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Homologues of kainic acid, a naturally occurring potent glutamate receptor agonist, were designed based
on a rigidified pipecolinoglutamic acid structure and can be regarded as homokainoids for their potential
activities in the central nervous system. These novel homokainoids in an enantiomerically pure form
were synthesized from enantiopui®){and §-Garner’s aldehyde, featuring (i) the highly diastereose-
lective addition of alkenylcuprates to the acrylate intermediates and (ii) the Rh-catalyzed cyclohydro-
carbonylation of homoallylic amine intermediates to construct the functionalized piperidine moiety
in the key steps. For the introduction of a substituent at the 4- or 5-position of pipecolinoglutamic
acid, a few different strategies were used, which successfully led to the formation of enantiopure
homokainoids.

Introduction such as stroke, epilepsy, and Alzheimer’s disease. iGluRs are
. ) . ) .. defined, on the basis of subtype selective agonistis:-aethyl-
L-Glutamic acid (Glu) mediates fast excitatory transmission p-aspartate (NMDA), a-amino-3-hydroxy-5-methyl-4-isox-
at the majorle. of the. central nervous system (CNS) Synapsesazolypropionic acid (AMPA), or kainate (KA) subtyp2&On
and als_o participates in neuro_nal plast|C|ty_ and ne_urotox%crty. the other hand, mGIuRs are coupled with GTP binding that
Accordingly, Glu !s_lnvolved in many brain functions such as  5.tivates various second-messenger cascad@iesdate, eight
motor control, vision, learning, and memory. Glu, when mGiuRs receptor subtypes have been divided into three classes
synaptically released, exerts its effects via activation of ligand- 5, the pasis of amino acid homology, agonist pharmacology
gate cation channels (the_lonotroplc glutamate receptors: iG- 5n4 the signal transduction pathway to which they are cotdled.
luRs and/or metabotropic glutamate receptors (MGIURS), Gy itself is a nonselective agonist for both iGIURs and mGIuRs
whlch modulate intracellular second messengers through Gyt was extensively used as a template for the design of selective
protein-coupled processes. Glu receptors have attracted conjigands for either class of receptors. Examination of the chemical
siderable attention because of their therapeutic potential for gy ctures of the ligands for the iGIuRs or mGIuRs reveals that
the treatment of a range of chronic and acute CNS disorders ,ost of them have been developed by the introduction of
conformational rigidity, which is a common strategy in me-

* Corresponding author. Fax: (631) 632-7942. dicinal chemistn. In these ligands, the Glu template has been
T State University of New York at Stony Brook.

* Current address: Department of Chemistry, National Chung Hsing Uni- embedde_d in cyclic frames or substituted by lipophilic append-
versity, Taichung City 402, Taiwan, Republic of China ages on its carbon backbotel!

§ Laboratoire de Pharmacochimie de la Communication Cellulaire.

(1) Collingridge, G. L.; Lester, R. A. Pharmacol. Re. 1989 41, 143~

210. (7) Johansen, T. N.; Greenwood, J. R.; Frydenvang, K.; Madsen, U.;
(2) Nakanishi, SScience (Washington, DC, U.8992 258 597-603. Krogsgaard-Larsen, Rhirality 2003 15, 167—179.
(3) Brauner-Osborne, H.; Egebjerg, J.; Nielsen, E. @.; Madsen, U.; (8) Tanabe, Y.; Nomura, A.; Masu, M.; Shigemoto, R.; Mizuno, N.;
Krogsgaard-Larsen, B. Med. Chem200Q 43, 2609-2645. Nakanishi, SJ. Neurosci.1993 13, 1372-1378.
(4) Riedel, G.Trends Pharmacol. Scll996 19, 219-224. (9) Mann, A.; Le Chatelier, H.-L. IiThe Practice of Medicinal Chemistry
(5) Bleakman, D.; Lodge, DINeuropharmacolog$998 37, 1187-1204. 2nd ed.; Wermuth, C. G., Ed.; Elsevier: New York, 2003; pp-2330.
(6) Pin, J. P.; Duvoisin, RNeuropharmacology 995 34, 1-26. (10) Moloney, M. G.Nat. Prod. Rep1998 15, 205-219.

10.1021/jo070942n CCC: $37.00 © 2007 American Chemical Society
9418 J. Org. Chem2007, 72, 9418-9425 Published on Web 11/14/2007



Cyclohydrocarbonylation Route to Homokainoids

JOC Article

SCHEME 1. Kainic Acid (Kai) and Homokainoids
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Kainic acid (Kai) is an agonist for the KA subtype and a
typical example of Glu rigidificatiod213 the Glu structure
is frozen within a pyrrolidine ring, and an isopropenyl residue
is present at the C-4-position of the five-membered ring,
probably responsible for additional hydrophobic interactitins.
Numerous structureactivity relationship studies have dis-

Our interest in highly selective KA liganésprompted us to
design a series of new Kai homologues, homokaindiderit
1, 2ab, and3ab), shown in Scheme 1.

The rationales for the design of these homokainoids are (i)
to the best of our knowledge, homokainoids bearing a pipe-
colinoglutamic acid framework are unprecedented in chemical

closed that the stereochemistry at the C-4-position, the natureliterature; (ii) a six-membered ring (i.e., piperidine) is confor-
of the C-4 substituent, and its conformation play a critical role mationally more rigid than the corresponding five-membered
in its binding to the receptdf. Furthermore, KA ligands are  ring (i.e., pyrrolidine) because of the relatively high energy cost
excellent tools for studying the neuronal loss in brain dysfunc- between chairboat interconversion, which should contribute
tions as KA activation has been shown to produce neuronal to the discovery of highly selective ligands for the KA receptor
death in the brain of vertebrates, which is attributed to Glu with a greater stability and entropic gahand (iii) we have
neurotoxicity. Therefore, it has been hypothesized that the usedeveloped an efficient synthetic method that is applicable for
of KA antagonists might be an approach to treat senile the synthesis of enantiopure pipecolinoglutamic acids with
demential® On the basis of this hypothesis, several groups have variations at the C-4- or C-5-positions of the piperidine ring.

designed and developed various ligands by modifying the Kai
structure or the Glu scaffold for structuractivity relationship
studiest’—3!

(11) Shinozaki, HExcitatory Amino Acid Receptors. Design of Agonists
and AntagonistsEllis Horwood: New York, 1992.

(12) McGeer, E. G.; Olney, J. W.; McGeer, P.Kainic Acid as a Tool
in Neurobiology Raven Press: New York, 1978.
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macol. Sci.199Q 11, 25-33.
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(18) Collado, I.; Ezquerra, J.; Mateo, A. |.; Pedregal, C.; RubioJA.
Org. Chem.1999 64, 4304-4314.
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199Q 31, 70477050.

(20) Collado, I.; Ezquerra, J.; Mateo, A. I.; Rubio, A. Org. Chem.
1998 63, 1995-2001.

(21) Horikawa, M.; Shima, Y.; Hashimoto, K.; Shirahama, Htetero-
cycles1995 40, 1009-1014.

(22) Baldwin, J. E.; Fryer, A. M.; Pritchard, G. Bioorg. Med. Chem.
Lett. 200Q 10, 309-311.

