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Four cyclomaltooctaose derivatives 1a—d, which possess six mesitylsulfonyloxy groups on their C(6) atoms, were
prepared. The assignment of the regiosiomers was performed by observing the long-range coupling through a glycoside
linkage between H(1”) —-C(4) and C(1”) —H(4) using a heteronuclear multiple-bond correlation (HMBC) method.

Cyclodextrin (CD) is a cyclic oligosaccharide composed of
D-glucose residues. Its unique character is to include a variety
of guest molecules in its molecular cavity. Because of this fea-
ture, CD has been regarded as being attractive in academic
studies as well as industrial applications.' In order to improve
the characteristics of the molecule, chemically-modified CD
derivatives have been studied, and it has been demonstrated
that multifunctionalized CDs are quite useful in generating so-
phisticated functionality such as found in enzymes and anti-
bodies.>* For this purpose, regiospecifically-sulfonylated de-
rivatives are versatile synthetic intermediates. In contrast to
the 6-O-sulfonylated cyclomaltohexaoses (-CDs) and the 6-
O-sulfonated cyclomaltoheptaoses (B-CDs) almost all of
which have been reported,*® only four regioisomeric disul-
fonates,'® heptasulfonate'' and octasulfonate'' of cyclomal-
tooctaose (y-CD) among thirty five kinds 6-O-sulfonates are
known. This was because -CD composed of “eight” glucose
residues gave a complicated mixture of products, which made
the preparation and structure determination more difficult than
in the case of o and B-CD. Here, we report on four regioiso-
mers of ~CD derivatives 1a—d possessing six mesitylsulfonyl
groups at their O(6) atoms. Methods have been developed to
determine the structures of the regioisomers of the sulfonates
by additional sulfonylation,*” Taka-amylolysis,® 3,6-anhydra-
tion followed by Taka-amylolysis,”'° 3,6-anhydration and sub-
sequent ROESY analysis,>® and 3,6-anhydration and identifi-
cation with those derived from authentic compounds.” All of
them contains chemical conversion to more easily assignable
compounds. We describe here a more straightforward method
to determine the structures of the regioisomers by means of
heteronuclear two-dimensional 'H NMR analyses of the sul-
fonates, themselves.

Results and Discussion

Sulfonylation of p~CD 2 was carried out using mesitylene-

sulfonyl chloride in pyridine.*!" The reaction generated a

mixture of 6-O-mesitylsulfonyl derivatives composed of a
mixture of seven regioisomeric pentasulfonates 3, the hexasul-
fonates 1a—d and the heptasulfonate 4."" As results of examin-
ing separation conditions, we found that HPLC using a phenyl-
modified silica-gel column separated four regioisomers of the
desired 1a—d (Fig. 1). Accordingly, the crude reaction mixture
was purified using low-pressure ODS column chromatography
eluted with increasing amounts of MeCN in water, followed by
preparative HPLC using a phenyl-modified silica-gel column.
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Fig. 1. RP-HPLC trace of the mixture obtained by the
reaction of y-CD 2 with mesitylenesulfonyl chloride in
pyridine. A linear gradient of MeCN was applied.
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Fig. 2. The observed signals due to anomeric protons H(1)
(64.6-5.0) of the hexakis(6-O-mesitylsulfonyl) derivatives
[1a (a), 1b (b), 1c (c), and 1d (d)] on the 'H-NMR (600
MHz; [?Hs]DMSO) spectra.

This afforded four isomeric pentasulfonates 1la—d in isolated
yields of 1.3%, 0.95%, 2.52% and 0.95%, respectively. The
elemental analyses and MS spectra of 1a—d are consistent with
the hexakis-mesitylsulfonylated structure. The '"H NMR spec-
tra of la—-d confirmed the presence of six mesitylsulfonyl
groups on ~CD. The observed signals are characteristic for
each isomer, as the H(1)s (6 4.6-5.0) shown in Fig. 2. Eight
H(1) signals exist for the sulfonates 1a, 1c¢ and 1d, while the
sulfonate 1b exhibits four kinds of H(1) signals. The C, sym-
metry of the molecule 1b reveals its substitution pattern as
(A,B,C,E.,EG) (Scheme 1).

