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Figure 2. IcREMPIlTOF spectra of diasteromeric PRBR at i. = 266.68 nm (a) and 
PRBs clusters at i. = 266.77 nm (b) at a total stagnation pressure of 2 x lo5 Pa. The 
structures of the ground state P,B, and PRBs clusters, calculated with modified 
molecular mechanics (MMX), are given in (a) and (b), respectively. 

ences in the photoionization fragmentation pattern of the 
diastereomeric clusters obtained from complexation of the chi- 
ral molecule with suitable chiral partners, and on the different 
bathochromic shifts of their electronic band origin relative to 
that of the pure chromophore. The latter indicates that attrac- 
tive interactions within the clusters are more pronounced in the 
excited than in the ground state. Under consideration of the 
order of stability in the ground state, PRB,>PRB,, a greater 
stabilization of the PRBs cluster in the S, state relative to that of 
PRBR tends to cancel the stability order in the excited state. 
Differences in the absorption frequencies of gaseous jet-cooled 
species were recently used for isotope-enrichment proce- 
dures.r'61 This study demonstrates that the same approach can 
be applied to jet-cooled diastereomeric clusters to enantiomeri- 
cally enrich a racemate. 

Experimental Section 
The experimental setup for the generatJon OF van der Waals clusters and their 
REMPIjTOF analysis was previously described [7,11,17]. Diastereomeric pairs 
PnBR and PRBs were obtained by in a supersonic beam by adiabatic expansion of a 
carrier gas (Ar) seeded with the corresponding alcohols (Aldrich) through a pulsed 
400-pm nozzle kept at 85 "C. The molecular beam was allowed to pass through a 
1-mm skimmer into a second chamber equipped with a TOF spectrometer. The laser 
system consisted of a frequency-doubled Nd:YAG laser (i = 532 nm), which 
pumps two dye lasers. The dye frequencies were doubled and, when necessary, 
mixed with residual 1064-nm radiation. The ions formed by REMPI ionization in 

the TOF source were 
SO-cm flight path. 

mass discriminated and detected by a channeltron after a 
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Multipolymer-Supported Substrate and 
Ligand Approach to the Sharpless Asymmetric 
Dihydrox ylation** 
Hyunsoo Han and Kim D. Janda* 

Since the initial solid-phase synthesis of oligopeptides by 
Merrifield"] the use of polymers as supports, reagents or even 
catalysts for various reactions has increased.['] Recently a high 
level of activity has been devoted to this field due to the applica- 
tion of combinatorial chemistry to drug Although 
a resurgence of interest in polymers for organic synthesis has 
been seen, little effort has been paid to defining the structural 
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parameters of the supports. This is most evident for automated 
organic synthesis. 

We demonstrated how a chiral ligand can be integrated onto 
a soluble polymeric species so that ligand-accelerated catalysis 
(LAC) can operate in an unhindered manner.14] However, the 
converse case in which a small organic moiety is attached to a 
polymeric matrix has yet to be investigated. The implication of 
the combination of these two scenarios-immobilization of the 
ligand and the substrate-is that a multipolymer LAC reaction 
may be a feasible. We studied the influence of the structure of 
solid- and liquid-phase polymers on the Sharpless asymmetric 
dihydroxylation (AD) reaction. The outgrowth of these findings 
allowed us to successfully run a multipolymer Sharpless AD 
reaction. 

A variety of supports have been used in organic synthesis.r5] 
Typically, they may be grouped into three categories: 
1) minimal cross-linked supports that form well-solvated 
gels,[61 2) porous but rigid supports with a high degree of cross- 
linking,[71 and 3) linear, soluble polymers that are also known 
as liquid-phase supports.r81 Three supports belonging to the first 
category, two low divinylbenzene-cross-linked polystyrene 
beads (Merrifield and Wang resin) and the graft copolymer 
polystyrene polyethylene glycol (Tentagel), were utilized. The 
choice of these resins was based on their fundamental differ- 
ences. Merrifield and Wang resins are relatively hydrophobic 
matrices, whereas Tentagel is considered to be a hydrophilic 
tentacle polymer with more “solution-like’’ characteristics.[sb1 
The support used from the third category was polyethylene gly- 
col (PEG). This homopolymer was enlisted because it fulfills the 
criteria for a third-group polymer, and its chemical reactivity 
differences contrasted that of Tentagel. 

trans-Cinnamic acid was immobilized on the four polymeric 
supports (Figure 1). This ensured that the olefin was tethered as 

1.7 or 8, Os04, 
K3[Fe(CN),] or NMO 

1-5 
0 OH 

6a: R = H 
6b: R = Me 

2. Cleavage (H’ or MeONa) 

6 ~ :  R = Et 

Table 1 shows the results of the AD reaction of the four poly- 
mer-bound trans-cinnamate esters 1-4 using ligands 7 and 8. 

