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Abstract. The title metalloeenium salts form crystalline 2:1 host:guest inclusion compounds with 
ct-cyclodextrin, [0/5-CsHs)2M]PF6 - 2~t-CD-8H20 (1, M = Fe; 2, M =Co; 3, M = Rh). The X-ray 
crystal structures of 1 and 3, and the lattice constants, crystal system and space group of 2 have been 
determined. Crystal data: triclinic, space group PI  (No. 1), Z = 1; 1, a = 13.865 (2) A, b = 13.839 (2) 
A, c = 15.520 (2) A, ~t = 91.43 (2) °, fl = 85.81 (2) °, ), = 120.22 (2) °, and R e = 0.089 for 4257 observed 
MoK~ reflections [I > 3tr(I)]; 2, a = 13.810 (2) A, b = 13.872 (2) A, c = 15.560 (2) A, ~ =93.99 (2) °, 
fl = 87.06 (2) °, ~ = 120.04 (2)°; 3, a = 13.756 (1) A, b = 13.863 (1) A, c = 15.561 (2) A, ~ =94.39 (1) °, 
fl = 86.92 (1) °, ~ = 119.89 (I) °, and R F = 0.061 for 11142 observed MoK~ reflections [I > 3a(I)]. In the 
crystals of 1 and 3, two ~-cyclodextrin molecules are arranged bead-to-head to form a dimer by means 
of intermolecular hydrogen bonding across the secondary hydroxyl faces of adjacent ~-CD monomers. 
The dimers are stacked along the crystallographic c axis to form a channel-type structure. The 
metallocenium cation is encapsulated within the cavity of the dimer, while the PF~- anion is located 
outside the cavity, being centered between the primary hydroxyl faces of adjacent directs. Eight water 
molecules of hydration per asymmetric unit reside in the spaces between the ~t-CD columns. In view of 
the almost identical crystal data for 2 a similar structure can be assumed for the cobaltocenium adduet. 
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1. I n t r o d u c t i o n  

I n  the  field o f  s u p r a m o l e c u l a r  chemis t ry  the  i n c l u s ion  o f  t r a n s i t i o n  m e ta l  complexes  
by  a r ange  o f  d i f ferent  hos t  molecu les  has  a t t r ac ted  cons ide rab l e  a t t e n t i o n .  M a c r o -  
cyclic c r o w n  ethers,  for  example ,  have  been  s h o w n  to act  as second-sphe re  l igands  
m a i n l y  for  t r a n s i t i o n  me t a l  a m m i n e  complexes  [ 1], whi le  cyc lodex t r ins  ( C D s )  a p p e a r  
to be  pa r t i cu l a r ly  su i tab le  receptors  for  complexes  b e a r i n g  h y d r o p h o b i c  f i rs t -sphere  
l igands  [2]. M o s t  o f  the  w o r k  c o n c e r n i n g  i n c l u s ion  c o m p o u n d s  o f  o r g a n o m e t a l l i c  
complexes  wi th  cyc lodex t r ins  has  c o n c e n t r a t e d  o n  fe r rocene  a n d  its der ivat ives .  
Crys ta l l ine  ct-, r -  a n d  ~ - C D  ad d u c t s  o f  fe r rocenes  have  b e e n  i so la ted  a n d  cha rac te r -  
ized in  the  solid s tate  by  H a r a d a  a n d  T a k a h a s h i  [3], a n d  o n  the  bas is  o f  C P K  
m o l e c u l a r  mode ls ,  a n  axial  i n c l u s i o n  geomet ry  has  b e e n  p r o p o s e d  for  the  2:1 0t-CD: 
fe r rocene  c o m p o u n d .  Recen t  d o c k i n g  ca l cu la t ions  o f  fe r rocene  c o m p l e x a t i o n  wi th  
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cyclodextrins reported by Menger and Sherrod [4] revealed a tilt of the ferrocene 
molecule against the ~-CD axes of 40-45 ° in both the 1:1 and the 2:1 adduct. 

However, unequivocal structural information regarding the inclusion geometry of 
ferrocene in cyclodextrins has not been obtained yet [5]. The only example of a 
crystallographically characterized adduct between a transition metal sandwich 
complex and cyclodextrins reported to date is [CpFe(Benzene)]PF 6 • 2~t-CD • 8H20 
(Cp = r/5-CsHs) obtained recently in our laboratory and reported in Part 1 of this 
series [6]. Since the guest molecule of this adduct is structurally very closely related 
to metallocenium salts of the general formula [Cp2M]PF6, we carried out a 
systematic study on the adduct formation between these sandwich complexes and 
~t-cyclodextrin. 

