
Organometallics 1991, 10, 2895-2897 2895 

were added, and the mixture was stirred until the orange color 
was discharged and replaced by a pale yellow color. For com- 
pounds 5 and 6, this required ca. 3 h of stirring at room tem- 
perature, but the preparation of 7 required 3 h of heating to reflux. 
A saturated NaCl solution was added to the reaction mixture. 
Extraction with toluene (5,6) or CH2Clz (71, fitration, and drying 
of the organic layer followed by removal of solvent gave the 
dhydride complexes as colorless solids. Yield 5 (88%), 6 (80%), 
7 (84%). See Table I. 

Synthesis of Trihydride Cations. A typical preparation is 
as follows: A 1Wmg quantity of 5 was dissolved in 5 mL of CH2C12 
and cooled to -40 OC. One equivalent of HBF4.Eh0 was added, 
and the trihydrido cation was precipitated with the addition of 
10 mL of Eh0. The solid was allowed to settle, and the super- 
natant was removed. The precipitate was washed with 2 X 10 
mL of EhO and dried in vacuo at room temperature to afford 

45 mg of 8 (39%). A similar procedure gave 9 (89%) and 10 (69%). 
See Table I. 
'H NMR Studies. A 10-15-mg quantity of the trihydride was 

loaded into an NMR tube in the inert atmosphere drybox. The 
sample was degassed under vacuum and CDFC12 was condensed 
in. The samples were freeze/pump/thaw/degassed and sealed 
under dynamic vacuum. During the thaw portion of the cycle, 
the samples were warmed only to -78 O C  and were kept at that 
temperature until use. 
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Inclusion com lexes of the metallacarboranes Cs[clos0-3,3,3-(C0)~-3,1,2,-MC~B~~~] (M = Mn, Re) with 
a- and 8-cyclofextrin have been prepared in aqueous solution to yield Cs[clos0-3,3,3-(C0)~-3,1,2- 
MC2B9Hl1~a-CD] [M = Mn (la), M = Re (2a)l and Cs[closo-3,3,3-(C0)3-3,1,2-MC2BQHll.8-CD] [M = Mn 
(lb), M = Re (2b)l. The binding constants of these inclusion complexes have been determined by NMR 
studies. Very strong binding was observed in aqueous solution with P-cyclodextrin as host, and the binding 
constants obtained for lb  and 2b were 1080 (f150) and 942 (f73) M-I, respectively, in D20/DMSO-ds 
(50:50 volume ratios). The single-crystal X-ray diffraction study of 2a.8H20 is reported. Crystal data for 
2a.8H20: C,lH,lB CsReOa + 8H20, orthorhombic, P212121, a = 13.705 (1) A, b = 20.280 (2) A, c = 23.384 
(2) A, V = 6499 A!, 2 = 4, D(ca1cd) = 1.689 g ~ m - ~ ,  T = 188 K, X = 0.70926 A, crystal size 0.4 X 0.3 X 
0.1 mm, p = 25.29 cm-l. Of the 6432 unique reflections measured, in the range 0 < 28O, 3960 were considered 
observed (I > 30(1)). The final R factor was R = 0.075, R ,  = 0.085. 

The study of inclusion complexes of cyclodextrins with 
both organic' and organometallic2 guest molecules has 
stimulated interest due to  their possible application in 
catalysis3 and as enzyme  model^.^ A number of inclusion 
complexes have been prepared with organometallic com- 
pounds as g u e ~ t s ; ~  adduct formation results from insertion 

(1) Saenger, W. IncluPion Compounds: Atwood, J. L., Davies, J. E. D., 
MacNicol, D. D., Ede.; Academic Press: London, 1984; Vol. 2, pp 231-259. 

(2) Stoddart, J. F.; Zanycki, R. Red. Trau. Chim. Pays-Bas 1988,107, 
515-528. 

