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ABSTRACT: With an imide derived from L-tartaric acid as the starting material, ent-erysotramidine was synthesized for the first
time. The synthesis features the use of the enantiopure synthon, prepared in a set of highly stereoselective reactions, including N-
acyliminium cyclization, dihydrofuranyl ring formation via silver-catalyzed intramolecular alcohol addition to acetylene, and vinyl
ether catalytic hydrogen reduction. The crucial step of the synthesis, assembly of ring A, was achieved by using Heck cyclization

of (Z)-iodoolefin.

he Erythrina alkaloids constitute a large group of natural

products exhibiting diverse pharmacological effects'
(Figure 1). Because of their unique bioactivity and challenges
to construct the spirocyclic skeleton with a quaternary carbon
stereogenic center, numerous approaches2 for the preparation
of racemic® and enantiopure* compounds with the erythrinian
core have been developed.

MeO

(+)-erythravine

(+)-erythramine (+)-dihydroerysotrine

Figure 1. Erythrinan alkaloid skeleton and representative structures.

(+)-Erysotramidine and its deoxygenated derivative (+)-er-
ysotrine are frequently selected as targets for total synthesis.
However, only three research groups have succeeded with their
preparation in a state of high enantiomeric purity. The first
asymmetric synthesis of both alkaloids from (S)-3,4-dimethox-
yphenylalanine methyl ester was reported by Tsuda two
decades ago.” Another synthetic approach was announced by
Simpkins et al** They accomplished a 13-step synthesis of
(+)-erysotramidine (93% ee) using a chiral base imide
desymmetrization, N-acyliminium addition, and radical cycliza-
tion as the key steps. The most recent formal synthes1s of the
discussed alkaloid was reported by Tietze et al.* A crucial step
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of their elegant synthesis was a domino process: condensation
of enantiopure keto ester with 3,4-dimethoxyphenethylamine,
which led to spirocyclic silane with a complete erythrinan
skeleton.

The existence of only three examples of asymmetric synthesis
of natural (+)-erysotramidine indicate that the continuation of
research in this field may lead to further development, including
elaboration of a novel methodology for its preparation. Herein,
we report the first total synthesis of unnatural (—)-eryso-
tramidine from L-tartaric acid.

As part of a current project aimed at the preparation of
isoquinoline alkaloids, we have developed a simple method for
the synthesis of diacetoxyhexahydropyrroloisoquinolines® and
their further transformation into highly functionalized
enantiopure tetrahydroisoquinolines.” Throughout that study,
the assignment of the configuration at the newly generated
stereocenter within pyrroloisoquinolines was accomplished in
all cases by NOE measurements, except for acetylene derlvatlve
1, lacking a diagnostic proton at the bridgehead carbon atom®
(Scheme 1). To overcome this difficulty, an epimeric mixture of
1 was subjected to palladium-catalyzed cyclization, furnishing
dihydrofuranyl derivative 2 as a single stereoisomer. The
formation of 2 has proven that the predominant epimer of 1
possesses an S configuration at C-10b. On close examination of
the structure of 2, we realized that an enantiomerically pure
compound of this type (such as 3) with a proper R substituent
could be a suitable starting material for the synthesis of
erysotramidine. We anticipated that reduction of an enol ether
should proceed predominantly from the less hindered Re face
to give furanyl derivative 4, which on submission to elimination
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Scheme 1. New Concept of Erythrinan Alkaloid Synthesis
Inspired by Earlier Work®
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(retro-Michael reaction)® should lead to alcohol § with two
stereogenic centers with the same configuration as unnatural
(—)-erysotramidine.

The antipodes of biologically active compounds, synthetic as
well as natural, often possess distinctly different biological
functions.”'® To the best of our knowledge, (—)-erysotrami-
dine was never previously synthesized. Therefore, we decided
to undertake an effort to synthesize the antipode of the natural
alkaloid, thereby facilitating the evaluation of its bioactivity. Our
initial approach is outlined as a retrosynthesis in Scheme 2.

Scheme 3. Preparation of Enantiopure Intermediate 12
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Scheme 2. Retrosynthesis of Unnatural (—)-Erysotramidine
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The key step of a proposed synthesis is an intermolecular
Heck reaction (IMH)"" of (Z)-vinyl iodide, a product of Wittig
olefination of a-methoxy aldehyde. Further disconnections lead
to irfig)e 6, easily synthesized in two steps from L-tartaric
acid.™

To verify our idea, we Ié)repared pyrroloisoquinoline 7 using
our three-step procedure:*® an addition of a Grignard reagent
(derived from TIPS-protected propargyl alcohol) to imide 6,
acetylation, and BF;—etherate induced cyclization (Scheme 3).
The isolated epimeric mixture of diacetate 7 (76% yield, de
92%) was submitted to base hydrolysis followed by palladium
diacetate cyclization, furnishing enantiopure dihydrofuranyl
derivative 8. The yield of 8 (69%) was acceptable, but the need
to use an expensive palladium salt (20 mol %) and tedious
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product purification on silica gel prompted us to examine a
modified Hammond procedure'” using silver nitrate in the
presence of TEA. Under those conditions compound 8 was
obtained in an excellent yield (91%).

The hydrogen reduction of 8 with Pd(C) catalyst in
methanol led to a mixture of epimers 9 and 10, isolated in
about a 1:3.5 ratio, respectively. The relative configuration on
the newly generated stereocenter in both epimers was assigned
by NOE experiments. The observed proton interactions for
isomers 9 and 10 provided unambiguous proof of their
configuration (Figure 2).

OMe
OMe

o
9 (minor) 10 (major)

Figure 2. NOEs observed for diastereomers 9 and 10.

In agreement with our prediction, the required epimer 10
was prevalent; however, the stereoselectivity of the reduction
was low. In order to improve the reaction selectivity in favor of
epimer 10, we tested several solvents and identified toluene as
the solvent of choice. The hydrogen reduction of 8 in toluene
resulted in excellent selectivity (9:10 = 1:>25) to furnish, after
flash chromatography and crystallization, enantiopure 10 in
92% vyield. The alcohol 10 was submitted to thiocarbonyl
imidazole ester formation and a Barton—McCombie deoxyge-
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nation'® to give 12 in only 27% overall yield. The low yield
prompted us to look for an alternative alcohol deoxyigenation
procedure. Alkyl iodides, easily available from alcohols, * can be
conveniently reduced, e.g. by hydrogen with Pd(C) catalyst,
into the dehalogenated derivatives."”> Therefore, initially we
attempted to prepare iodide 13 from alcohol 10 using PPh;/I,/
imidazole, following the common procedure.'* Unfortunately,
only a fast decomposition of the substrate occurred. Further
experimentation led to a simple two-step, one-pot procedure
for the preparation of iodide 13. Triflation of alcohol 10 in
DCM, followed by the addition of Lil in MeCN solution, led to
iodide 13 in 86% yield. Catalytic hydrogenolysis in the presence
of sodium bicarbonate'® furnished 12 in 85% yield (73% from
10).