In order to assign the remaining three possible substitution
patterns, (A,B,C,D,E,F), (A,B,C,D,E.,G), and (A,B,C,D,EG),
to the hexakis-sulfonylated derivatives 1a, 1c¢ and 1d, the rela-
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tive position of the two unmodified glucose units must be de-
termined. That is, a neighboring relationship between a glu-
cose unit and either the other glucose or a 6-O-sulfonylated
glucose unit in each isomer must be revealed. Instead of con-
verting the sulfonates to the corresponding 3,6-anhydro deriva-
tives, which would give proton signals sufficiently resolved to
be analyzed,>® we attempted a direct structural determination
by means of high-resolution NMR techniques. In the case of
the sulfonate 1c¢, here the H(1) signals were arbitrarily num-
bered as 1-8 from high to low chemical shift. HOHAHA ex-
periments allowed the isolation and correlation of the signals
in each glucose unit which, along with H-H COSY experi-
ments, enabled the assignment of the H(1)-H(5) signals (Fig. 3
and Table 1). Unfortunately, the assignment of the H(6) sig-
nals was not achieved because the correlation between H(1)
and H(6) was too weak to be observed on the HOHAHA spec-
tra, and the overlapped signals disturbed the correlation with
other signals on the COSY spectra. However, proton signals of
the two unmodified glucose residues were clearly discriminat-
ed from those of six other sulfonylated residues based on the
observed signals. Since the 6-O-sulfonyaltion of a glucose res-
idue generally causes downfield shifts of the H(5) and H(6)
signals and also an upfield shift of the H(4) signal,*® six sets of
proton signals with higher chemical shift values for H(5) and
lower chemical shift values for H(4) were determined to be
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Fig. 3. HOHAHA spectrum of the sulfonate 1c in [*Hg]-

DMSO. Cross peaks corresponding to H(1)-H(4) are
marked with arrows.

Table 1. Observed Proton Signals of Glucose Residues in
ABCDFG-Tetrasulfonylated Isomer 1c¢

Residue Chemical shift (6/ppm)

H() HQ2) HG) H® HG) G C@)
C 457 3.04 351 321 3.64 101.1 80.0
B 461 3.06 349 319 3.60 1013 79.7
G 467 3.15 352 325 3.69 1014 80.6
D 470 3.18 354 329 371 1012 805
F 473 3.05 354 314 3.63 1002 80.7
A 475 3.07 353 318 3.64 1004 804
EY 480 327 353 345 338 102.0 78.7
HY 481 328 353 344 341 1020 79.1

a) Unmodified residue.

those of the sulfonylated glucose residues, whose H(1)s reso-
nated at a higher field, while the proton signals of the two un-
modified glucose residues were identified as being those with
the higher chemical shift values for H(1).

Nuclear Overhauser effects between H(1) of a glucose unit
and H(4) of the adjoining unit are useful to determine the se-
quential relationship.>® However, here the ROESY experiment
of the sulfonate 1c did not afford unambiguous results because
of its overlapped H(4) signals. D’Souza was successful in the
structural determination of 2-O- and 3-O-modified CDs by ob-
serving the C-H correlation between a modified glucose resi-
due and its substituent.'>'* We then surveyed the “interresidu-
al” long range C-H correlation on the corresponding H(1")—
C(1)-0(4)-C(4) and/or C(1")-0O(4)-C(4)-H(4) through three
bonds including glycoside linkages. This was because carbon
atoms were expected to give well-resolved signals sufficient to
reveal any clear interresidual correlation. First, a "H-detected
multiple quantum coherence (HMQC) experiment of 1c was
performed to identify eight C(4) signals correlated with the
corresponding H(4)s determined above (Fig. 4a). The subse-
quent 'H-detected multiple-bond heteronuclear multiple quan-
tum coherence (HMBC) spectrum of the compound 1¢ demon-
strated a neighboring [H(1”):C(4)] correlation to reveal an in-
terresidual relationship as we had expected. Especially, cross
peaks revealing an interresidual relationship between two glu-
cose units (unit 1 and 2) through two sulfonylated glucose
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Fig. 4. Correlation of H(4)-C(4) on HMQC spectrum (a) and
interresidual cross peaks between neighboring [H(1") and
C(4)] (b) on the HMBC spectrum of the sulfonate 1c¢ in
[’H¢]DMSO.

units (unit 4 and 6) were clearly observed, namely [H(1)' (&
4.81):C(4)° (5 80.6)], [H(1)® (8§ 4.67):C(4)* (5 80.7)] and
[H(1)* (64.73):C(4)* (6 78.7)] (Fig. 4b).

