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ARTICLE INFO ABSTRACT

Article history An enantioselective approach to substituted indbhe and quinolizidine frameworks has b
Received developed. Key steps of the synthesis are the iesatdctive, palladium-catalyzedtallylation
Received in revised form of an imide, the nucleophilic allylation of an aayinium ion and a ring closing metathesis. T
Accepted general strategy has been applied to the syntbégislolizidine peptide mimics, starting fror
Available online chiral imide derived from L-aspartic acid. It wasserved that thpreexisting stereogenic cer

of this substrate hasraoderate influence on the stereoselectivity ofdleetrophilic allylatior

sz\:vo:jds which is mainly determined by the sense of chiyaditthe catalyst.
indolizidines
quinolizidines 2009 Elsevier Ltd. All rights reserved

steroselective synthesis
peptide mimics

1. Introduction approaches to these systelmis. the last years, the interest in
these heterobicycles has been expanded to the fidld

Indolizidine and quinolizidine are prominent hetanyclic peptidomimetics. The replacement of a dipeptideifmwith a

compounds containing a bridgehead nitrogen atorgu(ei 1).

These frameworks are often present in alkaloidsaiedl from

diverse natural sources, frequently as part of eersomplicated O“/\> Oq/\)
polyheterocyclic structure.The polyhydroxylated indolizidines indolizidine quinolizidine
derived from plants and fungi, which function as gmt OH, OH

glycosidase inhibitors, and the alkylindolizidineslated from

the skin of amphibians are among the most investibgroups of Cb Oﬁo
simple indolizidines. Prototypical examples of thist group are

swainsonine and castanospermine, which have demtmustra -)-Swainsonine -)-Sparteine

activity against the HIV and other virusesstimulating

OH OH
considerable research on the synthesis of reldtedtsres and H
their mode of action. For instance, the castanosiper CsH13
derivative known as celgosivir is currently in ctial trials as an

anti-AIDS agent and for the treatment of dengueciibes’ (-)- Castanospermme

Lupinine and (-)-sparteine, isolated from plants, grobably the R Cacho Celgosivir R-Ac. Clavepictine A
most representative examples among simple quidatizs; R=H, Clavepictine B

while 1,4- and 4,6-disubstituted quinolizidines ahe more
common structural patterns found in amphibian SiBipactivity

studies on quinolizidine alkaloids are relativebasce, although
some promising findings have been reported. Formeia

clavepictines A and B, isolated from a marine inslerate, CooHO

exhibit antimicrobial, antifungal, and antitumortigity.® The IBTM

detailed structural assignment and biological eatabm of some Figure 1. Some representative examples of indolizidines
isolated indolizidine and quinolizidine alkaloidss ioften and quinolizidines.

constrained by affordability problems and, therefomany
investigations have been devoted to developing heyiut
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constrained or rigidified counterpart that simuages-turn in = 2. Results and discussion

the packaging of polypeptides has become a usuahtegy for

developing new therapeutic agehtBor instance, IBTM is an Our plan consisted on generating N@cyliminium ions9 or
indolizidine dipeptide surrogate widely used to gate 10, with a specific configuration of its stereogenenter, in the

conformationally constrainetturn mimic$ and several analogs Presence of an allylating reagent. This operatiooud furnish
of it have been synthesized and investigated, stpwlinerse the dienesl1/12 containing a second stereogenic center. Then, a

biological activities® In this context, innovative methodologies "N closing metathesis (RCM) reaction would provitee

for the synthesis of indolizidine and quinolizidisgstems have Second ring.

been describett, wherein the regio- and stereochemical control  The study was initiated by using tieacylaminal (19)-7,
of the substituent attachment is a main issue. Sofn¢he  readily prepared from succinimide through the segaein
described syntheses include alkylation reactions cg€lic  scheme 1 employindX(R-4 as the chiral ligand. In the allylation
iminium ions, mainly intramoleculdf, and other encompass a of aminals, the Lewis acid exerts a fundamentalceftn the
ring closing metathesis (RCM) reactibhHowever, there are formation of the electrophilidN-acyliminium ion and it also

only a few examples wherein these two processes wembined  promotes the nucleophilic attack of the allylatimggent to this
to generate one of these azabicylfesnd the asymmetric

versions rely on chiral pool starting materidfs’

BF3Et20
In former investigations, we adapted the palladiatalyzed & \/\TMS /\@
asymmetric allylic alkylation (AAA) of phtalimide delaped by HO™>N7—0 15 = NT O
Trost”® to the preparation of thi-subtituted succinimide (+5- NA_OTBDPS gy 400C . ~_OTBDPS
and glutarimide (+p (Scheme 1), which were used as starting (1'S)-7 80% 16

materials for the synthesis of polycyclic alkaloiddg the
Securinega family."® Along these investigations, théert-
butyldiphenylsilylsilyl ethers derived from (€-and (+)6 were
respectively reduced to the corresponding acylai(&R)-7
and (1R)-8, as precursors of the acyliminium io@snd 10 that
were then involved in a vinylogous Mannich reactibierein we
describe how the AAA of succinimide and glutarimide banan

(dr: 1.3:1)
Scheme 2. Nucleophilic allylation of (15)-7.

cation!’ After exploring several combinations of Lewis
acid/solvent/temperature, we found that treatmerfl'@&)-7 with

o . . ) L 1.2 molar equivalents of allyltrimethylsilan#, in the presence
efficient entry to the enantioselective synthedisinalolizidine BF,-EtO, in CHCN as solvent at40°C afforded, after

and quinolizidine frameworks, respectively, tNeacyliminium chromatographic purification, the allylated proddét in 80%

ions 9 and 10 acting as templates for the construction of theseyie|d as a 1.3:1 mixture of diastereomers (Scheme 2
azabicyclic systems. An application of our strateigy the h
Although the lack of diastereofacial selectivity dfie

nucleophilic allylation was not a drawback becausméned the

PREVIOUS WORK
[m3-C3HsPdCl],
(S,5)-4

(®)

o + Z X1

O Na,CO; CH,Cl, 1t

H
n=1,1 3 n=1, (+)-5, 87% ee
n=2, 2 n=2, (+)-6, 99% ee
1) TBDPSCI, Im & Lewis n
2) crystallization HO NSO acid \(’3 o
3) LIBEt;H s A_otBDPS ~ A OTBDPS
n=1, (1'R)-7 n=1,9
n=2, (1'R)-8 n=2, 10
o o
SYNTHETIC PLAN O NH - HN O
" Qom0
(R)- or (S)-10 (S.5)4
' nucleophilic
v allylation
i n X )n
M RCM o
NTO N
s AL_oTeDPS RN OTBDPS
n=1,11 n=1,13
n=2,12 n=2, 14

Scheme 1. AAA of 1 and2 and preparation of acylaminals
(I'R-7 and (1R)-8" and synthetic plan for the
stereoselective preparation of indolizidine andhqlizidine
frameworks.

synthesis of indolizidine dipeptides is also repdrt

access to different stereoisomeric indolizidines, deeided to
investigate if the protecting group of the oxygddeschain
exerted any influence on the stereoselectivity i #llylation
reaction. To this aim, the methoxymethyl (MOM), (@#)- and
benzyloxymethyl (BOM), (+}t8, derivatives of alcohol—{-5
were prepared, converted into the correspondirarylaminals
19 and 20, respectively, and the aminals subjected to the

AorB LiBEt3H
DIPEA THF, -78°C

()5 —= O%O — HO“%O
GHLCL 5 A _OR ;

~_OR
R=MOM, 19 (30%)
R=BOM, 20 (34%)

R=MOM, (+)-17 (77%)
R=BOM (+)-18 (97%)

A: MOMBr/DMAP/reflux 15, BFs‘Etzol C::'zoClz

B: BOMCI/rt -40°C
/\M'Q/QO

\/?\/OR

R=MOM, 21 (50%, dr: 1.9:1)
R=BOM, 22 (53%, dr: 1.9:1)

Scheme 3. Preparation and subsequent allylationl®fand
20.

allylation reaction under identical conditions (8ofe 3). We
observed that the allylation of both the MOM and BOM
derivatives gave higher facial selectivity compai@the TBDPS
analogue. However, the previous reduction of imidgsl{ and
(+)-18 proceeded in modest yields and no attempts were oad
improve them. The studies were continued with the TBDP
derivativel6.



The RCM o0f16, performed with the mixture of diastereomers,

in the presence of 5% molar second generation Groatayst

(G-Il) in CH,CI, at the reflux temperature, delivered the expected

indolizidinone 23, which was isolated as a mixture of
diastereomers in 92% vyield (Scheme 4). This mixturas
desilylated by treatment with {&-3HF in THF and the free

alcohols 24 were separately isolated through purification by

16
ch.c 192% H

o 34% g N” SO 91%

EtzN-3HF % OH —> (-)-(5S,8aS)-23
THF ~—~OM 1BDPSCI

N0 (+1(55,8a5)}24  Im
N, _OTBDPS

23

H, CH,Cl,
NT SO > ()-(55.8aR)-23
42% 95%
X", OH

(-)-(5S,8aR)-24

Scheme 4. Preparation of indolizidinone28 and24.

Figure 2. X-ray structure of alcohol (+)-&8a9)-24.

column chromatography on silica gel, furnishing teses polar
isomer (+)-(55,8a5)-24 in 34% vyield and the more polar isomer
(-)-(558aR)-24 in 42% vyield. The relative configuration of these
alcohols was established by X-ray diffraction anialys the less
polar isomer (Figure 2) that revealed tigrelationship between
protons H-5 and H-8a. Each diastereomer 2df was then
separately re-silylated to afford){(5S,8a5)-23 and ()-(5S,8aR)-
23,inin 91% and 95% yield, respectively.

Then, the allylation of the glutarimide derivati{E )-8 was
undertaken (Scheme 5). In previous studies wher®)-&’
participated as the acceptor in a vinylogous Mamnéaction, we
found that it was necessary to acetylate the hydrgxgup
before generating the correspondigcyliminium ion, in order
to circumvent the competitive elimination reactieading to the
enamide26.'°® Hence, (19)-8 was converted into the acet&®
by treatment with acetic anhydride in &, in the presence of
dimetyhlaminopyridine (DMAP), and an excess trietimyine
(TEA)," which contributed to avoid the formation of the mide
26 in parallel with the desired acetylation. The atefb was
isolated and rapidly subjected to the allylatioacteon under the
above conditions. Unexpectedly, we observed the pnadmt
formation of the enamid@6 instead of the desired allylation

product27. In view of that, we assayed other Lewis acids andtarting substrates the two isomeric alcollsinstead of their

conditions and found that the use of TMSOTf in ,CH at

(L

N0
o ~_OTBDPS
26 A: BF;-OEt,/CHsCN/-20°C (65%)
15 B: "Bu,BOTf/CH;CN/-20°C (63%)
ABOorC | ¢ 1iCI,/CH,Cl,/-78°C (79%)
ACzO
DMAP/TEA 15/TMSOTf
CH,Cl, rt CH,Cl, -78°C
(1'S)-8 ———— |AcO” N0 S e
X ~_ OTBDPS 79%
TR (two steps)
25
(l G-ll, CH,Cl, H
NSNS0 E—— o)
N~_0OTBDPS ~ 96-98% ., OR
27 _
(dr: 30:1) EtyN-3HF, THF [ R=TBDPS, (-)-28
94% R=H, (-)-29

Scheme 5. Preparation of quinolizidinon&8 and29.

Figure 3. X-Ray structure of alcoholJ-(6S,9a5)-29.

which relative configuration was established &9& through
an X-ray diffraction analysis (Figure 3).

