Inorg. Chem.1998,37, 1585-1591 1585
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Lipophilic lanthanide complexes of fluorinatgétdiketonate ligands were demonstrated to bind unprotected
phenylalanine, leucine, and other amino acids under neutral conditions. Extraction experiments supported that
these lanthanide tri§{diketonates) formed highly coordinated 1:1 complexes with amino acids, although they
were electrically neutralized. NMR and CD spectroscopic studies further suggested that the lanthafiide tris(
diketonates) bound amino acids at two points. Their extraction, transport, and chiral recognition behaviors were
significantly controlled by a combination of central lanthanide cation and coordinating ligand: Chiral ytterbium
complex offered good enantioselectivity in the extraction of unprotected amino acids, and the related praseodymium
complex provided their efficient membrane transport. Thus, these lipophilic lanthanigeditsfonates) were
confirmed to be a new class of receptors for amino acids.

Introduction

Amino acids are one of the most important guests in both
biological and artificial recognition systems, because of their
relevance in nature and their chemical richness. Synthetic
receptors for amino acids can be of great utility in modeling
biological molecular recognition and also in the detection and
separation of complex mixtures. A variety of receptors,

therefore, have been designed to recognize amino acids, butS

most of them bind the ammonium or carboxylate parts of
protected amino acid derivativéd. Since the amino acids
themselves exist as zwitterions in neutral water and their
desolvation is a costly energetic process, effective receptors
should have multiple binding sites complementary to zwitter-
ionic sites of the amino acids. A limited number of examples
have been reportedin which two or more different kinds of
binding sites were geometrically and functionally arranged.
Reetz et al. typically employed a crown ethéoronic acid
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hybrid as a receptor in which the boronic acid bound the
carboxylate anion and the crown ether ring trapped the am-
monium catiorf: Schmidtchen and his colleagues connected a
chiral bicyclic guanidinium cation for carboxylate binding and
a triaza-crown ether for an ammonium bindhgAoyama et

al. chose a rhodium complex with a functionalized porphyrin

which bound neutral amino acids at two poinia coordination

and hydrogen-bonding interactiohsSince these examples were
ystems of high sophistication but too complicated, synthetic
efforts were excessive. Thus, there is a need for straightforward
synthesis of specific receptors for unprotected amino acids.
Here we report that lanthanide(lll) trisdiketonates) are a
new class of receptors for unprotected amino acids. The
employed lanthanide complexes are known to coordinate with
polar substrates in solutions and are frequently examined as shift
reagents in NMR spectroscopand as catalysts in organic
synthesi$. Although several kinds of lanthanide complexes
have received much attention as sensitive fluorescence/MRI
probes and potential hydrolytic catalysts for proteins and RNAs,

§ Okayama University.
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Figure 1. Lanthanide trig§-diketonates) and references employed.

their basic receptor/carrier functions for amino acids have rarely extraction and efficient membrane transport of unprotected
been characterized. We recently reported that some lanthanideamino acids. This is the first systematic study of amino acid
tris(8-diketonates) acted as effective receptors for anionic recognition with lanthanide complexXésnd provides interesting

substrated? As schematically shown in eq 1, they can form possibilities for the design of metal complex type receptors for

amino acids, peptides, and other biologically important guests.
Binding of Anion Guest

. . O - “R'?_(‘:O o Results and Discussion
HN> fo- ’ b — R Ln ® 1. Lanthanide Tris(f-diketonate) as a Receptor. We
R K* 0 \B O Q examined three kinds of lanthanide tAsqiketonates) as
anion iliEmde highly coordinated complex receptors of unprotected amino acid guests: those having
fluorinated ligandsla—e and4b, having nonfluorinated ligand
5b, and having chiral fluorinated ligan@s—e and3b—d. These
Binding of Zwitterion Guest included various lanthanide cations as metal centers: praseody-
R 0 mium, europium, dysprosium, erbium, and ytterbium cations
R o O ngy O%o (Figure 1). The ionic radii of the employed lanthanide cations
>+ = - @ ranged from 0.86 to 1.01 A and were much larger than those of
HN o (/\\B 00 copper(ll) and common transition metal cations. Although
trivalent lanthanide cations were electrically neutralized by three
awitterion it ) highly coordinated complex anionic-diketonate ligands, their coordination numbers were