With enantiopure 12 in hand, we submitted it to a base-
induced elimination (Scheme 4). Applying a variety of reaction

Scheme 4. Attempted Synthesis of Methyl Ether 16
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conditions and bases (such as LDA,®™ KOTMS,* DBU,* t-
BuOK, HMDS-Na), we did not obtain the expected elimination
product 14. The use of a mixture of TMS-triflate and TEA'®
resulted in a fast reaction to give labile TMS-protected 18,
which was isolated as the alcohol 14. Methylation of 14 with
Mel in the presence of a base such as NaH or potassium tert-
butoxide led back to 12 in a fast Michael addition. To avoid the
use of a strong base, we examined several other commonly used
methylation procedures, e.g. Mel/Ag,0, CH,N,/HBF,, and
Meerwein’s salt/lutidine, without any success, unfortunately.

Considering the above problems, we modified our initial plan
by changing the order of the alcohol methylation—Heck
cyclization reaction sequence. Standard deprotection of the
hydroxyl group in silyl ether 12 furnished alcohol 17, which was
then submitted to Swern oxidation (Scheme §).

The resulted crude aldehyde was promptly allowed to react
with iodomethylene ylide using the Menche o}/)timized
procedure'’® to give (Z)-iodoolefin 18 in 45% yield."” Finally,
18 was treated with a TESOT{/TEA mixture to afford
elimination product 19 with the hydroxyl group protected as
a relatively stable triethylsilyl ether.'®

(Z)-Iodoolefin 19 was submitted to Heck cyclization using
the Alibés procedure''® to give a mixture of the expected
product 20 (4%), desilylated alcohol 21 (40%), and ketone 22
(40%) (Table 1, entry 1). Compound 22 is most likely a
product of alcohol oxidation by the palladium(II) complex. To
avoid this oxidation, we applied palladium(0) catalyst in DMF,
and alcohol 21 was obtained in 62% yield as the sole product
(entry 2). Cyclization with the same catalyst in toluene led to a
mixture of silyl ether 20 (63%) and alcohol 21 (24%; entry 3).
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Scheme 5. Preparation of (Z)-Vinyl Iodide 19
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Table 1. Construction of the Erysotramidine A Ring:
Optimization of Heck Cyclization Conditions®

19
Na,CO; (2,5 eq)l

Pd catalyst,(25 mol.%)
solvent

n-BuyNBr (1 eq)

yield (%)
solvent/temp  time
entry catalyst/additives (°C) (h) 20 21 22
1 PdCL(PPh,), PPh, DME/90 18 4 40 40
(1 equiv)
2 Pd(PPh,), DMEF/80 24 0 62 0
3 Pd(PPhy), toluene/90 24 63 24 0
4®  Pd(PPh,), toluene/90 24 0 8 0

“Reactions were performed on 0.1 mmol scale in DMF or toluene (2.5
mL). ®The crude product was dissolved in MeOH (5 mL), Dowex
W40 resin (50 mg) was added, and the mixture was stirred for 15 min.
Then workup and purification on silica gel were carried out.

Alternatively, to simplify the synthesis of alcohol 21, the crude
product of Heck cyclization was desilylated using acidic Dowex
resin in methanol, and then the title compound was isolated in
83% yield. The final step of the synthesis, methylation of the
alcohol 21 using the Tsuda procedure,® furnished (—)-eryso-
tramidine in excellent yield (96%). The spectral data of the
synthetic unnatural enantiomer was in full agreement with data
reported previously for the natural product.” Furthermore, the
absolute value of its optical rotation ([a]p® = —145.2° (¢ 1.57,
CHCl;)) was in good agreement with that reported for
(+)-erysotramidine ([a]p® = +148.5° (¢ 1.2, CHCL)® and
[a]p? = +121° (¢ 1.0, CHCL,)").

In summary, a novel strategy for the asymmetric synthesis of
erythrinan alkaloids has been developed. The effectiveness of
our strategy was demonstrated by the completion of the first
asymmetric synthesis of enantiopure unnatural (—)-erysotra-
midine from L-tartaric acid. Furthermore, starting from b-
tartaric or L-malic acid, the presented methodology could be
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easily extended to the preparation of selected erythrinan
alkaloids in their native configuration.

