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Abstract: The enantio-discrimination of -chiral primary ammonium ions is achieved by a rational approach
that utilizes three-center (bifurcated) hydrogen bonding. The extraction experiments on various selected
guests reveal that the bifurcated H-bonding plays a crucial role for the chiral discrimination. The X-ray data
obtained for an inclusion complex substantiate such interactions. Using the bifurcated H-bonding, the chiral
molecular recognition with our Cs-symmetric tripodal oxazoline receptors is extended generally toward
ammonium ions of a-, -, and a,S-chiral amines. Simple molecular models, evoking the bifurcated H-bonding,
explain the chiral discrimination modes.

Introduction recognition system that utilizes bifurcated H-bonding would
It has been suggested that the three-center hydrogenlbond,prOVide further understanding of this novel molecular intg_raction
a bifurcated hydrogen bond that involves two simultaneous @1d would expand the scope of molecular recognition by
hydrogen acceptors, plays an important role in determining the &'tificial receptors. B , , , ,
structure and function of molecules, ranging from inorganic to  Although chiral recognition od-chiral amines via ammonium
organic and biological molecules. The bifurcated H-bonding is Salts has been studied extensivélitle progress has been made

detected in crystal structures of small molecules such as amino!©" the enantio-discrimination gf-chiral primary amine$.One

acids and carbohydratéss well as large biopolymers such as
RNA,2 DNA, 4 and protein$.The ubiquitous nature of bifurcated

H-bonding in biomolecules is further explored in the molecular

difficulty in the recognition of3-chiral amines via ammonium
ions is due to the free rotation gfchiral substituents remote
from the ammonium binding site. To overcome this problem,

recognition and self-assembly of designed molecules, togetherV& Propose employing bifurcated H-bonding as an auxiliary

with normal two-center H-bonding.The role of bifurcated
H-bonding as a critical interaction in molecular recognition,

interaction that could block the free rotation @substituents,
thereby securing a chiral environment for the guest. Herein, we

however, has not been addressed yet. Designing a moleculaMVish to report our rational approach to the recognitiofi-ehiral

(1) For reviews, see: (a) Jeffrey, G. A.; Saenger, Nydrogen Bonding in
Biological StructuresSpringer-Verlag: New York, 1991; Chapter 2.2. (b)
Aakergy, C. B.; Seddon, K. RChem. Soc. Re 1993, 397407. (c)
Bernstein, J.; Davis, R. E.; Shimoni, L.; Chang, N.Angew. Chem., Int.
Ed. Engl.1995 34, 1555-1573. (d) Steiner, TAngew. Chem., Int. Ed.
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123 2064-2065.
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(b) Prefiner, R.; Egner, U.; Saenger, \WWEBS Lett1991, 288 192-196.
(c) Keefe, L. J.; Quirk, S.; Gittis, A.; Sondek, J.; Lattman, E.FEotein
Sci. 1994 3, 391-401.
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Zimmerman, S. C.; Murray, T. Jetrahedron Lett1994 35, 4077-4080.

(b) Hayashi, T.; Miyahara, T.; Koide, N.; Kato, Y.; Masuda, H.; Ogoshi,
H.J. Am. Chem. S0d997 119 7281-7290. (c) Conn, M. M.; Rebek, J.,
Jr.Chem. Re. 1997, 97, 1647-1668. (d) Zhu, J.; Parra, R. D.; Zeng, H.;
Skrzypczak-Jankun, E.; Zeng, X. C.; Gong, B.Am. Chem. So200Q
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primary ammonium ions through bifurcated H-bonding. The
extraction experiments toward a number of selected guests reveal
that the bifurcated H-bonding plays a crucial role in the chiral
discrimination. The X-ray data substantiate such interactions.
To the best of our knowledge, this is the first successful example
that deliberately utilizes bifurcated H-bonding in chiral molec-
ular recognition.

Results and Discussion

The tripodal oxazolinel and its analogues are a new and
efficient receptor system, which selectively recognizes primary

(7) Kim, S.-G.; Kim, K.-H.; Jung, J.; Shin, S. K.; Ahn, K. H. Am. Chem.
S0c.2002 124 591-596.

