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ABSTRACT: We report the access to an acyclic iso-secologanin aglycone analogue relevant to seco-iridois and monoterpene
indole alkaloids. Its synthesis involved a regioselective allylic alkylation of a linear dienyl carbonate with dimethyl malonate cata-
lyzed by an iridium complex and an anti-Markovnikov Wacker-type oxidation of the terminal alkene of the branched product ob-
tained. The aldehyde thus formed was engaged in a Pictet-Spengler reaction with tryptamine towards monoterpene indole alkaloids.

Secologanin is a glucoside monoterpenoid® which is pivotal in
the  biosynthesis of monoterpene indole alkaloids
(geissoschizine, pleiocarpamine, strictamine...)’ and dopa-
mine-derived tetrahydroisoquinolines.®> The biosynthesis of
these compounds involves an enzymatic Pictet-Spengler reac-
tion of secologanin with dopamine or tryptamine leading to

ipecoside or strictosidine respectively.?® Simple seco-iridoids*
such as oleocanthal® or oleuropeine® are also apparented to
secologanin with a closely related biosynthesis involving the
oxidative cleavage of ketologanin instead of loganin in the
case of secologanin (Scheme 1).

Scheme 1. Biosynthesis of seco-iridoids, monoterpene tetrahydroisoquinolines and monoterpene indole alkaloids.
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Indeed, the synthesis of simple seco-iridoids such as
oleocanthal have been accomplished by Smith,” Williams® and
Vidari.**® Several synthetic and hemisynthetic strategies have
also been deployed to access the aglycone of secologanin by
Tietze,"""* Hutchinson and Partridge,”® Isoe,"* Chang" or
Tai.'® In 2019, Ishikawa achieved the first enantioselective
total synthesis of secologanin itself via a key organocatalyzed
anti-1,4-addition of an aldehyde onto a Michael acceptor.”
Very recently, Garg also reported the asymmetric total synthe-
sis of secologanin via a hetero Diels-Alder cycloaddition.™®

In the recent past, our group has been interested in the synthe-
sis of monoterpene indole alkaloids such as cymoside, the
mavacurane and the akuammilane sub-families.”® Noteworthy,
we relied in the works of Tietze'* and Ishikawa' during our
total syntheses of glycosidic cymoside.’**"

However, a very large number of monoterpene indole alka-
loids lakes the glucose moiety due to a deglucosylation event
by strictosidine glucosidase leading, via opening of the result-
ing hemiacetal, to a reactive dialdehyde which is subject to
cyclization.? One other common features among several
monoterpene indole alkaloids and simple seco-iridoids is the
isomerization of the C18=C19 terminal alkene into a C19=C20
ethylidene.

We recently reported divergent Ma/Zhu oxidative
cyclizations® from a truncated strictosidine model leading to
the key N1-C16 bond of the mavacuranes or the C7-C16 bond
of the akuammilanes.”* Conveniently, the C16-formyl ester
was replaced by a dimethyl malonate. However, this
strictosidine model, notably lacked the ethylidene part.

Therefore, the synthesis of acyclic secologanin aglycone ana-
logue 1 would be of high interest to access seco-iridoids and
monoterpene indole alkaloids in which the glucoside moiety is
absent and displays an ethylidene rather than a terminal alkene
(Scheme 2). In addition, the formyl ester would be replaced by
a more stable malonate.”? A Pictet-Spengler reaction?® would
produce malonate analogue 2 of seco-iso-srictosidine aglycone
as a precursor of pleiocarpamine and strictamine via our di-
vergent oxidative cyclization strategy.”*

Scheme 2. Synthetic plan toward pleiocarpamine and
strictamine from a seco-iso-secologanin analogue via di-
vergent oxidative cyclizations.
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We initially planned to access this compound via the
organocatalyzed 1,4-addition of dimethyl malonate 3 onto
dienal 7 which contains the desired ethylidene. Following the
work of Wang, this approach was successful in presence of
proline-derived catalyst 5 to access analogue 6 from enal 4 in
which the ethylidene part is missing (Scheme 3).%

Unfortunately, despite intensive efforts, we were never able to
observe the desired product of the addition of dimethyl

malonate 3 into dienal 7.2 One explanation would be that
the 1,4-addition to the enamine product intermediate 8 is re-
versible.”"? Replacing the organocatalytic conditions with the
use of a base (NaOMe) to deprotonate 3 also failed (Scheme
3).

Scheme 3. Failed attempts toward aldehyde 1 via 1,4-
addition of dimethyl malonate onto dienal 7.
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Therefore, we revised our strategy and thought that aldehyde 1
could be accessed from a regioselective anti-Markovnikov
Wacker-type oxidation of terminal alkene 9. An allylic alkyla-
tion of allylic carbonate 10 would deliver the branched-
product 9 (Scheme 4).

Scheme 4. Retrosynthesis of aldehyde 1 via anti-
Markovnikov Wacker-type oxidation and branched-
selective allylic alkylation.
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In order to test this allylic alkylation/Wacker-type oxidation
sequence, carbonates 10a-c were prepared by the Heck reac-
tion between vinylic iodides?®* 12a-c and allylic alcohols 11
followed by coupling of the obtained dienols 13a-c with me-
thyl chloroformate (Scheme 5).

