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Abstract: (—)-Sparteine mediated lithiations of N-Boc-allylic and benzylic amines provide configurationally
stable intermediates which on conjugate additions to nitroalkenes provide highly enantioenriched enecar-
bamate products in good yields, and with high diastereoselectivities. Straightforward transformations of
these adducts offer general routes to substituted 3,4-substituted piperidines, 3,4-substituted pyrrolidines,
and 4,5-substituted pyrimidinones. Diastereoselective substitutions of intermediate lactams followed by
reduction provide 3,4,5-substituted piperidines and 3,4-trisubstituted pyrrolidines. Lithiation adjacent to
nitrogen of 3,4-substituted piperidines and pyrrolidines followed by diastereoselective substitution opens a
route to 2,4,5- and 2,4,5,6-substituted piperidines as well as 2,3,4- and 2,3,4,5-substituted pyrrolidines.
The enantiomers of the enecarbamate and 3,4-substituted piperidine products may be accessed by
stannylation/transmetalation sequences as well as by further manipulation of 4-substituted piperidones.
The methodology is used to synthesize both enantiomers of an aspartic peptidase inhibitor intermediate,
3-hydroxy-4-phenylpiperidine, as well as the antidepressant (+)-femoxetine.

Introduction conjugate addition products have a 1,5- or 1,4-relationship which
has allowed their use as chiral building blocks for desirable
nthetic targets including carbocyclic and heterocyclic rihgs.
Asymmetric conjugate additions to nitroalkenes have been a
useful approach to substituted nitrogen heterocycles by subse-
guent reductions and cyclizations. Most of the reactions reported
have focused on conjugate additions of enolates and have been

Carbon-carbon bond formations which are diastereoselective
and enantioselective at both bond termini can be of exceptionalSy
value for asymmetric synthesis. Although such dual stereocon-
trol is unusual for conjugate additions, a few cases generalized
by (1) have been describéd.

R limited to the synthesis pyrrolidine derivativEs* We have
R R s communicated the conjugate addition of lithiatédBoc-N-(p-
\L - 1) methoxyphenyl) allylic amines to nitroalkenes to provide
Y EWG enecarbamate products which are readily converted to substituted

piperidines including the antidepressant){paroxetine. We

We have reported 1,4-additions to form carb@arbon bonds  now report further development of this methodology with allylic
which are highly diastereoselective and enantioselective. Theand benzylic organolithium intermediates to allow access to
additions of the organolithium species formed by{sparteine  enantioenriched 3,4- and 3,4,5-substituted piperidines, 3- and
mediated lithiations oN-Boc-N-(p-methoxyphenyl) allylicand  4-substituted pyrrolidines, and 2,3-substituted pyrimidindnes.
benzylic amines to activated olefins (Scheme 1) provide productsn conjunction with our earlier work this lithiation/substitution
in most cases with90:10 diastereomeric ratio (dr) ar5:5 approach allows asymmetric carbecarbon bond formation for
enantiomeric ratio (e®3 The functional groups in these each position of the piperidine and pyrrolidine rings.

(3) Lim, S. H.; Curtis, M. D.; Beak, POrg. Lett.2001, 3, 711.
(4) (a) For a review of asymmetric conjugate additions to nitroalkenes, see:

*To whom correspondence should be addressed. E-mail: beak@

SCST-“'U_C-edl,J- o . Berner, O. M.; Tedeschi, L.; Enders, Bur. J. Org. Chem2002 1877.
University of lllinois at Urbana Champaign. (b) Mulzer, J.; Zuhse, R.; Schmiechen, Rigew. Chem., Int. Ed. Engl.
*Yonsei University. 1992 31, 870. (c) Brenner, M.; Seebach, Belv. Chim. Actal999 82,
(1) (a) Juaristi, E.; Beck, A. K.; Hansen, J.; Matt, T.; Mukhopadhyay, M.; 2365. (d) Ji, J.; Barnes, D. M.; Zhang, J.; King, S. A.; Wittenburger, S. J.;
Simson, M.; Seebach, Bynthesid993 1271. (b) Bernardi, A.; Colombo, Morton, H. E.J. Am. Chem. Sod.999 121, 10215.
G.; Scolastico, CTetrahedron Lett1996 37, 8921. (c) Yasuda, K.; Shindo, (5) Johnson, T. A,; Curtis, M. D.; Beak, B.Am. Chem. So@001, 123 1004.
M.; Koga, K. Tetrahedron Lett1997 38, 3531. (d) Betancort, J. M.; Barbas, (6) For syntheses of enantioenriched substituted pyrimidinones see: (a) Chan,
C. F.Org. Lett.2001 2, 155. (e) Evans, D. A.; Scheidt, L. A.; Johnson, J. A. W.-Y.; Ganem, B.Tetrahedron Lett1995 36, 811. (b) De Lucca, G.
S.; Willis, M. C.J. Am. Chem. So@001, 123 4480, and references therein. V.; Liang, J.; Aldrich, P. E.; Calabrese, J.; Cordova, B.; Klabe, R. M.;
(2) (a) Park, Y. S.; Weisenburger, G. A.; Beak,J>Am. Chem. S0d.997, Rayner, M. M.; Chang, C.-HJ. Med. Chem1997, 40, 1707. (c) Kaiser,
119, 10537. (b) Curtis, M. D Beak, P.J. Org. Chem1999 64, 2996. A.; Balbi, M. Tetrahedron: Asymmetry.999 10, 1001.
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Scheme 1 plays a significant role in the diastereoselectivity. Reaction of
34 with cis-S-nitrostyrene provided the adduct with a 68:32 dr,
R\/\ . whereagrans-nitrostyrene provided the same adduct with a
n-Buli/1 . . . L
Ar/N‘Boc 92:8 dr. The abs_olute configurations 39 and_a derlva_tlve of
36’ were determined by X-ray crystallographic analysis and are
Lie1 (H) EW R consistent with a reaction pathway f@4 (R; = Ph) with
RUAA \j\ EWG inversion. All other configurations are assigned by analogy to
W R A EWG A .
N HEWG R N 2) 3§ and 39. In all cases, the diastereomers were separ.abk.-:‘ by
Ar” "Boc Ar’ Boc either prep-HPLC, column chromatography, or recrystallization.
Two disubstituted nitroalkenes have been investigated and
Ph/\r}rB°° n-BuLirt provide products containing three contiguous stereogenic cen-
Ar ters. Addition of organolithium intermediates derived fr@nm
. and 28 to S-methyl3-nitrostyrene 47) provides49 and51 in
e Bo ) Eﬁ\ (HEWG  Bh good yields. The low diastereomeric ratio is attributed to an
Ph™ "N’ ¢ _RIEWE  Ewe I}I’Boc ©) unselective protonation of the nitronate generated from the
Ar R Ar addition. When nitrocyclohexend) is utilized as the elec-
trophile, an increase in the dr is observed with protonation being
favored from the least hindered face of the nitronate. This
\ geometry for the newly formed bond was established'tdy
N N NMR and is consistent with that observed in other conjugate
additions to 1-nitrocyclohexeri€. The diastereomers in these
(-)-sparteine additions were separable by column chromatography or prep-
1 HPLC.
Results and Discussion %