In addition, the C(1) signals were also determined in rela-
tion to the H(1) signals by an HMQC experiment, and an
HMBC experiment gave three cross peaks due to the interre-
sidual correlation between C(1”) and H(4), namely [C( NG
102.0):H(4)® (6 3.25)], [C(1)® (6 101.4):H(4)* (& 3.14)] and
[C(1)* (8100.2):H(4)* (63.45)]. Both spectra showed that the
two unmodified glucose residues were separated by two sulfo-
nylated residues (Scheme 1). This identified compound 1c¢ as
being the ABCDFG isomer. Also, 2D NMR experiments re-
vealed another interresidual relationship in 1¢, and the residues
1,2,3,4,5,6,7 and 8 were identified as H, E, A, F, D, G, B and
C, respectively.

Proton and carbon signals of the isomer 1d were assigned
similarly. In its HMBC spectrum, the cross peaks showed in-
terresidual relationships between two glucose units (unit F and
H) through one sulfonylated glucose (unit G) {[H(D)¥ (&
4.83):C(4)° (8 80.9)], [H(1)® (6 4.80):C(4)F (6 79.1)], [C(H
(8 101.9):H#)S (8 3.24)] and [C(1)® (5 100.5):H@)" (8
3.44)]}. Accordingly, the structure of 1d was determined to be
ABCDEG-isomer (Scheme 1).

In the case of the sulfonate 1a, the cross peak between C(1”)
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Table 2. Observed Proton Signals of Glucose Residues in ABCDEF-Tetrasulfonylated Isomer 1a

Residue Chemical shift (6/ppm)
H(1) HQ2) HG3) H(4) HG) c) C@)
F 4.59 3.04 3.51 3.21 3.61 100.9 80.6
B 4.61 3.03 3.48 3.19 3.62 101.2 79.8
IR 4.64 3.08 3.51 3.26 3.65 101.2 —
2% and 3% 4.66 3.10 3.52 3.26 3.63 101.0 9
3.17 3.70
A 4.71 3.06 3.52 3.14 3.61 100.6 80.3
G© 4.81 3.30 3.56 3.44 102.0 79.8
HY 4.90 3.27 3.56 3.37 342 101.4 79.8

a) The residues 1, 2 and 3 could not correspond to each of C, D and E residues. b) Three
peaks for C(4) of residues C, D and E were observed at 6 79.5, 79.6 and 79.9. ¢) Unmodi-

fied residue.

Table 3. Observed Proton Signals of Glucose Residues in ABCDEG-Tetrasulfonylated Isomer 1d

Chemical shift (6/ppm)

Residue

H(1) H(2) H(@3) H4) H(5) C(1) C4)
1 4.60 3.06 3.51 3.21 3.61 101.0 79.6
4.63 3.06 3.53 3.23 3.61 101.3 79.6

(or 3.08) (or 3.65)
3 4.63 3.08 3.53 3.23 3.65 101.0 79.6

(or 3.06) (or 3.61)
E 4.67 3.17 3.53 3.27 3.68 101.0 80.4
A 4.74 3.05 3.52 3.16 3.64 100.5 80.4
G 4.80 3.16 3.56 3.24 371 100.5 80.9
F? 4.80 3.27 3.54 344 3.40 102.0 79.1
H? 4.83 3.27 3.52 343 3.35 101.9 79.1

a) Unmodified residue.

of one unmodified glucose and H(4) of the other [C(1)" (&
101.4):H(4)© (8 3.44)], and also that between H(1”) and C(4)
[H(D)! (6 4.90):C(4)° (8 79.8)], were observed on its HMBC
spectrum, which demonstrated that the two units were directly
linked by a glycoside linkage. Therefore, the structure of the
sulfonate 1a was unambiguously established as ABCDEF-hex-
asulfonate (Scheme 1). The observed signals of the glucose
residues of 1a and 1d are listed in Tables 2 and 3.

Thus, four isomers of p~CD derivatives possessing six mesi-
tylsulfonyl groups on their primary hydroxy groups were pre-
pared. The use of inverse NMR techniques to observe a long-
range H-C correlation is a very powerful method to determine
the interunit relationship, and is widely applicable. Studies of
other 6-O-sulfonates of p~CD, namely seven isomers of trisul-
fonates, ten isomers of tetra sulfonates, and seven isomers of
pentasulfonates are in progress, while aiming towards the es-
tablishment of a completely indexed “library” of CD sul-
fonates for the development of novel modified CDs.

