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Abstract: Optically active allylic alcohols can be prepared via rearrangement of epoxides using chiral lithium
amides, but other than for a small subset&fseepoxides, insufficient reactivity and enantioselectivity hamper

the existing methods. Furthermore, the chiral reagents are often required in large excess. This study presents
a general and highly enantioselective process that, in addition, is based on catalytic amounts (5 mol %) of
enantiopure ($,3R,4R)-3-(1-pyrrolidinyl)methyl-2-azabicyclo[2.2.1]heptane and lithium diisopropylamide as
the stoichiometric base. The influence of structural modification of the catalyst is studied in terms of activity,
enantioselectivity, and aggregation behavior. The utility of the process is demonstrated by its application to a
variety of epoxide derivatives>(94% ee for 11 out of 14 examples), including the formal syntheses of, e.g.,

a prostaglandin core unit, epibatidine, carbovir, faranal, and lasiol. The system is readily extended to the
resolution of racemic epoxides, which allows access to highly enantioenriched epoxides or allylic alcohols,
even at conversions near 50%.

Introduction Ha Hg Ha Hs Ha Hs
H Li

Allylic alcohols are versatile intermediates for organic RB%D“ oclithiation Rﬁj?o — Rﬁj\"
synthesis, but multistep sequences are often required for their R “Hg R” “Hg r7[loLi
preparation. The lithium amide-mediated rearrangement of “
epoxides into allylic alcohols is an attractive approach, which B-elimination ~CH
has been thoroughly investigated due to its synthetic potential insertions
and its interesting mechanistic featuteEhe isomerization is
known to occur vian- or syn-lithiation pathways of which H/j R/\l RO eansanr

p!

the latter is more desirable because it leads exclusively to allylic R’ OLi r” oL RZ OLi

alkoxides. In contrastp-metalation may produce saturated Figyre 1. Mechanistic pathways for the isomerization of epoxides.
alkoxides, enolates, or allylic alkoxides (Figure 1). Many

synthetically useful systems have been developed, although the
regioselectivity of the lithiation depends on the choice of base, FSCDO R: """ o
solvent, and substrate. R Riwen

Asymmetric versions of the epoxide rearrangement have been .
; : R=TBSO; R'=H R = TBSO, H, or CHg; R' = H

known for many year$,and this topic has been separately R = HOCHg; R' = H, Me, or Bu" R= H: R' = TBSO
rev!ewed‘} The beSt fes%"ts I_'lavt_e been obt"fl'ned using bas’eSFigure 2. Epoxides suitable for asymmetric epoxide rearrangement.
derived from optically active diamines containing one secondary
and one tertiary amine, and particularly lithium 2-(1-pyrrolidi- (i) Only two types ofmeseepoxide have been rearranged
nyl)ethyl(alkyl)amides.Enantioselective epoxide isomerization  into allylic alcohols of enantiopurity exceeding 90% ee (Figure
has been successfully applied to the synthesis of a number of2) 4-6
natural producté2 and recent findings in the area include, for (ii) None of the most frequently used lithium amides have
example, development of catalytic systetm&and improved reached>90% ee for more than one substrafe.
diamine synthese®." However, the process needs to be .
improved in terms of enantioselectivity, generality, and economy, 38(533 E)sfgi?é’. 'V('B)S/‘igz’nﬁ; mnf’s"ﬁigu”0#?']5,?&"";‘8?;;?25%.
before it can be considered as a useful synthetic tool (vide infra): Asymmetry1994 5, 793-796. (c) Tierney, J. P.; Alexakis, A.; Mangeney,
P. Tetrahedron: Asymmetrd997 8, 1019-1222. (d) Asami, M.; Ogawa,

(1) Crandall, J. K.; Apparu, MOrg. React.1983 29, 345-443. M.; Inoue, S.Tetrahedron Lett1999 40, 1563-1564. (e) de Sousa, S. E.;
(2) (a) Morgan, K. M.; Gronert, Sl. Org. Chem200Q 65, 1461-1466. O'Brien, P.; Steffens, H. CTetrahedron Lett1999 40, 8423-8425. (f)
(b) Ranirez, A.; Collum, D. B.J. Am. Chem. Sod999 121, 11114~ O'Brien, P.; Poumellec, PJ. Chem. Soc., Perkin Trans.1898 2435-
11121. (c) Thummel, R. P.; Rickborn, B.Am. Chem. So&97Q 92, 2064 2441. (g) de Sousa, S. E.; O'Brien, P.; Poumelled.Ehem. Soc., Perkin
2067. (d) Hodgson, D. M.; Gibbs, A. Retrahedron Lett1997 38, 8907~ Trans. 11998 1483-1492. (h) Saravanan, P.; Singh, V. Retrahedron
8910. Lett. 1998 39, 167-170. (i) Khan, A. Z.-Q.; de Groot, R. W.; Arvidsson,
(3) Whitesell, J. K.; Felman, S. W.. Org. Chem198Q 45, 755-756. P. I.; Davidsson, OTetrahedron: Asymmetr§998 9, 1223-1229. (j)
(4) For reviews, see: (a) O'Brien, B. Chem. Soc., Perkin Trans. 1 Bhuniya, D.; DattaGupta, A.; Singh, V. K. Org. Chem1996 61, 6108
1998 1439-1457. (b) Asami, MJ. Synth. Org. Chem. Jph996 54, 188— 6113.
199. (c) Hodgson, D. M.; Gibbs, A. R.; Lee, G. Petrahedron1996 52, (6) Dilithiated norephedrine has been successfully applied in the isomer-
14361-14384. (d) Cox, P. J.; Simpkins, N. $etrahedron: Asymmetry ization of syn4-(hydroxymethyl)cyclopentene oxides; see, e.g.: Hodgson,
1991 2, 1-26. D. M.; Gibbs, A. R.Tetrahedron: Asymmetr{996 7, 407—408.
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Figure 3. Proposed model for transition states A and B.

Scheme 1. Catalytic Asymmetric Isomerization of apath A: (i) H (1 atm), Pd/C; (i) LAH (see ref 24 forii); (iii)
meseEpoxides Swern oxidation (85% for —+iii); (iv) pyrrolidine or piperidine,
1.5 mol %) NaBH,CN; (v) H, (1 atm), Pd(OHYC (77-81% for iv—v). Path B:
LDA (1.8 equiv) (vi) Hz (5 atm), Pd/C (see ref 9); (vii) LiOH, then Bg (90% for

DBU (5 equiv) ~OH vi—vii); (viii) EDC, HOB, Et;N, amine (79-94%; 57% for2e); (ix)

0 THF HCI, then LAH (83-96%).? 5g was prepared fronent4.
n n
n=0-3 @NQ up 1o 96% ee and subsequent amide coupling, deprotection, and reduction gave
n diaminesl in satisfactory overall yields.
1 (n=1-2) Diamine Evaluation. To evaluate the diamines in terms of

both enantioselectivity and catalytic activity, reactions of
(iii) Only one example of>90% ee has been achieved for cyclohexene and cyclooctene oxides were monitored at a point
catalytic isomerization (20 mol % chiral amirk&)The stoichio- well before completion, as outlined in Table 1. As points of
metric methods require up to 3 equiv of the chiral base reference65 and 7,5¢1°which have previously been used in
Recently, we reported that cyclimeseepoxides can be  stoichiometric reactions, were included in the study. The results
rearranged with high levels of asymmetric induction by lithium in Table 1 show thafla remains the most powerful catalyst
diisopropylamide (LDA) in the presence of catalytic amounts (entry 1, Table 1), and that LDA alone reacts sluggishly under
(5 mol %) of homochiral 3-aminomethyl-2-azabicyclo[2.2.1]- these conditions (cf. entries 1 and 12, Table 1). Nevertheless,
heptaned (Scheme 1).The present paper describes studies of Li-6 and Li-7 are outcompeted by LDA (entries 8 and 10, Table
relationships between catalyst structure and activity, substrate1), and even when used in stoichiometric amounts, they react

generality, and kinetic resolution of racemic epoxides. very slowly compared to the catalytic system based afcf.
entries 1 with 9 and 11, respectively, Table 1).
Results and Discussion The similar performances exhibited B and1d (entries 3

Because of the relatively limited knowledge about the design and 4, Table 1) suggest that their inferiority comparedaas
of efficient catalysts for the title reaction, we wanted to use an attributable to conformational or steric differences and that the
empirical approach to investigating the relationships between lectronic properties of the pyrrolidine moiety are of minor
reactivity, enantioselectivity, and catalyst structure. The pro- Importance (cf. entries 1 with 3 and 4, respectively, Table 1).
posed model for asymmetric rearrangement of cyclohexenecatalyStS- which contain two |ndepen(J!ent units of chllrallty, are
oxide suggests that enantiodifferentiation is controlled by steric "ormally expected to show one matching and one mismatching
repulsion between the substrate and the tertiary pyrrolidine unit ©@mbination with respect to effectiveness in a given application.
in the lithium amide (Figure 3% Accordingly, our aim was to ~ However, theL-prolinol derivatives 1f,g display a quasi-
identify the influence of changes near the tertiary amine moiety. €nantiomeric behavior (cf. entries 6 and 7, Table 1), which
A set of diamines was chosefig—g, Scheme 2) to represent Makes mechanistic interpretation difficult.

variations of electronic character (aliphatia,b vs anilinic 1c Solvent Studies Epoxide metalation is usually very sensitive
and benzylicld), steric hindrancel), and remote coordination  to the choice of substrate, base, and solvent, and these param-
sites and stereocentrersf,g). eters are known to influence reactivity as well as chemo- and

