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Abstract: In this report, we outline a highly enantio- and diastereoselective one-pot method for the efficient
synthesis of synthetically useful acyclic epoxy alcohols and allylic epoxy alcohols. Our method takes
advantage of a highly enantioselective C—C bond-forming reaction to set the initial chirality. The resulting
allylic zinc alkoxide intermediate is then epoxidized in situ using either dioxygen or TBHP in the presence
of a titanium tetraalkoxide. Epoxy alcohols with up to three contiguous stereocenters are formed in one pot
with excellent enantio- and diastereoselectivity. In cases where the zinc alkoxide intermediates contain
two different allylic olefins, the more electron-rich double bond is chemoselectively epoxidized to afford an
allylic epoxy alcohol. This method represents a highly efficient, stereoselective, and chemoselective approach
to the synthesis of a wide range of useful epoxy alcohol and allylic epoxy alcohol products that were
previously difficult to access.

Introduction a stereogenic center at the carbinol carbon from achiral mater-

Enantioenriched epoxy alcohols are among the most versatileials requires that three contiguous stereocenters be gener-
and utile intermediates in asymmetric organic synthesis. Theseated diastereo- and enantioselectively. An alternative ap-
substrates readily undergo regio- and stereoselective ring-Proach is, therefore, required to achieve this challenging
opening reactions with a wide array of nucleophiles. As a result, 90al. This transformation is currently performed in a two-step
they have been employed frequently in the synthesis of natural Process involving synthesis, isolation, and purification of the
and non-natural products Much interest has been Shown enantioenriched a"yllC alCOhOl followed by a directed ep0XI-
therefore, in developing regio- and stereoselective synthetic dation?
methods for this class of compounts. A widely used method for the synthesis of enantioenriched

Currently, the asymmetric epoxidation introduced by Sharp- epoxy alcohols with three contiguous stereocenters is the
less and Katsuki, is the foremost method for synthesizing epoxy Sharpless kinetic resolution (KR) (eq 2); however, this method
alcohols from prochiral allylic alcohols (eq )7 The Sharp- has significant limitation8-1* As with all kinetic resolutions,

less-Katsuki asymmetric epoxidation employs catalytic titanium
tetraisopropoxide, tartrate ester ligandsA molecular sieves,
and tert-butyl hydroperoxide (TBHP) in the construction of
enantioenriched epoxy alcohols. The ability to efficiently
synthesize these useful chiral building blocks led to new

the isolated yield of the epoxy alcohol product can be no greater
than 50%, and in most cases, it is significantly [Eshis
transformation is performed on a racemic allylic alcohol, and
the resulting enantioenriched starting material and the epoxy
alcohol product must be separated by column chromatography.

synthetic disconnections and, thereby, transformed the ap-To obtain the epoxy alcohol with high ee, the reaction must be
proaches taken to synthesize natural products, making it one ofquenched at low conversion, because the ee of the epoxy alcohol

the most useful reactions in organic synthesis.

5% Ti(O'Pr),,
6% (+)-DIPT,
. 2 equiv TBHP . O
R ) R, (1)
YANon __4AMSs,20°C /)\/OH
"R "R

In contrast to the synthesis of epoxy alcohols from prochiral

allylic alcohols (eq 1), the synthesis of epoxy alcohols containing

(1) Johnson, R. A.; Sharpless, K. B.@atalytic Asymmetric Synthes{3jima,
I., Ed.; VCH: New York, 1993.

(2) Helmchen, G., Hoffmann, R. W., Muler, J., Schaumann, E., Mdshods
of Organic ChemistryThieme: New York, 1995; Vol. E.

(3) Katsuki, T.; Sharpless, K. Bl. Am. Chem. S0d.98Q 102, 5974-5976.

(4) Hanson, R. M.; Sharpless, K. B. Org. Chem1986 51, 1922-1925.

(5) Klunder, J. M; Ko S.Y.; Sharpless, K. B. Org. Chem1986 51, 3710~
3712.

