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ABSTRACT

Crystal structures of 6-O-[(R)-2-hydroxypropyll- and 6-O-[(S)-2-hydroxypropyll-cyclomaltoheptaose
were determined by X-ray analysis. In both structures, the 2-hydroxypropyl group is inserted into the
macrocyclic cavity of the next molecule related by the two-fold screw axis, and a helically extended
polymeric structure is formed by repetition of the intermolecular inclusion. The hydroxyl group of the
substituent group penetrates through the macrocyclic ring from the secondary hydroxyl side and is
linked to an HO-6 group by a hydrogen bond. Comparison of intermolecular contacts of the substituent
group indicates that the (S)-2-hydroxypropyl group is better fitted to the cavity than the ( R)-2-hydroxy-
propyl group.

INTRODUCTION

Cyclomaltoheptaose (B-cyclodextrin, BCD) is a macrocyclic oligosaccharide
consisting of seven p-glucose residues. Alkylated S8CDs, including hydroxypropyl
derivatives, are of industrial interest because of their markedly high solubility in
water!. Recently, interest has been focused on pharmaceutical applications since
hydroxypropyl-8CDs have been found to be non-toxic, with biological compatibil-
ity>~*. Hydroxypropyl-8CDs have been investigated as potential drug carriers, and
as solubilising additives for sparingly soluble pharmaceuticals’°. However, in
these studies, the hydroxypropyl derivatives have usually been in the form of
mixtures of compounds with several degrees of substitution, regioisomers, or
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optical isomers, and the physicochemical properties of each individual isomer have
not been elucidated. Rao et al. have synthesised and purified several hydroxyalkyl
derivatives of BCD'%!!, The solubility of BCD is decreased by the introduction of
the substituent at the 2-O position but markedly increased by substitution at the
6-O position. In a previous paper!?, we reported the structure of 2-O-[(S)-2-hy-
droxypropyl]-8CD and suggested that the low solubility can be ascribed to the
polymeric structure in the crystal where the substituent group is included in the
macrocyclic cavity of the adjacent molecule. This paper deals with the structures of
6-[O-[(R)-2-hydroxypropyl)- and 6-O-[(S)-2-hydroxypropyl]-8CD (1 and 2, respec-
tively).

OH 0X
0 o ° 1 X = ( R)-2-hydroxypropyl
H
o o 2 X = (§)-2-hydroxypropyl
OH OH
6

EXPERIMENTAL

Crystallisation and X-ray measurements.—Synthesis and purification of 1 and 2
were carried out according to the procedure previously reported!?. Crystals of
these BCD derivatives were obtained by the slow evaporation of an aqueous
solution at room temperature. X-ray diffraction experiments were carried out on
an Enraf-Nonius CAD4 diffractometer with a GX21 generator (40 kV, 60 mA,
focal spot size of 0.3 X 3 mm) for graphite-monochromated CuK e« radiation. The
crystal, which rapidly breaks up in air, was sealed in a glass capillary. The unit-cell
parameters were refined with 25 reflections in the 26 range of 40-44°. Reflection
data were collected up to 140° in 26. Using the 6~26 scan mode, 7250 and 7219
reflections were measured using crystals of 0.3 X 0.4 X 0.5 mm for 1 and 0.2 X 0.3
X 0.6 mm for 2, respectively. An empirical absorption correction was made by
using the program incorporated in the CAD4 structure determination package.
The reflections with | F,| > 30(F), 5750 (79%) and 5255 (73%) for 1 and 2,
respectively, were considered as observed, and used for structure determination
and refinement.

Crystal data.—(1) Compound 1: C,H,O;,-103H,0, mol wt 1379.0, or-
thorhombic, space group P2,2,2,, z=4, a = 13.164(1), b = 19.335(1), ¢ = 27.261(2)
A, V=6938(1) A3, D,=1320 g cm™3, p =11.86 cm~'. (2) Compound 2:
C,sH ;4046 ¢ 12.0H,0, mol wt 1410.0, orthorhombic, space group P2,2,2,, z =4,
a=12.939(2), b =19.528(2), c = 27.303(2) A, V' =6899%(1) A%, D, =1.358 g cm 3,
w=1226cm™ .

Structure determination and refinement.—The orientation of the BCD ring was
roughly estimated from the Patterson map of 1. The rotation around the pseudo
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TABLE 1

Atomic coordinates (X 10%) and temperature factors (A?)