(3) (a) Komiyama, M. Chem. Lett. 1988, 689-692. (b) Breslow, R.; 
Trainor, G.; Ueno, A. J. Am. Chem. SOC. 1983, 105, 2793-2744. (c) 
Breslow, R.; Cznrniecki, M. F.; Emert, J.; Hamaguchi, H. J. Am. Chem. 
SOC. 1980,102,762-770. (d) Czamiecki, M. F.; Bredow, R. J.  Am. Chem. 
SOC. 1978, 100, 7771-7772. (e) Tabushi, I.; Yamamura, K.; Fujita, K.; 
Kawakubo, H. J. Am. Chem. SOC. 1979,101,1019-1026. (0 Tabushi, I.; 
Fujita, K.; Kawakubo, H. J. Am. Chem. SOC. 1977,99,6456-6457. 

(4) (a) Bredow, R.; Anelyn, E. J.  Am. Chem. SOC. 1989,111,5972-5973. 
(b) Bender, M. L. Enzyme Mechanism; Page, M. I., Williams, A., Eds.; 
The Royal Society of Chemistry: London, 1987; pp 56-66. (c) Harrison, 
J. C.; Eftink, M. R. Biopolymers 1982,21, 1153-1166. (d) Tabushi, I.; 
Kiyoeuke, Y.; Sugimoto, T.; Yamamura, K. J. Am. Chem. SOC. 1978,100, 
916-919. (e) Saenger, W.; Noltemeyer, M.; Manor, P. C.; Hingerty, B.; 
Klar, B. Bioorg. Chem. 1976,5, 187-195. 
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of a hydrophobic moeity such as a cyclopentadienyl, arene, 
or diene ligand on the metal into the cyclodextrin cavity? 
In most cases the structures of these ligands do not allow 
for optimal host-guest interaction within the cyclodextrin 

(5) (a) Harada, A.; Yamamoto, 5.; Takahashi, S. Organometallics 1989, 
8, 2560-2563. (b) Harada, A.; Saeki, K.; Takahashi, S. Organometallics 
1989,8,730-733. (c) Harada, A,; Shimada, M.; Takahashi, S. Chem. Lett. 
1989,275-276. (d) Harada, A.; Takeuchi, M.; Takahashi, S. Bull. Chem. 
SOC. Jpn.  1988, 61, 4367-4370. (e) Harada, A.; Hu, Y.; Yamamoto, S.; 
Takahashi, S. J.  Chem. SOC., Dalton Trans. 1988,729-732. (0 Sokolov, 
V. I.; Bondareva, V. L.; Chizhevskii, I. T.; Rautov, 0. A. Izu. Akad. Nauk 
SSRR, Ser. Khim. 1987,7, 1689-1690. (g) Harada, A.; Takahashi, S. J. 
Chem. SOC., Chem. Commun. 1984,645-646. (h) Harada, A.; Takahashi, 
S. J. Inclusion Phenom. 1984, 2, 791-798. 
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determination. (a) Odagaki, Y.; Hirotau, K.; Higuchi, T.; Harada, A.; 
Takahashi, S. J. Chem. SOC., Perkin Trans. 1 1990, 1230-1231. (b) 
Klingert, B.; Rihs, G. J. Inclusion Phenom. 1991,10,255-265. (c) Klin- 
gert, B.; R i b ,  G. Organometallics 1990,9,1135-1141. (d) Alston, D. R.; 
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Chem., Int. Ed. Engl. 1988,27,1184-1185. (e) Alston, D. R.; Slawin, A. 
M. 2.; Stoddart, J. F.; Williams, D. J. Angew. Chem., Int. Ed. Engl. 1986, 
24,786-787. (0 &ton, D. R.; Slawin, A. M. 2.; Stoddart, J. F.; Williama, 
D. J. J.  Chem. SOC., Chem. Commun. 1985, 1602-1604. 
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Figure 1. Molecular structure of the inclusion complex Cs[clo- 
so-3,3,3-(C0)3-3,1,2-ReC2BgHll~a-CD]~8H20 (2a). Hydrogen atoms 
and water molecules have been omitted for clarity.1g 