Among other possibilities, the new alcoh@4 and 29 were
visualized as suitable intermediates for the ppar of
azabicyclic dipeptide mimics. To this purpose it ‘dobe
necessary to accomplish an electrophilic aminatiorthe a-
carbonyl position and the oxidation of the primatgohol to a
carboxylic acid. Since the amination required thenfation of an
enolate under strongly basic conditions, we antteigpahat it
could be complicated by the presence of the ralbtiacidic
allylic and a-nitrogen proton. Hence, we decided to hydrogenate
the carbon-carbon double bond. The initial expenitmavith the
TBDPS derivative (B,8aR)-23, under 1 atm of Hin the
presence of Pd/C in THF or EtOAc, showed that thistsate
was very sluggish to react and that the migratiothefcarbon-
carbon double bond leading to §81 was a competitive
process (Scheme 6, A). In methanol as the solvdm, t
hydrogenation was much faster but concomitant wigntigl
desilylation. Luckily, the hydrogenation in MeOH ugiras
furnished the

TBDPS derivatives 23 (Scheme 6, B)

—40°C produced dien27 as a 30:1 mixture of diastereomers in corresponding indolizidone32 in good yields. Then, the same

79% overall yield for the two steps (acetylatiorylallion).

conditions were applied to prepare quinolizidon& 46R)-33
from the corresponding alkene precursor. Thamination of

~ The RCM of27, performed in the presence of 1% molar G-Il alcohols 24, 32 and 33 and silyl ether30 was intended by
in CHCI, at the reflux temperature, after chromatographictreatment with three different sets of reagentSOBU'BUONO,”

purification, delivered the quinolizidin8 as a unique isomer in
96% yield. This yield may be raised up to 98% kyrémsing the
catalyst amount to 10%. As before, the azabicgBlevas treated
with Et;N-3HF in THF to get the corresponding free alcathl

LDA/trisyl azide® and LDA/ditert-butyl azodicarboxylaté
leading to recovery of the starting material in fingt case and to
unidentified decomposition products in the othesesa



A)
H,, PdiC  H,
solvent N (0]
(5S,8aR)-23 —— +
solvent: ", =0TBOFS
THF, EtOAc, MeOH (-)-(58,8aS)-30
B
) Hy Pdic  H
MeOH o
(55,8a5)-24 ———"» N
75% -, _OH
(-)>-(5S,8aR)-32
Hy, Pd/ic  H.
MeOH NT O
(5S,8aR)-24 ———
89% -, _OH
(-)-(56S,8a8)-32
H,, Pd/C
MeOH
(6S,9aS)-29

79%
(-)-(6S,9aR)-33

Scheme 6. Hydrogenation of 23 and preparation of
azabicycles82 and33.

As an alternative, we decided to explore the apjtioaif the
sequence developed for preparing indolizidinedistafrom the
simple succinimidel to the amino-substituted substrat§-84
(Scheme 7), commercially available and readily preg in three

Tetrahedron

regioselectivity of the reduction to the acylamifraim the imide.
If the sequence could be successfully adapted o34,
desilylation and subsequent oxidation of the primatcohol
should furnish the targeted peptide.

Initially, the AAA of (-)-34 with butadiene monoxide (8-
was assayed under the same conditions used fornguabe,
namely with 0.4 mol% Pd (I1), 1.2 mol%R2R)-4 and 5 mol%
NaCO; in dichloromethane at room temperature, but,
surprisingly, in this case the starting material wasovered
unchanged. The addition of DMF to the reaction mmexliu
working at refluxing CHCI,, furnished the expected allylated
product in a low 30% yield. Neither THF nor toluergesalvent,
in both cases at the reflux temperature, led to@myersion of
the substrate, but, when the reaction was performed,2-
dichloroethane (DCE) at 60°C, after purification bglumn
chromatography on silica gel, the desired ol8ba was isolated
in 68% vyield, f]p —15.6 € 1.04, CHCI,), apparently as a single
diastereomer according to NMR analysis. Hence, Hé&IMR
spectrum of compoun@5a, which was performed at 50°C to
improve the resolution, showed only one set of dggnehile the
¥C-NMR spectrum presented splitting of some signadsich
was attributed to slow conformational equilibria tethto the
carbamate group and intramolecular hydrogen bondBigce
35a contains two stereogenic centres, the diastereorpesduct
ratio directly correlates with the stereoselectiwfythe process.
At this point, it was not possible to establish tredative
configuration of 35a and we assumed that the absolute
configuration of the new stereogenic centre was gma by the

steps from L-aspartic acid.This parallel sequence should thus sense of chirality of the catalyst ligand and, kenee tentatively

involve the following consecutive steps: i) palladicatalyzed
AAA, ii) O-silylation, iii) reduction to the acylaminal, iv)
nucleophilic allylation, and v) RCM to form the iwiizidine
framework. Contrary to succinimide the starting substrate)¢

34 is a chiral compound lacking any kind of symmetry.

Consequently, it was particularly interesting to dstuthe
influence of the preexisting stereogenic centre tme
stereoselectivity of the first allylation step, a®ll as on the

NHCbz
cietE [n>-C3HsPdCll, '
(R4 AN
N O Na,CO; DCE, 60°C  ~_~_OR
(-)-34 (+)-3 68% (major)
R=H, 35a, [o] <0
TBDPSClIm [
CHLCl, R=TBDPS, 36a
85%
NHCbz NHCbz
?QE@E? w& 15, BF3 Et,0 L
10,
78C _ Ho-h Ao CH,Cl,, -40°C ==\_ 5
—_— - —_— -
67% N ~_OTBDPS  78% X ~_OTBDPS
37 38
dr: 1.6:1
NHCbz NHCbz e 1)
G-Il
8% _OTBDPS _OTBDPS
(28, 5s 8aR)-39 )28, 538aS -39
(Iess polar, 37%) (more polar 43%)
87% i Et;N-3HF, THF i 82%
NHCbz NHCbz

[Col s

+)-(25,55,8aR)-40 -)-(25,55,8a5)-40
Scheme 7. Adjustment of the synthetic sequence to the
preparation of azabicycle®.

assigned it a$. Considering that the parallel reaction with the
parent succinimidel under optimized conditions proceeded in
87% ee, we were intrigued by the apparent benefitttieapre-
existing stereogenic centre in succinimid¢-34 exerts on the
stereoselectivity of the reaction and decided testigate if this
improvement was due to a matching effect betweersehse of
chirality of the catalyst and the substrate, evats a consequence
of the lower reactivity of {)-34, compared to the parent
unsubstituted succinimide. To this aim, we assahedréaction
of (-)-34 with (+)-3 under identical conditions except for the use
of the other enantiomer $RS)-4 of the catalyst ligand (Scheme
8). From this experiment, after chromatographidfimation, we
isolated the expected allylation prodd8b in 73% vyield, §t]p
+14.6 € 1.04, CHCI,), along with a minor quantity of the
regioisomer (+}41 (6%). To our surprise, despite the opposite
sign of the optical rotation, bothi- and"*C-NMR spectra o85b
showed identical signals to those of the former pcb®5a,
isolated from the reaction in the presence of therenantiomer

NHCbz NHCbz
[m3-C3HsPdCl],
(S,5)-4

Na,COs DCE, 60°C s _J__OR L~ OH
CH,Cl,

(major)
|: (+)-41, 6%
82%

R=H, 35b, [a] > 0, 73%
Scheme 8. Palladium catalyzedAA of (-)-34 using the
ligand §9-4.

()34 + (+)-3

TBDPSCl/Im
R=TBDPS, 36b

of the catalyst ligand.

This finding led us to consider the possibility tthaoth
isolated products35a and 35b were actually mixtures of two
diastereomers in different proportions, a hypotheghich was
reinforced when the samples were analyzed by CHPLQ@s,Th
both chromatograms presented at least four peakse sf which



seemed to be common, in different relative intéesitbut the
complexity of these chromatograms prevented to rirtfee
composition of the mixtures. In an attempt to sdhis problem,
the alcohols35a and 35b were separately converted into the
corresponding silyl ethers86a and 36b, with the aim of
suppressing the conformational complexity generdbgdthe
intramolecular hydrogen bonding. The silyl derivat 36a and
36b presented also identical NMR spectra, with splittfigome

5

The RCM 0f38 was performed in refluxing CElI, in the
presence of 5% G-Il catalyst and, after chromaolgia
purification, afforded the two azabicyleg+{(2S5S,8aR)-39 (less
polar) and {)-(2S55S,8&5)-39 (more polar) in 37% and 43%
yield, respectively. NMR experiments on these conmuls
confirmed their connectivity, since in their 2D-COSpectra the
signal of H-8a is related to four saturated hydregé&H-1 and
2H-8), but not to the proton next to the amino grdd-2). Their

¥%C signals, but showed simpler chromatograms, each orrelative configuration was established after coringrteach

consisting in three peaks with different relativiemsities (Figure
4). Analysis of these chromatograms, along with oiea

isomer of39 into the corresponding alcohdd. Thus, a NOESY
experiment with the alcohodO derived from the less polar

mixture of 36a and36b in equal amounts, made evident that theisomer of the silyl ethe9 in CiDs showed crossed peaks

two diastereomers §1'R)-36 and (F1'S-36 were present in
both samples and that each diastereomer displayspeeads,
attributable to the two rotational carbamate confmsnwith a

. 36a

3B

- 36b 36b

)\

1%

X=47;Y= 46-Z;, W=7
X' =11;7' =41-Y; W =47
X/Y=X/Y and Z/W=Z'/W’

g

Y=413;Y'=9.7;2=47;7'=31.2

-36a+36b |
equal amounts

Figure 4. CHPLC analysis 086a and36b, derived from the
AAA of (-)-34, in the presence of the ligand catalyst
(1R,2R)-4 and (15,29)-4, respectivelyCHPLC analyses of
the synthetic sampled6a, 36b and their mixture in equal
amounts remain constant over time.

close retention time for one rotamer of each isomer

Since the conformational equilibrium of each die=bener
should not be affected by the presence of the othes,
comparing the relative intensities of the peaksefach sample, it
was possible to deduce its composition, which washigugg/12

(de 76%) for36a, coming from the reaction in the presence of the

ligand (IR,2R)-4 and 21/79 de 58%) for36b, coming from the
reaction in the presence of the ligan&,25)-4. We can therefore
conclude that the chirality of the substrate exertsnoderate
influence on the stereochemical course of the i@acind that
the stereoselectivity is mainly dictated by thesgeof chirality of
the catalyst ligand.

The synthesis was continued from the silyl et8ga (Scheme
7). The regioselective reduction of the imide wasoatplished
by treatment with DIBALH in toluene at-78°C* The
acylaminal37, isolated in 67% yield as a mixture of isomersswa
treated with allyltrimethylsilane in the presence Bif;- ELO,
furnishing a 1.6:1 mixture of epimeric dien&sin 78% overall
yield. Any diene eventually derived from the minéasdereomer
(12%) present in the starting mateéh could not be detected.

between the three protons attached to the sterengemires,
evidencing that H-2 4.25), H-5 § 4.04) and H-8a{ 3.22)
were in the same face of the bicyclic system, nanmedyrelative
all cis configuration. Since the absolute configuratiol€a® was
known to beS, according to the starting aspartic acid derivagtiv
the absolute configuration of the new compoul@sand 40
could be unambiguously established, confirming thetative
configuration assigned to the major diastereomealikdéne35a,
formed in the AAA of imide-()-34.

