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Abstract: Enantiopure TpMo(CQJpyridinyl) complexes were prepared using an efficient and scalable
enzymatic kinetic resolution of the precursor to the molybdenum complex. A single TpMg((€xiinyl)
complex can function as a chiral scaffold for the enantiocontrolled synthesis of eitheici;36-2,6-is-3-
transtrisubstituted piperidines. The synthetic potential of this methodology was demonstrated by a total synthesis
of (—)-indolizidine 209B.

Introduction Scheme 1

Stoichiometric chiral, nonracemic molybdenum complexes TpMo(CO), TPMO(CO) TpMo(CO),
are scaffolds for the asymmetric construction of organic OMe Phc* OMe R1 OMe
molecules. In particular, TpMo(COYpyranyl) and -(dihydro- Elj/ ( j/ E‘T
pyridinyl) complexes (Tp= hydridotris(pyrazolyl)borate) are N N "R
excellent chiral scaffolds for the enantiocontrolled synthesis of Chz Cbz Cbz
highly functionalized heterocycles; these and other Tp-based 1 2 3

complexes have significantly expanded the applications of

molybdenum-mediated methodologfes. . TPM?(CO)éMe

We recently reported a synthesis of 2,3,6-trisubstituted tetra- — (lj/ —>  2,3,6-tetrahydropyridines
hydropyridines using a regiocontrolled abstraction of hydride R N "Ry
from (3-methoxyx3-dihydropyridinyl) TpMo(CO) complex 1 Cbz

as the key steff. Selective abstraction of hydride with PR 4
gaven*-diene catior? as the only product in quantitative yield.
This cationic diene then reacted with a variety of nucleophiles
to provide complexe8 that, after a second hydride abstraction
and nucleophilic addition, gave (2,6-disubstituted-3-methoxy-
dihydropyridinyl)molybdenum complexe$ (Scheme 1). De-
complexation led to 2,3,6-trisubstituted tetrahydropyridines.
Unfortunately, with a 3-substituent other than methoxy (methyl
or phenyl), poor regioselectivity was observed in the first hydride
abstraction step.

To develop a more general approach to the selective func-
tionalization of molybdenum complexes, we explored the TS
possibility of selectivealkoxiderather tharhydrideabstraction.
Previous studies of the analogous (2,6-dimethoxy-3-substituted-
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(1) For reviews of stoichiometric organomolybdenum complexes in
organic synthesis, see: (a) Li, C.-L.; Liu, R.-Shem. Re. 200Q 100,
3127-3161. (b) Liu, R.-S. InAdvances in Metal-Organic Chemistry
Liebeskind, L. S., Ed.; JAI Press: Greenwich, CT, 1998; Vol. VI, p 145.
(c) Pearson, A. J. Ildvances in Metal-Organic Chemistry.iebeskind,

L. S., Ed.; JAI Press: Greenwich, CT, 1988; Vol. I, p 1.
(2) For asymmetric synthesis using TpMo(GGQrp-allyl complexes as

n3-dihydropyranyl)TpMo(CQO) complexess showed an unusu-
ally high selectivity for abstraction of methoxide adjacent to
the 3-substituent (Scheme 2;84:1 for 5a where R = Me,

100:0 for5b where R = Ph)2b Sequential nucleophilic func-
tionalization § — 6 — 7) followed by demetalation provided a

scaffolds, see: (a) Goez Arraya, R.; Liebeskind, L. SJ. Am. Chem.
Soc.2001, 123 6185-6186. (b) Yin, J.; Llorente, I.; Villanueva, L. A.;
Liebeskind, L. SJ. Am. Chem. So200Q 122 10458-10459. (c) Moretto,
A. F.; Liebeskind, L. S.J. Org. Chem.200Q 65, 7445-7455. (d)

Malinakova, H. C.; Liebeskind, L. Srg. Lett.200Q 2, 3909-3911. (e)

Malinakova, H. C.; Liebeskind, L. SOrg. Lett.200Q 2, 4083-4086. (f)

Yin, J.; Liebeskind, L. SJ. Am. Chem. Sod999 121, 5811-5812. (g)

Pearson, A. J.; Neagu, |. Bl. Org. Chem.1999 64, 2890-2896. (h)

Pearson, A. J.; Babu, MTetrahedron Lett.1998 39, 6273-6276. (i)

Pearson, A. J.; Douglas, A. Rirganometallics1998 17, 1446-1448.

general and enantiocontrolled route to 2,3,6-trisubstituted di-
hydropyrans 8. If this kind of selective methoxy abstraction
could also be achieved with the analogous 2,6-dimethoxy-3-
substituted-dihydropyridinyl complexek it would allow ac-
cess to a wide range of 2,3,6-trisubstituted piperidinyl complexes
10(Scheme 3). Stereocontrolled demetalation should selectively
afford cis-2,3,6- and 2,&is-3-transtrisubstituted piperidines,

11 and 12, extending the scope of the original method.

10.1021/ja011635g CCC: $20.00 © 2001 American Chemical Society
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Despite many efforts directed toward the synthesis of sub-

stituted piperidines,to our knowledge no general and enan-
tiocontrolled approach to botbis-2,3,6- and 2,Gis-3-trans
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ular Claisen condensation & using potassiuntert-butoxide
followed by trapping of the resulting enolate with acetic
anhydride provideg-acetoxyenond8in 84% yield. Nucleo-
philic addition of methylmagnesium bromide to the carbonyl
group of 18, followed by hydrolysis of the enol acetate with
aqueous NaOH, led to enod8in 79% yield. Exchange of the
N-protecting group with benzyl chloroformate, Luche reduction
of the Cbhz-protected piperidine eno@6, and acetylation of
the resulting allylic alcoholl6 afforded the required allylic

trisubstituted piperidines from the same chiral starting material acetater@c)-15in good yield. Oxidative addition of Mo(DME)
has been reported. On the basis of the above outlined strategy(CO); to (rac)-15 under previously reported conditiohgave
we report here a general and enantiocontrolled synthesis of boththe racemic Mo complexHf)-14 in 91% yield.

all-cis-2,3,6- and 2,&is-3-transtrisubstituted piperidines and,

Both enantiomers of allylic acetaté5 were efficiently

as a demonstration of its synthetic potential, the total synthesisprepared in large-scale with excellent enantiopurity (99.5% ee)

of (—)-indolizidine 209B (3, Figure 1)* (—)-Indolizidine 2098
is a member of theendrobatidalkaloids isolated from the skin

via lipase-catalyzed transesterification of alcob@t® Screening
experiments were conducted with alcohmd)-16 using dif-

secretions of neotropical frogs. It has attracted the attention of ferent lipase% and vinyl acetate as the acetylating agent in

synthetic organic chemists over the past decadegause of

nonpolar aprotic solvents. Lipase Ageudomonas fluorescens

its interesting chemical structure and pharmacological and amano) gave the best results with toluene as solvent in the

medicinal activity as noncompetitive blocker of nicotine recep-
tors channels.

Results and Discussion

The required dimethoxy compléxshould be preparable from
enantiopure pyridinyl complexe$4, which in turn could be

presence of molecular sievEsThe enzymatic transesterification

of the alcohol fac)-16 (8 g scale) with vinyl acetate reached
50% conversion (measured By NMR) after 12 h. The
resulting acetate<)-15 and the unreacted alcohot)-16 were
readily separated using a short pad of silica gel and isolated in
48% and 47% yield, respectively. The enantiomeric purity of

prepared by the stereospecific oxidative addition of molybde- the unreacted alcohoi)-16 (=99.5% ee) and the acetate)

nunt to the enantiopure allylic acetaté, obtained by enzymatic
kinetic resolution of the corresponding racemic allylic alcohol
16 (Scheme 4).

To probe this strategy, we first prepared racemic dihydro-
pyridinylmolybdenum@ac)-14 (Rt = Me) from ethyIN-benzyl-
N-acetonylglycinateX7)8 in six steps (Scheme 5). Intramolec-

(3) For reviews, see: (a) Bailey, P. D.; Millwood, P. A.; Smith, P. D.
Chem. Commur.998 6, 633—-640. (b) O’'Hagan, DNat. Prod. Rep200Q
17, 435-446.

(4) For detection of natural indolizidine 209B, see: Daly, J. W.; Myers,
C. W.; Whittaker, N.Toxicon1987, 25, 1023-1095.

(5) For previous synthese of--indolizidine 209B, see: (a) Back, T.
G.; Nakajima, K.J. Org. Chem200Q 65, 4543-4552. (b) Michael, J. P.;
Gravestock, DJ. Chem. Soc., Perkin Trans.2D0Q 12, 1919-1928. (c)
Bardou, A.; Celerier, J.-P.; Lhommet, Getrahedron Lett1998 39, 5189
5192. (d) Jefford, C. W.; Sienkiewicz, K.; Thorton, S.HRelv. Chim. Acta
1995 78, 1511-1524. (e) Aehman, J.; Somfai, Petrahedronl1995 51,
9747-9756. (f) Momose, T.; Toyooka, NI. Org. Chem1994 59, 943—
945. (g) Aube, J.; Rafferty, P. S.; Milligan, G. Heterocyclesl993 35,
1141-1147. (h) Satake, A.; Shimizu, Tetrahedron AsymmetrdQ93 2,
1405-1408. (i) Shishido, Y.; Kibayashi, Q. Org. Chem1992 57, 2876~
2883. (j) Gnecco, D.; Marazano, C.; Das, B. £.Chem. Soc., Chem.
Commun.1991, 9, 625-626. (k) Holmes, A. B.; Smith, A. L.; Williams,
S. F.; Hughes, L. R,; Lidert, Z.; Swithenbank, £.0rg. Chem1991, 56,
1393-1405.

(6) Daly, J. W.; Nishizawa, Y.; Padgett, W. L.; Tokuyama, T.; Smith,
A. L.; Holmes, A. B.; Kibayashi, C.; Aronstam, R. 8leurochem. Res.
1991 16, 1213-1218.

(7) Ward, Y. D.; Villanueva, L. A.; Allred, G. D.; Liebeskind, L. S.
Am. Chem. Socl996 118 897-898.

15(=99.5% ee) were determined by chiral HPECT he allylic
acetate antipode;H)-15, was obtained by chemical acetylation
(Ac20, EiN, DMAP) of the alcohol 4)-16 (Scheme 6).

The antipodal acetates-}-15 and (+)-15 gave rise to the
correspondingy3-dihydropyridinyl complexes+)-14 and @)-
14, respectively, in excellent enantiomeric purity99.5% ee)
and high yield (88%) (Scheme 7). Subsequent abstraction of
hydride from ()-14 (=99.5% ee) with P§CPF;, followed by
deprotonation with BN gave the £3-pyridinyl)molybdenum
complex21in 88% yield with 99.4% ee. Treatment 21 with

(8) Zymalkowski, F.; Messinger, RArch. Pharm. (Weinhein)967, 300,
91-94.

(9) Luche, J.-LJ. Am. Chem. S0d.978 100, 2226-2227.

(10) For leading references in enzyme catalysis in organic synthesis,
see: (a) Whitesides, G. M.; Wong, 8ngew. Chem., Int. Ed. Endl985
24, 617-718. (b) Drauz, K.; Waldmann, HEnzyme Catalysis in Organic
SynthesisVCH Press: Weinheim, Germany, 1995. (c) Palfreyman, M. G.;
McCann, P. P.; Lovenberg, W.; Temple, J.; SjoerdsmaEAzymes as
Targets for Drug DesignAcademic Press: San Diego, CA, 1989. (d)
Palmer, T.Understanding Enzymgslalsted Press: New York, 1985.

(11) Lipases:Pseudomonas cepacéRS),Rhizopus nieus(F), Candida
rugosa(CC), andPseudomonas fluoresceffK) were tested with different
organic solvents (hexane, diisopropyl ether, and toluene).

(12) Molecular sieves are necessary to reach 50% conversion; see: (a)
Carretero, J. C.; Dominguez, B. Org. Chem1993 58, 1596-1600. (b)
Burgess, K.; Jennings, L. DJ. Am. Chem. S0d.99], 113 6129-6139.

(13) The acetate—)-15 and alcohol {)-16 were converted into the
corresponding UV-active allylic benzoates prior to analysis of the ee’s by
chiral HPLC.
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bromine followed by addition of sodium methoxide provided

the desired 3-methyl-2,6-dimethoxy-dihydropyridinyl (+)-9

in 95% vyield (Scheme 8). The eight-step synthesis described

above can provide both enantiomers of molybdenum complex

9 in multigram scale with excellent enantiopurity $9% ee).
Similar to the pyranyl analoguésa,b, the (dimethoxydihy-

dropyridinyl)molybdenum compleS underwent the anticipated

EtOOC
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TpMo(CO),
(+)-14
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O O~
1) MeMgBr CbzCi
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N
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Cbhz 91% Cbz
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Table 1. Regio- and Stereocontrolled Synthesis of
(2,3,6-Trisubstituted dihydropyridinyl)molybdenum Complexes

TpMo(CO), TpMo(CO), TpMo(CO),
y 1) PhyCPFg 1) HBF4
2
2)R'M ” 2RM X .,
MeQ™ "N” "OMe MeO" "N ‘R! R N ‘R!
Cbz Cbz Chbz
9 22 23
entry R'™ R™M 23, yield® (%), ee (%)
1 MeMgBr PhMgBr 23a, 69, --
2 PhMgBr MeMgBr 23b, 65, --
3 allylIMgBr MeMgBr 23¢, 61, -
4 vinylMgBr 3-furylLi 23d, 82, -
50 BrM 0O, n-pentylMgBr 23e, 85, --
rl 9\/\<oj pentyiMg
6° BrMg. _~_-0Bn n-pentylMgBr 23f, 67, >99

aQverall yield from9. * PrsCPF; is used to abstract the second
methoxy in order to avoid the opening of acetal rif&tarting from9
that was synthesized froil with 99.4% ee.

factors influence the selective abstraction in both the pyranyl
and pyridinyl series. The regioselectivity ratio for abstraction
of the methoxy adjacent to the 3-substitutent was determined
to be greater than 49 to 1 B4 NMR analysis of the crude
product. Because complex28were sensitive to handling, they
were only subjected to a brief workup to remove inorganic salts
and volatile byproducts. Nonethele®2e (precursor 0f23¢

was fully characterized.

