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Abstract: The hydrolytic kinetic resolution (HKR) of terminal epoxides catalyzed by chiral (salen)Co"' complex
1-OAc affords both recovered unreacted epoxide and 1,2-diol product in highly enantioenriched form. As
such, the HKR provides general access to useful, highly enantioenriched chiral building blocks that are
otherwise difficult to access, from inexpensive racemic materials. The reaction has several appealing features
from a practical standpoint, including the use of H,O as a reactant and low loadings (0.2—2.0 mol %) of a
recyclable, commercially available catalyst. In addition, the HKR displays extraordinary scope, as a wide
assortment of sterically and electronically varied epoxides can be resolved to =99% ee. The corresponding
1,2-diols were produced in good-to-high enantiomeric excess using 0.45 equiv of H,O. Useful and general
protocols are provided for the isolation of highly enantioenriched epoxides and diols, as well as for catalyst
recovery and recycling. Selectivity factors (k) were determined for the HKR reactions by measuring the
product ee at ca. 20% conversion. In nearly all cases, ki values for the HKR exceed 50, and in several
cases are well in excess of 200.

Introduction Since those epoxides that are produced naturally are typically
complex compounds available only in limited amounts, Nature’s
chiral pool has not proven to be a useful direct source of
optically active epoxides for use in organic synthesis. Instead,

The importance of epoxides in organic synthesis arises partly
from the occurrence of the strained three-membered ring unit

in 2 number of interesting natural produdtsit more so because  gnantigenriched epoxides have been accessed indirectly from
the ring opening of epoxides allows straightforward elaboration the chiral pool via multistep proceduréghese, however, tend

to useful new functionality, often with generation of new 4 he inherently inefficient, and the range of epoxides available
carbon—cgrbon bo_nds.- '”dee?" react|0n§ of epOX|des_ W!th by this approach is also quite limited. As a consequence, the
nucIeothgs, Lewis acids, radicals, reducing agents, oxidizing preparation of enantioenriched epoxides has long stood as a most
agents, acids, and bases have all been well documented andiyiicant target for asymmetric synthesis. In particular, the
utilized in synthesi$ Further, the stereospecific manner in which ;e nification of catalytic asymmetric olefin oxidation methods
epoxides generally react renders these compounds atractivg s heen an area of active research for several decades, and the
chiral building blocks for asymmetric synthesis. advances made in this field have increased greatly the number
of enantiomerically enriched epoxides available for use in
organic synthesis.

(1) Some, among many, notable examples: (a) Fumagillin: Tarbell, D. S,;
Carman, R. M.; Chapman, D. D.; Cremer, S. E.; Cross, A. D.; Huffman,

K. R.; Kuntsmann, M.; McCorkindale, N. J.; McNally, J. G.; Rosowsky, Among available methods for the preparation of enantio-
A.; Varino, F. H. L.; West, R. LJ. Am. Chem. S0d.961, 83, 3096. (b) . . o .
Ovalicin: Sigg, H. P.; Weber, H. Pdelv. Chim. Actal968 51, 1395. (c) enriched epoxides, the Sharpless epoxidation reaction has

Coriolin: Takeuchi, T.; linuma, H.; Iwanaga, J.; Takahashi, S.; Takita, T.; arguably had the most profound impact of any asymmetric
Umezawa, H.J. Antibiot. 1969 22, 215. (d) Disparlure: Bierl, B. A;

Beroza, M.; Collier, C. WSciencel97Q 170, 87. (e) Triptolide: Kupchan,

S. M.; Court, W. A; Dailey, R. G.; Gilmore, C. J.; Bryan, R. F.Am. (2) For reviews and lead references, see: (a) Winstein, S.; Henderson, R. B.
Chem. Soc1972 94, 7194. (f) Periplanone B: Persoons, C. J.; Verwiel, In Heterocyclic Compoundd/ol. 1; Elderfield, R. C., Ed.; Wiley: New

P. E. J.; Ritter, F. J.; Talman, E.; Nooijen, P. J.; Nooijen, W.eirahedron York, 1950; Chapter 1. (b) Parker, R. E.; Isaacs, NCBem. Re. 1959
Lett. 1976 17, 2055. (g) Neocarzinostatin chromophore: Edo, K.; Mizugaki, 59, 737. (c) Bartl, M.; Lang, K. L. Small Ring Heterocycles. Ifithe

M.; Koide, Y.; Seto, H.; Furihata, K.; Otake, N.; Ishida, Netrahedron Chemistry of Heterocyclic Compoundgol. 42, Part 3; Hassner, A., Ed.;
Lett. 1985 26, 331. (h) Trapoxins: Itazaki, H.; Nagashima, K.; Sugita, K.; Wiley: New York, 1985; Chapter 1. (d) Rao, A. S.; Paknikar, S. K.; Kirtane,
Yoshida, H.; Kawamura, Y.; Yasuda, Y.; Matsumoto, K.; Ishii, K.; Uotani, J. G.Tetrahedron1983 39, 2323. (e) Smith, J. GSynthesisl984 629.

N.; Nakai, H.; Terui, A.; Yoshimatsu, S. Antibiot. 1990 43, 1524. (i) (3) For examples, see: (a) Larcligue, M.; Petit, Y Tetrahedron Lett1987,
Epothilones: Bollag, D. M.; McQueney, P. A.; Zhu, J.; Hensens, O.; 28, 1993. (b) LarcheVgue, M.; Henrot, STetrahedron199Q 46, 4277.
Koupal, L.; Liesch, J.; Goetz, M.; Lazarides, E.; Woods, C.G&ncer (c) de March, P.; Figueredo, M.; Font, J.; Monsalvatje Syinth. Commun.
Res.1995 55, 2325. (j) FR901464: Nakajima, H.; Takase, S.; Terano, H.; 1995 25, 331. (d) Adiyaman, M.; Khanapure, S. P.; Hwang, S. W.; Rokach,
Tanaka, HJ. Antibiot.1997 50, 96. J. Tetrahedron Lett1995 36, 7367.
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catalytic reaction discovered thus far, providing general accessScheme 1. Hydrolytic Kinetic Resolution (HKR) Reaction
to highly enantioenriched epoxyalcohdl#lore recently, the

epoxidation of unfunctionalized conjugated olefins by chiral H ('H

(salen)Mi' complexes has enabled the practical synthesis of —N\M/N—

certain classes of enantiomerically enriched epoxidekighly £Bu o o £Bu

complementary strategy for epoxidation of simple olefins

involving chiral dioxirane intermediates has expanded the range EBu - EBU

of chiral epoxides now accessible in enantioenriched form to a M = Co: (R,R)-1

significant extenf. Indirect routes to enantiopure epoxides M= Co(OAC): (R.R)-1-0Ac

involving asymmetric catalytic dihydroxylation or reduction ?}\ /<?

; . . o R (58)1:0Ac o (RR-1-0Ac R

reactions have also proven highly valuable in specific contexts. . <] — .
Despite these considerable advances in asymmetric catalytic OH H20 R @) H20 OH

synthesis of epoxides, to date no general methods have been HO_~g R -OH

identified for the direct preparation of highly enantioenriched

1-oxiranes, arguably the most valuable class of epoxides for composition of unreacted substrate can be controlled by
organic synthesi%.The utility of terminal epoxides as chiral adjusting the degree of conversion, and virtually enantiopure
building blocks is perhaps best illustrated by the fact that the yaterial can be obtained at appropriately high conversibns.
few examples for which effective catalytic approaches exist have This is an important consideration in the present case, since
found extensive use in asymmetric synthesis. In particular, |o\-molecular weight terminal epoxides are typically liquids
glycidol and a number of its derivatives are available in gt room temperature and are not readily derivatized as salts,
enantiomerically enriched form using the Sharpless epoxidation gnq therefore it is not a straightforward matter to upgrade their
technology or by enzymatic kinetic resolution methot#sand - enantiomeric composition by crystallization. However, in the
these compounds have become widely used starting materialypsence of straightforward substrate racemization protocols,
for target-oriented synthesi Epichlorohydrin has been ren-  yinetic resolutions have the significant disadvantage of a 50%
dered commercially available in bulk by microbial resolution  aximum yield of substrate recovery. With a specific interest
of (+)-2,3-dichloro-1-propandf and it, too, has found wide- i gevising a practical method for obtaining highly enantio-
spread application. enriched terminal epoxides, we deemed that the following
Pursuant to our own efforts directed toward the development criteria must be met in order for a kinetic resolution approach
of catalysts for the enantioselective nucleophilic ring opening to be viablet®
of meso epoxide¥} we became interested in the possibility of (1) The racemic epoxides must be inexpensive or easily
developing analogous methodology for the kinetic resolution accessible from inexpensive commercial starting materials.
of 1,2-epoxides. One of the most attractive features of kinetic  (2) The catalyst for the resolution must be readily available
resolution processes in general is the fact that the enantiomericin poth enantiomeric forms. In the optimal case, the catalyst
would be used in small quantities in the resolution and would