(8) (a) Bradshaw, J. S.; Izatt, R. M.; Bordunov, A. V.; Zhu, C. Y.; Hathaway,

; J. K. Crown Ethers. Il€omprehensie Supramolecular Chemistrokel,
G. W. Ed.; Pergamon Press: New York, 1996; Vol. 1, pp-95. (b) Gokel,
G. W.; Abel, E. InComprehensie Supramolecular Chemistrizokel, G.
W. Ed.; Pergamon Press: New York, 1996; Vol. 1, pp 5535.

(9) Only a few examples are known: (a) Naemura, K.; Ueno, K.; Takeuchi,
S.; Tobe, Y.; Kaneda, T.; Sakata, ¥.Am. Chem. S0d.993 115, 8475~
8476. (b) Naemura, K.; Nishikawa, Y.; Fuji, J.; Hirose, K.; Tobe, Y.
Tetrahedron: Asymmetnl997, 8, 873-882. (c) Rekharsky, M. V.;
Goldberg, R. N.; Schwarz, F. P.; Tewari, Y. B.; Ross, P. D.; Yamashoji,
Y.; Inoue, Y.J. Am. Chem. S0d.995 117, 8830-8840.

J. AM. CHEM. SOC. 2003, 125, 13819—13824 = 13819



ARTICLES Kim et al.
FPh Table 1. Selective Binding of PhBTO 1 toward Racemic
e Ammonium Salts of 5-Chiral Amines
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Figure 1. Schematic diagrams of diastereomeric inclusion complexes
between PhBTQL and g-chiral primary ammonium ionsAfm) with and
without a secondary interaction.

ammonium ions through tripod H-bonding, catiarand steric
interactions’1° The phenyl substituents df provide aCs-
symmetric “screw-sense” chiral environment towarethiral
primary ammonium ions. FoB-chiral ammonium ions, the

pB-substituents can occupy one of the three “chiral sectors”

provided by the receptdrAlthough thef-substituents reside
in a regional chiral environment, no enantio-discrimination is
anticipated if the3-substituents rotate freely. Thus, to achieve

chiral discrimination, we have introduced a secondary interaction

that may hinder the free rotation gfsubstituents (Figure 1).

a Enantiomeric ratio of the extracted guest from excess racemic salts
(10 M equiv, 0.5 M in RO) by PhBTO1 (0.05 M in CDCE) at 25°C.
b Percentage of the ammonium salt extracted into GRGh respect to
PhBTO1. ¢ Major: (R)-isomer.

Extraction Experiments and Binding Studies. We first
examined guests that hayeOH functionality, which can act
as the hydrogen bond acceptor. When we carried out extraction
experiments with PhBTOLl in CDCl; toward a racemic
ammonium salt oAm1, Am2, or Am3 in D,O at 25°C, the
receptor extracted one enantiomer preferentially over the other
from the racemic mixture. In contrast, in the casedaf4 that
has nop-OH group, chiral discrimination was not observed,
although PhBTQL extracted most of the guest into the organic
phase. These results indicate thatfh®H group plays a crucial
role in the chiral discrimination, presumably by forming the
bifurcated H-bond. When thg-OH group was changed to
pB-acetoxy and3-carbomethoxy groups as iim5 and Am6,
we still were able to observe enantio-discrimination, albeit with
lower selectivity. From these results thfesubstituents are
supposed to act as H-bond acceptors in the bifurcated H-
bonding. As another useful H-bond acceptor we introduced

We envisage bifurcated H-bonding as a suitable choice for i ) . o :
the secondary interaction, because the tripod H-bonds suppliedc@"Poxamide functionality at thiéposition such as in the guests
by the ammonium ion are already present in the system, andAM7—Am9. In these cases, a high level of enantio-discrimina-
an appropriate H-bond acceptor that favorably interacts with tion is obtained, indicating that the carboxamide functionality
one of the tripod H-bonds may form a bifurcated H-bond. In similarly participates in the intramolecular bifurcated H-bonding.
another sense, we may expect chiral discrimination through theTable 1 lists the enantioselectivities and percent extractions
bifurcated H-bonding from a guest molecule, in which the observed. In the cases of the guests \ittarboxamide groups,
p-substituents are conformationally rocked through intramo- the percent extraction was poor, owing to their increased

lecular H-bonding.

