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A Flexible Approach to Grandisine Alkaloids:
Total Synthesis of Grandisines B, D, and F

Haruaki Kurasaki,"” Iwao Okamoto,”! Nobuyoshi Morita,"”! and Osamu Tamura*'*

Abstract: This article describes in detail the first total synthesis of grandisine alka-
loids, grandisines B, D, and F, which show affinity for the human &-opioid receptor.

The key steps in this synthesis are construction of the isoquinuclidinone moiety of
2 by intramolecular imine formation and the tetracyclic ring system of 4 by stereo-
selective ring closure of the enolate of amine 8 generated by 1,4-addition of am-
monia to 9. Synthesis of key intermediate 9 featured a highly stereoselective
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Brgnsted acid mediated Morita-Baylis—Hillman (MBH) reaction via the N-acyl

iminium ion.

Introduction

Opioid analgesics, typified by morphine, are widely used to
improve the quality of life (QOL) of patients, despite their
side effects, which include gastric stasis, respiratory depres-
sion, muscle rigidity, dependence, and abuse. Over the years
much effort has been directed to finding potent analgesics
without these side effects.! Multiple opioid receptors (u, 9,
k) have been identified, and it appears that analgesia medi-
ated through the §-opioid receptor is not accompanied with
respiratory depression, constipation, or other adverse ef-
fects.”) Therefore, selective activation of the d-opioid recep-
tor is an attractive strategy for the development of new an-
algesics.

Grandisine alkaloids 1-7 isolated from the leaves of the
Australian rainforest tree, Elaeocarpus grandis, by Carroll
and co-workers display an affinity for the human 6-opioid
receptor.’! Although compounds 1-7, containing an indolizi-
dine skeleton, exhibit structural diversity and pharmacologi-
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grandisine B (2) grandisine C (3): R =
grandisine F (4): R = NH,

MeOOC

grandisine G (7)

grandisine D (5) grandisine E (6)

cal activity, and are attractive target molecules for total syn-
thesis, only grandisine A (1) has been synthesized so far.!
Hence, we were interested in synthesizing other grandisine
alkaloids by means of a flexible route that would also be ap-
plicable to various grandisine analogues as candidate selec-
tive d-opioid receptor agonists. We focused on three alka-
loids, grandisine B (2), F (4), and D (5). Grandisine D (5),
possessing two a,f-unsaturated ketone units, was proposed
to be a biogenetic precursor of grandisines B (2) and F
(4).5*! Grandisine B (2) is the only alkaloid isolated to date
that contains both an indolizidine moiety and an isoquinucli-
dinone ring system, which is very rare and has otherwise
only been found in the alkaloid mearsine.’! On the other
hand, grandisine F (4), which contains a densely functional-
ized tetracyclic skeleton featuring an aminomethylcyclohex-
ane unit, exhibits the most potent d-opioid receptor affinity
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among the grandisine alkaloids. It features three contiguous
stereocenters, of which C-7 and C-8 are trans with respect to
C-9, in the indolizidine moiety, as do grandisines C (3) and
E (6).5"

Inspired by the proposed biogenetic pathway,** we envis-
aged synthesis of grandisines B (2) and F (4) via grandi-
sine D (5), and describe herein the first total synthesis of 2,
4, and 5 from the common key intermediate 9, which is
closely related to 5 (Scheme 1). The synthesis of 9 featured
a highly stereoselective Brgnsted acid mediated Morita—
Baylis-Hillman (MBH) reaction via the N-acyl iminium
ion.!

Results and Discussion

Retrosynthetic analysis: Our retrosynthesis is outlined in
Scheme 1. We envisaged construction of the isoquinuclidi-
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Scheme 2. Synthesis of indolizidine 15.

served vicinal coupling con-
stants  (Jousp=0 for trans-13
and 5.4 Hz for cis-13).")

Next, the conditions for the
cross-metathesis (CM) reaction

Ny -0 o TR of trans-13 with a,p-unsaturated
grandisine B (2) izat S o) aLat';m ¢ N o), aldehydes were investigated
cyclization N n - ;
| o (Table 1).°! First, one equiva-
HN \St)th grandisine D (53f " f? lent of trans-13 was treated
2 n= . .
_ 8 (nz 0.1) with three equivalents of acro-
HND oy ’ aldol lein in the presence of 5 mol %
grandisine F (4) of Grubbs-Hoveyda second-
AcO ntramolecular generation catalyst (G-H II) in
Shmalic acid Zl MBH oHG H o CH,Cl, at room temperature
(S)-malic ack ; EtO" “N7T0 - | N for three hours to give a,fB-un-
OHCW o saturated aldehyde 11 in mod-
" erate yield (entry 1). The use of
Scheme 1. Retrosynthetic analysis. 10 mol % of G-H II was found
none moiety of 2 or the tetracyclic ring system of 4 by intra- Mes»NYMMes —
molecular imine formation (path A) or stereoselective ring Clp, Mes’NYN‘Mes
. o
closure of the enolate (path B) of amine 8 that can be gener- cl é@ g:;RunPh
ated by the 1,4-addition of ammonia to 5 or 9. Grandisine D —< PCys
Gl

(5) would be obtained by an aldol reaction of 8-formylindo-
lizidine (10) with (S)-5-methylcyclohexenone, readily pre-
pared from (S)-pulegone,'? followed by chemoselective re-
duction of amide 9. 8-Formylindolizidine (10) would be syn-
thesized by an MBH reaction via the N-acyl iminium ion™"
generated from aminal 11, which can be derived from (S)-
malic acid.

Construction of indolizidine skeleton by using a MBH reac-
tion: We began with the preparation of aminal 11 derived
from imide 12, which was itself obtained from (S§)-malic
acid (Scheme 2). Regioselective reduction of 12 with
NaBH,, immediately followed by stereoselective ethanolysis,
produced ethoxy lactam 13."! The trans/cis stereochemistry
of compound 13 was tentatively assigned based on the ob-
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to give a high yield of 11 (entry 2). Next we screened differ-
ent reaction conditions to achieve scalable synthesis. When
crotonaldehyde instead of acrolein was used, the yield was
slightly improved (entry 3). Replacement of G-H II with
Grubbs second-generation catalyst (G II) furnished the
same result (entry4). Fortunately, when the amount of
ruthenium catalyst was decreased even to 2 mol % of G II, a
comparable result was obtained (entry 5).

We next examined the MBH ring-closure reaction of 11.
Initial investigations were focused on the solvent effect by
using trimethylsilyl trifluoromethanesulfonate (TMSOTY)
and Me,S.""l Although the stereoselectivities were high, the
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Table 1. Optimization of the CM reaction.l*!

Entry Aldehyde Ru catalyst Yield [%]
(amount [mol %])

1 OHCCH=CH, G-HII (5) 53

2 OHCCH=CH, G-H II (10) 84

3 (E)-OHCCH=CHCH;  G-HII (5) 72

4 (E)-OHCCH=CHCH; G II (5) 72

5 (E)-OHCCH=CHCH,  GI(2) 73

a] Aminal 13 (1 equiv), aldehyde (3 equiv), and CH,Cl, (0.38M) were
used.

chemical yields were fairly low in CH,Cl,, CH;NO,, or tolu-
ene (Table 2, entries 1-3). Among the solvents, the use of
acetonitrile afforded the best yield of the desired indolizi-

Table 2. Morita—Baylis—Hillman reaction of 11.

Reagents'"! Solvent T Yield [%]
(trans-14/cis-14)""

1 TMSOTI, Me,S CH,Cl, —78°C-RT 32 (96:4)
2 TMSOTE, Me,S CH;NO, —15°C-RT 26 (97:3)
3 TMSOTIL, Me,S toluene —60°C-RT 28 (92:8)
4 TMSOTI, Me,S CH,CN —35°C-RT 56 (94:6)
5 BF;-OEt,, Me,S CH,CN —35°C-RT 61 (81:19)
6 Tf,NH, Me,S CH,CN —35°C-RT 64 (95:5)
7 TfOH, Me,S CH,CN —35°C-RT 67 (96:4)
8 TfOH, tetrahydro-  CH,CN —35°C-RT 65 (94:6)

thiophene
9 TfOH, Ph;P CH,CN —35°C-RT  NDU

10  TfOH, nBu,P CH;CN —35°C-RT  NDU

[a] Aminal 11 (1.0 equiv), Lewis acid or Brgnsted acid (2.5 equiv) and
sulfide or phosphine (1.5equiv) were used. [b] The ratios of products
trans- and cis-14 were estimated from the '"H NMR spectra. [c] Not de-
tected.

dine 14 (entry 4). The O-benzoyl derivative of 11 had been
expected to give high stereoselectivity due to stronger
neighboring-group participation effects,'® but both the
stereoselectivity and the yield were slightly decreased. The
effects of Lewis and Brgnsted acids were next examined.
When BF;:OEt, instead of TMSOT{ was used, the stereo-
selectivity was slightly lowered (entry 5). After experimenta-
tion, the use of a Brgnsted acid, such as Tf,NH or TfOH,
was found to give a good yield with high stereoselectivity
(entries 6-8). In place of Me,S, the use of Ph;P or nBusP as
a nucleophile was not successful (entries 9-10). Among the
conditions examined, the combination of TFOH and Me,S in
acetonitrile was found to be the best for preparative purpos-
es. The trans- and cis-MBH products 14 were converted into
acetals trans- and cis-15, which were readily separated by
column chromatography. The stereochemistries at C-8a of
trans- and cis-15 were confirmed by NOE experiments as
depicted in Scheme 2.

