bind only three carbonyl O atoms bseems to be due to  Figure 3. Structures of hexahydrated N@omplexes of cyclodep-

their small size. To coordinate six carbonyl O atoms, they have sipeptidel (top views in 1st row and side views in 2nd row). H atoms

to deform the host structure severely, and this will highly in methylene groups were removed to improve visualization.

destabilize the complexes. For'l.ithe favorable orientation of

the ion—dipolar moieties could have also played some role.  responsible for creating favorable binding sites around the amide
The binding energies dfwith the corresponding cations for ~ ¢arbonyl groups ofl upon complexation with cations. In

1-Li*a, 1-Na*a, 1-Be?+a, and1-Mg?* are 105.7, 80.0, 428.0, addition, since the dipole moments of the carbonyl grougs (_)f _

and 309.0 kcal/mol without BSSEC, respectively, and 104.2, &€ greater than those of the ketone carbonyl groups, the cationic

78.4, 426.0, and 305.4 kcal/mol with BSSEC, respectively. In &ffinities of 1 are greater than those of crown ethers and starands.

the case of 18-crown-6, which is a well studied host, the binding ~ TO consider the effect of solvation, we employed the SCRF
energies with LT, Na*, and Mg+ are 89, 82, and 287 kcal/ method. To take into account a part of the first solvation shell
mol, respectively, at the HF/6-31G* level (without BSSEC}? structure, we first fully optimized hexahydrated complexes of
The binding energies of fIstarand with Li", Nat, Be?t, and 1 with Na* (Cs symmetry), hexahydrated Ndon (S sym-
Mg2* are 93, 66, 389, and 239 kcal/mol, respectively, at the Metry)?® and nonhydrated (C, symmetry) at the HF/3-21G
HF/6-31+G* level (without BSSECSY Therefore, the cyclo- level, and then carried out SCRF(HF)/3-21G calculations at the
hexadepsipeptide is found to be a better ionophore than 18-HF/3-21G optimized geometries (Figure 3). For hexa-hydrated

crown-6 and [¢]starand in terms of the ion affinities in the gas  cOmplexes ofl with Na*, three water molecules are toward O
phase. sites, while the other three water molecules are towarsites.

The binding energies were evaluated by the following for-
o o mula: —AE = E[Na*+(H,0)¢] + E(1) — E[1-Na*+(H0)e]. We
)‘\ /H\ 0 o have obtained three hydrated structures, and in all three
H N H )L )J\ complexes, the Na cation binds1 outside the cavity and
1 H o) H additionally three water molecules. In the first complex,"Na
H binds three @ atoms and three water molecules. Each of the
2 3 remaining three water molecules involves hydrogen bonding
interactions with an @atom and an amide H atom, and will be
The geometrical parameters and binding energies of all the denoted asl-Na*a’h (“h” denotes hydration). In the second
complexes discussed above show that the cations favor bindingcomplex, Na& also binds three Qatoms and three water
sites around @atoms over those around.@oms. To elucidate ~ molecules, but each of the remaining three water molecules
the origin of this phenomena, it is necessary to investigate the involves hydrogen bonding interaction with ar &om and at
binding affinities of amide and ester groups toward the cations. the same time interacts with each other. It will be denoted as

Thus, we studied the binding affinities of formic imid® @nd 1-Nata'h'. In the last complex, Nabinds three @atoms and
formic anhydride 8) for the cations at the HF/6-31G* level. three water molecules. Each of remaining three water molecules
The binding energies & with Li™, Be*, Na, and Mg" are involves hydrogen bonding interactions with ap &om and

66.7, 272.9, 49.1, and 160.5 kcal/mol, respectively. The corre- interacts with each other. It will be denoted B®la*e'h. The
sponding binding energies 8fare 55.2, 240.0, 39.8, and 136.2 HF/3-21G binding energy of Nais 67.0 kcal/mol forl-Na*a'h,
kcal/mol, respectively. The binding energies foare greater 49.0 kcal/mol forl-Na*ta’h’, and 38.3 kcal/mol fod-Nateh.

