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Construction of a Fused Polycyclic Wall within the Cyclodextrin Belt To
Ensure a Distorted Cavity: An Unusual trans-Diequatorial Ring-Opening
Reaction of Cyclodextrin Epoxide Rings
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Akitoshi Yoshino,!?! Yuji Okabe,/?l Makoto Fukudome,'?! and De-Qi Yuan!?!
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In the nucleophilic ring-opening reaction of 2%,3%X-manno-ep-
oxides, the incoming nucleophiles attack the 3X-C position of
the epoxide almost exclusively. However, a quite unusual but
very interesting reversed regioselectivity is observed when
intramolecular hydroxy groups act as nucleophiles, that is,
only the attack by 3%1-OH at the 2X-C position of the epox-
ide is observed. The reaction affords the apparent trans-di-

equatorial products and ensures an efficient construction of
fused heterocycles within the cyclodextrin belt. In the case
of 2!35:21 3-di-manno-epoxy-B-cyclodextrin, a tandem-type
reaction is initiated by the attack by the 3VI-OH group at the
2I-C position to generate a fused pentacycle.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2004)

Introduction

Cyclodextrins (CDs) are important materials in the con-
struction of artificial enzymes and receptors since they pro-
vide hydrophobic cavities for molecular recognition and
three types of hydroxy groups for functionalization.!!' 3!
However, their straitjacket structures may limit further
investigation. In order to overcome this limitation, attempts
have been made to transform the backbone of these macro-
cycles, for example, by chemical conversion of the glucose
residue(s) to 3,6-anhydroglucose(s),l* 13 2,3-
anhydromannose(s),l'423 2 3-anhydroallose(s),[-10-16-24]
altrose(s),[>> 3¢ or 3-deoxymannoses.[’’ 3% However, these
transformations only occur within the monosaccharide resi-
dues, that is, the linkage between them remains unchanged.
Examples of modifications to intersaccharide linkages in
CDs are very scarce.*>#!l In this paper, we describe a meth-
odology to construct an additional linkage between adjac-
ent sugar subunits by transforming specific di- and trisacch-
aride residues into fused tri- or pentacyclic systems within
CD backbones. The key step of the methodology involves
a novel trans-diequatorial opening of the epoxide rings of
several manno-epoxy-B-CDs by intramolecular nucleophilic
attack by the CD—OH groups to generate an ether linkage
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between adjacent sugar residues (Scheme 1; the labeling, I,
1L, etc, of the sugar units changes after the reactions).*?!

Anhydro-CDs with the 3¥~!-C—O—2%-C ether linkage
seem to be very interesting in several respects. First, their
formation is a regiospecific process which implies an un-
usual apparent trans-diequatorial opening of the epoxide
rings instead of the usual trans-diaxial opening.[*>#3 Sec-
ondly, the 3¥~1-C—0—2%-C ether linkage causes significant
contraction of the truncated cone structure of the CD along
the aperture of the CD torus of the secondary hydroxy
side.* Thirdly, a binding study has indicated that 3! 2'-
anhydro-B-CD 2b is the only candidate of various CDs with
distorted cavities to exhibit a stronger affinity towards
methyl orange than native B-CD,*! even though some of
them were able to mimic the induced-fit binding®!! of en-
zymes.[46]

Results and Discussion

21 3 manno-Epoxy-B-CD 1bl!8:19-291 and 21 31:0M 3M_dj.
manno-epoxy-B-CDsl1%-21 3a—3¢ were treated with aqueous
alkali to give 2b (63%), 4a (50%), 4b (50%), and 4c (63%),
respectively.