Synthesis of key intermediate 9: Removal of the acetoxy
group of trans-15 was conducted by deacetylation followed
by the Barton-McCombie deoxygenation protocol
(Scheme 3)."1 Thus, deacetylation of trans-15 in the pres-
ence of a catalytic amount of NaOEt in EtOH led to 16 in
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Scheme 3. Synthesis of key intermediate 9.

70% yield. Alcohol 16 was converted to the corresponding
thionocarbonate, which was removed by a radical-mediated
deoxygenation to provide lactam 17 in excellent yield from
16. Deprotection of the acetal of 17 by acid hydrolysis gave
aldehyde 10 in 97 % yield. Formation of the C,,—C,; bond
was achieved by an aldol reaction, employing boron enolate
methodology, of enone 18" with aldehyde 10 to furnish 19
in quantitative yield as a single isomer."® The stereochemis-
try at the C-10 position of 19 was confirmed by means of
the modified Mosher’s method (see the Experimental Sec-
tion).”) Treatment of alcohol 19 with Dess—Martin periodi-
nane gave 9, in which the stereochemistry of C-11 was de-
duced from the large vicinal coupling constant (/6=
11.2 Hz) in the '"H NMR spectrum (Figure 1).

Total synthesis of grandisine D (5): For the synthesis of 5,
chemoselective reduction of the amide carbonyl group of 9
was required (Scheme 4). An attempt at direct conversion
of 9 to 5 through a two-step sequence (thioamidation of
amide followed by reduction) failed, resulting in significant
decomposition. Therefore, the a,f-unsaturated ketone of 9
was protected as the thiophenol adduct 20.?"! 1,4-Addition

PhSH
Helo,

MeOH
93%

Lawesson's
Reagent S Me,O'BF,

toluene CH,CN

81% PhS

NaBH,CN
i ndh i

MeOH
63% (2 steps)

grandisine D (5)

Scheme 4. Total synthesis of grandisine D (5).
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of thiophenol under acidic conditions took place with com-
plete site selectivity at C-14 and trans stereoselectivity with
respect to the methyl substituent. The top-face attack of
thiophenol can be explained in terms of axial attack on the
more stable conformation A of the cyclohexenone moiety,
leading to the chair form of the enol, whereas bottom-face
attack should give a twisted form of the enol. Site selectivity
of the addition of thiophenol might be due to inefficient
conjugation of the double bond in the indolizidine moiety
with the carbonyl group in the side chain and/or steric inter-
ference of the cyclohexenone moiety with nucleophilic
attack at C-7, although the details remain unclear. Amide 20
was converted into the corresponding thioamide 21 by treat-
ment with Lawesson’s reagent. Finally, synthesis of 5 was ac-
complished through a two-step sequence. Thus, thioamide
21 was exposed to Meerwein’s salt, which methylated both
the thioamide group and phenylthio group, and the resulting
dimethylated compound underwent elimination to generate
cyclohexenone B, which was then treated with NaBH,CN®"
to afford grandisine D (5) in 63% yield. Spectral data of
synthetic 5 were identical (‘H and “C NMR spectra and
HRMS) with those previously reported, except for the value
of optical rotation ([a]3=+65.7 (c=0.09 in MeOH) for
synthetic 5; 1it.”") [a]% =+-34.6 (c=0.09 in MeOH) for a nat-
ural sample). The difference between the optical rotation of
natural 5§ and that of synthetic 5 may be ascribed to a differ-
ence in purity. The synthetic product was shown to have a
much higher level of purity.

Total synthesis of grandisine B (2): We next examined the

synthesis of grandisine B (2), which has been proposed to be
biosynthesized from grandisine D (5) (Scheme 5). Fortunate-

28% NH; (aq.)

MeOH
78%

grandisine D (5) grandisine B (2)

Scheme 5. Total synthesis of grandisine B (2).

ly, grandisine D (5), on treatment with ammonia, underwent
intermolecular 1,4-addition of ammonia and intramolecular
imine formation to afford grandisine B (2) as a sole product,
the spectral data of which ("H and *C NMR spectra) were
identical with the literature values.

However, the specific optical rotation of synthetic 2
([a]Z=-159 (¢=0.08 in CH,CL,)) is quite different from
that of the natural product ([a]p=+4+11.0 (¢=0.1 in
CH,CL,)).P¥ In the literature, although the relative stereo-
chemistry of the isoquinuclidinone moiety of natural 2 was
determined by coupling constant analysis, the stereochemis-
try of C-9 relative to C-11, C-14, and C-16 could not be de-
termined from NMR spectroscopic analysis. The absolute
stereochemistry at C-9 and C-16 for 2 was only presumed to
be the same as that of the known isoelaeocarpiline.*” There-
fore, synthesis of 9-epi-ent-grandisine B (26) and comparison
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of its 'H and ®C NMR spectra with those of 2 was carried
out next. As shown below, the same synthetic sequence of
steps starting from 10 and ent-18, readily prepared from (R)-
pulegone,"? led to a final product 26 (Scheme 6). Its

1) ent-18, nBu,BOTH, Prsh 4Oy
Pr,NEt, CH,CI
iPr, :Cl 0 HCIO, _ MO
2) DMP, CH,Cl, MeOH prg o
23
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54% (2 steps) 96%
Lawesson's H O H 1) Me,O'BF H [e] H
Reagent N S % | N
toene 5 | 2)NaBH.CN o
e
o
ST 24 52% (2 steps) 9-epient-grandisine D (25)
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MeOH
40%
9-epi-ent-grandisine B (26)

Scheme 6. Synthesis of 9-epi-ent-grandisine B (26).

BCNMR spectrum was similar to that of 2, but the
"H NMR spectrum was clearly different (for an 'H NMR
spectral comparison, see Figure 1). Thus, the stereochemis-
try of grandisine B (2) was unambiguously established by
total synthesis of grandisine B (2) and 9-epi-ent-grandisine B
(26). The discrepancy in the specific optical rotation might
be due to relatively low purity of the natural product.

Total synthesis of grandisine F (4): An attempt at 1,4-addi-
tion of ammonia to grandisine D (5) without intramolecular
imine formation failed to give grandisine F (4). After several
experiments, we were delighted to find that lactam 9 was a
good starting material for grandisine F (4) (Scheme 7). Di-
ketone 9, on treatment with ammonia solution, underwent
intermolecular 1,4-addition of ammonia followed by ring
closure of the enolate to afford tetracyclic compound 27 as
a single isomer. The relative stereochemistry of the tetra-
cyclic structure 27 was determined by X-ray crystallographic
analysis (see ORTEP drawing, Scheme 7)*! of the corre-
sponding tert-butyloxycarbonyl (Boc) derivative 28, pre-
pared by reaction of amine 27 with Boc,O. Since the tetra-
cyclic ring system of grandisine F (4) was thus assembled
with correct stereochemistry, the next task was reduction of
the amide carbonyl group. Amide 28 was converted into the
corresponding thioamide 29 with Lawesson’s reagent, fol-
lowed by reduction with Raney nickel to afford amine 30
(78 % over two steps). Finally, the total synthesis of grandisi-
ne F (4) was accomplished by removal of the Boc group
with trifluoroacetic acid (TFA).

The 'H™®! and C NMR spectra of our synthetic 4 are,
however, slightly different from those reported,* and the
specific optical rotation of synthetic 4 ([¢]3'=+140 (¢=0.09
in MeOH)) is quite different from that reported for the nat-
ural product ([a]Z=-224 (c=0.09 in MeOH)).F"! As
shown by X-ray crystallographic analysis of the intermediate
28, synthetic 4 should have the correct (7R,8S5,95,145,16S)
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Figure 1. Spectroscopic comparison of natural grandisine B (panel A),* synthetic grandisine B (panel B), and
synthetic 9-epi-ent-grandisine B (panel C) in CDCl; (600 MHz).
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grandisine F (4)

Crystal structure of 28

Scheme 7. Total synthesis of grandisine F (4).

(ent-4) was synthesized from
(R)-malic acid and ent-18
through the same sequence of
steps as described above. Chiral
HPLC  analysis (DAICEL
CHIRALPAK IA) of natural
(purified sample), synthetic 4,
and ent-4 (see the Supporting
Information) showed that natu-
ral and synthetic 4 are optically
pure and the absolute configu-
ration of natural 4 is as shown.
Therefore, the discrepancy in
the specific optical rotation
might have been due to rela-
tively low purity of the natural
product.

Conclusion
We have accomplished the first

total synthesis of grandisines B
(2), D (5), and F (4) from

common key intermediate 9 on the basis of a synthetic strat-
egy inspired by the proposed biogenetic pathway. In this
synthesis, construction of the indolizidine skeleton features
28 highly stereoselective Brgnsted acid mediated MBH reac-
tion of 11. This flexible strategy should serve as a powerful
tool for the synthesis of grandisine analogues as candidate
agonists for selective activation of the &-opioid receptor.
Further application of this strategy to the synthesis of other
grandisine alkaloids and their analogues, and evaluation of
the binding affinity for the human §-opioid receptor, are in
progress in our laboratory.