Scheme 5. Preparation of dienyl carbonates via a Heck
reaction.
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While, the palladium-catalyzed Tsuji-Trost reaction® of allylic
electrophiles with one terminal substituent usually leads to the
linear products, the use of other metal-complexes such as
iridium or molybdenum can favor the formation the branched
isomers.*! Indeed, the use of a dienic substrate in allylic substi-



tution reactions increases the problems of regioselectivity and
very few examples are described. In 1999 and 2000, Trost®
and Takeuchi® respectively reported highly regioselective
allylic alkylation of dienyl carbonates or acetates with various
nucleophiles by molybdenum or iridium complexes. In these
studies, nearly perfect regioselectivities in favor of the
branched products were observed. We therefore decided to
apply the Takeuchi protocol with 4 mol% of [Ir(cod)ClI],and 8
mol% of P(OPh); in THF at room temperature to functional-
ized dienyl carbonates 10a-c with sodium dimethyl malonate
as nucleophile (Scheme 6). Good vyields (79% to 86%) and
regioselectivities for desired terminal alkenes 9a-c were ob-
tained. Minor amounts of regioisomers 14b,c were observed in
the cases of a TBS or MOM protecting group on the alcohol,
resulting of the addition of the nucleophile to the carbon bear-
ing the methyl group. Linear regioisomers 15a-c were not
observed in all cases. The presence of the bulkier TBDPS on
the alcohol is optimal since only the desired non-conjugated
divinyl compound 9a is observed. The regioisomeric ratio
seems therefore to be dependent to the size of the protecting
group.

With the synthesis of racemic branched product 9a in hand,
we turned our attention toward an enantioselective version of
this reaction. For this purpose, triphenyl phosphite was re-
placed by non-racemic chiral phosphoramidite ligands which
are known to be the more efficient in Ir-catalyzed asymmetric
allylic substitution reactions.** Unfortunately and to our sur-
prise, no reaction occurred with BINOL-derived phosphate L1
or phosphoramidite ligands L2-L5. Despite extensive experi-
mentations, only decarboxylation of the carbonate function
was observed. The same disappointing result was observed
with Mo(CO)s as the metal pre-catalyst and bis-pyridine L6 as
ligand.*

Scheme 6. Regioselective allylic alkylation of dienyl car-
bonates with sodium dimethyl malonate.
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The next step of our strategy towards the seco iso-secologanin
aglycone target 1 involved the regioselective oxidation of the
terminal alkene of 9a into an aldehyde. Usually, the classical
Wacker-type oxidations of terminal alkenes deliver the corre-
sponding methyl ketones via a polar mechanism.* To over-
come this Markonikov-type selectivity, Grubbs introduced the
use of nitrite salts in t-butanol in order to potentially add a
nitrite radical to the terminal position of the alkene.” Alterna-
tively, the regioselectivity may be controlled by the addition of
the bulky t-butyl alcohol to the less hindered carbon of the
alkene.® Therefore, alkene 9a was engaged with palladium
dichloride bisbenzonitrile complex, copper dichloride and
silver nitrite under an oxygen atmosphere in t-butanol to selec-
tively deliver the desired aldehyde 1 in 60% yield (Scheme 7).

Scheme 7. Anti-Markovnikov Wacker oxidation.
PdCl,(PhCN), (12 mol%)

Z Me  CuCly.2H,0 (12 mol%) OHC Me
MeO,C _ AgNO; (6 mol%), 0, \1e0,C _
MeO,C t-BUOH/MeNO; (9:1), it MeO,C
9a OTBDPS 60% 1 OTBDPS

With the desired seco-iso-secologanin aglycone analogue 1 in
hand, we turned our attention to its utility in the synthesis of
monoterpene indole alkaloids (Scheme 8).

Scheme 8. Pictet-Spengler reaction and attempts towards
oxidative cyclizations.
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To this end, we studied the Pictet-Spengler reaction of alde-
hyde 1 with tryptamine in order to access the corresponding
seco-iso-strictosidine aglycone analogue 2.%” The reaction was
carried out with 2 equivalents of trifluoroacetic acid (TFA) in
dichloromethane. At the end of the reaction, the N4 piperidinic
secondary amine was acylated with trifluoroacetic anhydride
(TFAA) into seco-iso-secologanin aglycone analogue 17. This
one-pot protection prevents the spontaneous lactamization
between the N4-secondary amine and one of the esters of the
malonate of the Pictet-Spengler product leading to tetracycle
16.%%%  This reaction gave us a mixture of two
diasterioisomers 17a and 17b (dr 4:1) with 74% vyield and
lactam 16 with 12% yield. X-ray analysis of a crystal of the
major diastereomisomer 17a informed us that the relative
stereochemistry does not correspond to the desired
strictosidine relationship between the stereogenic centers at C3
and C15 but to the vincoside relationship.*® This was con-
firn;aed by the cis-C3-C15 relative stereochemistry of lactam
16.

Nevertheless, we tested the feasibility on major
diastereoisomer 17a of the divergent oxidative cyclizations
developed by Ma and modified by Zhu and us (Scheme 8).2%#
After double deprotonation with LiIHMDS, addition of PIFA
as oxidant, which should lead to the formation of the N1-C16
bond of pleiocarpamine, only led to dehydrogenation of the
C16-C15 bond into allylidenemalonate 18. On the other hand,
with the use of CP,FePFg; as oxidant, the formation of a
complex mixture was observed instead of the expected C7-
C16 bond. Obviously, the presence of the ethylidene has a
detrimental effect on these divergent oxidative cyclizations.

In conclusion, a racemic synthesis of seco-iridoid analogue 1
was achieved in 4 steps from known vinylic iodide 12a. This

synthesis involved a Heck reaction, branched-regioselective
allylic alkylation followed by an anti-Markovnikov Wacker-
type oxidation of a terminal alkene 9a. We believe that alde-
hyde 1 will constitute a key access to the total synthesis of
seco-iridoids or monoterpene indole alkaloids natural prod-
ucts. For instance, a Pictet-Spengler reaction with tryptamine
provides seco-iso-vincoside aglycone analogue 17a.

