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1. Introduction

The use of chiral shift reagents (chiral solvating reagents) for 1H
NMR spectroscopy is one of the most convenient methods to
achieve rapid determination of the enantiomeric excesses of chiral
compounds. This method has an advantage of easy performance
without using any chiral derivatization of the analyte. The wide
variety of chiral shift reagents, such as lanthanide complexes,1

crown ethers,2 cyclodextrins,3 porphyrins,4 macrocycles,5 and oth-
ers6 have already been reported. Recently, we reported that chiral
macrocyclic amine 1 functions as a highly sensitive chiral shift re-
agent for several kinds of secondary alcohol, cyanohydrins, and
propargyl alcohols.7 However, there are few reports on efficient chi-
ral shift reagents for carboxylic acids, in spite of their importance in
organic chemistry.8 Next we tested the chiral recognition abilities of
compound 1 for some carboxylic acids, however, compound 1 did
not work as a chiral shift reagent for carboxylic acids. Considering
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that the NH group of 1 acts as hydrogen bond acceptor rather than
hydrogen bond donor, we attempted to introduce both hydrogen
bond acceptor and donor groups in the host molecule for multiple
binding with carboxylic acids as well as to prepare calixarene-like
chiral macrocycle 2 with OH groups. Herein, we report that the chi-
ral macrocyclic amine 2 functions as a new chiral shift reagent for
the determination of the enantiomeric excess and absolute configu-
ration of several kinds of carboxylic acid and amino acid derivatives.

2. Results and discussion

The chiral macrocyclic amine 2 was prepared by treating
enantiomerically pure (S,S)-1,2-cyclohexanediamine with 2-hy-
droxy-5-methylbenzene-1,3-dialdehyde followed by NaBH4

reduction of the intermediate macrocyclic imine.9 The chiral shift
experiments were carried out by measuring 1H NMR spectra
(400 MHz) of a mixture of (S,S,S,S,S,S)-(+)-2 and racemic carbox-
ylic acids 3–6 in CDCl3 at room temperature. For example, upon
the addition of 0.1 equiv of (+)-2, the chemical shift values of the
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Figure 2. Job plots of (+)-2 with (R)- and (S)-3b. The Dd stands for chemical shift
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methine proton signal (CaH) of (S)- and (R)-o-chloromandelic
acid 3b exhibited 0.303 and 0.368 ppm upfield shifts,
respectively.

Upon gradual addition of (+)-2, the 1H NMR signal of the CaH
proton of 3b moved upfield and the chemical shift difference
between the two enantiomers increased gradually, until the
addition of 0.4 equiv of (+)-2. However, 0.2 equiv proved to be
the best for the chiral recognition showing a 0.204 ppm differ-
ence, since the more upfield signal of the methine proton of
(R)-3b was broadened by adding over 0.2 equiv of (+)-2
(Fig. 1). It is also interesting that a further addition of (+)-2
causes a decrease in the chemical shift difference, and only a
0.036 ppm difference is observed in the presence of 1.0 equiv
of (+)-2 (Fig. 1).
Figure 1. Partial 1H NMR spectra show the CaH signal for various molar ratio
mixtures of (+)-2 and rac-3b.

Table 1
Measurement of 1H chemical non-equivalencies (DDd) of the guests in the presence
of (+)-2 by 1H NMR spectroscopy (400 MHz) in CDCl3 at 25 �C

Guest Proton Ratio DDd (ppm) Enantiomera

3a CaH 1:4 0.234 (R)
3b CaH 1:4 0.204 (R)
3c CaH 1:2 0.043 (R)
3d CaH 1:2 0.094
3e CaH 1:4 0.323
3f CaH 1:4 0.296
3g CaH 1:4 0.340
4a CaH 1:4 0.061
4b CaH 1:4 0.202 (R)
4b OCH3 1:2 0.023 (R)
4c CaH 1:4 0.022 (R)
4c CH3 1:4 0.003 (R)
5a CaH 1:2 0.042
5b CaH 1:4 0.018 (R)
5b CH3 1:4 0.028 (R)
5c CaH 1:4 0.020
5c CH3 1:4 0.033
6a COCH3 1:4 0.025b (R)
6b COCH3 1:2 0.030 (R)
6c COCH3 1:4 0.024 (R)
6d COCH3 1:4 0.025b (R)

a Enantiomer showing higher upfield shift.
b CDCl3/acetone-d6 (10%) was used as solvent.