85

Residue Atom Occupancy x y z B, *

1. 6-0-[( R)-2-Hydroxypropyllcyclomaltoheptaose

G-1 C-1 1.0 1479(8) 2237(4) 2415(3) 5.42
C-2 1.0 416(8) 2406(5) 2566(3) 5.81
C-3 1.0 7) 3026(4) 2308(3) 498
C-4 1.0 740(7) 3634(4) 2346(3) 4.99
C-5 1.0 1809%8) 3440(4) 2212(4) 5.85
C-6 1.0 2562(9) 4001(5) 2324(5) 8.51
0-2 1.0 —172(6) 1796(3) 2476(2) 6.05
0-3 1.0 —956(5) 3199(3) 2500(2) 6.25
0-4 1.0 380(5) 4167(3) 2031(2) 4.80
0-5 1.0 2130(5) 2839(3) 2481(2) 6.08
0-6 1.0 3563(6) 3839(4) 2145(4) 11.96

G-2 C-1 1.0 2740(8) 566(5) 1009(3) 5.62
C-2 1.0 1775(8) 342(4) 1308(3) 5.51
C-3 1.0 1245(7) 978(4) 1515(3) 4.35
C4 1.0 2008(7) 1427(4) 1778(3) 4.94
C-5 1.0 2913(7) 1617(5) 1445(4) 6.09
C-6 1.0 3761(9) 2032(6) 1694(5) 9.01
0-2 1.0 1101(5) -59(3) 1011Q2) 5.80
0-3 1.0 478(5) 749(3) 1845(2) 5.36
04 1.0 1489(5) 2049(3) 1917(2) 4.77
0-5 1.0 3398(5) 980(3) 1282(2) 5.80
0-6 1.0 4126(7) 1668(5) 2092(4) 12.61

G-3 C-1 1.0 2693(9) 1160(5) —896(3) 6.78
C-2 1.0 1746(10) 760(5) —T727(4) 7.52
C3 1.0 1553(8) 847(5) —164(4) 6.62
C4 1.0 2562(7) 737(5) 112(3) 5.79
C-5 1.0 3436(8) 1183(4) -102(3) 5.59
C-6 1.0 4409%8) 1053(6) 134(4) 7.73
C-7 1.0 6073(13) 1487(11) 197(6) 14.91
C-8 1.0 6676(17) 1118(19) -222(9) 27.12
C9 1.0 6864(18) 1645(22) —630(10) 34.93
0-2 1.0 839(7) 975(5) —1001(3) 9.82
0-3 1.0 836(6) 368(4) 12(3) 9.09
0-4 1.0 2334(5) 955(3) 601(2) 573
0-5 1.0 3541(5) 1024(3) —-619(2) 6.06
0-6 1.0 5109(6) 1601(5) —4(3) 9.46
0-7 1.0 7720(16) 1141(13) -91(6) 30.44

G-4 C-1 1.0 2695(8) 3604(5) —-1770(4) 6.53
C-2 1.0 2140(8) 2958(5) —2000(3) 6.19
C-3 1.0 1830(8) 2467(5) —1599(3) 5.89
C4 1.0 2769(9) 2277(5) —1292(4) 6.35
C-5 1.0 3278(8) 2922(5) —1090(3) 6.14
C-6 1.0 4257(10) 2803(6) - 822(4) 8.35
0-2 1.0 1309(6) 3180(4) —2292(3) 7175
0-3 1.0 1416(6) 1854(4) —1822(3) 7.35
0-4 1.0 2409%(5) 1869(3) —883(2) 5.69
0-5 1.0 3507(5) 3383(3) —1491(2) 6.26
0-6 0.55 4571(14) 3340(8) —569%(6) 11.39
0-6' 0.45 5048(20) 2418(14) —1096(11) 15.36
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TABLE I (continued)

