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Benzoylated and benzylated cyclodextrins give rise to non- spectroscopy. Cyclodextrins bearing aromatic substituents at
the primary or secondary sites only are more efficient CSAsequivalence in the 1H-NMR spectra of racemates of 3,5-

dinitrophenyl derivatives of chiral amines, amino alcohols, compared to exhaustively substituted ones. NMR
investigations based on NOE measurements or complexationalcohols, carboxylic acids and amino acids in CDCl3 solution,

suggesting their potential use as CDCl3-soluble shift determinations strongly suggest non-inclusive
interaction mechanisms for these selector/selectand systems.cyclodextrinic chiral solvating agents (CSAs) in NMR

Introduction benzyl [hexakis(2,3-di-O-benzyl)-α-cyclodextrin (5)] or both
groups [hexakis(6-O-benzoyl-2,3-di-O-benzyl)-α-cyclodex-

The structural preorganization of cyclodextrins makes them trin (6)] (Scheme 1) are now evaluated as potential CSAs
selective complexing agents through inclusion processes and in NMR analyses of the 3,5-dinitrophenyl derivatives 7212
the chirality of the individual glucosidic units can render (Scheme 2). Their efficiencies are compared to those of 1
the complexation enantioselective.[1] However, one of their and 2.
most interesting and attractive features is that it is possible Scheme 1
to modulate all recognition mechanisms by selective or non-
selective modification of the network of primary and sec-
ondary hydroxy functions. For this purpose, a great deal
of work has been devoted to the synthesis of derivatized
cyclodextrins, [1] [2] which have found widespread application
in catalysis, [1] [3] asymmetric synthesis, [1] [2a] [4] analytical and
preparative separation of enantiomers by chromatogra-
phy,[5] and in NMR, mainly as chiral solvating agents
(CSAs). [6]

In the last area mentioned, modified and unmodified
cyclodextrins have enabled a very broad range of analyses
to be performed. The earliest applications of native cyclo-
dextrins as CSAs were concerned with water-soluble chiral
analytes. [6d] [6e] More recently, alkylated cyclodextrins have
been evaluated as efficient CSAs for non-polar sub-
strates[6l] [6o] [6s] [6t] [6u] [6v] [6w] and, in particular, permethylated

Results and Discussioncyclodextrins have been shown to have general utility in de-
termining the enantiomeric purities of trisubstituted al- In order to probe the efficiencies of 326 as CSAs for the
lenes[6s] [6t] [6v] [6w] and aromatic hydrocarbons.[6u] [6v] [6w] determination of the enantiomeric compositions of chiral

Moreover, selectively or exhaustively benzoylated cyclo- analytes by NMR spectroscopy, mixtures of each cyclodex-
dextrins, such as hexakis(2,3-di-O-benzoyl)-α-cyclodextrin trin and racemates of different classes of underivatized or
(1) or hexakis(2,3,6-tri-O-benzoyl)-α-cyclodextrin (2) derivatized organic compounds were analyzed in CDCl3
(Scheme 1), have been proposed as CDCl3-soluble CSAs for solution. For all compounds, non-equivalences were de-
3,5-dinitrophenyl derivatives of organic compounds.[6x] tected only when the substrates contained a 3,5-dinitro-

phenyl moiety.On this basis, various kinds of cyclodextrin derivatives
bearing benzoyl [hexakis(6-O-benzoyl)-α-cyclodextrin (3) The cyclodextrin 3, benzoylated at its primary hydroxy

functions, induces non-equivalence in the protons of com-and heptakis(2,3,6-tri-O-benzoyl)-β-cyclodextrin (4)] or
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Scheme 2 ety was concerned, only a small but detectable (0.8 Hz)

splitting of the methine absorptions of the isopropyl group
was observed. The resonances of the amide proton and of
the adjacent methine group were obscured by the cyclodex-
trin signals.