estimated as 8 or 1¥. Thus, another 2 or 4 sites are available
negatively charged and highly coordinated complexes with to form highly coordinated complexes with guest species.
anionic guests, and the resulting complexes were detectable byindeed, several highly coordinated complexes were isolated and
the negative FAB-MS metho#? Such anionic species are  their crystal structures were determiriédThe lanthanide tris-
known to interact with cationic specisand can bind the  (-diketonates) employed are insoluble in water but well soluble
ammonium parts of the amino acids intramolecularly via in organic solvents. We first characterized their binding abilities
electrostatic interaction. Since hydrogen bonding between for amino acids using liquigliquid (H2O/CH.Cly) extraction.
hydrogen of the ammonium cations and oxygen ofFdike- The lanthanide complexeka—e, 2a—e, and 3b,d were pre-
tonate ligand may be also involved, the lanthanide fris(  dominantly distributed in the C}€l, phase and rarely decom-
diketonates) are expected to serve as effective receptors ofposed when their C}TI, solutions contacted aqueous amino
zwitterionic amino acids via two-point binding as illustrated in  acid solutions (pH= 4—9).16 Thus, their extraction efficiencies
eq 2. We examine a series of lanthanide frid{ketonates) and  were confirmed rarely to change at this pH range. Copper bis-
demonstrate that some of them specifically bind amino acids (3-diketonate)s was employed to elucidate the effect of central
under neutral condition’$. Extraction, transport, CD, and NMR  metal cation on receptor functions. Other types of copper
experiments indicate that a proper combination of central
lanthanide cation and coordinating ligand offers enantioselective (13) Transport of cationic guests was also reported: (a) Willner, I.; Eichen,
Y.; Sussan, S.; Shoham, Rew J. Chem1991, 15, 879. (b) Tsukube,

(10) (a) Tsukube, H.; Shiba, H.; Uenishi,JJ.Chem. Soc., Dalton Trans. H.; Uenishi, J.; Higaki, H.; Kikkawa, KChem. Lett1992 2307.
1995 181. (b) Tsukube, H.; Uenishi, J.; Shiba, H.; YonemitsuJO. (14) (a) Drew, M.G. BCoord. Chem. Re 1977, 24, 179. (b) Yamaguchi,
Membrane Scil996 114, 187. T.; Nomura, M.; Wakita, H.; Ohtaki, HJ. Chem. Phys1988 89,

(11) Interaction between anionic lanthanide complex and cationic species 5153 and references therein.
has been demonstrated: Bassfield, RJLAm. Chem. Socd983 (15) (a) Nassimbeni, L. R.; Wright, M. R. W.; Niekern, J. C.; McCallum,
105, 4168. P. A. Acta Crystallogr.1979 B35 1341. (b) Laplanche, L. A;

(12) Preliminary communication: Tsukube, H.; Uenishi. J.; Kanatani, T; Vanderkooi, GJ. Chem. Soc., Perkin 2983,1585.

Itoh, H.; Yonemitsu, OJ. Chem. Soc., Chem. CommuR9§ 477. (16) Decomposition was observed at pH9.
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Table 1. Extraction of Amino Acids by Lipophilic Lanthanide
Tris(5-diketonates)

extraction %

amino acid

(pH value) la 1b 1c le 6 "8
PhGly (pH=6.2) 31 28 25 19 d 0
Phe (pH=6.2) 52 48 39 37 0 0
Trp (pH=6.1) 46 42 36 30 d 0
ThGly (pH=6.2) 30 26 21 19 d 0
ThAla (pH=6.2) 53 46 43 37 d 0
Leu (pH=6.2) 41 38 34 25 0 0
Ala (pH=16.7) 0 0 0 0 0 0
Gly (pH=5.9) 0 0 0 0 0 0

ap,L.-Amino acid, 0.015 mmol, in kD, 1.5 mL//lanthanide trig¢
diketonate), 0.030 mmol, in Gigl,, 1.5 mL.?Extraction (%)=
{([amino acid extracted in the presence of complexJamino acid
extracted in the absence of complex])/[amino acid added initially in
the aqueous solutioh]x 100.°Trace amount of precipitate appeared.
dConsiderable amount of precipitate appeared.

