]O C‘The Journal of Organic Chemistry

pubs.acs.org/joc

Stereoselective Synthesis and Biological Evaluation of C1-Epimeric
and Desmethyl Monomeric Nuphar Analogues

Hui Li," Tlmothy_] Cooke,” Alexander Korotkov,” Charles W. Chapman,* Alan Eastman,**

and Jimmy Wu*

TDepartment of Chemistry, Dartmouth College, Hanover, New Hampshire 03755, United States
*Molecular and Systems Biology, Geisel School of Medicine, Lebanon, New Hampshire 03756, United States

© Supporting Information

ABSTRACT: A class of monomeric nuphar analogues that are
either epimeric at C1 and C1’ or lack the naturally occurring
methyl group at those positions were synthesized and
evaluated for biological activity. The syntheses feature
enantioselective vinylogous Mukaiyama—Mannich (vM—Man-
nich) reactions catalyzed by chiral phosphoric acids that
proceed with excellent diastereoselectivity. Biological assays
reveal that both the desmethyl and Cl-epimeric monomeric
nuphar analogous are able to induce rapid apoptosis.

B INTRODUCTION

The dimeric nuphar alkaloids are a family of structurally
complex, sulfur-containing, quinolizidine triterpenoids of which
there are approximately a dozen and a half known members.'
They exhibit a diverse set of biological properties including
cytotoxic,”” antibacterial,” antifungal,” and immunosuppressant
activities.”” Significantly, (+)-6-hydroxythiobinupharidine
(+)-1b (Figure 1), induces unprecedented rapid apoptosis in
U937 human leukemia cells within 1 h.* Epimeric congeners at
Cl and/or C1’ (e.g., 4—6) have also been isolated from Nuphar
Luteum and Nuphar pumilum.'®"" However, Yoshikawa and co-
workers have shown that these are apoptotically inactive,’
which may be due to the absence of either a C6 or C6'
hydroxyl functionality.

Because of their unique structures and potential as anticancer
agents, both the monomeric'>™*° and dimeric nuphar
alkaloids*"** have been the subject of intense synthetic
efforts.23 Despite that they were discovered over half a century
ago,' the first total synthesis of (—)-neothiobinupharidine
(=)-3c was not completed until 2013 by Shenvi’' Soon
afterward, our group published the first total syntheses of both
enantiomers of the dimeric hydroxylated nuphar alkaloids 1a—b
and 2a,”*
of these compounds. We then reported the discovery of the
first known apoptotically active monomeric nuphar analogues,
of which (+)-7 is even more potent than the naturally occurring
compound (+)-1b.”° Although the precise biological target and
mode of action of the nuphar alkaloids is not known,
Yoshikawa has demonstrated a dependence on both caspase
3 and 8,° while Gopas and co-workers report that nuphar
extracts appear to inhibit NFkB.”* More recently, Shenvi
proposes that retro-dimerization of certain members of the
dimeric nuphar alkaloids, resulting from electrophilic attack at

as well as reported the first apoptosis data for several
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sulfur, generates a reactive intermediate that is ultimately
responsible for apoptosis.”**°

As part of our ongoing investigations toward comprehensive
SAR and identification of the biological target and mechanism
of action, we became interested in profiling the apoptotic
properties of monomeric quinolizidines that are either epimeric
at C1/C1’ or lack the naturally occurring methyl group at those
positions. On the basis of our previous finding that
enantioenriched quinolizidine (+)-7 (Scheme 1), which
corresponds to the absolute configuration of unnatural
(=)-1b, is more potent than its respective natural antipode
(—)-7, we decided to pursue the synthesis and evaluation of the
epimeric/desmethyl quinolizidine 8 which corresponds to the
unnatural absolute configuration of the dimeric compounds.
Since the right-hand portion of (+)-1b and (+)-4a are identical,
we reasoned this extra quinolizidine ring may not be required
for biological activity and that it could be excised without
compromising potency. Similar to the strategy we successfully
adopted for the discovery of (+)-7, we proposed that the
presence of a C6 hydroxyl group in the truncated structure 8
would be necessary for apoptotic activity. Because furan
moieties are known to readily oxidize in vivo, we decided to
replace it with a phenyl group which possesses greater
metabolic stability as compared to furan.

B RESULTS AND DISCUSSION

Our studies commenced with the construction of C1-desmethyl
monomeric nuphar analogues 8 (when R' = H). By employing
the protocol developed previously by Schneider’”’~** and our
group,20 compound 13 was obtained with high enantioselec-
tivity by means of the chiral phosphoric acid-catalyzed
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(+)-1a; R'=R?>=0OH
(+)-6,6'-dihydroxythiobinupharidine

(+)-1b; R'=0H; R?=H
(+)-6-hydroxythiobinupharidine

(+)-1¢; R'=H; R?=OH
(+).6-hydroxythiobinupharidine
(+)-1d; R'=R?=H
(+)-thiobinupharidine

(-)-2a; R'=R?=0H
(-)-6,6"-dihydroxythionuphlutine
(-)-2b; R'=OH; R?=H
(-)-6-hydroxythionuphlutine

(-)-2¢; R'=H; R?>=0OH
(-)-6"-hydroxythionuphiutine
(-)-2d; R'=R?=H
(=)-thionuphlutine

Figure 1. Representative dimeric nuphar alkaloids.
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Scheme 1. Simplification of Dimeric Nuphar Alkaloids
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vinylogous Mukaiyama—Mannich (vM—Mannich) reaction
between aldehyde 10, p-anisidine, and O-TBS vinylketene
acetal 11 (Scheme 2). Hydrogenation of piperidinone 13 and
subsequent Weinreb amide formation yielded 14. Treatment of
14 with phenylmagnesium bromide provided ketone 15. This
was followed by CAN-promoted deprotection of the PMP
group, then p-TsOH-catalyzed condensation to give quinolizi-
dine 16. Diastereoselective hydrogenation gave quinolizidine
17. The late-stage intermediate 17 was then transformed into
three Cl-desmethyl monomeric nuphar analogs (+)-8a—c via
two consecutive operations: (1) LDA-mediated C7 difunction-
alization, and (2) DIBAL-H reduction to reveal the C6
hydroxyl group. The relative stereochemical relationship of
compounds (+)-8a—c were assigned by 1D and 2D-NOESY
NMR experiments (see Supporting Information), while the
absolute configuration was assigned by analogy to our previous
work.”® The relative stereochemical relationship of 18a and 18b

2649

was inferred from the assignment of (+)-8a and (+)-8b,
respectively.