Our route to diamined (path A, Scheme Z)was found to enantioselectivity:>»11 To optimize our system, cyclohexene
be less general than anticipated, as the reductive amination ofoxide was isomerized using LDA (2 equiv) afid (1 mol %)
aldehyde3 gave low yields with most amines other than at0°C, in the presence of different solvents and a variety of
pyrrolidine and piperidine. Furthermore, hydrogenolytic deben- Lewis basic additives (Table 2).
zylation (step v, Scheme 2) turned out to be sensitive to catalyst Relatively good results were obtained using THF in combina-
poisoning, resulting in incomplete reactions. The desired di- tion with (DBU), DBN, or HMPA (cf. entries 1, 2, and 7, Table
amines were instead prepared by means of a slightly modified
version of the protocol reported by Asami (path B, Schenfe 2). __(9) See: Guijarro, D.; Pinho, P.; Andersson, P.JGOrg. Chem1998

o . . . 63, 2530-2535 and references therein. Enantiomerically igeroutinely
The azaDiels—Alder adduct2, readily accessible in both ;o0 i our laboratories, on scales up to 1 mol.

enantiomeric form8,was converted intiN-Boc amino acid4, (10) (a) Colman, B.; de Sousa, S. E.; O'Brien, P.; Towers, T. D.; Watson,
W. Tetrahedron: Asymmetr{999 10, 4175-4182. (b) Amedjkouh, M.;
(7) Sadergren, M. J.; Andersson, P. G. Am. Chem. Sod 998 120 Ahlberg, P.11th Eur. Symp. Org. Cherduly, 1999
10760-10761. (11) See, e.g.: Nilsson Lill, S. O.; Arvidsson, P. I.; Ahlberg,ARta

(8) Asami, M.Bull. Chem. Soc. Jprl99Q 63, 721-727. Chem. Scandl998 52, 280—-284.
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Table 1. Evaluation of Diamined, 6, and7

5% diaming
e 108 & s o8
0°C (n=1)
n t(n=3) n
n=1o0r3
entry R= diamine n=1 a n=3 a
% ee(%conv.)? % ee(%conv.)
1 NJ 1a 96 (51) 63 (70)
2 N 1b 95 (50) 59 (65)
3 (Nj(j 1c 73 (38) 54 (43)
4 @NtiR D 1d 75 (46) 37 (40)
5 1e 46 (22) 35 (25)
& Meo Li {(~ome 1 84 (24) 43 (22)
70 C?J@ 1g6 79 (32) -40 (24)
8 Me 6 rac.®(3) 14 (16)
99 Mel-L| Me 6 90 (4) 61 (41)
10 Ph/\:,; H 7 rac.®(3) 9 (18)
119 H 7 64 (5) 57 (41)
12 none rac.c(5) rac.913)

aDetermined by GC (Chrompack Chirasil Dex-CB). Conversions
based on epoxide consumption relative to an internal standard.
Conversion is given afte2 h forn = 1 and after 18 h fon = 3. For
n = 1, full conversion was reached within-24 h for entries +7.
For entries 812 andn = 1, 50-70% conversion was observed after
24 h." Prepared fronent4. Negative ee values correspond to excess
of (9-isomersc Nearly racemic £5% ee).dReaction run in the
absence of LDA, using Li6 or Li—7 (2.0 equiv.).

-

Table 2. Solvent and Additive Studies

S

1a (1 mol %)
LDA (2 equiv)

additive (5 equiv)

solvent
0°C, 10h (R-8
entry additive solvent ad%) conv? (%)
1 none THF 44 40
2 DBU° THF 78 92
3 DBN¢ THF 67 81
4 DABCO THF 41 36
5 DMPU THF 44 49
6 TMEDA THF 40 67
7 HMPA THF 69 80
8 Pyridine THF 22 30
9 DMAP THF 18 33
10 1-Melnt THF race <5
11 1,3-dioxane THF 41 72
12 DBU PhH 35 58
13 DBU EtO 38 63
14 DBU 1,4-dioxane 65 70
15 DBU THF 81 85

aSee Table 1° 1,8-Diazabicyclo[5.4.0Jundec-7-enel,5-Diaza-
bicyclo[4.3.0]non-5-ene! 1-Methylimidazole & Nearly racemic £5%
ee).f 10 equiv of DBU was used.
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Figure 4. Nonlinear effects and influence of DBU.

inhibiting the formation of unselective aggregates™@a),.

The influence of aggregates was studied by monitoring the
reaction of cyclohexene oxide (1 equiv) mediated by LDA (2
equiv) andla (20 mol %) of enantiomeric purity ranging from
25 to 100% ee, in THF containing DBU in various concentra-
tions. The results are shown in Figure 4, where the edRpf (
cyclohex-2-en-1-0lg) is plotted versus catalyst ee. At high DBU
concentrations, the relationship between the ee’saoédnd 8

was strictly linear, whereas a pronounced negative nonlinear
correlation was observed at lower DBU loadiffgdddition of
DBU also improves enantioselectivity with an enantiopure
catalyst, which indicates that the cosolvent does, indeed, prevent
the formation of kinetically competent but less enantioselective
aggregates (Lila ), The linear relationship between catalyst
and product ee’s at a sufficient DBU concentration suggests
that the active catalyst is mainly monomeric (or, more likely, a
(Lit1a)-DBU heterodimer). The nonlinear effects observed at
low DBU concentrations and intermediate enantiopuritylaf
could be due to DBU-induced dissociation occurring more
readily for the heterochiraheseaggregates (Lfila ), (Li"-ent-
la’), than for the homochiral dimers. As a result, the ee of the
monomeric catalyst would become lower than that of the total
la(i.e., ee[Li"la] < ee [lalw). Alternatively, these nonlinear
effects could be attributable to the action of one (or several)
mesetype species with superior catalytic activity for the
production of racemi@. For the future development of this
catalytic process, we believe that nonlinear effect studies should
serve as a useful complement to other tools for mechanistic
studiest*

The development of catalysts that are effective in the absence
of cosolvents is clearly important, arice—g were therefore
compared withla at lower loadings of DBU, as outlined in
Table 3. It is again evident that an increased DBU concentration
leads to improved enantioselectivity. Interestingly, a decrease
in the DBU loading is less detrimental for the performance of
1g than for the other catalysts (entry 4, Table 3). Obviously,
Li*1g™ exhibits different aggregation properties than the lithium
amides ofla, 1e and 1f.15 This demonstrates that subtle
differences can largely influence the aggregation properties of
these catalysts and could certainly justify further elaboration

2). The subsequent experiments were carried out in the presencef the diamine structures.

of 5 equiv of DBU (ca. 0.6 M) in THF, although better
enantioselectivity was observed at even higher DBU concentra-
tions (cf. entries 2 and 15, Table 2).

Aggregates and Nonlinear Effectslt has been demonstrated
that enantioselectivity in base-mediated reactions is often
influenced by the aggregation state of the lithium amfd€s.
Lewis basic additives, such as DBU, are believed to act in favor
of a highly enantioselective, monomeric catalyst species, by

(12) Collum, D. B.Acc. Chem. Red.993 26, 227—234.

(13) For a recent review on nonlinear effects in asymmetric synthesis,
see: Girard, C.; Kagan, H. B\ngew. Chem., Int. Ed. Endl998 37, 2922
2959.

(14) See, e.g.: (a) Arvidsson, P. I.; Hilmersson, G.; Ahlberg]. Am.
Chem. Soc.1999 121, 1883-1887. (b) Olsson, R. I.; Ahlberg, P.
Tetrahedron: Asymmetr§999 10, 3991-3998. (c) Nilsson Lill, S. O.;
Arvidsson, P. |.; Ahlberg, PTetrahedron: Asymmetr$999 10, 265—

279.
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Table 3. Effect of DBU Concentration

5% diamine

LDA (2 equiv)

DBU (1 or 10 equiv)
THF, 0 °C, 2h

(R)-8
entry diamine R= diamine :/:a:cz:i\:olz\?.;i olezq(tf/;;?sa
1 N 1a 97 (46) 70 (65)
2 M 1e 49 (20) 26 (22)
3 @LR 1f 85 (20) 24 (26)
4 meo AV {1 o? -79 (31) -64 (38)

aDetermined as indicated in Table PlPrepared fronent4.