(6) Burns C. J.; Martin, C. A.; Sharpless, K.B.Org. Chem1989 54, 2826-
2834.
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decreases over the course of the R he epoxy alcohol is,
therefore, not usually obtained directly from the Sharpless KR;
rather, the enatioenriched allylic alcohol is first isolatetfter
purification, the allylic alcohol is subjected to a directed

(7) Rossiter, B. E.; Katsuki, T.; Sharpless, K. B. Am. Chem. Socd981,
103 464—465.
(8) Hoveyda, A. H.; Evans, D. A,; Fu, G. ©€hem. Re. 1993 93, 1307
1370.
(9) Gao, Y.; Hanson, R. M.; Klunder, J. M.; Ko, S. Y.; Masamune, H.;
Sharpless, K. BJ. Am. ChemSoc.1987, 109, 5765-5780.
(10) Martin, V. S.; Woodward, S. S.; Katsuki, T.; Yamada, Y.; Ikeda, M.;
Sharpless, K. BJ. Am. ChemSoc.1981, 103 6237-6240.

(11) McKee, B. H.; Kalantar, T. H.; Sharpless, K. B.Org. Chem1991, 56,
6966-6968.

(12) Katsuki, T. InCatalytic Asymmetric Synthesignd ed.; Ojima, I., Ed.;
Wiley-VCH: New York, NY, 2000, pp 287325.

(13) Katsuki, T. InComprehensie Asymmetric Catalysis-lll; Jacobsen, E.
N., Pfaltz, A., Yamamoto, H., Eds.; Springer: Berlin, 1999; Vol. 2, pp
621—-648.
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Scheme 1. Diasteromeric Epoxidation Transition States for the Titanium-Peroxide Catalyst
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Table 1. Diastereomeric Ratios for the Directed Epoxidation of neither theerythro nor the threo diastereomer consistently

; . . ] Pl 14 et
Chiral Secondary Allylic Alcohols with Various Oxidizing Agents predominating (Table 1, entry Ajflg

Differences in diastereoselectivity for a given allylic alcohol
Ti(OPr), VO(acac),  ~pga or allylic alkoxide substrate with different epoxidation methods
t-BuOOH tBuOOH . L . .
can be explained by examination of the degree of allylic strain
in the diastereomeric epoxidation transition states. The dihedral
1:10 1:24 1:19 angle, G=C—C—-0, of the substrate determines the spatial
relationships between the substituents on the olefinRR and
R4 and the substituent at the stereogenic centéj (iR the
transition states (Scheme 1). The two diastereomeric transition
OH states for epoxidation with Ti(®r)/TBHP are shown in
Scheme 1. For that system, the titanium peroxide catalyst binds
to the allylic alkoxide and delivers the oxidant with a dihedral
1:19 241 1:18 angle of 76—90°.115This leads to Ti(@Pr)/TBHP being more
diastereoselective in the case of¥strain (Table 1, entries 1,
2) than in the case of ¥ strain (entry 3).

Epoxy alcohols bearing additional functionality, such as
epoxidation to yield the desired epoxy alcohol. The lack of ajylic epoxy alcohols, are of interest for their increased synthetic
efficient methods for the SynthESiS of this class of €poxy alcohols potential in the construction of natural products. These com-
has prevented their widespread implementation as key inter-pounds contain three different functional groups: an olefin, a

Diastereomeric Ratios (erthyro : threo)

Entry Substrate

N
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o o)
T juny
o

(2]

3
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mediates in organic synthesis. carbinol, and the epoxide. This increased functionality makes
_ them especially useful intermediates, but it also makes their
. (T»:()ODTQ? e rR. R R R synthesis more difficult. As in the case of the epoxy alcohol
7 aAms.leocc_ o © + “C 2 substrates discussed previously, the issues of enantio- and
rac ~\-OH '\LrOH ~OH diastereoselectivity for the generation of three contiguous
: stereocenters must be addressed. In addition, there are chemose-

i = - 0, .- . . . . . . .
éflg 90?59%,3 % lectivity issues involving differentiation of the two allylic double

bonds in the synthesis of allylic epoxy alcohols.