(23) Rondeau, D.; Gill, P.; Chan, M.; Curry, K.; Lubell, W. Bioorg.
Med. Chem. Lett200Q 10, 771-773.

(24) Hashimoto, K.; Ohfune, Y.; Shirahama, Fetrahedron Lett1995
36, 6235-6238.

(25) Cantrell, B. E.; Zimmerman, D. M.; Monn, J. A.; Kamboj, R. K.;
Hoo, K. H.; Tizzano, J. P.; Pullar, I. A.; Farrell, L. N.; Bleakman, D.
Med. Chem1996 39, 3617-3624.

(26) Ahmed, A.; Bragg, R. A.; Clayden, J.; TchabanenkoT &trahedron
Lett. 2001, 42, 3407-3410.

(27) Baldwin, J. E.; Bamford, S. J.; Fryer, A. M.; Rudolph, M. P. W.;
Wood, M. E.Tetrahedron1997, 53, 5233-5254.

(28) Baldwin, J. E.; Bamford, S. J.; Fryer, A. M.; Rudolph, M. P. W.;
Wood, M. E.Tetrahedron1997, 53, 5255-5272.

(29) Baldwin, J. E.; Fryer, A. M.; Spyvee, M. R.; Whitehead, R. C,;
Wood, M. E.Tetrahedron1997, 53, 5273-5290.

(30) Baldwin, J. E.; Fryer, A. M.; Pritchard, G. J. Org. Chem2001
66, 2588-2596.

Molecular modeling studies of homokainoids-3 on the
basis of the X-ray crystal structure of Kai-bound iGIuR using
the Insightll 2000 program have revealed that (i) homokainoids
bind to the Kai binding site with three major hydrogen bonding
interactions with the critical amino acid residues%0Arg*es,
and ThE55 as well as hydrophobic interactions with 8ftin a
closely similar manner as Kai in spite of the fact that the C2-
CO,H and C3-CHCO,H groups are at equatorial positions in
the piperidine ring (Figures 1 and 2); (ii) there is a hydrophilic
open channel (right side in Figure 1) and also flexible open
space sufficient to accommodate rather large substituents on
the piperidine ring of homokainoids without bumping into amino
acid residues near the core binding site (Figure 1); and (iii)
homokainoid3a (C4-5-methyl) appears to be the closest mimic
of Kai, but all other homokainoids are quite interesting to
explore possible new interactions with iGIuR, which may lead
to the discovery of new KA agonists or antagonists (Figure 2).

Our strategy for the synthesis of an enantiopure pipecolino-
glutamic acid framework is based on two reactions, i.e., (i)

(31) Filla, S. A.; Winter, M. A.; Johnson, K. W.; Bleakman, D.; Bell,
M. G.; Bleisch, T. J.; Castan A. M.; Clemens-Smith, A.; Prado, M. D.;
Dieckman, D. K.; Dominguez, E.; Escribano, A.; Ho, K. H.; Hudziak, K.
J.; Katofiasc, M. A.; Martinez-Perez, J. A.; Mateo, A.; Mathes, B. M,;
Mattiuz, E. L.; Ogden, A. M. L.; Phebus, L. A,; Stack, D. R.; Stratford, R.
E.; Ornstein, P. LJ. Med. Chem2002 45, 4383-4386.

(32) Schneider, M.-R.; Klotz, P.; Ungureanu, I.; Mann, A.; Wermuth,
C.-G. Tetrahedron Lett1999 40, 3873-3876.

(33) Kumar, V. A.; Ganesh, K. NAcc. Chem. Re®005 38, 404-412.

(34) Garner, P.; Park, J.-M. Org. Chem1987, 52, 2361-2364.

(35) Qjima, |.; Tsai, C.-Y.; Tzamarioudaki, M.; Bonafoux, D.@rganic
ReactionsOverman, L. E., Ed.; John Wiley and Sons: New York, 2000;
Vol. 56, pp 1-354.

(36) Qjima, I.; Lee, S.-YJ. Am. Chem. So@00Q 122 2385-2386.

(37) Quan, L. G.; Lamrani, M.; Yamamoto, ¥. Am. Chem. So200Q
122, 4827-4828.

(38) Qjima, I.; Vidal, E. SJ. Org. Chem1998 63, 7999-8003.

(39) Laschat, S.; Dickner, TSynthesi®00Q 1781-1816.
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carried out the HornerWadsworth-Emmons olefinatioff-41
with Garner’s aldehydd,3* which was readily obtained from
R-serine in a known four-step sequerfé@hus, the reaction of

4 with trimethyl phosphonoacetate afforded oxazolidinylacrylate
5 (A: R'= Boc) in 93% yield (E/Z= 6:1). Highly diastereo-
selectivél4344conjugate addition of lithium divinylcuprate to
5 gave syn addudi exclusively in 88% yield. In this reaction,
the use of salt-free vinyllithium through transmetalation of
tetravinyltin to methyllithium (salt-free) was crucial to generate
active lithium divinylcuprate and to make this process clean,
high yielding, and reproducible. Since both E and Z isomers of
5 have given the same syn addugt separation of these
geometrical isomers is unnecessary. Deprotectiof ohder
acidic conditions followed by acetylation gavewhich is the
second key intermediate in SchemeR (R = H, R! = Boc,
and R = Ac), in 94% yield. Cyclohydrocarbonylation of
homoallylic carbamat@ catalyzed by Rh(acac)(C@BIPHEP-
HOS (0.25 mol %) proceeded smoothly at@ and 4 atm of
CO and H (1:1) in toluene for 24 h to give didehydropiperidine
8 in 99% vyield. Hydrogenation o8 over 5% Rh/C under 10
atm of hydrogen afforded piperidir® which is the final key
intermediate in Scheme Z( R = H, R! = Boc, and R =
Ac), in 95% yield. The cyclohydrocarbonylation and hydroge-
nation steps were performed in one pot as well, which gave
FIGURE 1. Overlay of Kai (yellow) with homokainoid. (cyan) in quantitatively.

the iGIuR binding pocket based the X-ray crystal structfire. Removal of the acetyl group fro®, followed by oxidation
and deprotection, should give the target homokainaid
However, attempts to remove the acetyl group ®fby
methanolysis using bases such as LiOH, NaOH, KOG &,
and KHCQ gave bicyclic oxazolidinonell These results
indicate that the primary alkoxid&2 generated undergoes a
facile cyclocondensation with the Boc protecting group
(Scheme 4.)