Substrate Screening.To test the scope and limitations of
our system, a series of representatimeseepoxide$® were
subjected to LDA (2 equiv)la (5—20 mol %), and DBU (5
equiv) in THF, as outlined in Table 4. Considering that no other
lithium amide has achieved90% ee for more than one
substrate, the general efficiencyXd is remarkable (cf. entries
1-10, Table 4). Moreover, apart from our preliminary report,
catalytic rearrangement has previously only been reported for
the epoxides of cyclohexene, cyclooctene, af)doctene>® ¢

Given the value of cyclopentene oxides as natural product
precursors, it is somewhat unfortunate that their reactivity differs
significantly from that of cyclohexene oxides. For example,
nonsubstituted ananti-substituted derivatives react sluggishly
(entries 1, 2, and 5, Table 4), whereast4-substituted cyclo-

pentene oxides tend to be very reactive (entries 3 and 4, Table

4). Moreover, both categories require larger or even stoichio-
metric amounts ofla in order to yield the corresponding
alcohols with satisfactory ee (entries'8, Table 4). The differ-
ences in reactivity probably derive from conformational and
chelation phenomert.A preference for conformations from
which the desired syf-elimination is unfavorable may explain
the low reactivity exhibited by nonsubstituted arahti-

J. Am. Chem. Soc., Vol. 122, No. 28, 206013

Table 4. Catalytic Asymmetric Rearrangement of Epoxides
catalyst 1a

LDA (2 equiv) H
: \
RH,C CH,R DBU (5 equiv) RH,C CHR
THF

. 1a YO o vialdd  oLaab c

entry  epoxide (mol%)  time (h) % yield® %ee” product
1 20 v/ 24 679 49 (R)-9
2 <>° 120 ry24 789 95  (R)}9
5 0/4 60 67  (R)-10

4 TBS°'<)° 120 0/4 85 95  (R)-10
steso.{_ Do 20 w48 42 95 (A1
6 OO 5 06 91 9%  (R)8
7e "O}o 5 o6 95 94  (RF12
8 :Oo 5 o/ 16 95 97  (R)13

TBSO,,
Oo 5 0/6 60 97 (R)-14
TBSO"

10 O}o 5 06 89 9 (R)-15
11 00 5 0/36 81 78 (R)16
12 C>° 5 03 8 66 (RN17

alsolated.? Determined by GC (Chirasil Dex-CB). Entries 9 and 12
determined forR)-Mosher esterstd and°F NMR). ¢ Assignment by
sign of optical rotationd After benzoylation € Reaction carried out with
a 9:1trangcis mixture of epoxides. Reaction times refer to the times
required for full conversion of each isomer, respectively. Enantiomeric
determination carried out on isomeric mixture. Yield refers to an
inseparable 9:1 mixture df2 and13.

cyclohexene oxide itself, in terms both of asymmetric induction

substituted substrates (cf. entries 1, 2, and 5, respectively, Tableand reaction rates (cf. entries 6 with 7 and 9, respectively, Table
4). It has also been demonstrated that rearrangement of similar4). The singlesynsubstituted cyclohexene oxide included in

epoxides may proceed partly walithiation pathways, in which
enantiodifferentiation is likely to be poor or reversed. In contrast,
it has been suggested that cyclopentene oxides besyimg-
substituents prefer conformations in favor of vicinal elimination,
particularly if thesynrsubstituent can assist in the coordination
of Li*™. Accordingly, the modest ee obtained in the catalytic
production of R)-10 (entry 3, Table 4) may be attributed to a
silyloxy-induced activation, which enables the LDA-mediated

rearrangement to compete with the enantioselective reaction.

Cyclohexene oxides normally undergo clean vicinal elimina-

the present study (entry 8, Table 4) requires a slightly prolonged
reaction time. These observations are simply in line with what
one would expect for a more hindered substrate. The lower ee’s
obtained for cyclooctene and)toctene oxides (entries 11 and
12, Table 4) probably reflect the conformational flexibility of
these substratés.

Application to Racemic Epoxides: Kinetic Resolution.The
base-mediated isomerization applied to kinetic resolution of
racemic epoxides is a potentially very useful process. Some
stoichiometric reactions have been repofetput high levels

tion, and the influence of substituents is less pronounced thanof enantioselectivity are rare and typically accompanied with

that observed for epoxycyclopentarféswWe find that the
reactivity of anti-substituted derivatives resembles that of

(15) It should be noticed that the species in solution have not been
identified for Li*1le™ (entry 2, Table 3). Deprotonation 4 may lead to
the formation of a mixture of diastereomeric lithium amides (i.e., having
the methyl groups oriented eithgynor anti relative to Li) which could, in
principle, exhibit the opposite sense of enantioselectivity.

(16) Some of the allylic alcohols in Table 4 are precursors to natural

low isolated yields €30%). As part of the present study, two
racemic epoxides were investigated with very promising results,
as outlined in Table 5. The allylic alcohols as well as the
recovered epoxides were isolated in good yields and with high
ee’s, even at conversions near 58%dt is noteworthy that
efficient resolution can be realized for acyclic epoxides (entries

(17) The isomerization of cyclooctene oxide is known to produce bicyclo-

products and drugs. (a) Prostaglandin core unit (entries 2 and 3): see ref[3.3.0]Joctan-2-ol under certain conditions (see, e.g., refs 2a and 11,

5j. (b) Carbovir (entry 5), cf.: Asami, M.; Inoue, $etrahedronl 995 51,
11725-11730. (c) Lasiol, cf. Kasai, T.; Watanabe, H,; Mori, Bioorg.
Med. Chem1993 1, 67—70. Faranal (entry 7), cf.: Mori, K.; Murata, N.
Liebigs Ann.1995 2089-2092. (d) Epibatidine (entry 10), cf.: Albertini,
E.; Barco, A.; Benetti, S.; De Risi, C.; Pollini, G. P.; Zanirato, V.
Tetrahedron Lett1997 38, 681-684. A subunit of manzamine A (entry
10), cf.. Kamenecka, T. M.; Overman, L. Eetrahedron Lett1994 35,
4279-4282.

respectively). This pathway appears to be unfavorable with1ki
Treatment of cyclooctene oxide with LD24 in Et,O in the absence of
DBU gave an approximately 8/1 mixture of the allylic/bicyclic alcohols.
The bicyclo[3.3.0]octan-2-ol thus obtained held 23% ee.

(18) Mori, K.; Hazra, B. G.; Pfeiffer, R. J.; Gupta, A. K.; Lindgren, B.
S. Tetrahedron1987, 43, 2249-2254.

(19) For entry 4, a minor product, tentatively assigned aS)-21
methylene-1-cyclohexanol, was isolated in 11% yield (96% ee).
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Table 5. Kinetic Resolution of Racemic Epoxides
1a (5 mol%)

epoxide LDA (2 equiv) :Q-’ . RCHQJ/OH
(rac.) DBU (5equiv) RCHf CH;R' R'CH”
THF, 0 °C

nt epoxide % conv.? epoxide” % ee? alcohol’ % ee?
entry  epoxide % CONV-" (o, vield)  (epoxide) (% yield) (alcohol)

1 48 (S-18(87) 77 (R)-19(73) 88

2 pf Mo, 55 (S-18(89) 94 (R-19(85) 84

3 o 43 (9-20(81) 78 (R)-21(88) 96

4 52 (5-20(63) 87 (R)-21(79) 94

aSee Table 1° Isolated yields, based on maximum recovery of each

product at the given conversion. Reactions were quenched at the

indicated conversion. Configurations based on optical rotation.

1 and 2, Table 5), and that the methodology can also be applie
to the production of tertiary alcohols (entries 3 and 4, Table 5).

Conclusion

A set of easily accessible homochiral diamiriebas been
evaluated in the catalytic asymmetric LDA-mediated isomer-
ization of epoxides to allylic alcohols. A catalytic system based
on la (typically 5 mol %) is superior to known stoichiometric
reagents in terms of asymmetric induction and generati8Ado
ee for 11 out of 14 examples). The system works well for
desymmetrization omeseepoxides as well as for the kinetic
resolution of racemic epoxides.

Experimental Section

General. All reactions were run under argon or nitrogen using oven-
dried glassware (140C for at least 6 h) and magnetic stirring.
Molecular sieves were activated at 28D and 0.5 mTorr for 24 h and

“dé&gren et al.

4: mp 140-144°C; [0]® +175.5 € = 1.0, CHCL,); IR (KBr)
3435, 2922, 1641, and 14684 NMR ¢ 4.15-4.12 (1H, m), 3.84
3.81 (1H, m), 2.952.90 (1H, m), 1.83-1.74 (2H, m), 1.68-1.62 (2H,

m), 1.53-1.36 (2H, m), and 1.49 (9H, s}*C NMR ¢ 196.5, 135.7,
66.9, 57.1, 43.0, 40.2, 38.9, 36.9, 30.1, and 29.5; MSttit)relative
intensity) 242 (M + 1, 6), 186 (16), 140 (100), and 112 (58); HRMS
calcd for GoH1gNO,4 241.1314, found 241.1319.

(1S,3R,4R)-N-tert-Butoxycarbonyl-3-(N-pyrrolidinyl)carbonyl-2-
azabicyclo[2.2.1]heptane (5a)l-Ethyl-3-[3-(dimethylamino)propyl]-
carbodiimide (EDC) (3.90 g, 20.3 mmol), 1-hydroxybenzotriazole
(HOBt) (2.55 g, 18.9 mmol), andl(3.50 g, 14.5 mmol) were dissolved
in CH,Cl, (20 mL) at 0°C. E&N (2.81 mL, 20.3 mmol) was added
dropwise via syringe, and the resulting mixture was stirred for 15 min.
Pyrrolidine (2.50 mL, 29.0 mmol) was then added over a period of
2—3 min. The reaction mixture was warmed to room temperature and
stirred overnight and then diluted with EtOAc (20 mL) and washed
with 10% aqueous citric acid (8 10 mL). The aqueous phases were

dre-extracted with EtOAc (% 15 mL), and the combined organic phases

were washed sequentially with 10% citric acidX2L0 mL), saturated
aqueous NaHC®(10 mL), and brine (10 mL). Then, drying with
MgSOQ,, evaporation, and purification by column chromatography
(silica, pentane/EtOAc 3:1 to 1:3) gada (4.0 g, 94%) as a white
solid.