In our intial studies on the synthesis of epoxy alcohols with
three contiguous stereocenters, we generated allylic alkoxides
with substituents on the olefin that led td-Aor A3 strain in

| Vst i binati ith ichi . i one of the diastereomeric transition states. The allylic zinc
metal catalyst in combination with a stoichiometric oxidant. alkoxide was formed via enantioselective addition of an

Good to excellent diastereoselectivities have been achieved Wlthalkylzinc reagent to am,S-unsaturated aldehyde (Scheme 2,

cyclic allylic alcohols using a wide range of oxidizing agents. Route A) or via an asymmetric vinyl addition with a preformed
Acyclic allylic alcohols have proven to be a more synthetically divinylzinc species to a simple aldehyde (Scheme 2, Route B).
challenging class of chiral building blocks, because the increasedSubsequent epoxidation was performed using dioxygen and
conformational freedom permits directed epoxidation to occur catalytic Ti(OPr) to provide the desired product with high
at both diastereotopic faces of the olefin. Substitution on the gnantio- and diastereoselectivi8in the absence of either’&
olefin, such that significant #¢ or A*® strain exists in one of 4 AL3 strain, moderate diastereoselectivities were obtathed.
the diastereomeric transition states, can lead to strong preference

for formation of one diastereomer over the other; however, the (14) adam, w.; Corma, A.; Reddy, T. I.; Renz, M. Org. Chem1997, 62,
degree of selectivity is dictated by the type of oxidant used 15) 1%11;383_7-\/\/% T.Acc. Chem. Red999 32, 703-710

(Table 1). In the case wherelAstrain exists in one of the  (16) Adam, W.; Alsters, P. L.; Newmann, R.; Saha-Moller, C. R.; Sloboda-
diastereomeric transition states, ttteeo diastereomer pre- ., FA*gg’r‘]ﬁ"v\?.-;? %L‘;“a% EJ_-; or. dgh?l'mlzo??:fe r?f,' ﬂf&;\k?z&em” it Ed.
dominates (Table 1, entries 1 and 2). On the other hand, the 1996 35, 880-882. _
major diastereomer is therythroin the case where ¥ strain (1) g4 M5 Acam, Vs aem 4. b e Mo tags. s Chem - X b

is present in one of the diastereomeric transition states (Table(19) Tanaka, S.; Yamamoto, H.; Nozaki, H.; Sharpless, K. B.; Michaelson, R.
C.; Cutting, J. D.J. Am. Chem. S0d 974 96, 5254-5255.

1, entry 3). With trans-disubstituted olefins, there iS no (20) Lurain, A. E.; Maestri, A.; Rowley Kelly, A.: Walsh, P. J. Am. Chem.
significant source of allylic strain in either diastereomeric 1) ngéizr?% 1E2§C1§f§fré3§9%vmsh P. 1. Org. Chem2005 70, 1262-
transition state. This leads to low diastereoselectivities, with 1268. ’ o ' ’

Epoxidation of the isolated enantioenriched secondary allylic
alcohols is generally performed using an organic peracid, such
asmetachloroperbenzoic acidhfCPBA), or with a transition-

J. AM. CHEM. SOC. = VOL. 127, NO. 42, 2005 14669
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Table 2. Results for Synthesis of Epoxy Alcohols with Three Contiguous

Stereocenters (Scheme 2, Routes A and B)
Diastereomeric Ratios (erythro : threo)®

L*y or L*, TOPr),or  L*yor L*;, Ti(OPr), or

L*3, Ti(OPPr)4 and O, Ti(O'Bu), and O, Ti(O'Bu), and TBHP
entry aldehyde epoxy alcohol® % ee® (%y) [dr] %ee (%y)  [dr] %eel (%y)  [dn]
Scheme 2, Route A: Alkylzinc additions to enals