With the two diastereomers 40 in hands, the only remaining
step to the target peptides was the oxidation of ghimary
alcohol to the corresponding carboxylic acid. Tthéssformation
was attempted with several reagents, including DMPC,PC
Swern reagent, Jones reag€rand NalQ/RuCk:3H,0,%° under
different conditions, leading always to decompositgroducts.
Hence, we decided to undertake the hydrogenationeotarbon-
carbon double bond prior to the oxidation (Schene This
transformation was accomplished in MeOH solution, u2datm
of hydrogen, using Pd/C as the catalyst, and pdezkevith
concomitant hydrogenolysis of the carbamate, asecrp.
Without isolation of the intermediate, the amin@ws was re-
protected either as the benzyl- (Cbz) or thert
butyloxycarbamate (Boc), furnishing the correspagdalcohols
42 and 43, respectively, in good overall yields. Alcohol
(25,558a9-43 has been previously described and converted into
the peptide mimic (85S8e9-44 and its methyl estéf. The
alcohol oxidation of the Cbz derivative®2, intended under
various standard methods, revealed problematididgamainly
to decomposition products instead of the expectadbaxylic

acids. However, the oxidation of the Boc derivati28 %S 8aR)-
(-)-(28,55,8aR)-40 (-)-(28,55,8a5)-40

1) H, (2 atm), Pd/C, MeOH
2) A or B, Na,CO; dioxane/H,0

A: CbzCl
B: Boc,0O

NHR

" .

o
-, _OH

R=Cbz, (+)-(2S,53,8aR)-42 (78%)
R=Boc, (+)-(25,55,8aR)-43 (86%)

R=Cbz, (-)-(2S,5S,8aS)-42 (74%)
R=Boc, (-)-(2S,5S,8aS)-43 (86%)

l Jones' reagent l ref. 20
acetone
NHBoc NHBoc
H H.,
&O &o
“COH COH

(2S,5S,8aR)-44 (86%) (2S,55,8aS)-44 (86%)

Scheme 9. Palladium catalyzedAA of (-)-34 using the
ligand §9-4.
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43 by treatment with Jones’ reagent delivered the knowrwas dissolved in anhydrous @El, (60 mL). After cooling to

peptide surrogate §55,8aR)-44,% in good yield.

3. Conclusions

We have developed an enantioselective approach
substituted indolizidine and quinolizidine framewsrkbased on
the introduction of two allylic residues over anide substrate at
a suitable distance, followed by a ring closing redsis of the
diene. The first allylic fragment is attached by ame of a

palladium mediated asymmetialkylation and the second one

through a nucleophilic addition to an acyliminiuoni By using

the chiral succinimide—{-34 derived from aspartic acid, the

general strategy has been applied to the synthekisan
indolizidine peptide mimic. It was observed that greexisting
stereogenic center of this substrate has a modirf@tence on
the stereoselectivity of the first allylation stephich is mainly
determined by the sense of chirality of the catalys

4, Experimental section
4.1. General remarks

Commercially available reagents were used as reteiliee
solvents were dried by distillation over the appiatgr drying
agents. All reactions were performed avoiding moéstioy
standard procedures and under nitrogen atmosphdesh
column chromatography was performed using silica(2@0-400
mesh).
analyses were performed using a chromatograph abuplea
UV-visible array detector (at 214 nm) with a Daiceir@ltel OD

0°C, imidazole (2.72 g, 39.90 mmol) was added, fedd by
TBDPSCI (4.1 mL, 15.96 mmol). The cooling bath wanoeed
and the mixture was stirred at room temperatureroget. The
solvent was evaporated under vacuum and replacedthy
acetate (50 mL). The resulting mixture was stirriggbrously for
t® h and the insoluble fine white powder (imidazole-Hiltered
through Celite®. The filtrate was concentrated unad@uum and
then purified by flash column chromatography (hestethyl
acetate, from 9:1 to 3:2) to give a residue, whick ergstallized
from 2-propanol, furnishing the expected silylatddrivative
(2.18 g, 5.35 mmol, 67% yield) of >98% ee (deteedirby
CHPLC analysis,'PrOH/hexane, 10:90):a]p, +14.4 ¢ 1.30,
CH,CI,). The physical and spectroscopic data of this aamgd
were identical to those previously described foeitantiomer?

4.3.2.Reduction

A solution of LIBEtH in THF (1M, 7.3 mL, 7.30 mmol) was
added dropwise to a solution of the previous inteliate (1.99 g,
4.88 mmol) in dry THF (25 mL), under nitrogen atiplbere at
-78°C, and the reaction mixture, monitored by TLC
(hexanes/ethyl acetate, 1:1), was stirred at thee seamperature
for 45 min.Keeping the temperature at —78°C saturated aqueous
NaHCG; (40 mL) and HO, (30%, 10 mL) were added, and the
mixture was allowed to warm slowly to room temperatanel
then stirred for one additional hour. After filtiati through
Celite®, the solution was extracted with &H, (4x30 mL), and
the combined organic extracts were dried over artugiNaSO,
and concentrated under vacuum. The oily residuepwesed by
flash chromatography (hexanes/ethyl acetate, frdimet1:1) to

High-Performance Liquid Chromatography (HPLC)give a mixture of epimers (3)-7 (1.70 g, 4.15 mmol, 85% yield)

as a colourless oil. The physical and spectroscdpta of this
product were identical to those previously describad(1'R)-

(25 x 0.46 cm) with a flow of 1 ml/min and 97:03 7.1

hexane:isopropanol as mobile phadd. NMR and *C NMR
spectra were recorded at 250 and 62.5 MHz, 360 alndHex) or

400 and 101 MHz. Proton and carbon chemical shifess a

reported in ppmd) (CDClL, & 7.26 for'H; CDCl, & 77.2 for**C;

4.4.(5RS)-5-Allyl-1-[(S)-1-(tert-butyldiphenylsilyloxy)t-3-en-
2-yl]pyrrolidin-2-one (6)

In a 250 mL Schlenk flask equipped with magneticristy

CeDs 5 7.16 for'H; & 128.4 for*C). NMR signals were assigned gnq nitrogen atmosphere, a solution of I (982 mg, 2.40
with the help of COSY, HSQC, HMBC, and NOESY mmol) in anhydrous CKEN (50 mL) was cooled down to

experiments. Melting points were determined on $tage and
are uncorrected. Optical rotations were measured at2C.

4.2.(S)-1-(1-Hydroxybut-3-en-2-yl)pyrrolidine-2,5-dio((e)-5)

—40°C. To the cold solution was added allyltrimds$iigine (420
pL, 2.64 mmol) and then, dropwise, BELO (610 uL, 4.80
mmol). The reaction, monitored by TLC (hexanes/etuvetate,
3:2), was finished in 1 h. Then, saturated aqueok$d@ (100

A mixture of m-allylpalladium chloride dimer (11.8 mg, 0.03 mL) was added and the mixture was allowed to warm updm
mmol), (IR2R)-4 (81 mg, 0.10 mmol), sodium carbonate (43temperature. After the extraction with gk, (4x50 mL), the

mg, 0.40 mmol) and succinimid&, (797 mg, 8.05 mmol) was

purged with nitrogen for 1 h. Dry GBI, (100 mL) was added
and the mixture was stirred at room temperature @rmin.
Then, butadiene monoepoxidd, (640 pL, 8.00 mmol) was
added and the resulting mixture was efficientlyrstr under
nitrogen for 14 h. After that time, the reaction tobe was
filtered through Celite®, washing with ethyl acetatmd the
filtrate concentrated under vacuum. The residue puaiied by
flash column chromatography (hexanes/ethyl acebaim 5:1 to

combined organic extracts were dried over anhydigassO,
and concentrated under vacuum. The residue wasigalify
flash column chromatography (hexanes/ethyl acebaim 4:1 to
1:2) to give a 1.3:1 mixture of - and (%)-16 (832 mg, 1.92
mmol, 80% vyield) as a yellow oilRf = 0.4 (hexanes/ethyl
acetate, 3:2); IR (ATR) 3073, 2932, 2858, 1687, 8142259,
1110 cn; 'H NMR (400 MHz, CDCJ) Isomer A (R) and B
(59 & 7.67 (M, 4H + 4H), 7.40 (M, 6K + 6H), 6.11 (ddd,) =
17.4, 10.5, 7.1 Hz, 1§), 5.90 (dddJ = 17.1, 10.5, 6.6 Hz, 14},

2:1) to give (-)5 (1.14 g, 6.76 mmol, 84% yield) as a clear oil in 5.66 (m, 1H + 1Hg), 5.12 (m, 4K + 4H), 4.55 (m, 1H), 4.21
83% enantiomeric excess (determined by CHPLC arslysi(dd,J= 10.2, 8.4 Hz, 1), 4.08 (m, 1H), 3.97 (m, 1H + 1Hg),

'PrOH/hexane, 10:90):a], -32.8 ¢ 1.90, CHCL,). Other

physical and spectroscopic data of &-)vere identical to those

previously described for (+5-'°
4.3.(5RS)-1-[(S)-1-(tert-Butyldiphenylsilyloxy)but-3-8fyl]-5-
hydroxypyrrolidin-2-one ((1'SPH

4.3.1.Silylation of(-)-5

In a 250 mL Schlenk flask equipped with magneticristy,
under nitrogen atmosphere, alcohol 5-J1.35 g, 7.98 mmol)

3.75 (m, 2H + 1Hg), 2.49-1.98 and 1.75 (m) (GH 6Hg), 1.07
(s, 9H), 1,06 (s, 9H); **C NMR (101 MHz, CDG)) 5 175.6,
175.0, 135.5, 134.4, 133.5, 133.4, 133.2, 129.7,.712127.6,
118.4, 118.2, 118.0, 117.6, 63.7, 62.9, 59.5, 5970, 39.4,
38.7, 30.4, 30.1, 26.8, 26.7, 23.9, 23.8, 19.1; HRMS(ESI+)
calcd for [G7HasNO,SINaT: 456.2335, found: 456.2326.

4.5.(S)-1-(1-Methoxymethoxybut-3-en-2-yl)pyrrolidine-2iéne
((H)-17)
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In a 25 mL Schlenk flask equipped with magneticrisy, and B (minor)s 6.03 (dddJ = 17.4, 10.5, 6.9 Hz, 1§ 5.89

under nitrogen atmosphere, alcohol §-§246 mg, 1.45 mmol) (ddd,J= 16.9, 10.6, 6.0 Hz, 14, 5.23 (m, 3H + 3H), 4.82 (m,
was dissolved in anhydrous @El, (3.8 mL). After cooling to  1H,), 4.63 (m, 2K + 2Hg), 4.51 (br s, 1K), 4.42 (m, 1H), 3.96
0°C, DIPEA (1.6 mL, 9.2 mmol), DMAP (57 mg, 0.47 mmol) (m, 1K), 3.77 (m, 2H), 3.70 (dd,J = 10.2, 4.0 Hz, 1), 3.35
and MOMBr (185puL, 2.27 mmol) were consecutively added. (s, 3H), 3.33 (s, 3H), 2.63 (m, 2H), 2.28 (m, 2H), 2.23 (m,
The cooling bath was removed, the mixture was allowedarm  2Hg), 2.10 (m, 2H):; *C NMR (101 MHz, CDG)) Isomer A
to room temperature, and then it was heated ateefiernight.  (major) and B (minor)d 175.5 (A) and 174.9 (B), 133.9 (B) and
The solvent was evaporated under vacuum and replac&gO 132.5 (A), 118.8 (A) and 118.0 (B), 96.7 (A) and 9@, 83.6
(10 mL). The solution was washed with brine (10 mlje t (B) and 80.5 (A), 68.5 (A) and 66.8 (B), 55.8 (A+Bh.6 (B)
organic phase was dried over anhydrous,S0g and and 52.7 (A), 29.2 (B) and 28.7 (A), 28.1 (B) and827A);
concentrated under vacuum and the residue (278 way HRMS m/z (ESI+) calcd for [GHNOsNa']: 237.0977, found:
purified by flash column chromatography (ethyl atet to 237.0983.
furnish (+)47 (238 mg, 1.12 mmol, 77% yield) as oRf= 0.3
(hexanes/ethyl acetate, 1:1]§ +15 € 0.01, CHCl,); IR (ATR) ﬁ.gd'r(gf S)-rlr(-)[l(iii)r;}éitar]r:ez%ltl))oxymethoxybut-3-en-2-y|]-5-
2922, 2852, 1697, 1383, 1193, 1147, 1107"ctil NMR (400 ' YAroXYpY
MHz, CDCk) 6 6.05 (dddJ = 17.5, 10.2, 7.6 Hz, 1H), 5.24 (m, A solution of LIBEtH in THF (1M, 5.2 mL, 5.20 mmol) was
2H), 4.85 (m, 1H), 4.55 (m, 2H), 4.09 {t= 10.1 Hz, 1H); 3.72  added dropwise to a solution of (§-(798 mg, 2.76 mmol) in
(dd,J = 10.6, 5.7 Hz, 1H), 3.30 (s, 3H), 2.68 (s, 4HE NMR  dry THF (50 mL), under nitrogen atmosphere at ~78%@ the
(101 MHz, CDCJ) 8 176.7, 131.4, 119.6, 96.4, 65.7, 55.6, 54.4 reaction mixture, monitored by TLC (hexanes/ettogtate, 1:1),
28.0; HRMS (ESI+) calcd for [gH1sNO,Na]: 236.0899, found:  was stirred at the same temperature for 1.5deping the