B EXPERIMENTAL SECTION

Synthesis of (15,2R,10bS)- and (15,2R,10bR)-8,9-Dimethoxy-
3-0x0-10b-(3-((triisopropylsilyl)oxy)prop-1-yn-1-yl)-
1,2,3,5,6,10b-hexahydropyrrolo[2,1-alisoquinoline-1,2-diyl Di-
acetate (7). Our procedure was applied.® To a solution of
triisopropylsilyl-protected propargyl alcohol' (45 mmol, 9.6 g) in
THF (35 mL) was added methylmagnesium bromide (45 mmol, 1§
mL, 3 M/Et,0) dropwise at room temperature. The mixture was
stirred for 1 h, and then the generated organomagnesium bromide was
added slowly to a solution of imide 6***° (22.5 mmol, 9.9 g) in THF
(35 mL) at 10 °C. The reaction mixture was stirred at 10 °C for 15
min and gradually warmed to room temperature, and stirring was
continued until TLC indicated the disappearance of 6 (approximately
4—S5 h). The reaction mixture was poured into an ice-cold saturated
NaHCO, solution (200 mL) and extracted with MTBE (3 X 200 mL).
The combined extracts were washed with ice-cold water and , brine,
dried (MgSO,), filtered, and evaporated in vacuo. The crude hydroxy
lactam was dissolved in dry MeCN (150 mL), and after the solution
was cooled to 0 °C, dimethylaminopyridine (5.5 g, 45 mmol) and
Ac,0 (114 g, 10.6 mL, 112 mmol) were added. The cooling bath was
removed, and stirring was continued at room temperature for 3 h. The
reaction mixture was poured into ice-cold water (200 mL) and
extracted with DCM (3 X 100 mL), and the collected extracts were
washed with cold water (3 X 100 mL), saturated aqueous sodium
bicarbonate (2 X 100 mL), and brine, dried (MgSO,), and evaporated.
Crude acetylated lactam was coevaporated with toluene (2X) and
carefully dried at room temperature under high vacuum (<0.1 Torr, 2
h). The residue was dissolved in DCM (900 mL), the solution was
cooled to 0 °C, and with vigorous stirring BF;-Et,O (12.7 g, 11.6 mL,
90 mmol, 4 equiv) was rapidly injected (syringe) in one portion.
Stirring at 0 °C was continued for 15 min, and then the reaction
mixture was quenched by the addition of saturated aqueous NaHCO;
(100 mL). Stirring was continued for 0.5 h, the layers were separated,
and the aqueous layer was extracted with DCM (2 X SO mL). The
combined extracts were washed with water (2 X 200 mL) and , brine
(100 mL), dried (MgSO,), filtered, and evaporated in vacuo. The
product was purified by flash column chromatography on silica gel
using a diethyl ether/hexane (4/1, v/v) mixture as an eluent.
Pyrroloisoquinoline 7 was isolated as a mixture of epimers (de
92%). Yield: 9.77 g, 76%, based on sequential three-step reaction from
imide 6. Yellowish oil. [a]p** = +106.8° (¢ 0.99, DCM). IR (DCM):
3509, 2942, 2866, 1757, 1730, 1519, 1227, 1069 cm™.

Selected Data for 23:1 Mixture of 15,2R,10bS and 15,2R,10bR
Epimers. 1S,2R,10bS epimer of 7: '"H NMR (500 MHz) & 6.75 (s,
1H), 6.57 (s, 1H), 5.72 (dd, 1H, ] = 8.0, 1.0 Hz), 5.40 (d, 1H, ] = 8.0),
444 (s, 2H), 4.35 (ddd, 1H, J = 13.1, 6.2, 1.6 Hz), 3.85 (s, 3H), 3.80
(s, 3H), 328—321 (m, 1H), 2.96-2.89 (m, 1H), 2.70 (dd, 1H, J =
16.2, 2.8 Hz), 2.23 (s, 3H), 2.12 (s, 3H), 1.07-1.02 (m, 21H); *C
NMR (125 MHz) § 170.2, 169.8, 164.6, 149.0, 148.3, 127.0, 124.6,
111.5, 107.9, 86.2, 80.8, 78.7, 74.2, 57.6, 55.9, 55.7, 52.0, 35.2, 27.5,
20.9, 20.7, 17.8, 12.0; MS (ES, HR) m/z (M + Na*) calcd for
C;0H3sNOgSiNa 596.2656, found 596.2649. 15,2R,10bR epimer of 7:
'H NMR (500 MHz) § 6.64 (s, 1H), 5.86 (s, 1H), 5.08 (s, 1H), 4.40
(s, 2H).

Synthesis of (3aS,4R,12bS)-4-Hydroxy-10,11-dimethoxy-2-
(((triisopropylsilyl)oxy)methyl)-7,8-dihydro-3aH-furo[3’,2":2,3]-
pyrrolo[2,1-alisoquinolin-5(4H)-one (8). Diacetate 7 (16 mmol,
9.17 g) was dissolved at room temperature in dry MeOH (160 mL)
containing MeONa (600 mg, 11 mmol). The solution was stirred until
TLC indicated the disappearance of the substrate (1 h), and then the
reaction mixture was quenched by the addition of a small piece of dry
ice and evaporated in vacuo. The residue was dissolved in DCM (160
mL), the precipitate was filtered off and washed with DCM, and the
filtrate was evaporated. The residue was filtered through a pad of silica
gel using an MTB/methanol (96/4) mixture. Yield: 7.3 g 93%. This
epimeric mixture of dihydroxypyrroloisoquinolines was used directly in
the next step.
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Cyclization Catalyzed with Pd(OAc),. The mixture of dihydrox-
ypyrroloisoquinolines (0.48 g, 0.98 mmol) was dissolved in THF (6
mL), and Pd(OAc), (44 mg, 0.20 mmol, 20 mol %) and triethylamine
(60 uL, 0.40 mmol, 40 mol %) were added. The reaction mixture was
stirred at room temperature until the disappearance of the substrate
(TLC control), approximately S h. The mixture was poured into water
and extracted with DCM (2 X 30 mL). The collected extracts were
washed with water, saturated NaHCOj; solution, and water again and
then dried (MgSO,), filtered, and evaporated in vacuo. The residue
was purified by flash column chromatography on silica gel (gradient
MTBE/hexane (7/3, v/v) to MTBE) to give 8 as a white amorphous
solid. Yield: 0.33 g, 69%.

Cyclization Catalyzed with AgNO; The mixture of dihydrox-
ypyrroloisoquinolines (2.45 g, 5.0 mmol) was dissolved in THF (30
mL), and AgNO; (170 mg, 1.0 mmol, 20 mol %) and triethylamine
(140 uL, 1.0 mmol, 20 mol %) were added. The reaction mixture was
heated at 55—60 °C for 6 h and then cooled to room temperature,
filtered through a Celite pad, and evaporated in vacuo. The residue was
purified as above to give 8 as a white amorphous solid: yield 2.23 g,
919%; white crystals; mp 142—144 °C (diethyl ether/hexane); [a]p*
+217.5° (c 0.97, DCM); IR (DCM) 3552, 3331, 2944, 2894, 2867,
1699, 1612, 1512, 1226, 1117 cm™; '"H NMR (500 MHz) & 6.60 (s,
1H), 6.54 (s, 1H), 5.31 (s, 1H), 4.87 (d, 1H, J = 3.9 Hz), 4.52 (t, 1H, |
= 3.9 Hz), 4.38 (dd, 2H, | = 44, 1.3 Hz), 4.37—4.31 (m, 1H), 3.85 (s,
3H), 3.82 (s, 3H), 3.23 (d, 1H, ] = 2.6 Hz), 3.09 (dt, 1H, J = 12.7, 3.8
Hz), 3.00—2.90 (m, 1H), 2.65 (dd, 1H, J = 162, 3.3 Hz), 1.19—1,10
(m, 3H), 1.08—1.04 (d, 18H); '*C NMR (CDCl,, 125 MHz) 6 170.6,
160.3, 148.6, 148.5, 129.8, 124.8, 111.1, 108.4, 102.7, 92.7, 77.6, 72.6,
59.0, 56.0, 55.9, 36.7, 27.6, 17.9, 11.9; MS (ES, HR) m/z (M + Na")
caled for C,sH3gNO¢SiNa 512.2439, found 512.2461. Anal. Calcd for
C,6sH;30NOgSi: C, 63.77; H, 8.03; N, 2.86. Found: C, 63.75; H, 8.08; N,
2.83.