The effect of the presence of 3 on the proton signals of 9a
and 9b was completely different in that the line broadening
induced by the CSA on the 9b protons prevented any obser-
vation of non-equivalence. A small change in the linewidth
of the proton signals of 9a was produced and non-equival-
ences of 1.8 Hz, 7.0 Hz and 7.1 Hz were measured for the
protons Hb, NH, and the adjacent CH, respectively. The
3,5-dinitrobenzoyl absorptions of 10 showed a small split-
ting (0.8 Hz) for Ha, but a more significant separation of
the NH signals (6.3 Hz) was observed. The addition of 3
resulted in non-equivalence in the 3,5-dinitrophenyl moiety
of 12 and in its amide group (4.0 Hz for both Ha and Hb

and 8.7 Hz for NH). The alcohol derivative 11 was the only
substrate not discriminated by 3.

In Table 1, all the aforementioned non-equivalence data
are summarized and compared to the results obtained in
the presence of the cyclodextrins 1 and 2. The cyclodextrin
1, underivatized at its primary hydroxy groups, produced
signal differentiation in almost all compounds, as did the
chiral auxiliary 3, in which the secondary hydroxy groups
are unprotected. As an example, in Figure 1 the spectral
regions featuring the resonances of the 3,5-dinitrobenzoyl
and methyl protons of 7 in the presence of either 3 or 1
are compared. Applications of the exhaustively benzoylated

pound 7 (Figure 1a): the Ha proton signal underwent a cyclodextrin 2 are more limited owing to the fact that in
splitting of 2.0 Hz and the non-equivalences measured for some cases the line broadening produced by the CSA on
the amide and methyl protons were 10.7 and 1.1 Hz, respec- the analyte signals prevents evaluation of the magnitude of
tively. the non-equivalences. In the presence of 2, the separation

between the diastereotopic signals of 9b is so large that aFigure 1. 1H-NMR (300 MHz, CDCl3, 25°C) spectral regions cor-
responding to the 3,5-dinitrobenzoyl and methyl protons of 7 (28 separate integration of the absorptions due to the two en-
m) in mixtures containing equimolar amounts of the cyclodex-

antiomers could be performed, in spite of the remarkabletrins 3 (a) or 1 (b)
perturbation of the lines: non-equivalences of 18.0 Hz and
29.0 Hz were measured for the 3,5-dinitrobenzoyl protons
Ha and Hb, respectively, with a line width greater than 5.0
Hz.

It is noteworthy that 9b also underwent a similar line
broadening in the presence of cyclodextrin 3, as already dis-
cussed.

The perbenzoylated β-cyclodextrin 4 was able to resolve
some proton signals of the compounds 8, 9a, 10 and 12,
whereas no enantiodiscrimination was observed for 7, 9b
and 11 (Table 1). Therefore, 4 showed a more limited appli-
cability than the analogous perbenzoylated α-cyclodextrin.

Finally, the efficiencies as CSAs of the cyclodextrins 5
and 6 towards 9a and 9b were compared. The benzylated
cyclodextrin 5 discriminated the 3,5-dinitrobenzoyl protons
Ha and Hb of both substrates and the resulting non-equival-
ences ranged between 2.3 and 4.0 Hz (Table 2). SlightlyDetectable non-equivalences were also induced in the

case of compound 8: its 3,5-dinitrobenzoyl protons Hb were smaller non-equivalences were produced by the cyclodextrin
6, although it also led to differentiation of the methyl reso-resolved into two doublets centered at δ 5 8.97 and δ 5

8.96 (∆∆δ 5 1.8 Hz). The proton Ha of the same compound nances of 9a (Table 2).
As reported previously, [6x] NMR investigations by 2Dshowed a splitting of 3.0 Hz, but its diastereotopic methyl

resonances were not differentiated. As far as the alkyl moi- ROESY (Rotating-frame Overhauser Enhancement Spec-
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Table 1. Non-equivalences (∆∆δ[a], 300 MHz, CDCl3) of the pro- for each enantiomer, thus indicating the formation of re-
tons of 7212 in the presence of equimolar amounts of cyclodex- markably labile diastereoisomeric adducts with the CSA. In

trins 124
fact, no dipolar interactions were detected in the mixtures
by NOE methods. Only in the case of the cyclodextrin 31 2 3 4
could some information be gleaned concerning the mecha-
nism of the interaction from analysis of the complexation7 Ha 6.1 2.0 2.0

Hb 1.5 shifts (Table 3) for the cyclodextrin protons in different mix-
CH3 6.9 1.1 tures. In all cases, only the benzoyl and hydroxy protons ofCH n.d. n.d.
NH n.d. n.d. 10.7 3 showed detectable chemical shift variations in the pres-

