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The synthesis of polyfunctionalized indolizidines from pipecolinic acid alkyl
ester derivatives, aldehydes and a wide range of dipolarophiles by a
multicomponent 1,3-dipolar cycloadditions has been developed in a
diastereselective manner. Reactions take place in toluene with short
Abstract: | reaction times at 70 °C, giving good yields. The synthesis of these fused
heterocycles is also studied starting from the pipecolinic acid, generating
the dipole through a decarboxylative route at 120 oC. The relative
configuration of the resulting products, as well as the mechanistic
pathways are also explained.
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2. X-Ray diffraction analysis of compound endo-13
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data x

_audit creation method
_chemical name systematic
,?
_chemical name common
_chemical melting point
_chemical formula moiety
'Cl8 H22 N2 05'
_chemical formula sum
'Cl8 H22 N2 05'
_chemical formula weight

loop
_atom type symbol
_atom type description

_atom type scat dispersion real
_atom type scat dispersion imag

_atom type scat source
'ctore! 0.0033 0.0016

'International Tables Vol C Tables 4.2.6.8 and 6.1.

'H' 'H' 0.0000 0.0000

'International Tables Vol C Tables 4.2.6.8 and 6.1.
'N'  'N' 0.0061 0.0033
'International Tables Vol C Tables 4.2.6.8 and 6.1.
'o' 'O’ 0.0106 0.0060
'International Tables Vol C Tables 4.2.6.8 and 6.1.
_symmetry cell setting '"triclinic'
_symmetry space group name H-M 'p -1
loop
_symmetry equiv pos as xyz
'%, y, z'
'-x, ~Ys -z'
_cell length a 8.627(3)
~cell length b 10.120(4)
_cell length c 10.797 (4)
_cell angle alpha 87.973(7)
_cell angle beta 86.925(7)
_cell angle gamma 67.294 (6)
_cell volume 868.2(6)
_cell formula units Z 2
_cell measurement temperature 298 (1)
_cell measurement reflns used 1391
_cell measurement theta min 2.56
_cell measurement theta max 24.24
_exptl crystal description plate
_exptl crystal colour colorless
_exptl crystal size max 0.61
_exptl crystal size mid 0.33
_exptl crystal size min 0.11
_exptl crystal density meas ?
_exptl crystal density diffrn 1.325

_exptl crystal density method
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_exptl crystal F 000 368
_exptl absorpt coefficient mu 0.097
_exptl absorpt correction type 'multi-scan'
_exptl absorpt correction T min 0.8331
_exptl absorpt correction T max 0.9894
_exptl absorpt process details 'Bruker/Siemens SADABS V2.03'

_exptl special details

’

?

diffrn ambient temperature 298 (1)

dlffrn radiation wavelength 0.71073

"diffrn radiation _type MoK\a

"diffrn radiation source 'fine-focus sealed tube'

_diffrn radiation monochromator graphite

_diffrn measurement method

CCD area detector'
. phi and omega scans'
diffrn detector area resol mean ?

diffrn measurement device type

~diffrn standards number ?
_diffrn standards interval count ?
_diffrn standards interval time ?
_diffrn standards_decay % ?
" diffrn reflns __number 6059
"diffrn reflns _av_R equivalents 0.0264
~diffrn reflns av sigmal/netI 0.0422
dlffrn reflns limit h min -10
dlffrn reflns limit h _max 10
" diffrn reflns limit k min -12
7d1ffrnireflnsillmltikimax 12
_diffrn reflns limit 1 min -12
_diffrn reflns limit 1 max 12
_diffrn reflns theta min 1.89
_diffrn reflns theta max 25.06
_reflns number total 3060
_reflns number gt 2127
_reflns threshold expression "I>2\s (I)"
_computing data collection 'Bruker SMART V5.625'
_computing cell refinement 'Bruker SMART V5.625'
_computing data reduction 'Bruker SAINT V6.28A'
_computing structure solution 'SHELXS-97 (Sheldrick, 1997)'
_computing structure " refinement 'SHELXL-97 (Sheldrick, 1997)'
_computing | molecular _graphics 'SHELXTL Rel. 6.12/V (Siemens, 1996)'
_computing publication material 'SHELX-97 (Sheldrick, 1997)'

_refine special details

’

Refinement of F"2” against ALL reflections. The weighted R-factor wR and
goodness of fit S are based on F*"2”, conventional R-factors R are based

on F, with F set to zero for negative F"2”. The threshold expression of
F~2” > 2sigma (F*27) is used only for calculating R-factors(gt) etc. and is
not relevant to the choice of reflections for refinement. R-factors based
on F"2” are statistically about twice as large as those based on F, and R-
factors based on ALL data will be even larger.

_refine 1ls structure factor coef Fsqgd
reflne _1s matrlx type full
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_refine ls weighting scheme
reflne _1s weighting details

'calc w=1/[\s"2" (Fo"2")+(0.0756P)"*2"] where P=(Fo"2"+2Fc"2")

calc

_atom sites solution primary direct
_atom sites solution secondary difmap
_atom sites solution hydrogens geom
_refine ls hydrogen treatment constr
_refine ls extinction method none
_refine ls extinction coef ?
_refine 1s number reflns 3060
reflne 1s number _parameters 250
_refine ls number restraints 0
_refine 1ls R factor all 0.0742
reflne T 1s R factor gt 0.0500
_refine 1ls wR factor ref 0.1417
“refine 1ls wR factor gt 0.1274
" refine 1s goodness of fit ref 1.043
_refine ls restrained S all 1.043
_refine 1s shift/su max 0.012
_refine 1s shift/su mean 0.001
loop

_atom site label

_atom site type symbol
atom site fract x

“atom site fract Y%
_atom site fract z

_atom site U iso or equiv
_atom site adp type

_atom site occupancy

_atom site symmetry multiplicity
_atom site calc flag

_atom site refinement _flags
atom site dlsorder __assembly
“atom site disorder __group

Cl C 1.1659(3) 0.1139(2) 0.0746(2) 0.0416(5) Uani 1 1 d .
0l 0 1.2020(2) 0.06866(18) -0.02970(15) 0.0595(5) Uani 1 1 d
N1 N 1.2536(2) 0.1796(2) 0.13498(17) 0.0455(5) Uani

C2 C 1.2027(3) 0.2052(2) 0.2584(2) 0.0449(5) Uani 1

02 0 1.2684(2) 0.2551(2) 0.32914(16) 0.0655(5) Uani

C3 C 1.0621(3) 0.1523(2) 0.28651(19) 0.03989(5) Uani

H3 H 1.1001 0.0682 0.3421 0.048 Uiso 1 1 calc R

C4 C 0.8493(3) 0.2265(2) 0.12686(17) 0.0351(5) Uani

H4 H 0.7647 0.1839 0.1353 0.042 Uiso 1 1 calc R

C5 C 0.8415(3) 0.2946(2) 0.00120(18) 0.0390(5) Uani

Co C 0.7682(3) 0.2852(3) -0.1022(2) 0.0589(7) Uani 1 1 d

H6 H 0.7003 0.2344 -0.1131 0.071 Uiso 1 1 calc R

C7 C 0.8178(4) 0.3720(3) -0.1944(2) 0.0709(9) Uani 1 1 d

H7 H 0.7855 0.3893 -0.2761 0.085 Uiso 1 1 calc R

C8 C 0.9166(4) 0.4211(3) -0.1400(2) 0.0720(8) Uani 1 1 d

H8 H 0.9674 0.4784 -0.1789 0.086 Uiso 1 1 calc R

03 0 0.9349(2) 0.37721(18) -0.01952(14

N2 N 0.8160(2) 0.33295(17) 0.22380(14) 0.0349(4) Uani 1 1 d
C9 C 0.6444(3) 0.4369(2) 0.2394(2) 0.0461(6) Uani 1 1 d

HO9A H 0.5733 0.3912 0.2779 0.055 Uiso 1 1 calc R
H9B H 0.6009 0.4755 0.1592 0.055 Uiso 1 1 calc R
Cl0 C 0.6429(3) 0.5571(3) 0.3207(2)
H10A H 0.7022 0.6102 0.2770 0.064 Uiso 1 1 calc R
H10B H 0.5277 0.6226 0.3376 0.064 Uiso 1 1 calc R
Cll C 0.7257(3) 0.4985(3) 0.4423(2)
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H11A H 0.6570 0.4578 0.4914 0.066 Uiso 1 1 calc R

H11B H 0.7326 0.5762 0.4888 0.066 Uiso 1 1 calc R

Cl2 C 0.9018(3) 0.3840(2) 0.42078(19) 0.0461(6) Uani 1 1 d
H12A H 0.9475 0.3427 0.4998 0.055 Uiso 1 1 calc R

H12B H 0.9749 0.4271 0.3813 0.055 Uiso 1 1 calc R

Cl3 C 0.8956(3) 0.2660(2) 0.33833(17) 0.0366(5) Uani 1 1 d .
Cl4 C 1.0236(3) 0.1111(2) 0.15965(18) 0.0376(5) Uani 1 1 d
H14 H 1.0203 0.0154 0.1634 0.045 Uiso 1 1 calc R

Cl5 C 0.8081(3) 0.1800(2) 0.4153(2) 0.0461(6) Uani 1 1 d . A .

04 O
05 O
Cl6A
H16A
H16B
Cl7A
H17A
H17B
H17C
Cl6B
H16C
H16D
C1l7B
H17D
H17E
H17F

.8085(3) 0.1675(2) 0.52540(16) 0.0915(8) Uani 1 1 d .
.7422(2) 0.1141(2) 0.34412(14) 0.0616(5) Uani 1 1 4d . . .
0.6630(14) 0.0282(16) 0.4102(12) 0.053(3) Uani 0.50 1 d P A1

.5578 0.0403 0.3858 0.115 Uiso 0.50 1 calc PR A 2
.7494 (15) -0.1134(9) 0.3528(9) 0.109(4) Uani 0.50 1 d P A 2
.7406 -0.1059 0.2644 0.163 Uiso 0.50 1 calc PR A 2
.6975 -0.1763 0.3861 0.163 Uiso 0.50 1 calc PR A 2
.8659 -0.1510 0.3726 0.163 Uiso 0.50 1 calc PR A 2

T DT @DTDTQO@DnTDTDQIDDmD Qoo

0.5542 0.0892 0.4458 0.063 Uiso 0.50 1 calc PR A 1

0.7324 -0.0261 0.4767 0.063 Uiso 0.50 1 calc PR A 1
0.6425(9) -0.0733(8) 0.3161(8) 0.067(2) Uani 0.50 1 4 P A1
0.5718 -0.0183 0.2517 0.100 Uiso 0.50 1 calc PR A 1

0.5920 -0.1334 0.3572 0.100 Uiso 0.50 1 calc PR A 1

0.7508 -0.1318 0.2805 0.100 Uiso 0.50 1 calc PR A 1
0.677(2) 0.0070(19) 0.3987(14) 0.096(6) Uani 0.50 1 d P A 2
0.6924 -0.0003 0.4874 0.115 Uiso 0.50 1 calc PR A 2

0

0

0

0

0

Cl8 C 1.3891(3) 0.2141(3) 0.0750(3) 0.0680(8) Uani 1 1 d
HI1I8A H 1.4062 0.2860 0.1216 0.102 Uiso 1 1 calc R
H18B H 1.3597 0.2494 -0.0077 0.102 Uiso 1 1 calc R
H18C H 1.4907 0.1295 0.0718 0.102 Uiso 1 1 calc R

loop

_atom site aniso label
_atom site aniso U 11
_atom site aniso U 22
_atom site aniso U 33
_atom site aniso U 23
_atom site aniso U 13
_atom site aniso U 12

Cl 0.0402(12) 0.0389(12) 0.0415(12) -0.0031(10) -0.0023(10) -0.0103(10)
01l 0.0585(11) 0.0675(11) 0.0525(11) -0.0202(9) 0.0104(8) -0.0241(9)

N1 0.0366(10) 0.0522(11) 0.0499(11) -0.0040(9) -0.0001(8) -0.0195(9)

