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Abstract: A mathematical model, based on reactions of independent functional groups, is derived to describe kinetic
resolutions of bifunctionaheso/dktereoisomeric mixtures. The model indicates that only the slow reacting enantiomer
can be obtained (as recovered starting material) with high stereoisomeric purity in these processes; the products
from the fast reacting enantiomer and thesodiastereomer are predicted to have limited diastereoisomeric purity.
Recycling strategies are presented that can serve to enhance the purity of the these products. In particular, if recycling
can be performed using a reaction with selectivity opposite to that in the first cycle, it is predicted that all three
components of aneso/dimixture (or their derived products) can be obtained with high stereoisomeric purity, even
from a process with modest enantiotopic group selectivity. These predictions were tested by Sharpless epoxidation
of a 1:1 mixture ofmesoand racemic stereoisomers of 6,6-ethylenedioxy-1,10-undecadiene-3,%diohder
conditions of high (40:1) and modest (9:1) selectivity. In both scenarios, th€fwpnantiomers and the monoepoxide
derivative of themesodiastereomer of were obtained with high stereoisomeric purity97% dp,>99% ee) from

an initial L-tartarate mediated epoxidation of the mixture followed by recycling of the mono- and diepoxide fractions
by deoxygenation (KSeCN) and reepoxidation using a D-tartarate derived catalyst. The results are in reasonable
agreement with those calculated with the mathematical model.

Introduction strategy for EPC synthesis. The enantioselective conversion

The increasing demand for enantiomerically pure compounds of an achiral substrate into a chiral nonracemic product requires
(EPC} has provided a significant challenge to both the theory & Process where enantiotopic faces or groups in the substrate
and practice of modern synthetic organic chemistypically, are differentiated. The majority of known methods for asym-
chiral compounds with multiple stereogenic elements are Metric synthesis involve additions tobonds, and for almost
prepared by reaction sequences which introduce new element§Very type of addition reaction, examples with at least 10 .
of stereogenicity into substrates that already possess one or mor€0:1 levels of enantiotopic face selectivity can be found;
such elements. If the reaction diastereoselectivity is substrate-NOWeVer, very few methods have the desirable properties of
controlled? then racemic substrates give racemic products and 'eliable generality and high~(20:1) selectivityl By contrast,
enantiopure products are available (in principle) simply by using the use o_f enantlotpp_|c group selective reactions to ach_leve
an enantiopure starting material. Thus, the methods to achieve2Symmetric synthesis is much less common. Although various
EPC synthesis have generally involved the diastereoselective®N2YMe mediated processes have been employed for some
transformation of chiral nonracemic compouhdsich either ~ time'? the development of nonenzymatic group selective
are readily available® or are obtained by exploiting one of two re.’;lctlg)n&isfolr5 asymmetric synthesis has only recently attracted
basic strategies: separation of enantiomers (resolftion)  attention:
enar!tloselectl\{e transformatl'or} of achiral C(?mpounds (@sym- " (7 (a) Naradi, M. Stereoselecte Synthesi2nd ed; VGH: Weinheim,
metric synthesis). More sophisticated strategies have recently 1995. (b) Noyori, R Asymmetric Catalysis in Organic Synthediiley:
evolved where two or more processes are coupieditu New York, 1994. (c) Atta-ur-Rahman; Shah, Siereoselecte Synthesis
resulting in EPC syntheses with enhanced selectivity and/or & Organic ChemistrySpringer-verlag: New York, 1993, (dhsymmetric

> 9 Y Yy SynthesisAiken, R. A., Kilényi, S. N., Eds.; Blackie Academic: Glascow,
efficiency®11 1992. (e)Asymmetric Synthesislorrison, J. D., Ed.; Academic Press: New

The potential for both high yield and high selectivity makes York, 1983-1985 (5 vols).

: : : : : 8) Sequential kinetic resolution: (a) Sih, C. J.; Wu, S.-Fop.
asymmetric synthesis (cf. resolution) a particularly attractive Ste(re)zoch?aml%a 19, 63-125. (b) Kazl(agska& R 3 Am. Chem. Spoc.

® Abstract published iidvance ACS Abstract&ebruary 1, 1997. 1989 111, 4953-4959. (c) Guo, Z.-H.; Wu, S.-H.; Chen, C.-S.; Girdaukas,
(1) Seebach, D.; Hungethler, E.Mod. Synth. Method$98Q 2, 91— G.; Sih, C. JJ. Am. Chem. S0d.99Q 112 4942-4945.
173. (9) Kinetic resolution within situ racemization (dynamic kinetic resolu-
(2) Seebach, DAngew. Chem., Int. Ed. Engl99Q 29, 1320-1367. tion). Review: Ward, R. STetrahedron: Asymmetrd995 6, 1475-1490.
(3) Hoveyda, A. H.; Evans, D. A.; Fu, G. Chem. Re. 1993 93, 1307 (10) Enantioconvergent transformation of racemic substrates by transition-
1370. metal-catalyzed allylic alkylations. Review: Trost, B. M.; Van Vranken,

(4) The diastereoselectivity in these transformations can be substrate-D. L. Chem. Re. 1996 96, 395-422.
and/or reagent-controlled and higher than with racemic substrates. Masam-  (11) Simultaneous asymmetric synthesis and kinetic resolution: (a) Wang,
une, S.; Choy, W.; Pedersen, J. S.; Sita, LARgew. Chem., Int. Ed. Engl. Y.-F.; Chen, C.-S.; Girdaukaus, G.; Sih, C.JJ.Am. Chem. Sod 984
1985 24, 1-76. 106, 3695, 3696. (b) Dokuzokic, Z.; Roberts, N. K.; Sawyer, J. F.; Whelan,
(5) (a) Hanessian, J.otal Synthesis of Natural Products: The ‘Chiron’  J.; Bosnich, BJ. Am. Chem. S04986 108 2034-2039. (c) Schreiber, S.
Approach Pergamon: New York, 1983. (b) Coppola, G. M.; Schuster, H. L.; Schreiber, T. S.; Smith, D. Bl. Am. Chem. Sod 987 109 1525-
F. Asymmetric Synthesis: Construction of Chiral Molucules Using Amino 1529.

Acids Wiley: New York, 1987. (c) Ho, T.-LEnantioselectie Synthesis: (12) For an excellent review and a list of references, see: (a) Schoffers,
Natural Products from Chiral Terpeng8Viley: New York, 1992. E.; Golebiowski, A.; Johnson, C. Rietrahedron1996 52, 3769-3826.

(6) (a) Kagan, H. B.; Fiaud, J. Qop. Stereochen1988 18, 249-330. For a example using catalytic antibodies, see: (b) lkeda, S.; Weinhouse,
(b) Jacques, J; Collet, A.; Wilen, S. HEnantiomers, Racemates, and M. I.; Janda, K. D.; Lerner, R. A.; Danishefsky, S.JJ.Am. Chem. Soc.
Resolution Wiley: New York, 1981. 1991 113 7763, 7764.

S0002-7863(96)02972-1 CCC: $14.00 © 1997 American Chemical Society
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Figure 1. Kinetic resolution of aneso/dimixture with a reaction where
the ligand “a” is replaced by the ligand “d” arRigroups react faster
thanS groups (i.e. kg > ko).

The desymmetrization of symmetrical bifunctional com-
pounds by enantiotopic group selective reactions has emerge
as a powerful strategy for asymmetric synthesieg$atrick”,!
cf. Figure 1)!6 This approach is particularly effective when

the enantiotopic groups can react sequentially, thereby coupling

an asymmetric synthesis with a kinetic resolution and producing
products with high stereoisomeric purityeven from reactions

of moderat&’ group selectivity!® The application of such
processes in EPC synthesis depends on the ready availabilit
of suitableCs or C; symmetrical bifunctional substrates; this

(13) Reviews: (a) Ward, R. SChem. Soc. Re 199Q 19, 1-19; (b)
Maier, M. Nachr. Chem. Tech. Lal1993 41, 314-330. Enantioselective
deprotonation: (c) Majewski, M. I€omprehensie Carbanion Chemistry
Snieckus, V., Ed.; Jai Press, in press; Vol. 3. Group selective aceta
formation: (d) Harada, T.; Oku, ASynlett1994 95-104; (e) Ley, S. V,;
Downham, R.; Edwards, P. J.; Innes, J.Gntemp. Org. Syntt1995 2,
365-392. Group selective ene reaction: (f) Mikami, K.; Terada, M.;
Narisawa, S.; Nakai, TSynlett1992 255-265.

(14) For recent examples, seger alia: (a) Hiroya, K.; Kurihara, Y.;
Ogasawara, KAngew. Chem., Int. Ed. Engl995 34, 2287-2289. (b)
Seebach, D.; Jaeschke, G.; Yang, Y. Mid. 1995 34, 2395, 2396. (c)
Jones, P. G.; Weinmann, H.; Winterfeldt, IBid. 1995 34, 448-450. (d)
Martinez, L. E.; Leighton, J. L.; Carsten, D. H.; Jacobsen, EJNAm.
Chem. Soc1995 117, 5897, 5898. (e) Trost, B. M.; Lee, C. B.; Weiss, J.
M. Ibid. 1995 117, 7247, 7248. (f) Albers, T.; Biagini, S. C. G.; Hibs, D.
E.; Hursthouse, M. B.; Malik, K. M. A.; North, M.; Uriarte, E.; Zagotto,
G. Synthesisl996 393-398. (g) Watanabe, N.; Ohtake, Y.; Hashimoto,
S-l.; Shiro, M.; Ikegami, STetrahedron Lett1995 36, 1491. (h) Kang, J.;
Lee, J. W.; Kim, J. |.; Pyun, Gbid. 1995 36, 4265-4268. (i) Yoshida,
O.; Uchida, J.; Nomura, Y.; Tanaka, Nbid. 1995 36, 7259-7262. (j)
Hashimoto, K.; Kitaguchi, J.-l.; Mizuno, Y.; Kobayashi, T.; Shirahama, H.
Ibid. 1996 37, 2275-2278.

