
Organometallics 1991,10, 2891-2895 

(Arene)osmlum Trihydrlde Complexes: Synthesis and Studies 
of Proton-Proton Exchange Coupling 

2891 

D. Michael Heinekey' and T. Gregory P. Harper 

D8partment of Chetnisby, Yale Unlverstty, New Haven, Connecticut 0651 1-81 18 

Received February 14, 1991 

The synthesis of cationic osmium trihydride complexes of the form [(q-c6H6)os(L)H3]+ is reported (L 
= PCy,, PPh,, MPTB). The cations are readily prepared by protonation of the corresponding neutral 
dihydrides. Efficient synthetic methods have been developed for the preparation of the dihalide precursors. 
The cationic trihydride complexes are fluxional at room temperature, giving a single resonance for the 
hydridic protons, but low-temperature lH(,lP) NMR spectra exhibit well-resolved AB2 or A2B spin systems 
with large, temperature-dependent values of JA-B = 70-370 Hz. These large couplings are attributed to 
the operation of quantum mechanical exchange coupling between the hydrogen nuclei in these complexes. 

Introduction 
We have recently proposed the existence of a quantum 

mechanical exchange coupling between the hydrogen nuclei 
in certain transition-metal polyhydride Such 
couplings are commonly encountered for electrons as 
demonstrated by the ESR spectra of certain biradi~als .~ 
The only direct precedent for such interactions between 
heavy particles is provided by studies of 3He at  cryogenic 
temperatures., In several cases, molecular polyhydrides 
have now been shown to demonstrate substantial exchange 
couplings between hydrogen nuclei in fluid solution at  high 
temperatures (150-300 K). The magnitude of these cou- 
plings is quite variable, depending on the metal and the 
nature of the coligands. The occurrence of exchange 
coupling between protons can in principle lead to observed 
proton-proton couplings that are considerably larger than 
magnetic couplings arising from the normal Fermi contact 
mechanism. In practice, couplings of up to 1565 Hz have 
been observed in an iridium complex, with the magnitude 
of the observed coupling shown to be a sensitive function 
of the ancillary ligands and of the temperature of obser- 
vation.2 

A model quantitatively describing this coupling has been 
previously r e p ~ r t e d . ~ * ~  In brief, the observed coupling is 
found to depend on the distance between the adjacent 
hydrides and on the vibrational potential that the hydride 
ligands experience. In our earlier work on cationic iridium 
complexes of the form [(q-C,H,)Ir(L)H,]+ (L = various 
phosphine and phosphite ligands), it was clearly estab- 
lished that the magnitude of the exchange coupling ob- 
served is highly dependent on the nature of the ligand L. 
The smallest couplings are observed with the most basic 
ligands (trialkylphosphines). Larger couplings are seen 
when L = PPhS, and extremely large couplings occur for 
phosphite ligands. 

While there is no evidence for exchange coupling in 
closely related neutral iridium(V) complexes exemplified 
by (tpCsMes)1r(SnPha)H3,8 the neutral ruthenium(1V) 
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Scheme I. Synthesis of Osmium Trihydride Complexes 
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complex (T&H,)RU(PP~,)H, exhibits a very large ex- 
change coupling of 900 Hz.7 Related ruthenium complexes 
of the form (q-C5Me6)Ru(PR3)H3 also exhibit large cou- 
plings: which have been attributed to exchange coupling.' 
In contrast to these observations of large couplings in 
ruthenium complexes, a closely related osmium(1V) de- 
rivative (.rl-C5Mes)0s(CO)H3 has been reported to have 
JA-B = 8.9 H z . ~  This low value of the coupling implies 
that there is no exchange coupling manifest in this complex 
and seems to indicate that the factors affecting the mag- 
nitude of the exchange coupling are apparently greatly 
affected by changing the metal from ruthenium to osmium. 