cavity, resulting in a relatively weak binding of the metal 
complex to the cyclodextrin.' The formation of inclusion 
complexes between o-carborane and cyclodextrins8 sug- 
gested that transition-metal dicarbollide complexes should 
readily form inclusion compounds with these hosts, al- 
lowing for the formation of a new clans of transition-metal 
inclusion complexes. The shape and dimension of the 
dicarbollide ligand would be expected to maximize the 
important van der Waals contributionB to the interaction 
between host and guest and strongly bind the metal 
fragment to the cyclodextrin. In this report we describe 
the formation of the first metallacarborane inclusion 
complexes of Cs[closo-3,3,3-(C0)3-3,1,2-MC~B&I~l] [M = 
Mn (l), M = Re (2)]1° aa guests with a-cyclodextrin to yield 
Cs[clos0-3,3,3-(CO)~-3,1,2-MC~BgH~~.a-CD] [M = Mn (la), 
M = Re (2a)l. With 8-cyclodextrin the complexes Cs- 
[clos0-3,3,3-(C0)~-3,1,2-MC~B~H~~~~-CD] [M = Mn (lb), 
M = Re (2b)] were obtained. The molecular structure of 
Cs[closo-3,3,3-(C0)3-3,1,-2-ReCzBBHll~a-CD]d3Hz0 (2a) 
was determined by X-ray crystallography, and the binding 
constants of complexes la and 2a in DzO and of l b  and 
2b in DzO/DMSO-d6 (50/50) are reported. 

The syntheses of the inclusion complexes were carried 
out by directly adding the guest to hot aqueous solutions 
of the cyclodextrin. Slow cooling of the filtered solutions 
resulted in well-defined crystals for the a-cyclodextrin 
inclusion complexes whereas with 8-cyclodextrin as host 
microcrystalline solids were obtained. All the complexes 

(7) The highest K. value reported in aqueous solution for a transi- 
tion-metal complex with underivatized cyclodextrin is 2950 kg mol-' for 
the complex trans-[Pt(PMeS)Clz(NHB)l with @-cyc1odextrha The PMes 
ligand penetrates the cyclodextrin cavity, providing a strong binding ~. - 
interaction. 

- - - 
(8) Harada, A.; Takahashi, S. J. Chem. SOC.. Chem. Commun. 1988. 

1352-1353. 
(9) (a) Cromwell, W. C.; Bystram, K.; Eftink, M. R. J. Phys. Chem. 

1986,89, 326-332. (b) Bergeron, R. J.; Channing, M. A.; Gibeily, G. J.; 
Pillor, D. M. J.  Am. Chem. SOC. 1977,99,5146-5151. (c) VanEtten, R. 
L.; Sebastian, J. F.; Clowes, G. A.; Bender, M. L. J. Am. Chem. SOC. 1967, 

(10) Hawthorne, M. F.; Young, D. C.; Andrews, T. D.; Howe, D. V.; 
Paling, R. L.; Pitta, A. D.; Reintjes, M.; Warren, L. F., Jr.; Wegner, P. A. 
J. Am. Chem. SOC. 1968,90,879-896. 
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Figure 2. Molecular packing of Cs[clos0-3,3,3-(C0)~-3,1,2- 
ReC&Hl1.a-CD]d3H~O (2a). The atoms of the guest molecules 
are shaded, and water molecules are represented by black circles. 
Hydrogen atoms have been omitted for clarity. 

were obtained as hydrates and analyzed correctly for a 1:l 
host-guest stoichiometry." 