EXPERIMENTAL SECTION

General informations. All reactions were carried out in an-
hydrous solvents under an inert argon atmosphere unless oth-
erwise noted. Tetrahydrofuran (THF) was distilled from sodi-
um-benzophenone before use. Dichloromethane (CH,Cl,) and
toluene (PhMe) were distilled from calcium hydride before
use. All others commercial reagent-grade chemicals and sol-
vents were used directly without further treatment unless not-
ed. All reactions sensitive to moisture or oxygen were carried
out under an argon atmosphere and in flasks dried at 110°C.
Reactions were monitored with analytical thin-layer chroma-
tography (TLC) on silica gel 60 F254 plates and visualized
under UV (254 nm) and/or by staining with phosphomolybdic
acid hydrate solution in Ethanol followed by heating or with
KMnO, in a K,CO; and NaOH aqueous solution. Flash chro-
matography were performed on silica gel 60 [63-200 um]) as
stationary phase. NMR spectra were recorded on Bruker
AVANCE 1 300 (300 MHz for *H and 75 MHz for ®*C{*H})
and Bruker AVANCE | 360 (360 MHz for *H and 90 MHz for
BC{'H}) at 295 K. Chemical shifts were reported in part per
million relative to residual peak (CDCly: 'H & 7.26 ppm,
Bcf'H} § 77.0 ppm). The multiplicities of the signals are
described using the following abbreviations: s = singlet, d =
doublet, t = triplet, g= quartet, m = multiplet, br = broad.
High-Resolution mass spectra (HRMS) were measured on a
Bruker Daltonics MicrOTOF-Q instrument or a Thermoquest
TLM LCQ Deca ion-trap spectrometer by means of Elec-
trospray lonization (ESI) technic, with accurate masses report-
ed for molecular ion [M+H]" and/or [M+Na]".

Vinylic iodides 12a and 12b protected with TBDPS and TBS
groups were prepared according to known procedures.?®*

Compound 13a:

OH
Me
=
TBDPSO™ 13a

To a solution of vinyl iodide 12a (5 g, 11.46 mmol) in DMF
(72 mL), AgOAc (1.9 g, 11.46 mmol) was added at room
temperature. After the flask was evacuated and refilled with
argon, Pd(OAc), (257 mg, 1.15 mmol), PPh; (601 mg, 2.29
mmol) and allylic alcohol 11 (2.34 mL, 34.37 mmol) were
added successively, and the mixture was stirred at 70 °C over-
night with an oil bath. After cooling to room temperature, the
reaction mixture was diluted with Et,0 (100 mL) and filtered
through Celite with copious washings. The organic layer was
washed with water and brine, dried over anhydrous Na,SO,,
filtered, concentrated, and purified by column chromatography
on silica gel using petroleum ether/Et,O (8/2) as an eluent to
give 13a (2.35 g, 56%) as a colorless oil.

Rf = 0.26 PE/Et,0 (8/2); *H NMR (300 MHz, CDCls) & 7.73-
7.65 (4H, m), 7.48-7.34 (6H, m), 6.56 (1H, d, J = 16.2 Hz),
5.84-5.74 (2H, m), 4.33 (2H, s), 4.19 (2H, d, J = 6 Hz), 1.79
1.07 (9H, s), (3H, d, J = 7.2 Hz); “C{*H} NMR (91 MHz,



CDCl;) & 135.7, 134.6, 133.8, 129.7, 127.8, 127.7, 125.8,
124.8, 65.2, 64.4, 27.0, 19.4, 13.2; HRMS (ESI-TOF) m/z
[M+Na]" calcd for C,3H3NaO,Si 389.1907, found 389.1889.

Compound 13b:
OH

Me
=

TBSO™ 13b

To a solution of vinyl iodide 12b (3 g, 9.6 mmol) in DMF (60
mL), AgOAc (1.6 g, 9.6 mmol) was added at room tempera-
ture. After the flask was evacuated and refilled with argon,
Pd(OAc), (215 mg, 0.96 mmol), PPh; (504 mg, 1.92 mmol)
and allylic alcohol 11 (1.9 mL, 28.8 mmol) were added suc-
cessively, and the mixture was stirred at 70 °C overnight with
an oil bath. After cooling to room temperature, the reaction
mixture was diluted with Et,O (100 mL) and filtered through
Celite with copious washings. The organic layer was washed
with water and brine, dried over anhydrous Na,SO,, filtered,
concentrated, and purified by column chromatography on
silica gel using petroleum ether/Et,O (8/2) as an eluent to give
13b (1.10 g, 48%) as a colorless oil.

Rf = 0.30 PE/Et,0 (7/3); *H NMR (300 MHz, CDCl,) & 6.56
(1H, d, J = 16.2 Hz), 5.89-5.71 (2H, m), 4.27 (2H, s), 4.21
(2H, d, J = 6 Hz), 1.76 (3H, d, J = 7.2 Hz), 0.90 (9H, s), 0.07
(6H, s); “c{'H} NMR (91 MHz, CDCly) &
134.9,127.6,125.8,124.7, 64.6, 64.4, 26.1, 185, 13.1, -5.2;
HRMS (ESI-TOF) m/z [M+Na]" calcd for Cy3H,sNaO,Si
265.1594, found 265.1581.