(10) (a) Ahn, K. H.; Kim, S.-G.; Jung, J.; Kim, K.-H.; Kim, J.; Chin, J.; Kim,
K. Chem. Lett200Q 170-171. (b) Kim, S.-G.; Ahn, K. HChem. Eur. J.
200Q 6, 3399-3403.
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solubility in the aqueous phase.

To get thermodynamic data for the binding process, we
carried out isothermal titration calorimetry (ITC) with the
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Figure 2. 1TC titration plot of PhBTOL (1.5 mL, 0.6 mM) with R)-Am1 Figure 3. ITC titration plot of PhBTOL (1.5 mL, 0.6 mM) with §-Am1
(perchlorate salt, 8.4 mM) in GJEN at 303 K. (perchlorate salt, 8.4 mM) in GJEN at 303 K.

enantiomeric guests @&m1 (ClIO, salt) at 30°C in CHCN.* 10*and 1.8x 10* M1 respectively), the latter of which cannot
The binding isotherms for the diastereomeric complexation are have a similar bifurcated H-bonding but instead can haver
given in Figures 2 and 3, the slopes of which clearly indicate interactions. A positive contribution of such a bifurcated

that formation of an inclusion complex, PhBTIXR)-Am1, is H-bond to the thermodynamic stability may sometimes be
favored over the other diastereomeric complex. compensated by steric strain imposed by the bifurcated H-bond,
In a 1:1 binding mode, the formation constants 1s(R)- and thus a bifurcated H-bond may not necessarily result in

Am1 and1-(S-Am1 are found to be&, = 3.0 x 10* and 9.2 additional thermodynamic stability. Even in such cases, how-
x 10° M1, respectively. Interestingly, the enthalpy changes ever, we may observe a difference in the thermodynamic
are nearly identical within the experimental errors for both stability between two diastereomeric inclusion complexes, which
diastereomeric complexesAH® ~ —10.6 kcal mott. The can lead to chiral discrimination.
entropy changes calculated froky and AH® values show a X-ray Crystal Structure for the Three-Center Hydrogen
slight difference both with negative value&AS’ ~ —14.6 and  Bonding. The X-ray structure of an inclusion complex can
—16.8 eu forl-(R)-Am1 and1-(S-Am1l, respectively. Although  provide further information on the binding mode in addition to
the binding isotherms clearly show different slopes for the two the guest study. Our attempts to get single crystals from “only
inclusion complexes, the comparison of the entropy changes g-chiral” ammonium ions such asm1 andAm2 had not been
cannot be made because it is within the experimental error of successful. However, we were able to obtain single crystals of
the enthalpy changes. (1R,29-norephedrine saltm10) from dichloromethane-hex-
To assess the contribution of the bifurcated H-bond to the ane, which has additional-methyl substituent.
thermodynamic stability of the inclusion complexes, it is  The resolved crystal structure provides evidence for the
necessary to compare the thermodynamic data between twopresumed bifurcated H-bond, in addition to the tripod H-bonds
structurally related guests with and without a H-bond acceptor. between the ammonium ion and oxazoline nitrogens (Figure
But such a comparison could not be made due to the unavail-4) 12 The 8-OH group of the guest is aligned near thé-N
ability of such enantiomeric guests at the moment. Instead, aH---N bond region. The Nk and OH hydrogen atoms were
substantial contribution of the secondary hydrogen bond to the |ocated in a difference Fourier map and refined isotropically.
thermodynamic stability of the inclusion complexes may be The sum of the bifurcated H-bond anglés¥ 0' + a. = 347.7)
inferred from a slightly higher binding affinity observed in the

case ofAm2 compared tAm4 (for racemic saltsi; = 2.6 x (12) Crystal dataforl-(1R, 29-Am10(PRs): 0.30 x 0.30 x 0.30 mm
CugHs3FsN4O4P, M, = 894.91, monoclinic, space group P2@} 10.9999-
(3),b=12.3577(2)c = 16.7301(3) Ao = 90°, § = 93.9350(10), y =

(11) (a) Christensen, J. J.; Wrathall, D. P.; Oscarson, J. O.; |zatt, Rnsl. 90°, V = 2268.82(8) &, Z = 2, T = 223(2) K, pcaicd = 1.310 g/crd,
Chem.1968 40, 1713-1717. (b) Smithrud, D. B.; Wyman, T. B.; Diederich, Siemens SMART CCCD diffractometer, Mgradiation, 9178 reflections
F.J. Am. Chem. S0d.99], 113 5420-5476. (c) Rekharsky, M.; Inoue, collected, 6596 independent reflectioRd, = 0.0665wR2 = 0.1434 [ >
Y. J. Am. Chem. So@00Q 122, 4418-4435. 20(1)], R1 = 0.0917,wR2 = 0.1650 (all data), GOF 1.106.
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Figure 6. A top view of the optimized inclusion complex between PhBTO
1 and an ammonium ion gf-amino-carboxamide; a side view of a major
inclusion complex, PhBTQ-(R)-Am1.

