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the x-ray structure of 62-boc-L-
phenylalanylamino-64-deoxy- -

cyclodextrin

M. SELKTI*!, H. PARROT LOPEZ2, J. NAVAZA!, F. VILLAIN! and C. de RANGO!

1UPR 180 CNRS, 2URA 1843 CNRS, Centre Pharmaceutique, Université Paris-Sud, 92290 Chdtenay-Malabry, France

(Received August 8, 1994)

The first crystallographic example of a fi-cyclodextrin monosubsti-
tuted at O6 by a bulky group possessing two terminal apolar side
chains, tert-butoxycarbonyl-L-phenylalanylamino (Boc-L-Phe-
NH), illustrates an unusual cyclodextrin hest/guest organisation.
The structure is a novel packing of monomer units. Two symmetry
independent Boc-L-Phe-NH-3-CD molecules are stacked parallel

. to the two-fold screw axis forming two independent alternate “end-

less screw head-to-tail”’ channels. Both apolar side chains are at the
exterior of the intramolecular cavity and are fully enclosed within
the channels: the phenyl ring of the amino residue lies above the
parent macrocycle while the tert-butyl group is intermolecularly
included within a neighbouring molecule. Water molecules located
outside the monomeric cavities over 34 sites, all but one external to
the channels, fill the intermolecular spaces and reinforce the cohe-
sion of the structure.

INTRODUCTION

Chemical modification of cyclodextrins via attachment
of a biologically active molecule covalently bonded to
the macrocycle via a hydroxyl group, has attracted much
interest in recent years owing to the possible improve-
ment of their properties in bio-organic chemistry, espe-
cially in the field of molecular recognition.!

The cyclodextrins (CDs) are cyclic oligosaccharides
possessing an intramolecular cavity, which form stable
complexes with a large variety of organic molecules.
Examples of monosubstituted CD derivatives with func-
tional groups have been reported.2 They are of great in-
terest for the development of new host-guest systems. It
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is expected that the properties of such compounds will
be strongly modified by the variation of the spatial rela-
tionship between the substituent group and the parent
macrocycle, leading to changes in the molecular confor-
mation and intermolecular interactions. Hence, to better
understand the role of the non-covalent interactions in
the conformational adaptation and to provide informa-
tion about which chemical modifications are most appro-
priate, precise structural characterization by X-ray single
crystal analysis is required. However, there are few crys-
tallographic data available on monosubstituted B-CD de-
rivatives, they concern mainly three classes of B-CD de-
rivatives; all but one is substituted at the primary hydrox-
yl group (06).

Firstly, short substituent groups grafted on $-CD do
not affect significantly either the molecular conforma-
tion or the herringbone-type packing of the basic
monomer B-CD hydrate isomorphous structure.
Examples are provided with amino, azido® and iodo# at
06 or hydroxypropyl® at O2. In this last case, the sub-
stituent group is enclosed within the cavity of the adja-
cent molecule related by a two-fold screw axis.

Secondly, the monosubstituted B-CD derivatives with
a relatively large hydrophobic group exhibit a tendency
to pack in polymeric column-type structures, with the
substituent group inserted within the cavity of the adja-
cent molecule in the column. The molecules are
arranged, as monomeric units, in a structure of endless
head-to-tail cylinder form. Although the association of
successive molecules within a column are very similar,
the overall packing depends strongly on the type of sub-
stituents. Surprisingly, isomorphous structures are ob-
served for such chemically divergent groups as the tert-
butylthio® or the 1,6 diamino hexy] moiety’. In contrast,
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with hydrophobic substituents possessing aromatic moi-
eties, the columns are formed and packed differently for
close chemical entities such as phenylthio and phenylsul-
phinyl.? These monosubstituted B-CDs which act simul-
taneously as a host (CD moiety) and as a guest (hy-
drophobic substituent) are of interest as they provide
models for systems having spacer arms exterior to the
cavity of the parent macrocycle, and which may carry
bio-functional systems.

Thirdly, the B-cyclodextrin monosubstituted with a
bioactive bulky hydrophobic group, the cyclic dipeptide
L-histidyl-L-leucine, adopts an unusual conformation
with respect to those previously reported®: the hydropho-
bic terminal leucine side chain is now included within
the cavity of the parent macrocycle. Nevertheless, the
structure is again characterized by a similar molecular
arrangement of the head-to-tail cylinder form, although
in a novel packing mode. The tendency of the formation
of auto-inclusion complex, observed for this dipeptido
substrate, should be a more general feature of peptido or
aromatic amino monosubstituted §-CD derivatives as it
has been determined in aqueous solution by NMR stud-
ies!%!! and supported by molecular graphics analysis, es-
pecially in the case of L- and D-phenylalanylamino-f-
CD derivatives.!2

These structural investigations revealed that self-ag-
gregation of the monosubstituted B-CD derivatives is
pronounced and can accommodate differently the spatial
insertion of a variety of substituents with respect to the
parent macrocycle and to the molecular stack. Hence,
structural elucidation of the molecular interactions
which contribute 1o the optimal conformational adapta-
tion of the functional group should lead to suitable selec-
tion of substituents favorable for molecular recognition
by biological receptors.

We report here the first example of a crystalline form
of a §-CD monosubstituted with a bulky group possess-
ing two apolar terminal side chains. The tert-butoxycar-
bonyl-L-phenylalanylamino (Boc-L-Phe-NH) was cho-
sen since the aromatic moiety of L-Phe and the fert-butyl
group are considered as favorable entities for the forma-
tion of either intramolecular or intermolecular inclusion
complexes. Competition between these two opposite ten-
dencies will cause structural changes in the self aggrega-
tion of these classes of monosubstituted B-CD deriva-
tives, pointing out the role of different apolar groups in
this molecular recognition process.

EXPERIMENTAL

Preparation of 6A-Boc-L-Phenylalanylamino-64-
Deoxy--CD

The title compound (Boc-L-Phe-NH-B-CD) was synthe-
sized by procedures previously reported® and fully char-

)

Scheme 1

acterized by proton NMR. Purification was achieved by
recrystallisation from water at pH 8-9. Colourless crys-
tals were grown by slow evaporation.