Compound 13c:
OH

MOMO 13¢

To a solution of MOM chloride (1.53 mL, 20.2 mmol) in dry
PhMe (10 mL), a solution of 2-iodo-3-methyl allylic alcohol
(2 g, 10.1 mmol)*®* in dry PhMe (10 mL) and DIPEA (2.15
ml, 12.6 mmol) were added successively. The reaction mixture
was stirred at room temperature overnight then quenched with
sat. ag. NH,CI (10 mL). After dilution with H,O (5 mL) and
partitioning, the aqueous layer was extracted with Et,0O (2 x 20
mL). The combined organic layers were washed with brine,
dried over anhydrous Na,SO,, filtered, concentrated, and
purified by column chromatography on silica gel using petro-
leum ether/Et,O (95/5) as an eluent to give vinyl iodide 12c
(1.85 g, 77%) as a colorless oil.

Rf = 0.45 PE/Et,0 (95/5); *H NMR (360 MHz, CDCl5) & 5.98
(1H, g, J = 6.4 Hz), 4.65 (2H, s), 4.24 (2H, m), 3.40 (3H, s),
1.80 (3H, d, J = 6.4 Hz); “*C{*H} NMR (91 MHz, CDCl;) 5
133.8, 105.0, 95.0, 75.3, 55.8, 21.7.

To a solution of vinyl iodide 12¢ (1.6 g, 6.6 mmol) in DMF
(41 mL), AgOAc (1.1 g, 6.6 mmol) was added at room tem-
perature. After the flask was evacuated and refilled with ar-
gon, Pd(OAc), (148 mg, 0.66 mmol), PPh; (346 mg, 1.32
mmol) and allylic alcohol 11 (1.35 mL, 19.8 mmol) were
added successively, and the mixture was stirred at 70 °C over-
night with an oil bath. After cooling to room temperature, the
reaction mixture was diluted with Et,O (50 mL) and filtered
through Celite with copious washings. The organic layer was

washed with water and brine, dried over anhydrous Na,SO,,
filtered, concentrated, and purified by column chromatography
on silica gel using petroleum ether/Et,O (6/4) as an eluent to
give 13c (310 mg, 27%) as a yellow oil.

Rf = 0.32 PE/Et,0 (4/6); "H NMR (360 MHz, CDCl5) & 6.60
(1H, d, J = 15.8 Hz), 6.00 (1H, dt, J = 15.8, 6.0 Hz), 5.75 (1H,
q,J = 7.0 Hz), 4.64 (2H, s), 4.26 (2H, d, J = 5.7 Hz), 4.18 (2H,
s), 3.38 (3H, s), 1.79 (3H, d, J = 7.0 Hz); “*C{*H} NMR (91
MHz, CDCly) & 132.7, 129.2, 129.1, 125.6, 95.5, 69.7, 64.2,
55.6, 13.4; HRMS (ESI-TOF) m/z [M+Na]* calcd for
CoH1sNaO; 195.0992, found 195.0982.

Compound 10a:

0OCO,Me

Me
=

10a OTBDPS

To a mixture of allylic alcohol 13a (1.25 g, 3.4 mmol) and
pyridine (2.27 mL, 28.88 mmol) in dry CH,Cl, (4.8 mL) under
argon, methyl chloroformate (0.6 mL, 7.84 mmol) was added
dropwise at 0 °C. The reaction mixture was stirred at room
temperature overnight then treated with 1M HCI ag. (20 mL).
The mixture was extracted with Et,O (50 mL). The organic
layer was washed with water and brine, dried over anhydrous
Na,S0,, filtered, concentrated, and purified by column chro-
matography on silica gel using petroleum ether/Et,O (95/5) as
an eluent to give carbonate 10a (1.36 g, 94%) as a colorless
oil.

Rf = 0.40 PE/Et,0O (9/1); 'H NMR (360 MHz, CDCl3) 6 7.71-
7.65 (4H, m), 7.46-7.35 (6H, m), 6.63 (1H, d, J = 16.0 Hz),
5.84 (1H, q, J = 7.2 Hz), 5.73 (1H, dt, J = 16.0, 6.6 Hz), 4.68
(2H, dd, J = 6.6, 0.7 Hz), 4.31 (2H, s), 3.78 (3H, s), 1.78 (3H,
d, J = 7.2 Hz), 1.06 (9H, s); *C{*H} NMR (91 MHz, CDCly) &
155.7, 135.7, 134.4, 133.7, 129.8, 129.4, 127.8, 126.3, 121.8,
69.2, 65.1, 54.9, 27.0, 19.4, 13.3; HRMS (ESI-TOF) m/z
[M+Na]" calcd for CsH3,NaO,Si 447.1962, found 447.1946.

Compound 10b:
OCO,Me

Me
=

10b OTBS

To a mixture of allylic alcohol 13b (860 mg, 3.5 mmol) and
pyridine (2.34 mL, 29.05 mmol) in dry CH,CI, (5 mL) under
argon, methyl chloroformate (0.62 mL, 8.05 mmol) was added
dropwise at 0 °C. The reaction mixture was stirred at room
temperature overnight then treated with 1M HCI ag. (15 mL).
The mixture was extracted with Et,O (30 mL). The organic
layer was washed with water and brine, dried over anhydrous
Na,SO,, filtered, concentrated, and purified by column chro-
matography on silica gel using petroleum ether/Et,O (95/5) as
an eluent to give carbonate 10b (935 mg, 89%) as a colorless
oil.