C2 0.0396(12) 0.0479(13) 0.0444(13) -0.0006(10) -0.0089(10) -0.0129(11)
02 0.0529(11) 0.0883(13) 0.0635(11) -0.0186(10) -0.0118(9) -0.0337(10)
C3 0.0425(13) 0.0386(12) 0.0382(12) 0.0068(9) -0.0078(9) -0.0152(10)

C4 0.0381(11) 0.0366(11) 0.0340(11) 0.0021(9) -0.0031(9) -0.0183(10)

C5 0.0420(12) 0.0413(12) 0.0343(11) -0.0007(9) -0.0008(9) -0.0170(10)
Co6 0.0518(15) 0.0832(19) 0.0416(13) -0.0060(13) -0.0079(11) -0.0246(14)
C7 0.0661(18) 0.097(2) 0.0312(13) 0.0146(14) -0.0079(12) -0.0113(17)

C8 0.087(2) 0.0716(18) 0.0468(16) 0.0211(13) 0.0048(15) -0.0218(17)

03 0.0750(12) 0.0603(11) 0.0475(10) 0.0090(8) 0.0013(8) -0.0357(10)

N2 0.0389(10) 0.0345(9) 0.0310(9) -0.0003(7) -0.0033(7) -0.0135(8)

C9 0.0408(13) 0.0454(13) 0.0468(13) -0.0019(10) -0.0027(10) -0.0106(11)
Cl0 0.0518(15) 0.0459(14) 0.0589(15) -0.0107(11) 0.0083(12) -0.0144(12)
Cll 0.0600(16) 0.0576(15) 0.0536(14) -0.0176(12) 0.0106(12) -0.0284(13)
Cl2 0.0550(14) 0.0552(14) 0.0362(12) -0.0044(10) -0.0014(10) -0.0298(12
Cl3 0.0417(12) 0.0426(12) 0.0294(10) 0.0027(9) -0.0043(9) -0.0207(10)
Cl4 0.0418(12) 0.0329(11) 0.0396(12) 0.0017(9) -0.0038(9) -0.0160(10)
Cl5 0.0573(15) 0.0492(13) 0.0366(13) 0.0030(10) -0.0014(10) -0.0262(12)
04 0.160(2) 0.1198(18) 0.0362(11) 0.0124(10) -0.0036(11) -0.1007(18)

05 0.0823(13) 0.0842(13) 0.0450(9) 0.0116(9) -0.0022(9) -0.0626(12)
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Cl6A 0.050(4) 0.058(5) 0.060(6) 0.014(4) -0.017(4) -0.032(4)

Cl17A 0.079(5) 0.060(5) 0.073(5) 0.003(4) 0.008(4) -0.042(4)

CleB 0.166(12) 0.121(12) 0.057(6) 0.001(6) 0.028(6) -0.123(11)

Cl7B 0.182(11) 0.050(5) 0.095(7) -0.001(5) 0.045(7) -0.051(7)

Cl8 0.0486(16) 0.086(2) 0.0781(19) -0.0125(15) 0.0145(13) -0.0362(15)

_geom_special details
All esds (except the esd in the dihedral angle between two 1l.s. planes)
are estimated using the full covariance matrix. The cell esds are taken
into account individually in the estimation of esds in distances, angles
and torsion angles; correlations between esds in cell parameters are only
used when they are defined by crystal symmetry. An approximate (isotropic)
treatment of cell esds is used for estimating esds involving l.s. planes.

’

loop
_geom bond atom site label 1
_geom_bond atom site label 2
_geom_bond _distance

_geom bond site symmetry 2
_geom _bond publ flag

Cl 01 1.210(2) . 2

Cl N1 1.382(3) . 2

Cl Cl4 1.501(3) . »

N1 C2 1.382(3) . ?

N1 C18 1.458(3) . ?

C2 02 1.206(3) . 2

C2 C3 1.517(3) . 2

C3 Cl4 1.535(3) . 7

C3 C13 1.544(3) . ?

C3 H3 0.9800 . ?

C4 N2 1.465(3) ?
C4 C5 1.492(3) ?
C4 Cl4 1.556(3) . 7

C4 H4 0.9800 . 7
C5 C6 1.336(3) . 2
C5 03 1.373(3) . ?
Cé C7 1.459(4) . 2
C6 H6 0.9300 . 2
C7 C8 1.311(4) . 2
C7 H7 0.9300 . 2
C8 03 1.357(3) . ?
C8 H8 0.9300 . 2
N2 C9 1.453(3) . 7

N2 C13 1.460(2)

C9 C10 1.521(3) . ?
C9 H9A 0.9700 . 2

C9 H9B 0.9700 . 2
Cl0 C11 1.518(3) . ?
Cl10 H10A 0.9700 . 2
Cl10 H10B 0.9700 . ?
Cll C12 1.526(3) . ?
Cl1l H11A 0.9700 . ?
Cl1l H11B 0.9700 . ?
Cl2 C13 1.533(3) . ?
Cl2 H12A 0.9700 . ?
Cl2 H12B 0.9700 . ?
Cl3 C15 1.551(3) . ?
Cl4 H14 0.9800 . 2

Georg Thieme Publishers KG, RudigerstralRe 14, 70469 Stuttgart, Germany



Page 31 of 44 Manuscript Submitted to Synthesis

Cl5 04 1.191(3)

Cl5 05 1.317(3) . ?

O5 Cl6A 1.446(14)

05 Cl16B 1.490(15) . »
Cl6A C17A 1.534(17) . 2

Cl6A H16A 0.9700 ?
Cl6A H16B 0.9700 ?
Cl17A H17A 0.9600 ?
Cl17A H17B 0.9600 ?
Cl17A H17C 0.9600 ?
CleB C17B 1.242(19) . ?
CleB H16C 0.9700 . ?
CleB H16D 0.9700 ?
Cl17B H17D 0.9600 ?
Cl17B H17E 0.9600 ?
Cl7B H17F 0.9600 ?

Cl8 H18A 0.9600 . ?
Cl8 H18B 0.9600 . ?
Cl8 H18C 0.9600 . 2

loop
_geom_angle atom site label 1
_geom_angle atom site label 2
_geom_angle atom site label 3
_geom_angle
_geom_angle site symmetry 1
_geom_angle site symmetry 3
_geom_angle publ flag

Ol C1 N1 123.7(2) . . 2

Ol Cl1 C14 127.9(2) . . ?

N1 Cl1 Cl14 108.42(18) . . ?

C2 N1 Cl 113.06¢(19) . . 2

C2 N1 Cl18 123.7(2) . . ?

Cl N1 C18 123.2(2) . . ?

02 C2 N1 123.7(2) . . 2

02 C2 C3 128.1(2) . . 2

N1 C2 C3 108.08(18) . . 2

C2 C3 Cl14 104.40(17) . . 2

C2 C3 C13 115.15(17) . . 2

Cl4 C3 C13 106.01(1l6) . . °?

C2 C3 H3 110.3 . . 2
Cl4 C3 H3 110.3 . . ?
Cl3 C3 H3 110.3 . . »
N2 C4 C5 110.70(16)

N2 C4 Cl4 103.07(15)

C5 C4 Cl4 115.56(17)

N2 C4 H4 109.1 . . ?

C5 C4 H4 109.1 ?
Cl4 C4 H4 109.1 . . 2
C6 C5 03 110.6(2) . . 2
Co6 C5 C4 132.7(2) . .
03 C5 C4 116.48(18) . . »
C5 Ce6 C7 104.9(2) . . 2
C5 C6 H6 127.5 . . ?

C7 C6 H6 127.5 . .
C8 C7 C6 106.9(2) . . 2
c8 C7 H7 126.5 . . ?

C6 C7 H7 126.5 . .
C7 C8 03 111.1(3) . . 2
C7 C8 H8 124.4 . . 2

?

)

)

(2}
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O3 C8 H8 124.4 . . ?

C8 03 C5 106.4(2) . . ?

C9 N2 C13 115.24(1le) . . 2
C9 N2 C4 116.90(1l6) . . 2
Cl3 N2 C4 111.08(15) . . ?
N2 C9 C10 108.92(18) . . ?
N2 C9 HO9A 109.9 . . ?

Cl0 C9 HO9A 109.9 . . 2

N2 C9 HO9B 109.9 . . ?

Cl10 C9 H9B 109.9 . . 2

HO9A C9 H9B 108.3 . . 2

Ccll C10 C9 111.1(2) . . ?
Cll C10 H10A 109.4 . . ?
C9 C10 H10A 109.4 . . 2
Cll C10 H10B 109.4 . . ?
C9 C10 H10B 109.4 . . ?
H10A C10 H10B 108.0 . . ?

C10
C10
Cl2
C10
Cl2

Cl1
Cl1
Cl1
Cl1
Cl1

cl2 111.49(19) . . ?

H11A 109.3
H11A 109.3
H11B 109.3
H11B 109.3

H11A C11 H11B 108.0

Cl1
Cl1
C1l3
Cl1
C13

Cl2
Cl2
Cl2
Cl2
Cl2

Cl3 110.22(19)
H12A 109.6
H12A 109.6
H12B 109.6
H12B 109.6

LSRRV ERIVERIN]

D ) 0 ) e

H12A C12 H12B 108.1 . . ?
N2 C13 C12 108.17(17) . . ?
N2 C13 C3 101.03(15) . . 2
Cl2 C13 C3 119.06(18) . . 2
N2 C13 C15 115.88(17) . . 2
Cl2 C13 C15 107.92(17) . . 2

C3
Cl
Cl
C3
Cl
C3
c4
04
04
05

C1l3
Cl4
Cl4
Cl4
Cl4
Cl4
Cl4
C1l5
C1l5
C1l5

Cl5 05
Cl5 05

C15 105.11(17)
C3 104.49(17)
C4 113.67(17)
C4 105.92(16)

H14 110.8 . . 2
H14 110.8 . . ?
H14 110.8 . . ?

05 123.5(2)
Cl3 124.4(2)
Cl3 112.05(17)
CleA 114.8(6)
CleB 120.3(7)

Cl6A O5 C1l6B 9.1(12) :
05 Cl6A C17A 107.2(9) . . 2

O5 Cl16A H16A 110.3
Cl7A Cl6A HI16A 110.
05 Cl6A H16B 110.3
Cl17A Cl6A H16B 110.
H16A Cl6A H16B 108.

Cl7B C1l6B 05 112.6(12)

Cl7B C16B H16C 109.
05 C16B H16C 109.1
Cl7B C16B H16D 109.
05 C16B H16D 109.1
H16C C1l6B H16D 107.
CleB C17B H17D 109.
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CleB C17B H17E 109.
H17D C17B H17E 109.
CleB C17B H17F 109.
H17D C17B H17F 109.
H17E C17B H17F 109.5 . .
N1 C18 H18A 109.5 . . 2

N1 C18 H18B 109.5 . . 2

H18A C18 H18B 109.5 . . ?
N1 C18 H18C 109.5 . . 2

H18A C18 H18C 109.5 . . ?
H18B C18 H18C 109.5 . . 2

o1 o1 o o1 U1
[SEEIV RIS R VL)

_diffrn measured fraction theta max 0.998
_diffrn reflns theta full 25.00
_diffrn measured fraction theta full 0.999

_refine diff density max 0.300
_refine diff density min -0.217
_refine diff density rms 0.042
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Abstract The synthesis of polyfunctionalized indolizidines from pipecolinic
acid alkyl ester derivatives, aldehydes and a wide range of dipolarophiles
by a multicomponent 1,3-dipolar cycloadditions has been developed in a
diastereselective manner. Reactions take place in toluene with short
reaction times at 70 °C, giving good yields. The synthesis of these fused
heterocycles is also studied starting from the pipecolinic acid, generating
the dipole through a decarboxylative route at 120 °C. The relative
configuration of the resulting products, as well as the mechanistic
pathways are also explained.

Key words cycloaddition, multicomponent, indolizidine, azomethine ylides,
iminium route, decarboxylative route

Introduction

The indolizidine structure can be found in many alkaloid
families being the most important moiety in the molecule.!
These alkaloids, which can be isolated from plant or animal
sources, have shown important biological properties and
medicinal applications.2 As representative examples,
pharmaceutically interesting tetrahydroxyalkaloids such as
castanospermine and 6-epicastanospermine are possible lead
compounds in the search for anti-AIDS drugs, and the most
simple structure of tashiromine has multiple interesting
biological activities (Figure 1).

