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Abstract. The crystal structure of «-D-mannosido-benzo-18-crown-6-KSCN (1) was solved by X-ray single crystal
diffractometry. C,3H 30, KSCN is orthorhombic, space group P2,2,2, with Z = 4, a = 8.035(4), b = 9.960(2),
e=3883(2) A, M =628 V=31036A% D, =134Tgom > u(Cuke)=253mm~! 1i=1541784,
F(000) = 1324. Final R =0.043 for 1139 unique observed reflections measured at room temperature. The potas-
sium ion is surrounded by a nearly planar hexagon of oxygen atoms of the macrocyclic ring and lies on the plane
formed by those atoms. Hexagonal pyramidal coordination is completed by the nitrogen atom of the thiocyanate
anion. The SCN ion was found on the face of the macrocyclic ring opposite that for the chiral mannopyranoside
moiety. The molecular structure-of a-D-mannosido-18-crown-6 (2) and the structure of molecular complexes of
2 and a-D-glucosido-benzo-18-crown-6 (3) were studied by molecular mechanics methods. The results suggest
enthalpy driven selectivity of complexation of the phenylalanine methyl ester (4) by 2 and both enthalpy and
entropy effects in selective complexation of 4 by 3.

Key words: Crystal structure, single crystal, chiral macrocycles, cyclic polyethers, mannopyranosides, complexa-
tion, host—guest interaction, molecular mechanics.
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1. Introduction

Laterally substituted crown-type polyethers have proved to serve as convenient hosts for
selective complexation of not only simple inorganic ions but also organic cations and, in
particular, salts of the [RNH; JA~ type [1]. Selectivity of complexation of the RNH;
cations bearing chiral R moieties is an important feature of the hosts [2]. The selectivity
problem has two aspects:

(i) selectivity on crystalline product formation, and
(if) selectivity of complexation in solution phases.

The present study is part of a systematic approach aimed at designing complexing agents
having a desired selectivity towards chiral guests of the type mentioned above. Chiral R
and S cations of 4 have been chosen as a suitable guest for probing the selectivity. The hosts
studied are «-D-glucosido- and a-D-mannosido-derivatives of 18-crown-6.

* Author for correspondence.
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The X-ray crystal structure of 1 complexed with potassium thiocyanate is reported here;
the structures of 3 complexed with KI, KSCN and (R)-phenylglycine methyl ester have
been published elsewhere [3-5]. The problem of host—guest complexation (for 2 and 3) is
analyzed by a molecular mechanics approach.

2. Experimental
2.1. CRYSTAL STRUCTURE DETERMINATION

A single crystal of the molecular complex of 1'KSCN of approximate dimensions
0.1 x 0.1 x 0.3 mm was selected for analysis. Accurate cell dimensions were determined by
the least-squares method from the setting angles of 28 reflections centered on a Siemens
AED diffractometer (CuKz). Crystal data are given in Table 1. Intensities were collected
in the w-20 mode with filtered CuKo radiation, 4 =1.54178 A. 3786 Reflections were
recorded up to @ = 70°. The intensity of a standard reflection, monitored after each group
of 50 reflections, showed no observable decay during data collection. Data were corrected
for Lorentz and polarization effects, but not for absorption or extinction.

The structure was solved by tangent-formula refinement [6] applied to 400 reflections.
Ten of 42 non-hydrogen atoms in the asymmetric unit were found in the best E-map; the
remaining 32 atoms were found after two successive electron density calculations in their
correct positions (R =0.22) [7]. Subsequent refinement was based on 829 observations
above threshold, F, > 2a(F,). The full-matrix least-squares refinement of the heavy-atom
model with only K™ anisotropic led to R = 0.14. Anisotropic refinement of this model was
unsuccessful because of an insufficient number of observations. A new larger crystal with
approximate dimensions 0.2 x 0.2 x 0.3 mm was selected for the second data collection.
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Table I. Crystal data

Molecular formula: C,gH;,0,,KSCN
M, = 629.76

orthorhombic, space group P2,2,2;
a=280354) A

b=9.960(2) A

c=38.83(2) A

v =3103.6 A3

Z=4

F(000) = 1324

D, =1347gcm ™3

w(CuKa) =2.53 mm~!