(4) (a) Katsuki, T. InComprehensgie Asymmetric Catalysidacobsen, E. N., be recyclable.
Pfaltz, A., Yamamoto, H., Eds.; Springer: New York, 1999; Chapter 18.1. . . .
(b) Rossiter, B. E. ilAsymmetric Synthesi¥ol. 5; Morrison, J. D., Ed; (3) The nucleophile used for the ring opening should be

Academic Press: New York, 1985; Chapter 7. (c) Johnson, R. A.; Sharpless, ; i H
K. B. In Catalytic Asymmetric Synthes{3jima, |., Ed.; VCH: New York, Inexpensive and easny handled' . . .
1993; Chapter 4.1. (d) Katsuki, T.; Martin, V. Srg. React1996 48, 1. (4) The resolved epoxides must be obtained in good yield

(5) Reviews: (a) Jacobsen, E. N.; Wu, M. H.@omprehensie Asymmetric B H ; B
Catalysis Jacobsen, E. N., Pfaltz, A., Yamamoto, H., Eds.; Springer: New and \_/ery hlgh enantIOpumy and must be eaSIIy separated from
York, 1999; Chapter 18.2. (b) Katsuki Toord Chem Re 1995 140 the ring-opened products.
189. (c) Jacobsen, E. N. l@omprehensie Organometallic Chemistry Il ; :
Vol. 12; Wilkinson, G., Stone, F. G. A., Abel, E. W., Hegedus, L. S_, Eds.; (5) Ideally, although not necessquly, th? r!ng'0pen9d byprod-
Pergamon: New York, 1995; pp 1097135. ucts should also be valuable chiral building blocks and be

(6) For a recent review: Frohn, M.; Shi, Bynthesi200Q 1979. . . . . .

(7) For asymmetric dihydroxylation routes, see: (a) Kolb, H. C.; Sharpless, Obtainable in high enantiomeric excess.
K. B. Tetrahedron1992 48, 10515. For asymmetric reduction methods, To this end, we communicated recently the discovery that
see: (b) Corey, E. J.; Link, J. @etrahedron Lett1991, 56, 442. (c) Corey, ' . T
E. J.: Helal, C. JTetrahedron Lett1993 34, 5227. (d) Ramachandran, P.  the (salen)Co complekcatalyzed the efficient hydrolytic kinetic

V.; Gong, B.; Brown, H. CJ. Org. Chem1995 60, 41. (e) Kitamura, M.; i i i i
Tokmaga e Noyor B3, Am Chom: 50908 117 2031 resolution (HKR) of a variety of terminal epoxides (Scheme

(8) For the most enantioselective methods developed to date involving synthetic 1) 16718 This new method appeared to hold considerable promise
catalysts: (a) Palucki, M.; Pospisil, P. J.; Zhang, W.; Jacobsen, H. N. i ; itar H i
Am. Chem. S00094 116 9333, (b) Coliman. J. P Wang, 2. Stratimanis, with regard to meeting all of the criteria outlined above. First,
A.; Quelquejeu, M.; Rose, El. Am. Chem. Socl999 121, 460. For
methods involving biocatalysts, see: (c) Botes, A. L.; Weijers, C. A. G. (14) Stereochemistry of Organic Compouné&iel, E. L., Wilen, S. H., Eds.;

M.; Botes, P. J.; van Dyk, M. Setrahedron: Asymmetr}999 10, 3327, Wiley: New York, 1994; Chapter 7.6.

and references therein. (d) Goswami, A.; Totleben, M. J.; Singh, A. K.; (15) For an in depth discussion of practical considerations in kinetic resolution
Patel, R. N.Tetrahedron: Asymmetr$999 10, 3167, and references reactions, see: Keith, J. M.; Larrow, J. F.; Jacobsen, EAd. Synth.,
therein. Catal. 2001, 343 5—26.

(9) Gao, Y.; Klunder, J. M.; Hanson, R. M.; Masamune, H.; Ko, S. Y.; (16) (a) Tokunaga, M.; Larrow, J. F.; Kakiuchi, F.; Jacobsen, ESblence

Sharpless, K. BJ. Am. Chem. S0d.987, 109, 5765. 1997 277, 936. (b) Furrow, M. E.; Schaus, S. E.; Jacobsen, E1.NDrg.
(10) Ladner, W. E.; Whitesides, G. M. Am. Chem. S0d.984 106, 7250. Chem 1998 63, 6776.
(11) Hanson, R. MChem. Re. 1991, 91, 437. (17) For earlier studies involving (salen)metal-catalyzed reactions of epoxides
(12) Kasai, N.; Sakaguchi, KTetrahedron Lett1992 33, 1211. that served as a foundation for the discovery of the HKR, see: (a) Tekeichi,
(13) (a) Asymmetric ring opening of meso epoxides with TMSNartinez, T.; Arihara, M.; Ishimori, M.; Tsuruta, TTetrahedronl98Q 36, 3391. (b)
L. E.; Leighton, J. L.; Carsten, D. H.; Jacobsen, EJNAm. Chem. Soc. Maruyama, K.; Nakamura, T.; Nakamura, S.; Ogino, A.; Nishinaga, A.
1995 117, 5897. (b) With carboxylic acids: Jacobsen, E. N., Kakiuchi, React. Kinet. Catal. Lett199], 45, 165. (c) Larrow, J. F., Schaus, S. E.,
F., Konsler, R. G., Larrow, J. F., Tokunaga, Metrahedron Lett1997, Jacobsen, E. NJ. Am. Chem. So0d.996 118 7420.
38, 773. (c) With sulfides: Wu, M. H., Jacobsen, E. N.Org. Chem (18) The HKR is complementary to biocatalytic methods exploiting epoxide
1998 63, 5252. (d) With TMSCN: Schaus, S. E.; Jacobsen, EONy. hydrolases. For a review, see: Archelas, A.; Furstos§réhds Biotechnol.
Lett. 200Q 2, 1001. 1998 16, 108.
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racemic 1,2-epoxides are generally available directly from Scheme 2

commercial suppliers at low cost or are obtainable in one step 05 mo'ﬁ/ftf?‘éﬁ.mc

from inexpensivex-olefins or aldehydes. In fact, certain racemic 0.55 equiv Hy0

epoxides, such as propylene oxide, epichlorohydrin, styrene 2%y

oxide, and butadiene monoepoxide, are commodity chemicals 0 o
and are no more expensive than common organic solvents. HC~ T [ HC A~
Second, the ligands for catalysthad previously been com- Method B

mercialized and manufactured on a ton scale in the context of 0.5 mol% (R,R)-1 > 99% ee
(salen)Mn epoxidation catalyst$The cobalt analoguef(R)-1 0;3;/" 3‘\’2'” o