236.0887. temperature at —78°C, saturated aqueous NaH@® mL) and
4.6.(S)-1-(1-Benzyloxymethoxybut-3-en-2-yl)pyrroliding-2 H,0, (30%, 5.5 mL) were added, and the mixture was altbtwe
dione ((+)418) warm slowly to room temperature and then stirred doe

additional hour. The solution was concentrated dued ffiltered
In a 25 mL Schlenk flask equipped with magneticrisiy, through a small pad of silica gel, washing with ethgétate. The
under nitrogen atmosphere, alcohol §}§144 mg, 0.85 mmol) solvent was removed under vacuum, water (70 mL) wéds@to
was dissolved in anhydrous g, (5 mL). After cooling to 0°C, the residue, and then it was extracted with,Clk (4x50 mL).
BOMCI (240 pL, 173 mmol) and DIPEA (22QL, 1.26 mmol) The combined organic extracts were dried over ardugir
were added. The cooling bath was removed and theurajxt NaSQO, and concentrated under vacuum. The crude prodast w
monitored by TLC (hexanes/ethyl acetate, 1:1), wirsed at  purified by flash column chromatography (hexanésleacetate,
room temperature overnight. The solution was dilwtéth Et,O from 1:1 to 1:4) to give a 1.5:1 mixture of epimétss)-20 (273
(10 mL) and washed with water (3x30 mL) and brine 130. mg, 0.94 mmol, 34% yield) as a colourless dif = 0.1
The organic phase was dried over anhydrousSNa and  (hexanes/ethyl acetate, 1:1); IR (ATR) 3342, 290463, 1453,
concentrated under vacuum and the residue (276 wap 1418, 1279, 1164, 1107, 1039 &mH NMR (400 MHz, CDC))
purified by flash column chromatography (ethyl ate} to Isomer A (major) and B (mino§ 7.34 (m, 5H + 5Hg), 6.06
furnish (+)418 (240 mg, 0.83mmol, 97% vyield) as oRRE 0.5  (ddd,J = 17.0, 10.4, 6.7 Hz, 1), 5.91 (dddJ = 17.5, 10.9, 6.4
(hexanes/ethyl acetate, 1:1);a]f +12 € 0.01, CHCL); IR Hz, 1H,), 5.26 (m, 3H + 3Hg), 4.86 (m, 1H), 4.79 (m, 2H +
(ATR) 2920, 1774, 1698, 1383, 1254, 1195, 111101€4"; 'H 2Hg), 4.60 (s, 2 + 2Hg), 4.49 (s, 1H), 4.39 (m, 1H), 4.06 (m,
NMR (400 MHz, CDC}) & 7.32 (m, 5H), 6.07 (ddd] = 17.9, 1H), 3.85 (m, 2H), 2.66 (m, 2H), 2.28 (m, 2H), 2.07 (m,
10.3, 7.7 Hz, 1H), 5.27 (m, 2H), 4.88 (m, 1H), 4.70 2i), 455 4Hg); *C NMR (101 MHz, CDGJ) Isomer A (major) and B
(s, 2H); 4.17 (tJ =10.1 Hz, 1H), 3.80 (dd,= 10.3, 5.6 Hz, 1H), (minor) & 175.5/174.9 (A/B), 133.3 (A+B), 137.0 (A+B), 133.8
2.66 (s, 4H);°C NMR (101 MHz, CDGJ) 3 177.0, 137.6, 131.4, (B) and 132.5 (A), 128.5 (A+B), 127.8 (A+B), 119.0 (A)d
128.4, 127.8, 127.7, 119.6, 94.5, 69.9, 66.0, 52811; HRMS  118.2 (B), 94.8 (A+B), 83.8 (B) and 80.4 (A), 70.1 @&+68.7
(ESI+) calced for [GsH1gNO,Na']: 312.1212, found: 312.1204. (A) and 67.2 (B), 56.0 (B) and 52.9 (A), 29.3 (B) &®i8 (A),

28.0 (B) and 27.8 (A); HRMSm/z (ESI+) calcd for
4.7.(5RS)-5-Hydroxy-1-[(S)-1-methoxymethoxybut-3-en-2- iy .
yllpyrrolidin-2-one (L9) [C1eH1NO,Na']: 314.1363, found: 314.1363.

. . . 4.9.(5RS)-5-Allyl-1-[(S)-1-methoxymethoxybut-3-en-2-

A solution of LIBEtH in THF (1M, 3.8 mL, 3.80 mmol) was yllpyrrolidin-2-one @1)
added dropwise to a solution of (¥J-(490 mg, 2.30 mmol) in
dry THF (20 mL), under nitrogen atmosphere at —78@ the In a 25 mL Schlenk flask equipped with magnetiaisiiy and
reaction mixture, monitored by TLC (hexanes/ettodtate, 1:1), nitrogen atmosphere, a solution of 19 (16 mg, 0.07 mmol)
was stirred at the same temperature for 2Keeping the in anhydrous CECN (1.5 mL) was cooled down to —40°C. To
temperature at —78°C, saturated aqueous NaH@® mL) and the cold solution was added allyltrimethylsilane .GLAL, 0.09
H,0, (30%, 5.5 mL) were added, and the mixture was alfotse = mmol) and then, dropwise, BEELO (24.5uL, 0.19 mmol). The
warm slowly to room temperature and then stirred doe  reaction, monitored by TLC (hexanes/ethyl acet@t8), was
additional hour. The solution was concentrated dueah filtered  finished in 4 h. Then, saturated aqueous Nakl(B®mL) was
through a small pad of silica gel, washing with ethgétate. The added and the mixture was allowed to warm up to room
solvent was removed under vacuum, water (50 mL) wdedatb  temperature. After the extraction with @&, (4x5 mL), the
the residue and then extracted with CH (4x40 mL). The combined organic extracts were dried over anhydidasSO,
organic extracts were dried over anhydrous,9@ and and concentrated under vacuum. The residue wasiqulitify
concentrated under vacuum. The crude product wafigguby  flash column chromatography (hexanes/ethyl acetais 3:7 to
flash column chromatography (hexanes/ethyl acetaim 1:1to  1:9) to give a 1.9:1 mixture of - and (%)-21 (9 mg, 0.04
1:9) to give a 1.6:1 mixture of epimers $19 (146 mg, 0.68 mmol, 50% vyield) as a yellow oilRf = 0.2 (hexanes/ethyl
mmol, 30% yield) as a colourless oikf = 0.1 (hexanes/ethyl acetate, 2:3); IR (ATR) 3079, 2931, 1681, 1417,71256151,
acetate, 1:1); IR (ATR) 3348, 2934, 1663, 1419,0128B148, 1111, 1039 ¢t 'H NMR (360 MHz, CDCY)) Isomer A (major)
1108, 1036 ci; 'H NMR (400 MHz, CDCJ) Isomer A (major) and B (minor)3 6.07 (ddd,J = 16.5, 10.5, 6.9 Hz, 1§l 5.93
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(ddd,J = 17.0, 10.4, 6.6 Hz, 18, 5.71 (m, 1H + 1H), 5.18
(m, 4H, + 4H), 4.61 (m, 2H + 2Hg), 4.50 (m, 1H), 4.32 (m,
1Hg), 3.89 (M, 2H + 2Hs), 3.35 (S, 3H + 3H), 2.49-1.72
(complex, 6H + 6Hg); °C NMR (90 MHz, CDCJ) & 175.7,
175.2, 134.5, 133.4, 118.5, 117.5, 96.4, 67.9,,66837, 57.3,
56.4, 55.4, 55.1, 39.2, 38.9, 30.3, 30.1, 23.8; HRMS3(ESI+)
caled for [GaH,;NOsNa']: 262.1419, found: 262.1412.

4.10.(5RS)-5-Allyl-1-[(S)-1-benzyloxymethoxybut-3-en-2-
yl]pyrrolidin-2-one @2)

In a 25 mL Schlenk flask equipped with magnetiaisigr and
nitrogen atmosphere, a solution of 120 (42 mg, 0.15 mmol)
in anhydrous CkECN (2.7 mL) was cooled down to -40°C. To
the cold solution was added allyltrimethylsilane (2B, 0.18
mmol) and then, dropwise, BELO (49 pL, 0.39 mmol). The
reaction, monitored by TLC (hexanes/ethyl acet&t8), was
finished in 4 h. Then, saturated aqueous Nakl(8®OmL) was

Tetrahedron

with CH,CI, (4x20 mL). The combined organic extracts were
dried over anhydrous NaO, and concentrated under vacuum,
and the residue was purified by flash column chrography
(from hexanes/ethyl acetate, 1:1, to ethyl acetate then
chloroform/methanol, 9:1) to give $a&)-24 (51 mg, 0.31
mmol, 34% yield), which was less polar, an58R)-24 (63
mg, 0.38 mmol, 42% yield), which was more polas 855)-24:
Rf = 0.2 (ethyl acetate]p], +62.3 € 1.35, CHCL,); IR (ATR):
3352, 3050, 2930, 2857, 1700, 1669, 1648, 14178,1PB05 cm

L "4 NMR (360 MHz, GDg) 3 6.50 (m, 1H), 5.32 (ddfl = 10.4,
6.4, 2.1 Hz, 1H), 5.08 (m, 1H), 4.00 (m, 1H), 3.80 2H), 2.71
(m, 1H), 1.94 (ddd, = 10.3, 6.0, 2.0 Hz, 1H), 1.77 (m, 1H),
1.52-1.25 (m, 3H), 0.80 (m, 1HJ°C NMR (90 MHz, GD¢) d
177.5, 126.6, 125.9, 67.7, 60.2, 56.3, 32.7, 32&7; HRMS
(ESI+) caled for [GH;sNO,Na']: 190.0844, found: 190.0840.
(558aR)-24: Rf = 0.1 (ethyl acetate);ap, —-211.4 ¢ 1.20,
CH.Cl,); IR (ATR): 3355, 2926, 1662, 1644, 1423, 12657490

added and the mixture was allowed to warm up to roon$M5 "H NMR (360 MHz, GDe) & 5.39 (m, 2H), 4.59 (m, 1H),

temperature. After the extraction with g, (4x9 mL), the
combined organic extracts were dried over anhydiasO,
and concentrated under vacuum. The residue wasigalify
flash column chromatography (hexanes/ethyl acebaim 3:2 to
3:7) to give a 1.9:1 mixture of B and (%5)-22 (24 mg, 0.08
mmol, 53% vyield) as a yellow oilRf = 0.3 (hexanes/ethyl
acetate, 2:3); IR (ATR) 2927, 2879, 1681, 1414,512b167,
1110, 1040 cify *H NMR (400 MHz, CDCJ) Isomer A (major)
and B (minor)s 7.34 (m, 5H +5Hg), 6.08 (dddJ = 17.3, 10.6,
7.0 Hz, 1K), 5.95 (dddJ = 17.2, 10.4, 6.7 Hz, 19|, 5.72 (m,
1H, + 1Hg), 5.19 (m, 4H + 4Hg), 4.77 (m, 2K + 2H;), 4.60
(m, 2H, + 2Hg), 4.51 (m, 1H), 4.30 (m, 1H), 3.97 (m, 2 +
1Hg), 3.74 (M, 1H + 2H), 2.49-1.72 (complex, BH+ eHy); °C
NMR (101 MHz, CDC)) & 175.6, 175.2, 134.5, 137.8, 134.5,
133.3, 128.6, 127.8, 118.5, 117.8, 94.7, 69.7,,68701, 58.8,
57.3, 56.5, 55.1, 39.2, 38.9, 30.3, 30.1, 23.9; HRMS(ESI+)
calcd for [GgHsNO;Na']: 338.1732, found: 338.1727.