Experimental

'H and '*C NMR spectra were recorded at 30 °C on a Varian
UNITY-plus 600 operating at 600 and 150 MHz, respectively.
Each of the hexasulfonates 1la—d was dissolved in [*H¢]DMSO
(84 X 107 mol dm™®). Proton signals were assigned using
COSY and HOHAHA (mixing time, 120 ms) experiments. Car-
bon signals were assigned using ghmgqc, ghsqc and ghmbc ex-
periments and their number of transients were 32, 8, and 64, re-
spectively. FAB mass measurements were carried out with a

Shimadzu-Kratos CONCEPT 32IH spectrometer. TLC was run
on precoated silica-gel plates (Art 5554, Merck) using 1-propanol:
ethyl acetate: water (7:7:5, v/v/v) as the eluent and visualizing us-
ing UV light and/or staining with 0.1% 1,3-naphthalenediol in
EtOH-water-H,SO, [200:157:43 (v/v/v)]. A prepacked ODS
column [LiChroprep RP-18, size B (25 X 310 mm), Merck] was
used for low-pressure RP column chromatography. Analytical
RP-HPLC was carried out using a YMC-pack Ph column (4 um;
4.6 X 150 mm, YMC Inc.). Preparative HPLC was performed us-
ing a YMC-Pack Ph column (5 pm; 20 X 250 mm, YMC Inc.)
with a YMC-Guard pack Ph (5§ pm; 20 X 50 mm, YMC Inc.).

Hexakis(6-O-mesitylenesulfonyl)-y-CD 1a-d.  Lyophilized
1CD 2 (500 mg, 3.80 X 107* mol) was treated with mesitylene-
sulfonyl chloride (2.61 g, 1.13 X 1072 mol) in dry pyridine (15
cm®) at —10 °C for 5 h. After the addition of H,O (5 cm®), the sol-
vent was removed under reduced pressure and the residue was dis-
solved in a 60% aq MeCN solution (110 cm?) and neutralized with
solid NaHCOj;, which was subjected to low-pressure RP chroma-
tography. Elution with 60% aq MeCN (500 cm®) and gradient elu-
tion from 60% aq MeCN (1.0 dm®) to 100% MeCN (1.0 dm?)
were applied to give a mixture of the hexasulfonates la—d (111
mg). The mixture dissolved in 70% aq MeCN (30 cm®) was ap-
plied to preparative RP-HPLC to afford A,B,C,D,E.,F-hexasul-
fonate 1a (11.6 mg, 1.3%), the ABCEFG isomer 1b (8.5 mg,
0.95%), the ABCDFG isomer 1lc¢ (22.5 mg, 2.5%) and the
ABCDEG isomer 1d (8.5 mg, 0.95%).

la R 0.63; tr [column: YMC-pack Ph; gradient, 30-90%
MeCN in water (120 min); flow rate, 1.0 cm*min] 69.0 min
(Found: C, 48.99; H, 5.82; S, 7.59. Calcd for C;p,H 4905,S¢-6H,0:
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C, 49.03; H, 6.13; S, 7.69%). NMR & (600 MHz; [*Hs]DMSO)
2.25,2.26, 2.27,2.42, 2.44, 2.45, 2.47 and 2.49 (Me), 6.98, 7.01
and 7.04 (12 H, ArH), those of glucose residues are shown in
Table 2, & (150 MHz; [?H¢]DMSO) 20.5 and 21.9 (Me), 59.3,
59.4, 67.9, 68.2, 69.1, 69.2, 69.3, 69.4, 71.6, 71.7, 71.8, 72.0,
72.1, 72.3, 72.4, 72.5, 72.7, 79.5, 79.6 and 79.8 [C(3, 5 and 6)],
130.3, 130.4, 130.5, 131.3, 131.4, 138.9, 139.0 and 143.1 (aromat-
ic carbons), those of C(1) and C(4) were shown in Table 2. MS
miz (+FAB, LR) 2412.6 [M + Na)*], 2429.6 [M + K)*], (HR)
2411.6861 [M + Na)* Cj¢,H;405:S¢Na requires 2411.6532],
(—FAB, LR) 2388.5 [(M) "], 2542.8 [(M + nitrobenzyl alcohol) ],
2588.6 [(M + mesitylenesulfonate) "], (HR) 2587.8128 [(M +
mesitylenesulfonate) ™. Cj0H1400525¢°CoH1,03S  requires m/z,
2587.7061].