and §9-1 proved equally accessible, and these are also now ’ 4;'% y z

available in bulk® Third, water is perhaps the ideal reagent

for effecting the resolution reaction: it is inexpensive and safe, sypstrates. As a result of these efforts, we have discovered that
and the rate of the ring-opening reaction can be controlled the HKR is an extraordinarily general reaction, allowing efficient
simply by modulating the rate of addition of water to the kinetic resolution of virtually any type of terminal epoxide. Our
epoxide-catalyst mixture! Fourth, for those examples that findings are described herein.
were described in the preliminary report, highly enantioenriched ) )
epoxides were recovered from the HKR. Finally, the HKR Results and Discussion
provided useful enantioenriched 1,2-diols, including many that (1) Preparation of Catalyst and General Experimental
are otherwise not readily accessible using existing asymmetric Considerations. Both enantiomers of the (salen)Coomplex
dihydroxylation method3? 1 are available commercially on research or commercial $€ale,
The HKR has seen rapid adoption as the method of choice or they can be prepared from the commercially available ligands
for the preparation of a variety of terminal epoxides in using Co(OAc) (see Experimental Section). The Co(ll) complex
enantioenriched form, and a number of applications in target- 1 is catalytically inactive, however, and it must be subjected to
oriented synthesis have been reported alréattyaddition, the one-electron oxidation to produce a (saleny®&ocomplex
commercial manufacture of enantioenriched propylene oxide, (X = anionic ligand) prior to the HKR. This may be done
epichlorohydrin, and styrene oxide using HKR methodology has conveniently by aerobic oxidation in the presence of a mild
been implemented, thereby reducing the cost of these usefulBrgnsted acid. Water alone was found not to mediate the
chiral building block® We have sought to elucidate fully the  oxidation reaction, but a screen of additives revealed that acetic
synthetic potential of this reaction by establishing its substrate acid was effective and that the corresponding Co(lll) precatalyst
scope and outlining optimized procedures for the isolation of 1-OAc is convenient for use in HKR reactions both in terms of

resolved epoxides and 1,2-diol products in high enantiomeric
excess. In that regard, we set as a common criterion for all
substrates the isolation of resolved epoxide>i89% ee. We

also aimed to develop general protocols for the HKR that would
allow the straightforward evaluation of previously unexamined

(19) (a) Larrow, J. F.; Jacobsen, E. N.; Gao, Y.; Hong, Y.; Nie, X.; Zepp, C.
M. J. Org. Chem1994 59, 1939. (b) Larrow, J. F.; Jacobsen, E.Qkg.
Synth 1997, 75, 1.

(20) For information, see: http://www.rhodiachirex.com.

(21) While it may be assumed that an “ideal” resolution would involve no added
reagent-i.e., an enantiomer undergoing selective isomerization or
polymerization-the rate of such transformation may be difficult to control
because of the exothermicitAE > 30 kcal/mol) associated with epoxide
ring opening. This is a special concern with reactions carried out on a large
scale. The fact that the rate of nucleophile addition can be adjusted to control
reaction rate therefore has significant practical advantages.

(22) For the most effective catalyst developed thus far for the asymmetric
dihydroxylation of terminal olefins, see: Becker, H.; Sharpless, K. B.
Angew. Chem., Int. Ed. Endl996 35, 448. For a general review of the
AD reaction, see: Kolb, H. C.; VanNieuwenhze, M. S.; Sharpless, K. B.
Chem. Re. 1994 94, 2483.

(23) (a) Schaus, S. E.; Branalt, J. E.; Jacobsen, B. rg. Chem1998 63,
4876. (b) Savle, P. S.; Lamoreaux, M. J.; Berry, J. F.; Gandour, R. D.
Tetrahedron: Asymmetr998 9, 1843. (c) Gurjar, M. K.; Sadalapure,
K.; Adhikari, S.; Sarma, B. V. N. B. S.; Talukdar, A.; Chorghade, M. S.
Heterocycles998 48, 1471. (d) Gurjar, M. K.; Krishna, L. M.; Sarma, B.

V. N. B. S.; Chorghade, M. SOrg. Proc. Res. De 1998 2, 422. (e)
Cloninger, M. J.; Overman, L. E.. Am. Chem. S0d.999 121, 1092. (f)
Rodrguez, A.; Nomen, M.; Spur, B. W.; Godfroid, J.Tetrahedron Lett.
1999 40, 5161. (g) Hou, X.-L.; Li B.-F.; Dai, L.-X.Tetrahedron:
Asymmetry1 999 10, 2319. (h) Kamada, M.; Satoh, T.; Kakuchi, T.; Yokota,
K. Tetrahedron: Asymmetr§Q99 10, 3667. (i) Yu, Q.; Wu, Y.; Xia, L.-
J.; Tang, M.-H.; Wu, Y.-L.Chem. Commuril999 129. (j) Wyatt, P. B,;
Blakskjeer, PTetrahedron Lett1999 40, 6481. (k) Liu, P.; Panek, J. S.
Am. Chem. SoQ00Q 122, 1235. (I) Kndker, H.-J.; Baum, E.; Reddy, K.
R. Tetrahedron Lett200Q 41, 1171. (m) Wroblewski, A. E.; Halajewska-
Wosik, A. Tetrahedron: Asymmetr00Q 11, 2053. (n) Liu, Z. Y.; Ji, J.
X.; Li, B. G. J. Chem. Soc., Perkin Trans200Q 3519. (0) O'Neil, I. A,;
Cleator, E.; Southern, J. M.; Hone, N.; Tapolczay, DSyhnlett200Q 695.
(p) Fustner, A.; Thiel, O. R.; Ackermann, [Org. Lett.2001, 3, 449. (q)
Chow, S.; Kitching, W.Chem. Commur001, 1040. (r) Rodriguez, A.;
Nomen, M.; Spur, B. W.; Godfroid, J. J.; Lee, T. Hetrahedron2001,
57, 25.

its preparation and reactivity (eq 23.
)

Two useful methods for the generation of complefOAc
have been developed. Method A involves isolationl@ddAc
as a crude solid prior to the HKR. The Co(ll) compléxs
dissolved in toluene to generate a ¢aVl solution, and acetic
acid (2 equiv) is added. The resulting solution is stirred open
to air at room temperature for 30 min, during which time the
color of the mixture changes from orange to dark brown. All
volatile materials are removed in vacuo, affordib@Ac as a
brown solid residue that can be used without further purification.
Method B involves in situ generation dfOAc under HKR
conditions by suspension of the Co(ll) compl&xn epoxide
or epoxide/solvent and addition of HOAc under an aerobic
atmosphere.

Catalyst obtained by both methods was examined for each
of the epoxides described in this study. For certain substrates
such as 1-hexene oxide, catalyst prepared by either method leads
to essentially identical results (Scheme 2). In these situations,
in situ catalyst generation (method B) is preferable since the

1+ HOAc + (1/4)0, = 1-OAc + (1/2)H,0

(24) The identity of the counterion can influence reactivity, enantioselectivity,
and catalyst lifetime in the HKR. With the goal of defining general protocols
for HKR of the broadest range of substrates, we carried out all reactions
with catalystl-OAc. However, other derivatives dfhave been found to
display greater reactivity toward certain epoxides, and this is revealed most
dramatically in the HKR of relatively unreactive substrates. For example,
the HKR of methyl glycidate required use of 2 mol 24DAc to provide
recovered epoxide in 99% ee in 24 h (Table 4, entry 4). In contrast, use of
the p-nitrobenzoate complek-O,CCsH4(NO,) at the 0.9 mol % level led
to >99% ee epoxide within the same time frame (C. P. Stevenson, work
in progress). The synthetic implications and mechanistic basis for these
effects are under investigation and will be described separately.
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Table 1. Hydrolytic Kinetic Resolution (HKR) of Aliphatic Terminal relative to the racemate. Similarly, the HKR of 1,2-epoxy-5-
Epoxides* hexene proved difficult to carry to completion under solvent-
_ ca - cat o free conditions, affording only 95% ee epoxide after 24 h.
oty Si‘)’;ﬁfm '(‘:]j‘gl”;/g) Or’r‘]'s;t(':;” et ;f’r:?'(%r)‘ y'lse‘l’('j"j‘;i) However, using in situ generated catalyst (method B) and THF
as solvent (1:1, v/v, THF:}D), epoxide could be recovered in
% (CCF|E2)3CH3 8'§ é ig jg 99.5% ee and 86% of the theoretical yield (entry 4). This
3 (CH)uCHs 05 A i-PrOH 24 42 protocol was equally effective for the HKR epoxypropylbenzene
4 (CHp).CH=CH, 0.5 B THF 18 43 and vinylcyclohexane oxide, affording resolved epoxide in
5 CHpPh 05 B THF 18 46 >99% ee and 46% and 44% yield, respectively (entries 5,6).
g fgf,:';l 2:8 i a—)'iz-hexanediol 1‘?8 421 Very hindered aliphatic epoxides suchtast-butylethylene

oxide proved to be particularly challenging substrates for the
a Reactions were carried out with 0.55 equiv afHrelative to racemic HKR, but efficient resolution was ultimately achieved through

epoxide. Water was added dropwise to a solution of catalyst and epoxide 4 refy| optimization of reaction conditions. Under solvent-free
at 0°C, and the reaction mixture was allowed to warm to room temperature

with continuous stirring for the indicated timeCatalyst loading based on  conditions employing up to 2 mol % catalyst generated by either

racemic epoxidet In those cases where sol(\f{dent was included (entried) 3 method A or B, no hydrolysis dkrt-butylethylene oxide was