In order to establish the 1,10-syn relationship found in C1-
epimeric monomeric nuphar analogues 9 (when R' = Me), we
elected to use a different route starting with the cyclic iminium
precursor 19 (Scheme 3). In the presense of stoichiometric
amounts of TMSOTY, the vM—Mannich reaction between 19
and dienol silane 20 provided compound 21 with complete y-
regioselectivity and good 1,10-syn diastereoselectivity. The
phenyl group of dienol silane 20 is likely to account for the
excellent y-regioselectivity as it provides additional steric
shielding of its a-position, rendering the y-site relatively more
nucleophilic.” Further attempts to employ chiral Bronsted acid
and Lewis acid complexes to achieve enantiochemical control of
the above vM—Mannich reaction have thus far been
unsuccessful.

Compound 21 then underwent chemoselective hydro-
genation and TFA-mediated deprotection of the PMB group
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Scheme 2. Synthesis of C1-Desmethyl Monomeric Nuphar Analogues
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Scheme 3. Synthesis of C1-Epimeric Monomeric Nuphar Analogues
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to give 22 in 82% yield for two steps. Compound 22 was then
subjected to a sequence of condensation, hydrogenation, then
difunctionalization at C7 to give quinolizidines 24a—c. It is
noteworthy that the diastereochemical outcome of the C7-
difunctionalization to obtain 24a and 24b may be altered by
reversing the order of sulfenylation versus methylation.
Subsequent half-reduction of 24a—c with DIBAL-H success-
fully provided monomeric quinolizidines 9a—c in their racemic
forms. The relative stereochemical relationship of (+)-9a—b
was established with 2D-NOESY NMR experiments (see
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Supporting Information), while that of (£)-9c was assigned
by analogy. The relative stereochemistry of 24a and 24b was
inferred from the assignment of (£)-9a and (&)-9b,
respectively.

We then evaluated the apoptotic properties of C1-desmethyl
analogues (+)-8a—c and Cl-epimeric compounds (+)-9a—c
against the human U937 cell line. The apoptotic assays were
carried out by caspase cleavage of poly(ADP-ribose) polymer-
ase (PARP), a marker of apoptosis (Table 1). Rapid apoptosis
of U937 cells (within 2 h) was observed with analogues (+)-8a,
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Table 1. Apoptosis Assays (PARP Cleavage)

entry compound 2 h* 6 h*

1 (+)-7 125 0.625

2 (+)-8a 10 5.0

3 (+)-8b - 5.0

4 (+)-8¢ 10 5.0

S (£)-9a 10 5.0

6 (x)-9b - -

7 (£)-9¢ 5.0 2.5
“Minimum conc. (uM) at which 50% or greater PARP cleavage is
observed. “=” indicates that no PARP cleavage was observed up to a

concentration of 10 uM at the indicated time.

(+)-8¢, (+)-9a, and (+)-9c. Figure 2 shows a representative
western blot of the PARP cleavage for compound (+)-8b. From
this data, we conclude that presence of the methyl group or
stereochemical configuration at C1 does not materially affect
the apoptotic properties of the compound. Thus, it may be
possible to make use of Cl as a point of attachment for
photoreactive groups or tags in proteomics experiments
designed to clarify the biological target or mechanism of action

of the nuphar alkaloids.

Actin

Figure 2. Representative Western blot for PARP cleavage of (+)-8b.

In conclusion, we have designed and synthesized several C1-
desmethyl and Cl-epimeric monomeric nuphar analogues. The
syntheses featured stereoselective vM—Mannich reactions to
achieve high enantio- or diastereoselectivity. Biological assays
indicated that both desmethyl and Cl-epimeric monomeric
nuphar analogues are apoptotically active.

B EXPERIMENTAL SECTION

General Information. 'H NMR data were recorded on a Bruker
Avance I1I 500 MHz spectrometer (TBI probe) and a Bruker Avance
111 600 MHz spectrometer (BBFO probe) with calibration of spectra
to CHCI; (7.26 ppm) or CH,Cl, (5.32 ppm). *C NMR data were
recorded at 125 MHz on a Bruker Avance III 500 MHz spectrometer
(TBI probe) and at 150 MHz on a Bruker Avance III 600 MHz
spectrometer (BBFO probe) at ambient temperature and are
expressed in ppm using solvent as the internal standard (CDCl; at
77.16 ppm, CD,Cl, at 53.84 ppm). Two-dimensional NMR spectra,
including COSY, HMQC, HMBC, and NOESY were recorded on a
Bruker Avance III 500 MHz spectrometer (TBI probe) and a Bruker
Avance III 600 MHz spectrometer (BBFO probe). Infrared spectra
were recorded on a JASCO FT/IRM4100 Fourier Transform Infrared
Spectrometer. Chemical shift values (§) are expressed in ppm
downfield relative to internal standard (tetramethylsilane at 0 ppm).
Multiplicities are indicated as s (singlet), d (doublet), t (triplet), q
(quartet), m (multiplet), and br s (broad singlet). Coupling constants
are reported in hertz (Hz). Analytical thin layer chromatography
(TLC) was performed on SILICYCLE precoated TLC plates (silica
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gel 60 F-254, 0.25 mm). Visualization was accomplished with UV light
and/or with ceric ammonium molybdate (CAM) or KMnO, staining
solutions. Flash column chromatography was performed using Biotage
Isolera System on Biotage SNAP Ultra 10 or 25 g columns (part No.
FSUL-0442—0010 and FSUL-0442—0025). Preparatory thin layer
chromatography (prep TLC) was performed on basic alumina TLC
plate from Sigma-Aldrich (catalog# 90066). High-resolution mass
spectrometry was carried out by the Mass Spectrometry Laboratory of
the University of Illinois (Urbana—Champaign, IL) using a Q-ToF
analyzer.

General Procedure of PARP Cleavage and Images of
Western Blots. The U937 cell line was obtained from the American
Type Culture Collection and maintained in RPMI 1640 media
containing 10% fetal bovine serum (FBS). For treatment, 0.5 X 10°
cells in 0.5 mL were incubated with a 2-fold dilution of each
compound for 1—6 h. Cells were then pelleted by centrifugation,
washed once with phosphate buffered saline, lysed with 100 uL of urea
lysis buffer [4 mol/L urea, 10% p-mercaptoethanol, 6% SDS, 125
mmol/L Tris (pH 6.8), 0.01% bromophenol blue, and protease/
phosphatase inhibitor cocktail], and boiled for 5 min. Proteins were
separated by standard SDS-PAGE and transferred to polyvinylidene
difluoride membrane (Thermo Scientific, Rockford IL). Membranes
were blocked with 5% nonfat milk in Tris-buffered saline and 0.05%
Tween 20, and probed with a rabbit anti-PARP antibody (9542)
obtained from Cell Signaling Technology, Danvers, MA. Subsequently,
membranes were washed in Tris-buffered saline and 0.05% Tween 20,
and incubated with secondary antibody conjugated to horseradish
peroxidase. Proteins were visualized by enhanced chemiluminescence
(Amersham).