A=154178 A

Conditions of the experiment were the same; only the 0,,,, for / > 3 was reduced to 60°.
2749 Reflections were recorded; 1139 observed (F;, = 20 F;) unique reflections were used to
refine the already existing structure model anisotropically. All the H atoms could be
located by the three-dimensional Fourier difference synthesis very near to their expected
positions; they were introduced into the structure model at their calculated positions with
U,, = 0.05. No attempt was made to refine either the hydrogen atom positions or the
thermal parameters. The conventional refinement converged to R = 0.046.

The results obtained at this stage were unsatisfactory in several respects: the bond
lengths O(35)—C(36) and C(36)—C(37) appeared to be unreasonably short (1.31 and
1.40 A, respectively), the thermal parameters of those three atoms were nearly twice as
large as those of the neighbouring nonhydrogen atoms, and the electron density difference
synthesis revealed a peak (0.3 e A—3) located in the vicinity of the atom O(35). These
problems suggested that the structure is partially disordered.

A disordered model of the structure was constructed by means of the force-field method
[8] assuming that the group O(35)—CH,(37) is disordered over two different sites. The
‘ideal’ geometry for the two possible conformations was found. The conformation of the
major component was calculated using, as starting coordinates, the positions of O(35) and
C(36) already refined; the minor component was based on the positions of C(36) and the
0.3 ¢ A3 difference density peak; the initial site occupancy factors were chosen as 0.8 and
0.2. At convergence, the site occupancy factors associated with the O(35)—CH,(36) group
in the two conformations were 0.76 and 0.24. The final R index was 0.043 for 1139
observations, R, = (£ w(F)*/Z w(Fg)?)'? = 0.048 where w = 1/(0*(F) + 0.044(F)?). In the
final difference map, calculated after the last cycle of refinement, the maximum and mini-
mum peaks were 0.18 and —0.23 ¢ A3, respectively. Table II lists the final coordinates of
nonhydrogen atoms. Atomic scattering factors were taken from [9]. No attempt was made
to establish the absolute configuration of the complex. The absolute configuration of the
sugar moiety found in the structure analysis was the same as the configuration of the
starting material used for the synthesis of the title compound.

2.2. CONFORMATIONAL ANALYSIS
There were two separate parts in the conformational analysis procedure:

(1) construction of 2 and 4, and
(ii) potential energy map calculations in complexes formed by 2 and 3 with 4.
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Table II. Atomic fractional coordinates for non-hydrogen atoms ( x 10%) and isotropic
thermal parameters ( x 10* A2).