X-Ray structural analysis

Single crystals of Boc-L-Phe-NH-B-CD were sealed, in
the presence of the mother liquor, in thin glass capillaries
and then mounted on an Enraf-Nonius CAD-4 diffrac-
tometer. Cell constants were determined from setting
angles of 25 reflections in the range 9°<< 8< 26°. At
scattering angles 20 > 67°, 50% diffracting planes had
measurable intensity, but at 26> 90° only very few had
detectable intensity. Crystallographic data is summarized
in Table 1.

The structure was solved straightforwardly by using
the AMoRe package!3 which consists of the same steps
of rotation function, translation function and rigid body
refinement as conventional molecular replacement (MR)
methods. Its main advantage is the high degree of au-
tomation; for example, when several molecules need to
be found within the asymmetric unit, the information
coming from already located molecules is automatically
incorporated into the procedure. Furthermore, several
search criteria are used simultaneously and a much larg-
er portion of six-dimensional space than conventional
MR methods is sampled by using fast and accurate algo-
rithms. To improve the speed, the main programs of the
package do not use atomic coordinates but Fourier coef-
ficients.

The potential orientations are selected according to the
correlation coefficient between observed and calculated
truncated Patterson functions. A large number of re-
tained orientations are then used to compute translation
functions. First, a selection of peaks is made by comput-
ing the centered overlap of observed and calculated
Patterson functions which is computed from the ob-
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Table 1 Crystallographic data collection and structure refinement

Formula

Crystal size
Determination of unit cell
Radiation

Cs6037HgeN,
0.4X 0.4 X 0.3 mm

Cu (A =1.54184 A)

Space Group P2,

a(&) 15.074(1)
b(A) 18.637(2)
c(A) 31.358(4)
B8 95.89(1)
V (AY) 8763(1)
V4 4
Intensity-data collection

0 range (°) 3-45
Maximum decay (%) 11.5
Unique reflections 7766
Reflections kept for refinement

(1> 3o(l)) 4025

Absorption correction
Correction method

Empirical (DIFABS)?!

Minimum correction factor 0.5740
Average correction factor 0.9480
Maximum correction factor 1.6160
Structure refinement

Minimized function SW(IFol - IFcl)?

Weighting scheme
Maximum shift/e.s.d

w = 3.522/(c%(F) + 0.00343F2)
1.7

R 0.12
Rw 0.13
S 1.27

served, Iobs(h), and calculated, Icalc(h;R,t), intensities,
where R and t represent the three rotation and translation
parameters, respectively. The output is however a full
correlation function Corr(F) defined in terms of ampli-
tudes, Fobs(h) and Fcalc(h;R,t), and calculated for the
top peaks of the overlap function. The final list, sorted in
descending order of correlation, includes also the R-fac-
tor. Finally the (R,t) parameters are refined by a fast rigid
body refinement procedure for all retained positions.

The search object was a model structure of B-CD mi-
nus the primary hydroxyl groups (70 non-H atoms). Two
independent molecules were located within the asymet-
ric unit cell. The correct solution corresponded to the 4th
and the 6th peaks of the rotation function. Final Corr(F)
and R-factors were 0.59 and 0.45, respectively, indicat-
ing a good fit of the molecular structure (consisting of
190 non H-atoms and a number of water molecules) with
the model.

The positions of the Boc-L-Phe-NH group and of the
primary hydroxyl groups of both molecules were re-
vealed by Fourier syntheses. One fully and 33 partially
occupied water sites were located in the asymmetric unit
cell. The refinement was carried out using three block
matrices in the least-squares minimization of Zw(AF)2,
Due to the large number of parameters to be refined,
only isotropic temperature factors were given to all
atoms; H atoms bonded to C atoms were introduced in

ideal positions and allowed to ride on covalently bonded
atoms. Stereochemical restraints were needed to handle
the convergence refinement. The occupancy factors of
water sites were estimated approximately from the
height of the electron density and not refined. As a con-
sequence, the total number of water molecules of crys-
tallisation could not be determined with accuracy. In the
final difference Fourier map there was no residual peak
higher than 0.4eA-3. For molecule B, the atoms of G3,
G4, G5 residues and of the substituent group show high-
er thermal motion than the related atoms of molecule A,
though no disorder could be observed. Final atomic co-
ordinates and thermal parameters of the non H atoms are
given in Table 2.

All calculations were performed with the SHELX-76
package.!4 Analysis of the difference Fourier maps was
carried out using the program FRODO! implemented on
an Evans and Sutherland PS 330 Graphics Station.
Molecular graphics studies have been performed using
the SYBYL program package.16

DISCUSSION

The crystal structure consists of two independent Boc-L-
Phe-NH-B-CD molecules (Fig. 1) arranged, as
monomeric units, in a novel packing of screw head-to-
tail channel form. The substituent groups are fully en-
closed within the channels with both apolar side chains
at the exterior of the cavity of the parent macrocycle.
The aromatic moiety is embedded between its own and
an adjacent molecule (primary and secondary hydroxyl
groups sides, respectively) while the rert-butyl group is
intermolecularly included. The Boc-L-Phe-NH-B-CD
molecular stacks leave large interstitial spaces, filled by
water molecules.

Arrangement of Boc-L-Phe-NH-8-CD molecules

The overall packing of the structure arises from the
arrangement of the Boc-L-Phe-NH-B-CD molecules side
by side giving rise to the formation of layers. The A and
B independent molecules are alternately stacked along
the ¢ axis with the pseudo seven-fold axis of the macro-
cycle almost parallel to the b axis (9°) and the primary
hydroxyl groups facing up (Molecule B) and down
(Molecule A). Adjacent layers are related by the perpen-
dicular screw two-fold b axis such that two symmetry re-
lated molecules (AA" or BB') are on top of each other.
They are associated by their primary and secondary
faces to form alternate screw head-to-tail channels (Cht)
along the b axis (Fig. 2).