2. Experimental 

2.1. STARTINGMATERIALS 

~t-Cyclodextrin was obtained from Fluka Chemie AG, [Cp2Co]PF6 from Aldrich, 
and used as received. The metallocenium hexafluorophosphates [Cp2M]PF6, 
M = Fe [7] and M = Rh [8] were prepared according to literature procedures. 

2.2. PREPARATION OF THE INCLUSION COMPOUNDS 

(1): 331 mg (1.0 mmol) [Cp2Fe]PF6 was dissolved in 30 mL of water at 80°C and 
a hot aqueous solution (20 mL) of 2.14 g (2.2 mmol) ct-CD added. The hot solution 
was filtered and allowed to cool slowly to room temperature overnight during 
which time dark blue crystals of 1 were formed. The mother liquor was decanted, 
the crystals washed successively with water, ethanol and ether and dried in vacuo.  

Yield: 1.63 g (72%). Anal. Calcd. for C82H13oF6FeOro P.  8H20: C, 40.68; H, 6.08; 
F, 4.71; Fe, 2.31; P, 1.28. Found: C, 40.56; H, 6.17; F, 4.66; Fe, 2.30; P, 1.25. 

The ~-CD adducts 2 and 3 were prepared and isolated in essentially the same 
manner. 

(2): yellow crystals, yield: 78%. Anal. Calcd. for C82H130CoF606oP" 8H20: C, 
40.38; H, 6.86; Co, 2.21; F, 4.67; P, 1.27. Found: C, 40.50; H, 6.16; Co, 2.37; F, 
4.66; P, 1.26. 

(3): colourless crystals, yield: 91%. Anal. Calcd. for C82H13oF60~oPRh" 8H20: 
C, 39.91; H, 5.96; F, 4.62; P, 1.26; Rh, 4.17. Found: C, 40.42; H, 5.92; F, 4.71; P, 
1.20; Rh, 4.20. 

2.3. X-RAY STRUCTURAL ANALYSIS 

The sample crystals were sealed with epoxy to the end of a glass fiber and showed 
no significant intensity decay during data collection. Intensity measurements were 
carried out on a Philips PW-1100 diffractometer (graphite monochromator, MoK~ 
radiation, 0/20 scan). The positions of the atoms of one CD molecule were taken 
from [6] and submitted to the subprogram ORIENT of the program system 
DIRDIF [9]. In subsequent difference Fourier maps all nonhydrogen atoms could 
be located. In 3 all nonhydrogen atoms and in 1 the heavier atoms Fe and P were 
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Table I. Crystal data for inclusion complexes 1-3  
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Compound 1 2 3 

Formula [(CsHs)2Fe]PF6 [(CsHs)2Co]PF6 [(CsHs)2Rh]PF6 
.2 (C36H6oO3o) • 2(C36HroOao) • 2(C36H6oO~o) 
- 8H20 .8H20 • 8H20 

lattice type triclinic triclinic triclinic 
space group P 1 P 1 P 1 
T(K) 190 190 185 

cell dimensions: 
a(/~) 13.865(2) 13.810(2) 13.756(1) 
b(/~) 13.839(2) 13.872(2) 13.863(1) 
c(•) 15.520(1) 15.560(2) 15.561(2) 
~(°) 91.43(2) 93.99(2) 94.39(1) 
fl(°) 85.81(2) 87.06(2) 86.92(1) 
y(°) 120.22(2) 120.04(2) 119.89(1) 
V(/~ 3) 2566 2573 2564 

Z 1 1 1 
Doal¢ x 10 - 3 (kg m -  3) 1.566 1.598 
0-range (°) 3-25 3-29 
No. of reflections 9459 14173 
No. of reflections with 4257 11142 

I > 3tr(1) 
Final No. of variables 673 1423 
Final R 0.089 0.061 

introduced with anisotropic thermal parameters into the least squares refinements. 
Because of the fewer number of observed reflections and of the twinned character 
of the crystal investigated of 1 the C and O atoms of 1 were refined isotropically. 
Crystallographic data of 1-3 are summarized in Table I. Final atomic coordinates 
of 3 are listed in Table II. In 1 the C-atoms of the Cp rings showed rather large 
temperature factors as a consequence of a disorder of the guest molecule. 

3. Results and Discussion 

Host-guest binding in solution to ~t-CD has been demonstrated for the ferrocenium 
cation by measurements of induced circular dichroism. A dimethylsulfoxide solu- 
tion of [Cp2Fe]PF 6 containing an excess of ~t-CD shows a negative induced Cotton 
effect at 450 nm, which is in agreement with the corresponding spectra of ferrocene 
[10] and [CpFe(Benzene)]PF6 [6], respectively. In contrast, a positive ICD signal 
has been reported for an ethylene glycol solution of the ferrocenium salt containing 
fl-cyclodextrin [10]. 