ternary complexes between lanthanide ftid{ketonate) and
zwitterionic glycine, assuming that the guest glycine is fixed
via coordination and hydrogen bonding. It was suggested that
the smaller ytterbium cation offered shorter distances (stronger
binding) between the lanthanide cation and the carboxylate
group of the glycine than did the larger praseodymiingince
space for accommodation of the glycine was also smaller in
the ytterbium complex than in the praseodymium complex, the
Figure 2. Optimized structure of ternary complex Pr(agac}ly (top); nature of central lanthanide cation was thought to influence
Yb(acac)—Gly (bottom). binding behavior of the amino acid with the lanthanide fis(
diketonate).
complexes were reported to act as effective receptors of amino 2. Extraction of Unprotected Amino Acids under Neutral
acids via a ligand exchange procésbut a different mechanism  Conditions. Liquid—liquid extraction experiments were carried
might be involved in the present lanthanide complex system out using phenylglycine (PhGly), phenylalanine (Phe), tryp-
(see eq 2). A hybrid carrier composed of crown ethemd tophane (Trp), (2-thienyl)glycine (ThGly), (2-thienyl)alanine
cationic surfactar was used for comparison: The former acted (ThAla), leucine (Leu), alanine (Ala), or glycine (Gly) as an
as an ammonium binding site, and the latter as a carboxylateamino acid guest. The pH values of the employed agueous
binding site!® Similar types of binary carriers successfully amino acid solutions were recorded as about 6, and the guest
mediated transport of phenylalanife. species were mainly zwitterions in the aqueous phase. Since
Figure 2 illustrates optimized structures of ternary complexes the pH values did not change after extraction experiments, amino
between lanthanide tris(acetylacetonates) and zwitterionic gly- acids were suggested to be extracted as zwitterionic fékms.
cine. Although the detailed structure of the ternary complexis Table 1 summarizes extraction behaviors of a series of
unclear, several experimental results described below suggestanthanide tris§-diketonates)la—e for b,L.-amino acid guests.
that the amino acid guest is fixed on the lanthanide metal centerWe examined not only aromatic PhGly, Phe, Trp, ThGly, and
at two points. Thus, the structures of ternary complexes were ThAla but also aliphatic Leu, Ala, and Gly. Complexes—e
optimized using CAChe extended MM2 calculatithgsee effectively extracted aromatic PhGly, Phe, Trp, ThGly, and
Experimental Section). When two-point binding of the glycine ThAla and aliphatic Leu from neutral aqueous solutions into
with lanthanide tris(acetylacetonate) was assumed, both praseody€H,Cl, solutions?? while Ala and Gly were rarely extractéd.
mium and ytterbium tris(acetylacetonates) had space enoughNo g-diketonate ligand was leaked into the aqueous phase, and
for additional binding of zwitterionic glycine: The carboxylate the pH value changed only slightly during the extraction. These
anion of the glycine directly coordinates with the lanthanide observations suggest that the lanthanidefrdiketonates) form
center, and the resulting anionic complex may interact with the highly coordinated complexes with several amino acids without
ammonium moiety of the guest via electrostatic interaction. The loss of three diketonate ligands (see eq 2). The extraction
hydrogen bonding between hydrogen of the ammonium group percentage of each amino acid guest decreased as the central
and oxygen of acetylacetonate ligand can be postulated insteadon changed from Bt or EL?* to Dy®* and then to YB': larger
of an electrostatic interaction. Since we performed calculations sized P¥" and E@* ions offered higher extractabilities than
for structural optimization on both assumptions and obtained smaller sized DY and YI5".20 As expected from the optimized
similar results, we illustrate optimized structures of the obtained structures of ternary complexes (Figure 2), the larger metal

(17) Scrimin, P.; Tonellato, U.; Zanta, Netrahedron Lett1988,29, 4967. (20) lonic radii of the employed metal cations were reported as 1.01 A for
(18) Tsukube, H. InLiquid Membranes: Chemical ApplicatianAraki, P+, 0.95 A for E@*, 0.91 A for Dy?*, and 0.86 A for YB*.
T., Tsukube, H., Eds.; CRC Press: Boca Raton, FL, 1990; p 20. (21) The possibility that the amino acid was bound as a neutral form; NH
(19) Modified MM van der Waals parameterg = (ei)¥q2.9 x 1075 CHRCGH, could not be disregarded.
exp{ —12.5/(roi + ro)} — 2.25[(0i + ro)/ril®l. € (hardness factor) (22) Kex values of Phe were typically estimated as 73 ¥arand 120 for
= 0.325 for P#" and 0.325 for YB" (kcal/mol).r, (van der Waals 2a. Kex = [1la — Phe or2a — Phelg{[1a or 2a]org x [Phelg .
radius)= 2.20 for P+ and 2.00 for YB* (A). Metal—O(acetylac- (23) Histidine was moderately extracted under the same conditions: 12%
etonate) stretching parametei§:= 143.88x K{(y — y0)2 — 2(y — with laand 13% withlb. Since these values were much smaller than
70)3/2. Ks (stiffness)= 4.400 for P#* and YB+ (mdyne).y, (standard those for ThAla (see Table 1), the nature of the side chain greatly