o OH
1 %H chi\/ 93(60)  [17:1] 9189  [20:1] 93(65f  [20:1]
o OH
2 ph/\ﬁkH ph/é}l)\/ 96 (65)°  [18:1] 92 (90)¢ [20: 1] 96 (79  [20:1]
o o OH
3 Q)k,_‘ 9 ©0f [0:1]| SN  [20:1] | 9962 [10:1]
Ph O Ph  OH f g f
4 91 (96)  [1:10] 96 (60) [1:10] 91 (60) [1:10]
A v
o
5 M 95(96)"  [1:20] 95 (93)¢ [1:20] 95(98)  [1:20]
0o
6 Q)k 97 62  [15:1] 97 (85)¢ [20:1] 97 (74  [7:1]
0 f . d . f .
7 M 96 (81  [1:20] 96 (86) [1:20] 96 (83) [1:20]
X
0o
8 y Y o Sgs 86)  [20:1] 94 (80)¢ [20:1] 98 (85f  [20:1]
[j ) 7 (CH,)sOTBDP
0o o O
9 @)kH 99 (78)° [20:1] 99 (89)°  [19:1]
Ph O Ph OH
10 85 (89)° [1:10] 85(65)° [1:10]
MH H“‘O
o} OH
1 L /E)\ 9%(60°  [1:18] | 96(2° [1:18]
H
0
Scheme 2, 'ﬁ'o'dt;'é"V.a;iz'.a&’&&a&.’&ﬁ;‘:a’éua'eh’;&és' """"" T
12/(>)k /©)>/‘ 96 (82) [16:1] 94 (89)¢ [16:1] 96 (90)  [20:1]
13 O)L O/'\J\ 0 (75)  [1:19)] 97 (90)¢ [1:20] 90 (80  [1:20]

aStereochemistry indicated corresponds to that of the major diastereomer. “Determined by chiral HPLC or GC analysis.
°Determined by 'H NMR analysis. “Ligand L*; was used. °Ligand L*, was used. ‘Ligand L;* was used.

Scheme 2. Two Routes in Our One-Pot Asymmetric Approach to
the Synthesis of Epoxy Alcohols.

Route A
o) 4 mol % MIB
R2 hoor Ti(OPr) /L'y or L',
| ZnR',, 0°C
R4 TR3
OzZnR' 7 . OH
R2 > i)Oyor TBHP R2 = -
Route B 1 ¥
: [ Tomorn, <2
R i, RY R @mo%) R
e R'CHO, 4 mol % MIB iii) HO
R3 /2 or Ti(OPr), /L' or L’y
NHSO,Tol NHSO,CF3 Jj
“NHSO,Tol “NHSO,CF3 (-)MIB

Since our previous investigations, we have sought to expand
the versatility of our one-pot approach for the synthesis of epoxy
alcohols with three contiguous stereocenters from prochiral
starting materials. We now demonstrate that this method is
applicable to the synthesis of densely functionalized allylic

epoxy alcohols with high enantio-, diastereo-, and chemoselec-

14670 J. AM. CHEM. SOC. = VOL. 127, NO. 42, 2005

Scheme 3. Two Routes in Our One-Pot Asymmetrc Approach to
the Synthesis of Allylic Epoxy Alcohols.

Route C
i) Et,BH, HC=CR'
ii) 4 mol % MIB
ZnEty, 10 °C
) o Route D OZnRRS 7 OH R®
R H Rs R2 * g i) O, R2 % \
| — R’ s . : o ¥ R
RY RS Zn RIORS R ii) Ti(O'Pr),4 R <R3 RS
RE /o (20 mol %)
4 mol % MIB iii) H,O
ZnEt2,5°c He

tivity (Scheme 3). Additionally, we outline a procedure whereby

TBHP can be substituted for dioxygen in the diastereoselective
epoxidation step. This new protocol for the tandem addition/
diastereoselective epoxidation allows greater control in the
oxidation step and is more amenable to scale-up.

Results and Discussion

In the present study, we describe highly enantio- and
diastereoselective methods to synthesize acyclic epoxy alcohols
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and allylic epoxy alcohols with three contiguous stereocenters Scheme 4. Proposed Formation of Zinc Peroxide Species.
from prochiral starting materials in good to excellent yields e+ O . Ot

(Table 2). This one-pot two-step protocol begins with a highly 2 :

enantioselective €C bond-forming reaction to install the initial

chiral center of the allylic alkoxide (Schemes 2 and 3). In the o _H
second step, the resulting allylic alkoxide is then diastereose- ZnEL,  * o #BuT O

lectively epoxidized in situ in the presence of a zinc peroxide
species and a titanium tetra-alkoxide.

