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26,28-Dimethoxy-4,6,10,12,16,18,22,24-octamethyl- 
pentacyclo[ 19.3.1.1 3*7.  1 9,13. 115~'~]octacosa- 1 (25) ,3,5,7- 
(28),9,11,13(27),15,17,19(26),21,23-dodecene-25,27-diol (6). To 
a solution of 0.421 g (0.746 mmol) of 2 in 300 mL CHzClz were 
added 10 mL of a solution of NaOH (lo%), 1.8 mL of dimethyl 
sulfate, and 0.4 g (1.24 mmol) of tetrabutylammonium bromide. 
The mixture was refluxed overnight with stirring. The phases 
were separated, and to the organic phase was added a dilute 
solution of ammonium hydroxide. The phases were separated, 
and the organic phase was washed once with water and dried. 
Recrystallization of the residue from 1,Zdimethoxyethane afforded 
0.165 g of 6 (37%): mp 330 "C dec; 'H NMR (CDC13, rt) b 1.69 

H), 3.74 (8, OCH3, 6 H), 4.15 (d, J = 15.2 Hz, CHz, 4 H), 5.25 (s, 
OH, 2 H), 6.31 (8, Ar-H, 2 H), 6.51 (s, Ar-H, 2 H); I3C NMR 
(CDC13, rt) 6 18.70, 20.10, 24.62, 62.36 (OMe), 122.85, 123.95, 

(A, = 280 nm); MS m/z 564 (M, 15.8), 147 (B, loo), 91 (41); IR 

(8, CH3, 12 H), 2.38 (8, CH3, 12 H), 3.56 (d, J = 15.2 Hz, CH2, 4 

128.88,129.12,134.17,135.62,154.19,156.66, UV (CHC13) t = 3148 

Y OH = 3540 cm-'. Anal. Calcd for C38H4404: C, 80.82; H, 7.85. 
Found: C, 80.66; H, 7.95. 
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The synthesis of the per-3,6-anhydro derivatives of a- and 8-cyclodextrins (CDs) is described starting from 
the corresponding per-6-tosylates. These could only be obtained as pure compounds following repeated HPLC 
under reversed-phase conditions of the crude products isolated after tosylation of a-CD and 0-CD in pyridine 
with p-toluenesulfonyl chloride. Treatment of the per-6-0-tosyl-a- and B-CDS with warm aqueous sodium hydroxide 
solutions (50-60 OC) afforded the per-3,6-anhydro-a- and 8-CDs in good yields. The development of an alternative 
and successful strategy for the synthesis of per-3,6-anhydro-a-CD from the known per-2,3-di-O-benzoyl-6-0- 
tosyl-a-CD relies upon the use of triethylamine as base in refluxing aqueous methanol. The per-3,6-anhydro-CDs 
have been fully characterized by FABMS and NMR spectroscopy. Their specific optical rotations, which are 
solvent dependent, confirm the chiral nature of these molecules. The anhydrides are soluble in such widely different 
solvents as dichloromethane and water. There is evidence from FABMS that per-3,6-anhydro-a-CD forms a 
complex with the triethylammonium cation while per-3,6-anhydro-&CD solubilizes nitrobenzene in deuterium 
oxide solutions. 

Introduction The vast majority of the well-characterized derivatives 
In the 100 years since they were first isolated, but es- 

pecially during the last 25 years, cyclodextrins have been 
the subject of much detailed investigation.2 It is now well 
established3 that these cyclic oligosaccharides, which are 
composed of a(l-4) linked &(+)-glucopyranose units, have 
the overall molecular shape of a truncated cone. The most 
characteristic aspect of their chemistry is their ability to 
form inclusion complexes with a wide variety of substrates. 
As a result, they have been investigated extensively as 
enzyme mimics: as well as finding varied applications in 
chemical te~hnology.~ 

Many research workers have sought to modify the 
binding properties and catalytic behavior of cyclodextrins 
through their chemical modification.6 Unfortunately, 
because of problems associated with their chemoselective 
and regioselective functionalization and the subsequent 
purification of the derivatives, many reports have appeared 
that include highly exaggerated claims of selectivities op- 
erating in reactions and of the purities of the CD deriva- 
tives isolated. Although these problems were addressed 
a number of years ago in an excellent paper by Lehn,' the 
standards that were set by this research are still not being 
practiced universally. 

Present address: School of Chemistry, University of Birming- 
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that have been isolated have structures very similar to 
those of the parent compounds.6 It has been our aim to 
synthesize CD derivatives whose gross structures differ 
significantly from those of the parent compounds. Such 
derivatizations of CDs would be expected to have a pro- 

(1) The work described in this paper was presented in part a t  the 
Royal Society of Chemistry Carbohydrate Group Spring Meeting, Cardiff, 
UK, 25-28 Mar 1990, at  the Fifth International Symposium on Cyclo- 
dextrins, Park, France, 27-30 Mar 1990, and at  the Smith Kline Beecham 
Pharmaceutical Research Symposium on "Chirality in Drug Design and 
Synthesis", Cambridge, UK, 27-28 Mar 1990. Subsequently, lecture 
reviews of the Symposia in Paris and Cambridge were published see (a) 
Ellwood, P.; Stoddart, J. F. In Minutes oj  the FiPh International Sym- 
posium on Cyclodextrins; DuchBne, D., Ed.; Editions de SantB: Paris, 
1990; pp 86-89. (b) Stoddart, J. F. In Chirality in Drug Design and 
Synthesis; Brown, C.,  Ed.; Academic Press: London, 1990; pp 5-22. A 
preliminary publication has also been published. See: Ashton, P. R.; 
Ellwood, P.; Staton, I.; Stoddart, J. F. Angew. Chem., Int. Ed. Engl. 1991, 
30, 80-81. 

(2) Stoddart, J. F. Carbohyd. Res. 1989, 192, xii-xv. 
(3) Saenger, W. In Inclusion Compounds; Atwood, J. L., Davies, J. E. 

D., MacNicol, D. D., Eds.; Academic Press: London, 1984, Vol. 2, pp 

(4) Bender, M. L.; Komiyama, M. Cyclodextrin Chemistry; Spring- 
er-Verlag: Berlin, 1978. 