An X-ray diffraction study of 2a12 was undertaken, and 
the molecular structure (Figure 1) revealed that the guest 
anion only just penetrates into the cyclodextrin cavity such 
that the B(5) and B(6) atoms lie 0.11 and 0.02 A, respec- 
tively, below the plane defined by the 12 secondary hy- 
droxy oxygens of the cyclodextrin; the B(10) atom lies 0.02 
8, above this plane. The guest is oriented such that the 
plane including the B(5), B(6), and B(10) atoms is nearly 
parallel (4O) to the plane containing the 12 secondary 
hydroxy oxygens of the cyclodextrin. The non-hydrogen 
intermolecular distances between the boron atoms B(5), 
B(6), B(9), and B(10) and their closest contact atoms of 
the host are the sum of their van der Waals radii, indi- 
cating that further penetration into the cavity is not 
possible. Interestingly, the pentagon incorporating atoms 
B(5), B(6), B(11), B(12), and B(9) subtends an angle of 41° 
to the best plane through the 12 secondary hydroxy oxy- 
gens of the cyclodextrin. This is nearly the same value 
which the cyclopentadienyl ligands of ferrocene& (42O) and 

(11) Anal. found (calcd) for la (C4H lB&sMnOa + 2Hz0): C, 34.88 
(34.83); H, 5.35 (5.35); B, 7.10 (6.88); Es, 9.21 (9.40); Mn, 3.95 (3.85). 
Found (calcd) for l b  (C4,H$&sMnOgs + 5Hz0): C, 35.87 (34.64); H, 
5.68 (5.64); B, 5.70 (5.97); Ce, 7.46 (8.16); Mn, 3.30 (3.37). Found (calcd) 
for 2a (C41H71&CeReOa + 3Hz0): C, 31.92 (31.51); H, 5.03 (4.98); B, 6.40 
(6.23); Cs, 8.55 (8.51); Re, 12.05 (11.92). Found (calcd) for 2b 

Cs, 7.30 (7.55); Re, 10.55 (10.68). 
(12) Crystal data: C41H,J3,$sRB098 + 8Hz0, orthorhombic P212121, 

a = 13.705 (1) A, b = 20.280 (2) A, c = 23.384 (2) A, V = b l H A S ,  Z 4, 
D(calcd) = 1.689 g T = 188 K, A = 0.70926 A, crystal size 0.4 X 0.3 
X 0.1 mm, p = 25.29 cm-'. Data were collectad on a Philips PWlOO 
diffractometer a t  188 (2) K in the 8-29 mode. Of the 6432 unique re- 
flections measured, in the range 9 < 2E0, 3960 were considered observed 
(I > 3u(n). The final R factor was R = 0.075, R, = 0.085. The cesium 
atom and the primary hydroxy group of G2 are disordered. The ceeium 
cation could be located at  two positions having an occupancy ratio of 
about 4:l. In the position of high occupancy, the cesium is coordinated 
to three hydroxy group and two water molecules at  diatancea of 2.90 and 
3.22 A, respectively. Due to the small number of observed reflectiona, 
only Re was refined anisotropically and hydrogen atoms could not be 
localized. 

(13) Fortran program (SCHAKAL 88B/V16) for the graphic represent 
ation of molecular and crystallographic models by E. Keller, Kristallo- 
graphisches Institut der UniversitBt, D-7800 Freiburg, FRG. 

( C ~ ~ H ~ ~ B & S R ~ O %  + 5H10): C, 31.26 (32.08); H, 5.08 (5.22); B, 5.60 (6.52); 
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Figure 3. Induced circular dichroism spectra of aqueous solutions 
of 2 (3.0 X lo-' M) in the presence of (a) 0.33, (b) 0.67, (c) 1.0, 
(d) 1.5 and (e) 2.0 equiv 8-cyclodextrin. 