(15) For recent synthetic applications, seter alia: (a) Trost, B. M.;
Shi, Z.J. Am. Chem. So2996 118 3037, 3038. (b) Hiroya, K.; Ogasawara,
K. J. Chem. Soc., Chem. Commu®95 2205, 2206. (c) Yoshizaki, H.;
Satoh, H.; Sato, Y.; Nukui, S.; Shibasaki, M.; Mori, .Org. Chem1995
60, 2016-2021. (d) Majewski, M.; Lazny, Rbid. 1995 60, 5825-5830.
(e) Prasad, K.; Underwood, R. L.; Repic, bid. 1996 61, 384, 385. (f)
Leighton, J. L.; Jacobsen, E. Mid. 1996 61, 389, 390. (g) Hanselmann,
R.; Benn, M. Synth. Commun1996 26, 945-961. (h) Asami, M.;
Takahashi, J.; Inoue, Setrahedron: Asymmetrd994 5, 1649-1652. (j)
Ward, R. S.; Pelter, A.; Edwards, M. I.; Gilmore, 1Bid. 1995 6, 843,
844. (k) Yadav, J. S.; Rao, C. S.; Chandrasekhar, S.; Rao, A. V. R.
Tetrahedron Lett1995 36, 77177720. () Kamikubo, T.; Hiroya, K.;
Ogasawara, Klbid. 1996 37, 499-502. (m) Lautens, M.; Ma, Sbid.
1996 37, 1727-1730.

(16) Reviews: (a) Schreiber, S. Chem. Scr1987, 27, 563-566. (b)
Poss, C. S.; Schreiber, S.Acc. Chem. Red4994 27, 9—-17. (c) Magnuson,
S. R.Tetrahedronl995 51, 2167-2213. (d) Ho, T.-LSymmetry: A Basis
for Sythesis DesigriViley: New York, 1995.

(17) (a) Ward, D. E.; Liu, Y.; Rhee, C. KSynlett1993 561-563. (b)
Ward, D. E; Liu, Y.; Rhee, C. KCan. J. Chem1994 72, 1429-1446.
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Figure 2. Retrosynthetic analysis for mesobifunctional substrate.

desymmetrization strategy will be considerably less attractive
when the complexity of the synthesis of the achiral substrate
rivals that of the EPC product. Although achiral substrates
without stereogenic centers are, in general, easily prepaesh
Obifunctional substraté® require stereoselective syntheses.

Simultaneous two-directional chain synthésis an excellent
tactic for the preparation ahesobifunctional substrates but is
applicable only in cases where intervening groups provide
substrate-controlled diastereoselectivity in the formation of new
stereogenic centers. The stereoselective synthesisasio
bifunctional substrates where groups are too remote to influence
)}jiastereoselectivity is nontrivial. A two-directional chain
synthesis is possible with reagent-controlled diastereoselectivity
by stepwise application of reactions with opposite stereoselec-
tivity.20 However, analysis of synthetic pathways that would
construct the required stereogenic centers in a stepwise fashion
suggests that they are as complex and as long as pathways that
would produce a “desymmetrizediesaderivative directly (see
Figure 2)2 For example, the synthesis &S according to
disconnection A” requires a reagent-controlled diastereoselec-
tive addition of ligand “a” to an EPC fragment; disconnection
“B” would require the coupling of two EPC fragments. In either
case, only a slight structural modification in either fragment
(e.g., a protecting group) would result in a desymmetrinedo
derivative??

An alternative to the stepwise stereoselective syntheses of
mesocompounds outlined above involves a stereorandom two-
directional transformation of @, (or Cz,) bifunctional substrate

(18) (a) Roush, W. R.; Wada, C. K. Am. Chem. S0d994 116, 2151,
2152. (b) Corey, E. J.; Noe, M. C.; Guzman-Perez,ll#d. 1995 117,
10817-10824. (c) Hayashi, T.; Niizuma, S.; Kamikawa, T.; Suzuki, N.;
Uozumi, Y. Ibid. 1995 117 9101, 9102. (d) Harada, T.; Kagamihara, Y.;
Tanaka, S.; Sakamoto, K.; Oku, A. Org. Chem1992 57, 1637-1639.

(e) Kann, N.; Rein, Tlbid. 1993 58, 3802-3804. (f) Vedejs, E.; Daugulis,
O.; Diver, S. T.lbid. 1996 61, 430, 431. (g) Ishihara, K.; Kubota, M.;
Yamamoto, H.Synlett1994 611-614. (h) Lin, G.-Q.; Shi, Z.-CTetra-
hedron 1996 52, 21872192. (i) Shi, Z.-C.; Lin, G.-Q.Tetrahedron:
Asymmetry1995 6, 2907-2910. (j) Oppolzer, W.; De Brabander, J;
Walther, E.; Bemardinelli, GTetrahedron Lett1995 36, 4413-4416. (k)
Takemoto, Y.; Baba, Y.; Noguchi, |.; lwata, @id. 1996 37, 3345, 3346.

(19) Defined here as achiraC{or C; symmetric) bifunctional substrates
possessing two or more chirotopic stereogenic centers (or, more generally,
stereogenic elements).

(20) For an example of this strategy, see: Rieck, H.; Helmchen, G.
Angew. Chem., Int. Ed. En@995 34, 2687-2689.

(21) Stepwise introduction of stereogenic centers will necessarily produce
EPC intermediates. A strategy for EPC synthesis involving “symmetrization”
of a chiral starting material to give mesointermediate which is then
desymmetrized has obvious disadvantages.

(22) For an example of this strategy, see: Nakata, T.; Suenaga, T.; Oishi,
T. Tetrahedron Lett1989 30, 6526-6528.
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to give a 1:1 mixture ofZ, andCs symmetric products (Figure
2)23 Separation of the diastereomers would provide a very
simple route tomesobifunctional compounds in up to 50%

Ward et al.

kinetics for this situation can be analyzed as a set of three
independent parallel reactions if the reaction(s) of each substrate
is independent of the other substrates (i.e., if aggregation effects

yield?* Reasoning that a physical separation of stereoisomersare negligible). Analytical expressions to describe the conver-

could be difficult, we considered the consequences mieso/
dl mixture of bifunctional starting materials undergoing sequen-
tial enantiotopic group selective reaction (see Figure 1).
Assuming a reaction where tiegroups consistently react faster
than theS groups, such a process should concentrateSthe
substrate, th&'S monoreacted product, and tRéR’ direacted
product simultaneously. If this kinetic resolution were efficient,
the “desymmetrized’mesoproductR’'S could be obtained at
this stageby separation of compounds that are not stereoiso-
meric, thus making a stereoselective synthesis of itheso
bifunctional starting material unnecessary.

A few examples of enzyme mediated acylation (or hydrolysis)
of meso/dimixtures of diols (or diesters) have been repoffed.
Most of these enzymatic resolutions efficiently separatehe

symmetric enantiomers from each other but not necessarily from

the mesoisomer?® To evaluate the synthetic potential of this

type of process, especially with nonenzymatic reactions, it was
necessary to develop an appropriate theoretical framework for

predicting the relationship between the group selectivity
(kr/kg) Of a reaction and the yield and stereoisomeric purity of
the product(s) that might be obtained. In a preliminary account,
we described a mathematical model for kinetic resolutions of
meso/dktereoisomeric mixtures and, using that model, derived
a recycling protocol to obtain desymmetrizegsoderivatives

with excellent diastereomeric purity from such procegds.

this paper, we present a detailed analysis of the mathematical

model considering the fate of all of the isomers imaso/dI
mixture undergoing kinetic resolution. This analysis reveals
optimal protocols for obtaining each of thmeso/dlisomers
(individually or all them simultaneously) with high stereo-
isomeric purity even from a reaction with modest enantiotopic

group selectivity. These protocols were tested by Sharpless

epoxidation ofl under conditions of both high and modest
enantiotopic group selectivity. In both scenarios, the B0

enantiomers and a desymmetrized monoepoxide derivative of

the mesodiastereomer ofl were obtained with high stereo-
isomeric purity £97% dp, >99% ee), as predicted by the
model.

Results and Discussion

The group selective reaction of a mixture miesoand dI
stereoisomers is equivalent to a sequential kinetic resofution
simultaneous with artiesatrick” process (see Figure 1). The

(23) Hoye, T. R.; Suhadolnik, J. @. Am. Chem. S0d985 107, 5312,
5313; Tetrahedron1986 42, 2855-2862.

(24) Any inherent substrate-controlled diastereoselectivity could bias the
product mixture in favor of either th€, (racemic) or theCs product®
Reagent-controlled diastereoselectivity would favoiCa (nonracemic)
product??