4.11.(5S,8aRS)-5-(tert-Butyldiphenylsilyloxy)methyl-1,8s8
tetrahydroindolizin-3(2H)-one2R)

In a 250 mL Schlenk flask, equipped with magnetioisy
and nitrogen atmosphere, a solution16f(654 mg, 1.51 mmol)
in anhydrous CKCl, (150 mL) was warmed up to the reflux
temperature and, then, 2nd generation Grubbs sat@$ mg,
0.075 mmol) was added in 3 portions (one per hdim. mixture
was heated at reflux overnight. After cooling down remm
temperature, the resulting mixture was filtered tigto a small
pad of silica gel, washing with ethyl acetate. THeafie was
concentrated under vacuum and the residue purlfiedlash
column chromatography (hexanes/ethyl acetate, Bdrto 1:9)
to give a 1.2:1 mixture of §8aR)- and (5,8a5-23 (563 mg,

3.70 (m, 2H), 3.58 (m, 1H), 3.17 (m, 1H), 1.98 (m, 2HR2 (m,
2H), 1.31 (m, 1H), 0.87 (m, 1H)**C NMR (90 MHz, GDs) &
175.8, 126.2, 125.7, 66.1, 54.0, 51.4, 32.8, 32%9; HRMS
(ESI+) calcd for [GH;sNO,Na']: 190.0844, found: 190.0843.

4.13.(5S,8aR)-5-(tert-Butyldiphenylsilyloxy)methyl-1,8&8,
tetrahydroindolizin-3(2H)-one ((5S,8aR})

In a 10 mL Schlenk flask, equipped with magnetimisty and
nitrogen atmosphere, $BaR)-24 (50 mg, 0.30 mmol) was
dissolved in anhydrous GBI, (2 mL). After cooling to 0°C,
imidazole (82 mg, 1.20 mmol) and TBDPSCI (0.16 mL§ 0
mmol) were added. The cooling bath was removed aed th
mixture was stirred at room temperature overnighe Teaction
mixture was concentrated under vacuum and the residu
dissolved in ethyl acetate (5 mL). After vigorousristg for 1 h,
the mixture was filtered through Celite®, washing withyl
acetate. The filtrate was concentrated under vacauaoh the
residue purified by flash column chromatography orgir
hexanes/ethyl acetate, 1:1, to ethyl acetate) e (S 8aR)-23
(115 mg, 0.30 mmol, 95% yieldRf = 0.3 (hexanes/ethyl acetate,
1:1); [a]p 161 € 0.94, CHCL,); 'H NMR (400 MHz, GDs) &
7.74 (m, 4H), 7.23 (m, 6H), 5.59 (m, 2H), 4.63 (m, 1HY0 (dd,
J=9.8,5.4 Hz, 1H), 3.71 (dd,= 9.8, 4.3 Hz, 1H), 3.40 (m, 1H),
2.01 (m, 2H), 1.75-1.25 (m, 3H), 1.13 (s, 9H), 0.98 {i); °C
NMR (101 MHz, GD¢) & 173.4, 136.6, 134.7, 134.4, 130.7,
127.1, 126.2, 65.9, 52.4, 52.0, 32.8, 30.3, 258,20.1.

4.14.(5S,8aS)-5-(tert-Butyldiphenylsilyloxy)methyl-1,8¢8,
tetrahydroindolizin-3(2H)-one ((5S,8a33)

The same procedure starting fron5&5)-24 (50 mg, 0.30
mmol) furnished (58&)-23 (110 mg, 0.27 mmol, 91% yield):

1.39 mmol, 92% vyield)Rf = 0.3 (hexanes/ethyl acetate, 1:1); IR Rf = 0.3 (hexanes/ethyl acetate, 1. D} -64 € 1.45, CHCI,);

(ATR) 3070, 3044, 2929, 2856, 1684, 1421, 1109 CHIRMS

m/z (ESI+) calcd for [GH3NO,SiNa]: 428.2022, found:
428.2015. Other characterization data of these camgm are
given below.

4.12.(5S,8aR)- and (5S,8aS)-5-Hydroxymethyl-1,5,8,8a-
tetrahydroindolizin-3(2H)-one24)

In a 250 mL Schlenk flask, equipped with magnetioisy
and nitrogen atmosphere, a solution of a mixturébg8aR)- and
(55,8a5-23 (360 mg, 0.89 mmol) in anhydrous THF (15 mL)
was heated to the reflux temperature. After the audibf
Et;N-3HF, (0.87 mL, 5.34 mmol), the mixture was stircetier
reflux overnight. After cooling, the mixture was déd with
CH,CI, (10 mL) and saturated agueous NaHQ®O mL) was
added. The layers were separated and the aqueeusxtracted

'H NMR (250 MHz, GDg) & 7.93 (m, 4H), 7.35 (m, 6H), 5.83
(m, 2H), 4.43 (m, 2H), 4.24 (m, 1H), 2.98 (m, 1H), 2(tidt, J
=16.7, 9.3, 1.2 Hz, 1H), 1.96 (m, 1H) 1.84 (m, 2H)21(%, 1H),
1.29 (s, 9H), 1.12 (m, 1HJ’C NMR (101 MHz, GDg) & 174.3,
135.6, 133.7, 129.5, 125.0, 63.9, 54.4, 54.2, 3386, 26.7,
26.5, 19.2.

4.15.(S)-1-(1-Hydroxybut-3-en-2-yl)piperidine-2,6-diorfe){6)

A mixture of w-allylpalladium chloride dimer (72 mg, 0.20
mmol), (IR,2R)-4 (474 mg, 0.57 mmol), sodium carbonate (246
mg, 2.32 mmol) and glutarimid®, (2.60 g, 22.99 mmol) was
purged with nitrogen for 1 h. Dry GHI, (180 mL) was added
and the mixture was stirred at room temperature 1@rmin.
Then, butadiene monoepoxidg, (1.8 mL, 22.37 mmol) was
added and the resulting mixture was efficientlyrstr under



nitrogen for 14 h. After that time, the reaction tobe was
filtered through Celite®, washing with G@l, (120 mL) and
then ethyl acetate (250 mL), and the filtrate comeged under
vacuum. The residue was purified by flash column
chromatography (hexanes/ethyl acetate, from 1.2:3) to give
(-)-6 (4.03 g, 22.00 mmol, 99% vyield) as a clear 0il9%%
enantiomeric excess (determined by CHPLC
'PrOH/hexane, 3:1)d], —23.3 € 1.40, CHCI,). Other physical
and spectroscopic data of (6)were identical to those previously
described for (+5."°

4.16.(6RS)-1-[(S)-1-(tert-Butyldiphenylsilyloxy)but-3-8ryl]-6-
hydroxypiperidin-2-one ((1'S$)

4.16.1.Silylation of (+)-6

In a 250 mL Schlenk flask equipped with magneticristy,
under nitrogen atmosphere, alcohol 6-§1.90 g, 10.37 mmol)
was dissolved in anhydrous @&, (100 mL). After cooling to
0°C, imidazole (3.54 g, 52.06 mmol) was added, fedd by
TBDPSCI (3.2 mL, 12.31 mmol). The cooling bath wanoeed
and the mixture was stirred at room temperatureroget. The
solvent was evaporated under vacuum and replacedthoy
acetate (70 mL). The resulting mixture was stirriggbrously for
1 h and the insoluble fine white powder (imidazole-Hered
through Celite®. The filtrate was concentrated ungeuum and
then purified by flash column chromatography (hestethyl
acetate, from 9:1 to 3:2) to give a residue, whick ergstallized
from 2-propanol, furnishing the expected silylatddrivative
(3.99 g, 9.46 mmol, 91% vyield)a], +16.7 € 1.00, CHCI,). The
physical and spectroscopic data of this compoune: vieentical
to those previously described for its enantiofer.

4.16.2.Reduction

A solution of LIBEtH in THF (1M, 11.5 mL, 11.5 mmol)
was added dropwise to a solution of the previousrrimdiate
(3.02 g, 7.17 mmol) in dry THF (28 mL), under ngem
atmosphere at —-78°C, and the reaction mixture, fomd by
TLC (hexanes/ethyl acetate, 1:1), was stirred at shene
temperature for 45 minKeeping the temperature at —-78°C
saturated aqueous NaHE@O0 mL) and HO, (30%, 12 mL)
were added, and the mixture was allowed to warm slowly t
room temperature and then stirred for one additibpar. After
filtration through Celite®, the solution was extiedt with
CH,CI, (4x30 mL), and the combined organic extracts weireddr
over anhydrous N8O, and concentrated under vacuum. The
oily residue was purified by flash chromatographgx@nes/ethyl
acetate, from 3:1 to 1:1) to give a mixture of egim(19-8
(2.65 g, 6.27 mmol, 87% yield) as a colourless Hile physical
and spectroscopic data of this product were identaahose
previously described for (®)-8."°

4.17.(6R)- and (6S)-6-Allyl-1-[(S)-1-(tert-
butyldiphenylsilyloxy)but-3-en-2-yl]piperidin-2-ori&7)

In a 50 mL Schlenk flask equipped with magnetiaisiiy and
nitrogen atmosphere, a solution of 8 (1.375 g, 3.25 mmol)
was dissolved in anhydrous @&, (17 mL). After cooling to
0°C, DMAP (198 mg, 1.62 mmol), acetic anhydride (Oril,
8.12 mmol) and EN (1.13 mL, 8.12 mmol) were added. The
cooling bath was removed and the mixture was stiatecbom
temperature overnight. The reaction mixture was teliluwith
saturated aqueous NaHg€&blution (15 mL) and water (15 mL)
and then extracted with GaI, (4x15 mL). The combined
organic extracts were dried over anhydrous,9@ and
concentrated under vacuum. The remaining crudeugt@b was
used in the next step without further purificatidn. this end, in a
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50 mL Schlenk flask equipped with magnetic stirringd
nitrogen atmosphere, a solution of the crude e&erin
anhydrous CKCl, (17 mL) was cooled to —40°C, followed by the
addition of allyltrimethylsilane (1.0 mL, 6.5 mmo§nd then,
dropwise, TMSOTf (0.90 mL, 4.88 mmol). The reaction,
monitored by TLC (hexanes/EtOAc, 1:1) was finishedLif h.

analysisAfter that time, the reaction mixture was cooled {@8°C,

saturated aqueous NaHg(@0 mL) was added and the mixture
was allowed to warm up to room temperature. After ektva
with CH,Cl, (4x30 mL), the combined organic extracts were
dried over anhydrous N&O, and concentrated under vacuum.
The residue was purified by flash column chromatpigya
(hexanes/ethyl acetate, from 4:1 to 1:2) to gi&dd mixture of
(69)- and (R)-27 (1.05 g, 2.34 mmol, 79% vyield) as a yellow oil:
Rf = 0.7 (hexanes/ethyl acetate, 1:1); IR (ATR) 30713129
2857, 1637, 1427, 1107 &yH NMR (250 MHz, CDCJ)) (6S)-

27 (major)$ 7.68 (m, 4H), 7.41 (m, 6H), 6.22 (ddd,= 17.4,
10.6, 6.8 Hz, 1H), 5.68 (m, 1H), 5.11 (m, 4H), 4.29 Jte 10.0,
4.0 Hz, 1H), 3.86 (m, 2H), 3.43 (m, 1H), 2.55-2.10 (ptex,
4H), 1.87-1.59 (complex, 4H), 1.08 (s, 9HBR)-27 (minor)
significant signalss 6.06 (m, 1H), 5.18 (m, 4H), 4.01 (m, 2H);
*C NMR (63 MHz, CDCJ) (69)-27 5 169.9, 135.7, 135.3, 134.6,
133.7, 133.5, 129.8, 127.8, 117.9, 117.1, 66.02,689.0, 37.7,
32.6, 27.0, 25.7, 19.2, 16.3; HRM®&/z (ESI+) calcd for
[C,gH3NO,SiNa']: 470.2491, found: 470.2491.

