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The MX42- compounds (M = 3d element, X = halogen) are good ligands for [A18C6jn+ cations (A= Rb, T1, Ba). 
The regular MX42- tetrahedra (Td) coordinate via the triangular faces (facial ligation), while the flattened MC142- 
tetrahedra (Du) prefer edge ligation. Thecryogenic structureof [(T118C6)&uBr4] [TlBr4]2 ( 1 )  confirms solid-state 
reorientational motion of coordinated 18C6 previously detected in some metal and metal-free host-guest crystals 
by variable-temperature solid-state 1H and 13C NMR (Chem. Abstr. 1989,111, 56905b). The motions generating 
the reorientations are very sensitive to the detailed crystal environment; dependence on crystal water and nature 
of the 3d element is evident. Crystal data: [(T118C6)4C~Br4][TlBr4]~ (1 )  cryogenic (115 K), cubic, space group 
F23 with a = 20.674(3) A, V =  8837(1) A3, Z = 4,700 reflections ( I >  3a(Z)), and R = 0.054; [(T118C6)4MnCl4]- 
[T1C14l2 (2), cubic, space group F23 with a = 20.789(2) A, V = 8985.2(9) A3, Z = 4,693 reflections ( I  > lu(Q), 
and R = 0.036; (Ba18C6)CoClc2H20 (3), triclinic, space group Pi with a = 8.769(1) A, b = 10.383(2) A, c = 
13.912(1) A, CY = 98.29(1)', 0 = 89.77(1)', y = 113.64(1)', V =  1146.2(6) A3, Z = 2,6156 reflections ( I >  3u(Z)), 
and R = 0.033; Rb( 15CS)zTlBrd (4) ,  orthorhombic, space group Cmcm, with a = 13.630( 1) A, b = 11.631( 1) A, 
c = 22.021(1) A, V = 3491.0(7) A3, Z = 4, 847 reflections ( I  > lu(Z)), and R = 0.054. 

Introduction 

Tetrahalometalate anions, MX42- (M = 3d element and X = 
halogen atom), have been extensively studied s t r u ~ t u r a l l y , ~ - ~ ~  
spe~troscopically,2@-~~ and However, acknowl- 
edgment of their coordinative potential came only recently when 
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the formation of Cu~C16~- and higher oligomeric species was 
recognized as ligation of CuC142- to CuC12.1 The coordinative 
versatility of MX42- was conclusively demonstrated when ac- 
cumulation of A18C6+ ions (A = Rb or T1) on the triangular 
faces of tetrahedral MX42- ligands (herein defined as facial 
ligation) was a c c o m p l i ~ h e d . ~ ~ . ~ ~  The resulting supramolecular 
species [(A1 8C6)4MX4] [TlX4]2.nH2042+43 have unusual cubic 
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Table 1. Crystallographic Data for Complexes 1-4  

1 2 3 4 

cryst system cubic 
space group F23 (No. 196) 
lattice consts 

0,  A 20.674(3) 
b, A 
c, A 
a, deg 
6, deg 
Y, deg v, A3 8837(1) 

0.710 73 
temp, K 115 
A, A (Mo Ka) 
Pca/c, g ~ m - ~  2.485 
Z 4 
abs coeff (p ) ,  cm-l 166.8 
R’ 0.054 
Rwb 0.048 

R = ZIP4 - FcII/Wol. * Rw = ( Z W ( ~ F ~ ~  - IFc12/Zw~,2)1/Z. 

cubic 
F23 (No. 196) 

20.789(2) 

8985.2(9) 
295 
0.710 73 
2.043 
4 
113.8 
0.036 
0.041 

triclinic 
P1 (No. 2) 

8.769( 1) 
10.383(2) 
13.912(1) 
98.29(1) 
89.77( 1) 
113.64(1) 
1146.2(6) 
297 
0.710 73 
1.850 
2 
29.3 
0.033 
0.042 

orthorhombic 
Cmcm (No. 63) 

13.630(1) 
11.631(1) 
22.021( 1) 

3491.0(7) 
294 
0.710 73 
1.998 
4 
106.0 
0.054 
0.046 

Table 2. Fractional Coordinates and Equivalent Isotropic Thermal 
Parameters of [(T118C6)4CuBr4][TIBr4]2 (1) at 115 K with F23  structures in which the MX42- ligands, including CuC1d2- 

CuX42- species is very unusual because of the expected Jahn- 
Teller distortion.44345 On the other hand, binding of Ba18C62+ 
cations by CuC142- ligands is inefficient and features bidentate 
coordination to Ba18C62+ by the edge of the flattened CuC1d2- 
tetrahedron (Dw) (herein defined as edge ligation). c u  ’14 ‘ 1 4  ‘ 1 4  

and  CUB^^^-, OCCUPY perfect Td Sites. The stabilization Of Td Estimated Standard Deviations in parentheses 

atom X Y Z Bq/ A2 

TI(1) 0.34934(5) 1 - x X 2.163(7) 
Tl(2) 0 0 0 0.92(4) 

0.78(4) 
4.2(3) 

T U )  ‘ 1 4  I/4 ‘ 1 4  

Although facial and edge ligation by MX4” ions have been 
reliably d e m o n ~ t r a t e d ~ ~ , ~ ~  and are potentially important sources 
of supramolecular systems with unusual electronic and magnetic 
properties, key factors influencing their coordination events are 
yet to be investigated. For example, the thermodynamic factors 
which contribute to the stabilization of facially coordinated Td 
CuX42- geometry and those mitigating in favor of edge ligation 
for the smaller and relatively highly charged BaZ+ ions are not 
understood. The molecular recognition processe~46-~* by which 
accumulation of A18C6+ ions on MXd2- by facial ligation occurs 
have also not been studied. Further, during the structural studies 
of [(T118C6)4CuC14] [TIC1412 and [(T118C6)4CuC14] [T1C14]2. 
0 . 2 5 H 2 0 4 2  we noticed that the 18C6 chelate possessed different 
rotations about the major symmetry axis in the two crystalline 
compounds. For metal-free inclusion complexes of 18C6, e.g. 
18C6.HC104, reorientations in the solid state have been detected 
by variable-temperature solid-state 1H and 13C NMR.52 Such 
reorientations could be an important consequence of crown ether 
fle~ibility,s~-~’ which gives them superior metal ion transports8 
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113,7917. 