Conjugate Additions to Nitroalkenes. Treatment of the N
N-Boc-N-(p-methoxyphenyl) allylic amine®—5 with n-BuLi/1 Ph. - O/Noz NOz PR N-Boc
at—78°C provides the configurationally stable organolithiums \/\ n-BuLin 48, 65 %, 84:16 dr, >99:1 er
6—9 which on conjugate additions to nitroalken&8—16 AN Boc 26
provide the enecarbamatd3—27 in good yields with high 2 Ph
diastereomeric and enantiomeric ratios (Table 1). A valuable Me—_NO, OZN\)Y\
feature of these conjugate additions is the ability to incorporate ]’ Me PR N
aryl, alkyl, and heterocyclic substituents at both ends of the new Ph
bond in achieving good vyields and high selectivities. The 47 49, 68 %, 53:47 dr, >99:1 er
enantioselectivity remains high when the nitroalkene is unsub-
stituted (entry 7) but declines considerably when the allylic
organolithium is unsubstituted (entry 11). In most cases, NO, Ph
enantiomeric ratios were determined to b87:3 following (5/'\;(‘3OC
derivatization to diastereomeric derivatived/hile the diaster- NO, Ar
eomers ofl8-27 were inseparable by chromatography or prep- -~ .Boc n.guLit O/ 50, 77 %, 68:32 dr, 98:2, (95:5) er
HPLC, the diasteromers can be easily separated after subsequenf1 Ar 46
conversion to derivatives followed by recrystallization or column 28
chromatography. The absolute configurationd gf19, 23, 25, NO2 B
and 27 were determined by derivatization and X-ray crystal- Me~NO; Me)ﬁ/'\hll’Bc’c
lographic analysis or comparison to known compouhtise Ph]/ Ph  Ar
configurations are consistent with reactionéafR; = Ph) with 47 51, 72 %, 60:40 dr, 88:12 er
the nitroalkenes with inversion based on the known structure
of 6 (vide infra)? The absolute configurations d, 20—-22, Synthesis of Disubstituted Piperidines, Pyrrolidines, and
24, and 26 are assigned by analogy. Pyrimidinones. The enecarbamates derived from these conju-

The benzylic organolithium84 and 35 generated fron28 gate additions are useful precursors to 3,4-substituted piperidines

and29 undergo highly diastereoselective and enantioselective and pyrrolidines.

addition to aryl and alkyl substituted nitroalkenes (Table 2).  The piperidine syntheses are summarized in Table 3. Hy-

However, when substituents containing heteroatoms were gyolysis of the enecarbamat&g—20, 22—23, 25 with HCI in

utilized, there was a reduction of dr and/or er (entries 6, 8, and CHCl, provides the crude nitroaldehydes. Oxidation with

9). It was also observed that the geometry of the nitroalkene NaC|0,, esterification, hydrogenation of the nitro group, and

(7) Provided in Supporting Information. concomitant cyclization provides p|per|QO|ﬁE—58. Ip most

(8) Crystallographic data for compounds have been deposited with the CaS€S these |a(?tam3 _COUld be renyStalhzeﬁgg:l.dr n goqd
190127160135, These data can be obtaned fee of charge via wwawe: YicldS: Reduction with LAH and Boc-protection provided
cdc.cam.ac.uk/conts/retrieving.html (or from the CCDC, 12 Union Road, piperidines59—61 in good yields. The enecarbama@bsand

ggjng%f;drgg CCS(Z) 1EZ, UK, fax:+44 1223 336033; e-mail: deposit@ 24 containing a furan ring are not compatible with this oxidative
9) Pippél, D.'J.;'Wéisenburger, G. A.; Wilson, S. R.; BeakhAfgew. Chem.,
Int. Ed. 1998 37, 2522. (10) Hayashi, T.; Senda, T.; Ogasawara JVAm. Chem. So200Q 122, 10716.
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Table 1. Conjugate Addition of N-Boc-N-(p-methoxyphenyl)allylamines 2—5 to Nitroalkenes 10—16

2
R\~ R! e i
O,N
N n-BuLif ~AA A V‘Y\
N olene 780 N 1
Ar” "Boc toluene,-78°C Ar” “Boc 10-16 R Ar’N\B oc
25 6-9 17-27
entry allylamine Rt nitroalkene R? product yield (%) drt er
1 2 Ph 10 Ph 17 90 94:6 94:4
2 2 Ph 11 Cyd 18 83 95:5 >97:3
3 2 Ph 12 i-Bu 19 73 98:2 >97:3
4 2 Ph 13 0-MeOPh 20 82 937 >97:3
5 2 Ph 14 2-furyl 21 82 94:6 >97:3
6 2 Ph 15 OTIPS 22 83 92:8 >97:3
7 2 Ph 16 He 23 82 - >97:3
8 3 2-furyl 10 Ph 24 90 93:7 >97:3
9 4 Me 10 Ph 25 74 90:10 >97:3
10 4 Me 12 i-Bu 26 74 84:16 >97:3
11 5 H 10 Ph 27 74 - 75:25

aDiastereomeric ratios were determined B§NMR integration.? Enantiomeric ratios of diastereopure derivativeBnantiomeric ratios determined by
CSP-HPLC. 9 Cy = cyclothexy.¢ Nitroethylene was premixed with (TMS)CI.

Table 2. Conjugate Addition of N-Boc-N-(p-methoxyphenyl)benzylamines 28 and 29 to Nitroalkenes 10, 11, 14—16, and 30—33

Lie 1 R’
R N-Bo n-BuLi/A R1/'\N,Boc ON g2 OzN/\‘/kN,Boc
| - )
Ar toluene, -78 °C Ar 10-11, 14-16, 30-33 R? Ar
28-29 34-35 36-45
entry allylamine R nitroalkene R? product yield (%) dra erve
1 28 Ph 10 Ph 36 93 92:8 >99:1
2 28 Ph 30 PH 37e 81 68:32 96:4
3 28 Ph 31 i-Pr 38 90 99:1 97:3
4 28 Ph 32 Me 39 95 90:10 >99:1
5 28 Ph 11 Cy 40 92 92:8 94:6
6 28 Ph 15 OTIPS 41 82 77:23 88:12
7 28 Ph 16 H 42 71 - 96:4
8 28 Ph 14 2-furyl 43 84 63:27 (96:4)
9 28 Ph 33 2-thiophene 44 89 89:11 97:3
10 29 2-furyl 10 Ph 45 98 >99:1 >99:1

a Diastereomeric ratios were determined'sfNMR intergration.? Enantiomeric ratios determined by GSRPLC. ¢ er of minor diastereomer in parentheses.
d cis-3-Nitrostyrene was used.The major diastereomer B6.

Table 3. Conversion of Enecarbamates 17—20, 22, 23, and 25 to Lactams 52—58 and Piperidines 59—61

R? R R
1. HCI, CHCI 2 2
OZN\/H/\ 2.NaGi0, SR LA, THF R
R' N 3. HCI, MeOH
A’ "Boc 4. Hj, RaNi N 2. Boc0
Boc
17-20, 22-23, 25 52-58 59-61
entry substrate er R R? lactam yield® (%) dre piperidine yield (%)

1 17 96:4 Ph Ph 52 59 >99:1 59 79
2 18 >97:3 Ph PH 53 57 >99:1 - —
3 19 >97:3 Ph i-Pr 54 71 >99:1 60 82
4 20 >97:3 Ph Me 55 61 >99:1 61 82
5 21 >97:3 Ph Cy 56 58 >99:1 - -
6 22 >97:3 Ph OTIPS 57a 55 >99:1d - -
7 23 >97:3 Ph H 58 79 - - -

a Esterification with CHN>. ° Yields from enecarbamatédr following recrystallizationd dr following chromatography.