Castanospermine 6-Epicastanospermine Tashiromine

Figure 1. Representative natural indolizidine alkaloids.

Et;N (1eq)

70 °C, 17h, Toluene

up to 93 % yield
drup to 98:2

endo

Many synthetic approaches have been successfully developed
to prepare this fused heterocyclic skeleton. Most of them can
be classified according to the cyclization order, that means,
five-member ring followed by six-membered ring construction
(5—6) and vice versa (6—5).3 The most common used access is
the 5—6 pathway, and the reason is the high availability of
both natural or synthetic polifunctionalized pyrrolidines or
proline derivatives.#> In addition, interesting 6—5 sequences
have been published.®

Such as it has been extensively demonstrated, 1,3-dipolar
cycloaddition (1,3-DC) involving azomethine ylides is a
potential tool for the construction of complex alkaloid
structures.”89 Focusing on 6—5 sequences mediated by these
type of cycloadditions generating the intermediate azomethine
ylides via decarboxylation route,® intramolecular 1,3-DC
between d-chloroaldehydes, glycine and electrophilic alkenes,
gave indolizidines in very high yields (Scheme 1a).!! Another
decarboxylations underwent by tetrahydroisoquinoline-3-
carboxylic acid and by tetrahydro-B-carboline-3-carboxylic
acid also gave polycycles in good yields.12

The generation of the azomethine ylide through the iminium
route, where a decarboxylation do not occur, has also been
explored.!131415 Ethyl pipecolinate was used as starting material
in the generation of the corresponding iminium salt only with
benzaldehyde at 120 °C yielding mixture of stereoisomers
when N-methylmaleimide, dimethyl fumarate and maleate
were used (Scheme 1b).16 In all these examples the chemical
yield was almost quantitative (95%) and the mixture of
diastereoisomers was notable. In the case of dimethyl fumarate
and N-phenylmaleimide (NPM) a 50:50 and a 75:25 mixture of
endo:exo adducts was obtained, respectively. The intrinsic
thermal isomerization of dimethyl maleate also promoted the
generation of a third diastereoisomer (Scheme 1b).
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3 C0o,Me
R PhMe z N 0
CHO PY 2~ X (
a HNCOH 110°C N\( o N
N~ >Cco,Me ; T ~R
R H,Cl >\ (/)
la PH
b) 0
Dimethyl  Et02C CO,Me EtzN (1 eq) endo-2.R = Me
: > —————————  endo-3.R=Ph
fumarate H Ph  Toluene, 17 h, 70 °C
— CO;Me  50:50dr
(95%) N

Ph
PhCHO Dimethyl ~ Et0,C  COzMe

O\ PhMe maleate @N
T

CO,Me 10:45:45dr
N7 TCOsEe 110°C | (95%) N 2ne

NPM
(95%)

75:25dr

Scheme 1. Precedents of the thermal preparation of indolizidines by 1,3-DC
with azomethine ylides

Following with the multicomponent 1,3-dipolar cycloaddition
strategy designed for the synthesis of pyrrolizidines!’ using
proline ester hydrochlorides, aldehydes and dipolarophiles, at
room temperature, we will survey in this work the general
scope of this cycloaddition employing six-membered ring
templates for the construction of the fleeting azomethine ylide
with aldehydes, and further capture with dipolarophiles. We
will study the generation of these intermediates through the
iminium route, or through the decarboxylation way. All these
reactions will be designed with the idea of increasing the
functionality of the resulting polysubstituted indolizidines
improving the diastereomeric ratio at the end of the processes.
A comparison between both methodologies will be also
stablished.

Results and discussion

Following the optimized reaction conditions described by our
group in the synthesis of pyrrolizidines,172c the first attempt to
run 1,3-DC between the iminium salt, generated from methyl
pipecolinate hydrochloride 1a and cinnamaldehyde, and
further cyclization with N-substituded maleimides as
dipolarophiles was performed at 25 °C in toluene. The reaction
did not take place neither using these reaction conditions nor
employing the silver catalyzed-process at room temperature.
When increasing the temperature to 70 °C in toluene and in the
absence of silver salts the reaction succeeded. Indolizidines 2
and 3 were isolated with high endo-diastereoselectivity when
methyl pipecolinate and one equivalent of triethylamine were
allowed to react with N-methylmaleimide (NMM) or with N-
phenylmaleimide (NPM). No differences were observed
concerning both of the yield the diastereoselectivity (70:30 dr).
Compound 2 was isolated in 81% overall yield (endo-2 59%,
and exo-2 22%) and 3 in 75% overall yield (endo-3 55%, and
ex0-3 20%) (Scheme 2). In contrast, when maleic anhydride
was tested higher yield and complete endo-diastereoselectivity
was achieved for compound 4 (Figure 2).

NMM, R = Me
NPM.R =Ph

exo-2.R = Me
exo-3, R = Ph

(59% endo-2, 22% exo-2) endo-2:exo-2 70:30 dr
(55% endo-3, 20% exo-3) endo-3:exo-3 70:30 dr

Scheme 2. Synthesis of indolizidines 2 and 3 through multicomponent
cycloaddition of pipecolinic acid methyl ester, with cinnamaldehyde and
maleimides.

endo-4 exo-4
(93% endo-4) endo-4:exo-4 98:2 dr

Figure 2. Chemical yield and distereoselection of the reaction of the
Scheme 2 using maleic anhydride as dipolarophile.

Following with the study of the general scope several
dipolarophiles maintaining the aldehyde structure were tested.
The highest endo-diastereselection was achieved when the less
sterically hindered methyl acrylate was employed as
dipolarophile (Scheme 3) yielding endo-5 (57%) in a 95:5 dr.
When methyl fumarate was used as dipolarophile, the
diastereoselectivity observed for compound endo-6 (84:16 dr)
was slightly lower than the obtained one for the methyl
acrylate but higher than with NMM (Scheme 3). trans-§-
Nitrostyrene and chalcone were suitable dipolarophiles for this
thermal multicomponent reaction affording indolizidines 7, 8
and 9, respectively. With the conjugated ketone the chemical
yield was lower (66% overall yield) than the analogous
obtained in the example run with the nitroalkene (72% overall
yield). However, apart from the endo-7 cycloadduct (17%
yield), the regioisomer exo-8 (55% yield) was also identified in
high proportions. In the case of chalcone the unexpected
cycloadduct exo-9 was obtained as major product (75:25 dr)
(Scheme 3).

Methyl 1,2,3,4-tetrahydroisoquinoline-3-carboxylate 10,
prepared from phenyl alanine methyl ester!8 was also tested in
this multicomponent process. Cinnamaldehyde, 10 and NPM
were mixed and the reaction was warmed at 70 °C for 17 h.
Tetracyclic complex skeleton endo-11 was obtained as major
compound in 65% yield, and exo-11 in 11% yield with a 86:14
dr (Scheme 4).
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N CO,M =
H-Ha 2 ¢ H)]\/\Ph X
1
a Et;N (1 eq), 17h
70 °C, toluene
X = CO,Me X =CO,Me X =NO, X =COPh
Z=H Z=C0yMe Z=Ph Z=Ph
N
CO,Me CO,Me co,Me COpMe CO,Me
N N CO,Me o SN NO, . Ph
)\ CO,Me )\ CO,Me )‘\ ’~N02 >\ Ph )\ COPh
Ph PH . PH PH
5(57%) (62% endo-6, 11% exo-6) 7 (17%) + 8 (55%) 9 (66%)

endo-5:ex0-5 95:5 dr endo-6:ex0-6 84:16 dr

endo-7:exo-8 23:77 endo-9:exo-9 25:75 dr

Scheme 3. Multicomponent cycloaddition of pipecolinic acid methyl ester hydrochloride 1a, cinnamaldehyde and different dipolarophiles.

N~ >co,Me
CO,Me
10 17h,70°C, 2
toluene N ol
0 - . {
J\/\ S Nepy
H Ph )\ "
Ph PH 0

11 (65% endo-11, 11% exo-11)
endo-11:exo0-11 86:14 dr

Scheme 4. Synthesis of indolizidine 11 through the multicomponent
cycloaddition of 10 and cinnamaldehyde, with NPM.

A comparison with the thermal 1,3-DC reported in the literature
by Joucla and coworkers (Scheme 1b),1¢ where benzaldehyde
was employed, was done. The reaction with N-methylmaleimide
did not work under our reaction conditions, and a complex
mixture of inseparable products was detected after performing
the reaction at 110 °C. However, the reaction involving maleic
anhydride, benzaldehyde, and 1a at 70 °C gave a modest
isolated chemical yield (27%) of cycloadduct endo-12 as unique
diastereoisomer (Scheme 5). Furfural was also tested together
with ethyl pipecolinate 1b and NMM affording endo-cycloadduct
13 as major compound in 82:18 dr and 48% overall yield
(Scheme 5).

Nevertheless, crotonaldehyde, isovaleraldehyde and (2E,4E)-
hexa-2,4-dienal showed very poor reactivity. According to our
studies, reactions run with all type of aldehydes, but specially
aldehydes, very high
temperatures (>70 °C) affording decomposition products
(detected in crude 'H-NMR spectra).

unsaturated were sensitive to

SV e
N~ >co,R AT CH X

H,Cl 0
1a,R=Me

1b,R=Et EtsN (leq), 17h

70 °C, toluene

Ar =Ph Ar = 2-furyl
X=0 X =NMe
CO,Me CO,Et
0 0
N /( N /(
S~ 0 >, _NMe
r =
0 X0 0
12 (27%) 13 (48%)

endo-12:ex0-12 >99:1 dr endo-13:ex0-13 >82:18 dr

XRDA of endo-13

Scheme 5. Synthesis of indolizidines endo-12 and endo-13 through
multicomponent cycloaddition of pipecolinic acid alkyl esters 1, with
aromatic aldehydes and different dipolarophiles.

After careful analysis of H-NMR of the reaction crudes, only a
mixture of two diastereoisomers was identified. At this point,
we can assume that the reaction mechanism proceeds with
relative high to excellent diastereocontrol as consequence of the
S-type dipole generated by iminium route which attacks
preferentially by its a-position to carbon atom of dipolarophile
with partial positive charge (Figure 3a). This S-dipole, through
the most favorable endo-approach allows the 2,4-trans-2,5-trans
arrangement of the five-membered ring (Figure 3b). This
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preferential trend was observed in compounds 2, 3, 4, 5, 6, 11,
12 and 13. Only in the example run with the chalcone the exo-
diasteroselectivity was preferentially observed presumably due
to the high steric interaction between the phenyl group closer to
ketone group and the substituents of the cyclic dipole.1? In this
example a 2,4-cis-2,5-trans arrangement was generated. On the
other hand, the cycloadduct resulting from the y-attack of the S-
dipole was preferred in the reaction performed with trans-f3-
nitrostyrene, which is an excellent Michael acceptor able to trap
whatever type of resonance forms. In this case, the new
compound 8 was formed by a more feasible exo-attack of the
dipolarophile. This identical behavior was described during the
multicomponent synthesis of pyrrolizidines
steroelectronic effects of the nitroalkene.1”

because of

The relative configuration of the major endo-cycoadducts 2-6
and 11-13 was proposed according to unambiguous nOe
experiments. A representative example of these analyses is
shown in Figure 4. The most stable conformations of endo-5 and
endo-6 have been represented with the corresponding nOe
effects detected. It is noteworthy to indicate that a small, but
definitive, increment of electronic population in the signal of
methyl group was produced when the hydrogen atom bonded to
the C3 position was irradiated. In addition, this configuration
was identical to the obtained by Joucla et al after X-ray
diffraction analysis,’6 and also with the same structural
arrangement of pyrrolicidines obtained after multicomponent
1,3-DC involving prolinates.l” At the end of the experimental
work an X-ray diffraction analysis of crystalline major
diastereoisomer endo-132° could be performed confirming all
these stereochemical results obtained by NMR experiments
(Scheme 5).

a)
o3
e .
N7 CO,Me N7 co,Me
J A4
R R™ _ y
S-shape dipoles
L
(‘N CO,Me
“~
| EWG—~
Ph
a-atack
b)

endo-approach

,\,COzMe
N
514
~—" EWG
Ph
4,5-cis-endo 4,5-trans-exo

Figure 3. Mechanistic details of the synthesis of indolizidines by the iminium
route.

cyvle CO,Me
0
3 /g = ;\l 4

r

N
)
Ph Ph

(6]
endo-4 endo-5

Figure 4. Representative nOe detected for major endo-adducts (4 and 5) of
this series of reactions.