\O\

Figure 4. Crystal structure of a major inclusion complex, PhBTQLR,2S)- . PSR e
Am10. The Pk~ and hydrogen atoms are omitted except for some guest Chiral Discrimination Modes. Under the favorable bifur

hydrogens. cated H-bonding environment, the chiral discrimination may be
explained by different steric interactions between the diaster-

. ? eomeric inclusion complexes of guests studied. A molecular
N\"H{a modeling study shows that there is a substantial energy
o N difference between two diastereomeric complexes of each guest
0=173.1° r=214 A examined. Furthermore, the difference is readily recognizable
o= 86.3° =263 A by comparison of steric interactions between the diastereomeric
6'=88.3° N'—H=088A complexes. A modeled structure in case of an aclfiramino
Figure 5. Bond angles and lengths of the bifurcated H-bond. carboxamide is depicted in Figure 6 (the top viét)n the
Table 2. Selected Bond Lengths and Angles of the Inclusion bifurcated H-pondmg model, the tW.O oxazoline ng.)Ups adjacent
Complex, PhBTO 1-Am10 to the5-substituents of the ammonium guest provide a pseudo-
bond lengths, A C,-symmetric chiral environment, in which the oxazoline phenyl
N4—N1: 2.991 NAO4: 2.744 N4-H(N4c): 0.879 group adjacent to the bifurcated H-bond is positioned somewhat
N4—N1: 2.916 O4-N3: 3.278 N4-H(N4a): 1.136 away from the guest. It is apparent that an enantiomeric guest
N4—N3: 3.012 N4-H(N4b): 0.843 with B-Hs-substituent may experience larger steric strain exerted
NI-NA—N2: 99.36 bond angles, ﬂl‘j‘?H(Mc)_N& 173.00 by the nearby oxazoline phenyl group than would the enantio-
N2—N4—N3: 118.62 N4-H(N4a)-N1: 147.77 meric -Hg-substituted guest.
N3—N4-—N1: 126.73 N4-H(N4b)-N2: 176.34 Thus, the minor complex PhBTQ-(S-Aml seems to

experience an apparent steric strain betweeptmethyl group

of the guest and the nearby oxazoline phenyl group, whereas
shows that four atoms provide near-coplanarity, conforming to that strain is reduced in the case of the major complex (Figure
the criteria of bifurcated H-bond$:The hydrogen that partici- 6, the side view).

pates in the bifurcated H-bonding, H(N4c), lies 0.047(5) A In the absence of such secondary H-bonding interactions as
below the N(3)-N(4)—0(4) plane. The H-bond distances also the case ofAm4, the f-substituents rotate without anchoring,

conform to the criteria of bifurcated H-bonds (Figure!&The result_ing in no diffgrence in the thermodynamic stabili'_[y between

selected bond lengths and angles of all H-bonds are listed inthe diastereomeric complexes. Thus, we can explain the mode

Table 2. of enantioselection by a simple model involving the bifurcated
H-bond.

Removing theS-OH group from Am10, as in Am11 or
Am12, results in negligible enantioselectivities, which manifests
that the secondary H-bond interaction embedded in the crystal
structure of the PhBTQ@-Am10 complex is critical to securing
the necessary environment for chiral discrimination.