To circumvent this problem, we used Seebach et al.’s
transesterification protocd?. Thus, transesterification of acetate
9 to the corresponding primary alcohol and methyl acetate was
carried out using a MeOHDBU—LIiBr system. Then, subse-
guent TEMPO-catalyzed oxidation of the primary alcohol with
sodium hypochlorit#—48 gave the desired carboxylic acid,
which was methylated with diazomethane to afford dimethyl
pipecolinoglutamatd0 in 92% yield (for 3 steps). Finallyl0
was refluxed wih 6 N hydrochloric acid, followed by a
treatment with propylene oxide to give§3R)-3-pipecolino-
glutamic acid 1) (Scheme 3). Thus, the efficient first synthesis
of homokainoid1l was achieved in 7 steps from Garner's
FIGURE 2. Overlay of Kai (yellow) and homokainoidk (cyan),2a aldehyde4 n 55% overall .yleld.. The enantiomer df ("_e”
(Orange)'zb (green)’3a (gray)’ and3b (magenta). (ZR,3S)-3-p|peCO|Inog|utamIC aC|d dnt'l)) was SynthESIZEd
through the same procedure, but starting fri&serine.

a diastereoselective 1,4-addition of ar? ggganocuprate to

oxazolidinylacryllateA derived.from Garner’s aIdehy%feto form (40) Jako, I.; Uibera, P.. Mann, A Taddei, M.. Wermuth, C.-G.

homoallylic amineB and (ii) an extremely regioselective Tetrahedron Lett199Q 31, 1011-1014.

cyclohydrocarbonylation (CHE335-38 of B to construct the (‘tl)l) Jako, 1.; U'%erv P.; Mann, A.; WefmUthhv C. G.; Boulanger, T;

piperidine moiety with proper functional gro8§Scheme 2). g'%serg’ B.; Bvrard, G.; Durant, Fl. Org. Chem.1991, 56, 5729
(42) Dondoni, A.; Perrone, DOrg. Synth.1999 77, 64—77.

Results and Discussion (43) Hanessian, S.; Sumi, iSynthesisl991, 12, 1083-1089.

(44) Hanessian, S.; Wang, W.; Gai, Wetrahedron Lett1996 37, 7477
Synthesis of (35,3R)-3-Pipecolinoglutamic Acid (1). We 7480.

. L _nina. (45) Seebach, D.; Thaler, A,; Blaser, D.; Ko, S. Melv. Chim. Acta
started our syntheses of a series of homokainoids from 3-pipe-; 9155 5720-8733.

colinoglutamic acid . R = H), which is the simplest (46) Anelli, P. L.; Biffi, C.; Montanari, F.; Quici, SJ. Org. Chem1987,
compound with no substituent at the C4- or C5-position, in 52, 2559-2562.

accordance with our retrosynthetic analysis shown in Scheme, _(47) Wang, Q.; Sasaki, N. A.; Potier, Petrahedronl998 54, 15759-
2. Scheme 3 illustrates the SynthetiC route 1o For the (48)' Reddy, K. L.; Sharpless, K. B. Am. Chem. So4998 120, 1207~
preparation of the first key intermediate in Scheme 2, we 1217.
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SCHEME 2. Retrosynthetic Pathway for Construction of Pipecolinoglutamic Acids
R CO,Me
\

—

\ COzH (j\/COgMe /j\/gggMe.:;> R1\N ——> (R)-Serine
COZH CHC HN 1,4-addition
H ' R #\O

A

SCHEME 3. Synthetic Route to Pipecolinoglutamic Acid (1)

CO,Me COo,Me
o CHO 7 S P
/kz/ Boc. () Boc. (i) Boc< (iii) Z " “CO,Me
N~ O N =~ NTY — " Boc. OAc
(R)-serine
4 5 6 7
W) O\/COZMe v) (j\/COZMe (i) O\ COMe  (vii) (I‘\COZH
CO,Me N"CopH
Boc Boc
8 9 10 1

a (i) (MeO)POCHCO:Me, TBAI, K2COs;, rt (93%); (ii) LICu(CH=CH,),, TMSCI, EtO, —78 °C to rt (88%); (iii) (a) PTSA, MeOH, rt and (b) excess
Ac,0-pyridine (94%); (iv) Rh(acac)(C®@)0.25 mol %), BIPHEPHOS (0.50 mol %), toluene; {2 atm), CO (2 atm), 75C (99%); (v) 5% Rh-C, H (10
atm), MeOH, rt (95%); (vi) (a) DBU, LiBr, MeOH, rt; (b) TEMPO, KBr, NaOCI, acetone-NaH@@), 4°C; and (c) CHN,, MeOH (92%); and (vii) (a)
HCI(aq), reflux and (b) EtOH-propylene oxide (83%).

SCHEME 4 SCHEME 62

N
OAc
N OAc MeOH N N OAc

>d

éoc 9 lo} 11 éoc 8a
N a(i) (a) Brz, CH,Cl,, —78 °C and (b) DIPEA, CHCl, —78 °C to rt
COMe (93%) and (ii) Pd(dppf)Gl(3.3 mol %), PhB(OH), TI,COs, DMF, 85°C,
N 4 days (65%).
>LOJ<; o - .
in 83% yield after recrystallization from-heptane. The reaction
12 gave the trans product exclusively. Cyclohydrocarbonylation of
SCHEME 52 7awas carried out using a Rh(acac)(G®)OPhj} catalyst at
75 °C at 120 atm of CO and H(1:1) in toluene to give
) Ph_~". . Ph RN
, 0 Boc/ /ngéMe (i) m?ﬁiMﬂ— didehydropiperidinea in 96% isolated yield. Thus, the result
\H N indicates that the hydroformylation step was extremely regi-
7a Boc 8a

oselective. It is worth mentioning that, in this reaction, the use
Ph,,, “ScoMe .. P O:\COzMe w Ph “~co of unmodified Rh(CO) 2 gave8ain 80% yield under the same
(va W come Q 2H conditions, while the reaction using the Rh(acac)(EBl}
B o Boc 10n N 2aCOzH PHEPHOS catalyst was so sluggish tha’F it required more th_an
1 week to reach an appreciable conversion. Thus, the classical
a (i) Pd(OAC) (5 mol %), PPB (10 mol %), EsN (3.0 equiv), Phl (1.2 Rh(acac)(CO}P(OPh} catalyst gave the best results so far.

equiv), DMF, 75°C, 4 days (83%); (ii) Rh(acac)(Ce{2 mol %), P(OPh) An alternative route to didehydropiperidirga was also

(8 mol %), CO (60 atm), £4(60 atm), 75°C, toluene, 3 days (96%); (i) studied, which included re ioselgctivz F:I):)rominationSg)ffoI-
Pd(OHY/C (5 mol %), B, MeOH, rt (88%); (iv) (a) DBU, LiBr, MeOH, ! . ] g ) >

rt; (b) TEMPO, KBr, NaOCI, acetone-NaHG@q), 4°C; and (c) CHN,, lowed by Suzuki coupling (Scheme 6). Reaction of didehydro-