Next, we study the availability of performing the corresponding
1,3-DC starting from pipecolinic acid 14, aldehydes and
dipolarophiles. In this reaction, the necessary decarboxylation
of the iminium salt generated in situ occurred at higher
temperatures (refluxing toluene) (Scheme 6). To the best of our
knowledge, this type of cycloaddition of 14 has not been
reported yet.2! Thus, compound 14, cinnamaldehyde, and NMM
were diluted in toluene and the mixture was heated in a sealed
tube at 120 °C (bath temperature) obtaining a mixture of four
different stereosiomers 15 in 89% overall yield (Table 1, entry
1). In all cases the diastereomeric ratio observed in the crude
1H-NMR spectra was identical to the analogous one determined
after separation of each isomers by column chromatography.
With NPM chemical yield of 16 was lower (78%) but the endo-
diastereoselection was the highest of all this series of
decarboxylative reactions using cinnamaldehyde (Table 1, entry
2). Dimethyl and diisobutyl fumarates gave both identical
chemical yields (75%) and mixtures of diastereoisomers of
products 17 and 18 (Table 1, entries 3 and 4). Non-symmetrical
dipolarophiles tert-butyl acrylate and trans-B-
nitrostyrene were next evaluated. Compounds 19 and 20 were
isolated in 52 and 40% overall yields, respectively (Table 1,
entries 5 and 6). Finally, benzaldehyde was tested with 14 and
NPM affording a very high yield (95%) of compound 21 as
mixture of four stereoisomers (Table 1, entry 7). However, the
reaction with NMM or tert-butyl acrylate only afforded
decomposition products at the end of the reaction. Other
aldehydes such as crotonaldehyde, isovaleraldehyde and
furfural also failed as starting materials in the multicomponent

such as

reaction employing NMM.

After careful analyses of selective nOe experiments of each
isolated product/mixture, and by comparison of the analogous
chemical shifts and coupling constants we could identify each
structure. Endo-cycloadduct was always the most abundant
stereoisomer, followed by the exo-adduct and a couple of similar
diastereoisomers with different olefinic chemical shifts. nOe
experiments revealed clear all-cis-arrangement in C2, C3, C4,
and C5, for the endo-cycloadduct 15 (Figure 5). Apart from cis-
maleimide ring junction nOe, a very small one was observed
between hydrogens bonded to C2 and C5 positions (Figure 5). A
crucial nOe between hydrogens placed at C2 and the closer
olefinic one was observed in both endo’- and exo’-15 (Figure 5).

With all these stereochemical information, we can propose that
the reaction, once produced the decarboxylation, operated
through the most stable S-shape dipole interacting with the
electrophilic alkene by its a-position. S-Shape dipole underwent
thermal steromutation in the iminium salt affording unstable U-
shape dipole, which is the responsible of the generation of
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endo’- and exo’-diastereoisomers. Besides, the regioselectivity of
this cycloaddition was very high because we could not detect
any stereoisomer due to the attack of the dipole by its y-position

(Figure 6).

R R p?
g COH = Toluene N\§' "Ry N R,
T ——— A
17h,120°C 3 2 N
14 0 Rl R3 R1 R3
)J\ endo exo
H R,

Scheme 6. Multicomponent 1,3-DC via decarboxylative route employing 14, aldehydes, and dipolarophiles

Table 1. Multicomponent 1,3-DC by mixing amino acid 14, aldehydes, and dipolarophiles at 120 °C.

Entry R1 Dipolarophile Product Yield (%)2 G do:ex::’:n e
1 (E)-PhCH=CH- NMM 15 89 35:22:20:23
2 (E)-PhCH=CH- NPM 16 78 45:17:18:20
3 (E)-PhCH=CH- Dimethyl fumarate 17 75 33:29:18:20
4 (E)-PhCH=CH- Diisobutyl fumarate 18 75 35:30:19:17
5 (E)-PhCH=CH- tert-Butyl acrylate 19 52 39:28:17:16
6 (E)-PhCH=CH- trans-f3-Nitrostyrene 20 40 43:25:11:21
7 Ph NPM 21 95 57:25:13:5

20verall chemical yield isolated after flash chromatography.

b Mixture of diastereoisomers detected by "H-NMR of the crude mixture and after the separation of all of the corresponding diastereoisomers.

endo-15

exo-15 endo’-15 exo™-15

Figure 5. Representative nOe effects detected for adducts 15 derived from
pipecolinic acid 14 and NMM.

As conclusion, we have prepared indolizidines from methyl
pipecolinate and methyl 1,2,3,4-tetrahydroisoquinoline-3-
carboxylate in a multicomponent 1,3-DC using functionalized
conjugate aldehydes as cinnamaldehyde and different
dipolarophiles at 70 °C. The major isomers resulted from the
attack of the reactive S-shape dipole, prepared via the iminium
route, by its a-position affording all cis-endo diasteroisomers.
Under these reaction conditions, the diasteroselection was
notably higher than the analogous ones reported in the
literature at 110 °C. In other side, the appearance of the U-shape
dipole at 120 °C allowed to obtain two more diastereoisomers
(endo’ and exo’) when the multicomponent sequence dealt with
a dipole generated by a decarboxylative route. Here, endo-
cycloadduct was the major isomer, especially when a bulky
substituent in the dipolaophile was bonded (Ph, But, Bui) but
with very significant amounts of the corresponding exo-adduct.
In all these examples, the diasteromeric ratio was very low. No
regioisomeric adducts controlled by a y-attack were obtained in
any case.

RCHO + O\

N CO,H
H 2

l-co2

a-atack
endo or exo approach

endo

Gl
exo T A -
AN )
Y —J
R) ™~ R
EWG—F
S-shape dipole

I

. A<
exo' N‘ _\;
N
EWG—Z"
U-shape dipole

N no
reaction

a-atack
endo or exo approach

Figure 6. Mechanistic details of the synthesis of indolizidines by the
decarboxylative route.
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Experimental part

Melting points were determined with a Reichert Thermovar hot plate
apparatus and are uncorrected. Only the structurally most important
peaks of the IR spectra, recorded on a Nicolet 510 P-FT, are listed. For
solid samples ATR device was employed. '"H-NMR (300 MHz) and 13C-
NMR (75 MHz) spectra were obtained on a Bruker AC-300 using CDCls as
solvent and TMS as internal standard.

Low-resolution electron impact (EI) mass spectra were obtained at 70
eV on a Shimadzu QP-5000 and high-resolution mass spectra were
obtained on a Finnigan VG Platform. HRMS (EI) were recorded on a
Finnigan MAT 95S. Analytical TLC was performed on Schleicher &
Schuell F1400/LS silicagel plates and the spots were visualized under UV
light (A = 254 nm). Flash chromatography was done using Merck silica
gel 60 (0.040-0.063 mm).

General procedure for the synthesis of indolizidines 3-9

To a solution of the pipecolic acid methyl ester hydrochloride 1 (40 mg,
0.22 mmol) in toluene (1 mL), EtsN (1 equiv, 30.5 uL, 0.22 mmol), the
corresponding aldehyde (1 equiv, 0.22 mmol) and the dipolarophile (1
equiv, 0.22 mmol) were added. The resulting mixture was stirred at 70
°C for 17 h. EtOAc (5mL) and H20 (5 mL) were added and the organic
phase was separated, dried (MgS04), and evaporated to obtain the crude
heterocycle, which was purified by flash chromatography (silica-gel) in
chemical yields reported along the text.

Methyl (3a$*,45*,9aR*9bR*)-2-methyl-1,3-dioxo-4-[(E)-
styryl]decahydro-9aH-pyrrolo|[3,4-alindolizine-9a-carboxylate
(endo-2)

Yield: 36 mg (59%), colorless prims, mp 134-135 °C (Et20).
IR (neat): 1734, 1698,1213 cm'L,

1H-NMR: § = 1.18 (dt, J = 13.3, 3.5 Hz, 1H, NCH2CH:CH>), 1.27-1.48 (m,
1H, NCH2CHCH), 1.45-1.63 (m, 2H, NCH2CH), 1.74 (dt, ] = 13.2, 3.4 Hz,
1H, CCHy), 2.48 (ddd, ] = 13.2, 2.9, 1.4 Hz, 1H, CCH2), 2.81, 2.84 (2xd, J =
2.7 Hz, 2H, NCH), 3.01 (s, 3H, NCH3), 3.25 (dd, J = 8.0, 7.9 Hz, 1H,
NCHCH), 3.35 (d, ] = 7.9 Hz, 1H, CCH), 3.76 (s, 3H, OCH3), 4.18 (dd, / = 9.2,
8.0, Hz, 1H, NCH), 5.88 (dd, ] = 15.6, 9.2 Hz, 1H, PhCHCH), 6.68 (d,] = 15.6
Hz, 1H, PhCH), 7.22-7.35 (m, 3H, ArH), 7.36-7.45 (m, 2H, ArH).

13C-NMR: & = 21.7 (NCH.CH2CHz), 24.7 (NCH2CHz), 25.1 (NCHs), 32.0
(CCHz), 43.8 (NCHz), 47.9 (NCHCHCO), 51.4 (CCHCO), 51.8 (OCH3), 65.2
(NCH), 69.9 (CCO:Me), 126.7, 127.8, 128.6, 128.7, 134.5, 136.8 (ArC,
€=(), 173.6,175.3 (2xNCO), 175.9 (CO:Me).

MS (EI): m/z = 368 (M*, 3%), 310 (20), 309 (100), 224 (3).
HRMS (DIP) calcd. for C21H2sN204: 368.1746; found 368.1750.

Methyl (3a$%45%*9aR*9bR*)-1,3-dioxo-2-phenyl-4-[(E)-
styryl]decahydro-9aH-pyrrolo[3,4-alindolizine-9a-carboxylate
(endo-3)

Yield: 52 mg (55%), pale yellow oil.
IR (neat): 2933, 1710, 1498, 1448, 1375, 1179, 1309, 1192 cm'.

IH-NMR: & = 1.17-123 (m, 1H, NCH:CH:CHz), 1.28-1.35 (m, 1H,
NCH:CH2CHz), 1.38-1.48 (m, 1H, NCHzCHz), 1.62-1.68 (m, 1H, NCH2CHz),
1.78 (dt, J = 13.1, 3.2 Hz, 1H, CCH2), .53 (dd, J = 13.1, 1.5 Hz, 1H, CCH2),
2.82-2.93 (m, 2H, NCHz), 3.41 (t, ] = 8.0, Hz, 1H, NCHCH), 3.51 (d, ] = 8.0
Hz, 1H, CCH), 3.79 (s, 3H, OCH3), 4.29 (dd, J = 8.9, 8.0, Hz, 1H, NCH), 6.01
(dd, ] = 15.7, 8.9 Hz, 1H, PhCHCH), 6.72 (d, ] = 15.7 Hz, 1H, PhCH), 7.16-
7.35 (m, 5H, ArH), 7.37-7.50 (m, 5H, ArH).

13C-NMR: § = 21.8 (NCH:CH2CHz), 24.9 (NCH2CH2), 32.1 (CCHz), 44.0
(NCHz), 48.0 (NCHCHCO), 51.4 (CCHCO), 51.9 (OCH3), 65.5 (NCH), 70.4
(CCO2Me), 126.7, 126.9, 127.7, 127.9, 128.6, 128.8, 129.3, 132.0, 134.4,
136.8 (ArC, C=C), 173.6 (€0), 174.2 (€0), 175.0 (CO:zMe).