K. Harata et al. / Carbohydr. Res. 247 (1993) 83-98

Residue Atom Occupancy x y z Beq a
G-5 C1 1.0 1128(8) 5944(4) —1115(3) 5.66
C-2 1.0 48%8) 5594(5) —1499(3) 6.18
C-3 1.0 695(7) 4815(5) —1513(3) 5.71
C4 1.0 1836(8) 4676(5) -1531(3) 5.99
C-5 1.0 2424(10) 5044(4) —1107(3) 6.33
C-6 1.0 3544(8) 4969(5) —1097(4) 6.33
0-2 1.0 —562(5) 5723(4) —1416(2) 6.95
0-3 1.0 204(6) 4520(4) —1932(3) 8.63
04 1.0 1928(6) 3940(3) —1487(2) 6.62
0-5 1.0 2167(5) 5774(3) —1158(2) 5.81
0-6 1.0 3940(6) 5170(4) —1543(3) 7.33
G-6 C-1 1.0 43(10) 6507(5) 719(4) 7.42
C-2 1.0 —778(10) 6537(6) 3344) 8.19
C-3 1.0 —508(8) 6069(5) - 100(4) 6.78
C4 1.0 537(8) 6246(5) —27%3) 6.13
C-5 1.0 1290(10) 6213(5) 127(4) 7.52
C-6 1.0 2329%(12) 6473(10) -31(5) 12.71
0-2 1.0 — 16977 6368(5) 547(3) 9.35
0-3 1.0 —1227(6) 6150(5) —476(3) 8.79
0-4 1.0 740(5) 5722(3) —644(2) 5.88
0-5 1.0 101(7) 6673(3) 510(3) 8.84
0-6 0.55 3088(16) 6398(12) 302(7) 14.56
0-6' 0.45 2317(24) 7077(13) —-183(9) 16.39
G-7 C-1 1.0 108(8) 4822(4) 2243(3) 5.25
C-2 1.0 —-926(7) 5024(5) 2050(3) 5.47
C-3 1.0 —858(7) 5203(5) 1507(3) 5.43
C-4 1.0 —41(8) 5721(4) 1437(3) 5.46
C-5 1.0 951(8) 5475(4) 1630(3) 5.81
C-6 1.0 1823(%9) 5985(5) 1593(4) 7.41
0-2 1.0 —1625(5) 4471(3) 2126(2) 6.44
0-3 1.0 —1804(5) 5465(4) 1350(2) 6.75
04 1.0 36(6) 5822(3) 905(2) 6.04
0O-5 1.0 829(5) 5320(3) 2156(2) 5.48
0-6 1.0 1529(6) 6644(3) 1800(3) 7.87
Water 0O-W1 1.0 —552(15) 2125(7) —542(5) 20.56
O-W2 1.0 —2319(16) 7448(7) 1237) 24.77
0O-W3 1.0 4172(13) 6697(7) - 1263(5) 19.60
O-W4 0.71 6017(17) 6444(7) —130%(12) 25.23
O-W5 0.65 —3467(13) 4902(12) 2451(9) 19.87
LRV 0.35 —3444(24) 3796(22) 2850(10) 16.25
O-W7 0.42 —945(46) 6672(16) —2214(12) 33.29
O-w8 0.71 —3315(15) 6121(17) 185%7) 27.27
O-W9 0.58 4476(19) 2887(14) 276%(12) 31.96
O-W10 043 4549(29) 4815(19) 1453(14) 2217
O-w11 0.63 8723(20) 4(11) —414(10) 21.92
0O-W12 0.46 —3602(19) 6165(14) 31(1D) 16.83
0O-w13 0.33 —1370(39) 7717(23) —1746(12) 21.52
O-Wi4 0.31 7348(54) 7155(19) —1579(20) 30.96
0O-W15 0.22 4428(34) 5403(62) 2054(17) 37.63
O-W16 0.25 —1000(40) 7666(17) —884(13) 13.31
0-w17 0.18 —3363(59) 6922(24) -505(29) 17.30
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TABLE I (continued)

Residue Atom Occupancy x y z By *®
0-W18 0.21 7602(44) 7212(23) — 754(16) 15.39
0-W19 0.21 243(48) 8003(28) —833(1%) 13.58
0-W20 0.18 —5119(34) 6688(26) -233(25) 12.82
0-w21 0.19 —436%(78) 6543(42) —564(29) 26.56
0-w22 0.32 919(41) 7711(25) —1533(32) 35.00

1L 6-0-{($)-2-Hydroxypropylkyclomaltoheptaose

G-1 C-1 1.0 15077 2222(4) 2440(3) 456
C-2 1.0 A0 2374(4) 2588(3) 4.96
C-3 1.0 - 167 2981(4) 2332(3) 421
C-4 1.0 714(6) 3599(4) 2378(3) 4.36
C-5 1.0 1803(7) 34034) 2238(3) 4.80
C-6 1.0 2561(8) 3963(5) 2376(4) 730
0-2 1.0 —180(5) 1755(3) 2495(2) 535
0-3 1.0 —991(5) 3147(3) 2531(2) 5.87
0-4 1.0 338(4) 4104(2) 2053(2) 4.17
0-5 1.0 2140(5) 2803(3) 2509(2) 5.18
0-6 1.0 3590(6) 3807(4) 2191(4) 10.25

G-2 C-1 1.0 276%(7) 615(4) 985(3) 5.04
C-2 1.0 1854(7) 366(4) 131(3) 4.69
C-3 1.0 1288(6) 969%(4) 1531(3) 386
C-4 1.0 2054(6) 1431(4) 1793(3) 403
C-5 1.0 2936(7) 1641(4) 1454(3) 501
C-6 1.0 3819(8) 2051(5) 1709(4) 6.73
Q-2 1.0 1175(5) —38(3) 1013(2) 527
0-3 1.0 52%4) 724(3) 1862(2) 453
O-4 1.0 1504(4) 2027(2) 1937(2) 399
0-5 1.0 34424) 1022(3) 1270¢2) 495
0-6 1.0 4196(6) 1685(4) 2114(3) 8.69

G-3 C-1 1.0 2621(7) 1223(4) —897(3) 475
C-2 1.0 16717 841(4) —709(3) 509
C-3 1.0 1531(7) 952(5) —164(3) 504
C4 1.0 253D 805(4) 111(3) 446
C-5 1.0 3418(6) 1234 —114(3) 437
C-6 1.0 4527 1068(5) 117(4) 6.31
C-7 1.0 6201(8) 1347(7) 47(5) 9.66
C-8 1.0 6861(9) 1761(11) —334(6) 14.79
C-9 1.0 6686(13) 1469(11) —830(4) 15.72
0-2 1.0 757(5) 1093(3) —974(2) 6.25
0-3 1.0 73%5) 497(4) 24(2) 723
0O-4 1.0 2345(4) 1009(3) 610(2) 463
0-5 1.0 3497(4) 1067(3) —625(2) 448
0-6 1.0 5184(5) 1568(3) —43(3) 6.55
0-7 1.0 7925(9) 1582(8) ~160(4) 18.04