1991, 30, 3728. 

0.8150(2) 
0.071 1 (1) 
0.1786(1) 
0.4783(6) 
0.4048 (8) 
0.495(1) 
0.443( 1) 
OSOO(1) 
0.529( 1) 

1 - x  
X 
X 
0.6545(7) 
0.5398(7) 
0.598( 1) 
0.567( 1) 
0.747(1) 
0.690(1) 

1 - x  
X 
X 
0.2875(6) 
0.2745(8) 
0.250( 1) 
0.223( 1) 
0.351(1) 
0.319(1) 

Starred B values are for atoms that were refined isoi 
is given. B ,  = (8r2/3)Z&U,, ar*a,*a~al. 

10.76(7) 
1.58(2) 
1.45(2) 
2.1 (3)* 
2.9(3)* 
3.0(4)* 
2.7(5)* 
2.3(4)* 
2.3 (5) * 

:ropically; Bi, 

and catalyticsg properties. However, these 18C6 reorientations 
have not yet been confirmed crystallographically. 

For these reasons, we have studied the structures of 
[(T118C6)4CuBr4] [TlBr& ( 1)43 a t  1 15 K and [ (T118C6)4MnC14]- 
[TlC14]2 (2) at room temperature in order to establish the 
authenticity of the Td geometry of CuG2-  ions and the role of 
Jahn-Teller effects in [(A1 8C6)4CuX4] [TlX4]2 compounds. 
MnC1d2- is not subject to Jahn-Teller distortion in Td symmetry; 
therefore a comparison of structural parameters, particularly the 
C1 displacement parameters, of MnCh2- and C U C ~ ~ ~ -  should reveal 
Jahn-Teller contributions which are expected to be greater in the 
copper species. Reorientations of 18C6 in the solid state were 
found to occur between 2 0 0  and 3 5 0  K by CP-MAS NMR;n the 
low-temperature (1 15 K) structural study was therefore important 
for confirming these effects. To be sure that edge ligation of 
C U C ~ ~ ~ -  to Ba18C62+ in (Bal8C6)2(C~C1~)~.3H~O was not due 
to Jahn-Teller effects which favor thevery common Dusymmetry 
of CuC1d2-, we have prepared and studied the structures of the 
similar compounds (Ba18C6)MC14-2Hz0 (M = Co (3), Zn). No 
Jahn-Teller effects are expected for ZnC1d2- and C0C142- anions, 
and therefore both Td and DW geometries are acces- 
sible.1419 Thus any preference of Bal8C62+ cations for either 
facial or edge binding should be more reliably discerned for 
ZnC142- and CoCl4” than C U C ~ ~ ~ - .  

Finally, the individual components which contribute to the 
formation of cubic F 2 3  structures share important symmetry 
elements (space group-imposed c, symmetry for 18C6, Td for 

(59) Roeske, R. W.; Gessellchen, P. D. Tetrahedron Lerr. 1976, 38, 3369. 
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Table 3. Selected Interatomic Distances and Angles for [(TI18C6)4CuBr4][TLBr4]2 (1) at 115 and 295 K 

distances (A) angles (deg) 
atoms l l 5 K  295 K atoms 115 K 295 K 

3.5430(8) 3.5629(9) 
2.547(i) ' 
2.556( 1) 
2.328(2) 
3.5572(6) 
2.96(1) 
2.99(2) 
1.44(3) 
1.38(4) 
1.45(3) 
1.46(3) 
1.48(3) 
1.43(3) 

2.536(2) ' 
2.55 3 (2) 
2.31 l(2) 
3.5893(8) 
3.11(2) 
2.91(2) 
1.41(3) 
1.47(4) 
1.47(3) 
1.40(3) 
1.49(4) 
1.41(3) 

113.7(4) 
56.8(4) 

143.8(4) 
107.5(4) 
114(2) 
109(2) 
107(2) 
109(2) 
119(2) 
114(2) 

57.4(4) 

113.8(5) 

58.2(5) 
142.0(5) 
105.5(5) 
1 lO(2) 
109(2) 
109(2) 
108(2) 
118(2) 
108(2) 

5 5.9 (5) 

TlX4- and MXd2-). It was thus interesting to determine how 
changing the nature of the crown would affect molecular 
recognition processes whichassemblethe [(A18C6)4M&] [TlX4]2 
supramolecular species.60 

Herein we report the cryogenic structure of 1 and the 
preparation and room-temperature structures of 2, 3, and the 
sandwich compound Rb(l5C5)~TlBrd (4). The results are the 
first crystallographic confirmation of solid-state 18C6 reorienta- 
tions and reveal remarkable coordinative sensitivity of MX42- 
ligands to the detailed nature of cationic species competing for 
complexation. 