1b R; 0.63; tg [column: YMC-pack Ph; gradient, 30-90% aq
MeCN (120 min); flow rate, 1.0 cm*/min] 69.4 min (Found: C,
49.58; H, 6.03; S, 8.12. Calcd for Cg;H50045S5°3.8H,0: C, 49.82;
H, 6.05; S, 7.83%). NMR & (600 MHz; [*Hs]DMSO) 2.25, 2.27,
2.39 and 2.44 (Me), 4.56 (2H, d, J = 3.4 Hz),4.69 2H,d,J = 3.4
Hz), 4.75 (2H, d, J = 3.1 Hz), 4.83 (2H, d, J = 3.2 Hz) [H(1)],
6.96,7.01 and 7.06 (12H, ArH). MS m/z (+FAB, LR) 2412.7 [(M
+ Na)*], 2428.7 [M + K)*], (HR) 2411.6519 [(M + Na)*
C37H120045S5Na requires 241 16433], (_FAB, LR) 2388.8 [(M)_],
2542.8 [(M + nitrobenzyl alcohol)™], 2588.8 [(M + mesitylene-
sulfonate)”], (HR) 2587.7658 [(M + mesitylenesulfonate).
C]()2H14()O5255‘C9H1103S requires m/z, 25877064]

1c Ry 0.63; g [column: YMC-pack Ph; gradient, 30-90% aq
MeCN (120 min); flow rate, 1.0 cm*/min] 70.3 min, (Found: C,
4899, H, 582, S, 7.59. Calcd for C102H14005256'6H201 C, 4903,
H, 6.13; S, 7.69%). NMR & (600 MHz; [*Hs]DMSO) 2.26, 2.27,
243,244, 245,247,248 and 2.51 (Me), 6.99, 7.01, 7.03, 7.04
and 7.06 (12 H, ArH), those of glucose residues were shown in
Table 1, & (150 MHz; [*H¢]DMSO) 20.5, 21.9, and 22.0 (Me),
59.0, 59.2, 68.0, 68.1, 69.1, 69.2, 69.3, 69.4, 71.5, 71.7, 71.8,
72.0, 72.1, 72.2, 72.4 and 72.5 [C(3, 5 and 6)], 130.2, 130.3,
130.4, 130.6, 131.3, 131.4, 138.8, 138.9, 139.0, 139.1, 143.0 and
143.1 (aromatic carbon), those of C(1) and C(4) were shown in
Table 1. MS m/z (+FAB, LR) 2412.6 [(M + Na)*], 2425.6 [M
+ K)*], (HR) 2411.6295 [M + Na)* C¢,H,4905,S¢Na requires
2411.6533], (—FAB, LR) 2388.7 [(M) ], 2542.7 [(M + nitroben-
zyl alcohol)™], 2588.7 [(M + mesitylenesulfonate)”], (HR)
25878.7264 [(M + mesitylenesulfonate)™. CioH 40052S¢°CoHy -
O5S requires 2587.7064].

1d R, 0.63; tg [column: YMC-pack Ph; gradient, 30-90% aq
MeCN (120 min); flow rate, 1.0 cm*min] 70.7 min (Found: C,
4883, H, 569, S, 7.47. Calcd for C102H14005256‘6H203 C, 4903,
H, 6.13; S, 7.70%). NMR & (600 MHz; [*Hs]DMSO) 2.27, 2.46,
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2.47,2.48, 2.50 and 2.51 (Me), 6.98, 7.02, 7.03 and 7.04 (12 H,
ArH), those of glucose residues were shown in Table 3, & (150
MHz; [?H¢]DMSO) 20.5, 21.9 and 22.0 (Me), 59.1, 67.9, 68.4,
69.1, 69.3, 694, 71.8, 71.9, 72.0, 72.1, 72.3 and 72.7 [C(3, 5 and
6)], 130.1, 130.2, 130.4, 130.5, 131.3, 131.4, 138.9, 139.0, 139.1,
143.1 and 143.2 (aromatic carbons), those of C(1) and C(4) were
shown in Table 3. MS m/z (+FAB, LR) 2412.6 [(M + Na)*],
2428.6 [M + K)*], (HR) 2412.6394 [(M + Na)™ CpoHs0o-
O5,S¢Na requires 2411.6533], (—FAB, LR) 2388.6 [(M)],
2542.6 [(M + nitrobenzyl alcohol)™], 2588.7 [(M + mesityl-
enesulfonate) ], (HR) 2587.6543 [(M + mesitylenesulfonate)™.
C]02H1400528‘C9H1103S requires m/z, 25877064]
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