G4 C1 1.0 271248) 3625(4) —1776(3) 591
C2 1.0 2200(7) 3008(5) - 2009(3) 543
C3 1.0 1848(D 2502(5) —1610(3) 513
C-4 1.0 27737 2333(4) —1296(3) 5.08
Cs5 1.0 3303(D) 2973(4) -1092(3) 470
C-6 1.0 4292(8) 2829%(5) —817(4) 637
0-2 1.0 1351(5) 32174) —2319Q2) 6.89
0-3 1.0 1430(5) 1907(3) - 1836(2) 5.99
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TABLE I (continued)

Residue Atom Occupancy X y z B ®
0-4 1.0 2385(5) 1941(3) —882(2) 4.56
0-5 1.0 354%(5) 3418(3) —1484(2) 527
0-5 0.55 4553(11) 3376(6) —545(5) 8.09
O-6* 0.45 5116(15) 2448(10) —1092(7) 9.91
G-§ C-1 1.0 1098(D 5938(4) —1091(3) 522
C-2 1.0 471(7) 5603(4) —1497(3) 5.27
C-3 1.0 655(7) 4826(4) —1520(3) 535
C-4 10 1828(71) 4697(4) —1333(3) 5.14
C-5 1.0 23747 5056(4) —1114(3) 5.01
C-6 1.0 3549%(8) 4990(5) —1099(3) 6.00
0-2 1.0 —62((5) 5736(3) —1417(2) 6.25
03 1.0 189(6) 4570(4) —1956(2) 725
04 1.0 1919(5) 3970(3) —1496(2) 5.86
0-5 1.0 2156(5) 5773(3) —1142(2) 5.08
0-6 1.0 3976(5) 5196(3) —1545(2) 6.53
G-6 C-1 1.0 -25(10) 6408(4) 727(3) 7.08
c2 10 —862(9) 6470(5) 344(3) 6.88
C-3 1.0 -5718) 6024(5) —89(3) 582
C4 1.0 480(8) 6203(4) —263(3) 5.80
L 1.0 1246(8) 6173(5) 135(3) 6.25
C-6 1.0 2295(11) 6443(9) —16(5) 11.89
0-2 1.0 ~ 182((6) 6271(4) 553(2) 8.42
0-3 1.0 -~ 1316(6) 6108(4) —476(2) 8.05
O-4 1.0 700(5) 5704(3) —638(2) 4.93
0-s 1.0 938(6) 6602(3) 530(2) 7.29
06 0.65 2271(14) 7069(7) —162(5) 13.44
O-6' 0.35 3068(28) 6258(22) 333(12) 19.85
G-7 C-1 1.0 597 4742(4) 2254(3) 4.52
C-2 1.0 ~1001(7) 4944(4) 2056(3) 4.64
C3 1.0 ~93%7) 5115(4) 1518(3) 4.74
C4 1.0 - 114(D 5647(4) 1437(3) 4.50
C-5 1.0 909(7) 5389(4) 1634(3) 528
C-6 1.0 1813(8) 5887(5) 1584(4) 6.35
0-2 1.0 - 1697(5) 4393(3) 2143(2) 5.74
0-3 1.0 - 1902(5) 5360(3) 134%(2) 5.95
04 1.0 ~38(5) 5745(3) 911(2) 513
05 1.0 794(4) 5250(3) 2159%(2) 4.52
06 1.0 1512(6) 6550(3) 1775(3) 712
Water O-W1 0.44 5021(32) 7039(19) 886(20) 29.05
O-w2 1.0 4587(8) 2789(4) 569(3) 10.80
O-w3 1.0 4106(10) 6737(6) —1219(5) 15.91
O-w4 1.0 4435(14) 4724(9) 1499(9) 30.71
0O-W5 0.34 3946(26) 2373(18) 3307(14) 15.78
O-W6 0.90 - 1065(16} 3573(7) 36148 23.44
O-w7 0.76 - 3601(11) 4794(11) 2451(7) 20,02
O-w8 0.88 - 1334(16) 217(10) ~310(8) 24.84
0-w9 0.40 - 1404(18) 6641(10) —209%6) 9.39
O-wW10 1.0 ~3363(11) 6114(9) 1875 20.83
O-wit 0.96 2600(15) 75747y — 11796} 20.95

O-wi12 0.28 —3612(45) 6491(39) —98(28) 33.69
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TABLE I (continued)

