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The development of asymmetric catalysts generally 
requires the time-consuming screening of a large number 
of chiral ligands, metals, and reaction conditions.l For 
many asymmetric reactions, optimization of ligand struc- 
tures for each substrate class must be performed. To 
expedite these processes, we have worked to apply 
combinatorial strategies to asymmetric catalyst develop- 
ment and optimization. As progress toward this goal, we 
report a general approach for the solid-phase synthesis 
of the 2-pyrrolidinemethanol ligand class (Figure 1) and 
demonstrate that the ligands can be directly evaluated 
in dialkylzinc addition reactions without purification. 
This ligand class, as well as other ligands based on pro- 
line, have been used extensively to prepare asymmetric 
catalysts for a number of reactions including dialkylzinc 
additions to aldehydes,2 enantioselective reductions of 
 ketone^,^ and asymmetric Diels-Alder  reaction^.^ 

We initially chose to focus on dialkylzinc additions to 
aldehydes for several reasons. First, several groups have 
reported that support-bound ligands can serve as effec- 
tive asymmetric catalysts for dialkylzinc additions, al- 
though for each of these studies the ligands were syn- 
thesized in solution and then attached to the ~uppor t .~  
Second, Soai has determined that the R1 and R2 groups 
of pyrrolidinemethanol ligands (Figure 1) are important 
determinants of asymmetric ind~ct ion.~ Third, while 
Soai has developed ligands of this class that provide high 
enantioselectivities (> 95% ee) for dialkylzinc additions 
to aromatic aldehydes, ligands of this class have not yet 
been identified that provide comparable enantioselectivi- 
ties for additions to aliphatic aldehydes.6 Therefore, 
ligand optimization for different aliphatic substrate 
classes is desirable. 

We chose to employ a solid-phase synthesis strategy 
for the construction of the ligands because it provides for 
facile isolation of products from reaction mixtures, and 
therefore, reactions can be driven to completion by the 
use of excess reagents. We also selected commercially 
available trans-4-hydroxy-~-proline as the starting mate- 
rial for the synthesis sequence since the 4-hydroxyl group 
provides a convenient site for attachment onto the solid 
support. In addition, we chose to use a tetrahydropyra- 
nyl linker7 for the attachment of the alcohol to the 
support, since alcohol attachment and cleavage from the 
support can be accomplished with mild acid catalysis and 
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Figure 1. 2-F'yrrolidinemethanol ligand class. 

because the linker is stable to the Grignard addition and 
Red-Al reduction steps that are performed in the syn- 
thesis sequence (vide infra). 
N-[(Ethyloxy)carbonyll-4-hydroxyproline methyl ester 

(2Y is coupled to the dihydropyran-derivatized resin 1 
(commercially available Merrifield resin, 0.70 mmol CVg 
resin, 1% DVB) using PPTS in 1,2-dichloroethane at  80 
"C- for 48 h (Scheme 1). The coupling efficiency is 
determined by mass balance after cleavage of the mate- 
rial from the support. Addition of a large excess of 
Grignard reagents to the support-bound methyl ester 3 
provides support-bound alcohol 4. In our initial studies, 
the (ally1oxy)carbonyl and the [[(trimethylsilyl)ethylloxyl- 
carbonyl groups were employed in place of the (ethyloxyl- 
carbonyl protecting group, but these more labile protect- 
ing groups are not stable to the Grignard reaction 
 condition^.^ The support-bound N-methylated ligand 6 
can then be accessed by reduction with Red-Al. Alter- 
natively, deprotection of 4 with KOH in refluxing 1:2 
BuOW1,4-dioxane provides the support-bound free amine 
7. Acylation followed by reduction with Red-Al affords 
support-bound N-alkylated ligand 8. In initially optimiz- 
ing the synthesis sequence, we prepared support-bound 
ligands 5a (R1 = Ph) and 8a (R' = Ph, R2 = Me). After 
subjection of the support-bound ligands to the cleavage 
conditions (PPTS in BuOWl,2-dichloroethane, 60 "C) 
followed by extractive isolation, ligands 6a (R1 = Ph) and 
9a (R' = Ph, R2 = Me) were isolated with no epimeriza- 
tion being observed from the synthesis sequence as 
determined by NMR and HPLC (<1%). 