the cyclopentadienyl and arene groups of ($-C5H5)Fe- 
(qs-C&)PF$b (39' and 40°, respectively) subtend with 
the same plane of a-cy~lodextrin.~' The cyclodextrin units 
pack in a head to tail manner, forming a channel structure. 
Each cyclodextrin is hydrogen bonded to its adjacent 
neighbors in the channel either indirectly via water mol- 
ecules or directly through ita primary or secondary hydroxy 
groups (Figure 2). None of the three guest carbonyl ox- 
ygens is involved in any hydrogen-bonding interactions 
with the cyclodextrin or water molecules. One carbonyl 
ligand, C(5)-0(5), penetrates the cavity of the adjacent 
cyclodextrin molecule in the channel such that the O(5) 
atom is 0.48 A above the best plane incorporating the six 
primary hydroxy oxygens of the adjacent cyclodextrin. 
The guest anions lie in the cyclodextrin channels, with 
their axis being alternatively tilted in a positive and neg- 
ative sense relative to the channel axis. Another interesting 
feature of the packing is that adjacent channels run an- 
tiparallel to one another 80 that the guests of one channel 
are aligned in the opposite sense to those in the adjacent 
channel. 

The lH NMR spectrum of a 6 mM solution of 2a in DzO 
a t  room temperature showed a downfield chemical shift, 
relative to the chemical shift of free a-cyclodextrin, of 36.6 
Hz at 250 MHz for the H(3) protons of the a-cyclodextrin. 
No shift was observed for the H(5) protons of the cyclo- 
dextrin or for the carboranyl C-H groups of the guest 
anion, implying little penetration of the guest into the 
cavity occurs in solution, as expected from the molecular 
structure. The same changes were observed in the 'H 
NMR spectrum of la in DzO, suggesting that the mode and 
degree of penetration of the guest anion into the a-cyclo- 
dextrin cavity are similar to that of 2a. The binding 
constants (K,) for la and 2a were determined by the 
chemical shift dependence of the H(3) protons on con- 

(14) Docking calculations prior to publication of these structures 
predicted the same values for the tilt angles for ferrocene complexation 
with u-cyclodextrin: Menger, F. M.; Sherrod, M. J. J. Am. Chem. SOC. 
1988,110,8606-8611. 
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~ent ra t ion , '~  yielding values of 426 (f17) and 329 (f16) 
M-', respectively. The room-temperature 'H NMR spec- 
trum of 2b in D20 (3 mM) a t  250 MHz shows an upfield 
shift for the carboranyl C-H groups of 54.4 Hz relative to 
the chemical shift of free 2, suggesting that the dicarbollide 
ligand penetrates deeply into the cavity of the cyclodextrin. 

Induced circular dichroism (ICD) spectra of solutions 
of 2 with varying concentrations of /3-cyclodextrin showed 
a positive Cotton effect, which could already be observed 
in a solution of the preformed complex (Figure 3). Due 
to a very strong binding interaction and a relatively weak 
Cotton effect, the solution of 2 could not be titrated in the 
concentration range allowing for quantitative assessment 
of K,. A similar attempt to obtain the binding constant 
using the decrease in the ultraviolet absorption intensity 
of 1 with increasing 0-cyclodextrin concentration was un- 
successful for the same reasons. The concentration-de- 
pendent ICD spectra (Figure 3) suggest a very strong 
host-guest binding interaction, since saturation binding 
was achieved with the addition of 2 equiv of @-cyclodextrin 
in a 3.0 X lo4 M aqueous solution of 2.7J6 The K, values 
for lb and 2b were measured in DzO/DMSO-ds (50:50 
volume ratios)" by 'H NMRI5 spectroscopy using the 
carboranyl C-H as a probe. In this solvent mixture values 
of 1080 (f150) and 942 (f73) M-' were obtained for lb and 
2b, respectively.18 These values, when compared to the 
binding constant of a strongly interacting guest molecule 
such as m-tert-butylphenyl acetate with /3-~yclodextrin~~ 
(K,  = 500 M-' in the same solvent mixture17), demonstrate 
a very strong interaction between 2 and /3-cyclodextrin and 
emphasize the optimal fit of the dicarbollide ligand in the 
cavity of 0-cyclodextrin. 
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R.; Siegel, B. J. Am. Chem. SOC. 1976,97,6869-6870. 
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