Enantio-Discrimination Toward Other Substrates. On the
basis of the successful chiral discrimination/thiral orga-
noammonium ions through bifurcated H-bonding, we extended
the concept to thex-alkyl-substituteda-chiral amines. Our
previous study showed that PhBTA and analogues barely
discriminate enantiomeric ammonium ionsoeélkyl-substituted

Ph\_/CH3 Ph  CHz p-Cl-Ph.  CHs o-chiral amines, whereas they provide good to high enantiose-
WS R N N Iectlv!ty in thg case ofr-aryl-substituted guests. The possmle
8 3 3 w—z interactions between the receptors andryl-substituted
(1R,2S)-Am10  Am11 Am12 guests or simply reduced steric strain between the aryl groups
52:48 (72%) 52:48 (92%) seem to provide additional binding affinity and also conforma-

tional restriction to the inclusion complexes, resulting in the
chiral discrimination. By introducing a bifurcated H-bond
Regarding bifurcated H-bond$a charged species is involved  acceptor functionality intoo-alkyl-substitutedo-chiral am-
in our case; hence, the bifurcated H-bonding seems to bemonium ions, we may observe substantial enantio-discrimina-
energetically favored, as inferred from the similar binding tion. In fact, in the case of alanine carboxamide guests such as
affinities observed foAm1 and o-phenylethylamine salts. Am13 andAm14, good enantioselection is observed, as shown
in Table 3. In the case of valine-derived carboxanméael5,
which has a sterically more demanding isopropyl group, still

(13) For recent studies on the energetics of three-center hydrogen bonding,
see: (a) Yang, J.; Gellman, S. H. Am. Chem. Sod998 120, 9090-
9091. (b) Yang, J.; Christianson, L. A.; Gellman, S.®tg. Lett.1999 1, (14) The molecular modeling study was carried out at AM1 level using a
11-13 and references therein. program, PC Spartan Pro from Wave function Inc.
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Table 3. Selective Binding of PhBTO 1 toward Racemic
Ammonium Salts of a-alkyl-Substituted Chiral Amines

H H
pr N NH,* \/\/Nm)\NHJ
o O
Am13 Am14
Ph
H MeO MeO.
Ph” NHs" ¢ NHg* ¢ NH5*
(0] (6] O
Am15 Am16 Am17
racemic
entry guest enantioselectivity? extraction (%)°
1 Am13 66:34 74
2 Aml4 61:39 20
3 Am15 56:44 26
4 Am16 53:3F% 41
5 Am17 55:4% 36

a Enantiomeric ratio of the extracted guest from excess racemic salts
(10 M equiv, 0.5 M in BO) by PhBTO1 (0.05 M in CDCE) at 25°C.
b Percentage of the ammonium salt extracted into GI@th respect to
PhBTO1. ¢ Major: (S-isomer.

R
Figure 7. Top view of the optimized inclusion complex between PhBTO

1 and an ammonium ion af-amino-carboxamide; a side view of a major
inclusion complex, PhBTQ-(S-Am13.

+

Ph  CH, NHs
. OH
HO  NHj
syn-Am10 syn-Am18

80:20 (52%)

83:17 (40%)

Figure 8. Top view of the optimized inclusion complex between PhBTO
1 and an ammonium ion ¢§-amino alcohol.

Molecular models for these guests indicate fhatibstituents
of the ammonium ions (the substituentsfaHr/f-Hs in the
model) experience significant steric strain differences in the
pesudoC,-symmetric environment, whereassubstituents (the
substituents ata-Hgr/o-Hs) experience smaller differences
(Figure 8). The model suggests that both ¢theand 5-substit-
uents at stereotopjé-Hs ando-Hg, particularly the substituent
at 8-Hs, experience larger steric strain than do the substituents
at5-Hgr anda-Hs, respectively. Thus, in the case of ammonium
guests that have “synd- and g-substituents, such asRRS)/
(1S2R)-Am10 and (R,29)/(1S2R)-Am18, the S-substituents
are more influential than the-substituents for enantioselection.
The steric influence of the- andf-substituents, however, may
not be synergistic because a modeling study between two
diastereomeric inclusion complexes of aAtR10 [(1R2R)/
(1S29) isomers] provides a larger energy difference between
the diastereomeric complexes than does the case oAsy®.
Furthermore, the supposed major inclusion complex of the anti

we can observe lower but appreciable enantioselection. Whenguest seems to be thermodynamically more stable than the syn.
the ancillary group is changed to an ester, such as in guestsn the case 0Am18, thesr— interactions between the phenyl

Am16 andAm17, the enantioselection also decreases probably
due to weaker bifurcated H-bonding by the weaker H-acceptor
ability of the ester group.