The resulting two antiparallel channels, ChtA and
ChtB, each containing only the independent molecules A,
or B, are not linear. The successive molecules in a chan-
nel show a lateral displacement on the ac plane, evaluat-
ed at 2.3 and 2.6A, from projections of centers of gravity
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Table 2 Fractional coordinates (X 10%) and isotropic or equivalent

thermal parameters (X 102) of the atoms

M. SELKTI ET AL

x ¥ z Uliso/eq)
O(41A) 50(1) 3(0) 645 (1) (M
C(11A) -213(2) 34 (1) 611 (1) T
C(21A) -168 (2) 92 (1) 640 (1) 6 (1)
C(31A) -66 (2) 85 (1) 639 (1) 6
C(41A) -42 (2) 9¢(1) 653 (1) (D
C(51A) -94 (2) -46 (1) 624 (1) 4(1)
C(61A) -72 (2) -122(1) 641 (1) &
0(21A) -197 (2) 161 (1) 625 (1) 9(1)
O(31A) 21 137.(D) 667 (1) 7(1)
O(51A) -188 (1) -35¢(1) 626 (1) S(h
O(61A) 121 2) -171 (D) 614 (1) g
O(42A) -200(1) 45 (1) 568 (1) e
C(12A) -329 (2) 50 (1) 447 (1) 6(1)
C(22A) =327 (2) 120 (1) 472 (1) 6(1)
C(32A) =261 (2) 115(1) 510(1) 4(1)
C(42A) =272 (2) 49 (1) 536 (1) 6 (1)
C(52A) <273 (2) -18 (1) 508 (1) 4(1)
C(62A) -290 (2) -87 (1) 531 (1) 6(1)
0O(22A) -309 (1) 177 (D) 444 (1) 7
0(32A) 272 176 (1) 536 (1) 7(1)
0O(52A) -341 (1) -8 (1) 474 (1) 4()
O(62A) -369 (1) -82 (1) 554 (1) 8 (D)
O(43A) =249 (1) 43 (1) 426 (1) 6(1)
C(13A) -164 (2) -18 (1) 312 (1) 5(1)
C(23A) -205 (2) 55(2) 313 (1) 8(1)
C(33A) -207 (2) 79 (1) 359 (1) 6(1)
C(43A) -259 (2) 24 (1) 383 (1) 5(1)
C(53A) -223 (2) -49 (1) 376 (1) 5(D)
C(63A) =281 (2) -106 (2) 393 (D 8 (1)
0(23A) -150 (2) 107 (1) 291 (1) 8(1)
0(33A) -238 (1) 151 (1) 364 (1) 6 (1)
0O(53A) =219 (1) -66 (1) 332(1) 6(1)
O(63A) -371 (2) -99 (1) 375 (1) 10 (1)
O(44A) =76 (1) -18 (1) 331 {) 5(1)
C(14A) 179 (2) -15 (D) 306 (1) 5(1)
C(24A) 133 (2) -16 (1) 278 (1) T
C(34A) 55(2) 13(1) 299 (1) 5(1)
C(44A) -7(2) -48 (1) 309 (1) 5(1)
C(54A) 45 (2) -105 (1) 334 (1) 4(1)
C(64A) -15(2) -171 (D) 337 (1) 6 (1)
0O(24A) 195 (1) 41 (1) 269 (1) 9
O(34A) 9(1) 65 (1) 270 (1) 7(1)
O(54A) 18 (1) -130 (1) 313 (1) 5(1)
O(64A) 36 (2) =218 (1) 366 (1) 13(1)
0O(45A) 213 (1) -41 (1) 345 (1) 6(1)
C(15A) 439 (2) -37 (1) 431 (1) 5(1)
C(25A) 425 (2) 23 (1) 399 (1) 6 (1)
C(35A) 328 (2) 27 (1) 381 (1) 7()
C(45A) 305 (2) -46 (1) 360 (1) 4(1)
C(55A) 324 (2) -105 (1) 393 (1) 6(1)
C(65A) 310 (2) -180 (1) 375 (1) 6 (1)
0(25A) 447 (1) 89 (1) 421 (1) T
0O(35A) 323 (1) 80 (1) 346 (1) 7(1)
O(55A) 414 (1) -102 (1) 412 (1) 5(1)
O(65A) 361 (2) -190 (1) 340 (1) 9 (1
0O(46A) 386 (1) -20(1) 465 (1) 4(1)
C(16A) 404 (2) -42 (1) 596 (1) 5(1)
C(26A) 448 (2) 21 (D 578 (1) 5(1)
C(36A) 413 (2) 36 (1) 532 (1) 3(h)
C(46A) 425 (2) -35(1) 507 (1) 4D
C(56A) 383 (2) 97 (1) 529 (1) 6(1)
C(66A) 400 (2) -169 (2) 509 (1) T
O(26A) 439 (1) 83 (1) 603 (1) 6 (1)
0O(36A) 458 (1) 93 (1) 514 (1) 6(1)
O(56A) 421 (1) -103 (1) 572 (1) 5
O(66A) 490 (2) -184 (1) 510 (1) 8 (1)
O(47A) 313 (1) -26 (1) 597 (1) 4(1)
C(17A) 111 (2) 31D 675 (1) 7