Synthesis of (2R,3aS,4R,12bR)- and (2R,3aS$,4R,12bS)-4-
Hydroxy-10,11-dimethoxy-2-(((triisopropylsilyl)oxy)methyl)-
3a,4,7,8-tetrahydro-1H-furo[3’,2":2,3]pyrrolo[2,1-alisoquin-
olin-5(2H)-one (9 and 10). General Hydrogenation Procedure. To
a solution of 8 (0.49 g, 1.0 mmol) in solvent (30 mL) was added 10%
Pd/C (0.17 g, Fluka 75990). The resulting suspension was stirred
vigorously at 20 °C under an H, atmosphere (balloon) for 1 h. After
purging with nitrogen, the catalyst was removed by filtration through a
Celite pad and washed with DCM and the filtrate was concentrated.

Reduction in Methanol. The crude product was purified by flash
column chromatography on silica gel using diethyl ether as eluent to
give 9 (58 mg), 10 (230 mg), and a mixed fraction containing 9 and
10 (154 mg). This fraction was repurified on silica gel to give 9 (30
mg) and 10 (81 mg). The overall yield of 9 was 88 mg (18%) and of
10 was 310 mg (63%).

Reduction in Toluene. The crude product was purified by
crystallization from an ethyl ether/hexane mixture, to give pure 10
(325 mg, 66%). The supernatant was evaporated in vacuo, and the
residue was purified by flash column chromatography on silica gel
using diethyl ether as eluent. The obtained solid was crystallized to
give an additional amount of 10 (125 mg). The overall yield of 10 was
450 mg (92%).

Data for 9: white crystals; mp 118 °C (methanol); [a]p®
+125.7° (¢ 1.0, DCM); IR (DCM) 3683, 3563, 2944, 2867, 1698
cm™'; 'H NMR (600 MHz) § 6.73 (s, 1H), 6.58 (s, 1H), 4.58 (d, 1H, |
= 3.5 Hz), 4.57—4.52 (m, 1H), 4.49 (s, 1H), 4.19 (dq, 1H, ] = 6.5, 3.0
Hz), 3.88—3.73 (m, 7H), 3.79 (dd, 1H, ] = 10.6, 4.1 Hz), 3.24-3.18
(m, 1H), 3.02 (d, 1H, J = 2.2 Hz), 3.01—-2.94 (m, 1H), 2.73—2.68 (m,
1H), 2.37-2.28 (m, 2H), 1.15—1.05 (m, 21H); *C NMR (125 MHz)
5 171.4, 148.4, 148.3, 131.4, 124.8, 111.5, 106.8, 90.9, 83.1, 77.2, 70.0,
65.0, 56.1, 55.9, 44.0, 36.6, 27.1, 17.9, 11.9; MS (ES, HR) m/z (M +
Na*) caled for C,H, NOGSiNa 514.2601, found 514.2596. Anal.
Caled for C,¢H, NOSi: C, 63.51; H, 8.40; N, 2.85. Found: C, 63.46;
H, 8.38; N, 2.76.

Data for 10: white crystals; mp 150 °C (ethyl acetate/hexane);
[a]p? = +149.7° (¢ 1.0, DCM); IR (DCM) 3564, 3384, 2944, 2867,
1697, 1611, 1513, 1363, 1219, 1076 cm™%; 'H NMR (C,D,, 500 MHz)
5 6.71 (s, 1H), 6.04 (s, 1H), 4.88 (d, 1H, J = 2.3 Hz), 4.83 (d, 1H, ] =
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2.6 Hz), 4.60 (bs, 1H), 4.20 (dd, 1H, ] = 12.9, 5.6 Hz), 3.84 (dd, 1H, |
= 10.9, 3.7 Hz), 3.76—3.70 (m, 1H), 3.64 (dd, 1H, ] = 10.9, 3.7 Hz),
3.39 (s, 1H), 3.31 (s, 1H), 2.71—-2.64 (m, 1H), 2.54 (dt, 1H, J = 12.5,
43 Hz), 2.13 (dd, 1H, J = 13.3, 10.6 Hz), 1.99 (dd, 1H, J = 16.0, 4.1
Hz), 1.87 (dd, 1H, J = 13.3, 4.9 Hz), 1.08—1.00 (m, 21H); *C NMR
(125 MHz) 6§ 172.9, 148.5, 1484, 130.7, 1253, 111.3, 107.4, 90.5,
79.8, 75.6, 70.9, 63.8, 56.1, 55.9, 44.0, 36.6, 27.2, 18.0, 11.9; MS (ES)
m/z (M + Na)* found 514.26. Anal. Calcd for C,sH,;NO¢Si: C, 63.51;
H, 8.40; N, 2.85. Found: C, 63.41; H, 8.44; N, 2.81.

