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extremely useful in identifying associated structures.I6 The 
correlation described here is more limited in scope and is intended 
to rationalize some of the more unusual Il9Sn Mossbauer data 
reported over the years for dimethyltin(1V) derivatives. However, 
the suggested use of the dimethyltin(1V) group as an electronic 
structure probe and the order of anion basicities, evident from 
the b vs. AEQ plot, go beyond the use of Ii9Sn Mossbauer spectra 
as a molecular structure probe for organotin(1V) compounds.20 
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Synthesis and Crystal Structure Determination of a 
Propylene Glycol Bridged Molybdenum( VI) Peroxo Dimer, 

Sir: 
Molybdenum(V1) peroxo complexes are stoichiometric reagents' 

and catalysts2 for olefin epoxidation. Single-crystal X-ray dif- 
fraction studies have shown that the organic ligands contained 
in this class of compound can be covalently bonded3-I0 or loosely 
c o ~ r d i n a t e d ~ l - ~ ~  to the Mo(V1) center. Despite the large family 
of polynuclear peroxomolybdates reported in the literature,I5 all 
these ligand-stabilized peroxo complexes except the hydroper- 
oxide-bridged [ M O ~ O ~ ( O ~ ) ~ ( O O H ) ~ ] ~ -  anion4 and the tartrate- 
bridged [ M O ~ ~ ~ ( ~ ~ ) , ( C ~ H , O ~ ) ] "  anion" are monomeric. This 
paper reports the synthesis and solid-state structure of [MoO- 
(02)(C3H602)(CH30H)]2.2CH~oH (I), the first structurally 
characterized nonionic polynuclear Mo(V1) peroxo complex with 
a covalently bonded diolate ligand. The unique structural features 
of this compound provide insights in the design of more effective 
early-transition-metal peroxo complexes for asymmetric ep- 
oxidation of olefinic substrates. 

In the synthesis of 1, the dioxomolybdenum(V1) propylene 
glycolate complex M O O ~ ( C , H , O ~ ) ~ ~ ~  was first prepared from the 
ligand exchange reaction of MoO,(acac), with 1,2-propanediol 
in dichloromethane. Dissolution of this propylene glycolate 

[MoO(O,) (C3H602)(CHjOH)]2*2CH30H 
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Figure 1. ORTEP drawing of 1 with molybdenum, oxygen, and carbon 
atoms represented by thermal vibration ellipsoids drawn to encompass 
50% of their electron density. Hydrogen atoms are represented by ar- 
bitrarily small spheres. Hydrogen atom H6 is hidden from view in this 
orientation. Atoms labeled with a prime (') are related to those without 
primes by the crystallographic inversion center a t  0, Selected 
bond lengths and angles: Mo-0, = 1.665 (2) A, Mo-0, = 1.925 (2) A, 
Mo-03 = 1.916 (2) A, Me04 = 2.070 (2) A, Mo-0,' = 2.061 (2) A, 
M e 0 5  = 1.944 (2) A, M0-06 = 2.300 (2) A, 0 2 - 0 3  = 1.451 (3) A, 
H,j***Os = 1.88 (4) A, Hs-05 = 2.11 (4) A, 04-Mo-05 = 77.4 (I)', 
04-Mo-0,' = 69.5 (1)'. 

complex in a tert-butyl alcohol solution of anhydrous tert-butyl 
hydroperoxide at  70 OC followed by slow diffusion of anhydrous 
methanol under argon over a 2-day period gave bright yellow 
crystals of 1 suitable for single-crystal X-ray diffraction study." 
Alternatively, 1 can be prepared by reacting peroxomolybdic acidi8 
with 1,2-propanediol in anhydrous methanol a t  25 O C  under an 
inert atmosphere. 

Compound 1 forms monoclinic crystals: space group P21/n 
(alternate setting of P21/c-Gh (No. 14)); a = 7.878 (2) A, b = 
9.307 (3) A, c = 14.194 (4) A, p = 99.44 (2)"; Z = 2 dimer units; 
dcalcd = 1.825 g ~ m - ~ .  X-ray diffraction data a t  20 "C were 
collected on a computer-controlled four-circle Nicolet autodif- 
fractometer using graphite-monochromated Mo K n  radiation. The 
structure was solved by heavy-atom Patterson techniques. Of 2353 
independent reflections collected to 2B(Mo K n )  = 55O, 1815 
having I > 3 4 4  were used in the final least-squares refinement 
cycle to give RF and R,  values of 2.4% and 2.6%, respectively. 

The title compound depicted in Figure 1 exhibits several dis- 
tinctive structural features. The two halves of 1 are related by 
a crystallographic inversion center and bridged by the diolate 
oxygens of a pair of 1,2-propanediol enantiomers. The binding 
mode of the glycolate ligand is similar to that of the tartramide 
and tartrate ester ligands found in the two dinuclear titanium 
catalystsI9 used for asymmetric epoxidation of allylic alcohols. 
The planar Mo202 core is almost a symmetric rhombus with 
Mo-0, and Mo-0,' bond distances of 2.070 (2) and 2.061 (2) 
A, respectively; the internuclear Mo---Mor separation is 3.395 (1) 
A. The peroxy and diolate oxygens form the equatorial plane of 
a distorted pentagonal bipyramid with a terminal oxygen and the 
methanol oxygen at  the apices. The Mo-peroxo distances, the 
Mo=O distance, and the 0-0 distance in the peroxo group are 
all within the range of distances previously observed for this class 
of peroxo complexes. The hydroxy proton on each of the coor- 
dinated methanol molecules (H6 or H i )  is hydrogen-bonded to 
a hydroxy oxygen (Os or Os') of a symmetry-related methanol 
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solvent molecule of crystallization that is also hydrogen-bonded 
to the diolate oxygen (0, or 0,’) through its hydroxy proton (Hs 
or Hs’). 