MS (EI): m/z = 430 (M, 3%), 372 (26), 371 (100), 224 (6).

HRMS (DIP) calcd. for C26H26N204: 430.1893; found 430.1911.

Methyl (3a$*4S5*9aR*9bR*)-1,3-dioxo0-4-[(E)-styryl]octahydro-
3H,9aH-furo[3,4-a]indolizine-9a-carboxylate (endo-4)

Yield: 72 mg (93%), colorless prisms, mp 146-148 °C (Etz0).
IR (neat): 1774, 1734, 1226 cm'.

1H-NMR: & = 1.15-1.25 (m, 1H, NCH,CH:CH), 1.50 (ddt, ] = 12.9, 8.4, 3.9
Hz, 1H, NCH2CH2CH>), 1.58-1.69 (m, 1H, NCH2CH>), 1.67-1.85 (m, 2H,
CCHz, NCH2CH?), 2.45 (ddd, ] = 12.7, 4.5, 1.9 Hz, 1H, CCH2), 2.90 (d, ] = 2.7
Hz, 1H, NCH2), 2.93 (d, ] = 2.7 Hz, 1H, NCH>), 3.54 (dd, ] = 8.5, 8.3 Hz, 1H,
NCHCH), 3.71 (d, ] = 85 Hz, 1H, CCH), 3.79 (s, 3H, OCH3), 4.27 (dd, = 9.3,
8.3 Hz, 1H, NCH), 5.98 (dd, J = 15.7, 9.3 Hz, 1H, PhCHCH), 6.73 (d,] = 15.7
Hz, 1H, PhCH), 7.26-7.36 (m, 3H, ArH), 7.39-7.44 (m, 2H, ArH).

13C-NMR: § = 21.3 (NCH2CH2CHz), 24.3 (NCH2CHz2), 31.5 (CCH2), 44.1
(NCHz), 48.4 (NCHCHCO), 52.0 (CCHCO), 52.4 (OCHs), 66.0 (NCH), 70.6
(CCO2Me), 125.5, 127.1, 128.4, 12858, 136.2, 136.4 (ArC, C=C), 169.0,
169.4 (2xNC0), 172.4 (CO2Me).

MS (EI): m/z = 355 (M*, 5%), 297 (20), 296 (100), 225 (10), 224 (50).
HRMS (DIP) calcd. for C20H21NOs: 355.1420; found 355.1426.

Dimethyl (25*35*8aR*)-3-[(E)-styryllhexahydroindolizine-
2,8a(1H)-dicarboxylate (endo-5)

Yield: 43 mg (57%), yellow solid, mp 189-190 °C (Etz0).
IR (neat): 2977, 2946, 1745, 1474 cm™.

IH-NMR: § = 1.11-1.17 (m, 1H, NCH:CH.CH), 1.33-151 (m, 2H,
NCH2CHz, NCH2CH2CH>), 1.52-1.60 (m, 1H, NCH2CH>), 1.65 - 1.75 (m, 1H,
CCH»), 2.15 (dd, ] = 12.4, 8.0, Hz, 1H, CHCHz), 2.24 (dd, ] = 12.4, 10.8, Hz,
1H, CHCH?), 2.40 (dtd, ] = 12.4, 3.3, 1.2 Hz, 1H, CCH2), 2.68 (td, ] = 11.7,
3.3 Hz, 1H, NCH3), 2.80 (dd, J = 11.7, 3.9 Hz, 1H, NCH>), 3.20 (td, ] = 10.5,
8.0 Hz, 1H, NCHCH), 3.53 (s, 3H, CHCO2CH3), 3.70 (s, 3H, CCO2CH3), 4.10
(ddd, J = 10.8, 8.8, 8.0 Hz, 1H, NCH), 5.91 (dd, J = 15.8, 8.8 Hz, 1H,
PhCHCH), 6.53 (d, ] = 15.8 Hz, 1H, PhCH), 7.15-7.21 (m, 1H, ArH), 7.23-
7.30 (m, 2H, ArH), 7.31-7.38 (m, 2H, ArH).

13C-NMR: & = 22.0 (NCH2CH2CHz), 25.3 (NCH2CHz2), 34.6 (CCH2CHz), 39.0
(CCH2CH), 43.4 (NCH2), 45.5 (CHCOzMe), 51.2 (OCH3), 51.6 (OCH3), 65.2
(NCH), 68.6 (CCO2Me), 126.4, 127.5, 128.5, 129.7, 132.9, 1369 (ArC,
€=0), 173.3 (CO2Me), 175.6 (CO:Me).

MS (EI): m/z = 343 (M*, 2%), 285 (20), 284 (100), 224 (12).
HRMS (DIP) calcd. for C20H25NO4: 343.1784; found: 343.1800.

Trimethyl (15%25%35*8aR*)-3-[(E)-styryllhexahydroindolizine-
1,2,8a(1H)-tricarboxylate (endo-6)

Yield: 62 mg (70%), pale yellow oil.
IR (neat): 1732,1201, 1167 cm'L.

1H-NMR: & = 1.24 (tdd, ] = 13.5, 8.8, 3.9 Hz, 1H, NCH2CHCH2), 1.46-1.65
(m, 3H, NCH2CHz, NCH2CH2CH>), 1.68-1.79 (m, 1H, CCH2), 2.40-2.72 (m,
2H, NCHz, CCH3), 2.76-2.85 (m, 1H, NCH>), 3.43 (d, ] = 10.8 Hz, 1H, CCH),
3.55 (s, 3H, CHCO:CH3), 3.68 (s, 3H, CHCO2CHs), 3.69 (dd, J = 10.8, 10.5
Hz, 1H, NCHCH), 3.70 (s, 3H, CCO2CHs), 4.19 (dd, J = 10.5, 9.1 Hz, 1H,
NCH), 5.87 (dd, = 15.8, 9.1 Hz, 1H, PhCHCH), 6.55 (d, = 15.8 Hz, 1H,
PhCH), 7.19-7.37 (m, 5H, ArH).

13C-NMR: § = 21.8 (NCH2CH2CH2), 25.1 (NCH2CHz), 34.5 (CCHz), 43.8
(NCHz), 48.2 (CCH), 51.7 (NCHCH), 52.1 (OCHs), 52.3 (OCH3), 55.0
(OCH3), 64.4 (NCH), 70.9 (CCO:Me), 126.6, 127.8, 128.7, 128.9, 133.7,
136.8 (ArC, C=C), 171.0 (CCO2Me), 172.3 (CHCO2Me), 172.8 (CHCO:Me).

MS (EI): m/z = 401 (M*, 5%), 343 (21), 342 (100), 310 (13), 282 (38),
250 (23).
HRMS (DIP) calcd. for C22H27NOs: 401.1838; found 401.1849.

Methyl (15%25*%35*%8aR*)-2-nitro-1-phenyl-3-[(E)-
styryllhexahydroindolizine-8a(1H)-carboxylate (endo-7)

Yield: 15 mg (17%), brown sticky oil.
IR (neat): 1734, 1556, 1223 cm'.

IH-NMR: & = 1.21-1.38 (m, 2H, NCH:CH:CHz), 1.50-1.70 (m, 2H,
NCH2CH), 1.74-1.87 (m, 1H, CCHz), 2.24-2.31 (m, 1H, CCH3), 2.96-3.02
(m, 2H, NCHz), 3.86 (s, 3H, OCHz), 3.93 (dd, ] = 8.4, 5.2 Hz, 1H, NCHCHPh),
4.08 (t, ] = 8.4 Hz, 1H, NCH), 5.22 (d, ] = 5.2, 1H, CHNO2), 6.15 (dd, J =
15.8, 8.4 Hz, 1H, PhCHCH), 6.40 (d, ] = 15.8 Hz, 1H, PhCH), 7.06-7.12 (m,
2H, ArH), 7.22-7.39 (m, 8H, ArH).
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13C-NMR: § = 21.6 (NCH:CH2CHz), 24.6 (NCH2CH2), 31.5 (CCHz), 43.7
(NCHCHPh), 52.4 (NCH2), 54.5 (OCH3), 71.5 (NCH), 72.0 (CCOzMe), 97.9
(CHNOy), 126.7, 127.7, 128.0, 128.2, 128.7, 129.1, 129.5, 134.7, 136.5,
138.1 (ArC, C=C), 172.8 (CO:Me).

MS (EI): m/z = 360 (M*-NO2, 91%), 348 (13), 347 (51), 302 (25), 301
(100), 300 (39), 224 (18), 210 (45), 198 (13).

HRMS (DIP) calcd. for C24H26N204(-NO2): 360.1983; found: 360.1974.

Methyl (15*2R*35*8aR*)-1-nitro-2-phenyl-3-[(E)-
styryllhexahydroindolizine-8a(1H)-carboxylate (exo-8)

Yield: 62 mg (55%), colorless prisms, mp 146-148 °C (Etz0).
IR (neat): 1543, 1354 cm'L.

IH-NMR: & = 1.08-1.32 (m, 2H, NCH2CH:CHz), 1.47-1.65 (m, 2H,
NCH2CHz), 1.69-1.82 (m, 1H, CCHz), 2.21-2.56 (m, 2H, NCHz, CCH2),
2.86-2.93 (m, 1H, NCH2), 3.43 (s, 3H, OCHs), 4.09 (d, J = 10.0 Hz, 1H,
CCHPh), 4.69 (dd, ] = 9.6, 8.4 Hz, 1H, NCH), 5.74 (dd, J = 10.0, 9.6 Hz, 1H,
CHNO3), 5.90 (dd, J = 15.8, 8.4 Hz, 1H, PhCHCH), 6.72 (d, ] = 15.8 Hz, 1H,
PhCH), 7.08-7.21 (m, 2H, ArH), 7.27-7.34 (m, 6H, ArH), 7.35-7.42 (m,
2H, ArH).

13C-NMR: § = 21.9 (NCH2CH2CH>), 25.1 (NCH2CH2), 33.6 (CCHz), 44.6
(CCHPh), 51.1 (NCHz), 57.9 (OCHs), 65.7 (NCH), 73.4 (CCOzMe), 91.1
(CHNOy), 126.0, 127.0, 127.9, 127.9, 128.2, 1284, 128.6, 128.8, 133.5,
136.3 (ArC, C=C), 173.6 (CO:Me).

MS (EI): m/z = 360 (M*-NOq, 57%), 348 (19), 347 (80), 301 (33), 300
(100).

HRMS (DIP) calcd. for C24H26N204(-NO2): 360.1983; found: 360.1974.

Methyl (1R*,25*3S5*8aR*)-2-benzoyl-1-phenyl-3-[(E)-
styryllhexahydroindolizine-8a(1H)-carboxylate (endo-9) and
Methyl (15*2R*35*8aR*)-2-benzoyl-1-phenyl-3-[(E)-

styryl]hexahydroindolizine-8a(1H)-carboxylate (exo-9)
Yield: 68 mg (66%), colorless sticky oil.
IR (neat): 1718, 1682, 1447, 1207 cm™.

TH-NMR: & (mixture of endo:exo 0.33:1) = 1.13-1.19 (m, exo-2H,
NCHCHCHz), 1.20-1.24 (m, endo-2H, NCHCHCH?), 1.49-1.56 (m, endo-2H,
NCHCHz, exo-2H, NCHCH:), 1.68-1.81 (m, endo-1H, CCHz, exo-1H, CCHz),
1.88-1.93 (m, endo-2H, NCH2, CCH2), 2.36 (dt, ] = 12.3, 3.4 Hz, exo-1H,
CCHz), 2.49 (td, ] = 11.4, 4.0 Hz, exo-1H, NCHz), 2.87 (dd, J = 15.3, 3.8 Hz,
exo-1H, NCHz), 2.96-2.92 (m, endo-1H, NCH2), 3.42 (s, exo-3H, OCH3),
3.90 (dd, J = 8.5, 6.3 Hz, endo-1H, NCHCH), 3.93 (s, endo-3H, OCH3), 4.03
(d,J = 11.2 Hz, exo-1H, CCH), 4.13 (dd, ] = 8.5, 8.3 Hz, endo-1H, NCH), 4.26
(d,] = 6.3 Hz, endo-1H, CCH), 4.58 (dd, ] = 10.2, 8.8 Hz, exo-1H, NCH), 4.85
(dd,J = 11.2, 10.2 Hz, exo-1H, NCHCH), 5.71 (dd, / = 15.7, 8.8 Hz, exo-1H,
PhCHCH), 6.20 (dd, = 15.9, 8.3 Hz, endo-1H, PhCHCH), 6.30 (d, J = 15.7
Hz, exo-1H, PhCH), 6.37 (d, J = 15.9 Hz, endo-1H, PhCH), 7.04-7.23 (m,
endo-9H, exo-9H, ArH), 7.28-7.46 (m, endo-4H, exo-4H, ArH), 7.83-7.92
(m, exo-2H, ArH), 8.01-8.08 (m, endo-2H, ArH).