Experimental Details 

Materials Used. (1) Thallium halides-thallium(1) chloride, thallium- 
(I) bromide, thallium(II1) chloride, and thallium(II1) bromide-were 
obtained by neutralizing 99.99% pure TlzC03 and TlzO3, respectively, 
with concentrated hydrochloric or hydrobromic acid. The excess acid 
wasevaporatedoff to yield thecrystalline halides. (2) Rubidium chloride 
and rubidium bromide were prepared by neutralizationof 99.99% rubidium 
carbonate from Aldrich. (3) 18C6 and 15C5 were of 98% purity from 
Aldrich. (4) Cobalt(I1) chloride, copper(I1) bromide, copper(I1) chloride, 
manganese(I1) chloride, and manganese(I1) bromide were of Analar 
quality of MXz.nH20 from BDH. (5) Barium chloride dihydrate was 
of Analar quality from BDH. (6) Cesium bromide was obtained by 
neutralization of 99.9% cesium carbonate. (7) Potassium bromide was 
of Spectrosol quality from BDH. 

Preparations of the Complexes. [(Tll8C6)4CuBr4ITIBr4~ (1). The 
preparation of 1 along with the room-temperature structure was reported 
recently.43 

[(Tl18C6)&lnC~ITIC~]2 (2). The preparation procedure of 2 is 
similar to that of [(T118C6)4CuC14] [TIC14]2, which wasreportedearlier.42 

[ (Ba18C6)Ca.ZH20 (3). Crystals of 3 were obtained as large, dark 
blue parallelepipeds by slowly evaporating off an ethanolic solution of 
stoichiometric amounts of BaC1~2Hz0, 18C6, and CoCly2HzO in a 
50-mL conical flask at 4 0 4 3  OC. Yield: -82%. The preparation of 
[(Ba18C6)MC1~2HzO], (M = Mn, Zn) was accomplished by the same 
procedure; other temperatures yielded products which lost solvent 
molecules rapidly, especially for the zinc compound. Anal. Calc for 
[(Bal8C6)ZnC14.2HzO]: C, 22.4; CI, 22.4; H, 4.3. Found: C, 22.44; 
CI, 22.08; H, 4.32. 

[ R b ( l X S ) 2 m r 4 ]  (4). Thepreparationof4 wasinitiallyaccompliihed 
by evaporating off a methanol/butanol solution containing thallium(II1) 
bromide (0.5 mmol), rubidium(1) bromide (1 mmol), 18C6 (1 mmol), 
and manganese(I1) bromide (0.25 mmol); this mole ratio was designed 
to produce the anticipated [(Rbl5C5)4MnBr4][TIBr4]2 complex. The 
reactants were first dissolved in methanol (35 mL), starting with 15C5 
and RbBr, followed byTlBr3 and MnBr2-4H20. About IOmLof n-butanol 
was then introduced, and the resulting solution was evaporated off slowly 
over 4 days. The crystals were isolated as tabular parallelepipeds in 42% 
yield. Compound 4 was subsequently prepared from a solution containing 
RbBr, TIBr3, and 15C5 in a ratio of l:1:2. The density of the crystals 
found by the flotation technique using a chloroform/bromoform mixture 
is 2.00 g/cm) in both preparations. 

[Cs(l8C6)2mBr4]. The complex was obtained from a solution 
containing CsBr, 18C6, MnBr2.4H20, and TlBrp in a mole ratio designed 

to produce [(Csl8C6)4MnBr4] [TIBr4]2. Anal. Calc for [Cs(18C6)2]- 
[TlBr]: Br, 26.97; C, 24.32; H, 4.08. Found: Br, 24.86; C, 24.73; H, 
4.37. 

Crystal Structure Determinations. The essential experimental condi- 
tions and resulting crystallographic data are given in Table 1 ; other details 
are available as supplementary material. The cryogenic apparatus used 
for 1 was the Enraf-Nonius Nzdevice; the radiation was Mo Ka  (0.710 73 
A). Data reduction in all cases included corrections for background and 
Lorentz and polarization effects, and absorption corrections were based 
on $ scans. All structures were solved by the heavy-atom method using 
heavy atom coordinates of 1 in the room-temperature structure43 for 1 
at 115 K and those from the isomorphous [(T118C6)4CuCl~][T1C1~]~4~ 
for 2 as starting trial refinement models. 

For 1, heavy-atom coordinates were successful, but carbon positions 
were found by difference maps to be rotated by 26.0° about the 3-fold 
axis relative to their room-temperature positions (vide infra). Non- 
hydrogen atoms were refined anisotropically by full-matrix least squares 
using Enraf-Nonius MolEN programs.61 For 1, the 18C6 carbon and 
oxygen atoms were refined isotropically because attempted anisotropic 
refinement lead to some nonpositive definite thermal parameters. This 
is attributed to the near-zerovalues of the thermal amplitude at cryogenic 
temperature, as well as the relative unimportance of scattering from C 
and 0 atoms in the presence of the very heavy atoms. The hydrogen 
atoms for 1-4  were idealized, assigned isotropic thermal parameters (E 
= 1 .3Bq of attached C), and allowed to ride on parent carbon atoms. The 
absolute structures for 1 and 2 were determined by R-factor tests. 