length)= 2.388 for P#+ and 2.297 for YB* (A). influenced extraction phenomena.
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center provides a larger space to accommodate a guest amino (a) L-PhGly / 2b
acid. Complexeda—e showed interesting guest selectivity of 10
ThAla = Phe> Trp > Leu > PhGly= ThGly. This appears
to be more than simple hydrophobicity of the amino acid. We
calculated lodd values for each amino acid guest at ptb.2
using the PALLAS prograr¥t which can be considered a
measure of hydrophobicity of the amino acid guest: bg=
—1.50 for ThAla,—1.54 for Phe~0.70 for Trp,—1.92 for Leu,
—2.22 for PhGly, and—2.64 for ThGly. Among them, Trp
had the largest lodp value (highest hydrophobicity), but its
extraction percentages were lower than those of ThAla and Phe.
Although more hydrophilic amino acids such as Ala and Gly 0 ‘ { ‘ , .
were rarely extracted, the steric factor of the guest must be 0 02 04 06 08 1
considered as well as the hydrophobicity. Copper fbis( [PhGly]aq / ([PhGlyJaq + [2b]org)
diketonate)6 was examined under the same extraction condi-
tions, which was soluble in Ci€I, but rarely extracted amino (b) L-Phe/ 1b
acid guests from the neutral agueous phase. The aqueous phase
turned a blue color during the extraction experiment, indicating
that copper comple& decayed and could not act as an effective
receptor. It was noted that crown ethérextracted organic
ammonium cations and cationic surfact8rgxtracted organic
carboxylate anion¥ but 7 and8 did not operate synergistically
in the binding of zwitterionic amino acids and rarely extracted
amino acid guests. These extraction results revealed that the
lanthanide trigg-diketonates) exhibited unique binding abilities
for amino acids under neutral conditions.

The lanthanide trigl-diketonates) were suggested to form 1:1 0 . . ! ! 1
ternary complexes with amino acid guests in the following 0 i 2 3. 4 5
extraction experiments: When the total concentration of com- [Phe]ag / [1borg
plex 2b in the CHCl, phase and guestPhGly in the aqueous Figure 3. Extraction profile of amino acid with lanthanide tyfis(
phase was fixed at 0.05 mol/L, the extracted amount of the diketonate).
PhGly displayed a bell-shaped dependence toward mole fraction
of the PhGly and the maximum was observed at 1:1 stoichi- CD curve was observed: strong positive peak at 278 nm, strong
Ometry (Figure 3a) When the concentratiorlbfin the ChH- negative peak at 291 nm, and weak positive peak at 320 nm. In
Cl, phase was fixed at 0.04 mol/L, the extracted amount of the other words, the chiral-Leu was strongly fixed on the achiral
L-Phe increased with its concentration in the aqueous phase (0 complexlbat two points. WheiN-acetylt-Leu was employed
0.16 mol/L) and the saturated amount of the extracted Phe alsods @ substrate, the observed CD peaks were very weak. As
indicated 1:1 complexation (Figure 3b). Since other combina- observed in the achiral zinc(Hporphyrin receptor systeff,
tions of lanthanide receptors and amino acid guests offeredthe two-point fixation of an amino acid guest may induce strong
similar relationships, the amino acid was believed to form a CD signals. Unfortunately, we did not obtain crystals of the
1:1 complex with lanthanide complex receptor. We carried out ternary complex suitable for X-ray crystal structure determina-
several spectroscopic experiments to characterize the ternaryfion, but these extraction and spectroscopic results support two-
complex of1b with amino acid. A3C NMR spectrum was point fixation of the amino acid on the lanthanide metal center
recorded after extraction experiments of Phe wiith(condi- (see Figure 2§°
tions: same as those in Table 1). The Phe extracted exhibited Table 2 summarizes extraction abilities of various europium
signals only for three phenyl carbons at 129.8, 129.5, and 127.7tris(5-diketonates) which have fluorinated ligantls, 2b, 3b,
ppm from CDRCl, (53.1 ppm), while other carbon signals and4b and nonfluorinated ligan8b. Complex2b exhibited
broadened and disappeared. When 5 mol % of europium excellent extraction ability for amino acids. As frequently
complex1b was added to a CDgkolution of N,N-dipropyl- reported’® electronegative fluorinated moieties of the ligand
alanine, carbon signals for CH,NCHCO,— broadened and increased Lewis acidity of the lanthanide tfs{iketonate) and
disappeared, and other carbon signals shifted but were stillled to strong coordination of carboxylate anion of the amino
observed. Thus, two functional groups of the amino acid guest acid guest. In addition, fluorinated ligands enhanced solubilities
were confirmed to be located near the europium center. CD of lanthanide trig§-diketonates) themselves and of their ternary
spectroscopic studies also supported two-point binding of amino complexes with amino acids in the organic media. Actually,
acid guest with lanthanide trig(diketonate). After the extrac- complexesAb and5b produced insoluble materials and could
tion experiment was performed usirid and L-Leu, a CD not be used as extracting reagents. Thus, the ligand structure
spectrum was taken for the GEl, phase in which all the influenced the extraction behavior of the lanthanide complex
extracted Leu was bound with comple¥d. It showed receptors.
characteristic CD peaks around 300 nm corresponding to the