MeoyJ$ 
-0 yR 
WoMe 

7:  R =  --H 

The amount of metal/ligand used, reaction time required for 
product conversion, and enantiomeric excess observed vary 
greatly depending on the support. The non-cross-linked liquid- 
phase resin 4 (Table 1, entries 6 and 10) provides the best overall 
results when considering reaction time and metal/ligand ratio. 
These results compare favorably with those from the reaction of 
the simple ethyl ester 5 (entry 11). 

Table 1. AD reactions conducted with trans-cinnamate esters using ligands 7 and 8. 

5 

Figure 1. Polymer-bound trons-cinnamate esters 1-4 used in the Sharpless AD 
reaction as well as non-polymer counterpart 5. 

an ester on all supports, and that the overall reactivity was 
determined only by composition of the polymer. Because the 
AD reactivity of ethyl trans-cinnamate (5) using the ligand 1,4- 
phthalazinediyl diether hydroquinidine [(DHQD),PHAL, 71 
has been documented,[g1 a direct correlation could be made be- 
tween the solution and polymeric reactions [Eq. (l)]. 

Entry Olefin f [h] OsO, [a] Method [b] Conversion [“YO] [c] ee [“h] [d] 

1 1 72 0.01 A - - 
2 2 72 0.01 A - - 
3 3 24 0.01 A 3 99 
4 3 24 0.02 A 63 98 
5 3 24 0.10 A 96 99 
6 4  0.5 0.10 A 100 99 
7 1 24 0.01 B 100 88 
8 2 24 0.01 B 100 90 
9 3 24 0.01 B 100 87 

10 4 24 0.008 A 80 97 
11 5 24 0.008 A 100 97 
12 [el 3 24 0.02 A 60 98 
13 [el 3 24 0.10 A 98 98 

[a] Equivalents of OsO, based on olefin. [ligand]/[OsO,] = 2.5. [b] Method A: 
K,[Fe(CN),] and r-BuOH/water ( l / l )  at room temperature. Method B: NMO and 
acetoneiwater (lO/l) at 4°C. [c] Determined from the ratio of the signals of dlol 
protons to that of the remaining olefin in the ‘H NMR spectrum. Absolute yields 
(entries4-13) were between 25-85% [d] Determined by NMR analysis of the 
derived bis(Mosher) ester of the diol [el Polymer-bound ligand 8 was used as the 
catalyst source ([S]/[OsO,] = 2.5). 

Among the three insoluble supports Tentagel (3) outper- 
formed the Wang (2) and Merrifield resins (1) with K,[Fe(CN),] 
as oxidant (entries 1 - 5) .  However, the cross-linked polystyrene 
suppports 2 and 3 can provide a suitable environment for LAC 
when N-methylmorpholine N-oxide (NMO) is applied as the 
oxidant and acetone/water as the solvent (entries 7 and 8). It 
may be that supports 1 and 2 show an overall inability to sup- 
port the AD reaction with K,[Fe(CN),] due to poor swelling 
properties in f-BuOHlwater as solvent.[61 The consequences of 
poor swelling include limited chain mobility, which could com- 
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promise the location and distribution of catalyst and olefin 
within these matrices. 

Somewhat unexpected was the large amount of metal and 
ligand that was required for the Tentagel resin (3) to provide a 
reasonable reaction time, degree of conversion, and enantiose- 
lectivity (compare entries 3 -5 ) .  Interestingly, there appears to  
be a threshold of catalyst amount that is required for any con- 
version into diol to be seen (compare entries 3 and 4). We inves- 
tigated this aspect further. In reaction 4 (Table l),  fresh, un- 
bound olefin 5 (0.125 mmol) was added after 24 h along with 
OsO, (0.02 equiv based on olefin), K,CO, (3.0 equiv), and 
K,[Fe(CN),] (3.0 equiv). There was only I0  % conversion of 5 
into 6c after a further 10 h. If unbound olefin 5 was used 
throughout the entire reaction, recharging the mixture with 
more 5 provided complete conversion into 6c within 2.5 h. These 
results suggest that the catalyst becomes entangled in the insol- 
uble support, thereby limiting its availability. Although resin 3 
is more hydrophilic than 1 and 2, it still must be considered as 
a “quasi-homgeneous” matrix that is subject to some of the 
same limitations as insoluble resins. 