change of the CH proton of 3b in the presence of (S,S,S,S,S,S)-(+)-2. X stands for mole
fraction of host, (X = [(S,S,S,S,S,S)-(+)-2]/[(S,S,S,S,S,S)-(+)-2] + [3b]). Total concentra-
tion is 40 mM.
Figure 2 shows the Job plots of (+)-2 with (R)- and (S)-3b with
the total concentration of 40 mM. A maximum was observed when
the ratio of (+)-2 versus (R)- or (S)-3b was 1:4 (X = 0.2), which indi-
cates that the host forms a 1:4 complex with (R)- or (S)-3b. How-
ever, the mechanism of chiral recognition is not clear, since this
macrocyclic amine is able to accept six protons from a carboxylic
acid.
Table 1 shows the chemical shift differences (DDd) between
the enantiomers of various types of rac- carboxylic acids 3–6
in the presence of 0.25 or 0.5 equiv of (+)-2 in CDCl3. For all
the carboxylic acids tested 3–5, the signals for the protons at-
tached to the stereogenic center were split. Acids 3a, 3b, 3e,
3f, 3g, and 4b in particular presented baseline separation enough
for accurate integration. However, the methyl proton signal was
split into two doublets less efficiently. Of the chloro-substituted
derivatives 3b–d, the chemical shift non-equivalence of the CaH
proton of o-Cl-3b is larger than those of m-Cl-3c and p-Cl-3d. In
contrast, lactic acid 5a shows smaller non-equivalencies than
mandelic acids, suggesting that the aromatic ring is necessary
for good signal separation. The 2D NOESY spectra showed NOEs
between the protons of the cyclohexane and aromatic protons
(Fig. 3).

For the amino acid derivatives 6a–d, chiral discrimination was
observed for the COCH3 signals. For example, upon the addition
of 0.25 equiv of (+)-2, chemical shift values of the methyl proton
signal (COCH) of N-acetyl-valine 6c exhibited chemical shift non-
equivalence (DDd = 0.024 ppm).

Next, we examined the relationship between the absolute
configuration and the upfield shift of the proton signals of the
carboxylic acid in the presence of (S,S,S,S,S,S)-(+)-2. For all the



Figure 3. 2D NOESY spectra of (S,S,S,S,S,S)-(+)-2 with 3b in CDCl3.

Figure 5. Correlation between theoretical and observed %ee values.
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tested compounds (3a, 3b, 3c, 4b, 4c, 5b, 6a, 6b, 6c, and 6d), the
signals of the (R)-enantiomer appeared at a higher magnetic field
than that of the (S)-enantiomer in the presence of (S,S,S,S,S,S)-
(+)-2 (Table 1).

Finally, we attempted to determine the enantiomeric excess
(%ee) of carboxylic acid by integration of the corresponding NMR
signal in the presence of 0.25 equiv of (S,S,S,S,S,S)-(+)-2. Samples
containing different ee’s of 3b were prepared and their NMR spec-
tra in the presence of (S,S,S,S,S,S)-(+)-2 were measured (Fig. 4). The
excellent linear correlation (R2 = 0.999) between theoretical and
observed %ee values was observed (Fig. 5).
Figure 4. Selected region of the 400 MHz NMR spectra of 3b of various enantio-
meric purities in the presence of (S,S,S,S,S,S)-(+)-2 (0.25 equiv).
3. Conclusions

In conclusion, chiral macrocyclic amine 2 has been shown
to be a useful chiral shift reagent for the rapid and easy
determination of both ee and absolute configuration of several
carboxylic acids. Studies on the mechanism of the chiral recog-
nition and design of new macrocyclic amines are currently in
progress.
4. Experimental

4.1. General method

1H NMR spectra were recorded on JEOL JNM-GSX 400 spectrom-
eter, with tetramethylsilane (TMS) as the internal standard.

Enantiomerically pure macrocyclic amine, (S,S,S,S,S,S)-(+)-2, was
prepared by the literature method.9
4.2. NMR chiral shift experiments

The chiral shift experiments were performed on a JEOL JNM-
GSX 400 spectrometer at 25 �C. Samples for analysis were prepared
by mixing enantiomerically pure (+)-2 with several carboxylic
acids in CDCl3. For compounds 6a and 6d, CDCl3 containing ace-
tone-d6 (10%) was used.
4.3. NMR host–guest titration

1H NMR titrations were performed by adding incremental
amounts of (S,S,S,S,S,S)- (+)-2 to eight NMR tubes containing a solu-
tion of rac-3b (1.6 mg, 0.012 mM) in CDCl3. The 1H NMR spectrum
of each sample was recorded on a 400 MHz spectrometer.