13C-NMR: & (major diastereoisomer) = 22.3 (NCH2CH2CHz), 25.4
(NCH2CH5), 33.8 (CCHz), 44.0 (NCH2), 50.8 (CCHPh), 51.9 (CHCO), 55.2
(OCHs3), 65.8 (NCH), 73.6 (CCOz:Me), 126.5, 126.6, 127.4, 127.5, 1281,
128.1,128.3,128.4,128.4,128.5, 128.5, 128.6, 128.7, 128.9, 129.9, 133.0,
133.0,136.7, 137.0, 138.1 (ArC, C=C), 174.6 (COzMe), 198.5 (CO).

MS (EI): m/z = 465 (M*, 3%), 407 (30), 406 (100), 360 (8).

HRMS (DIP) calcd. for C31H31NOs: 465.2324; found 465.2334.

General procedure for the synthesis of indolizidine 11

To a solution of the amine 10 (40 mg, 0.21 mmol) in toluene (1 mL), the
corresponding aldehyde (1 equiv, 0.21 mmol) and the dipolarophile (1
equiv, 0.21 mmol) were added. The resulting mixture was stirred at 70
°C for 17 h. The solvent was evaporated and the heterocycles were
separated by flash chromatography (silica-gel) in good chemical yields
(see text).

Methyl (3a$*4S*11aR*11bR*)-1,3-dioxo-2-phenyl-4-[(E)-styryl]-
1,2,3,3a,4,6,11,11b-octahydro-11aH-pyrrolo[3',4":3,4]pyrrolo[1,2-
blisoquinoline-11a-carboxylate (endo-11)

Yield: 68 mg (65%), white solid, mp 209-212 °C (Etz0).
IR (neat): 1703, 1494, 1396, 1203 cm’.

1H-NMR: & = 2.98 (d, ] = 16.8 Hz, 1H, CCH>), 3.44 (d, ] = 8.0 Hz, 1H,
CCHCO), 352 (d, J = 16.8 Hz, 1H, CCH2), 3.55 (dd, J = 8.2, 8.0 Hz, 1H,
NCHCH), 3.72 (s, 3H, OCH3), 3.88 (dd, ] = 8.6, 8.2 Hz, 1H, NCH), 3.95 (d, ] =
18.1 Hz, 1H, NCH3), 431 (d, J = 18.1 Hz, 1H, NCH2), 6.22 (dd, ] = 15.7, 8.6
Hz, 1H, PhCHCH), 6.62 (d, ] = 15.7 Hz, 1H, PhCH), 6.94-7.06 (m, 1H, ArH),
7.09-7.21 (m, 3H, ArH), 7.23-7.32 (m, 5H, ArH), 7.37-7.48 (m, 5H, ArH).
13C-NMR: & = 30.2 (CCHz), 45.4 (NCH2), 47.4 (NCHCHCO), 52.8 (CCHCO),
53.7 (OCHs), 64.8 (NCH), 68.8 (CCO:Me), 126.2, 126.5, 126.6, 126.9,
127.1,128.2, 128.7, 128.8, 129.0, 129.2, 130.6, 131.9, 135.2, 136.3 (ArC,
€=0), 170.9 (€0), 174.2 (CO), 174.6 (CO:Me).

MS (EI): m/z = 478 (M*, <1%), 420 (31), 419 (100), 180 (4).

HRMS (DIP) calcd. for C30H26N204: 478.1893; found 478.1883.

General procedure for the synthesis of indolizidines 12-13

To a solution of the pipecolic acid alkyl ester hydrochloride 1 (0.22
mmol) in toluene (1 mL), EtsN (1 equiv, 30.5 pL, 0.22 mmol), the
corresponding aldehyde (1 equiv, 0.22 mmol) and the dipolarophile (1
equiv, 0.22 mmol) were added. The resulting mixture was stirred at 70
°C for 17 h. EtOAc (5mL) and H20 (5 mL) were added and the organic
phase was separated, dried (MgSO4), and evaporated to obtain the crude
product which was purified by flash chromatography (silica-gel) in good
chemical yields (see text).

Methyl (3as$*4R*9aR*9bR*)-1,3-dioxo-4-phenyloctahydro-3H,9aH-
furo[3,4-alindolizine-9a-carboxylate (endo-12)

Yield: 20 mg (27%), yellow sticky oil.

IR (neat): 2927, 2856, 1781, 1733, 1209, 922, 734 cm™..

1H-NMR: § = 1.53-1.39 (m, 2H, NCHCHCH?), 1.55-1.65 (m, 1H, NCH2CH>),
1.83 (dt, J = 13.8, 3.5 Hz, 1H, NCH2CH>), 1.96 (td, / = 13.4, 3.9 Hz, 1H,
CCHz), 2.45-2.55 (m, 1H, CCH2), 2.65 (dd, /] = 11.9, 4.3 Hz, 1H, NCH>), 2.78
(td, J = 11.9, 3.3 Hz, 1H, NCH>), 3.61 (dd, J = 9.4, 8.3 Hz, 1H, PhCHCH),
3.69 (d,] = 8.3 Hz, 1H, CCHCO), 3.79 (s, 3H, OCH3), 4.75 (d, / = 9.4 Hz, 1H,
PhCH), 7.22-7.28 (m, 2H, ArH), 7.29-7.40 (m, 3H, ArH).

13C-NMR: 6 = 21.4 (NCH2CH2CH2), 24.6 (NCH2CH2), 31.0 (CCH2), 44.1
(NCHz), 49.6 (NCHCHCO), 52.2 (OCH3), 52.1 (CCHCO), 67.7 (NCH), 70.9

(CCO2Me), 127.8, 128.6, 128.8, 128.9, 130.2, 1365 (ArC, C=C), 169.0,
169.2 (2xNC0), 172.9 (COzMe).

MS (EI): m/z = 329 (M*, <1%), 271 (18), 270 (100), 220 (8), 198 (67).
HRMS (DIP) calcd. for C1gH19NOs(-COzMe): 270.1130; found 270.1132.

Ethyl (3as*4R*9aR*9bR*)-4-(furan-2-yl)-2-methyl-1,3-
dioxodecahydro-9aH-pyrrolo[3,4-alindolizine-9a-carboxylate
(endo-13)

Yield: 30 mg (39%), white prisms, mp 121-124 °C (Et20).

IR (neat): 2936, 1699, 1432, 1377, 1281, 1230, 1148, 1006, 755 cm'™.
TH-NMR: § = 1.21 (dt, J = 13.3, 3.8 Hz, 1H, NCH2CH2CH2), 1.32 (t, /= 7.2
Hz, 3H, CH2CH3), 1.44 (ddd, J = 12.4, 5.3, 4.1 Hz, 1H, NCH2CH2CH?), 1.51-
1.61 (m, 1H, NCH2CH2), 1.78 (dd, J = 13.9, 6.0 Hz, 1H, NCH2CHz), 1.87 (td,
J=13.2,3.7 Hz, 1H, CCH2), 2.53 (ddt, ] = 13.2, 4.6, 2.1 Hz, 1H, CCH2), 2.56—
2.65 (m, 1H, NCHz), 2.79 (td, /] = 11.7, 3.5 Hz, 1H, NCH2), 2.93 (s, 3H,
NCH3), 3.28-3.40 (m, 2H, NCHCH, CCH), 4.23 (q,] = 7.2 Hz, 2H, CH:CH3),
4.80 (d,/ = 8.2 Hz, 1H, NCH), 6.24 (dd, ] = 3.2, 0.8 Hz, 1H, OCHCHCH), 6.33
(dd,J =3.2,1.9 Hz, 1H, OCHCH), 7.38 (dd, / = 1.9, 0.8 Hz, 1H, OCH).
13C-NMR: 8§ = 14.5 (CH2CH3), 21.6 (NCH2CH2CH2), 24.7 (NCH2CHz), 25.1
(NCHs), 30.9 (CCHz), 44.3 (NCH2), 47.0 (NCHCHCO), 51.3 (CCHCO), 61.0
(CH2CH3), 61.2 (NCH), 69.9 (CCOzEt), 109.2 (OCHCH), 110.3 (OCCH),
142.8 (OCH), 151.1 (OCCH), 173.1,175.0 (2xNCO0), 175.8 (COzEt).

MS (EI): m/z = 346 (M*, <1%), 274 (16), 273 (100).
HRMS (DIP) calcd. for C1sHz2N20s: 346.1529; found: 346.1519.

General procedure for the synthesis of indolizidines 15-21

To a solution of the pipecolinic acid 13 (40 mg, 0.31 mmol) in toluene (1
mL), the corresponding aldehyde (1 equiv, 0.31 mmol) and the
dipolarophile (1 equiv, 0.31 mmol) were added. The resulting mixture
was stirred in a pressure tube at 120 °C for 17 h. The solvent was
evaporated and the mixture was separated by flash chromatography
affording the corresponding cycloadducts.
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(3a$*4S5*,9aR*9bR*)-2-Methyl-4-[(E)-styryl]octahydro-1H-
pyrrolo[3,4-alindolizine-1,3(2H)-dione (endo-15) and
(3aR*4R*9aR*,9bS*)-2-Methyl-4-[(E)-styryl]Joctahydro-1H-
pyrrolo[3,4-alindolizine-1,3(2H)-dione (exo™15)

Yield: 57 mg (59%), brown sticky oil.

IR (neat): 2938, 1697, 1433, 1382, 1281, 1239, 1138, 1039, 965, 749,
694 cm1,

H-NMR: & (mixture of endo:exo’ 1:09) = 1.11-1.28 (m, endo-2H,
NCHCHg, exo-1H, NCHCH2), 1.34-1.45 (m, endo-1H, NCH2CH>, exo™-1H,
NCHCHz), 1.50-1.66 (m, endo-1H, NCH2CHz, exo’-1H, NCH2CHz), 1.69-
1.90 (m, endo-1H, NCH2CH2CH>, exo’-2H, NCH2CH2CHz, CH2CHz), 1.97-
2.12 (m, endo-1H, NCH2CH2CHz, exo™-1H, NCH2CH2CHz), 2.18-2.36 (m, ] =
m, endo-1H, NCH2, exo-1H, NCHz), 2.79-2.93 (m, endo-2H, NCHCHz,
NCHg, exo-1H, NCHCHz), 2.98-3.02 (m, endo-3H, NCHs, exo™-4H, NCHs,
NCHCH), 3.03-3.08 (m, endo-1H, NCHCH, exo’-1H, NCHz), 3.10-3.32 (m,
endo-1H, CH2CHCH, exo’-2H, NCHCH, CH2CHCH), 4.13 (d, ] = 9.6 Hz, endo-
1H, NCHCH), 6.12 (dd, ] = 15.7, 9.2 Hz, exo-1H, PhCHCH), 6.26 (dd, ] =
15.7, 9.6 Hz, endo-1H, PhCHCH), 6.61 (d, ] = 15.7 Hz, exo-1H, PhCH), 6.64
(d,J=15.7 Hz, endo-1H, PhCH), 7.46 - 7.21 (m, endo-5H, exo’-5H, ArH).