Atom x/a y/b zfe Uy
K 6303(3) 4652(2) 9357(5) 623
N 3284(9) 5190(9) 9414(2) 1024
C 2114(11) 5067(8) 9216(2) 608
S 661(4) 4827(3) 8966(1) 977
c(1) 10218(9) 798(2) 8143(2) 557
C(2) 11932(10) 560(9) 8096(2) 749
C(3) 12571(11) —740(9) 8096(2) 793
C(4) 11427(12) ~1759(9) 8132(2) 832
C(5) 9751(11) —1528(10) 8171(2) 813
C(6) 9136(10) —201(8) 8174(2) 641
(7 9670(9) 2289(8) 8148(2) 476
0(8) 9745(6) 2767(5) 7807(1) 570
C(9) 9259(10) 4133(9) 7799(2) 685
C(10) 7487(9) 4280(8) 7940(2) 623
C(11) 7491(9) 3693(7) 8304(2) 415
0(12) 7994(6) 2322(5) 8279(1) 518
0O(13) 6993(7) 5654(6) 7952(1) 634
C(14) 5412(9) 5832(9) 8094(2) 628
C(15) 5294(9) 5262(8) 8465(2) 562
C(16) 5788(9) 3794(8) 8456(2) 541
o(17) 4166(7) 5176(8) 7909(2) 863
C(18) 3927(12) 5740(12) 7581(2) 1182
o(19) 6428(6) 5922(5) 8695(1) sit
C(20) 5992(11) 7266(8) 8785(2) 643
c1) 7314(11) 7799(8) 9013(2) 677
0(22) 7076(6) 7355(5) 9352(1) 616
C(23) 8506(9) 7618(8) 9560(2) 612
C(24) 8162(10) 7374(8) 9928(2) 638
0(2%) 7874(8) 5913(5) 9965(1) 595
C(26) 7375(8) 5504(9) 10284(2) 489
c2n 7428(9) 6311(9) 10570(2) 598
C(28) 6877(10) 5873(9) 10888(2) 706
C(29) 6169(10) 4601(10) 10910(2) 723
C(30) 6108(9) 3765(9) 10626(2) 615
c@3l) 6710(8) 4216(8) 10317(2) 466
0(32) 6773(6) 3442(8) 10023(2) 628
C(33) 6108(10) 2083(8) 10041(2) 715
C(34) 6514(10) 1349(8) 9724(2) 674
0(359 5581(8) 2047(7) 9454(2) 621
C(369) 5713(11) 1312(10) 9138(3) 615
(37 5017(11) 2012(8) 8859(2) 798
0(38) 5816(6) 3269(5) 8802(1) 595
0(35% 6528(15) 1803(14) 9394(6) 672
C(36%) 5090(17) 1627(16) 9214(8) 650

*s.0.f.=0.76 bs.0.f.=024
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Construction of 2 was performed by means of the MMT program [8] using as the starting
structure the crown part of the known structure of 3 [4}. A similar procedure was used in
order to find the geometry of the R enantiomer of 4 starting with the N—C bond length
of 1.415 A. First the allowed conformations of the free (R)-guest molecule 4 were studied
using the nonbonded energy function proposed by Giglio [10].

U(r) = A exp(— Br)/r® — CrS.

Minimum energy conformations were found when ¢, & —45, 90 or 180° and when ¢, ~ 10
and 170°, For the S enantiomer of 4 these angles have the opposite signs.

Two molecular complexes between macrocyclic host molecules 2 (with the geometry
calculated above) and 3 (geometry taken from [4]) and guest molecule 4 were examined in
order to calculate the host—guest potential energy interaction. In both cases the N—C bond
of 4 was perpendicular to the r.m.s. plane of the six oxygen atoms of the macrocyclic ring
and the N atom of the —NHj group was at a distance of 1.15 A from that plane (accord-
ing to [11]). The potential energy maps were calculated for all the six combinations of
angles ¢, and ¢, in the function of ¢,, ¢, and ¢s, where @; is the rotation of the guest
cation aroung the N—C bond. The energy minima found were refined in 6-dimensional
space to obtain the ¢ coordinates for each miminum. The same procedure was performed
for the complexes of both host molecules 2 and 3 in the complexes with both R and S
enantiomers of 4.

3. Results and Discussion
3.1. CRYSTAL STRUCTURE OF «-D-MANNOSIDO-BENZO-18-CROWN-6(1) KSCN

The geometry of the macrocyclic complex is displayed in Figure 2 [12]. Bond distances and
angles are given in Figure 1 and Table III. The torsion angles in the macrocyclic 18-mem-
bered ring are listed in Table IV. The bond distances and angles found in this structure are
in agreement with those reported for the complexes of 3 [3-5]. Also the torsion angles are,
to some extent, similar to those structures. The energetically preferred conformations about

Table III.  Distances (A) and angles ( °) involv-
ing the potassium and thiocyanate ions and the
disordered part of the macrocyelic ring. Es.d.s
are in parenthieses.