approach, but we have reported an alternative approach allowingesterification, reduction, and cyclization to provide pyrrolidi-
for their conversion to the corresponding 3,4-substituted pip- nones62—65. Conversion to the pyrroliding86—69is achieved
eridines? in good yields by LAH reduction and treatment with BGc In
Pyrrolidines rings can be accessed by a sequence whichall cases the minor diastereomer was removed by chromatog-
begins with ozonolysis of the enecarbamate double bond. Theraphy of an intermediate ester or lactam.
reactions are summarized in Table 4. The ozonolysik/atnd The products derived from addition of the benzylic organo-
2527 is followed by reductive workup with dimethyl sulfide lithiums can also serve as useful precursors to 3,4-substituted
to provide the requisite aldehyde which is subjected to oxidation, pyrimidinones as demonstrated by the conversioB6to 71.
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Hydrogenation of36 and treatment with Bg© provides the LDA and alkylations provides good yields of the trisubstituted
N-Boc diamine70, which on reflux in KOtBu provides the  products81 and 82. The relative configuration oB1 was

pyrimidinone71. determined by X-ray crystallographic analysis which reveals
the electrophile prefers approach from the opposite face of the
Ph 4-substituent in the alkylatioh.Reduction of82 with LAH
_Boc 1. Hp RaNi provides N-methyl pyrrolidine 83 containing a stereogenic
OzN N quaternary center.
Ph  Ar 2. Boc,0
36 R1 \\RZ
Ph Ph I) Boc,0, DMAP,
ﬁ)\ .Boc  KOBu \(\NH N .
BocHN I}l - . o ,&
Ph  Ar reflux PN © 62, R'=R?=Ph, >97:3 er
70 7 64, R'=Me, R?=Ph, >97:3 er
74 % 90 % - \Rz 1 53 o2
b 1. LDA, THF R;Z_i
Elaboration of the Cyclic N-Boc Amines.The disubstituted 0™ N 2.R°X 0™y
piperidones and pyrrolidinones can be used to provide more Boc Boc
highly substituted enantioenriched piperidines and pyrrolidines; 79, R' = R®=Ph, 77 % 81, R' = R?%= Ph, R®= Bn, 69 %

the illustrative cases reported here exhibit high diastereocontrol. 80, R' = Me, R?=Ph,96 % 82, R' = Me, R? = Ph, R®= allyl, 83 %

Enolate formation of the benzyl protected, 4,5-substituted
piperidones72—74 followed by reaction with electrophiles
provided 3,4,5-substituted piperidones with high diastereose-
lectivities (Table 5). Optimal results were obtained wh&ulLi
was used as the base for enolate formation. Alternative
protecting groups such as Boc and amide bases gave inferior
results. Reduction of the trisubstituted lactams with LAH
provided the trisubstituted piperidin@s—78in good yield and . 83
with high diastereomeric ratios. 72 %, >97:3 dr

Further substitution of the 3,4-substituted pyrrolidinones  Stereocontrolled substitutions adjacent to nitrogen can be
provides access to quaternary centers. In the caS2 afid64, achieved by lithiation of the substitutéé#Boc piperidines and
Boc protection to giver9 and 80 followed by treatment with pyrrolidines!! Treatment of59 with 2.4 equiv ofseeBuLi/

LAH, THF
from 82

Table 4. Conversion of Enecarbamates 17, 25—27 to Lactams 62—65 and Pyrrolidines 66—69

R? 1 2
. 1.0, -78°C R, & R F
2 \)Y\’ 2. NaClO, I) 1. LAH, THF Z 3
R!

N 3.HCI,MeOH 0=y

A¥ 'Boc 4. H,, RaNi H 2. Boc,0 Noc
17, 25-27 62-65 66-69
entry substrate er R! R? lactam yield (%) dr pyrrolidine yield (%)
1 17 96:4 Ph Ph 62 61 >99:12 66 52
2 25 >97:3 Me Ph 63 48 >99:12 67 82
3 26 >97:3 Me i-Bu 64 65 >99:1p 68 79
4 27 >75:25 H Ph 65 76 - 69 79

aEster diastereomers are separable by chromatograjbigstereomers separated by conversioN+@Boc derivative, chromatography, and deprotection.

Table 5. Conversion of Lactams 52, 57, 58 to Trisubstituted Piperidines 75—78

1 1 1
2 T . 1 tBuliTHF, v,
W 1. NaH bﬂ‘“ -78 °C E"(’j‘“R
—_— R EEE—
O” 'N 2. BnBr O0“ N 2.E* N
H Bn 3. LAH, THF Bn
52, 57-58 72-74 75-78
entry substrate er R! R? benzylated yield (%) electrophile E piperidine yield (%) dr

1 52 >97:3 Ph Ph 72 90 Mel Me 75 76 >97:3
2 52 >97:3 Ph Ph 72 90 BnBr Bn 76 522 >97:3
3 58 >97:3 Ph Ph 73 85 BnBr Bn 77 7 >97:3
4 57 >97:3 Ph OTIPS 74 90 allylBr allyl 78 77 >97:3

a2 LDA used base.
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TMEDA followed by reaction with electrophiles provides 2,4,5-
substituted piperidine84—88 as single regioisomers in good
yields and with high diastereoselectivities. Significantly less con-
version to the desired product was observed using 1.2 equiv of
secBuULi/TMEDA. The absolute configuration @6, verified

by X-ray crystallographic analysis, confirms that the substituents
are in equatorial orientatio§3/Vhen the trisubsubstituted piperi-
dine84is subjected to the same conditions followed by reaction
with MeOTf, the tetrasubstituted piperidir8® is obtained in
41% yield and 93:7 dr with a trans orientation of the substituents
at the 2- and 6-positions.

Ph
wPh 1.2.4eq. sec-Bulj,
2.4 eq. TMEDA
N 2.E*
Boc
59
>97:3 er
Ph Ph
Ph 1.2.4 eq. sec-Buli, \Ph
' 2.4 eq. TMEDA N
E N 2. MeOTf E N~ “Me
Boc Boc

E =84, Me, 76 %, >97:3 dr
85, CHO, 73 %, 81:19 dr
86, TMS , 69 %, >97:3 dr
87, CO,H

88, CO,Me, 76 %, >97:3 dr

89, E = Me, 41%, 93:7 dr

CH2N2[

The stereochemistry and yields in the piperidine lithiations
can be rationalized by analysis of the reaction pathways of the
intermediate organolithium species. The lithiatiorb8iis prefer-
entially equatorial to provide intermedie@8.1* Substitution by
MeOTf with retention provides the triequatorial substituted pro-
duct84. For the second complex induced deprotonation to occur,

The A 3 interaction between the 2-substituent and the Boc
group can control access to additional diastereomers of the
substituted piperidines. The aldehygecan be equilibrated with
SiO; and EgN to provide the thermodynamically favored
2-axially substituted aldehyd#2.1* Olefination and hydrogena-

tion provide the axial 2-ethyl substitut®®, which on lithiation

and substitution with MeOTf provide®4 as a single diastere-
omer??

Ph
.\\Ph
SiO,, Et3N
———
OHC™ "N
Boc
85
81:19dr
Ph Ph
wPh wPh
1. n-Buli, CH3PPh3Br Me
OHC™ ™N NN
BOC 2 H2, Pd/C BOC
92 93
91:9dr 65 %
Ph
«Ph 1. 2.4 eq. sec-BuLl,
X 2.4 eq. TMEDA
Me " SN Me 2. MeOTf
Boc
94

57 %, >99:1 dr

Although the stereochemistry of the piperidinés—78
prepared from the conjugate addition products is trans 3,4-
substituted, cis 3,4-substitution can be accessed through straight-

rotation of the Boc group is necessary and would lead to an forward transformations and elaborated to trisubstituted pipe-

A1z interaction between the 2-methyl substituent and the Boc
group?! Although this strain can be relieved by a conformation

ridines. Enolate formation and substitution 7 with t-BulLi
and PhSeCl gives the selenide which on oxidation and elimina-

which places the 2-substituent in the axial orientation, this would tijon provides the unsaturated piperidoB8 in 67% yield.

result in a 1,3-diaxial interaction with the 4-phenyl substituent.

These interactions may force the intermediate in the second
lithiation to adopt the twist boat illustrated 84, providing

the trans stereochemistry observed at the 2- and 6-positions.