than those foB by 10-30 kcal/mol for all four cations. It seems  The SCRF(HF)/3-21G binding energy of N& 64.6 kcal/mol

that an amide carbonyl group has stronger affinity toward a for 1-Na*a'h, 54.0 kcal/mol forl-Na*ta'h’, and 51.7 kcal/mol
cation than an ester carbonyl group. This is not because thefor 1-Nate'h. Both HF/3-21G and SCRF(HF)/3-21G results
charge-charge interaction between a cation angi©much reveal the same trends of binding preference that thiedstion
greater than that between the cation andt®e NBO charges  prefers to bind amide carbonyl oxygen atoms outside the cavity
of O,and Q are—0.627 and-0.611, respectively), but because over ester carbonyl oxygen atoms.

the charge-dipole moiety interaction by the amide carbonyl It is well-known that natural antibiotic beauvericin, enniatins
groups is much greater than that by the ester carbonyl groupsA and B, which are kinds of cyclohexadepsipeptide, can also
(the dipole moments of2 and 3 are 6.46 and 4.16 D, form complexes with alkali metals. These antibiotics act as
respectively). Ir2, the dipole moment vector of the NH moiety  mobile carriers ferrying cations across cell membranes. A study
is in the same direction as that of the=O moiety, while in3, of the effects of enniatins on the conductivity of artificial lipid
the two dipole moment vectors are in the opposite direction. membranes in the presence of both mono- and divalent cations
Therefore, the dipole moments of the amide carbonyl groups revealed that 2:1 (host:cation) complexes were probably formed.
which are greater than those of the ester carbonyl groups areThe above studies indicate that the 2:1 complexes are of a



Cation Affinities of Cyclohexadepsipeptide

TABLE 3: HF/3-21G Predicted Binding Energies (kcal/mol)
of 2:1 Sandwich-Type Complexes Having a Cation Between
Two 1's?

1-Lit1 1-Nat-1 1-Bet-1 1-Mg?+-1

—AE 196.0 184.6 542.1 477.1
—AEB 165.3 143.4 516.3 435.3

a—AE and —AEP are binding energies without and with BSSEC.

sandwich structure in which two macrocyclic hosts enclose a

cation32 According to our calculational results fdr it seems
that a cation favors the binding around &oms more than O
atoms. Li" and Na favor the external binding fot (at the
HF/6314+G* level). At the HF/3-21G level, K also favors the
external binding forl.2! In case of external binding, a cation
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Soc.1993 115 9907.
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a cation mainly through amide carbonyl groups because of its Rencsok, R.; Kaplan, T. A.; Harrison, J.J.Chem. PhysL993 98, 9758.

intrinsic stronger affinity for cations than the corresponding ester

carbonyl groups. Although Bé favors internal binding, con-
sidering the structure of its complex with it is possible for
enniatins to form 2:1 sandwich-type complexes with*B&o
have the advantage of favorable edipolar moiety orientations

in addition to chargecharge interactions. Our HF/3-21G
calculations of the 2:1 complexe€4 symmetry) in the gas
phase indicate that formation of such 2:1 sandwich-type

(9) (a) Smith, G. D.; Jaffe, R. L.; Partridge, 8i.Phys. Chem. A997,
101, 1705. (b) Smith, G. D.; Crain, K.; Jaffe, R. IL. Phys. Chem. A997,
101, 3152. (c) More, M. B.; Ray, D.; Armentrout, P. B. Phys. Chem. A
1997, 101, 831. (d) Kobuke, Y.; Kobubo, K.; Munakata, M. Am. Chem.
Soc.1995 117, 12751. (e) Streitwieser, A.; Heathcock, C. H.; Kosower, E.
M. Introduction to Organic Chemistry4th ed.; Macmillan: New York,
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(10) (a) Hancock, R. D.; Martell, A. EChem. Re. 1989 89, 1875. (b)
Hancock, R. DAcc. Chem. Re4.99Q 23, 253. (c) Hay, B. P.; Rustad, J.
R. J. Am. Chem. Socl994 116 6316. (d) Hay, B. P.; Rustad, J. R,;

complexes is energetically favored by a large magnitude. The Hostetler, C. JJ. Am. Chem. Sod993 115 11158. (e) Kim, K. S.; Cui,

BSSE-corrected binding energies forfLNa", Be*, and Mg

are 165.3, 143.4, 516.3, and 435.3 kcal/mol, respectively (Table

3).