Experimental Section

General: All reactions that were air- and moisture-sensitive were carried
out in flame-dried flasks under argon. Melting points were determined

with a Yanagimoto micro melting point apparatus and are uncorrected.
Optical rotations were measured with a JASCO P-1020 auto digital polar-
imeter. IR spectra were recorded with Perkin-Elmer Spectrum 100.

stereochemistry. Therefore, direct comparison of the 'H and
C NMR spectra of synthetic 4 with those of natural grandi-
sine F was carried out. Natural grandisine F was purified by
a method similar to that used for synthetic 4, but the
'"HNMR spectrum of the purified grandisine F was still
slightly different from that of synthetic 4. Fortunately, the
'H and *C NMR spectra of a 1:1 mixture of natural grandi-
sine F and synthetic 4 did not show any separated signals,
and this experiment demonstrated that synthetic 4 had the
expected structure. We speculate that the slight differences
in the NMR spectra may be ascribed to partial protonation
of the tertiary amine of 4. Next, the optical purities of natu-
ral and synthetic 4 were measured. First the enantiomer of 4

12758 — www.chemeurj.org © 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

NMR spectra ("H and *C NMR) were recorded on a JEOL JNM-AL300
or a Bruker AV600 spectrometer. The chemical shifts are expressed in
ppm downfield from tetramethylsilane (6 =0.00 ppm) as an internal stan-
dard (CDClI; solution). Splitting patterns are indicated as follows: s, sin-
glet; d, doublet; t, triplet; q, quartet; m, multiplet; br, broad peak. Meas-
urements of mass spectra (MS) and high-resolution MS (HRMS) were
performed with a JEOL JMS SX-102A or a JEOL JMS-T100LP mass
spectrometer. HPLC analyses were conducted by using a JASCO 880-PU
with Hitachi 655A UV detection. Column chromatography was carried
out on silica gel (silica gel 40-50 um neutral, (Kanto Chemical) or Chro-
matorex NH DM2035 200-350 mesh (Fuji Silysia Chemical)). Merck pre-
coated TLC plates (silica gel 60 F,s,, 0.25 mm, Art 5715) or Fuji Silysia
Chemical. TLC Plates (NH) were used for the TLC analysis. After ex-
tractive workup, organic layers were dried over anhydrous sodium sulfate
or anhydrous magunesium sulfate and the solvent was removed by rotary
evaporation under reduced pressure.

Chem. Eur. J. 2009, 15, 12754 -12763
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(35)-3-Acetoxy-1-(3-buten-1-yl)pyrrolidine-2,5-dione (12): A solution of
(S)-malic acid (12.2 g, 91.1 mmol) in acetyl chloride (150 mL) was heated
at reflux for 2 h. After evaporation of acetyl chloride, the residue was dis-
solved in CH,Cl, (70 mL). To the resulting solution was added dropwise
a mixture of 4-amino-1-butene hydrochloride (22.1 g, 205 mmol) and tri-
ethylamine (28.5 mL, 205 mmol) in CH,Cl, (80 mL) at 0°C and the mix-
ture was stirred at room temperature for 5h. After evaporation of the
solvent, acetyl chloride (150 mL) was added to the residue and the mix-
ture was heated at reflux for 1.5 h. After evaporation of acetyl chloride,
the residue was dissolved in a mixture of CH,Cl, (50 mL), water (50 mL),
and saturated aqueous NaHCO; (400 mL). The whole was extracted with
CH,Cl, (50 mL x2), washed with brine (50 mL), dried (Na,SO,), and con-
centrated in vacuo. The crude product was purified by column chroma-
tography on silica gel (hexane/AcOEt, 1:1) to afford imide 12 as a color-
less solid (17.4 g, 90%). M.p. 49.0-50.0°C (hexane/AcOEt); [a]y=—-19.0
(¢=050, CHClLy); IR (ATR): #=2949, 1743, 1699 cm™'; 'H NMR
(300 MHz, CDCl;): 0=5.73 (ddt, J=16.5, 10.8, 6.9 Hz, 1H), 5.43 (dd, J=
8.8, 4.8 Hz, 1H), 5.14-5.02 (m, 2H), 3.64 (t, J=7.2 Hz, 2H), 3.15 (dd, /=
18.3, 8.6 Hz, 1H), 2.65 (dd, /=183, 5.0 Hz, 1H), 2.38 (brq, /J=7.1 Hz,
2H), 2.17 ppm (s, 3H); "CNMR (75 MHz, CDClL): 6=173.3, 173.1,
169.8, 134.0, 117.8, 67.3, 38.2, 35.7, 31.7, 20.5 ppm; MS (CI+): m/z: 212
[M+H]*; HRMS (CI+): m/z: caled for C,,H;,NO,: 212.0923; found:
212.0922 [M+H]*; the optical purity of 12 was measured to be 99.3% ee
by chiral HPLC analysis (DAICEL CHIRALPAK IA, 4.6x250 mm,
measurement of UV260 nm absorbance, hexane/EtOH 6:4, 0.5 mL min’,
tg=35.60, tg=21.67 min); the corresponding enantiomer was prepared
from (R)-malic acid by using the same procedure described above.
(2R,3S)-1-Butenyl-2-ethoxy-5-oxopyrrolidin-3-yl acetate (frans-13) and
(25,35)-1-butenyl-2-ethoxy-5-oxopyrrolidin-3-yl acetate (cis-13): NaBH,
(8.96 g, 237 mmol) was added to a solution of imide 12 (10.0g,
473 mmol) in EtOH (470 mL) at —15°C. The mixture was stirred for
15 min at —5°C and cooled to —52°C, then a 1™ solution of H,SO, in
EtOH (215 mL) was added over 55 min. The mixture was allowed to
warm to room temperature, and stirring was continued for 13 h. The mix-
ture was poured into saturated aqueous NaHCO; (1.5 L), and the whole
was extracted with CH,Cl, (200 mL x4), dried (Na,SO,), and concentrat-
ed in vacuo. The crude product was purified by column chromatography
on silica gel (hexane/AcOEt 1:1) to afford trans-13 as a colorless oil
(9.60 g, 84 %) and cis-13 as a colorless oil (1.11 g, 10%).

Product trans-13: [a]3}=-26.5 (c=0.50 in CHCL); IR (ATR): #=2977,
2934, 1742, 1702 cm™"; 'H NMR (300 MHz, CDCL,): 6=>5.78 (ddt, J=
17.1, 10.2, 6.9 Hz, 1H), 5.14-5.01 (m, 3H), 4.73 (s, 1H), 3.74 (dq, /=9.6,
7.1Hz, 1H), 3.67-3.53 (m, 2H), 3.17 (brdt, /=13.8, 72 Hz, 1H), 2.88
(ddd, J=17.9, 6.5, 0.8 Hz, 1H), 2.43-2.26 (m, 3H), 2.07 (s, 3H), 1.25 ppm
(t, J=7.1Hz, 3H); "CNMR (75 MHz, CDCL,): 6=172.5, 170.3, 135.0,
116.9, 93.0, 70.5, 63.6, 39.7, 35.6, 32.2, 20.9, 152 ppm; MS (CI+): m/z:
242 [M+H]*; HRMS (CI+): m/z: caled for C;,H,()NO,: 242.1392; found:
242.1440 [M+H]*.

Product cis-13: [a]}=-57.7 (¢=0.49 in CHCL); IR (ATR): #=2978,
2935, 1739, 1702 cm™'; '"HNMR (300 MHz, CDCL): 6=5.76 (ddt, J=
17.1, 10.5, 7.2 Hz, 1H), 5.20-5.04 (m, 4H), 3.72-3.51 (m, 3H), 3.13 (ddd,
J=141, 7.8, 6.3 Hz, 1H), 2.66 (dd, /=16.8, 7.8 Hz, 1H), 2.60 (dd, J=
16.8, 7.8 Hz, 1H), 2.41-2.25 (m, 2H), 2.13 (s, 3H), 1.21 ppm (t, /=7.0 Hz,
3H); “C NMR (75 MHz, CDCL,): 6=170.9, 170.7, 134.9, 117.2, 88.2, 67.7,
65.4, 39.9, 34.5, 32.1, 20.7, 15.5ppm; MS (CI+): m/z: 242 [M+H]*;
HRMS (CI+): m/z: caled for C,H,)NO,: 242.1392; found: 242.1389
[M+H]*.