(25) (a) Wallace, J. S.; Baldwin, B. W.; Morrow, C. J. Org. Chem.
1992 57, 5231-5239. (b) Kim, M.-J.; Lee, I. S.; Jeong, N.; Choi, Y. K.
Ibid. 1993 58, 6483-6485. (c) Cheevert, R.; Desjardins, Mbid. 1996
61, 1219-1222. (d) Takemura, T.; Saito, K.; Nakazawa, S.; Mori, N.
Tetrahedron Lett1992 33, 6335-6338. (e) N. Adje N.; Breuilles, P;
Uguen, D.lbid. 1993 34, 4631-4634. (f) Mattson, A.; @rner, N.; Hult,
K.; Norin, T. Tetrahedron: Asymmetr$993 4, 925-930. (g) Bisht, K.
S.; Parmar, V. S.; Crout, D. H. Gbid. 1993 4, 957, 958. (h) Levayer, F.;
Rabiller, C.; Tellier, Clbid. 1995 6, 1675-1682. (h) Nagai, H.; Morimoto,
T.; Achiwa, K. Synlett1994 289, 290. (i) Hoye, T. R.; Tan, libid. 1996
615, 616.

(26) For other methods of separatingeso/dimixtures: (a) Caron, G.;
Kazlauskas, R. Jletrahedron: Asymmetr§994 5, 657—664. Also see
refs 13d and 25e.

(27) Ward, D. E.; Liu, Y.; How, DJ. Am. Chem. S0od996 118 3025,
3026.

sion dependent evolution of the “mono” products concentrations
in sequential kinetic resolutions (egs 1 and ajhd in ‘meso
trick” processes (eqs 3 and 437 have been previously
described®2® Equations 57 are a consequence of the stoi-
chiometry of the process. Using eqs-4 with appropriate
substitution of the readily derived expressi#ifer the relation-
ships between thRS, RR, and SS concentrations (egs 8 and

9) allows determination of the concentrations of all of the
components for the process represented in Figure 1 as a function
of the conversion of one of the substrates.

o KJRRI [RR])kefks_[RR]
R ks—ke,([RR]o mRI O
_ISSf(1sg | _[s9
1981= k7—k8,([sso) ss) @
o k[RSly [[[RS] Wikitk)  [RS]!
RS = - ks,([RSIO) rsly
_ KkIRS|p [[[Rg]\Wlath)  [RS]
RS =i - k4_([R810) rsly @
[RR]=[RR], ~ [RR] - [R'R] ©)
[SS]=[SY, - 9 - [S9 ©®)
[RS]=[RS,~[RY ~[RS ~[RS] (7
[RR] _ [[RS] |lated)
[RRI, ([RS]O) ®
[SY _ [[RS] |kt
[S9 ([RS]O) ©

To assess the behavior of this type of process (Figure 1) as
a function of the reaction enantiotopic group selectivity, it is
convenient to assume that the functional groups react indepen-
dently3® Thus, allR groups and alS groups were assumed to
have same reactivitykg andks, respectively) regardless of the
substraté! This assumption will be reasonable if the groups
are sufficiently remot® and, in any event, small deviations
should not influence general conclusidi. In this way, eqs
1-9 are soluble at any conversion (e.dqrJ/[RS]o) given the
initial conditions and the ratiéir/ks.3! For example, the data
obtained withkgr/ks = 10 are plotted in Figure & As expected
for a kinetic resolutior§2the calculations indicate that both the
enantiomeric purity (ee) and the diastereomeric purity Xdp)

(28) The analytical expressions will be valid for a process represented
by Figure 1 if all reactions are first order with respect to substrate and the
same order with respect to any reagent(s).

(29) See the supporting information for derivation of the equations.

(30) For a discussion and examples of reactions of independent functional
groups, see: Macomber, R. S.; Constantinides, J. K.; Smith, G.; Button,
A.; Lindstrom, D. OJ. Org. Chem1996 61, 727—734 and cited references.

(31) Assumption:k; = kqs = ks = kg, ko = ks = kg = kg, ks = 2kg, and
k7 = 2ks Initial conditions: RS]o = 2[RR]o = 2[SYo = 0.5 arbitrary
units.

(32) Calculations were performed as described previol(sly;see
supporting information for details.

(33) The diastereomeric purity (dp) of a mixture of diastereomers is
defined here as the mole fraction of the major diastereomer.
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0.60 + enantiotopic group selectivitykg/ks). See Figure 3 for definitions.
b dPmono Xmono
0.40 +
q
0.20 4+
0.00 T + T + T + T t T {
0.00 0.20 0.40 0.60 0.80 1.00

conversion (=1 - xsm)
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Figure 3. Calculated mole fractions ), ee’s, and dp’s as a function

of converstion for the components of a process as described in Figure
1 from a reaction wittkg/ks = 10. [sm} = ([RR]o + [SSo + [RS]0);

xsm= ([RR] + [SY + [RS])/[sm]o; xmono= ([R'S] + [RS] +[S'T] +
[R'R)/[smlo; xai = ([R'R] + [SS] + [R'S])/[sm]o; eam = ([SY —
[RRD/A[ST + [RRY]); €@nono= ([R'S] — [RS]/([R'S] + [RS]); €€*nono

= 1S9 = [RR])I([SS + [R'R]); eesi = ([R'R] - [SSP/([R'R’] = max dPmono
+ [SS]); dpsm = ([RR] + [SY)/([RR] + [ST + [RS]); dPmono = 2 60l
(R'S + [RSDAIR'S] + [RS] + [ST] + [R'R]); dpsi = ([R'R] + = i
[SSDIIR'R] + [SS] + [R'S]). S 0.0+ Xmono
o
g ]
of the unreacted starting material (mos8i§) increases and that § 020t
of the “di” product (mostlyR'R’) decreases with increasing 0.00 ] \ ,
conversior?* On the other hand, while the ee’s for the “mono” } T T T oo
products (mosthR'S) increase with conversion, the dp rises to keks

a maximum and then decreases with increased conversion. Assigre 5. Calculated potential yields £) and stereoisomeric purities
indicated by the curve for egéno the minor diastereomer in  for the components of a process as described in Figure 1 as a function
the “mono” product is mainly theR'R enantiomer at low of the reaction enantiotopic group selectivityr/ks). (@) maximum
conversion and th&'S enantiomer at high conversion. Quali-  dpmeno (cf. Figure 3) and the associated.gg andymons (b) potential
tatively, these relationships can be understood by consideringyields of unreacted sm and “di" product with a specific dp (ee’s are
that theSSstarting material is being concentrated by simulta- related and much highetj.See Figure 3 for definitions.

neous kinetic resolution frorRR (selectivity= E = kr/kg)®2

and fromRS (E' = (1 + kr/ks)/2). BecauseE' ~ 0.5 and stereoisomeric purity of one of the components can be improved
[RS]o = 2[SY0, the C, symmetric enantiomel®R andSSare (at the expense of the others) by varying the conversion (cf.
separated much more efficiently from each other than from the Figure 3). The calculated relationships between the group
Cs symmetric diastereomeRS (i.e., diastereomeric purity is  selectivity kr/ks) of the reaction and the potential sterecisomeric

significantly less than enantiomeric puri{f). For the “mono” purities and yields of the individual components are shown in
products,R'S and R'R are formed at the same rate (initially) ~ Figure 532 Thus, the mathematical model based on independent
but undergo efficient kinetic resolutiorE(= kr/ks) during functional group® predicts that it is possible to obtain the slow
formation of the “di” product; by contras$'S is produced reactingC, isomer (as unreacted starting material) with any
slowly but is not resolved fronR'S (E = 1). arbitrary high degree of stereoisomeric purity (albeit by sacrific-

How efficiently can ameso/dimixture be separated by an Ing Yield) from kinetic resolution of aneso/distereoisomeric
enantiotopic group selective reaction? One possible measure/Nixture. By contrast, the potential diastereomeric purities of
ment of the efficiency of the process is at 75% conversion where Poth the “mono” and “di” products from such a process are
the remaining starting material (25%), the “mono” product significantly limited, even from very selective reacticisFor
(50%), and the “di” product (25%) will have identical ee’s and €xample, a reaction with enantiotopic group selectivity of 100:1
identical dp’s®! the calculated stereocisomeric purity of these S predicted to give the “mono” produgt'S with a maximum
components as a function of the reaction group selectivity dP of only 94.796 Because this level of stereoisomeric purity
(ke/ks) is shown in Figure 42 The model clearly indicates that is insufficient for many applications, the possibility of improving
a process as in Figure 1 can simultaneously separatag¢se/ ~ the dp of the “mono” and “di” products by recycling was

dl stereoisomers with only limited efficiency. Of course, the considered. ) _ _
Although rarely exploited in nonenzymatic proces¥es,

(34) A consequence of the assumptions and initial conditions is that, for recycling is an established method for improving the stereo-
both the starting material and “di” product, the dp is related to the ee by
the simple expression: dg 1/(1 + [(1 + ee)(1— ee)Pd). Thus, dp's of (35) (a) Brown, S. M.; Davies, S. G.; de Sousa, J. ATatrahedron:
0.80, 0.90, 0.95, and 0.99 require ee’s of 0.97, 0.994, 0.9986, and 0.99995,Asymmetrn1991, 2, 511-514. (b) Jefford, C. W.; Tirg G. J. Chem. Soc.,
respectively. Chem. Commurl995 1501, 1502.
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Figure 6. Calculated maximum dpono and the associat€ghono for
the indicated process (cf. Figure 1) as a function of the reaction
enantiotopic group selectivitikg/ks): (a) recycling with a reaction of
inverse selectivity; (b) recycling with a reaction of the same selectvity;
(c) without recycling (cf. Figure 5a). See Figure 3 for definitions.