The structure of 2b was determined by analogy of its 'H
NMR spectrum (Figure 1) with that of the a-CD derivative
2a whose structure had been previously established by 'H
and 3C NMR of the acid-catalyzed hydrolysis product*?!
and X-ray analysis.[*l The structures of 4a—4c¢ were deter-
mined as follows. The FAB mass spectra afforded the cor-
rect parent ions [M + H]' and pseudoparent ions. The 'H
and '*C NMR spectra of 4a—4c¢ are shown in Figure 2 and
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Scheme 1. Regioselective epoxide ring openings of mono- and di-manno-epoxy-p-CD systems (note: the labeling of the sugar units changes

after the reactions)

3 and Figures 1S—3S (see Supporting Information, for Sup-
porting Information see also the footnote on the first page
of this article). In order to determine the stereo- and regio-
chemistry from the NMR spectra, it was necessary to assign
the characteristic signals of 3',2"-anhydro-B-CD 2b (Fig-
ure 1) whose structure has already been determined as
mentioned above. In the 'H,'H-COSY NMR spectra
([Dg]DMSO as solvent), the 2-H at § = 3.58 ppm is coupled
with 3-H at & = 4.15 ppm. The former does not correlate
with any hydroxy proton, while the latter is coupled to a
hydroxy proton with a characteristically small constant
(J = 2.5 Hz), demonstrating that they are 2""-H and 3"-H,
respectively. Moreover, the 3"-C signal in [Dg]DMSO is
broad and halved in height on 50% deuteration of the OH
groups compared with the 3I-C signal. Such differences are
not observed in D,O (Figure 1S in the Supporting Infor-
mation), confirming the presence of OH on 3"-C.[477%%] The
notable downfield shift of 3"'-H may be caused by the ether
linkage between 3'-C and 2"-C. This tendency will be seen
again in the cases of 4a—c.

The 'H NMR spectra of both 4a and 4b show two trip-
lets at 6 = 4.4 ppm (Figures 2S and 3S, see Supporting

3114 © 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Information) whose chemical shifts and coupling constants
are similar to those of 3'-H of 2b, indicating that the intra-
molecular interglucosidic reaction in the CD diepoxides is
regioselective, just as it is in the case of the monoepoxide
(Scheme 1). This is supported by the presence of two C sig-
nals at & = 68.0 and 68.2 ppm for 4a and 6 = 67.7 and 68.3
ppm for 4b, which compare well with the corresponding
signal for 3"-C of 2b (Figures 2S and 3S in the Supporting
Information). The H,H coupling constants J, , (3.89, 4.12;
3.7, 3.7Hz), J55 (8.0, 9.4; 9.6, 9.6 Hz) and J54 (8.0, 9.4;
9.6, 9.6 Hz for 4a and 4b, respectively) of the sugar residues
with the characteristic 3-H protons imply an equatorial-
axial relationship between 1-H and 2-H, and an axial-axial
relationship between 2-H and 3-H, and also between 3-H
and 4-H. From these data, 4a and 4b were assigned to
312M:3IVAV. and  31,2M:3M 21V dianhydro-B-CDs, respec-
tively.

Two triplet signals are also observed in the 'H NMR
spectrum of 4¢ (in D,0O) at & = 4.52 and 4.38 ppm (see b
in Figure 2). Signals of all the protons except the methyl-
enes were assigned on the basis of the DQFCOSY, HMQC,
TOCSY, DDS, and ROEDS spectra (Table 1). Chemical
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Figure 3. 13C NMR spectra (125 MHz, 35 °C) of 3!,21:31 211 dj-
anhydro-B-CD 4c¢ (a) in [Dg]DMSO (TMS int.) with the hydroxy
groups of 4c¢ partially (ca. 50%) deuterated and (b) in D,O
(CH;CN int.)
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Figure 1. "TH NMR spectra (500 MHz, 35 °C) of 3',2"-anhydro-B-
CD 2b (a) in [DgDMSO (TMS int.) and (b) in D,O (CH:CN int.)

shifts in the same monosugar unit were collected from the
TOCSY, DDS, and ROEDS spectra and the coupling con-
stants were obtained from the ROEDS spectra and/or di-
rectly from the assigned '"H NMR spectrum. The sequence
of the monosugar units was determined from the ROEDS
spectra between 4%~ !-H and 1*-H. The coupling constants
demonstrate that all the monosaccharide units are *C; gluc-