In order to explore the effects of variations in the 
metal-ligand set and charge on the magnitude of the ob- 
served exchange coupling, we have now studied cationic 
osmium and ruthenium complexes of the form [(qs-ar- 
ene)M(L)H,]+. In this paper, we present the development 
of efficient synthetic methodology for the osmium hydride 
complexes. Large exchange couplings are indeed observed 
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Table I. 'H NMR Data and Analyses for 2-8 
% H, 

% C, found found 
8 ,  ppm' assignment (calcd) (calcd) 

2 6.0 s CnH, 35.27 (35.92) 4.90 (4.91) 
1.2-2.8 m p i c - c & d  

3 5.62 8 CRHe 37.06 (36.75) 2.87 (2.70) . .  
7.38 m, 7.64 m PIC&,)  

4 5.85 s C&6 19.94 (19.71) 2.37 (2.26) 
4.33 d, JH-p = 5.2 P(OCHz)&CH3 

1.53 8 P(OCHZ)&CHa 
Hz 

5 5.30 s c$I, 50.05 (52.34) 6.73 (7.50) 
1.2-2.3 m P(C-CgH11) 
-9.94 d, JH-p = OSHZ 

41.5 Hz 
6 6.14 s C&6 51.75 (54.12) 3.68 (4.35) 

7.17 m, 7.24 m P(C&5)3 
-11.7 d, JH-P = OSHZ 

44 Hz 
7 5.50 s c d 6  30.61 (31.57) 4.13 (4.10) 

4.22 d, JH-p 5.6 P(0CHZ)SCCHS 

0.75 s P(OCHZ)&CHB 
-11.35 d, JH-p OSHZ 

Hz 

47 Hz 
8 6.25 s C&6 42.91 (45.14) 6.29 (6.63) 

1.6-2.8 m P(C-C&11) 
-12.62 d, JH-p = OsH, 

16 Hz 
9 4.75 9 c&6 44.49 (46.46) 3.79 (3.90) 

7.75 m, 7.0 m P(C&) 
-11.8 d, JH-p = OsH, 

15 Hz 
10 5.24 s c&6 26.40 (26.10) 3.61 (3.60) 

3.97 d, JH-P 6 P(OCHZ),CCHS 

0.54 s P(OCHZ),CCHS 
-13.4 d, JH-p = 0SH.q 

Hz 

15 Hz 

Spectra of 2-7 are in CDCl,; 8-10 are in CDFClz. 

in the osmium complexes. Comparisons to the ruthenium 
analogues focused i n  the known complex [ (?-C6Me6)Ru- 
(PMe3)H31+. 

Results 
Synthesis. The osmium trihydride complexes were 

prepared by the route outlined in Scheme I. The first step 
in the preparation is the reaction of Os04 with concen- 
trated HC1.1° The red, hygroscopic residue obtained by 
removing the water from this reaction mixture was directly 
dissolved in ethanol and reacted with 1,3-cyclohexadiene." 
The isolation of the arene dichloride complex [ (?-C&)- 
OsCl,],, was conveniently carried out by using slight 
modifications of the published procedure." (See Discus- 
sion section.) Metathesis to the corresponding diiodide 
complex is readily effected by aqueous HI. The limited 
solubility of the halide complexes presents some difficulties 
in further derivatization. Prolonged heating to reflux of 
a suspension of [(~-C,&)Os12], in CH2C12 with benzonitrile 
in the presence of basic alumina affords an orange solution 
from which (a-C6H6)Os(NCPh)12 can be isolated in 70% 
yield. The benzonitrile ligand in complex 1 is readily 
displaced by phosphine and phosphite ligands to afford 
complexes 2-4. The diiodide complexes were readily re- 
duced in good yield to the dihydride complexes 5-7 by 
using the zinc/acetic acidlmethanol methodology of 
Graham and Moss.12 Protonation of the neutral dihydrides 
was effected with HBF4.Et20 in methylene chloride to 
afford the cationic trihydrides 8-10 as colorless micro- 

(13) Wemer, H.; Kletzin, H. J.  Orgonomet. Chem. 1983,243, C59462. 

Table 11. Temperature and Ligand Dependence of JA+O 
L 153 K 157 K 163 K 168 K 173 K 

8 PCy,b 70 78 89 
9 P(Ph)S' 219 245 282 326 374 

10 MPTB 186 203 246 311 368 

@Spectra were recorded in CDFClz at 500 MHz. Couplings are 
in Hz. b A  coupling of 98 Hz was recorded at 178 K. 'A coupling 
of 200 Hz was recorded at 148 K. 

crystalline solids upon addition of EaO. The cationic 
complexes are insoluble in ether but are freely soluble in 
methylene chloride and freon solvents, which were em- 
ployed for NMR studies. Some decomposition was noted 
upon prolonged exposure to chlorinated solvents a t  am- 
bient temperature, but complexes 8-10 are indefinitely 
stable at the temperatures employed for the NMR studies. 
Analytical and NMR data for 2-10 are tabulated in Table 
I. 

