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Condensation between aldehydes and the secondary amino function of 5-(aminoalky!)&fores,
obtained by the silyloxyfuran dienolate addition to imine-type derivatives, produces either aminoalkyl-
benzotriazoles or 1,2,3,4-tetrahydropyridines. The former can be reduced with t&ngienerate
o-aminoalkyl radicals that are trapped by thg3-unsaturated lactone moiety yielding substituted
pyrrolidines diastereoselectively, while catalytic hydrogenation of the latter affords isomeric piperidine
analogues. Alternatively, Smpromoted reduction of tetrahydropyridines in the presence of acid also
leads to intermediate-aminoalkyl radicals that participate in inter- or intramolecular olefin addition
reactions. Further manipulation of the lactone functionality in various ways gives access to a number of
interesting derivatives based upon either a pyrrolidine or a piperidine structural motif. As a result, a high
degree of structural diversity is obtained in a few steps starting from a common set of simple materials.

Introduction SCHEME 1. Vinylogous Mannich Reaction of

: : ilyloxyf I
The aminoalkyl-substituted furan-24»-one substructure Silyloxyfurans e

present in amine$Va,b (Scheme 1) has attracted particular a L
attention not only for being present in natural produbtst also N7 TOR

for the synthetic applications of their derivatives, which have Bl R2

recently found extensive use in the synthesis of natural <i7/osm3 R o
products? As indicated in Scheme 1, compounti&,b are \_/ ¥ o N =0
commonly accessible by Mannich-type reactions. | R o P

For synthetic applications, the formation ¥ is often "NTTR? IVa P < COR
followed at some stage by manipulation of tg-unsaturated m Vb P=H

T Dedicated to the memory of Professor Marcial Moreno-k&an V'IaCtone mOiety' which may Commonly undergo redUCt%ﬁ’
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oxidationZ2-¢ or nucleophilic conjugate additi8hreactions. On

the other hand, the corresponding conjugate radical additions
to IV or derivatives thereof are unprecedented. It was initially
envisaged that the strategic combination of a vinylogous
Mannich reaction and an intramolecular addition cofami-
noalkyl radicalé VII , derived from amine#v/b and aldehydes

V through the intermediacy of benzotriazolés® would provide

a conveniently rapid and practical access to pyrrolofuranone

J. Org. Chem200§ 71, 87678778 8767



JOC Article

derivativedX (Scheme 2§° Different combinations of readily
incorporated substituents!RR?, and R, along with various
manipulations of the lactone functionality in bicycles, would
then be expected to lead to structurally diverse 3-hydroxypyr-
rrolidinesXI, as suggested in Scheme 2. During the course of
work directed to this end, it was found that, depending on
reaction conditions, condensation betwé&¢h andV could be
directed either toward the formation of benzotriazole derivatives
VI or toward cyclic enaminesX,'®11 and, therefore, the
corresponding synthesis of piperidingd and XIll became

an additional goal of this work. Thus, similar to the preparation
of XI, manipulation of the lactone moiety could be expected to
provide 3-hydroxypiperidineXll , whereas the presence of an
enamine-type double bond ¥ would provide an opportunity
for the additional introduction of functionality at a piperidine
a-position, leading tIll . In this manner, a divergent strategy

emerged that would give access to a range of structurally diverse

pyrrolidines and piperidineXl —XIIl in a few steps starting
from common materiald/b andV (Scheme 2). ProductX —

X1l are worthy synthetic targets. Thus, the basic skeleton of
IX is present in natural productsbesides serving as a precursor
of 3-azaprostaglandins, a type of 3-hydroxypyrrolidine with
potential in the treatment of glaucorel* The basic pyrrolidine-
diol and -aminoalcohol substructures)tf (X = CH,OH, CH,-

(2) Reviews: (a) Rassu, G.; Zanardi, F.; Battistini, L.; Casiraghi, G.
Synlett1999 1333-1350. (b) Casiraghi, G.; Zanardi, F.; Appendino, G.;
Rassu, GChem. Re. 200Q 100, 1929-1972. (c) Casiraghi, G.; Zanardi,
F.; Rassu, GPure Appl. Chem200Q 72, 1645-1648. (d) Bur, S. K.;
Martin, S. F.Tetrahedron200], 57, 3221-3242. (e) Martin, S. FAcc.
Chem. Res2002 35, 895-904. Selected applications: (f) Martin, S. F.;
Barr, K. J.; Smith, D. W.; Bur, S. K. Am. Chem. S0d.999 121, 6990~
6997. (g) Pichon, M.; Hocquemiller, R.; Figade B. Tetrahedron Lett.
1999 40, 8567-8570. (h) Liras, S.; Davoren, J. E.; BordnerQlrg. Lett.
2001, 3, 703-706. (i) Liras, S.; Lynch, C. L.; Fryer, A. M.; Vu, B. T,;
Martin, S. F.J. Am. Chem. So2001, 123 5918-5924. (j) Kende, A. S ;
Martin Hernando, J. |.; Milbank, J. B. Jetrahedror2002 58, 61—74. (k)
Reichelt, A.; Bur, S. K.; Martin, S. FTetrahedron2002 58, 6323-6328.

() Hanessian, S.; Therrien, E.; Granberg, K.; NilssoBjdorg. Med. Chem.
Lett. 2002 12, 2907-2911.

(3) For areview, see: Srikanth, G. S. C.; Castle, S.dtrahedror2005
61, 1037710441.

(4) For a review, see: Aurrecoechea, J. M.; SuercARKIVOC2004
10-35.

(5) For previous work in this area, see the appropriate citations in ref 4.

(6) The intramolecular additions of neutrataminoalkyl radicals to
related enonéa® and o, 3-unsaturated lactarffshave been reported, but
for o, f-unsaturateg-lactones only the intermolecular process is knéwn.
In fact, reports on the use of simple,S-unsaturatedy-lactones as
radicophiles in intramolecular conjugate addition reactions have been &carce.

(7) (@) Yoon, U. C.; Mariano, P. SAcc. Chem. Resl992 25, 233—
240. (b) Khim, S. K.; Cederstrom, E.; Ferri, D. C.; Mariano, P. S.
Tetrahedron1996 52, 3195-3222. (c) Bauer, A.; Westkaemper, F.;
Grimme, S.; Bach, TNature 2005 436, 1139-1140.

(8) (a) Bertrand, S.; Hoffmann, N.; Pete, J.Hur. J. Org. Chem200Q
2227-2238. (b) Bertrand, S.; Hoffmann, N.; Humbel, S.; Pete, J. Prg.
Chem.200Q 65, 8690-8703. (c) Marinkovic, S.; Hoffmann, NChem.
Commun2001, 1576-1577. (d) Marinkovic, S.; Hoffmann, Neur. J. Org.
Chem2004 3102-3107. (e) Marinkovic, S.; Brule, C.; Hoffmann, N.; Prost,
E.; Nuzillard, J. M.; Bulach, WJ. Org. Chem2004 69, 1646-1651. (f)
Harakat, D.; Pesch, J.; Marinkovic, S.; Hoffmann,®tg. Biomol. Chem.
2006 4, 1202-1205.

(9) (@) Sloan, C. P.; Cuevas, J. C.; Quesnelle, C.; Snieckus, V.
Tetrahedron Lett1988 29, 4685-4686. (b) Harrison, T.; Myers, P. L.;
Pattenden, GTetrahedronl989 45, 5247-5262. (c) Monovich, L. G.; Le
Huerou, Y.; Roenn, M.; Molander, G. Al. Am Chem. So200Q 122
52—-57. (d) Molander, G. A,; St. Jean, D., Jr.Org. Chem2002 67, 3861~
3865. (e) Birman, V. B.; Danishefsky, S.J.Am Chem. SoQ002 124
2080-2081. (f) Clive, D. L. J.; Huang, XTetrahedron2002 58, 10243~
10250. (g) Becattini, B.; Ollivier, C.; Renaud, Bynlett2003 1485-1487.

(10) For a preliminary communication of parts of this work see:
Aurrecoechea, J. M.; Suero, Retrahedron Lett2005 46, 4945-4947.

(11) For an application in alkaloid synthesis, see: Aurrecoechea, J. M.;
Gorgojo, J. M.; Saornil, CJ. Org. Chem2005 70, 9640-9643.
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SCHEME 2. Divergent Strategy for the Preparation of
3-Hydroxypyrrolidines and 3-Hydroxypiperidines from
Amines IV and Aldehydes V
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X = CONHR®, CH,0H, CH,NHR*

NHR?* are found in natural products with a wide range of
biological activities> while many other 3-hydroxy-pyrrolidines
and -piperidines are also found as structural components of
compounds with interesting biological profil&&sThis paper
describes our results in this area.

(12) (a) Bohlmann, F.; Zdero, C.; Jakupovic, J.; Grenz, M.; Castro, V.;
King, R. M.; Robinson, H.; Vincent, L. P. DPhytochemistryl986 25,
1151-1159. (b) Dobler, S.; Haberer, W.; White, L.; HartmannJTChem.
Ecol.200Q 26, 1281-1298. (c) Ibnusaud, |.; Thomas, Getrahedron Lett.
2003 44, 1247-1249.

(13) Hellberg, M. R.; Klimko, P. G. U.S. Patent 6,211,226, 200hem.
Abstr. 2001, 134, 252199.

(14) For a review on the synthesis and biological activities of prostag-
landin aza-analogs, see: Biaggio, F. C.; Rufino, A. R.; Zaim, M. H.; Zaim,
C. Y. H.; Bueno, M. A.; Rodrigues, ACurr. Org. Chem2005 9, 419—
457.

(15) (a) Urban, S.; Leone, P. A;; Carroll, A. R.; Fechner, G. A.; Smith, J.;
Hooper, J. N. A.; Quinn, R. J. Org. Chem1999 64, 731-735. (b) Snider,

B. B.; Song, F.; Foxman, B. MJ. Org. Chem.200Q 65, 793—-800. (c)
Yamaguchi, S.; Yokoyama, M.; lida, T.; Okai, M.; Tanaka, O.; Takimoto, A.
Plant Cell Physiol2001, 42, 1201-1209. (d) Kobayashi, J.; Yoshinaga, M.;
Yoshida, N.; Shiro, M.; Morita, HJ. Org. Chem2002 67, 2283-2286.