x y z Ufiso/eq)
C(27A) 188 (2) 21(2) 690 (1) 6 (1)
C(37A) 242 (2) 30(1) 651 (1) 51
C(47A) 269 (2) -39 (2) 633 (1) (1)
C(57A) 189 (2) -88 (1) 622 (1) 41
C(67A) 214 (2) -163 (1) 608 (1) 5(
0(27A) 153 (2) 86 (1) 703 (1) 9(H
O(37A) 319 (1) 71D 665 (1) T()
O(57A) 147 (1) -96 (1) 659 (1) 6 (1)
N(67A) 133 (1) =201 (1) 592(1) 4(1)
C(1A) 105 (2) -203 (2) 552 (1 6(D
O(1A) 137 (2) -162 (1) 527 (1) 9
C(AA) 26 (2) -246 (1) 532(1) 4
C(BA) -41(2) -192 (2) 510(1) 6(1)
C(GA) -118(2) <232 (2) 483 (1) 7
C(DIA) -197 (2) -253 (2) 500 (1) 7
C(E1A) -266 (2) -290 (2) 477 (1) 9(1)
C(FA) -259 (3) -309 (2) 435(1) 10 (1)
C(E2A) -180 (2) -294 (2) 417 (1) 10 (1)
C(D2A) -109 (2) =257 (2) 442 (1) 7
N(2A) -16 (2) =277 (1) 568 (1) 6 (1)
C(6bA) -46 (2) -343 (1) 566 (1) 7
O(6bA) -93(2) -372.(1) 591 (1) 8
O(5bA) -22(1) -386 (1) 533 (D 5(
C(IbA) -53(2) -458 (1) 521 (D 3
C(2bA) -155(2) -458 (2) 516 (1) 8
C(3bA) -12(3) -504 (2) 557(D b
C(4bA) -13(2) -475 (2) 481 (1) 8(h
0O(41B) 987 (1) 10 (1) 1137 (1) 6 (1)
C(11B) 1247 (2) =20 (1) 1109 (1) 10 (1)
C(21B) 1206 (2) -76 (1) 1136 (1) 7(H
C(31B) 1106 (2) -70 (D 1136 (D 8(
C(41B) 1079 (2) 6(1) 1146 (1) 6(1)
C(51B) 1127 (2) 60 (1) 1119 (1) 5(D
C(61B) 1114 (2) 136 (1) 1133 (1) 7(1)
O(21B) 1229 (2) -147 (1) 1123 (1) 10 (1)
O(31B) 1069 (2) -116 (1) 1166 (1) 10 (1)
O(51B) 1220 (1) 49 (1) 1122 (1) 8(1)
0(61B) 1140 (1) 183 (1) 1100 (1) 9
0(42B) 1216 (1) =35 (D 1064 (1) 7
C(12B) 1322 (2) -36 (1) 947 (1) 7
C(22B) 1321 (2) -106 (2) 972 (1) 10 (1)
C(32B) 1259 (2) -102 (1) 1008 (1) 7(H
C(42B) 1281 (2) -36 (1) 1036 (1) 6(1)
C(52B) 1284 (2) 29 (1) 1008 (1) 8()
C(62B) 1309 (2) 98 (2) 1032 () 10 (1)
0(22B) 1299 (1) -167 (1) 945 (1) 8 (1)
0O(32B) 1267 (1) -165 (1) 1034 (1) 7D
0O(52B) 1341 (1) 22(D) 975 (1) 6(1)
0(62B) 1392 (2) 94 (1) 1056 (1) 10 (1)
0O(43B) 1235 (1) =27 (D) 926 (1) 6(1)
C(13B) 1118 (2) 34 (1) 805 (1) 9
C(23B) 1160 (2) -40 (2) 809 (1) 9(D
C(33B) 1174 (2) -64 (1) 855 (1) 8 (1)
C(43B) 1228 (2) 9 883 (1) 8 (1)
C(53B) 1187 (2) 65 (1) 877 (1) 7D
C(63B) 1247 (2) 127 (2) 896 (1) H (1
O(23B) 1105 (2) -90 (1) 783 (1) 12()
0(33B) 1212 (2) -134 (1) 860 (1) 10(D)
O(53B) 71 (1) 83 (1) 832(1) 9
0(63B) 1332 (2) 122 (1) 879 (1) 14 (D
0O(44B) 1034 (1) 29 (1) 822 (1) 8 (1)
C(14B) 774 (2) 84 (2) 794 (1) 11 (D
C(24B) 805 (2) 23(2) 768 (1) 9()
C(34B) 895 (2) -3(2) 788 (1) 8
C(44B) 960 (2) 58 (1) 798 (1) 8 (1)
C(54B) 919 (2) 116 (1) 820 (1) 6(1)
C(64B) 976 (2) 182 (1) 827 (1) 8(1)
0(24B) 744 (2) -33(D) 763 (1) 13 (1)
0(34B) 932 (2) -55 (1) 762 (1) 11 (1)
0O(54B) 836 (2) 140 (1) 799 (1) 12(1)
O(64B) 994 (2) 204 (1) 785 (1) 14 (1)
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X ¥ z Ufiso/eq) X y z Utiso/eq)
0(45B) 754 (1) 52(1) 834 (1) 8 (1) W(BS) 391 (3) 868 (2) 833 (1) 10D
C(15B) 549 (2) 60 (1) 910 (1) 7(1) W(B6) 412 (4) 294 (4) 43 (2) 7(2)
C(25B) 541 (2) 4 877 (1) 7D W(BT) 344 (3) 491 (2) 776 (1) (D
C(35B) 633 (2) -6 (1) 860 (1) 8 (1) W(BS8) 431 (4) 98 (3) 141 (2) 10 (2)
C(45B) 667 (2) 67 (2) 846 (1) 11(1) W(B9) 194 (5) 339 (4) 157 (2) 7
C(55B) 671 (2) 115 (2) 886 (1) 9D W(B10) 78 (3) 769 (2) 829 (1) 8 (1)
C(65B) 713 (3) 186 (2) 875 (1) 20(2) W(BI11) 22 (3) 782 (3) 838 (1) 11 (2)
0(25B) 511 (2) 61 (1) 893 (1) 1) W(B12) 279 (4) 289 (3) 106 (2) 11(2)
0(35B) 619 (2) -48 (1) 822 (1) 12 (1) W(B13) 326 (5) 215 (4) 123(2) 8(2)
O(55B) 585 (2) 124 (1) 899 (1) 12 (1) W(Cl) 135(2) 730 (1) 281 (1) 9l
O(65B) 660 (2) 217 (2) 839 (1) 17 (1) W(C2) 202 (2) 820 (2) 741 (1) 10 (1)
O(46B) 601 (1) 33(1) 946 (1) 9 (1) W(C3) 326 (5) 91 (4 212(2) 9(3)
C(16B) 619 (2) 41 (D 1079 (1) 9(D) W(DI1) 393 (5) 891 (4) 247 (3) 1(3)
C(26B) 575 (2) -25 (1) 1058 (1) 7(1) W(D2) 466 (4) 925 (4) 160 (2) 11(2)
C(36B) 594 (2) -29 (D) 1013 (1) 9 (1)

C(46B) 572(2) 39 (1) 988 (1) 7(1)

C{56B) 614 (2) 102 (1) 1014 (1) 7(1)

C(66B) 587 (2) 173 (2) 994 (1) 9(1) . '
O(26B) 602 (2) -86 (1) 1083 (1) 10 (1) of O4 atoms, for AA" and BB/, respectively. The dihedral
0(36B) 549 (2) -88 (1) 994 (1) 11(1) angle between their O4 least-squares planes of about 17°
O(56B) 590 (1) 102 (1) 1056 (1) 8 (1) . derabl h ) .
0(66B) 493 (2) 180 (1) 997 (1) 11 31) is considerably smaller than the corresponding dihedral
0O(47B) 712 (1) 31 (1) 1083 (1) 7 (1) angle (~45°) observed in all previously reported column-
C(17B) 937(2) 44D 1166 (1) 10(D type structures of monosubstituted B-CD derivatives.
C(27B) 864 (2) 51 1182 (1) 7(1) ind Ch

C(7B) 801 (2) 20 (1) 1143 (1) $ (1) Both independent ChtA and ChtB are packed along the
C(47B) 762 (2) 48 (1) 1122 (1) 7(1) translation a axis forming sheets parallel to the ab plane
gg;g) 3(3)2 (? 1% (}) }(1);_1, (}) g(}) (Fig. 3); there are, then, two “antiparallel” sheets SChtA
O§27B)) 908 ((1; 1 8 1195 Eli 9 8 and SChtB alternately stacked along the ¢ axis, respec-
O(37B) 726 (2) -64 (1) 1151 (1) 11 (1) tively at the levels z= 1/, and z = 0.