It is believed that 1 is only the first member of a family of 
nonionic polynuclear molybdenum(V1) peroxo complexes stabilized 
by chelating organic ligands. An analogous peroxo complex has 
been synthesized with homochiral (S)- 1,2-propanediol. Its crystal 
structure and peroxo group reactivity are currently under inves- 
tigation. 
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The rate of ligand isotopic exchange of I4C-labeled tris(acetylacetonato)aluminum(III), Al(acac),, in acetylacetone (Hacac) was 
expressed by R = ( k ,  + k,[H,O])[Al(a~ac)~], where [Al(acac),] = 0.0012-0.0057 mol dm-’ and [H,O] = 0.022-0.162 mol dm-’ 
a t  15-40 OC under atmospheric pressure and a t  25 OC under pressures up to 237 MPa.  The rate constants k ,  and k ,  decreased 
with an increase in pressure, on deuteriation of protolytic hydrogens of water and acetylacetone, and on addition of acetonitrile. 
The activation parameters, AH*, AS*, and A P ,  were 85 f 5 and 79 f 4 kJ mol-’, -38 f 18 and -34 f 14 J K-’ mol-’, and +10 
f 2 and +5  f 1 cm3 mol-I, for k ,  and k2, respectively. An interchange mechanism to form an intermediate containing both a 
one-ended acac- and a Hacac or a water molecule are concluded for the rate-determining steps of the k ,  and k2 paths, respectively. 

Introduction 
The ligand isotopic exchange of tris(acetylacetonato)alumi- 

num(III), [Al(acac),], with I4C-labeled acetylacetone (Hacac- 
[l4q) in toluene, tetrahydrofuran (THF), and ethyl acetate at 
0-35 OC gave moderate AH* and negative s* values and was 

large positive activation volumes, AV, as well as positive AS*, 
were understood to be useful in elucidating the m e c h a n i ~ m . ~ ~ . ] ~ ~ ~ ~ , ~ ~  

We have extended kinetic studies of the ligand isotopic exchange 
of [Al(acac)31 to that in neat H a w  and applied the pressure 
technique for clarifying the substitution mechanism. 

subject toihe catalytic effect of water and acids.” The activation 
mode of the substitution Drocess. however, has not been disclosed. Experimental Section 

The acetylacetonate (acac-) exchange of tris(acety1acetonato)metal 
complexes in neat acetylacetone (Hacac) is a kind of solvent 
exchange reaction. We have discussed, taking advantage of the 
simplicity of the system, the mechanism of the substitution process 
of neutral complexes of various tervalent metal ions such as va- 
nadium, chromium, iron, cobalt, ruthenium, and rhodium, on the 
basis of AH* and AS* values, and the deuterium isotope effect 
on the  rate^.^-^ 

On the other hand, many workers have studied the solvent 
exchange of hexakis(unidentate)aluminum(III) cations, e.g. 
[AI( H20)6] ’+, [ Al(dmf),] ,+ (dmf = N,N-dimethylformamide), 
[A1(Me2S0)6]3+ (Me2S0 = dimethyl sulfoxide), etc., and pos- 
tulated a dissociative-interchange mechanism.1wz3 Considerably 
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Materials. [Al(acac),] was prepared by the known method,24 re- 
crystallized, and sublimed a t  ca. 160 OC at  1 torr (1  torr = 133.3 Pa).4 
The labeled complex was prepared by the ligand exchange method and 
dried in vacuo (250 mg, ca. 8.1 pCi mg-I). 

Hacac was dried with anhydrous calcium sulfate and distilled at  
132-138 OC. The water content was determined by Karl Fischer titration 
to be 0.012 M (M = mol dm-’). H a ~ a c [ ~ H , ]  (74% deuteriated at  the 
methylene moiety) was prepared by the reported m e t h ~ d . ~  

Kinetic Procedure. Reactions under Atmospheric Pressure. Kinetic 
runs were carried out similarly to the procedure previously described.’ 
The labeled complex (ca. 7 mg) was dissolved in the solvent (ca. 7 cm3 
of Hacac or H a ~ a c [ ~ H , ] ,  with additional water or deuterium oxide, 
respectively, whenever necessary) and kept thermostated. Six or seven 
portions (0.50 cm3 each) were pipetted out a t  appropriate time intervals 
and chilled a t  -60 OC. The solvent was evaporated off in vacuo at  ca. 
0 “C to recover the complex quantitatively, which was submitted to the 
liquid scintillation counting. The water content of the reaction mixture 
remained constant during the kinetic runs within the error of Karl Fischer 
titration (*2 X loF3 M). 
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