(16) (a) Hansen, S. U.; Bols, MActa Chem. Scand.998 52, 1214~
1222. (b) Blanco, M.-J.; Sardina, F. J. Org. Chem.1998 63, 3411~
3416. (c) Kato, H.; Yasuda, S.; Yoshida, T. Japan Patent 10324686, 1998;
Chem. Abstr1998 130, 81420. (d) Borromeo, P. S.; Cohen, J. D.; Gregory,
G. S.; Henle, S. K,; Hitchcock, S. A.; Jungheim, L. N.; Mayhugh, D. R;
Shepherd, T. A.; Turner, W. W., Jr. PCT Int. Appl. WO 0011023, 2000;
Chem. Abstr200Q 132 194661. (e) Ma, D.; Sun, Hletrahedron Lett.
200Q 41, 1947-1950. (f) El-Ashry, E. H.; El Nemr, ACarbohydr. Res.
2003 338 2265-2290. (g) John, V.; Moon, J. B.; Pulley, S. R.; Rich, D.
H.; Brown, D. L.; Jagodzinska, B.; Jacobs, J. S. PCT Int. Appl. WO
2003043987, 2003Chem. Abstr.2003 139 6887. (h) Kruetzfeldt, J.;
Rajewsky, N.; Braich, R.; Rajeev, K. G.; Tuschl, T.; Manoharan, M.; Stoffel,
M. Nature 2005 438 685-689.
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SCHEME 3. Preparation of 5-Aminomethylbutenolide £ (7b/8b) diastereomeric ratio was obtained in the case of the
Bn. .Z () Bney o © Bn. o six-membered analogue. Acidic removal of the Boc-protecting
N — . /\E):o — ’T‘/\E):o group afforded the free aminé&sand 10, which needed to be
Boc Boc = H = handled with care. Thus, they have a tendency to epimétize,
@ |:1 Z=H 3 (67%) 4 (100%) particularly in the absence of solvent, and this is also ac-
2 Z=CH,OMe companied by gradual decompositi#iNevertheless, we have
been able to isolate pyrrolidir8ain 84% yield and characterize
Bn \N/\I:‘f it as the partially epimerized material. On the other hand, amines
Boc |0 9b,c and 10b were best manipulated as a partially evaporated
5 CH,CI, solution obtained after workup of the mixture derived
from the deprotection step. As a consequence, yields for
Reagents and conditions: (e)BuLi, MOMCI, THF, —78 °C — . subsequent reactions are always referred to Boc-protected
(b) TMSOF, TMSOTF, CHCl,, =78 °C. () TFA, CHCl, 0°C — 1t amines 7b,c and 8b as the starting point. Stereochemical
SCHEME 4. Preparation of Cyclic Amines 9 and 10 assignments for amineés—10 relied on crystallographic data

previously reported for the Boc-derivativéa—c'’2 and were
further supported by independent spectroscopic studies per-
formed on their derived cyclization products described herein
(vide infra and Supporting Information).

The Smj-mediated one-electron reduction of condensation

Boc adducts derived from aldehydes, secondary amines, and ben-
6a (n=1) zotriazolé has become a practical method for generation of
6b (n =2) o-aminoalkyl radicals capable of radical cyclization, as shown

6c (n =3) by the corresponding reports on the preparation of cyclopentyl-
amines?2a pyrrolidines22b-¢ and piperidineg? At the outset,

aReagents and conditions: (@Butyldimethylsilyloxyfuran (TBSOF), the possibility of applying this methodology using amides,
TMSOTf, CHCl,, —80 °C. (b) TMSOTf, CHCl,, —25— —5 °C (for 9a)

or TEA, CH,Cly, 0 °C — rt (for 9b.c, and10b). or 1_0 raised some concerns. For example, in ckhaminoglkyl
radicalsVIl , the delocalization of the single electron into the
Results and Discussion nitrogen lone pair would give some character to the €N
bond?3 and its cyclization into the bicyclic or tricyclic arrange-
(A) Radical Cyclizations. Amines of general structur&/b ment (with formation of an endocyclic-€N bond) could be
were prepared using the vinylogous Mannich reaétiiween  hindered as a result of strain development. Another point of
silyloxyfurans of typel and Boc-protected.-alkoxyamined| concern was stereocontrol in the formation of pyrrolidines of
(P = Boc), followed by hydrolysis of the N-protecting group  type IX. While the relative configuration at C-3 and C-4 (5-
(Schemes 1, 3, and 4). Thus, coupling betw2emd trimeth- ~ hexenyl radical numbering) is already set during preparation

ylsilyloxyfuran (TMSOF) was carried out using trimethylsilyl-  of the amines (vide supra) and a cis-fusion between the
triflate (TMSOTf) as a promoter resulting in the formation of pyrrolidine and lactone rings is readily expected based on
the corresponding 5-(aminomethyl)furarbBg-one,3, thatwas  thermodynamic considerations, control of the 1,5-relative ster-
isolated in good yields (Scheme 3). Formation of a regioisomer eochemistry would be defined in the radical cyclization step.
5 was also observed in this reaction as a result of competitive Relateda-aminoalkyl radical cyclizations have been shown to

a-alkylation!” Deprotection under acidic conditions afforded give preferentially 1,5-syn relationships in agreement with the
the free aminet in quantitative yield from3. A more direct Beckwith—Houk model24 however, in the present case, this

preparation of amind has been reported starting from TMSOF  would lead to apparently severely congested polysubstituted all-
and a triazine derivative acting as a synthetic equivalent of syn bicyclic or tricyclic systems.

benzylmethyleneamin€However, the alternative indirect route The possibility of preparing bicyclic and tricyclic systems

depicted in Scheme 3 was preferred because it allowed us toof type 13 was explored first. In that event, treatment4pf,
conveniently store multigram quantities of the more stable

N-Boc protected derivative8 and deprotection afforded an gog ForarelatedJePOF_tb_See ref 1b. deaminati . )

7 H H 1) For a report escrining spontaneous eamination upon ormation
ess.e.ntlaf”y pure crude free amighat could be used without of 5-aminoalkylbutenolides, see: Piper, S.; RischARKIVOC2003 86—
purification. 92.

Cyclic protected amineg and 8 were similarly obtained (22) (a) Aurrecoechea, J. M.;"pez, B.; Ferfadez, A.; Arrieta, A;
following a literature procedu?‘@ (Scheme 4}9 A high Cosso, F. P.J. Org. Chem1997 62, 1125-1135. (b) Aurrecoechea, J.

. o . . . . M.; Fernandez, A.; Gorgojo, J. M.; Saomil, Tetrahedrorl999 55, 7345~
diastereoselectivity favoring isom@&rwas observed, which is 7365 (c) Katritzky, A. R.; Feng, D. M.; Qi, M. Aurrecoechea, J. M.; Suero,

in line with previous report§’2Thus, five- and seven-membered  R.; Aurrekoetxea, NJ. Org. Chem1999 64, 3335-3338. (d) Suero, R.;
protected amine®aand7c, respectively, were isolated as single Gorgojo, J. M.; Aurrecoechea, J. Metrahedron2002 58, 6211-6221.

diastereoisomers after column chromatography, whereas a S:JS?))O%U;}OSG’BE;?—GGOEEEJJO(})Jkl\gt'r;itszllisr?& Ré? Aﬁ;fcg?cﬁggé IYM"I":Z?]‘gOB ,

Ghiviriga, I. J. Chem. Soc., Perkin Trans.2D0Q 1375-1380.

(17) For other cases of competingalkylation, see: (a) de Oliveira, M. (23) (a) Schubert, S.; Renaud, P.; Carrupt, P. A.; Schenklgk.. Chim.

C. F.; Silva-Santos, L.; Pilli, L. ATetrahedron Lett2001 42, 6995— Acta1993 76, 2473-2489. (b) Armstrong, D. A.; Rauk, A.; Yu, D. K.

6997. (b) Ref 2h. Am. Chem. Sod.993 115 666—-673. (c) Wayner, D. D. M.; Clark, K. B.;
(18) Ha, H.-J.; Kang, K.-H.; Ahn, Y.-G.; Oh, S.-Bleterocyclesl997, Rauk, A.; Yu, D.; Armstrong, D. AJ. Am. Chem. S0d.997, 119, 8925~

45, 277-286. 8932. (d) Jansen, T. L.; Trabjerg, |.; Rettrup, S.; Pagsberg, P.; Sillesen, A.
(19) For other reported preparations of these compounds, see: (a) SuhActa Chem. Scand.999 53, 1054-1058.

Y.-G.; Kim, S.-H.; Jung, J.-K.; Shing, D.-YTetrahedron Lett2002 43, (24) (a) Beckwith, A. L. J.; Schiesser, C. Fetrahedroril985 41, 3925~

3165-3167. (b) Pichon, M.; Figade, B.; Cave, ATetrahedron Lett1996 3941. (b) Spellmeyer, D. C.; Houk, K. M. Org. Chem1987, 52, 959—

37, 7963-7966. 974.
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SCHEME 5. Preparation of Pyrrolofuranones 13 from 4, 9,
or 10 and a Formaldehyde Equivalent

2
1 R3 \\R2H RS «RZH RS ?H
R\Nxt(j):oﬂ Fv’N NVAS —>R1N~ ° o)
z = I <~ °
H
4,9,10 Z=H 12 13

a,
( )En Z =CH,Bt

Bt = Benzotriazolyl

aReagents and conditions: (s)Hydroxymethylbenzotriazolet A MS,
CHyCly, rt. (b) Smb, t-BuOH, THF,—78 °C — rt.

TABLE 1. Preparation of Bicyclic Pyrrolidines 13

Amine Product 13 (Yield)"
H
[¢]
4 Bn-Ni)m 13a (67)
H
9a b
Hy
O, C
9b %o 13¢ (61)
H
Hy
~ O,
10b Cd’\):o 13d (65)°
H
Hy
O,
9¢ N °© 13e (54)

a|solated yield (%) of pure products for three steps starting f8pm,
or 8. b The corresponding product3b) was formed, as determined Bi
NMR, but could not be conveniently isolated and purifie¥ield was
corrected for epimerization.

or 10 with commercialN-hydroxymethylbenzotriazole (a sur-
rogate for benzotriazole and formaldehyde) afforded the cor-
responding condensation addutis which were directly treated
with excess Smlt-BuOH to afford pyrrolidine lactoned3
(Scheme 5 and Table 1) in good overall yields, which are given
for three steps starting frofN-Boc derivatives3, 7, or 8.
Therefore, starting from a furanone dienolate of typéhe
combination of a vinylogous Mannich reaction and &ml
promoted intramolecular conjugate aminomethylation gives
ready access to fused bicyclic or tricyclic systems with remark-

able ease. As expected, only cis-fused lactones were obtained,

and this was confirmed by the observation of strong NOEs

Aurrecoechea et al.