isomeric purity of products from enzyme mediated kinetic
resolutions’® This method has been used to improve the
diastereoisomeric purity of the monoacetate fraction from
enzyme mediated acetylation nfeso/dldiols2°2b To model

the effects of recycling on a process as in Figure 1, it was

Ward et al.
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Figure 7. Calculate@ maximum dpono and the associateghono for

the indicated process (cf. Figure 1) as a function of the reaction
enantiotopic group selectivitykg/ks) with recycling (with inverse
selectivity) after various conversions in the first reaction. Recycling
after (a) maximum dfono (€€%nono~ 0.5—0.6; cf. Figure 6a); (b) e@ino
=0.8; () e€¥ono=0.9; (d): ee¥ono= 0.95; (e): eeXono= 0.98. See

assumed that the initial reaction was halted at the conversionFigure 3 for definitions.

where the dponohad reached its maximum value (cf. Figure 3)
and the “mono” product (and “di” productjde infra) could

conversions where the egd,,had reached various values (0.8,

be isolated and converted back into starting material quantita- 0.9, 0.95, and 0.98) and the “mono” products were converted
tively. The isomer distribution of this hypothetical new starting back into starting material quantitatively. The isomer distribu-
material is easily computed and, using these values as the nevtions of these hypothetical new starting materials were used as
initial conditions, the results of a second enantiotopic group the new initial conditions for calculating the outcome of a second
selective reaction were calculated as ab8veAs shown in reaction withS group selectivity?? The results are shown in
Figure 6, the dp for the “mono” product is significantly Figure 7 and compared to the recycling strategy above (i.e.,
improved by recycling, especially if the sense of the enantiotopic Figure 6) where the first reaction is stopped at lower conver-

group selectivity is reversed in the second reactioH.
Considering that the “mono” product from aR group

sion3® As expected, recycling after higher conversion can
increase the stereoisomeric purity of the “mono” product

selective process as in Figure 1 is increasingly depleted in the gptained (at the expense of yield), particularly for reactions with

R'R isomer at higher conversions (cf. @gfoin Figure 3), and
that the maximum dguno is dependent on the amount of slow
reactingC, enantiomer present in the starting matetfalye
reasoned that any arbitrary highngpo might be achievable by
recycling (with inverse selectivity) the “mono” product obtained
after a sufficiently high conversion. To model this scenario, it
was assumed that &R group selective process was halted at
(36) (a) Chen, C.-S.; Fujimoto, G.; Girdaukas, G.; Sih, Q. Am. Chem.

So0c.1982 104, 7294-7299. (b) Brown, S. M.; Davies, S. G.; de Sousa, J.
A. A. Tetrahedron: Asymmetr{993 4, 813-822 and cited references.

modest selectivity. Although, in principle, this recycling scheme
could provide any high level of @pne the loss in chemical
yield associated with this strategy will impose a limitation.

The fast reactingC, enantiomer is concentrated as “di”
product (i.e.R'R’ from anR group selective reaction; see Figure
1). The limited dp for this product (see Figure 5) can also be
enhanced by recycling; very high dp is achievable if a reaction
with inverse selectivity is employel. For example, Figure 8
shows the calculated results from recycling the “di” product

(37) For example, the modest 75% dp (96% ee, 48% yield) predicted obtained after arR group selective reaction stopped at the

for the “mono” product resulting from a reaction with a group selectivity
of 10:1 is improved to 89% (91% ee, 28% overall yield) upon recycling

with the same reaction and 94% (99% ee, 25% overall yield) when using

a reaction with inverse selectivity. A reaction wih> 88 would be required
to give a “mono” product with 94% dp (99.9% ee, 50% yield) without
recycling.

conversion where Gpno has reached its maximum value.

A simple strategy to obtain all three components oheso/
dl mixture with high stereoisomeric purity emerges by com-
bining the recycling schemes above. Thus, for a given desired

(38) The enhancement in stereoisomeric purity resulting from a reaction dp, the first reaction is run to a conversion where the slow

with reverse selectivity can be understood by considering the kinetic
resolution of the “mono” products that occurs during formation of the “di”
products. For a process as in Figure 1,Ragroup selective reaction can
resolveR'S from R'R but not fromS'S (i.e., the “mono” product arising
from the fast reactin@, enantiomer is removed more efficiently than that
from the slow reactin@; enantiomer). Thus, the maximumgl.is limited

by the amount of slow reactin@, enantiomer in the starting material.
Conversion of the “mono” product with maximum dp obtained fromRan
group selective reaction into starting material gives material in which the
minor C, diastereomer is enriched in the slow reacting enantiomer (i.e.,
[S]) (Figures 1 and 3). Becaus89 > [RR] in the “new” starting material,
greater dpono Can be obtained if a® group selective reaction is used for
recycling.

reactingC, enantiomer has reached the desired dp, and then
the “mono” and “di” products obtained are recycled (individu-

(39) Reactions of 1:1 mixtures afmneso/dlsubstrates halted at the
conversion where the gdgnois maximum are calculated to have ggi =
0.5-0.6, depending on the selectiviti(ks = 2—100).

(40) Recycling assumes that the “di” product is isolated and transformed
back into starting material (mainitR) quantitatively. Subjecting this new
starting material to aR group selective reaction will provide “di” product
(mainly R'R") with enhanced dp; ar$ group selective reaction leaves
unreactedrR with any arbitrary high stereoisomeric purity, depending on
conversion.
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Figure 8. Calculated@* potential yields of sm or “di” product with a
specific dp for the indicated process (cf. Figure 1) as a function of the
reaction enantiotopic group selectiviti(ks): (a) after recycling with

a reaction of inverse selectivitydn and dgn); (b) recycling with a
reaction of the same selectvitys(and dpi); (c) without recycling gai

and dpj). In each case, the conversion for the first reaction is at the
maximum dpono See Figure 3 for definitions.

R S group
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Figure 9. Calculated* potential yields of sm and recycled “mono”
and “di” products with a specific dp for the indicated process (cf. Figure
1) as a function of the reaction enantiotopic group selectiiké).
See Figure 3 for definitions.

ally) using a reaction with inverse selectivityin each case, to
the conversion sufficient to reach the desired“dpThe
calculated results from such a strategy are shown in Figure 9.
For example, kinetic resolution of a Imieso/dktereoisomeric
mixture by a reaction with enantiotopic group selectivity of 10:1

(kr > ks, see Figure 1) can provide each of the three components

(asSS R'S, R'R’; see Figure 4) with only 72% dp (92% ee);
if recycling with inverse selectivitykg < ke) is possible, the
same components (8S RS, RR; see Figure 9) can be
obtained with 99% dp>$99% ee}* in 33% combined yield
(50% yield for 95% dp). A reaction with an enantiotopic group
selectivity of 1050:1 would be required to provide all three
components (aSS R'S, R'R’") with 99% dp without recycling.

(41) If inverse selectivity is not possible, then the first reaction should
be stopped (approximately) at the conversion whergogpis at the
maximum value. The calculated results for resubjecting unreacted starting
material, recycled “mono” product, and recycled “di” product to the same

J. Am. Chem. Soc., Vol. 119, No. 8,1B8%7

To summarize, a mathematical model based on reactions of
independent functional grouf¥sis derived to describe kinetic
resolutions of bifunctionaheso/dktereoisomeric mixtures. This
model suggests that the enantiomers are separated from each
other much more efficiently than from threesodiastereomer.

In general, only the slow reacting enantiomer (as recovered
starting material) can be obtained with high stereoisomeric purity
from these processes; the predicted diastereoisomeric purities
of the products derived from the fast reacting enantiomer and
from themesadiastereomer are limited. A detailed analysis of
the model reveals various recycling strategies that can serve to
enhance the purity of the these products. In particular, if
recycling is performed using a reaction with an enantiotopic
group selectivity opposite to that in the first cycle, then it is
predicted that all three components ofreeso/dimixture (or

their derived products) can be obtained with high stereoisomeric
purity, even from a process with modest enantiotopic group
selectivity.

To test the above predictions, we examined the Sharpless
epoxidatiori® of the dienel to give the monoepoxidé and
diepoxide3 (Scheme 1). A Sharpless epoxidation was selected
because it is one of the few reactions with high and predictable
enantiotopic group selectivityand can be easily reversed by
varioug”* epoxide deoxygenation methods. The didneas
readily prepared from the know#f'> by sequential treatment
with DIBAL and vinylmagnesium bromide according to
Schreiber’s protocdl® We were unable to differentiate ti
andC, isomers ofl (or the corresponding bisacetate and bis-
TBDMS ether derivatives) either by NMR spectroscoy &énd
13C) or by GC (with a chiral [Cyclodex B] or achiral column).
Esterificatiod” of 1 with (R)-3,3,3-trifluoro-2-methoxy-2-
phenylpropanoic acid (Mosher’s acid, MTPA-Cfiyave the
bisesterssr whose'H NMR spectrum indicated the presence
of a 2:1:1 mixture ofRS RR and SSstereoisomerg’>0

The dienel, as a 2:1:1 mixture ofRS RR and SS
stereoisomers, was subjected to standard Sharpless epoxidation
condition§? usingL-(+)-diisopropy! tartarateLl¢(DIPT) at —23
°C (Scheme 2). After 52 h (20% df remaining by GC), the
dienel (18%), monoepoxid@ (40%), and diepoxid8 (16%)
were isolated. The recovered diehd[a]?% = —3.7; ¢ 3.9,
CHCI3) was shown to be thRRisomer <1% RS <1% Sg
by conversion into the corresponding Mosher’s bisestet
Among the eight possible stereocisome2swas shown fide
infra)>* to consist of a 85:9:3:2:1 mixture SR SRR RRR
SSRandRSdsomers}® respectively. A rigorous determination
of the stereoisomer distribution & was not attempteef
however, deoxygenatiéhof 3 by treatment with KSeCN gave
1 (80%), which was a 69:27:4 mixture S RS and RR
isomers, respectiveRf

The stereoisomer composition of the monoepoxédeas

(43) Review: Katsuki, T.; Martin, V. SOrg. React.1995 48, 1—300.