c—s 1.537(9)
N—C 1.212(12)
KN 2.801(8)
$S—C—N 176.7(8)

K- -N—C 134.5(6)
C(34)—0(35% 1.358(23)
0(35%)—C(36%) 1.360(25)
C(369—C(37) 1.435(31)
C(33)—C(34)—0(35) 128.8(9)
C(34)—0(35%)—C(36%) 115.7(1.6)
0(35%)—C(36%)—C(37) 119.5(1.6)
C(36°)—C(37)—O0(38) 111.5(9)

2500 =024
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Fig. 1. (a) The numbering of the atoms and distances (A) and (b) bond angles in the macrocyclic ligand (e.s.d.s
are in parentheses. Dashed lines are K*- - -O distances).
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Fig. 2. Top: stereoview along the direction parallel to the mean plane of the six oxygens. The ellipsoids are
drawn at the 50% probability level [12]. Bottom: molecular stereoview in the direction perpendicular to the mean
plane of the six O atoms.

Table IV. Torsion angles () in the macrocyclic 18-mem-
bered ring. E.s.d.s are in parentheses

C(16)—C(15)—0(19)—C(20) —169.6(8)
C(15)—0(19)—C(20)—C(21) —178.4(8)
0(19)—C(20)—C(21)—0(22) —80.9(6)
C(20)—C(21)—0(22)—C(23) 167.8(8)
C(21)—0(22)—C(23)—C(24) 171.1(8)
0(22)—C(23)—C(24)—0(25) 65.6(6)
C(23)—C(24)—0(25)—C(26) —174.9(8)
C(24)—0(25)—C(26)—C(31) 166.2(9)
0(25)—C(26)—C(31)—0(32) 6.7(6)
C(26)—C(31)—0(32)—C(33) 179.6(9)
C(31)—0(32)—C(33)—C(34) —171.2(8)
0(32)—C(33)—C(34)—0(35) —65.7(6)
C(33)—C(34)—0(35)—C(36%) —172.7(9)
C(34)—O0(35%) —C(36%)—C(37) —~172.7(1.0)
0(35%)—(36%) —C(37)—0(38) 60.3(7)
C(36")—(37)—0(38)—C(16) 152.9(9)
C(37)—0(38)—C(16)—C(15) 133.2(8)
0(38)—C(16)—C(15)—0(19) 54.9(5)
0(32)—C(33)—C(34)—0(35") —38.7(1.1)
C(33)—C(34)—0(357)—C(36) —92.8(1.7)
C(34)—0(35%)—C(36")—C(37) —176.8(2.3)
0(35%)—(36%)—C(37)—0(38) —42.4(1.6)
C(364)—C(37)—O(38)—C(16) —178.1(1.2)

2s.0.f. =0.76. bs.0.f. =0.24.
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Table V. Equation of the least-squares plane
through the six oxygen atoms and their deviations
(A.X=a, Y=ax(@xbh),Z=axb Esdsare
in parentheses.

Plane A:
0.9554X — 0.2310Y — 0.1839Z = —-2.7018

Y A% =0.1978 A2, (A%12=0.1816 A,
Plane B:

0.9652X — 0.1832Y — 0.1866Z = —2.4640

Y A2 =0.2727 A2, <A%'2=0.2132 4,

Plane A Plane B
0O(19) 0.059(5) 0.061(5)
0(22) —0.243(5) —0.175(5)
0(25) 0.243(5) 0.241(5)
0(32) —0.054(5) —0.182(5)
0O(35%) —0.241(6)
0(35%) 0.384(13)
0(38) 0.126(5) —0.005(5)

2s.0.f. =0.76. bs.0.f. = 0.24.

the C—C and C—O bonds in crown ethers are gauche (g) and anti (a), respectively. The
sequence of dihedral angles along the macrocyclic ring is aag ~aag *aalaag —aag *aag™* if
the major component of the disordered fragment is considered. For the minor component
the rather unusual conformation ag—g~a of the C(32)—CH,(33)—CH,(34)—
O(35%%)—CH,(36*+) fragment is observed. Consequently, the K*- - -O(35) intramolecular
distance for the minor component is elongated by 0.076 A when compared with the major
component.