SCHEME 6. Preparation of Pyrrolofuranones 16 from
Amine 4 and Aldehyde$

H H H
Bn\N/\to)= Bn,N 0 o
| (¢] O | — Bn-N [¢]
z = )./\L/E
R v’: H
- X
(a)l:4 Z=H 15 16

14 Z=CHRBt
Bt = Benzotriazolyl

(b)

—

aReagents and conditions: (a) RCHO, Bt#A MS, CHCl,, rt. (b)
Smb, t-BuOH, THF,—78 °C — rt.

TABLE 2. Preparation of Pyrrolofuranones 16 from Amine 4 and
Aldehydes

major diastereoisomer

16 X Y yield (dr)2
1 16a n-Pr H 71 (94:6)
2 16b (CHp)zAre H 47
3 16b (CHp)oAr® H 84 (91:9)
4 16¢ (CHp)4CO:Me H 66 (94:6)9
5 16d i-Pr H 84 (83:17)
6 16e H Ph 44 (61:39)

aYield (%) of isolated purified products. Unless otherwise indicated,
diastereoisomer ratios were measured in the crude produiesrahydropy-
ridine 17awas isolated in 6% yiel® Ar = 3,4-dimethoxyphenyl Tet-
rahydropyridinel7b was isolated in 9% yield® Benzene was used as the
solvent in the formation of addut#. f Tetrahydropyridind 7cwas isolated
in 6% yield. 9 Isomer ratio determined from the isolated purified products.

NMR spectra of the crude benzotriazole adducts that already
showed signals associated to the other epimer.

The same cyclization conditions were applied successfully
to benzotriazole adducts derived from aldehydes other than
formaldehyde. Thus, starting from amidgthe corresponding
pyrrolofuranoned 6 were obtained in a process which, overall,
represented the intramolecular aminoalkylation of @-
unsaturated lactone (Scheme 6, Table 2). The reaction proceeded
with both good yields and good stereoselectivities for aliphatic
aldehydes, while benzaldehyde gave poorer results (entry 6).

The use of aldehydes containing an unsubstituted methylene
unit o to the carbonyl group (entries—4), in addition to the
expected pyrrolidine&6, led to the isolation of small amounts
(6—9%) of tetrahydropyridined7. These six-membered side

Bn. e}
N
@Iifo
X
H

R
17a-c (R' = Et, CHpAr, (CH,)3CO,Me)

between the lactone bridgehead protons. The same techniqueroducts originated during formation of benzotriazole adducts

served to confirm the relative configuration of the stereogenic
center adjacent to nitrogen in tricycli3c—e (see Supporting
Information). The reaction of piperidingb afforded, besides
13¢ small amounts of a minor product that was identified as
epimer 13d on the basis of spectroscopic data. Prodl@d
arises from epimerization of the starting am®ig the extent

of which was estimated to be about 10% from i NMR
spectrum of the crude cyclization mixture. The identityl8d
was further confirmed by starting the condensation/cyclization
sequence from epimeric amirdi®b. In this manner.13d was
obtained (49%) along witi3c (16%), confirming the facile
epimerization of these amines, as previously noted in the
literature?® That epimerization was taking place before cycliza-
tion was corroborated by inspection of the correspondiig

8770 J. Org. Chem.Vol. 71, No. 23, 2006

14, as shown by the presence of the characteristic enamine
proton resonance at~ 6.0 in thelH NMR spectrum of crude
adductsl4. The generation of enamindd from amine4 and
aldehydes was found to be dependent on the solvent used in
the condensation step leading 1d. Thus, CHCI, as solvent
promoted their formation, whereas benzene largely suppressed
it, as shown by comparison between entry 2 and entry 3 (Table
2). Incidentally, the improved isolated yield &6b in entry 3
is mainly due to a notably simplified chromatographic purifica-
tion in the absence df7b. Details on the independent formation
of 17 from 4 and aldehydes will be discussed later on in this
paper (vide infra).

Pyrrolofuranonesl6a—d derived from aliphatic aldehydes
formed with good levels of stereoselectivity (Table 2). Improved
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control of the 1,5-relative stereochemistry (5-hexenyl radical SCHEME 7. Preparation of a Tricyclic Pyrrolidine with
numbering) was observed in these reactions when compared td-our Contiguous Stereocenters

related cyclizations starting either from the all-carbon substituted HH,
hex-5-enyl radic&P or from the simple acyclic 2-azahex-5-enyl HHo 20 (a),(b) ©
radicalg?® analogously activated with EWG on the alkene W + mPCHO  —— N

moiety. The radical ring closure produced only two pyrrolidine H nPr
products that were diastereomeric at the newly created stereo- o8 19 (40%)

genic center adjacent to N; in addition, a cis-ring fusion was
observed in all cases, as expected. The major diastereoisomers aRreagents and conditions: (a) Bi-4 A MS, CHCl,, rt. (b) Smb
of productsl6a—d derived from aliphatic aldehydes X alkyl) t-BUOH, THF,—78°C — rt.

presented in these cases an all-syn relationship between the

pyrrolidine methine hydrogens. Therefore, this reaction succeeds>CHEME 8. Reaction of Amine 9c with Butyraldehyde
in producing a rather congested stereoisomer in an overall O O Y
preparatively useful yield, and this stereochemical outcome can yHO yHO

(a)
model for radical cyclizationd' According to this model, the N_— hoT N "
major product derived from radicab in a kinetically controlled H
cyclization would form through a chairlike transition state of 9c 17g (20%) 20g (7%)
type 18 where the R substituent occupies a pseudo-equatorial

s

be rationalized within the framework of the Beckwithlouk

aReagents and conditions: (B)PrCHO, Bt-H 4 A MS, CH,Cly, rt.
(b) Smb, t-BUOH, THF, —78 — rt.

(0]
SCHEME 9. Preparation of Tetrahydropyridines 17 from
o B H Amines 4 or 9 and Aldehyde3
Ho7~14. R2
H\# R R! S 0 R
H H N 0, . (a)
H |l| /0 * R\)LH —
18

4, 9a-c

position. As noticed previousR#efor a 2-azahex-5-enyl radical,
this arrangement would be expected to place the N-substituent *Reagents and conditions: 4 A MS, @i, rt.
in a pseudo-axial position in order to allow for some interaction
between the unpaired electron and the N lone pair during 7). This stereochemical assignment is in line with the results
cyclization. Therefore, further steric congestion would be reported above and was supported by NOE studies (see
expected involving the N-Bn unit, making the observed stere- Supporting Information).
ochemistry all the more remarkable. In apparent support of the ~ In contrast, only a complex mixture of products was obtained
model, radicald 5 derived from aldehydes with linear aliphatic ~when butyraldehyde was used in combination with piperidine
chains gave the highest stereoselectivities (up16:1, entries 9b, and the similar use of azepafe (Scheme 8) afforded a
1—4), whereasu-branching resulted in a somewhat reduced mixture of tetrahydropyridiné7gand its reduction produ@0g
diastereoisomer ratio (entry 5), and this effect was more inlow yields instead of the expected pyrrolidine product. While
noticeable for R= Ph (entry 6), derived from an aromatic tetrahydropyridind 7gwas a reasonable product given the above
aldehyde, which produced a major isomer with a 1,5-anti precedents, the formation 20gwas intriguing, and this reaction
relationship (5-hexenyl radical numbering). However, it is not was investigated further. The corresponding results will be
clear whether in this latter case the stereochemical preferencediscussed below in the context of the preparation and applica-
results from kinetic control or is, rather, the consequence of tions of tetrahydropyridine derivatives.
the reversible cyclization of a particularly stable benzylic ~ To summarize this part of the work, the intramolecular
o-aminoalkyl radicaf%-28 aminoalkylation ofy-butenolides can be effected through the
The similar radical cyclizations starting from cyclic amine intermediacy ofx-aminoalkyl radicals derived from aminggb
substrates®® were much less successful. Thus, starting from and aldehyde¥, and this provides a viable strategy to prepare
pyrrolidine 9a and butyraldehyde, application of the above pyrrolofuranones of general structu¥ with very good control
sequence afforded the corresponding cyclized tricyclic product of the relative stereochemistry of up to four contiguous
19 as a single diastereoisomer containing four contiguous stereogenic centers. In terms of scope, the use of aldehydes
stereocenters, albeit in only moderate chemical yield (SchemeRCHO where R= H appears to be restricted to amin&b
unsubstituted at C-2 @= H), whereas the use of formaldehyde
(25) Molander, G. A.; Harris, C. R). Org. Chem.1997, 62, 7418~ is of a more general application.
74%36) The trans-selectivity observed in cyclizations of benzylic radicals (B) Formation of Cyclic Enamines. Tetrahydropyridined.7
has usually been explaineé by postulatingya reversible cycliz%léﬁé?so (SChe_me 9) are interesting compounds contaln[ng a basic
that the product ratios would be a reflection of their thermodynamic bicyclic enamine substructure that can be found in naturally
stabilities. However, this explanation has been challenged, and someoccurring alkaloids of the Corynanthe tyffeResults discussed

experimental evidence for a kinetic origin of the product distribution, based above indicated formation df7 to be a facile process already
on dilution studies, has been alternatively offetéd.