(35,4S,6R,9aS)-3-Methyl-3-(methylthio)-6-phenyloctahydro-2H-
quinolizin-4-ol (8a). To a solution of compound (+)-18a (46.6 mg,
0.160 mmol) in CH,Cl, (2 mL) at —78 °C was slowly added DIBAL-
H (1.2 M in toluene, 66 L, 0.080 mmol) along the flask wall. The
reaction mixture was stirred at —78 °C for 20 min. Then 1 mL of
pivalic acid (0.1 M in CH,Cl,) and 0.2 mL of MeOH was added. After
S min, the dry ice-acetone bath was removed, followed by addition of
saturated aqueous Rochelle’s salt (0.5 mL) and 2 N NaOH (0.5 mL).
After being warmed to rt, the mixture was diluted with CH,Cl, (10
mL) and the organic layer was separated, dried over anhydrous
Na,SO,, then concentrated in vacuo. The residue was purified using
preparatory thin layer chromatography on basic alumina TLC plate
(20 X 20 cm, 250 pm thickness, Sigma-Aldrich, catalog # 90066). The
basic alumina TLC plate was prepared by drawing a pencil line about 2
cm from the bottom and 0.5 cm from the two edges of the plate. The
crude residue obtained above was dissolved in 1.5 mL of CH,Cl, The
CH,Cl, solution was then delivered evenly onto the drawn line on the
TLC plate using a micro glass pipet. After that, the TLC plate was
developed in a chamber containing 10% ethyl acetate/hexane until the
solvent line reached approximately 1 cm to the top of the plate. The
plate was then removed and dried under a gentle stream of nitrogen.
The plate was then visualized under UV light and three bands were
observed with R; values of 0.89 (fully reduced product), 0.40 (8a) and
0.13 (18a). The middle band (R; = 0.40), which corresponded to
compound 8a, was scraped off with a razor blade. The collected basic
alumina was transferred to a short column containing a tight cotton
plug and Celite. Compound 8a was eluted with CH,Cl, into a flask
and concentrated to afford 19.6 mg of a clear colorless oil, with a yield
of 69% calculated based on the recovered starting material (18.2 mg).
[a]p? = +88.5° (c = 0.1, CH,CL,). '"H NMR (500 MHz, CD,CL,) §
7.34 (d, J = 7.1 Hz, 2H), 7.29 (dd, ] = 7.9, 7.9 Hz, 2H), 7.21 (dd, ] =
7.5,7.5 Hz, 1H), 3.85 (s, 1H), 3.70 (dd, ] = 11.4, 2.6 Hz, 1H), 2.89 (tt,
J =109, 3.2 Hz, 1H), 2.77 (d, ] = 1.4 Hz, 1H), 1.91-1.81 (m, 1H),
1.75—1.64 (m, 3H), 1.70 (s, 3H), 1.64—1.48 (m, 4H), 1.47—1.38 (m,
2H), 1.38 (s, 3H), 1.33—1.22 (m, 2H). *C NMR (151 MHz, CD,Cl,)
5 1453, 128.6, 1282, 127.1, 82.3, 64.5, 51.9, 49.9, 37.4, 34.3, 30.8,
307, 24.8, 22.0, 9.5. IR (film, cm™"), 2951, 1735, 1648, 1510, 1246,
1105, 1032, 830. HRMS (ESI) caled. for C,,H,oNOS (m/z M+H"):
292.173S, found: 292.1729.

(3R,4S,6R,9aS)-3-Methyl-3-(methylthio)-6-phenyloctahydro-2H-
quinolizin-4-ol (8b). By following the procedure of preparing (+)-8a,
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compound (+)-8b (10.2 mg) was obtained as a clear colorless oil
starting from (+)-18b (21.1 mg, 0.073 mmol) with a yield of 84%
calculated based on recovered starting material (9.1 mg). [a]p™
+55.2° (¢ = 0.1, CH,Cl,). '"H NMR (600 MHz, CD,Cl,) § 7.39 (d, ] =
7.1 Hz, 2H), 7.30 (dd, ] = 7.7, 7.7 Hz, 2H), 7.27-7.19 (m, 1H), 3.95
(d,J=5.5Hz, 1H), 3.57 (dd, ] = 11.4,2.7 Hz, 1H), 2.73 (dd, ] = 12.4,
9.6 Hz, 1H), 1.97—1.87 (m, 1H), 1.85 (s, 3H), 1.82—1.65 (m, 5H),
1.60—1.50 (m, SH), 1.50—1.43 (m, 1H), 1.43—1.31 (m, 2H), 1.13 (s,
3H). 3C NMR (151 MHz, CD,Cl,) § 144.8, 128.7, 128.3, 127.4, 84.7,
64.2, 52.4, 49.4, 37.4, 34.2, 30.4, 29.3, 25.5, 24.9, 10.9. IR (film, cm-1),
2974, 1830, 1644, 1591, 1360, 1331, 1160, 798. HRMS (ESI) calcd. for
C;H,4NOS (m/z M+H+): 292.1735, found: 292.1742.

(4S,6R,9aS)-3,3-Bis(methylthio)-6-phenyloctahydro-2H-quinoli-
zin-4-ol (8c). By following the procedure for preparing (+)-8a, but
using 1 equiv of DIBAL-H, compound (+)-8c (12.0 mg) was obtained
as a clear colorless oil starting from (+)-18¢ (30.0 mg, 0.093 mmol)
with a isolated yield of 40%. [a]p® = +79.1° (c = 0.1, CH,CL,). 'H
NMR (600 MHz, CD,Cl,) § 7.37 (d, ] = 7.2 Hz, 2H), 7.29 (dd, ] =
7.7,7.7 Hz, 2H), 7.21 (dd, ] = 7.3, 7.3 Hz, 1H), 3.95 (s, 1H), 3.70 (dd,
J = 11.6, 2.6 Hz, 1H), 2.99—2.90 (m, 1H), 2.85 (d, ] = 0.9 Hz, 1H),
2.03 (ddd, J = 13.1, 11.5, 4.3 Hz, 1H), 1.97—1.83 (m, 4H), 1.78—1.60
(m, 7H), 1.54—1.48 (m, 2H), 1.45—1.29 (m, 2H). *C NMR (151
MHz, CD,Cl,) § 144.7, 128.7, 128.5, 127.4, 80.7, 66.6, 64.9, 52.3, 37.3,
342, 30.7, 27.9, 24.9, 11.8, 10.2. IR (film, cm™), 2923, 1684, 1510,
1317, 1230, 1208, 1032. HRMS (ESI) calcd. for C;,H,(NOS, (m/z M
+H"): 324.1456, found: 324.1447.