4.18.(6S,9aS)-6-[(tert-Butyldiphenylsilyloxy)methyl]-
1,2,3,6,9,9a-hexahydroquinolizin-4(4H)-oras)

To a solution of a 30:1 mixture of $ and (6)-27 (2.74 g,
6.12 mmol) in anhydrous and previously degassedCGH227
mL), 2nd generation Grubbs catalyst (51 mg, 0.06 hwas
added and the mixture was heated at reflux overnigfter
cooling down to room temperature, the reaction méxtwas
filtered through a short pad of silica gel, washith Et,O. The
filtrate was concentrated under vacuum and the crodeerial
was purified by flash column chromatography (hex&fig®,
from 9:1 to 1:1) to furnisR8 (2.47 g, 5.88 mmol, 96% yield) as a
unigue isomerRf = 0.38 (3:1, EO/hexanes);d]p, = -85.8 €
1.00, CHCY); IR (ATR) 2928, 2854, 1668, 1612, 1406, 1095 cm
% 'H NMR (400 MHz, CDC)) 5 7.67(m, 4H), 7.39 (m, 6H), 6.06
(ddd,J = 9.8, 6.7, 2.4 Hz, 1H), 5.98 (ddd= 9.8, 5.0, 2.7 Hz,
1H), 4.65 (m, 1H), 3.89 (m, 2H), 3.30 ({@= 11.0, 3.1 Hz, 1H),
2.41 (m, 2H), 2.16 (m, 2H), 1.89 (m, 2H), 1.75 (m, 1H}1 (m,
1H), 1.05 (s, 9H)**C NMR (101 MHz, CDGJ) & 171.3, 135.7,
133.9, 133.8, 129.6, 128.0, 127.7, 127.6, 127.(8,6%.0, 53.9,
32.9, 32.0, 31.1, 27.0, 20.8, 19.4; HRMS (ESI+) d¢afor
[Ca6H3aNO,SI']): 419.2281, found: 419.2287.

4.19.(6S,9aS)-6-Hydroxymethyl-1,2,3,6,9,9a-
hexahydroquinolizin-4(4H)-on9)

In a 50 mL Schlenk flask, equipped with magneticrisij
and nitrogen atmosphere, a solution28f(264 mg, 0.63 mmol)
in anhydrous THF (10 mL) was heated to the reflumperature.
After the addition of EN-3HF, (0.62 mL, 5.34 mmol), the
mixture was stirred under reflux overnight. The f&sg cold
mixture was diluted with CkCl, (10 mL) and saturated aqueous
NaHCG; (10 mL) was added. The layers were separated and the
aqueous one extracted with ¢, (4x8 mL). The combined
organic extracts were dried over anhydrousS@, concentrated
under vacuum, and the residue was purified by fleslumn
chromatography (from hexanes/ethyl acetate, 1:1,etoyl
acetate) to give9 (107 mg, 0.59 mmol, 94% vyieldRf= 0.1
(ethyl acetate); d]p —35.5 € 1.30, CHCIy); IR (ATR) 3339,
2983, 1612, 1410, 1265, 1034 tmH NMR (250 MHz, CDCJ)

6 6.03 (m, 1H), 5.80 (m, 1H), 4.64 (m, 1H), 3.78 (dds 11.3,
2.5 Hz, 1H), 3.55 (dd] = 11.5, 6.1 Hz, 1H), 3.36 (m, 1H), 2.53
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(dd,J = 8.3, 5.5 Hz, 2H), 2.15 (m, 2H), 1.93 (m, 2H), 1.9 (
1H), 1.57 (m, 1H)*C NMR (101 MHz, CDCJ) 5 173.3, 126.9,
126.6, 67.2, 56.7, 55.6, 32.5, 31.3, 30.5, 20.0; KR¥&SI+)
calcd for [GgH1sNO,Na']: 204.1000, found: 204.0995.

4.20.(5S,8aS)-5-(tert-
Butyldiphenylsilyloxymethyl)hexahydroindolizin-3(2bt)e
((5S5,8aS)30) and (S)-5-(tert-butyldiphenylsilyloxymethyl)-
1,7,8,8a-tetrahydroindolizin-3(2H)-one ((8a%)}

In a 10 mL Schlenk flask equipped with magneticrisiy,
(6S,8aR)-23 (136 mg, 0.34 mmol) was dissolved in THF (5 mL)
and Pd/C (15 mg) was added. The flask was sealetlyup
septum, connected to a balloon filled with &hd the mixture
was stirred at room temperature overnight. After tirae, the
solution was filtered through Celite®, washing withydtacetate,
and then concentrated under vacuum. The residuefiliered
through a short pad of silica gel, to furnish twecfions, one
containing pure (89-31 (28 mg, 0.07 mmol, 20% vyield) and
another one containing a mixture (69 mg) of thetisig. material,
(6S,8aR)-23, and (55,8a5)-30. Repeated chromatography allowed
the isolation of an analytical pure sample &,8S)-30 (11 mg).
(558a9-30: Rf = 0.6 (ethyl acetate); o, —34.1 € 0.55,
CH,CL,); IR (ATR) 2929, 2855, 1684, 1426, 1109 tmH NMR
(400 MHz, CDC}) 6 7.66 (m, 4H), 7.43 (m, 6H), 4.39 (m,1H),
3.67 (dd,J = 10.4, 6.7 Hz, 2H), 3.40 (dtd,= 10.9, 7.2, 3.5 Hz,
1H), 2.31 (m, 2H), 2.10 (m, 1H), 2.00-1.37 (complex,7HP7
(s, 9H); *C NMR (101 MHz, CDG)) & 173.8, 135.6, 133.4,
133.2, 129.6, 127.6, 61.7, 54.2, 48.9, 33.5, 6B, 25.7, 24.1,
19.2, 19.1; HRMS (ESI+) calcd for jg::NO,SiNa]: 430.2178,
found: 430.2176. (89-31: Rf = 0.3 (hexanes/ethyl acetate, 1:1);
[a]lp —17.9 € 1.40, CHCIy); IR (ATR) 2928, 2855, 1694, 1657,
1405, 1261, 1111 chm *H NMR (400 MHz, CDC)) 8 7.71 (m,
4H), 7.41 (m, 6H), 5.43 (br s, 1H), 4.96 (brJds 14.9 Hz, 1H),
4.79 (br d,J = 14.9 Hz, 1H), 3.62 (m, 1H), 2.41 (ddbz= 17.0,
11.0, 9.7 Hz, 1H), 2.25 (m, 3H), 2.04 (brdds12.5 Hz, 1H), 1.58
(m, 3H), 1.09 (s, 9H)>*C NMR (101 MHz, CDCJ) & 172.5,
136.9, 135.5, 133.6, 129.5, 127.6, 105.9, 62.41,531.2, 29.9,
26.9, 259, 227, 19.3; HRMS (ESI+) calcd for
[C,sH3:NO,SiNa']: 428.2022, found: 428.2016.

4.21.(5S,8aR)-5-Hydroxymethylhexahydroindolizin-3(2H)-one
((5S,8aR)32)

In a 10 mL Schlenk flask equipped with magneticrisiy,

Tetrahedron

MHz, CDCk) 3 4.31 (m, 1H), 3.70 (dd) = 11.0, 9.0 Hz, 1H),
3.61 (m, 2H), 2.76 (br s, 1H), 2.37 (m, 2H), 2.21 {H), 1.97-
1.40 (complex, 6H), 1.15 (m, 1HYC NMR (101 MHz, CDG))

5 175.6, 61.6, 53.9, 49.9, 33.3, 30.3, 25.8, 2424;1HRMS
(ESI+) calcd for [GH1sNO,Na']: 192.1000, found: 192.0996.

4.23.(6S,9aR)-6-Hydroxymethyloctahydroquinolizin-4(4H)-one
((6S,9aR)33)

The same procedure starting fron§@5S)-29 (50 mg, 0.27
mmol), furnished (6,9aR)-33 (39 mg, 0.21 mmol, 79% yieldRf
= 0.2 (ethyl acetate); o], —80.0 ¢ 0.60, CHCL,); IR (ATR)
3371, 2940, 2872, 1603, 1410, 1343, 1050"ctil NMR (250
MHz, CDCkL) 6 4.94 (ddJ = 7.5, 5.8 Hz, 1H), 3.82 (m, 2H), 3.52
(m, 1H), 3.39 (m, 1H), 2.42 (m, 2H), 2.08-1.38 (complEOH);
¥C NMR (101 MHz, CDG) & 171.1, 65.3, 62.0, 57.5, 33.3,
31.7, 29.7, 25.9, 21.3, 18.5; HRMS (ESI+) calcd for
[C1oH1NO,H™]: 184.1338, found: 184.1360.

4.24.Benzyl {(S)-1-[(RS)-1-hydroxybut-3-en-2-yl]-2,5-
dioxopyrrolidin-3-yljcarbamate35) and benzyl (S,E)-[1-(4-
hydroxybut-2-en-1-yl)-2,5-dioxopyrrolidin-3-yl]cagimate 41)

A mixture of n-allylpalladium chloride dimer (6.4 mg, 0.02
mmol), (IR,2R)-4 (44 mg, 0.05 mmol), sodium carbonate (25
mg, 0.05 mmol) and (-)-@-34 (720 mg, 2.90 mmol) was
purged with nitrogen for 1 h. Dry 1,2-dichloroetha(2® mL)
was added and the mixture was stirred at room terysertor 10
min. Then, butadiene monoepoxide (230uL, 2.90 mmol) was
added and the resulting mixture was warmed up t& 60%d
stirred under nitrogen overnight. After that timbge treaction
mixture was filtered through Celite®, washing withydthcetate,
and concentrated under vacuum. The residue wasigaliify
flash column chromatography (hexanes/ethyl acebaim 3:1 to
1:2) to give35a (627 mg, 1.97 mmol, 68% yield) as a clear oil:
Rf= 0.6 (ethyl acetate);a]p -15.6 € 1.04, CHCL,); IR (ATR)
3343, 3058, 2949, 1696, 1518, 1391, 1263, 1198; chh NMR
(400 MHz, CDC}, 323K) 6 7.37-7.28 (m, 5H), 6.10-5.97 (m,
1H), 5.80 (br s, 1H), 5.31-5.22 (m, 2H), 5.10 (br H),24.87-
4.74 (m, 1H), 4.33-4.16 (m, 1H), 4.15-4.07 (m, 1HY,833.67
(m, 1H), 3.21 (m, 1H), 3.08-2.72 (complex, 3fC NMR (101
MHz, CDCk, 323K) 6 176.1/176.0, 174.5/174.4, 156.0,
135.7/135.6, 130.9/130.8, 128.5, 128.3, 128.2,0,28.9.3, 67.5,
61.5, 57.2/56.9, 49.9/49.8, 35.6; HRMS (ESI+) calfmt
[C16H1gN5O:]: 318.1216, found: 318.1207. The same reaction

(6S.8a5-24 (50 mg, 0.30 mmol) was dissolved in methanol (2starting from (=)-(%)-34 (190 mg, 0.77 mmol) in the presence of

mL) and Pd/C (5 mg) was added. The flask was segielolyla
septum, connected to a balloon filled with &hd the mixture
was stirred at room temperature overnight. After tirae, the
solution was filtered through Celite®, washing withydtacetate,
and then concentrated under vacuum. The residuefiliered

through a short pad of silica gel, to furnists&R)-32 (38 mg,
0.22 mmol, 75% vyield)Rf = 0.2 (ethyl acetate); a]p =7.0 €

1.40, CHCI,); IR (ATR) 3306, 2936, 2859, 1655, 1420, 1267,

1061 cni; '"H NMR (250 MHz, CDC)) & 5.33 (dd,J = 8.9, 6.2
Hz, 1H), 3.85 (m, 2H), 3.44 (m, 1H), 3.15 (m, 1H), 2(4R 2H),
2.22 (m, 1H), 2.00-1.22 (complex, 7HC NMR (101 MHz,
CDCly) & 175.5, 63.7, 60.8, 60.4, 33.1, 31.4, 27.9, 2535;2
HRMS (ESI+) calcd for [GH;sNO,Na’]: 192.1000, found:
192.0992.