(27) (a) Walling, C.; Cioffari, A.J. Am. Chem. Sod.972 94, 6064

6069. (b) Taber, D. F.; Wang, Y.; Pahutski, T. FJJOrg. Chem200Q (29) (a) Takayama, H.; Kurihara, M.; Kitajima, M.; Said, I. M.; Aimi,
65, 3861-3863. N. J. Org. Chem1999 64, 1772-1773. (b) Takayama, H.; Kurihara, M.;
(28) Miranda, L. D.; Zard, S. ZChem. Commur2001, 1068-1069. Kitajima, M.; Said, I. M.; Aimi, N. Tetrahedron200Q 56, 3145-3151.
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TABLE 3. Preparation of Tetrahydropyridines 17 from Amines 4 SCHEME 10. Mechanistic Proposals for Formation and
or 9 and Aldehydes Sml,-Promoted Reduction of 17

4,9 RL R? R3 17 (yield)? (@ ,

4 Bn H Et 17a(73) a afi o LG

4 Bn H CHpAID 17b (100F N 0 . BtH  RL 0

4 Bn H (CHp)sCOMe 17¢(78) I \)LH Tho W

4 Bn H (CHp)2,CH=CHY! 17d 81y 2 J\

9a (CH2)3 Et 178(42) 4,9 R8 21

9b (CHp)a Et 17f (42)9

9c (CHo)s Et 17g(68)

apPercent yield (%) of isolated, purified produbtar = 3, 4-dimethox-
yphenyl.c Yield of crude product? (E)-Isomer. Y = CO,Et. ¢ Prepared

under refluxing conditions. Two-step yield starting frorN-Boc derivatives ; :HzH
7b or 7c. 9 Corrected for epimerization. R N (0}
O -~ (@]
gz ~
at room temperature. Furthermore, subsequent manipulation of H -
R

the functionality present ia7 would allow the rapid synthesis
of structurally diversified polysubstituted piperidine derivatives ®)
from readily available amine and aldehyde building blocks. R

H BY H 3
Therefore, the condensation between amies9 anda-unsub- BtH R 0 smp, Py 0 o
stituted aldehydes was studied as a new entry into the synthesis 17 5 0 g .
t -
U RS H
23 24

ilica/
of hydroxypiperidine derivatives under very mild reaction Sﬁ;‘

conditions!® Related direct condensations leading to 1,2,3,4- R

tetrahydropyridine formation via spirocyclization have been . .
described starting from 3-(aminoethyl)cyclohex-2-enones and . . Sml;
arylacetaldehydes under harsh conditi#hsiore recently, we # v
have reported an application to alkaloid synthesis using a simpler

R2 R2
acyclic amine under refluxing conditioAIn the present case, RtH - H o . R HQGH
it was found that by using aminesor 9 and representative "ij/\):o *':‘__ N 0 o
aldehydes, tetrahydropyridin&g were produced in good yields g

- : H

R 20 R 25

as single stereoisomers under milder reaction conditions (Scheme 2Sm
9, Table 3). As expected, cis-fused lactones were formed in all
cases. These compounds were somewhat unstable to chromato-
graphic Conditionsl and some mass loss was observed. ThUS,Of formation of17 via intermolecular enamine Conjugate addi-
the low y|e|d of enaminel7e appears to be associated to its tion, we treated aminé with the enamine derived from butanal
chromatographic instability, as suggested by the substantially@nd piperidiné After 16 h at room temperature, only trace
improved vyield of its derived piperidine obtained by catalytic amounts ofl7ahad formed, if at all, in a very complex reac-
hydrogenation of the crude enamine product (vide infra). The tion mixture, probably indicating that formation of the key-C
preparation of enamink7f, on the other hand, was complicated Pond of17takes place intramolecularly. This conclusion appears
by partial epimerization (about 10%) of the starting anfie  t0 be further supported by the efficient formationlofd (Table
(vide supra), and the corresponding epimeric tetrahydropyridine 3) from an aldehyde containing am/5-unsaturated carbony!
product had to be separated by column Chromatography, unit, a fUnCtionality that would have been eXpeCted to interfere
similarly resulting in a diminished yield. had the conjugate addition step taken place intermolecularly.
The ease of formation of enaming&gis remarkable. Presum- As mentioned above, the formation bfgfrom azepan@®c,
ably, acyclic enamine®2 are involved (Scheme 10a), and these butyraldehyde, and benzotriazole was examined in more detail.
are accessed from the aldehyde and secondary amine starting hus, the'H NMR spectrum of the crude condensation product
materials either directly, as in Scheme 9, or, alternatively, by par- revealed the presence of free benzotriazole together with some
tial eliminatior?! of adduct21 when condensations are carried tetrahydropyridinel7g and a product tentatively assigned the
out in the presence of benzotriazole (Scheme 10a). Ring closurestructure23g [R* and R = (CH,)s; R® = Et in Scheme 10b].
of 22 to cyclic enaminel7 has precedent in the intramolecular  Attempted separation of the mixture by flash chromatography
enamine endocyclic addition to amp-unsaturated carbonyl  afforded onlyl7gin overall yields that ranged from 64 to 84%
derivative found in a key step of the synthesis of karachine from depending on the particular run. The identity of the benzotriazole
berberiné? and in some related reactions starting from activated derivative 23g was established after mixing7g with benzo-
enaminone-type substraf®dn any case, to check the possibility ~ triazole in CDC} at room temperature, whereupon formation
of a 17g23g mixture was immediately observed By NMR,

(30) Grewe, R.; Arpe, H. J.; Petersen,Liebigs Ann. Chenl962 653 In an appr0X|mater 1:1 ratio that did not Change over time.
97-104. ) ) ) ) ) This behavior appears to be genéfdlas treatment of tetrahy-

(31) The preparation of enamines from simpigdialkylamino)alkyl- dropyridinel7awith benzotriazole also led to the formation of
benzotriazoles upon treatment with NaH has been reported: (a) Katritzky, 7 . . . 1 .
A.R. Long, Q. H.: Lue, P.; Jozwiak, ATetrahedron199Q 46, 8153 a similar mixture where diastereomeric addu23s (R = Bn;
8160. (b) Katritzky, A. R.; Long, Q. H.; Lue, Pretrahedron Lett1991, R? = H; R® = Et in Scheme 10b) presented characteristic sets
32, 3597-3600. i

(32) Stovens, R. V.. Pruitt, J. RI. Chem. Soc., Chem. Commun. of resonances at 8.08-8.14 andd 5.28-5.74 corresponding
1983 1425.

(33) Kucklaender, U.; Ulmer, P.; Zerta, Ghem. Ber1989 122 1493- (34) Norman, M. H.; Heathcock, C. H]. Org. Chem.1988 53,
1498. 3370-3371.
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to benzotriazole ring and aminal-type protons, respectif®ly. SCHEME 11. Intermolecular Radical Functionalization of
An additional interesting observation was made when a presum-Enamine 17&
ably similar mixture of17g and 23g, obtained from17g and H
benzotriazole in THF, was treated with SHHBUOH. A slow B\ 0, o @
reaction took place that eventually led, after 14 days, to the x
isolation of piperidine20g [R! and R = (CH,)s; R® = Et in H Et
Scheme 10b; see also Scheme 8] in a 46% yield. The formation 17a NC 26a (55%)
of 20g implies the intermediacy of an-aminoalkyl radical + 2 isomers (26%)
24,422 which is further reduced to the organosamarignor, i+ / \

H* Sml,

alternatively, abstrasta H atom from the solvent (Scheme 10b).

This outcome was somewhat surprising since, in the absence

of efficient radical traps (e.g., electron-deficient alkeng<), + H

would instead be expected to dimerize to afford a vicinal N 0 o

diamine3® It is likely that steric congestion around the radical '

center slows down dimerization so that other processes (e.g., g

H abstraction or reduction) become competitive. While this

reaction does not have preparative value, it opens, nevertheless,

. . o - Sml,

the very interesting possibility of further building up of \ //\

molecular complexity by combining condensations between H CN

amines of typet or 9 and aldehydes with radical chemistry at Bn.y ¢

the piperidine 2-position througl-aminoalkyl radicals derived _CI;%O

from cyclic enamined7. The application of these ideas will S H

be demonstrated in the section that follows.
(C) Derivatization of Cyclization Products. The possibility 28

of generating synthetically usefa-aminoalkyl radicals from aReagents and conditions: (a) Sirbenzotriazole, acrylonitrile, THF,

enaminesl7 was explored with ethyl derivativé7a Thus, .

treatment ofLl7awith excess benzotriazole and St room

temperature, in the presence of acrylonitrile, afforded coupling excess of a protonating agent (e.g., benzotriazole), effective

product26a accompanied by two other diastereoisomers, in recycling of enaminel7aback to iminium ion27 takes place,

good overall yield (81%; Scheme 11). The relative configuration eventually resulting in complete reactions. The use of excess

of the major diastereoisom@6awas assigned on the basis of TFA also led to complete consumption of the starting material;

spectroscopic studies (see Supporting Information) and is seerowever, the isolated yields @b never exceeded 50%, and

to follow the trend observed in the formation of piperidR2iégy reactions were noticeably less clean. In any case, the overall

(Scheme 8), with enamine protonation taking place from the reaction is unusual in that it achieves the stereoselective coupling

less hindered side of the double bond. The resulting stereogenicof an electron-deficient alkene to the enamingosition by

center then directs the subsequent radieditene coupling so  performing a double polarity inversion, first by conversion of

that the new GC bond is preferentially formed anti to the Et  a nucleophilic enamine into an electron-deficient iminium ion

substituent. The formation &6 is readily interpreted in terms  and then by reduction of this to a nucleophiticaminoalky!

of formation of an iminium ion27 (in equilibrium with a radical. This also appears to represent the first example of the

benzotriazole adduc23a see Scheme 1¥P upon enamine  use of an enamine as a starting material to perform an

protonation, followed by one-electron transfer, trapping of the o-aminoradical G-C coupling38-3°

reSUlting nUCleOphili(ﬂ-aminoalkyl radicak8 with the electron- A Sui’[ab|y modified tetrahydropyridiné_?d was used to

deficient Oleﬁn, further reduction to an enolate-type intermediate, exemp”fy the pOSS|b|I|ty of doing an ana|ogous intramolecular

and protonation. Lowering the temperature with benzotriazole coupling to an electron-deficient alkene (Scheme 12). As

as the protonating agent resulted in sluggish reactions. On thepreviously shown in Scheme 9 and Table 3, tetrahydropyridine

other hand, the coupling reaction could alternatively be per- 17dwas available in good yield by condensation between amine

formed at lower temperatures using TFA to first generate cation 4 and the functionalized aldehyde ethyE){7-oxohept-2-

27, followed by treatment with Smlacrylonitrile, and-butanol enoate??a40 Generation of anu-aminoalkyl radical31 and

from —78 °C to room temperature. Formation of coupling cyclization were triggered by simultaneous treatment with

product 26 under these conditions confirmed the proposed

reaction pathway, and, furthermore, a better Stereoselecn\./lty (38) The generation af-aminoalkyl radicals from enamines by addition

(~87:13 dr) was observed. However, about 50% of the starting of electrophilic radicals has been reported: (a) Renaudngew. Chem.,

enam_ine was rec_overed in t_his case. Itis likely that_ intermediate ,Tt-' gdhgnnlgl.&gggci& S;?—;S4h|g3 Egzauzci,lPgl%iu?é)chiaggRt, g-_

a-aminoalkyl radlcaI28 partially undergpe;@-H eliminatior?? Rénaﬁd, P Cr;rrupt,uP. A.7; Sc%enk,ﬂ{ely. Chim. Acfa1993 76?247’} :

to regenerate enamiria Apparently, in the presence of an 5459

(39) A related Smtmediated intermolecular coupling with electron-
(35) (a) The addition of benzotriazole to enamines has been reported: deficient alkenes has been reported using nitrones as starting materials: (a)

Katritzky, A. R.; Jurczyk, S.; Rachwal, B.; Rachwal, S.; Shcherbakova, I.; Masson, G.; Cividino, P.; Py, S.; ValleY. Angew. Chem., Int. E@003

Yannakopoulou, K.Synthesis1992 1295-1298. (b) Katritzky, A. R.; 42, 2265-2268. (b) Riber, D.; Skrydstrup, TOrg. Lett. 2003 5, 229—

Yannakapoulou, K.; Kuzmierkiewicz, W.; Aurrecoechea, J. M.; Palenik, 231. (c) Masson, G.; Zeghida, W.; Cividino, P.; Py, S.; ValleeSynlett

G. J.; Koziol, A. E.; Szczesniak, M.; Skarjune, R.Chem. Soc., Perkin 2003 1527-1529. (d) Desvergnes, S.; Py, S.; Valler. J. Org. Chem.