Ph Ph
sec-Buli .
NZ7 Ph LLNZ7Ph meoTt
o~ o= —
OtBu OtBu
59 90
Ph me X P :
Mo N Ph sec-BuLi
s S e
+-BuO o ;.Buo&o Ph
84 84
Me Ph Ph Me Ph
(N\jph MeOT} MS\N%__ (N\j\Ph
L ——" o I Me
. Me
t-BuO’LO’ OtBu t—BuO"&o
91 89 89

Catalytic hydrogenation from the least hindered face9bf
provides thecis-piperidoned6. Further alkylation and reduction

of 96 provides the 3,4,5-substituted piperididigin 79% yield.

The synthesis of a 2,4,5-substituted piperidine can be initiated
by LAH reduction of96 followed by exchange of the benzyl
group for the Boc to provide the cis 3,4-substituted Boc
piperidine98. Furthero-lithiation and substitution with MeOTf
provides 2,4,5-substitute®9 in 66% yield with 92:8 dr. The
relative configuration 0f99 was assigned by X-ray crystal-
lographic analysis (Scheme 2).

Substitution at the 2- and 5-positions of the 3,4-disubstituted
pyrrolidine ring can also be achieved using lithiation/substitution
methodology. Treatment o067 with secBuLi/TMEDA and
substitution with MeOTf provide$00and101in a 1:1 ratio in

(11) (a) Lee, W. K.; Beak, RI. Org. Chem1993 58, 1109-1117. (b) Wilkinson,
T. J.; Stehle, N. W.; Beak, FOrg. Lett.2001, 3, 3737.

(12) The higher diastereoselectivity @ relative to89 may be associated with
relief of the A 3 strain in the equatorially lithiated intermediate, resulting
in 93 being more reactive toward equatorial lithiation.

J. AM. CHEM. SOC. = VOL. 124, NO. 39, 2002 11693
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Scheme 2 Scheme 3
Ph Ph Ph \\Ph Ph Ph
~Ph e BuL rﬁ_d’h Hy ? 5 1. sec-BuLi/ . ? E
N 2. E* N
Y 2. PhSeCl oy Pd(OH), Boc Boc
Bn - M2Y2 Bn
72 95 66 102, E = Me, 82 %, >95:5 dr
>97:3 er 67 % 103, E = TMS, 78 %, >95:5 dr
Ph 104, E = CHO,77 %, >95:5 dr
H 105, E = CO,H
A__oPh . CH>N.
):j‘ ) 1. t-BulLi 2 2E—1 06, E = CO,Me, 76 %, >95:5 dr
2. AllylBr
°" R, 3. LAH Ph Ph
9 1. sec-BuLi/ Z‘)‘
87 %, 79% 2. MeOT} EY SN Me
> 95:5 dr Boc
1. LAH 107, E = Me, 43 %, >95:5 dr
2. Hp, Pd(OH),, . )
Boc,0 However, no more than 50% conversion to the product is
obtained with good diastereoselectivities and variable enanti-
Ph Ph oselectivities. The absolute configurationldfl was determined
PP coe-BuLi TMEDA _oPh by conversion tc_> theN-tosylate followed by X-ray crystal-
- lographic analysi$.
EOC 2. MeOTH Me*™ 'é' Deprotonation of the pr& proton of N-Boc pyrrolidine is
05 g:c supported by calculations which reveal steric effects to be
68 %4 important in the transition state for proton remo¥%*Removal
o o . . . . .
o of the proS with secBuLi/1 for 108-110is consistent with

38% vyield with >95:5 dr. A higher 69% vyield was observed
when usingl as the ligand with the same product distributién.

Me, Ph Me, Ph Me Ph
Z——S 1. sec-BuLl, Ligand Z_) Z_j‘
+
N 2. MeOT} Me™ Ny N~ Me
Boc Boc Boc
67 100 101
>97:3 er

~1:1 regioselectivity

Ligand = TMEDA, 38 %, >95:5 dr
1, 69 %, >95:5 dr

Lithiation of the Co-symmetricN-Boc pyrrolidine 66 with
secBuLi/l and substitution with a variety of electrophiles
proceeds in good yields with high diastereoselectivities to give
102—105 The absolute configuration df02 was determined
by conversion to theN-tosylate and X-ray crystallographic
analysis® Further lithiation of102 and reaction with MeOTf
provides107in 43% yield and>95:5 dr. The stereochemistry
of 102and107is consistent with asymmetric deprotonation of
thepro-R proton of66 with secBuLi/1, followed by substitution
by MeOTf with retention (Scheme 3).

Although the geometry of the pyrrolidin&6—69 obtained
from the sequences beginning with the conjugate addition is
trans 3,4-substituted, an alternative route to the enantioenriche
cis 3,4-substituted pyrrolidines is available by the asymmetric
deprotonation of meso 3,4-substituted pyrrolidines. Treatment
of 108-110 with secBuLi/1 followed by substitution with
(TMS)CI provides the trisubstituted pyrrolidinekl1-113

(13) Beak, P.; Kerrick, S. T.; Wu, S.; Chu, J. Am. Chem. Sod 994 116
3231.
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the results withN-Boc pyrrolidine and does not appear to be
sterically disfavored. However the selectivity wif6 is for
deprotonation of th@ro-R proton. Removal of the pr6from

66 apparently would require approach sgcBulLi/1 from the
same face as the phenyl substuent; thus, the steric effect of the
phenyl substituent reverses the selectivity.

R R
1. sec-BulLi/1

2. TMSCI

N
Boc

108, R = (CHy),
109, R = CH,CH=CHCH,
110,R=Ph

R R

t j "ITMS

N
Boc

111, R = (CHy)g, 50 %, 95:5 dr, 87:13 er
112, R = CH,CH=CHCHy, 48 %, 95:5 dr, 73:27 er
113, R = Ph, 46 %, 85:15 dr, 58:42 er

Synthesis of Enantiomeric Compounds.Because +)-
sparteine is the only readily available enantiomer, alternative
approaches are required to access the enantiomeric products of

Jeactions under control of this chiral ligand. Two approaches

are demonstrated by the present work.

Epimeric structures of the diastereomeric organolithilins
and34 can be generated by lithiation/stannylation followed by
transmetalatioA®1® The reversal in configuration is attributed

(14) (a) Wiberg, K. B.; Bailey, W. FJ. Am. Chem. So@001, 123 8231. (b)
Wiberg, K. B.; Bailey, W. FAngew. Chem., Int. E®200Q 39, 2127.
(15) Park, Y. S.; Boys, M. L.; Beak, B. Am. Chem. Sod.996 118 3757.
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to stannylation by trimethylstannyl chloride with inversion, Ph Ph
followed by transmetalation of the enantioenriched trimethyl- (89 b,\\OTlps 1. LAH. THE WOH
stannane witm-BuLi with retention. This approach is shown  enantiomer —
. . 07 N 2.R*COCI, Et;N
for the synthesis oént17. Transmetalation of stannan&$4 H CoLR*
and 115 which were generated by treatment ®fvith Mes- 57 R* = (-)-menthyl 116
SnCl, provident6.16 Subsequent addition a0 providesent 599:1 dr 83 %, >97:3 dr
17 with reduced diastereoselectivities and enantioselectivities.
The transmetalation step requirgsas the ligand to maintain Ph Ph
the configurational stability oént6.1” The structure oént17 . HO,
was established by comparison of chiral HPLC retention times (R A) 1. tBuLi ('j
with those known for17.20 enantiomer - oZ\- 2 A N
RO ZS'NkAr Bn
Lie1 >9'7/33 er 8 LAH " "
Phe 2 i : 61 %, >97:3 dr
\/\,'\l n-BuLin Ph\/-'%l\j MegSnCl R = Ph, Ar = p-NO,Ph
Ar” “Boc A’ “Boc "anti*
6 We have previously reported the synthesis of the antidepres-
sant (-)-paroxetine by this conjugate addition methodology. The
|:r1\/\“‘\s,1r\/|e3 MesSn._ antidepressanti)-femoxetinel21, which has the enantiomeric
. oh N configuration to {)-paroxetine, can be accessed by the eno-
A¥" “Boc A¥" “Boc lization and substitution approaéhTreatment of73 with t-BulLi
114 115 and substitution with CIC&Ve providesl19in 90% yield and