(5 )  (a) Cyclodextrins and their Industrial Uses; DuchBne, D., Ed.; 
Editions de Sans Paris, 1987. (b) Szejtli, J. Cyclodertrin Technology; 
Kluwer: Dordrecht, 1988. 

(6) Croft, A. P.; Bartach, R. A. Tetrahedron 1983, 39, 1417-1474. 
(7) Boger, J.; Concoran, R. J.; Lehn, J.-M. Helo. Chim. Acta 1978,61, 

231-259. 

2190-2218. 
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Per-3,6-anhydro-a(@)-cyclodextrins 

Scheme I. Synthesis of the Per-3,6-anhydro CDs 4 and 5 
from the Corresponding Per-6-0-tosylates 2 and 3, 

Respectively 

a-CD (n = 6 )  2 ( n = 6 )  4 (n = 6) 
!3-CO (n = 7 )  3 ( n = 7 )  5 (n = 7 )  

Scheme 11. Synthesis of Per-3,B-anhydro-a-CD (4) from 
Per-2,3-di-O-benzoy1-6-O-tosyl-~-CD (8) 

,OTs 

a 4 

found influence on their receptor properties. 
Recently, a number of chemical modifications have been 

carried out on CDs that have resulted in CD derivatives 
with novel structures. In particular, Fujita8 has reported 
the synthesis of many interesting cyclodextrin derivatives, 
including 2A,3B-anhydro-(2AR),(3BR)-a-CD (I). However, 

1 

this research has involved the incomplete modification of 
the D-glucopyranose residues around the CD torus. In 
order to effect profound structural changes upon the gross 
structural features of CDs, then all the D-glUCOpyranOSe 
residues must be modified. In this regard, Ogawag has 
been particularly successful and has achieved the syntheses 
of the manno isomers of a-, 0- and yCD. The complex- 
ation properties of these wholly synthetic analogues should 
be intriguing. 

As a consequence of an investigationlo involving the 
conformational analysis of a number of chemically mod- 
ified CDs, we were led to consider the possibility of in- 
ducing a change in the chair conformation of all the D- 
glucopyranose residues in the CD torus from the 4C1 to the 
lC4 form. It is well established1' that D-glucopyranose rings 
may be locked into the lC4 chair conformation by 3,6- 
anhydration. This reaction may be achieved within the 
CD constitutions by base treatment of a derivative in 
which each D-glucopyranose residue carries a good leaving 
group at  C-6. Inspection of CPK space-filling molecular 
models indicates that the structures of the resulting per- 
3,6-anhydro derivatives in the a and 0 series (compounds 
4 and 5, respectively) are significantly different from those 

(8) (a) Fujita, K.; Egashira, Y.; Imoto, T.; Fujioka, T.; Mihashi, K.; 
Tahara, T.; Koga, T. Chem. Lett. 1989,429-432. (b) Fujita, K.; Tahara, 
T.; S d i ,  H.; Egashira, Y.; Shingu, T.; Imoto, T.; Koga, T. Chem. Lett. 
1989,917-920. 

(9) Mori, M.; Ito, Y.; Ogawa, T. Tetrahedron Lett. 1989,30,1273-1276. 
Mori, M.; Ito, Y.; Ogawa, T. Carbohydr. Res. 1989, 192, 131-146. 

(10) Ellwood, P.; Spencer, N.; Spencer, C. M.; Stoddart, J. F.; Zanycki, 
R. J. Incl. Phenom. Mol. Recog. Chem., in press. 

(11) Guthrie, R. D. In The Carbohydrates; Pigman, W., Horton, D., 
Eds.; Academic Press: New York, 1972; Vol. lA, pp 423-478. 
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displayed by the parent compounds. Thus, the cavities 
of these novel derivatives are dominated by the gluco- 
pyranosidic, the glucopyranose ring, and the free hydroxyl 
oxygen atoms, whereas the cavities of the parent molecules 
are signiicantly more hydrophobic by virtue of being lined 
with the H-3 and H-5 methine hydrogen atoms. All the 
methine hydrogens atoms in the per-3,6-anhydro deriva- 
tives are located on the periphery of the equally rigid cyclic 
oligosaccharides. In addition, the structures of the per- 
3,6-anhydro derivatives appear to be more strained, 
and-unlike the parent CD molecules-one cannot con- 
struct, from CPK space-filling molecular models, a sym- 
metrical doughnut-shaped molecule. In both the a and 
/3 series, inspection of the models reveals that the molecules 
of the per-3,6-anhydro CDs are kinked. 

Fujita12 was the first to report the 3,6-anhydration of 
CD constitutions with the synthesis of mon0-3~,6*- 
anhydro-8-CD from mono-6-O-tosyl-0-CD. Although 
further chemical modifications of CDs, which introduce 
more than one 3,6-anhydro ring, have been achieved by 
Fujita,13 the functionalization of the complete CD torus 
in this manner had not been reported when our research 
in this area was begun. Our approach14 to the synthesis 
of the per-3,6-anhydro CDs 4 and 5 involves the treatment 
of the per-6-0-tosyl derivatives 2 and 3, respectively, in 
Scheme I with base. In this paper, we shall describe (1) 

(12) Fujita, K.; Yamamura, H.; Imoto, T.; Tabushi, I. Chem. Lett .  

(13) Fujita has achieved 3,6-anhydration at  (i) one [(a) Fujita, K.; 
Mataunaga, A.; Yamamura, H.; Imoto, T. Chem. Lett .  1988,1947-1950. 
(b) Fujita, K.; Mataunaga, A.; Yamamura, H.; Imoto, T. J. Org. Chem. 
1988,53, 4520-45221 (ii) two [(a) Fujita, K.; Yamamura, H.; Imoto, T.; 
Fujioka, T.; Mihashi, K. J. Org. Chem. 1988,53,1943-1947. (b) Fujita, 
K.; Egaahira, Y.; Tahara, T.; Imoto, T.; Koga, T. Tetrahedron Lett. 1989, 
30,1285-12881 and (iii) three [(a) Fujita, K.; Ishizu, T.; Oshiro, K.; Obe, 
K. Bull. Chem. SOC. Jpn. 1989,62,296C-2962. (b) Fujita, K.; Tahara, T.; 
Yamamura, H.; Imoto, T.; Koga, T.; Fujioka, T.; Mihashi, K. J .  Org. 
Chem. 1990, 55, 877-8801 D-glucopyranose residues of the parent CD 
molecules. 