Trans. 11987, 2673-2679. 2005 70, 1459-1462. (e) Cardona, F.; Goti, AAngew. Chem., Int. Ed.
(36) Aurrecoechea, J. M.; Fémdez-Acebes, ATetrahedron Lett1992 2005 44, 7832-7835.

33, 4763-4766. (40) Nishida, A.; Kawahara, N.; Nishida, M.; Yonemitsu, T&trahedron
(37) Ripa, L.; Hallberg, AJ. Org. Chem1998 63, 84—91. 1996 52, 9713-9734.
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SCHEME 12. Intramolecular Radical Cyclization from an
Enamine Precursof

H
Bn.t
@ NOL
17d —_— |
R
H
X CO,Et
30
EtO,C

32 (66%)

aReagents and conditions: (a) Smbenzotriazole, THF, rt.

SCHEME 13. Catalytic Hydrogenation of Enamines 1%
H i y OH COAE
@ TN 0 o 4 Gj
éaH N "“Et
17a-c,e-g 20a-c,e-g 33

aReagents and conditions: (a)HO0% Pd/C, EtOH, rt.

TABLE 4. Preparation of Piperidines 20 from Enamines 17

17 R! R2 R3 20 yield? (dr)
17a Bn H Et 20a 77°(90:10)
17b Bn H CHAr¢ 20b 7504 (90:10)
17c Bn H (CHp)aY® 20c 95 (94:6)
17e (CHa)s Et 20e 62 (92:8)
17f (CHy)a Et 20f g
179 (CHp)s Et 209 94 (99:1)

apercent yield (%) of isolated, purified produtyield for two steps
starting from aminet or 9a, as appropriates Ar = 3,4-dimethoxyphenyl.
dYield of isolated major isomer alonéY = CO.Me. f Hydrogenation
conducted at 60 psi. Also isolated was ethyl e88(3%). 9 A single isomer
was isolated.

benzotriazole and Smat room temperature, as described above
for the intermolecular coupling. This resulted in formation of
the expected tricyclic produ@2, that was obtained in good
yield (Scheme 12). Therefore, the partial goal of increasing
structural complexity considerably, in just two steps, is readily
achieved with this simple reaction sequence, but for synthetic
applications, the very low observed diastereoselectivity will
diminish the appeal of this novel procedure.

Cyclic products of general typdX andX (see Scheme 2),
besides being variable att RR?, and R, contain functionality
that offered different possibilities to introduce structural diversity
around the pyrrolidine and tetrahydropyridine core. For example,
tetrahydropyridined 7 turned out to be excellent substrates for

Aurrecoechea et al.

product, with formation of este83, took place leading to poor
results in terms of yields and stereoselectivity. Conducting the
reaction at 60 psi largely avoided formation 38 (3%), and

20f was isolated in excellent yield as a single stereoisomer
(Table 4).

The lactone moiety fused to either a pyrrolidine or a
piperidine offered further opportunities for structural diversifica-
tion (Scheme 14). For example, LAH reductionldfaand20a
at 0 and—78 °C, respectively, led to the corresponding diols
34ab. Alternatively, performing the reduction dfa at —78
°C allowed the stereocontrolled preparation of lac8%,
containing functionality that has participated in Wittig-type
reactions leading to biologically active 2-azaprostaglandins from
closely related analogué%!4 Lactol 35 can be alternatively
elaborated into aminal86 and then aminoalcohd7 in high
yields. Finally, lactone aminolysis under mild conditibhs
provided piperidine-based amid@&8a and 38b in excellent
yields (Scheme 14). A similar transformation was attempted
starting from pyrrolidinel6a however, even after prolonged
reaction times, conversions were only in the order of 50%, and
upon attempted isolation, the presumed amide product reverted
back to the starting lactone.

Conclusion. The strategic combination of a vinylogous
Mannich reaction and either a radical- or an enamine-type ring
closure provides expeditious entries into pyrrolidine- and
piperidine-type structures, respectively, from a common set of
simple amine and aldehyde building blocks. Structural diversity
can be directly incorporated at three ring positions based on
the choice of starting materials while subsequent manipulation
of the lactone and enamine functionalities in the cyclization
products introduces further diversification via either conventional
procedures or novel radical-mediated enamine-alkene coupling.
The compounds, thus obtained, are related to materials with
interesting biological profiles.

Experimental Section

General Reductive Cyclization Procedures.In a typical
experiment, a mixture of aminor 9a(1.00 mmol), the appropriate
aldehyde (1.00 mmol), benzotriazole (0.119 g, 1.00 mmol), and 4
A molecular sieves (0.50 g) in GBI, (or THF or benzene, as
indicated; 12 mL) was stirred at rt for 14 h. Alternatively,
N-(hydroxymethyl)benzotriazole (0.149 g, 1.00 mmol) was used
as a substitute for formaldehyde and benzotriazole. In any case,
the resulting suspension was filtered over Celite, the solid residue
was washed with CKCl, (2 x 10 mL), and the solution was
evaporated to dryness to yield the crude addudaobr 14. Without
further manipulation the adduct was dissolved wiBuOH (0.19
mL, 2.00 mmol) in THF (20 mL), and the resulting solution was
added dropwise over 30 min to a solution of $rfda 0.1 M in
THF, 31 mL, 3.08 mmol) at-78 °C. The mixture was stirred at
—78 °C for an additional 30 min and allowed to warm to room
temperature. After further stirring for 2 h, the reaction mixture was
quenched with a 1:1 mixture of saturategdO; solution and water

the stereocontrolled preparation of substituted piperidines under(50 ML). After separation, the aqueous layer was extracted with

catalytic hydrogenation conditions. Thus, in all cases, polysub-
stituted piperidine0were obtained in excellent yields (Scheme
13, Table 4). Some enaminet7gb,e) were used in a crude

form, and this proved advantageous as reflected by overall two-

step yields oR20ab,e (Table 4) that were comparable or even

EtOAc (3 x 50 mL), and the combined organic extracts were
washed with brine (20 mL) and dried (M&0,). The residue after
evaporation was purified by flash column chromatography in silica
gel saturated with BN to yield pyrrolidinesl3, 16, and19 as oils.

For reactions that employed aming@b,c or 10b, the following
integrated procedure, starting from carbamatbg, or 8b, was

higher than those of the purified enamines. In general, enaminesused: In a typical experiment, TFA (1.31 mL, 17.0 mmol) was

17 underwent efficient hydrogenation urrde 1 atm hydrogen
pressure. However, in the caseldf, the reaction was sluggish,
and competitive lactone ring-opening of the hydrogenated major

8774 J. Org. Chem.Vol. 71, No. 23, 2006

(41) Liu, W.; Xu, D. D.; Repic, O.; Blacklock, T. Jetrahedron Lett.
2001, 42, 2439-2441.
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SCHEME 14.
H

Bn. N OH
o 38a
g OH
£
Wr (b)

34an=0;m=1(82%)
34bn=1;m= 0(98%

= H
Et’(:)m

(n=0;m iy
(b)

v o)
_ . ()
Bn—N OH -~
: H
n-Pr 35 (85%)

Lactone Transformations in Cyclization Product$

CHoPh
38b (CHp),Ph

16an=0;m=1
20an=1;,m=0

JOC Article

H oH

Bn. N 0
(92%)
: H NHR

(96%)

/\—1 m=0)
H

(b)-(d)

—_— Bn

(n=0;m=1)

OH

NHR
:H

n-Pr - 37 (90%)

@/ R=234
dimethoxyphenyl)ethyl

aReagents and conditions: (a) LAH, THF?G (for 348). (b) LAH, THF, —78 °C (for 34b and35). (c¢) RNH,, NaBHCN, ZnCh, MeOH, rt. (d) LAH,

THF, 0°C — rt. (e) RNH, sodium 2-ethylhexanoate, THF, rt.

added dropwise over a solution of protected an7ibe, or 8b (1.00
mmol) in CHCI, (12 mL) at 0°C. After stirring for 15 min, the

was added dropwise to a solution d7a (0.083 g, 0.32 mmol),
benzotriazole (0.114 g, 0.96 mmol), and acrylonitrile (42 0.64

reaction mixture was allowed to reach room temperature and stirredmmol) in THF (1 mL) at room temperature at such a rate as to
further 90 min. The solution was washed with saturate@®g allow for the disappearance of the Snecharacteristic blue color
solution (10 mL), and the aqueous phase was extracted with CH before the next drop was added. The addition was continued until
Cl, (2 x 10 mL). The combined organic layers were washed with the blue color persisted (at that point approximately 8.8 mL, 2.8
brine (5 mL), and dried (MgS£. The solvent was partially equiv, had been consumed). The reaction mixture was poured over
evaporated to an approximate volume of 12 mL, and the resulting a saturated COs; solution (15 mL). After separation, the aqueous
solution of aminedb,c, or 8b in CH,Cl, was used according to the  layer was extracted with EtOAc (8 15 mL), and the combined
general reductive cyclization procedure described above. Structuralorganic layers were washed with brine (6 mL) and dried,8\@).
information, yields, and diastereomeric ratios of all compounds The residue after evaporation was purified by flash column
prepared according to these procedures are collected in Schemeshromatography (silica gel saturated with¥Et 50:48:2 hexanes/
5—7 and Tables 1 and 2. Purification and separation details, as EtOAC/EgN) to yield 26 (81 mg, 81%) as a 17:68:15 diastereomeric

well as characterization data, are provided in the Supporting mixture. The isomers were separated by HPL@Bondapak-NH,

Information.