1:1 (v/v) ratio was used relative to epoxiddsolated yield of>99% ee

epoxite based on racemic material (theoretical maximuB0%). observed gt room t_em_perature over the course_of several days.
. A systematic investigation of water-soluble organic solvents (e.g.

procedure avoids an extra solvent removal step. On the otherTHF i-PrOH, and 1,2-diols) revealed that the use of 1,2-

hand, catalyst prepared by method A was found to be more peyanediol as solvent and 2 mol4OAc (generated by method

effective with less reactive substrates (vide infra) and was ayas effective for inducing resolution of this epoxidet69%
applicable to all substrates examined. Therefore, if HKR did ¢ (entry 7). In general, such moderately lipophilic 1,2-diols

not afford epoxide in-99% ee with catalyst prepared by method 46 proven quite effective as solvents for the most unreactive
B after optimization of solvent and catalyst loading, then catalyst ¢ ,pstrates in the HKR, presumably because of their ability to
prepared by method A was employed. effectively solubilize epoxide, water, and diol prodéftt.

Aside from the method of generation @fOAc, the only (b) Halogenated Epoxides.Three-carbon (C-3) epoxides

reaction parameters in the HKR that required optimization for 14 g hajide substituents are highly versatile synthetic building
individual substrates were catalyst loading and choice of solvent. )0 <" hecause each carbon is functionalized and a potential

Wi_th few exceptions, epoxide_@fgg% ee could be qbtained site of nucleophilic attack. Epichlorohydrin, in particular, is a
using 0.55 equiv of water relative to racemate. Relatively small readily available C-3 unit that is widely employed in organic

epoxides with some degree of water solubility could be resolved ;4 polymer synthes# However, this most interesting substrate
effectively without added solvent. However, the HKR of more for the HKR initially proved problematic. It was found to

lipophilic substrates did benefit from inclusion of a water- ,,qerqq gradual racemization under the reaction conditions,
miscible organic solven_t such as tetrahydrofuran (THF), 2-pro- thereby rendering it difficult to recover from HKR reactions in
panql, or 1,2-he>$aned|ol_. In general, one volume of s_ol_vent highly enantioenriched fori? The racemization pathway could
relative to racemic epoxides was sufficient to allow efficient 1 suppressed, however, by carrying out the reaction-dt 0
HKR. Catalyst loadings of 0.5 mol % or lower relative to °C in the presence of THF. Using 0.5 mol 4DAc (generated

racemic epoxide were effective for many substrates, but epoxidesby method A), the epoxide could be recovered-99% ee and
bearing sterically hindered or unsaturated substituents often 3o, yield ('i'able 2, entry 1). In contrast, the HKR of

required more catalyst (up to 2 mol %) to attain complete (4 onibromohydrin afforded the epoxide in 41% yield but only
resolution. Reactions were initiated aG and then allowed 43% ee under the same reaction conditions. In this case

to warm to room temperature with continued stirring for12 .o nige_catalyzed racemization could not be eliminated; how-

18 h. . . . . ) ever, it could be used to advantage in the dynamic HKR to
(I) HKR of Terminal Epoxides. (a) Aliphatic Epoxides. produce diol (see section IIl). The HKR of}-epifluorohydrin

As illustrated in Table 1, terminal aliphatic epoxides are 4 ()-1,1,1-trifluoro-2,3-epoxypropafiproceeded smoothly

outsta_mding substrgtes for the HKR, and_for all subs;rates under solvent-free conditions with no detectable racemization
examined the epoxide could be recoveredi®9% ee and in (entries 3 and 4, Table 2)

82—-92% of the theoretical yield (4146% vyield based on

race_mic epoxi_d_e). The H.KR of prc_)pylene oxide pro;/ed tobea The HKR was found to be applicable to a wide variety of ether
particularly efficient reaction, requiring only 0.2 mol % catalyst containing epoxides (Table 3). Benzyl glycidyl ethéert-

under solvent-free conditions and affording recovered epoxide butyldimethylsilyl glycidyl ether, and phenyl glycidy! ether all

n highd y(ijeld lfent(;y l).l The fHKR oLlll-hexene OZXidS also underwent resolution in excellent yield employing 0.5 mol %
proceeded well under solvent-free conditions (entry 2), but more of the in situ generated catalystOAc (method B; entries-13).

lipophilic epoxides with minimal solubility in water or the diol 1-Naphthvl alvcidyl ether. a useful precursor to proprandol
product required the use of added solvents. For example, the phiny" gycicy ' P prop ’

diol product precipitates from the reaction mixture in the HKR  (25) There was no observable difference in the outcome of HKR reactions carried

of (&)-1,2-epoxytetradecane under solvent-free conditions. This out with racemic or enantiopure diols. This is consistent with the general
o cepe . observation of the absence of product inhibition in the HKR.
renders mixing extremely difficult in the late stages of the (26) Huber, J. E. IrEncyclopedia of Reagents for Organic Synthewisl. 4;

; P ini Paquette, L. A. Ed.; Wiley: New York, 1995; p 2326.
resolution reaction and thereby leads to Severely diminished (27) For applications of this interesting building block, see: Katagiri, T.; Irie,

reaction rates. The HKR of this substrate was effected success- ° M.; Uneyama, K.Org. Lett.200Q 2, 2423, and references therein.

ithi O i initi (28) (a) Klunder, J. M.; Ko, S. Y.; Sharpless, K. B. Org. Chem1986 51,
fu”y Wlthm_ 24 h usm_gl PrOH as the SOl\_/ent at h!gh initial 3710. (b) For a report on the application of the HKR to aryl glycidyl ethers
concentration of epoxide (24), and employing 1 equiv of D as a strategy for the synthesis fdblockers, see ref c.

(c) Epoxides Bearing Ether and Carbonyl Functionality.
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Table 2. HKR of Halogenated Terminal Epoxides? Table 5. HKR of Terminal, Conjugated Epoxides?
epoxide isolated cat.
entry substituent solvent® ee (%) yield® (%) epoxide loading® isolated
1 CH,CI THE ~99 43 entry substituent (mol %) yield® (%)
2 CH.Br THF 43 41 1 CeHs 0.8 44
3 CHyF >99 42 2 4-ClCsH4 0.8 38
4 CR >99 42 3 3-ClGsH4 0.8 40
4 3-(CHO)CsHa 0.8 41
aReactions were carried out with 0.55 equiv ofHand 0.5 mol % 5 3-(NOG,)CsHa 0.8 38
1-OAc prepared froni by method A. Reactions were initiated at© and 6 2-CIGH4 15 38
then allowed to proceed at room temperature for-18 h. Reagent and 7d CH=CH, 15 36
catalyst amounts based on racemic epoxtda.those cases where solvent ge C=C(TBS) 0.8 41
was included (entries 1 and 2), 1:1 (v/v) ratio was used relative to epoxide.
¢Isolated yield based on racemic epoxide (theoretical maxiru§0%). aUnless noted otherwise, reactions were carried out &€ @o room
temperature for 48 h, with 0.55 equiv of@ relative to racemic epoxide
Table 3. HKR of Ether-Containing Terminal Epoxides?® and THF (1:1 (v/v) with respect to epoxide) as solvératalyst loading

based on racemic epoxide. In all case§Ac was prepared by method A.