Rf = 0.55 PE/Et,0 (9/1); "H NMR (300 MHz, CDCls) & 6.62
(1H, d, J = 16.2 Hz), 5.82-5.73 (2H, m), 4.69 (2H, d, J = 6.8
Hz), 4.25 (2H, s), 3.78 (3H, s), 1.77 (3H, d, J = 7.2 Hz), 0.90
(9H, s), 0.06 (6H, s); “C{"H} NMR (91 MHz, CDCl;) &
155.8, 134.7, 129.5, 126.1, 121.6, 69.3, 64.4, 54.9, 26.0, 18.5,



13.2, -5.2; HRMS (ESI-TOF) m/z [M+Na]® calcd for
C15H,sNa0,Si 323.1649, found 323.1634.

Compound 10c:
0CO,Me

Me
=

10COMOM

To a mixture of allylic alcohol 13c (280 mg, 1.63 mmol) and
pyridine (1.09 mL, 13.53 mmol) in dry CH,CI, (2.3 mL) under
argon, methyl chloroformate (0.29 mL, 3.74 mmol) was added
dropwise at 0 °C. The reaction mixture was stirred at room
temperature overnight then treated with 1M HCI ag. (10 mL).
The mixture was extracted with Et,O (20 mL). The organic
layer was washed with water and brine, dried over anhydrous
Na,SO,, filtered, concentrated, and purified by column chro-
matography on silica gel using CH,CI, as an eluent to give
carbonate 10c (320 mg, 85%) as a yellow oil.

Rf = 0.75 DCM; 'H NMR (360 MHz, CDCl5) & 6.60 (1H, d, J
=15.8 Hz), 5.89 (1H, dt, J = 15.8, 6.4 Hz), 5.76 (1H,q,J=7.2
Hz), 4.68 (2H, d, J = 6.4 Hz), 4.58 (2H, s), 4.12 (2H, s), 3.74
(3H, s), 3.33 (3H, s), 1.76 (3H, d, J = 7.2 Hz); “*C{'"H} NMR
(91 MHz, CDCl;) & 155.6, 132.4, 130.2, 129.0, 95.3, 69.2,
68.8, 122.9, 55.4, 54.7, 13.3; HRMS (ESI-TOF) m/z [M+Na]*
calcd for Cy;H,5NaO5 253.1046, found 253.1038.

Compound 9a:
Z Me
MeO,C. Z
MeO,C

9a “OTBDPS

Under an argon atmosphere, a solution of [Ir(cod)Cl)], (85 mg,
0.127 mmol) and P(OPh); (66.7 uL, 0.25 mmol) in dry THF
(6.7 mL) was stirred at room temperature for 5 min then a
solution of carbonate 10a (1.35 g, 3.18 mmol) in dry THF (6.7
mL) was added. In a separate flask, dimethyl malonate (0.73
ml, 6.36 mmol) was added to a slurry of sodium hydride (254
mg, 6.36 mmol) in dry THF (13.5 mL). The resulting solution
was added to the former by syringe after 5 min and the com-
bined mixture was stirred at room temperature for 24 h. After
carbonate 10a was consumed, Et,O and water were added to
the mixture, and the aqueous layer was extracted with Et,0
(50 mL). The combined organic layers were washed with
brine, dried over anhydrous Na,SO,, filtered, concentrated,
and purified by column chromatography on silica gel using
petroleum ether/Et,0O (9/1) as an eluent to give alkene 9a (1.31
g, 86%) as a colorless oil.

Rf = 0.30 PE/Et,0 (9/1); "H NMR (360 MHz, CDCl;) & 7.72-
7.64 (4H, m), 7.46-7.34 (6H, m), 5.89-5.79 (1H, m), 5.66 (1H,
g, J = 7.0 Hz), 5.08 (1H, dd, J = 16.7, 1.2 Hz), 5.01 (1H, dd, J
=10.4,0.9 Hz), 4.12 (1H, dt, J = 12.9, 1.2 Hz), 4.04 (1H, dt, J
=12.9, 1.2 Hz), 4.01-3.98 (2H, m), 3.70 (3H, s), 3.61 (3H, s),
1.74 (3H, dt, J = 7.0, 1.2 Hz), 1.06 (9H, s); *C{*"H} NMR (91
MHz, CDCl;) & 168.8, 168.3, 136.2, 136.0, 135.7, 133.5,
129.8, 127.8, 124.5, 116.5, 66.3, 54.5, 52.5, 52.4, 43.8, 26.9,
19.3, 13.4; HRMS (ESI-TOF) m/z [M+Na]® calcd for
C,gH3sNaOsSi 503.2224, found 503.2199.

Compounds 9b and 14b:

Z Me X Me
MeO,C P + N CO-Me
CO,M
MeO,C orBS TBSO ,Me

14b
9% (92:8)

Under an argon atmosphere, a solution of [Ir(cod)Cl)], (8.9
mg, 0.013 mmol) and P(OPh); (7.0 pL, 0.027 mmol) in dry
THF (0.6 mL) was stirred at room temperature for 5 min then
a solution of carbonate 10b (100 mg, 0.33 mmol) in dry THF
(0.6 mL) was added. In a separate flask, dimethyl malonate
(76.4 pL, 0.66 mmol) was added to a slurry of sodium hydride
(27 mg, 0.66 mmol) in dry THF (1.2 mL). The resulting solu-
tion was added to the former by syringe after 5 min and the
combined mixture was stirred at room temperature for 24 h.
After carbonate 10b was consumed, Et,O and water were
added to the mixture, and the aqueous layer was extracted with
Et,O (10 mL). The combined organic layers were washed with
brine, dried over anhydrous Na,SO,, filtered, concentrated,
and purified by column chromatography on silica gel using
petroleum ether/Et,O (9/1) as an eluent to give an inseparable
mixture (92/8) of regioisomeric alkenes 9b and 14b (101 mg,
85%) as a colorless oil.