We may also explain the sense of enantioselection for these

guests Am13—Am17) by evoking a recognition model as
depicted in Figure 7. In this case, the steric strain difference

moiety and the oxazoline phenyl group may be possible, and

thus, in addition to steric strain, in this case electronic

interactions also should be considered for chiral discrimination.
Finally, we examined chiral discrimination of PhBTO

toward guest&\m19 andAm20. The Am19 is a suitable guest

to examine the relative steric influencewfand-substituents

between the diastereomeric guests seems to be smaller S Suggested by the model (Figure 8). The low selectivity

comparison with the case of thfechiral amine guests.

From the model, we suppose th&-{somers of the amino
acid derivatives -Hssubstituted guests) are experiencing
smaller steric strain between thesubstituents and a nearby
host phenyl group. In fact, the major extraction products of
Am13, Am16, andAm17 were confirmed to be the&Sf-isomers
by comparison with authentic samples synthesized separately
Thus, our enantiomeric receptor system may be used to assig
the absolute stereochemistry of relateechiral amino acid
derivatives as well as that gfchiral amines. Also, it would be
interesting to extend our chiral recognition system to dipeptide
amines in which amide functionality can participate as the
bifurcated H-bond acceptor.

Having established the chiral discrimination towardand
B-chiral amines, we have also studiegb-disubstituted amine
guestsAm10 andAm18. Even higher enantioselectivity 80:

20) is observed in these cases than for theor S-chiral
ammonium guests studied.

n

observed foAm19, as well asAm16 andAm17, supports our
model that thex-substituents experience a smaller steric strain
difference than do thg-substituents. The model shows that the
p-substituents are in the pseu@g-symmetric environment,
whereas thex-substituents are not. Thdm20 may have the
bifurcated H-bond in a seven-membered ring. The poor enan-
tioselection indicates that the bifurcated H-bond, if any, is not

strong enough to give appreciable chiral discrimination in this

H
fj\)\ Ph\/N\H/\)\ +
. NH3
MeO NH5 5

Am19
52:48 (57%)

case.

Am20
51:49 (<5%)

Conclusions

We have achieved the enantio-discrimination Mbthiral
primary ammonium ions by utilizing bifurcated H-bonding. The
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extraction experiments toward a number of selected guests reveat-CHz group, major) and 1.15 (dJ = 1.0 Hz) by the direct
that the bifurcated H-bonding plays a crucial role in the chiral determinationAm9: (**F NMR) 6 7.54 (major) and 7.24Am10: ('H
discrimination. The X-ray data substantiate such interactions. NMR) 6 —0.10 [d,J = 6.8 Hz, —CH; group, major; (R,2S)-isomer]
Using the bifurcated H-bonding, the chiral molecular recognition er]r?l_lq(zla [r(\jlyl\\jl ;)6683;'2(5932:2]'558r'l‘gr](é?’st_hcek‘:'rerccfudmemrg'onr‘;‘lo“?
with our Cg-symmetric tripodal oxa'zollne' recept0r§ 1S exte.nded the direct determinatio’Am12: (*H NMR) 0.44 (brgs) agd 0.2Jl (brys,
generally toward-, ﬁ-,_ anda,B-chiral primary amines. With —CHs group, major) by the direct determinatiohn13: (*H NMR) 6
ample examples of bnfurca_ted !—|—bond_s in nat_ure, our study ¢ 49 [d,J = 7.2 Hz,—CHs group, major; §)-isomer] and 0.24 [d) =
demonstrates for the first time its crucial role in the field of 71 1, R)-isomer] by the direct determinatioam14: (*H NMR) &
chiral molecular recognition. Our results would also expand the .37 [d,J = 7.1 Hz,—CHs group, major; §)-isomer] and 0.15 [d] =
scope of chiral molecular recognition by artificial receptors. A 6.7 Hz, R)-isomer] by the direct determinatioAm15: (:°F NMR) &
further mechanistic study and extension to other receptor 7.56 (major) and 7.67Am16: (*H NMR) ¢ 0.11 [d,J = 7.3 Hz,—CHjs

derivatives are under investigation. group, major; §-isomer] and—0.09 [d,J = 7.1 Hz, R)-isomer] by
) ) the direct determinatio’Am17: (*H NMR) 6 3.09 [s,—OCH; group,
Experimental Section major; §)-isomer] and 3.34 [sR)-isomer] by the direct determination;