Results and Discussions 

Cryogenic Structure of 1. The atomic coordinates for 1 (1 15 
K) and selected interatomic distances and angles are given in 
Tables 2 and 3, respectively. The "sunrise" conformation typical 
of the T118C6+  cation^^^.^^ facially bound to Td CuBr42- ligands 
is shown in Figure 1 for one of the four T118C6+ ions. The 
packing of [ (T11 8C6)4CuBr4] [T1Br4l2 in the cubic unit cell is the 
same as that of the room-temperature structure,43 with the 
exception of rotation of 18C6 about the C, axis. The Br(1)- 
Cu-Br( I), Br(2)-T1(2)-Br(2), and Br(3)-T1(3)-Br(3) bond 
angles are tetrahedral. The Cu-Br( 1) and T1( 1)-Br( 1) bond 
distances at  115 K are within 0.02 A of those a t  295 K. Bond 
angles about the crown complexed to T1+ ions at  115 K and at  
295 K agree within their rather large uncertainties. The thermal 
parameters of the TlBr4- ions (average B,  (%,2): T1 (3.60(7)), 
Br (5.31(3)) at 295 K; T1 (0.85(4)), Br (1.52 (2)) at  115 K) 
decrease substantially on cooling to 11 5 K, but those of  CUB^^^- 
( B ,  (Az): Cu (8.0(4)), Br (12.92(7)) at  295 K; Cu (4.2(3)), Br 
(10.76(7)) a t  115 K)43 are less sensitive to the 180 K drop in 
temperature. This indicates that the large values are attributable 
to disorder of Jahn-Teller distorted tetrahedra rather than 
librational processes. 

The most important change in the structure of 1 on cooling 
from 295 to 115 K is the orientation of the 18C6 chelate. The 

(60) Fairman, R. A.; Gallimore, W. A.; Spence, K. V. N.; Kahwa, I. A. 

(6 1) Fair, C. K. MolEN, An InteractiveStructure Solution Procedure, Enraf- 
Inorg. Chem. 1994, 33, 823. 

Nonius, Delft, The Netherlands, 1990. 
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Figure 1. Facial coordination of one of the four T118C6+ cations by the 
tetrahedral (Td) CUB$- ligandin 1 at 115 K. 

18C6 molecule in the cryogenic structure of 1 is rotated by 26.0° 
about its 3-fold axis relative to the coordinates at  295 K.43 
Macrocycle reorientations in metal-free solid 18C6 host-guest 
complexes were convincingly detected by variable-temperature 
solid-state 1H and 13C NMR; transition temperatures of 200- 
350 K and reorientation activation energies of 31-55 kJ mol-’ 
were measured.52 These reorientational motions ( T  > 230 K) 
are probably the cause of the N M R  line-narrowing effects 
observed for the *13Cs and 23Na nuclei in Cs( 18C6)zNa observed 
by Dawes et al.52 This cryogenic crystallographic study is the 
first confirmation for 18C6 reorientations in crystalline complexes, 
and the study further shows that the reorientations do occur in 
a manner which preserves the crystal structure of the complex 
and the conformation of the crown as predicted from N M R  
studies.52 18C6 has many possible orientations which have been 
studied extensively by molecular  mechanic^.^^-^^ The now 
confirmed ability of 18C6 to adopt different orientations with 
changing thermal and chemical environment is an important 
consideration in competitive binding,56 intricate selective com- 
plexation, e.g. in isotopic purification,62 and functions of ion 
selective electrodes,58 as well as crown-mediated c a t a l y s i ~ . ~ ~ . ~ ~  
For these reasons, the phenomenon requires further study to 
determine in detail how gue~t-host,~’ and other key 
molecular interactions affect the progress of these reorientations 
in both the liquid and solid states. 

The relatively greater ease with which 18C6 reorients itself in 
the solid HClO4-18C6 complex (the transition temperature, 205 
K, and activation energy, 3 1.8 kJ mol-’, were the lowest measured 
by NMRSZ) prompted us to re-examine the room-temperature 
structures of the isostructural [(T118C6)4CuC14] [TlCl4]2.nH20 
(5, n = 0; 6,n = 0.25)42complexes for which the 18C6 orientations 
are different. The 18C6 chelate in 6 ( T  = 297 K) is rotated by 
ca. 27.9O about the 3-fold axis of the crown relative to the 
coordinates of 5 ( T  = 297 K).  Actually, the low-temperature 
(1 15 K) orientation of the 18C6 in 1 is similar to that found in 
6 at 295 K;42 the orientations of the 18C6 chelate at  295 K in 
the anhydrous complexes 143 and 542 are similar. The water 
molecules in 6 occupy positions in the concave sites of T118C6+ 
ions42 in which the crown-H2O interactions are, expectedly, 
greatest. It appears that these 18C6-H20 interactions are 
stabilizing for the low-temperature 18C6 orientation. For 
HCIOc 18C6, however, the strong host-guest H-O(crown) 
hydrogen bonding interactions appear to stabilize the high- 
temperature orientation.52 For 6, the lone pair on T1+ which is 

(62) Jepson, B. E.; Clager, M. R.; Green, J. L. Pure Appf. Chem. 1993,65, 

(63) Zhou, W.; Jiang, B.; Pan, X. Chin. Chem. Lett. 1991, 2, 505. 
(64) Dearden, D. V.; Zhang, H.; Chu, LH.; Wong, P.; Chen Q. Pure Appl. 

489. 

Chem. 1993, 65, 423. 

Figure 2. Facial ligation of tetrahedral ( T d )  MnC1d2- anions to T118C6+ 
cations in 2. 