(14) After we had completed the research described in this paper, we 
learnt that Defaye had also recently synthesized the per-3,6-anhydrdXh 
4 and 6 in good yields from the corresponding per-6-deoxy-6-iodo-CD 
derivatives by dissolving them in DMSO and treating them with aqueous 
NaOH solutions at  60 OC. See: Gadelle, A.; Defaye, J. Angew. Chem., 
Int. Ed. Engl. 1991, 30, 78-80. 

1988, 543-546. 
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Figure 1. HPLC trace (relative intensity vs retention time) of 
the crude reaction product from the tosylation of a-CD. Fractions 
1-5 were collected. 

the preparation and purification of 2 and 3 and then (2) 
discuss how these per-6-0-tosyl CD derivatives may be 
converted into the per-3,6-anhydro-CDs 4 and 5. Finally, 
we shall outline (Scheme 11) a more efficient synthesis of 
the per-3,6-anhydro-a-CD 4 from per-2,3-di-O-benzoyl-6- 
0-tosyl-a-CD 8-a known compound' that can be obtained 
easily and in pure form from a-CD. 

Results and Discussion 
1. Synthesis and Purification of the Per-6-040s- 

ylcyclodextrins. The per-6-0-tosylcyclodextrins 2 and 
3 were first synthesized in 1954 by Lehmann15 using a 
procedure that involved adding p-toluenesulfonyl chloride 
to a pyridine solution of the appropriate cyclodextrin and 
allowing the reaction mixture to stand at room temperature 
for 24 h. Alterations to this procedure have since been 
made by Umezawa,16 Cramer,17 and Breslow18 in the 
syntheses of derivatives that are amongst the most widely 
used in synthetic CD chemistry. Despite the large amount 
of research carried out on these compounds, analytical data 
on them are scarce. Generally, only [aID values, elemental 
analyses, and melting points have been reported, and 
furthermore, the actual numerical values of these data 
reported1518 by different authors are not in agreement. In 
only one instance has NMR spectroscopic data been re- 
ported,lg and that was limited to a list of 13C NMR chem- 
ical shifts. No 'H NMR spectroscopic data have been 
reported. Furthermore, of all the practical procedures, only 
one16 gives experimental details that involve the use of 
column chromatography as a means of purifying the de- 
rivatives. The remainder rely upon recrystallization. In 
our experience, chemically modified CDs can only be pu- 
rified by chromatographic separation techniques. We 
therefore suspected that the crude products obtained by 
us using the established procedures were impure. All the 
pure products isolated after chromatography in the present 
investigation were scrutinized by NMR spectroscopy and 
FABMS as well as being subjected to detailed chromato- 
graphic analysis. 

The procedure we used for the preparation of the to- 
sylates was essentially the same as that described by 
Lehmann.15 Thus, a-cyclodextrin was dissolved in pyri- 
dine, 6 molar equiv of p-toluenesulfonyl chloride were 

(15) Lautsch, Von W.; Wiechert, R.; Lehmann, H. Koll. Zeit. 1954,135, 

(16) Umezawa, S.: Tatsuta. K. Bull. Chem. SOC. Jpn. 1968, 41, 
134-136. 

464-468. 

494-508. 
(17) Cramer, F.; Mackensen, G.; Sensse, K. Chem. Ber. 1969, 102, 

(18) Breslow, R.: Czarniecki, M. F.: Emert, J.: Hamawchi. H. J. Am. 
Chem. SOC. 1980,102, 762-770. 

(19) Sangwan, N. K.; Schneider, H.-J. J. Chem. SOC., Perkin Trans. 
2 1989, 1223-1227. 
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Figure 2. HPLC traces showing the effect of progressive re- 
crystallization on the crude reaction product obtained from the 
tosylation of a-CD. The numbers to  the left of the traces refer 
to the number of successive recrystallizations, the horizontal exis 
is the retention time in minutes, and the shaded peak in each 
chromatogram corresponds to per-6-0-tosyl-a-CD (2). 

added, and the reaction mixture was stirred for 24 h under 
nitrogen. When the resulting solution was poured, with 
stirring, into water, a white precipitate was formed. After 
a short period of further stirring, this preciptate formed 
a gel, which could be crystallized from methanol to afford 
a white solid. FABMS of this product showed that it 
contained overtosylated and undertosylated derivatives as 
well as the desired per-6-0-tosyl-a-cyclodextrin 2 with c6 
symmetry. A detailed HPLC analysis of this crude mixture 
established the chromatographic conditions for the puri- 
fication of per-6-0-tosyl-a-CD (2). The number of peaks 
in the chromatogram (Figure 1) bear testimony to the lack 
of selectivity associated with the reaction. Fractions 1-5 
were collected, and the extent of tosylation was determined 
by FABMS in each case. Fraction 1 corresponded to an 
a-CD derivative containing five tosyl groups. Fractions 
2-4 each corresponded to a-CD derivatives that contained 
six tosyl groups, while fraction 5 had seven tosyl groups 
associated with an a-CD derivative. Thus, the lack of 
selectivity is associated, not only with the extents of the 
tosylations, but also with the constitutional location of the 
tosyl groups. Unfortunately, the extremely poor solubility 
of the crude mixture in the eluants that had to be em- 
ployed in the separation-as well as in all other common 
solvents-means that large quantities (>lo mg) of the 
desired hexatosylate 2 cannot be isolated routinely. An 
attempt to employ the chromatographic system recom- 
mended by Umezawa,lG which involves using ordinary silica 
gel with benzeneethanol (4:l v/v) as the eluant, was un- 
successful. 