MeOH (87%); and (v) (a) HCI(aq), reflux and (b) EtOH-propylene oxide piperidine8 with bromine at—78 °C followed by the addition
(94%). of Hiunig's base gave 5-bromo-5,6-didehydropiperiditgin
Building upon the successful synthesis of homokainbid 939 yield4® Suzuki coupling of13 with phenylboronic acid
we moved to the syntheses of C5-substituted analogues  catalyzed by Pd(dppf)ehfforded 5-phenyldidehydropiperidine
well as C4-substituted analogudsusing the cyclohydrocar-  gain 65% yield. It should be noted that cyclic vinyl bromide
bonylation in the key step. . . o 13serves as a versatile intermediate for the synthesis of various
Synthesis of (&,3R,55)-5-Phenyl-3-pipecolinoglutamic Acid C5-substituted pipecolinoglutamic acids (i.e., homokainoids)
(2a). The synthesis of homokaino®h was achieved using the through Pd-catalyzed coupling reactidAs?
cyclohydrocarbonylation of homoallylic carbam&gein the key
step in a manner similar to the synthesis of homokairbid - - -
described above. Scheme 5 illustrates the synthetic ro@ato %%'?5""%?2%’. Pc'rfé;ngg[)e:% ';- 2"7-3253'7‘%'-? Shipman, M.; Slawin, A.
Homoallylic carbamat&awas prepared through a Heck reaction " (50) Tsyji, J.Palladium Reagents and Catalysgnd ed.; Wiley: New
of 7 (Scheme 5) with iodobenzene under standard conditions York, 2004.
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SCHEME 72 sodium acetate under reflux, gave 5-formyldidehydropiperidine
X L~  Me, SNCOMe 14in 83% yield. The formyl group oL4 was converted to the
mCOzMe (i) (j\/OAtz: corresponding 1,3-dithiolane with 1,2-ethanedithiol in the pres-
N Ohe N ence of PTSA (10 mol % to give 15. Subsequent desulfur-
Boc Boc 9b ization of crudel5 with Raney-Ni under 50 atm of hydrogen
l(iv) afforded a 3:1 mixture of 5-methyldidehydropiperidi8le and
8:X= 0 Me,, S 5-methylpiperidinéb. After removal of the Raney-Ni catalyst,
14: X = CHO> Q COMe the hydrogenation of the mixture 8b and9b was carried out
' N N~ "CO,Me over Pd/C in MeOH/AcOH (30:1) to afford 5-methylpiperidine
> (ia) Boc 10b 9b as a single diastereomer in 68% vyield frdm. Thus, the
15: X = s/_\s J(V) hydrogenation of the olefinic moiety &b (and possiblyl5
> Me, — for Raney-Ni) over Raney-Ni and Pd/C was extremely diaste-
8b: X = Mo >(“b) o oM reoselective as in the case 8. The stereochemistry at the
' N CO,H C5-position was unambiguously determined to be R based on
H o2 the clear ROESY correlation between H-3 and H-5 as well as

_ ' _ the large!H—H coupling constants’l; s = 9.0 Hz anifJ; 4, =
*() (@) DMF (6 equiv), POG (6 equiv), CICHCHCI, 1t and (b) = 9.0 Hz) observed for H-B)/H-4(ct) and H-4¢)/H-5(B), which

NaOAc(aq) reflux (83%); (ii) (a) HSCKCH,SH (1.1 equiv), PTSA (10 . o
mol %)’( gLCh, t énd (EZJ) (R)age)y-Ni Hbfsoz atmg’ MegH’ )rt; ) 10(% confirms trans diaxial arrangement for these hydrogens. The

Pd-C (5 mol %), H (10 atm), MeOH/AcOH (30:1), rt (68%); (iv) (2) DBU,  €Xxtremely high diastereoselectivity observed in the hydrogena-

LiBr, MeOH, rt; (b) TEMPO, KBr, NaOClI, acetone-NaHG@q), 4°C; tion of 8a and 8b on heterogeneous Pd(OH} or Raney-Ni/
and (c) CHNa, MeOl;i (82%); and (v) (a) HCl(aq), reflux and (b) EtOH-  Pd-C indicates that there should be a critical difference between
propylene oxide (919%). the two diastereofaces of the olefin moiety (656). The

. ) molecular dynamics and molecular mechanics calculations using

Hydrogenation oBaover Pd(OH)C at ambient temperature e chem3D program (MM2) clearly indicate that the C2,CH
and pressure of hydrogen proceeded with extremely high oac and C3-CHCOMe groups are in the axial positions
diastereoselectivity to give §-phenylpiperidin®aas asingle  pecayse of the eminent'Aallylic strain between the-Boc
diasteromer (Scheme 5). As the hyqlrogenatlon catalyst, Pd'group and the C2-C¥DAc group. In this 2,3-diaxial conforma-
(OH)2/C was found to be the most active catalyst among Pd/C, tjon ‘it can be said that the supported metal catalyst surface
Pd(OH)/C, Rh/C, and PUC. The S configuration at the C5- oyeryhelmingly prefers the C2-GBAc group over the C3-
position of9a was assigned unambiguously based on the clear ¢y, co,me group for adsorption based on the observed resuilts.
ROESY (rotational nuclear Overhauser effect spectroscopy) 5o, the very hydrophobic and bulkybutyl group is slightly
correlation between H-3 and H-5. In addition, the latge-H pushed toward the C3-GBO,Me side face, which may
coupling constants®s = 10.0 Hz and3J3,4'=.10,0 Hz) contribute to the observed extremely high diastereoselectivity
observed for H-3{)/H-4(a) and H-4¢)/H-5(F) indicate trans as well.
diaxial arrangement between these hydrogens, which is con- the same procedure as that described for the synthedis of
sistent with the ROESY result. _ _ _ was successfully applied to complete the synthesisSBR5R)-

The synthesis of (513R,58)-5_-phenyl-?:-plpecollnoglutam'C 5-methyl-3-pipecolinoglutamic acid2) via 1-Boc-5-meth-
acid @&) was completed using the same protocol as that y|hinecolinoglutamatelOb in 75% yield from9b. The overall
described for the synthesis of homokaintidia fully protected yield from 8 was 42% in 5 steps.
phenylpipecolinoglutamic aciti0a in 82% from9a. The overall Synthesis of 4-Methyl-3-pipecolinoglutamic Acids (3 and
yield from 7 was 57% in S steps. _ _ _ 3-B). For the synthesis of homokaindibearing a methyl group

Synthesis of (&,3R,5R)-5-Methyl-3-pipecolinoglutamic at the C4-position of pipecolinoglutamic acid, we employed
Acid (2b). For the introduction of a methyl group to the C-5- ¢y clohydrocarbonylation of 3-methylhomoallylic carbaméfe
position of pipecolinoglutamic acid, a fev_v methods can be easily gjnce the regioselectivity of the hydroformylation of tigem
envisioned (e.g., cyclohydrocarbonylationeimethyl7, me-  gisypstituted olefin was guaranteed to be exclusive for the
thylation of 13, Vilsmeier reaction followed by reduction of  formation of the corresponding terminal aldehyde. However,
the resulting aldehyde, etc.). However, the regioselectivity in {he giastereoselectivity issue at the C4-position needed to wait
the cyclohydrocarbonylation approach (i.e., hydroformylation ¢,, experimental results.
in the first step) is antic.ipated to be difficult to colntrol beca.u.se Our first challenge was the synthesis of 3-methylhomoallylic
the substrate is essentially an internal alkene without a critical -5pamatel 7 via 3-isopropenyl-4-oxazolidinylpropanoal®
stereoelectronic factor for favorable regioselectivity. The cross- ¢om oxazolidinylacrylates through conjugate addition of an
coupling of13with methylating agents lacks a reliable method. jsopropenylcopper reagent. The attempted preparation of lithium
Accordingly, we chose the Vilsmeyereduction approach. The  gjisopropenyl cuprate failed because the generation of isopro-
Vilsmeier—Haack reaction of 5,6-didehydropiperidine was peny| fithium via transmetalation of tetraisopropenytin
reported to give 5-formyl-5,6-didehydropiperiditeScheme 7 yith methyllithium was not successful. Accordingly, we tried
illustrates the synthesis of homokaindld from 8. Lipschutz et al.’s procedufeto generate the corresponding

Reaction of didehydropiperiding with Vilsmeier reagents higher-order cuprate, which was successful. Thus, lithium
(6 equiv) at room temperature, followed by treatment with

(53) Perni, R. BSynth. Commuril989 19, 2383-2387.