4.22.(5S,8aS)-5-Hydroxymethylhexahydroindolizin-3(2H)-one
((5S,8aSR2)

The same procedure starting fron5@R)-24 (20 mg, 0.12
mmol), furnished (5,8&5-32 (18 mg, 0.11 mmol, 89% vyieldRf
= 0.1 (ethyl acetate); o, —31.5 ¢ 1.00, CHCL,); IR (ATR)
3365, 2937, 2854, 1657, 1420, 1265, 1056"cthl NMR (400

(1S5,29-4 (2 mg, 2.5umol) furnished35b (178 mg, 0.60 mmol,
73% yield) and41l (14.5 mg, 0.05 mmol, 6% yieldR5h: [a]p
+14.6 € 1.04, CHCl,); the rest of physical and spectroscopic
data are identical to those described 3ba, isolated from the
previous reactionThe optical rotation values @&a and 36b
remain constant over timdl: Rf = 0.35 (ethyl acetate);a]p
+5.1 € 0.39, CHCI,); IR (ATR) 3333, 2924, 2854, 2362, 2343,
1703, 1528, 1401, 1263, 1172 &n(400 MHz, CDC}, 323K)
major conformen 7.32 (m, 5H), 5.85 (m, 1H), 5.48 (br s, 2H),
5.10 (m, 2H), 4.34-4.21 (complex, 5H), 4.11 (m, 1HLO3(m,
1H), 2.80 (m, 1H)*C NMR (101 MHz, CDGCJ, 323K) & 175.0,
173.6, 155.5, 134.2, 128.8, 128.6, 128.4, 124.8,7157.5, 58.0,
50.3, 35.5; HRMS (ESI+) calcd for [@H;gN,OsH"]: 319.1294,
found: 319.1286.

4.25.Benzyl {(S)-1-[(RS)-1-(tert-butyldiphenylsilyloxy}s-en-
2-yl]-2,5-dioxopyrrolidin-3-yl}carbamate3g)

Imidazole (65.4 mg, 0.96 mmol) and TBDPSCI (180 0.51
mmol) were added to a solution of the alcoBd (100 mg, 0.32
mmol), obtained in the presence ofR(2R)-4, in anhydrous
CH,CIl, (3 mL) at 0°C. The resulting mixture was stirred



overnight at room temperature. After that time, itasw
concentrated under vacuum and the residue dissotvexthyl
acetate (2 mL). Then, the solution was filtered tigio Celite®,
washing with ethyl acetate. The filtrate was concéatrainder
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flash column chromatography (hexanes/ethyl acefiate 4:1
to 1:1) to give an 1.6:1 mixture of epime38 (1.06 g, 1.82
mmol, 78% vyield) as a yellow oilRf = 0.8 (hexanes/ethyl
acetate, 1:1); IR (ATR) 2930, 2856, 1686, 1499,912309 cm

vacuum and the residue was purified by flash columr;*H NMR (250 MHz, CDCJ) 5 Isomer A (major) and B (minor)

chromatography (hexanes/ethyl acetate, from 41 1pto afford
36a (150 mg, 0.27 mmol, 85% vyieldRf = 0.26 (hexanes/ethyl
acetate, 3:1); IR (ATR) 2929, 2856, 1709, 151®01.3264, 111
cm’; 'H NMR (400 MHz, CDCJ, 323 K) & 7.65 (m, 4H), 7.40
(m, 11H), 6.02 (m, 1H), 5.38 (m, 1H), 5.24 (m, 2H)45(&, 2H),
4.89 (m, 1H), 4.29 (m, 2H), 3.86 (ddb= 10.4, 5.9, 2.8 Hz, 1H),
3.06 (m, 1H), 2.69 (m, 1H), 1.05 (s, 9HIC NMR (101 MHz,

8 7.66 (m, 4H), 7.40 (m, 11H), 6.07 (ddbs 17.4, 10.4, 7.1 Hz,
1Hg), 5.89 (dddJ = 17.3, 10.5, 6.9 Hz, 14}, 5.67 (m, 1H), 5.27-
5.05 (complex, 7H), 4.52-3.60 (complex, 4H), 2.6891.8
(complex, 4H), 1.08 (s) and 1,07 (s) (M NMR (101 MHz,
CDCly) 8 172.2, 171.7, 156.4, 136.3, 135.5, 133.4, 13333,11,
133.0, 132.9, 132.4, 129.9, 129.8, 128.5, 128.07,.7,2119.1,
118.9, 118.6, 118.4, 66.8, 63.8, 62.7, 57.9, F13%, 51.4, 38.5,

CDCl,, 323 K) & 175.3/175.2, 173.7/173.6, 156.0, 136.1, 135.738.0, 33.3, 26.8, 19.1; HRMS (ESI+) calcd fordd,,N,0,Si"]:

135.7, 133.5, 133.4, 133.3, 131.3/131.1, 130.0,.712828.5,
128.3, 127.9, 119.8/119.7, 67.6, 62.7/62.3, 57.9/580.4/50.3,
36.6, 27.0, 19.3; HRMS (ESI+) calcd for 38;eN,0;SiNaT:

579.2291, found: 579.2286. The same reaction staftom the

alcohol 35b (110 mg, 0.35 mmol), obtained in the presence o

(1S,29-4, furnished36b (158 mg, 0.28 mmol, 82% yield): the
spectroscopic data of this sample were identical ttose
described for36a. CHPLC analysis showed th86a and 36b
were mixtures of (82'S)-36 and (F2'R)-36, in 88:12 and 21:79
ratio, respectively.

4.26.Benzyl {(3S,5RS)-1-[(S)-[(1-(tert-butyldiphenylkilyy)but-
3-en-2-yl]-5-hydroxy-2-oxopyrrolidin-3-yl}carbama(d7)

In a 100 mL Schlenk flask equipped with magneticrigty
and nitrogen atmosphere, (3¢a (1.42 g, 2.55 mmol) was
dissolved in anhydrous toluene (15 mL). The sotuti@s cooled
down to -78°C, DIBAL-H (1M in toluene, 3.8 mL, 3.8 mio
was added dropwise and the reaction mixture, momwitbyeTLC
(hexanes/ethyl acetate, 1:1), was stirred at thee samperature
for 1 h. Keeping the temperature at -78°C, satdragueous
potassium sodium tartrate (15 mL) was added, theumgxwas
allowed to warm slowly to room temperature, and thared for
30 min. After filtration through Celite®, the solom was

581.2836, found: 581.2852.

4.28.Benzyl [(2S,5S,8aR)- and [(2S,5S,8aS)-5-(tert-
butyldiphenylsilyloxy)methyl-3-oxo0-1,2,3,5,8,8a-

Pexahydroindolizin-z-yl]carbamatéSSQ)

In a 250 mL Schlenk flask, equipped with magnetiaisg
and nitrogen atmosphere, a solution of the mixtfrepimers38
(700 mg, 1.20 mmol) in anhydrous gH, (100 mL) was
warmed up to the reflux temperature and, then, gntkration
Grubbs catalyst (51 mg, 0.06 mmol) was added in 8qms (one
per hour). The mixture was heated at reflux overmnidsiter
cooling down to room temperature, the resulting torix was
filtered through a small pad of silica gel, washiwgh ethyl
acetate. The filtrate was concentrated under vacaan the
residue purified by flash column chromatographyxémees/ethyl
acetate, from 4:1 to 1:2) to give by elution or{2®$ 5S8aR)-39
(246 mg, 0.44 mmol, 37% yield) andS2S8&9-39 (283 mg,
0.51 mmol, 43% yield). @5S,8aR)-39: Rf = 0.6 (hexanes/ethyl
acetate, 1:1); d]p —31 € 1.95, CHCl,); IR (ATR) 3296, 2930,
2889, 1683, 1528, 1427, 1256, 1109 trtH NMR (400 MHz,
CDCly) 6 7.66 (m, 4H), 7.38 (m, 11H), 6.01 (m, 1H), 5.85 (m,
1H), 5.28 (br s, 1H), 5.12 (m, 2H), 4.32 (dds 9.6, 5.6 Hz, 1H),
4.22 (m, 1H), 4.10 (m, 2H), 3.74 (m, 1H), 2.31 (m, 2HP8 (M,

extracted with ChCl, (4x25 mL), the combined organic extracts 2H), 1.04 (s, 9H)*C NMR (101 MHz, CDCJ) & 171.4, 156.2,
were dried over anhydrous pBD, and concentrated under 136.1, 135.5, 133.5, 133.4, 129.6, 128.5, 128.B.012127.5,
vacuum. The oily residue was purified by flash calum 127.3, 125.8, 66.9, 62.5, 54.9, 53.5, 52.0, 31976,226.7, 19.3;
chromatography (hexanes/ethyl acetate, from 411pto give a HRMS (ESI+) calcd for [GHsN,O,SiH]: 554.2601, found:
mixture of isomers37 (953 mg, 1.71 mmol, 67% yield) as a 554.2620. (35S8&9-39: Rf = 0.4 (hexanes/ethyl acetate, 1:1);
colourless oil:Rf = 0.5 (hexanes/ethyl acetate, 1:1); IR (ATR) [0]p —69 € 2.10, CHCL,); IR (ATR) 3304, 2929, 2856, 1685,

3309, 2930, 2856, 1685, 1521, 1427, 1264, 1109; &thNMR
(250 MHz, CDC}) & 7.68 (m, 4H), 7.42 (m, 11H), 6.30-5.87
complex, 2H), 5.40-4.90 (complex, 6H), 4.57 (m, 1H¥)07 (m,
1H), 3.89 (m, 2H), 2.76 (m, 1H), 1.95 (br = 14.4 Hz,1H),
1.09 (s) and 1.07 (s) (9HYC NMR (63 MHz, CDCJ) 5 171.9,
156.9, 156.7, 136.1, 136.0, 134.6, 130.4, 129.(.6,2128.5,
128.3, 119.3, 118.6, 81.7, 81.4, 67.6, 60.8, IH, 51.6, 27.3,
27.2, 215, 19.7, 19.6; HRMS (ESI+) calcd for
[C3H3eN,0sSiNa]: 581.2448, found: 581.2445.

4.27.Benzyl {(3S,5RS)-5-allyl-1-[(S)-1-(tert-
butyldiphenylsilyloxy)but-3-en-2-yl]-2-oxopyrroliti3-
yl}carbamate 88)

In a 100 mL Schlenk flask equipped with magneticriat
and nitrogen atmosphere, a solutior88f(1.30 g, 2.33 mmol) in
anhydrous CKCl, (30 mL) was cooled down to —40°C. To the
cold solution was added allyltrimethylsilane (480 2.80 mmol)
and then, dropwise, BFELO (740 (L, 5.82 mmol). The
reaction, monitored by TLC (hexanes/ethyl acet&t®@), was
finished in 1.5 h. Then, saturated aqueous Nat@6 mL) was

1513, 1427, 1239, 1110 &n'H NMR (400 MHz, CDCJ) 5 7.68
(m, 4H), 7.41 (m, 11H), 5.92 (ddd,=10.1, 5.2, 2.9 Hz, 1H),
5.75 (m, 1H), 5.39 (br s, 1H), 5.15 (s, 2H), 4.53 {i), 4.31 (m,
1H), 3.90-3.70 (complex, 3H), 2.40 (m, 1H), 2.20 (H),12.03
(complex, 2H), 1.09 (s, 9H)*C NMR (101 MHz, CDG)) &
170.5, 156.4, 136.3, 135.6, 135.5, 133.2, 133.8.8,2129.7,
128.5, 128.1, 128.0, 127.7, 126.1, 125.8, 66.9),682.2, 51.8,
49.4, 305, 29.6, 26.8, 19.2; HRMS (ESI+) calcd for
[C33H3N,0,SiH': 554.2601, found: 554.2612.