UV absorption of the europium complebb. The M-shaped (25) (a) Mizutani, T.; Ema, T.; Yoshida, T.; Renne, T.; Ogoshijrtrg.
Chem.,1994, 33, 3558. (b) Tamiaki, H.; Kiyomori, A.; Maruyama,

Extracted PhGly (x10”> mmol)

[PheJorg / {1blorg

(24) PALLAS for Windows 1.2, CompuDrug Chemistry Ltd., was em- K. Bull. Chem. Soc. Jprl994 67, 2478.
ployed. Definition of logD, data for common amino acids, and (26) Some complexes of amino acids with lanthanide complexes were
relationship with free energy of transfer of amino acid side chain from characterized in the aqueous solutions: (a) Spaulding, L; Brittain, H.G.
vapor phase to water were reported: Tayar, N. E.; Tsai, R. S.; Carrupt, Inorg.Chem.1985 24, 3692. (b) Sherry, A.D.; Pascual, B. Am.

P. A.; Testa, BJ. Chem. Soc., Perkin 2992 79. Chem. Socl1977, 99, 5871. Also see ref 7.
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Table 2. Extraction of Amino Acids by Various Europium Scheme 1. Liquid Membrane Transport of an Amino Acid
Tris(B-diketonates) by a Lanthanide Trig-diketonate) Carrier
amino acid extraction 98
(pH value) 1b 2b 3b 4b 5b O
R o} R O
PhGly (pH= 6.2) 28 43 32 d d H +N>—( . L " *N>—< R
Phe (pH= 6.2) 48 62 58 d d SN o \ 0% / N o
Trp (pH=6.1) 42 52 49 d d
ap,.-Amino acid, 0.015 mmol, in kD, 1.5 mL/lanthanide trig Ry O_(O
diketonate), 0.030 mmol, in G&l,, 1.5 mL.P Extraction (%)= Hg'N - O
{([amino acid extracted in the presence of complex]Jamino acid 0 %
extracted in the absence of complex])/[amino acid added initially in [ source Aqueous [ Receiving Aqueous
the aqueous solutiop]x 100.¢ Trace amount of precipitate appeared. Phase |] [ Bulk CH2Cl2 Membrane ] Phase Il ]
d Considerable amount of precipitate appeared.
Table 3. Transport of Amino Acids by Lanthanide
_ _~COH GO,H ~ Tris(8-diketonates)
z 1
(Nlco y (NT @ SN CO.H lanthanide transport ratex 10’ (mol/h)
2 N complex PhGly Phe Leu Gly
9a (62 %) 9b (0 %) 9c (5 %) 10 (27 %) 1a 51 4.2 2.6 0.6
1b 5.7 4.0 2.8 2.0
NH, 7 1c 55 4.0 5.2 1.2
coH ©)\/C°2H N le 5.2 a7 2.9 0.6
m 2a 10.8 6.5 6.5 3.8
NH; OH 2e 4.4 6.4 3.2 0.4
o o %) * 6 0 0 0 0
Phe (48 %) 11 (28 %) 12 (79 %) 748 0 0 0 0
Figure 4. Extraction of various water-soluble guests by europium . . . . o
complex 1b. Conditions: See Table 1. Asterisk indicates C®hs * Amino acid, 0.05 mmol in kD, 5 mL//'acha”'F’? trigt-diketonate),
used as the organic phase. 0.05 mmol, in CHCl,, 12 mL//H,0O 5 mL." Precipitate appeared.