General Procedures for Tetrahydropyridine Formation. In
a typical experiment, a mixture of amideor 9a (1.00 mmol), the
appropriate aldehyde (1.00 mmol),ca# A molecular sieves (2.00

g) in CH,CI, (12 mL) was stirred at room temperature for 14 h.

The solid was filtered out and washed with &€H, (3 x 5 mL).

10 u#, 19 mm x 15 cm; 65:35 hexanes/EtOAc; 10 mL/min). Data
for the less polar isome26b: tg = 8 min; *H NMR (500 MHz,
CDClg) 6 0.93 (t,J = 7.3 Hz, 3H), 1.46-1.56 (m, 3H), 1.86-1.85
(m, 1H), 1.96-2.02 (m, 1H), 2.4+2.47 (m, 4H), 2.66 (td) =
9.5, 4.0 Hz, 1H), 2.73 (dd] = 17.5, 8.0 Hz, 1H), 2.80 (ddl =
15.0, 4.0 Hz, 1H), 3.19 (dd] = 15.0, 4.0 Hz, 1H), 3.54 (d] =

The crude after solvent evaporation was elaborated, as indicated13.6 Hz, 1H), 3.84 (dJ = 13.6 Hz, 1H), 4.50 (dt, 1H] = 5.4, 3.9
in the Supporting Information for the individual cases, to afford Hz), 7.26-7.36 (m, 5H);13C NMR (75.4 MHz, CDC}) 6 9.2 (CHy),

tetrahydropyridined.7. For reactions that employed amin@s or

13.5 (CH), 22.3 (CH), 25.9 (CH), 35.5 (CH), 35.9 (CH), 36.8

9c, the following integrated procedure, starting from protected (CH), 49.0 (CH), 53.8 (CH), 59.4 (CH), 77.2 (CH), 119.9 (C),

amines7b or 7c¢, was used:

In a typical experiment, TFA (1.31 127.4 (CH), 128.6 (CH), 138.4 (C), 176.6 (C); MS (Ehz (%)

mL, 17.0 mmol) was added dropwise over a solution of protected 312 (M), 259 (18), 258 (base), 91 (37); HRMS calcd for

amine 7b or 7c (1.00 mmol) in CHCI, (12 mL) at 0°C. After

C19H24N20,, 312.1838; found, 312.1830. Data for the major isomer

stirring for 15 min, the reaction mixture was allowed to reach room 26a tz = 9 min; 'H NMR (250 MHz, CDC}) 6 0.94 (t,J= 7.0
temperature and stirred further for 90 min. The solution was washed Hz, 3H), 1.07#1.26 (m, 1H), 1.621.71 (m, 2H, H-6, 1 CHCHj),
with saturated KCO; solution (10 mL), and the aqueous phase was 1.94-2.04 (m, 2H), 2.372.57 (m, 5H, 1 H-9, 2 H-4, CK-CN),

extracted with CHCI, (2 x 10 mL). The combined organic layers
were washed with brine (5 mL) and dried (MggOThe solvent

2.61-2.69 (M, 1H, H-7), 2.883.03 (m, 2H, H-5, 1 H-9), 3.57 (d,
J =135 Hz, 1H), 3.75 (dJ = 13.6 Hz, 1H), 4.574.66 (m, 1H,

was partially evaporated to an approximate volume of 12 mL, and H-1), 7.23-7.36 (m, 5H);3C NMR (62.9 MHz, CDC}) 6 11.6

the resulting solution of amin®b or 9c¢ in CH,Cl, was used

(CHa), 13.5 (CH), 23.3 (CH), 24.4 (CH), 28.8 (CH), 34.3 (CH),

according to the general procedure described above. Structural38.3 (CH), 49.3 (Ch), 55.6 (CH), 57.9 (CH), 76.7 (CH), 119.6
information and yields of all compounds prepared according to these (C), 127.5 (CH), 128.3 (CH), 128.6 (CH), 137.8 (C), 176.4 (C);
procedures are collected in Scheme 9 and Table 3. Purification andIR (neat)» 2240 (CN), 1770 (€&0) cm%; MS (El) m/z (%) 312
separation details, as well as characterization data, are provided in(M, 2), 259 (17), 258 (base), 91 (67); HRMS calcd fagld,sN,0,,

the Supporting Information.

Procedure for Enamine—Alkene Intermolecular Reductive
Coupling. Preparation of 8-Benzyl-7-(2-cyanoethyl)-6-ethyl-2-
oxa-8-azabiciclo[3.4.0]nonan-3-one (265mk (0.1 M in THF)

312.1838; found, 312.1834. Data for the more polar isor2éc)(
tr = 10 min; IH NMR (250 MHz, CDC}; from a 93:7 mixture
with 263 6 0.89 (t,J = 7.3 Hz, 3H), 0.95-1.17 (m, 1H), 1.6%
1.80 (m, 4H), 2.042.30 (m, 2H), 2.39-2.53 (m, 2H), 2.71 (ddJ
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= 17.2, 6.9 Hz, 1H), 2.812.94 (m, 2H), 3.21 (dJ = 15.9 Hz,
1H), 3.81 (d,J = 13.3 Hz, 1H), 4.02 (dJ = 13.1 Hz, 1H), 4.33
(brs, 1H), 7.26-7.31 (m, 5H);33C NMR (62.9 MHz, CDC}; from

a 1:1 mixture with26a 6 11.0 (CH), 14.3 (CH), 20.6 (CH),
22.5 (CH), 33.0 (CH), 36.2 (CH), 36.7 (CH), 44.0 (CH), 54.2
(CH), 59.3 (CH), 77.8 (CH), 120.0 (C), 127.4 (CH), 128.4 (CH),
129.1 (CH), 139.1 (C), 176.6 (C); GC/M& = 20.0 min, MS (El)
m/z (%) 312 (M), 258 (24), 126 (11), 106 (31), 105 (38), 91 (base),
77 (23); HRMS calcd for &H24N,0,, 312.1838; found, 312.1852;
tr = 20.5 min, MS (El)m/z (%) 312 (M), 258 (12), 106 (48), 105
(52), 91 (base), 77 (37); HRMS calcd fordH,4N,0,, 312.1838;
found, 312.1852.

Procedure for Enamine—Alkene Intramolecular Reductive
Coupling. Preparation of Ethyl (3aR*,8bR*)-(5-Benzyl-2-oxo-
decahydro-3-oxa-5-azaasindacen-6-yl)acetate (32)Smk, (0.1
M in THF) was added dropwise to a solutionfd (0.100 g, 0.28

Aurrecoechea et al.

calcd for GiH27;NOy, 357.1940; found, 357.1945. Data f82e tg
= 25 min; *H NMR (300 MHz, CDC}) 6 1.22 (t,J = 7.1 Hz,
overlapped with signals from another proton, total 4H), £:680
(m. 2H), 2.02-2.11 (m, 1H), 2.2+2.29 (m, 3H), 2.452.73 (m,
4H), 2.75-2.78 (m, 2H), 2.95 (dJ = 13.8 Hz, 1H), 3.05 (dJ =
13.8 Hz, 1H), 4.06-4.14 (m, 3H), 4.474.49 (m, 1H), 7.26-7.31
(m, 5H); 3C NMR (62.9 MHz, CDC}) 6 14.2 (CH), 28.0 (CH),
30.5 (CHy), 34.5 (CH), 34.5 (CH), 39.2 (CH), 40.2 (CH), 41.0
(CHy), 52.9 (CH), 58.3 (CH), 60.4 (CH), 69.6 (CH), 78.2 (CH),
127.1 (CH), 128.2 (CH), 128.4 (CH), 138.6 (C), 172.4 (C), 177.6
(C); IR (neat)v 1770 (G=0), 1730 (G=0) cnmr'!; MS (El) m/z
(%) 357 (M, 5), 242 (71), 97 (12), 91 (base), 85 (272), 83 (12), 71
(18), 57 (30), 55 (19); HRMS calcd for ,H,7NO,, 357.1940;
found, 357.1926.

General Hydrogenation Procedure.In a typical experiment,
H, was bubbled through a suspensiorl@f(2.00 mmol) and 10%

mmol) and benzotriazole (0.100 g, 0.84 mmol) in THF (5.6 mL) Pd/C (0.028 g) in absolute ethanol (24 mL), and the mixture was
at room temperature at such a rate as to allow for the disappearancétirred under a bHatmosphere (1 atm) at room temperature feP2

of the Smj characteristic blue color before the next drop was added. h. The catalyst was filtered off over Celite and the solid residue
The addition was continued until the blue color persisted (at that was washed with CkCl, (3 x 10 mL). The crude after evaporation
point approximately 9 mL, 3.2 equiv, had been consumed). The was purified by flash column chromatography to afford piperidines
reaction mixture was poured over a saturate@®s solution (20 20. Structural information, yields, and diastereomeric ratios of all
mL). After separation, the aqueous layer was extracted with EtOAc compounds prepared according to this procedure are collected in
(3 x 20 mL), and the combined organic layers were washed with Scheme 13 and Table 4. Purification and separation details, as well

brine (10 mL) and dried (N&Q;). The residue after evaporation

was purified by flash column chromatography (silica gel saturated

with EsN, 70:28:2 hexanes/EtOAc/Et) and HPLC (-Bondapak-
NHz, 104, 19 mmx 15 cm; 85:15 hexanes/EtOAc; 10 mL/min)

to yield 32 (67 mg, 66%) as a 42:37:6 (two isomers):15 diastere-

as characterization data, are provided in the Supporting Information.
(3R*,4R*,5S%)-1-Benzyl-4-(2-hydroxyethyl)-5-propylpyrro-
lidin-3-ol (34a). A solution of 16a (50 mg, 0.19 mmol) in THF
(3.0 mL) was added dropwise to a stirred suspension of LAH (9
mg, 0.23 mmol) in THF (2.5 mL) at 0C. The reaction mixture

omeric mixture. Further separation by HPLC provided samples of was allowed to reach room temperature, stirred further for 14 h,
some of the individual isomers. Characterization data are given in and then quenched at’C with 1 M NaOH (2 mL). After allowing

order of elution. Data foB2a tg = 12 min;H NMR (250 MHz,
CDCl) 6 1.24 (t,J=7.1 Hz, 3H), 1.38-1.45 (m, 1H), 1.671.72
(m, 2H), 1.93-2.27 (m, 5H), 2.36-2.41 (m, 1H), 2.642.89 (m,
4H), 3.11-3.20 (m, 2H), 3.97 (dJ = 13.9 Hz, 1H), 4.11 (9J =
7.1 Hz, 2H), 4.68 (ddJ = 15.1, 8.2 Hz, 1H), 7.267.32 (m, 5H);
13C NMR (62.9 MHz, CDC}) 6 14.2 (CHy), 28.3 (CH), 28.9 (CH),
33.6 (CH), 33.8 (CH), 37.7 (CH), 38.0 (CH), 39.3 (CH), 51.5
(CHy), 59.2 (CH), 60.4 (CHy), 67.4 (CH), 78.0 (CH), 127.3 (CH),
128.5 (CH), 137.9 (C), 173.6 (C), 176.9 (C); IR (neat)770 (CG=
0), 1730 (G=0) cnt'%; MS (El) m/z (%) 357 (M, 6), 242 (82), 91
(base), 71 (13), 57 (29), 55(16); HRMS calcd fogld,7NOy,
357.1940; found, 357.1942. Data for isor8&b (from a 9:1 mixture
with 328): tg = 13 min;*H NMR (250 MHz, CDC}) 6 1.24 (t,J