General. The synthesis of oxazoline receptor is described previétisly. Am18: (*H NMR) 3.47 [d,J = 1.4 Hz, (IR.2S) isomer, major] and
All the racemic organoammonium ions are synthesized from com- 3:43 [d,J = 1.4 Hz, (IS2R) isomer];Am19: (*H NMR) 6 —0.11 (d,
mercially available starting materials by standard procedures. NMR J = 6.5 Hz, —CHs group, major) and-0.16 (d,J = 6.4 Hz) by the
spectra were recorded on an AM-300 Bruker spectrometer and recordedfirect determinationAm20: (**F NMR) ¢ 7.62 (major) and 7.50.
in ppm, referenced to TMS. Deutrated solvents are purchased from Binding Study by Isothermal Titration Calorimetry. All binding
Aldrich and used without further purification. experiments were performed on an isothermal titration calorimeter
Determination of Enantioselective Binding.The enantioselectivity ~ purchased from Microcal Inc. A solution of PhBTDIn CH:CN (1.5
of the hinding process was determined directly by measuring the ML, 0.2 mM) was filled into the calorimetry cell. A solution of
enantiomeric excess of the host-extracted ammonium salts, because thgerchlorate salt off)- or (§-2-hydroxy-1-propanamineéA\(n1) in CHs-
oxazoline receptors are not extracted into the aqueous salt solutionsCN (4.0 mM) was introduced by forty B injections, in total of 200

The binding experiment was carried out by extracting.® Bolution uL of the guest added. The solution was kept at an operating
(0.5 mL) of a racemic alkylammonium salt (0.5)Mnd NaPF (0.6 temperature of 303 K. Analysis and curve fitting were done by using
M) with a CDCk solution (0.5 mL, 0.05 M) of PhBTCL The the software Origin. The dilution of the guest solution in neat solvent
ammonium salts used are the corresponding HCI salts excephfar was corrected. The perchlorate saltArl, Am2, and Am4 were

(HBr salt) andAm8 (CF:CO:H salt). A D,O solution of racemic guest prepared by direct reaction of amine with HGIi©® water-ethanol. After

salts and a host solution were placed in a centrifuge tube equipped€vaporation of the solvent, the salt was recrystallized frePnOH-

with a screw cap and equilibrated for an hour in a thermostat 8625  EO orn-BuOH—CCl, at 0°C or lower temperature. The preparation

After 1 h, the whole mixture was extracted with a Vortex-Genie for 1 0f the ammonium salt solution was carried out in a glovebox.

min and then centrifuged at 1500 rpm for 1 min. Crystallographic Structural Determination. Single crystals were
TheH NMR analysis of the organic phase, in some cases, allowed obtained as follows: The hexafluorophosphoric acid salt f-a¢nino-

for “direct” determination of enantioselectivity of binding because the 1(R)-phenylpropan-1-ol [(R,29-Am10, (1R,2S)-norephedrine] was

host acted as a chiral shift reagent for extracted guest molecules (reféxtracted out of an aqueous phase with a chloroform solution of PhBTO

7). When the direct analysis was not possible, the extracted guests werel. The solvent was evaporated and the resulting mixture was redissolved

derivatized to the corresponding Mosher's amide derivatives, from in dichloromethane. The solution was allowed to diffuse into hexane

which the enantioselectivity was determinedsiyor °F NMR analysis. layer to provide suitable single crystals. A colorless crystal of
The Mosher's amides were prepared as follows: The organic phaseapproximate dimensions 0:3 0.3 x 0.3 mn¥, shaped as a cube, was
was treated with EN (4 molar equiv) followed byR)-Mosher’s acid used for crystal and intensity data collection. The NH and OH hydrogen
chloride [4 molar equiv. of R)-(+)-a-methoxye-(trifluoromethyl)- atoms were located in the difference Fourier map and refined isotro-
phenylacetyl chloride]. The Mosher's amide was purified by passing pically. The remaining hydrogen atoms were generated in idealized
through a short-pad of silica gel, and subjectedtioor 1°F NMR positions and refined in a riding model. All crystallographic data are

analysis. The absolute stereochemistries of the major components ingiven as the Supporting Information.

cases oAm1, Am10, Am13, Am16, andAm17 were established by
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