Starting from the same molybdenumallyl complex23, it
is possible to generate a variety of functionalized trisubstituted
tetrahydropyridines regio- and stereoselectively using three
different demetalation procedures: (1) reductive demetalation
using CO/NO ligand exchange followed by nucleophilic
attack® (2) protodemetalation under strongly acidic condi-
tions2b:16 (3) photolytic protodemetalatio®. Together, these
three protocols constitute a powerful and versatile method to
generate trisubstituted tetrahydropyridines regio- and stereose-
lectively from molybdenum complexes of general strucBe

(14) The regiochemistry was established by NMR analysis. As shown
below, H of 23ashows as two sets of doublets (doubling of resonances is
due toN-Cbz rotamers), coupled only by the adjacerallyl hydrogen,
while H! of 23b, appears as two sets of quadruple doublets due to coupling
by both the adjacent methyl group amdallyl hydrogen. The coupling
pattern of H of 23a/b also confirmed the depicted stereochemistry.

TpMo(CO), TpMo(CO),
5.81d, 2.4Hz o W2 4.54q, 6.8Hz 4.66qd, 6.4, 1.2Hz W 2 5 5485
X X ™ o 4.49q, 6.8H; 4.57qd, 6.4, 2.0H = "
5.64d, 2.4Hz PR SN CH, q z q OHz HyC N Ph 5.358
Cbz Cbz
23a 23b

(15) (a) Faller, J. W.; Rosan, A. M. Am. Chem. Sod.976 98, 3388~

regioselective, sequential methoxy abstractions and nucleophilic3389. (b) Faller, J. W.; Rosan, A. M. Am. Chem. Sod.977, 99, 4858~

additions to give the (2,3,6-trisubstituted dihydropyridinyl)-
molybdenum complexe&3a—f in good to excellent yield with

4859. (c) Villanueva, L. A.; Ward, Y. D.; Lachicotte, R.; Liebeskind, L. S.
Organometallics1996 15, 4190-4200.
(16) Hansson, S.; Miller, J. F.; Liebeskind, L.5Am. Chem. S0299Q

complete enantiocontrol (Table ¥)This suggests that the same 112 9660-9661 (for AcOH and HCI).
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Scheme 9 Scheme 11
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s R T s Cbz 88% Cbz
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. . . . Cb H
Reductive demetalation of 2,3,6-trisubstituted molybdenum 332 4

complexes23e,fusing DME as a solveht gave 24 and 25
proceeded in 70% and 59% yield, respectively, with complete
regio-, stereo- and enantiocontrol (Scheme 9). Protodemetalatio
of complex23f with HCI afforded unsaturated piperidin@§

and 27, as an inseparable mixture, whose ratio was solvent
dependent. When GJEN was used, the less substituted olefin

26 was obtained as the major product in 56% combined yield " . . . .
(ratio of 2627, 34:1). In contrast, the use of GEl, led to the occur competitively under these conditions. Consistent with this

; : ; O v analysis, the rate of the protodemetalation reaction was much
:gggeoiék;:/s;gutle;lglleflrﬂ as the major product (70% yield, slower in CHCN than in CHCI,18 Moreover, the conjugate
’ base of the acid plays a role in the protonation/deprotonation
isomerization of olefin26 to 27. Indeed the ratio oR&/27
dropped dramatically from 34:1 to 8:1 when aqueous hydro-
obtained as a mixture dt&27 by HCl-induced protodemeta- chloric acid was used instead of gaseous HCI. The selectivity
for formation of the more substituted alkene in the photoin-

lation of 23f (Scheme 9), was obtained as the only product in A . L .
64% yield using photoinduced demetalation. This HOAc-based o_Iuced protodemetalation in acetic acid is not understood at this
protodemetalation protocol is useful for molybdenum complexes time. ] ) ] ) o
bearing functional groups that are sensitive to the hydrochloric ~ The relative stereochemical assignments depicted in this study
acid procedure. Comple®3e gave only decomposed product Were confirmed by the synthesis of the knowis-2,3,6-
when treated with HCI: on the other har2§ was obtained in trimet_hylpiperidine’%9 Molybdenum co_mple>21was_treated vv_ith
moderate yield (58%) using the photolytic demetalation (3% bromine followed by MeMgBr to give (2,3,6-trimethyl dihy-
of the less substituted all-cis demetalation product was also dropyridiny)molybdenum32 (Scheme 12j° Complex 32
formed but not separated). underwent the ant|C|pa.te'd acidic pro'todemetalanon to give 2,3,6-
The solvent dependence on the formation of the protode- trimethyltetrahydropyridine33)* which, after hydrogenation,

metalation products is rationalized in Scheme 11. Metal-centered9ave the desiredis-2,3,6-trimethylpiperidin@4. The structure

protonation of complex23f produces the cationic;$-allyl)- - - — -

. Lo (18) Reaction using C#€l, as solvent was complete within 15 min at
mol_yt_)denum compleg9. Reductlv_e el'm'nat'on can form_ WO 150m temperature, while reaction with @EN as solvent was not complete
regioisomeric molybdenuny?-olefin cations,30 or 31, with after 24 h at the same temperature. Raising the temperature accelerated the

molybdenum coordinated to either a disubstituted or trisubsti- reaction, as the reaction was complete rafteh at 60 °C. See the

) : Experimental Section for details.
tuted olefin. Decomplexation leads to produ@8 and 27, (19) (a) Isin, Zh. .. Sokolov, D. Vizv. Akad. Nauk. Kaz. SSR, Ser.

respectively, in moderate yields (Scheme 11). According to this khim.1974 24, 76-78. (b) Lebel, N. A.; Balasubramanian, N.Am. Chem.

mechanism, nonbonded steric effects between the bulky TpMo- Soc.1989 111, 3363-3368.

(20) The pyranyl trisubstituted complex analogous3® had been
(17) DME has been previously described as an excellent solvent for CO/ prepared under similar conditions (see ref 2b).

NO™" ligand exchange: Cosford, N. D. P.; Liebeskind, LOBganometallics (21) Acidic protodemetalation 82 gave a mixture o83 and the more

1994 13, 1498-1503. substituted alkene isomer in a ratio of 23/1.

n(CO)z moiety and thej?-olefin ligand should favor formation
of the less hindered disubstituted olef@6 under kinetic
conditions, as is observed when HCI/GEN was used as
solvent. In CHCI, HCI is a stronger acid, and acid-induced
equilibration to the more substituted alkene prod@at, can

Molybdenum complexe&3e,fwere also subjected to pho-
tolytic protodemetalation to give piperidine®8 and 27,
respectively (Scheme 10). Compouwig which was previously
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TpMo(CO), TpMo(COQ),
Me A
MeO" ~0” “OMe MeO" 0" “OMe
5a 36
Figure 2. Chem3D representation of the X-ray crystal structure of Figure 3. Chem3D representation of the X-ray crystal structure of
5a 36.
Scheme 13
=
Hy, PAIC
CsHit™ "N™ 7% CsHyp ” "
Cbz
25 35
OBn OH
1) Ph3P/CBr,
1 PhaPVCBre . [alp = -89.7
2) EtgN CsHyp™ N\\/ lit. [o]p = -87.7
63% 13

assignment was confirmed by comparison of the NMR data for
34 and the melting point of itdl,N-dimethylammonium iodide
salt with those reported in the literatu@®.

The potential of this methodology for enantiocontrolled
synthesis was demonstrated by the efficient total synthesis of
(—)-indolizidine 209B in enantiopure form (Scheme 13). Treat-  -—-----— dashed bonds = compound §a
ment of 25 with H,—Pd/C resulted in N- and O-deprotection S bold bonds = compound 36
and alkene hydrogenation. Subsequent intramolecular cycli#ation Figure 4. Mo and the three ligating nitrogen atoms from each Tp ligand
of the resulting amino alcohd@5 gave ()-indolizidine 209B were overlayed.

(13) ([o)p = —89.7,c = 0.31, MeOH; lit*[a]p = —87.7,c =

0.62, MeOH) in 55% overall yield. Its spectroscopic data were hindered methoxy substituent. While nonbonded steric effects
identical to those reported in the literature. This total synthesis, between the 3-substituent and the adjacent 2-methoxy group
in combination with the expected anti oxidative addition of may well exist, X-ray crystallographic analyses of the dihydro-
molybdenum(0) to the allylic acetate$)- and (—)-15 shown pyranyl compound$a and 36 (Figures 2 and 3) indicated an

in Scheme ?2was used to deduce the absolute stereochemicaladditional, unexpected effect of the 3-substituent that probably

assignments made throughout this work. amplifies the observed selectivity. Nonbonded steric effects
Finally, the origin of the highly selective abstraction of between the Tp ligand and the 3-substituent of #ieallyl
methoxide from both (2,6-dimethoxy-3-substitutgddihydro- distorts the ground-state structure of the (2,6-dimethgky-

pyranyl)TpMo(CO) and the analogous pyridinyl complexes was pyranyl)molybdenum. The more substituted end ofrghallyl
probed. Experiments revealed that the first methoxide abstractionis tilted away from the TpMo(CQ)fragment bringing the
is extremely fast €1 min) at low temperature<78 °C), which methoxy group at the 2-position closer tdarans-antiparallel
means the activation energy barrier of this reaction is very low. conformation with the Mo (Figure 4). As a result, &a the
Thus, according to the Hammond postufaténe structure of torsion angle of Me-C13—C14—03 (165.77) is closer to 180
the transition state should be similar to that of the starting than that of Me-C11-C10-02 (157.98), while the crystal
material. This suggests that the observed selectivity should arisestructure of symmetricaB6, unperturbed by a 3-substituent,
from local differences of two different methoxy groups in the shows identical torsion angles of 160:98herefore, in complex
ground state. As a consequence, it was presumed that theba selective abstraction of the methoxy group adjacent to the
3-substituent adjacent to the 2-methoxy group introduces local 3-substituent is stereoelectronically favored, because the meth-
nonbonded steric effects in the ground state that are diminishedoxy group adjacent to the 3-methyl substituent is closer to a
at the transition state, thus speeding the abstraction of the mordrans-antiparallel conformation with Mo. Similar ground-state
(22) Ward, Y. D.; Villanueva, L. A Alied, G. D.: Libeskind, L 3. distortions should be operative in the analogous pyridinyl
Am. Chem. Sodl996 118 897-898. complexes and account for the similar highly selective methoxy
(23) Hammond, G. SJ. Am. Chem. Sod.955 77, 334—-338. abstractions.
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Table 2. Determination of Enantiomeric Retention Times

entry compd column hexane$?rOH mL/min A (nm) (+)- (min) (=)- (min)

1 benzoate of£)-16 Chiralpack AD 80:20 1.0 254 16.8 22.4

2 (+)-14 Chiralpack AD 80:20 1.0 254 23.1 25.8

3 (£)-21 Chiralpack AD 85:15 1.0 365 10.8 7.0

4 (£)-23f Chiralcel OD 98:2 1.0 370 53.7 34.7

5 (£)-25 (R,R)-Whelk O1 955 0.5 254 26.1 17.1
Conclusions x 6 cm) with 30% ethyl acetate in hexanes to afford compol@és

. . a light yellow oil (15.6 g, 63.68 mmol, 84%). TLC (30% ethyl acetate
In summary, a novel and enantiocontrolled route to either i, peyanes):R = 0.27.H NMR (CDCl;, 300 MHz): & 7.34-7.29

2,3,6<is- or 2,6<is-3-transtrisubstituted piperidines starting  (m, 5 H), 6.09 (s, 1 H), 3.67 (s, 2 H), 3.36 (s, 2 H), 3.18 (s, 2 H), 2.16
from the same enantiopure TpMo(CQ@yridinyl complex as a (s, 3 H).13C NMR (CDCk, 75 MHz): 6 196.2, 167.3, 167.0, 136.5,
chiral scaffold has been described. Key steps include the efficient129.2, 128.6, 127.8, 115.0, 60.9, 60.4, 52.9, 21.2. IRATH KCl,

and scalable enzymatic kinetic resolution of a racemic allylic cm™): 1779, 1735, 1681, 1652, 1636, 1372, 1194, 1142. Anal. Calcd
alcohol, a highly selective methoxide abstraction from 2,6- for CuHisNOs: C, 68.56; H, 6.16; N, 5.71. Found: C, 68.39; H, 6.10;
dimethoxy-3-substituted dihydropyridinyl complexes, and regio- N: 5:62. -

and stereoselective demetalations of 2,3,6-trisubstituted (dihy- 1-Benzyl-5-methyl-3-oxo-1,2,3,6-tetrahydropyridine (19).To a
dropyridiny)molybdenum complexes. The synthetic potential SC'ution of compounds8 (14.40 g, 58.8 mmol, 1.00 equiv) in THF