Synthesis of 0-((2S,3aS$,4R,12bS)-10,11-Dimethoxy-5-oxo-2-
(((triisopropylsilyl)oxy)methyl)-2,3a,4,5,7,8-hexahydro-1H-
furo[3’,2':2,3]pyrrolo[2,1-alisoquinolin-4-yl) 1H-Imidazole-1-
carbothioate (11). To a solution of 10 (98 mg, 0.20 mmol) in
DCM (8 mL) were added thiocarbonyldiimidazole (178 mg, 1.0
mmol) and TEA (120 L, 0.8 mmol). The mixture was heated at
reflux for 24 h, and the solvent was evaporated in vacuo. The residue
was purified by flash column chromatography on silica gel using
diethyl ether/ethyl acetate (7/3, v/v) as eluent: yield 98 mg (82%);
yellowish crystals; mp 159 °C (diethyl ether/hexane); [a]p® =
+120.7° (c 0.95, DCM); IR (DCM) 3134, 2944, 2867, 1712, 1611
cm™; 'H NMR (500 MHz) & 8.17 (s, 1H), 7.47 (s, 1H), 6.97 (s, 1H),
6.67 (s, 1H), 6.57 (s, 1H), 6.10 (s, 1H), 4.81 (d, 1H, J = 2.2 Hz),
4.50—4.40 (m, 1H), 4.26—4.18 (m, 1H), 4.04 (dd, 1H, J = 11.0, 3.9
Hz), 3.94 (dd, 1H, J = 11.0, 3.8 Hz), 3.87 (s, 3H), 3.83 (s, 3H), 3.23—
3.15 (m, 1H), 3.14—3.02 (m, 1H), 2.70 (dd, 1H, J = 16.0, 3.9 Hz),
243 (dd, 1H, J = 13.5, 5.0 Hz), 2.32 (dd, 1H, J = 13.5, 10.8 Hz), 1.17—
1.05 (m, 21H); *C NMR (CDCl,, 125 MHz) & 181.6, 166.4, 148.8,
148.7, 136.4, 129.4, 129.3, 125.5, 118.5, 111.5, 107.2, 87.7, 83.2, 80.4,
714, 63.6, 56.1, 55.9, 43.7, 36.9, 27.1, 18.0, 12.0; MS (ES, HR) m/z
(M + H") caled for C;oH,,N;04SSi 602.2720, found 602.2711. Anal.
Caled for C30H,;3N304SSi: C, 59.87; H, 7.20; N, 6.98. Found: C,
59.66; H, 7.27; N, 6.94.

Synthesis of (2S5,3a$,4S,12bS)-4-lodo-10,11-dimethoxy-2-
(((triisopropylsilyl)oxy)methyl)-3a,4,7,8-tetrahydro-1H-furo-
[3",2':2,3]pyrrolo[2,1-alisoquinolin-5(2H)-one (13). To a stirred
solution of 10 (0.4S g, 0.90 mmol) and 2,6-lutidine (0.31 mL, 2.7
mmol) in DCM (20 mL) was added trifluoromethanesulfonic
anhydride (0.22 mL, 1.4 mmol) dropwise at —10 °C. The solution
was stirred at —10 °C for 1 h (TLC monitoring for substrate
consumption). To the reaction mixture was added Lil (0.7 g, 5.2
mmol) suspended in CH;CN (30 mL), and this mixture was stirred
overnight at room temperature. The reaction mixture was poured into
saturated NaHCOj solution and extracted with DCM (3 X SO mL).
The combined organic extracts were washed with 10% aqueous citric
acid solution, 10% aqueous sodium thiosulfate solution, and brine and
then dried (MgSO,), filtered, and evaporated in vacuo. The residue
was purified by flash column chromatography on silica gel (gradient
diethyl ether/hexane (8/2, v/v) to diethyl ether): yield 460 mg (86%);
white crystals; mp 110 °C (hexane); [a]p® = +117.8° (¢ 0.89, DCM);
IR (DCM) 3550, 2941, 2865, 1698 cm™'; '"H NMR (500 MHz) § 6.71
(s, 1H), 6.53 (s, 1H), 4.80 (d, 1H, ] = 7.8 Hz), 4.52 (d, 1H, J = 7.2
Hz), 442 (dd, 1H, ] = 12.6, 6.6 Hz), 4.19—4.14 (m, 1H), 4.03 (dd,
1H, J = 10.8, 3.6 Hz), 3.90 (dd, 1H, J = 11.4, 3.6 Hz), 3.84 (s, 6H),
3.09 (dt, 1H, J = 12.6, 4.2 Hz), 3.02—2.94 (m, 1H), 2.61 (dd, 1H, ] =
16.2, 3.6 Hz), 2.43 (dd, 1H, J = 13.2, 4.8 Hz), 2.32 (dd, 1H, ] = 12.6,
10.8 Hz), 1.10—1.04 (m, 21H); '*C NMR (CDCl,, 125 MHz) § 170.9,
148.7, 148.5, 1287, 126.1, 111.5, 107.5, 81.5, 80.3, 72.8, 63.3, 56.1,
55.9, 43.7, 37.3, 27.3, 26.6, 18.0, 17.7, 12.3, 11.9; MS (ES, HR) m/z
(M + Na*) caled for C,qH,NO,ISiNa 624.1618, found 624.1614.
Anal. Caled for C,4H,,INO,Si: C, 51.91; H, 6.70; N, 2.33. Found: C,
51,86; H, 6.71; N, 2.35.

Synthesis of (25,3aR,12bS)-10,11-Dimethoxy-2-(((triiso-
propylsilyl)oxy)methyl)-3a,4,7,8-tetrahydro-1H-furo[3’,2":2,3]-
pyrrolo[2,1-alisoquinolin-5(2H)-one (12). Method A. To a
solution of thiocarbamate 11 (60 mg, 0.10 mmol) in benzene (10
mL) were added the tributyltin hydride (58 mg, 53 uL, 0.20 mmol)
and a,a’-azoisobutyronitrile (4 mg, 0.025 mmol) successively. The
reaction mixture was stirred under reflux for 6 h, additional tributyltin
hydride (58 mg, 53 uL, 0.20 mmol) was added, and stirring and
heating were continued overnight. The reaction mixture was cooled to
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room temperature and concentrated in vacuo. The residue was purified
by flash column chromatography on silica gel (gradient diethyl ether/
hexane (1/9, v/v) to diethyl ether): yield 16 mg (33%).