= 7.1 Hz, 4H), 1.52-2.54 (m, 9H), 2.69-3.13 (m, 5H), 4.03
4.16 (m, 3H), 4.5%4.60 (m, 1H), 7.26:7.30 (m, 5H);13C NMR
(62.9 MHz, CDC}) 6 14.2 (Ch), 24.6 (CH), 27.3 (CH), 27.4
(CHy), 34.6 (CH), 34.8 (CH), 36.8 (CH), 38.9 (CH), 53.7 (GH
59.4 (CHy), 60.4 (CH), 64.5 (CH), 77.5 (CH), 127.3 (CH), 128.4
(CH), 137.5 (C), 173.4 (C), 176.5 (C); IR (neat)1780 (C=0),
1730 (G=0) cm'L; MS (El) m/z (%) 357 (M, 8), 243 (12), 242
(base), 91 (72); HRMS calcd for ,@¢H,;NO,4, 357.1940; found,
357.1931. Data for a 2:32c/32dmixture: tg = 16 min;H NMR
(500 MHz, CDC}) 6 1.26 (t,J = 7.3 Hz, 4H), [1.48-1.95 (m,
3H), 2.06-2.80 (m), 2.96-2.97 (m), 3.01 (ddJ = 13.3, 5.1 Hz)
3.08 (dd,J = 12.6, 6.3 Hz) (total 10H)], [3.19 (d] = 12.5 Hz),
3.41 (d,J = 13.6 Hz) (total 1H)], [3.93 (dJ = 13.6 Hz), 4.03 (d,
J=12.4 Hz) (total 1H)], 4.16-4.16 (m, 2H), 4.52 (dd) = 11.5,
6.0 Hz), 4.55-4.60 (m, 1H), 7.257.31 (m, 5H);3C NMR (125.7
MHz, CDCk) 6 14.3 (CH), 25.7 (CH), 27.6 (CH), 29.1 (CH),
29.9 (CH), 34.5 (CH), 35.0 (CH), 36.6 (CH), 37.2 (CH), 37.4
(CH), 38.4 (CH), 40.2 (Ch), 41.2 (CH), 43.5 (CH), 49.3 (CH),
54.1 (CH), 58.3 (CHy), 58.9 (CH), 60.5 (CH,), 66.9 (CH), 67.6
(CH), 76.3 (CH), 76.8 (CH), 127.2 (CH), 127.4 (CH), 128.4 (CH),
128.5 (CH), 128.6 (CH), 128.8 (CH), 138.4 (C), 138.8 (C), 172.4
(C), 172.7 (C), 176.6 (C), 176.8 (C); GC/M] = 19.7 min, MS
(El) m/z (%) 357 (M, 9), 243 (11), 242 (73), 91 (base); HRMS
calcd for GiH,7NO4, 357.1940; found, 357.194% = 20.2 min,
MS (El) m/z (%) 357 (M, 9), 243 (12), 242 (77), 91 (base); HRMS
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the mixture to reach room temperature, £LH (4 mL) and saturated
sodium potassium tartrate (5 mL) were added. The resulting
emulsion was vigorously stirred for 4 h, becoming a clear biphasic
liquid. After separation, the aqueous layer was extracted with CH
Cl; (3 x 6 mL). The combined organic layers were dried {Na
SQOy), and the residue after evaporation was purified by flash column
chromatography (silica gel saturated withyNEt 18:80:2 hexanes/
EtOAC/EgN) to yield 34a (49 mg, 98%) as an oil'H NMR (250
MHz, CDCk) 6 0.94 (t,J = 7.3 Hz, 3H), 1.3%+1.60 (m, 4H), 1.67
1.96 (m, 2H), 2.242.35 (m, 1H), 2.42 (dd]) = 10.5, 5.4 Hz, 1H),
2.57-2.65 (m, 2H), 2.84 (ddJ = 10.5, 2.2 Hz, overlapped with
br signal, total 2H), 3.25 (dJ = 13.1 Hz, 1H), 3.643.81 (m,
2H), 4.06 (d,J = 13.0 Hz, 1H), 4.20 (tdJ = 5.6, 2.2 Hz, 1H),
7.20-7.32 (m, 5H);13C NMR (62.9 MHz, CDC}) 6 14.5 (CH),
20.5 (CH), 27.1 (CH), 32.7 (CH), 43.7 (CH), 58.9 (Ch), 60.7
(CHy), 61.7 (CH), 65.0 (CH), 71.5 (CH), 127.0 (CH), 128.3 (CH),
128.7 (CH), 138.8 (C); IR (neat) 3350 (O-H) cm™%; MS (El)
m/'z (%) 262 (M, 1), 221 (18), 220 (base), 202 (1), 174 (2), 160
(2), 155 (1), 91 (82); HRMS calcd for,gH,sNO,, 263.1885; found,
263.1884.
(1R*,3S*,5R*,6S*)-7-Benzyl-3-hydroxy-2-oxa-6-propyl-7-
azabicyclo[3.3.0]octane (35)A suspension of LAH (36 mg, 0.95
mmol) in THF (1.0 mL) was added dropwise to a stirred solution
of 16a (50 mg, 0.19 mmol) in THF (4.0 mL) at78 °C. Stirring
was continued at the same temperature for 90 min, and the reaction
mixture was quenched vhitl M NaOH (2 mL) and then allowed
to reach room temperature. After diluting the mixture with CH
(4 mL), saturated sodium potassium tartrate (6 mL) was added,
and the resulting emulsion was vigorously stirred for 14 h, resulting
in a clear biphasic liquid. After separation, the aqueous layer was
extracted with CHCI, (3 x 6 mL). The combined organic layers
were dried (Na&SQy), and the residue after evaporation was purified
by flash column chromatography (silica gel saturated witfNEt
78:20:2 hexanes/EtOAc/EN) to yield 35 (42 mg, 85%) as an oil:
IH NMR (500 MHz, CDC}) ¢ 1.00 (t,J = 7.3 Hz, 3H), 1.25
1.35 (m, 1H), 1.421.55 (m, 2H), 1.83-1.94 (m, 2H, 1 H-1 1
H-4), 1.97 (ddJ = 11.0, 4.8 Hz, 1H, H-8), 2.02 (d, = 13.6 Hz,
1H, 1 H-4), 2.22 (dddJ = 10.9, 6.8, 4.0 Hz, 1H, H-6), 2.86 (dt,
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J=10.0, 7.2 Hz, 1H, H-5), 2.93 (d, = 11.0 Hz, 1H, H-8), 3.07
(d,J=12.7 Hz, 1H), 4.17 (d) = 12.7 Hz, 1H), 4.60 (dd) = 7.2,

4.8 Hz, 1H, H-1), 5.24 (dJ = 4.6 Hz, 1H, H-3), 7.147.33 (m,
6H); 13C NMR (125.8 MHz, CDCJ) 6 14.4 (CH), 19.3 (CH),
31.0 (CH), 35.0 (CH, C-4), 42.9 (CH, C-5), 56.8 (CKHIPhCH,),
61.6 (CH, C-8), 66.1 (CH, C-6), 79.8 (CH, C-1), 97.9 (CH, C-3),
127.4 (CH), 128.6 (CH), 128.8 (CH), 137.1 (C); IR (neat3180
(O—H) cm™%; MS (El) m/z (%) 261 (M, 1), 260 (2), 219 (16), 218
(base), 160 (3), 146 (4), 120 (7), 110 (3), 91 (80); HRMS calcd for
Ci16H23NO,, 261.1729; found, 261.1724.

(1R*,3R*,5R*,6S*)- and (1R*,3S*,5R*,6S)-7-Benzyl-3-(3,4-
dimethoxyphenethylamino)-6-propyl-2-oxa-7-azabicyclo[3.3.0]-
octane (36).A mixture of NaBHCN (6 mg, 0.10 mmol) and Zngl
(7 mg, 0.05 mmol) in MeOH (0.5 mL) was stirredrfth h atroom
temperature and was added dropwise to a stirred solutid3bof
(26 mg, 0.10 mmol) and homoveratrylamine (0.07 mL, 0.40 mmol)
in MeOH (1.0 mL). The reaction mixture was stirred for 40 h at
room temperature, diluted with GBI, (5 mL), and poured over
saturated KCO; solution (5 mL). After separation, the aqueous
layer was extracted with Ci€l, (3 x 5 mL), and the combined
organic layers were washed with brine (2 mL) and dried,8@).