) Ca.t' ) .Cat'. ) ¢Isolated yield of>99% ee epoxide based on racemic material (theoretical
epoxide loading oxidation isolated maximum= 50%).9 A 0.7 equiv amount of KD used relative to racemic
entry substituent (mol %) method yield (%) epoxide; 72 h reaction timé.i-PrOH used as solvent (1:1 (v/v) relative to
1 CH,OBn 0.5 B 48 epoxide).
2 CH,O(TBS) 05 B 47 )
3 CH,OPh 0.5 B 47 The HKR of Boc protected 2,3-epoxy-1-aminopropane (entry
gd Cclt'égﬂl-ggphthyl) 00-55 s 4328 3) required relatively higher catalyst loading (2 moll%®Ac)
20Bn . . . . o
6e oxiranyf 10 A 36 and longer reaction time (48 h) to produce the epoxide98%

ee. The resolution of methyl glycidate (entry 4) also required

aUnless noted otherwise, reactions were carried out &€ @0 room 2.0 mol % catalyst, with the enantioenriched epoxide recovered
temperature for 1618 h, with 0.55 equiv of kD relative to racemic epoxide in 43% yield?“
and THF (1:1 (v/v) with respect to epoxide) as solvértatalyst loading

based on racemic epoxidelsolated yield of>99% ee epoxide based on Epoxy ketones proved to be among the most problematic
racemic epoxide (theoretical maximum 50%).9A 48 h reactior(lj time. substrates for the HKR. Under standard HKR conditions,
€A 0.6 equiv amount of bD used relative to racemic epoxidelhe _ o
substrate was,L-butadiene diepoxide (Aldrich). substrates such as .3'4 epoxy 2 bUt.anone (Table 4’. entry 5)
underwent only partial resolution, with the reduced, inactive
Table 4. HKR of Terminal Epoxy Esters, Ketones, and Co(ll) complexl precipitating from the reaction mixture within
Carbamates a few hours. A stoichiometric BaeyeVilliger-like pathway is
_ cat. cat. _ presumably responsible for reduction of the catalyst, although
t et’:"t?;'det 'Oadl”;/g" °X'd;“‘;” ',S‘l’(';‘“i;’ no tractable byproducts could be identified. To maintain the
o SubsTuen (ol %) memo yield" (%) catalyst in the requisite Co(lll) oxidation state, the HKR of
% g;‘zzggz%"t'cﬂ'” 8-2 E ii ketone-containing epoxides was carried out under an atmosphere
3 CH,NHBoC 2.0 A 36 of O,. In the presence of 2 mol % AcOH and 0.7 equiv ofH
4e CO,CHs 2.0 A 43 and with 2 mol %1-OAc, 3,4-epoxy-2-butanone was recovered
5:’:’9 COCHs 2.0 A 40 in >99% ee and 40% isolated yield after 48°The HKR of
& COCHCH, 2.0 A 4L 1,2-epoxy-3-pentanone (entry 6) was effected under similar
aUnless noted otherwise, reactions were carried out € @0 room conditions to yield recovered epoxide m99% ee and 41%
temperature for 1618 h, with 0.55 equiv of KO relative to racemic epoxide yield.
and THF (1:1 (v/v) with respect to epoxide) as solvértatalyst loading i i i
based on racemic epoxidelsolated yield of>99% ee epoxide based on (q) Aryl, Vinyl, and Alkynyl Epoxides. _Styrene .OXIde
racemic material (theoretical maximum 50%).9 A 48 h reaction time. derivatives are among the most useful terminal epoxides from

€A 24 h reaction time’ Reaction was carried out under an atmosphere of a synthetic standpoint and are therefore particularly important
0O (bi:loon pressuref. A 0.7 equiv amount of kD used relative to racemic candidates for the HKR reaction. In principle, HKR of these
epoxide. substrates might be plagued by conflicting steric and electronic
required longer reaction times to attain high ee in the HKR, factors influencing regioselectivity in the epoxide ring opening.
but was nevertheless resolved successfully (entry 4). The C-41t was gratifying, therefore, to observe that resolution of
building block, (2-phenylmethoxymethyl)oxirane (entry 5) was epoxides derived from various types of conjugated terminal
hydrolyzed efficiently using 0.5 mol %4-OAc to yield the olefins (styrene, diene, and enyne derivatives) was possible with
enantioenriched epoxide in 42% vyield. The HKR of com- catalyst1-OAc using water-miscible solvents such as THF
mercially available £)-butadiene diepoxide was also effected (Table 5). The HKR of 4)-styrene oxide was effected using
successfully, requiring use of 1.0 mol % dOAc (prepared 0.8 mol % catalyst and 0.55 equiv of,@, affording the
by method A) and 0.6 equiv of 4 to afford the recovered  recovered epoxide in 87% yield ard9% ee after 72 h (entry
diepoxide in>99% ee and 36% isolated yield. This interesting 1). Under similar conditions, both 3- and 4-chlorostyrene oxide
C-4 chiral building block has particular potential for elaboration were obtained ir>99% ee and 77 and 80% yield, respectively
to a variety ofC; symmetric diols. (entries 2 and 3}° Other 3-substituted styrene oxide derivatives
Epoxides containing carbonyl functionalities were also ex-
amined as substrates for the HKR (Table 4). The kinetic (29 T rescion was gplied a s ey step 1 e o synlsts o e patra
resolutions of glycidyl butyrate and ethyl 3,4-epoxybutyrate 2001, 40, 3667.
(entries 1 and 2) were effected in a straightforward manner using(30> For an account of the application of epoxidation/HKR protocols to the

" . ; preparation of 3-chlorostyrene oxide, see: Brandes, B. D.; Jacobsen, E. N.
0.5 mol %1-OAc (method B) in 46 and 44% yield, respectively. Tetrahedron: Asymmetry997, 8, 3927.
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Figure 1. Plot of enantiomeric excess of recovered substrate as a function . . . .
of conversion for representative values as calculated using the equation ~ Figure 2. Plot of enantiomeric excess of product as a function of conversion
kel = IN[(1 — )(1 — easm]/IN[(L — o)(1 + easw)].3* for representativeke values as calculated using the equatikg =

IN[1 — ¢(1 + ea))/In[1 — c(1 — ea)].3*

displayed similar reactivity in the HKR (entries 4 and 5). In . _ ) _
contrast, the resolution of 2-chlorostyrene oxide require in- of substrates suggested the possibility that this reaction might
creased catalyst loading (1.5 mol #OAC) in order to attain be applicable to product generation with synthetically useful
>99% ee (entry 6). ee’s. We therefore undertook an investigation of the HKR of
The Eastman process for the low-cost aerobic epoxidation terminal epoxides under conditions designed to allow isolation
of butadiend! has rendered butadiene monoepoxide a practically ©f 1,2-diol products with an optimal compromise of ee and yield.
useful building block for organic synthesis and an appealing !N general, satisfactory results were obtained in reactions
target for the HKR82 The resolution of this substrate proceeded €Mploying 0.45 equiv of bD relative to racemic epoxide.
in 72 h with 1.5 mol %1-OAc and 0.7 equiv of kD to yield Reactions were usually complete within 12 h using the same
recovered epoxide in 99% ee and 36% yield (Table 5, entry 7). catalyst loadings that had been identified in HKR’s in which
Alkynyl epoxides also appear to be good substrates for the HKR, €Poxide recovery was targeted (Table 6). _
as evidenced by the successful resolution of the protected 1,2- Outstanding results were obtained in the preparation of

epoxybutyne derivative in entry 8 using 0.8 mol % catalyst and Unhindered aliphatic 1,2-diols by the HKR procedure, with
i-PrOH as solvent. products isolated in 99% ee ardi0% yield. The observation

(Ill) Preparation of Enantioenriched 1,2-Diols via the of such high product ee’s reflects selectivity factors in excess
HKR. As noted in the Introduction, one of the most attractive ©f 300 for the HKR of these substrates (vide infra). Terminal,
features of kinetic resolution processes is the fact that ee ofunhindered olefins are among the poorest substrates for Os-
recovered starting substrate increases with conversion, andcatalyzed asymmetric dihydroxylation reactiéhsp the HKR
overresolution (i.e. reactions takent&0% conversion) allows methodology constitutes an especially interesting alternative for
production of very highly enantioenriched material even if the the preparation of these important building blocks. While vinyl
resolution itself is only moderately selective. This is represented cyclohexane oxide underwent HKR with similar success (entry
graphically in Figure 1, which depicts the familiar correlation ©). other, relatively hindered terminal aliphatic epoxides un-
between conversion and ee as a function of the selectivity factordérwent hydrolysis with somewhat lower selectivity. Thus,
(krel = Kiastksion). As such, a kinetic resolution withlg value 3-phenyl-1,2-propanediol was isolated in 95% ee and 40% vyield,
as low as 10 can provide recovered substrate in 95% ee and®S Was the 1,2-diol derived fromert-butyloxirane (entries 5
34% yield. The situation with respect to product formation is and 7). . . _
substantially different, however, since the ee of kinetic resolution ~ Theé HKR also provided practical access to a series of
product decreases with conversion. As reflected in the graph in €antioenriched 1-halo-2,3-propane diol derivatie&pichlo-
Figure 2, very high selectivity factors are required in order to fohydrin underwent ring opening to afford 1-chloro-2,3-pro-
generate kinetic resolution products in high ee (2.$5%) and panediol in 95% ee and 40% yield (Table 6, entry 8). However,
yields approaching 50%. For example, to obtain product with direct dllst|llat|on. of .the product from the reaction mixture
the same criteria outlined above (95% ee and 34% vyield), a resulted in deterlorfitlon .of the ee of the product by as much as
selectivity factor of 63 would be required. For this reason, it 9% An altemative isolation procedure was developed, wherein
comes as no surprise that the vast majority of kinetic resolutions Unreacted epoxide was removed by vacuum transfer, the reaction
involving synthetic catalysts has involved reactions targeting résidue was partitioned between hexanes/EtOAc (95:5) a6d H