4.4. Determination of stoichiometry of the host–guest complex
(Job plots)

Compound (S,S,S,S,S,S)-(+)-2, and (R)- and (S)-o-chloromandelic
acid 3b were separately dissolved in CDCl3 with a concentration of
40 mM. These solutions were distributed among thirteen NMR
tubes, with the molar fractions X of 3b in the resulting solutions
increasing from 0.05 to 1.0, and the total concentration of (+)-2
and (R)- or (S)-3b was 40 mM. The complexation induced shifts
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(Dd) were multiplied by X and plotted against X itself to afford a
1:4 (host to guest) binding model.

4.5. Determination of enantiomeric purity of o-chloromandelic
acid

To evaluate the accuracy of the determination of ee, we pre-
pared six samples containing o-chloromandelic acid 3b with 0,
25.0, 50.0, 75.0, 87.5, and 100% ee, respectively, (all samples were
prepared by adding 0.25 equiv of (S,S,S,S,S,S)-(+)-2 into the solution
of 3b (40 mM in CDCl3), and determined their enantiopurities
based on the integrations of the 1H NMR signals.

Acknowledgments

K.T. acknowledges the financial support from ‘High-Tech Re-
search Center’ Project for Private Universities, mating fund subsidy
from MEXT (Ministry of Education, Culture, Sports, Science and
Technology), 2005–2009.

References

1. For example, see: Fraser, R. R.. In Asymmetric Synthesis; Morrison, J. D., Ed.;
Academic Press: New York, 1983; Vol. 1,.

2. (a) Wenzel, T. J.; Thurston, J. E. J. Org. Chem. 2000, 65, 1243; (b) Wenzel, T. J.;
Thurston, J. E.; Sek, D. C.; Joly, J.-P. Tetrahedron: Asymmetry 2001, 12, 1125; (c)
Machida, Y.; Kagawa, M.; Nishi, H. J. Pharm. Biomed. Anal. 2003, 30, 1929; (d)
Lovely, A. E.; Wenzel, T. J. J. Org. Chem. 2006, 71, 9178.

3. Wenzel, T. J.; Amonoo, E. P.; Shariff, S. S.; Aniagyei, S. E. Tetrahedron: Asymmetry
2003, 14, 3099.

4. (a) Simonato, J.-P.; Chappellet, S.; Pecaut, J.; Baret, P.; Marchon, J.-C. New J. Chem.
2001, 25, 714; (b) Claeys-Bruno, M.; Toronto, D.; Pecaut, J.; Bardet, M.; Marchon,
J.-C. J. Am. Chem. Soc. 2001, 123, 11067; (c) Schwenninger, R.; Schlogl, J.;
Maynollo, J.; Gruber, K.; Ochsenbein, P.; Burgi, H.-B.; Konrat, R.; Krautler, B.
Chem. Eur. J. 2001, 7, 2676; (d) Ema, T.; Ouchi, N.; Doi, T.; Korenaga, T.; Sakai, T.
Org. Lett. 2005, 7, 3985.
5. (a) Webb, T. H.; Wilcoxx, C. S. Chem. Soc. Rev. 1993, 22, 383; (b) Zhang, X. X.;
Bradsaw, J. S.; Izatt, R. M. Chem. Rev. 1997, 97, 3313; (c) Chen, G.-M.; Brown, H.
C.; Ramachandran, P. V. J. Org. Chem. 1999, 64, 721; (d) Tejeda, A.; Oliva, A. I.;
Simon, L.; Grande, M.; Caballero, M. C.; Moran, J. R. Tetrahedon Lett. 2000, 41,
4563; (e) Alfonso, I.; Rebolledo, F.; Gotor, V. Chem. Eur. J. 2000, 6, 3331; (f)
Tsubaki, K.; Nuruzzaman, M.; Kusumoto, T.; Hayashi, N.; Bin-Gui, W.; Fuji, K.
Org. Lett. 2001, 3, 4071; (g) Lin, J.; Hu, Q.-S.; Xu, M.-H.; Pu, L. J. Am. Chem. Soc.
2002, 124, 2088; (h) Kim, B. M.; So, S. M.; Choi, H. J. Org. Lett. 2002, 4, 949; (i) Ito,
K.; Noike, M.; Kita, A.; Ohda, Y. J. Org. Chem. 2002, 67, 7519; (j) Du, C.-P.;
You, J.-S.; Yu, X.-Q.; Liu, C. L.; Lan, J.-B.; Xie, R.-G. Tetrahedron: Asymmetry
2003, 14, 3651; (k) Yang, X.; Wu, X.; Fang, M.; Yuan, Q.; Fu, E. Tetrahedron:
Asymmetry 2004, 15, 2491; (l) Ema, T.; Tanida, D.; Sakai, T. Org. Lett. 2006, 8,
3773.