Residue Atom Occupancy x y z E?
0-w13 0.35 2384(31) 7844(16) 687(15) 19.20
0-wi4 0.24 4632(23) 2893(15) 2721(10) 7.50
0-W15 0.22 4445(25) 5859(39) 1901(18) 2423
O-W16 0.18 —5011(62) 5964(52) 350(60) 35.14
0-W17 0.20 4215(24) 2716Q17) 2912(13) 6.94
0O-W18 0.21 4181(48) 7332(17) 804(12) 12.82
O-W19 0.26 —3707(26) 5980(15) 108(15) 12.04
O-W20 0.56 —1622(27) 7684(16) ~1700(11) 27.19
0-w21 0.22 —2240(49) 2744(25) 3513(25) 2225
O-W22 0.21 1524(97) 8065(27) 604(16) 30.42
0-W23 0.26 —-507527) 6810(16) —291(16) 11.99
0O-W24 0.17 5135(28) 3268(22) 2605(11) 6.61

?B,=4/3La;a;B,;, where a; and a, are lattice parameters and B;; is the anisotropic temperature

factor.

symmetry axis of the BCD ring and the position of the molecule in the unit cell
were determined by the R-map method combined with the rigid-body least-squares
refinement for each p-glucose residue. Since crystals of 1 and 2 were isomorphous,
a set of BCD coordinates of 1 was used as an initial model for the structure
determination of 2. 2-Hydroxypropyl groups and water molecules were found on
Fourier and difference Fourier maps. The structure was refined by the block-diag-
onal least-squares method that minimised Yw(|F,|—|F,|)* with anisotropic
temperature factors and unit weight for all reflections. In the final stage, the
positions of hydrogen atoms of methine and methylene groups of the BCD moiety
were calculated and included in the refinement with isotropic temperature factors
of bonded heavy atoms. The refinement converged at the R-value of 0.092 for 1
and 0.077 for 2. The maximum and minimum values of residual electron density
were 0.30 and —0.21 e A~3, respectively, for 1; and 0.23 and —0.19 e A3,
respectively, for 2. Final atomic coordinates are given in Table I *.

DESCRIPTION OF THE STRUCTURE

The structures of 1 and 2 are shown in Figs. 1(a) and 1(b), respectively.
Parameters that describe the macrocyclic conformation of BCD are given in Fig. 2.
In both structures, all p-glucose residues are in the *C, chair conformation. The
primary hydroxyl groups, HO-6, show two types of conformation, gauche—-gauche
(to the O-5-C-5 bond and C-4-C-5 bond, respectively) and gauche—trans. The
C-6-0-6 bond in the G-2, G-5, and G-7 residues shows the former conformation,
while the latter conformation is found in the G-1 and G-3 residues. The C-6-0-6

* Observed and calculated structure factors, bond distances, angles, torsion angles, and atomic
coordinates of hydrogen atoms are deposited with, and can be obtained from, Elsevier Science
Publishers B.V., BBA Data Deposition, P.O. Box 1527, Amsterdam, Netherlands. Reference should
be made to No. BBA /DD /534 /Carbohydr. Res., 247 (1993) 83-98.
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Fig. 1. Stereo-drawings of the structures 1 (a) and 2 (b).

bond in the G-4 and G-6 residues is disordered and both conformers are statisti-
cally distributed. The (R)- and (§)-2-hydroxypropyl groups are attached to the G-3
residue. The O-6-C-7 bond is trans in both 1 and 2. However, the C-7-C-8 bond
shows different conformations. The frans conformation is observed in 1, while the
C-7-C-8 bond in 2 is in the gauche conformation to the C-6—0-6 bond.

The seven glycosidic oxygen atoms form a distorted heptagon. The O-4 angle is
distributed in the range 115-119° in both structures, with the average value of 118°
(Table II). These Q-4 atoms are nearly coplanar within the deviation of 0.13 Ain1
and 0.17 A in 2, and the respective rms deviations are 0.09 and 0.11 A. The
pyranoid ring of each p-glucose residue is not perpendicular to the O-4 plane but
inclines as indicated by the tilt angle (Table ID. The G-3 residue slightly inclines
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Fig. 2. Radius and side length (,&) of the heptagon consisting of O-4 atoms and the distance (A)
between O-2 and O-3 of the adjacent residue for 1 (a) and 2 (b).

with its secondary hydroxyl side towards the inside of the macrocycle. The other
residues incline in the opposite direction. The geometry of the O-4 heptagon is a
good estimate of the macrocyclic conformation. The radius of the heptagon is in
the ranges 4.82-5.16 Ain 1 and 4.76-5.20 A in 2 with the respective average value
of 5.05 and 5.04 A. The side length of the heptagon is distributed in the ranges
431-4.46 A in 1 and 4.27-4.50 A in 2, and the average value is 4.38 A for both



92 K. Harata et al. / Carbohydr. Res. 247 (1993} 83-98

TABLE II
Parameters describing the macrocyclic conformation
Residue 0-4 angle (°) Torsion-angle Tilt angle (°) Deviation of
index (°) 4 0-4 atom (A) ©