5a mp 108-110 °C; Rr 0.39 (silica, pentane/EtOAc 1:2)o?%
+42.7 € = 1.0, CHCL); IR (KBr) 2971, 1679, and 1639 cri H
NMR (mixture of rotamers) 4.37 and 4.24 (1H, each s), 3.91 and
3.81 (1H, each s), 3.72.50 (2H, m), 3.473.35 (2H, m), 2.53-2.45
(1H, m), 2.33-2.19 (1H, m), 2.0+1.60 (7H, m), 1.56-1.39 (1H, m)
1.46 and 1.37 (9H, each s), and 1=2418 (1H, m);*3C NMR (mixture
of rotamers)) 168.8, 168.5, 154.2, 152.8, 79.2, 78.9, 63.4, 63.0, 57.0,
55.6, 45.82, 45.80, 41.9, 41.3, 34.7, 34.1, 30.5, 30.3, 28.3, 28.1, 26.16,
26.08, 23.9, and 23.7; GEMS (EI) m/z (relative intensity) 293 (M
— 1, 3), 237 (14), 221 (10), 193 (8), 181 (10), 140 (100), 112 (32),
and 98 (11). Anal. Calcd for fgH2eN>03: C, 65.28; H, 8.90; N, 9.52.
Found: C, 65.56; H, 9.09; N, 9.70.

(1S,3R,4R)-3-(N-Pyrrolidinyl)methyl-2-azabicyclo[2.2.1]-

then stored in a drybox. Methanol was heated at reflux over magnesium"ePtane (1a).The Boc-protected amidga (3.84 g, 13.0 mmol) was
turnings for several hours and then distilled and stored over activated dissolved in anhydrous HCI (4 M in 1,4-dioxane, 65 mmol, 16.3 mL)

3-A molecular sieves under argon. THF was freshly distilled from a
deep-blue solution of sodiurrbenzophenone ketyl under nitrogen. £H
Cl, and amines were distilled from powdered Galider nitrogen just
prior to use. DBU and DMSO were heated with powdered £aH

and heated at reflux until TLC indicated complete consumptiobeof
(ca. 2 h). Volatile material was then removed by evaporation, and the
residue was transferred to a suspension of LAH (1.48 g, 39.0 mmol)
in THF (50 mL) at 0°C. The mixture was then heated at reflux

distilled at reduced pressure, and stored under argon over 3-A molecular®Vernight. The reaction mixture was cooled t¢© and vigorously

sieves. Epoxides and oxalyl chloride were freshly distilled. Flash
chromatography was done using Matrex silica gel 60A—<30 xm)

or Merck ALO; 90 (70-230 mesh) neutral, activity grade 1. Analytical
TLC was carried out utilizing 0.25-mm precoated plates from Macherey-
Nagel SIL G-60 U\, 60-F or Merck AbO; 60 Fxs4type E, and spots
were visualized by the use of UV light and ethanolic phosphomolybdic
acid followed by heating'H and'3C NMR spectra were recorded at
ambient temperature for CD£kolutions at 400 and 100.4 MHz,
respectively (Varian Unity 400). Chemical shifts for protons are reported
using the residual CHEhs internal reference)(7.26). Carbon shifts
are referred to the resonance of CB(@ 77.0). Unless otherwise stated,

stirred during the portionwise addition of a mixture of freshly ground
N&S0,-10 H,O (12.6 g, 39.0 mmol) and Celite 545 (3.2 g). The
resulting thick suspension was further stirred for 30 min and then
filtered. The filter cake was washed with hot THF (100 mL), and the
combined filtrates were concentrated and distilled to dleeas a
colorless oil (2.3 g, 91%)).

la bp (2.5 Torr) 94-96 °C; R 0.18 (ALOs;, CH.Cl/MeOH 9:1);
[0]?% —33.8 € = 4.8, CHCly); IR (neat) 3400 cmt; *H NMR 6 3.42
(1H, s), 2.80 (1H, ddJ = 7.5, 6.8 Hz), 2.532.41 (4H, m), 2.31 (1H,
ddd,J = 11.7, 6.8, 3.9 Hz), 2.22 (1H, ddd,= 11.7, 6.8, 3.9 Hz),
2.22-2.20 (1H, m), 1.751.69 (4H, m), 1.621.54 (3H, m), 1.49

enantiomeric determination was accomplished by analytical GC using 1-43 (1H, m), 1.38'1.26 (2H, m), and 1.15 (1H, di,= 9.8, 1.4 Hz);

a Chirasil Dex-CB column (25 m/0.25 mm i.d.) and (42 psi) as the

3C NMR ¢ 62.8, 60.7, 55.8, 54.5, 40.0, 34.9, 32.4, 28.9, and 23.4;

carrier gas. Infrared spectra were recorded on a Perkin-Elmer 1600 SC~MS (El) m/z (relative intensity) 180 (M, <1), 111 (17), 109 (100),

FT-IR spectrometer. Optical rotations were measured using a Perkin-

95 (23), and 70 (17). Anal. Calcd for;@,0N2: C, 73.28; H, 11.18;

Elmer 241 polarimeter. Mass spectra were recorded using a FinniganN 15:54. Found: C, 73.32; H, 11.17; N, 15.51.

MAT GCQ PLUS system (El; 70 eV).
(1S,3R,4R)-N-tert-Butoxycarbonyl-2-azabicyclo[2.2.1]heptane-3-
carboxylic Acid (4). LiOH (0.33 g, 13.9 mmol) was added to a solution
of (1S3R4R)-2-aza-bicyclo[2.2.1]heptane-3-carboxylic acid ethyl éster
(2.3 g, 12.6 mmol) in THF/ED (4:1, 25 mL), and the mixture was
stirred vigorously at 40C until TLC indicated complete hydrolysis

(ca. 5 min.). The solvent was evaporated in vacuo, and residual water

was azeotropically removed with the aid of toluene and a B&iark
trap. The resulting lithium (@ 3R 4R)-2-azabicyclo[2.2.1]heptane-3-
carboxylaté® was then protected witN-'Boc as described for proliré,
yielding4 (2.9 g, 95%) as a white solid which was used without further
purification.

(1S,3R,4R)-N-tert-Butoxycarbonyl-3-(N-indolinyl)carbonyl-2-
azabicyclo[2.2.1]heptane (5¢)The procedure described f&a was
followed using indoline (0.36 g, 2.94 mmol) add0.70 g, 2.90 mmol)
to give 5¢ (0.43 g, 86%) as a white solid.

5c. mp 200-205°C; Rr 0.55 (silica, pentane/EtOAc 1:2)x[*% +
71.9 € = 1.1, CHCL); IR (KBr) 3151, 2921, 1694, and 1662 cfn
IH NMR (mixture of rotamersy 8.19 (1H, dd,J = 7.9, 5.9 Hz), 7.22
7.13 (2H, m), 7.056.96 (1H, m), 4.45 and 4.30 (1H, each s), 4.04
and 3.91 (1H, each s), 4.4@.00 (2H, m), 3.36-3.15 (2H, m), 2.65

(20) Salergren, M. J.; Andersson, P. Getrahedron Lett1996 37,
7577-7580.
(21) Einhorn, J.; Einhorn, C.; Luche, J.-Bynlett1991 37—38.
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2.60 (1H, m), 2.29-2—21 (1H, m), 1.86-1.62 (3H, m), 1.521.40
(1H, m) 1.46 and 1.33 (9H, each s), and +2418 (1H, m);**C NMR
(mixture of rotamersy 168.3, 168.1, 154.2, 152.6, 143.3, 142.9, 130.6,

J. Am. Chem. Soc., Vol. 122, No. 28, 206015

43.8, 43.2, 42.5, 34.8, 34.1, 30.5, 30.5, 29.9, 29.8, 28.5, 28.5, 21.7,
21.6, 20.5, and 20.5; GEMIS (El) vz (relative intensity) 236 (M,
2), 219 (2), 140 (2), 112 (21), 96 (98), and 68 (100). Anal. Calcd for

130.5, 127.3, 127.1, 124.3, 124.1, 123.5, 123.4, 117.2, 116.8, 79.4,CigH3:N,Oz: C, 67.82; H, 9.59; N, 8.33. Found: C, 67.69; H, 9.69; N,
79.3, 63.9, 63.8, 57.0, 55.6, 47.4, 47.3, 42.0, 41.4, 36.6, 34.0, 30.6,8.18.

30.4, 28.4, 28.2, 28.1, 28.0, 25.5, and 24.8; MS (@l (relative
intensity) 342 (M, 12), 196 (16), 140 (100), 119 (42), 112 (17), and
96 (14). Anal. Calcd for gH26N,05:0.7H,0: C, 67.66; H, 7.78; N,
7.89. Found: C, 67.74; H, 7.45; N, 7.13.

(1S,3R,4R)-3-(N-Indolinyl)methyl-2-azabicyclo[2.2.1]heptane (1c).
The procedure described faa was followed usingc (0.31 g, 0.91
mmol), which gavelc (0.19 g, 96%) as a colorless oil.