(44) Larock, R. HComprehense Organic Transformationd/CH: New
York, 1989; pp 146-142.
(45) Solladie G.; Huser, N.; Fischer, J.; Decian, A.Org. Chem1995
4988-4990.
(46) Schreiber, S. L.; Kelly, S. E.; Porco, J. A., Jr.; Sammakia, T.; Suh,
E. M. J. Am. Chem. S0d.988 110 6210-6218.

(47) Ward, D. E.; Rhee, C. Kletrahedron Lett.1991, 32, 7165, 7166.

(48) (a) Dale, J. A.; Dull, D. L.; Mosher, H. 9. Org. Chem.1969 34,
2543-2549. (b) Dale, J. A.; Mosher, H. 8. Am. Chem. Soc1973 95,
512-5109.

(49) The vinyl methine proton appeared as four equally intense signals

60,

reaction are shown in Figures 5, 6, and 8, respectively. In this scenario, the (each 25+ 1%) atd 5.80, 5.79, 5.70, 5.69 (each as a ddd witk 7, 10,

potential dp for the “mono” and “di” products is considerably more limited.

(42) In this scenario, a higher dp (with lower yield) is potentially
achievable for the recycled “mono” product because the “desired” dp occurs
at a conversion lower than that corresponding to the maximuga.dpOf
course, any high dp (with lower yield) can be obtained for the recycled
“di” product by running the reaction to higher conversién.

17 Hz).

(50) For the use of Mosher's bisesters to analymso/didiols, see refs
25a, 25i, and: Baldwin, B. W.; Morrow, C. Jetrahedron: Asymmetry
1996 7, 2871-2878.

(51) Gao, Y.; Hanson, R. M.; Klunder, J. M.; Ko, S. Y.; Masamune, H.;
Sharpless, K. BJ. Am. Chem. Sod.987, 109, 5765-5780.
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Scheme 1
KSeCN, MeOH, A (75-85%) l
1
o_ 0 l
= X Sharpless Epoxidation ] + o) 0_0 + 0] 0. _° o
HO 1 OH D- or L-DIPT (0.6 equiv.) =
(3 isomers) Ti(O'Pr)4 (0.5 equiv.) HO 2 OH HO 3 OH
'BUOOH (3 equiv.) "D”“TA‘Z/'*D'Ctlt \ (8 isomers) MTPAGH (10 isomers)
DIBAL then CH,Clp, -20 °C =3 DMAP, EtsN
8% ! o, » El3
CH2=CHMgBr 70-80% >90% >80%
SNGEY o__0 0.2 o 0 10
EtOM\(OEt _ N 5r (R-MTPA) 3 9 6r (R-MTPA)
5s (S-MTPA) 1 6s (SMTPA)
o] 4 o] OMTPA OMTPA OMTPA OMTPA
Scheme 2 Scheme 3
2:1:1 mixture of (RS)-1, (RR)-1, and (SS)-1 ——— - -
mixture of (RS)-1, (RA)-1, and (SS) PhCo, Phgp . 0 DvAREGN [ smTPAG . (RS
| DEAD, THF ~ >98%ee [ent-(S5)-e]
Sharpless Epoxidation (L-DIPT); ca. 80% conversion J 99% dp [AMTPA-CI (RR)-5s
“ /_L\ - o~ R-MTPA-CI
7o o b n O_0 g NaOH DMAP
85% d o — RS)-1 RS)-5s
>99%e% _ R 0.0 R - ca. 75% dp = X MeOH (RS) EtoN (RS)
B B o,
R ) HO (RA-1 OH m/ R "o ! opr e R-MTPA-C
o_ S 0_0 R 18% o, $s 6.0 s o© 25% NaOH "DMAP.
M\/\ >98% ee . e s 0,0 g —avn (5911 (55)-5s
HO (RSRy2 OH >99% dp HO (RSSR)-3 OH 2 X MeOH EtsN
BzO 8 OBz (95%)
KSeCNJ MeOH (83%) KSeCNLMeOH (80%)
ki I ittt . (e
R O_O s S s RRA)-1 —PoXdaton | 2 [ent-(RSS)-6s]e
Z X " X (RA) D-DIPT 3 + (SRR2 DMAP/Et3N
. HO 1 OH 41% %% '——— (SRA)6s e
HO  (A91 OH o 20K ° ° RMTPACI
85% dp 73% dp; 89% ee (559)-6r
Sharpless Epoxidation (L-DIPT) | SMTPACI [ent-(RRR)-6s]e
ca. 90% conversion Sharpless Epoxidation (D-DIPT) SMTPA-CI +
0 i m-CPBA 1.1 [ (859)-2
ca. 45% conversion (55)1 n (RSS)-6r
0fs d o = | 1] (ASS)-2| |DMAP/ELN
PN NN . — 18% 37 (585)-6s *
C 2 0 o s 0_0 s +
HO (RSR)-2 OH  89%dp A x R-MTPA-CI (RSS)-6s
HO (851 OH
‘ Sharpless Epoxidation.(D—DlPT)’ 59 Sharpless SMTPACL (sRs)-6r
ca. 95% conversion 45% (RS)1 epoxidation ~ (SRS)-2 DMAP [ent-(RSR)-6s]e
J >98% ee D-DIPT 3
S M >99% dp . (SRY9)6s e
0., R O, O s R-MTPA-CI
X
62% ) (RRS)-6s o
HO (SRs)-2 OH  98%dp 1'1,7 (ggS): {(SSH)—GS 8
m-CPBA syn| (S5R)-2 | DMAP/EtN i
(RS1 — 3 + +
; . L sRs)-2 | AMTPA-CI i}
determined byH NMR of the corresponding Mosher’s bisester 17% a:m- ((Hs)gq))-g ((,S:,’Z%’)iss
derivative6. We had previously established the validity of this -~
(<]

method by preparing standards for the eight possible stereo-

(52) The 'H NMR spectrum of the bisestelRR-5s obtained after
esterification with §-MTPA-OH (via (R)-MTPA-CI)*” showed a single
vinyl methine proton ab 5.70 (2H, ddd,J = 6.5, 10.5, 17 Hz). The presence
of <1% of other isomer§ was indicated by using th&C satellite from
this signal as an internal standard. The bisesRR-6r obtained after
reaction with §-MTPA-CI showed a single vinyl methine proton@b.79
(2H, ddd,J = 7, 10.5, 17.5 Hz) [note: this is the enantiomer of the the
(9-Mosher’s bisester fromS93-1, i.e., (S3-59. The absolute stereochem-
istry is assigned afkR-1 based on the advanced Mosher’s meffdie.,

AJ for the vinyl methine proton i®sutea — OrwtPa= —0.09) and is
consistent with the established propensity for the(f)-DIPT derived
Sharpless catalyst to epoxidiz8)allyic alcohol groupg?

(53) Ohtani, I.; Kusumi, T.; Kashman, Y.; Kakisawa, H.Am. Chem.
Soc.1991 113 4092-4096.

(54) Stereoisomer composition determined ¥ NMR of the corre-
sponding Mosher’s bisester derivative.

(55) Stereochemical labels (e.BRR refer to the absolute configuration
at the 2, 3, and 9 positions, respectively, of 1,2-epoxy-6,6-ethylenedioxy-

isomers (four pairs of enantiomers) & by independent
stereoselective synthesis. The strategy for obtaining stereo-
chemically pure monoepoxide standards of known stereochem-
istry involved epoxidation of stereochemically pure isomers of
1 which were available by Mitsunobu reaction of the previously
obtained RR-1 (see Scheme 3). Epoxidation under Sharpless
conditions was expected to give monoepoxide products with
high and predictablanti diastereoselectivity® On the other
hand, epoxidation witm-CPBA gave mixtures of monoepoxide
diastereomerssgrianti ca. 1.1:1) which were separable after
conversion to the Mosher’s bisester derivatives Finally,
preparing both R)- and §-MTPA derivatives of the mono-
epoxide diastereomers allows the preparation of all eight

10-undecene-3,9-diokj.
(56) Ten possible stereoisomers (four chiral and mesadiastereomers).

