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Summary: On the basis of ideas recendy advanced regarding the origin of enantioselectivity in 
the OsO4-pmmoted dihydm~lation of ole$ns catalyzed by bis-cinchona alkuioid derivatives such 
as 1, spec~ijically strong evidence for reaction via transition state assembly 2, the mono-quinidine 
derivative 3 was selected as a promising catalytic ligand. The experimental observadon of high 
enantiosel~&hy promoted by 3 provides additional evidence in favor of transition-state 2. 

A detailed explanation has recently been provided of the basis for high enantioselectivity in the 
dihydroxylation of many olefins in the presence of catalytic amounts of osmium tetraoxide and certain bis- 
cinchona alkaloid derivatives.1-3 For the example of diiydroxylation of styrene with the his-cinchona catalyst 1, 
the following factors have emerged as crucial for enantioselectivity: (1) a preference for the U-shaped 
conformation 2 for the 0504 complex of 1 (but not forfree 1 which is relativeZyj7exibk). (2) the ability of 2 to 
hold olefinic substrates such as styrene in a binding pocket composed of the two parallel methoxyquinoline units 
and the pyridazine connector, as shown, (3) the proximity of one axial oxygen and one equatorial oxygen of the 
complexed 0~04 unit to the olefinic carbons of the bound substrate, as shown in 2, and (4) a minimum motion 
pathway from this arrangement for the [3+2] cycloaddition which directly produces the pentacoordinate osmate 
ester in the energetically most favorable geometry. 4 The rate acceleration for the observed enantioselective 
pathway relative to other modes is due to the favorable free energy of activation for reaction fmm the complex 2 in 
which the reactants are held in a manner which is ideal for formation of the thermodynamically more stable osmate 
ester. Dihydmxylation of the opposite olefm face to that shown in 2 is unfavorable due to the fact that there is no 
three-dimensional arrangement for simultaneous x-facial approach of the olefm to the oxygens labeled as Oa and 
0, and favorable interaction with the binding pocket. X-ray crystallographic data suggest that the pyridazine ring 
at the bottom of the U-shaped cavity tends to be oriented so as to allow conjugation of the ring and the two alkoxy 
substituents, with the N-N side of the ring participating in binding to the substrate,2 though the exact tilt of this 
ring during reaction probably v&s with substrate. 

On the basis of this model it was predicted that the mono-cinchona alkaloid derivative 3 should be an 
excellent catalyst for the enantioselective OsO4-mediated dihydroxylation of olefms-comparable to the highly 
effective his-cinchona derivative 1. The essential features of 3 include the presence of a large tertiary butyl 
substituent to maintain the s-trans geornem between it and the pyridazine unit and to ensure the perpendicularity 
between planes passing through the pyridazii and anthracene rings. Molecular mechanics calculations using the 
CHARMm force field indicated that the most stable conformation of the (3-pyridazinyl)-(t-butyl-l- 
anthracenylmethyl) ether moiety of 3 corresponds to that shown. This preference and the geometrical constraints 
within the OS04 complexed cinchona subunit result in the U-shaped geometry depicted by stemfonnula 3. This 
paper describes the synthesis of 3 and its study with regard to preferred conformation and catalytic behavior in the 
asymmetric dihydmxylation reactions. 

Ligand 3 was prepared from acid # as follows. Conversion of 4 to the acid chloride. followed by 
treatment with [r-BuOCuc-Bu]- Li+ (prepared from f-BuOCu and r-BuLi)6 in THF at -78 T for 30 min. gave the 
ketone 5 in 78% yield as a yellow crystalline solid (m.p. 97-98 “C). CBS reduction7 using the oxazaborolidine 
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Table 1. Enantioselective Dihydroxylation of Table 2 Enantioselective Dihydroxylation of 

Olefins Catalyzed by 1 and 3a Olefins Catalyzed by 1 and 3 

Cat. 1. ee. Cat. 3, ee, Cat. 1, ee, Cat. 3, ee, 

OleiiIl (% yieki) (% yield) .0&l (%.yieldl . (96 yield) 

E-stilbene > 99 (99) > 98 (92) Styrene 96 (95) 91 (76) 
E-3-hexene 93 (58)b 96 (74)b 4-Methoxystyrene 98 (98) 97 (88) 
styrene 96 (95) 91 (76) 4-Nitrostyrene 98 (78) 99 (79) 

2-vinylnaphthalene 99 (98) 98 (93) 3-Nitrostyrene 96 (89) 95 (99) 
1-decene 79 (95) 78 (86) 94 (83) 3J-Dinitrostyrene 96 (90) 
1-phenylcyclohexene 93 (99) 98 (88) 
a Reactions were conducted according to 
footnote 10. All 1,2-diols were of the (R) or 
(R, R) configuration. b Yields not optimum 
because of less efficient extractive isolation. 

derived from (R) diphenylprolinol and n-butylboronic acid gave the carbinol6 in 88% yield with 78% ee. This 
was subsequently enriched to 98% ee after two recrystallizations from hexane (m.p. 115 OC, [a]g +42” (~0.20, 
CHC13). Deprotonation of 6 using KH in DIME, followed by reaction with 3$-dichloropyridazine gave the 
chloropyridazine ether 7 as a tan solid (m.p. 120 “C) in 99% yield. Coupling with dihydroquinidine using 
powdered KOH (4 equiv) in refluxing toluene with azeotropic removal of water gave 3 as a light yellow syrup in 
88% yield. 