3(233) ggg g) ;?g (}) : (1)2(3) (i) Z (P Only a few intermolecular short contacts are observed
CEIB)’ 378 EZ; 230 8 10428 88 (Table 3). Between primary and secondary hydroxyl
O(1B) 821 (2) 210 (1) 1014 (1) 1 groups of two consecutive monomers within the ChtA,
C(AB) 956 (2) 268 2) 1024 (1) 7(0) only one hydrogen bond contact exists (O64A-0O31A",
C(BB) 1003 (3) 210 (2) 999 (1) 11 (1) : Lo . .
C(GB) 1071 (2 251 (2) 974 (1) 61 the shortest similar intermolecular conatact in ChtB being
C(DIB) 1160 (2) 257 (2) 991 (1) 10 (1) somewhat larger (O65B-021B', 3.21A). Between ChtA
C(EIB) 1226 2)  288(2) 968 (1) 111 and ChtB, no intermolecular short contacts occur. This
C(FB) 1199 (3) 316 (2) 927 (1) 1 (1) . h ¢ o
‘C(E2B) 1112 2) 311 (2) 910 (1) 12 (1) arises fror.n.t e arrangement of the monomers within lay-
C(D2B) 1048 (2) 283 (2) 935 (1) 10 (1) ers containing two independent rows of A or B mole-
N(1B) 1016 (2) 293 (1) 1063 (1) 6 (1) cules (Fig. 4). The rows are, each, probably hydrogen
C(6bB) 1059 (2) 355 (2) 1064 (1) 10 (1) . L. .

O(6bB) 1125 (2) 375 (1) 1090 (1) 11 Q) bonded along the translation a axis via two primary hy-
O(5bB) 1024 (1) 401 (1) 1032 (1) 5(1) droxyls in the sole intralayer intermolecular interaction
C(1bB) 1059 (2) 473 (1 1027 (1) 5 (062-066"), but they are separated by two independent
C(2bB) 1156 (2) 475 (2) 1022 (D) 10 (1) ) tial .

C(3bB) 1038 (3) 520 (2) 1065 (1) 10(1) interstitial spaces filled by water molecules in different
C(4bB) 1005 (2) 502 (2) 987 (1) 11 (1) arrangements,

W(AD 466 (1) 273 (1) 625 (1) 8 (1)

W(A2) 86 (2) 739 (1) 673 (1) 8 (1) - .

W(A3) 471 (2) 712 (1) 448 (1) 8(1) Macrocyclic ru.lg cpnformatnon

W(A4) 238 (3) 681 (2) 778 (1) 10 (1) The monosubstitution of the B-CD molecules does not
W(AS) 163(2) 796 (2) 4441 9(1) affect significantly the macrocycle conformation. Both
W(A6) 481 (3) 730 (2) 593 (1) 9(1) .

W(A7) 323 (3) 687 (2) 298 (1) 9(1) symmetry independent Boc-L-Phe-NH-B-CD molecules
W(AB) 208 (2) 182 (2) 358 (1) 10 (1) occur in the ordinarily observed macrocyclic conforma-
W(A9) 87 (3) 207 (2) 289 (1) 10 (1) tion with average bond distances and angles in the nor-
W(AL0) 372 (3) 208 (2) 650 (1) 9 (1) .. .

W(ATD) 225 (5) 279 (4) 695 (3) 10 (3) mal range and there are no critical differences between
W(AL2) 434 (3) 444 (2) 703 (1) 9(1) the two independent units (Table 4). The distances of the
&’(2: i) ‘3‘;‘2‘ (3) 2;2 (g) 2;3 (g) lg % 04 to their least-squares plane vary between -0.30 and
WE Al 5; 305 23; 1 8 380 8 9 El ) 0.40A and the geometry of the O4 heptagons are approx-
W(A6) 384 (6) 372(5) 358 (3) 11 (3) imately regular with radii in the range 4.92-5. 134, for
W(B1) 428 (3) 246 (2) 924 (1) 9(1) both molecules.

mgg ;gg 8; g?? g; ;i;g 8; lg 8; An approximate two-fold screw axis relating the two
W(B4) 435 (3) 754 (2) 907 (1) 8 (1) independent monomers is nearly parallel to the c-axis
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Molécule A

Molécule B

Figure 1 Molecular structure of A and B molecules. Substituents groups are shown by filled circles. The fers-butyl of the adjacent molecule, inter-
molecularly included in the hydrophobic cavity, is depicted in grey. The intramolecular short contacts (O61-N1) are indicated in ---.

and there exists a close correlation as well between tilt
angles as between torsion angles of the pseudo related
glucopyranose residues GnA and GnB, numerated 1
through 7, G7 designing the substituted residue. In both
molecules the tilt angle of an adjacent residue of G7 is
larger than usually observed (21.9 and 25.9°, respective-
ly for molecules A and B). The tilt angles of the remain-
ing residues range from 6.0 to 9.9°, except for G3 (16.1
and 15.4°, respectively). The torsion angles concerning
the orientation of the C(6)-O(6) bonds show the same
relative conformation for all but one (G4) pseudo related
residues: gauche-trans for G1A, G1B and G4A, (imply-
ing that the C6-O6 bonds point towards the molecular
axis), and gauche-gauche for the remaining residues, in-
cluding G4B.

The rigid conformation of both macrocycles is stabi-
lized, as is usually observed for native B-CD molecules,
by a ring of intramolecular hydrogen bonds,!? with 13
distances O(2)n-O(3)n + 1 within the range 2.68-3.03A
and only one somewhat larger (025B-036B, 3.20A).