Our approach employs several different methods for the first
step in our one-pot procedure, the synthesis of the allylic
alkoxide intermediate (Scheme 2, Routes A and B). The first
of these is alkyl addition to enals promoted by one of three
different ligand systems: two different bis(sulfonamide) ligands
(Scheme 2, Route A, L* and L*) and Nugent's {)-MIB

O« .. ZnEt
t-Bu” O + CH3CHj

tetraalkoxide. The first route to generation of the zinc peroxide
species is by insertion of dioxygen into a zinc-alkyl bond
(Scheme 4°-3° We have previously demonstrated that this zinc
peroxide, in the presence of Ti@), or Ti(OBu)s will
epoxidize the allylic alkoxide intermediat&?1-4%Intramolecular
oxygen atom transfer from the peroxide to the allylic alkoxide
and hydrolysis of the reaction mixture, affords the epoxy alcohol

0 ) A ; :
(L* 3).22 To demonstrate the ability of different catalyst systems prOdUCt."l Due to the p.ractlcal Q|ﬁlcult|es assoqateql with
controlling the rate of delivery of dioxygen to reaction mixtures

to facilitate the initial G-C bond-forming reaction, various alky! - ) . :
. - . containing dialkylzinc reagents, an alternative route to the
zincs were added to aldehydes asymmetrically in the presence

of either MIB (Table 2, column 1) or one of 2 bis(sulfonamide) formatlon_ of a Zinc perQX|_de was e_xplored. .TBHP S a
ligands (Table 2, column 2§-26 Both catalyst systems have commercially available stoichiometric oxidant that is commonly
previously been shown to exibit good enantioselectivities and used in lthe transition-metal catalyzed epoxidations of allylic
yields for diethylzinc additions to aldehyd&s?’ The reaction alcohols- In our system, TBHP.WOU|d protonate an ethyl group
times decreased from over 24 h for the amino alcohol ligand, on the organozinc reagent to yield ethane and an alkyltewtc

MIB, to unde 2 h with the bis(sulfonamide) ligands, Land butyl peroxide species (Scheme 4).

L*,. Both of the catalyst systems promoted the reaction with a d\(,j\gtri]c?rrl]/ d'i\glse'zexielljescig/eaz :?x? dg?i(a)lrr:d,a I(r:]attzle ti?sgrr::;ttngf
enantioselectivities- 90%. (Table 2, entries-18). P ’ y

. . ) . titanium tetraisopropoxide was added (20 mol %) after the
It is known that the rate of dimethylzinc addition to enals prop ( )

ith MIB and related ami lcohol liaands is slow: theref generation of the zinc peroxide species—&0 °C. In the case
Wi and refated amino aicohol igands IS siow, terelore, - ¢ v titanium bis(sulfonamide)-based catalysts, the reaction
we were unable to achieve satisfactory yields of the methyl

. mixture was simply cooled to-20 °C and exposed to the
addition products, even after 2 days at room temperadtrae . Py P
bi i ide) ligand d Ti(OB loved | oxidant, TBHP or dioxygen.
trll_s(su otr_lamlbe) |ganthLz‘an i i( l:)‘l‘ wte_rekemp otye in i The results of the asymmetric addition/diastereoselective
d.ls rfﬁﬁ on, Zgiyse te rtladsuhlr(ljg ca a'ltzsh'lsh TOWT ofpromo eepoxidation are shown in Table 2. Entries1I1 have been
t.'mel %.Zl.nci b: |02ns (z.a ;ﬁ/ 23529\:\" '9 (;zye S otenan- synthesized via dialkylzinc additions to enals. The remaining
Alfosele; 'Vlft}l’_( adeL*,er;rie; )_' f_P_ Oclér reaction Styls e(rjn, entries were generated from vinylzinc addition to simple

mol o ot lgand L2 and 1.2 quIv o i( . Ua were utilize aldehydes. For the most part, the diastereoselectivities and yields

to successfully promote the addition of dimethylzinc to enals.