(35,4S,6R,9R,9aR)-3,9-Dimethyl-3-(methylthio)-6-phenyloctahy-
dro-2H-quinolizin-4-ol ((+)-9a). By following the procedure of
preparing (+)-8a, but using 1 equiv of DIBAL-H, compound 9a
(152 mg) was obtained as a colorless oil starting from 24a (21.6 mg,
0.071 mmol), with a yield of 69%. '"H NMR (600 MHz, CD,CL,) §
7.35 (d, J = 6.6 Hz, 2H), 7.29 (dd, ] = 7.6, 7.6 Hz, 2H), 7.21 (d, ] = 7.3
Hz, 1H), 3.86 (s, 1H), 3.75 (dd, J = 11.6, 3.5 Hz, 1H), 3.04 (d, J = 11.6
Hz, 1H), 2.73 (d, ] = 1.2 Hz, 1H), 1.95—1.82 (m, 2H), 1.82—1.64 (m,
6H), 1.61 (dt, J = 9.4, 2.8 Hz, 1H), 1.51—1.42 (m, 2H), 1.35 (s, 4H),
1.13 (d, J = 6.9 Hz, 3H). *C NMR (151 MHz, CD,Cl,) § 145.7,
128.6, 128.0, 127.0, 82.6, 64.7, 54.4, 49.8, 32.6, 32.5, 31.3, 30.4, 27.0,
21.6, 13.3, 9.5. IR (film, cm™"), 2918, 2853, 1645, 1144, 1072, 756.
HRMS (ESI) caled. for C;gH,NOS (m/z M+H"): 306.1892, found:
306.1881.

(3R,4S,6R,9R,9aR)-3,9-Dimethyl-3-(methylthio)-6-phenyloctahy-
dro-2H-quinolizin-4-ol ((+)-9b). By following the procedure of
preparing (+)-8a, but using 1 equiv of DIBAL-H, compound 9b
(2.9 mg) was obtained as a colorless oil starting from 24b (14.0 mg,
0.046 mmol), with a yield of 21%. 'H NMR (500 MHz, CD,CL,) §
7.41 (s, 2H), 7.30 (t, J = 7.6 Hz, 2H), 7.22 (t, ] = 7.3 Hz, 1H), 3.94 (d,
] = 5.7 Hz, 1H), 3.61 (dd, ] = 11.6, 3.6 Hz, 1H), 2.86 (dt, ] = 12.0, 3.2
Hz, 1H), 2.24—2.14 (m, 1H), 1.84 (s, 3H), 1.81—1.71 (m, 4H), 1.61
(dd, J = 10.5, 8.4 Hz, 2H), 1.50—1.44 (m, 2H), 1.23 (dd, J = 9.7, 6.2
Hz, 1H), 1.15 (d, ] = 6.9 Hz, 3H), 1.13 (s, 3H). *C NMR (151 MHz,
CD,Cl,) 6 128.7, 1282, 127.3, 85.1, 64.2, 54.9, 32.7, 32.7, 31.5, 30.1,
28.9, 27.0, 25.5, 13.4, 10.7. IR (film, cm™), 2918, 2853, 1645, 1446,
1058, 704. HRMS (ESI) caled. for C,gH,NOS (m/z M+H"):
306.1892, found: 306.1881.

(4S,6R, 9R,9aR)-9-Methyl-3,3-bis(methylthio)-6-phenyloctahydro-
2H-quinolizin-4-ol ((+)-9c). By following the procedure of preparing
(+)-8a, using 1 equiv of DIBAL-H, compound 9¢ (11.1 mg) was
obtained as a colorless oil starting from 23c (15.1 mg, 0.045 mmol),
with a yield of 74%. '"H NMR (500 MHz, CD,Cl,) § 7.38 (d, ] = 6.3
Hz, 2H), 7.29 (t, ] = 7.7 Hz, 2H), 7.23-7.17 (m, 1H), 3.96 (s, 1H),
3.75 (dd, ] = 11.6, 3.6 Hz, 1H), 3.11-3.04 (m, 1H), 2.82 (d, ] = 1.2
Hz, 1H), 2.38—2.26 (m, 1H), 1.97—1.86 (m, 4H), 1.80—1.71 (m, 2H),
1.69 (d, J = 3.8 Hz, 3H), 1.68—1.57 (m, 3H), 1.50—1.43 (m, 1H), 1.31
(ddd, J = 13.3, 6.8, 3.7 Hz, 1H), 1.16 (d, ] = 6.9 Hz, 3H). °C NMR
(151 MHz, CD,Cl,) § 145.1, 128.5, 128.2, 127.1, 81.0, 66.5, 64.8, 54.7,
32.6, 32.5, 31.3, 27.5, 27.2, 13.3, 11.6, 10.0. IR (film, cm™"), 2916,
2853, 1490, 1437, 1406, 1261, 1135, 1052, 952, 755, 701. HRMS
(ESI) caled. for CgH,sNOS, (m/z M+H'): 338.1612, found:
338.1606.
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Methyl (R, E)-4-(1-(4-Methoxyphenyl)-6-oxopiperidin-2-yl)but-2-
enoate (13). In a flame-dried round-bottomed flask, p-anisidine
(1.18 g, 9.60 mmol) was dissolved in THF (20 mL) and the resulting
solution was cooled to —50 °C. A solution of 10*° (1.50 g, 11.5 mmol)
in 20 mL of THF was added via a syringe and allowed to stir for 30
min. Then, chiral phosphoric acid catalyst 12°7 (0.543 g, 0.96 mmol)
dissolved in 20 mL of THF was added dropwise, followed by dropwise
addition of 11°* (1,2-E/Z = 1:4.9; 428 g 19.2 mmol) in 20 mL of
THEF. The reaction mixture was stirred overnight at —50 °C and
subsequently concentrated to give a dark brown oil. The crude product
was filtered through a short pad of silica gel (gradually from 20 to 50%
EtOAc/Hex) to give 2.77 g of a pale yellow oil. This oil was dissolved
in a mixture of toluene (40 mL) and acetic acid (5 mL) and heated to
reflux for 20 h. After the reaction was complete, the resulting mixture
was concentrated, and the residue was purified by automated silica gel
flash chromatography (neat ethyl acetate) to give 2.50 g of the pure
product (+)-13, with an isolated yield of 86% over two steps.
Enantiomeric excess of (+)-13 was determined by HPLC with
Chiracel ODH column, 30% i-PrOH/hexane, 1.0 mL/min, 254 nm, t,
(major) = 12.8 min, t, (minor) = 16.4 min, 90% ee. [a]p> = +32.8° (c
= 1.0, CD,CL,). 'H NMR (600 MHz, CDCL,) & 7.08 (d, ] = 8.8 Hz,
2H), 691 (d, ] = 8.8 Hz, 2H), 6.80—6.63 (m, 1H), 5.77 (d, J = 15.6
Hz, 1H), 3.99—3.85 (m, 1H), 3.80 (s, 3H), 3.70 (s, 3H), 2.53 (m, 2H),
242 (dd, J = 11.7, 7.3 Hz, 1H), 2.31 (dd, ] = 15.9, 7.4 Hz, 1H), 2.11—
2.00 (m, 1H), 1.93 (m, 5.0 Hz, 1H), 1.85—1.77 (m, 2H). 3*C NMR
(151 MHz, CDCLy) & 170.7, 166.5, 158.6, 144.1, 133.8, 129.0, 123.9,
1147, 59.2, 55.5, 51.7, 36.5, 32.8, 27.6, 18.2. HRMS (ESI) calcd. for
C;H,,NO, (m/z M+H"): 304.1549, found: 304.1556.