substrate recoveﬁ;‘ . i (33) Exceptions include: (a) Sharpless kinetic resolution: Gao, Y.; Hanson, R.
The fact that the HKR of terminal epoxides was observed to M.; Klunder, J. M.; Ko, S. Y.; Masamune, H.; Sharpless, K.JBAm.
H i i Chem. Soc1987, 109, 5765. (b) Kinetic resolution of terminal epoxides
proceed with apparently very hlgh SeIeCtIVIty for a broad range with azide: Reference 17c. Kinetic resolution of terminal epoxides with
phenols: Ready, J. M.; Jacobsen, EJNAmM. Chem. Sod999 121, 6086.

(31) Monnier, J. R. In3rd World Congress on Oxidation Catalysis, 1997 (c) Dynamic kinetic resolution processes (reviews): Noyori, R.; Tokunaga,
Grasselli, R. K., Oyama, S. T., Gaffney, A. M., Lyons, J. E., Eds; M.; Kitamura, M.Bull. Chem. Soc. Jpri995 68, 36. Strauss, U. T.; Felfer,
Elsevier: New York, 1997; pp 135149. U. Tetrahedron Asymmetr3999 10, 107. El Gihani, M. T.; Williams, J.

(32) An effective dynamic kinetic resolution of butadiene monoepoxide with M. J. Curr. Opin. Chem. Biol1999 3, 11.
inorganic carbonates has been developed: Trost, B. M.; McEachern, E. J. (34) Kagan, H. B.; Fiaud, J. C. ifiopics in Stereochemistryol. 14; Eliel, E.

J. Am. Chem. Sod999 121, 8649. While this method does not allow L., Wilen, S. H., Eds., Wiley: New York, 1987; pp 24330.
isolation of recovered epoxide in the enantioenriched form, it provides an (35) See: Reference 22. Vanhessche, K. P. M.; Sharpless, ®h&n. Eur. J.
attractive approach to the corresponding diol. 1997 3, 517.
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Table 6. Synthesis of Enantioenriched 1,2-Diols via the HKR of Scheme 3. Double Resolution Route to 1-Chloro-2,3-propanediol
Terminal Epoxides? in >99% ee
(S,5)-1+0Ac (Method A) (R,R)-1-OAc (Method A)
_ cat cat. , , (0.75 mmol) (0.75 mmol)
epoxide loading®  oxidation diolee isolated H,0 (82.5 mmol) H,0 (75 mmol)
entry substituent (mol %)  method solvent® (%) yield? (%)
P : O THF, 0°C > rt SN THF,0°C > rt
Aliphatic Epoxides ) 16h 24 h
1 CHs 0.2 A 99 45 (150 mmol) >99% ee
2 (CHy)sCHs 0.5 B 99 44 OH
3 (CHp)uCHs 0.5 A TBME 99 40 Clv'\/OH
4 (CHp)CH=CH; 0.5 B THF 99 44 o
5 CHPh 0.5 B THF 95 40 (621 mm ol)
6 cCeHu 0.5 B THF 99 41 ~09% e
7 t-CqHg 2.0 A i-PrOH 95 40
Halogenated Epoxides Scheme 4. Preparation of Enantioenriched Glycidol from the
8 CHCI 0.5 A THF 95 40 Corresponding 1-Halo-2,3-propanediols
9 CHBr 0.5 A THF 96 90 K2COg
10 CHF 0.5 A 97 38 OH CHoCl, o
11 CR 0.5 A >99 42 X AR — == HO._ 4]
Epoxides Bearing Ether and Carbonyl Functionality _ % ’ 99% 88%
12 CHOBn 05 B THF 95 40 X=6r 06% e 96% e, 88%
13 CHO(TBS) 0.5 B THF 98 42
14  CHOPh 0.5 B THF 95 41 o ] )
15 CHO(1l-naphthyl) 0.5 B THF 97 42 in high ee (Table 2, entry 2). However, with 0.45 equiv ofH
16  CHCHOBn 05 B THF 95 42 diol was obtained in 96% ee. These results suggested that
17 oxiranyP L0 A THF 9 36 epibromohydrin might be undergoing racemization with adven-
18 CHOCONC:H; 05 B THF 43 45 P! ydrin mig undergoing 1zation with adv
19 CHCOEt 05 B THE 95 41 titious bromide ion under the conditions of the HKR, raising
20  CHNHBoc 2.0 A THF 78 36 the possibility that dynamic kinetic resolution may be possible.
21 COCH;z 2.0 A THF 97 37 Indeed, this turned out to be the case: the dynamic kinetic
22" COCHs 2.0 A THF 97 40 luti lished using 2 | RR)-1-OA
23 COCHCHs 20 A THE 96 33 reso# |é|)n was accpmr; ished using 2 mo o,F()- _ |(é1
Anyl, Vinyl, and Alkynyl Epoxides (method A), 1.5 equiv 0 lzD in THF (5.0 M) at 0°C tq yie
24 GHs 0.8 A THF 98 42 (R)-1-bromo-2,3-propanediol in 96% ee and 90% yield. Both
25  4-ClGHq4 0.8 A THF 94 37 1-bromo- and 1-chloro-2,3-propanediol are useful intermediates
26 3-CIGH4 0.8 A THF 91 44 for the preparation of glycidol and its derivatives (Schem# 4).
27 3-(CHO)CH, 0.8 A THE % a1 As summarized in Table 6, the HKR of nearly all terminal
28 3-(NO)CeHa 08 A THF 9 44 _ : ’ ‘ y .
29  2-CIGHq 15 A THE 94 42 epoxides examined proceeded effectively under standard condi-
30 CH=CH; 0.5 A THF 97 38 tions to afford 1,2-diol products in 999% ee and in good
31 G=c(1BS) 08 A THF 9 4 yield. Among the exceptions, the HKR afJ-glycidyl butyrate

aUnless noted otherwise, reactions were carried out for1®2h with yielded the cqrrespondlng 1,2-diol in O.my. 43% ee.u.pon |solat.|on
0.45 equiv of HO relative to racemic epoxide. Water was added dropwise (entry 18). Given the fact that under similar conditions epoxide
to a solution of catalyst and epoxide at®, and the reaction mixture was  can be recovered iR99% ee (Table 4, entry 1), it appears likely

allowed to warm to room temperature and stir for the indicated time. . . L .
b Catalyst loading based on racemic epoxitie those cases where solvent  that the diol is undergoing racemization during the HKR by a

was included, 1:1 (v/v) ratio was used relative to racemic epofitsalated transesterification pathway. The HKR of the Boc protected

yield of diol based on racemic material (theoretical maximem5%)* A 3-amino-1,2-epoxypropane (entry 20) afforded the diol in 36%
1.5 equiv amount of kD used relative to racemic epoxide. The theoretical . Id and onl o hi icul b b
yield in this dynamic kinetic resolution reaction is 100%A 0.4 equiv yield and only 78% ee. 'T IS part}CU ar substrate appears tP e
amount of HO used relative to racemic epoxideThe substrate wars,L- one of the poorest for this resolution process of those examined.
butadiene diepoxidé.A 5 h reaction time. (IV) Determination of k. Values. Because the ee’s of