Water molecules

All the sites of water molecules are located outside of the
cavities of the monomers and, except for one (WAS), ex-
terior to the channels. There no doubt exist frequent in-
teractions between hydroxyl groups and water mole-
cules. As shown in Figure 5, all the independent primary
hydroxyl groups, the two linkage amide nitrogen atoms
and most of the secondary hydroxyls are at hydrogen
bond distances from water molecules.
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Figure 2 Projection of the structure on the be plane (¢ horizontal)
showing the stacking of the two independent head-to-tail channels,
ChtA (blue, z = '/2) and ChtB (red, z = 0), along the ¢ axis and illus-
trating the role of the water molecules (green). (See Color Plate 1)

Figure 3 Section of the structure parallel to the ab plane (a horizontal)
representing one sheet of parallel channels (ChtA) and showing the role
of the water molecules within the sheet {SChtA). (See Color Plate I1.)

Table 3 Intra- and Intermolecular Short Contacts

Atoml] Atom2 Distance in A
064A 031A(a) 2.8902)
062A 066A(b) 3.06(3)
062B 056B(c) 2.99(3)
062B O66B(c) 2.97(3)

O1B 032B(d) 3.01(3)
061A NiA 2.98(3)
061B NIB 2.94(3)
064A WAS(e) 2.97(3)
Ol1A WAS5(e) 2.76(3)
WAS 032A(f) 2.80(3)

Symmetry operation:

@) -x,y-,-z+1
byrx-1,y,z
crx+lyz
d):x+2,y+h-z+2
(ey:x,y-1,z

() -x,y- s -2

A detailed description of the hydrogen bonding
scheme involving the water molecules requires the ex-
perimental determination of the H-positions and an accu-
rate estimation of the occupancy factors, not available
from the present X-ray data. The partial occupancy of all

Figure 4 Section of the structure parallel to the ac plane (¢ horizontal)
showing the stacking of the rows of molecules A (blue) and B (red)
within a layer. Water molecules are indicated in green. (See Color Plate
IIL)

Table 4 Geometrical data for A and B Boc-L-Phe-NH--CD mole-
cules

Residue Tily(°) OA4 distance 05-C5-C6-06
from 04 plane(/i ) torsion (°)
A B A B A B
Gl 6.5 8.9 -0.253 -0.294 62 72
G2 6.0 7.9 -0.140 0.178 -68 -69
G3 16.1 15.4 0.265 0.215 -68 -67
G4 9.7 7.7 -0.297 -0.252 67 -68
G5 6.9 5.6 -0.135 -0.134 -66 -63
G6 219 259 0.398 0.345 -63 -57
G7 8.7 9.9 -0.117 -0.059 - -

The tilt angle is defined by the dihedral angle between the O(4) plane
and the least-squares plane through O(4(n - 1)), C(1n), C(4n), O(4n)
of each residue.

but one water sites may arise from positional disorder
which cannot be resolved at the experimental resolution.
Only three cases of two mutually exclusive sites are ob-
served, the sum of occupancy factors being equal or less
than 1. It is likely that the total amount of solvent is un-
derestimated. Nevertheless, from an analysis of the short
contacts, with a O...0 distance cut-off criterion of 3.24,
similar characteristics between water molecule arrange-
ments around the A and B molecules are distinguishable.

A striking feature is that almost all of the water mole-
cules are in short contacts with O-atoms of only one of
the two independent molecules A and B (WA1 - WA16
and WB1 - WB13 for molecules A and B, respectively).
They are located in such a way as to form through the
two-fold screw b axis two independent systems, each
surrounding one of the channels, ChtA or ChtB. Among
the five additional water molecules, three (WC) are in-
volved in bridges between molecules A and B, and two
(WD) are bonded only to other water molecules.
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Figure 5 Schematic representation of short contacts involving water molecules, primary and secondary hydroxyl groups of two successive molecules
within channels ChtA (a) and ChtB (b). Water molecules involved in the cohesion of the sheets are indicated in bold, those serving to form intermol-

ecular bridges betwen ChtA and ChtB are underlined.

Most of the water molecules are situated in the inter-
layer spaces, forming rings at the level of the primary
and secondary hydroxyl faces of two symmetry related
molecules, AA' or BB'. They are probably engaged in
hydrogen bonds stabilizing the association of the succes-
sive molecules within a channel. Figure 6 illustrates how

the cage formed by the AA' association is surrounded by
water molecules: 12 out of the 16 WA and two WC may
be involved in hydrogen bonds either as singlets or as
doublets. All the primary and the O3 secondary hydrox-
yls show short contacts with water molecules (Fig. Sa).
In the BB’ association, this pattern is slightly different,
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Figure 6 Stereoview of the AA' molecular association with the cortege
of water molecules (green) surrounding the cage (substituent group:
backbone of the main chain, red; phenyl ring, purple; methyl C-atoms,
yellow). (See Color Plate IV.)

mainly because one primary hydroxyl is not connected
by water molecules to the secondary hydroxyls of face to
face residues (Fig. 5b).

Moreover, several WA or WB, are situated between
parallel channels (Fig. 3), being involved in bridges be-
tween monomers related by translation along the a axis,
either at the primary-primary (one singlet for both SchtA
and SchtB) or at the secondary-secondary hydroxyl lev-
els (two singlets for SChtA or one singlet and one dou-
blet for SChtB). All these water molecules being also in-
volved in the hydration scheme surrounding the cages
formed by the AA' or BB' association, they probably re-
inforce the stability within the sheets along the ab plane.

In the absence of intermolecular short contacts be-
tween the A and B molecules, the cohesion between an-
tiparallel sheets SChtA and SChtB arises undoubtedly
from interactions involving water molecules situated in
the two intralayer interstitial spaces which separate the
independent rows. On one side, two WC singlets, on the
other side, one WC singlet, one WC-WB doublet and
two WA-WB doublets serve to form bridges between
molecules A and B lying in adjacent antiparallel chan-
nels (Fig. 2 and 4).

Thus, the water molecules form a layer of hydration
around ChtA and ChtB (Fig. 7) and play an important
role in the cohesion of the structure: they participate si-
multaneously to the association of successive molecules
AA' or BB’ within a channel and to the stability within
the sheets, along the ab plane; also they ensure the sta-
bility of the packing of antiparallel sheets, along the ¢
axis.

