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ABSTRACT

The water-soluble tetra  L-prolinylmethyl derivative of a tetrasulfonated calix[4]resorcarene is an effective chiral NMR solvating agent for compounds
with bicyclic aromatic or indole rings. Complexation of bicyclic substrates with the calix[4]resorcarene is likely promoted by hydrophobic
effects. The hicyclic substrates have larger association constants with the calix[4]resorcarene than similar phenyl-containing compounds.
Substantial enantiomeric discrimination is observed for several resonances in the H NMR spectra of these substrates.

Nuclear magnetic resonance (NMR) spectroscopy is often calix[4]resorcarene derivatives and found only weak associa-
used to determine enantiomeric excess (ee) and assigrion of substrate compounds and poor enantiomeric discrimi-
absolute configurations of chiral compourda. common nation® Other chiral calixarene and calix[4]resorcarene
strategy is to use a chiral solvating agent that associates withsystems have been developed, but these are also of rather
the enantiomers in solution. Some chiral solvating agents, limited utility for chiral discrimination and the NMR
most notably cyclodextridgsand crown ether$,operate  spectroscopic applications are not especially notewdrthy.
through the formation of hostguest complexes. Two series

of host compounds that would seem to offer interesting (4 (a) Rudkevich, D. M.; Rebek, J., Eur. J. Org. Chem1999 1991
potential as chiral solvating agents are calixarenes and calix-2005. (b) Timmerman, P.; Verboom, W.; Reinhoudt, D.T¢trahedron
[4]resorcarenes. Unfortunately, calixarene and calix[4]- ég?@fg;ﬁ%ﬁg; Oéhiﬁgaﬁorgeetrré\&”d%ﬁmgg;ﬂgjt'8%%3'5_”899%39?(3)
resorcarene derivatives do not function that effectively as Gutsche, C. DCalixarenesRoyal Society of Chemistry: Cambridge, UK,
hosts for Qrganlc SupStrateS n or.ganlc SOIVent.S' For example’lg?Sg)' Smith, K. J.; Wilcox, J. D.; Mirick, G. E.; Wacker, L. S.; Ryan, N.
we examined a series of organic-soluble calix[4]arene and s ;vensel, D. A.; Readling, R.; Domush, H. L. Amonoo, E. P.; Shariff, S.
S.; Wenzel, T. JChirality 2003,15, S150—S158.
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2176. (b) Casy, A. F.; Mercer, A. DMagn. Reson. Chem988,26, 765— Pena, M. S.; Zhang, Y.; Warner, |. Minal. Chem1997,69, 3239—3242.
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In these cases, organic solvents effectively solvate the
guest and occupy the relatively hydrophobic cavity of the

host, thereby reducing the formation of heguest com- ©.08) HiC., NHS* HoC. NHS™
plexes?®” Association of organic compounds with calix[4]- ©.19) (125/148) 8 |
arenes is more favorable in water-soluble systéBimilarly, © (0.32/0.36) OO 2
. (0.5 (1.51/1.81) & 3
a water-soluble sulfonated resorcarene rendered chiral through o7 5
the attachment of-prolinylmethyl residues to each of the om0 OOt
aromatic rings (Figure 1) induces sizable upfield shifts in 1_Phenylethylamine HCI (2) 1-(1-Naphthylyethylamine HCI (3)
©.01) (0.037/ 0.06)(0‘04)
H;
HsC._  _NHg* N/C‘HQ’OH
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Figure 1. Structure ofL-prolinylmethyl derivative of sulfonated N 6(0.17 /0.20) ©99 ™ 6 (0.09)
calix[4]resorcarene (1). a.2n N ©99° N
(0.87/0.92) (0.65)
10:40 10:40

the aromatic resonances of compounds such as 1-phenyl- ~ TYPiophan methylester HCI () Tryptophan Nar Salt ()

ethfino_': mande"C_ acid, Phen)"a'a”inea and carbobenzyloXy Figure 2. Upfield changes in chemical shifts in thd NMR (400
derivatives of amino acidsPresumably these compounds MHz, D,O, 23°C unless indicated otherwise) spectra of different
form a host-guest complex withl by inclusion of the substrates. Two values indicate that the resonance exhibited
aromatic ring in the resorcarene cavity. Ring shielding effects nantiomeric discrimination.

from the aromatic residues of the resorcarene on the aromati¢

hydrogen atoms of the substrate are responsible for the i
substantial upfield shifts. aromatic hydrogen atoms of the guest compounds upon

insertion intol is apparent from the magnitude of the upfield
shifts in the spectra, which can be as high as 2 ppm.