(R)-N-Methoxy-4-(1-(4-methoxyphenyl)-6-oxopiperidin-2-yl)-N-
methylbutanamide (14). (+)-13 (1.21 g, 3.99 mmol) was dissolved in
40 mL of EtOAc/MeOH (v/v = 1:1) and then Pd/C (0.41 g 0.4
mmol) was added. Hydrogen gas (via balloon) was slowly bubbled
through the resulting solution for 2 h through a rubber septa on the
reaction flask outfitted with a disposable 21-gauge outlet needle. After
the reaction was complete as judged by TLC analysis, the mixture was
filtered through a short pad of Celite and concentrated in vacuo. The
resulting product was used in the next step without further
purification. To a solution of the hydrogenated product (1.20 g,
3.93 mmol) and HN(OMe)Me-HCl (0.57S g, 5.89 mmol) in dry THF
(10 mL) was added 1.3 M i-PrMgCl-LiCl in THF (8.8 mL, 11.4
mmol) at —20 °C. The reaction mixture was stirred at —20 °C for 30
min and then quenched with a saturated solution of aqueous NH,Cl
(30 mL), extracted with CH,Cl, (2 X 30 mL), dried over Na,SO,, and
concentrated in vacuo to afford 1.233 g of (+)-14 as a light brown solid
in 92% yield. This product was carried forward to the next step
without a purification. m.p.: 121.5—122.9 °C. [a]p* = +16.6° (c = 0.9,
CH,CL,). 'H NMR (600 MHz, CDCL,) 7.08 (d, ] = 8.9 Hz, 2H), 691
(d, J = 8.9 Hz, 2H), 3.81 (s, 3H), 3.79-3.68 (m, 2H), 3.61 (s, 3H),
3.13 (s, 3H), 2.52 (m, 2H), 2.28 (m, 2H), 2.10-2.01 (m, 1H), 1.96
(m, 1H), 1.93—-1.76 (m, 3H), 1.54—1.34 (m, 3H). *C NMR (151
MHz, CDCL,) § 170.8, 158.3, 129.1, 114.5, 61.3, 60.3, 55.5, 33.0, 32.8,
322, 317, 27.0, 20.7, 18.2. IR (film, cm™), 3468, 2942, 1650, 1510,
1294, 1179, 1032, 831. HRMS (ESI) calcd. for C;3H,,N,0, (m/z M
+H"): 335.1971, found: 335.1966.