(2R,3S)-2-Ethoxy-5-0x0-1-[ (3E)-5-0x0-3-pentenyl]pyrrolidin-3-yl acetate
an

Experimental details from Table 1, entry 2: A solution of trans-13 (4.43 g,
18.4 mmol), acrolein (3.68 mL, 55.1 mmol), and Grubbs-Hoveyda
second-generation catalyst (1.15 g, 1.84 mmol) in CH,Cl, (50 mL) was
stirred at room temperature for 2 h. After concentration, the crude prod-
uct was purified by column chromatography on silica gel (hexane/AcOEt
1:2) to afford aldehyde 11 as a brown oil (4.14 g, 84 %). [a]5 =—24.8 (c=
047 in CHCL); IR (ATR): #=2978, 1741, 1684cm'; 'HNMR
(300 MHz, CDCl,): 6=9.51 (d, /=7.9 Hz, 1H), 6.81 (dt, J=15.6, 7.0 Hz,
1H), 6.13 (ddt, J=15.6, 7.9, 1.5 Hz, 1H), 5.07 (d, J=6.1 Hz, 1H), 4.67 (s,
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1H), 3.76 (dq, /=9.3, 6.9 Hz, 1H), 3.68-3.54 (m, 2H), 3.44 (brdt, /=
13.8, 6.6 Hz, 1H), 2.88 (dd, J=17.8, 6.1 Hz, 1H), 2.75-2.57 (m, 2H), 2.32
(d, J=17.8 Hz, 1H), 2.07 (s, 3H), 1.25 ppm (t, /=7.0 Hz, 3H); *C NMR
(75 MHz, CDCly): 6=193.6, 172.7, 170.3, 154.0, 134.6, 93.4, 70.2, 63.7,
39.1, 35.5, 31.4, 20.9, 152 ppm; MS (CI+): m/z: 270 [M+H]*; HRMS
(CI+): m/z: caled for C3H,NOs: 270.1341; found: 270.1364 [M+H]*.
Experimental details from Table 1, entry5: A solution of trans-13
(300 mg, 1.24 mmol), crotonaldehyde (309 pL, 3.73 mmol), and Grubbs
second-generation catalyst (21.1 mg, 0.0248 mmol) in CH,Cl, (3.26 mL)
was stirred at room temperature for 2 h. After concentration, the crude
product was purified by column chromatography on silica gel (hexane/
AcOEt 1:2) to afford aldehyde 11 as a brown oil (245 mg, 73 %).
(1S,8aR)-8-Formyl-3-0x0-1,2,3,5,6,8a-hexahydroindolizin-1-yl acetate
(trans-14) and (15,8a$)-8-formyl-3-o0xo0-1,2,3,5,6,8a-hexahydroindolizin-1-
yl acetate (cis-14): Me,S (1.64 mL, 22.3 mmol) and TfOH (3.29 mL,
37.1 mmol) were added to a solution of aldehyde 11 (4.00 g, 14.9 mmol)
in CH;CN (75mL) at —35°C. The resulting mixture was allowed to
warm to room temperature and stirring was continued for 2 h. The reac-
tion was quenched with saturated aqueous NaHCO; (70 mL). After evap-
oration of CH;CN, the whole was extracted with CH,Cl, (30 mL x3),
dried (Na,SO,), and concentrated in vacuo. The crude product was puri-
fied by column chromatography on silica gel (MeOH/AcOEt 1:20) to
afford an inseparable mixture of trans- and cis-14 as a colorless solid
(222 g, 67 %, transicis 96:4). IR (ATR): #=2930, 2820, 1730, 1675 cm™;
the spectral data of trans and cis-14 were measured after deprotection of
the acetal of trans- and cis-15 obtained below by acid hydrolysis, respec-
tively; MS (CI+): m/z: 224 [M+H]*; HRMS (CI+): m/z: caled for
C,;H;,NO,: 224.0923; found: 224.0924 [M+H]*.

Product trans-14: "H NMR (300 MHz, CDCL,): 6=9.43 (s, 1 H), 7.00-6.98
(m, 1H), 527 (ddd, /=10.0, 5.0, 3.7 Hz, 1H), 4.54-4.51 (m, 1H), 4.39
(brdd, /=13.3, 6.7 Hz, 1H), 2.86 (dd, J=17.4, 8.4 Hz, 1H), 2.88-2.77 (m,
1H), 2.53 (ddd, J=17.4, 6.3, 1.5 Hz, 1H), 2.64-2.35 (m, 2H), 2.16 ppm (s,
3H); "CNMR (75 MHz, CDCL): 6=191.3, 170.4, 170.3, 149.7, 1402,
69.7, 58.8, 38.3, 35.2, 25.5, 21.0 ppm.

Product cis-14: "HNMR (300 MHz, CDCl,): 6=9.45 (s, 1 H), 7.11-7.06
(m, 1H), 5.69 (t, J=5.0 Hz, 1H), 4.64-4.59 (m, 1H), 4.38 (brdd, /=128,
5.7Hz, 1H), 2.92-2.77 (m, 2H), 2.67-2.42 (m, 2H), 2.45 (d, J=17.8 Hz,
1H), 191 ppm (s, 3H); *CNMR (75 MHz, CDCL): 6=191.0, 170.7,
169.6, 149.0, 137.5, 68.7, 56.9, 39.3, 35.0, 25.5, 20.8 ppm.
(1S,8aR)-8-[1,3-Dioxolan-2-yl]-3-0x0-1,2,3,5,6,8a-hexahydroindolizin-1-yl
acetate (trans-15) and (1S,8aS)-8-[1,3-dioxolan-2-yl]-3-o0x0-1,2,3,5,6,8a-
hexahydroindolizin-1-yl acetate (cis-15): A solution of indolizidine 14
(350 mg, 1.57 mmol; mixture of trans- and cis-14), ethylene glycol
(393 puL, 7.06 mmol), and p-toluenesulfonic acid (PTSA) (3 mg,
0.016 mmol) in benzene (20 mL) was heated at reflux for 13 h. The reac-
tion mixture was poured into saturated aqueous NaHCO; (150 mL). The
whole was extracted with CH,Cl, (200 mL x4), dried (Na,SO,), and con-
centrated in vacuo. The crude product was purified by column chroma-
tography on silica gel (AcOEt) to afford trans-15 as colorless crystals
(347 mg, 88 %) and cis-15 as a colorless oil (30.2 mg, 8%).

Product trans-15: M.p. 90.0-91.0°C (hexane/AcOEt); [a]5=-88.5 (c=
0.50 in CHCly); IR (ATR): #=2937, 2883, 1738, 1674 cm™'; 'H NMR
(300 MHz, CDCl,): 6=6.15 (brd, J=6.0Hz, 1H), 546 (brdt, J=9.2,
4.1 Hz, 1H), 5.23 (s, 1H), 4.39-4.37 (m, 1H), 4.27 (brdd, J=13.2, 6.6 Hz,
1H), 4.05-3.84 (m, 4H), 2.92 (dd, J=17.6, 8.2 Hz, 1H), 2.90-2.78 (m,
1H), 2.41 (ddd, J=17.6, 5.5, 1.5Hz, 1H), 2.37-2.23 (m, 1H), 2.17-
2.05 ppm (m, 4H); "CNMR (75 MHz, CDCL,): 6=170.6, 169.9, 132.6,
128.8, 103.8, 70.2, 64.9, 64.8, 60.0, 38.2, 36.0, 23.8, 20.9 ppm; MS (CI+):
miz: 268 [M+H]*; HRMS (Cl+): m/z: caled for C;;H,;{NOs: 268.1185;
found 268.1147 [M+H]*.

Product cis-15: [a]y=+194 (c=045 in CHCL); IR (ATR): 7=2887,
1735, 1686 cm™; 'H NMR (300 MHz, CDCly): 6=6.24 (d, J=6.2Hz,
1H), 5.49 (t, J=4.5Hz, 1H), 5.17 (s, 1H), 4.52-4.46 (m, 1H), 4.26 (brdd,
J=12.9, 6.0 Hz, 1H), 4.00-3.81 (m, 4H), 2.84-2.71 (m, 2H), 2.38 (d, /=
17.4 Hz, 1H), 2.41-2.13 (m, 2H), 1.98 ppm (s, 3H); “C NMR (75 MHz,
CDCly): 6=170.8, 170.4, 130.6, 129.7, 104.4, 69.4, 65.0, 64.9, 57.6, 39.8,
357, 24.2, 21.0 ppm; MS (ESI+): m/z: 268 [M+H]*; HRMS (ESI+):
mlz: caled for C;3HsNOs: 268.1185; found: 268.1187 [M+H]*.
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(18,8 aR)-8-(1,3-Dioxolan-2-yl)-1-hydroxy-1,5,6,8 a-tetrahydro-2H-indoli-
zin-3-one (16): NaOEt (37.9 mg, 0.557 mmol) in EtOH (6.5 mL) was
added to a solution of trans-15 (2.50 g, 9.95 mmol) in EtOH (6.5 mL) at
4°C, and the mixture was stirred at room temperature. After 1 h, a solu-
tion of NaOEt (37.9 mg, 0.557 mmol) in EtOH (2 mL) was added twice
every 1h. The mixture was poured into saturated aqueous NH,Cl
(100 mL), and the whole was extracted with CH,Cl, (40 mL x2), dried
(Na,S0O,), and concentrated in vacuo. The crude product was purified by
column chromatography on silica gel (MeOH/AcOEt 1:20) to afford 16
as colorless crystals (1.57 g, 70%). M.p. 143.5-144.0°C (hexane/AcOEt);
[a]5=-126 (¢c=0.50 in CHCL); IR (ATR): 7=3292, 2864, 1654 cm™';
'"HNMR (300 MHz, CDCl;): =6.20 (d, J=5.7 Hz, 1H), 5.29 (s, 1H),
4.32-3.96 (m, 7H), 3.82 (d, J=2.4Hz, 1H), 2.77-2.50 (m, 3H), 2.30-
211 ppm (m, 2H); "CNMR (75 MHz, CDCLy): 6=170.3, 133.1, 128.5,
104.3, 72.3, 65.2, 64.5, 61.8, 39.4, 35.0, 24.6 ppm; MS (EI+): m/z: 225
[M]*; HRMS (El+): mi/z: caled for C,;H;;NO,: 225.1001; found:
225.0972 [M]*.