(57) Behan, J. M.; Johnstone, R. A. W.; Wright, M.JJ.Chem. Soc.,
Perkin Trans. 11975 1216, 1217.
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Table 1. Diagnostic'H NMR Chemical Shifts for §-MTPA 1.5 mixture ofRS RR andSSisomers (Scheme 2}. Resub-
Esters of the Isomers & jecting this sample of to Sharpless epoxidation under standard
isomer HC-2 HC-» HC-Z HC-2 HC-1¢ conditions (-DIPT, 48 h; >90% conversion) gav® as a
(RRR-6s 259 279 3.06 571 89:7:2:2 mixture oRSR SRR RRR andSSRisomers, respec-
(SS$65 2.69 2.89 3.08 5.79 tively 545563 Alternatively, Sharpless epoxidation @funder
(SRRB-6s 2.64 2.70 2.94 5.70 identical conditions but using@DIPT derived catalyst (48 h;
(RSG-6s 2.71 2.75 3.03 5.79 >95% conversion) gava as a 98:2 mixture 08RSandRRS
Eggg_'gss g'gg g'gg 3'83 g'gg isomers €£1% of any other isomef5>which was identical in
(RSR-65 270 274 ' 3.02 5.68 all respects, including optical rotatioro{p +6.9;c 1.5, MeOH),
(SR$-65 261 2.68 2.91 5.80 with the monoepoxide product obtained from Sharpless epoxi-

a4 O~ ad O~ — ddd 1~ dation of pure R9-1.54 From the perspective of kinetic
05 ? HNz)Zd'%n?i gg?ﬂ ors. (j & 14’%52 };Z)‘i g{j‘z')sgg‘de(;s(j « 7116 resolution ofmeso/disterecisomeric mixtures, the latter product
17H). ’ R ' T can be considered as diastereomerically pure because the minor

diastereomerRRS2) results from the imperfecnti/syndia-

standards from only four substraf8s As shown in Table 1,  Stereoselectivity in the Sharpless epoxidation and not from
the Mosher's bisester derivative of each isomer 2fis imperfect differentiation of enantiotopic groupis* -
distinguishable byH NMR. The diepoxide product fromi was recycled in a similar

The stereoisomer compositions of the products from Sharpless™anner (Scheme 2). The 69:27:4 mixtureS§ RS andRR
epoxidation ofl were examined at several conversions (Table SOmersl, obtained by deoxygenation & was subjected to
2). The relative reactivities of th8S RR andRSisomers of ~ Sharpless epoxidation usingoaDIPT derived catalyst (48 h;
1 were determined as 40, 1, and 20, respectively, by calculating®® 45% conversion); the recovered diene (45% vyield) was
the rate constant ratiok/ks (=kgkg)3* and € + ko)/ks essentially pure§9-1 (<1% RS <1% RR).>*% In summary,
(=0.5kdks + 1])3 using egs 8 and 9 and the stereoisomer Sharpless epoxidation-DIPT) of a 1:1:2 mixture of RR-1,
distribution of recovered at a given conversion (cf. Figure 1;  (59-1, and RS-1 followed by recycling of the mono- and
note: usingL-(+)-DIPT, ks > kr).5° Thus, the enantiotopic lepOXIde products _by deoxygenatlon_ (KSeCN) and reepoxi-
group selectivity of the reaction under these conditions is dation ©-DIPT) provides RR-1 (72% yield, one step) 33-1
estimated to be 40®. As shown in Table 2, the sterecisomer (23% vield, three steps), and the desymmetrizesoderivative
compositions for2 and recoveredl calculated from the  (SR$-2(41% yield, three steps), each with a diastereoisomeric
mathematical model usinig/ks = 40 agree quite closely with purity of >99%F! and >99% ee. These results are in accord
the experimentally observed valué$2 By contrast, the with those calculated using the above model and assuming a
observed stereoisomeric purity 8f(determined after deoxy- 401 enantiotopic group selectivity. ,
genation) was always less than that calculated suggesting that "€ mathematical model of kinetic resolution wfeso/dl
the group selectivity for epoxidation & may be somewhat =~ Mixtures suggests that, by using the appropriate recycling
lower than forl. As expected, despite the high group selectivity Pretocol, products with high stereoisomeric purity can be

of the Sharpless epoxidation, only unreacted diereuld be obtained even from reactions with modest selectivity. To test
obtained with high purity: ]ooth the monoepoxid and this scenario, we examined the Sharpless epoxidation of a 1:1:2
diepoxide3 had poor stereoisomeric purity. mixture of RR-1, (S9-1, and R9-1 using a catalyst derived

Treatmerf of the 85:9:3:2:1 mixture dcRSRSRRRRR SSR from L-DIPT of ca. 75% e&% The stereoisomer distributions
andRSSmonoepoxide isomeia(obtained froml as described of_the products obtained from _Sharpless epoxidatioh ‘!‘"'”9
above) with KSeCN in refluxing methanol gateas a 85:14: this catalyst system were examined at several conversions (Table

T 3). All products, other than the recovergdt high conversion,

(58) For a given isomer a2 [e.g., RRR-2], the (§-MTPA derivative were obtained with poor dp. The enantiotopic group selectivity
[e.9., RRR-6 is enantiomeric (i.e., will have the same NMR spectrum)  of the reaction under these conditions is estimated to be 9:1
with the (R)-MTPA derivative of its enantiomer [e.g S6$-6r). Thus, only . L . ’
one of the enantiomers of each of the four possible diastereomerssof 1O the relative reactivities of th8S RR andRSisomers of
required to prepare eight standards. 1 (calculate®® as 9, 1, and 5, respectively, using the results

(59) The data frm 4 h reactions were used. The reaction was performed from the 4 h reactions‘)? As above (cf. Table 2), the observed

in triplicate with careful measurement of conversion (by GC with an internal . .
standard). The calculation is quite sensitive to the conversion. If we assume results are in reasonable agreement with those calculated

that the measured conversion is accurate-id@, thenkgkg = 25—100. assuming a 9:1 selectivify.
For comparison, the reported enantiotopic group selectivity Kség) for To test the recycling strategy under conditions with modest

Sharpless epoxidation—Q0 °C) of nonen-3-ol is 29 under catalytic i ; ; idati
conditions (10 mol98} and 83 with stoichiometric Ti(IV§0 selectivity, the monoepoxid2 obtained from epoxidation.{

(60) Martin, V. S.; Woodard, S. S.; Katsuki, T.; Yamada, Y.; Ideda, M.; (63) For comparison with the model this corresponds to a dp of ¥1%.
Sharpless, K. BJ. Am. Chem. S0d.981, 103 6237-6240. The maximum dp predicted for the “mono” product from a reaction with
(61) Sharpless epoxidation introduces a new stereogenic center with a40:1 selectivity with recycling after reaching the maximum dp (see Figure
diastereoselectivity (ca. 250:1anti/synfor the “matched” reactioriy that, 6b) is 98%. Similar recycling after reaching egf, = 0.8 is predicted to
in principle, is independent of the conversiiThus for comparison with give the “mono” product with 95% dp at 90% conversion and 91% dp at
the model (cf. Figure 1), the mole fractions for thgnandanti isomers of 93% conversion.
2 (e.g.,SSRand RSR respectively) should be summed. (64) The maximum dp predicted for the “mono” product from a reaction
(62) Selective decomposition of epoxide stereocisomers under the reactionwith 40:1 selectivity with recycling after reaching the maximum dp (see
conditions can result in a conversion dependencertf:syn epoxide Figure 7a) is 99.3%; recycling after reaching ge% = 0.8 (see Figure 7c)
ratios#3-89 From the data presented in ref 43 (p 36), one can calculate that is predicted to give the “mono” product with 99.6% dp.
the relative rate constants for decomposition of ¢grandanti epoxides (65) The mixture of diene isomers is predicted to reach 99% dp at 43.5%
derived from R)- and ©-nonen-3-ol under the Sharpless epoxidation conversion in a reaction with 40:1 selectivity.
conditions (-DET/Ti(O'Pr),) are 8.6 6yn B, 3.1 Syn 9, 1.6 @nti §, and (66) Prepared by mixing pure DIPT enantiomers in a ratio of 6.80:1 (by
1 (anti R). By extrapolation, RRR-2 should decompose with a rate constant mass).
eight times greater than that foBRR-2 during epoxidation ofl with (67) The enantiotopic face selectivity of the Sharpless epoxidation shows

L-DIPT/Ti(O'Pr). Because theJRR-2/(RRR-2 ratio shows little change a positive nonlinear correlation with the ee of the tartarate catalyst;
with conversion (ca. 2:1té& h and 3:1 at 52 h; cf. Table 2), we conclude presumably, the enantiotopic group selectivity is similarly effected: (a)
that selective decomposition of epoxide stereoisomers under the reactionPuchot, C.; Samuel, O.; Dagoh, E.; Zhao, S.; Agami, C.; Kagan, H. B.
conditions has no significant effect on the stereoisomer distribution of the Am. Chem. Soc1986 108 2353-2357 (b) Guillaneux, D.; Zhao, S.-H.,
products. Samuel, O.; Rainford, D.; Kagan, H. Bid. 1994 116, 9430-9439.
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Table 2. Observed and CalculatetdStereoisomer Distributions for the
Conversion

Ward et al.

Products of Sharpless Epoxidatian(ieDIPT) as a Function of

stereoisomer distribution

time (h) % conversion 1RR:SS:RS 2 RSR:SSR:RRS:SRS:RRR:SRR:RSS:SSS FRR:SS:RS
4 35.2 37.7:14.6:479
7 52 53:7:40 66:2+:—:2:4:26—
(52) (51:8:41) (68:1:3:28)
16 75 85:1.5:13.5 83:1.5:1:2:5:7:0.5 3:71:26
(75) (87:0.5:12) (87:0.5:6:6) (0.5:87:12)
52 80 >99:—:— 85:2—:—:3:9:1— 4:69:27
(80) (99-:1) (89:—:10:1y (1:80:19)
(82) (99.7-:0.3) (87=:13:—)° (2:75:23)

aDetermined by*H NMR of the corresponding Mosher's bisester de

rivatfv€alculated results (in parentheses) are from eg® assuming

an enantiotopic group selectivity of 404Determined after deoxygenation 109 The average of three experimerttdhe ratio ofR*SR:R*RS:

R*RR:R*SSsomers (i.e., the sum afynandanti epimers).