(S)-1-(4-Methoxyphenyl)-6-(4-oxo-4-phenylbutyl)piperidin-2-one
(15). To a solution of (+)-14 (1.230 g, 3.68 mmol) in THF (S mL) at
—78 °C was added 1.6 M PhMgBr (3.45 mL, 5.52 mmol). The mixture
was warmed to 0 °C and stirred for 3 h. The reaction was then
quenched with a saturated solution of aqueous NH,Cl (20 mL),
extracted with CH,Cl, (2 X 30 mL), dried over Na,SO,, and
concentrated in vacuo. The resulting crude product was purified by
automated silica gel flash chromatography (50—100% EtOAc/
hexanes) to give 1.072 g (83% yield) of (+)-15 as a white solid.
m.p.: 66.1-66.9 °C. [a]p> = +22.2° (c = 0.2, CH,Cl,). "H NMR (500
MHz, CDCl;) § 7.87 (dd, J = 8.3, 1.1 Hz, 2H), 7.58—7.51 (m, 1H),
7.43 (dd, J = 10.7, 4.8 Hz, 2H), 7.11-7.04 (m, 2H), 6.94—6.86 (m,
2H), 3.80 (s, 3H), 3.75 (m, 1H), 2.84 (t, ] = 6.9 Hz, 2H), 2.52 (t, ] =
6.5 Hz, 2H), 2.16—2.04 (m, 1H), 2.03—1.95 (m, 1H), 1.93—1.86 (m,
1H), 1.86—1.79 (m, 1H), 1.80—1.71 (m, 1H), 1.63—1.56 (m, 1H),
1.51 (m, 2H). *C NMR (151 MHz, CDCL;) § 199.7, 170.7, 158.4,
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137.0, 134.5, 133.2, 129.1, 128.7, 128.1, 114.6, 60.4, 55.5, 38.3, 33.0,
32.9, 27.3, 20.3, 18.3. IR (film, cm™), 2950, 1880, 1663, 1293, 1139,
1092, 765. HRMS (ESI) caled. for Cp,H,,NO; (m/z M+H):
352.1913, found: 352.1907.
(R)-6-Phenyl-1,2,3,8,9,9a-hexahydro-4H-quinolizin-4-one (16). A
solution of (+)-15 (912 mg, 2.60 mmol) in 30 mL of CH;CN/H,0O
(v/v = 5:1) was cooled to 0 °C. CAN (3.560 g, 6.50 mmol) was added
in small portions over 15 min. After stirring at 0 °C for 2 h, the
reaction was quenched with saturated aqueous Na,$,0; (30 mL),
extracted with EtOAc (2 X 30 mL), dried over anhydrous Na,SO, and
concentrated in vacuo. The crude product (640 mg) was used in the
next step without further purification. The residue was dissolved in 400
mL of anhydrous toluene followed by the addition of TsOH-H,O (248
mg, 131 mmol). The reaction was refluxed with a Dean—Stark
apparatus overnight (16 h). Then, the mixture was condensed under
reduced pressure, redissolved in EtOAc, and washed with a saturated
solution of aqueous NaHCO5 (30 mL). The organic phase was washed
with brine, dried over anhydrous Na,SO,, and concentrated in vacuo.
The resulting crude product was purified by automated silica gel flash
chromatography (20—100% EtOAc/hexanes) to give 419 mg of 16 as
a yellow oil (71%). '"H NMR (600 MHz, CDCI3) 7.40 (2H, d, ] = 7.7
Hz), 5.61 (1H, t, ] = 3.9 Hz), 3.74—3.69 (1H, m), 3.24 (1H,t, ] = 5.0
Hz), 2.56—2.48 (1H, m), 2.39 (2H, dt, J = 3.8, 7.3 Hz), 2.35-2.29
(1H, m), 2.20 (3H, s), 2.00—1.90 (2H, m), 1.87—1.82 (1H, m), 1.72—
1.65 (1H, m); *C NMR (151 MHz, CDCI3) 169.1, 138.6, 128.3,
127.2, 124.5, 118.1, 77.2, 56.7, 46.8, 30.7, 25.7, 25.1, 24.0, 16.3;
(6R,9aS)-6-Phenyloctahydro-4H-quinolizin-4-one (17). Com-
pound (+)-16 (120 mg, 0.53 mmol) was dissolved in 10 mL of
EtOAc and Pd(OH),/C (77 mg, 0.11 mmol) was added to this
solution. Hydrogen gas (via balloon) was slowly bubbled through the
resulting solution for 3 h through a rubber septa on the reaction flask
outfitted with a disposable 21-gauge outlet needle. After the reaction
was complete as judged by TLC analysis, the mixture was filtered
through a short plug of Celite and concentrated. The residue was then
submitted to automated silica gel flash chromatography (40—100%
EtOAc/hexanes) to afford 95 mg of (+)-17 (85% yield) as a pale
yellow oil. [a]p® = +56.1° (c = 0.9, CH,Cl,). 'H NMR (500 MHz,
CDCly) 6 729 (t, ] = 7.6 Hz, 2H), 7.19 (dd, ] = 16.9, 7.6 Hz, 3H),
543 (t, ] = 3.6 Hz, 1H), 3.63 (m, 1H), 2.59—2.45 (m, 2H), 2.25-2.13
(m, 1H), 2.13—-2.05 (m, 1H), 1.95 (ddd, J = 9.0, 5.9, 3.6 Hz, 2H),
1.88—1.76 (m, 1H), 1.76—1.67 (m, 1H), 1.65—1.51 (m, 3H), 1.41—
1.30 (m, 1H). *C NMR (151 MHz, CDCL;) § 170.3, 142.4, 128.3,
126.3, 125.6, 54.1, 52.9, 32.6, 314, 28.3, 26.6, 20.7, 15.3. IR (film,
cm™), 2946, 1644, 1408, 1342, 173, 922, 840. HRMS (ESI) caled. for
C1sH,0NO (m/z M+H"): 230.1545, found: 230.1537.
(3S,6R,9aS)-3-Methyl-3-(methylthio)-6-phenyloctahydro-4H-qui-
nolizin-4-one (18a). To a flame-dried round-bottom flask under an
inert N, atmosphere, containing a solution of diisopropylamine (0.100
mL, 0.99 mmol) in dry THF (0.75 mL) at —78 °C, was added n-BuLi
(1.6 M in hexane, 0.60 mL, 0.99 mmol). The reaction was stirred for $
min at —78 °C before being warmed to 0 °C over 15 min. The mixture
was then cooled to —78 °C and a dry THF solution (0.75 mL) of
compound (+)-17 (75 mg, 0.33 mmol) was added dropwise into the
reaction. The mixture was stirred at —78 °C for 15 min, warmed to rt,
and then stirred at rt for 30 min. The reaction was cooled to —78 °C,
followed by dropwise addition of a dry THF (0.7S mL) solution of
MeSSMe (31 uL, 0.36 mmol). The reaction mixture was stirred at —78
°C for 30 min and then slowly warmed up to rt and stirred for 30 min.
The mixture was recooled to —78 °C and Mel (82 uL, 1.32 mmol)
was added. The dry ice-acetone bath was removed and the reaction
was warmed to rt and stirred for 30 min. The resulting mixture was
quenched with sat. NaHCO; (4 mL) and diluted with CH,Cl, (10
mL). The organic layer was separated, dried over anhydrous Na,SO,,
then concentrated in vacuo. The diastereomeric ratio of (+)-18a:
(+)-18b of the unpurified product mixture at this point was
determined to be 3:1 as judged by '"H NMR spectroscopic analysis
prior to column chromatography. The residue was purified by
automated silica gel flash chromatography (ethyl acetate/hexane, S—
15%) to afford 46.6 mg (49%) of (+)-18a, 21.2 mg (22%) of (+)-18b,
and 8.4 mg (9%) of a mixture of 18a and 18b, for a combined yield of
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80%. For compound (+)-18a, [a]p® = +71.4° (c = 0.1, CH,CL,). 'H
NMR (500 MHz, CDCL,) & 7.32—7.26 (m, 2H), 7.19 (dd, ] = 8.0, 2.9
Hz, 3H), 527 (t, ] = 4.1 Hz, 1H), 3.85-3.75 (m, 1H), 2.19 (s, 3H),
2.19-2.13 (m, 2H), 2.12—2.03 (m, 1H), 2.03—1.95 (m, 2H), 1.74—
1.61 (m, 2H), 1.61 (m, 3H), 1.59—1.39 (m, 3H). *C NMR (151
MHz, CDCly) 6 172.3, 1424, 1283, 126.3, 1254, 554, 53.0, 46.7,
34.5, 28.5, 28.3, 26.5, 26.1, 16.3, 13.2. IR (film, cm™), 2926, 1629,
1406, 1356, 1260, 1055, 866. HRMS (ESI) calcd. for C;,H,,NOS (m/
z M+H"): 290.1579, found: 290.1579.

(3R,6R,9aS)-3-Methyl-3-(methylthio)-6-phenyloctahydro-4H-qui-
nolizin-4-one (18b). [a]p? = +61.3° (c = 0.2, CD,ClL,). '"H NMR
(600 MHz, CDCl;) 6 7.36 (d, ] = 7.8 Hz, 2H), 7.28 (dd, J = 7.7, 7.7
Hz, 2H), 7.17 (dd, ] = 7.3, 7.3 Hz, 1H), 5.32 (t, ] = 4.0 Hz, 1H), 3.78—
3.62 (m, 1H), 2.31-2.13 (m, 2H), 2.13—1.99 (m, 3H), 2.08 (s, 3H),
1.85—1.76 (m, 1H), 1.76—1.61 (m, 2H), 1.56—1.47 (m, 1H), 1.50 (s,
3H), 1.33 (m, 1H). 3C NMR (151 MHz, CDCI3) § 170.8, 143.6,
128.2, 126.2, 125.4, 54.4, 53.7, 46.6, 35.3, 28.9, 27.8, 27.5, 25.2, 15.3,
12.9. IR (film, cm-1), 2924, 1632, 1450, 1417, 1318, 1265, 1024.
HRMS (ESI) caled. for C,;H,,NOS (m/z M+H+): 290.1579, found:
290.1579.