1 2 1 2 1 2 1 2
G-1 119 117 121 120 15.6 16.5 0.036 0.039
G-2 118 119 111 124 18.7 19.4 -0.134 -0.148
G-3 119 119 110 115 -2.8 —6.1 0.046 0.036
G-4 115 115 118 121 28.2 27.8 0.132 0.166
G-5 118 119 112 117 16.3 17.2 -0.127 -0.134
G-6 118 118 117 124 133 129 0.023 —0.056
G-7 119 119 111 113 53 53 0.070 0.096
Average 118 118 114 119 13.5 13.3
esd 1 1 4 4 9.9 10.9 0.093 4 0.109

“The torsion-angle index is defined as |@(C-1-C-2)|+ | $(C-2-C-3)| - | $(C-3-C-4)| — | p(C-4-C-
5)| + | p(C-5-0-5)| + | p(O-5-C-1)|, where $(C-1-C-2) is the torsion angle of O-5-C-1-C-2-C-3. ®
The tilt angle is defined as an angle made by the O-4 plane and the plane through C-1, C-4, O-4, and
0-4’. € The deviation of each O-4 atom from the plane through seven O-4 atoms. ¢ The rmsd value.

structures. The HO-2 groups are hydrogen-bonded to the HO-3 group of an
adjacent D-glucose residue. The O-2 - - - O-3' distance varies in the ranges 2.79-3.13
Ain 1 and 2.81-3.20 A in 2. The O-2 - - - O-3’ distance is highly correlated with
the tilt angle of donor and acceptor residues, and increased by the inclination of
these residues with the O-6 side towards the inside of the macrocycle. Therefore,
the largest O-2 - - - O-3’ distance, 3.13 Ain1and3.20 A in 2, occurs between the
G-4 and G-5 residues that have a large tilt angle.

Fig. 3. A schematic drawing of the packing in the crystal viewed along the c-axis.
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Fig. 4. A stereo-drawing of the crystal structure viewed along the a axis. Water molecules are not drawn
for reasons of clarity.

Crystals of 1 and 2 are isomorphous and the molecules are located along the
two-fold screw axis parallel to the a axis in both structures (Figs. 3 and 4). The
(R)- and (S)-2-hydroxypropyl groups are inserted into the BCD ring of the next
molecule. The molecular plane is not perpendicular to the a axis but makes an
angle of ~ 70°. Since the center of the molecule is laterally shifted from the screw
axis, the molecules are in a helical arrangement along the screw axis. The
2-hydroxypropyl group that is included in the adjacent molecule acts as a guest in
the crystal (Fig. 5). The interaction of the 2-hydroxypropyl groups within the cavity
of the macrocycle is different in the crystals of 1 and 2 because of the difference in
the absolute configuration. The HO-7 group of 1 forms hydrogen bonds with the
HO-6 group of the G-4 residue and a water molecule (W11). On the other hand,
the (S)-2-hydroxypropyl group forms hydrogen bonds with the HO-6 group and
two water molecules (W2 and W8). In both structures, methyl and methylene
groups of the substituent are in van der Waals contact with O-4 atoms and HC-5
methine groups located on the inside wall of the host cavity. The (R)-2-hydroxy-
propyl group that is located near the G-4 and G-5 residues has contacts mostly
with these residues. On the other hand, the (S)-2-hydroxypropyl group is found at
the center of the cavity and is in contact with the G-1 and G-4 residues. The
2-hydroxypropyl group penetrates through the cavity of the macrocycle and is
linked to the O-6 end of the cavity by a hydrogen bond. Therefore, the molecules
form a polymeric structure with a helical arrangement parallel to the a axis. The
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Fig. 5. Interatomic contacts (A) involving the { R)-2-hydroxypropyl group (a) and the {$)-2-hydroxypro-
pyl group (b).
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asymmetric unit contains 10-12 water molecules. Most of these water molecules
are found in intermolecular space and form hydrogen-bond networks.

DISCUSSION

Crystal structures of 1 and 2 confirmed that the 2-hydroxypropyl group is
attached to an O-6 atom. The 2-hydroxypropyl groups are included in the cavity of
an adjacent molecule to form a polymeric structure. A similar structure has been
observed in other 6-O-monosubstituted BCD derivatives. Kamitori et al.’* have
reported the structure of phenylthio- and phenylsulphinyl-8CDs, in which the
phenyl group is inserted into the BCD ring from the secondary hydroxyl side. In
the structure of 6-O-a-p-glucopyranosyl-«CD', the primary hydroxyl group of the
substituent glucosyl group penetrates into the macrocycle. In contrast, we have
shown!? that 2-O-{(S)-2-hydroxypropyl]-8CD forms the same packing structure as
that observed in the crystal of unsubstituted BCD; the (§)-2-hydroxypropyl group
is inserted into the cavity of the adjacent molecule from the secondary hydroxyl
side and is linked to a primary hydroxyl group by a water-mediated hydrogen-bond
bridge. Therefore, the inclusion of the substituent group is a common characteris-
tic in the crystal structure of monosubstituted BCDs. The inclusion of the sub-
stituent seems to be energetically more favorable than the inclusion of water
molecules. In the crystal of unsubstituted SCD, the macrocyclic cavity is filled with
water molecules, which have been considered to be in a high energy state because
they cannot form full hydrogen bonds in the hydrophobic environment!®. The
inclusion of the 2-hydroxypropyl group excludes these water molecules. The alkyl
group is more favorably accommodated in the hydrophobic cavity, and the hydroxyl
group forms hydrogen bonds with water molecules and/or a primary hydroxyl
group of the host BCD ring. In solution, 2-O- and 6-O-(2-hydroxypropyl)-8CD
form complexes with guest molecules. However, no crystalline complexes were ever
obtained with 2-O-derivatives, whereas 6-0O-(2-hydroxypropyD)-BCD easily formed
insoluble, presumably crystalline, complexes with toluene!®. In the course of
crystallisation, competition may occur between the substituent group and the guest
molecule, to occupy the host cavity.