Method B. To a solution of 13 (0.47 g, 0.78 mmol) in methanol (S0
mL) were added solid NaHCO; (0.25 g, 3.0 mmol) and Pd/C 10%
(0.15 g). The resulting suspension was stirred vigorously at 20 °C
under an H, atmosphere (balloon) for 24 h. After purging with
nitrogen, the catalyst was removed by filtration through a Celite pad
and washed well with DCM and the collected filtrate was concentrated
in vacuo. The crude product was purified by flash column
chromatography on silica gel using diethyl ether as eluent to give
12: yield 0.31 g (85% yield); amorphous solid; [a]p* = +100.7° (¢
1.00, DCM); IR (DCM) 3384, 2942, 2865, 1698, 1612 cm™; 'H
NMR (500 MHz) 6 6.73 (s, 1H), 6.54 (s, 1H), 4.78 (dd, 1H, ] = 7.7,
1.9 Hz), 442 (dd, 1H, J = 13.0, 6.0 Hz), 4.18—4.12 (m, 1H), 3.98 (dd,
1H, J = 10.9, 3.9 Hz), 3.90—3.83 (m, 7H), 3.09 (dt, 1H, ] = 12.6, 4.3
Hz), 3.01-2.92 (m, 1H), 2.72 (dd, 1H, J = 18.5, 7.8 Hz), 2.63-2.55
(m, 2H), 2.32 (dd, 1H, J = 13.2, 4.6 Hz), 2.23 (dd, 1H, ] = 13.2, 10.8
Hz), 1.15-1.00 (m, 21H); *C NMR (CDCl,, 125 MHz) & 172.9,
1484, 1483, 129.7, 1263, 111.5, 107.6, 82.6, 79.2, 73.2, 63.8, 56.1,
55.9, 44.1, 39.0, 36.1, 27.4, 18.0, 12.0; MS (EI, HR) m/z (M") calcd
for CogH, NOGSi 4752754, found 475.2745.

Synthesis of (R)-10b-((S)-2-Hydroxy-3-((triisopropylsilyl)-
oxy)propyl)-8,9-dimethoxy-5,6-dihydropyrrolo[2,1-aliso-
quinolin-3(10bH)-one (14). To a stirred and precooled to —10 °C
solution of TMS-OTf (417 uL, 2.3 mmol) in DCM (8 mL) was added
TEA (403 uL, 2.9 mmol), followed by dropwise addition of a solution
of 12 (554 mg, 1.2 mmol) in DCM (8 mL). Stirring was continued
until disappearance of the substrate (TLC control), approximately 15
min, and then the reaction mixture was poured into ice-cold saturated
NaHCO; solution and extracted with DCM (3 X 30 mL). The
combined organic extracts were washed with brine and then dried
(MgSO0,), filtered, and evaporated in vacuo. The residue was dissolved
in methanol (10 mL), acidic Dowex SOW (300 mg) was added, and
the mixture was stirred until TMS-ether was hydrolyzed (TLC
control), approximately 15 min. The resin was filtered off and washed
with methanol, and the filtrate was evaporated in vacuo. The residue
was purified by flash column chromatography on silica gel (TBME/
MeOH (97/3, v/v)): yield 460 mg, (83%); white crystals; mp 174—
175 °C (ethyl acetate/hexane); [a]p'® = +168.6° (¢ 1.02, DCM); IR
(DCM) 3383, 2942, 2865, 1674 cm™; "H NMR (500 MHz) 6 7.48 (d,
1H, J = 5.8 Hz), 6.74 (s, 1H), 6.59 (s, 1H), 6.11 (d, 1H, ] = 5.8 Hz),
442 (dd, 1H, J = 13.3, 6.4 Hz), 3.88 (s, 3H), 3.84 (s, 3H), 3.54 (dd,
1H, J = 13.3, 7.9 Hz), 3.48—3.42 (m, 2H), 3.16—3.08 (m, 1H), 2.98—
2.90 (m, 1H), 2.62 (dd, 1H, ] = 16.0, 4.0 Hz), 2.16-2.05 (m, 2H),
1.13—1.01 (m, 21H); *C NMR (125 MHz) § 171.7, 153.3, 148.2,
147.8, 129.1, 1252, 124.6, 112.1, 1094, 67.6, 67.5, 67.4, 56.2, 55.9,
423, 347, 289, 179, 11.9; MS (EI, HR) m/z (M*) caled for
C,6H, NO,Si 475.2754, found 475.2747. Anal. Calcd for
C,sH,NOSSi: C, 65.65; H, 8.69; N, 2.94. Found: C, 65.43; H, 8.61;
N, 2.96.

Synthesis of (R)-10b-((S)-2-Hydroxy-3-((triisopropylsilyl)-
oxy)propyl)-8,9-dimethoxy-5,6-dihydropyrrolo[2,1-a]-
isoquinolin-3(10bH)-one (17). To a solution of 12 (1.83 g 3.9
mmol) in THF (40 mL) were added TBAF (1 M in THF, 6.2 mL, 6.2
mmol) and acetic acid (0.60 mL, 10 mmol). After the mixture was
stirred for 24 h, the reaction was quenched with saturated NH,CI (150
mL), the organic layer was separated, and the aqueous layer was
extracted with ethyl acetate (4 X 100 mL). The combined organic
layers were dried over MgSO, and concentrated in vacuo. Purification
by flash column chromatography (MTBE/MeOH (9/1, v/v)) yielded
the primary alcohol 17: yield 1.14 g (93%); white crystals; mp 144 °C
(ethyl acetate/hexane); [a]p® = +154.9° (¢ 1.04, DCM); IR (DCM)
3396, 2935, 2865, 1675, 1612 cm™; 'H NMR (500 MHz) & 6.73 (s,
1H), 6.55 (s, 1H), 4.81 (dd, 1H, J = 7.8, 2.0 Hz), 441 (dd, 1H, J =
13.1, 6.0 Hz), 426—4.20 (m, 1H), 3.94 (dd, 1H, ] = 12.0, 2.9 Hz), 3.88
(s, 3H), 3.85 (s, 3H), 3.70 (dd, 1H, J = 12.0, 4.4 Hz), 3.08 (dt, 1H, ] =
12.6, 4.2 Hz), 3.00-2.92 (m, 1H), 2.75 (dd, 1H, J = 18.5, 7.9 Hz),
2.65-2.57 (m, 2H), 2.32 (dd, 1H, J = 13.3, 4.7 Hz), 2.16 (dd, 1H, ] =
13.3, 10.8 Hz), 1.90 (s, 1H); *C NMR (125 MHz) § 172.7, 148.5,
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148.3, 129.3, 126.3, 111.5, 107.6, 82.9, 78.9, 73.4, 63.2, 56.2, 55.9, 43.6,
38.9, 36.1, 27.4; MS (EI) m/z (M*) 319 (100%). Anal. Calcd for
C7H,NOq: C, 63.94; H, 6.63; N, 4.39. Found: C, 63.74; H, 6.64; N,
4.3S.