(15,8 aR)-8-(1,3-Dioxolan-2-yl)-3-0x0-1,2,3,5,6,8 a-hexahydro-indolizin-1-
yl phenoxythiocarbonate: A solution of 16 (1.55g, 6.88 mmol), 4-di-
methylaminopyridine (DMAP) (1.26 g, 10.3 mmol), and phenyl chloro-
thionoformate (1.40 mL, 10.3 mmol) in CIC,H,Cl (44 mL) was heated at
60°C for 12 h. After concentration, the crude product was purified by
column chromatography on silica gel (hexane/AcOEt 1:2) to afford the
title compound as colorless crystals (2.48 g, quant.). M.p. 144.0-145.0°C
(hexane/AcOEL); [a]y=-30.0 (¢=0.50 in CHCL); IR (ATR): #=2952,
2902, 2851, 1689 cm™'; 'H NMR (300 MHz, CDCL,): 6=7.48-7.39 (m,
2H), 7.36-7.28 (m, 1H), 7.14-7.06 (m, 2H), 6.19 (brd, /J=6.1 Hz, 1H),
5.83 (ddd, /=82, 5.9, 4.8 Hz, 1H), 5.27 (s, 1H), 4.67-4.61 (m, 1H), 4.32
(brdd, J=132, 6.6 Hz, 1H), 4.17-4.04 (m, 2H), 4.02-3.89 (m, 2H), 3.16
(dd, J=17.5, 8.3 Hz, 1H), 2.88 (brtd, /=114, 48 Hz, 1H), 2.62 (ddd, J=
17.6, 5.9, 1.4Hz, 1H), 2.42-2.26 (m, 1H), 2.21-2.08 ppm (m, 1H);
BC NMR (75 MHz, CDCL,): 6=193.9, 169.8, 153.3, 132.5, 130.1, 129.6,
126.8, 121.8, 104.8, 79.5, 65.1, 65.0, 58.9, 37.7, 36.0, 24.0 ppm; MS (ESI+):
mlz: 362 [M+H]*; HRMS (ESI+): m/z: caled for CigH,NOsS: 362.1062;
found: 362.1070 [M+H]*.

(8a$)-8-(1,3-Dioxolan-2-yl)-1,5,6,8 a-tetrahydro-2H-indolizin-3-one  (17):
A solution of phenoxythiocarbonate derivative prepared above (2.45 g,
6.78 mmol), nBu;SnH (5.39 mL, 20.3 mmol), and 2,2'-azobisisobutyroni-
trile (AIBN) (55.7 mg, 0.339 mmol) in benzene (34 mL) was heated at
reflux for 30 min. After concentration, the crude product was purified by
column chromatography on silica gel containing 10 % w/w KF? (MeOH/
AcOEt 1:20) to afford 17 as colorless crystals (1.33 g, 94 % ). M.p. 60.0—
61.0°C (hexane/AcOEL); [a]3 =—212 (¢=0.50 in CHCLy); IR (ATR): 7=
3475, 2849, 1660 cm™'; '"H NMR (300 MHz, CDCL): 6=6.06 (brd, J=
5.7Hz, 1H), 523 (s, 1H), 4.35-4.18 (m, 1H), 4.23 (dd, J=12.6, 6.0 Hz,
1H), 4.08-3.86 (m, 4H), 2.76 (brtd, J=11.7, 4.8 Hz, 1H), 2.52-2.07 (m,
5H), 1.91-1.75ppm (m, 1H); *CNMR (75MHz, CDCL): §=173.2,
135.3, 126.4, 104.3, 65.1, 64.7, 54.5, 35.8, 31.9, 26.4, 24.4 ppm; MS (EI+):
miz: 209 [M]*; HRMS (EI+): m/z: caled for C;;H;sNO;: 209.1052;
found: 209.1061 [M]*.

(8a8)-3-0xo0-1,2,3,5,6,8 a-hexahydroindolizine-8-carbaldehyde (10): A so-
lution of 17 (1.30 g, 6.21 mmol) and PTSA (1.18 g, 6.21 mmol) in acetone
(62 mL) containing H,O (1.6 mL) was heated at reflux for 15 min. After
concentration, the crude product was purified by column chromatography
on silica gel (MeOH/AcOEt 1:20) to afford 10 as a colorless oil (997 mg,
97%). [a]5 =—424 (¢=0.25 in CHCl;); IR (ATR): #=3450, 2935, 2834,
1671 cm™; "H NMR (300 MHz, CDCly): 6=9.44 (s, 1H), 6.94-6.89 (m,
1H), 4.46-4.29 (m, 2H), 2.85-2.65 (m, 2H), 2.62-2.33 (m, 4H), 1.64—
1.49 ppm (m, 1H); "CNMR (75 MHz, CDCLy): 6=191.7, 173.3, 147.7,
142.6, 53.6, 35.1, 31.5, 26.0, 25.9 ppm; MS (EI+): m/z: 165 [M]*; HRMS
(EI+): m/z: caled for Co;H;NO,: 165.0790; found: 165.0777 [M]*.

8aS, 1S, 6'S)-8-[(R)-Hydroxy(6-methyl-2"-oxo-cyclohex-3"-en-1-yl)
methyl]-1,5,6,8 a-tetrahydro-2H-indolizin-3-one (19): iPr,NEt (791 pL,
6.81 mmol), and nBu,BOTf (1.0M, 4.54 mL, 6.81 mmol) was successively
added dropwise to a solution of (S)-5-methylcyclohexenone (18)"!
(500 mg, 4.54 mmol) in CH,Cl, (20 mL) at —78°C. After stirring at the
same temperature for 1 h, a solution of aldehyde 10 (500 mg, 3.03 mmol)
in CH,Cl, (10 mL) was added slowly at —78°C. The mixture was allowed
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to warm to room temperature and stirring was continued for 1 h. The re-
action was quenched by addition of MeOH (1.4 mL) and 30% H,O,
(1.4 mL) at 4°C, and then the mixture was poured into saturated aqueous
NaHCO; (30 mL). The whole was extracted with CH,Cl, (20 mL x 2),
washed with brine (20 mL), dried (Na,SO,), and concentrated in vacuo.
The crude product was purified by column chromatography on silica gel
(MeOH/AcOEt 1:10) to afford 19 as colorless crystals (830 mg, quant.).
M.p. 121-123°C (hexane/EtOH); [a]Z=-100 (c=0.50 in CHCl;); IR
(ATR): #=3404, 2918, 1648 cm™'; '"H NMR (300 MHz, CDCL;): 6=6.91
(dt, J=10.1, 41 Hz, 1H), 6.05 (dt, /=10.1, 1.9 Hz, 1H), 578 (d, /=
5.5Hz, 1H), 4.37-4.19 (m, 3H), 2.73 (td, /J=12.1, 4.7 Hz, 1H), 2.63-2.05
(m, 10H), 1.94-1.80 (m, 1H), 1.14ppm (d, J=7.0 Hz, 3H); C NMR
(75 MHz, CDCl;): 6=201.1, 173.1, 148.4, 138.6, 128.6, 123.9, 73.0, 56.1,
55.3, 35.7, 31.9, 31.0, 30.7, 27.3, 24.7, 19.9 ppm; MS (ESI+): m/z: 276
[M+H]*; HRMS (ESI+): m/z: caled for C,¢H,,NO;: 276.1600; found:
276.1591 [M+H]*; stereochemistry of 19 was determined by modified
Mosher’s method (Scheme 8). Derivatization of 19 to the corresponding
(R)- or (S)-MTPA esters was conducted according to a usual method,
and '"H NMR spectroscopic data are as follows:

0.032 o
0.022
N ( \_ -0.075
( -0.036

0.001

Scheme 8. Modified Mosher’s method: Differences of the chemical shifts
(Ad=(0s—0g), CDCl;) between (R)- and (S)-MTPA esters of 19
(MTPA = a-methoxy-alpha(trifluoromethyl)phenylacetic acid).

(R)-MTPA ester of 19: '"HNMR (300 MHz, CDCLy): 6=7.49-7.35 (m,
5H), 6.85-6.77 (m, 1H), 6.17 (d, J=59Hz, 1H), 597 (dd, J=10.3,
29 Hz, 1H), 5.85 (d, /=10.6 Hz, 1H), 424 (dd, /=13.0, 6.4 Hz, 1H),
4.16-4.05 (m, 1H), 3.40 (d, J/=0.7 Hz, 3H), 2.75-2.55 (m, 3H), 2.43-2.06
(m, 7H), 1.64-1.48 (m, 1H), 1.10 ppm (d, /=7.2 Hz, 3H).