Eur. J. Org. Chem. 2004, 3113—3118 WWW.eurjoc.org
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Figure 2. '"H NMR spectra (500 MHz, 45 °C) of 3'2":31 211_dj-
anhydro-B-CD 4c¢ (a) in [Dg]DMSO (TMS int.) and (b) in D,O
(CH,CN int.)

opyranosides, two of which had 3-H protons (3"-H and
3M_H) with very high chemical shifts (§ = 4.38 and 4.52
ppm, respectively) compared with the others (& =
3.86—3.96 ppm). By changing the solvent from D,O to
[Dg]DMSO (see a in Figure 2), the triplet pattern of the 31
H signal changed to a doublet (Ji 1o = 4.0 Hz) of triplet
at § = 4.13 while the triplet of 3'-H at § = 4.52 retained
the original pattern at § = 4.03, indicating that 3"-C is
linked to an OH group and 3"-C is not linked to an OH,
but to an OR group. Moreover, the 3™-C signal at 8 = 66.6
ppm in [Dg]DMSO (Figure 3, a) splits into a doublet with
AS = 0.085 and halves in height upon 50% deuteration of
the OH groups, confirming the presence of OH on 3™M-C
and the absence of OH on the adjacent 2-C.[4247-49 On
the other hand, the 3"-C signal at & = 65.4 ppm neither
splits nor decreases in height upon 50% deuteration. How-
ever, these two signals are almost the same height in D,O
(Figure 3, b). This observation indicates the presence of OR
groups instead of OH groups on both 3"-C and 2""-C. Fur-
thermore, the DQFCOSY spectrum of 4¢ in [Dg]DMSO
showed no coupling of 2"-H with OH, indicating that 2!
O forms an ether linkage.

The formation of anhydro bridges between 3'-OH and
2".OH and between 3""-OH and 2"-OH in the reaction of
3c is reasonably well supported by the data discussed above,
except for the direct confirmation of the presence of OR
instead of OH on 3'-C in 4¢. However, the ROEDS spec-
trum shows 3-H to be in close proximity to 3-H as well
as 3"LH although such ROEs were not observed among
the other glucoside units IV—VII. The anhydro bridge be-
tween 3'-C and 2"-C can bring about this unusual proxim-
ity (Scheme 2, one of the referees indicated that his model
gave saccharide unit I as a half chair-to-boat confor-
mation).
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Table 1. Chemical shifts (8) and coupling constants (Hz) of 3',2!:31 21"l_dianhydro-B-CD 4¢ in D,O!

Chemical shifts [ppm] (coupling constants [Hz])[®!

Glucoside 1 Glucoside 11 Glucoside 111

Glucoside 1V

Glucoside V Glucoside VI Glucoside VII

1-H 532d 5.18d 5.12d 5.17d 542 d 498 d 5.08d
4.5) (3.5) (3.5) 4.5) 4.5) (3.5) (4.0)
2-H 3.76 dd 3.94 dd 3.77 dd 3.56 dd 3.53 dd 3.53 dd 3.58 dd
(4.5, 10.0) (3.5, 10.0) (3.5, 10.0) (4.5, 10.0) (4.5, 9.5) (3.5, 10.0) (4.0, 9.0)
3-H 386t 438t 4.52't 3.90 t 395t 396t 386t
(10.0) (10.0) (10.0) (10.0) 9.5) (10.0) 9.0)
4-H 352t 3.57t 3.69 t 3.62t 3.55t 353t 3.56t
(10.0) (10.0) (10.0) (10.0) 9.5) (10.0) 9.0)
5-H ca. 3.90 ca. 3.98 ca. 3.96 ca. 3.98 ca. 3.65 ca. 3.80 ca. 3.77