Addition of 1 at concentrations up to 40 mM in,D
produced no discernible change in the pH of the solution.
Similarly, the shifts in the NMR spectrum of a mixture of
carbobenzyloxysL-serine and3 in the presence of were
essentially identical at pH 5.5 and 2. This suggests that no
special steps need to be taken to control the pH when using
1 as a chiral NMR discriminating agent.

The shifts of the resonances &fwith 1 are about three
times larger than those in the spectrum?ofith 1 (Figure
2), implying that there is a preference for association of the
naphthyl-containing compound over that of the phenyl-
containing compound. The stoichiometry of the complexes
of 2 and 3 with 1, determined by using Job’s methds
found to be 1:1. Association constants fband 3 with 1,

Ze\fl_ehrgl ;L;bsr:rftg: 'th?heep;i.sf?:g: ?rfﬂeeipl:lol\\/lnges 'gcltzr'gu(;f measured with a Scatchard method (Foster—Fyfe), are
' gnitu s 1 P reported in Table 1%'2Comparing3 and2, there is a clear

these substrates demonstr.at.es the ability of Water'sombleconnection between the relative magnitude of the shifts and
phenyl- and naphthyl-containing compounds to form host—

. . o the association constants. Similarly, the order of shifts for
guest complexes witll. The extensive shielding of the

In further exploration of the use df as a chiral NMR
solvating agent, we have found rather surprisingly that water-
soluble organic compounds containing bicyclic naphthyl or
indole rings such as 1-(1-naphthyl)ethylamine hydrochloride,
propranolol hydrochloride, and tryptophan associate even
more strongly withl than compounds with a phenyl ring.
Association of these bicyclic aromatic compounds with
most likely occurs when a cleft-like cavity is created by the
flattened cone as opposed to the symmetrical cone conforma
tion of the resorcarene (see graphical abstrct).

RepresentativeH NMR spectra of 1-phenylethylamine
hydrochloride 2) and 1-(1-naphthyl)ethylamine hydro-
chloride (3) in the presence of are provided in the
Supporting Information.

The upfield shifts induced in théH NMR spectra of

(10) (a) Job, PANn. Chem1928,9, 113—203. (b) Sahai, R.; Loper, G.

(7) Bauer, L. J.; Gutsche, C. @b. Am. Chem. S0d.985,107, 6063— L.; Lin, S. H.; Eyring, H.Proc. Natl. Acad. Sci. U.S.A974,71, 1499—
6069. 1503. (c) Gil, V. M. S.; Olivceira, N. CJ. Chem. Educl990, 473—478.
(8) Da Silva, E.; Lazar, A. N.; Coleman, A. W. Drug Delivery Sci. (11) (a) Scatchard, &nn. N.Y. Acad. Scl949 51, 660-672. (b) Foster,
Technol.2004,14, 3-20. R.; Fyfe, C. A.Trans. Faraday Socl965,61, 1626—1631. (c) Foster, R.;
(9) Yanagihara, R.; Tominaga, M.; Aoyama, Y. Org. Chem 1994, Fyfe, C. A.J. Chem SocChem. Commurl965, 642.
59, 6865—6867. (12) Fielding, L.Tetrahedron2000,56, 6151—6170.
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Table 1. Association Constants (M) in D,O at 23°C of Table 2. Enantiomeric Discrimination (AA6) in ppm in thigd
Compounds withl NMR Spectrum (400 MHz, BD, 23°C) of Substrates in the
Presence ol