(51) Brase, S.; de Meijere, A. IMetal-Catalyzed Cross-Coupling (54) Seyferth, D.; Vaughan, L. G. Am. Chem. S0d964 86, 883~
ReactionsDiederich, F., Stang, P. J., Eds.; Wiley: New York, 1998; Ch. 890.
3. (55) Behling, J. R.; Babiak, K. A.; Hg, J. S.; Campbell, A. L.; Moretti,
(52) Shono, T.; Matsumura, Y.; Tsubata, K.; Sugihara, Y.; Yamane, S.; R.; Koerner, M.; Lipshultz, B. HJ. Am. Chem. Sod 988 110, 2641~
Kanazawa, T.; Aoki, TJ. Am. Chem. S0d.982 104, 6697-6703. 2674.
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SCHEME 82
Me CO,Me

A

(i) (i) Cone (iif)
5 Boc\N Boc\ OAc
-,

COzMe |V) COZMe
OAc
Boc

JOC Article

E;j\ COQMG

CO,Me
BOC 20

a(i) Li ,CUCN(CMe=CHy),, THF, —78°C to rt (91%); (ii) (a) PTSA, MeOH, rt and (b) excess&cpyridine (80%); (iii) Rh(acac)(CQ)CO (60 atm),
H; (60 atm), toluene, 78C, 5 days (85%); (iv) 5% Rh-C, H10 atm), MeOH, rt (99%); (v) (a) DBU, LiBr, MeOH, rt; (b) TEMPO, KBr, NaOCI, acetone-

NaHCGs(aq), 4°C; and (c)CHN2, MeOH (84%).

SCHEME 92 SCHEME 102
B (o] . .
| Y Ejj CO,Me__(ii)
N 0 OH
Boc 22 B Boc 22-0 Boc 23-
(i) O iy, (i) Me
16 — Al
Boc. /Cf Q\COZMe (iii) (I\CozH
CO,Me N~ YCO,H
Ej\/ Boc 20-x H 3.4
N 0 81% from 22-a: 91%
I|300 22-0
a(i) (@ PTSA, MeOH, rt and (b) PTSA, DeaiStark (87%); (ii) Y NcoMe (i)
Rh(acac)(CQ)(5 mol %), BIPHEPHOS (10 mol %), CO (60 atm), k60 Ve,
atm), 75°C, toluene, 2 days (quantitative); and (iii) chromatographic OH
separation:22-a, 44% and223, 46%. Boc 228 Boc 238

diisopropenylcyanocuprate, §8=CMe),CuCNLi;, was pre-
pared by reacting tetraisopropenyltin with freshly prepared
Me,CuCNLi,. Subsequent conjugate addition of this higher-
order cuprate t®d proceeded smoothly to give the syn adduct
16 exclusively in 91% yield (Scheme 8). Then, the hydrolysis

Me Me

d‘\cozm (iii) d\\COZH
N N NCO.H

CO,Me
Boc 208
85% from 22-a.

H 3B
95%

acetylation protocol used for the conversionsdb 7 (Scheme
3) was employed to give 3-methylhomoallylic carbambfen
80% yield (Scheme 8).

Cyclohydrocarbonylation 017 was carried out using a Rh
catalyst (2 mol %) at 78C and 120 atm of CO and H1:1) would disfavor a possible chelation control, involviNgBoc,
for 5 days to give 4-methyldidehydropiperiditi8in 78—85% Rh, and the olefin moiety. Gratifyingly, we were able to separate
yield as a ca. 2:1 mixture of two epimers at C4: Rh(acac)- the two diastereomers @2 by flash chromatography on silica
(CO)-BIPHEPHOS (78%, 2.1:1), Rh(acac)(CdB5%, 2:1), gel, although almost no diastereoselectivity was observed. The
and RhCI(PP¥)3 (85%, 2.3:1). Subsequent transformations, the 1-D difference NOE NMR analyses of these two diastereomers
same as those used for the synthesis of other homokainoidshave revealed that the less polar diastereo®®f (R 0.66,
described above, afforded 1-Boc-4-methylpipecolinoglutamate EtOAch-hexane= 1:3 to 1:1, 46% yield) has an S configuration
20in 83% overall yield froml8 (Scheme 8). However, thetwo at C4 (i.e., the methyl group i8 and equatorial), while the
C4 epimers 0of18-20 were, unfortunately, inseparable by more polar diastereomé@2-o (R; 0.62, EtOAch-hexane= 1:3
column chromatography on silica gel (for thé and3C NMR to 1:1, 44% yield) has an axiadf methyl group at C4 (i.e., R
spectra 0fl8—20, see the Supporting Information). Thus, this configuration at C-4) (Scheme 9).
route was abandoned. Hydrogenation oR2-a and 22 over Rh/C in methanol at

We thought that either improvement of the diastereoselectivity ambient temperature and pressure of hydrogen gave the corre-
of the hydroformylation step or separation of two diastereomers sponding ring-opened 4-methylpiperidines bearing a hydroxy
might be possible by rigidifying the substrate for cyclohydro- ester moiety23-o. and 238, respectively. Subsequent oxida-
carbonylation. Accordinglyd-lactone 21 was prepared by tion—methylation of23-oc and 23 afforded 1-Boc-4-meth-
deprotection and intramolecular lactonizatioriéfunder acidic ylpipecolinoglutamate20-a (81% from22-o) and204 (85%
conditions (Scheme 9). Cyclohydrocarbonylation of 4-isopro- from 228), respectively. The ROESY analyses 2-o. and
penyl-5-Boc-aminas-lactone21 catalyzed by Rh(acac)(C®) 20 between the H3 hydrogen and the C4 methyl group
BIPHEPHOS at 75C and 120 atm of CO andH1:1) gave confirmed the integrity of the stereochemistry at C4 (i.e., no
bicyclic didehydropipecolinolacton23 in nearly quantitative change fron22-a. and22). Finally, deprotection 020-o. and
yield as a ca. 1:1 mixture of two diastereomers. The lack of 20 gave 3-a and 3-f in 91 and 95% yields, respectively
diastereoselectivity in this CHC reaction can be attributed to (Scheme 10).
the fact that the isopropenyl group 28 can still freely rotate, In summary, we have successfully synthesized six enantiopure
and the reaction was run under high pressure of CO, which novel homokainoidsl1, entl, 2a 2b, 3-a, and 3-8, from