The potassium ion is coordinated to the six O atoms of the macrocyclic ring. The
K*- - -O distances are within the range of 2.687(5)-2.909(5) A (average 2.790(5) A). The
least-squares plane through the six oxygen atoms and their deviations from that plane are
presented in Table V. The K* cation lies on this plane. Additional coordination to the
nitrogen atom of the thiocyanate anion is observed (K*---N distance equal to
2.801(8) A). The resulting coordination polyhedron is a distorted hexagonal pyramid. This
additional coordination was not observed for related compounds [3, 4].

The equation for the least-squares plane of the eighteen atoms forming the macrocyclic
ring (the disordered part of the macrocycle considered in the calculations was the major
one) is:

0.9550X — 0.2331Y — 0.1836Z = —2.7253
X=a,Y=ax(axbh), Z=axb, YA=2520A% <(A»?=03554,;

the thiocyanate ion forming with the plane an angle of 54.3(2)".

The chiral substituent is located on the opposite side of the macrocycle from the SCN-
ion. The least-squares plane defined by the atoms C(7) to C(16) is inclined to the macro-
cyclic ring with an angle equal to 66.4(1)° (an angle of 30° was found in the structure
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containing D-glucose as the chiral substituent [3—5]. The present molecule is expected to be
a more selective recognition agent for organic cations considering steric interactions be-
tween the macrocyclic ligand and the guest species.

The intermolecular contacts between symmetry related molecules of 1-KSCN in the
crystal are consistent with van der Waals packing. The shortest contacts are:
K*---§13.542A, S---H(11)'2.74 A, C(30)---C(36*+)%3.278 A, O(32)---H(33b)2.454A,
N---H(33a)#2.54 A, C(30)---H(36c)"2.61 A and H(21a)---H(36a)"™ 2.28 A, [symmetry
related positions: (i) 1 +x, ¥, z; (i) 1/2+x, 1/2—yp, 2—z; (iii) —1/2+x, 1/2—y, 2 —z;
(iv)x, 1 +y,z].

3.2. NUMERICAL MODELLING OF THE HOST-GUEST COMPLEX STRUCTURES

The results of the empirical force field calculations of the host—guest complexes are summa-
rized in Table VI and illustrated in Figures 3 and 4. A common feature of the results

Table VI. Torsion angles for the energetically preferred conformations and orientations of the guest
cation 4 in the complexes with the ligands 2 and 3

Host Guest No. @, @, @3 Q4 @s E(kJ/mol)2
I —48 —160 40 127 130 31.0
1I —51 —176 51 —-127 120 9.2
2 R I —-52 180 54 —33 138 18.9
v —51 —170 49 52 132 0.0
A% —47 5 66 —46 136 4.6
I 49 175 125 —48 68 10.5
II 48 168 122 42 66 15.1
11 49 —170 123 115 72 0.0
2 S v 43 —159 138 —38 144 11.7
\% 49 -7 119 -29 69 20.5
VI 47 5 118 50 69 5.0
Vil 46 34 139 —30 146 12.1
VI 47 27 136 39 148 5.9
I —48 —170 56 —52 —-136 553
I —38 154 46 —102 66 0.0
111 —42 178 48 51 38 14.7
3 R v —47 —171 50 52 74 2.5
v —44 -3 60 —49 71 42
VI —43 5 64 —48 -137 61.6
vl —47 —158 54 56 —135 54.0
I 47 171 129 -353 83 0.0
I1 48 178 126 52 82 0.8
111 51 180 135 —48 —11 13.0
3 S v 56 —171 135 30 —19 314
\Y% 52 —168 134 126 —12 239
VI 48 4 122 48 —11 10.9
VII 46 -2 118 48 84 29