24 %, 95:5 er 49 %, 95:5 er

n-BuLi/1
"retention"
JLiet P Xx~NO;
Ph 7 10
Ar'N\Boc "anti”
ent-6
from 114, 59 %, 85:15 dr, Ph
88:12 er O,N =
2 A
from 115, 84 %, 85:15 dr, \/\:/\l|\l
. Ph N
85:15 er Ar Boc
ent-17

The synthesis of both enantiomers of 3-hydroxy-4-phenyl

piperidine, an intermediate in the synthesis of aspartic peptidase

inhibitors 18 is illustrative of another approach to enantiomeric
compounds. Reduction of lactafv, which was synthesized
by the conventional conjugate additienyclization route, by
LAH followed by acylation provides the less active aspartic
peptidase inhibitor intermediafel 6in high enantiomeric ratio.
The LAH reduction also resulted in complete removal of the
triisopropylsilyl protecting group. TheRR)-enantiomer of
3-hydroxy-4-phenylpiperidine is accessed by elaboration of
piperidone 73. Enolization of 73 with t-BuLi followed by
hydroxylation with oxaziridine117 provides the opposite
configuration of the 3,4-substituents. Further LAH reduction
provides 118 the more active enantiomer of the aspartic
peptidase inhibitor intermediate.

(16) (a) Weisenburger, G. A.; Beak, P. Am. Chem. Sod.996 118 12218.
(b) Weisenburger, G. A.; Faibish, N. C.; Pippel, D. J.; Beak,JPAm.
Chem. Soc1999 121, 9522.

(17) The erosion of the enantiomeric ratio @fit17 may indicate the trans-
metalation ofl14 and115is not completely stereoselective.

(18) Bursavich, M. G.; Rich, D. HOrg. Lett. 2001, 3, 2625, and references
therein.

>95:5 er. Reduction of both the amide and ester functionality
by LAH, followed by exchange of the benzyl group with the
Boc, provides intermediat&20 in 64%2° Conversion to the
mesylate, displacement with the sodium salpehethoxyphe-
nol, and LAH reduction of the Boc group provided-)
femoxetine in 49% yield.

Ph Ph Ph
b 1. tBuli, THF Meozcj:'j 1. LAH, THF Ho/’/«(‘j
— —_——
2. CICO,Me 2. Pd(OH),, H
AN 2 PN (OH),, H N
Bn Bn Boc,0 Boc
73 119 120
97:3 er 90 %, >95:5 dr 64 %
MeO.
\©\ w 1. MsCI, EtsN ‘
o,
(o) ﬁj 2. NaH,
N p-methoxyphenol
Me 3. LAH

121
(+)-femoxetine

49 %, >97:3 er

Reaction Pathway.Knowledge of the absolute configurations
of the lithiated intermediates and products in the conjugate
additions allows rationalization of the stereochemical course of
the reactions. The formation of organolithiurisand 34 has
been established to occur by asymmetric deprotonati@aot
28 with n-BulLi/1.1516aThe absolute configuration éfhas been
established by X-ray crystallographic analysi¥he known
configurations of the enecarbamai&s 19, 23, 25,and27 (vide
supra) reveals substitution 6fwith nitroalkenes occurs with
inversion by anti approach of the nitroalkene. This is represented
by 122

Assignment of the configuration t84 from the X-ray
structure of a tin precursor and an assumption of retentive tin
lithium exchange as well as analogy @an conjunction with

(19) For previous syntheses see: Amat, M.; Bosch, J.; Hidalgo, J.; Canto, M.;
Perez, M.; Llor, N.; Molins, E.; Miravitales, C.; Orozco, M.; LuqueJJ.
Org. Chem.200Q 65, 3074, and references therein.
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the known absolute configurations 8 and39 shows an anti

were distilled from sodium and benzophenone. Toluene and dichlo-

reaction pathway to also be operative in the conjugate additionsromethane were distilled from CaH—)-Sparteine was distilled from

of 34. This leads to a transition-state representatiod 2%

Ph ~ 1. n-BuLi/t
\/\{"’H
A NBoe 2RO,
B B E;
i Ph, i R ,.~‘H
2 ,/\“0 RIS OzN\)\_(\
ﬁ;h’gv N‘U\% — JH B = H Ph N,
NO, H ,/ © No, AT AY Boc
2
L anti _

approach
122

Comparison ofLl22 and 123 shows differences with respect
to the preferred reacting face of the nitroalkene. To the extent

the commercially available (Aldrich) compound and stored under
nitrogen. CommerciatBuLi (solution in pentane)ecBulLi (solution
in cyclohexane), and-BulLi (solution in hexanes) were titrated prior
to use againd¥l-pivaloyl-o-toluidine according to literature procedufe.
Nitroalkenes were either obtained from Aldrich or synthesized according
to literature proceduré.

Representative Procedure for Lithiation and Conjugate Addition
of N-Boc-N-(p-methoxyphenyl) Benzylic and Allylic to Nitroal-
kenes: (4-Methoxyphenyl)(5-nitro-3-phenyl-4-triisopropylsilany-
loxypent-1-enyl)carbamic Acid tert-Butyl Ester (22). To a stirring
solution of2 (0.200 g, 0.588 mmol) in toluene (13 mL) undes Was
added1 (0.138 mL, 0.647 mmol). The solution was cooled-@8 °C,
andn-BuLi (0.431 mL of a 1.50 M solution in hexanes, 0.452 mmol)
was added. The yellow solution was stirred foh at—78 °C, and
E-2-triisopropylsilanoxy-1-nitroethyled& (15; 0.202 g, 0.823 mmol)
in toluene (2 mL) was added dropwise oveh bysyringe pump. After
complete addition, the solution was stirred for an additional 10 min at
—78 °C, quenched with MeOH (1 mL) and warmed to room
temperature. The solution was poured into water (10 mL) and brine (5

this simple analysis is credible, it suggests there is no dominantmL) and extracted with ether (& 15 mL). The combined organics

steric interaction that leads to a common transition structure
for the allylic and benzylic additions. The preferred diastereo-
mers may be a result of the sum of several steric interactions in
the transition state, a result which has been found by compu-
tational analysis for a-f)-sparteined-BuLi deprotonatior?

H H 1. n-BuLint
b XN,BOC
L 2. R N0,
Ar
B Bk

anti
approach
123

Summary

Asymmetric syntheses of 3,4- and 3,4,5-substituted pip-
eridines, 3,4-substituted pyrrolidnes, and 2,3-substituted pyri-
midinones can be achieved by )-sparteine mediated lithiation
of N-Boc-N-(p-methoxyphenyl) allylic and benzylic amines and
conjugate addition to nitroalkenes. The 1,4-addition products

serve as useful synthetic intermediates in the synthesis of highly

enantioenriched products in high yields and diastereoselectivi-
ties. Access to a wide range of substitution patterns and