: . (100 mL) at 0°C was added MeMgBr (3.0 M in diethyl ether, 21.6
of th's mgt_hpdology was demonstrated by a total synthesis of mL, 64.6 mmol, 1.1 equiv) over 5 min via syringe. After being stirred
(—)-indolizidine 209B.

at 0 °C for 30 min, the reaction was quenched with aqueous NaOH

. . (3.0 M, 80 mL, 240 mmol, 4.1 equiv) and stirred at room temperature

Experimental Section for 4 h. The aqueous layer was separated and washed with ethyl acetate
General Methods.Unless otherwise indicated, all NMR data were (2 < 300 mL). The combined organic layers were washed with brine

collected at room temperature in CRGHith internal CHC} as the (2 x 400 mL), dried over MgS@ and concentrated to affoltb as a

reference (7.26 ppm fotH and 77.0 ppm forC) or in (CD),CO !ight yellow oil (9.30 g, 146.26 mmol, 79%). TLC (30% ethyl acetate
with internal (C¥)(CD,H)CO as the reference (2.05 ppm ft and in hexanes):R; = O'_25' H NMR (CDCl, 400 MHz): 9 7.34-7.27
29.92 ppm for3C). IR spectra were recorded in @&, using a KClI (m, 5 H), 5.95 (dJ = 1.5 Hz, 1 H), 3.65 (s, 2 H), 3.15 (s, 2 H), 3.11

cell on a Nicolet 510 FT-IR spectrometer or on an ASI| React IR (s, 2 H), 1.93 (dJ = 1.0 Hz, 3 H).**C NMR (CDCk, 100 MHz): 0
spectrometer, equipped with a silicon probe. Peaks are reportedin cm 195.9,160.8, 136.5, 129.1, 128.9, 128.4, 124.9, 61.6, 60.2, 56.1, 21.7.
Optical rotations were measured at 5. Analytic thin-layer chro- IR (CH:Clz, KCI, cm™): 3053, 3033, 2809, 2752, 1674, 1640, 1455,
matography (TLC) was carried out on commercial Merck Silica gel 1439- HRMS (EI): caled for @HisNO (M*), 201.1154; found,

60 plates, 0.25 thickness, with fluorescent indicator (F-254). Visualiza- 201.1145. )

tion was accomplished by UV light or by staining with 5% phospho- _1-(Bénzyloxycarbonyl)-5-methyl-3-oxo-1,2,3,6-tetrahydropyri-
molybdic acid in ethanol. Column chromatography was performed by din€ (20).To a solution of compound9 (9.0 g, 44.8 mmol, 1.0 equiv)

the method of Stift* with 32—63 um silica gel (Woelm) or 13%m in dichloromethane (50 mL) was added benzyl chloroformate (12.74
activated basic alumina (Aldrich). In some cases (as indicated), silica ML+ 15:21 g, 89.1 mmol, 2.0 equiv) via syringe. The reaction mixture
gel was previously neutralized with 4. Lipases AK, PS, F, and CC was stlrr_e_d at room temperature_ ove_rnlgh_t and pas_sed through a short
were purchased from Amano Enzyme. The enzymatic reactions werePad of silica gel (8x 6 cm),‘ eluting f|‘rst with 50% dichloromethane _
shaken in a Lab-line, L-C Shaker (model 1346) at 184 rpm. Solvents N hexanes to remove starting materials and_ byproducts_and then with
for chromatography were reagent grade and used as received. HPLC30% ethyl acetate in hexanes to obtaas a light yellow oil (9.45 g,

was performed on a Millipore Waters 60C HPLC spectrometer with a 38:6 mmol, 86%). TLC (30% ethyl acetate in hexane®):= 0.20.'H
CHIRALPACK AD or CHIRALCEL OD or REGIS (R,R)-Whelk 01 NMR (CDCl;, 300 MHz): 6 7.33-7.29 (m, 5 H), 5.98 (@) = 1.5 Hz,
column at room temperature using a Waters 486 UV detector (HPLC 1 H), 5.14 (s, 2 H), 4.15 (s, 2 H), 4.13 (s, 2 H), 1.98 (s, 3 HE
grade 2-propanol and hexanes were used). Photochemical reactions werB@MR (CDCl, 75 MHz): 6 192.4, 159.1, 154.6, 135.7, 128.4, 128.1,
performed in regular Pyrex glassware in a Rayonet RMR-500 photo- 127-9, 124.7, 67.5, 50.4, 46.6, 21.2. IR (&CHb, KCI, cm): 1704,
chemical reactor manufactured by the Southern New England Ultra- 1681, 1643, 1445, 1428, 1235, 1225. Anal. Calcd f@HiNOs: C,
violet Co. All chemical reagents were used as received unless otherwise®8-26; H, 6.16; N, 5.71. Found: C, 68.29; H, 6.17; N, 5.61.
indicated. All solvents indicated “dry” were dried either with molecular (+)-1-(Benzyloxycarbonyl)-3-hydroxy-5-methyl-1,2,3,6-tetrahy-
sieves or by distillation, except diethyl ether that was purchased from dropyridine (16). To a solution of compoung0(9.25 g, 37.75 mmol,
Mallinckrodt and used as received. Unless otherwise specified, all 1-0 €quiv) and CeGi7H.O (14.05 g, 37.75 mmol, 1.0 equiv) in ethanol

reactions were carried out under nitrogen or argon atmosphere, and all(200 mL) at 0°C was added NaBH(1.43 g, 37.75 mmol, 1.0 equiv).
reaction flasks were flamed or oven dried before use. Data for After being stirred at OC for 3 h, the reaction mixture was diluted

enantiomeric retention times are found in Table 2. with ethyl acetate (400 mL) and water (400 mL). The aqueous layer
Synthesis of (Dihydropyridinyl)molybdenum Complex 14. was separated and washed with ethyl acetate (250 mL). The combined
5-Acetoxy-1-benzyl-3-0xo-1,2,3,6-tetrahydropyridine (18)Com- organic layers were washed with brine {2 400 mL), dried over

pound17® (18.80 g, 75.41 mmol, 1.00 equiv) in THF (40 mL) was MgSQ,, and concentrated to afforth as a Iigh_t yellow oil (9.48 g,
added over 30 min via a syringe pump to a solution of potassiutn f’7'75 mmol, 100%). TLC (?fO% ethyl acetate in hexandg):= 0.18.
butoxide (8.8 g, 79.18 mmol, 1.05 equiv) in THF (120 mL) a@ AW (COCl 800 MHiz): 0 7.35° 7,30 (M, 5 t), 563 (5, 2 1,
The reaction mixture was allowed to warm to room temperature and 2~ (s, 2 H), 4.263.85 (m, 2 H), 3.76.3.50 (m, 3 H), 1.70 (s, 3 H).
stirred overnight. It was then cooled t6°G again and quenched with NMR (CDC4, 75 MHz): 0 155.5, 136.4, 128.3, 127.9, 123.1, 122.6,

acetic anhydride (7.46 mL, 8.08 g, 79.18 mmol, 1.05 equiv). After 07:2:63.5.47.7,47.3, 46.9, 20.3. IR (g, KCI, cm™): 3588, 2918,
additional stirring at ®°C for 1 h, the reaction mixture was diluted 700, 1674, 1450, 1430, 1239, 910. Anal. Caled feiHeNOs: C,
with ethyl acetate (300 mL) and water (300 mL). The aqueous layer 68:00; H, 6.93, N, 5.67. Found: C, 68.12; H, 6.80; N, 5.50.

was separated and washed with ethyl acetate (160 mL). The combined _(£)-3-Acetoxy-1-(benzyloxycarbonyl)-5-methyl-1,2,3,6-tetrahy-
organic layers were washed with brine 2 300 mL), dried over ~ dropyridine (15). To a solution of16(6.70 g, 27.12 mmol, 1.0 equiv),

MgSQ,, concentrated, and passed through a short pad of silica gel (g fiéthylamine (4.92 mL, 3.58 g, 35.30 mmol, 1.3 equiv), and DMAP
(66 mg, 0.55 mmol, 0.02 equiv) in dichloromethane (20 mL) was added

(24) still, W. C.; Khan, M.; Mitra, A.J. Org. Chem 1978 43, 2923. acetic anhydride (2.80 mL, 3.04 g, 29.84 mmol, 1.1 equiv). The mixture
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was stirred fo 3 h atroom temperature and passed through a short the reaction mixture was passed through a short pad of silica gel (30%
pad of silica gel (8x 5 cm) with 10% ethyl acetate in hexanes and EtOAc in hexanes, & 6 cm) and then concentrated. The residue was

then 20% ethyl acetate in hexanes to ghéas a light yellow oil (7.38
g, 25.54 mmol, 94%). TLC (30% ethyl acetate in hexané$)= 0.45.
H NMR (CDClz, 300 MHz): ¢ 7.36-7.31 (m, 5 H), 5.62 (dJ =
14.0 Hz, 1 H), 5.26:5.08 (m, 3 H), 4.234.00 (m, 2 H), 3.66-3.62
(m, 1 H), 3.35 (dd,) = 14.0, 3.0 Hz, 1 H), 2.05 (s, 1.5 H), 1.92 (s, 1.5
H), 1.76 (s, 3 H)*3C NMR (CDCk, 100 MHz): 6 170.6, 155.2, 138.9,

further purified by chromatography (25% ethyl acetate in hexanes, 20

x 4 cm) to afford ¢+)-14 as a yellow solid (11.4 g, 91%;,99.5% ee),

[a]p +260 € = 0.5, EtOH). (-)-14 was prepared from~)-15in the

same manner (11.4 g, 91%99.5% ee), ¢]p —260 (€ = 0.5, EtOH).
Preparation of (+)-14. To a solution of Mo(DMF)(CO); (11.8 g,

29.6 mmol, 1.4 equiv) in CKCl, (dry and degassed, 100 mL) was added

137.9, 136.5, 128.4, 127.9, 127.7, 118.6, 118.1, 67.2, 67.0, 65.8, 65.6,(4)-15 (6.10 g, 21.1 mmol, 1.00 equiv) dissolved in @y (25 mL)

46.7,44.5,44.2,20.9, 20.3. IR (GEl,, KCI, cm™): 2945, 1726, 1701,

1675, 1449, 1433, 1373, 1362, 1234. Anal. Calcd fesHzNO,: C,

66.42; H, 6.62; N, 4.84. Found: C, 66.47; H, 6.63; N, 4.79.
(+)-3R-16 and (—)-3S-15 (Lipase-Mediated Kinetic Resolution).

To a solution of the racemic alcohtb (8 g, 32.35 mmol, 1.0 equiv)

in dry toluene (435 mL) were added 20.5 g of actizedeA molecular

sieves, vinyl acetate (11.7 mL, 126.93 mmol, 3.9 equiv), and 4.59 g of

Lipase AK. The mixture was shaken at room temperature until 50% of

at room temperature. After the solution was stirring overnight, KTp
(7.46 g, 29.6 mmol, 1.4 equiv) was added as a solid. After 1 h, the
reaction mixture was passed through a short pad of silica gel (30%
EtOAc in hexanes, & 6 cm) and then concentrated. The residue was
further purified by chromatography (25% ethyl acetate in hexanes, 20
x 4 cm) to afford {)-14 as a yellow solid (11.4 g, 19.2 mmol, 91%).
TLC (30% ethyl acetate in hexanes): R 0.25; mp> 109 °C with
decomposition (ED/hexanes)*H NMR (CDCl;, 300 MHz): ¢ 8.50

conversion was reached (12 h). The enzyme and the molecular sievegd, J = 1.5 Hz, 0.5 H), 8.48 (dJ = 1.5 Hz, 0.5 H), 7.76 (dJ = 1.5

were filtered through a short pad (¢ 5 cm) of Celite and washed
with ethyl acetate (2« 20 mL). The organic solvent was evaporated
to give a mixture of the unreacted alcohel)¢16 and the acetate-()-

15 as a light yellow oil. This mixture was passed through a short pad
of silica gel (2.5x 7 cm) using first hexanesethyl acetate (20:1) to
elute )-15 (4.30 g, 48%,>99.5% ee), o —23 (c = 1.2, EtOH),
and then hexanesethyl acetate (10:1) to elute the more pota){16
(3.76 g, 47%,299.5% ee), ¢]o +44 (c = 1.3, EtOH).