[al At 35 °C, internal standard: CH;CN. [Pl d: doublet; dd: doublet of doublet; t: triplet.
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Scheme 2. Spatial proximity of 3'-H to 3'-H and 3"-H in
31,2131 21L_dianhydro-B-CD 4¢

The smaller values of J3. 1y 3.0u (2—3 Hz) and the higher
chemical shifts of 2-OH (6 = 5.77 ppm) and 3-OH (8 =
5.71 ppm) for B-CD than for a-methyl b-glucoside (4.76 Hz,
d = 4.72 and 4.76 ppm, respectively) provide evidence for
interglucosyl hydrogen bonding between 3¥~'-OH and 2*-
O in B-CD in [Dg]DMSO.P% Hence the chemical shifts of
all the 2- and 3-OH protons (6 = 5.4—5.8 ppm) and all J;.
nson (2.5Hz) in 2b show that interglucosyl hydrogen
bonds are maintained between 3% !-OH and 2%-O after
312 anhydration in spite of some structural distortion of
the macro-ring.

The structure of 4¢ indicates that an effective and regiose-
lective tandem reaction has occurred (Scheme 3). The initial
attack is by 3Y'-OH on 2'-C followed by the attack by the
newly produced 3"-OH on 2™M-C (note: the labeling of the
sugar units changes after the reactions) to give the final
product 4¢ in a fairly high total yield (65.3%). Similar tan-
dem reactions have been reported to give cyclic ethers from
rather simple epoxide systems®! =39 and cases involving the
hydroxide anion as the catalyst in aqueous solution are
rare.’>3¢ The present transformation from 3¢ into 4c rep-
resents a unique case in that a rather complex sugar diepox-
ide is used as the starting material.

The diaxial ring-opening rule is a general one for epox-
ides that also operates in the attack by external nucleophiles
at the 3-C position in CD mono- (1a,b) and poly-manno-
epoxides, including 3a—3¢,[15:23-27733.36.37=39.57] 45 well as
4,6-di-O-protected methyl 2,3-epoxymannoside, which has
no neighboring sugar unit.’’® However, in the reactions of
1a, 1b and 3a—3c, the intramolecular attack at 2¥*-C by

3116 © 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Scheme 3. Regioselective tandem epoxide ring openings of
21,3021 31 di-manno-epoxy-B-CD 3¢ (note: the labeling of the su-
gar units changes after the reactions)

3¥"LLOH occurred exclusively. Thus, the attack at 2-C

seems to be abnormal but is common in intramolecular
cases.

Molecular dynamics simulations of 2',3-manno-epoxy-a-
CD 1a in water revealed a shorter distance between 3V!-O
and 2'-C (3.59 A) and a longer one between 2!-O and 3!-
C (3.93 A) compared with the rather equal and uniform 2%-
C-3¥1.0 and 3%-C--2¥*1.0 distances between the un-
modified glucose units (3.62 A).#4 The spatial situation
should be similar in B-analogue 1b: the epoxy carbon 2'-C
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is protected by 3V-OH from external nucleophile attack.
Since 3V"-OH and 2"-OH, in contrast to those in B-CD,
do not possess hydrogen bonding partners on the adjacent
sugar unit I, their pK,s must be higher than those of the
secondary OH groups of CDs. Under reaction conditions
that are insufficiently basic to deprotonate 3V''-OH and 2'-
OH, both the protection of 2!-C by 3VI-OH and the trans-
diaxial ring-opening rule favor external nucleophilic attack
on 31-C.561 Only at high pH, could the 3V'-OH depro-
tonate and become active enough to attack 2'-C with the
advantage of a shorter C---O distance than that of depro-
tonated 2'-OH. This reaction implies that intramolecular
attack at the 2I-C position of the epoxide by the depro-
tonated 3V'-OH predominates, and even the external hy-
droxide anion (OH ™) in high concentration cannot compete
with it. This reaction represents a very good case of a reac-
tion pathway that is strictly controlled by the proximity of
the reaction site and nucleophiles.