Co-crystallization of the title metaUocenium salts and ~t-CD from aqueous 
solution afforded crystals of 1-3 suitable for X-ray crystallographic analysis. They 
were found to be isomorphous to those of the 2:1 ~-CD adduct of [CpFe(Ben- 
zene)]PF6 [6]. 

In the crystals of 1 and 3 two ~-cyclodextrin molecules which have the character- 
istic bucket-shaped conformation are arranged head-to-head to form a dimer by 
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means of intermolecular hydrogen bonding across the secondary hydroxyl faces of 
adjacent ~-CD monomers. The dimers are stacked along the crystallographic c axis 
forming parallel channels in which the guest cations and anions are lined up 
alternately. The metallocenium cation is encapsulated within the cavity of the 
dimer, while the PF6 anion is located outside the cavity, being centered between 
the primary hydroxyl faces of adjacent dimers (Figures 1 and 2). Eight water 
molecules of hydration per asymmetric unit reside in the spaces between the at-CD 
columns. On account of the almost identical crystal data a similar structure can be 
assumed for the ct-CD: cobaltocenium adduct 2. 

The bond distances and angles of the cyclodextrin molecules are in good 
agreement with those found in other cyclodextrin inclusion complexes. In 1 as well 
as in 3 both ~-CD rings are slightly ellipticaUy distorted, the difference in the 
longest and shortest diagonal distances, which are measured between the glycosidic 
oxygen atoms, being 0.35 A and 0.22 A in 1 and 0.32 A and 0.18 A in 3, respec- 
tively. A more convenient measure to compare the van der Waals diameter of 
cyclodextrin molecules in the 0(2)--0(3)  region is the tilt angle, which is defined 
as the angle between the plane through the six glycosidic oxygen atoms and the 
plane through the O(4)*, C(1), C(4) and O(4) atoms of each glucose residue. As all 
glucose units incline with their 0(6) side turning to the inside of the macrocycle, 
larger tilt angles make the 0(2)--0(3) side of the macrocylic ring wider. The 
average tilt angle of cyclodextrin A is 11.8 ° in 1 and 12.4 ° in 3 and of cyclodextrin 

G1 o3 
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G5 

% '~ %~.k G4 
G3 ~,..) 

Fig. 1. A plan view of the ferrocenium cation and of cyclodextrin molecule A in the crystal of 1. The 
atomic numbering scheme in 3 is identical. 



262 BERND KLINGERT AND GRETY RIHS 

A 

W 

Fig. 2. A side-on view of the skeletal representation of 1 (Guest molecules are hatched, water molecules 
are shown by black circles). 

B 15.3 ° in 1 and 15.1 ° in 3. These differences in the average tilt angles between the 
two cyclodextrin molecules of  a dimer could be observed in all structures with this 
kind of  packing [6, 11] even though the cyclodextrins accommodate different guest 
molecules. Geometrical data for the ~-CD molecules are summarized in Table III. 

The guest cation is tilted against the mean planes of  the oxygen atoms of  the 
twelve secondary hydroxy groups of  ~-CD molecules A and B by an angle of  40 ° 
and 42/43 ° in 1 and 3, respectively [12]. In the crystal of  1, the iron atom is located 
almost exactly in the middle between the mean planes of  CD A and B, and three 
carbon atoms of Cp(1) are located inside the cavity of  CD A whereas only two 
atoms of  Cp(2) are inserted into CD B. In contrast, the distances of  1.37 and 
1.11/~, respectively of  the rhodium atom to the mean planes of  CD A and CD B 
in 3 clearly indicate that the guest molecule is deeper inserted into CD B, and now 
two atoms of  Cp(1) and three atoms of  Cp(2) are inserted into CD A and B, 
respectively. The host guest interactions are governed by van der Waals contacts. 
The shortest distances are given in Table IV. It is also noteworthy that in both 
structures in the cavity of  CD B there are contacts between a fluorine atom of  
the PFr- anion and two carbon atoms of  Cp(2) as indicated as broken lines in 
Figure 3. 
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Table III. Geometrical data for ~-cyclodextrin molecules 
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Compound 

Cyclodextrin 

1 3 

A B A B 

0(4)--0(4) distances (/~) 
O(4,G1)--O(4,G4) 8.32(5) 8.42(5) 8.60(1) 8,48(1) 
O(4,G2)--O(4,G5) 8.48(5) 8.64(5) 8.28(1) 8.43(1) 
O(4,G3)--O(4,G6) 8.67(5) 8.56(5) 8.46(1) 8.61(1) 