To measure the ee of the acette)-15 and alcohol(+)-16 by
HPLC, they were converted into the corresponding UV-active allylic
benzoates—)-3S- and (+)-3R-1-(benzyloxycarbonyl)-5-methyl-3-
(phenylcarbonyloxy)-1,2,3,6-tetrahydropyridine, respectively. To a
solution of (+)-16 (0.24 g, 0.97 mmol, 1.0 equiv) and DMAP (12 mg,
0.09 mmol, 0.1 equiv) in CkCl, (5 mL) was added at room temperature
Et:N (0.20 mL, 1.45 mmol, 1.5 equiv). After 2 min, benzoyl chloride

Hz, 0.5 H), 7.74 (dJ = 1.5 Hz, 0.5 H), 7.657.60 (m, 3 H), 7.47 (d,
J=2.0Hz, 1 H), 7.46-7.27 (m, 5 H), 6.25 (t) = 2.0 Hz, 1 H), 6.23
(t, J= 2.0 Hz, 1 H), 6.16 (tJ = 2.0 Hz, 1 H), 5.185.07 (m, 2 H),
4.35-4.20 (m, 2 H), 4.07 (dJ = 7.2 Hz, 0.5 H), 4.00 (dJ = 7.2 Hz,
0.5 H), 3.86 (ddJ = 7.2, 2.0 Hz, 1 H), 3.563.44 (m, 1 H), 3.36 (d,
J=11.2 Hz, 0.5 H), 3.32 (dJ = 11.2 Hz, 0.5 H), 1.92 (s, 1.5 H),
1.87 (s, 1.5 H)}*C NMR (CDCk, 100 MHz): 6 231.0, 230.4, 226.1,
225.6, 155.0, 154.8, 146.7, 145.7, 145.6, 139.5, 136.8, 136.5, 135.9,
134.2,128.3, 128.0, 127.8, 127.7, 105.6, 105.5, 105.1, 90.5, 90.2, 71.5,
71.3, 67.1, 66.9, 56.7, 56.6, 47.2, 47.1, 41.0, 40.9, 24.0. IRQGH
KCI, cm™): 3055, 2985, 2483, 1936, 1850, 1697, 1503, 1240, 1051.
Anal. Calcd for GsH2BMoN;Os: C, 50.44; H, 4.40; N, 16.47.
Found: C, 50.22; H, 4.42; N, 16.23.

Synthesis of Pyridinyl Complex 9.

(+)-3S-, (—)-3R-, and (&)-Dicarbonyl[hydridotris(1-pyrazolyl)-

(0.16_mL, 1.16 mmol, 1.2 equiv) was added dropwise via syringe. The borato][(5-2,3,4)-1-(benzyloxycarbonyl)-1,2-dihydropyridin-5-meth-
reaction was stirred at room temperature overnight and then quenched,|_2_yiimolybdenum (21). To a solution of §)-14 (802 mg, 1.35 mmol,
with HCI (5 wt % in H,O, 1 mL). The aqueous layer was separated 1 o equiv,>99.5% ee) in CCl, (10 mL), at—15 °C, was added Rh

and washed with C¥Cl, (3 x 25 mL). The organic layer was washed
with a saturated aqueous solution of8&; (1 x 15 mL), dried over
NaS0O;, and concentrated. The residue was purified by flash chroma-
tography (25% ethyl acetate in hexanes) to afferg-3R-1-(benzyl-
oxycarbonyl)-5-methyl-3-(phenylcarbonyloxy)-1,2,3,6-tetrahydro-
pyridine as a colorless oil (0.33 g, 96%,99.5% ee), {]p +195 €=

1.0, EtOH).

The enantiome(—)-3S-1-(benzyloxycarbonyl)-5-methyl-3-(phen-
ylcarbonyloxy)-1,2,3,6-tetrahydropyridine was obtained from alcohol
(—)-16 by following the same procedure.

Preparation of (—)-16.To a solution of ¢)-15(0.30 g, 1.03 mmol,

1.0 equiv) in MeOH (2 mL) was added.&O; (0.07 g, 0.51 mmol,
0.5 equiv) at room temperature. The solution was stirred for 5 min at

CPFK (0.55 g, 1.42 mmol, 1.05 equiv) as a solid in one portion. After
30 min, dry E$O (50 mL) was added to precipitate the formed diene
cation. The solvents were removed via cannula (covered with a piece
of filter paper to prevent removal of the solid). The remaining orange
solid was washed with dry ED (2 x 30 mL), briefly dried under
vacuum, redissolved in Gi&l, (15 mL), and treated at room temper-
ature with EfN (0.284 mL, 2.03 mmol, 1.5 equiv). After 5 min, the
reaction mixture was concentrated and the residue was purified by
chromatography (10% ethyl acetate in hexanesx12 cm) to afford
(+)-21 as a orange solid (700 mg, 1.19 mmol, 88%, 99.4% ed), [
+183.8 € = 2.4, CHCI,). (—)-21 was prepared from=)-14 in the
same manner.

Preparation of (£)-21.To a solution of £)-14 (4.17 g, 7.00 mmol,

same temperature. The crude was then concentrated to dryness, passedp equiv) in CHCI, (25 mL), at 0°C, was added REPFR; (2.72 g,

through a short pad of silica, and eluted with £H (40 mL) to afford
alcohol ()-16 (0.24 g, 0.98 mmol, 96%). Data fo(—)-3S-1-
(benzyloxycarbonyl)-5-methyl-3-(phenylcarbonyloxy)-1,2,3,6-tet-
rahydropyridine: TLC (25% ethyl acetate in hexane):s R 0.35).
[a]p: —195 € = 1.0, EtOH), ee= 99.5%.'H NMR (CDCl;, 300
MHz): 6 8.12-7.85 (m, 2 H), 7.6%7.09 (m, 8 H), 5.965.62 (m, 1
H), 5.52-5.31 (m, 1 H), 5.56:4.95 (m, 2 H), 4.384.61 (m, 2 H),
3.82-3.65 (m, 2 H), 3.66-3.32 (m, 2 H), 1.781.75 (m, 3 H).1*C
NMR (CDCl;, 100 MHz): 6 147.5, 141.8, 141.7, 139.2, 136.1, 134.6,

7.00 mmol, 1.0 equiv) as a solid. Aftg h at 0°C, dry E4O (100 mL)

was added to precipitate the formed diene cation. The diene cation
was filtrated, washed with ED, dried under vaccum, and treated with
Et:N in the same way as described in the preparatiortfZ1. After
chromatography,#)-21 was obtained as an orange solid (3.72 g, 6.27
mmol, 90%). TLC (30% ethyl acetate in hexanes).=R0.50; mp>

110 °C with decomposition (E©/hexanes)*H NMR (CDCl;, 300
MHz): 6 8.47 (d,J = 2.0 Hz, 0.5 H), 8.20 (dJ = 2.0 Hz, 0.5 H),
8.19 (d,J = 2.0 Hz, 0.5 H), 7.74 (d) = 2.0 Hz, 0.5 H), 7.70 (dJ =

129.4,128.6,126.4, 106.1, 106.1, 105.5, 105.5, 72.1, 71.3, 67.5, 63.4, 0 Hz, 0.5 H), 7.69 (dJ = 2.0 Hz, 0.5 H), 7.60 (tJ = 2.4 Hz, 1 H),

58.0, 42.7. IR (neat, cm): 2941, 1710, 1432, 1451, 1270, 1235, 1173,
1127, 714. Anal. Calcd for §H,:NO,: C, 71.78; H, 6.02; N, 3.99.
Found: C, 71.70; H, 6.14; N, 4.10.

(—)-3S,, (+)-3R-, and (%)-Dicarbonyl[hydridotris(1-pyrazolyl)-
borato][(n-3,4,5)-1-(benzyloxycarbonyl)-3-methyl-1,2,3,6-tetrahy-
dropyridin-3-yllmolybdenum (14). To a solution of Mo(DMF)(CO);
(11.8 g, 29.6 mmol, 1.4 equiv) in GBI, (dry and degassed, 100
mL) was added-)-15 (6.10 g, 21.1 mmol, 1.00 equiv) dissolved in
CH.ClI; (10 mL) at 0°C. The mixture was stirred at @ for 3 h and
room temperature for 1 h. K#p(7.46 g, 29.6 mmol, 1.4 equiv) was

then added as a solid. After being stirred overnight at room temperature,

7.57 (d,J = 2.4 Hz, 0.5 H), 7.52 (dJ = 3.0 Hz, 1.5 H), 7.47 (dJ =

2.2 Hz, 1 H), 7.457.35 (m, 4 H), 7.10 (dt) = 6.0, 1.8 Hz, 0.5 H),
6.32 (s, 0.5 H), 6.276.18 (m, 2.5 H), 6.16 (t) = 2.2 Hz, 1 H), 5.87

(t, J= 2.0 Hz, 0.5 H), 5.325.30 (m, 2 H), 4.76-4.68 (M, 1 H), 2.79

(t, J=6.0 Hz, 0.5 H), 2.67 () = 6.0 Hz, 0.5 H), 2.07 (d] = 1.2 Hz,

1.5 H), 2.03 (dJ = 1.2 Hz, 1.5 H).33C NMR (CDCk, 100 MHz): 6
231.3, 230.6, 223.2, 222.5, 152.9, 152.8, 146.0, 145.8, 143.7, 140.1,
140.0, 136.0, 135.9, 135.8, 135.7, 135.3, 134.3, 129.2, 128.7, 128.6,
1285, 128.3, 128.1, 122.7, 122.1, 111.6, 111.1, 105.7, 105.4, 89.8,

(25) Trofimenko, S.J. Am. Chem. Sod 967, 89, 3170.
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88.6, 69.1, 68.3, 64.7, 64.2, 52.5, 51.9, 20.4. IR {CH KCI, cm™1):

Shu et al.

H), 7.48-7.45 (m, 2 H), 7.4+7.35 (m, 4 H), 7.33-7.28 (m, 3 H),

2484, 1935, 1851, 1711, 1650, 1503, 1409, 1302, 1051. Anal. Calcd 6.25-6.19 (m, 3 H), 5.81 (d) = 2.4 Hz, 0.5 H), 5.64 (d] = 12.4 Hz,

for CosH24BMON;O4: C, 50.61; H, 4.08; N, 16.53. Found: C, 50.71;
H, 4.14; N, 16.43.

(+)-(2S,3R,6R)-, (—)-(2R,3S,69)-, and (+)-Dicarbonyl[hydrido-
tris(1-pyrazolyl)borato][( -3,4,5)-1-(benzyloxycarbonyl)-2,6-
dimethoxy-3-methyl-1,2,3,6-tetrahydropyridin-3-yljmolybdenum (9).
To a solution of ¢)-21 (621 mg, 1.04 mmol, 1.0 equiv) in THF (10
mL) at —78 °C was added bromine (59:8., 1.15 mmol, 1.1 equiv).
After 15 min, a 25 wt % solution of NaOMe in MeOH (4.375 M, 0.60
mL, 2.61 mmol, 2.5 equiv) was added. After 5 min-af8 °C the
reaction was allowed to warm to room temperature. The reaction
mixture was passed through a pad of neutralized silica gel 23cm)
with Et;O to afford (+)-9 (652 mg, 0.99 mmol, 95%) as a yellow solid.
(—)-9 and &)-9 were prepared in the same manner starting fref (
21 and @&)-21, [a]p +167.7 € = 1.17, CHCL,). TLC (30% ethyl
acetate in hexanes) R 0.22; mp= 158-161°C with decomposition
(Et;O/hexanes)H NMR ((CDs).CO, 400 MHz): ¢ 8.44 (s, 1 H), 7.99
(s,0.5H),7.98 (dJ = 1.6 Hz, 0.5 H), 7.94 (s, 1 H), 7.82 (d,= 2.0
Hz, 1 H), 7.80 (dJ = 1.6 Hz, 1 H), 7.69 (s, 1 H), 7.457.30 (m, 5 H),
6.32 (t,J= 2.0 Hz, 2 H), 6.28-6.27 (m, 1 H), 5.82 (dJ = 2.8 Hz, 0.5
H), 5.46 (d,J = 2.8 Hz, 0.5 H), 5.42 (s, 0.5 H), 5.42 (s, 0.5 H), 5.25
(d, J = 11.6 Hz, 0.5 H), 5.20 (dJ = 11.6 Hz, 0.5 H), 5.12 (dJ =
12.4 Hz, 0.5 H), 5.01 (dJ = 12.4 Hz, 0.5 H), 4.40 (dd] = 7.2, 2.8
Hz, 0.5 H), 4.35 (ddJ = 7.2, 2.8 Hz, 0.5 H), 4.11 (dl = 7.2 Hz, 0.5
H), 4.10 (d,J = 7.2 Hz, 0.5 H), 3.49 (s, 1.5 H), 3.38 (s, 1.5 H), 3.36
(s, 1.5 H), 3.30 (s, 1.5 H), 1.96 (s, 1.5 H), 1.87 (s, 1.5 B3 NMR
((CD3),CO, 100 MHz): 6 233.2, 232.9, 227.1, 226.9, 156.3, 155.9,

0.5 H), 5.25 (dJ = 12.4 Hz, 0.5 H), 5.24 (s, 1 H), 5.10 (d= 12.4

Hz, 0.5 H), 4.54 (gJ) = 6.8 Hz, 0.5 H), 4.49 (q) = 6.8 Hz, 0.5 H),

4.37 (dd,J = 7.4, 2.6 Hz, 0.5 H), 4.31 (ddl = 7.2, 2.8 Hz, 0.5 H),

4.27 (d,J=7.2Hz, 0.5 H), 4.23 (d)=7.2 Hz, 0.5 H), 1.89 (s, 1.5

H), 1.86 (s, 1.5 H), 1.15 (d] = 6.8 Hz, 1.5 H), 1.07 (dJ = 6.8 Hz,

1.5 H). C NMR (CDCk, 100 MHz): 6 232.7, 232.1, 227.1, 226.5,

155.0, 154.1, 146.7, 146.1, 146.0, 144.4, 144.0, 139.6, 136.9, 136.7,

136.6, 136.0, 134.3, 128.7, 128.4, 128.3, 128.24, 128.18, 128.13, 128.09,

128.0, 127.74, 127.66, 127.4, 105.6, 105.34, 105.26, 99.1, 98.6, 74.3,

74.0, 67.24, 67.21, 59.7, 59.5, 53.9, 53.3, 52.3, 52.1, 24.2, 22.9, 22.3.