Table 3. Observed and Calculatté&tereoisomer Distributions for the Products of Sharpless EpoxidatianieDIPT, 75% ee) as a Function

of Conversion

stereoisomer distributién

time (h) % conversion 1RR:SS:RS 2 RSR:SSR:RRS:SRS:RRR:SRR:RSS:SSS 3FRR:SS:RS
4 28.9 32.7:18.3:49
72 78 74:3:23 65:3.5::—:7:19:5—
(78) (73:2:25) (70:2:16:12) (3.5:66:30)
120 90 973 68:2—:—:6:22:2— 10:47:43
(90) (96—:4) (71:0.5:27:1.58) (8:52:40)
(91) (97=:3) (69.5:0.5:29:¥ (9:50:41)

aDetermined by*H NMR of the corresponding Mosher's bisester de

rivatfv€alculated results (in parentheses) are from eg® assuming

an enantiotopic group selectivity of 9:4Determined after deoxygenation 10 The average of three experimertthe ratio of R*SR:R*RS:

R*RR:R*SSsomers (i.e., the sum afynandanti epimers).

(+)-DIPT, 75%eé®® of a 2:1:1 mixture ofR§ RR and SS
stereoisomers df at 78% conversion was deoxygenated to give
1 (77%) as a 71:24:5 mixture dRS RR and SSisomers*
Sharpless epoxidation (72 h) of this sampld afsing a catalyst
derived fromp-DIPT of 75% &% gave?2 (40%) as a 91:4:2:
2:1 mixture of SRS RSS RRS SRR and SSSisomers,
respectively?*55.68 According to the model (cf. Figure 7), the
dp of the “mono” product should be improved by recycling after
a higher conversion where the @gh, is greater. Thus,
deoxygenation o obtained at 90% conversion gatd75%)
as a 69:29:2 mixture dRS RR and SSisomers, respectively
(see Scheme 4}.5 Resubijecting this diene mixture to Sharp-
less epoxidationo-DIPT, 75% e€’f 72 h) gave2 (43%) as a
95:2:1.5:1:0.5 mixture dBRSRRS SRRRSSandSSSsomers,
respectivelyp*5569 As predicted®® recycling of the mono-
epoxide obtained at 90% conversion gives a purer product (dp
= 97%* than that obtained by recycling after 78% conversion
(dp = 93%)%1 This result is due to the smaller amount of the
slow reactingSS1 (after deoxygenation of) in the diene
subjected to the second epoxidation from the former case (2%
vs 5%)38 To complete the recycling protocol, the diepox@le
obtained at 90% conversion was deoxygenated to bl %)
as a 47:43:10 mixture @S RS andRRisomers. The recovered
dienel (40%) after Sharpless epoxidation (72 h) of this sample
using a catalyst derived from-DIPT of 75% e&% was a 97:3
mixture of SSand RSisomers, respectively<(1% RR.

In conclusion, a mathematical model of kinetic resolutions
of bifunctional meso/distereoisomeric mixtures predicts that
(i) only the slow reacting enantiomer can be obtained with high

Scheme 4
2:1:1 mixture of (RS)-1, (RR)-1, and (SS)-1

[ Sharpless Epoxidation (L-DIPT, 75% ee); ca. 90% conversion ]

£

(RSR)-2 (RR)-1
5% % 2%
68% dp >98% ee KSeCN
>98% ee 97% dp MeOH
KSeCN jMeOH (75%) (74%)
(RS- (89)-1
69% dp 57% dp; 65% ee

Sharpless Epoxidation Sharpless Epoxidation
(D-DIPT, 75% ee) (D-DIPT, 75% ee)
ca. 90% conversion ca. 60% conversion

) ;

(SRS)-2 (85)-1
43% (95% dp, >98% ee) 40% (97% dp, >98% ee)

superior to recycling using the same reaction; and (iv) with
recycling, all three components ofraeso/dimixture (or their
derived products) can be obtained with high stereoisomeric
purity, even from a process with modest enantiotopic group
selectivity. Sharpless epoxidation of a stereorandomly generated
mixture ofmesaand racemic diastereomers of the diérserved

to test the predictions of the model; by using catalysts derived

stereoisomeric purity in these processes; (i) the stereoisomerice.qm enantiomerically pure and 75% ee DIPT, reactions with

purity of the other components can be improved by recycling;
(iii) recycling using a reaction with opposite selectivity is

(68) The maximum dp predicted for the “mono” product from a reaction
with 9:1 selectivity with recycling after reaching the maximum dp (see
Figure 7a) is 93%.

(69) The maximum dp predicted for the “mono” product from a reaction
with 9:1 selectivity with recycling after reaching egto= 0.9 (see Figure
7c) is 98%.

high (40:1) and modest (9:1) enantiotopic group selectivity were
examined. In both cases, the tw@, enantiomers and a
desymmetrized derivative of thmesodiastereomer ol were
obtained with high stereoisomeric purities that are in reasonable
agreement with those calculated by the model using experi-
mentally measured values for the reaction selectivity.

The preparation of stereochemically p@sor C, bifunctional
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substrates is difficult by classical methods, especially when CH:O), 3.76 (1H, dddJ = 3.5, 3.5, 8.5 Hz, H-3}° 3.47 (1H, dddJ
substrate-controlled diastereoselectivity is not applicable. By = 4.5, 5, 6.5 Hz, H-3)}! 3.01-2.96 (1H, m, H-2), 2.822.78 (1H, m,
contrastmeso/dimixtures are readily available by stereorandom H-1), 2.76-2.71 (1H, m, H-1), 2.352.15 (2H, br s, OH), 1.931.55
two-directional transformation of &, (or Cz) bifunctional ~ (8H. m. H-4, 5,7, 8):%C NMR o: 141.0 (d, C-10), 114.8 (t, C-11),

- - J -3Y0
substrate. Kinetic resolution of such mixtures can provide a 1114 (s, C-6), 72.9 (d, C19), 713 (d, 07?)69'0 (d 37)1’ 650 (t
) ; ; . x2, CHO), 55.2 (d, C-2)! 54.4 (d, C-2)° 44.9 (t, C-1)7* 43.8 (t,
simple and predictable route both to enantiomerically tie C-1)7932.8 (tx2, C-5 or C-7), 32.7 (&2, C-5 or C-7), 311 (t, C-8)

bifunctional substrateand to “desymmetrized” derivatives of 55 g (1 .4yt 27.7 (t, C-4)7° CIMS (NH;) m/z (relative intensity)

the correspondings isomers. Alternative!y, such processes 259 (IM + 1]+, 3), 199 (14), 197 (100). Anal. Calcd forl,0s:
might be exploited to enhance the stereoisomeric purit¢,of  c, 60.45: H, 8.58. Found: C, 60.50; H, 8.73.

or Cz bifunctional substrates prepared by stereoselective meth- 1.2 10:11-Bis(epoxy)-6,6-(ethylenedioxy)undecane-3,9-diol (3R

ods. Numerous nonenzymatic reactions have been reported that,,., 3427, 2956, 2925, 2887, 1257, 1062 ¢ntH NMR ¢ 3.98 (4H,

have enantiotopic group selectivities®10:1. Those thatcan aps, CHO), 3.76 (2H, m, H-3(9)§° 3.50 (2H, m, H-3(9))} 2.99 (2H,

be easily “reversed” are good candidates for kinetic resolution m, H-2, 10), 2.81 (2H, m, H-1, 11), 2.74 (2H, m, H-1, 11), 2.20 (2H,

of stereoiomeric mixtures. br S, OH), 1.96-1.57 (8H, m,H-4,5,7, 8)];3C NMR 6 111.3 (S, C-G),

71.2 (d, C-3(9)y* 69.0 (d, C-3(9)y° 65.0 (t x2, CHO), 55.2 (d,

C-2(10))7154.4 (d, C-2(10)y° 44.9 (t, C-1(11)y* 43.8 (t, C-1(11))°

32.8 (t, C-5(7))1 32.7 (t, C-5(7))° 28.7 (t, C-4(8))1 27.7 (t, C-4(8))°
6,6-Ethylenedioxy-1,10-undecadiene-3,9-diol (1)A solution of CIMS (NHs), m/z(relative intensity) 275 ([M+ 1]*, 3), 259 (12), 213

DIBAL (1.5 M in toluene, 11.0 mL, 16.5 mmol) was added via syringe  (100). Anal. Calcd for GH»:0s: C, 56.92; H, 8.08. Found: C, 56.85;

to a solution of4* (2.00 g, 7.19 mmol) in CkCl, (30 mL) at—78 °C. H, 8.29.