Synthesis of (25,3aR,12bS)-2-((Z)-2-lodovinyl)-10,11-dime-
thoxy-3a,4,7,8-tetrahydro-1H-furo[3’,2':2,3]-pyrrolo[2,1-al-
isoquinolin-5(2H)-one (18). Step 1: Alcohol Oxidation. A solution
of dimethyl sulfoxide (181 yL, 2.6 mmol) in DCM (5 mL) was added
dropwise to a stirred solution of oxalyl chloride (111 xL, 1.3 mmol) in
DCM (5 mL) at —60 °C. The mixture was stirred for 30 min, and then
a solution of alcohol 17 (203 mg, 0.64 mmol) in DCM (5 mL) was
added dropwise at —60 °C. After 0.5 h, TEA (520 pL, 4.0 mmol) was
added dropwise and the resulting mixture was warmed to room
temperature and stirred for 1 h. The reaction mixture was quenched
with saturated aqueous NaHCOj; and extracted with DCM (2 X 10
mL). The combined extracts were washed with brine, dried (MgSO,),
filtered, and concentrated in vacuo. The residue was used without
purification in the next step.

Step 2: Wittig Olefination. The modified Menche procedure was
applied."”* DMPU was used instead of the highly toxic HMPA. In the
absence of light, to a THF (10 mL) solution of NaHMDS (1.0 M/
THF, 096 mL, 0.96 mmol) was added a suspension of finely
powdered phosphonium iodide (0.51 g, 0.96 mmol) in DMPU (4 mL)
at 10 °C. The mixture was stirred for 1 min and cooled to —78 °C, and
a solution of crude aldehyde (obtained in step 1, 0.64 mmol) in THF
(2 mL) was added dropwise. The reaction mixture was stirred at this
temperature for 30 min, gradually warmed to 0 °C, and quenched with
aqueous saturated NH,Cl (10 mL). The aqueous layer was extracted
with ethyl acetate (3 X 15 mL). The combined organic extracts were
washed with brine, dried over MgSO,, filtered, and concentrated in
vacuo. Crude product was purified (in two passes) by flash
chromatography on silica gel (first pass, using DCM/acetone/hexane
(9/1/3, v/v/v) mixture as an eluent, and second pass, using hexane/
MTBE/methanol (6/3/1, v/v/v) mixture) to give pure (Z)-vinyl
iodide 18: yield 127 mg (45%); amorphous solid; [a]p* = —1.9° (¢
1.00, DCM); IR (DCM) 3499, 3064, 2927, 2854, 1691, 1672 cm™;
"H NMR (C¢Dg, 500 MHz) 6 6.56 (s, 1H), 6.20 (dd, 1H, ] = 7.9, 6.7
Hz), 6.15 (s, 1H), 5.93 (dd, 1H, ] = 7.9, 1.2 Hz), 4.86—4.80 (m, 1H),
449 (dd, 1H, J = 7.9, 2.1 Hz), 445 (dd, 1H, J = 12.9, 6.0 Hz), 3.39 (s,
3H), 3.33 (s, 3H), 2.79—-2.69 (m, 1H), 2.68—2.60 (m, 1H), 2.52 (d,
1H, J = 183 Hz), 242 (dd, 1H, J = 13.2, 47 Hz), 2.36 (dd, 1H, J =
18.3, 8.0 Hz), 2.07—1.97 (m, 1H), 1.68 (dd, 1H, J = 13.2, 10.8 Hz);
3C NMR (CDCl;, 125 MHz) § 172.6, 148.5, 1484, 139.2, 129.1,
126.4, 111.5, 107.4, 84.1, 82.5, 80.7, 73.1, 563, 55.9, 47.1, 38.8, 36.2,
27.3; MS (EL HR) m/z (M*) caled for C;gH,(NO,I 441.0437, found
441.0440.

Synthesis of (R)-10b-((S,Z)-4-lodo-2-((triethylsilyl)oxy)but-3-
en-1-yl)-8,9-dimethoxy-5,6-dihydropyrrolo[2,1-alisoquinolin-
3-(10bH)-one (19). To a stirred and precooled to —20 °C solution of
TES-OTf (53 mg, 45 pL, 0.20 mmol) in DCM (1 mL) was added
TEA (3$ pL, 0.25 mmol), followed by dropwise addition of a solution
of 18 (44 mg, 0.10 mmol) in DCM (1 mL). The reaction mixture was
warmed to room temperature, and stirring was continued until TLC
indicated the disappearance of 18 (approximately 2.5 h). The reaction
mixture was poured into ice-cold saturated NaHCOj; solution and
extracted with DCM (3 X S mL). The combined organic extracts were
washed with brine, dried (MgSO,), filtered, and evaporated in vacuo.
The residue was purified by flash column chromatography on silica gel
(TBME/hexane (7/3, v/v)): yield 52 mg (93%); yellowish oil; [a]p"
= +84.8° (¢ 1.01, DCM); IR (DCM) 3072, 2952, 2875, 1690 cm™; 'H
NMR (C¢Dg, 500 MHz) 6 7.15 (d, 1H, ] = 5.9 Hz), 6.48 (s, 1H), 6.17
(s, 1H), 5.98 (d, 1H, J = 5.9 Hz), 5.91 (t, 1H, ] = 7.8 Hz), 5.70 (dd,
1H, J = 7.8, 1.0 Hz), 4.61 (dd, 1H, ] = 13.2, 6.4 Hz), 446 (t, 1H, ] =
8.3 Hz), 3.32 (s, 3H), 3.29 (s, 3H), 3.15 (dt, 1H, J = 12.2, 4.4 Hz),
2.84—2.74 (m, 1H), 2.20 (dd, 1H, J = 14.7, 8.8 Hz), 2.12 (dd, 1H, ] =
16.1, 4.4 Hz), 1.88 (dd, 1H, J = 14.7, 2.0 Hz), 0.97 (t, 9H, ] = 7.8 Hz),
0.58 (q, 6H, ] = 7.8 Hz); 3C NMR (C¢Dy, 125 MHz) § 171.5, 1532,
149.3, 148.8, 144.1, 130.0, 125.8, 124.6, 113.3, 110.8, 80.3, 72.7, 67.1,
56.0, 55.5, 46.5, 35.6, 28.8, 7.2, 5.5; MS (EI, HR) m/z (M") calcd for
C,4Hy,NO,SiI 555.1302, found $55.1300.
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Synthesis of 20—22. General Procedure. In a Schlenk flask
containing vinyl iodide 19 (0.10 mmol, 55.5 mg), n-Bu,NBr (0.1
mmol, 32.2 mg, 1 equiv), and Na,CO; (0.25 mmol, 26.5 mg, 2.5
equiv) under an argon atmosphere were placed anhydrous DMF (or
toluene) (2.5 mL) and Pd catalyst. The mixture was heated and stirred
at the specified temperature and poured into saturated aqueous
NaHCOj; (10 mL), and the product was extracted with ethyl acetate
(3 X 4 mL). The combined organic layers were washed with brine,
dried on MgSO,, filtered, and concentrated in vacuo. The residue was
purified by flash column chromatography on silica gel using ethyl
acetate/hexane/TEA (7/3/0.0S, v/v/v) to isolate 20, and/or ethyl
acetate/methanol (98/2, v/v) to isolate compounds 21 and 22. The
reaction conditions, amount of catalyst, and product yield are given in
Table 1.