(S)-MTPA ester of 19: '"HNMR (300 MHz, CDCl;): 0=7.48-7.29 (m,
SH), 6.88-6.79 (m, 1H), 6.13 (d, /J=5.5Hz, 1H), 6.00 (dd, J=10.3,
2.8 Hz, 1H), 5.81 (d, /J=11.4Hz, 1H), 4.16 (dd, J=12.7, 54 Hz, 1H),
3.99-3.88 (m, 1H), 3.58 (d, /=1.7 Hz, 3H), 2.73-2.51 (m, 3H), 2.28-1.83
(m, 7H), 1.10 (d, J=7.2 Hz, 3H), 0.78-0.63 ppm (m, 1 H).
(8aS,1'R,6'S)-8-(6'-Methyl-2'-oxo-cyclohex-3'-enecarbonyl)-1,5,6,8 a-tetra-
hydro-2H-indolizin-3-one (9): A solution of Dess—Martin periodinane
(15% wiw, 7.76 mL, 3.63 mmol) in CH,Cl, was added to a solution of 19
(500 mg, 1.82 mmol) in CH,Cl, (18 mL) at 4°C, and then the mixture was
allowed to warm to room temperature and stirring was continued for 3 h.
The mixture was poured into saturated aqueous NaHCO; (30 mL) and
the whole was extracted with CH,Cl, (20 mL x3), dried (Na,SO,), and
concentrated in vacuo. The crude product was purified by column chro-
matography on silica gel (MeOH/AcOEt 1:20) to afford 9 as a colorless
syrup (436 mg, 88%). [a]¥=-57.6 (c=0.50 in CHCL,); IR (ATR): 7=
2906, 1685, 1671, 1642, 1625 cm™'; '"H NMR (300 MHz, CDCly): §=7.02
(ddd, /=102, 5.7, 2.7 Hz, 1H), 6.95-6.89 (m, 1H), 6.07 (ddd, /=10.1,
2.7, 1.3 Hz, 1H), 4.62-4.52 (m, 1H), 429 (brdd, /=12.0, 6.0 Hz, 1H),
3.81 (d, J=11.2Hz, 1H), 2.87-2.66 (m, 3H), 2.62-2.30 (m, 5H), 2.17
(ddt, J=19.1, 10.3, 2.8 Hz, 1H), 1.51-1.37 (m, 1H), 098 ppm (d, J=
6.6 Hz, 3H); *C NMR (75 MHz, CDCly): 6=197.7, 196.3, 173.2, 150.0,
142.8, 140.0, 129.3, 60.5, 54.6, 34.8, 33.2, 33.0, 31.5, 26.7, 25.6, 19.9 ppm;
MS (ESI+): m/z: 274 [M+H]*; HRMS (ESI+): m/z: caled for
C,HyNO;: 274.1443; found: 274.1446 [M+H]™*.
(8aS,1'R,2'S,4'S)-8-(2'-Methyl-6"-0x0-4'-phenylsulfanyl-cyclohexanecar-
bonyl)-1,5,6,8 a-tetrahydro-2H-indolizin-3-one (20): 60 % HCIO, (36.8 uL,
0.366 mmol) was added to a solution of 9 (100 mg, 0.366 mmol) and
PhSH (112 pL, 1.10 mmol) in MeOH (5 mL) at room temperature, and
stirring was continued at the same temperature for 2 h. After concentra-
tion in vacuo, the crude product was purified by column chromatography
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on silica gel (MeOH/AcOEt 1:20) to afford sulfide 20 as a colorless
syrup (132 mg, 94% yield). [a]5=—185 (¢=0.30 in CHCL); IR (ATR):
#=2930, 1709, 1655 cm™'; '"H NMR (300 MHz, CDCl;): 6 =7.47-7.39 (m,
2H), 7.37-7.28 (m, 3H), 6.85 (brd, /=53 Hz, 1H), 4.58-4.48 (m, 1H),
4.29 (dd, J=13.0, 6.4 Hz, 1H), 3.82-3.73 (m, 1H), 3.70 (d, /=8.3 Hz,
1H), 2.95-2.26 (m, 9H), 2.17 (dt, J=14.4, 48 Hz, 1H), 1.91 (ddd, J=
14.4, 9.6, 3.9 Hz, 1H), 1.53-1.37 (m, 1H), 0.96 ppm (d, /=6.8 Hz, 3H);
BCNMR (75 MHz, CDCly): 6=205.3, 195.8, 173.5, 141.4, 139.2, 133.1,
132.9, 129.1, 127.8, 63.9, 54.6, 45.9, 43.9, 36.0, 34.9, 32.2, 31.5, 26.6, 25.4,
20.3 ppm; MS (ESI+): m/z: 384 [M+H]*; HRMS (ESI+): m/z: caled
for C,H,sNO,S: 384.1633; found: 384.1638 [M+H]*.
(8a8,2'R,3'S,5'S)-(3-Methyl-5-phenylsulfanyl)-2-(3-thioxo-1,2,3,5,6,8 a-
hexahydro-indolizine-8-carbonyl)cyclohexanone (21): A mixture of 20
(110 mg, 0.287 mmol) and Lawesson’s reagent (63.7 mg, 0.158 mmol) in
toluene/CH,Cl, (2:1, 6 mL) was stirred at 65°C for 15 min. After concen-
tration, the crude product was purified by column chromatography on
silica gel (hexane/AcOEt 1:1) to afford thioamide 21 as a colorless syrup
(92.6 mg, 81%). [a]5=-263 (c=0.30 in CHCL); IR (ATR): #=2929,
1709, 1663 cm™'; '"HNMR (300 MHz, CDCl;): 6=7.46-7.38 (m, 2H),
7.37-7.28 (m, 3H), 6.90 (brd, J=4.2Hz, 1H), 5.07 (dd, /=128, 5.7 Hz,
1H), 4.81-4.71 (m, 1H), 3.83-3.74 (m, 1H), 3.69 (d, /J=8.8 Hz, 1H),
3.10-2.43 (m, 9H), 2.22-2.12 (m, 1H), 1.91 (ddd, J=14.1, 9.6, 3.9 Hz,
1H), 1.54-142 (m, 1H), 095ppm (d, J=6.6Hz, 3H); "CNMR
(75 MHz, CDCl,): 6=205.1, 200.0, 195.6, 140.8, 138.9, 133.1, 133.0, 129.1,
127.9, 64.2, 61.9, 45.8, 44.3, 43.9, 39.9, 36.0, 32.1, 28.3, 25.1, 20.3 ppm; MS
(ESI+): m/z: 400 [M+H]*; HRMS (ESI+): m/z: caled for C,,H,sNO,S,:
400.1405; found: 400.1415 [M+H]*.

Grandisine D trifluoroacetic acid salt (5-TFA): Me;O*BF,” (55.5 mg,
0.375 mmol) was added to a solution of 21 (50.0 mg, 0.125 mmol) in
CH;CN (1.2 mL) at 4°C and then the mixture was stirred at room tem-
perature for 1 h. After concentration, the residue (50.0 mg, 0.125 mmol)
was dissolved in MeOH (1.2 mL), and NaBH;CN (15.7 mg, 0.250 mmol)
was added to the solution. The mixture was stirred at room temperature
for 1h, and then was poured into saturated aqueous NaHCO; (5 mL),
and extracted with CH,Cl, (5 mL x3), dried (Na,SO,), and concentrated
in vacuo. The residue was dissolved in CH,Cl, (1 mL) at 4°C and TFA
(12.0 pL, 0.161 mmol) was added to the solution. The resulting mixture
was allowed to warm to room temperature, and was then stirred for 1 h.
After this time, the mixture was concentrated in vacuo. The crude prod-
uct was purified by column chromatography on silica gel (AcOEt/
MeOH/28 % NH; 50:10:1) to afford 5-TFA as a colorless oil (20.6 mg,
63% yield). [a]5 =+65.7 (c=0.09 in MeOH); IR (ATR): 7#=2955, 2926,
2873, 2795, 1675, 1655 cm™'; '"H NMR (300 MHz, [D¢]DMSO): 6=10.15
(brs, 1H), 7.34 (apparentt, J=3.8 Hz, 1H), 7.19-7.11 (m, 1H), 5.96 (dd,
J=10.0, 2.1 Hz, 1H), 4.45-4.35 (m, 1H), 4.32 (d, J=11.6 Hz, 1H), 3.63-
3.47 (m, 1H), 3.40-3.27 (m, 2H), 3.19-3.03 (m, 1H), 2.67-2.56 (m, 2H),
2.53-2.35 (m, 3H), 2.27-2.12 (m, 1H), 2.09-1.92 (m, 2H), 1.72-1.55 (m,
1H), 0.85 ppm (d, J=6.2 Hz, 3H); "C NMR (75 MHz, [D¢]DMSO): 6=
198.4, 196.8, 151.8, 140.2, 137.3, 128.4, 59.3, 58.0, 53.0, 43.1, 33.0, 32.7,
28.1,23.0, 20.3, 19.2 ppm; MS (ESI+): m/z: 260 [M+H]*; HRMS (ESI+):
mlz: caled for C,gH,,NO,: 260.1651; found: 260.1652 [M+H]*.
Grandisine B (2): 28 % NH; (0.25 mL) was slowly added to a solution of
5-TFA (5.0 mg, 0.134 mmol) in MeOH (0.50 mL) at 4°C. The reaction
mixture was stirred for 2 h at room temperature and then concentrated
in vacuo. The residue was purified by chromatography on NH silica gel
(CH,Cl,/MeOH/28 % NHj; 200:10:1) to give 2 as a colorless oil (2.7 mg,
78%). [alg=-159 (¢=0.08 in CH,ClL); IR (ATR): #=2952, 1727,
1577 cm™'; "H NMR (600 MHz, CDCly): 6=6.40 (td, J=4.2, 1.2 Hz, 1H),
4.62-4.60 (m, 1H), 3.71-3.66 (m, 1H), 3.53 (d, /=3.0 Hz, 1H), 2.91 (ddd,
J=126, 7.8, 48 Hz, 1H), 2.86 (dd, /=114, 54 Hz, 1H), 2.83-2.77 (m,
1H), 2.65 (dt, J=11.4, 6.0 Hz, 1H), 2.44-2.27 (m, 3H), 2.14 (dt, J=19.2,
3.0 Hz, 1H), 2.04 (dd, J=18.6, 1.8 Hz, 1H), 1.97-1.92 (m, 1H), 1.88-1.74
(m, 3H), 1.37-1.31 (m, 1H), 125 (ddd, J=12.6, 4.8, 1.8 Hz, 1H),
1.04 ppm (d, J=72Hz, 3H); "CNMR (150 MHz, CDCl;): 6=208.9,
171.0, 138.4, 130.2, 58.9, 56.4, 55.6, 52.6, 45.2, 40.0, 32.2, 30.0, 29.2, 24.8,
22.3, 212 ppm; MS (ESI+): m/z: 259 [M+H]*; HRMS (ESI+): m/z:
caled for CgH»;N,0: 259.1810; found: 259.1815 [M+H]*.
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(8a8,1'S,6'R)-8-(6'-Methyl-2'-oxo-cyclohex-3’-enecarbonyl)-1,5,6,8 a-tetra-
hydro-2H-indolizin-3-one (22): This compound (227 mg, 54 % (2 steps),
colorless syrup) was obtained from 10 (254 mg, 1.54 mmol) and (R)-5-
methylcyclohexenone (ent-18)!') (254 mg, 2.31 mmol) by using a proce-
dure similar to that for 9 from 10. [a]¥=-214 (c=0.33 in CHCL); IR
(ATR): #=2904, 1665, 1656, 1625 cm™'; '"H NMR (300 MHz, CDCl,): 6 =
7.01 (ddd, /=102, 5.7, 2.4 Hz, 1H), 6.85 (brd, /J=5.4 Hz, 1 H), 6.02 (ddd,
J=99, 2.7, 1.2 Hz, 1H), 4.61-4.49 (m, 1H), 4.30 (dd, /=12.6, 6.0 Hz,
1H), 3.85 (d, J=11.1 Hz, 1H), 2.84-2.11 (m, 10H), 1.84-1.74 (m, 1H),
1.01 ppm (d, J=6.6 Hz, 3H); "CNMR (75 MHz, CDCl;) 6=197.9,
196.4, 173.5, 150.1, 142.8, 138.4, 129.3, 60.0, 54.7, 34.9, 33.2, 31.9, 314,
25.8,25.5, 20.0 ppm; MS (ESI+): m/z: 274 [M+H]*; HRMS (ESI+): m/
z: caled for CgH,)NO5: 274.1443; found: 274.1449 [M+H]*.