Table 4. Fractional Coordinates and Equivalent Isotropic Thermal 
Parameters for [(T118C6)4MnC14] [TlCl& (2) 

atom X Y z B=,O A2 

Tl(1) 0.64966(3) 1 - X  X 

Tl(2) 1 1 1 
TK3) ’14 ’14 3/4 

’14 
1 - x  

Mn ‘14 3/4 

Cl(2) 0.9331(2) x X 

Cl(3) 0.8167(2) x X 

0(1)  0.5234(4) 0.3438(5) 0.7121(4) 
O(4) 0.5914(4) 0.4600(5) 0.7244(5) 
C(2) 0.5012(9) 0.4000(7) 0.7483(9) 
C(3) 0.5576(7) 0.4324(7) 0.7732(7) 
C(5) 0.5032(8) 0.2507(8) 0.6450(7) 
C(6) 0.4752(7) 0.310(1) 0.6793(9) 

Cl(1) 0.1852(2) 1 - x  

a Bcs = (8r2/3)zizjUu ui*uj*ai*uj. 

Table 5. Selected Interatomic Distances and Angles for 
I(T118C6)4MnC141 [TIC1412 (2) 

5.157(5) 
5.19(4) 
4.97(4) 
3.7(1) 
6.22(4) 
8.18( 5) 
8.40(6) 
6.1(2) 
6.3(3) 
7.2(3) 
6.0(4) 
6.6(3) 
9.0(5) 

T1( 1)-Cl(1) 
T1( 2)-C1(2) 
T1(3)-C1(3) 
Mn-C1( 1) 
Mn-T1( 1) 
Tl(1)-0( 1) 
T1( 1)-0(4) 

C1( 1)-Tl(1)-Cl(1) 
O( 1)-T1( 1)-O( 1) 
O( 1)-T1( 1)-0(4) 
O( 1)-T1( 1)-0(4) 
O( 1)-Tl(1)-0(4) 
0(4)-T1( 1)-0(4) 

Distances (A) 
3.5885( 7) 0(1)-C(2) 

2.401 (3) C(3)-0(4) 
2.3 3 3 (2) 0(4)-C(5) 
3.6131(3) C(5)-C(6) 
2.93(1) C(6)-0(1) 
3.01(1) 

2.408(3) ~ ( 2 ~ 3 )  

Angles (deg) 
64.12(7) O( l)-C(2)-C(3) 

114.7(3) 0(4)-C(3)-C(2) 
56.4(3) 0(4)-C(5)-C(6) 
58.4(3) 0(1)-C(6)-C(5) 

107.0(3) C(3)-0(4)-C(5) 
144.6(3) C(2)-0(1)-C(6) 

1.46(2) 
1.45(2) 
1.36(2) 
1.45(2) 
1.53(3) 
1.40(2) 

107(1) 
1 lO(1) 
105(1) 
111(1) 
115(1) 
111(1) 

directed toward the concave faces of the T118C6+ complex ion, 
where the water molecule is also located, could influence the 
stability of 18C6 orientations and may also interfere with the 
1 8C6-H20 interactions (vide infra).This possibility is being 
studied using [ (Rb18C6)4MX4] [TlX4]2.nH20 complexes in which 
the Rb+ ion has no lone pair. 

Structure of 2. The crystal structure of 2 is cubic F23 and is 
isomorphous with 1; the accumulation of T118C6+ ions on the 
Mr1C14~- anions through facial ligation to yield [(Tl18C6)4- 
MnC14I2+ complex cations is shown, in part, in Figure 2. The 
packing of [(T118C6)4MnC14]2+ and TlC14- ions in the cubic cell 
is also isomorphous with that of 5 and 6.42943 Atomic coordinates 
and selected interatomic distances and angles are given in Tables 
4 and 5 ,  respectively. The Mn-Cl distances (2.333(2) A) are 
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Table 6. Coordinates and Equivalent Isotropic Thermal Parameters 
for ( B ~ ~ ~ C ~ ~ C O C I A . ~ H Z ~  (3) 

Fender et al. 

atom X Y z B,," A2 
Ba 0.25871(2) 0.34918(2) 0.23723(1) 1.919(3) 
c o  0.14923(4) 0.70321(4) 0.28159(3) 2.288(7) 
Cl(1) 0.11824(9) 0.54351(8) 0.38337(6) 2.91(1) 
Cl(2) -0.05018(8) 0.79236(8) 0.28523(6) 2.92(1) 
Cl(3) 0.1512(1) 0.57307(8) 0.13567(6) 3.40(2) 
Cl(4) 0.4002(1) 0.8899(1) 0.3175(1) 5.19(3) 
O(1) 0.4939(2) 0.3568(2) 0.0894(2) 2.62(4) 
O(2) 0.1562(3) 0.2377(2) 0.0370(2) 2.73(4) 
O(3) -0.0894(3) 0.1767(2) 0.1698(2) 2.95(5) 
o (4 )  0.0186(3) 0.1716(2) 0.3541(2) 2.90(5) 
O(5) 0.3496(3) 0.3035(2) 0.4239(2) 2.84(4) 
O(6) 0.5764(2) 0.3483(2) 0.2805(2) 2.84(5) 
C(1) 0.4310(4) 0.2926(4) -0.0084(3) 3.56(8) 
C(2) 0.2752(4) 0.3121(4) -0.0278(2) 3.40(7) 
C(3) -0.0098(4) 0.2159(4) 0.0097(3) 3.22(7) 
C(4) -0.1238(4) 0.1 146(4) 0.0695(3) 3.42(7) 
C(5) -0.1956(4) 0.0819(4) 0.2301(3) 3.94(8) 
C(6) -0.1501(4) 0.1468(4) 0.3337(3) 3.89(7) 
C(7) 0.0630(4) 0.2020(4) 0.4561(3) 3.45(7) 
C(8) 0.2286(4) 0.1955(4) 0.4694(2) 3.42(7) 
C(9) 0.5124(4) 0.3096(4) 0.4416(3) 3.40(7) 
C(10) 0.6300(4) 0.4082(4) 0.3807(3) 3.07(7) 
C(11) 0.7018(3) 0.4043(3) 0.2145(3) 2.96(6) 
C(12) 0.6346(4) 0.3291(3) 0.1149(3) 3.06(6) 
O(1W) 0.5191(3) 0.6309(3) 0.2712(2) 4.14(6) 
O(2W) 0.2363(3) 0.0731(3) 0.2086(2) 4.22(6) 

BW = (8*2/3)~,~,Ulia,*a,*a,*a,. 