After 30 min, a solution of vinylmagnesium bromide (1 M in THF, 22 General Procedure for the Preparation of Mosher’s Bisesters 5

mL, 22 mmol) was addetf. After stirring at—78 °C for 30 min and and 6. To a solution of the diol, 2, or 3; 3—10 mg) in CHCI, (0.5

for 1.5 h at room temperature, the cooled®@®) reaction mixture was mL) were added DMAP (ca. 1 mg), 48t (0.1 mL), and a solution of

quenched by careful addition of aqueous NaOH (1 M, 5 mL). The (R)- or (9-MTPA-CI [2.6 equiv; prepared from the corresponding

mixture was filtered through a pad of Celite and the filtrate was (9- or (R)-MTPA-OH (note the change in the stereochemical descrip-

sequentially washed with water and brine, dried ovepS@, and tor)] in CH.Cl, (0.2 mL). After stirring for 4 h, the reaction mixture

concentrated. The residue was fractionated by flash column chroma-was washed sequentially with saturated NaHggand brine, dried

tography (FCC; 50% EtOAc in hexane) yieldidg(2:1:1 mixture of over NaS0Q;, and concentrated. The crude product was analyzed by

RS, RRand SSisomers)* as a colorless oil (1.5 g, 86%): |Rnax H NMR to ensure complete conversion (if the presence of monoester

3428, 2078, 2955, 2881, 1642, 1061 ¢mtH NMR 6 5.82 (2H, ddd, or starting diol was detected then the residue was resubjected to the

J=6, 10.5, 17 Hz, H-2, 10), 5.12 (2H, dd,= 1.5, 17 Hz, H-1, 11), above reaction conditions). The residue was fractionated by FCC (33%

Experimental Section

5.07 (2H, ddJ = 1.5, 10.5 Hz, H-1, 11), 4.06 (2H, ddd= 5.5, 5.5, EtOAc in hexane) yielding the corresponding Mosher's bisesters (
6 Hz, H-3, 9), 3.93 (4H, ap s, GA), 2.00-1.80 (2H, br s, OH), 1.76 90% vyield). If desiredsynandanti isomers of6 could be separated
1.65 (4H, m), 1.65-1.53 (4H, m);*3C NMR 6 141.0 (d, C-2, 10), 114.6 (theantiisomer is less polar) by careful preparative TLC (25% EtOAc
(t, C-1, 11), 111.6 (s, C-6), 72.8 (d, C-3, 9), 64.%(2, CH0), 32.6 in hexane; multiple development).

(t, C-5, 7), 31.0 (t, C-4, 8); CIMS (Ng), m/z(relative intensity) 225 14 NMR Analysis of Mosher's Esters 'H NMR spectra for5

([(M + 1) — 18]", 1), 181 (100). Anal. Calcd for{H:0a: C, 64.44; and6 were obtained at 27C with a digital resolution of 0.082 Hz/pt
H, 9.15. Found: C, 64.33; H, 8.94. Spectral data obtained from pure (F|D = 64 K data points) using a gcpuLge and a ca’ s repetition

stereoisomers of were indistinguishable; forRR)-1 (>99%)> [a]o rate (T, ~ 1.2 s) and were processed with Gaussian resolution
—3.7 (¢ 3.9, CHCY); for (SS-1 (>99%)?>* [a]p +3.6 (€ 3.1, CHCh); enhancement. Sufficient scans were obtained to achieve a signal to
for (R9-1 (>99%)> [a]o 0.0 (¢ 3.5, CHCY). noise ratio of at least 3:1 for the low fieldC satellite of the vinylic
General Procedure for Sharpless Epoxidation. The procedure methine proton for the major isomer. Isomer ratios were determined
was similar to that previously described by Sharplesal>* To a from the intensity of the diagnostic signals listed in Table 1. T
suspension of 4A molecular sieves (0.12 g/mmolipin CH.Cl, (3 satellites for the major isomer were used as internal standards (assumed
mL/mmol of 1) at —23 °C were added a solution of)¢(+)- or (p)- to be 0.55%) for measurement of the very minor isomers. We estimate
(—=)-DIPT (0.6 mmol/mmol ofl) in CHCI; (1 mL/mmol of 1) and the absolute errors in the determination of isomer distribution to be
Ti(O'Pr) (0.5 mmol/mmol ofl). After 10 min, a solution ol in CH,- +0.5% for the very minor isomers ant2% for the others.
Cl> (1 mL/mmol of 1) and dodecane (ca. 0.05 mL/mmolbfinternal General Procedure for the Deoxygenation of 2 and 3A stirred

standard for GC) was added to this reaction mixture under Ar (workup  solution of the epoxide(or 3) in MeOH (ca. 20 mL/mmol of substrate)

of a small aliquot at this point providedtasample for GC analysis).  and KSeCN (2 equiv. per epoxide) was heated under reflux for 72
The reaction mixture was stirredrfa h at—23°C and then a predried  h57 The mixture was concentrated, diluted with &£Hp, and washed
(4A molecular sieves) solution of TBHP in isooctane (ca. 4 M, 0.75 yjth H,0; the organic layer was dried over 60, concentrated, and
mL/mmol of 1) was added. After standing in the freezerl@ to—23 fractionated by MPC (3%°rOH in hexane) to givé (75—85% yield).

°C) for the appropriate time (conversion can be monitored by workup The stereoisomer distribution was determined iy NMR' after

of a small aliquot and GC analysis), the reaction was quenched by the cgnversion to the Mosher’s bisester derivatire

addition of an aqueous solution of 30% NaOH (w/v) in _satura_lted brine  yinetic Resolution of meso/dil. Sharpless epoxidation (with(+)-

(1.5 mL/mmol of1) and EfO (ca. 10% v/v of the reaction mixture). - b pT) of meso/diL (628 mg, 2.60 mmol) for 52 h (ca. 80% conversion)
The mixture was stirred for 10 min at 1T, and then magnesium gave RR-1 (>99% dp,>99% ee; 113 mg, 18%} (ca. 85% dp; 266
sulfate (1 g/mmol ofl) and Celite (0.2 g/mmol af) were added. After mg, 40%), anB (ca. 75% dp; 116 mg, 16%). Deoxygenation of the
stirring for 15 min, the resulting mixture was allowed to settle above monoepoxid@ (115 mg, 0.442 mmol) gave the diefieas a
(conversion determined by GC analysis) and then was filtered t_hrough colorless oil (ca. 85% dp, 86% ee; 94 mg, 83%). Sharpless epoxidation
a pad of Celite and concentrated. The resulting liquid was fractionated (with b-(—)-DIPT) of this dienel (49 mg, 0.20 mmol) for 52 h (95%

by medium pressure chromatography (MPC; gradient elution798 conversion) gave (2 mg, 4%), 6R3-2 (98% dp; 28 mg, 54%), and

'PrOH in ether) yieldindl, 2, and3. Typical material recovery was 3 (8.5 mg, 15%). Alternatively, Sharpless epoxidation (witt—)-
70—80%. The stereoisomer distribution presentliand 2 could be DIPT) of the above diend (56 mg, 0.25 mmol) for 48 h (90%

determined byH NMR after conversion to the corresponding Mosher’s conversion) gave (5 mg, 9%), RSR-2 (90% dp; 35 mg, 55%), and

bisester derivativeS and®, respectively. 3 (8 mg, 12%). Deoxygenation of the above diepox®l€100 mg,

1,2-Epoxy-6,6-ethylenedioxy-10-undecene-3,9-diol (2)JR ¥max 0.364 mmol) frommeso/di1 gave the diend (73% dp, 89% ee; 66
3421, 3074, 2956, 2883, 1061 cin'H NMR 6 5.85 (1H, dddJ = 6,

10.5, 17 Hz, H-10), 5.23 (1H, &, = 17 Hz, H-11), 5.11 (1H, d) = (70) Anti diastereomer.
10.5 Hz, H-11), 4.11 (1H, dddl = 6, 6, 6 Hz, H-9), 3.97 (4H, ap s, (71) Syndiastereomer.
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mg, 74%). Sharpless epoxidation (with(—)-DIPT) of this dienel Acknowledgment. This paper is dedicated to Professor
(22 mg, 0.091 mmol) for 48 h (45% conversion) gave recovered diene Yoshito Kishi on the occasion of his 60th birthday. Financial
(S9-1 (>99% dp,>99% ee; 10 mg, 45%). support from the Natural Sciences and Engineering Research

Sharpless epoxidation (with(+)-DIPT, 75% ee) ofmeso/dll (556
mg, 2.30 mmol) for 120 h (ca. 90% conversion) gaR&¥-1 (97% dp,
99% ee; 40 mg, 7%} (68% dp; 206 mg, 35%), ar@l(180 mg, 29%).
Deoxygenation of the above monoepoxl92 mg, 0.36 mmol) gave
the dienel as a colorless oil (69:29:2 mixture &SRRSSisomers; Supporting Information Available: Derivation of equa-

65 mg, 75%). Sharpless epoxidation (witk(—)-DIPT, 75% ee) of tions, calculation procedures, experimental procedures, and
this dienel (35 mg, 0.14 mmol) for 72 h (ca. 90% conversion) gave spectral data for the preparation of stereochemical stan&ards
1 (3 mg, 9%), BR3-2 (95% dp; 16 mg, 43%), and (8 mg, 20%).  and6 (17 pages). See any current masthead page for ordering
Deoxygenation of the above diepoxi@8¢104 mg, 0.364 mmol) from and Internet access instructions.

meso/dllL gave the diené (57% dp, 65% ee; 68 mg, 74%). Sharpless

epoxidation (witho-(—)-DIPT, 75% ee) of this dien& (30 mg, 0.12

mmol) for 72 h (ca. 60% conversion) gave recovered di&81 (97%

dp, >98% ee; 12 mg, 40%). JA9629726
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