(8aS$,1'S,2'R 4'R)-8-(2'-Methyl-6'-oxo-4'-phenylsulfanyl-cyclohexanecar-
bonyl)-1,5,6,8 a-tetrahydro-2H-indolizin-3-one  (23): This compound
(134 mg, 96%, colorless syrup) was obtained from 22 (100 mg,
0.366 mmol) by using a procedure similar to that for 20. [a]®=—60.4 (c=
020 in CHCL); IR (ATR): #=2929, 1708, 1660 cm™'; 'H NMR
(300 MHz, CDCl3): 6 =7.44-7.40 (m, 2H), 7.36-7.29 (m, 3H), 6.85 (d, /=
54 Hz, 1H), 459-4.50 (m, 1H), 430 (dd, J=12.9, 6.3 Hz, 1H), 3.80
(quin., J=4.5Hz, 1H), 3.73 (d, J=9.3 Hz, 1H), 2.99-2.84 (m, 1H), 2.79-
2.60 (m, 3H), 2.57-2.42 (m, 4H), 2.38-2.26 (m, 1H), 2.17 (brdt, J=9.6,
45Hz, 1H), 191 (ddd, J=14.1, 10.5, 3.9 Hz, 1H), 1.70 (dq, J=12.6,
9.9 Hz, 1H), 0.96 ppm (d, J=6.3 Hz, 3H); *C NMR (75 MHz, CDCl,):
0=205.7, 196.1, 174.9, 141.1, 138.0, 133.2, 132.9, 129.2, 127.9, 63.9, 55.7,
46.0, 44.6, 36.3, 35.7, 31.3, 31.1, 25.8, 25.2, 20.4 ppm; MS (ESI+): m/z:
384 [M+H]*; HRMS (ESI+): m/z: caled for C,,H,sNO;S: 384.1633;
found: 384.1633 [M+H]*.
(8a$,2'S,3'R,5'R)-(3-Methyl-5-phenylsulfanyl)-2-(3-thioxo-1,2,3,5,6,8 a-
hexahydro-indolizine-8-carbonyl)cyclohexanone (24): This compound
(29.7mg, 57%, colorless syrup) was obtained from 23 (50.0 mg,
0.130 mmol) by using a procedure similar to that for 21. [a]®=—132 (c=
0.37, CHCly); IR (ATR): #=2928, 1708, 1666, 1488 cm™'; 'H NMR
(300 MHz, CDCl;): 6 =7.45-7.40 (m, 2H), 7.36-7.29 (m, 3H), 6.90 (d, J=
59Hz, 1H), 5.08 (dd, J=13.0, 6.1 Hz, 1H), 4.824.72 (m, 1H), 3.81
(quin., J=4.5 Hz, 1H), 3.70 (d, /=9.5 Hz, 1H), 3.15-2.86 (m, 4H), 2.78-
2.65 (m, 2H), 2.60-2.39 (m, 3H), 2.24-2.14 (m, 1H), 1.91 (ddd, /=144,
10.5, 3.9 Hz, 1H), 1.72 (dq, J=12.9, 9.9 Hz, 1H), 0.97 ppm (d, /=6.6 Hz,
3H); "CNMR (75 MHz, CDCl;): 6=205.2, 200.4, 195.9, 141.0, 137.8,
133.3, 133.0, 129.2, 128.0, 64.3, 62.2, 46.0, 44.5, 44.3, 40.1, 36.4, 31.1, 27.6,
25.1, 20.5 ppm; MS (ESI+): m/z: 400 [M+H]*; HRMS (ESI+): m/z:
caled for C,,H,sNO,S,: 400.1405; found: 400.1406 [M+H]*.
9-epi-ent-Grandisine D trifluoroacetic acid salt (9-epi-ent-5-TFA)
(25-TFA): This compound (15.8 mg, 56 %, colorless oil) was obtained
from 24 (30.0 mg, 0.0751 mmol) by using a procedure similar to that for
5. [a]g=-9.5 (c=0.11 in MeOH); IR (ATR): #=2918, 1674, 1178,
1129 cm™'; '"HNMR (300 MHz, [D(]DMSO): §=10.20 (brs, 1H), 7.31
(apparentt, J=4.0 Hz, 1H), 7.19-7.10 (m, 1H), 5.93 (dd, /=10.0, 2.1 Hz,
1H), 4.48-4.37 (m, 1H), 4.37 (d, J=11.7 Hz, 1H), 3.59-3.46 (m, 1H),
3.39-3.26 (m, 2H), 3.20-3.08 (m, 1H), 2.66-2.56 (m, 2H), 2.54-2.31 (m,
3H), 2.29-2.14 (m, 1H), 2.10-1.95 (m, 2H), 1.84-1.69 (m, 1H), 0.86 ppm
(d, J=62Hz, 3H); "CNMR (75 MHz, [D,]DMSO): 6=198.4, 197.0,
151.9, 138.9, 137.3, 128.4, 59.1, 58.1, 52.7, 43.0, 32.7, 32.3, 27.9, 22.4, 20.4,
19.1 ppm; MS (ESI+): m/z: 260 [M+H]*; HRMS (ESI+): m/z: caled
for CsH,,NO,: 260.1651; found: 260.1655 [M+H]*.
9-epi-ent-Grandisine B (26): This compound (1.4 mg, 40%, pale-yellow
oil) was obtained from 25-TFA (5.0 mg, 0.0134 mmol) by using a proce-
dure similar to that for 2. [a]¥=+96.6 (c=0.13 in CH,CL,); IR (ATR):
$=2953, 1728, 1577 cm™'; 'H NMR (600 MHz, CDCLy): 6=6.43 (t, J=
3.6 Hz, 1H), 4.66-4.63 (m, 1H), 3.88-3.81 (m, 1H), 3.61 (d, /J=3.0 Hz,
1H), 2.98-2.89 (m, 2H), 2.84-2.78 (m, 1H), 2.77-2.70 (m, 1H), 2.48-2.29
(m, 3H), 2.14-2.07 (m, 2H), 2.04-1.98 (m, 1H), 1.97-1.91 (m, 1H), 1.90-
1.77 (m, 2H), 1.44-1.35 (m, 1H), 1.29 (ddd, J=12.6, 4.2, 1.2 Hz, 1H),
1.06 ppm (d, J=72Hz, 3H); "CNMR (150 MHz, CDCly): 6=209.1,
170.5, 137.5, 129.8, 58.7, 56.3, 55.8, 53.0, 44.8, 39.5, 32.9, 29.7, 29.3, 24.9,
22.3, 21.3 ppm; MS (ESI+): m/z: 259 [M+H]*; HRMS (ESI+): m/z:
caled for C¢H,3N,0: 259.1810; found: 259.1804 [M+H]*.
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(6aR,98,115,12aS$,12bS)-9-Amino-11-methyl-1,2,6,6 2,8,9,10,11,12a,12 b-
decahydro-5H-chromeno[2,3glindolizine-3,12-dione  (27): 28% NH;
(5mL) was slowly added to a solution of 9 (130 mg, 4.76 mmol) in
MeOH (5 mL) at 4°C. The reaction mixture was stirred for 4 h at room
temperature and concentrated in vacuo. The residue was purified by
chromatography on silica gel (CH,Cl,/MeOH/28 % NH; 100:10:1) to give
27 as a colorless syrup (97.9 mg, 71%). [a]y =+160 (c=0.15 in CHCL);
IR (ATR): #=3360, 2925, 1670, 1655, 1599 cm™'; '"H NMR (300 MHz,
CDCly): 0=4.61 (q, J=3.0 Hz, 1H), 4.09 (ddd, /=13.5, 5.8, 1.2 Hz, 1H),
3.59 (ddd, /=10.8, 7.5, 6.0 Hz, 1H), 3.35-3.24 (m, 1H), 3.07 (td, /=13.2,
29Hz, 1H), 2.90-2.80 (m, 1H), 2.52 (ddd, /=179, 5.5, 1.2 Hz, 1H),
2.46-2.29 (m, 2H), 2.20-2.02 (m, 5H), 1.76-1.63 (m, 2H), 1.59-1.43 (m,
1H), 1.12 ppm (d, J=7.0 Hz, 3H); “C NMR (75 MHz, CDClL,): 6 =191.1,
173.9, 169.7, 115.8, 74.9, 53.6, 51.8, 42.9, 39.9, 38.6, 34.5, 29.8, 27.9, 25.5,
22.4, 21.8 ppm; MS (ESI+): m/z: 291 [M+H]*; HRMS (ESI+): m/z:
caled for CgH»3N,O5: 291.1709; found: 291.1710 [M+H]*.
(6aR,98,118,12a8,12bS)- (9-Amino-11-methyl-1,2,6,6a,8,9,10,11,12a,12b-
decahydro-5H-chromeno[2,3glindolizine-3,12-dione-9-yl)carbamic  acid
tert-butyl ester (28): A solution of 27 (85.0 mg, 0.293 mmol) and Boc,0
(83.1 mg, 0.381 mmol) in CH;CN (3 mL) was stirred at room temperature
for 30 min and then concentrated in vacuo. The residue was purified by
chromatography on silica gel (CH,Cl,/MeOH 20:1) to give the Boc deriv-
ative 28 as colorless crystals (113 mg, 99%). M.p. 213-215°C (hexane/
AcOE); [a]3=+922 (c=0.50 in CHCL); IR (ATR): #=3271, 2965,
1706, 1667, 1606, 1526 cm™'; "H NMR (300 MHz, CDCL,): 6 =4.61 (d, J=
2.8 Hz, 1H), 4.51 (brs, 1H), 4.09 (dd, J=13.6, 48 Hz, 1H), 4.01 (brs,
1H), 3.58 (dt, J=12.7, 5.5 Hz, 1H), 3.05 (td, J=18.7, 6.6 Hz, 1H), 2.91-
2.78 (m, 1H), 2.72 (dd, J=17.8, 42 Hz, 1H), 2.47-2.32 (m, 7H), 1.81-
1.65 (m, 4H), 1.46 (s, 9H), 1.16 ppm (d, J=7.0Hz, 3H); “C NMR
(75 MHz, CDCl;): 6=191.0, 173.9, 169.1, 155.1, 115.7, 79.8, 75.1, 53.5,
51.7, 42.7, 36.0, 35.7, 34.5, 29.8, 28.4, 27.8, 25.0, 22.3, 21.5 ppm; MS
(ESI+): m/z: 391 [M+H]*; HRMS (ESI+): m/z: caled for C,H;N,Os:
391.2233; found: 391.2233 [M+H] ™.
(6aR,9S,115,12a8,12bS)-(9-Amino-11-methyl-3-thioxo-
1,2,3,5,6,6a,8,9,10,11,12a,12b-dodecahydro-12H-chromeno-
[2,3glindolizine-12-one-9-yl)carbamic acid tert-butyl ester (29): A solu-
tion of Boc derivative 28 (50.0 mg, 0.128 mmol) with Lawesson’s reagent
(28.5 mg, 0.0705 mmol) in toluene (1.3 mL) was stirred at 60°C for
15 min and then concentrated in vacuo. The residue was purified by chro-
matography on silica gel (hexane/AcOEt 1:1) to give thioamide 29 as a
colorless crystals (51.6 mg, 99%). M.p. 209-210°C (hexane/AcOEt);
[alE=+97.6 (c=0.30 in CHCL,); IR (ATR): #=3329, 2931, 1691, 1650,
1601 cm™'; '"HNMR (300 MHz, CDClL,): 6=4.88 (ddd, J=13.6, 5.7,
1.3 Hz, 1H), 4.65-4.61 (m, 1H), 4.50 (brs, 1H), 4.02 (brs, 1H), 3.88 (dt,
J=13.1, 5.6 Hz, 1H), 328 (brt, J=13.0Hz, 1H), 3.15-2.67 (m, 4H),
2.29-2.05 (m, 5H), 1.91-1.78 (m, 1H), 1.75-1.61 (m, 3H), 1.46 (s, 9H),
1.16 ppm (d, J=6.8 Hz, 3H); "CNMR (75 MHz, CDCl): 6=200.9,
190.1, 169.3, 155.1, 115.9, 79.8, 74.3, 60.9, 51.6, 43.3, 42.7, 39.6, 35.9, 35.7,
28.4,27.7, 25.1, 23.9, 21.4 ppm; MS (ESI+): m/z: 407 [M+H]*; HRMS
(ESI+): m/z: caled for G, H3N,0O,S: 407.2005; found: 407.1995 [M+H]".
(6aR,9S,115,12a8,12bS)-(9-Amino-11-methyl-
1,2,3,5,6,6a,8,9,10,11,12a,12b-decahydro-12H-chromeno|2,3g]indolizine-
12-one-9-yl)carbamic acid rert-butyl ester (30): Raney 2800 Nickel (1 g
wet weight, suspended in THF; before use, Raney 2800 Nickel was
washed extensively with several portions of deionized water (~25 mL
total for 1g wet weight of nickel) and then this process was repeated
with THF) was added to a solution of thioamide 29 (40.0 mg, 0.0984) in
THF (1 mL) at room temperature. The reaction mixture was stirred at
room temperature for 15 min, and then filtered through a pad of Celite,
which was washed with CH,Cl,/MeOH 5:1. The combined filtrate was
concentrated in vacuo, and the residue was purified by chromatography
on silica gel (CH,Cl,/MeOH/28 % NH; 200:10:1) to give thioamide 30 as
a colorless oil (29.6mg, 80%). [a]ld=+103 (¢=0.30 in CHCly); IR
(ATR): $=3330, 2931, 2801, 1691, 1649, 1602, 1518 cm™'; 'H NMR
(300 MHz, CDCl;): 6=4.51 (q, J=2.8 Hz, 1H), 3.99 (brs, 1H), 3.08 (t,
J=8.0Hz, 1H), 2.98 (ddd, J=11.3, 5.0, 2.0 Hz, 1H), 2.89-2.75 (m, 1H),
2.67 (dd, J=17.9, 4.5 Hz, 1H), 2.41 (dt, J=16.7, 6.1 Hz, 1H), 2.23-2.00
(m, 5H), 1.97-1.59 (m, 8H), 1.46 (s, 9H), 1.15 ppm (d, /=6.8 Hz, 3H);
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“C NMR (75 MHz, CDCly): 6=192.3, 168.2, 155.1, 115.5, 79.6, 75.3, 59.6,
53.7, 52.0, 47.1, 42.8, 36.1, 35.7, 29.5, 28.6, 28.4, 25.0, 21.5, 20.5 ppm; MS
(ESI+): m/z: 377 [M+H]* ; HRMS (ESI+): m/z: caled for C,;H3;3N,0,:
377.2440; found: 377.2448 [M+H]*.