Table 7. Bond Distances (A) for (Ba18C6)CoC1~.2H20 (3) 

Ba-Cl( 1) 
Ba-Cl(3) 
Ba-O( 1) 
Ba-O(2) 
Ba-O(3) 
Ba-O(4) 
Ba-O(5) 
Ba-O(6) 
Ba-O( 1 W) 
Ba-O(2W) 
Co-Cl( 1 ) 
co-Cl(2) 
CeCI(3)  
co-Cl(4) 
0(1)-C(1) 
O( 1)-C( 12) 

3.242( 1) 
3.317(1) 
2.893 (2) 
2.858 (2) 
2.926(2) 
2.863(2) 
2.877(2) 
2.8 56( 2) 
2.872(2) 
2.763(3) 
2.267( 1) 
2.280(1) 
2.275(1) 
2.271(1) 
1.432(4) 
1.431(4) 

1.430(4) 
1.424(4) 
1.429(4) 
1.427(4) 
1.418(4) 
1.429(4) 
1.424(4) 
1.424(4) 
1.440(4) 
1.422(4) 
1.490(6) 
1.483(5) 
1.484(5) 
1.494(6) 
1.491 (5) 
1.484(5) 

shorter than those usually found in uncoordinated Mr1C14~- ions 
(2.365 A).7J7J* The main objective of studying compound 2 was 
to establish whether there were any structural differences between 
2 and 5, especially thermal parameters of MnC1d2- and C U C ~ ~ ~ -  
that could suggest Jahn-Teller distortion in CuCL2-. The isotropic 
thermal parameter of the Mn2+ ion (3.7) is comparable to that 
of Cu2+ (3.78) whereas that of C1( 1) in MnC142- (6.22) is smaller 
than those of the TlC14- ions in 2 and is also rather smaller than 
that found in CuC142- (7.35) observed in 1. The geometry of 
CuC142- in [(A18C6)4CuC14][TlC14]~nH~0 (A = T1, Rb) is 
therefore only approximately Td; a small static distortion from 
strict Td symmetry is present. 

The 18C6 macrocycle in 2 is rotated by 28.3' about its 3-fold 
axis relative to the coordinates of 1. The resulting 18C6 
orientation in 2 is similar to that found in the room-temperature 
structures of 1 and 5. It therefore appears that the orientation 
of 18C6 is sensitive to the size and/or detailed electronic properties 
of the M2+ ion in MC142-, as well as the presence or absence of 
H20 in the central cavity. Whereas the exact nature of factors 
influencing the 18C6 motion in solid complexes is yet to be worked 
out, it is clear from the structures of 1,2,5, and 6, as well as from 
previous N M R  studies, that the 18C6 ring motions are very 
sensitive to the detailed crystal environment. 

Structureof 3. The crystal structureof 3, like that of (Ba18C6)~- 
(C~C1~)~.3H2042 (7), is triclinic space group Pi. However, the 

Figure 3. Edge ligation of the distorted tetrahedral ( D u )  CoCl42. to 
(Ba18C6.2H20)2+ in 3. 

Table 8. Selected Bond Angles (deg) for (Ba18C6)CoClc2H20 (3) 

Cl( l)-Ba-C1(3) 64.57(2) 0(4)-Ba-0(6) 108.87(7) 
CI(1)-Ba-O( 1) 144.01(5) 0(4)-Ba-0(1 W) 135.10(8) 
CI(l)-Ba-0(2) 127.03(5) 0(4)-Ba-0(2W) 67.30(8) 
Cl( l)-Ba-0(3) 86.3 8 (5) O( 5)-Ba-0 (6) 57.68(6) 
Cl(l)-Ba-0(4) 71.06(5) 0(5)-Ba-O(lW) 89.16(8) 
CI(l)-Ba-O(5) 78.62(5) 0(5) -Ba4(2W) 74.78(8) 
CI(l)-Ba-0(6) 120.05(5) 0(6)-Ba-0(1 W) 67.66(7) 
CI(l)-Ba-O(lW) 73.34(6) 0(6)-Ba-0(2W) 70.14(7) 
CI(l)-Ba-O(ZW) 137.96(6) O(lW)-Ba-O(2W) 137.06(8) 
C1(3)-Ba-O(1) 90.28(5) CI(l)-Co-C1(2) 115.63(3) 
C1(3)-Ba-0(2) 70.22(5) Cl(l)-Co-C1(3) 100.97(3) 