IR (CHCl,, KCI, cm™): 2484, 1936, 1849, 1688, 1503, 1410, 1305,

1051. Anal. Calcd for H3-BMoN;O4: C, 56.08; H, 4.71; N, 14.31.

Found: C, 56.17; H, 4.81; N, 14.16.
(£)-(2S,3R,6R)-Dicarbonyl[hydridotris(1-pyrazolyl)borato]-

[(-3,4,5)-1-(benzyloxycarbonyl)-3,6-dimethyl-2-phenyl-1,2,3,6-tet-

rahydropyridin-3-ylJmolybdenum (23b). R*M = PhMgBr (1.0 M in

THF, 0.24 mL, 0.24 mmol, 1.2 equiv);’Rl = MeMgBr (3.0 M in

ether, 0.10 mL, 0.30 mmol, 1.5 equiv). Following the general procedure,

23b (89 mg, 0.13 mmol, 65%) was obtained after chromatography (10%

ethyl acetate in hexanes, 16 2 cm). TLC (30% ethyl acetate in

hexanes): R=0.31; mp> 129°C with decomposition (E©/hexanes).

'H NMR (CDCls, 400 MHz): 6 8.52 (s, 0.5 H), 8.50 (s, 0.5 H), 7.83

7.81 (m, 1 H), 7.79 (s, 0.5 H), 7.76 (s, 1.5 H), 7.65 (s, 1 H), 7.62 (s,

1 H), 7.53-7.51 (m, 1 H), 7.48 (s, 1 H), 7.397.23 (m, 8 H), 6.2#

6.15 (m, 3 H), 5.48 (s, 0.5 H), 5.35 (s, 0.5 H), 5.16 &= 12.4 Hz,

147.6, 147.4, 147.2, 141.7, 141.5, 138.1, 137.6, 137.5, 135.8, 129.3,0.5 H), 5.10 (s, 1 H), 5.03 (d} = 12.4 Hz, 0.5 H), 4.66 (dq] = 6.4,
129.2, 129.1, 128.9, 128.8, 106.8, 106.4, 91.6, 90.9, 86.8, 84.5, 84.3,1.2 Hz, 0.5 H), 4.57 (dyJ = 6.4, 1.2 Hz, 0.5 H), 4.32 (d} = 7.6 Hz,
77.2,76.4,68.2, 68.0, 59.6, 58.9, 57.9, 56.7, 56.4, 56.0, 23.54, 23.48.0.5 H), 4.29-4.28 (m, 1 H), 4.21 (dd) = 7.2, 2.4 Hz, 0.5 H), 1.65 (s,

IR (CH.Cl,, KCI, cm™): 2485, 1943, 1858, 1706, 1410, 1304, 1051.
Anal. Calcd for G/HzoBMoN;Os: C, 49.49; H, 4.61; N, 14.96.
Found: C, 49.48; H, 4.59; N, 14.89.

General Procedure for the Synthesis of 2,3,6-Trisubstituted
(Dihydropyridinyl)molybdenum Complexes 22 and 23 from 9.

To a Schlenk flask containing a solution of compl@x131 mg,
0.20 mmol, 1.0 equiv) in CkCl, (1 mL) cooled to—78 °C was added
PhCPFR (77.6 mg, 0.20 mmol, 1.0 equiv) as a solid in one portion.
After 1 min, the mixture was allowed to warm to°@ over 5 min.
Then methylert-butyl ether (MTBE) (8 mL) was added to precipitate

1.5 H), 1.54 (s, 1.5 H), 1.51 (d,= 6.8 Hz, 1.5 H), 1.42 (d) = 6.4

Hz, 1.5 H).13C NMR (CDCk, 100 MHz): § 232.9, 232.4, 227.6, 227.2,
154.5, 154.3, 146.7, 145.9, 141.6, 141.4, 140.1, 140.0, 136.9, 136.6,
136.5, 135.9, 134.3, 129.5, 129.4, 128.5, 128.3, 128.2, 128.1, 128.0,
127.8, 127.5, 127.4, 127.3, 105.6, 105.3, 105.2, 91.5, 91.1, 75.4, 75.2,
67.4, 66.9, 65.3, 65.0, 60.3, 59.7, 48.1, 48.0, 25.4, 25.3, 25.2, 25.1. IR
(CHLCl,, KCI, cm™): 2484, 1936, 1849, 1689, 1503, 1410, 1306, 1051.
Anal. Calcd for G,H3z,BMoON;O,: C, 56.08; H, 4.71; N, 14.31.
Found: C, 56.18; H, 4.89; N, 14.04.

(£)-(2S,3R,6R)-Dicarbonyl[hydridotris(1-pyrazolyl)borato][( -

the formed cationic diene. The solvents were removed via cannula (the 3 4 5)-2-allyl-1-(benzyloxycarbonyl)-3,6-dimethyl-1,2,3,6-tetrahydro-

tip was covered with a piece of filter paper to prevent removal of the
solids), and the remaining solid was washed with MTBEx(% mL)

and then briefly dried under vacuum for a few minutes. It was then
cooled to—78°C, dissolved in THF (1 mL), and treated with the first
nucleophile (RM) (when prepared and used freshtMRwas added
via cannula into the reaction mixture). After 15 min the reaction was
warmed to °C, passed through a pad of neutralized silica gek (2

cm) with EO, and concentrated to provid? that was used for the
next step without further purification. A solution of crug2in MTBE

(8 mL) was treated at OC with 54 wt % solution of HBE in EtO
(0.056 mL, 0.40 mmol, 2.0 equiv). After 5 min the solvents were

removed via cannula, and the remaining solid was washed with MTBE

(8 mL) and then dried under vacuum for 5 min. The cationic diene
complex was then cooled te78 °C, dissolved in THF (2 mL), and
treated with the second nucleophile®(l. After 15 min at—78 °C,

the reaction was quenched with methanol, warmed to room temperature

and diluted with ethyl acetate (2 mL) and brine (4 mL). The organic
layer was separated, dried over MgS@oncentrated, and chromato-
graphed to affor®3 as a yellow solid.
(£)-(2S,3R,6S)-Dicarbonyl[hydridotris(1-pyrazolyl)borato][( -
3,4,5)-1-(benzyloxycarbonyl)-2,3-dimethyl-6-phenyl-1,2,3,6-tetrahy-
dropyridin-3-ylJmolybdenum (23a). R*M = MeMgBr (3.0 M in ether,
0.080 mL, 0.24 mmol, 1.2 equiv);A = PhMgBr (1.0 M in THF,
0.28 mL, 0.28 mmol, 1.4 equiv). Following the general proced2Ba,

(95 mg, 0.13 mmol, 69%) was obtained after chromatography (10%

ethyl acetate in hexanes, 16 2 cm). TLC (30% ethyl acetate in
hexanes): R=0.31; mp> 123°C with decomposition (20/hexanes).
IH NMR (CDCls, 400 MHz): ¢ 8.52 (d,J = 1.6 Hz, 0.5 H), 8.48 (d,
J=1.6 Hz, 0.5 H), 7.93 (s, 0.5 H), 7.91 (s, 0.5 H), 7-7664 (m, 5

pyridin-3-y [Jmolybdenum (23c). R*M = allyIMgBr (1.0 M in THF,
0.24 mL, 0.24 mmol, 1.2 equiv); ® = MeMgBr (3.0 M in E&O,
0.10 mL, 0.30 mmol, 1.5 equiv). Following the general proced2Be,
(79 mg, 0.12 mmol, 61%) was obtained after chromatography (10%
ethyl acetate in hexanes, 16 2 cm). TLC (30% ethyl acetate in
hexanes): R= 0.31; mp= 172-173 °C with decomposition (EO/
hexanes)!H NMR (CDCl, 400 MHz): 6 8.47 (s, 0.5 H), 8.44 (s, 0.5
H), 7.75 (s, 0.5 H), 7.73 (s, 0.5 H), 7.65 (s, 0.5 H), 7.64 (s, 0.5 H),
7.61 (s, 2 H), 7.45 (s, 1 H), 7.467.27 (m, 5 H), 6.23-6.16 (m, 3 H),
6.06-5.99 (m, 0.5 H), 5.8%5.73 (m, 0.5 H), 5.184.88 (m, 4 H),
4.60 (dd,J = 6.6, 2.2 Hz, 0.5 H), 4.56 (dd] = 7.4, 5.8 Hz, 0.5 H),
4.50 (dd,J = 6.4, 2.4 Hz, 0.5 H), 4.46 (dd] = 7.8, 5.6 Hz, 0.5 H),
4.10 (dd,J = 7.4, 2.6 Hz, 0.5 H), 4.02 (ddl = 7.4, 2.6 Hz, 0.5 H),
3.89 (d,J = 2.0 Hz, 0.5 H), 3.87 (dJ = 2.0 Hz, 0.5 H), 2.852.73

(m, 0.5 H), 2.4%2.27 (m, 0.5 H), 1.89 (s, 1.5 H), 1.85 (s, 1.5 H), 1.53

'(d,J=6.8 Hz, 1.5 H), 1.48 (d) = 6.4 Hz, 1.5 H)*C NMR (CDCl,

100 MHz): 6 232.6, 231.9, 226.9, 226.4, 154.5, 154.3, 146.6, 145.9,
139.6, 137.1, 136.7, 136.5, 136.3, 135.8, 134.2, 128.3, 128.1, 127.7,
127.6, 127.5, 116.5, 116.3, 105.5, 95.6, 95.2, 72.9, 72.8, 67.1, 66.8,
64.6, 64.3, 56.0, 55.7, 47.4, 47.3, 44.7, 44.6, 26.5, 25.8, 24.75, 24.68.
IR (CHCl,, KCI, cm™): 2484, 1934, 1848, 1688, 1503, 1410, 1051.
Anal. Calcd for GgH3z,BMoON;O,: C, 53.64; H, 4.97; N, 15.10.
Found: C, 53.89; H, 5.10; N, 15.00.
(£)-(2S,3R,6S)-Dicarbonyl[hydridotris(1-pyrazolyl)borato][( -
3,4,5)-1-(benzyloxycarbonyl)-2-vinyl-3-methyl-6-(3-furyl)-1,2,3,6-tet-
rahydropyridin-3-ylJmolybdenum (23d). R!*M = vinylmagnesium
bromide (1.0 M in THF, 0.24 mL, 0.24 mmol, 1.2 equiv)?\R =
3-furyllithium (0.40 mmol, 2.0 equiv), which was prepared by stirring



2,3,6-Trisubstituted Piperidines

3-furyl-tri-n-butyltin?® (157 mg, 0.44 mmol, 2.2 equiv) ameBuLi (1.53
M in hexanes, 0.26 mL, 0.40 mmol, 2.0 equiv) for 20 min-at8 °C.
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((CD3)CO, 100 MHz)6 234.1, 233.7, 227.8, 227.7, 156.3, 155.1, 147.5,
147.3,141.7,141.5, 138.0, 137.9, 137.7, 137.2, 135.9, 129.23, 129.19,

In this case reverse addition was used for the addition of the second129.1, 128.8, 128.7, 106.7, 106.4, 105.2, 105.04, 104.98, 100.2, 99.1,
nucleophile: the cationic diene solution was added into a solution of 85.6, 85.3, 76.3, 75.8, 67.9, 67.7, 66.2, 65.42, 65.36, 59.7, 58.9, 56.9,

3-furyllithium at —100 °C via cannula. After 1 min the reaction was
guenched with methanol (1 mL) at100 °C. After chromatography
(10% ethyl acetate in hexanes, 52 cm), 23d was obtained as a
yellow solid (113 mg, 0.16 mmol, 82%), mp- 122 °C with
decomposition (EO/hexanes)*H NMR (CDCl;, 400 MHz): § 8.53
(d,J= 1.6 Hz, 0.5 H), 8.50 (dJ = 1.6 Hz, 0.5 H), 7.78 (dJ = 1.2
Hz, 0.5 H), 7.77 (dJ = 1.6 Hz, 0.5 H), 7.74 (s, 0.5 H), 7.7%7.65 (m,

3 H), 7.58 (s, 0.5 H), 7.49 (s, 1 H), 7.46.31 (m, 6 H), 6.67 (dJ =
0.8 Hz, 0.5 H), 6.48 (dJ = 0.8 Hz, 0.5 H), 6.2#6.18 (m, 3 H), 5.59
(d,J=2.4Hz,05H),5.49 (dJ=2.4Hz, 0.5 H), 5455.32 (m, 1.5
H), 5.27-5.06 (m, 3 H), 4.80 (dd) = 9.8, 1.8 Hz, 0.5 H), 4.77 (d]

= 8.8 Hz, 0.5 H), 4.69 (dJ = 9.6 Hz, 0.5 H), 4.40 (dd]J = 7.2, 2.8
Hz, 0.5 H), 4.34 (ddJ = 7.2, 2.8 Hz, 0.5 H), 4.13 (dl = 7.2 Hz, 0.5
H), 4.12 (d,J = 7.6 Hz, 0.5 H), 1.84 (s, 1.5 H), 1.79 (s, 1.5 KC
NMR (CDCl;, 100 MHz): 6 232.1, 231.5, 226.7, 226.1, 154.8, 153.6,

56.65, 56.57, 56.3, 34.7, 32.4, 32.0, 31.8, 31.7, 30.8, 24.8, 24.7; IR
(CH,Cl,, KCI, cm™?) 2951, 2886, 2484, 1939, 1852, 1697, 1506, 1410,
1305, 1051. Anal. Calcd for £H3BMoN;O;: C, 51.33; H, 5.00; N,
13.52. Found: C, 51.25; H, 5.08; N, 13.41.