Conformation and spatial insertion of Boc-L-Phe-NH
groups

The substituent groups (Fig. 8) are inserted within the
cages formed in the channels from the association of the

Figure 7 Projection of the structure paralle] along the b axis (c hori-
zontal) showing the packing of the channels, ChtA (blue) and ChtB
(red), surrounded by the cortege of water molecules (green). (See Color
Plate V.)

successive Boc-L-Phe-NH-B-CD molecules (AA' or
BB'). They adopt quite similar conformation in both
molecules, without significant differences in their spatial
arrangements as indicated by the torsion angles (Table 5)
which do not differ by larger than 15°. The L-Phe amino
acid is positioned above the parent macrocycle A or B,
deviated towards the G1 to G3 residues side, while the
Boc is directed towards the cavity of the molecule A' or
B'. As a consequence, the substituents are encapsulated
within the channels and do not point away to the aqueous
environment (Fig. 6).

The Boc-L-Phe-NH groups show a torsion angle cor-
responding to a gauche-trans conformation with respect
to the glucopyranose residue. The main chain skeleton
can be described by the two pseudo-peptide planes (C67,
N67, Cl1, 01, CA) and (CA, N1, C6b, O6b, O5b) which

Xl @Cp

| o)
S
\
\

Figure 8 Molecular conformation of the Boc-L-Phe-NH (molecule A,
filled circles) compared with the open conformation (open circles) as
observed in Boc-L-Phe-D-Leu-OMe structure!® (relative positions
around the L-Phe Ca).
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Table § Selected torsion angles for Boc-L-Phe-NH- group in mole-
cules A and B

Atom]l Atom2 Atom3 Atom4 Angle in(°) Angle in (°)
Mol A Mol B

057 Cs7 C67 N67 70 67
0, Ci N67 C67 C57 94 105
®, CA Ci N67 Cce7 175 -169
v, N1 CA Cl1 N67 6 -6
% N1 CA CB CG -74 -76
¢ Céb NI CA C1 -139 -143
%2 CA CB CG CD1 90 96
®, O5b Céb N1 CA 10 16
N1 Cob O5b Clb -173 178
Céb 0O5b Cib C2b 53 56
Céb O5b Cib C3b -68.4 -67
Cé6b O5b Cib C4b 175 177

form a dihedral angle of 126° and 136° for molecules A
and B, respectively (mean planar deviations, 0.06A). The
L-Phe backbone is oriented towards the molecular axis
owing to the expected trans pseudo-peptide bond (@, =
175 or -170°), but the CA-N1 bond is directed towards
the G1 residue. The most interesting conformational fea-
ture is that the Boc group is folded back on the L-Phe
side chain, as indicated by the ¢, and w, angles.

This conformation is expected when Boc is bound to a
proline!® but is considerably less extended than usually
observed in peptide structures when Boc is attached to
L-Phe,!? the corresponding ¢, and ®, angles being of
about -80° and 170°, respectively, as illustrated in Figure
8. This conformational adaptation should be related to
the lateral orientation of the CA-N1 bond which gives
rise to steric constraints for the position of the Boc rela-
tive to the parent macrocycle. The observed ¢, angle and
the cis pseudo-peptide bond (w; = 11 or 17°) direct the
C6b-O5b bond towards the cavity of the adjacent mole-
cule (A' or B"). Hence, this non extended conformation
provides a suitable fit of the main chain skeleton for the
intermolecular inclusion of the tert-butyl group and for
the encapsulation of the aromatic ring within the cages,
as shown in Figure 9.

The tert-butyl groups enter the cavity of the A' and B'
molecules from the secondary hydroxyl groups side and
they are deeply included within the host molecule, the
C1b atoms and the methyl C-atoms being at distances
less than 1.0A above the macrocycle O4 least-squares
plane. They occupy similar relative positions in the cen-
tral part of the cavities of the A' and B’ host molecules,
with the projections of the C1b atoms on the macrocycle
04 heptagon not deviated from the center of gravity. One
of the distances between the methyl C-atoms and the O-
atom of the Boc-carboxy! (2.91A) is shorter than usually
observed in the Boc-L-Phe peptide structures (about
3.03A). This partly explains the absence of thermal dis-
order for the methyl C-atoms. Moreover close contacts
are observed between the atoms of the host macrocycle

Figure 9 Space filling model of the association of molecules A and A’
within ChtA. (See Color Plate VI.) :

and the methyl C-atoms, especially with the 041, 042,
044 and 046 anomeric atoms (mean values 3.78A).

The gauche- orientation of the L-Phe side-chain is the
most frequently observed conformation for this residue
in peptides and proteins.2? The phenyl ring forms a dihe-
dral angle of 37.7° with the O6 least-squares plane of
molecule A and of 26.1° with the 02/03 least-squares
plane of molecule A’ (35.5° and 29.6°, respectively, for
molecules B and B'). Many close contacts are observed
either with atoms of the parent macrocycle A or B
(residues G1 to G4) or with those of molecule A' or B'
(residues G6, G7 and G1), showing strong steric con-
straints on the position of the L-Phe inside the cages
(mean values 3.89 and 3.73A for C..C and C..O dis-
tances smaller than 4.2 and 4.0 A, respectively).

All the observed close contacts indicate a tight pack-
ing of the substituent groups as well in the cages as with-
in the cavities. The distances between the two side
chains of consecutive molecules AA' or BB' (L-Phe CJ
to one methyl C-atom) of 4.12 and 3.92A, respectively,
suggest a simultaneous close stacking of the successive
substituent groups through the cavities.

The cohesion of the AA' and BB' associations is rein-
forced by short contacts involving the carboxyl groups of
the amino-acids which are differently involved in inter-
molecular interactions (Table 3). In the association BB',
O1B is at hydrogen bond distance from a secondary hy-
droxyl group of molecule B' (O1B-032"). This is the sole
intermolecular interaction between molecules B and B'.
In the association AA', this interaction is mediated by a
water molecule (WAS), itself involved in an intramolecu-
lar bridge between O1A and O64A. The intermolecular
interaction O64A-0O31A’ and the hydrogen bond contact
with WAS cause the conformational change (C64, O64)
which is gauche-trans in molecule A and gauche-gauche
in molecule B, without disturbing the overall conforma-
tion of the substituents.