a(i) 5% Rh-C, kb (10 atm), MeOH, rt; (i) (&) TEMPO, KBr, NaOClI,
acetone-NaHC®(aq), 4°C and (b) CHN,, MeOH; and (iii) (3 6 N HCI,
reflux and (b) EtOH, propylene oxide.
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Garner’'s aldehydes, featuring the highly diastereoselective H-8), 2.73 (ddJ = 16.4, 5.2 Hz, 1H, H-8), 3.01 (d§,= 3.6, 12.8
conjugate addition of alkenylcuprates to acrylatnd the Rh- Hz, 1H, axial H-6), 3.42 (dJ) = 10.4 Hz, 2H, H-2 and equatorial
catalyzed CHC of homoallylit\N-t-Boc-amines?, 7a, and17. H-6); 1*C NMR (100 MHz, 25°C, D,0O, ¢): 21.5 (C-4), 28.3 (C-
For the introduction of a 5-phenyl group, we also used 5-bromo- 2); 33.9 (C-3), 37.6 (C-8), 43.4 (C-6), 63.3 (C-2), 173.1 (C-7), 176.3
5,6-didehydropiperidind3 and Suzuki coupling besides the (C:9): HRMS-FAB (2): [M -+ H]" calcd for GH1sNO4H™,
CHC of 7a. The 5-methyl group was introduced through 188.0924; found, 188.0921\( 1.6 ppm).
yl group g

Vil . " f 5.6.didehydropiperidir@ givi th (2S,3R)-1-t-Butoxycarbonyl-2-acetoxymethyl-3-methoxycar-

lismeier reaction of o,5-didenydropiperidirts giving the bonylmethyl-5-phenyl-5,6-didehydropiperidine (8a). Cyclohy-
corresponding aldehyds, followed by reduction. The hydro-  grocarhonylation Route. To a toluene solution (1 mL) of
genation of8a and 8b proceeded with complete diastereose- Rp(acac)(CQ) (1.3 mg, 5.1umol, 2 mol %) was added freshly
lectivity to give only a single diastereomer in both cases. The distilled triphenylphosphite (5.5L, 0.021 mmol, 8 mol %) under
introduction of a 4-methyl group was carried out through CHC nitrogen. The resulting catalyst solution was degassed by the
of homomethacryl amin21to give 22, followed by separation freeze-thaw procedure at least three times. Methy54%)-5-
of two diastereomers and subsequent transformations. Furthe@cetyloxy-4t-butoxycarbonylamino-3-[2E)-phenylethenyl]pen-
studies on the applications of CHC reactions as well as the tanoate {a) (101 mg, 0.258 mmol) was placed in a 25 mL flask.

biological evaluation of those homokainoids are actively The catalyst solution was transferred to the reaction flask containing
underway. 7aby a pipette, and then the total volume was adjusted to 5.2 mL.

The reaction flask was placed in a 300 mL stainless steel autoclave.
The autoclave was pressurized with CO (60 atm) followed by H
Experimental Section (60 atm). The reaction mixture was stirred at %G for 3 days.
The reaction was monitored by TLC using EtOA¢lexane as the
General Materials and Methods.See Supporting Information.  eluant. Upon completion of the reaction, the reaction mixture was
Synthesis of (&,3R)-1-t-Butoxycarbonyl-2-acetoxymethyl-3- concentrated under reduced pressure to give the residue. The residue
methoxycarbonylmethyl-5,6-didehydropiperidine (8) through was purified by flash chromatography on silica gel, using EtOAc/
Cyclohydrocarbonylation. In a 5 mL round-bottomed flask, Rh- n-hexane as the eluant to give the prod8&(104 mg, 96% yield)
(acac)(C0Oy(1.9 mg, 7.2umol, 0.25 mol %) and BIPHEPHOS (11.6  as a colorless oil: d]?% —66.2 (c 1.54, CHC}); IR (dry film)
mg, 0.0148 mmol, 0.5 mol %) were dissolved in toluene (1 mL) wvmax (cm™Y): 3022, 2976, 1742, 1704, 1644, 1391, 1369, 1250,
under nitrogen. The resulting catalyst solution was degassed by1163;*H NMR (400 MHz, 70°C, GDg, 0): 1.43 (s, 9H, (Ei3);C—-
the freeze-thaw procedure at least three times. Methys 4%)-5- 0-), 1.73 (s, 3H, Ei3CO-), 2.09-2.25 (m, 3H, equatorial H-4, 2H
acetyloxy-4t-butoxycarbonylamino-3-ethenylpentanoaf® (938 at C-8), 2.42 (ddJ = 13.2, 5.6, 1H, axial H-4), 2.512.61 (m,
mg, 2.95 mmol) was placed in a 100 mL flask. The catalyst solution 1H, H-3), 3.35 (s, 3H, -C&CHj3), 4.05 (brs, 2H at C-7), 4.54 (brs,
was transferred to the reaction flask containihigy a pipette, and 1H, H-2), 7.02-7.25 (m, 5H, -GHs), 7.52 (brs, 1H, H-6)1°C NMR
then the total volume was adjusted to 50 mL. The reaction flask (100 MHz, 70°C, GDe, 6): 20.7 CH3CO-), 26.4 (C-4), 28.6
was placed in a 300 mL stainless steel autoclave. The autoclave((CHs)sC-), 29.3 (C-3), 37.4 (C-8), 51.4(-CO,CHj3), 53.2 (C-2),
was pressurized with CO (2 atm) followed by, K2 atm). The 63.7 (C-7), 81.5 ((CH3C-0-), 114.2 (C-5), 122.0 (C-6), 125.3
reaction mixture was stirred at 7& for 2024 h. The reaction (CeHs), 126.9 CeHs), 129.1 CeHs), 140.8 (ipso aCeHs), 153.2
was monitored by TLC using EtOAghexane (1:3) as eluan®{ (O-CO—-N-), 170.2 (CHCO-), 172.5 (C-9). HRMS-FAB tv2):
0.58 for the starting material and 0.74 for enecarbarBat&pon HRMS-FAB (m/2): [M + H]* calcd for GoHaoNOg-H, 404.2075;
completion of the reaction, the reaction mixture was concentrated found, 404.20624: 3.2 ppm).
under reduced pressure to give the residue. The residue was purified Cross-Coupling Route.In a 25 mL flask with a magnetic stirring
by flash chromatography on silica gel, using EtO&bExane as bar under nitrogen, to a DMF solution (4.5 mL) of bromitig
eluant to give the title produ@ (961 mg, 99% yield) as a colorless (151 mg, 0.372 mmol, 1.0 equiv) was addegCKD; (345 mg, 0.736
oil: [0]%% —40.4 (c 1.98, CHCY}) [for its enantiomergnt8) from mmol, 2.0 equiv), phenylboronic acid (68 mg, 0.558 mmol, 1.5
L-serine: {]%% +38.0° (¢ 2.05, CHCY)]; IR (dry film) viay (cm2): equiv), and Pd(dppf)Gl(10.0 mg, 0.012 mmol, 3.3 mol %). The
2976, 1740, 1706, 1651, 1367, 1232, 1170, 862NMR (400 resulting mixture was stirred at 8& for 4 days. The reaction was
MHz, 70 °C, GiDe, 9): 1.39 (s, 9H, (€3);C—-0O-), 1.52-1.63 monitored by LC-MS. When the reaction was complete, the reaction
(m, 1H, H-4), 1.71 (s, 3H, B;CO-), 1.98-2.05 (m, 1H, H-4), mixture was partitioned with water (20 mL) and ether (30 mL).
2.07-2.18 (m, 2H at C-8), 2.37 (brs, 1H, H-3), 3.35 (s, 3H, The aqueous layer was extracted with ether (15 ml2). The
-CO,CHg), 3.88-4.14 (m, 2H, H-7), 4.334.68 (m, 2H, H-2 and combined organic layers were washed with brine (10 mL), dried