were dried over MgS@and concentrated to an orange oil. Purification
by silica gel column chromatography (10:1 pet ether/EtOAc) e
(0.286 g, 83%, 92:8 dr) as a colorless oil. Major diastereonier:
NMR (acetoneds, 500 MHz) 6 0.95 (m, 3H, GiCH;s), 1.03 (m, 18H,
CHCHj), 1.39 (s, 9H, C(€l3)3, 3.35 (dd, 1HJ = 7.8, 5.3 Hz, GiPh),
3.76 (s, 3H, O€El3), 4.23 (dd,J = 12.6, 3.2 Hz, 1H, GNCH,CH),
4.50 (dd,J = 12.6, 8.3 Hz, 1H, GNCH,CH), 4.64 (ddd,J = 8.9, 6.8,
3.4 Hz, 1H, O®), 5.32 (t,J = 9.0 Hz, 1H, GHi=CHN), 6.70 (m, 2H,
PHH), 6.82 (m, 2H, PHI), 6.83 (dd,J = 9.2, 1.5 Hz, 1H, CH-CHN),
6.79 (d,J = 9.2 Hz, 1H, CH=CHN), 6.96 (m, 2H, PH), 7.21 (m, 3H,
PhH); °C NMR (acetoneds, 125.6 MHz)6 12.9 (CH), 17.9 (Ch),
27.6 (CHy), 47.3 (CH), 55.0 (CH), 74.8 (CH), 74.8 (C), 80.7 (CH\
113.6 (CH), 127.0 (CH), 128.4 (CH), 128.5 (CH), 128.7 (CH), 133.9
(C), 139.2 (C), 153.0 (C), 158.9 (C). Anal. Calcd fogB4sN,06Si:
C, 65.72; H, 8.27; N, 4.79. Found: C, 65.51; H, 8.12; N, 4.99.
Representative Procedure for Conversion of Enecarbamates to
5-Nitropentanoic Acid Methyl Esters. Conversion of 22 to 57, Part
1: 5-Nitro-3-phenyl-4-triisopropylsilanoxypentanoic Acid Methyl
Ester. To a stirred solution 022 (3.15 g, 5.39 mmol) in CHGI(127
mL) was addd 6 N HCI (9.74 mL). After 2 h, thin layer chromatog-
raphy (TLC) indicated no remaining starting material and the mixture
was poured into kD (100 mL) and the organic layer separated. The
aqueous layer was extracted with €H, (3 x 100 mL), and the
combined organics were dried over MgsSénd concentrated. The
residue was dissolved trBuOH (130 mL) and 2-methyl-2-butene (26.0
mL). A solution of NaCIQ (4.45 g, 48.7 mmol) and NaiRO, (4.45,
36.9 mmol) in HO (44.0 mL) was added, and the resulting yellow
solution was stirred for 10 min. The solution was poured intgClKH
(180 mL) and acidified with 2.5% HCI (180 mL). The organic layer
was separated and the aqueous layer extracted witiCIZkB x 150
mL). The combined organics were dried over Mg3@d concentrated.

diastereomers of these substituted ring systems is possible bycpomatography of the residue with 7:3 pet ether/EtOAC gave the crude
further elaboration of intermediates. The stereochemical courseacig which was esterified with an ethereal solution of diazomethane (3

of the conjugate addition has been established to involve equiv). Purification by column chromatography (10:1 pet ether/EtOAc)
substitution of the intermediate organolithiums with the ni- gave the title compound (1.56 g, 71%, 92:8 dr) as a colorless oil. Major
troalkenes with inversion of configuration. The high selectivities diastereomer:'H NMR (CDCl;, 500 MHz) ¢ 1.13 (m, 21 H,
and substituent compatability in the conjugate addition should ((CHs)2CH)sSi), 2.77 (dd,J = 16.1, 10.9 Hz, 1H, 8:CO,Me), 3.07

render this methodology useful for the solution of future (dd,J=16.1,4.5Hz, 1H, €,COMe), 3.61 (s, 3H, OBl3), 3.63 (m,
synthetic challenges. 1H, CHPh), 4.18 (ddJ) = 12.2, 4.3 Hz, 1H, E.NO,), 4.31 (dd,J =

12.4,8.0 Hz, 1H, E:NO,), 4.88 (dt,J= 8.1, 4.1 Hz, 1H, EIOTIPS),

Experimental Section
(20) Suffert, J.J. Org. Chem1989 54, 510.

General ProceduresAll lithiation reactions were performed in oven
dried or flame dried glassware under a positive pressure of nitrogen
with freshly distilled solvents. Tetrahydrofuran (THF) and diethyl ether

11696 J. AM. CHEM. SOC. = VOL. 124, NO. 39, 2002

(21) (a) Denmark, S. E.; Juhl, Miely. Chim. Acta submitted for publication.
(b) Ranganathan, D.; Rao, C. B.; Ranganathan, S.; Mehrotra, A. K.; lyengar,
R.J. Org. Chem198Q 45, 1185. (c) Denmark, S. E.; Marcin, L. Org.
Chem.1993 58, 3850.
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7.27 (m, 3H, PHl), 7.35 (m, 2H, PHI); 13C NMR (CDCk, 125.6 MHz) Representative Procedure for Benzyl Protection of Piperi-

0 12.7 (CH), 18.0 (Ch), 18.0 (CH), 32.8 (CH), 46.0 (CH), 51.7 (Ch), dones: 1-Benzyl-4-phenylpiperidin-2-one (73)To a solution of58

73.1 (CH), 77.7 (Ch), 127.6 (CH), 128.2 (CH), 128.8 (CH), 137.7  (0.400 g, 2.28 mmol) in THF (5 mL) under an, ldtmosphere at room
(C), 172.1 (C). Anal. Calcd for £H3sNOsSi: C, 61.58; H, 8.61; N, temperature was added NaH (0.164 g, 6.84 mmol), followed by benzyl

3.42. Found: C, 61.72; H, 8.54; N, 3.52. bromide (1.36 mL, 11.4 mmol). The mixture was stirred overnight and
Representative Procedure for Catalytic Hydrogenation and carefully quenched with 40 (10 mL). The aqueous layer was extracted
Cyclization to Lactams. Conversion of 22 to 57, Part 2: 4-Phenyl- with ether (3 x 15 mL), dried over MgSQ@ and concentrated.

5-triisopropylsilanyloxypiperidin-2-one (57). To a solution of the Purification by column chromatography (1:1 pet ether/EtOAc) gave
methyl ester (1.34 g, 3.27 mmol) in MeOH (50 mL) was added RaNi 73(0.514 g, 85%) as a white solid: mp 880 °C; 'H NMR (CDCl;,
(~1.0 mL). The mixture was hydrogenated at 250 psi for 72 h. The 500 MHz)6 1.94 (m, 1 H, G1,CHPh), 2.08 (m, 1 H, 8;CHPh), 2.60
catalyst was filtered, and the filtrate was concentrated to an opaque (dd,J = 17.6, 10.9 Hz, 1H, CHB.CO), 2.68 (ddd)) = 17.4,5.1, 1.9
oil. Purification by column chromatography (3:2 pet ether/EtOAc) gave Hz, 1H, CHOH,CO), 3.11 (tdd,J = 11.2, 5.2, 3.0 Hz, 1H, BPh),

the title compound (0.886 g, 78%;99:1 dr) as a colorless oitH 3.29 (m, 2H, CHE:N), 4.58 (d,J = 14.5 Hz, 1H, Ph@:N), 4.75 (d,
NMR (CDCl;, 500 MHz)d 1.00 (m, 21 H, ((€ls).CH):Si), 2.59 (dd, ~ J = 14.5 Hz, 1H, Ph@L:N), 7.19-7.37 (m, 10 H, PH); *C NMR
J=17.8, 4.7 Hz, 1H, CHE,CON), 2.95 (ddJ = 17.8, 6.4 Hz, 1H,  (CDCh, 125.6 MHz)0 30.0 (CH), 38.5 (CH), 39.3 (Ch), 46.2 (CH),
CHCH,CON), 3.24 (m, 3H, GPh, NCHy). 4.16 (dt.) — 5.6, 3.6 Hz, 498 (CH), 126.4 (CH), 126.7 (CH), 127.3 (CH), 128.1 (CH), 128.5
1H, CHOTIPS), 7.21 (m, 3H, AH), 7.30 (m, 2H, PH), 7.37 (br s, (CH), 128.6 (CH), 137.0 (C), 143.3 (C), 169.1 (C). Anal. Calcd for

1H, NH); 13C NMR (CDClg, 125.6 MHZ)é 12.2 (CH), 17.8 (CISD, CigH1NO: C, 81.47; H, 7.22; N, 5.28. Found: C, 81.36; H, 7.24; N,
17.9 (CH), 32.6 (CH), 45.2 (CH), 46.3 (Ch), 69.3 (CH), 127.0 (CH), 942 [bJo™ —35.9 (c = 1.1, CHC}), >97:3 er lit* [a]o* +35.0°
127.3 (CH), 128.6 (CH), 140.9 (C), 172.2 (C). HRMBAB (M + 1). (c= 1.1, CHCY), 96:4 er.