In evaluating these results we recognized that a correct combi- 
nation of soluble and insoluble polymers (that is, a multipoly- 
meric reaction) could, in principle, be suitable for A D  reactions. 
The use of more than a single polymeric reagent and catalyst 
either simultaneously or  consecutively was accomplished, but its 
exploitation has been limited to date.’”] The combination of 
Tentagel resin (3) and MeO-PEG-[(DHQD)2PHAL] @)I4, ‘ I 1  

was investigated as the multipolymer components. Entries 12 
and 13 in Table 1 show that this combination of polymers can 
successfully support LAC. Although these two polymers are 
physically quite different, the outgrowth of this methodology 
translates into facile product separation and ligand reisolation. 
The significance of such technology should have direct applica- 
tions to the automation of synthetic proce~ses.‘~. 

Experimrntul Smtion 
Dichloromethane and methanol were dried over CaH, and powdered magnesium, 
respectively Polyethylene glycol monomethyl ether (Aldrich, MeO-PEG, 
M ,  = 5000) was dried over P,O, under vacuum before use; Merrifield, Wang, and 
Tentagel resins were bought from Novabiochem. All other solvents and chemicals 
were obtained from commercial sources, and used without further purification 
unless stated otherwise. NMR spectra were measured on a Bruker AM-300 spec- 
trometer. 
1-4: trans-Cinnamic acid was coupled to each resin with the aid of coupling agents 
I-(3-dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride (EDC)/N,N-di- 
methyl 4-pyridinamine (DMAP) in CH,CI,. For the soluble polymer MeO-PEG, a 
dicyclohexylcarbodiimide (DCC)/DMAP combination was used for preparing 4. 
Upon completion of reaction the urea formed was removed by filtration. Diethyl 
ether was added to the filtrate, and 4 separated as a white solid from the mixture. 
The degree of loading for each polymer was greater than 98%, determined by 
measuring the release of cinnamic acid and its methyl ester from the polymers with 
trifluoroacetic acid (TFA)/CH,CI, (v/v 95/53 and NaOMe in MeOH, respectively. 
Asymmetricdihydroxylation: method A:  A small aliquot ofOsO, in 1-BuOH (2.5% 
solution (wt %), see Table 1 for the amount used in each reaction) was added to a 
mixture of the  ligand (sec Table l ) ,  K,[Fe(CN),] (0.250 g, 6 equiv based on olefin), 
K,CO, (0.052 g, 3 equiv), and methanesulfonamide (0.012 g, I equiv) in I-BuOH/ 
water (4mL. v;v 1!1) at room temperature. After the reaction mixture was stirred 
for 10 min, the polymer-bound olefin (0.125 mmol, 1 equiv) was added in one por- 
tion. and the mixture further stirred for 24 11. Solid Na,S,O, was added(0.400 g), 
and the mixture stirred for an additional 5 min, filtered, and successively washed 
with acetone and CH,CI,. The resin was dried over Na,SO, under vacuum. The 
results ofthe reaction weredetermined by two methods: 1 )  The resin was suspended 
in TFAjCH,CI, (v/v 95!5) for 30 min. The resin was removed by filtration, and then 
solvent removed from the filtrate. The degree of conversion of the olefin into the 
dihydroxylated product was determined by NMR spectroscopy. 2) The resin was 
suspended in a solution of NaOMe in MeOH. The mixture was stirred for 2 h at 
room temperature, and the solvent removed under vacuum. The desired diol- 
methylester was isolated by column chromatography (silica gel, ethyl acetate/hex- 
ane l / l ) .  The enantiomeric excess of this product was determined by NMR analysis 
of the derived bis(Mosher) ester Method B: A similar procedure to  Method A was 
followed except acetone’water iis solvent and NMO were used. The reaction mixture 

contained a small amount of OsO, in t-BuOH (2.5% solution. 13 pL, 0.01 equiv 
based on olefin), the ligand (0.0025 g, 0.025 equiv), N M O  (0.022 g, 1.5 equiv), and 
tetraethylammonium acetate tetrahydrate (0.033 g, 1 0 equiv) in acetoneiwater 
(4 mL, 10/1 v/v) at 4 ’C 
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