NMR spectroscopic analysis led to the identification of 
fraction 4 as the desired hexatosylate 2. Interestingly, the 
elemental analysis obtained for the complex mixture was 
identical with that for the desired axially symmetrical pure 
per-6-0-tosyl-a-CD 2. Contrary to the popularly held view 
in the field,15-'* this observation demonstrates the un- 
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Table I. Effect of Recrystallizations on the Crude Reaction 
Product from the Tosylation of a-CD 

samde HPLC integration" mu ("C) [ahb  
crude 7.5 173-174 +70° 
1 Rex' 8.7 175-176 +78" 
2 Rex' 12.4 177-178 +98" 
3 Rex' 21.0 178-179 +So 
4 Rex' 31.3 179-180 +92" 
pure 181-182 +83" 
1 it era t u r e 184-18Bd +lOlOe 

1769 +95"h 
+790' 

aArea of peak corresponding to the desired product as a per- 
centage of the total peak (using UV detection). acetone (c,  
0.9-1.2). 'Rex = recrystallization(s). Reference 16. 'In CHCI3 
(c, 0.72), ref 16. /Reference 15. ghference 17. * 1% in CHC13, ref 
15. '0.1% in CH30H, ref 17. 

100 
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Intensity 

3 
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Figure 3. HPLC trace (intensity vs retention time) of the crude 
reaction product from the tosylation of 8-CD. Fractions 1-4 were 
collected. 

suitability of such analytical data as criteria for the purity 
of these tosylated CD derivatives. 

Since recrystallization had previously been the method 
of choice to purify per-6-0-tosyl-a-CD 2, the effects of 
successive recrystallizations were monitored by HPLC. 
While recrystallization leads to an enrichment of the 
crystalline material in 2 (see Table I and Figure 2), the 
product remains highly contaminated by other isomers and 
homologues. 

The workup of the reaction involving tosylation of 0-CD 
was similar to that described for a-CD except that, on 
pouring the crude reaction mixture into water, a white solid 
was obtained. I t  was filtered off and dried. FABMS of 
this product showed that it contained both overtosylated 
and undertosylated fl-CD derivatives, as well as the desired 
per-6-O-tosyl-P-CD 3 with C, symmetry. Another chro- 
matographic procedure, once again based on reversed- 
phase HPLC, was used to purify the heptatosylate 3. As 
expected? the chromatogram (Figure 3) was simpler than 
the one obtained after the tosylation of a-CD. Fractions 
1-4 were collected separately. FABMS indicated that 
fractions 1 and 2 each corresponded to fl-CD derivatives 
that contained six tosyl groups, fraction 3 to 8-CD deriv- 
atives that had seven, and fraction 4 was an octatosylated 
(3-CD. FABMS indicated that fraction 3 contained the 
desired per-6-0-tosyl-P-CD 3, and NMR spectroscopy 
confirmed this conclusion. Although, once again, the poor 
solubility of the crude product prevented the isolation of 
large amounts of pure compound, the relative ease with 
which chromatography could be conducted meant that 
larger quantities (>lo0 mg) of perS-O-tosyl-@-CD (3) could 
be isolated than of the corresponding a-CD derivative 2. 

The effect of successive recrystallizations on a crude 
sample of per-6-0-tosyl-P-CD (3) was monitored using 
analytical HPLC. The results are summarized in Table 

Table 11. Effect of Successive Recrystallizations on the 
Crude Reaction Product from the Tosylation of &CD 

sample 
crude 
1 Rex' 
2 Rex' 
3 Rexc 
4 Rexe 
pure 
literature 

HPLC integrationa mp ("C) [.IDb 

55.8 179-180 +86" 
57.0 174-175 +84" 
56.0 176-177 +84" 
56.0 177-178 +83O 
51.7 177-178 +83" 

181-182 +84" 
170d +lotioe 
170-172f f 9 1 " g  

aArea of peak corresponding to the desired material as a per- 
centage of the total peak area (using UV detection). CHC13- 
CH,OH (c,  0.5-1.0). Rex = recrystallization(s). Reference 15. 
e ~ ,  1% in CHC13, ref 15. /Reference 17. 80.1% in CH30H, ref 16. 

('4 (a) 

1-7-,-7--,T, - _ T r  -,-7-- 

5 0  8 4 5  4 0  I 2 0 0  1000  8 0 0  C O O  400 

Figure 4. (a) 'H NMR spectrum (250 MHz) and (b) 13C NMR 
spectrum (63 MHz) of per-3,6-anhydro-O-CD (5). 

11. Integration of the HPLC trace suggests that repeated 
recrystallizations are quite ineffective at  enriching the 
proportion of the heptatosylate 3 present in the mixture. 
Indeed, the main effect of the recrystallizations is to in- 
crease the relative proportions of the hexatosyl derivatives. 
The data presented in Table 11 show very convincingly that 
recrystallization alone is not successful in purifying the 
crude per-6-0-tosyl-8-CD 3. 

2. Synthesis of Per-3,6-anhydrocyclodextrins. Since 
sufficient quantities of pure per-6-O-tosyl-P-CD (3) could 
be isolated readily, the reaction shown in Scheme I was 
attempted on the B-CD derivative f i s t  of all. Suspending 
the pure heptatusylate 3 in 1 M aqueous sodium hydroxide 
solution and stirring the reaction mixture for 2 days at  60 
"C gave, after reversed-phase chromatography, pure per- 
3,6-anhydrc+CD (5) in 44% yield. FABMS of the pure 
compound showed peaks at  1031,1053, and 1069 corre- 
sponding tozo the pseudomolecular ions [M + Na]+, [M + 
2Na - HI+, and [M + Na + K - HI+, respectively. 'H 
NMR spectra of the pure compound were obtained in DzO 
and CD2Cl2, and the resonances were assigned to the 
protons on the basis of homonuclear decoupling experi- 
menta. The 'H NMR spectrum recorded in DzO is shown 
in Figure 4a. The rigidity and conformationally unsym- 
metrical nature of the macrocyclic ring indicated on in- 
specting CPK space-fing molecular models is clearly not 
apparent from these spectra, which reflect the averaged 
7-fold symmetry of the derivative. When a CDzClz solution 
of 5 was cooled down in an attempt to reduce the averaged 
7-fold symmetry observed in the 'H NMR spectrum, un- 
fortunately the heptaanhydride 5 precipitated. The 
magnitudes of the coupling constants obtained in both 
solvents (see the Experimental Section) are consistent with 
the pyranose rings being locked into the lC4 chair con- 
formation. Indeed, as shown in Table 111, the chemical 
shifts and coupling constants observed for 5 in DzO are 