(6R,9aS)-3,3-Bis(methylthio)-6-phenyloctahydro-4H-quinolizin-4-
one (18¢c). To a flame-dried round-bottom flask under an inert N2
atm, containing a solution of diisopropylamine (46 L, 0.33 mmol) in
dry THF (1 mL) at 0 °C, was added n-BuLi (2.5 M in hexane, 132 yL,
0.33 mmol). The reaction mixture was stirred at 0 °C for S min before
being cooled to —78 °C at which point a dry THF solution (0.3 mL)
of compound (+)-17 (30 mg, 0.13 mmol) was added dropwise. The
mixture was stirred at —78 °C for 10 min, then warmed up to rt and
stirred at rt for 0.5 h. The reaction mixture was recooled to —78 °C,
which was followed by dropwise addition of a THF (0.3 mL) solution
of MeSSMe (60 uL, 0.65 mmol). The reaction mixture was stirred at
—78 °C for 0.5 h and then slowly warmed up to rt and stirred for 0.5 h.
The resulting mixture was quenched with sat. aqueous NaHCO; (4
mL) and diluted with CH,Cl, (10 mL). The organic layer was
separated, dried over anhydrous Na,SO,, and then concentrated in
vacuo. The residue was purified by automated silica gel flash
chromatography (ethyl acetate/hexane, 15—30%) to afford 35.0 mg
of (+)-18c¢, with a yield of 84%. [a]p?® = +36.1° (¢ = 0.1, CD,CL,). 'H
NMR (600 MHz, CDCL,) & 7.35—7.26 (m, 4H), 7.18 (dd, ] = 7.0, 7.0
Hz, 1H), 5.33 (t, ] = 3.9 Hz, 1H), 3.71 (tt, ] = 12.0, 3.5 Hz, 1H), 2.42—
226 (m, 2H), 2.25—2.12 (m, 2H), 2.12—2.01 (m, 7H), 1.88 (dq, J =
13.7, 3.7 Hz, 1H), 1.77—1.67 (m, 1H), 1.67—1.61 (m, 1H), 1.60—1.50
(m, 1H), 1.42—1.29 (m, 1H). 3C NMR (151 MHz, CDCI3) § 167.6,
142.9, 128.3, 1263, 125.4, 60.9, 54.8, 53.2, 34.7, 28.5, 28.3, 27.1, 15.3,
13.7, 11.8. HRMS (ESI) caled. for C;;H,,NOS, (m/z M+H+):
322.1299, found: 322.1303. IR (film, cm-1), 2948, 1634, 1414, 1317,
1264, 1223, 1141.

(R)-1-(4-Methoxyphenyl)-6-((R,E)-5-oxo-5-phenylpent-3-en-2-yl)-
piperidin-2-one ((+)-21). To a solution of compound 19 (180 mg, 0.
65 mmol) in toluene (S mL) cooled to —78 °C, was slowly added a
solution of 20°° (267.6 mg, 0.98 mol) in toluene (2 mL) and
TMSOTS (144.5 mg, 0.65 mmol). The reaction mixture was warmed
to rt and stirred overnight, then quenched with sat. aqueous NaHCO;.
The mixture was diluted with S mL of EtOAc. The organic layer was
separated, dried over anhydrous Na,SO,, and concentrated in vacuo.
The dr. of the unpurified product mixture at this point was
determined to be 10:1 as judged by 'H NMR spectroscopic analysis
prior to column chromatography. The resulting residue was purified
via automated silica gel flash column chromatography (50% ethyl
acetate/hexane) to give 176.7 mg of (+)-21 as a colorless oil, with a
yield of 72%. "H NMR (500 MHz, CDCL,): 5 7.88 (d, ] = 8.5 Hz, 2H),
7.57 (dd, J = 7.5,7.5 Hz, 1H), 7.48 (dd, J = 7.5, 7.5 Hz, 2H), 7.19 (d, ]
= 8.5 Hz, 2H), 6.96 (dd, ] = 7.0 Hz, 7.5 Hz, 1H), 6.77—6.86 (m, 3H),
543 (d, J = 15 Hz, 1H), 401 (d, ] = 15 Hz, 1H), 3.78 (s, 3H), 3.40 (q,
1H), 3.03 (m, 1H), 2.47-2.56 (m, 1H), 2.34—2.40 (m, 1H), 1.61—
1.90 (m, SH), 1.16 (d, ] = 6.5 Hz, 3H); '*C NMR (CDCl,, 125 MHz)
1902, 171.7, 159.2, 150.6, 137.8, 133.2, 129.6, 129.2, 1289, 128.,
1287, 125.8, 114.3, 1142, 58.3, 55.5, 46.7, 38.7, 32.6, 24.4, 18.6, 13.0;
HRMS (ESI) calcd. for C,,H,gNO; (m/z M+H"): 378.2069, found:
378.2069.
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(R)-6-((R)-5-oxo-5-Phenylpentan-2-yl)piperidin-2-one ((+)-22).
Compound (+)-21 (100 mg, 0.26 mmol) was dissolved in 12.5 mL
of pentane/ethyl acetate (v/v = 85:15). Pd/C (60.1 mg, 0.052 mmol)
was added to the reaction mixture and then placed under a hydrogen
atmosphere (balloon). The reaction was closely monitored by 'H
NMR every 3 to 5 min. Once complete as judged by TLC analysis, the
mixture was filtered through a short pad of Celite. Note: significant
amounts of over reduced products are obtained if the reaction is
allowed to proceed too long. In order to ensure high yields, the
reaction must be quenched as soon as it has reached completion. The
filtrate was concentrated in vacuo to afford a slight yellow oil, which
was then dissolved in trifluoroacetic acid (5 mL). The mixture was
stirred at 65 °C overnight and then water (20 mL) and DCM (40 mL)
were added. The DCM layer was separated and washed sequentially
with sat. Na,CO; (20 mL X 2) and brine (10 mL). The organic layer
was dried over anhydrous Na,SO,, then concentrated in vacuo. The
residue was purified via automated silica gel flash column
chromatography (3% methanol/DCM) to afford 80.1 mg of (+)-22
as a colorless solid, with an yield of 82% over two steps. "H NMR (500
MHz, CD,CL): § 7.97 (d, ] = 8.5 Hz, 2H), 7.60 (dd, ] = 7.5, 7.5 Hz,
1H), 7.45 (dd, J = 8.0, 8.0 Hz, 2H), 5.65 (brs, 1H), 3.34—3.38 (m,
1H), 3.06—3.12 (m, 1H), 2.97-3.03 (m, 1H), 2.31-2.36 (m, 1H),
2.18-2.26 (m, 1H), 1.82—1.96 (m, 3H), 1.57—1.71 (m, 3H), 1.37—
1.45 (m, 1H), 0.97 (d, J = 6.5 Hz, 3H); *C NMR (CD,Cl,, 125 MHz)
199.8, 172.1, 133.2, 128.8, 128.1, 57.8, 37.9, 36.3, 31.7, 26.9, 24.3, 20.5,
14.4; HRMS (ESI) caled. for C;¢H,NO, (m/z M+H"): 260.1651,
found: 260.1643.