Structural studies of ligand 3, which were carried out on the stable, crystalline mono-CHd salt as a model 
of the non-crystalline 0504 complex, have confirmed the expected molecular geometry. ‘H NMR comparison of 
the methiodide derivative of 3 with the methiodide derivatives or 0~04 complexes of his-cinchona alkaloids8 such 
as 1 reveals a close coqformational similarity. Both the solid state and solution structures of 3 are strikingly 
similar to the recently reported structnres of his-cinchona alkaloid ligands.2 Crystals of the me&iodide salt of 3 
were obtained from a CH3CN solution of the free base and 1 equiv of CHY at 23 “C-9 X-ray crystallographic 
analysis of 3*CH3I revealed structure 8 in which the pyridazine ring is oriented to allow conjugation of the ring 
and its two alkoxy substituents with the N-N side pointing into the bi@ing pocket. The antbracene and 6- 
methoxyquinoline rings are oriented in parallel planes perpendicular to the plane of the pyridazine ring. This 
conformation is also predominant in solution as indicated by the following NMR observations (500 MHz, CDC13, 
23 “C): (1) a 7.3% NOE between Ha and Hb and a 3.0% NOE between Ha and & supporting the orientation of 
the methoxyquinoline ring shown in 3; (2) J H& = O-2 Hz, indicating a ca. 90 o dihedral angle between them 
(66 o in the solid state); (3) 6 H e = 1.28 ppm. 6 & = 248 ppm consistent with shielding and deshielding effects 
of the methoxyquinoline ring expected for structure 3; (4) an 11.6% NOE between Hf and Hg suppotig the 
orientation of the anthracene ring shown in 3. 

The olefin dihydmxylation enantioselectivities observed for the anthracene derived ligand 3 and the bis 
cinchona ligand 1, as su mmarized in Table I. are nearly identical, a striking validation of our design principles.10 
Further, the rates of the catalytic reactions with iigands 1 and 3 are essentially the same as shown by competitive 
rate experiments. Thus, using 1 mol% of the dihycl+quinine PYDZ analog of 1 (which converts styrene to the 
(s) glycol) and 2 mol% of 3, styrene was oxidized to (R) styrene glycol in 31% ee (calc’d for identical rates, 
33%). 

The close similarity of the catalytic ligands 1 and 3 was also evident from a comparison of 
enantioselectivities in the dihydroxylation of a number of ring-substituted styrenes, as shown in Table IL These 
data also reveal the persistence of excellent enantiose!ectivity with either electron accepting or donating 
substituents. 
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The diastereomer of ligand 3 at the 1-anthryl-bearing carbon (3a) was also synthesized from em-6 and 
dichloropyridazine and studied as a ligand in the catalytic olefin dihydroxylation, as described above for 3. 
Although ligand 3a was expected to possess a U-shaped binding pocket with parallel methoxy-quinoline and 
anthracene rings on the same side of the pyridazine spacer and perpendicular to it, the anthracene component of the 
binding pocket is aqhed by the bond corresponding to H8 in 3 and hence projects rearward relative to 3. This is 
expected to lead to a less effective binding pocket. In accord with this analysis, enantioselectivity in the catalytic 
dihydroxylation using 3a was generally poorer than with 1 or 3, (2+inylnaphthaIene, 91% ee; styrene, 80% ee; 
l-decene, 44% ee; (B)-stilbene, >98% ee; (E)-3-hexene, 78% ee; I-phenylcyclohexene, 90% ee). 

The results of the experiments described herein are completely consistent with the mechanism which has 
been proposed for the olefin asymmetric dihydroxylation using cinchona alkaloid derivatives. 1+2 More 
importantly, they encourage the rational design of new catalytic systems containing only a single alkaloid unit. As 
stated earlier2 these enantioselective catalysts are remarkably close to enzymes in terms of general function since 
they provide specific binding sites for OS04 and the olefin, the latter being a pocket which involves non-covalent, 
shape / size - selective interactions, and since they accelerate and control the stereochemistry of the reaction by 

means of a favorable 3dlmensional arrangement in the transition state. 1 1 
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mol% of ligand 1,3 or 3a in 1 : 1 tert-butyl alcohol - water was added 3 equiv of KsFe(CN)e, 3 equiv of 
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