Calcd for GoHzNO,Si: 348.2359. Found: 348.235%]p%% +7.1° Representative Procedure for Enolization and Substitution of
(c = 1.95, CHC}). 2-Piperidones with t-BuLi. Conversion of 73 to 77, Part 1: 1,3-

Representative Procedure for Reduction to Piperidines: 3-(2-  Dibenzyl-4-phenylpiperidin-2-one.To a solution of73(0.250 g, 0.942
Methoxyphenyl)-4-phenylpiperidine-1-carboxylic Acid tert-Butyl mmol) in THF (19 mL) at-78 °C was added-BuLi (0.606 mL of a
Ester (61). To a solution of55 (0.060 g, 0.213 mmol) in THF (1.5 1.7 M solution in pentane, 1.03 mmol). After stirring 20 min, BnBr
mL) was added LAH (0.642 mLfoa 1 M solution in THF, 0.642 (0.224 mL, 1.88 mmol) was added, and the solution was stirred? &t
mmol), and the solution was stirred at reflux for 4 h. The reaction was ~C for 1.5 h and slowly warmed to room temperaturgOH20 mL)

cooled to room temperature, quenched carefully with saturated Na was addeq, and the aqueous was e_-xtracted with ether 28 mL).
SQ, filtered, and concentrated. The crude residue was redissolved in The combined ether extracts were dried over Mg&aul concentrated.

CH,Cl, (4 mL), and BogO (0.073 mL, 0.319 mmol) was added. The Purification of the residue by column chromatography (7:3 pet ether/
solution was stirred fol h and concentrated. Purification by column ~ EIOAC) gave the title coTpound (0.285 g, 85%97:3 dr) as a colorless
chromatography (8:1 pet ether/EtO/&9 (0.064 g, 82%) as a colorless oil. Major diastereomerH NMR (CDCL;, 500 MHz)0 1.89 (m, 2H,

oil. H NMR (CDCl, 500 MHz)6 1.51 (s, 9H, ®Bu), 1.81 (tdJ=  CH2CHPN), 2.73 (dd) = 13.9, 4.9 Hz, 1H, CHE,Ph), 2.84 (td) =
12.6, 3.9 Hz, 1H, CHE,CH), 1.92 (m, 1H, CHEL,CH), 2.90 (m, 2H, 96 8.6 Hz, 1H, EIPh), 3.09 (m, 2H, €N, CHCH,Ph), 3.48 (dd
NCHy), 3.06 (m, 1H, GiPh), 3.47 (m 1H, GPh), 3.72 (s, 3H, B zgg"% 3"3 '1241'; CT}?ZZE& ﬁ;‘S §dl'];713‘g6 Hz’lé:' ';g*e'j';é-
OPh), 4.29 (m 2H, NEl), 6.71 (d,J = 8.4 Hz, 1H, PH), 6.77 (1, -89 (d,J = 14.4 Hz, 1H, NGiPh), 7.13-7.38 (m, 15H, PH);

73 Ho 1M, Phi). 7.0107.14 (m, 7H, PH): “C NMR (CDE, 1266  NMR (CDCh, 125.6 MHZ)0 30.7 (CH), 34.8 (CH), 41.8 (CH), 46.2
M) 6 28.4 (CH), 3.7 (CH), 472 (CH). 55.3 (Ol 56.2 (OHD), (CHy), 48.4 (CH), 50.7 (Ch), 126.1 (CH), 126.8 (CH), 127.3 (CH),

127.3 (CH), 128.1 (CH), 128.5 (CH), 128.7 (CH), 130.0 (CH), 136.9
60.3 (CH), 79.3 (C), 110.5 (CH), 120.3 (CH), 125.9 (CH), 127.2 (CH),
127.4 (CH), 127.9 (CH), 141.7 (C), 129.5 (C), 144.1 (C), 154.8 (C), (©):139.1(C), 143.4(C), 171.3 (C). HRMFAB (M + 1). Calcd for

157.2 (C). HRMS-FAB (M + 1). Calcd for GaHaNOs: 368.2226.  C2oH2eNO: 356.2014. Found: 356.2016.

Found: 368.2225.d]p2% —5.6° (c = 0.25, CHCY). Representative Procedure for Reduction of Benzyl Lactams to
Benzyl Piperidines. Conversion of 73 to 77, Part 2: 1,3-Dibenzyl-
4-phenylpiperidine (77). To a solution of 1,3-dibenzyl-4-phenyl-
piperidin-2-one (0.160 g, 0.450 mmol) in THF (9 mL) was added LAH
(1.35 mL d a 1 M solution in THF, 0.1.35 mmol), and the solution
was stirred at reflux for 4 h. The reaction was cooled to room
temperature, quenched carefully with saturated3@, filtered, and
concentrated. Purification by column chromatography (7:3 pet ether/
EtOAc) gave77 (0.137 g, 90%) as a colorless oil. Major diastere-
omer: *H NMR (CDCl;, 500 MHz) 6 1.85 (m, 3H, Gi,CHPh,
CHCH,Ph), 1.97 (id,J = 10.9, 4.1 Hz, 1H, EN), 2.11 (m, 1H,
CHCH,Ph), 2.27 (m, 2H, @Ph, GHCH,Ph), 2.62 (d,J = 12.8 Hz,
1H, NCHp), 2.94 (d,J = 11.2 Hz, 1H, NC&1,), 2.99 (d,J = 11.1 Hz,
1H, NCH,), 3.35 (d,J = 13.1 Hz, 1H, N&i,Ph), 3.68 (dJ = 13.1 Hz,
1H, NCH,Ph), 7.03 (m, 2H, PH), 7.14-7.40 (m, 13H, PH); 1*C NMR
(CDCls, 125.6 MHz)0 35.0 (CHy), 38.3 (CH), 43.0 (CH), 49.3 (CH),
53.3 (CH), 59.8 (CH), 63.3 (CH), 125.7 (CH), 126.3 (CH), 126.9
(CH), 127.8 (CH), 128.0 (CH), 128.1 (CH), 128.6 (CH), 128.9 (CH),
129.2 (CH), 138.1 (C), 140.4 (C), 145.1 (C). HRMBAB (M + 1).
Calcd for GsHagN: 342.2222. Found: 342.2223]p%% +26.7 (c =
1.25, CHC}).