(6R,9R,9aR)-9-Methyl-6-phenyloctahydro-4H-quinolizin-4-one
((£)-23). To a round-bottomed flask (250 mL) equipped with a
Dean—Stark trap and a reflux condenser was added compound (+)-22
(2.13 g, 8.2 mmol), toluene (150 mL), and TsOH-H20 (156 mg, 0.82
mmol). The mixture was refluxed overnight. Toluene was then
removed in vacuo and the crude oil was diluted with EtOAc (60 mL).
The mixture was washed with sat. NaHCO; (30 mL). The organic
layer was separated, dried over anhydrous Na2SO, and concentrated
in vacuo to give a brownish oil. To a round-bottomed flask (250 mL)
containing the obtained residue was added EtOAc (75 mL) and
Pd(OH),/C (20 wt%, 287 mg, 041 mmol). Hydrogen gas was
bubbled into the mixture for 15 min. The mixture was stirred under a
hydrogen atmosphere (balloon) for another 1.5 h before being filtered
through Celite and concentrated in vacuo. The residue was purified by
automated silica gel flash column chromatography (ethyl acetate/
hexane, 40—60%) to afford 1.81 g of product (+)-23, with a yield of
91% over two steps. '"H NMR (600 MHz, CD2CI2) § 7.32—7.27 (m,
2H), 7.20 (d, ] = 7.4 Hz, 2H), 7.18 (dd, ] = 11.4, 4.2 Hz, 1H), 4.88 (4,
] = 54 Hz, 1H), 3.69 (dt, ] = 10.5, 4.2 Hz, 1H), 2.45—2.32 (m, 2H),
2.19-2.08 (m, 1H), 2.08—1.99 (m, 1H), 1.99—1.94 (m, 1H), 1.92—
1.71 (m, SH), 1.19-1.09 (m, 1H), 0.99 (d, J = 7.1 Hz, 3H). 3C NMR
(151 MHz, CD,Cl,) 6 173.3, 144.7, 128.2, 125.9, 57.5, 57.3, 34.4, 32.0,
287, 28.3, 26.5, 21.5, 15.9. IR (film, cm-1), 2957, 2851, 1672, 1487,
1421, 1280, 832. HRMS (ESI) calcd. for C;H,,NO (m/z M+H"):
244.1701, found: 244.1703.

(35,6R,9R,9aR)-3,9-Dimethyl-3-(methylthio)-6-phenyloctahydro-
4H-quinolizin-4-one ((+)-24a). By following the procedure of
preparing (+)-18a and (+)-18b, compounds (+)-24a and (+)-24b
were derived from compound (+)-23 (145.8 mg, 0.6 mmol) using
MeSSMe (80 uL, 0.90 mmol). The d.r. ((+)-24a: (+)-24b) of the
unpurified product mixture was determined to be 7.3:1 as judged by
"H NMR spectroscopic analysis. Automated silica gel flash column
chromatography with ethyl acetate/hexane (10—30%) afforded 83.0
mg (46%) of (+)-24a, 152 mg (8%) of (+)-24b and 72.6 mg (40%)
of a mixture of (+)-24a and (+)-24b as colorless oils, for a combined
yield of 94%. For compound (+)-24a, 'H NMR (600 MHz, CD,CL,)
5727 (d,J=7.3Hz,2H),7.17 (d,] = 7.3 Hz, 3H), 4.73 (t, ] = 5.8 Hz,
1H), 3.80 (dt, ] = 9.3, 4.8 Hz, 1H), 2.14—2.04 (m, SH), 2.04—1.91 (m,
4H), 1.90—1.84 (m, 1H), 1.83—1.75 (m, 1H), 1.51 (s, 3H), 1.31—1.20
(m, 1H), 1.00 (d, J = 7.1 Hz, 3H). *C NMR (151 MHz, CD,Cl,) §
174.9, 144.5, 1282, 126.0, 125.8, 58.7, 57.1, 48.4, 34.5, 32.9, 27.8, 27.3,
25.7, 24.7, 15.6, 12.7. HRMS (ESI) calcd. for C sH,(NOS (m/z M
+H"): 304.173S, found: 304.1731.

2654

(3R,6R,9R,9aR)-3,9-Dimethyl-3-(methylthio)-6-phenyloctahydro-
4H-quinolizin-4-one ((x)-24b). 'H NMR (500 MHz, CD,Cl,) &
7.32—7.21 (m, 4H), 7.15 (d, ] = 6.6 Hz, 1H), 4.69 (t, ] = 6.0 Hz, 1H),
3.64 (dt, J = 11.8, 3.7 Hz, 1H), 2.46 (dd, J = 13.5, 5.7 Hz, 1H), 2.08—
1.89 (m, 7H), 1.85—1.68 (m, 2H), 1.58 (dd, J = 13.7, 3.5 Hz, 1H),
1.38 (s, 3H), 1.28—1.17 (m, 1H), 1.05 (d, ] = 7.0 Hz, 3H). *C NMR
(151 MHz, CD2CI2) § 174.4, 146.2, 128.3, 125.9, 125.5, 59.2, 57.5,
47.4, 35.8, 32.1, 29.0, 27.3, 25.3, 25.1, 15.4, 12.6. HRMS (ESI) calcd.
for C,sH,(NOS (m/z M+H"): 304.1735, found: 304.1732.

(6R,9R,9aR)-9-Methyl-3,3-bis(methylthio)-6-phenyloctahydro-
4H-quinolizin-4-one ((+)-24c). By following the procedure of
preparing (+)-18c, compound (+)-24c was derived from compound
(£)-23 (84.1 mg, 0.35 mmol) using MeSSMe (123 pL, 1.38 mmol) as
the sulfenylation reagent. Automated silica gel flash column
chromatography with ethyl acetate/hexane (15—35%) afforded 103.1
mg of (+)-24c as a colorless oil, with a yield of 89%. 'H NMR (500
MHz, CD,CL,) § 7.31-7.24 (m, 4H), 7.20—7.13 (m, 1H), 4.74 (t, ] =
6.0 Hz, 1H), 3.77—3.65 (m, 1H), 2.43—2.29 (m, 3H), 2.09—1.99 (m,
2H), 1.99 (s, 3H), 1.98 (s, 3H), 1.89—1.68 (m, 3H), 1.27—1.18 (m,
1H), 1.05 (d, J = 7.1 Hz, 3H). *C NMR (151 MHz, CD,Cl,) § 171.3,
145.3, 128.3, 126.1, 125.5, 62.45, 58.5, 57.9, 35.3, 31.9, 28.7, 27.1, 25.6,
154, 13.7, 11.3. IR (film, cm™), 2916, 2869, 1636, 1450, 1311, 1204,
735,701. HRMS (ESI) caled. for C;iH,,NOS, (m/z M+H"):
336.1456, found: 336.1466.
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