Grandisine F (4): TFA (0.3 mL) was slowly added to a solution of 30
(18.0 mg, 0.0478 mmol) in CH,Cl, (0.5 mL) at 4°C. The reaction mixture
was stirred for 30 min at room temperature and then concentrated in
vacuo. The residue was purified by chromatography on silica gel
(CH,Cl,/MeOH/28 % NH; 50:10:1) to give 4 as a colorless oil (8.5 mg,
64%). [a]5 =+140 (c=0.09 in MeOH); IR (ATR): #=3590, 2964, 2765,
1607, 1563 cm™'; '"H NMR (600 MHz, CD,ClL,): 6=4.48 (q, J=3.0 Hz,
1H), 3.27-3.20 (m, 1H), 3.03 (t, J=9.0 Hz, 1H), 2.94 (ddd, /=114, 5.4,
1.8 Hz, 1H), 2.80-2.74 (m, 1H), 2.42 (dd, /=18.0, 5.4 Hz, 1H), 2.38 (dd,
J=114, 3.0 Hz, 1H), 2.13-2.00 (m, 5H), 1.87 (dddd, /=15.0, 12.6, 4.8,
24 Hz, 1H), 1.76-1.56 (m, 5H), 1.46 (ddd, J=12.6, 11.4, 6.0 Hz, 1H),
1.08 ppm (d, J=7.2 Hz, 3H); "CNMR (150 MHz, CD,ClL,): 6=192.5,
169.2, 115.6, 75.5, 59.9, 54.0, 52.2, 47.4, 43.3, 40.3, 38.9, 29.9, 29.0, 25.9,
21.9, 20.9 ppm; MS (ESI+): m/z: 277 [M+H]*; HRMS (ESI+): m/z:
caled for C;H,sN,0,: 277.1916; found: 277.1915 [M+H]™*; the optical
purity of 4 was measured by chiral HPLC analysis (DAICEL CHIRAL-
PAK TA, 4.6x250 mm, measurement of UV 260 nm absorbance, hexane/
EtOH/TEA 60:140:1, 0.7 mLmin!, t,=6.14, t,,,,=8.13 min).
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