Data for 23e: TLC (30% ethyl acetate in hexanesy)R 0.19; mp
= 93-95 °C with decomposition (ether/hexaned NMR (CDCl,
400 MHz) 6 8.48 (s, 0.5 H), 8.44 (s, 0.5 H), 7.75 (s, 0.5 H), 7.74 (s,
0.5 H), 7.64-7.61 (m, 3 H), 7.46 (dJ = 1.2 Hz, 1 H), 7.42-7.29 (m,
5 H), 6.24 (s, 1 H), 6.22 (s, 1 H), 6.16 (s, 1 H), 5:1%03 (m, 2 H),
491 (t,J=4.6 Hz, 0.5 H), 4.75 (t) = 4.6 Hz, 0.5 H), 4.524.47 (m,
1H), 4.414.34 (m, 1 H), 4.22 (dd) = 7.6, 2.4 Hz, 0.5 H), 4.12 (dd,
J= 7.6, 2.4 Hz, 0.5 H), 3.973.75 (m, 5 H), 2.282.13 (m, 1 H),
1.92 (s, 1.5 H), 1.87 (s, 1.5 H), 2.68.46 (m, 6.5 H), 1.4%1.25 (m,
4.5 H), 0.93 (tJ = 7.2 Hz, 1.5 H), 0.84 () = 7.2 Hz, 1.5 H):13C
NMR (CDCl;, 100 MHz) 6 232.3, 231.6, 227.4, 226.8, 155.1, 154.9,

146.6, 146.0, 145.9, 142.8, 142.7, 140.4, 140.2, 139.4, 139.1, 138.6,146.6, 145.8, 139.6, 136.9, 136.6, 136.5, 135.8, 134.2, 128.6, 128.2,
136.65, 136.62, 136.5, 136.0, 134.3,129.8, 129.7, 128.3, 128.1, 128.0,128.1, 128.0, 127.7, 127.5, 105.5, 105.24, 105.16, 104.4, 104.1, 95.9,
127.9,127.8, 127.6, 118.8, 118.2, 110.9, 110.7, 105.6, 105.25, 105.18,95 .4, 73.2, 73.0, 67.3, 67.0, 64.8, 64.7, 64.6, 63.04, 62.98, 55.6, 55.3,
93.9, 93.3, 73.0, 72.8, 67.2, 60.1, 59.8, 59.5, 59.4, 46.1, 45.8, 24.5,51.82, 51.76, 40.8, 40.6, 33.7, 32.3, 32.00, 31.95, 31.6, 30.2, 27.2, 27.1,

24.4. IR (CHCIy, KCI, cm™): 2484, 1938, 1852, 1691, 1502, 1410,
1305, 1051. Anal. Calcd for £H30BMoN-Os: C, 54.17; H, 4.40; N,
14.26. Found: C, 54.20; H, 4.48; N, 14.01.
(£)-(2S,3R,6R)-Dicarbonyl[hydridotris(1-pyrazolyl)borato][( #-
3,4,5)-1-(benzyloxycarbonyl)-2-(3,3-(ethylenedioxy)propyl)-6-meth-
oxy-3-methyl-1,2,3,6-tetrahydropyridin-3-yljmolybdenum (22e) and
(£)-(2S,3R,6R)-Dicarbonyl[hydridotris(1-pyrazolyl)borato][( #-3,4,5)-
1-(benzyloxycarbonyl)-2-(3,3-(ethylenedioxy)propyl)-3-methyl-6+
pentyl-1,2,3,6-tetrahydropyridin-3-yljmolybdenum (23e). R'M =
3,3-(ethylenedioxy)propylmagnesium bronfiti.36 M in THF, 0.83
mL, 0.30 mmol, 1.5 equiv); BM = n-pentylmagnesium bromide (2.0
M in ether, 0.15 mL, 0.30 mmol, 1.5 equiv@2e was prepared by
following the general procedure and was dissolved in@k(1 mL)
and treated with P}CPF (77.6 mg, 0.20 mmol, 1.0 equiv) at78°C.
After 1 min, the reaction mixture was slowly warmed t6®© over 5
min. Then methyltert-butyl ether (MTBE) (8 mL) was added to

24.6,24.5,22.6,22.5,14.1, 14.0; IR (&, KCI, cm™1) 2957, 2484,
1934, 1848, 1688, 1409, 1305, 1124, 1051. Anal. Calcd fgHG-
BMoN;Os: C, 54.91; H, 5.79; N, 12.81. Found: C, 54.70; H, 5.84; N,
12.81.

(+)-(2S,3R,6R)- and (+)-Dicarbonyl[hydridotris(1-pyrazolyl)-
borato][(#-3,4,5)-1-(benzyloxycarbonyl)-2-(3-benzyloxypropyl)-3-
methyl-6-n-pentyl-1,2,3, 6-tetrahydropyridin-3-ylJmolybdenum (23f).
RiM = (3-(benzyloxy)propyl)magnesium bromide (0.40 M in THF,
0.75 mL, 0.30 mmol, 1.5 equivf;R;M = n-pentylmagnesium bromide
(2.0 M in ether, 0.15 mL, 0.30 mmol, 1.5 equiv). Following the general
procedure starting from+)-9, (+)-23f (111 mg, 0.13 mmol, 67%,
>99% ee) was obtained after chromatography (10% ethyl acetate in
hexanes, 15x 2 cm), [o]p +136.0 ¢ = 0.5, CHCL). (£)-23f
was prepared in the same manner starting fragr-4. TLC (30%
ethyl acetate in hexane): { R= 0.60; mp= 88—90 °C with decom-
position (E§O/hexanes)!H NMR (CDCls, 400 MHz): 6 8.49 (s,

precipitate the formed cationic diene. The solvents were removed via g 5 H), 8.45 (s, 0.5 H), 7.74 (d,= 4.8 Hz, 1 H), 7.62 (s, 3 H), 7.46
cannula (covered with a piece of filter paper to prevent removal of the (s, 1 H), 7.42-7.20 (m, 10 H), 6.22 (d) = 12.4 Hz, 2 H), 6.17 (s, 1

solid). The remaining solid was washed with MTBE %26 mL) and

H), 5.14 (t,J = 13.0 Hz, 1.2 H), 5.04 (tJ = 13.0 Hz, 0.8 H), 4.58

then briefly dried under vacuum for a few minutes. The reaction mixture 4.45 (m, 2 H), 4.454.32 (m, 2 H), 4.22 (dd] = 7.3, 2.2 Hz, 0.5 H),

was then cooled te-78 °C, dissolved in THF (1 mL), and treated with
the second nucleophile ¢R). After 15 min at—78 °C, the reaction

4.13 (dd,J = 7.3, 2.2 Hz, 0.5 H), 3.88 (d] = 6.3 Hz, 1 H), 3.62
3.46 (m, 1 H), 3.443.28 (m, 1 H), 2.282.10 (m, 1 H), 1.92 (s, 1.5

was quenched with methanol, brought to room temperature, and diluted ), 1.87 (s, 1.5 H), 2.081.14 (m, 11 H), 0.93 (tJ = 6.8 Hz, 1.5 H),
with ethyl acetate (2 mL) and brine (4 mL). The organic layer was .84 (t,J = 6.8 Hz, 1.5 H).23C NMR (CDClk, 100 MHz): 6 232.4,

separated, dried over Mg@oncentrated, and chromatographed (10%

ethyl acetate in hexanes, 162 cm) to give23eas a yellow solid
(130 mg, 0.17 mmol, 85%).

Data for 22e: TLC (50% ethyl acetate in hexanes)-R 0.26; mp
= 142-145°C with decomposition (EO/hexanes)}H NMR ((CDs),-
CO, 400 MHz)6 8.42 (s, 1 H), 7.95 (s, 0.5 H), 7.91 (d,= 1.6 Hz,
15H),7.81(dJ=1.6Hz, 1 H), 7.79 (s, 1 H), 7.68 (s, 1 H), 746
7.31 (m, 5 H), 6.36-6.26 (m, 3 H), 5.63 (dJ = 2.4 Hz, 0.5 H), 5.52
(d,J=2.8Hz,0.5H),5.17 (d) = 12.4 Hz, 0.5 H), 5.16 (A= 12.4
Hz, 0.5 H), 5.07 (dJ = 12.4 Hz, 0.5 H), 4.96 (d] = 12.4 Hz, 0.5 H),
4.82 (t,J=4.6 Hz, 0.5 H), 4.784.74 (m, 0.5 H), 4.45 (td) = 7.8,
3.6 Hz, 0.5 H), 4.32 (dd) = 7.2, 2.8 Hz, 0.5 H), 4.28 (dd] = 7.2,
2.8 Hz, 0.5 H), 4.06 (dJ = 7.2 Hz, 0.5 H), 4.02 (dJ = 7.2 Hz, 0.5
H), 3.92-3.84 (m, 2 H), 3.86-3.73 (m, 2 H), 3.39 (s, 1.5 H), 3.30 (s,
1.5 H), 2.16-2.08 (m, 1 H), 1.99-1.68 (m, 2 H), 1.94 (s, 1.5 H), 1.85
(s, 1.5 H), 1.6+1.56 (m, 0.5 H), 1.441.40 (m, 0.5 H);*3C NMR

(26) Pinhey, J. T.; Roche, E. @. Chem. Soc., Perkin Trans.1D88
2415.

(27) To a suspension of Mg turnings (486 mg, 20 mmol, 2.0 equiv;

231.7, 227.6, 226.9, 155.2, 155.0, 146.6, 145.9, 145.8, 139.7, 138.8,
138.6, 137.0, 136.7, 136.5, 135.8, 134.2, 105.5, 105.3, 105.2, 96.5,
95.9, 73.1, 73.0, 72.52, 72.46, 70.4, 70.1, 67.2, 67.0, 63.0, 62.9, 55.8,
55.6, 51.9, 51.8, 40.9, 40.7, 36.7, 36.5, 32.0, 31.7, 28.1, 28.0, 27.22,
27.16, 24.64, 24.55, 22.6, 22.5, 14.1, 14.0. IR {CH KCI, cm™):
3054, 1933, 1847, 1418, 1269, 1265, 1259. Anal. Calcd foHg-
BMoN;Os: C, 59.05; H, 5.95; N, 12.05. Found: C, 58.75; H, 5.90; N,
11.85.
Demetalation of (Dihydropyridinyl)molybdenum Complexes.
(+)-(2R,3S,69)-1-(Benzyloxycarbonyl)-2-(3,3-(ethylenedioxy)pro-
pyl)-3-methyl-6-n-pentyl-1,2,3,6-tetrahydropyridine (24). To a
solution 0f23e(0.20 g, 0.26 mmol, 1.0 equiv) in DME (2 mL) at15
°C was added NORH136 mg, 0.78 mmol, 3.0 equiv) as a solid in
one portion. The reaction was slowly warmed t6® over 30 min,
and a solution of NaCNBgin THF (1.0 M, 1.30 mL, 1.30 mmol, 5.0
equiv) was added. The mixture was stirred at room temperature for 1
h. Then ethyl acetate (10 mL) and water (10 mL) were added. The