6. (a) Pirkle, W. H.; Hoekstra, M. S. J. Am. Soc. Chem. 1976, 98, 1832; (b) Pirkle, W.
H.; Sikkenga, D. L. J. Org. Chem. 1977, 42, 1370; (c) Deshmukh, M.; Dunach, E.;
Juge, S.; Kagan, H. B. Tetrahedron Lett. 1984, 25, 3467; (d) Toda, F.; Mori, K.;
Okada, J.; Node, M.; Itoh, A.; Oomone, K.; Fuji, K. Chem. Lett. 1988, 131; (e) Toda,
F.; Mori, K.; Sato, A. Bull. Chem. Soc. Jpn. 1988, 61, 4167; (f) Toda, F.; Toyotaka, R.;
Fukuda, H. Tetrahedron: Asymmetry 1990, 1, 303; (g) Tanaka, K.; Ootani, M.;
Toda, F. Tetrahedron: Asymmetry 1992, 3, 709; (h) Bilz, A.; Stork, T.; Helmchen, G.
Tetrahedron: Asymmetry 1997, 8, 3999; (i) Lacour, L.; Vial, L.; Herse, C. Org. Lett.
2002, 4, 1351; (j) Pakulski, Z.; Demchuk, O. M.; Kwiatosz, R.; Osinski, P. W.;
Swierczynska, W.; Pietrusiewicz, K. M. Tetrahedron: Asymmetry 2003, 14, 1459;
(k) Hebbe, V.; Londez, A.; Goujon-Ginglinger, C.; Meyer, F.; Uziel, J.; Juge, S.;
Lacour, J. Tetrahedron Lett. 2003, 44, 2467; (l) Koscho, M. E.; Pirkle, W. H.
Tetrahedron: Asymmetry 2005, 16, 3345; (m) Yang, D. L.; Li, X.; Fan, Y.-F.; Zhang,
D.-W. J. Am. Chem. Soc. 2005, 127, 7996; (n) Palomino-Schatzlein, M.; Virgili, A.;
Gil, S.; Jaime, C. J. Org. Chem. 2006, 71, 8114; (o) Perez-Trujillo, M.; Virgili, A.
Tetrahedron: Asymmetry 2006, 17, 2842.

7. Tanaka, K.; Fukuda, N.; Fujiwara, T. Tetrahedron: Asymmetry 2007, 18,
2657.

8. (a) Lin, J.; Zhang, H.; Pu, L. Org. Lett. 2002, 4, 3297; (b) Cuevas, F.; Ballester, P.;
Pericas, M. A. Org. Lett. 2005, 7, 5485; (c) Yang, D.; Li, X.; Fan, Y.; Zhang, D. J. Am.
Chem. Soc. 2005, 127, 7996; (d) Gonzalez-Alvarez, A.; Alfonso, I.; Gotor, V.
Tetrahedron Lett. 2006, 47, 6397; (e) Ma, F.; Ai, L.; Shen, X.; Zhang, C. Org. Lett.
2007, 9, 125; (f) Ema, T.; Tanida, D.; Sakai, T. J. Am. Chem. Soc. 2007, 129, 10591;
(g) Luo, Z.; Zhong, C.; Wu, X.; Fu, W. Terahedron Lett. 2008, 49, 3385; (h) Pena, C.;
Gonzalez-Sabin, J.; Alfonso, I.; Rebolledo, F.; Gortor, V. Tetrahedron 2008, 64,
7709.

9. Korupoju, S. R.; Zacharias, P. S. Chem. Commun. 1998, 1267.


	‘Calixarene-like’ chiral amine macrocycles as novel chiral shift reagents for carboxylic acids
	Introduction
	Results and discussion
	Conclusions
	Experimental
	General method
	NMR chiral shift experiments
	NMR host–guest titration
	Determination of stoichiometry of the host–guest complex (Job plots)
	Determination of enantiomeric purity of o-chloromandelic acid

	Acknowledgments
	References