Rf = 0.35 PE/Et,0 (9/1); HRMS (ESI-TOF) m/z [M+Na]"
caled for C1gH3,NaOsSi 379.1911, found 379.1895.

NMR data for 9b (major regioisomer):

'H NMR (360 MHz, CDCls) § 5.87-5.77 (1H, m), 5.61 (1H, g,
J=6.8 Hz), 5.07 (1H, dd, J = 17.7, 1.4 Hz), 5.01 (1H, dd, J =
10.0, 1.4 Hz), 4.09 (1H, dt, J = 12.7, 1.4 Hz), 4.00 (1H, dt, J =
13.2, 0.9 Hz), 3.96-3.93 (2H, m), 3.69 (3H, s), 3.65 (3H, 9),
1.71 (3H, dt, J = 6.8, 1.4 Hz), 0.89 (9H, s), 0.04 (6H, s);
Bcf{*H} NMR (90.5 MHz, CDCl;) & 168.8, 168.3, 136.4,
136.3, 123.9, 116.4, 65.5, 54.4, 52.5, 52.5, 43.7, 26.0, 18.5, -
13.3,5.4;

NMR data for 14b (minor regioisomer)::

'H NMR (360 MHz, CDCly) 3 6.62-6.51 (1H, m), 5.93 (1H, d,
J=11.1Hz), 5.18 (1H, dd, J = 16.6, 1.5 Hz), 5.07 (1H, dd, J =
10.5, 1.6 Hz), 4.40 (1H, d, J = 12.2 Hz), 4.22 (1H, d, J = 12.1
Hz), 3.71 (3H, s), 3.55 (3H, s), 3.48-3.44 (1H, m), 3.17-3.09
(1H, m), 1.14 (3H, d, J = 6.8 Hz), 0.89 (9H, s), 0.09 (s, 3H),
0.07 (s, 3H).

Compounds 9c¢ and 14c:

\Y/Jf;:?e X Me
MeO,C § + N co,Me
MeO;C OMOM  MOMO COMe

9c 14c

(88:12)

Under an argon atmosphere, a solution of [Ir(cod)Cl)], (11.7
mg, 0.017 mmol) and P(OPh); (9.0 pL, 0.035 mmol) in dry
THF (0.9 mL) was stirred at room temperature for 5 min then
a solution of carbonate 10c (100 mg, 0.43 mmol) in dry THF
(0.9 mL) was added. In a separate flask, dimethyl malonate
(99.7 pL, 0.87 mmol) was added to a slurry of sodium hydride
(35 mg, 0.87 mmol) in dry THF (1.8 mL). The resulting solu-
tion was added to the former by syringe after 5 min and the
combined mixture was stirred at room temperature for 24 h.
After carbonate 10c was consumed, Et,O and water were
added to the mixture, and the aqueous layer was extracted with
Et,O (15 mL). The combined organic layers were washed with
brine, dried over anhydrous Na,SO,, filtered, concentrated,
and purified by column chromatography on silica gel using



petroleum ether/EtOAc (9/1) as an eluent to give an insepara-
ble mixture (88/12) of regioisomeric alkenes 9c and 14c (98
mg, 79%) as a colorless oil.

Rf = 0.32 PE/EtOAc (9/1); HRMS (ESI-TOF) m/z [M+Na]"
calcd for C,4H,,NaOg 309.1309, found 309.1306.

NMR data for 9¢c (major regioisomer):

'H NMR (300 MHz, CDCl5) § 5.82-5.72 (1H, m); 5.68 (1H, q,
J=7.0 Hz), 5.08 (1H, dt, J = 17.0, 1.5 Hz), 5.03 (1H, d, J =
10.2 Hz), 4.56-4.49 (2H, m), 4.06-3.90 (3H, m), 3.85 (1H, d, J
=11.7 Hz), 3.69 (3H,5), 3.65 (3H, s), 3.34 (3H, s), 1.74 (3H, d,
J =7.0 Hz); ®*C{*H} NMR (75.4 MHz, CDCl,) & 168.7, 168.2,
135.9, 133.7, 128.4, 116.6, 95.2, 69.5, 55.5, 54.5, 52.6, 52.5,
43.6,13.4.

NMR data for 14c (minor regioisomer):

'H NMR (300 MHz, CDCl;) § 6.61 (1H, ddd, J = 16.6, 10.9,
10.5 Hz), 6.09 (1H, d, J = 10.9 Hz), 5.23 (1H, dd, J = 16.6, 1.5
Hz), 5.14 (1H, dd, J = 10.5, 1.9 Hz), 4.57 (2H, s), 4.23 (1H, d,
J=11.7 Hz), 411 (1H, d, J = 11.7 Hz), 3.71 (3H, s), 3.63 (3H,
s), 3.59 (1H, d, J = 10.5 Hz), 3.37 (3H, ), 3.15-3.05 (1H, m),
1.13 (3H, d, J = 7.2 Hz).