An interesting feature concerns the unique primary hy-
droxyl (061) in gauche-trans conformation in both mol-
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ecules, which is at intramolecular hydrogen bond dis-
tance from the amino acid nitrogen atom. This interac-
tion (O61-N1) contributes to the geometry of the L-Phe
backbone relative to the parent macrocycle.

At this point it is worthwhile commenting on how the
Boc moiety affects the auto-inclusion which has been
previously proposed in the phenylalanylamino-B-CD de-
rivatives!%.12, The formation of an intermolecular host-
guest complex is achieved as it was previously reported
when the rert-butylthio is grafted on B-CDS, though in
the present derivative the ferr-butyl is attached with a
longer length spacer arm. This intermolecular inclusion
is accomplished with a non extended conformation of
the Boc-L-Phe-NH group and excludes the possibility of
an auto-inclusion of the aromatic moiety.

The O61-N1 interaction should be a structural charac-
teristic independent of the crystal stacking and also sol-
vent effect which might be retained in solution. As it
should not be depend on the Boc effect, it might be a con-
formational feature of the L-Phe-amino-B-CDs. It is re-
markable that the observed L-Phe backbone conformation
is compatible, in the absence of Boc, with an auto-inclu-
sion of the aromatic moiety. This requires a change of
only the 7y, angle. Of course a conformational adaptation
should be also needed to provide a better orientation of the
phenyl moiety with respect to the macrocyclic ring, lead-
ing to a change of the ), angle. However, the L-Phe Ca
atom being at 4.8A above the macrocycle O4 plane, the
phenyl ring could not be deeply included within the cavity.

CONCLUSION

The monosubstitution of B-CD by a protected amino
acid system leads to a novel self-aggregation of mono-
substituted 3-CD derivatives, arising from an unusuai in-
termolecular host/guest interaction with regard to those
previously reported. It has been shown that the more hy-
drophobic group (rert-butyl) is preferentially included.
This behaviour may be considered as a model for selec-
tive processes between hydrophobic groups involving
substituted cyclodextrins. Furthermore, a new type of
structure is observed which maintains the I.-Phe amino
acid out of the cyclodextrin cavity but prevents it from
being exposed to the aqueous environment exterior to the
cyclodextrin chain structures.

The intermolecular inclusion process favors a non-ex-
tended conformation for the Boc-L-Phe-NH group, with

no large scale distortions of the macrocyclic ring. This
might be applied either to provide suitable unusual con-
formation of small hydrophobic substrates or to prevent
hydrophobic peptido monosubstituted B-CD derivatives
from the auto-inclusion of apolar side-chain. However,
the insertion of a longer length spacer arm between the
macrocycle and the functional group is required to im-
pose the peptido side-chain at the exterior of the cy-
clodextrin chain structure, as is needed in the design of
systems having optimal function and selectivity in mole-
cular biorecognition process.
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THE X-RAY STRUCTURE OF 6A-BOC-L-PHENYLALANYLAMINO-64-DEOXY-3-CYCLODEXTRIN

Fractional coordinates (X 103%) and isotropic or equivalent thermal parameters (X 10?) of the O-Waters with occupancy factors

x ¥ z Ulisoleq)

W(AD) 466 (1) 273 (1) 625 (1) 8(1)

W(A2) 86 (2) 739 (1) 673 (1) 8(1) QOccupation=0.80
W(A3) 471 (2) 712(1) 448 (1) 8(1) Qccupation=0.75
W(A4) 238 (3) 681 (2) 778 (1) 10 (1) Occupation=0.50
W(AS) 163 (2) 796 (1) 444 (1) 9 (1) Qccupation=0.66
W(AD) 481 (3) 730 (2) 593 (1) 9(1) Occupation=0.50
W(AT 323 (3) 687 (2) 298 (1) 9 () Occupation=0.50
W(A8) 208 (2) 182 (2) 358 (1) 10 (1) Occupation=0.66
W(A9) 87 (3) 207 (2) 289 (1) 10 (1) Qccupation=0.50
W(A10) 372 (3) 208 (2) 690 (1) 9(1) Occupation=0.50
W(ALl) 225 (5) 2719 4) 695 (3) 10 (3) Occupation=0.25
W(A12) 434 (3) 444 (2) 703 (1) o) Occupation=0.50
W(A13) 414 (4) 618 (3) 348 (2) 18 (2) Occupation=0.33
W(A14) 392 (4) 686 (3) 688 (2) 8(2) Occupation=0.33
W(A15) 305 (3 321 (2) 380 (1) 9 () Occupation=0.50
W(A16) 384 (6) 372 (5) 358 (3) 113 Occupation=0.25
W(B1) 428 (3) 246 (2) 924 (1) 9 (1) Occupation=0.50
W(B2) 160 (3) 299 (2) 783 (1) 10 (1) Occupation=0.50
W(B3) 220 (2) 811 (2) 215 (1) 8(hH Occupation=0.50
W(B4) 435(3) 754 (2) 907 (1) 8 (1) Occupation=0.50
W(BS) 391 (3) 868 (2) 833 (1) 10 (1) Occupation=0.50
W(B6) 412 (4 294 (4) 43 (2) 7(2) Occupation=0.25
W(B7) 344 (3) 491 (2) 776 (1) 11 () Occupation=0.50
W(BS8) 431 4) 98 (3) 141 2) 10 (2) Occupation=0.33
W(B9) 194 (5) 339 4) 157 (2) 7(2) Occupation=0.25
W(BI10) 78 (3) 769 (2) 829 (1) 8(1) Occupation=0.50
W(BIL1) 22 (3) 782 (3) 838 (1) 11 (2) Occupation=0.50
W(B12) 279 (4) 289 (3) 106 (2) 11 (2) Occupation=0.33
W(B13) 326 (5) 2154 123 (2) 8(2) Occupation=0.25
W(CH 135 (2) 730 (1) 281 (1) 9(1) Occupation=0.80
W(C2) 202 (2) 820 (2) 741 (1) 10 (1) Occupation=0.66
W(C3) 326 (5) 91 (4) 212 (2) 9(3) Occupation=0.25
w(Dl1) 393 (5) 891 (4) 247 (3) 11(3) Occupation=0.25
W(D2) 466 (4) 925 (4) 160 (2) 11(2) Occupation=0.33