8 Ha 3.0 ence of the analytes, whereas its internal protons were al-
Hb 1.8 2.4

most unaffected.CH3 (iPr) 7.1 2.7
CH (iPr) n.d. n.d. 0.8 2.7

Table 3. Complexation shifts (∆δ,[a] 300 MHz, CDCl3, 25°C)9a Ha 7.1 1.3 1.6
measured for the cyclodextrin protons of 3 in the presence of 7210Hb 2.9 1.8 1.8

and 12CH3 2.4 4.4 4.0
CH 7.1
NH 7.0 7 8 9a 9b 10 12

9b Ha 18.0 n.d.
Hb 1.9 29.0 n.d.

Ho, 6-OBz 25.2 23.0 25.6 21.6 22.7 25.6CH3 n.d. n.d.
Hm, 6-OBz 24.2 22.2 24.2 13.1 22.6 24.410 Ha n.d. 0.8 2.1
Hp, 6-OBz 23.6 21.9 23.6 13.5 22.8 23.8Hb 2.1
3-OH 215.3 26.8 215.3 236.0 29.5 212.9CH3 2.6
2-OH 27.8 23.4 28.8 27.2 25.4 25.6CH n.d. n.d.

NH n.d. 6.3
11 Ha n.d. [a] ∆δ 5 δmixture 2 δfree (Hz).

Hb 1.7 n.d.
CH3CH2 3.1 Therefore, in these cases no inclusion occurs and the in-

12 Ha 4.0 2.0
teraction probably takes place at the external surface byHb 1.9 4.0

CH3 4.2 means of π2π attractive interactions involving the aromatic
CH2 (iBu) 2.3 2.5 moieties, and by formation of hydrogen bonds with the sec-CH (iBu) 2.5

ondary hydroxy functions. A non-inclusive interactionCH3 (iBu) 1.4
CH* 2.2 mechanism is also in keeping with the lack of selectivity
NH 8.7 towards the dimensions of the analyzed substrates.

[a] ∆∆δ is the difference of the proton chemical shifts (Hz) of the
two enantiomers in the presence of the CSA; n.d.: not determined. Conclusion

Benzoylation and benzylation render cyclodextrins soluble
Table 2. Non-equivalences (∆∆δ[a], 300 MHz, CDCl3) of the pro- in CDCl3, making them more suitable CSAs for water-in-
tons of 9a and 9b in the presence of equimolar amounts of cyclo-

soluble chiral organic compounds. In fact, a very largedextrins 5 and 6
range of substrates can be analyzed, with the sole require-

9a 9b ment being the presence of a 3,5-dinitrophenyl moiety. This
Ha Hb CH3 Ha Hb CH3 group can be easily introduced and represents an optimal

probe group for enantiomer composition determinations, as
5 4.0 3.9 2.7 2.3 its absorptions are usually very sharp and are located in6 1.3 2.6 2.4 2.4

generally otherwise free spectral regions. Collectively, deriv-
atized (both by aromatic or alkyl groups) and underivatized[a] ∆∆δ is the difference of the proton chemical shifts (Hz) of the

two enantiomers in the presence of the CSA. cyclodextrins constitute a very interesting and versatile class
of auxiliaries for NMR analyses of both polar and non-
polar chiral substrates.troscopY) techniques on mixtures 2/9b allow the detection

of superficial analyte2cyclodextrin interactions and a sig- This work was supported by the Ministero della Ricerca Scien-
nificant conformational variation of the host. This rep- tifica e Tecnologica (MURST) and CNR, Italy.
resented one of the most favourable cases encountered, be-
cause the association constants involved were probably Experimental Section
high, as indicated by the remarkable complexation shifts General: NMR measurements were performed with a Varian
measured in the mixtures compared to the free compounds. VXR-300 spectrometer in CDCl3 solution, unless otherwise stated;
As an example, the 3,5-dinitrobenzoyl protons Ha and Hb the temperature was controlled by a Varian control unit (± 0.1°C).
of 9b were high-frequency shifted by 41.9 and 52.5 Hz, Synthetic procedures for preparing cyclodextrins 3, 5 and 6 have

been reported elsewhere. [7] Derivative 4 was prepared according torespectively, for (S)-9b and by 12.6 and 34.5 Hz, respec-
the procedure described in ref. [8]. Compounds 7212 were preparedtively, for (R)-9b.
according to the literature. [6x]In contrast, for the mixtures containing each cyclodextrin