H-5), 6.60-7.12 (br, 1H, H-6)13C NMR (100 MHz, 70°C, CsDe, over NaSQ,, and then concentrated under reduced pressure to give

0): 20.8 CH3CO-), 23.6 (C-4), 28.6 {H3)sC-), 28.9 (C-3), 37.5  the crude product. Purification of the crude prodBetby flash

(C-8), 51.4—(-CO,CHg), 53.4 (C-2), 63.3 (C-7), 81.1 ((GHiC- chromatography on silica gel using EtOAdiexane as eluant

0-), 102.3 (C-5), 124.6 (C-6), 153.0 (CO—N-), 170.3 (CHCO- afforded the producBa as a colorless oil (98 mg, 65% yield). All

), 172.6 (C-9). HRMS-FABI{V2): [M + H]" calcd for GgHpsNOg: of the NMR data were identical to those of the product from the

H*, 328.1761; found, 328.176&\( 1.5 ppm). cyclohydrocarbonylation route.
(2S,3R)-3-Hydroxycarbonylmethylpipecolinic Acid (1). A (2S,3R,59)-5-Phenyl-3-hydroxycarbonylmethylpipecolinic Acid

solution of the dimethyl ested0 (394 mg, 1.25 mmol) in (2a). The same procedure for the synthesislafas employed to
hydrochloric acid solution (6 N, 35 mL) was stirred under reflux vyield 2afrom 10aas a white solid (77 mg, 94% yield): mp 171
for 1 h and then concentrated under reduced pressure to give thel76 °C; [0]%% +34.3 (c 0.35, HO); IR (KBr disc) vmax (cm™1):
residue. Reflux of the crude product in EtOH (15 mL) and propylene 3400-2500 —(-COOH), 1724, 1629, 1496, 1400, 756, 706t
oxide (3 mL) gave a white precipitate. Filtration followed by NMR (500 MHz, 25°C, D;0, ¢): 1.56 (q,J = 12.0 Hz, 1H, axial
washing with cold ether afforded the title prodidas a white solid H-4), 1.871.97 (m, 1H, equatorial H-4), 2.212.32 (m, 1H, H-3),
(167 mg, 83% yield): mp 164169 °C; [a]p?° +17.9 (c 0.84, 2.32 (dd,J = 16.0, 7.5 Hz, 1H, H-8), 2.67 (dd,= 16.0, 4.5 Hz,
H,0) [for its enatiomer ént1) from L-serine: p]p?° —16.2 (c 1H, H-8), 2.99 (tJ = 12.5 Hz, 1H, axial H-6), 3.063.08 (m, 1H,
1.42, HO)]; IR (KBr disc) vmax (cm™): 3100 to~2500—(-COOH), H-5), 3.33-3.38 (m, 1H, equatorial H-6), 3.37 (d,= 11.5 Hz,
1712, 1612, 1396, 1364, 13184 NMR (400 MHz, 25°C, D0, 1H, H-2), 7.18-7.32 (m, 5H, GHs-); 13C NMR (100 MHz, 25°C,
0): 1.45 (dq,J = 3.6, 12.4 Hz, 1H, axial H-4), 1.77 (td,= 4.4, D0, 9): 34.2 (C-3), 36.0 (C-4), 37.5 (C-8), 39.0 (C-5), 47.8 (C-
13.2 Hz, 1H, axial H-5), 1.892.05 (m, 2H, equatorial H-4 and 6), 63.0 (C-2), 127.3 (ortho &¢Hs), 127.9 (para aCeHs), 129.2
H-5), 2.18-2.28 (m, 1H, H-3), 2.43 (dd) = 16.4, 7.6 Hz, 1H, (meta atCgHs), 140.5 (ipso atCeHs), 172.9 (C-7), 176.0 (C-9).
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HRMS-FAB (m/2): [M + H]* calcd for G4H17/NO,-H*, 264.1236;
found, 264.1238A4: 0.9 ppm).
(2S,3R,5R)-5-Methyl-3-hydroxycarbonylmethylpipecolinic Acid
(2b). The same procedure for the synthesislafas employed to
yield 2b from 10b as a white solid (133 mg, 91% yield): mp 168
174°C; [0]%% +19.7° (c 1.41, HO); IR (KBr disc) vmax (cm™):
3500-2500 —(-COOH), 1721, 1628, 1461, 139%1 NMR (500
MHz, 25°C, DO, 6): 0.98 (d,J = 6.5 Hz, 3H, -GH; at C-5), 1.16
(quartetd = 13.0 Hz, 1H, axial H-4), 1.922.06 (m, 2H, equatorial
H-4 and H-5), 2.182.28 (m, 1H, H-3), 2.40 (dd) = 16.0, 8.0
Hz, 1H, H-8), 2.66 (tJ = 12.0 Hz, 1H, axial H-6), 2.74 (dd, =
16.0, 5.0 Hz, 1H, H-8), 3.333.38 (m, 1H, equatorial H-6), 3.34
(d,J = 11.5 Hz, 1H, H-2)13C NMR (125 MHz, 25°C, D,O, 9):
20.1 CHs at C-5), 30.6 (C-5), 36.5 (C-3), 39.6 (C-4), 40.2 (C-8),
51.5 (C-6), 65.6 (C-2), 175.6 (C-7), 178.9 (C-9). HRMS-FA® (
2): [M + H]* calcd for GH1sNO4-H™, 202.1079; found, 202.1069
(A: 4.9 ppm).
(1S,69)-2-Aza-21-butoxycarbonyl-5-methyl-8-0x0-9-oxabicyclo-
[4.4.0]dec-3-ene (22x, 2243). In a 5 mL round-bottomed flask,
Rh(acac)(CQ)(13.0 mg, 0.05 mmol, 5 mol %) and BIPHEPHOS