) . Y . are similar, regardless of whether the epoxidation step is carried
Another route to generation of allylic alkoxide intermediates ) ¢ in the presence of dioxygen or TBHP. (Compare columns

is via synthesis and isolation of a divinylzinc species and 1 gnd 2 of Table 2 with column 3.) The yields tended to be
subsequent addition to a simple aldehyde (Scheme 2, Route B)g|ightly higher in the reactions with TBHP, as the crude epoxy

The trisubstituted, tetrasubstituted comethyl vinylzinc species  51conols generated were cleaner. The stereochemistry of the

are .aII. generated by exposing thg corresponding v!nyl bromide product in entry 4 was confirmed by X-ray crystallograghy.

to lithium metal and zinc bromide. After sonication of the o+ system is unique in that it demonstrates high levels of
reaction mixture in diethyl ether at @C under an argon giastereoselectivity in the epoxidation step for substrates that
atmosphere, the substituted divinylzinc is isolated and purified oy hibit either A2 or AL3 strain in one of their diastereomeric
by sublimation. Vinyl additions to aldehydes in the presence yngition states. Other known substrate-directed epoxidation
of MIB or the titanium bis(sulfonamide) catalyst Ltypically methods tend to show high diastereoselectivity for one type of
lead to allylic alcohols with ee’s-90% (Table 2, entries 12 ¢ pstrate. but not the other. as illustrated in Tablé We

and 13). suspect that our titanium allylic alkoxide/zinc peroxide species

The second step of our one-pot approach consists of a diasteras a different set of diastereomeric transition states from the
eoselective epoxidation of the allylic zinc alkoxide intermediate

in the presence of a zinc peroxide species and a titanium (30) Seyferth, D.Organometallics2001, 20, 2940-2955.
(31) Porter, M. J.; Skidmore, Lhem. Commur200Q 1215-1225.
(32) Lewinski, J.; Ochal, Z.; Bojarski, E.; Tratkiewicz, E.; Justyniak, I.;

(22) Nugent, W. A.Chem. Commuril999 1369-1370. Lipkowski, J.Angew. Chem., Int. E2003 42, 4643-4646.

(23) Pritchett, S.; Woodmansee, D. H.; Gantzel, P.; Walsh, P.Am. Chem. (33) Lewinski, J.; Marciniak, W.; Lipkowski, J.; Justyniak J.. Am. Chem. Soc.
S0c.1998 120, 6423-6424. 2003 125, 12698-12699.

(24) Takahashi, H.; Kawakita, T.; Ohno, M.; Yoshioka, M.; Kobayashi, S. (34) Enders, D.; Ahu, J.; Raabe, @ngew. Chem., Int. Ed. Engl996 35,
Tetrahedron1992 48, 5691-5700. 1725-1728.

(25) Takahashi, H.; Kawakita, T.; Yoshioka, M.; Kobayashi, S.; Ohno, M. (35) Enders, D.; Kramps, L.; Zhu, Jetrahedron: Asymmet3Q98§ 9, 3959~
Tetrahedron Lett1989 30, 7095-7098. 3962.

(26) Prichett, S.; Woodmanee, D.; Davis, T.; Walsh, PTetrahedron Lett. (36) Yu, H.-B.; Zheng, X.-F.; Lin, Z.-M.; Hu, Q.-S.; Huang, W.-S.; Pu,J..
1998 39, 5941-5942. Org. Chem.1999 64, 8149-8155.

(27) Pu, L.; Yu, H.-B.Chem. Re. 2001, 101, 757—824. (37) van der Deen, H.; Kellogg, R. M.; Feringa, B.Qrg. Lett.200Q 2, 1593—

(28) Kitamura, M.; Okada, S.; Suga, S.; Noyori, R.Am. Chem. Sod.989 1595.
111, 4028-4036. (38) Yamamoto, K.; Yamamoto, NChem. Lett1989 1149-1152.