(2S,13bR)-11,12-Dimethoxy-2-((triethylsilyl)oxy)-8,9-dihydro-1H-
indolo[7a,1alisoquinolin-6(2H)-one (20): yellowish oil; [a]p*
—13.5° (¢ 1.43, DCM); IR (DCM) 2953, 2875, 1686, 1664; '"H NMR
(C¢Dg, 500 MHz) & 6.88 (s, 1H), 6.28 (s, 1H), 6.25 (dd, 1H, J = 10.1,
2.5 Hz), 5.95 (d, 1H, J = 10.1 Hz), 5.90 (s, 1H), 4.45—4.39 (m, 1H),
4.17—4.09 (m, 1H), 3.45 (s, 1H), 3.37—3.30 (m, 4H), 2.62 (dd, 1H, J
= 11.8, 5.2 Hz), 2.55 (t, 2H, ] = 6.9 Hz), 1.85 (dd, 1H, J = 11.3, 10.1
Hz), 0.86 (t, 9H, J = 7.9 Hz), 0.45 (q, 6H, ] = 7.9 Hz); C NMR
(C¢De, 125 MHz) § 170.7, 157.0, 148.1, 139.5, 129.7, 127.1, 123.4,
121.0, 113.4, 109.8, 67.6, 66.2, 56.1, 55.4, 46.1, 37.6, 27.2, 6.9, 5.3, 4.9;
MS (EI) m/z (M") 427.1 (100%); MS (ES, HR) m/z (M + H*) calcd
for C,,H,NO,Si 4282257, found 428.2261.

(2S,13bR)-2-Hydroxy-11,12-dimethoxy-8,9-dihydro-1H-indolo-
[7a,1ajisoquinolin-6(2H)-one (21): colotless crystals, mp 85—86 °C
(ethyl acetate) (lit.> mp for opposite enantiomer mp 86—87 °C);
[a]p? = —180.5° (¢ 1.0, CHCL,) (lit.°> for opposite enantiomer
+182.4° (c 025, CHCL,)); "H NMR (500 MHz) § 6.86 (dd, 1H, ] =
10.0, 2.5 Hz), 6.79 (s, 1H), 6.70 (s, 1H), 6.29 (d, 1H, J = 10.0 Hz),
6.01 (s, 1H), 4.30 (m, 1H), 4.02—3.94 (m, 1H), 3.85 (s, 3H), 3.75 (s,
3H), 3.60 (ddd, 1H, J = 12.5, 6.8, 5.4 Hz), 3.11-2.93 (m, 2H). 2.80
(dd, 1H, J = 11.5, 5.1 Hz), 2.11 (brs, 1H), 1.69 (dd, 1H, J = 11.3, 10.3
Hz).

(R)-11,12-Dimethoxy-8,9- dlhydro 1H-indolo[7a, 1a]lsoqumollne-
2,6-dione (22): colorless solid; [a]p? = —187.4° (¢ 1.2, CHCL,) (lit.°
for opposite enantiomer +217° (¢ 0.26, CHCLy)); IR (DCM film)
3484, 2935, 1677, 1513; 'H NMR (CDCl,, 500 MHz) § 7.74 (d, 1H, J
= 10.1 Hz), 6.85 (s, 1H), 6.66 (s,1H), 6.41 (d, 1H, J = 10.1 Hz), 6.37
(s, 1H), 4.26—4.17 (m, 1H), 3.84 (s, 3H), 3.72 (s, 1H), 3.45—3.35 (m,
1H), 3.27 (d, 1H, J = 15.1 Hz), 3.08—2.98 (m, 1H), 2.87—2.78 (m,
1H), 2.80 (d, 1H, J = 15.1 Hz); 3C NMR (CDCl,, 125 MHz) § 195.2,
169.7, 154.8, 148.9, 147.4, 138.5, 131.9, 128.1, 126.0, 125.5, 112.6,
108.0, 67.7, 56.0, 55.9, 52.5, 36.9, 27.6; MS (EL, HR) m/z (M*) calcd
for C,gH,,NO, 311.1158, found 311.1161.

Synthesis of (—)-Erysotramidine. The modified Tsuda proce-
dure was used.’ n-Bu,;NBr was used instead of Et,NBr. A mixture of
alcohol 21 (47 mg, 0.15 mmol), 85% KOH (100 mg, 1.5 mmol), n-
Bu,NBr (145 mg, 0.45 mmol), and Mel (3 mL) in THF (6 mL) was
stirred at room temperature for 24 h. Workup and purification gave 47
mg (96%) of (—)-erysotramidine: yellowish oil; [a]p™ = —145.2° (¢
1.57, CHCL,) (lit.° for opposite enantiomer [a]p? = +148.5° (¢ 1.2,
CHCL,)); 'H NMR (500 MHz) 6 6.90 (dd, 1H, J = 10.2, 1.8 Hz), 6.80
(s, 1H), 6.72 (s, 1H), 6.33 (d, 1H, J = 10.1 Hz), 6.05 (s, 1H), 4.01 (dt,
1H, J = 12.9, 7.7 Hz), 3.86 (s, 4H), 3.76 (s, 3H), 3.66—3.58 (m, 1H),
3.34 (s, 3H), 3.13—2.95 (m, 2H), 2.81 (dd, 1H, ] = 11.5, 5.0 Hz), 1.71
(t, 1H, J = 10.8 Hz); *C NMR (125 MHz) § 170.9, 157.2, 148.6,
147.1, 136.4, 128.6, 126.5, 124.1, 120.2, 112.3, 108.3, 74.9, 66.5, 56.4,
56.2, 55.9, 41.4, 37.3, 27.1; MS (EI) m/z (M") 327 (100%).
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