(28) To a suspension of Mg turnings (0.486 g, 20 mmol, 2.0 equiv;

ground to generate fresh surface) in THF (20 mL) was added 2-(2- ground to generate a fresh surface) in THF (20 mL) was added benzyl
bromoethyl)-1,3-dioxolane (1.17 mL, 1.81 g, 10 mmol, 1.0 equiv) via 3-bromopropyl ether (1.77 mL, 2.29 g, 10 mmol, 1.0 equiv) via syringe at
syringe at room temperature over 5 min. Afte h the Grignard reagent room temperature over 5 min. Aft@ h atroom temperature, the Grignard
was transferred to a Sure-Seal bottle and stored in a refrigerator. Thereagent was transferred to a Sure-Seal bottle and stored in a refrigerator.
concentration was measured to be ca. 0.36 M by titration of an aqueous The concentration was measured to be ca. 0.40 M by titration of an aqueous
solution of the quenched Grignard reagent with 0.10 M HCI solution. solution of the quenched Grignard reagent with 0.10 M HCI solution.
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aqueous layer was washed with ethyl acetate mL). The combined
organic layers were washed with water (15 mL) and brine (15 mL),
dried over MgSQ@, and evaporated. The residue was purified by
chromatography (10% diethyl ether in hexaness 20 cm) to afford
24(73 mg, 0.18 mmol, 70%) as a colorless oil. TLC (30% ethyl acetate
in hexanes):R = 0.58.'H NMR (CDClz, 400 MHz): 6 7.35-7.28

(m, 5 H), 5.775.65 (m, 1.5 H), 5.61 (dJ = 4.7 Hz, 0.3 H), 5.58 (d,
J= 4.7 Hz, 0.2 H), 5.245.04 (m, 2 H), 4.88 (t]J = 4.4 Hz, 0.5 H),
4.81 (t,J = 4.4 Hz, 0.5 H), 4.374.28 (m, 0.5 H), 4.284.17 (m, 1

H), 4.17-4.08 (m, 0.5 H), 3.993.88 (m, 2 H), 3.883.70 (m, 2 H),
2.17 (pentJ = 7.0 Hz, 0.5 H), 2.11 (peng = 7.0 Hz, 0.5 H), 1.86
1.16 (m, 12 H), 0.98 (dJ = 7.2 Hz, 1.5 H), 0.94 (dJ = 7.2 Hz, 1.5

H), 0.88 (t,J = 6.8 Hz, 1.5 H), 0.83 (tJ = 6.8 Hz, 1.5 H).*3C NMR
(CDCls, 100 MHz): ¢ 156.6, 156.1, 137.0, 136.9, 128.4, 128.0, 127.8,

Shu et al.

equiv) was added. The reaction mixture was diluted with EtOAc (20
mL) and HO (20 mL). The organic layer was washed with brine (20
mL), dried over MgS@ and evaporated. The residue was purified by
chromatography (5% EtOAc in hexanes, 512 cm) to afford an
inseparable mixture d26/27 (ratio of 26/27 = 34/1) as a colorless olil
(36.3 mg, 0.08 mmol, 56%).

Photolytic Protodemetalation.Complex23f (82.2 mg, 0.10 mmol,
1.0 equiv), HOAc (11.6:L, 0.20 mmol, 2.0 equiv), and GJEN (10
mL) were placed in a high-pressure-proof tube under nitrogen and
subject to UV irradiation (350 nm) for 24 h. The crude mixture was
concentrated, and the residue was purified by chromatography (5%
EtOAc in hexanes, 1.5 12 cm) to afford27 (28.9 mg, 0.06 mmol,
64%) as a colorless oil.

Data for 26: TLC (30% ethyl acetate in hexanes) R 0.73;H

127.7,127.5, 125.0, 124.4, 104.3, 104.2, 67.1, 66.9, 64.8, 55.1, 54.6,NMR (CDCls, 400 MHz) ¢ 7.39-7.23 (m, 10 H), 5.745.68 (s, 0.5
52.1, 51.9, 36.6, 35.7, 34.1, 33.8, 31.7, 31.6, 31.1, 30.9, 29.7, 28.9,H), 5.68-5.56 (s, 0.5 H), 5.495.39 (s, 1 H), 5.265.10 (s, 2 H), 4.52

26.5,22.6,22.5,19.9, 14.0. IR (GEl2, KCI, cm™): 3036, 2959, 2929,
2868, 1686, 1450, 1416, 1305, 1095. HRMS (FAB): calcd for
CosH3sOsNLi (M + Lit), 408.2726; found, 408.2716.

(—)-(2S,3R,6R)- and (+)1-(Benzyloxycarbonyl)-2-(3-benzyloxy-
propyl)-3-methyl-6-n-pentyl-1,2,3,6-tetrahydropyridine (25).To a
solution of (+)-23f (146 mg, 0.18 mmol, 1.0 equiv,99% ee) in DME
(2 mL) at—15°C was added NORK94.6 mg, 0.54 mmol, 3.0 equiv)
as a solid in one portion. The reaction was slowly warmed f&€0
over 30 min, and a solution of NaCNBHh THF (1.0 M, 0.90 mL,
0.90 mmol, 5.0 equiv) was added. The mixture was stirred at room
temperature for 1 h, and then it was diluted with EtOAc (10 mL) and
H2O (10 mL). The aqueous layer was washed with EtOA& (2 mL).
The combined organic layer was washed witfOH15 mL) and brine
(15 mL) and dried over MgS© After concentration, the residue was
purified by chromatography (5% ethyl acetate in hexanes,1® cm)
to afford (—)-25 as a colorless oil (47.7 mg, 0.11 mmol, 59%099%
ee), p]o —109.4 € = 2.7, CHCl,). (£)-25 was prepared in the same
manner starting from=)-23f. TLC (30% ethyl acetate in hexanes):
Ri = 0.73.*H NMR (CDCl;, 300 MHz): ¢ 7.44-7.22 (m, 10 H), 5.78
5.64 (m, 1.5 H), 5.62 (d] = 4.7 Hz, 0.3 H), 5.58 (dJ = 4.7 Hz, 0.2
H), 5.22-5.04 (m, 2 H), 4.49 (s, 1 H), 4.43 (s, 1 H), 4.32Jt= 7.0
Hz, 0.5 H), 4.23 (tJ = 7.0 Hz, 1 H), 4.11 (t) = 7.0 Hz, 0.5 H), 3.49
(9,J= 6.8 Hz, 1 H), 3.42 (9) = 6.8 Hz, 1 H), 2.26-2.05 (m, 1 H),
1.80-1.16 (m, 12 H), 0.97 (dJ = 7.2 Hz, 1.5 H), 0.94 (d) = 7.2 Hz,

1.5 H), 0.88 (t,J = 6.8 Hz, 1.5 H), 0.84 () = 6.8 Hz, 1.5 H).1*C
NMR (CDCl;, 100 MHz): 6 156.6, 156.1, 138.6, 138.5, 137.0, 136.9,

4.16 (m, 4 H), 3.533.33 (m, 2 H), 2.6%2.46 (s, 1 H), 1.841.10
(m, 12 H), 0.99 (dJ = 7.0 Hz, 1.5 H), 0.97 (dJ = 7.0 Hz, 1.5 H),
0.88 (t,J = 7.0 Hz, 1.5 H), 0.83 (tJ = 7.0 Hz, 1.5 H);**C NMR
(CDCls, 100 MHz)6 156.0, 138.7, 136.8, 128.6, 128.4, 128.3, 128.0,
127.9, 127.5, 127.4, 125.7, 125.2, 72.7, 70.2, 70.1, 67.1, 66.9, 53.2,
52.7, 52.4, 52.1, 36.2, 35.5, 33.0, 32.7, 31.8, 31.6, 29.7, 26.6, 26.1,
23.6,23.4,22.6, 17.5, 14.0; IR (GEl, KCI, cm™t) 3048, 2960, 2925,
2853, 2361, 2336, 1692, 1450, 1414, 1260, 1255. Anal. Calcd for
CaH3NOs: C, 77.47; H, 8.74; N, 3.12. Found: C, 77.58; H, 8.86; N,
3.24.
Data for 27: TLC (30% ethyl acetate in hexaneR) = 0.73;H
NMR (CDCls;, 400 MHz)¢ 7.39-7.23 (m, 10 H), 5.4%5.33 (s, 1 H),
5.15-5.10 (s, 2 H), 4.664.15 (m, 4 H) 3.653.23 (m, 2 H), 2.46-
2.22 (borm, 1 H), 1.71 (s, 3 H), 1.98L.14 (m, 13 H), 0.86 (t) = 7.0
Hz, 3 H); 13C NMR (CDCk, 100 MHz) 6 156.1, 138.7, 128.4, 128.3,
127.9, 127.5, 127.4, 118.2, 117.8, 72.7, 70.2, 67.1, 55.0, 48.8, 34.6,
31.7,31.4, 29.7, 27.6, 26.8, 22.6, 21.5, 14.1; IR {CH KCI, cm™)
3052, 2955, 2924, 2858, 1685, 1454, 1419. Anal. Calcd fgH4s-
NOs: C, 77.47; H, 8.74; N, 3.12. Found: C, 77.64; H, 8.93; N, 3.13.
(£)-(2R,69)-1-(Benzoxycarbonyl)-2-(3,3-ethylenedioxypropyl)-3-
methyl-6-n-pentyl-1,2,5,6-tetrahydropyridine (28) and &)-(2R,3R,-
6S)-1-(Benzoxycarbonyl)-2-(3,3-(ethylenedioxy)propyl)-3-methyl-6-
n-pentyl-1,2,3,6-tetrahydropyridine (28). Complex23e (76.5 mg,
0.10 mmol, 1.0 equiv), HOAc (57.2L, 1.00 mmol, 10 equiv), and
CH:CN (10 mL) were placed in a high-pressure-proof tube under
nitrogen and subjected to UV irradiation (350 nm) for 24 h. The crude

128.4,128.3, 128.0, 127.8, 127.7, 127.7, 127.5, 127.4, 124.9, 124.4,mixture was then concentrated, and the residue was purified by
72.74,72.70, 70.1, 69.9, 67.0, 66.8, 55.0, 54.6, 52.1, 51.8, 36.6, 35.7,chromatography (10% ED in hexanes, 1.5< 12 cm) to afford an
34.0, 33.7, 31.8, 31.6, 31.4, 31.2, 29.7, 27.0, 26.9, 26.8, 26.5, 22.6, inseparable mixture a28/28 (ratio of 28/28 = 19/1) (24.5 mg, 0.06

22.5, 19.9, 14.1, 14.0. IR (GBI, KCI, cm™1): 3032, 2955, 2924,
2858, 1685, 1455, 1414, 1347, 1306, 1096. Anal. Calcd foH4s-
NOs: C, 77.47; H, 8.74; N, 3.12. Found: C, 77.48; H, 8.82; N, 3.16.

(£)-(2R,3R,6S)-1-(Benzoxycarbonyl)-2-(3-benzyloxypropyl)-3-
methyl-6-n-pentyl-1,2,3,6-tetrahydropyridine (26) and &)-(2R,65)-
1-(Benzoxycarbonyl)-2-(3-benzyloxypropyl)-3-methyl-G3-pentyl-

1, 2,5,6-tetrahydropyridine (27).

Protodemetalation in CH,Cl,. To a solution of23f (104 mg, 0.13
mmol, 1.0 equiv) in CHCI, (2 mL) at room temperature was added
HCI (37 wt % in HO, 0.32 mL, 3.8 mmol, 30 equiv) over 2 min.
After 20 min, the mixture was cooled to°C and E4N (0.89 mL, 6.39
mmol, 50 equiv) was added. It was diluted with EtOAc (20 mL) and
H2O (20 mL). The organic layer was washed with brine (20 mL), dried
over MgSQ, and evaporated. The residue was purified by chromatog-
raphy (5% EtOAc in hexanes, 1:6 12 cm) to afford an inseparable
mixture of 27/26 (ratio of 27/26 = 15/1) as a colorless oil (40.0 mg,
0.09 mmol, 70%).

Protodemetalation in CH;CN. To a solution of23f (117 mg, 0.14
mmol, 1.0 equiv) in CHCN (2 mL) at 60°C was added HCI in
CHsCN (2.28 M, 1.56 mL, 4.33 mmol, 30 equi¥)over 2 min. After
2 h, the reaction was cooled td°G, and E{N (1.0 mL, 7.22 mmol, 50

(29) HCI gas was bubbled for 30 min through degassed and dried CH

CN (200 mL) in a three-neck flask. The obtained solution was then sealed
with rubber septum and stored in the dark. The concentration was measure

to be ca. 2.78 M by titration of this solution with 0.100 M NaOH aqueous
solution.

mmol, 61%) as a colorless oil. TLC (30% ethyl acetate in hexane): R
= 0.58.'H NMR (CDCls, 400 MHz): ¢ 7.40-7.27 (br m, 5 H), 5.42
5.35 (br m, 1 H), 5.185.07 (m, 2 H), 4.924.72 (m, 1 H), 4.56-4.16
(brm, 2 H), 4.06-3.88 (br s, 2 H), 2.462.22 (br m, 1 H), 2.061.76
(m, 3H), 1.72 (s, 3 H), 1.681.16 (m, 10 H), 0.86 (t, 3 H:*C NMR
(CDCl;, 100 MHz): 6 156.1, 1376.9, 128.4, 128.0, 127.9, 125.7, 118.4,
104.4,67.1,64.83, 64.79,54.9, 48.8, 34.6, 31.7, 29.7, 28.8, 22.6, 21.5,
14.1. IR (CHCI,, KCI, cm™): 3053, 2981, 2950, 2930, 2300, 1685,
1414, 1265. Anal. Calcd for GH3sNO4: C, 71.79; H, 8.79; N, 3.49.
Found: C, 71.99; H, 8.97; N, 3.39. The minor isom28,, was not
separated but was assigned on the basis of representative peaks in the
IH NMR spectrum: 5.745.66 (m, 0.5 H, olefinic hydrogen), 5.66
5.58 (m, 0.5 H, olefinic hydrogen), 5.56.38 (m, 1 H, olefinic
hydrogen), 2.66:2.50 (m, 1 H, allylic hydrogen).