Representative Procedure for Conversion of Enecarbamates to
4-Nitrobutyric Acid Methyl Esters. Conversion of 17 to 62, Part 1:
4-Nitro-2,3-diphenylbutyric Acid Methyl Ester. A solution of 17
(3.15 g, 6.44 mmol) in CECl, (90 mL) was cooled to-78 °C. O3
was bubbled through the solution until a purple solution persist&d
min). O, was then bubbled through the solution for 15 min-at8 °C
followed by the addition of dimethyl sulfide (5 mL). The solution was
slowly warmed to room temperature, stirred overnight, and concentrated.
The residue was dissolved #BuOH (140 mL) and 2-methyl-2-butene
(32.6 mL). A solution of NaCl@(5.43 g, 59.4 mmol) and NaRO,
(5.43 g, 45.0 mmol) in KO (54.0 mL) was added, and the resulting
yellow solution was stirred for 10 min. The solution was poured into
CHCl, (220 mL) and acidified with 2.5% HCI (220 mL). The organic
layer was separated and the aqueous layer extracted witBICE x
180 mL). The combined organics were dried over MgSahd
concentrated. Chromatography of the residue with 7:3 pet ether/EtOAc
and then 5% AcOH gave the crude acid, which was redissolved in
MeOH (90 mL) and treated with HCI (16.3 mLf @ 2 N solution in
Et,O, 32.6 mmol). The solution was stirred for 72 h and concentrated.
Purification of the residue by column chromatography (6:1 pet ether/
EtOAc) gave the title compound (1.39 g, 72%99:1 dr) as a white - -
solid: mp 84-86 °C (lit.?2 100-136 °C; mixture of diastereomers) (2% ,g"_ajh_bg?gb_"csh'énf'lbg',%ré £, Koller, M. KC, S. K.; Popp, A.; Schollmeyer,
The!H NMR spectrum was consistent with reported literature vatdies.  (23) Senda, T.; Ogasawana, M.; HayashiJTOrg. Chem2001, 66, 6852.
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Representative Procedure for Boc-Protection of Pyrrolidino-
nes: 4-Isobutyl-3-methyl-2-oxopyrrolidine-1-carboxylic Acid tert-
Butyl Ester. To a solution 0f64 (0.590 g, 3.80 mmol) in CkCl, (25
mL) was added DMAP (0.464 g, 3.80 mmol),3Ht(0.530 mL, 3.80
mL), and BogO (1.75 mL, 7.60 mmol). The solution was stirred for 2

Representative Procedure for Lithiation of Boc-3,4-Disubstituted
Piperidines: 2-Methyl-4,5-diphenylpiperidine-1-carboxylic Acid
tert-Butyl Ester (84). To a stirring solution 069 (0.150 g, 0.444 mmol)
in ether (4.6 mL) under Nwas added TMEDA (0.161 mL, 1.07 mmol).
The solution was cooled te 78 °C andsecBuLi (0.730 mL of a 1.46

h at room temperature and concentrated. Purification of the residue by M solution in cyclohexane, 1.07 mmol) was added. The solution was

column chromatography (7:1 pet ether/EtOAc) provided the title
compound (0.702 g, 72%>99:1 dr) as a colorless oil. Major
diastereomer!H NMR (CDClz, 500 MHz) 6 0.90 (d,J = 6.6 Hz, 3H,
CH,CHMe,), 0.92 (d,J = 6.7 Hz, 3H, CHCHMe,), 1.18 (d,J = 6.9
Hz, 3H, CHVe), 1.26 (ddd,J = 13.5 9.4, 5.1 Hz, 1H, B,.CHMe,),
1.43 (ddd,J = 13.7, 9.2, 4.7 Hz, 1H, B,CHMey), 1.52 (m, 9H,
C(CHg)3) 1.63 (m, 1H, CHCHMey), 1.88 (m, 1H, NCHCH), 2.12 (dq,
J=10.7, 7.1 Hz, 1H, EIMe), 3.13 (ddJ = 10.7, 9.7 Hz, 1H, NEl,),
3.86 (dd,J = 10.7, 7.9 Hz, 1H, NE,); 3C NMR (CDCk, 125.6 MHz)
0 13.8 (CHy), 21.8 (CH), 23.5 (CH), 25.7 (CH), 28.0 (CH), 37.4
(CH), 42.3 (CH), 45.1 (CH), 50.3 (Ch), 82.7 (C), 150.3 (C), 176.2
(C). Anal. Calcd for GsH2sNOs: C, 65.85; H, 9.87; N, 5.49. Found:
C, 65.77; H, 10.24; N, 5.630]p**% —55.4 (c = 1.3, CHC}).
Representative Procedure for Enolization and Substitution of
2-Pyrrolidinones with LDA: 3-Benzyl-2-oxo-3,4-diphenylpyrroli-
dine-1-carboxylic Acid tert-Butyl Ester (81). To a solution of79
(0.038 g, 0.112 mmol) in THF (2 mL) at78 °C was added LDA
(0.073 mL of a 2.0 M solution in THF, 0.145 mmol). After stirring 90
min, BnBr (0.04 mL, 0.336 mmol) was added and the solution slowly
warmed to room temperature. The solution poured into saturatad NH
Cl (10 mL), and the aqueous layer was extracted with ether @
mL). The combined ether extracts were dried over MgS@d
concentrated. Purification of the residue by column chromatography
(9:1 pet ether/EtOAc) gavél (0.033 g, 69%;>97:3 dr) as a colorless
oil. Crystals suitable for X-ray crystallographic analysis were obtained
by slow evaporation from benzene/hexane: mp-1888°C; *H NMR
(CDClz, 500 MHz) 6 1.55 (s, 9H, @Bu), 3.24 (d,J = 13.9 Hz, 1H,
CH,Ph), 3.57-3.70 (m, 4H, @&,Ph, CGHPh, GH,N), 6.77 (m, 2H, PHI),
6.93 (m, 2H, PHi), 7.10-7.20 (m, 6H, PHi), 7.31 (m, 1H, PHi), 7.39
(m, 2H, PH), 7.47 (m, 2H, PHI); *3C NMR (CDCk, 125.6 MHz)d
28.0 (CHy), 41.8 (CH), 44.2 (CH), 48.8 (Ch), 61.4 (CH), 83.1 (C),
127.0 (CH), 127.1 (CH), 127.2 (CH), 127.9 (CH), 128.0 (CH), 128.0
(CH), 128.5 (CH), 129.3 (CH), 131.4 (CH), 136.9 (C), 136.9 (C), 139.3
(C), 149.7 (C), 175.6 (C). HRMSFAB (M + 1). Calcd for GgHao-
NOs: 428.2226. Found: 428.2226x]p%% +34.3 (c = 1.0, CHC}).
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stirred for 10 min at-78 °C, warmed to—25 °C for 1 h, and cooled
back to—78 °C for 1 h. MeOTf (0.161 mL, 1.42 mmol) was added,
and the solution was stirred for an additional 15 min-@&8 °C, warmed

to room temperature, and quenched with saturategb mL). The
aqueous layer was extracted with ether4L0 mL) and dried over
MgSQ.. Purification by column chromatography (25:1 pet ether/EtOAc)
gave84 (0.119 g, 76%,>97:3 dr) as a colorless oil. Major diastere-
omer: *H NMR (CDCls;, 400 MHz)¢ 1.30 (d,J = 6.1 Hz, 3 H, Gs-
CH), 1.46 (s, 9H, ®Bu), 1.80 (q,J = 12.7 Hz, 1H, CHCHCH,CH),
2.00 (ddd,J = 13.4, 6.1, 2.4 Hz, 1H, C#CHCH,CH), 2.89 (m, 2H,
CHPh), 3.64 (ddJ = 14.2, 6.2 Hz, 1H, N€l), 3.93 (dd,J = 14.2,

2.2 Hz, 1H, NG&Hy), 4.12 (dquintJ = 12.3, 6.1 Hz, 1H, NEICHs),
7.02 (m, 4H, PH), 7.17 (m, 6H, PH); 13C NMR (CDCb, 100.6 MHz)

0 19.4 (CH), 28.5 (CH), 37.5 (CH), 44.6 (CH), 46.6 (CH), 49.6
(CH), 50.4 (CH), 79.4 (Cq), 126.2 (CH), 127.4 (CH), 127.6 (CH), 128.1
(CH), 128.2 (CH), 144.3 (C), 144.7 (C), 155.0 (C). Anal. Calcd for
CogHogNO2: C, 78.59; H, 8.32; N, 3.99. Found: C, 78.59; H, 8.34; N,
3.66. []p?% +1.2° (c = 1.25, CHCY}).
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