(20) Usually, the FABMS of chemically modified CDs with m-nitro- 
benzyl alcohol as matrix reveals only one pseudomolecular ion, namely 
a sodium adduct. See, for example: Ashton, P. R.; Stoddart, J. F.; 
Zarzycki, R. Tetrahedron Lett. 1988,29, 2103-2106. 
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Table 111. ComDarison of the Chemical Shifts (6) and CouDlina Constants ( J ,  Hz) for the Protons in Per-3.6-anhydro-WD 
(5) and Methyl 3,6-Anhydr~-a-~-glucopyranoside (6) 

H- 1 H-2 H-3 H-4 H-5 H-6a H-6b 
8 5.31 3.94 4.46 
5 ( 5 1 2  3) ( J2,3 5) (J3,4 5) 
8 5.07 3.94 4.32 
6 ( J I , ~  2.6) (J2.3 4.8) ( 5 3 . 4  4.8) 

very similar to those obtained for methyl 3,6-anhydro-a- 
D-glucopyranoside (6), a suitable monosaccharide model 
compound. However, the chemical shifts, as well as the 
values of the specific optical rotations obtained for 5, show 
a small solvent dependence. This observation suggestdo 
that an alteration in the gross conformation of the hep- 
taanhydride 5 occurs with 'a change in solvent. * 

HO OH 

6 

13C NMR spectra of per-3,6-anhydro-P-CD (5) were re- 
corded in DzO and CDZCl2. The peaks in the spectrum, 
obtained in DzO, were assigned using C-H correlation 
spectroscopy. The lJCH coupling constant associated with 
the anomeric centers was measured in a separate experi- 
ment. The value of 164 Hz, which was obtained, is con- 
sistent with the anomeric protons occupying an axial 
position on the D-glUCOpyranOSe rings.21 This observation 
confirms the presence of 3,6-anhydro-~-glucopyranose 
units in their familiar 'C4 chair conformation. 

Single crystals suitable for X-ray crystallography were 
obtained by the vapor diffusion of methanol into an 
aqueous solution of 5. Although a full set of X-ray data 
have been collected,n a structural solution has not yet been 
achieved. 

The relative simplicity of the crude product resulting 
from the tosylation of 0-CD led us to investigate the 
possibility of using recrystallized, but impure, reaction 
product as the starting material for the per-3,6- 
anhydration. Thus, impure per-6-0-tosyl-8-CD (2) was 
treated with aqueous sodium hydroxide solution in the 
manner described previously. The FABMS spectrum of 
the white solid, which was obtained from this reaction, 
indicated the presence of the heptaanhydride 5, along with 
a compound we believe to be the hexa-3,6-anhydro-&CD 
7. The ease of the chromatographic purification of per- 

7 

3,6-anhydro-/3-CD (5) means that larger quantities-in 
contrast with using the pure heptatosylate 3 as the starting 
material-of this compound can be obtained routinely 
using the above procedure. When a similar procedure was 
applied to the mixture of a-CD tosylates, it was unsuc- 
cessful because of the large number of other CD derivatives 

(21) Schwarz, J. A.; Perlin, A. S. Can. J. Chem. 1972,50,3667-3676. 
(b) Parfondry, A.; Cyr, N.; Perlin, A. S. Carbohydr. Res. 1977,59,299-309. 

(22) Full three-dimensional diffraction data have been collected and 
the structural solution is being sought (Slawin, A. M. 2.; Williams, D. J. 
Unpublished results). Crystal data for 5: monoclinic, a = 10.223 (3) A, 
b = 41.213 (12) A, c = 13.738 (4) A, /3 = 111.54 (2)O, V = 5284 A3, space 
group E,, 2 = 4 (two crystallographically independent molecules). 

c-3 

Figure 5. (a) 'H NMR spectrum (250 MHz) and (b) 13C NMR 
spectrum (63 MHz) of per-3,6-anhydro-a-CD (4). 

that were formed during the reaction. 
On account of the difficulties encountered in obtaining 

large quantities of pure per-6-0-tosyl-a-CD (2), an alter- 
native synthetic strategy was sought in order to prepare 
the corresponding per-3,6-anhydro derivative 4. The 
synthetic protocol, which was eventually successful, em- 
ployed per-2,3-di-O-benzoy1-6-O-tosyl-a-CD (8) as the key 
intermediate. This compound can be obtained in bulk 
quantities employing a procedure described by Leha7 It 
was anticipated (Scheme 11) that treatment of this com- 
pound with an appropriate base would cause debenzoyla- 
tion, followed by 3,6-anhydration, to give the desired 
product-namely, the hexaanhydride 4. A number of bases 
were experimented with, and the one that was finally 
successful in promoting reaction involved suspending 8 in 
Et3N-MeOH-H20 (1:5:1 V / V ) ~ ~  and then refluxing the 
reaction mixture for 4 days. The resulting clear solution 
was neutralized with hydrochloric acid. Removal of the 
solvents under vacuum yielded a white solid. The lH 
NMR spectrum of this solid was recorded in D20. It re- 
vealed that the product was rich in triethylammonium 
chloride. However, the FABMS of the solid showed the 
presence of the per-3,6-anhydro-a-CD 4 uncontaminated 
with any other CD derivative of a similar molecular mass. 
Interestingly, the pseudomolecular ion observed (m/z  = 
966) corresponds to the triethylammonium adduct of 4. 
After extensive recycling of fractions, the hexaanhydride 
4 was isolated in 22% yield, by employing reversed-phase 
chromatography. The 'H and 13C NMR spectra of the 
purified compound were recorded (Figure 5) in DzO. The 
spectra are similar to those obtained for the /3-CD deriv- 
ative 5 and reflect the averaged 6-fold symmetry of the 
molecules. The magnitudes of the vicinal H-H coupling 
constants indicate that the 3,6-anhydro-~-glucose units 
adopt the expected IC4 chair conformation. FABMS of 
the pure compound showed peaks at  887, 903, and 909 
corresponding to the pseudomolecular ions [M + 2Na - 
H]+ and [M + K]+, in addition to the expected [M + Na]+. 