109.21(4) C1(3)-Ba-0(3) 77.03(5) Cl(l)-Co-C1(4) 
C1(3)-Ba-0(4) 116.55(6) C1(2)-Co-C1(3) 113.18(4) 
Cl( 3)-Ba-0(5) 141.08(5) C1(2)-Co-C1(4) 107.65(4) 
C1(3)-Ba-0(6) 131.83(5) C1(3)-Co-C1(4) 110.04(4) 
C1(3)-Ba-O(1W) 69.22(6) Ba-Cl( 1)-Co 95.20(3) 
C1(3)-Ba-0(2W) 142.40(6) Ba-C1(3)-Co 93.07(3) 
O( 1)-Ba-O(2) 57.51(6) Cl( 1)-0(1)-C(12) 11 1.0(3) 
0(1)-Ba-0(3) 113.92(6) C(2)-0(2)-C(3) 112.8(3) 
0(1)-Ba-0(4) 144.85(7) C(4)-0(3)-C(5) 111.0(2) 
0(1)-Ba-0(5) 115.03(7) C(6)-0(4)-C(7) 112.5(1) 

O(l)-Ba-O(l W) 73.75(7) C(10)-0(6)-C(11) 113.5(2) 
O(l)-Ba-0(2W) 77.59(8) O(l)-C(l)-C(2) 108.8(3) 
0(2)-Ba-0(3) 57.18(6) 0(2)-C(2)-C(l)  107.1(3) 
0(2)-Ba-0(4) 108.49(5) 0(2)-C(3)-C(4) 107.6(3) 
0(2)-Ba-0(5) 148.09(7) 0(3)-C(4)-C(3) 109.2(2) 
0(2)-Ba-0(6) 1 10.20( 7) O( 3)-C( 5)-C(6) 109.4( 2) 
0(2)-Ba-0(1 W) 114.58(8) 0(4)-C(6)-C(5) 108.2(3) 
0(2)-Ba-0(2W) 73.31(8) 0(4)-C(7)-C(8) 107.7(3) 

0(3)-Ba-0(5) 114.24(6) 0(5)-C(9)-C(10) 108.8(3) 
0(3)-Ba-0(6) 145.98(7) 0(6)-C(lO)-C(9) 107.2(2) 
0(3)-Ba-0( 1 W) 145.56(8) 0(6)-C( 1 l)-C( 12) 108.2(2) 
0(3)-Ba-0(2W) 75.85(8) O(l)-C( 12)-C( 11) 109.2(3) 
0(4)-Ba-0(5) 57.79(6) 

two are not isomorphous as they have different H20 contents. 
The atomic positions and selected interatomic distances and angles 
are given in Tables 6-8, respectively; edge ligation and the resulting 
geometry of the (Ba18C6)CoCl4*2HzO molecules are shown in 
Figure 3.  The structure of 7 contains two independent molecules, 
(Ba18C6)CuClq2H20 and (Bal8C6)CuCl4-H20, whereas 3 
contains only the dihydrated molecule. Although the C O C ~ ~ ~ - ,  
ZnC1d2-, and MnC142- anions are not subject to Jahn-Teller effects 
in Td symmetry, small but significant distortion of these MC142- 
anions in solid-state structures toward Dzdsymmetry is frequently 

O( l)-Ba-0(6) 57.83(7) C(8)-0(5)-C(9) 110.9(3) 

O( 3)-Ba-0( 4) 56.74( 7) O( 5)-C(8)-C(7) 108.8(3) 
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Figure 4. (a) Top: Cutout view of the two-dimensional supramolecular array of [(Bal8C6.2HzO)(CoC4)] molecules showing the extensive network 
of C1.-H-O and O...H-O bonds in the crystallographic a-b plane. There are no H-bonding interactions along the c direction. (b) Bottom: Stereoscopic 
view of the unit cell of [(Bal8C6.2HzO)(CoC14)] showing the inversion relationship between neighboring a-b planes. 

Distortions of uncoordinated MC142- anions are, 
however, generally small, the Cl-M-C1 bond angles for M = Mn, 
Co, and Zn tending to be in the range 107-113°.1619 The 
distortions of the Cl-C+Cl angles (1 01-1 1 So) from Tdsymmetry 
are significantly larger in 3 and thus reflect the effect of 
coordination of the CoC142- ligand to the Ba18C62+ cation. 
Therefore the inability of Bal 8C62+ species to undergo facial 
coordination on triangular faces of CuC1d2- ligands is not due to 
Jahn-Teller effects in CuC142-. Rather, edge coordination to 
MC142- ligands under these conditions appears to be preferred by 
Ba18C62+ cations; the ability of MC142- to adopt &,j symmetry 
is certainly advantageous. Preference for edge coordination may 
be due to better competition from a water molecule, O(lW),  
which shares three of the ten BaZ+ coordination sites with MC142- 
ions (Figure 4). 0-H-Cl hydrogen bonding is a source of 
thermodynamic stability; the structure of 3 features a two- 
dimensional supramolecular array of O-H-Cl bonds. The 
O( 1 W) water molecule forms an intramolecular hydrogen bond 
to Cl(4) (3.237(3) A) and an intermolecular hydrogen bond to 
Cl(2) (3.457(2) A). The O(2W) water molecule makes inter- 
molecular hydrogen-bonding contacts to Cl(2) (3.309(3) A) and 

Figure 5. Structure of the Rb(15C5)2+ sandwich complex in 4. 

Cl(4) (3.200(4) A) which are responsible for the two-dimensional 
supramolecular chain assembly of molecules of 3 (Figure 4). 

Preliminary structural results show, however, that the 
preparation of cubic F23 [(K18C6)4MBr4] [TlBr.&-nS and 
[(Ba18C6X)4MnBr4] [TlBr4]2.nS (where X- is as yet undeter- 
mined and s = solvent molecule) has been accomplished. It is 
therefore possible that Br-H-0 hydrogen bonds are not strong 
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Figure 6. Stereoscopic view of the unit cell of 4 showing the zigzag array of Rb(15C5)2+ and TlBr4- ions. 