The residue after evaporation was purified by flash column
chromatography (silica gel saturated withEt 78:20:2 hexanes/
EtOAC/EgN) to yield 36 (38 mg, 90%, 3:1 dr):'H NMR (250
MHz, CDCL) 6 0.94 and 0.98 (2 t) = 7.1 Hz, total 3H), 1.2+
1.56 (m, 4H), 1.76-2.27 (m, 5H), 2.46:3.15 (m, 7H), 3.843.86
(4s, 6H), 4.02 (dJ = 13.3 Hz, 1H) and 4.06 (d = 12.5 Hz, 1H,
total 1H), 4.40 (ddJ = 7.3, 5.4 Hz) and 4.50 (dd,= 7.7, 5.8 Hz,
total 1H), 4.73 (ddJ = 6.7, 2.4 Hz) and 4.92 (] = 5.6 Hz, total
1H), 6.62-6.81 (m, 3H), 7.187.34 (m, 5H);1°C NMR (62.9 MHz,
CDCl;) 6 14.5 (CHy), 14.6 (CH), 19.6 (CH), 19.6 (Ch), 31.1
(CHy), 31.6 (CH), 32.5 (CH), 32.9 (CH), 36.4 (CH), 36.7 (CH),
43.7 (CH), 44.4 (CH), 47.3 (C}), 48.3 (CH), 55.7 (CH), 55.8
(CHg), 57.0 (CH), 57.5 (CH), 61.9 (CH), 62.4 (CH), 66.2 (CH),
66.5 (CH), 78.2 (CH), 79.3 (CH), 92.0 (CH), 111.0 (CH), 111.2
(CH), 111.8 (CH), 120.4 (CH), 120.5 (CH), 126.6 (CH), 127.0 (CH),
128.1 (CH), 128.3 (CH), 128.5 (CH), 129.1 (CH), 132.5 (C), 133.1
(C), 138.7 (C), 139.2 (C), 147.1 (C), 147.3 (C), 148.6 (C), 148.8
(C); IR (neat)r 3260 (N—H) cm™; MS (FAB) mVz (%) 425 (M +

1, base), 424 (M, 23), 423 (74), 244 (83); HRMS calcd for
CoeH37N,03 (M + 1), 425.2804; found, 425.2797.

(3R*,4R*,5S*)-1-Benzyl-4-[2-(3,4-dimethoxyphenethylamino)-
ethyl]-5-propylpyrrolidin-3-ol (37). A solution 0f36 (19 mg, 0.045
mmol) in THF (1.0 mL) was added dropwise to a stirred suspension
of LAH (2 mg, 0.054 mmol) in THF (1.0 mL) at 6C. The reaction
mixture was allowed to reach room temperature, stirred further for
40 h, and then quenched at’G with 1 M NaOH (1 mL). After
allowing the mixture to reach room temperature,CH (2 mL)
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(91), 162 (15); HRMS (FAB) calcd for £H3N2O3 (M + 1),
427.2961; found, 427.2949.

(3R*,4R*,5S%)-1-Benzyl-5-ethyl-4-(2-hydroxyethyl)piperidin-
3-ol (34b). The procedure described above for the preparation of
35was followed starting fron20a The crude product was purified
by flash column chromatography (silica gel saturated witiNEt
98:2 EtOAC/E%N) to yield 34b (82%) as an oil:'H NMR (250
MHz, CDClk, 50 °C) 6 0.84 (t,J = 7.3 Hz, 3H), 1.28-1.46 (m,
2H), 1.50-1.62 (m, 2H), 1.69-1.83 (m, 1H), 1.871.95 (m, 1H),
2.06-2.56 (m, 6H), 3.46 (dJ = 13.1 Hz, 1H), 3.59 (dJ = 13.1
Hz, overlapped with other signals, total 2H), 37284 (m, 2H),
7.20-7.31 (m, 5H);33C NMR (62.9 MHz, CDC}, 45°C) 6 12.3
(CHy), 22.5 (CH), 26.9 (CH), 40.6 (CH), 40.6 (CH), 54.5 (Chi
57.0 (CH), 62.3 (CH), 62.7 (CH), 69.9 (CH), 127.0 (CH), 128.2
(CH), 129.0 (CH), 138.2 (C); IR (neat)3360 (O-H) cm™%; MS
(El) m/z (%) 263 (M, 11), 262 (6), 246 (6), 202 (15), 172 (17),
120 (21), 91 (base); HRMS calcd forEl,sNO,, 263.1885; found,
263.1882.

(3'S*,4'R*,5'R*)-N-Benzyl-2-(1-benzyl-3-ethyl-5-hydroxypip-
eridin-4-yl)acetamide (38a).A mixture of 20a (100 mg, 0.39
mmol), BANH+HCI (140 mg, 0.98 mmol), and sodium 2-ethyl-
hexanoate (227 mg, 1.36 mmol) in THF (2.0 mL) was stirred for
5 days under Ar. Brine (2.0 mL) and EtOAc (4.0 mL) were added,
and the mixture was stirred 5 min. After separation, the aqueous
layer was extracted with EtOAc (2 2 mL), and the combined
organic layers were dried (MaOy). The residue after evapora-
tion was purified by flash column chromatography (silica gel
saturated with BN, 18:80:2 hexanes/EtOAc/R) to yield 38a(132
mg, 92%) as an oil*H NMR (250 MHz, CDC}, 50°C) 6 0.82 (t,

J = 7.3 Hz, 3H), 1.32-1.44 (m, 2H), 1.59-1.70 (m, 1H), 2.09-
2.18 (m, 2H), 2.322.51 (m, 4H), 2.60 (ddJ = 11.2, 3.4 Hz,
overlapped with br signal, total 2H), 3.47 and 3.55 (J¢; 13.1
Hz, 2H), 3.84 (dtJ = 7.3, 3.6 Hz, 1H), 4.39 and 4.46 (2 dii=
14.7, 5.7 Hz, 2H), 6.02 (br s, 1H), 7.49.36 (m, 10H)23C NMR
(62.9 MHz, CDC}, 45°C) 0 12.4 (CHy), 22.6 (CH), 32.3 (CH),
39.2 (CH), 40.1 (CH), 43.8 (CH), 54.8 (CH), 57.2 (CH), 62.7
(CHyp), 69.6 (CH), 127.0 (CH), 127.4 (CH), 127.7 (CH), 128.2 (CH),
128.6 (CH), 128.9 (CH), 138.4 (C), 173.6 (C); IR (neat3290
(N—H), 3290 (G—H), 1640 (G=0), 1560 (N—CO) cn1%; MS (EI)
m/z (%) 366 (M, 1), 348 (38), 257 (11), 200 (77), 168 (9), 134 (4),
120 (7), 91 (base); HRMS calcd forgH30N-0,, 366.2307; found,
366.2290.

(3'S*,4'R* 5'R*)-2-(1-Benzyl-3-ethyl-5-hydroxypiperidin-4-yl)-
N-phenethylacetamide (38b).A mixture of 20a (100 mg, 0.39
mmol), Ph(CH),NH,-HCI (155 mg, 0.98 mmol), and sodium
2-ethylhexanoate (227 mg, 1.36 mmol) in THF (2.0 mL) was stirred
for 6 days under Ar, and the mixture was poured over a saturated
K,CO; solution (4.0 mL). After separation, the aqueous layer was

and saturated sodium potassium tartrate (2 mL) were added. Theextracted with EtOAc (3« 5 mL), and the combined organic layers

resulting emulsion was vigorously stirred for 4 h, becoming a clear

were dried (NaSOy). The residue after evaporation was purified

biphasic liquid. After separation, the aqueous layer was extracted by flash column chromatography (silica gel saturated witiNEt

with CH,Cl, (3 x 2 mL), and the combined organic layers were
dried (NaSQ;). The residue after evaporation was purified by flash
column chromatography (silica gel saturated witkN\5198:2 CH-
Cly/EtsN and then 95:3:2 CKCl,/MeOH/EgN) and then dissolved

in CH,CI, (2 mL), and the solution was washed wit M NaOH
(0.5 mL) to yield37 (17 mg, 90%) as an oil*H NMR (250 MHz,
CDCls) 6 0.91 (t,J= 7.1 Hz, 3H), 1.25-1.78 (m, 8H), 2.16-2.22

(m, 1H), 2.49-2.93 (m, 9H), 3.32 (dJ = 13.3 Hz, 1H), 3.85 and
3.85 (2 s, 6H), 3.99 (d) = 13.3 Hz, 1H), 4.18 (td) = 5.7, 3.8
Hz, 1H), 6.76-6.81 (m, 3H), 7.18-7.32 (m, 5H);13C NMR (125.8
MHz, CDCL) ¢ 14.6 (CH), 20.4 (CH), 24.8 (CH), 32.8 (CH),
35.7 (CH), 46.2 (CH), 48.4 (Ch), 51.0 (CH), 55.9 (CH), 55.9
(CHy), 59.2 (CHy), 60.3 (CHy), 65.4 (CH), 71.0 (CH), 111.4 (CH),
112.0 (CH), 120.6 (CH), 126.7 (CH), 128.1 (CH), 128.6 (CH), 132.1
(C), 139.9 (C), 147.5 (C), 149.0 (C); IR (neat3300 (N-H, O—H)
cm™ % MS (FAB) Mz (%) 427 (M+ 1, 97), 426 (M, 14), 275 (24),
262 (10), 246 (base), 226 (33), 201 (41), 184 (36), 172 (13), 165

18:80:2 hexanes/EtOACc/HY) to yield 38b (142 mg, 96%) as an
oil: H NMR (250 MHz, CDC}, 50 °C) ¢ 0.81 (t,J = 7.3 Hz,
3H), 1.21-1.45 (m, 2H), 1.571.68 (m, 1H), 1.96-2.11 (m, 2H),
2.28-2.41 (m, 4H), 2.60 (ddJ = 11.2, 3.3 Hz, 1H), 2.80 (] =

7.0 Hz, 2H), 3.32 (br s, 1H), 3.43.58 (m, 4H), 3.7#3.82 (m,
1H), 5.88 (br s, 1H), 7.167.31 (m, 10H);13C NMR (62.9 MHz,
CDCls, 45°C) ¢ 12.3 (CHy), 22.6 (CH), 32.0 (CH), 35.6 (CH),
39.1 (CH), 40.1 (CH), 40.7 (CH)l, 54.6 (CH), 57.0 (CH), 62.6
(CHy), 69.5 (CH), 126.4 (CH), 127.0 (CH), 128.2 (CH), 128.6 (CH),
128.7 (CH), 128.9 (CH), 138.2 (C), 138.8 (C), 173.8 (C); IR (neat)
v 3380 (O—H, N—H), 1640 (G=0), 1560 (N\—CO) cnmr %; MS (EI)

m/z 380 (M, 1), 362 (38), 271 (19), 214 (12), 200 (base), 168 (5),
134 (6), 120 (6), 105 (11), 91 (93); HRMS calcd fo5,83:N,05,
380.2464; found, 380.2469.
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