) i ) . starting material and product change as a function of conversion,
and the mixture filtered to break up the emulsion. The organic it js often most useful to characterize kinetic resolution reactions
layer was separated and extracted further witl®@Hand the i terms of the ee obtained but rather in terms of the relative
combined aqueous extracts were concentrated to yield PUreraaction rates of the two enantiomeric substrales £ ks/
1-chloro-2,3-propanediol with no deterioration of ee. The HKR ksow). Assuming a first-order kinetic dependence on these
of epifluorohydrin ‘and trifluoropropylene oxide proceeded g psirated the relationship between the conversionof the
effectively to yield the corresponding diols in 97% ee (38% (gaction and the ee of the of the unreacted substrate and of the
yield) and>99% ee (42% yield), respectively. product formed is straightforward and depicted graphically in

In cases where 1,2-diol of very high enantiomeric excess is Figures 1 and 2, respectively. The practical matter of determin-
required, it is a straightforward matter to effect a “double ing accuratek. values is clearly dependent on accurate
resolution” wherein highly enantioenriched epoxide is obtained
by methods outlined in part Il and then subjected to a second (3% £or 2 feview, see: Hovori, R Tokunaga, M. Kitamura, Bl Chem.
HKR with the opposite enantiomer of catalyst. This approach (37) The HKR of glycidol itself provided resolved epoxide in lowZ0%) yield
is illustrated in Scheme 3 in the context of the preparation of as a result of the participation of undesired oligomerization pathways. It is

) interesting to note, however, that epoxide ring opening has not been
1-chloro-2,3-propanediol of 99% ee. observed in any cases with the 1,2-diol products of the HKR.
. . . . . (38) Different ee vs conversion curves are obtained in kinetic resolutions with
The HKR of epibromohydrin proved particularly interesting. kinetic dependencies on substrate other theBee: Luukas, T. O.; Girard,
B P ; R C.; Fenwick, D. R.; Kagan, H. BJ. Am. Chem. Sod999 121, 9299.
As not_ed in section llb, this yvas the on_Iy substrate examln_ed Johnson, D. W., Jr.; Singleton, D. 4. Am. Chem. S0d999 121 1.
that failed to undergo resolution to provide recovered epoxide 9307.
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measurement of both ee and conversion, and for highly selectiveTable 7. Determination of krel Values in the HKR of Terminal

processes (e.dee > 50) even small errors in these measure- =POXides?
ments can translate to large errors in the calculation of the epoxide conversion® diol
selectivity factor? entry substituent (%) ee (%) Keel®
It became clear with experimentation that highly reproducible che Aliphatic Epoi‘gjes 905 500
measurements of e_et().l%) could be obtained by _capillary 2 (CH2)sCHs 19 99.2 310
GC analysis of epoxide or diol products, but substantially greater 3 (CHp)1:CH3 18 99.5 490
variability was observed in measurements of conversion. ;‘ (CCH;)%CH=CH2 22% %97-“11 4%%
Analysis of Figures 1 and 2 reveals that, in highly selective 6 C_ngn 19 99.6 630
kinetic resolutions, lowest sensitivity to errors in the measure- 7 t-CaHo 16 97.0 79
ment in conversion is attained with evaluation of product at Halogenated Epoxides
low conversions. For consistency, we carried out all measure- 8 CHCI 20 98.7 190
ments by effecting HKR reactions using 0.20 equiv ofOH 19 CHzEf ig 96 1459
relative to racemic epoxide. The conversions were then deter- 12 ggz 18 gg 6 628
mined by measuring the isolated yield of pure 1,2-diol. As a . i N
It, the values for conversianlisted in Table 7 represent Epoxides Bearing Ether and Carbony! Functionality
resut, the P 12 CHOBn 20 97 83
lower limits, as do the values calculated fog. 13 CHO(TBS) 18 99 250
The precision of such higlke values was evaluated by 14 CHOPh 18 98 120
. o . . . 15 CHO(1-naphthyl) 20 99 250
carrying out reproducibility studies on vinylcyclohexane oxide  1g CH.CH,0BN 19 97 82
(entry 6), one of the best substrates for the HKR. It was found 17 oxiranyf 20 98 130
that the yield varied=2% and the ee varied b#0.1% in seven 1& CH,O0COn-CgHy 54 99.4 68
resolutions carried out under identical conditions. These varia- =2 CHCOE 20 98 130
, ) . ' 20 CHNHBoc 18 74 7.8
tions result in calculated values ranging from 490 to 840. 21 COCH; 19 98 120
Thus, while the relative magnitudes of the values in Table 7 22 COCH 18 97 81
provide useful guidelines for evaluation of the HKR, the absolute 23 COCHCH, 18 96 60
magnitudes for the best substrates are certainly lacking precision. Aryl, Vinyl, and Alkynyl Epoxides
. - o 24 GsHs 20 98 130
Nevertheless, the data in Taple 7. highlight one of the pnnupgl 25 4-CIGH, 18 97 81
features of the HKR: all practical issues notwithstanding, this 26 3-ClGH4 17 98 120
reaction is one of the most selective asymmetric catalytic 27 3-(CHO)CeHa 19 98 120
: . . . 28 3-(NQ)CoHa 19 99 280
reactions discovered to date. The observatiokgfvalues in 29 2-CIGHa 18 08 120
excess of 100 for a broad range of substrates is remarkable, 30 CH=CH, 18 98 120
and the extraordinankg > 500) selectivities seen in certain 31 C=C(TBS) 19 99.4 420

cases point to a nearly perfect chiral recognition mechanism ) ) , ) )
aUnless noted otherwise, reactions were carried out with 0.2 equiv of

for particular substrates. HO relative to racemic epoxide. Water was added dropwise to a solution
(V) Catalyst Recycling. The possibility of recycling a catalyst ~ of catalystl-OAc (prepared by method B) and epoxide at@ and the

. . . . reaction mixture was allowed to warm to room temperature and stir for 12
has obvious practical appeal, particularly in cases where theh. Catalyst loadings and solvents were identical to those used in Table 6

catalyst is precious due to cost or limited availability. Catalyst for the same substratesisolated yield of 1,2-diol¢ Calculated using the

1is prepared in bulk from low-cost components, and as a result equgt'?&k{el = l(?[l - %%g efb)]/'”[tlh —dC,(} - %¢)]i fd Thet S,UbS”ai_e was

- g . . . p,L-butadiene diepoxide Because the diol product from this reaction was

it is quite inexpensive relative to most chiral catalysts. On the gjsceptible to racemization, determinatiorkef was made by evaluating
other hand, the HKR employs reactants (racemic epoxide, water,unreacted epoxide using standard preparative conditions and applying the

minimal if any solvent) that impact the cost of the overall €duationke = In[(1 — c)(1 — easw)l/In[(1 — c)(1 + easw)]-
process to an almost negligible extent in many cases, and as ascpeme 5. Catalyst Recycling in the HKR of Propylene Oxide

result the catalyst is a significant contributor to the material (RR)-1 (0.2 mol %) QH
costs. Accordingly, efforts were directed toward identifying N(IZ)/<? + Hy0 _HOAC(0.4mol%) Me/<? * e~ ~OH
practical methods for effecting catalyst recovery and recycling. 0°Ctort, 12h

The HKR reaction of propylene oxide presents an especially ~ '™ 095 equiv cycle 1 49%yield  50% yield
straightforward scenario with respect to catalyst recovery oycle 2 46;% ;ield 50%: ;Z g
because both the epoxide and the diol are relatively volatile 98.5% ee 98% ee
and can be removed by distillation. The solid residue remaining cycle 3 48% yield 50% yield
in the reaction vessel after product separation was found to have 98.5% ee 98% ee

the characteristic red-brick color of the reduced (saleh)Co
complexl1. Reoxidation tdl-OAc with air and AcOH (method
B) led to catalyst with undiminished levels of reactivity and
selectivity (Scheme 5%

A more ambitious test of the recyclability of the HKR catalyst
was undertaken wherein each subsequent cycle was carried out
with a different substrate (Table 8). Starting with 40@o0l of
(RR)-1 (242 mg), six HKR reactions were carried out sequen-
(39) For a lucid analysis of kinetic resolutions with either enantiopure or tl{:llly, with epoxide Iso_lat_ed py vacuum tr_anSfe_r’ and diol isolated
enantioimpure catalysts and of the obstacles to obtaining accurate measure€ither by vacuum distillation or by trituratigh. Recovered
ments ofk., see: Blackmond, D. Gl. Am. Chem. So@001, 123 545. ; ; ;

(40) In the des?:ription of this result in the initial report on the HKR (ref 16a, catalyst was reactivated with air and HOAc as a common
Scheme 2), the absolute stereochemistries of the epoxide and diol products

were accidentally reversed. The stereochemistries indicated here in Scheme(41) Complete experimental details of the recycling experiments are provided
5 are correct. in the Supporting Information Experimental Section.
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Table 8. HKR with Catalyst Recycling?

cat. cat.

epoxide loading® oxidation epoxide
cycle substituent (mol %) method solvent® yield® (%)
1 CH.CI 0.5 A THF 40
2 CHs 0.2 A 44
3 Ph 0.8 A THF 41
4 COMe 2.0 A THF 40
5 CH,OPh 0.5 B THF 43
6 (CH)3sCHs 0.5 B 41

aReactions were carried out with 0.55 equiv ofCHrelative to racemic

Experimental Section

Complete experimental procedures for all substrates are provided
as Supporting Information.