The reaction illustrated in Scheme I was attempted with 
a small quantity (10 mg) of pure per-6-0-tosyl-a-CD (2). 

(23) Tsuzi, K.; Nakajima, Y.; Watanabe, T.; Yanagiya, M.; Mataumoto, 
T. Tetrahedron Lett. 1978,21,989-992. Ley, S. V.; Stemfield, F.; Taylor, 
S. Tetrahedron Lett. 1987, 28, 225-226. 



Per-3,6-anhydro-a(B)-cyclodextrins 

The procedure was identical with that performed on the 
corresponding 8-CD derivative 3. It produced pure per- 
3,6-anhydro-a-CD (4) in 75% yield after reversed-phase 
chromatography. The spectroscopic and analytical data 
were the same as those obtained for the product syn- 
thesized by the de-O-benzoylation-3,6-anhydration route. 

It is interesting to speculate on the mechanism of for- 
mation of these per-3,6-anhydro-CD derivatives. In par- 
ticular, the possibility that a cooperative effect operates 
during the reaction is appealing. That is, does the for- 
mation of one 3,6-anhydro-D-glucose ring aid the formation, 
subsequently, of adjacent and/or nonadjacent residues 
around the macrocyclic ring? The evidence on which to 
base a discussion is currently only indirect and depends 
on the work of F ~ j i t a . ~ J ~ J ~  

On treating mono-6-0-tosyl-0-CD with aqueous barium 
hydroxide solution, Fujita8 isolated mon0-3~,6~-anhydro- 
a-CD in 88% yield, after chromatography. The main 
byproduct (8%) was 0-CD itself. A similar preparation 
of m0no-3~,6~-anhydro-c-CD proceeded in only 58% yield. 
In these reactions, 3,6-anhydration could be competing 
with the hydrolysis of the tosylate. If no cooperative effect 
is in operation, then one might expect the relative rates 
of 3,ganhydration to hydrolysis to remain unchanged as 
the reaction proceeds to give the per-3,6-anhydro deriva- 
tives. On the basis of this argument, it can be predicted 
that the yield of the reaction affording per-3,6-anhydro- 
a-CD (4) should be 0.5Ei6 X 100 or 4%, while that affording 
per-3,6-anhydro-P-CD (5) should be 0.887 X 100 or 41%. 
If, however, a cooperative effect is operating, then 3,6- 
anhydration would become the increasingly favored process 
as the reaction proceeds, and the final yields obtained 
would be much higher than those predicted. In the re- 
actions that involved the intermediacy of the per-6-0-tosyl 
derivatives, the yields of per-3,6-anhydro derivatives iso- 
lated were 75% and 44% for the a-CD and 8-CD deriva- 
tives, respectively. These yields suggest that a significant 
cooperative effect is operating during the synthesis of 
per-3,6-anhydro-a-CD (4). However, the effect is less ap- 
parent in the case of the 0-CD derivative 5. This con- 
trasting situation could be a direct consequence of the 
different diameters of the macrocycles in the a and B series. 
The distortion of adjacent D-glUCOpyranOSe residues, 
brought about by 3,6-anhydration, is expected to be greater 
in the smaller macrocyclic ring of an a-cyclodextrin de- 
rivative than in the relatively larger macrocyclic ring of 
a 8-CD compound. 

3. Complex Formation: Some Preliminary Obser- 
vations. The complexation properties of these potentially 
novel hosts 4 and 5 have been investigated in a preliminary 
manner. Examination of CPK space-filling molecular 
models indicates that their cavities are dominated by ox- 
ygen atoms. I t  was therefore anticipated that the per- 
3,6-anhydro-CD derivatives might act as hosts for metal 
cations and/or ammonium ions. This prediction was borne 
out by the FABMS of these derivatives. In our experience 
with a wide variety of chemically-modified CDs, including 
alkylated and benzoylated derivatives, FABMS, using 
m-nitrobenzyl alcohol as the matrix, gives only one pseu- 
domolecular ion-that of a sodium adduct. The presence 
of a number of pseudomolecular ions in the spectra sug- 
gests that there is a propensity for simple alkali-metal 
cations to bind to the cavities of 4 and 5. Furthermore, 
the FABMS of the crude reaction product from the de- 
benzoylation-3,6-anhydration of 8 revealed the presence 
of the triethylammonium cation adduct of 4. 

One of the most common methods for studying the 
complexing abilities of CDs is NMR spectroscopy. Since 
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the cavities of a-CD and 0-CD are lined by the H-3 and 
H-5 methine protons, the inclusion of guest molecules is 
generally reflected in substantial changes in the 'H NMR 
chemical shifts of these protons. Inspection of CPK 
space-filling molecular models indimtea that all the protons 
in .S and 5 are located on the exteriors of these molecules. 
It follows that the 'H NMR chemical shift changes induced 
on complexation would be small. Attempts have been 
made to form host-guest complexes in CDZCl2 between 
per-3,6-anhydro-P-CD (5) and potential substrates such as 
CsI [CO(NH~)~]~PF, ,  and Me4NI. The lack of evidence 
from 'H NMR spectroscopy for complexation of any of 
these substrates by 5 was supported by their insolubilities 
in CDzClz solutions. On the other hand, nitrobenzene is 
solubilizedz4 in a DzO solution of 5. 