Compound 1:
OHC

Me
MeO,C =
MeO,C
1 OTBDPS

To a flame-dried 100 mL round-bottom flask with a magnetic
stir bar were added bis(benzonitrile)palladium(ll) chloride
(172 mg, 0.45 mmol), copper(ll) chloride dihydrate (77 mg,
0.45 mmol), and silver nitrite (34 mg, 0.22 mmol). The flask
was capped with a rubber septum, and tBuOH (67 mL) and
MeNO, (3.5 mL) were added sequentially by syringe. The
mixture was stirred at 23 °C and sparged with oxygen gas
(balloon) for 10 minutes. A solution of alkene 9a (1.8 g, 3.74
mmol) in MeNO, (3.5 mL) was added dropwise by syringe,
and the reaction mixture was sparged with oxygen for another
5 minutes. The reaction was stirred under oxygen atmosphere
at 23 °C for 16 h, at which time another portion of the catalyst
system (86 mg Pd, 39 mg Cu, 17 mg Ag) was added to the
reaction mixture. After 24 h, the reaction mixture was diluted
with water (4 mL) and extracted with CH,ClI, (3 x 100 mL).
The organic extracts were dried over anhydrous Na,SO,, fil-
tered, concentrated, and purified by column chromatography
on silica gel using petroleum ether/Et,O (9/1) as an eluent to
give aldehyde 1 (1.11 g, 60%) as a colorless oil.

Rf = 0.25 PE/Et,0 (9/1); *H NMR (360 MHz, CDCl,) & 9.60
(1H,t, I =1.5Hz), 7.71-7.62 (4H, m), 7.48-7.35 (6H, m), 5.63
(1H, g, J =7.0 Hz), 4.06 (2H, s), 4.03-3.95 (1H, m), 3.80 (1H,
d, J = 11.4 Hz), 3.72 (3H, s), 3.60 (3H, s), 2.73 (1H, ddd, J =
16.8, 9.5, 2.3 Hz), 2.58 (1H, ddd, J = 16.8, 5.0, 1.4, Hz), 1.74
(3H, d, J = 7.0 Hz), 1.04 (9H, s); “C{"H} NMR (91 MHz,
CDCIl;) 6 200.6, 168.8, 168.1, 135.7, 135.4, 133.2, 129.9,
127.9, 127.0, 66.4, 54.9, 52.9, 52.5, 45.2, 33.3, 26.9, 19.2,
13.6; HRMS (ESI-TOF) m/z [M+H]" calcd for C,gH3;04Si
497.2354, found 497.2341 & m/z [M+MeOH+Na]" calcd for
CaoHioNa0O;Si 551.2436, found 551.2408.

Compounds 16 and 17a,b:

CF3 c:F3
0_OTBDPS @EQ O_OTBDPS
H
A H
MeO,C e MeO,C Me
CO,Me 2
17a,50% > COMe
17b, 15%
N
A\ CO,Me
N H
H H
16, 12% OTBDPS

To a solution of tryptamine (73 mg, 0.458 mmol), aldehyde 1
(250 mg, 0.503 mmol) and MS 4A (681 mg) in CH,CI, (8.8
mL) under argon, TFA (70 uL, 0.916 mmol) was added slowly
at 0 °C. The mixture was stirred at room temperature for 6 h.
At 0 °C, TFAA (0.13 mL, 0.916 mmol), Et;N (0.64 mL, 4.58
mmol) and DMAP (5.6 mg, 10 mol%) were added successive-
ly. The reaction mixture was then stirred at room temperature
overnight before to be filtered through Celite (CH,CI, rinse).
The mixture was quenched with sat ag. NH,CI (10 mL). The
aqueous layer was extracted with CH,CI, (2 x 10 mL). The
organic extracts were dried over anhydrous Na,SO,, filtered,
concentrated, and purified by column chromatography on
silica gel using petroleum ether/EtOAc (95:5 to 80:20) to yield
17a (200 mg, 59%) as a white solid, 17b (50 mg, 15%) as a
light-yellow foam and 16 (35 mg, 12%) as a light-yellow
foam.

Few crystals of 17a were formed upon slow evaporation
(overnight) in air of a CH,Cl,/acetone solution of 17a.

Data for 17a (major diastereoisomer):

Rf = 0.30 PE/EtOAc (9/1); NMRs show a 9:1 mixture of
rotamers, only the major one is described. '"H NMR (300
MHz, CDCl,) 6 7.83-7.74 (4H, m), 7.52-7.36 (7H, m), 7.22
(1H, br), 7.15-7.02 (3H, m), 5.88 (1H, g, J = 6.8 Hz), 5.57,
(1H, t, J = 7.2 Hz), 4.28 (2H, s), 4.24 (1H, dd, J = 15.4, 4.9
Hz), 3.73 (3H, s), 3.72-3.58 (6H, m), 2.99-2.75 (2H, m), 2.08-
2.06 (2H, m), 1.61 (3H, d, J = 6.8 Hz), 1.12 (9H, s); °F NMR
(235 MHz, CDCl,) & -68.8; *C{"H} NMR (91 MHz, CDCl,) &
169.5, 168.2, 156.6 (g, J = 35.2 Hz), 135.9, 135.8, 134.3,
133.6, 133.5, 132.8, 130.2, 129.0, 128.2, 126.4, 122.2, 119.8,
118.1, 116.7 (g, J = 289 Hz), 111.2, 107.0, 66.2, 55.8, 53.0,
52.5, 48.8, 39.7, 36.1, 35.1, 27.2, 22,5, 19.5, 13.7; HRMS
(ESI-TOF) m/z [M+Na]® caled for CuoHusFsN,NaOgSi
757.2891, found 757.2878.