A ruthenium analogue, [ (&6Mes)Ru(PMe3)H3]BF4, was 
prepared by the published pr0~edure.l~ 

'H NMR Observations. In addition to a resonance due 
to the bound benzene and appropriate ligand resonances, 
compounds 8-10 exhibit a single hydride resonance 
(doublet, JP+, = 15-16 Hz) in the 'H NMR spectrum at  
ambient temperature. Upon lowering the sample tem- 
perature, broadening of the hydride resonances occurs, 
leading ultimately to a decoalescence at  very low tem- 
peratures (a. 173 K) into complex patterns of well-resolved 
resonances consistent with an A2BX (8) or AB2X (9, 10) 
spin system (X = 31P). With phosphorus decoupling, the 
spectra are simplified to A2B or AB2 spin systems, re- 
spectively. The coupling constants J A - ~  were calculated 
for these spectra by computer simulation. The coupling 
constants obtained by this procedure are highly dependent 
on the observation temperature, but the chemical shifts 
of the hydride protons show very little dependence on the 
temperature. The data obtained for 8-10 are tabulated 
in Table 11. 

Discussion 
Synthesis. Our synthetic objective is to develop a 

convenient, high-yield preparation of Os(I1) complexes of 
the form (?pc6&)os(L)x2, The preparation of complexes 
of the empirical formula (~-CsH6)OsX2 (X = Cl," Ii6 ) has 
been reported. The state of aggregation of these materials 
has not been clearly established, although a dimeric 
structure for the iodide complex has been proposed.ls A 
recent report by Taube and co-workers indicated some 
difficulty in obtaining useful yields from the original 
procedures." We have adopted the procedure of Taube 
and co-workers for the preparation of [ (a-C6H6)OsC1,],, 
which employs the reaction of l,&cyclohexadiene with 
H20sClgnH20 in aqueous ethanol. The hydrated acid can 
be generated by treatment of (NH4),0sC1, with an acidic 
ion-exchange resin. We find that a useful modification 
which leads to greater yields is to use directly the hydrated 
acid formed in the reaction between OsO, and HCl, which 
is obtained as a red, hygroscopic solid upon removal of 
water. Reaction of this material with l,&cyclohexadiene 
by the method of Taube" affords [(T&H~)O~C~~], as a 
yellow solid, insoluble in aqueous ethanol. The yellow solid 
dissolves in water (likely to form a completely aquated 
cationic species, as previously demonstrated by conduc- 

(14) Winkhaue, G.; Singer, H.; Kricke, M. 2. Naturfosch., B: Anorg. 

(15) Rubezhov, A. Z.; Ivanov, A. S.; Cubin, S. P. Izu. Akad. Nauk 

(16) Werner, H.; Werner, R. Chem. Ber. 1982,115, 3766-3780. 

Chem., Org. Chem. 1966,21b, 1109-1110. 

SSSR. Ser. Khim., 1974,8, 1902-1904. 
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tivity measurements"), and treatment of the aqueous so- 
lution with hydroiodic acid affords an orange precipitate 
of [(~pC&)0sI~], .  This material was dried at  110 "C. The 
yield (based on Os04) is 97 % . 

A report by Werner and co-workersls indicated that 
(?pC&)OS(P&,)I2 (R = Me, Ph, IPr) could be obtained by 
a straightforward reaction of the appropriate phosphine 
ligand with [(~C6H6)Os12],. We have found that this re- 
action indeed works very well for L = PPh3 but fails for 
PCy, and MPTB (l-methyl-4-phospha-3,6,8-trioxabicy- 
clo[2.2.2]octane). Seeking a generally useful starting ma- 
terial for this chemistry, we have investigated the reaction 
of the diiodide complex with nitriles. We have found that 
the benzonitrile complex (1)-c,&)oS(NcPh)I2 (1) is a 
versatile and convenient precursor for phosphine and 
phosphite complexes. Reaction of 1 in CH2C12 with the 
appropriate ligand affords complexes 2-4 in 7040% yield. 