Summary 
The outcome of the research reported in this paper can 

be summarized as follows: (1) the per-3,6-anhydro-CDs 
4 and 5 constitute potentially a new class of CD-derived 
molecular receptors; (2) the per-3,6-anhydro-a-CD 4 can 
be prepared by treating the per-2,3-di-O-benzoyl-6-O-to- 
syl-a-CD 8 in refluxing aqueous methanol with triethyl- 
amine; (3) both the per-3,6-anhydro-CDs 4 and 5 can be 
obtained from the corresponding per-6-0-tosyl-CDs 2 and 
3 when they are reacted in warm aqueous sodium hy- 
droxide solutions; and (4) repeated chromatography (HP- 
LC) is necessary in order to obtain the per-6-0-tosyl-CDs 
2 and 3 as pure compounds from the crude products re- 
sulting from tosylation of a-CD and P-CD in pyridine 
containing p-toluenesulfonyl chloride. 

Experimental Section 
Instrumentation and General Procedures. a-Cyclodextrin 

(a-CD) and @-cyclodextrin Q-CD) were obtained from the Ahich  
Chemical Co. Prior to use, they were dried under high vacuum 
at 100 "C in the presence on PzO5. Pyridine (Pyr) was stirred 
over KOH pellets for 24 h and then distilled. p-Toluenesulfonyl 
chloride (TsC1) was recrystallized from light petroleum (bp 40-60 
"C) immediately before use. 

6A,6B,6C,6D,6E,6F-Hexa- 0 - ( p  -toluenesulfonyl)-a-cyclo- 
dextrin (Per-6-0-tosyl-a-CD 2). Dry a-CD (1 g, 1.03 mmol) 
was dissolved in pyridine (20 mL) under nitrogen, and p- 
toluenesulfonyl chloride (1.2 g, 6.4 m o l )  was added. The reaction 
mixture was stirred for 24 h under nitrogen at room temperature. 
When the solution was poured with stirring into water, a copious 
amount of a white precipitate resulted. However, this precipitate 
soon formed a gel, rendering stirring impossible. The solid ma- 
terial was allowed to settle out and the mother liquor was decanted 
off. The residual gum was crystallized from methanol to give a 
white solid (1.8 9). HPLC, after injecting an acetone solution of 
the mixture onto an ODS column and using a gradient elution 
of watermethanol (41 v/v) linearly to water-methanol (1:l v/v) 
over 1 min, and then, linearly to neat methanol over 20 min, 
showed the crude product to be extremely impure. Small amounts 
(ca. 10-20 mg) of the pure compound could be isolated by using 
a reversed-phase chromatography column and repeated runs 
(30-40). Fractions of the desired material were collected, and 
the solvents were removed under vacuum to give per-6-0-tosyl- 
a-CD (2): mp 181-182 "C; ["ID +83O (c 0.95 in acetone); 'H NMB 
(250 MHz,  CD&OCD,) b 2.88 (s,18 H, Me), 3.28 (br m, 6 H, H-2), 

(24) This claim is supported by the following experimental observa- 
tions. An excess of nitrobenzene was shaken with D20 and the two 
immiscible liquids were allowed to separate out. When an 'H NMR 
spectrum of the D20 layer was recorded, only a residual HOD peak was 
observed. However, when 2 mol equiv of nitrobenzene was added to a 
solution of 10 mg of the per-3,6-anhydro-@-CD (5) dissolved in 0.7 mL of 
D20, a clear solution was obtained. An 'H NMR spectrum of this solution 
revealed the presence of aromatic protons resonating with relative in- 
tensities 2:1:2 at  6 7.59 (t), 7.77 (t), 7.59 (t) for nitrobenzene in addition 
to the signals a t  higher field in the range 6 3.88-5.34 for per-3,6- 
anhydro-6-CD 5. 
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3.38 (t, J3,4 = J4b = 9 Hz, 6 H, H-4), 3.80-3.90 (m, 12 H, H-3, H-5), 
4.24 (m, J5,6b = 4,JSa,6b = 11 Hz, 6 H, H-6b), 4.37 (dd, J5,ea = 4, 
Jea,6b = 11 Hz, 6 H, H-6a), 4.61 (d, Jl,, = 3.5 Hz, 6 H, p-l), 5.07 
(br s, OH), 5.67 (br s, OH), 7.41 (BB' part of a AA'BB' system, 
J A , B  = Jo,, = 8.5 Hz, 12 H, C,-H), 7.78 (AA' part of a AA'BB' 

63 MHz) 6 21.7 (Me), 69.7 (C-6), 71.1, 73.1, 74.1 (C-2,3,5), 82.4 
(C-4), 103.0 (C-1), 128.8 (C-o), 130.9 (C-m), 134.3 (C-p), 145.9 (C-i); 
MS m/z (positive-ion FABMS), 1919 for [M + Na]+, calcd for 

S, 10.1. Found C, 49.2; H, 4.98; S, 10.4. 
6A,6B,6C,6D,6E,6F,6G-Hepta-0 -(p-toluenesulfonyl)-8-cyclo- 

dextrin (Per-6-O-tosyl-8-CD 3). Dried @-CD (1 g, 0.88 mmol) 
was added, with stirring, to distilled pyridine (20 mL). p- 
Toluenesulfonyl chloride (1.3 g, 6.8 mmol) was then added to the 
resulting solution. The reaction mixture was stirred at room 
temperature under nitrogen for 24 h. The solution was poured, 
with stirring, into water (500 mL), and the resulting white pre- 
cipitate (1.7 g) was filtered off. HPLC, after injecting an ace- 
tonitrilewater (19 v/v) solution of the mixture onto a Technic01 
reversed-phase column with a gradient elution of acetonitrile- 
methanol (1:l v/v) to acetonitrile linearly over 15 min, showed 
the crude product to be impure, even after many recrystallizations 
from acetonitrilemethanol(191 v/v). Small amounts of the pure 
material (ca 100 mg) could be obtained using 30-40 repeated runs 
on a C-18 preparative column using the same eluant system as 
that described for the purification of 2. The desired fractions 
were combined and the solvents were removed under vacuum to 
yield per-6-O-tosyl-8-CD (3): mp 181-182 "c; ["ID +84O (c, 0.5 