Data for 17b (minor diasterecisomer):

Rf = 0.41 PE/EtOAc (8/2); "H NMR (300 MHz, CDCls) & 8.37
(1H, br), 7.75-7.66 (4H, m), 7.47-7.33 (7TH, m), 7.32 (1H, d, J
=8.2 Hz), 7.19 (1H, dt, J = 9.1, 0.9 Hz), 7.12 (1H, dt, J = 6.8,
0.9 Hz), 5.70 (1H, q, J = 7.1 Hz), 5.60 (1H, t, J = 6.4 Hz),
4.23-4.13 (2H, m), 4.06 (1H, dd, J = 15.1, 4.5 Hz), 3.85 (1H,
d, J =10.9 Hz), 3.74 (3H, s), 3.64-3.68 (1H, m), 3.62 (3H, 9),
3.46-3.36 (1H, m), 2.93-2.73 (2H, m), 2.20-2.15 (2H, m), 1.65
(3H, d, J = 7.1 Hz), 1.08 (9H, s); **F NMR (235 MHz, CDCl;)
8 -69.0; “C{"H} NMR (75 MHz, CDCl;) & 169.7, 168.4,
156.6 (q, J = 34.5 Hz), 136.4, 136.3, 135.8, 135.7, 133.2,
133.0, 132.1, 129.9, 127.9, 126.4, 122.3, 119.8, 118.2, 116.6
(q, J = 287 Hz), 111.3, 107.6, 66.3, 55.9, 52.9, 52.4, 50.6,
40.7, 36.2, 35.9, 27.0, 22.4, 19.3, 13.6; HRMS (ESI-TOF) m/z
[M+H]" caled for CoH4sF3N,06Si 735.3072 found 735.3049 &



[M+Na]® calecd for CuHisFsN,NaOSi 757.2891, found
757.2864.

Data for 16:

Rf = 0.47 PE/EtOAc (7/3); *H NMR (300 MHz, CDCl,) § 7.76
(1H, br), 7.66-7.62 (2H, m), 7.60-7.56 (2H, m), 7.51 (1H, d, J
= 7.5 Hz), 7.44-7.23 (7H, m), 7.20 (1H, dt, J = 8.3, 1.5 Hz),
7.14 (1H, dt, J = 7.2, 1.1 Hz), 5.65 (1H, g, J = 7.2 Hz), 5.15-
5.10 (1H, m), 4.86 (1H, dd, J = 11.3, 4.1 Hz), 4.17-4.13 (2H,
m), 3.71-3.63 (4H, m), 3.56 (1H, dt, J = 12.4, 2.6 Hz), 2.93-
2.74 (3H, m), 2.27 (1H, ddd, J = 13.2, 4.1, 2.3 Hz), 1.94 (1H,
q,J =12.1 Hz), 1.70 (3H, d, J = 7.2 Hz), 1.01 (9H, s); *C{'H}
NMR (75 MHz, CDCI,) § 170.9, 165.6, 136.4, 136.2, 135.8,
135.7, 133.4, 133.2, 132.6, 129.8, 127.9, 127.8, 126.8, 125.6,
122.4,120.0, 118.5, 111.1, 109.5, 65.9, 53.9, 53.6, 52.4, 40.3,
34.7, 33.3, 27.0, 21.0, 19.3, 13.3; HRMS (ESI-TOF) m/z
[M+H]" calcd for C4;H,3N,0,Si 607.2987, found 607.2958 &
m/z [M+Na]" calcd for CsHsN,NaO,Si 629.2806, found
629.2775.

Spectral data of 16 were consistent with those previously
reported.”®

Compound 18:

CFy
N o
N CO,Me
N
H = Co,Me
X Me
TBDPSO 4g

To a solution of 17a (60 mg, 0.082 mmol) in THF (0.8 mL) at
-78 °C was added LiHMDS (196 pL, 1.0 M in THF, 0.196
mmol) dropwise. After 30 min at -78 °C, a solution of PIFA
(84 mg, 0.196 mmol) in THF (0.4 mL) was added dropwise.
The reaction mixture was allowed to warm to room tempera-
ture, stirred for 30 min and quenched with H,O (5 mL). The
aqueous layer was diluted with sat brine (5 mL) and extracted
with EtOAc (3 x 5 mL). The combined organic layers were
washed with sat brine, dried over Na,SO, and concentrated in
vacuo. The crude residue was purified by preparative TLC
(petroleum ether/Et,0 8:2) to yield 18 (17 mg, 28%) as a
white foam.

Rf = 0.35 PE/Et,0 (8/2); *H NMR (300 MHz, CDCls) & 7.72-
7.52 (4H, m), 7.52-7.46 (1H, m), 7.43-7.22 (7H, m), 7.20-7.12
(2H, m), 5.97 (1H, q, J = 7.0 Hz), 5.45 (1H, d, J = 7.9 H2),
4.29-4.06 (3H, m), 3.70 (3H, s), 3.48 (3H, s), 3.26 (1H, t, J =
10.9 Hz), 2.93 (1H, d, J = 15.1 Hz), 2.84-2.76 (1H, m), 2.64-
2.58 (1H, m), 2.34-2.27 (1H, m), 1.66 (3H, d, J = 7.0 Hz), 1.03
(9H, s); °F NMR (235 MHz, CDCl,) & -69.5; *C{*"H} NMR
(91 MHz, CDCl;) & 167.6, 167.3, 156.6 (g, J = 33.9 H2),
138.8, 136.7, 135.7, 135.7, 133.4, 132.6, 129.7, 128.6, 127.8,
122.2,121.2,118.1, 114.9, 111.2, 71.7, 52.9, 52.9, 48.8, 43.3,
40.8, 28.8, 26.9, 22.9, 19.4; HRMS (ESI-TOF) m/z [M+H]*
calcd for CuHuF3N,OgSi 733.2915 found 733.2894 &
[M+Na]" calcd for CuoH.sFsN,NaOgSi 755.2735, found
755.2711.
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