* in relation to the lowest energy minimum.
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Fig. 3. Maps of potential energy calculated for the complex of the host 2 with the guest 4. (a) complex with the
R enantiomer of 4: cross sections at ¢, = —50, ¢, = 190, ¢; = 47°; (b) complex with the R enantiomer of 4: cross
sections at @, = —47, ¢, =5, ¢; =66° (c) complex with the S enantiomer of 4: cross sections at ¢, =46,

@, = —172, 95 = 130° (d) complex with the S enantiomer of 4: cross sections at ¢, =47, ¢, = 10, ¢; = 128°.

obtained for both hosts is that there are several energy minima found in each case. In
particular:

A. a-D-Mannosido-18-crown-6 (2)

The R enantiomer of the guest cation may assume just one orientation with respect to the
host (at @5 = 130°). At that minimum the guest cation may adopt different internal confor-
mations (denoted in Table VI and Figure 3 by ¢,, through ¢,). The S enantiomer of the
guest may adopt two orientations (¢s = 68 and 146°, respectively) and at each of the two
orientations different conformations of the guest are possible.
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Fig. 4. Maps of potential energy calculated for the complex of the host 3 with the guest 4. (a) complex with the
R enantiomer of 4: cross sections at ¢, = —45, @, = 176, @; = 52°; (b) complex with the R enantiomer of 4: cross
sections at ¢, = —44, @, =1, @3 =62° (c) complex with the S enantiomer of 4: cross sections at ¢, = 50,
@, = 180, @3 = 130% (d) complex with the S enantiomer of 4: cross sections at ¢, =47, ¢, =1, ¢ = 120°.

B. a-D-Glucosido-benzo-18-crown-6 (3)

There are two favourable orientations of the guest R cation differing by 164° when the R
cation moiety is rotated around the H;N*-~R bond. The energy minimum found at
¢s = 60° is significantly deeper (ca. 54 kJ/mol) than the one found at ¢, = —136°; the
energy barrier between the minima being higher than 200 kJ/mol. Again, the guest moiety
may adopt different conformations at each of the minima. In the case of the S enantiomer
of the guest, the energy minima, found at —11 and 83° are shallower by at least 10 kJ/mol
than those observed with the R form, and are separated by the energy barrier of ca.
200 kJ/mol.
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Analysis of the energy calculations reported above suggests the possibility of selective
complexation of enantiomeric guests by the substituted crown receptors. By inspection of
the energy maps 3a through 3d an ‘entropy driven’ selectivity mechanism is suggested since
the R enantiomer has only one good orientation in the complex while the S enantiomer has
two good orientations of nearly equal energy and with only a moderate energy barrier
between them. The S-selectivity is expected. The only experimental data on selectivity
recently available for a similar system concerns phenylethylamine as the guest molecule,
where S-selectivity was observed [2].

A more complex situation is found for 3. The R enantiomer of the guest may assume two
orientations (Figure 4) at two rather diffuse energy minima. The S enantiomer however,
can adopt two orientations for which the energy minima are sharp. In this case the complex
containing the S enantiomer should be ‘enthalpy stabilized’ while the entropy factor could
be of primary importance on stabilisation of the complex with the R guest. Evaluation of
the relative importance of these two different mechanisms for complexation is not possible
from these data alone. Experimental data on a similar system with phenylethylamine as the
guest however, showed R-selectivity [2].

In view of the rather well known difficulties in obtaining crystalline complexes of the
macrocyclic crown receptors with organic guest species, the numerical modelling approach
provides valuable information on selectivity mechanisms. In the case of enantio-selectivity
this information may also be useful for understanding the selectivity of complexation in
solution phases, provided the solvent used in the experiments is achiral.
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