13C-NMR: 8 (mixture of endo:exo’) = 24.4, 24.4 (2xNCH2CH2CH3), 24.8,
25.0 (2xNCHzCHz), 25.0, 25.1 (2xNCHs), 28.0, 28.9 (2xNCHCH.), 47.1,
47.6, 48.2 (3xCHCO), 48.5 (NCHz), 50.0 (CHCO), 51.8 (NCH3), 60.5, 65.9,
67.8, 70.5 (4xNCH), 125.0, 126.5, 126.8, 127.9, 128.0, 128.2, 128.6, 128.7,
134.3, 134.5, 136.3, 136.7 (ArC, 2xC=C), 176.4, 176.7, 176.9, 178.7
(4xC0).

MS (EI): m/z = 310 (M*, 18%), 309 (17), 220 (14), 219 (100), 199 (20),
198 (17), 115 (10).

HRMS (DIP) calcd. for C19H22N202: 310.1681; found: 310.1668.

(3aR*4S5*9aR*9bS5*)-2-Methyl-4-[(E)-styryl]octahydro-1H-
pyrrolo[3,4-alindolizine-1,3(2H)-dione (exo-15)
Yield: 21 mg (22%), yellow sticky oil.

IR (neat): 2919, 2850, 1698, 1435, 1283, 1122, 1074, 1010, 966, 732,
694 cmL.

IH-NMR: & = 1.21-1.30 (m, 1H, NCHCHz), 1.44-1.53 (m, 4H, NCHzCHo,
NCHCH2), 1.55-1.69 (m, 1H, NCH2CH>), 1.78-1.89 (m, 2H, NCH.CH2CH>),
2.62-2.75 (m, 1H, NCH>), 2.88 (dd, ] = 8.2, 2.1 Hz, 1H, CH.CHCH), 2.91-
2.98 (m, 1H, NCHz), 3.00 (s, 1H, NCH3), 3.38 (dd, J = 8.2, 8.0 Hz, 1H,
NCHCHCO), 3.44-3.51 (m, 1H, NCHz), 4.10 (dd, / = 9.5, 8.0 Hz, 1H,
NCHCHCO), 5.93 (dd, J = 15.7, 9.5 Hz, 1H, PhCHCH), 6.64 (d, ] = 15.7 Hz,
1H, PhCH), 7.23-7.42 (m, 5H, ArH).

13C-NMR: & = 19.2 (NCH.CH2CHz), 24.5 (NCH:CHz), 25.2 (NCHs), 27.0
(NCHCHz), 45.5 (NCH;), 48.7 (NCHCHCO), 50.5 (NCHCHCO), 62.1, 62.1
(2xNCH), 126.5, 126.8, 127.9, 128.6, 134.6, 136.6 (ArC, C=C), 176.5,178.8
(2xNCO).

MS (EI): m/z = 310 (M*, 18%), 309 (16), 220 (14), 219 (100), 199 (9),
198 (12), 115 (9).

HRMS (DIP) calcd for C19H22N202: 310.1681; found: 310.1668.

(3a$*4S5*9aR*9bR*)-2-Phenyl-4-[(E)-styryl]octahydro-1H-
pyrrolo[3,4-alindolizine-1,3(2H)-dione (endo-16)

Yield: 31 mg (27%), yellow sticky oil.

IR (neat): 2941, 1708, 1498, 1381, 1185, 968, 849, 734 cmL.

IH-NMR: § = 1.15-129 (m, 2H, NCHCH:CHz), 1.38-1.47 (m, 1H,
NCH2CH), 1.54-1.63 (m, 1H, NCH2CH), 1.77-1.85 (m, 1H, NCH2CH2CH2),
2.02-2.13 (m, 1H, NCHzCH2CHz), 2.34 (td, J = 11.5, 3.0 Hz, 1H, NCH2),
2.85-2.92 (m, 1H, NCH2), 2.96 (ddd, J = 10.8, 8.4, 2.7 Hz, 1H, NCHCH>),
3.22 (dd, J = 7.9, 0.8 Hz, 1H, NCHCHCO), 3.43 (dd, J = 8.4, 7.9 Hz, 1H,
CH2CHCH), 4.25 (d, ] = 9.5 Hz, 1H, NCHCHCO), 6.30 (dd, ] = 15.7, 9.5 Hz,
1H, PhCHCH), 6.67 (d, ] = 15.7 Hz, 1H, PhCH), 7.19-7.52 (m, 10H, ArH).

13C-NMR: § = 24.5 (NCH2CH2CHz), 25.2 (NCH2CHz), 29.3 (NCHCH:), 47.6
(NCHCHCO), 48.6 (NCHz), 50.2 (NCHCHCO), 60.8 (NCH), 68.2 (NCH),
124.8, 1262, 126.9, 128.1, 128.6, 128.8, 129.1, 132.3, 134.4, 136.4 (ArC,
€=C),176.0,177.8 (2xNCO).

MS (EI): m/z = 372 (M*, 23%), 371 (16), 282 (19), 281 (100), 199 (32),
198 (18), 115 (10).

HRMS (DIP) calcd. for C24H24N202: 372.1838; found: 372.1828.

(3aR*4S5*9aR*9bS*)-2-Phenyl-4-[(E)-styryl]octahydro-1H-
pyrrolo[3,4-alindolizine-1,3(2H)-dione (ex0-16)

Yield: 17 mg (15%), prisms, mp 133-137 °C (Et20).

IR (neat): 2930, 1705, 1498, 1384, 1189, 974, 749 cm..

1H-NMR: § = 1.25-1.34 (m, 2H, NCHCH>), 1.46-1.62 (m, 2H, NCH2CH),
1.69-1.76 (m, 1H, NCH2CH2CHz), 1.79-1.95 (m, 1H, NCH2CH2CHz), 2.66-
2.79 (m, 1H, NCH;), 2.93-3.02 (m, 1H, NCHCH>), 3.06 (dd, ] = 8.4, 2.4 Hz,
1H, CH>CHCH), 3.56 (dd, J = 8.4, 8.2 Hz, 1H, NCHCHCO), 3.53-3.59 (m, 1H,
NCH2), 4.21 (dd, ] = 9.1, 8.2 Hz, 1H, NCHCHCO), 6.05 (dd, ] = 15.7, 9.1 Hz,
1H, PhCHCH), 6.69 (d, ] = 15.7 Hz, 1H, PhCH), 7.23-7.46 (m, 10H, ArH).

13C-NMR: & = 19.7 (NCH2CH2CHz), 24.5 (NCH2CHz), 27.4 (NCHCH2), 45.8
(NCHz), 48.7 (NCHCHCO), 50.6 (NCHCHCO), 62.5 (NCH), 62.8 (NCH),
125.9, 126.6, 126.9, 128.0, 128.6, 128.7, 129.2, 132.1, 134.7, 136.6 (ArC,
€=(), 175.5,177.8 (2xNCO).

MS (EI): m/z = 372 (M*, 23%), 371 (13), 282 (19), 281 (100), 199 (15),
198 (14).

HRMS (DIP) calcd. for C24H24N202: 372.1838; found: 372.1828.

Dimethyl (15%25%35*8aR*)-3-[(E)-styryl]octahydroindolizine-1,2-
dicarboxylate (endo-17) and dimethyl (1R*2R*3R*8aR*)-3-[(E)-
styryl]octahydroindolizine-1,2-dicarboxylate (exo’-17)

Yield: 37 mg (35%), yellow oil.

IR (neat): 2934, 2853, 1733, 1436, 1300, 1196, 1168, 1011, 968, 749,
693 cm™.

H-NMR: § (mixture of endo:exo’ 1:0.75, difficult assignment) = 1.04-1.41
(m, 4H), 1.49 (tt, / = 7.1, 3.6 Hz, 3H), 1.64-1.71 (m, 1H), 1.78 (td, / = 9.2,
7.4,4.2 Hz, 2H), 1.87-1.96 (m, 1H), 2.36-2.50 (m, 2H), 2.80-2.96 (m, 3H),
3.08 (dd, ] = 7.8, 7.1 Hz, 1H), 3.15 (ddd, ] = 11.5, 8.9, 2.9 Hz, 1H), 3.27 (dd,
J=7.1,4.2 Hz, 1H), 3.55 (s, 2H), 3.71 (s, ] = 1.0 Hz, 5H), 3.75 (s, 2H), 3.88
(t, /] = 8.1 Hz, 1H), 4.03-4.15 (m, 2H), 6.09 (dd, / = 15.7, 9.8 Hz, 1H), 6.28
(dd, J = 15.7, 9.5 Hz, 1H), 6.54 (d, / = 15.7 Hz, 1H), 6.57 (d, / = 15.7 Hz,
1H), 7.22-7.35 (m, 7H), 7.36-7.42 (m, 2H).

13C-NMR: 8 (mixture of endo:exo’, difficult assignment) = 23.4, 23.7, 24.0,
24.3, 27.3, 30.5, 47.6, 48.0, 48.1, 49.4, 51.5, 51.9, 52.0, 52.3, 52.3, 61.3,
63.3, 66.3, 67.2, 124.8, 126.6, 127.8, 127.8, 128.4, 132.2, 134.7, 136.6,
172.2,173.1,173.7,173.8.

MS (ED): m/z = 343 (M, 33%), 284 (35), 282 (19), 253 (15), 252 (100),
250 (17), 199 (39), 198 (24), 115 (17).

HRMS (DIP) calcd. for C20H2sNO4: 343.1784; found: 343.1785.

Dimethyl (15*2S*3R*8aR*)-3-((E)-styryl)octahydroindolizine-1,2-
dicarboxylate (endo-17) and Dimethyl (1R,2R,3S,8aR)-3-[(E)-
styryl]octahydroindolizine-1,2-dicarboxylate (exo-17)

Yield: 43 mg (40%), yellow oil.

IR (neat): 2944, 2854, 1733, 1436, 1196, 1167, 1005, 969, 746, 693 cm.

TH-NMR: 8 (mixture of endo”exo 0.65:1, difficult assignment) = 1.06-1.25
(m, 2H), 1.43 (tdd, J = 12.4, 10.8, 3.6 Hz, 2H), 1.58 (q, / = 3.4 Hz, 2H),
1.76-1.91 (m, 4H), 1.98-2.07 (m, 1H), 2.19 (td, / = 10.4, 2.5 Hz, 1H), 2.43
(ddd, J = 10.8, 8.3, 2.3 Hz, 1H), 2.95-3.05 (m, 1H), 3.12 (d, J = 10.9 Hz,
1H), 3.18-3.32 (m, 3H), 3.37 (dd, J = 8.5, 4.9 Hz, 1H), 3.43 (dd, J = 10.0,
7.8 Hz, 1H), 3.59 (s, 3H), 3.66 (s, 2H), 3.70 (s, 3H), 3.73 (s, 2H), 5.95 (dd,
=15.8, 8.6 Hz, 1H), 6.21 (dd, ] = 15.8, 8.5 Hz, 1H), 6.55 (dd, / = 15.8 Hz,
1H), 6.57 (dd, ] = 15.8 Hz, 1H), 7.16-7.45 (m, 9H).

13C-NMR: 8 (mixture of endo’:exo, difficult assignment) = 24.0, 24.3, 24.7,
24.9, 284, 30.5, 49.5, 49.8, 50.7, 51.2, 51.2, 51.7, 51.9, 51.9, 52.0, 52.1,
66.4, 66.7, 69.3, 72.0, 126.5, 126.6, 127.2, 127.7, 127.8, 128.6, 128.6,
129.1,134.0,134.1,136.7,173.8,173.1,173.3, 173.8.

MS (EI): m/z = 343 (M", 34%), 284 (36), 253 (15), 252 (100), 199 (66),
198 (36), 192 (12), 157 (13), 156 (13), 122 (13), 115 (18).

HRMS (DIP) calcd. for C20H2sNO4: 343.1784; found: 343.1785.
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Diisobutyl (15%25%3S5*8aR*)-3-[(E)-styryl]octahydroindolizine-1,2-
dicarboxylate (endo-18) and diisobutyl (1R*2R*3R*8aR*)-3-[(E)-
styryl]octahydroindolizine-1,2-dicarboxylate (exo’-18)

Yield: 49 mg (37%), yellow oil.