(m, 7 HI H-2), 3.22 (dd, J3,4 = 9, J 4 , 5  = 10 Hz, 7 H, H-4), 3.30 (8, 
21 H, Me), 3.51 (t, J 2 , 3  = J3,4 = 9 Hz, 7 H, H-3), 3.68 (br d, J4,5 

system, JAB = Jo, 8.5 Hz, 12 H, Co-H); 13C NMR (CD3COCD3, 

(C1&160,S)6 1896. Anal. Calcd for (C&1607S)6: c ,  49.4; H, 5.06; 

CHC13 - CH3OH, 5 2  v/v); 'H NMR (250 MHz, CD3SOCDd 6 3.15 

= 10 Hz, 7 H, H-5), 4.14 (m, J5,6b = 4, J ~ 6 b  = 11 Hz, 7 HI H-6b), 
4.26 (m, J5,ea 1, Jsa,6b = 11 HZ, 7 H, H-6a), 4.58 (d, J 1 , 2  = 3.5 
Hz, 7 H, H-1), 5.72 (d, J 3 , o ~  = 2 Hz, 7 H, C(3)-OH), 5.81 (d, J~ ,oH 
= 7 Hz, 7 H, C(2)-OH), 7.37 (BB' part of a AA'BB' system, JA,B  
= J,,, = 8.5 Hz, 14 H, C,-H), 7.68 (AA' part of AA'BB' system, 
J A 5  = JoJn = 8.5 Hz, 14 H, Co-H); 13C NMR (63 MHz, CD3SOCD3) 
6 21.0 (Me) 6 68.6 (C-6), 69.2 (C-2), 71.6 (C-3), 72.2 (C-5), 81.0 
(C-41, 101.7 (C-l), 127.4 (C,), 129.8 (Co), 132.6 (C-Me), 144.7 
(C-SO&; l3C NMR (63 MHz, CDC13/CD30D (52 v/v)) 6 20.0 (Me), 

126.5 (C,), 128.4 (Co), 131.4 (C-Me), and (C-SO,); MS m/z 
(pitive-ion FABMS), 2235 for [M + Na]', d c d  for (C&6078)7 
2212. Anal. Calcd for (CIqHlcO,S),: C, 49.4: H. 5.1: S, 10.1. Found 

67.1 (C-6), 68.6 (C-2), 71.0 (C-3), 71.3 (C-5),80.2 (C-4), 101.2 (C-l), 

Ashton et al. 

isolated using reversed-phase HPLC. Thus, injecting a water- 
methanol (3:2 v/v) solution of the white residue onto a re- 
versed-phase column and eluting with the same mixed solvent 
achieved a good separation of per-3,6-anhydro-fl-CD (5, 4 mg, 

0.6 in H,O); 'H NMR (250 MHz, DzO) 6 3.94 (dd, J1,2 = 3.5, J2,3 

4.29 (d, Jsa,6b = 11.5 Hz, 7 H, H-6a), 4.36 (dd, J3,4 = 5, J4,5 = 2 
Hz, 7 H, H-4), 4.46 (t, J2 ,3  = J3,4 = 5 Hz, 7 HI H-31, 4.63 (m, 7 

MS m/z (positive-ion FABMS), 1031 for [M + Na]+, 1053 for [M + 2Na - HI+, 1069 for [M + Na + K - HI+, calcd for (CBH804), 
1008. Anal. Calcd for (C6H804)7: c ,  50.0; H, 5.55. Found c, 
48.7; H, 5.76. 
3A,6A-3B,6B-3C,6C-3D,6D-3Ey6E-3F,6F-Hexaanhydr~-a-cyclo- 

dextrin (Per-3,6-anhydro-a-CD, 4). A. Per-6-0-tosyl-2,3-0- 
benzoyl-a-CD (8) (50 mg, 0.016 mmol) was suspended in tri- 
ethylamine-methanol-water (1:5:1) (7 mL), and the suspension 
was heated under reflux for 4 days. The resulting solution was 
cooled and neutralized with hydrochloric acid (ca. 0.1 M), and 
then the solvents were removed under vacuum to give a white 
residue. HPLC, using a reversed-phase column and methanol- 
water (1:4 v/v) as eluant provided, after extensive recycling of 
fractions, a pure sample of per-3,6-anhydro-a-CD (4,3 mg, 22%): 
mp 236-237 "C; [a]D loo ( c ,  0.25 in H,O); 'H NMR (250 MHz, 

H-6a), 4.31 (dd, J 3 , 4  = 5.5, J4,5 = 2 Hz, 6 H, H 4 4 . 3 9  (t, J2 ,3  = 
J3,4 = 5 Hz, 6 H, H-31, 4.56 (m, 6 H, H-51, 5.24 (d, J1,, = 3 Hz, 

(C-3), 74.0 (C-5), 77.5 (C-4), 98.0 ((3-1); MS m/z 887 for [M + Na]+, 
904 for [M + K]+, 909 for [M + 2Na - HI+, calcd for (C6H804)6 
864. Anal. Calcd for (C6H804)6: C, 50.0; H, 5.55. Found C, 47.7; 
H, 5.29. 
B. Per-6-0-tosyl-a-CD (10 mg, 5.3 X lo4 mol) was suspended 

in aqueous sodium hydroxide solution (4 mL, 1 M), and the 
reaction mixture was heated for 48 h at 60 "C. The resulting 
solution was neutralized with hydrochloric acid (ca. 1 M), and 
the water was removed under vacuum. HPLC, using a re- 
versed-phase column and methanol-water (1:4 v / ~ )  as eluant, led 
to the isolation of per-3,6-anhydro-a-CD (4,3.4 mg, 75%). The 
analytical and spectroscopic data were identical with those re- 
ported under heading A. 
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C, 48.9; HI 5.4; S, 10.0. 
3A,6A-3B,6B-3C,6C-3D,6D-3E,6E-3F,6F-3G,6~-He~taan hydro-& 

cyclodextrin (Per-3,6-anhydro-&CD 5). Per6-O-tosyl-8-CD 
(20 mg, 9 X IO* mol) was suspended in aqueous sodium hydroxide 
(2 mL of a 1 M solution), and the reaction mixture was stirred 
at 50 OC for 2 days. The clear solution was neutralized with 
hydrochloric acid (0.1 M), and the water was removed under 
vacuum to leave a white residue. The desired compound was 