The monosubstitution of an HO-6 position does not much affect the macrocyclic
conformation of BCD. The average values for the radius and side length of the
0O-4 heptagon and the O-2---(0-3’ distances are nearly the same as those
observed in native BCD. The tilt angles, 13.5° in 1 and 13.3° in 2, are also in good
agreement with that (12.5°) of BCD. The residue carrying the 2-hydroxypropyl
group gives a negative value of the tilt angle while positive values are observed in
the other residue. The inclination of the G-3 residue is so restrained that the
2-hydroxypropyl group can be included in the adjacent BCD ring. A similar effect
has been observed in the 2-O-(§)-2-hydroxypropyl derivative, in which the substi-
tuted residue inclines much more with the primary hydroxyl side towards the inside
of the macrocycle. Except for the G-3 residue, the difference of the tilt angle of
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TABLE I
Intermolecular distances < 3.2 A
Atom~Atom Distance (A) Atom-Atom Distance (A)
1. 6-0-{( R)-2-Hydroxypropyllcyclomaltoheptaose
O-2AG-3-0-5(G-D 315002 0-AG-5)-W6 2.5%p)
~O0-6(G-7) 2.68(k) ~-W7 2.89
0-3(G-1)-W14 3.18(m) 0-3(G-5)-W5 3.05(p)
0-35(G-1)-W9 3.19 -W15 2.81(0)
0-6(G-1)-W9 2.78 0-6(G-5)-W3 3.06
0-6(G-1)-W10 2.97 0-2G-6)-W2 2.92
0-2G-2)>-W4 2.80(0) -Wiz 2.90
0-3(G-2)-0-6(G-5) 282D O-3(G-6)-W16 3.15
O-4G-2)-0-6'(G-4) 3.11(H) -W17 3.18
0-5(G-2)-0-3(G-3) 3.12(0) -Wi8 2.68(b)
O-6(G-2)-0-AG-4) 2.94(c) O-5(G-63-W17 2.84(e)
-0-3G-5 2.74(c) -W1g§ 3.08(h)
-W9 3.03 0-6(G-6)-W11 2.92(0
0O-2G-3)-W1 3.14 -Wi6 2.69(¢)
~-W10 2.60(f) -W18 3.03(h)
0-3(G-3)-W11 3.08(b) -W20 2.83(a)
-W12 3.06(c) 0-6'(G-6)-W2 3.03(e)
0-6(G-3)-W1 3.01(c) -W17 2.84(e)
0-7(G-3)-0-6(G-4) 3.19(c) -W18 2.93(h)
~-Wil1 2.66 O-AG-7)-W5 2.7
0-2(G-4)-W13 2,711 0-3(G-7)-W8 2.74
0-3(G-4)-W6 3.08(c) O-6(G-7)-W13 3.03(e)
~-W7 2.72(1) -Wi4 2.63(h)
O-6(G-4)-W1 3.17%c)
1L 6-0-[(5)-2-Hydroxypropyllcyclomaltoheptaose
0-26G-1)-0-6(G-7) 2.67(k) 0-2(G-4)-W15 2.9%0)
0-3(G-1)-W6 3.09 -W20 2.89%(1)
O-5(G-1)-wW17 2.91 0-3(G-4)-W9 2.96(1)
0-6(G-1)-W4 2.82 ~-W24 271 g
~-W14 2.66 0-AG-5)-W9 2.76
-W17 3.0 0-HG-5-W7 2.90(p)
-W24 2.53 0-5(G-3)-W3 3.16
0-2(G-2)-0-5(G-7) 3.19(k) 0-6(G-5)-W3 3114
~-W6 2.90(k) O-AG-6)-W11 2.93(h)
0-3(G-2)-0-6(G-3) 2.83(g) -Wi2 2.95
0-4(G-2)-0-6'(G-4) 3.10(2) -W19 2.79
0-6(G-2)-0-2G-4) 2.85(c) O-G-6)-W13 2.711(h)
-0-3(G-5) 2.80(c) 0-5(G-6)-W13 3.09
-W10 3.16(k} -w22 2.96
-Wi4 2.94 0-6(G-6)-W11 2.98
-W17 297 ~W13 2,77
0-AG-3)-W2 2.88(g) -W-22 3.01
-W4 2.74(g) 0-6'(G-6)-W8 2.98(c)
0-3(G-3)-0-6(G-4) 3.04(g) -Wi6 2.55(a)
-W8§ 2.89 -Wi18 2.85
-W16 3.18(c) -W24 3.14(a)