The lanthanide trigl-diketonates) also showed interesting the liquid membrane phase. This ternary complex moves across
extraction behaviors for other types of guests. Figure 4 includesthe membrane and releases the guest amino acid into the
extraction results of picolinic acidda—c, pyridine acetic acid receiving aqueous phase Il. We demonstrate below that the
10and other amino acids Phe abtlas well as pyridyl alcohol lanthanide trig§-diketonate) effectively transports unprotected
12 Among three geometrical isomers of picolinic acts- amino acid from the neutral source phase to the neutral receiving
¢, 2-picolinic acid @a) was much more effectively extracted phase. The abilities of ammonium and carboxylate ions to
by complexlb than 3- and 4-derivativedb,c: it was also more interact with the carrier are diminished, and most of the synthetic
effectively extracted than pyridine acetic adil Since their  carriers reported could not transport the unprotected amino acids
log D values were calculated to decrease in the ordet®f  ynder neutral conditions: We present a new type of carrier
(=0.27)> 9a(-1.52) > 9b (—~1.93)= 9¢ (—1.95), extraction  which transports the amino acids on the basis of the unique
ability seemed to relate not only to the hydrophobicity of the |anthanide coordination chemistry. Since membrane transport
guest but also to the geometry of two ionic moieties in the guest. of amino acids is one of the most fundamental biological
Europium tris(-diketonate) 1b exhibited higher extraction  processes, the present study provides an excellent model of
percentage for Phe than for amino aditi Since Phe and1 biomembrane transport and a promising prototype for new
had similar logD values of—1.54 and—1.64, complexlb  sensing and separation of biologically important amino acids.
recognized the separation between carboxylate and ammonium Table 3 shows that complexds—e, and2a,e which have

"?0"?“65 of the gu_est. Thesg result_s indicate that th_e tWO'pO'mﬂuorinated ligands effectively transported PhGly, Phe, and Leu
binding more easily occurs in the five-membered ring system o .
under neutral conditions, while Gly was modestly transported.

than in the large ring systems. Since neutral amino alcbBol - .
was also extracted, the present type of lanthanidepjtris( Wh‘?“ these lanthanide trﬁ%(_zhketonates) were employed as
carriers, pH change ang-diketonate leakage were rarely

diketonates) may have broad application in separation andobserved in either agueous phase, supporting the fransport

detection of organic substrates of biological interest. s X
3. Transport of Unprotected Amino Acids under Neutral mechanllsm |Ilustr§lted in Scheme 1. In contrast, copper complex
Conditions. We demonstrated above that several lanthanide G and binary carrier composed @fand.S were demonstrated
to seldom carry amino acids. Lanthanide complebeese, and

complexes of fluorinate@-diketonate ligands had outstanding : . S ? .
features in the binding of amino acids under neutral conditions. 2a,e provided satisfactorily high transport ra}tes for amino acids
Since they are quite soluble in organic solvents and solubilize Comparab7le to that of crown ethét-mediated K cation
amino acids effectively in them, these are promising candidatestranSportz' The guest selectivity of the tra.nsport process was
somewhat different from that of the extraction process. Higher

for specific carriers of amino acids. Their transport properties X
were investigated using a GEl, liquid membrane cell as transport rates were obtained for PhGly, though Phe was more

described® Scheme 1 illustrates a transport system in which &ffectively extracted (see Table 2). Phe is probably too strongly
lanthanide trisg-diketonate) is distributed in a bulk GHI, bound to be transported efficiently. Similar relationships

membrane and an amino acid guest exists as a zwitterion in a
source aqueous phase I. The lipophilic lanthanide gris(  (27) Although transport rates of aliphatic amino acids were also dependent

diketonate) first forms a highly coordinated complex with the on a combination of central lanthanide cation and ligand, they were
. . . . compared with that of K cation under similar conditions: Tsukube,
amino acid at the left side of the membrane. The resulting H.: Shinoda, S.: Uenishi, J.: Shiode, M.: Yonemitsu,Ghem. Lett.

ternary complex is thus electrically neutral and well soluble in 1996 969.
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Table 4. Enantioselective Extraction of Amino Acids by Chiral Trp, and their enantioselectivities could not be determined
Lanthanide Tris§-diketonates) precisely. Since compledo was confirmed to extract potassium
extraction % N-(benzyloxy)p,L-amino acidates nonenantioselectivéipne-
. . (enantiomeric excess %) point binding of carboxylate to the lanthanide center was not
amino acid ; - . -
(pH value) 2a 2h 2d %2 3d enough for effective binding and chiral recognition. The two-

— point complexation between lanthanide tfig{iketonate) and
EESP&E{’E a26)'2) g% g)l) gg ((%)3) gg’ ((112)) ég' ((32)) g’g ((51)0) amino acid postulated above must play an important role in the
Trpe(pH = 6.1) 53(3) 52(4) 39(23) 24(30) 50(3) binding and chiral recognition of the unprotected amino a¥ds.
ThGh2(pH=6.2) 45(8) 45(9) 29(18) 15(23) 38(3)