IR (neat): 2961, 2935, 1731, 1469, 1379, 1169, 1002, 967, 748, 693 cm™1.

TH-NMR: § (mixture of endo:exo’ 1:0.5, difficult assignment) = 0.79 (s,
1H), 0.80 (s, 1H), 0.82 (s, 1H), 0.83 (s, 1H), 0.90 (s, 3H), 0.92 (s, 3H), 0.94
(s, 3H), 0.96 (s, 3H), 1.07-1.15 (m, 1H), 1.16-1.29 (m, 2H), 1.41-1.31 (m,
1H), 1.48 (dtt, J = 9.2, 6.3, 3.6 Hz, 2H), 1.69 (dd, J = 12.1, 3.3 Hz, 0H),
1.73-1.87 (m, 1H), 1.89-2.03 (m, 2H), 2.36-2.53 (m, 1H), 2.78-2.96 (m,
2H), 3.07 (t,J = 7.7 Hz, 1H), 3.16 (ddd, J = 11.3, 8.8, 2.8 Hz, 1H), 3.27 (dd, /
= 7.4, 43 Hz, 1H), 3.62-3.81 (m, 1H), 3.82-3.99 (m, 4H), 4.03-4.19 (m,
1H), 6.09 (dd, J = 15.7, 9.8 Hz, 1H), 6.30 (dd, J = 15.7, 9.5 Hz, 1H), 6.52 (d,
J=15.6,Hz, 1H), 6.57 (d,] = 15.7, Hz, 1H), 7.16-7.47 (m, 8H).

13C-NMR: 8 (mixture of endo:exo’ 1:0.5, difficult assignement) = 19.1,
19.2, 19.3, 23.9, 24.0, 24.4, 27.3, 27.7, 27.8, 27.9, 30.6, 47.7, 47.9, 48.2,
49.4, 51.8, 52.7, 61.3, 63.4, 66.2, 67.2, 71.1, 71.2, 125.1, 126.6, 127.7,
127.8,128.6,128.8,129.2,133.1, 134.6, 136.6, 136.7,171.9,172.8,173.3.

MS (EI): m/z = 427 (M*, 27%), 354 (15), 337 (22), 336 (100), 326 (39),
324 (13), 224 (22), 199 (38), 198 (21), 122 (15).

HRMS (DIP) calcd. for C26H37NO4: 427.2723; found: 427.2720.

Diisobutyl (15*25%*3R*8aR*)-3-[(E)-styryl]octahydroindolizine-
1,2-dicarboxylate (endo’~18) and diisobutyl (1R*2R*35*8aR*)-3-
[(E)-styryl]octahydroindolizine-1,2-dicarboxylate (exo-18)

Yield: 50 mg (38%), yellow oil.

IR (neat): 2960, 1729, 1469, 1383, 1168, 1002, 968, 738, 692 cmL.

TH-NMR: 8§ (mixture of endo”exo 0.65:1 difficult assignment) = 0.74 (s,
1H), 0.75 (s, 1H), 0.76 (s, 1H), 0.77 (s, 1H), 0.85 (d, / = 0.8 Hz, 2H), 0.87
(d,J = 0.8 Hz, 2H), 0.92 (d, ] = 0.6 Hz, 3H), 0.94 (d, ] = 0.6 Hz, 3H), 0.95 (s,
2H), 097 (s, 2H), 1.12-1.31 (m, 2H), 1.37-1.67 (m, 3H), 1.71-2.03 (m,
7H), 2.04-2.11 (m, 1H), 2.20 (td, / = 10.4, 2.5 Hz, 1H), 2.43 (ddd, J = 10.7,
8.2, 2.4 Hz, 1H), 2.92-3.07 (m, 1H), 3.11 (d, / = 10.9 Hz, 1H), 3.18-3.48
(m, 4H), 3.69-3.82 (m, 2H), 3.84-3.95 (m, 4H), 5.97 (dd, = 15.8, 8.7 Hz,
1H), 6.22 (dd, J = 15.8, 8.5 Hz, 1H), 6.55 (d, J = 15.8 Hz, 1H), 6.56 (d, J =
15.8 Hz, 1H), 7.20-7.43 (m, 8H).

13C-NMR: & (mixture of endo”exo, 0.65:1 difficult assignment) = 19.1,
19.2, 19.3, 24.1, 24.4, 24.8, 25.0, 27.6, 27.7, 27.8, 28.6, 30.6, 49.5, 49.9,
50.9, 51.2,51.4,51.7, 66.5, 66.6, 69.3,71.0, 71.1, 71.2, 72.0, 126.6, 127 4,
127.7,128.6,129.6,133.9,134.1, 136.7, 136.8, 172.5,172.9, 173.5.

MS (EI): m/z = 427 (M*, 34%), 354 (23), 337 (22), 336 (100), 326 (47),
252 (17), 224 (24), 199 (80), 198 (35), 122 (17).

HRMS (DIP) calcd. for C26H37NO4: 427.2723; found: 427.2720.

tert-Butyl (25*35%*8aR*)-3-[(E)-styryl]octahydroindolizine-2-
carboxylate (endo-19)

Yield: 20 mg (19%), yellow sticky oil.

IR (neat): 2931, 1723, 1366, 1148, 966 cm™.,

1H-NMR: & = 1.23-1.39 (m, 2H, NCHCH;CHz), 1.43 (s, 9H, t-Bu), 1.47-1.78
(m, 5H, CH2CHCO>, NCH2CHz, NCH2CHCH>), 2.28 (ddd, J = 12.5, 10.3, 6.3
Hz, 1H, CH>CHCO2), 2.58 (td, J = 12.3, 3.3 Hz, 1H, NCH>), 2.72 (ddd, ] =
10.3, 7.4, 5.9 Hz, 1H, CHCO3), 2.86-3.01 (m, 2H, NCHCHz, NCH2), 3.98 (dd,
J=9.2,5.9 Hz, 1H, NCH), 6.17 (dd, J = 15.7, 9.2 Hz, 1H, PhCHCH), 6.54 (d, ]
=15.7 Hz, 1H, PhCH), 7.18-7.43 (m, 5H, ArH).

13C-NMR: § = 224 (NCH:CH2CH»), 24.4 (NCHzCH»), 28.3 (CHs), 29.9
(NCHCH2CH;), 34.7 (CH2CHCO:t-Bu), 46.8 (NCH3), 49.6 (CHCO:t-Bu),
59.8 (NCH), 66.0 (NCH), 80.6 (CMes), 126.5, 127.6, 128.7, 130.3, 132.7,
137.0 (ArC, €=C), 174.0 (CO).

MS (ED): m/z = 327 (M, 18%), 271 (27), 270 (100), 254 (16), 226 (18),
180 (74).

HRMS (DIP) calcd. for C21H29NO2: 327.2198; found: 327.2199.

(18*2R*35*8aR*)-1-Nitro-2-phenyl-3-[(E)-
styryl]octahydroindolizine (endo-20)

Yield: 19 mg (18%), brown sticky oil.

IR (neat): 2938, 2855, 1717, 1549, 1496, 1449, 1362, 1264, 1144, 967,
736,694 cm'1.

1H-NMR: § = 1.25-1.36 (m, 2H, NCHCHz), 1.51-1.62 (m, 1H, NCHCHCH>),
1.70-1.78 (m, 1H, NCHCHCHy), 1.84-1.93 (m, 2H, NCHCHCH.), 2.44 (ddd,
J=11.9, 8.9, 6.5 Hz, 1H, NCHz), 2.90-3.03 (m, 1H, NCHz), 3.30-3.42 (m,
1H, NCHCH3), 4.25 (dd, J = 10.1, 7.8 Hz, 1H, NCHCHPh), 4.59 (dd, ] = 7.8,
7.2 Hz, 1H, NCHCHPh), 5.54 (dd, J = 8.4, 7.2 Hz, 1H, CHNO2), 5.89 (dd, ] =
15.6,10.1 Hz, 1H, PhCHCH), 6.32 (d,] = 15.6 Hz, 1H, PhCH), 7.06-7.38 (m,
10H, ArH).

13C-NMR: 8 = 23.8 (NCH2CHCH2), 23.9 (NCH2CH>), 26.0 (NCHCH.), 48.4
(NCHz), 51.7 (NCHCH), 62.3 (NCH), 69.2 (NCH), 93.0 (CNO2), 12438,
126.5,127.4,127.8,128.6,128.7, 128.8, 135.2, 136.6, 136.8 (ArC, C=C).

MS (EI): m/z = 348 (M*, 1%), 303 (25), 302 (100), 300 (11), 257 (10),
219 (15), 143 (11), 117 (20), 115 (21).

HRMS (DIP) calcd. for C22H24N202: 348.1838; found: 348.1825.

(3a$*,4R*9aR*9bR*)-2,4-Diphenyloctahydro-1H-pyrrolo[3,4-
alindolizine-1,3(2H)-dione (endo-21)

Yield: 58 mg (54%), white solid, mp 151-154 °C (Etz0).
IR (neat): 2943, 2850, 1701, 1497, 1393, 1189, 848, 755, 693 cm..

IH-NMR: & = 0.89-1.12 (m, 1H, NCH:CH:CHz), 1.11-1.29 (m, 1H,
NCH2CH:CHz), 1.33-1.56 (m, 2H, NCHCH?z), 1.60-1.84 (m, 2H, NCHzCH2),
1.97-2.20 (m, 1H, NCHz), 2.87 (ddt, J = 14.5, 6.4, 2.7 Hz, 2H, NHa,
NCHCH,), 3.35-3.73 (m, 2H, PhCHCH, CH,CHCH), 4.69 (d, ] = 0.9 Hz, 1H,
NCHPh), 7.07-7.19 (m, 2H, ArH), 7.30-7.54 (m, 8H, ArH).

13C-NMR: & = 24.2 (NCH2CH2CH2), 24.9 (NCH2CH3), 29.1 (NCHCH>), 48.5
(NCHz), 48.7 (NCHCHCO), 50.3 (NCHCHCO), 59.9 (NCH), 69.4 (NCH),
126.7, 128.0, 128.4, 128.6, 128.6, 128.7, 132.3, 136.6 (ArC), 176.1, 178.1
(2xNCO).

MS (EI): m/z = 346 (M*, 61%), 345 (48), 269 (22), 198 (12), 173 (57),
172 (100), 115 (14).

HRMS (DIP) calcd. for C22H22N202: 346.1681; found: 346.1668.

(3aR*4R*9aR*,9bS*)-2,4-Diphenyloctahydro-1H-pyrrolo[3,4-
alindolizine-1,3(2H)-dione (exo-21)

Yield: 26 mg (24%), yellow oil.
IR (neat): 2934, 2854, 1712, 1496, 1376, 1173, 734, 698 cm1.

IH-NMR: § = 1.29-1.39 (m, 2H, NCH:CH:CHz), 1.58-1.64 (m, 1H,
NCHCH?), 1.82-1.97 (m, 2H, NCH,CH), 2.22-2.41 (m, 2H, NCHCHz, NH2),
2.84 (d, ] = 11 Hz, 1H, NHz), 3.35-3.73 (m, 1H, NCHCH), 3.17 (dd, ] = 9.3,
8.5 Hz, 1H, CH2CHCH), 3.27 (dd, ] = 9.3, 6.9 Hz, 1H, PhCHCH), 3.49 (d, ] =
6.9 Hz, 1H, NCHPh), 7.28-7.42 (m, 6H, ArH), 7.44-7.53 (m, 4H, ArH).
13C-NMR: 8 = 24.1 (NCH2CHCH2), 25.0 (NCH2CH,), 31.3 (NCHCH2), 50.2
(NCHCHCO), 50.9 (NCH3), 53.0 (NCHCHCO), 67.8 (NCH), 72.0 (NCH),
126.6,127.8,127.9, 128.1, 128.7, 128.9, 129.2, 131.9 (Ar(), 176.1, 176.6
(2xNCO).

MS (EI): m/z = 346 (M*, 73%), 345 (56), 269 (23), 198 (20), 173 (55),
172 (100), 115 (15).

HRMS (DIP) calcd. for C22H22N202: 346.1681; found: 346.1668.
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