Synthesis of cis-2,3,6-Trimethylpiperidine (34)

(£)-(2S,3R,6R)-Dicarbonyl[hydrotris(1-pyrazolyl)borato][( »-
3,4,5)-1-(benzyloxycarbonyl)-1,2,3,6-tetrahydropyridin-2,3,6-tri-
methyl-3-yllmolybdenum (32).To a solution of £)-21 (246 mg, 0.41
mmol, 1.0 equiv) in THF (2 mL) at-78 °C was added bromine (23.5
ul, 0.45 mmol, 1.1 equiv). After 15 min, 0.346 mL of MeMgBr (3.0
M in diethyl ether, 1.03 mmol, 2.5 equiv) was added, and the mixture
was stirred at-50 °C for another 5 min. The reaction mixture was
passed through a pad of silica gel 8 2 cm) with EtO and

oncentrated to giveX)-32 (227 mg, 88%) as a yellow solid. TLC

(30% ethyl acetate in hexanes); R 0.42; mp= 138-141°C with
decomposition (ED/hexanes)*H NMR (CDClz, 400 MHz): ¢ 8.46
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(s, 0.5 H), 8.44 (s, 0.5 H), 7.73 (d,= 1.8 Hz, 1 H), 7.68-7.58 (m,

3 H), 7.45 (s, 1 H), 7.427.27 (m, 5 H), 6.276.13 (m, 3 H), 5.24
5.04 (m, 2 H), 4.57 (qd) = 6.6, 2.2 Hz, 0.5 H), 4.49 (qd,= 6.6, 2.2
Hz, 0.5 H), 4.46-4.37 (m, 1 H), 4.11 (ddJ = 7.3, 2.2 Hz, 0.5 H),
4.04 (ddJ= 7.3, 2.2 Hz, 0.5 H), 3.87 (dd,= 7.3, 2.5 Hz, 1 H), 1.87
(s,1.5H),1.83 (s, 1.5 H), 1.51 (d= 6.6 Hz, 1.5 H), 1.48 (d) = 6.6
Hz, 1.5 H), 1.47 (dJ = 6.7 Hz, 1.5 H), 1.44 (dJ = 6.7 Hz, 1.5 H).
13C NMR (CDCk, 100 Mz): § 232.9, 232.2, 227.0, 226.4, 154.3, 153.9,
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2960, 2924, 2852, 1270. HRMS (FAB): calcd foi830NO (M +
Ht), 228.2327; found, 228.2329.

(—)- and (£)-Indolizidine 209B (13).To a solution of crude-)-
35in CH.CI; (0.5 mL) at 0°C in a Schlenk flask were added 4Ph(48
mg, 0.18 mmol, 1.5 equiv) and CB{49 mg, 0.14 mmol, 1.2 equiv).
After 30 min, EtN (0.3 mL) was added. The mixture was stirred at O
°C for 10 min and warmed to room temperature. The solvent was
removed by evaporation, and the resulting oily mixture was extracted

146.7,146.0, 145.9, 139.6, 137.13, 137.07, 136.5, 135.9, 134.2, 128.3 with petroleum ether (4« 10 mL). The extract was concentrated and
128.0, 127.7, 127.66, 127.58, 105.55, 105.49, 105.3, 105.2, 97.4, 96.9 purified by chromatography (basic alumina, 1% ethyl acetate in hexanes,

72.8, 72.6, 67.0, 66.8, 63.6, 63.4, 51.8, 51.7, 47.5, 47.4, 26.5, 26.0,

24.7, 24.0. IR (CHCl,, KCI, cm™1): 3053, 2985, 2484, 1929, 1842,
1683, 1505, 1414, 1305, 1046. HRMS (FAB): calcd fortoN7O4-
BMo (M*), 622.2511; found, 622.2511.
(+)-(2R,3R,69)-1-(Benzyloxycarbonyl)-1,2,3,6-tetrahydro-2,3,6-
trimethylpyridine (33) and (+)-(2R,6S)-1-(Benzyloxycarbonyl)-
1,2,5,6-tetrahydro-2,3,6-trimethylpyridine (33). To a solution o0f32
(168 mg, 0.27 mmol, 1.0 equiv) in GBN (2 mL) was added the freshly
prepared solution of HCI in C¥N (2.78 M, 2.9 mL, 8.09 mmol, 30
equiv)? The solution was stirred at 5 for 1 h and cooled to 6C,
and EtN (1.9 mL, 13.5 mmol, 50 equiv) was added. The reaction
mixture was diluted with EtOAc (20 mL) and B (20 mL). The
aqueous layer was washed with EtOAc %215 mL). The combined
organic layers were washed with brine (30 mL), dried over MgSO

7 x 0.4 cm) to afford {-)-13 as a colorless oil (12.4 mg, 0.06 mmol,
63%). [a]o —89.7 € = 0.31, MeOH); lit>@ [a]p —87.7 € = 0.6,
MeOH). (#)-13 was prepared in the same manner starting fretj (
35. TLC (30% ethyl acetate in hexanes,=R0.20). IR (CHClI,, KCI,
cm-): 2966, 2925, 2863, 2776, 1460, 1373, 1096, 1004, BANMR
(CDCls, 400 MHz): 6 3.26 (dt,J = 8.8 Hz, 2.4 Hz, 1 H), 2.001.17
(m, 19 H), 1.06-0.91 (m, 1 H), 0.88 (tJ = 7.2 Hz, 3 H), 0.86 (dJ
= 7.5 Hz, 3 H).3C NMR (CDCk, 100 MHz): ¢ 71.3, 63.5, 51.9,
36.6, 34.6, 33.7, 32.3, 31.3, 29.1, 25.5, 22.6, 20.3, 18.9, 14.1. HRMS
(El): calcd for GaHoN (M), 209.2144; found, 209.2142.
Synthesis of 36 for Structural Comparison to 5a.
(£)-(2R,6S)-Dicarbonyl[hydrotris(1-pyrazolyl)borato][ 7-(3,4,5)-
2,6-dimethoxy-2,3-dihydropyran-3-yllmolybdenum (36).To a solu-
tion of (253R)-dicarbonyl[hydridotris(1-pyrazolyl)boratajf(3,4,5)-2,3-

and concentrated. The residue was purified by chromatography (3% dihydropyran-2-ethoxy-3-yllmolybdenun87)3° (0.49 g, 0.99 mmol,

ethyl acetate in hexanes, 1512 cm) to afford an inseparable mixture
of 33 and33 (ratio of 33/33 = 23/1) as a colorless oil (41 mg, 0.16
mmol, 59%). TLC (30% ethyl acetate in hexanes)=F0.76.'H NMR
(CDCls, 400 MHz): ¢ 7.42—-7.20 (m, 5 H), 5.625.46 (s, 1 H), 5.42
(d,J=5.1Hz, 1 H),5.17 (s, 2 H), 4.784.20 (m, 2 H), 2.66-2.42 (s,
1H), 1.28 (d,J = 7.0 Hz, 3 H), 1.04 (dJ = 7.0 Hz, 3 H), 0.95 (d

= 6.8 Hz, 3 H).:*C NMR (CDClk, 100 MHz): 6 155.0, 137.0, 128.4,

1.0 equiv) in CHCI; (8 mL) was added REPF; (406 mg, 1.04 mmol,
1.05 equiv) in one portion at @C. After 10 min, EtO (15 mL) was
added to precipitate the diene cation. The solvent was filtrated, and
the remaining orange solid was washed withCE{2 x 10 mL) and
then dried under vacuum. The resulting diene cation was redissolved
in CHxCl; (8 mL) and treated with BN (0.275 mL, 2.0 mmol, 2.0
equiv) at room temperature. After 5 min, the solution was concentrated

128.2,127.8, 127.7, 66.8, 48.3, 47.5, 32.3, 21.5, 20.8, 17.4, 15.0. IR and passed through a pad of silica gek(3 cm) using E{O as eluent,

(CHCl,, KCI, cm™%): 1685, 1414, 1322, 1107. Anal. Calcd foreB21-

NO,: C, 74.10; H, 8.16; N, 5.40. Found: C, 74.09; H, 8.22; N, 5.40.

The minor isomer33, not separated, was assigned on the basis of

representative peaks in thel NMR spectrum: 2.422.30 (m, 1 H,

allylic hydrogen), 1.73-1.68 (s, 3 H, methyl), 1.30 (dl = 6.8 Hz, 3

H, methyl), 1.19 (dJ = 6.8 Hz, 3 H, methyl).
(£)-(2R,3R,69)-2,3,6-Trimethylpiperidine (34). To a solution of

33 (10.2 mg, 0.04 mmol, 1.0 equiv) in HCOOMe (4 mL) at room

to afford a yellow solid. The yellow solid was then dissolved in THF
(2 mL) and treated with bromine (0.056 mL, 1.1 mmol, 1.1 equiv) at
—78°C. The mixture was stirred at78 °C for 15 min and then treated
with a 25 wt % solution of NaOMe in MeOH, (4.375 M, 0.57 mL, 2.5
equiv). After 5 min at=78 °C, the reaction mixture was warmed to 0
°C and passed through a pad of neutralized silica gel @cm) using
Et,O as eluent to affor®6 (478 mg, 0.94 mmol, 94%) as a yellow
solid. TLC (30% ethyl acetate in hexanes)=R0.25; mp> 200 °C

temperature was added Pd (10 wt % on activated carbon, 0.01 mmol,with decomposition (ED/hexanes)!H NMR ((CD3),CO, 400 MHz):

0.2 equiv). After being stirred under,H1 atm) for 7 h, the reaction
mixture was passed through a pad of Celite and concentratedGt O
to afford 34 (4.8 mg, 0.04 mmol, 96%) as a colorless 6 NMR
(CDClz, 400 MHz): 6 3.03 (oct,J = 3.3 Hz, 1 H), 2.88-2.76 (m, 1
H), 1.79-1.70 (m, 1 H), 1.69-1.58 (m, 2 H), 1.521.36 (m, 2 H),
1.18 (d,J= 6.4 Hz, 3 H), 1.12 (dJ = 6.7 Hz, 3 H), 0.97 (dJ = 7.3
Hz, 3 H).**C NMR (CDClk, 100 MHz): 6 54.7, 53.1, 31.2, 31.0, 26.9,
20.9, 18.4, 11.2.

The N,N-dimethylammonium iodide was prepared, mg= 270—
272°C (lit.**®* mp 271-273°C).

Synthesis of ()-Indolizidine 209B.

(—)-(2S,3R,6R)- and (£)-2-(3-Hydroxypropyl)-3-methyl-6-n-pen-
tylpiperidine (35). To a solution of ¢)-25 (65.0 mg, 0.1447 mmol,
1.0 equiv) in ethanol (5 mL) was added Pd/C (10 wt %, 46.2 mg, 0.0434
mmol, 0.3 equiv), and the mixture was stirred at room temperature
under B (1 atm) for 24 h. The reaction mixture was passed through a
pad of Celite, and the filtrate was concentrated to giv¢-85 as a
colorless oil (29.4 mg, 0.126 mmol, 87%]p —44.1 €c = 1.4,
MeOH). )-35 was prepared in the same manner starting fret (

25. TLC (50% ethyl acetate in hexanes); =R0.01.*H NMR (CDCls,
300 MHz): ¢ 3.64-3.48 (m, 2 H), 2.572.42 (m, 1 H), 2.22 (ddd)
=9.4, 6.3, 2.4 Hz, 1 H), 1.861.48 (m, 6 H), 1.46:1.18 (m, 10 H),
1.14-1.02 (m, 2 H), 0.87 (tJ = 6.7 Hz, 3 H), 0.85 (dJ = 6.3 Hz, 3
H). 1*C NMR (CDCk, 75 MHz): 6 62.9, 62.2, 56.7, 36.9, 34.6, 33.9,
33.3, 32.6, 31.9, 29.3, 25.6, 22.5, 18.5, 14.0. IR {CH KCI, cm™):

5 8.61 (d,J = 2.2 Hz, 1 H), 8.06 (dJ = 1.9 Hz, 2 H), 7.79 (dJ =
1.9 Hz, 3 H), 6.44 (t) = 2.2 Hz, 1 H), 6.27 (t) = 2.2 Hz, 2 H), 4.65
(s, 2 H), 4.30 (dJ = 7.2 Hz, 2 H), 3.90 (t) = 7.2 Hz, 1 H), 3.41 (s,
6 H). 13C NMR ((CDs),CO, 100 MHz): 6 227.1, 147.9, 143.4, 137.5,
136.0, 107.3, 106.6, 98.6, 66.8, 66.2, 56.3. IR {Chl KCI, cm™Y):
2930, 1941, 1865, 1834, 1813. Anal. Calcd fogh;BMONeOs: C,
42.55; H, 4.17; N, 16.54. Found: C, 42.59; H, 4.19; N, 16.56.
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