JOC Article

12.0, 4.5, 4.5 Hz, 1H, H-6), 2.40 (dd~= 17.5, 13.5 Hz, 1H, axial
H-7), 2.59 (ddJ = 17.5, 4.5 Hz, 1H, equatorial H-7), 3.73 (ddd,
J=115, 10.0, 5.5 Hz, 1H, H-1), 3.94 @,= 10.0 Hz, 1H, axial
H-10), 5.09 (t,J = 7.5 Hz, 1H, H-4), 5.30 (brs, 1H, equatorial
H-10), 6.63 (dJ = 8.0 Hz, 1H, H-3);13C NMR (100 MHz, 25°C,
CDCls, 0): 14.6 (CH3 at C-5), 28.3 (C-5), 28.4 (H3):C-), 33.8
(C-7),37.2 (C-6), 48.6 (C-1), 72.5 (C-10), 82.3 ((g4€-O-), 111.9
(C-4), 125.4 (C-3), 152.9 (@O—-N-), 169.8 (C-8); HRMS-FAB
(m/2): [M + H]t caled for G4HNO4,-HY, 268.1549; found,
268.1547 A: 0.7 ppm).
(2S,3S,4R)-4-Methyl-3-hydroxycarbonylmethylpipecolinic Acid
(3-B). The same procedure for the synthesid efas employed to
yield 3-5 from 22 as a white solid (62 mg, 0.308 mmol, 95%
yield): mp 152-158°C; [a]?%> —10.C° (c 0.1, HO); IR (KBr disc)
Vmax (cm™1): 3500-2400 —(-COOH), 1721, 1621, 1397, 1203,
1135, 1046, 934*H NMR (500 MHz, 25°C, D,O, 6): 1.04 (d,J
= 6.5 Hz, 3H, G5 at C-4), 1.54 (qdJ = 12.0, 4.0 Hz, 1H, axial
H-5), 1.73 (tq,J = 7.0, 11.0 Hz, 1H, H-4), 1.91 (t§ = 11.0, 5.0
Hz, 1H, H-3), 1.94-1.97 (m, 1H, equatorial H-5), 2.67 (dd,=
17.0, 4.0 Hz, 1H, H-8), 2.76 (dd,= 17.0, 5.5 Hz, 1H, H-8), 3.07

(79.0 mg, 0.10 mmol, 10 mol %) were dissolved in toluene (2 mL) (td,J= 13.0, 3.0 Hz, 1H, axial H-6), 3.43 (ddd= 13.0, 4.0, 2.0
under nitrogen. The resulting catalyst solution was degassed byHz, 1H, equatorial H-6), 3.59 (d,= 11.0 Hz, 1H, H-2)13C NMR
the freeze-thaw procedure at least three times.SgH)-5-- (100 MHz, 25°C, D,0, ¢): 18.5 CH; at C-4), 30.2 (C-5), 33.1
Butoxycarbonylamino-4-(1-methylethenyl)tetrahydropyran-2-@2g ( (C-4), 34.1 (C-8), 39.9 (C-3), 43.1 (C-6), 62.9 (C-2), 173.1 (C-7),
(255 mg, 1.00 mmol) was placed in a 50 mL flask. The catalyst 176.4 (C-9). HRMS-FABIfVz): [M + H]* calcd for GH1sNO,-
solution was transferred to the reaction flask contairi@dy a H*, 202.1079; found, 202.107Q\( 4.6 ppm).

pipette, and then the total volume was adjusted to 50 mL. The (2S,3S,4S)-4-Methyl-3-hydroxycarbonylmethylpipecolinic Acid
reaction flask was placed in a 300 mL stainless steel autoclave. (3-a)). The same procedure for the synthesid efas employed to
The autoclave was pressurized with CO (60 atm) followed by H yield 3-a from 22-a as a white solid (30 mg, 91% yield): mp 160
(60 atm). The reaction mixture was stirred at°@sfor 48 h. The 165°C; [0]?% +11.3 (¢ 2.40, HO); IR (KBr disc) vmax (cm™1):
reaction mixture was concentrated under reduced pressure to give3500-2400—(-COOH), 1721, 1627, 1397, 1236, 1102, 1048;
a residue. Purification of the residue by flash chromatography on NMR (500 MHz, 25°C, D;O, ¢): 1.03 (d,J = 7.5 Hz, 3H, Me at

silica gel, using EtOAct-hexane as the eluant, afforded the product
as white solid: R 0.66 for 223 (122 mg, 46%) andr 0.62 for
22-a (116 mg, 44%).
(1S,5S,6S)-2-Aza-2+t-butoxycarbonyl-5-methyl-8-0x0-9-
oxabicyclo[4.4.0]dec-3-ene (28). mp 129-131°C; [0]?% —361.6
(c 0.73, CHCY); IR (KBr disc) vmax (cm™Y): 2973, 2932, 1736,
1711, 1654, 1360, 1167, 1129, 1078, 9%4; NMR (500 MHz,
25°C, CDCk, ¢): 1.01 (d,J = 7.0 Hz, 3H, G5 at C-5), 1.48 (s,
9H, (CH3);C-0-), 1.74 (dddd,) = 12.5, 11.0, 11.0, 5.0 Hz, 1H,
H-6), 1.96 (dqdJ = 10.0, 7.5, 2.5 Hz, 1H, H-5), 2.22 (dd,=
18.0, 13.0 Hz, 1H, axial H-7), 2.98 (dd,= 18.0, 5.0 Hz, 1H,
equatorial H-7), 3.64 (ddd, = 11.5, 10.0, 4.5 Hz, 1H, H-1), 3.93
(t, J = 10.0 Hz, 1H, axial H-10), 4.70 (dd, = 8.0, 1.5 Hz, 1H,
H-4), 5.32 (ddJ = 11.0, 4.5 Hz, 1H, equatorial H-10), 6.64 (dd,
J=8.5,2.5 Hz, 1H, H-3)3C NMR (100 MHz, 25°C, CDCB, 9):
18.0 (CH3 at C-5), 28.4 (CH3)sC-), 31.5 (C-5), 34.8 (C-7), 41.6
(C-6), 53.1 (C-1), 72.2 (C-10), 82.4 ((GHC-0O-), 112.3 (C-4),
126.0 (C-3), 153.0 (A0—-N-), 169.3 (C-8); HRMS-FAB 1fV2):
[M + H]* caled for G4H2iNO4-HT, 268.1549; found, 268.1549
(A: 0.1 ppm).
(1S,5R,6S)-2-Aza-2+-butoxycarbonyl-5-methyl-8-0x0-9-
oxabicyclo[4.4.0]dec-3-ene (28). [0]?%, —19C° (c 0.2, CHC});
IR (dry film) vmax (cm2): 2970, 1746, 1705, 1656, 1356, 1167,
1128, 1078, 958'H NMR (500 MHz, 25°C, CDCk, 6): 0.90 (d,
J = 7.5 Hz, 3H, G5 at C-5), 1.46 (s, 9H, (H3)sC—-0-), 2.15
(quintet doubletJ = 7.0, 4.0 Hz, 1H, H-5), 2.23 (dddd,= 13.5,

C-4), 1.69-1.74 (m, 1H, H-5), 1.921.97 (m, 1H, H-5), 2.12 (brs,
1H, H-3), 2.52 (ddJ = 19.0, 10.0 Hz, 1H, H-8), 2.582.65 (m,
2H, H-3 and H-8), 3.223.33 (m, 2H at C-6), 3.72 (d,= 8.0 Hz,
1H, H-2);13C NMR (100 MHz, 25°C, D;0, 0): 13.1 CHz at C-4),
27.3 (C-5), 28.7 (C-4), 33.9 (C-8), 36.3 (C-3), 39.5 (C-6), 58.7
(C-2), 173.0 (C-7), 176.4 (C-9); HRMS-FABNZ): [M + H]*
calcd for GH1sNO4H™, 202.1079; found, 202.108A( 0.9 ppm).
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