1c. R 0.40 (ALOs, CH,Cl/MeOH 9:1); []*% — 23.3 ¢ = 0.9,
CHCl,); IR (neat) 3318, 3047, and 2953 cin*H NMR ¢ 7.10-6.98
(2H, m), 6.63 (1H, dt) = 7.5, 1.1 Hz), 6.45 (1H, td] = 7.5, 0.6 Hz),
3.62-3.48 (1H, m), 3.47%3.45 (1H, m), 3.39 (2H, = 8.4 Hz), 3.03-
2.88 (3H, m), 2.80 (1H, ddj) = 12.8, 5.9 Hz), 2.352.32 (1H, m),
1.70-1.58 (4H, m), and 1.461.36 (2H, m):33C NMR ¢ 152.5, 129.3,

127.0,124.1,117.0,106.1, 59.8, 55.7, 55.3, 53.8, 39.3, 34.2, 32.2, 28.6,

and 28.4; MS (EIyWz (relative intensity) 228 (M, 3), 132 (82), 118
(8), 96 (6), and 68 (16). Anal. Calcd forn,0N2*CSA-H,0: C, 63.00;
H, 7.61; N, 5.88. Found: C, 62.91; H, 7.32; N, 5.53.
(1S,3R,4R)-N-tert-Butoxycarbonyl-3-(N-isoindolinyl)carbonyl-2-
azabicyclo[2.2.1]heptane (5d)The procedure described féa was
followed using amino acidt (0.60 g, 2.48 mmol) and isoindoliffe
(0.33 g, 2.73 mmol), which gaved (0.79 g, 93%) as an off-white
solid.
5d: mp 185-190 °C; R 0.31 (silica, pentane/EtOAc 1:2)o*%
+25.3 ¢ = 1.1, CDC}); IR (KBr) 3155, 2981, 1679, and 1657 cfp
IH NMR (mixture of rotamers) 7.12 and 7.06 (4H, each s), 4.94 and
4.83 (1H, each dJ = 13.3 Hz), 4.76-4.59 (2H, m), 4.66 and 4.52
(1H, each dJ = 16.0 Hz), 4.22 and 4.09 (1H, each s), 3.86 and 3.78
(1H, each s), 2.432.40 (1H, m), 2.19 and 2.13 (1H, eachJd+ 9.8
Hz), 1.65-1.20 (4H, m), 1.28 and 1.17 (9H, each s), and 1.08 and
1.05 (1H, each dJ = 9.8 Hz); ¥3C NMR (mixture of rotamers)

(1S,3R,4R)-3-[N-(cis-2,6-Dimethylpiperidinyl)Jmethyl-2-azabicyclo-
[2.2.1]heptane (1e)The procedure described fbawas followed using
5e(0.23 g, 0.67 mmol), which gavee (0.14 g, 94%).

le R 0.48 (ALOs, CHCl,/MeOH 9:1); []®» —8.8 € = 2.2,
CDCLy); IR (neat) 3185 and 2926 crfy 'H NMR ¢ 3.39-3.37 (1H,
m), 2.78 (1H, ddJ = 8.9, 4.5 Hz), 2.542.44 (2H, m), 2.47 (1H, dd,
J = 14.9, 8.9 Hz), 2.362.34 (1H, m), 2.23 (1H, dd) = 14.9, 4.5
Hz), 1.86 (1H, br s), 1.761.56 (3H, m), 1.56-1.42 (3H, m), 1.36-
1.20 (5H, m), 1.16 (1H, dt) = 10.2, 1.4 Hz), 1.12 (3H, d] = 2.2
Hz), and 1.10 (3H, dJ = 2.2 Hz);3C NMR ¢ 61.0, 58.3, 57.3, 55.4,
54.9, 39.7, 34.3, 33.3, 33.0, 32.6, 29.0, 24.5, 22.1, and 22.6;\6&
(El) m/z (relative intensity) 220 (M — 2, 2), 205 (11), 126 (100), 112
(54), and 96 (16); HRMS calcd for,gH,eN2 222.2096, found 222.2098.

(1S,3R,4R)-N-tert-Butoxycarbonyl-3-[N-((2S)-2-methoxymethyl)-
pyrrolidinylJcarbonyl-2-azabicyclo[2.2.1]heptane (5f). The procedure
described fobawas followed, using amino acil(1.05 g, 4.35 mmol)
and §)-O-methylprolinof® (0.58 g, 5.72 mmol), which gavef (1.5 g,
79%).

5f: R: 0.25 (silica, pentane/EtOAc 1:2)p]? —10.8 € = 1.0,
CDCL); IR (neat) 3566, 2971, 2361, 1697, and 1654 mH NMR
(mixture of rotamersy 4.24-4.22 and 4.134.09 (1H, each m), 4.16
4.05 (1H, m), 3.91, 3.80, 3.76 and 3.69 (1H, each s),-3%80 (2H,
m), 3.35-3.14 (2H, m), 3.24 (1H, s), 3.22 and 3.20 (3H, each s),2.42
2.35 (1H, m), 2.53-2.41 and 2.222.10 (1H, each m), 2.021.69 (4H,
m), 1.671.46 (3H, m), 1.381.13 (1H, m), 1.33 (3H, s), and 1.28
(6H, t,J = 11.6 Hz);*3C NMR (mixture of rotamersp 170.5, 168.8,
154.0, 152.9, 79.0, 75.2, 72.4, 71.8, 63.6, 62.0, 58.7, 58.6, 57.0, 56.8,
55.8, 55.7, 46.5, 46.4, 41.9, 41.3, 34.8, 34.7, 34.04, 33.98, 30.6, 30.3,
28.4, 28.2, 27.9, 27.1, 24.1, and 24.0; €@S (El) m/z (relative
intensity) 338 (M, 3), 196 (11), 140 (100), and 96 (29). Anal. Calcd

168.6, 168.4, 153.7, 152.2, 135.7, 135.6, 135.5, 135.4, 127.3, 127.04 for C1gH30N204-H,O: C, 60.65; H, 9.05; N, 7.86. Found: C, 60.40; H,
126.98, 126.8, 122.3, 122.2, 122.1, 122.0, 78.8, 78.6, 62.5, 62.4, 56.6,8.85; N, 7.72.

55.2, 51.9, 51.8, 51.6, 51.5, 41.5, 41.0, 34.5, 33.7, 30.2, 30.0, 28.0,

27.9, 27.8, and 27.7; MS (EQvz (relative intensity) 342 (M, <1),
242 (54), 140 (100), 118 (79), and 96 (46). Anal. Calcd for
CooH26N20s: C, 70.15; H, 7.65; N, 8.18. Found: C, 69.97; H, 7.76; N,
8.17.

(1S,3R,4R)-3-(N-Isoindolinyl)methyl-2-azabicyclo[2.2.1]heptane
(1d). The procedure described foia was followed, usingd (2.53 g,
7.40 mmol), which gavdd (1.4 g, 83%) as a white solid.

1d: R 0.39 (A|203, CHzclz/MeOH 91), kl 24D —34.0 @ = l.l,
CH.Cl,); IR (KBr) 3413, 3047, and 2958 criy *H NMR ¢ 7.15 (4H,
s), 3.92 (4H, s), 3.41 (1H, s), 2.88 (1HJt= 7.2 Hz), 2.62 (1H, dd,
J =118, 7.2 Hz), 2.48 (1H, dd] = 11.8, 7.2 Hz), 2.322.29 (1H,
m), 1.98 (1H, br s), 1.671.55 (2H, m), 1.541.48 (1H, m), 1.42
1.32 (2H, m), and 1.231.17 (1H, m)23C NMR 6 140.0, 126.4, 122.0,
62.0, 60.5, 59.3, 55.7, 39.6, 34.8, 32.3, and 28.8; MSitit)relative
intensity) 228 (M, 2), 132 (100), 118 (13), 96 (16), and 68 (34). Anal.
Calcd for GsHaoN2: C, 78.90; H, 8.83; N, 12.27. Found: C, 79.21; H,
8.52; N, 12.31.

(1S,3R,4R)-N-tert-Butoxycarbonyl-3-[N-(cis-2,6-dimethylpiperidi-
nyl)]carbonyl-2-azabicyclo[2.2.1]heptane (5e)The procedure de-
scribed forsawas followed, usingt (0.50 g, 2.07 mmol) andis-2,6-
dimethylpiperidine (0.33 mL, 2.48 mmol), which gabeas a gummy
solid (0.4 g, 57%).

5e R 0.44 (silica, pentane/EtOAc 1:2)a]* + 15.0 € = 2.7,
CDCl); IR (KBr) 2970, 1685, and 1625 criy *H NMR (mixture of
rotamers)d 4.83-4.76 and 4.764.63 (1H, each m), 4.384.35 and
4.23-4.20 (1H, each m), 4.043.92 (1H, m), 3.95 and 3.82 (1H, each
S), 2.46-2.35 (1H, m), 2.11 and 1.99 (1H, each dt= 9.5, 2.0 Hz),

(1S,3R,4R)-3-[N-((29)-2-Methoxymethyl)pyrrolidinyllmethyl-2-
azabicyclo[2.2.1]heptane (1f)The procedure described fda was
used to makef (0.58 g, 85%) fronbf (0.76 g, 2.26 mmol).

1f: R 0.39 (A|203, CH2C|2/MGOH 91), E}.]24D —28.4 (C = 26,
CH:CL,); IR (neat) 3360, 2922, and 2856 cin*H NMR 4 5.30 (1H,
br s), 3.39-3.34 (1H, m), 3.30 (3H, s), 3.21 (1H, di,= 11.5, 3.9
Hz), 3.173.10 (1H, m), 2.842.73 (1H, m), 2.59-2.49 (2H, m), 2.27
(1H, dt,J=11.5, 5.2), 2.26:2.12 (1H, m), 2.12-2.10 (1H, m), 1.8%
1.77 (1H, m), 1.721.62 (3H, m), 1.58-1.46 (3H, m), 1.421.20 (3H,
m), and 1.18-1.13 (1H, m);**C NMR ¢ 76.9, 63.4, 61.4, 60.9, 58.9,
55.7, 54.8, 40.0, 35.2, 31.7, 28.6, 28.3, and 23.2;:-®GIS (El) m/z
(relative intensity) 225 (M + 1, 5), 209 (3), 193 (3), 179 (9), 128
(75), 110 (21), 96 (22), and 84 (100); HRMS calcd fogsH4NO
224.1889, found 224.1892.