(29) Nowotny, S.; Vettel, S.; Knochel, Hetrahedron Lett1994 35, 4539- (39) Enders, D.; Zhu, J. Q.; Kramps, Liebigs Ann. Cheni997 1101-1113.
4540. (40) Jeon, S.-J.; Walsh, P.J.Am. Chem. So2003 125 9544-9545.
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Scheme 5. Determination of the Predominant Steric Interaction in the Epoxidation Transition State for Our One-Pot Approach.

; H
ZnEt,, 0°C OZnEt ) 02, 0°C 0¢
)ﬁ%Zn 4 mol % (-)}MIB A ii) Ti(O'Pr), :
Cl
Cl

82% yield
92% ee
Diastereomeric Ratios (erythro : threo)®

One-Pot  Ti(OPPr); VO(acac),
Method  TBHP  TBHP

mCBPA

1:3 1:5b 2:1b 1:10°
adr determined by "H NMR analysis.
bepoxidaton performed on isolated allylic alcohol.

Table 3. Results for Allylic Epoxy Alcohol Synthesis Using in Situ Generated Vinylzinc Reagents
OH

0

A OzZnEt

I) EtzBH R2 i 2

i) 4 mol % MIB | RAA g1 102 R A Rt
— ZnEtz,-10°C{Eth\/\R1 | - o]

RY RS RE7RE iyTI(OPr), R4 RS
(20 mol %)
(erythro : threo)®
entry allylic epoxy alcohol % ee(% y) [dr]
0 OH
1 A . 99%(78) [20: 1]
OH
2 M 98%(76) [1:20]
oo
A~
3 973(87) [20: 1]
0 OH
4 NS 999(78) [20: 1]
0 OH/
s O)\MOTr 925(60) [20: 1]
OH
~ Pz
6 P &) 90" (80) [20: 1]

aDetermined by chiral GC anaylsis. “Determined by chiral HPLC anaylsis.
°Determined by 'H NMR analysis.

more well-known Ti(CPr)/TBHP system, and we are currently VO(acac) TBHP, and themCPBA systems. Epoxidation sys-
exploring this matter. To probe which type of allylic strain'(A tems in which the dominant transition state steric interaction is
or Al3) has a greater impact on our system in the epoxidation Al3 strain generate théareo diastereomer as the predominant
transition state, a tetrasubstituted divinylzinc reagent was product (Scheme 5). On the basis of the known diastereoselec-
prepared and added to 4-chlorobenzaldehyde (Scheme S5)iivity patterns of these epoxidizing agents, the major diastereo-
EpOXidation of the a”y“C alkoxide intermediate leads té’ZA mer in the One_pot reaction shown in Scheme 5 was assigned
strain in one diastereomeric transition states, aké grain in as thethreo diastereomer. We concluded, therefore, that the
the other. predominant steric interaction in the transition state for our one-
The in situ asymmetric addition/diastereoselective epoxidation pot Ti(OPr)/O./ZnEt epoxidation system is ¥ strain.
reacn_on yielded a 3:1 dr (Scheme 5). To assign th_e s_tereo- Seeking to expand the utility of our chemistry, we developed
fﬁ:gf:g, we dperf_orr;ed éhe”olll_ast:erer? slele_crf“_ll_? ep(?r);c'i_'a;mn of a one-pot approach for the synthesis of allylic epoxy alcohols.
ponding isolated allylic alcohol with TIED)/ ’ The first step in our synthesis of these densely functionalized

(41) Lurain, A. E.; Maestri, A.; Rowley Kelly, A.; Carroll, P. J.; Walsh, PJJ. compounds is the generation ofa bis(allylic alkOXide) interme-
Am. Chem. So004 126, 13608-13609. diate. We have utilized two methods to generate these inter-
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Table 4. Results of Allylic Epoxy Alcohol Synthesis Using Isolated, Purified Divinyl Zinc Reagents

6 6
, 9 RS 4mol% (-}mB[ E1Zn0 R bo , MR
RS o RS
3 " R6 3 4 ii) Ti(O'Pr)4
R "R 2 R® R @omol%) R R
lerythro : threo)®
entry allylic epoxy alcohol % ee (% y) [dr]
0 OH
S =
1 96 (61) [20:1]
0 OH
2 957 (90) [20: 1]
OH
3 /)P/'\( 912 (91) [1:20]
© OH
4 H Z 967 (76) [20:1]
5 874 (92) [1:5]
6 867 (90) [4:1
7 95 (80) [20:1]