ThAla*(pH=6.2) 60(3) 59(6) 47(15) 31(15) 59 (2) Conclusion
Lew?(pH = 6.2) 45(5) 61(7) 45(17) 26(17)

potassiunN-acetyl- 5() 13(4) 3@  3(e We have demonstrated that the lanthanide(lll) fHdiketo-
tryptophanate nates) were unique and excellent receptors of unprotected amino
(PH=6.2p acids. Their characteristic coordination chemistry made possible
ap,L-amino acid, 0.015 mmol, in 4D, 1.5 mL/lanthanide trig¢ three of the hardest tasks in molecular recognition chemistry:
diketonate), 0.030 mmol, in Gil,, 1.5 mL.? N-Acetyl-b,L-tryptophan, (i) efficient extraction; (ii) fast membrane transport; (iii)
0.015 mmol; KCI, 3 mmol; KOH, 0.015 mmol, in & 1.5 mL// excellent chiral recognition of the unprotected amino acids under
lanthanide trig-diketonate), 0.030 mmol, in GElz, 1.5 mL.“Ex- neutral conditions. Although most common receptors did not

traction (%)= { ([amino acid extracted in the presence of complex]  oherate well under neutral conditions, the efficiencies and

[amino acid extracted in the absence of complex])/[amino acid added - . .
initially in the aqueous solutioh]x 100.9Enantiomeric excess % was selectivities of these lanthanide tfisfiketonates) were suf-

calculated from tha/b ratio of amino acid complexed in GBI.. ficient._ Thus, our Ian'_[hanid_e Coqrdination strategy offers many
*Enantiomeric excess % was not determined because the extractabilitypotential extensions in various fields of chemistry and related
was too small. technology.

between extraction efficiency and transport rate have frequently Experimental Section
been reported in other transport systeéfhs.

4. Enantioselective Extraction of Unprotected Amino Materials. The lanthanide and copper complexesé6 illustrated

Acids. Chiral recognition of amino acids is an important process " F19uré 1 were obtained from Dojindo, Merck, and Gelest. These
complexes were special grade reagents for NMR measurements which

in many biological and artificial processes but has rarely been were soluble in ChCl, and CDC} but insoluble in water. We
realized by artificial receptors. We successfully applied chiral employed chiral complexe8a—e, and 3b—d having ¢+)-camphor-
lanthanide trigg-diketonates)2a—e to the enantioselective  gerived ligands unless specified. Crown ethand cationic surfactant
extraction of unprotected amino acids. Extraction experiments 8 were purchased from Merck and used without additional purification.
were done using racemic amino acids as guests, and theThe amino acid substrates employed in Tableg Wvere received as
extraction efficiency and enantioselectivity determined are enantiomerically pureo- and L-forms: Chiral ThGly, ThAla, and
summarized in Table 4. For chiral lanthanide comple2as N-acetyltryptophane were purchased from Sigma-Aldrich Japan, and
e, the extractability was apparently dependent on the ion size others were obtained f_rom Nacalai Tesque, Inc., _orWakq Pure Chemical
of the central metal cation and generally decreased as the centraftdustries, Ltd. Experiments were carried out using equimolar mixtures
cation changed from Bt or EP* to ER* and then to YB. of b- and L-amino aC|ds_. The substr_ates ex3a;m|ned in Figure 4 were
Enantioselectivity, in contrast, had a “reversed order® Pz also commercially available, excepting.-12* 9a-c and 10 from

Nacalai Tesque Inc. amolL-11 from Aldrich Japan.
+ 3+ 3+
EW" < Er" < Yb®. Although there should be some Modeling Method. The modeling of ternary complexes between

sterem_somers o_f_the lanthanide complexes F'nd(_:"r the employ(':'qanthanide tris(acetylacetonates) and zwitterionic glycine was carried
extraction conditions, the small central cation is expected t0 ot on the basis of empirical calculations using the CAChe extended
provide close contact between coordinating ligand and guestMM2 program (CAChe Scientific, Inc., version 3.8). Lanthanide
amino acid and to enhance the enantioselectivity. Indeed, complexes generally have large and variant coordination numbers so
ytterbium complexX2ewith a (+)-camphor-derived ligand bound  that it is very difficult to search all the stationary points of their
L-PhGly with an ee value as high as 49%while the geometries and to obtain global minima of their structures. We first
corresponding praseodymium compxgave 11% ee. Both ~ Optimized the structures of lanthanide tris(acetylacetonate) assuming
chiral complexes offered higher enantioselectivities for aromatic that the lanthanide cations had unconflgL_Jrated coordination chemlstry.
PhGly, Phe, and Trp than aliphatic Leu. The sterically crowded Then, the carboxylate anion of the glycine was placed to coordinate