(1R,3S,4S)-N-tert-Butoxycarbonyl-3-[N-((2S)-2-methoxymethyl)-
pyrrolidinyl]carbonyl-2-azabicyclo[2.2.1]heptane (5g).The procedure
described forsa was followed, usingent4 (0.50 g, 2.07 mmol) and
(9-O-methylprolinof® (0.28 g, 2.75 mmol), which gave amigég (0.37
g, 75%).

5g R 0.25 (silica, pentane/EtOAc 1:2)p]?% —70.3 € = 1.4,
CDCl); IR (neat) 2975, 1738, and 1653 cin*H NMR (mixture of
rotamers)) 4.36-4.34 and 4.234.21 (1H, each m), 4.344.23 (1H,
m), 3.92, 3.88, 3.84, and 3.79 (1H, each s), 3:382 (3H, m), 3.36
(1H, d,J = 2.2 Hz), 3.31 and 3.30 (3H, each s), 24845 and 2.44
2.40 (1H, each m), 2.222.13 (1H, m), 2.16-1.77 (4H, m), 1.76
1.55 (3H, m), 1.56-1.30 (1H, m), 1.43 (6H, s), 1.38 and 1.35 (3H,
each s), 1.34 (1H, s), and 1.18 (1H, dds= 10.5, 8.8 Hz);®*C NMR
(mixture of rotamers) 169.5, 168.7, 154.0, 153.6, 79.3, 79.2, 73.5,

1.86-1.27 (11 H, m), 1.42 and 1.37 (9H, each s), and 1.33 and 1.17 72.2, 63.6, 63.2, 58.9, 57.2, 56.6, 56.5, 56.1, 55.8, 46.9, 46.8, 42.3,

(6H, each dJ = 7.1 Hz); *3C NMR (mixture of rotamers) 166.9,

166.6, 153.9, 152.6, 79.3, 78.9, 63.0, 62.8, 57.3, 56.2, 47.2, 46.9, 44.0

(22) Gawley, R. E.; Chemburkar, S. R.; Smith, A. L.; Anklekar, T. V.
J. Org. Chem1988 53, 5381-5383.

41.7,34.7, 34.1, 30.7, 30.5, 28.5, 28.33, 28.28, 28.0, 27.1, 26.9, 24.6,

(23) (a) Seebach, D.; Kalinowski, H.-O.; Bastani, B.; Crass, G.; Daum,
H.; Dorr, H.; DuPreez, N. P.; Ehrig, V.; Langer, W.; sler, C.; Oei, H.-
A.; Schmidt, M.Hely. Chim. Actal977, 60, 301—325.
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and 24.5; GE&-MS (El) m/z (relative intensity) 338 (M, 2), 196 (10),
140 (100), and 96 (30); HRMS calcd forgEl30N,04 338.2205, found
338.2210.

(1R,3S,4S)-3-[N-((2S)-2-Methoxymethyl)pyrrolidinyllmethyl-2-
azabicyclo[2.2.1]heptane (1g)Deprotection and LAH reduction were
carried out as described f@a using5g (0.3 g, 1.26 mmol) to givdg
as a colorless oil (0.28 g, 100%).

1g R 0.12 (ALOs, CH.Cl/MeOH 9:1); [n]?% —33.2 € = 0.6,
CH:Cl,); IR (neat) 3364, 2954, and 2872 cin*H NMR ¢ 6.27 (1H,
brs), 4.06-4.03 (1H, m), 3.59 (1H, ddd} = 11.0, 3.3, 1.1 Hz), 3.39
3.27 (3H, m), 3.17#3.10 (1H, m), 2.96 (1H, dd] = 14.1, 5.3 Hz),
2.83-2.75 (1H, m), 2.72 (1H, dd] = 14.1, 5.8 Hz), 2.46 (1H, ddl
=16.2, 8.7 Hz), 2.122.00 (2H, m), 1.87#1.76 (2H, m), 1.741.35
(8H, m), and 1.221.14 (1H, m);*C NMR ¢ 76.1, 63.9, 61.8, 61.2,
58.9, 55.0, 54.8, 40.2, 35.4, 29.3, 27.9, 27.7, and 23.0+- M6 (El)
m/z (relative intensity) 225 (M + 1, 4), 193 (2), 179 (9), 128 (74),
110 (19), 96 (23), and 84 (100); HRMS calcd foyz8,4N,0 224.1889,
found 224.1892.

(1S,3R,4R)-2-[(S)-1-Phenylethyl]-2-azabicyclo[2.2.1]heptane-3-
carbaldehyde (3).A solution of DMSO (6.39 g, 83 mmol) in Cil,

(10 mL) was added dropwise over a period of 5 min to a solution of

oxalyl chloride (4.82 g, 38 mmol) in Ci&l, (100 mL) at—78°C. The
resulting solution was stirred for 10 min a8 °C. (1S3R,4R)-2-[(9-
1-phenylethyl]-2-azabicyclo[2.2.1]heptane-3-meth#r(8L0 g, 34 mmol)

in CH.CI, (10 mL) was then slowly added, after which the reaction

was stirred for 45 min. Triethylamine (17 g, 0.17 mol) was then added
dropwise over a period of 5 min, and the resulting mixture was allowed

to warm to room temperature over a perid®d before it was washed
with water (50 mL). The aqueous phase was extracted witbGGH3
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J= 9.4 Hz);*®C NMR ¢ 146.0, 128.6, 127.9, 127.1, 67.7, 61.7, 61.2,
58.7, 54.2, 40.5, 35.2, 28.9, 23.1, 22.5, and 22.4-GAS (El), m/z
(relative intensity) 284 (M, 1), 200 (8), 172 (5), 105 (80), and 96
(100). Anal. Calcd for @H2gN2: C, 80.23; H, 9.92; N, 9.84. Found:
C, 79.98; H, 10.05; N, 9.97.

(1S,3R,4R)-3-(N-Pyrrolidinyl)methyl-2-azabicyclo[2.2.1]-
heptane (1a).To a solution of diamin@2a(1.8 g, 6.3 mmol) in acetic
acid (4 mL) and MeOH (15 mL) was added Pd(QKB0% on carbon,
0.36 g). The resulting suspension was vigorously stirred undefH
atm) for 24 h at room temperature. The catalyst was removed by
filtration through Celite, and the filtrate was concentrated in vacuo.
Toluene (3x 10 mL) was evaporated from the residue to assist removal
of acetic acid. The residue was partitioned betw&é agueous KOH
(10 mL) and ether (20 mL). The phases were separated, and the aqueous
phase was extracted with ether £310 mL). The organic fractions
were combined, washed with brine 210 mL), dried over KCO;,
and concentrated. The resulting, yellowish oil was purified by column
chromatography to givéa (1.1 g, 89%) as a colorless oil.

(1S,3R,4R)-3-(N-Piperidinyl)methyl-2-[( S)-1-phenylethyl]-2-
azabicyclo[2.2.1]heptane (22b)The procedure described f2Rawas
followed, using piperidine (0.53 g, 6.2 mmol) a8d1.3 g, 5.7 mmol),
which gave22b (1.4 g, 83%) as a thick, colorless oil after flash
chromatography.

22b: Ry 0.41 (ALOs, CH,Cl,/MeOH 98:2); p]*, +10.0 ¢ = 1.3,
CHCLy); IR (neat) 3059, 2966, and 1567 cinH NMR ¢ 7.35-7.20
(5H, m), 3.59-3.56 (1H, m), 3.44 (1H, qJ = 6.6 Hz), 2.272.24
(1H, m), 2.07 (1H, ddJ = 12.1, 2.6 Hz), 2.051.91 (3H, m), 1.79
(1H, dd,J = 10.5, 2.1 Hz), 1.721.59 (4H, m), 1.36:1.20 (9H, m),
1.30 (3H, t,J = 6,6 Hz), and 1.16 (1H, dd] = 12.1, 2.6 Hz);**C

x 20 mL), and the combined organic phases were washed with brine NMR ¢ 145.9, 128.6, 127.9, 127.0, 66.6, 64.3, 61.2, 58.7, 54.8, 40.8,

(50 mL). Drying (MgSQ), filtration, concentration, and purification
by column chromatography ga@«7.5 g, 96%) as a white, low-melting
solid.

3: R 0.62 (silica, pentane/EtOAc 4:1)p]*» +78.6 € = 2.0,
CHCl); IR (KBr) 3062, 2970, and 1721 criy *H NMR 6 9.00 (1H,
s), 7.33-7.17 (5H, m), 3.52 (1H, q) = 6.4 Hz), 2.42 (1H, d) = 3.2
Hz), 2.40 (1H, dJ = 3.2 Hz), 2.07~1.99 (1H, m), 1.73-1.63 (2H,
m), 1.50-1.30 (4H, m), and 1.39 (3H, d} = 6.4 Hz);'3C NMR 6

205.0, 144.8, 128.4, 129.9, 127.6, 75.7, 60.8, 58.3, 42.3, 36.8, 29.2,

22.6, and 22.5; GEMS (EI) m/z (relative intensity) 229 (M, <1),
and 105 (100). Anal. Calcd for;eH10NO: C, 78.56; H, 8.35; N, 6.11.
Found: C, 78.64; H, 8.27; N, 6.23.
(1S,3R,4R)-3-(N-Pyrrolidinyl)methyl-2-[( S)-1-phenylethyl]-2-
azabicyclo[2.2.1]heptane (22a)Powdered 3-A molecular sieves (ca.
2 g) were added to a solution of aldehy@8g2.0 g, 7.7 mmol) in

35.1, 28.9, 25.7, 24.2, 22.6, and 22.4; €1@S (El), m/z (relative
intensity) 298 (M, 3), 214 (5), 221 (10), and 105 (100). Anal. Calcd
for CooHsoN2: C, 80.48; H, 10.13; N, 9.39. Found: C, 80.58; H, 9.96;
N, 9.46.