326 and the analytes 7212, non-equivalences were meas- Hexakis(6-O-benzoyl)-α-cyclodextrin (3): 1H NMR: δ 5 3.55 (6
H, 4-H), 3.75 (6 H, 2-H), 4.12 (6 H, 3-H), 4.24 (6 H, 5-H), 4.38 (6ured but were accompanied by small complexation shifts
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[3] [3a] M. Bonchio, T. Carofiglio, F. Di Furia, R. Fornasier, J. Org.H, 6-H), 4.76 (6 H, 6-H), 4.97 (6 H, 1-H), 5.24 (6 H, 2-OH), 6.67

Chem. 1995, 60, 598625988. 2 [3b] K. Hattori, K. Takahashi,(6 H, 3-OH), 7.33 (12 H, Hm, 6-OBz), 7.45 (6 H, Hp,6-OBz), 7.91 N. Sakai, Bull. Chem. Soc. Jpn. 1992, 65, 269022696. 2 [3c] T.
(12 H, Ho,6-OBz). 2 13C NMR ([D6]DMSO): δ 5 63.4 (C-6), 69.4 A. Gadosy, O. S. Tee, Can. J. Chem. 1996, 74, 7452752. 2 [3d]

E. Monflier, G. Fremy, Y. Castanet, A. Mortreux, Angew.(C-5), 71.6 (C-2), 72.9 (C-3), 82.3 (C-4), 102.1 (C-1), 128.5 (Co, 6-
Chem. 1995, 107, 245022452; Angew. Chem. Int. Ed. Engl.OBz), 129.0 (Cm, 6-OBz), 129.2 (Cp, 6-OBz), 133.2 (Cquat), 165.2
1995, 34, 226922271. 2 [3e] E. Monflier, S. Tilloy, G. Fremy, Y.(CO). 2 C78H84O36 (1597.5): calcd. C 58.63, H 5.30; found C 58.67, Castanet, A. Mortreux, Tetrahedron Lett. 1995, 36, 948129484.

H 5.26. [4] [4a] C. J. Easton, S. F. Lincoln, Chem. Rev. 1996, 96, 1632170.
2 [4b] Y. Inoue, F. Dong, K. Yamamoto, L. H. Tong, H. Tsunei-

Heptakis(2,3,6-tri-O-benzoyl)-β-cyclodextrin (4): 1H NMR shi, T. Hakushi, A. Tai, J. Am. Chem. Soc. 1995, 117,
([D6]DMSO, 140°C): δ 5 3.93 (7 H, 4-H), 4.19 (7 H, 5-H), 4.37 (7 11033211034. 2 [4c] S. Tamagaki, J. Narikawa, A. Katayama,

Bull. Chem. Soc. Jpn. 1996, 69, 226522268.H, 6-H), 4.43 (7 H, 6-H), 4.63 (7 H, 2-H), 5.10 (7 H, 1-H), 5.41 (7
[5] [5a] E. Francotte, J. Chromatogr. A 1994, 666, 5652601. 2 [5b]

H, 3-H), 6.55 (28 H, Hm, 2-OBz, and Hm, 3-OBz), 6.8126.85 (14
S. Li, W. C. Purdy, Chem. Rev. 1992, 92, 145721470. 2 [5c] V.

H, Hp, 2-OBz, and Hp, 3-OBz), 6.9326.99 (28 H, Ho, 2-OBz, and Schurig, H. P. Nowotny, Angew. Chem. 1990, 102, 9692989;
Ho, 3-OBz), 7.06 (14 H, Hm, 6-OBz), 7.14 (7 H, Hp, 6-OBz), 7.58 Angew. Chem. Int. Ed. Engl. 1990, 29, 93921076. 2 [5d] D. R.