-W19 2.99(c) O-2AG-7-W7 272
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Table III (continued)

Atom~Atom Distance (A) Atom-Atom Distance (A)
0-6(G-3)-W2 3.01 0-3(G-7)-W10 2.80
O-1G-3)-0-6(G-4) 2.86(c) 0O-6(G-N-W20 2.85(d)

-W2 2.72c) -W21 2.63(1)

-W§ 2.86(a)
¢ Symmetry operator:
None x, v, z i -X, 1/24y, 1/2-z2
a 1+1x, ¥, z 3 1-x, 1/24y, 1/2-z
b -1+=x, ¥, z k - X, -1/2+y, 1/2-z
c 1/2+x, 1/2—-y, -2 i - X, -1/2+y, -1/2—-z
d 1/2+x, 1/2~y, 1~z m 1/2—x, 1~v, 1/2+ 2
e 1/2+x, 3/2~y, -2 n —~1/2~-x, 1=-y, 1/2+z2
f ~1/2+x, 1/2-y, -z o -1/2-x, 1—y, -1/2+z
g -1/2+x, 1/2-y, 1~z P -1/2—-x, -y, -1/2+ 2
h -1/2+x, 3/2-y, -2

each residue between 1 and 2 is less than 1°. The difference for the G-3 residue,
3.3°, is considered to be due to the difference in the interaction of the (R)- and
(8)-2-hydroxypropyl groups with the BCD ring. In both structures, the HO-7 group
of the G-3 residue forms a hydrogen bond with the HO-6 group of the G-4 residue.
However, the O-7--- O-6 distance in 1, 3.19 A (Table III), indicates that the
hydrogen bond in 1 is weaker than that (2.86 A) in 2. The comparison of
intermolecular contacts of methyl and methylene groups suggests that the ($)-2-hy-
droxypropyl group is better fitted to the cavity than the (R)-2-hydroxypropyl group.
Cyclomalto-oligosaccharides are optically active compounds and structural evi-
dence for chiral recognition has been shown in several inclusion complexes'®-".
The present structures provide another example of the interaction of the BCD
cavity with chiral groups.

The temperature factor of the (§)-2-hydroxypropyl group is lower than for the
(R)-2-hydroxypropyl group. The difference in the absolute configuration of the
substituent group affects the thermal vibration of the whole molecule in the
crystalhne state. The average temperature factor of each p-glucose residue in 1 is
~1A? larger than that of the corresponding residue in 2 (Table IV). The largest
difference of 1.9 A? is observed for the G-3 residue. The larger temperature factor
of 1 may be responsible for the higher solubility. The solubility of the (R)-2-hy-
droxypropyl derivative in water is twice that of the (S)-2-hydroxypropyl derivative
although the ability for complex formation with phenolphthalein does not change!®.
The (R)-2-hydroxypropyl group is more loosely bound to the next molecule as is
indicated by the weaker hydrogen bond and larger temperature factors. Therefore,
the polymeric structure of 1 may be more easily dissociated in solution.

The solubility of BCDs is increased by the introduction of a 2-hydroxypropyl
group to a 6-O position but decreased by 2-O substitution. 2-0-[(S)-Hydroxypro-
pyll-BCD has the same packing mode as that found in unsubstituted BCD, which
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TABLE IV
Average temperature factors for each glucose residue (A%)
Residue Temperature factor

1 2
G-1 64(2.1) ¢ 5.6(1.8)
G-2 6.4(2.3) 5.2(1.4)
G-3 7.3(1.5)? 5.4(1.0) %
G-4 7.22.0) 5.8(1.2)
G-5 6.5(0.8) 5.760.7
G-6 8.8(2.7) 8.03.2)
G-7 6.1(0.9) 5.3(0.9)

“ The value in parentheses is the standard deviation. ® The 2-hydroxypropyl group is not included in the
calculation.

is made even more advantageous by the intermolecular host-guest complexation of
substituents'?. Consequently, the solubility of the 2-O-derivative is even lower than
that of BCD. Attachment of 2-hydroxypropy! substituents to the primary hydroxyl
side prevents compounds assuming the packing mode of BCD. The difference in
the crystal packing seems to be responsible for the higher solubility of the
6-O-derivatives, The volume for one molecule in the crystal of 6-O-derivatives is
13% larger than that of 2-O-derivatives. The intermolecular complexation of
substituents is nevertheless sustained even in this series and its energetics deter-
mine the relative solubilities of the (R) and (§) diastereomers.
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