Experimental Section

General Remarks: 'H and '3C NMR spectra were recorded with
JEOL JNM-A500 or VARIAN UNITY plus 500 NMR spec-
trometer by setting the frequency at 500 MHz for 'H spectra and
at 125 MHz for '3C spectra. FAB mass spectra were recorded with
a JEOL JMS-DX303, optical rotation was measured with a JASCO
DIP-370 digital polarimeter, and melting points were measured
with a Yanaco MP-micro melting point apparatus. TLC was run
on precoated silica gel plates (Art. No. 5554). Spot detection was
carried out by staining with 0.1% 1,3-dihydroxynaphthalene in
EtOH/H,O0/H,S0, (200:157:43, v/v).

31,21:3M 2N_Djanhydro-p-CDs (4a—c) ([M,N]: [IV,V], [IILIV], and
[ILIIL]): A solution of 2',3':2"V 3V.di-manno-epoxy-B-CD 3al!%->]
(380 mg, 0.35 mmol) in 0.25 v NaOH (40 mL) was stirred for 3 d
at 80 °C, neutralized with 1 M HCI, and filtered. The filtrate was
subjected to column chromatography on a Merck Lobar Rp 18 C-
type column with a gradient elution from 20% (500 mL) to 50%
aqueous MeOH (500 mL) to give 4a (189 mg, 50%). Similarly,
21,302 3UL o 21 3L2U 3U_di-manno-epoxy-B-CDI%21  (3b,
118 mg, 0.11 mmol or 3¢, 377 mg, 0.34 mmol, respectively) af-
forded 4b (59 mg, 50%) or 4¢ (235 mg, 63%).

31,21:31V 2V_Dianhydro-g-CD (4a): FAB mass: m/z = 1099 [M +
HI*, 1121 [M + Na]*; m.p. 210 °C (dec.). [0]}3 = 108.3 (¢ = 0.4,
H,0). 'H NMR (D-0, 500 MHz, CH;CN int.): § = 3.48—3.97 (m,
40 H), 4.40 (t, / = 9.4 Hz, 1 H), 442 (t, J = 9.4 Hz, 1 H), 4.98 (d,
J=37Hz 1 H),499 (d,J =34 Hz | H), 502 (d, J = 3.4 Hz,
1 H), 5.03 (d, J = 3.0 Hz, 1 H), 5.07 (d, J = 3.7 Hz, 1 H), 5.11 (d,
J=4.1Hz 1 H),5.12(d, J = 3.9 Hz, 1 H) ppm. 3C NMR (D,0,
125 MHz, CH;CN int.): § = 60.4, 60.5, 60.6, 60.8, 61.1, 61.3, 68.0,
68.2, 69.7, 70.1, 70.8, 71.0, 71.2, 72.6, 72.8, 72.9, 73.2, 73.4, 73.5,
73.6, 74.0, 74.0, 74.1, 74.1, 74.4, 75.8, 76.2, 80.1, 81.7, 81.7, 82.1,
82.6, 95.1, 95.1, 101.9, 102.6, 102.9, 102.9, 103.2 ppm. R; = 0.33
(nPrOH/EtOACc/H,0, 7:7:2 v/vlv, five times development).

31,21:3M 21V_Dijanhydro--CD (4b): FAB mass: m/z = 1099 [M +
HI*, 1121 [M + Na]*; m.p. 210 °C (dec.). [a]5 = 108.7 (¢ = 0.4,
H,0). 'H NMR (D,0, 500 MHz, CHsCN int.): § = 3.47—3.95 (m,
40 H), 4.40 (t, J = 9.6 Hz, 1 H), 4.40 (t, J = 9.5 Hz, 1 H), 5.01 (d,
J=34Hz 1 H),506(d,J=34Hz 1 H), 508 (d, J = 4.1 Hz,
1 H), 5.11 (d, J = 3.7 Hz, 2 H), 5.14 (d, J = 3.2 Hz, 1 H), 5.18 (d,