Taylor, K. Maher, J. Chromatogr. Sci. 1992, 30, 67285. 2 [5e](14 H, Ho, 6-OBz). 2 13C NMR (CDCl3): glucosidic carbon atoms:
M. M. Rogan, K. D. Altria, D. M. Goodall, Chirality 1994, 6,δ 5 63.4 (C-6), 69.9 (C-5), 71.3 (C-2 and C-3), 77.6 (C-4), 97.4 (C-
25240. 2 [5f] K. Ramig, A. Krishnaswani, L. A. Rozov, Tetra-

1); proton-bearing aromatic carbon atoms: δ 5 127.5, 127.6, 129.5, hedron 1996, 52, 3192330.
129.8, 132.1, 132.5, 133.2; quaternary aromatic carbon atoms: δ 5 [6] For CSA reviews see: [6a] G. R. Weisman, Asymmetric Synthesis

(Ed.: J. D. Morrison), Academic Press, New York, 1983, vol. 1,128.0, 128.6, 129.3; carbonyl carbon atoms: δ 5 164.3, 165.8, 165.9.
p. 153. 2 [6b] W. H. Pirkle, D. J. Hoover, Top. Stereochem. 1982,2 C189H154O56 (3321.3): calcd. C 68.34, H 4.68; found C 68.36,
13, 2632331. 2 [6c] D. Parker, Chem. Rev. 1991, 91, 144121457.

H 4.70. For the use of unmodified cyclodextrins as CSAs, see: [6d] D.
Greatbanks, R. Pickford, Magn. Reson. Chem. 1987, 25,Hexakis(2,3-di-O-benzyl)-α-cyclodextrin (5): 1H NMR: δ 5 3.43 2082215. 2 [6e] A. F. Casy, A. D. Mercer, Magn. Reson. Chem.

(6 H, 2-H), 3.59 (6 H, 4-H), 3.65 (6 H, 6-H), 3.87 (6 H, 6-H), 3.99 1988, 26, 7652774. 2 [6f] I. J. Colquhoun, B. J. Goodfellow, J.
(6 H, 5-H), 4.04 (6 H, 3-H), 4.38 [6 H, 2-(PhCHH)], 4.54 [6 H, 2- Chem. Soc., Perkin Trans. 2 1994, 180321807. 2 [6g] E. Redenti,

G. Fronza, G. Bovis, P. Ventura, Chirality 1992, 4, 4042405. 2(PhCHH)], 4.77 [6 H, 3-(PhCHH)], 4.97 (6 H, 1-H), 5.06 [6 H, 3-
[6h] N. J. Smith, T. M. Spotswood, S. F. Lincoln, Carbohydr. Res.(PhCHH)], 6.9527.25 (60 H, PhCH2). 2 13C NMR ([D6]DMSO): 1989, 192, 9215. 2 [6i] R. Dyllick-Brenzinger, J. D. Roberts, J.

glucosidic carbon atoms: δ 5 60.2 (C-6), 71.7 (C-5), 71.9 (C-2), Am. Chem. Soc. 1980, 102, 116621167. 2 [6j] Y. Yamashoji, M.
74.3 (C-3), 80.5 (C-4), 96.5 (C-1); benzylic carbon atoms: δ 5 77.5, Tanaka, T. Shono, Chem. Lett. 1990, 9452948. 2 [6k] S. E.

Brown, J. H. Coates, S. F. Lincoln, D. R. Coghlan, C. J. Easton,78.8; proton-bearing aromatic carbon atoms: δ 5 127.0, 127.2,
J. Chem. Soc., Faraday Trans. 1991, 87, 269922703. 2 [6l] H.127.8, 127.9; quaternary aromatic carbon atoms: δ 5 138.2, 139.0. Dodziuk, J. Sitkowski, L. Stefaniak, J. Jurczak, D. Sybilska,

2 C120H132O30 (2054.4): calcd. C 70.15, H 6.48; found C 70.13, J. Chem. Soc., Chem. Commun. 1992, 2072208. 2 [6m] K. B.
H 6.50. Lipkowitz, S. Raghothama, J. Yang, J. Am. Chem. Soc. 1992,

114, 155421562. For the use of modified cyclodextrins as CSAs
Hexakis(6-O-benzoyl-2,3-di-O-benzyl)-α-cyclodextrin (6): 1H see: 2 [6n] J. E. H. Köhler, M. Hohla, M. Richters, W. A. König,