Table 9. Coordinates and Equivalent Isotropic Thermal Parameters 
for Rb( 15C5)2TIBr4 (4) 

atom X Y Z B, ,O A2 

0 
0 
0 
0.1508(2) 
0 
0.1 730(6) 
0.1046(8) 
0.089( 1) 
0.165( 1) 

0.179(2) 
0.039(2) 

0.222( 1) 

0.42940(8) 
0 
0.5560(2) 
0.2987(2) 

0.0141 (9) 
0.220 1 (6) 

4.1094(9) 
-0.022( 1) 

0.119(1) 
0.21 1 (1) 
0.31 14(9) 

-0.060(1) 

' I 4  
0 
0.1564(1) 
'14 
0.1362(6) 
0.0841 (4) 
0.0291 (4) 
0.1497(6) 
0.1409(6) 
0.074(1) 
0.0757(8) 
0.03 20(9) 

7.99(3) 
5.07(5) 

11.28(7) 
10.82(7) 
13.8(5) 
12.4(3) 
10.7(3) 
12.2(4) 
11.7(4) 
21.7(9) 
22.4(7) 
24.7(8) 

Competing recognition of Rbl5C5+ by the divalent MnBr42- 
ions under the preparative conditions used here for 4 appears to 
be unfavorable. Complexes isolated in the presence of MX42- as 
sole counteranions are under study. The propensity of the 15C5 
cavity to form sandwich compounds is well established, especially 
that of benzo- l5 -c ro~n-5 ;~~ ,~*  even a Na2( 15C5)32+ club sand- 
~ i c h ~ ~  has been reported. In gas-phase reactions, formation of 
alkali metal sandwich compounds by the cavity of 15C5 is also 
p r e d ~ m i n a n t . ~ . ~ ~  But rather few solid rubidium complexes 
featuring sandwich complexation have been isolated for the 15C5 
molecule; the Rb(l5C5)2+ species has only been reported in a 
pair of crystalline complexes with the unusual Na- and Rb- 
counteranions.68 

B,  = (8*2/3)C,C,Ur/ar*a,*ai*a,. Conclusion 
Table 10. Selected Interatomic Distances and Angles for 
Rb( 15C5)2TIBr, (4) 

In conclusion, the solid-state 18C6 reorientational motions 
previously52 detected by solid-state NMR in metal and metal- 

Br( 1)-TI-Br( 1) 
Br( 1)-TI-Br (2) 
Br (2)-Tl-Br (2) 
O( 1)-Rb-O( 1) 
O( 1)-Rb-0(2) 
O( l ) - R M ( 2 )  
O( l)-Rb-0(3) 
0(1)-Rb-O(3) 
O( 2)-Rb-O(2) 
0(2)-Rb-O(2) 
O( 2)-Rb-0(2) 
O( 2)-Rb-O(3) 

Angles 
108.9( 1) 
110.23(3) 
107.0( 1) 
180 
53.9(2) 

126.1(2) 
89.1(3) 
90.9(3) 

180 
7 6.5 (2) 

103.5(2) 
56.5(3) 

1.33(2) 
1.41 (2) 
1.45(2) 
1.39(2) 
1.46(2) 
1.22(3) 

123.5(3) 
78.8 (3) 

101.2(3) 
180 
123.3(3) 
56.7(3) 

108(1) 
.114( 1) 
122(2) 
113(2) 
130( 1) 

enough to stabilize the triclinic structure such as that of 3. Thus 
formation of cubic F 2 3  bromide complexes becomes competitive. 

Structure of 4. The reaction mixture intended to yield a 
[(RblSC5)4MnBr4][TlBr4]2 complex similar to 1, 2, 5, and 6 
instead produced Rb( 15C5)2TlBr4 (4), containing the Rb( 15c5)2+ 
sandwich cation (Figure 5). Atomic coordinates and bond angles 
and distances are given in Tables 9 and 10, respectively. The 
Rb( 15c5)2+ ion lies on a crystallographic C2h site, and the TlBr4- 
ion on a crystallographic C2, site. Each ion makes two contacts 
to give an overall infinite zig-zag array of [Rb(l5C5)y-T1Br4], 
supramolecular species (Figure 6). The TlBr4- lies at  an mm 
(C,) site, while the Rb(15C5)2+ sandwich lies at  a 2," (C2h) 
site. The 15C5 group lies on a mirror plane; its high thermal 
parameters, particularly for the C atoms, are probably indicative 
of disorder typical of such sandwich complexes.52 

free hostlguest complexes of 18C6 are general and have now 
been confirmed crystallographically by a cryogenic study of 1. 
But the factors influencing those reorientational motions are still 
very poorly understood. Facial and edge ligations by MX42- 
appear to be selective and rather specific processes which are 
sensitive to the detailed nature of cations competing for com- 
plexation. For facial ligation, it seems, the metal ion should be 
large enough to form a sunrise c o n f o r m a t i ~ n ~ ~  with the crown 
ether; this condition is fulfilled for 18C6 and M+ with M = K, 
Rb, T1, and BaX. For 15C5, Rb+ rises too high above the crown 
to make stable interactions and therefore binding of an extra 
crown to form a Rb(15C5)2+ sandwich is preferred. These 
conclusions were confirmed by studying the 18C6-Cs+ system; 
thesyntheticexperiment designed for [(Csl8C6)4MnBr4] [T1Br4I2 
instead produced the sandwich complex Cs( 18C6)2TlBr4 (see 
Experimental Section). 
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