IV. Conclusions

The cyclohexadepsipeptide shows strong affinities for cations.

It is a better host for cations than 18-crown-6 anglqtarand,
at least in the gas phase in terms of cation affinity. Upon
complexation with monovalent cations, the tedipolar moiety
orientation is found to play a very important role in cyclohexa-
depsipeptide, while in the case of complexation with divalent
cations, the chargecharge interactions seem to play a more
important role than the iondipolar moiety interactions. An
amide carbonyl group seems to have stronger affinity intrinsi-

cally than an ester group. Thus, a cation is more closely bound
toward amide carbonyl oxygen atoms than an ester group in

solution as well as in the gas phase. Sincé, Na', and B&*
favor external (for L and N&) or near-external binding (for

C.; Cho, S. JJ. Phys. Chem. B998 102 461. (f) Cui, C.; Cho, S. J;;
Kim, K. S. J. Phys. Chem. A998 102 1119. (g) Cho, S. J.; Hwang, H.
S.; Park, J. M,; Oh, K. S.; Kim, K. SI. Am. Chem. S0d.996 118 485.
(h) Choi, H. S.; Suh, S. B.; Cho, S. J.; Kim, K. Broc. Natl. Acad. Sci.
U.S.A.1998 95, 12094.

(11) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Gill, P. M. W.;
Johnson, B. G.; Robb, M. A.; Cheeseman, J. R.; Keith, T. A.; Petersson,
G. A.; Montgomery, J. A.; Raghavachari, K.; Al-Laham, M. A.; Zakrzewski,
V. G.; Ortiz, J. V.; Foresman, J. B.; Cioslowski, J.; Stefanov, B. B.;
Nanayakkara, A.; Challacombe, M.; Peng, C. Y.; Ayala, P. Y.; Chen, W.;
Wong, M. W.; Andres, J. L.; Replogle, E. S.; Gomperts, R.; Martin, R. L.;
Fox, D. J.; Binkley, J. S.; Defrees, D. J.; Baker, J.; Stewart, J. P.; Head-
Gordon, M.; Gonzalez, C.; Pople, J. &aussian 94 Gaussian Inc.:
Pittsburgh, PA, 1995.

(12) Boys, S. F.; Bernardi, AVlol. Phys 197Q 19, 553.

(13) (a) Wong, M. W.; Wiberg, K. B.; Frisch, M. J. Am. Chem. Soc
1992 114, 1645. (b) Wong, M. W.; Frisch, M. J.; Wiberg, K. B. Am.
Chem. Soc1991 113 4776. (c) Onsager, L1. Chem. Physl934 2, 351.

(14) Geddes, A. J.; Akrigg, DActa Crystallogr.1976 B32 3164.

(15) In this case, the distance between two neighboriggat@ms is
3.228 A, that between neighboring twa &ioms, 3.942 A, and that between
two Hy atoms, 7.304 A. The distances betweenaatbm and every two
neighboring Q atoms are 3.201 and 4.179 A, respectively. The distance

Be?t), it would be possible that cyclohexadepsipeptides such between two neighboring £atoms is remarkably reduced by 1.3 A, while

as enniatins form 2:1 sandwich-type complexes to fulfill their
coordination capacities, wherein a cation binds mainly with

others are increased comparedltof C3 symmetry.

(16) When the supplementary angle fsthe orientation of the carbonyl
group toward the metal cation is the most favorable. If the supplementary

amide carbonyl oxygen atoms. Our calculation of the 2:1 angle is 36, the molecule is destabilized by3 kcalimol. For the
complexes in the gas phase shows that the complex formationsupplementary angle of 9@t is destabilized by 1520 kcal/mol per moiety.
is energetically favored by a large magnitude. The design of If the angle is more than 70the structure is generally not stable enough.

cyclohexadepsipeptide ionophores with varying flexibilities

showing different ion selectivities should be possible by suitable

substitution of both the glycine and glycolic acid moieties.
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