(1S,3R4R)-3-(N-Piperidinyl)methyl-2-azabicyclo[2.2.1]heptane (1b).
The reductive amination procedure given far was followed, using
22b (1.3 g, 4.4 mmol) and Pd(OR})C (0.26 g), to givelb (0.80 g,
93%) as a colorless oil after flash chromatography.

1b: bp (2.5 Torr) 105-115°C; R 0.22 (ALOs, CH,Cl,/MeOH 9:1);
[a]?° —39.0 € = 1.3, CHCl,); IR (neat) 3430 cm; *H NMR 6 3.38
(1H, br s), 2.84, (1H, dd) = 8.1, 6.1 Hz), 2.442.24 (4H, m), 2.21
(1H, dd,J = 12.2, 6.1 Hz), 2.152.13 (1H, m), 2.06 (1H, dd) =
12.1, 8.1 Hz), 1.661.45 (6H, m), 1.451.28 (6H, m), and 1.151.11
(1H, m); 13C NMR 6 64.9, 59.1, 54.8, 40.1, 35.1, 34.4, 31.4, 28.6,
25.8, and 24.3; GEMS (El) mVz (relative intensity) 194 (M, 2), 109

methanol (15 mL), and the resulting suspension was cooled in an ice/ (100), and 96 (8). Anal. Calcd fori@»N,: C, 74.17; H, 11.41; N,
water bath. Pyrrolidine was added dropwise (0.65 g, 8.5 mmol), and 14.42. Found: C, 74.17; H, 11.33; N, 14.36.

the mixture was then stirred for 15 min. The cooling bath was removed,

Catalytic Asymmetric Rearrangement of Epoxides into Allylic

and a solution of sodium cyanoborohydride (0.32 g, 5.1 mmol) in  Alcohols: Procedure A.n-BuLi (0.63 mL 1.0 mmol, 1.6 M in hexane)

methanol (10 mL) was added over a peridddoh with the aid of a

was added dropwise over 5 min to a solution of diamiag2.0 mg,

syringe pump. The reaction mixture was stirred for another 12 h at 25 ymol) and DIPA (0.14 mL, 1.0 mmol) in THF/DBU (4.0 mL/0.45
room temperature before it was filtered through a pad of C&litéie mL) at 0°C. The resulting yellowish solution was stirred at®© for
filter cake was washed with methanol (50 mL), and the filtrate was 30 min, and the epoxide (0.5 mmol) in THF (4.0 mL) containing
concentrated at reduced pressure. Methanol (20 mL), KOH (12 g), and n-dodecane (ca. 20 mg, as internal standard for GC analysis) was then
water (5 mL) were added to the residue, and the resulting mixture was added dropwise over a period of 5 min. The reaction mixture was stirred
agitated fo 2 h and then concentrated again. The residue was partitioned at the temperature indicated until the reaction ceased (according to GC
between BO (40 mL) and a mixture of saturated aqueous NaCl (15 analysis, which was also used for determining the ee of the formed
mL) and water (15 mL). The aqueous phase was extracted with etherajlylic alcohol). The reaction mixture was then partitioned between
(3 x 10 mL). The combined ethereal phases were washed with brine saturated aqueous N&I (5 mL) and E3O (15 mL). The phases were
(30 mL), dried (anhydrous ¥CQs), concentrated, and purified by  separated, and the ether layer was washed with 10% aqueous citric
column chromatography, yielding (2.0 g, 91%) as a white solid. acid (2 x 5 mL), water (5 mL), and brine (5 mL) and dried (Mg90

22a mp 43-46 °C; R 0.36 (ALOs, CH,Cl,/MeOH 98:2); ]*% The crude alcohol was coated on Celite by evaporating the solvent
+5.5 (¢ = 1.0, CHC}); IR (KBr) 3061, 2966, and 1561 crfy 'H and directly purified by column chromatography.

NMR 6 7.33-7.16 (5H, m), 3.56:3.54 (1H, m), 3.41 (1H, g) = 6.4
Hz), 2.29-2.25 (1H, m), 2.14-2.03 (4H, m), 2.0+1.94 (1H, m), 1.8%
1.74 (2H, m), 1.721.66 (1H, m), 1.651.56 (1H, m), 1.55-1.45 (4H,
m), 1.32-1.22 (3H, m), 1.29 (3H, dJ = 6.4 Hz), and 1.08 (1H, d,

(24) Alonso, D. A.; Guijarro, D.; Pinho, P.; Temme, O.; Andersson, P.

G. J. Org. Chem1998 63, 2749-2751.
(25) Thompson, C. M.; Frick, J. A.; Green, D. L. £.Org. Chem199Q
55, 111-116.

Catalytic Asymmetric Rearrangement of Epoxides into Allylic
Alcohols: Procedure B. As procedure A but with the following
modifications: after addition of the epoxide, the reaction mixture was
stirred at the indicated temperature until the epoxide was consumed
(according to TLC analysis). After workup and purification as in
procedure A, the product was converted to the correspond®)g (
Mosher estef® and its diastereomeric excess was determined by
integration of the!H signals {H NMR spectroscopy).



Preparation of Optically Actie Allylic Alcohols

Catalytic Asymmetric Rearrangement of Epoxides into Allylic
Alcohols: Procedure C. As procedure A but with the following
modifications in amounts of reagents: diamite 18 mg, 0.1 mmol;
DIPA, 0.13 mL, 0.9 mmol;n-BuLi, 0.63 mL,1.0 mmol, 1.6 M in
hexane; and epoxide, 0.5 mmol.

Asymmetric Rearrangement of Epoxides into Allylic Alcohols:
Procedure D (Stoichiometric).As procedure A but with the following
modifications in amounts of reagents: diamirgg 108 mg, 0.60 mmol;
DIPA, 35.0uL, 0.25 mmol;n-BuLi, 0.53 mL, 0.85 mmol, 1.6 M in
hexane; and epoxide, 0.5 mmol.

(1R)-Cyclopent-2-en-1-ol (9) Following procedure C, cyclopentene
oxide (84 mg, 1.0 mmol) was transformed at room temperature to the
corresponding allylic alcohd. The reaction was judged to have ceased
after 24 h (90% conversion, 49% ee). After workup, the crude allylic
alcohol was benzoylatédand purified by column chromatography
(silica, pentane/EtOAc 90:10) to give the benzoate (26 mg, 67%).

Similarly, procedure D gavé® (24 h at room temperature, 95%
conversion, 95% ee) from cyclopentene oxide (84 mg, 1.0 mmol). After
workup, the crude allylic alcohol was benzoyldtexhd purified by
column chromatography to give the benzoat®d¢i47 mg, 78%).

(R)-9: colorless oil; GC (68 C isotherm)tr(S) = 18.17 min,tr(R)
= 18.64 min.

cis-(1R,45)-4-(tert-Butyldimethylsilyloxy)cyclopent-2-en-1-ol (10).
Following procedure Asyn4-(tert-butyldimethylsilyloxy)cyclopentene
oxide (23 mg, 0.1 mmol) was rearranged to the allylic alcdttIThe
reaction was judged to have ceased raleh at 0 °C (at 80%
conversion). Workup and column chromatography (silica, pentane/
EtOAc 90:10 to 80:20) gave purk0 (14 mg, 60%, 67% ee) with
spectroscopic properties identical to those repcited.

Similarly, procedure D gav&0 (9 mg, 85%, 95% ee) aftel h at O
°C (>90% conversion) fronsyn4-(tert-butyldimethylsilyloxy)cyclo-
pentene oxide (10 mg, 48mol).

(R)-10: GC (110°C for 15 min, then ’C/min to 130°C); tr(S) =
26.67 min,tr(R) = 27.15 min.

(1R,4R)-trans-4-(tert-Butyldimethylsilyloxymethyl)cyclopent-2-en-
1-ol (11).Following procedure Canti-4-(tert-butyldimethylsilyloxym-
ethyl)cyclopentene oxidé (40 mg, 0.18 mmol) was rearranged to the
allylic alcohol 11. The reaction was judged to have ceased after 48 h
at room temperature (at 50% conversion). Workup and column
chromatography (silica, pentane/EtOAc 4:1) then g/l 7 mg, 42%,
95% ee) with spectroscopic properties identical to those repé&tieal.
further verify the ee of the allylic alcohol, th&\-Mosher ester was
prepared, and its diastereomeric excess was determined by integratio
of the *H signals tH NMR spectroscopy) in the olefinic region (95%
ee).

(R)-11: colorless oil;R 0.41 (silica, pentane/EtOAc 2:1); GC (110
°C isotherm)tr(S) = 27.17 min,tr(R) = 27.24 min.

Mosher ester of§)-11: 'H NMR (diastereomersy 6.14 (0.02H,
dd,J = 13.6, 5.4 Hz), and 6.10 (0.98H, ddl= 13.6, 5.4 Hz).

(1R)-Cyclohex-2-en-1-ol (8)Following procedure A, cyclohexene
oxide (49 mg, 0.5 mmol) was rearranged to allylic alcoBolThe
reaction was judged to have ceased rafteh at 0°C (at >95%
conversion). Workup and column chromatography (pentag@/E0:

10 to 60:40) then gav8 (45 mg, 91%, 96% ee) with spectroscopic
properties identical to those reporté&d.