Initially, the ligands were evaluated while still bound 
to support. For diethylzinc addition to benzaldehyde, 2 
mol % of support-bound ligand Sa (R1 = Ph) in toluene 
at 0 "C for 48 h provided 1-phenylpropanol 10 with 100% 
conversion and in 89% enantiomeric excess. The same 
result was obtained when 5 mol % of the ligand was 
employed, demonstrating that 2 mol % of ligand is 
sufficient for this ligand-accelerated catalysis. In order 
to compare the enantioselectivity of the support-bound 
ligand to that of the corresponding free ligand, ligand 11 
was evaluated under the same reaction conditions to 
provide the chiral alcohol 10 in 94% ee (Table 1). 
Initially, we attributed the lower enantioselectivity pro- 
vided by the support-bound ligand relative to that 
provided by the corresponding free ligand to the tetrahy- 
dropyranyl linkage group. However, the same enanti- 
oselectivity (94% ee) was obtained by the use of tetrahy- 
dropyranyl ether 12 (Table 1). Attempts to improve the 
enantioselectivity provided by the support-bound ligand, 
such as using high loading Merrifield resin and macrore- 
ticular resin as supports, were not successful. 

Since the enantioselectivity provided by the support- 
bound ligand does not correlate with that provided by 
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Table 1. Comparison of the Enantioselectivity Provided 
by the Support-Bound Ligand to That Provided by the 

Corresponding Free Ligand 

ligand, PhCHs. 0 "C, 48 h OH - PhAEt ('I PhCHO + Et,& 

10 

ee I 89% (s) 94% (S) 94% (S) 

the corresponding free ligand, we investigated the pos- 
sibility of evaluating the ligands after removal from the 
solid support. Ligand 6a (R1 = Ph) provided the same 
enantioselectivity as ligand 11 for diethylzinc addition 
to benzaldehyde, demonstrating that the 4-hydroxyl 
group on the ligand has no effect on the enantioselectiv- 
ity. Most likely, ring strain prevents the 4-hydroxyl 
group from interacting with the zinc that is complexed 
to the amine and tertiary alcohol of the ligand. 

A variety of ligand analogs were then synthesized on 
the support in order to demonstrate the feasibility of this 
approach. After cleavage of the ligands off the support, 
the ligands were isolated by extraction and were used 
without further purification for diethylzinc addition to 
benzaldehyde or to 3-methylbutanal. Comparable enan- 
tioselectivities to those of the corresponding purified 
ligands were obtained (Table 2 and 3), even for ligands 
6b (R1 = 3,5-dimethylphenyl) and 6d (R1 = 3,5-dichlo- 
rophenyl) that were contaminated with small amounts 
of side products from the synthesis sequence as observed 
by NMR. Presumably, the minor side products do not 
serve as ligands for the diethylzinc addition to aldehydes. 
These results suggest that ligand accelerated catalystslO 
may be ideally suited for combinatorial strategies where 
the purification of each ligand will not be possible. 

In summary, we have developed a general solid-phase 
synthesis strategy for the 2-pyrrolidinemethanol ligand 
class and have demonstrated that the ligands can be 
directly evaluated for enantioselective additions of di- 
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Table 2. Enantioselectivities for Diethylzinc Additions 
to Benzaldehyde 

6 or 9, PhCH3, 0 O C ,  48 h 
PhCHO + EtaZn + PhAEt (*) 

OH 

10 

entry R1 R2 source 1 (% eeY source 2 (% ee)b 

6a phenyl 93 (SI 94 (S) 
9a phenyl methyl 83 (S) 84 (S) 
9b phenyl phenyl 89 (S) 85 (SI 
9c ethyl methyl 0 0 
9d ethyl phenyl 30 (R) 45 (€0 
a Synthesized on support and isolated by extraction after 

cleavage. Synthesized in solution and purified by chromatogra- 
phy and recrystallization. 

Table 3. Enantioselectivities for Diethylzinc Additions 
to 3-Me thylbutanala 

(3) 
Me 0 PhCH,,O0C,48h Me OH 

Me 6 Me 
13 

entrv R1 
source 1 source 2 
(% ee)b (% eeY 

6a phenyl 85 (SI 85 (SI 
6b 3,5-dimethylphenyl 83 (SI 81 (SI 
6c 4-biphenyl 85 (SI 84 (SI 
6d 3,5-dichlorophenyl 81 (SI 83 (S) 
6e 4-(trifluoromethy1)phenyl 85 (S) 85 (S) 
6f 2-naphthyl 82 (SI 81 (SI 
Ligand 11 provides the same enantioselectivity as 6a (85% 

ee). Synthesized on support and isolated by extraction after 
cleavage. Synthesized on support and purified by chromatogra- 
PhY. 

ethylzinc reagent to aldehyde substrates. These results 
suggest that combinatorial strategies may be useful for 
the development of asymmetric catalysts. We are cur- 
rently applying combinatorial strategies for the rapid 
development of asymmetric catalysts to the ligand class 
described above as well as to other ligand classes. 
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