R-enantiomer S-enantiomer

AAO  1:substrate

1-phenylethylamine HCI (2) 68 97
1-(1-naphthylethylamine HCI (3) 361 595 1-phenylethylamine HCI (2) H, 0.05 3:1
propranolol HCI (4) 258 482 1-(1-naphthyl)ethylamine HCI (3) Hy 0.07 1:1
tryptophan methyl ester HCI (5) 59 113 Hs 0.12 2:1
sodium tryptophan (6) 67 40 Hs 0.23 2:1
H; 0.21 2:1
Hs 0.16 1:1
the S- andR-enantiomers in the discriminated spectr& of CH 0.06 21
and3 agree with the magnitudes of the association constants. CH; 0.0 21
.. L. Propranolol HCI1 (4) H, 0.06 1:1
The larger association & compared t@ is likely caused H, 0.06 11
by the relative hydrophobicities of the substrates. Since a H, 0.06 11
naphthyl ring is more hydrophobic than a phenyl ring, there tryptophan methyl ester HC1 (5)  H, 0.14 4:1
is a greater driving force for hosguest complexation in H, 0.12 4:1
water. Hy 0.05 4:1
Th ; ; ; He 0.03 4:1

e shifts caused by in the NMR spectrum o2 vary in

the order H > Hy > H,, indicating that the geometry of CH 0.02 a1
m o OCH; 0.04 4:1

association most likely involves insertion of the phenyl ring
into the cavity as shown in Figure 3a. The ldnd H

of the resonances. Five of the seven aromatic resonances of
3 exhibit readily discernible enantiomeric discrimination in
the presence ofl. Furthermore, the methine and methyl

HC.py NH5" O CHCHANHLY resonances 08 show enantiomeric discrimination in the
= o presence ofl, which is not observed for the corresponding
@ (b resongnces oR. In all c_ases, the_ resonances of tBe
———> enantiomer for2 and 3 shift further in the presence df.
)\NEZC OH Q\ NH5*
H. | H C\O/ CH

H
2" _CH 3 :
Q ’ H2C~7"NH Hy(S) & Hy(R)
Ha(S l <)
© (@ /“N e 0 e
Figure 3. Geometries of (a2, (b) 3, (c) 4, and (d)5 and 6 with **JUJ M
1.
HXW‘MM
resonances a exhibit the largest shifts in the presence of
1, followed by H and H;, and then H, Hz, and H,. The

pattern of these shifts is strongly suggestive of the association JUW\U%/\J\LAMW

geometry shown in Figure 3b, in which only the unsubstituted
ring of the naphthyl group is inserted into the cavity.

The slightly larger shifts of the resonances afrelative J U L J“! ”m -

to Hg and H relative to H in the spectrum of3 might
indicate a slight tipping of the ring in the cavity toward
deeper insertion of Hand H;. Presumably the protonated
amine group of3 is involved in dipole-dipole interactions Figure 4. 'H NMR spectra (400 MHz, BD, 23°C) of (a)3 (10
with the proline residues and perhaps the hydroxyl groups mm) with added amounts df at (b) 2, (c) 4, (d) 6, (¢) 8, and (f)
of the resorcinol rings of. 10 mM.

The addition ofl causes not only larger upfield shifts in
the spectrum of3 than 2, but also substantially greater
enantiomeric discrimination (Table 2). The series of spectra Job plots indicate a 1:1 stoichiometry of the complex of
for 3 in the presence of shown in Figure 4 illustrates the  propranolol hydrochloride 4) with 1. The association
extent of enantiomeric discrimination that occurs for some constants folR- andS-4 (Table 1) with1 are larger than
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those reported for compounds with a phenyl finithe H,,