Angew. Chem. 1992, 104, 3622364; Angew. Chem. Int. Ed. Engl.NMR: δ 5 3.50 (6 H, 2-H), 4.01 (6 H, 4-H), 4.23 (6 H, 5-H), 4.25
1992, 31, 3192320. 2 [6o] A. Botsi, K. Yannakopoulou, E. Had-(6 H, 3-H), 4.44 [6 H, 2-(PhCHH)], 4.53 [6 H, 2-(PhCHH)], 4.59
joudis, B. Perly, J. Chem. Soc., Chem. Commun. 1993,(6 H, 6-H), 4.64 (6 H, 6-H), 4.88 [6 H, 3-(PhCHH)], 5.19 [6 H, 3- 108521086. 2 [6p] P. S. Bates, R. Kataky, D. Parker, J. Chem.

(PhCHH)], 5.14 (6 H, 1-H), 6.9927.23 (60 H, PhCH2), 7.37 (12 H, Soc., Perkin Trans. 2 1994, 6692675. 2 [6q] Y. Kuroda, Y. Su-
zuki, J. He, T. Kawabata, A. Shibukawa, H. Wada, H. Fujima,Hm, 6-OBz), 7.46 (6 H, Hp, 6-OBz), 7.98 (12 H, Ho, 6-OBz). 2 13C
Y. Go-oh, E. Imai, T. Nakagawa, J. Chem. Soc., Perkin Trans. 2NMR ([D6]DMSO): glucosidic carbon atoms: δ 5 64.0 (C-6), 69.6
1995, 174921759. 2 [6r] T. Murakami, K. Harata, S. Morimoto,(C-2), 72.0 (C-5), 74.8 (C-3), 80.2 (C-4), 97.9 (C-1); benzylic carbon Chem. Express 1989, 4, 6452648. 2 [6s] G. Uccello-Barretta, F.

atoms: δ 5 78.6, 78.9; proton-bearing aromatic carbon atoms: δ 5 Balzano, A. M. Caporusso, P. Salvadori, J. Org. Chem. 1994,
59, 8362839. 2 [6t] G. Uccello-Barretta, F. Balzano, A. M. Ca-127.1, 127.8, 128.6, 129.3; quaternary aromatic carbon atoms: δ 5
porusso, A. Iodice, P. Salvadori, J. Org. Chem. 1995, 60,133.3, 138.3, 138.8; carbonyl carbon atoms: δ 5 165.3. 2
222722231. 2 [6u] G. Uccello-Barretta, F. Balzano, R. Menica-C162H156O36 (2679.0): calcd. C 72.62, H 5.87; found C 72.66, H gli, P. Salvadori, J. Org. Chem. 1996, 61, 3632365. 2 [6v] G.

5.83. Uccello-Barretta, F. Balzano, P. Salvadori, R. Lazzaroni, A. M.
Caporusso, R. Menicagli, Enantiomer 1996, 1, 3652375. 2 [6w]

G. Uccello-Barretta, F. Balzano, A. Cuzzola, R. Menicagli, A.
M. Caporusso, P. Salvadori, Gazz. Chim. Ital. 1997, 127,[1] J. Szejtli, Cyclodextrin Technology, Kluwer, Boston, 1988.

[2] [2a] G. Wenz, Angew. Chem. 1994, 106, 8512870; Angew. Chem. 3832386. 2 [6x] G. Uccello-Barretta, A. Cuzzola, F. Balzano,
R. Menicagli, A. Iuliano, P. Salvadori, J. Org. Chem. 1997, 62,Int. Ed. Engl. 1994, 33, 8032822. 2 [2b] J. L. Atwood, J. E. D.

Davies, D. D. MacNicol, F. Vögtle, Comprehensive Supramo- 8272835.
[7] A. Cuzzola, R. Menicagli, P. Salvadori, Synth. Commun. 1998,lecular Chemistry, Pergamon Press, Oxford, 1996, vol. 3. 2 [2c]

F. Guillo, B. Hamelin, L. Jullien, J. Canceill, J.-M. Lehn, L. De 28, 8132821.
[8] J. Boger, R. J. Corcoran, J. M. Lehn, Helv. Chim. Acta 1978,Robertis, H. Driguez, Bull. Soc. Chim. Fr. 1995, 132, 8572866.
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