OTBDPS

aDetermined by chiral GC anaylsis. ?Determined by chiral HPLC anaylsis.
°Determined by 'H NMR analysis.

mediates, the first of which is the in situ generation of the lectivites (87% and 86%) and with a 5:1 or a 4:1 dr's. This is
vinylzinc species using the hydroboration/transmetalation pro- most likely due to the small size of the alkyne, which does not
tocol of Oppolzef#243When a trans-disubstituted vinylzinc  impart significant A2 or A3 strain in the disfavored transition

reagent, generated in situ from a terminal alkyne, is added to state. Overall, this synthetic route to allylic epoxy alcohols is
an enal with substitution at the’Rr R® position, it generates  gxtremely efficient and selective.

a bis(allylic alkoxide) intermediate with two differently substi-
tuted olefins (Scheme 3, Route C). We found that our epoxi-
dation system is highly chemoselective, leading to epoxidation

Conclusions

at the more electron-rich double bond. The allylic epoxy alcohols
were produced, therefore, in high yield, and with high enantio-
and diastereoselectivities (Table 3).

We have developed a convenient one-pot method for the
synthesis of epoxy alcohols and allylic epoxy alcohols. The
versatility of this method has been demonstrated by a compari-

di Thel §econd routt? mvolvesl add|.t|02 ?]f an |§olgtedt, pg“fT'f]‘,’ son of different catalyst systems (Table 2). All methods shown
vinylzinc reagent 1o an ena, as In scneme 3, Route . ThIS 3.4 ye initial asymmetric €C bond formation followed by

leads to an intermediate with two differently substituted olefins, .

either of which can be diastereoselectively epoxidized, as theym S_'tu d|ast§reosglect|ve epOX|dat!on. The oxidation can_ be
both have substituents on the olefin that lead f? Ar A3 achieved using either TBHP or dioxygen and an alkylzinc

strain in one of the diastereomeric transition states. In thesereagent to generate the active oxidant. Both protocols lead to

reactions, it was found that cyclic olefins were chemoselectively the synthesis of epoxy alcohols in high yields and with high
epoxidized over di- or trisubstituted double bonds (Table 4, enantio- and diastereoselectivities. We believe that the use of
entries 1, 2, and 4). In Table 4, entry 7, the cis double bond our new protocol employing TBHP will facilitate implementa-
was not epoxidized due to deactivation of the double bond by tion of this chemistry on large scale. Our method for the
the electron withdrawing silyl ether. These synthetically chal- synthesis of epoxy alcohols offers several advantanges over
lenging allylic epoxy alcohols were synthesized in high yields existing methods. First, it circumvents the need to prepare and
and with high enantio- and diastereoselectivities (Table 4, entriesisolate the allylic or bis(allylic) alcohol intermediates, which
1-4, 7). In the case of vinyl additions to ynals, the epoxy can be susceptible to decomposition via highly delocalized
alcohol products were generated with slightly lower enantiose- carbocations. Second, different stoichiometric oxidants may be

(42) Oppolzer, W.; Radinov, R. NHelv. Chim. Actal992 75, 170-173.
(43) Lurain, A. E.; Walsh, P. JI. Am. Chem. So003 125 10677-10683.

utilized. Third, the enantio- and diastereoselectivities are high
for a wide range of substrates. Last, the initiat C bond-
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forming step can be catalyzed by literally hundreds of catalysts, Maestri for his help in synthesizing vinyl zinc reagents. We
although here we have employed only thfé&Ve expect these  are also grateful to Akzo Nobel for the gift of alkyl zinc reagents.

epoxy alcohols to find widespread utility in asymmetric  gypporting Information Available: Experimental procedures,
synthesis of natural and nonnatural products. synthesis and full characterization of all compounds and
conditions for the resolution of racemates (PDF). This material
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