In our previous work on iridium complexes, it was found 
that conversion of (I)-C!,H~)I~(L)I~ complexes to the cor- 
resonding dihydrides could be carried out with borohydride 
and aluminum hydride reagents, but superior yields were 
obtained3 with zinc metal and acetic acid in methanol by 
using the procedure of Moss and Graham.12 We have made 
similar observations in the osmium arene system. Re- 
duction of the diiodide complexes is conveniently carried 
out with zinc metal, to afford the corresponding dihydrides 
5-7 in 8040% yield. The dihydride complexes are ther- 
mally stable, but we have found that they are somewhat 
reactive with chlorinated solvents. Reaction with chloro- 
form at  room temperature rapidly affords the corre- 
sponding hydridochloride complexes. The same reaction 
occurs slowly with CH2C12. 

The dihydride complexes are readily protonated by 
HBF4-Eb0 to afford the corresponding trihydrido cations 
8-10. This reaction is most conveniently carried out in 
CH2C12 at  -40 OC, from which the cations are obtained as 
colorless precipitates by the addition of Et20. 
'H NMR Studies of the Trihydride Cations. In our 

previous studies of the cationic iridium complexes of the 
form [ (I)-C,H,)I~(L)H,]+, it was established that the 
molecules undergo a rapid thermally activated rear- 
rangement process that renders the hydride ligands 
equivalent on the NMR time scale at ambient temperature. 
The complexes also display exchange coupling between the 
hydride ligands, the magnitude of which is a sensitive 
function of the observation temperature and the nature 
of the ligand L. The structure of a representative complex 
(L = PMe,) was established by neutron diffraction.2 The 
structure is best described as a distorted capped square 
pyramid, with the cyclopentadienyl ligand capping. The 
closest H-H distance between the hydride ligands is 1.68 
A. Although we have no structural data on the osmium 
complexes studied here, it is reasonable to assume that 
they will be broadly similar to the iridium complexes. A 
representation of this proposed structure is shown: 
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The 'H NMR spectrum in the hydride region antici- 
pated for this structural type would consist of two reso- 
nances in the intensity ratio 2:l. The room-temperature 
'H NMR spectra of the trihydride cations 8-10 exhibit a 
single doublet resonance in the hydride region (JH-p = 
15-16 Hz). This observation is consistent with the oper- 
ation of a thermally activated site exchange process, which 
proceeds at  a rate sufficient to lead to a single hydride 

I 

a 

! 1 
-1 1 ppm -12 

Figure 1. (a) Partial 'H NMR spectrum (hydride region) of 
[(~-C6HB)Os(PPh3)HS]BF4 (9) at 163 K. (b) Computer simulated 
spectrum. Parameters employed in the calculation are 6, = -11.45 
ppm;. a, = -11.94 ppm; JAa = 282 Hz; JA-p = *6 Hz, J b p  = ~ 2 5 . 5  
Hz; lme width = 8 Hz, k (rate constant for site exchange) = 2 s-l. 

resonance. Consistent with this, lowering the sample 
temperature leads to broadening of the resonances. At 
very low temperatures (ca. 200 K), decoalescence occurs 
and complex patterns corresponding to an AB2X or A2BX 
spin system (X = are observed, which become quite 
well resolved at  180 K and below. With 31P decoupling, 
the spectra are simplified to the expected eight line pattern 
for an AB2 or A2B spin system. These results are exem- 
plified by the 'H NMR spectrum of [(I)-C&)OS- 
(PPh3)H3]BF4 (9) at  163 K, shown in Figure 1. The AB2 
spin system is defined by three parameters, 6A, $, and JA-B, 
which are readily extracted from the observed line posi- 
tions and intensities by computer simulation. In the ab- 
sence of phosphorus decoupling, the couplings J A - p  and 
JBp must also be determined. Simulation of the spectrum 
shown in Figure 1 leads to the value of JA-B = 282 Hz. This 
large coupling was found to vary dramatically with changes 
in the temperature, but the chemical shifts show only a 
very slight dependence on the observation temperature. 
Similar results were obtained for compounds 8 and 10. 
The data obtained are tabulated in Table 11. 