4.29.Benzyl [(2S,5S,8aR)-5-hydroxymethyl-3-oxo-1,2,385;8,
hexahydroindolizin-2-ylJcarbamate ((2S,5S,8aR)-

In a 50 mL Schlenk flask, equipped with magneticrisij
and nitrogen atmosphere, a solution d§%%8aR)-39 (283 mg,
0.51 mmol) in anhydrous THF (15 mL) was heated &or#flux
temperature. After the addition of ;8t3HF, (500uL, 3.06
mmol), the mixture was stirred under reflux overnighfter
cooling, the resulting mixture was diluted with &H, (10 mL)
and aqueous saturated aqueous Nat@O mL), the layers were
separated and the aqueous one extracted witlClg#x10 mL).

added and the mixture was allowed to warm up to roonThe combined organic extracts were dried over armdugr

temperature. After the extraction with g, (4x20 mL), the
combined organic extracts were dried over anhydigassO,
and concentrated under vacuum. The residue wasigaliify

Na,SQ,, concentrated under vacuum, and the residue was
purified by flash column chromatography (hexanéslescetate,
from 3:1 to 1:2) to give @5S8aR)-40 (140 mg, 0.44 mmol,
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87% yield): Rf = 0.4 (ethyl acetate); o], +16.8 € 1.35,  4.33.tert-Butyl [(2S,5S,8aR)-5-hydroxymethyl-3-
CH.CL,); IR (ATR) 3295, 2924, 1675, 1645, 1533, 1454,2,24 oxooctahydroindolizin-2-ylJcarbamate, ((2S,5S,84R)-

1040 cn; *H NMR (400 MHz, CDCJ) & 7.37 (m, 5H), 5.90 (m, , ,
1H), 5.59 (m, 1H), 5.51 (d] = 9.5 Hz, 1H), 5.12 (s, 2H), 4.35 A solution of (5,558aR)-40 (38 mg, 0.12 mmol) in MeOH

(m, 1H), 4.22 (m, 1H), 3.83 (d, = 5.1 Hz, 2H), 3.75 (m, 1H) (2 mL) stirring at room temperature was hydrogendtedhe
38-2.10 (compl,ex 4|’-|)L°.‘C NMR (1'01 MHz CDCJ 323k)6 " presence of Pd/C (10%, 4 mg) at 2 atm for 2@fter that time,

60.?; '54_5 ' 52..6, 33_'3’ 31_'9.’ HIR;I\;IS (.E,SI+) .czlilcd. ’foracetate, and the filtrate concentrated under vaculionthe

[C1HaN,0,']: 316.1423, found: 316.1403. re;sidue were added ,BO; (25. mg, 0.18 mmol) and 1,4-
dioxane/HO (1:1, 2 mL). The mixture was cooled down to 0°C,

4.30.Benzyl [(2S,5S,8aS)-5-hydroxymethyl-3-0x0-1,2,88:8,  (Boc),0 (30uL, 0.13 mmol) was added and the resulting solution

hexahydroindolizin-2-yljcarbamate ((2S,5S,848)- was stirred at room temperature overnight. Then, sthietion

. was diluted with HO (3 mL) and extracted with GBI, (4x2
The same procedure starting from565,845)-39 (30 mg, mL). The combined organic extracts were dried overydrous
0.21 mmol) fumished &55825-40 (54 mg, 0.17 mmol, 82% Na,SO, and concentrated under vacuum. Purification of the
yield): Rf= 0.2 (ethyl acetate); a]p -67.5 € 1.10, CHCL,); IR 4 )

(R 297 2523, 1673 645 531 1, Lokl 1y 1ooe T coluny, chromatcorety (1o, et
NMR (400 MHz, CDCJ, 323K) & 7.32 (m, 5H), 6.12 (m, 1H), ; '

% Vi = :
ST (11, 562 (10 310 20 4.4 m 1453 (m 210 D, 85 YOORT_ 05 (ol sl o 150
1H), 3.79 (m, 2H), 3.57 (m, 1H), 3.38 (m, 1H: OH), 2.2851 ’ * : ’ ' ' '

-1, 1
(complex, 4H):°C NMR (101 MHz, CDG}, 323K) 3 1717, C°m H NMR (250 MHz, CDC)) 8 5.04 (br s, 1H), 4.28 (m,

156.3, 136.3, 128.3, 127.9, 126.4, 124.5, 124.8,68.6, 53.2, ). 391 (ddJ= 9.4, 7.8 Hz, 1H), 3.86 (dd,= 9.4, 3.9 Hz,

; 1H), 3.43 (m, 1H), 3.25 (m, 1H), 2.29 (m. 1H), 2.12 (@Hi),
52.1, 49.2, 32.9, 31.5; HRMS (ESI+) calcd for,4€0N,O, _ _ )
316.1423. found: 316.1413. 1.92 (dm,J = 12.5 Hz, 1H), 1.78 (dm] = 12.5 Hz, 1H), 1.63

1.22 (complex) and 1.44 (s) (13HJC NMR (101 MHz, CDG))

4.31.Benzyl [(2S,5S,8aR)-5-hydroxymethyl-3- 51715, 156.0, 80.2, 63.1, 61.4, 58.1, 52.6, 3R3J), 28.5, 27.7,
oxooctahydroindolizin-2-yllcarbamate, ((2S,5S,84dR)- 24.1; HRMS (ESI+) calcd for [GH,4N,0,]: 284.1736, found:
284.1732.

A solution of (555,82aR)-40 (38 mg, 0.12 mmol) in MeOH
(2 mL) stirring at room temperature was hydrogenatedhe  4.34.tert-Butyl [(2S,5S,8aS)-5-hydroxymethyl-3-
presence of Pd/C (10%, 4 mg) at 2 atm for 2@fter that time, ~ 0Xooctahydroindolizin-2-yllcarbamate, ((2S,5S,843))-

the solution was filtered through Celite®, washinghwithyl .
) The same procedure starting fromSg58a5)-40 (38 mg,
acetate, and the filtrate concentrated under vaculonthe oo mmol), furnished @55,829-43%° (29 mg, 0.10 mmol, 86%

residue were added ,€0; (33 mg, 0.24 mmol) and 1,4- . . ¢
- . . yield): Rf = 0.3 (ethyl acetate)H NMR (400 MHz, CDCJ) 5
dioxane/HO (1:1, 2 mL). The mixture was cooled down to 0°C,5_60 (br s) and 5.46 (br s (1H), 4.35 (m, 1H), 4182 TH), 3.88

CbzClI (19uL, 0.13 mmol) was added and the resulting solution
was stirred at room temperature overnight. Then, sthietion (m, 1H), 3.79 (m, 1H), 3.58 (m, 1H), 2.16 (m, 1H), 205 1H),

was diluted with HO (5 mL) and extracted with GBI, (4x3 1.87 (m, 1H), 1.74-L50 (complex, 6H), 1.42 (s, S NMR

mL). The combined organic extracts were dried overydrous (101 MHz, CDCY) ) 8 172.2, 156.3, 804, 61.5, 52.3, 52.0, 51.0,
Y 33.8, 33.3, 29.8, 28.6, 24.7, 20.2.

Na,SO, and concentrated under vacuum. Purification of the

residue by flash column chromatography (from hejethgl  4.35.(2S,5S,8aR)-2-(tert-Butoxycarbonylamino)-3-

acetate, 3:1 to ethyl acetate) furnishe®%38aR)-42 (30 mg, oxooctahydroindolizine-5-carboxylic acid, ((2S,%H344)

0.09 mmol, 78% vyield)Rf = 0.3 (ethyl acetate); a]p +3.7 € . ) .

1.65, CHCL,); IR (ATR) 3289, 2938, 2869, 1672, 1534, 1454,  Jones reagent was prepared by dissolving 2 g ofmibro

1262, 1055 city *H NMR (400 MHz, CDCJ, 323K) 5 7.37 (m trioxide in 2 mL of concentrated sulfuric acid amtting distilled

ter to bring the total volume to 10 mL. In a 10 r@thlenk
5H), 5.28 (br s, 1H), 5.14 (s, 2H), 4.31 (m, 1H), 381, 2H), W& _ ‘ ume K
3.46 (m, 1H), 3.23 (M, 1H), 2.32 (brdt= 12.3 Hz, 1H), 2.15 (dt, flask equipped with magnetic stirring, alcoho§E58aR)-43 (11
J =123, 89 Hz, 1H), 1.97 (m, 1H), 1.82 (m, 1H), 11673 M9 0.04 mmol) was dissolved in acetone (1 mL). ThEmes
(complex’ 4H)'1Sé NMR (101 MHz 'CDCJ 32£’>K) 5 170.8. reagent was added (0.5 mL) and the mixture was dtatgoom

156.1, 136.2, 128.4.128.0, 127.9, 67.0, 62.9, 65739, 52.7, tqmperatgre for 2 h. After that time, the reactioixture was
32.9, 31.9, 27.56, 23.84; HRMS (ESI+) calcd forfG,N,0,7: diluted with saturated aqueous NaHC@ mL) and extracted

318.1580, found: 318.1586. W?th CH,CI, (3x2 mL). Then, the aqueous _Iaye_r was acidified
with 10% HCI to pH = 1 and extracted again with ICH (4x2

4.32.Benzyl [(2S,5S,8aS)-5-hydroxymethyl-3- mL). The combined organic extracts were dried ovdrydrous

oxooctahydroindolizin-2-ylJcarbamate, ((2S,5S,843)- NaSO, and concentrated under vacuum to furnisB528aR)-

44%° (10 mg, 0.03 mmol, 86% vyieldRf= 0.2 (ethyl acetateJH
NMR (400 MHz, CDCY) 3 5.37 (m, 1H), 4.78 (m, 1H), 4.23 (m,
1H), 3.90 (m, 1H), 3.62 (m, 1H), 2.20 (m, 2H), 2.07 (th),
1.97 (dt,J = 13.2, 3.2 Hz, 1H), 1.89 (m, 1H), 1.72 (m, 1H), 1.56
(m, 1H), 1.45 (s, 9H), 1.36 (dd,= 12.4, 3.8 Hz, 2H)!*C NMR
(101 MHz, CDC}) 5 172.9 , 172.2 , 156.0 , 80.3 , 58.2 , 56.9 ,
51.9 , 335,310, 285, 27.9, 22.6; HRMS (ESfalcd for
[C1aH2N,0sNa']: 321.1426, found: 321.1421.

The same procedure starting fromSg58a5)-40 (20 mg,
0.06 mmol), furnished &5S,8a5-42 (14 mg, 0.04 mmol, 74%
yield): Rf= 0.1 (ethyl acetate); a]p —13.7 € 0.70, CHCL,); IR
(ATR) 3306, 2936, 2858, 1712, 1665, 1533, 1454,912943
cm’; '"H NMR (400 MHz, CDCJ, 323K)& 7.36 (m, 5H), 6.46 (br
s) and (5.98 br s) (1H), 5.12 (m, 2H), 4.40-4.25 (plax), 4.17
(m), 3.90-3.60 (complex) and 3.59 (dt= 11.8, 5.1 Hz) (5H),
2.92 (m, 1H), 2.17 (m, 2H), 1.86-1.48 (complex, 5HYL61(m,
1H); °C NMR (101 MHz, CDGJ, 323K) 5 171.7, 156.3, 136.3,
128.3, 127.9, 66.9, 61.1, 60.8, 52.1, 51.6, 50393,333.2, 32.9,
24.4, 19.8; HRMS (ESI+) calcd for [@,,N,O,"]: 318.1580,
found: 318.1577.
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