[(R,R)-N,N'-Bis(3,5-ditert-butylsalicylidene)-1,2-cyclohexanedi-
aminato(2—)]cobalt(ll) (( R,R)-1). A solution of cobalt(ll) acetate
tetrahydrate (5.98 g, 24.0 mmol) in MeOH (80 mL was added to a
solution of ligand [R,R-N,N'-bis(3,5-ditert-butylsalicylidene)-1,2-
cyclohexanediaminéj (10.9 g, 20.0 mmol) in CkCl, (80 mL) via
cannula under an atmosphere of With careful exclusion of air. A
brick-red solid began to precipitate before addition was complete. The
sides of the reaction flask were rinsed with MeOH (20 mL), and the

epoxide. Water was added dropwise to a solution of catalyst and epoxide mixture was allowed to stir for 15 min at room temperature and then

at 0°C, and the reaction mixture was allowed to warm to room temperature
with continuous stirring for 1672 h.b Catalyst loading based on racemic
epoxide. The entire batch of catalyst (4@@nol) was used in each
experiment, with the amount of other reagents adjusted accordinigly.

30 min at 0°C. Precipitated solids were isolated by vacuum filtration
and rinsed with cold (0C) MeOH (2 x 75 mL). The red solid was
collected and dried in vacuo to yield RR)-N,N'-bis(3,5-ditert-

those cases where solvent was included, 1:1 (v/v) ratio was used relativebutylsalicylidene)-1,2-cyclohexanediaminate{fcobalt(ll) ((R,R)-1)

to epoxide d Isolated yield of>99% ee epoxide based on racemic material
(theoretical maximun= 50%).

intermediate step. Again, no loss of catalytic activity or
enantioselectivity was observed. At the end of the sixth cycle,
the catalyst was isolated by filtration to yiel® R)-1 in 88%
recovery (212 mg, 35kmol).
Conclusions and Outlook

The extraordinarily high levels of selectivity observed in the

(11.6 g, 19.2 mmol, 96%).

Representative Procedures for the HKR of Terminal Epoxides.
(a) Method A. (S)-Propylene Oxide.A 100 mL flask equipped with
a stir bar was charged witts(3-1 (242 mg, 40Q:mol, 0.002 equiv).
The catalyst was dissolved in 5 mL of PhMe and treated with AcOH
(240 uL, 4.2 mmol). The solution was allowed to stir at room
temperature open to air for 30 min over which time the color changed
from orange-red to a dark brown. The solution was concentrated in
vacuo to leave a crude brown solid. The resulting catalyst residue was

HKR raise interesting questions about the mechanism of dissolved in propylene oxide (14.0 mL, 11.6 g, 200 mmol) at room

catalysis. While a full investigation will be the topic of an
upcoming, separate paper, it is clear from preliminary kinetic

studies that the reaction follows a second-order dependence ong

catalyst concentratiotf2 This is consistent with observations
made in (salen)Cr-catalyzed reactions of epoxides with &ide

temperature, the reaction flask was cooled f€0and HO (1.98 mL,
110 mmol, 0.55 equiv) was added dropwise over 5 min. The reaction
was allowed to warm to room temperature and stir 14 h at which time
-propylene oxide (5.35 g, 92.1 mmol, 46%) was isolated by
distillation from the reaction mixture at atmospheric pressure and 36
°C. Propylene diol was removed by vacuum distillation (€5 0.25

and suggests a cooperative, bimetallic mechanism for the Torr). The catalyst was recovered by suspension in MeOH and

selectivity-determining epoxide ring-opening evé&htThis
insight has led to the design and development of multimeric
(salen)Co catalysts with dramatically enhanced reactiatyd

in some cases improved enantioselectivity epoxide ring-
opening reaction' These new generation catalysts are interest-
ing both on a fundamental and a practical level with regard to
the future elucidation and development of the HKR and related
reactions. On the other hand, the monomeric catalgssplays
broad effectiveness for the selective hydrolysis of racemic,
terminal epoxides, and it holds special appeal due to its
simplicity and ready availability at low cost. Thus, it is likely
that catalystl will remain the system of choice for HKR
reactions, on a laboratory scale in particular.

The HKR provides a straightforward method for the prepara-
tion of a wide assortment of terminal epoxides in highly
enantioenriched forrf® Given that in many cases there exist
no practical alternatives for accessing the valuable chiral
building blocks, it is hoped that the HKR will have a beneficial
and enabling effect on the field of organic synthesis.

(42) Hansen, K. B.; Leighton, J. L.; Jacobsen, EJNAm. Chem. Sod 996
118 10924.

(43) For other examples of catalytic asymmetric ring opening of epoxides
involving cooperative effects, see: (a) lida, T.; Yamamoto, N.; Matsunaga,
S.; Woo, H.-G.; Shibasaki, MAngew. Chem., Int. Ed. Engl998 37,
2223. (b) McCleland, B. W.; Nugent, W. A.; Finn, M. @G. Org. Chem.
1998 63, 6656.

(44) (a) Polymer-bound catalysts: Annis, D. A.; Jacobsen, B.Mm. Chem.
Soc 1999 121, 4147. (b) Dendrimeric catalysts: Breinbauer, R.; Jacobsen,
E. N. Angew. Chem., Int. EQ200Q 39, 3604. (c) Oligomeric catalysts:
Ready, J. M.; Jacobsen, E. Bl. Am. Chem. So@001, 123 2687.

(45) Thus far, efforts to extend the HKR to other classes of racemic epoxides
have proven unsuccessful, although our efforts continue in this direction.
For kinetic resolution of 2,2-disubstituted epoxides with TMS$#talyzed
by the chromium analogue @f see: Lebel, H.; Jacobsen, E. Tetrahedron
Lett. 1999 40, 7303.

collection by vacuum filtration. The ee of the propylene oxide was
determined to be 99.7% by chiral GC analysis of the 1l-azido-2-
trimethylsiloxypropane derivative obtained by opening the epoxide with
TMSN; (Cyclodex-B, 55°C, isothermal,tg(minor) = 12.29 min,
tr(major) = 12.57 min). f]% —11.6° (neat).

(b) Method B. (R)-1,2-Epoxy-5-hexeneA 100 mL flask equipped
with a stir bar was charged wittR(R-1 (302 mg, 500umol, 0.005
equiv). The catalyst was treated with-)-1,2-epoxy-5-hexene (11.3
mL, 9.81 g, 100 mmol), AcOH (12@L, 2.1 mmol, 0.02 equiv), and
1 mL of THF. The reaction flask was cooled to°G, and HO (1.0
mL, 55 mmol, 0.55 equiv) was added in one portion. The reaction was
allowed to warm to room temperature and stir 16 h at which time the
volatile materials were isolated by vacuum transfer at 0.25 Torr into a
cooled (78 °C) receiving flask. The recovered epoxide was filtered
through a silica plug to remove residual water, and the THF was
removed by rotary evaporation to yielR)¢1,2-epoxy-5-hexene (4.23
g, 43.1 mmol). The diol was distilled under reduced pressure€ (56
0.25 Torr). The catalyst was recovered by suspension in MeOH and
vacuum filtration. The ee of the recovered epoxide was determined to
be 99.5% by chiral GC analysis of the 1-azido-2-trimethylsiloxy-5-
hexene derivative obtained by opening the epoxide with TMSN
(Cyclodex-B, 70°C, isothermaltr(minor) = 38.00 min,tz(major) =
39.06 min). f]*> +9.36° (neat).
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