These large, temperature-dependent couplings are sim- 
ilar to those that we have previously reported in the 
analogous cationic trihydridoiridium complexes. In the 
case of the iridium complexes, we have interpreted these 
observations in terms of exchange coupling between the 
hydrogen nucleia2 A quantitative model was developed by 
using the model of Landesman for exchange coupling in 
solid 3He.2*3 In this model, which assumes a hard sphere 
potential, J is given by eq 1, where m is the proton mass, 

a is the internuclear distance, 6 is the amplitude of the 
vibrational motion, and X is the range of the interaction 
potential between the two protons. Although this model 
greatly oversimplifies the real situation, particularly in the 
assumption of a purely harmonic oscillator, we have found 
that we were able to model quite accurately the temper- 
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ature dependence of the exchange couplings in several 
iridium c~mplexes .~  Qualitatively, it  is clear that the 
magnitude of the exchange coupling rapidly diminishes as 
the distance between the protons, a, is increased. The 
exchange coupling is also greatly diminished by decreasing 
the value of 6. This is reasonable, since a fairly flat po- 
tential surface and large amplitude motion of the protons 
is required for significant exchange coupling to occur. In 
the case of iridium complexes of the form [(T-C,H,)Ir- 
(L)H3]BFr, we have previously reported that the values 
of the exchange coupling observed are critically dependent 
on the nature of the ligand. At 176 K, the value for L = 
PCy, is 61 Hz, for L = PPh,, a value of 260 Hz was ob- 
tained, and for the caged phosphite ligand MPTB, a cou- 
pling of 972 Hz was observed. These large variations in 
the magnitude of the coupling are primarily due to an 
increase in 6 with the less effective donor ligands., This 
implies that lowering of the electron density at the metal 
center leads to increased motion of the hydride ligands. 

In the current study, we can compare the values of the 
exchange coupling noted above for the iridium complexes 
to those observed for the osmium complexes with the same 
phosphorus ligands. Our expectation was that, for anal- 
ogous compounds, the (arene)osmium system would give 
larger exchange couplings than the (cyclopentadieny1)- 
iridium complexes, since the arene ligand is a less effective 
donor than the cyclopentadienyl ligand. For complex 8 
(L = PCy,), a coupling of 89 Hz was observed at 173 K. 
This is about 50% greater than that observed in the irid- 
ium analogues in keeping with our expectations. For 
complex 9 (L = PPh,), a coupling of 374 Hz was observed 
at 173 K. Again, this is approximately 50% greater than 
that observed in the iridium analogues. The caged 
phosphite complex 10 gave a coupling of only 368 Hz a t  
this temperature. This is a surprising result, since the 
iridium analogue has a coupling nearly 3 times as large a t  
this temperature. 

In the iridium trihydride complexes, the observed ex- 
change coupling is inversely proportional to the ligand 
basicity, as defined by T01man.l~ There is no apparent 
contribution to the exchange coupling phenomenon from 
steric factors. These conclusions are based on our previous 
study of 10 iridium trihydride complexes.2 The osmium 
complexes with L = PCy, and PPh3 seem to follow a sim- 
ilar trend, with generally larger couplings a t  comparable 
temperatures. The caged phosphite complex (10) is a 
striking exception to this generalization. While a coupling 
of ca. 1400 Hz was anticipated, the observed coupling is 
only 368 Hz. 

An informative comparison can also be made between 
these cationic osmium complexes and the aforementioned 
neutral osmium analogue, (tpC,Me6)Os(CO)H3, where no 
exchange coupling is ob~erved .~  The introduction of a 
positive charge has a dramatic effect on the observation 
of exchange coupling. While we can offer no firm expla- 
nation for this observation at this time, it is consistent with 
the trend mentioned above where decreased electron 
density a t  the metal center led to larger couplings, pri- 
marily through increases in the motion of the hydride 
ligands. Recalling that the neutral ruthenium complexes 
of the form (tpC&)Ru(P&)H3 exhibit very large exchange 
coupling, it would seem likely that cationic ruthenium 
complexes analogous to 8-10 will have extremely large 
exchange coupling. 

In order to investigate this pwibility, we have examined 
the 'H NMR spectrum in the hydride region of the 
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known', complex [ (q-C6Me6)Ru(PMe3)H3]+. Unfortu- 
nately, even at 150 K, only a single resonance was observed 
in the hydride region of the 'H NMR spectrum. While this 
observation suggests that the barrier to thermally activated 
exchange is very low (16 kcal mol-'), an extremely large 
exchange coupling is known to produce spectra of decep- 
tive ~implicity.~ In order to examine this possibility, we 
have taken advantage of the fact that exchange coupling 
is quenched by deuterium substitution. The ruthenium 
complex was enriched with deuterium in the hydride 
position by treatment with D2 gas. The proton NMR 
spectrum of [ ( T - C ~ M ~ ~ ) R U ( P M ~ , ) H D ~ ] +  exhibits only a 
single resonance in the hydride region at temperatures as 
low as 150 K. Thus, we are not able to assess the mag- 
nitude of any exchange coupling that might be manifest 
in this compound, since the barrier to thermally activated 
site exchange is extremely low and chemical shift in- 
equivalence could not be established at temperatures ac- 
cessible to solution NMR spectroscopy. 