Eur. J. Org. Chem. 2004, 3113—3118 WWW.eurjoc.org

J = 3.9 Hz, 1 H) ppm. 3C NMR (D0, 125 MHz, CH;CN int.):
8§ = 60.3, 60.5, 61.0, 61.2, 61.4, 61.5, 67.7, 63.3, 69.8, 70.5, 70.6,
71.0, 71.2, 72.2, 72.6, 72.9, 73.0, 73.5, 73.7, 73.8, 74.0, 74.0, 74.2,
74.5,76.0, 76.7, 77.6, 81.2, 82.0, 82.6, 95.3, 95.4, 99.2, 100.2, 102.3,
102.5, 103.6 ppm. Ry = 0.33 (nPrOH/EtOAc/H,0, 7:7:2 vIvlv, five
times development).

31,2131 2UL Djanhydro-p-CD (4¢c): FAB mass: m/z = 1099 [M +
H]*, 1121 [M + Na]*, 1137 [M + K]™; m.p. 200 °C (dec.). [a]5 =
118.5 (¢ = 0.4, H,0). '"H NMR (D0, 500 MHz, CH;CN int.): § =
3.47—-3.96 (m, 40 H), 435 (t, J = 9.6 Hz, 1 H), 449 (&, J = 9.7
Hz, 1 H), 496 (d, J = 3.2 Hz, 1 H), 5.06 (d, J = 3.7 Hz, 1 H),
510(d, J =34Hz 1 H),514(d,J=39Hz 1 H), 515, J =
3.4 Hz, 1 H), 5.30 (d, J = 4.6 Hz, 1 H), 5.38 (d, J = 3.0 Hz, 1 H)
ppm. *C NMR (D0, 125 MHz): § = 60.0, 60.3, 60.77, 61.3, 61.5,
61.9, 65.4, 66.6, 70.5, 70.6, 70.8, 71.9, 72.0, 72.5, 72.6, 72.8, 72.9,
73.1, 73.1, 73.7, 74.1, 74.2, 74.3, 74.4, 74.5, 76.6, 77.8, 79.6, 81.6,
81.6, 95.8, 96.0, 97.4, 98.0, 101.1, 102.0, 102.1 ppm. Ry = 0.28
(nPrOH/EtOACc/H,0, 7:7:2 vivlv, five times development).

3',2""-Anhydro-B-CD (2b): This compound was prepared from
1b[18:19:2%1 in 63.4% yield by a method similar to that reported for
4-CD.# M.p. 225 °C (dec.). [a]5 = 159.9 (¢ = 0.55, H,0). 'H
NMR (D,0, 500 MHz, CH:CN int.): 8 = 3.46—3.94 (m, 41 H),
438 (t,J =9.6Hz, 1 H),497 (d,J =39 Hz 1 H),498 (d,J =
39Hz 1 H),499 (d,J=3.7Hz | H), 501 (d,J = 3.7Hz, 1 H),
5.06 (d, J = 3.9 Hz, 1 H), 5.11 (d, J = 3.9 Hz, 1 H), 5.11 (d, J =
3.9 Hz, 1 H) ppm. *C NMR (125 MHz, D,0): § = 59.0, 59.3,
59.6, 59.8, 59. 9, 60.0, 60.0, 66.6, 68.6, 69.4, 69.7, 70.9, 71.1, 71.1,
71.4, 714, 71.5, 71.7, 71.8, 71.9, 72.2, 72.3, 72.4, 72.7, 72.8, 728,
72.9,72.9,74.9, 78.8, 78.9, 79.8, 80.4, 80.7, 80.9, 93.8, 100.2, 100.6,
100.7, 101.1, 101.2, 101.8 ppm.

Supporting Information (Figures 1S—3S) for this article is available
on the WWW (see footnote on first page of this article).
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