Tilt angles (deg) 
G1 13(1) 18(1) 11.8(3) 14.9(6) 
G2 12(2) 19(2) 10.4(4) 15.2(4) 
G3 13(1) 10(1) 14.5(6) 20.9(2) 
G4 7(1) 16(1) 15.3(5) 10.8(3) 
G5 13(2) 12(2) 7.9(5) 15.2(4) 
G6 13(2) 17(2) 14.3(2) 13.3(5) 

Table IV. Geometry of the guest-host interactions 

Distances of the Cp ring atoms from the mean planes of the twelve secondary hydroxy oxygen 
atoms of CD A and CD B respectively 

CDA of 1 CDA of 3 CD B of 1 CD B of 3 

C131 -0.28(7) -0.62(1) C136 -0.69(5) -0.04(1) 
C132 -0.92(7) -0.63(1) C137 0.18(6) -0.98(1) 
C133 - 0.72(6) 0.29(1) C138 0.83(4) - 0.88(1) 
C134 0.37(5) 0.88(1) C139 0.51(5) 0.06(1) 
C135 0.51(7) 0.32(1) C140 -0.45(7) 0.54(1) 
Mel 1.24(0) 1.37(0) Mel 1.22(0) 1.11(0) 

Host-guest distances < 3.5/~ in 1 

C133--C(3,G4,CD A) 3.28(5) 
C133--O(4,G4,CD A) 3.41(6) 
C137--C(3,G5,CD B) 3.20(7) 
C137--O(4,G5,CD B) 3.32(5) 
C138--C(3,G5,CD B) 3.47(6) 
C 139--0( 3,G5,CD A) 3.48(6) 
C140--O(3,G3,CD B) 3.41(6) 
C136~F6 3.29(7) 
C140--F6 3.47(5) 

Host-guest distances < 3.5 ,~ in 3 

C134--O(2,G4,CD B) 3.21(2) 
C135--O(3,G4,CD B) 3.42(1) 
C136--O(4,GI,CD B) 3.46(1) 
C139--O(3,G5,CD A) 3.46(2) 
C140~O(2,G5,CD A) 3.29(2) 
C137--F3 2.95(3) 
C138--F3 3.22(3) 
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Fig. 3. A side-on view of the framework representation of 3. 

The geometry of  the guest complex in 1 is essentially the same as that observed 
in uncomplexed ferrocenium salts [13]. The cyclopentadienyl rings are almost 
eclipsed and are inclined at 3.6 ° to each other. The average Fe- -C(r ing)  and 
C--C(r ing)  distances of  2.12 (4) and 1.48 (5)/~,  respectively, and the Fe- - r ing  
center distances of  1.67 (4) and 1.72 (4) A are in agreement with values reported for 
other ferrocenium salts [13]. 

Fig. 4. Projection of the ferrocenium cation of 1 (left) and the rhodocenium cation of 3 (right) on the 
plane through Cp(1) [C(131) to C( 135)] showing the eclipsed and twisted conformation of the two 
Cp-rings, respectively. 
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In  the guest  ca t ion  o f  3 the Cp  rings are incl ined at  1 ° to each o ther  and  are 
twisted by an angle o f  29 °. The average R h - - C ( r i n g )  and C - - C ( r i n g )  dis tances  are 
2.174 (3) ]k and  1.424 (5) /~ respectively and  in good  agreement  wi th  the values 
r epor ted  for  [Rh{~/5-C 5H2(COEMe)a}E][CS(CO2Me)s] [14]. The dis tance between 
the centers  of  the rings is 3.61 A,  0 .2/~ longer  than  tha t  o f  the guest  molecule  o f  1, 
and  it appears  tha t  the r h o d o c e n i u m  ca t ion  seems to fit be t ter  into the cavi ty  o f  the 

cyclodext r in  d imer  than  the fer rocenium ca t ion  (F igure  4). 
In  conclusion,  we have shown tha t  cat ionic  sandwich  complexes  o f  the type 

[Cp2M] + ( M  = Fe,  Co,  Rh)  can be a c c o m m o d a t e d  in the cavi ty  fo rmed  by  two 
0~-cyclodextrin molecules  in channel  type structures.  The  exact  o r ien ta t ion  o f  the 
guest  molecule  in the cavi ty  depends  on the size o f  the centra l  meta l  a t o m  and /o r  
the c o n f o r m a t i o n  o f  the r ing l igands relat ive to one another ,  whereas  the s t ructure  
o f  the guest  complex  appears  to be unaffected by  inclusion into the C D  cavity.  
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