We are continuing the study of these and related poly- 
hydride complexes in the hope of further increasing our 
understanding of the novel phenomenon of exchange 
coupling. 

Experimental Section 
General Considerations. All reactions were carried out by 

standard Schlenk, drybox, or vacuum line techniques. An inert 
atmosphere was provided by argon or nitrogen that was passed 
through a heated column of Cu catalyst (BASF R3-11) to remove 
oxygen and subsequently through Pz05. All solvents were dried 
and distilled from Na/K benzophenone or activated 4-A molecular 
sieves. Elemental analyses were performed by Galbraith Ana- 
lytical Laboratory. 'H NMR spectra were recorded on Bruker 
WM-250 and WM-500 spectrometers. CDFC12 was prepared by 
the method of Siegel and Anet.l* 

Preparation of [(q-C6H6)OsIz]n. OsO, (1 g) was converted 
to HzOsClgnHzO by treatment with concentrated HCl by the 
method of Dwyer and Hogarth.lo The water was removed from 
the reaction mixture, and the red, hygroscopic residue was used 
without further purification in the reaction with 1,3-cyclo- 
hexadiene, which was carried out by the method of Taube." The 
yellow precipitate resulting from this procedure was dissolved in 
water and added to a stirred suspension of acidified Dowex 
50x2-400 cation-exchange resin. After suitable washing, the 
osmium complex was released from the resin by the addition of 
1 M HCl, to give a yellow solution that was taken to dryness on 
the rotary evaporator, affording a yellow powder. After dissolution 
in water (ca. 50 mL), treatment with HI (0.5 mL) affords an orange 
precipitate of [(s-C6H6)Os12], which was collected by filtration 
and oven dried at 110 O C .  The overall yield (from OsO,) was 1.99 
g (97%). 

Synthesis of (TJ-C~&)OS(NCP~)I~ (1). Benzonitrile (1 mL), 
basic alumina (2 g), and 500 mg of [(q-c6Hs)osIp]n were combined 
in CHzC12 and heated to reflux for 2 days. The resulting orange 
solution was fiitered, reduced in volume, and layered with heptane 
to afford (q-C6H6)Os(NCPh)12 as orange crystals (474 mg, 70% 
yield). 'H NMR (CDCla, 250 MHz) 6 7.67-7.47 (m, 5 H, C&); - -  
6.08 (8 ,  6 H, C$ls):. 

Synthesis of Diiodide Complexes. The procedure for 2 is 
eiven here. ComDounds 3 and 4 were similarlv DreDared. To a 

- 

solution of 1 (520*mg, 0.83 mmol) in 15 mL of 6H2Ciz was added 
PCy3 (254 mg, 0.92 mmol). After stirring at room temperature 
for 18 h, the solution was fiitered, reduced in volume by half, and 
layered with EhO. Compound 2 was obtained as red crystals, 
which were collected by filtration (485 mg, 0.60 mmol, 73%). 
Compounds 3 and 4 were obtained in 71% and 78% yield, re- 
spectively. Characterization data are in Table I. 

Synthesis of Dihydride Complexes. Typically, 50-100 mg 
of the diiodide complex was suspended in 10 mL of methanol. 
After degassing, 100-200 mg of Zn dust and acetic acid (0.5 mL) 

(17) Tolman, C. A. Chem. Rev. 1977, 77, 313-348. (18) Siegel, J. S.; Anet, F. A. J. Org. Chem. 1988, 53, 2629-2630. 
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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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Metallacarborane Complexes as Guests for Cyclodextrins. 
Molecular Structure of the Inclusion Complex 
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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. 

(6) To date the mode of insertion of only six inclusion complexea with 
organometallic guesta has been firmly established by an X-ray structure 
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.; 
Slawin, A. M. 2.; Stoddart, J. F.; Williams, D. J.; Zarzycki, R. Angew. 
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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