. . ... __with the lanthanide centers and to form a negatively charged ternary
PhGly was a preferred substrate in the present chiral l'ECOQnmoncomplex. In such complexes, the ammonium cation of the glycine could

system. Erbium comple8d was examined for comparison e |ocated nearby lanthanide tris(acetylacetonate) via an electrostatic
since it has a different chiral ligand3d offered comparable  jnteraction. Since hydrogen bonding between hydrogen of the am-
extractability to complex2d, but its enantioselectivity was  monium cation of the bound glycine and oxygen of the acetylacetonate
largely suppressed. Thus, the nature of the fluorinated moiety ligand could be assumed instead of an electrostatic interaction, we
only slightly changed extraction efficiency but greatly influenced performed modeling calculations for both cases and obtained similar
chiral recognition profile. We also extracted potassium N- optimized structures of the highly coordinated complexes. We could
substituteds,L-amino acidates using chiral complex2a—e. not determine the details of coordination number and stability of the
These chiral complexes gave much lower extractabilities for ternary complex between lanthanide tris(acetylacetonate) and the

N-acetvlo.L-trvbtophanate anion than those for the unprotected 2WVitterionic amino acid but calculations supported that the lanthanide
yio,L-ATyptop P complex receptor had space enough for binding of zwitterionic amino

(28) (a) Lamb, J. D.; Christensen, J. J.; Oscarson, J. L.; Nielson, B. L.; acid guest.
Asay, B. W.; lzatt, R. M.J. Am. Chem. Sod98Q 102, 6820. (b)
Behr, J. P.; Kirch, M.; Lehn, J. Ml. Am. Chem. Sod985 107, 241. (30) Chiral recognition was not observed in the membrane transport of
(c) Tsukube, H.; Uenishi, J.; Higaki, H.; Kikkawa, K.; Tanaka, T.; Dp,L-amino acids. Several factors different from those in the extraction
Wakabayashi, S.; Oae, $. Org. Chem1993 58, 4389. process were probably involved.

(29) The enantiomer of ytterbium compl2g having (~)-camphor-derived (31) Preparation of enantiomerically pure forms: Uenishi, J.; Nishiwaki,

ligands preferread-PhGly. K.; Hata, S.; Nakamura, KTetrahedron Lett1994,35, 7973.
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Extraction Experiment. Extraction experiments were carried out  phases, | and I, were placed in the tube arms which were floating on
by adding a CHCI; solution of lanthanide trigt-diketonate) (1.5 mL, the CHCIl, membrane; | was an aqueous solution of amino acid (0.05
0.030 mmol) to an aqueous solution of amino acid (1.5 mL, 0.015 mmol/5 mL), while 1l was pure water (5 mL). We confirmed that no
mmol). After the mixture had been stirred for 2 h, the aqueous phase transport occurred in the absence of carrier. The transport rates shown
was separated and characterized. The extraction percentage of then Table 3 were calculated from the initial rates of appearance of the
amino acid and its ee % value were estimated, based on UV guest salt in aqueous phase I, which were determined on the basis of
spectroscopy, amino acid analysis (Hitachi, L-8500 amino acid UV spectroscopy, amino acid determination, and chiral HPLC analysis.
analyzer), and chiral HPLC analysis (Daicel Chem. Ind., Crownpak Reproducibility was confirmed as10% or better.

CRH#)). Extraction (%) values indicated in Tables 1, 2, and 4 were
calculated as follows: extraction (%) { ((amino acid extracted in the Acknowledgment. The authors are grateful to Professors

presence of complex}- [amino acid extracted in the absence of Kiyoshi Isobe and Isamu Kinoshita of Osaka City University
complex])/[amino acid initially added in the aqueous solutjor]100. for helpful discussion on CD spectra. They are also grateful to
Reproducibility was confirmed a&5% or better. Ee % values shown Ms. Matsumi Doe of the Analytical Center, Faculty of Science,
in Table 4 were obtained from thép ratio of the amino acid complexed =~ Osaka City University, for amino acid analysis. This research
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Transport Experiment. Transport experiments were performed at  from the Ministry of Education, Science, Sports, and Culture
room temperature (ca. &) in a U-tube glass cell (internal diameter of Japan.
2.0 cm)!® Lanthanide trig§-diketonate), dissolved in G&l, (0.05
mmol/12 mL), was placed in the base of the U-tube, and two aqueous IC970103R