(R)-8: GC (100°C isotherm)r(S) = 11.50 mintr(R) = 11.98 min.

(1R,4S,59)-4,5-Dimethylcyclohex-2-en-1-ol (12) and ®,4S,5R)-
4,5-Dimethylcyclohex-2-en-1-ol (13)Following procedure A, a 90:
10 mixture of (R*2S4R*5S)-(1,4-syn4,5syn-4,5-dimethyl-1-
oxabicyclo(4.1.0)heptane andR412$,4S+,5R*)-(1,4-anti,4,5syn-4,5-
dimethyl-1-oxabicyclo(4.1.0)heptane (140 mg, 1.11 mAfdlyas
transformed to the allylic alcohol&2 and13. The reaction was judged

(26) (a) Dale, J. A.; Dull, D. L.; Mosher, H. S. Org. Chem1969 34,
2543-2549. (b) Mathre, D. J.; Jones, T. K.; Xavier, L. C.; Blacklock, T.

J.; Reamer, R. A.; Mohan, J. J.; Turner Jones, E. T.; Hoogsteen, K.; Baum,

M. W.; Grabowski, E. J. JJ. Org. Chem1991, 56, 751-762.

(27) Asami, M.Tetrahedron Lett1985 26, 5803-5806.

(28) Asami, M.; Takahashi, J.; Inoue, Betrahedron: Asymmetrd094
5, 1649-1652.

(29) Brown, H. C.; Bhat, K. S.; Jadhav, P. K. Chem. Soc., Perkin
Trans. 11991 2633-2638.
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to have ceased aft® h at 0°C (at >95% conversion). Workup and
column chromatography (pentanefBt95:5 to 60:40) gave a 92:8
mixture of 12 and13 (133 mg, 95%,12: 94% ee13. 97% ee) with
spectroscopic properties identical to those repofied.

(R)-122 GC (105°C isotherm)tr(S) = 27.8 min,tr(R) = 28.4 min.

(R)-13: GC (105°C isotherm)tr(S) = 17.40 min,tr(R) = 17.89
min.

(1R,4S,5R)-4,5-Bistert-butyldimethylylsilyloxy)cyclohex-2-en-1-

ol (14). Following procedure B, &2R,4R,59)-4,5-bisfert-butyldim-
ethylsilyloxy)cyclohexene oxide (25 mg, 0.07 mn¥iyas transformed
to the corresponding allylic alcohdl4. The reaction was quenched
after 16 h at 0C. Workup and column chromatography (pentang)Et
99:1 to 80:20) then gave4 (15 mg, 60%, 97% ee) with spectroscopic
properties identical to those reported.

(R)-14: R 0.11 (silica, pentane/EtOAc 9:1).

Mosher ester of)-14. *H NMR (diastereomers) 5.51 (0.99H,
dd, J = 10.4, 3.6 Hz), and 5.46 (0.02H, dd,= 10.4, 3.6 Hz);**F
NMR (diastereomers, Mosher acid chloride as referente)334
(2.95F, s), and-355 (0.05F, s).

(1R)-Cyclohept-2-en-1-ol (15)Following procedure A, cyclohep-
tene oxide (56 mg, 0.5 mmol) was transformed to the corresponding
allylic alcohol 15. The reaction was judged to have ceased &te at
0 °C (at >95% conversion). Workup and column chromatography
(pentane/ED 95:5 to 60:40) gavel5 (50 mg, 89%, 96% ee) with
spectroscopic properties identical to those repotted.

(R)-15: colorless oil; GC (110C isotherm)}g(S) = 7.35 min,tr(R)
= 7.74 min.

(1R)-Cyclooct-2-en-1-ol (16)Following procedure A, cyclooctene
oxide (63 mg, 0.5 mmol) was transformed to the corresponding allylic
alcohol16. The reaction was judged to have ceased after 36 &t O
(at >95% conversion). Workup and column chromatography (pentane/
Et,O 95:5 to 60:40) then gavd6 (51 mg, 81%, 78% ee) with
spectroscopic properties identical to those repotted.

(R)-16: GC (150°C, isotherm}g(R) = 7.35 min,tr(S) = 7.74 min.
(4R)-Oct-5-enol (17).Following procedure A, 4)-4-octene oxide
(64 mg, 0.5 mmol) was transformed to the corresponding allylic alcohol

17. The reaction was quenched after 36 h &€0Workup and column
chromatography (pentanefex 95:5 to 60:40) then gavé7 (52 mg,
82%) with spectroscopic properties identical to those repdrted.
Enantiomeric excess was determined by analysis of R)eVTPA
derivative {H and'®F NMR, 66% ee).

Kinetic Resolution of Racemic Epoxides by Rearrangement into

fllylic Alcohols: Procedure A. n-BuLi (0.63 mL 1.0 mmol, 1.6 M

In hexane) was added dropwise over 5 min to a solution of diatdéne
(9.0 mg, 50umol) and DIPA (0.14 mL, 1.0 mmol) in THF/DBU (4.0
mL/0.45 mL) at 0°C. The resulting yellowish solution was stirred at

0 °C for 30 min, and the racemic epoxide (0.5 mmol) in THF (4.0
mL) containingn-dodecane (ca. 20 mg, as internal standard for GC
analysis) was then added dropwise over a period of 5 min. The reaction
mixture was stirred at 0C until about 40% conversion of the epoxide
(according to GC analysis, which was also used for determining the ee
of the allylic alcohol and the epoxide). The reaction mixture was then
partitioned between saturated aqueous,GIH5 mL) and E$O (15

mL). The phases were separated, and the ether layer was washed with
10% aqueous citric acid (2 5 mL), water (5 mL), and brine (5 mL)
and dried (MgS@). The crude reaction mixture was coated on Celite
by evaporation of the solvent and directly purified by column
chromatography.

Kinetic Resolution: Procedure B. As procedure A but with the
following modification: after addition of the epoxide, the reaction
mixture was stirred at 0C until about 60% conversion of the epoxide.

cis-fi-Methylstyrene Oxide (18) and 1-Phenyl-2-propen-1-ol (19).
Following procedure A, racemicis-3-methylstyrene oxid® (20 mg,

0.15 mmol) was transformed to the optically enriched epox®iel8

and allylic alcohol R)-19. After 4 h at 0°C, a conversion of 48% was
reached (according to GC) and the reaction quenched. Workup and
column chromatography (silica, pentanefEt95:5 to 60:40) gave

(30) Trost, B. M.; Organ, M. G.; O'Doherty, G. Al. Am. Chem. Soc.
1995 117, 9662-9670.

(31) Whitesell, J. K.; Carpenter, J. F.; Yaser, H. K.; Machajewski.T.
Am. Chem. Sod99Q 112 7653-7659.
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epoxide §-18 (9 mg, 87%, 77% ee) and allylic alcohd®)¢19 (7 mg,
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(9-20: R 0.63 (silica, pentane/EtOAc 4:1); GC (108) tr(S =

73%, 88% ee) with spectroscopic properties identical to those re- 5.86 min,tr(R) = 5.95 min.

porteds?:33

Similarly, following procedure B,9)-18 (12 mg, 89%, 94% ee) and
(R)19 (14 mg, 85%, 84% ee) was isolated from racemnisf3-
methylstyrene oxidéd.8 (30 mg, 0.23 mmol) afte8 h at 0°C (55%
conversion according GC).

(9-18 GC (120°C) tr(S) = 9.35 min,tr(R) = 9.67 min.

(R)-19: GC (120°C) tr(S) = 12.09 min,tr(R) = 12.20 min.

(19)-1-Methylcyclohexene Oxide (20) and [R)-1-Methylcyclohex-
2-en-1-ol (21).Following procedure A, racemic 1-methylcyclohexene
oxide (40 mg, 0.36 mmoij was transformed to theS(-20 and R)-21.
After 4 h at 0°C, a conversion of 43% was reached (GC) and the
reaction quenched. Workup and column chromatography (penta@e/Et
99:1 to 95:5) gave epoxideéS)-20 (18 mg, 81%, 78% ee) and allylic
alcohol R)-21 (15 mg, 88%, 96% ee), with spectroscopic properties
identical to those reported:34 Similarly, following procedure B,%)-
20 (12 mg, 63%, 87% ee) andRf-21 (16 mg, 79%, 94% ee) were
isolated from racemic 1-methylcyclohexene oxi2@ (40 mg, 0.36
mmol) after 48 h at 0C (52% conversion according to GC).

(32) Witkop, B.; Foltz, C. M.J. Am. Chem. Sod957 79, 197—201.

(33) Kurose, N.; Takahashi, T.; Koizumi, T.etrahedron1997, 53,
12115-12129.

(34) Sanseverino, A. M.; de Mattos, M. C. Synth. Communl998
28, 559-572.

(R)-21: R 0.42 (silica, pentane/EtOAc 4:1); GC (108) tr(S =
10.6 min,tz(R) = 10.9 min.

Not fully characterized byproduct: R)-2-methylene-1-cyclohex-
anol; GC (105°C isotherm)z(S) = 13.0 min,tr(R) = 13.23 min (11%
yield at 64% conversion, 96% ee).

Nonlinear Effect Studies. Experiments were run as described in
the procedure, except that 20 mol % of the catalyst was used. Partly
racemicla was prepared by mixing appropriate amountslafand
entla to correspond to optical purity of 25, 50, 75, and 100% ee,
respectively. Using this set of catalyst precursors, reactions were run
at different concentrations of DBU (0, 0.5, 1, 3, and 6 equiv relative to
the meseepoxide) The reactions were run af0, and the ee of the
formed product was determined after 12 h.
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