Hs, Hs, and H resonances af exhibit shifts in the presence
of 1 that are quite large and similar in magnitude (Figure
2). The shifts of the Hand H, resonances are smaller, and
the shift of H in the presence of is the smallest of the

those in the spectrum & (Figure 2), although the relative
magnitudes of the shifts suggest that the geometries of
association o6 and5 with 1 are similar. Addition of6 (10
mM) to 1 (5 mM) causes the aliphatic CH and &€H
resonances of to shift upfield by approximately 0.5 and

aromatic hydrogen atoms. The pattern of shifts in the 0.2 ppm, respectively. These upfield shifts are indicative of

spectrum of4 with 1 is quite different from those in the
spectrum of3 with 1. For4, the shifts are consistent with

protonation of the amine functionality o with likely
deprotonation of proline carboxylic acid functionalities of

the association geometry illustrated in Figure 4c and the 1, thereby producing the zwitterionic tryptophan species in
graphical abstract, in which both rings of the naphthyl group solution. The larger association constants for the enantiomers
are inserted into the cavity. Steric effects caused by the largerof 5 compared tdb likely occur because the methyl ester

aliphatic substituent off compared to3 are most likely

group of 5 is less favorably solvated in water than the

responsible for the different orientation of the two compounds zwitterionic form of 6, but ion pairing effects may be

in the cavity ofl, although differences in the dipetelipole

significant as well3

interactions of the substituent groups with the proline and  Of further interest is the comparison of the enantiomeric
resorcinol hydroxyl residues cannot be ruled out as a discrimination of5 and6 in the presence df. Whereas the

causative factor. It is especially interesting to find that a
naphthyl ring can fit into the cavity ol in the manner
observed fo#.

Indole rings such as that found in tryptophan also form
inclusion complexes witll. A series of spectra for tryp-
tophan methyl ester hydrochlorides)( with increasing
concentrations df is provided in the Supporting Information.
Large upfield shifts are observed for,HH,, Hs, and H

spectrum of5 with 1 shows considerable enantiomeric
discrimination for all but one of the aromatic resonances,
the spectrum o6 with 1 only shows a slight degree of
enantiomeric discrimination for Hand H. Even more
interesting are the association constants of theand
p-enantiomers of6 with 1 (Table 1). In this case, the
p-enantiomer o6 has the higher association constant with
1, which is the opposite of what was found wifh The

(Figure 2), and four of the five aromatic resonances exhibit importance of the aliphatic substituent group and potential
enantiomeric discrimination (Table 2). The methine and jon-pairing interactions in influencing the extent of enan-
methoxy resonances shift much less than the aromatictiomeric discrimination of guest compounds in the presence

resonances, yet also exhibit enantiomeric discrimination. Jobof 1 is apparent when comparing the results with thosg of

plots show that5 forms a 1:1 complex withl, and the
association constant for theenantiomer is considerably
larger than that for the-enantiomer (Table 1).

A noteworthy observation is the difference in shift order
between theL- and p-enantiomers for several of the
resonances in the presence IofFor H, Hs, and H, the
resonances of the-enantiomer shift further in the presence
of 1 than that of the-enantiomer, whereas the opposite order
is observed for kland the methoxy resonance. This implies
that the diastereomeric nature of the hegtiest complexes
of the two enantiomers with is more significant in causing
the enantiomeric discrimination than the inequivalence in
association constants.

The pattern of shifts fob with 1 is consistent with a
geometry in which the phenyl ring inserts into the cavity of
1 as shown in Figure 3d. Similar to the situation withthe
somewhat larger shift of Hrelative to H might indicate
that the ring is slightly tipped when inserted into the cavity.
The geometry of the complex betwe@&nand 1 is more
similar to that of3 than that of4. Presumably the repulsive
forces of the lone pair on the nitrogen atom in the indole
ring inhibit insertion of the heterocyclic ring & into the
cavity of 1.

The shifts in the NMR spectrum of the sodium salt of
tryptophan (6) in the presence bfare somewhat less than

1776

and6.

Suitable chiral NMR solvating agents for water-soluble
substrates are relatively uncommon, and are mostly limited
to cyclodextrind and water-soluble lanthanide complexes.
The shifts withl are much larger than those with cyclodex-
trins and avoid the paramagnetic line broadening caused by
lanthanide shift reagents. Compouhis an important chiral
solvating agent to consider for water-soluble compounds that
contain phenyl and bicylic aromatic rings.
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